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ABSTRACT 5 

This paper presents the results of an extensive experimental study on the short-term mechanical performance 6 

of timber screw connections comprising different types of fasteners (inserted at 45° and 90° to the grain) and 7 

different timber products (solid sawn timber, glued laminated timber, cross laminated timber and laminated 8 

veneer lumber) made from both softwood and hardwood species. Fifty eight specimens laid out in fourteen 9 

arrangements were tested under quasi-static monotonic loading. The test configurations were meant to 10 

reproduce connections used in timber-to-timber hybrid composite structures for applications in both new 11 

constructions and retrofit interventions. Result comparisons regarding connection stiffness, strength, static 12 

ductility, residual strength and failure mode are presented and discussed. Additionally, the experimental data 13 

are used to check the extents of validity of existing analytical approaches (mainly developed for softwoods) to 14 

screw connections comprising hardwood elements. Practical aspects concerning screw insertion into hardwood 15 

elements are also addressed within the paper. 16 
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 19 

1 INTRODUCTION 20 

Several typologies of self-tapping screws (for use in timber constructions) covering a wide variety of structural 21 

applications have been developed over the past two decades and are currently available on the market ([1]). A 22 

possible way to classify them can be to refer to the fastener threaded part. Three main classes can be identified, 23 

namely partially threaded screws (also referred to as single-threaded screws, ST), double threaded screws (DT) 24 

and fully-threaded screws (FT, also referred to as all-threaded screws). There are also screws that do not neatly 25 

fit into either of these three categories, as they are designed for special purposes like coupling timber with 26 

other materials, such as concrete or steel. In contrast to other connector types (e.g. lag screws), there is currently 27 

no harmonized standard that establishes the requirements for structural screws. Consequently, each of the three 28 

classes (ST, DT and FT) includes fasteners that differ from each other for thread, head and tip geometry. The 29 

mechanical properties are provided by the producers in the product standards (e.g. European Technical 30 

Assessment, ETA: [22], [23], [24] and [25]).   31 
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It is evident that when such connectors are used in configurations that are not specifically described by the 32 

product standards, their performance needs to be evaluated experimentally [2].  Extrapolation of the results 33 

from other “similar” fastener types is inadvisable, unless these extrapolations are proof-checked by testing.  34 

For example, in Eurocode 5 [15] it is advised that the slip modulus of a timber-concrete connection is taken as 35 

double the value of the modulus calculated by means of the formula given for a parallel timber-timber 36 

connection.  That is because an approach has not yet been developed specifically for timber-concrete 37 

connections.  Hence, in the status quo, these timber-timber extended predictions are backed up by tests on the 38 

timber-concrete connections under consideration. 39 

The present paper focuses on connection configurations that are intended for use in the field of timber-to-40 

timber composite structures where the fasteners may be inserted at an angle to the grain other than 90° and 41 

may connect different timber products (e.g. solid sawn timber with cross laminated timber) and/or elements 42 

from different timber species (e.g. softwood elements with hardwood elements). Extensive details on the tested 43 

configurations and the purposes they are designed for, will be provided in section 2.  44 

Structural solutions in which DT and FT screws are loaded in a combination of shear and tension are becoming 45 

more common. Interesting studies into the mechanical performance of such connections (softwood) can be 46 

found in the literature ([3] and [4]), where formulations to evaluate connection strength and stiffness are also 47 

proposed. However, to the best of the authors’ collective knowledge there are no data available on ST screws 48 

loaded in a shear-tension configuration, despite available evidence of applications showing advantages from 49 

such use [5]. 50 

The optimization/specialization process that leads to widening of the timber fastener range also involves timber 51 

as a construction material.  Wood based structural products now include solid sawn timber, glued-laminated 52 

timber, laminated veneer lumber and cross-laminated timber. “New” wood species (such as poplar, oak, birch 53 

and beech) are being actively considered for structural purposes by the construction industry (see [6], [7] and 54 

[8]) and will soon compete with the traditional (for construction) softwood species (e.g. pine, spruce, larch).  55 

This will only be really possible once the performance of mechanical connections realized with these new 56 

products (often characterized by very high density values) has been thoroughly investigated and sound 57 

analytical formulations to predict their behavior have been developed.  58 

Studies including [9] – [12] have provided first insights that will help close the gap between  the availability 59 

of new engineered components in renewable materials with high mechanical performance and  the wide 60 

application of these components  in real construction projects.  61 

 In the following sections of this paper, the outcomes of an extensive experimental campaign on short-term 62 

testing of timber screw-connections comprising specimens realized with multiple combinations of timber 63 

products, screw types and screw configurations, will be presented.  The specimens and tests are first described, 64 

following which interpretation of the results to infer connection properties on strength, stiffness and ductility 65 

will be presented.  Finally, conclusions are drawn. 66 
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2 CONNECTION TESTS 67 

2.1 TEST CONFIGURATION AND GEOMETRY 68 

The experimental campaign was carried out at the laboratory of the Department of Civil, Environmental and 69 

Mechanical Engineering (DICAM) of the University of Trento and totalled 58 pushout tests covering 14 70 

configurations. Different solutions were investigated in order to characterise the mechanical behaviour, in 71 

terms of stiffness, strength, static ductility and residual strength of connections mainly designed for the 72 

realisation of timber-to-timber composite (TTC) floors. The significant parameters that describe the tested 73 

samples, such as geometry, materials and joint configuration, are reported in Table 2-1. Note that, within 74 

specimens where the screws were inclined at 45°, all screws were parallel to each other (not in an X-formation) 75 

to enable exploitation of the beneficial orientation of the screws (shear-tension configuration). As shown in 76 

Figure 2-3, the double-shear specimen layouts used during the tests are those commonly employed in pushout 77 

tests and consist of a central timber element flanked by two side elements symmetrically disposed. As will be 78 

specified hereinafter, for some tests an interlayer element made of timber boards was added. This represented 79 

the situation where timber reinforcing elements are positioned on the existing flooring, a common practice in 80 

retrofit interventions. Consistently with EN 1995-1-1 [15], the samples were designed in order to avoid failures 81 

strictly related to inadequate screw spacing and distances from the edges. 82 

Table 2-1 Test configurations 83 

Test App. Central element Interlayer Side elements Connections 
ID n°  Type ti [mm] Type ts [mm] Type Washer α 
PA 4 N Beech LVL beam - CLT panel 57 DTA 8.5x150 - 45° 
PB 4 N Beech LVL beam - CLT panel 57 STA 10x220 W+GC 45° 
PC 4 N Beech LVL beam - Beech LVL panel 40 STA 10x160 W+GC 45° 
PD 5 N Beech LVL beam - Beech LVL panel 40 STA 10x220 SW 45° 
PE 5 N Beech LVL beam - Beech LVL panel 40 STA 10x220 W 90° 
PF 5 R Spruce Solid wood 20 Beech LVL on its side 50 STA 10x220 W+GC 45° 
PG 2 R Spruce Solid wood 20 Beech LVL on its side 50 STA 10x220 GC 45° 
PH 3 R Spruce Solid wood 20 Beech LVL on its side 50 DTA 8.5x190 - 45° 
PI 3 N Spruce Solid wood - CLT panel 57 DTA 8.5x150 - 45° 
PL 3 N Spruce Solid wood - CLT panel 57 STA 10x220 W+GC 45° 
PM 5 R Spruce Solid wood 20 CLT panel 57 DTB 8.2x190 - 45° 
PN 5 R Spruce Solid wood 20 CLT panel 57 STB 10x200 W+GC 45° 
PO 5 R Spruce Solid wood 20 CLT panel 57 STB 10x200 W 90° 
PP 5 R Spruce Solid wood 20 CLT panel 57 STB 10x200 - 90° 
Note: n°: Number of repetitions App.: Application N: New application 
 R: Retrofit application W: Washer ST: Single threaded screw 
 GC: Groove cut SW: Special washer DT: Double threaded screw 

 84 

Essentially, the aims of the experimental campaign were two-fold. The first goal was to investigate the 85 

mechanical behaviour of connections specifically designed for newly constructed high-performance TTC 86 

floors. Hybrid solutions, that coupled the lightness of softwood elements (spruce cross laminated panels), with 87 

the strength of hardwood components (beech laminated veneer lumber beams/panels) by means of different 88 

types of connectors (tests PA and PB), were compared with “more common” timber-to-timber solutions (tests 89 

PI and PL). In addition, hardwood-hardwood configurations were studied (tests PC, PD and PE). 90 
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The second goal was to evaluate the performance of connections designed for retrofit solutions on existing 91 

timber floors. In order to reproduce realistic scenarios present in historical buildings, only solid wood elements 92 

made of spruce were used for the central part of the specimens (instead of using for example glulam). As stated 93 

earlier, timber boards were inserted between the central and side elements to simulate an existing flooring. As 94 

regards the reinforcing elements (corresponding to the lateral elements of the samples), two different solutions 95 

were adopted: softwood cross laminated panels (tests PM, PN, PO and PP) and beech LVL beams arranged on 96 

their side (tests PF, PG and PH). The use of a slender beam element with a reduced section instead of a panel 97 

enables enhanced out-of-plane performance of timber diaphragms in case of large deformations or where 98 

adjacent existing joists exhibit different levels of sagging. 99 

 100 

2.2 TIMBER ELEMENTS 101 

Different timber products obtained from different both softwood and hardwood species were employed in the 102 

experimental campaign. For the central components, spruce solid wood graded as strength class C24 [19] and 103 

beech laminated veneer lumber (LVL) of grade GL70 [18] were considered. Two types of panel were selected 104 

for the side elements: three-layer cross laminated timber (CLT) of 57 mm thickness [21] and beech LVL (w/o 105 

cross layers) of 40 mm thickness [20]. In addition, to simulate a further retrofit solution, beech LVL beams 106 

(GL70) arranged on their side were used.  The mechanical properties and the density (from product 107 

documentation and experimental data) of the various elements are reported in Table 2-2. 108 

Table 2-2 Strength and stiffness properties for timber elements 109 

Element type and grading 
Beech LVL  

Spruce Solid 
wood 

Beech LVL 
panel 

Spruce CLT 
panel   

GL70 [18] C24 [19] [20] [21] 
Bending: fm,k [MPa] 70 24 80 24 

Tension: 
ft,0,k [MPa] 55 19.2 60 14 
ft,90,k [MPa] 0.6 0.5 1.5 0.12 

Compression: 
fc,0,k [MPa] 59.4 24 57.5 21 
fc,90,k [MPa] 10.2 2.5 14 2.5 

Shear: fv,k [MPa] 4 3.5 8 3.3 
Mean modulus: E0,mean [MPa] 16700 11500 16800 12000 
Density: ρmean [kg/m3] ≥ 740 420 800 450-500 
Density 
(experimental): 

ρexperim.. [kg/m3] 796  460 846 465 
CoV  0.7% 2.7% 0.5% 1.2% 

 110 

From Table 2-2 it is possible to note that beech LVL panel has better mechanical properties than beech LVL 111 

GL70 (with the exception of compression parallel to the grain) despite both being made of beech laminated 112 

veeners. Such difference is to be attributed, at least partly, to the different veneer thickness (4 mm for GL70 113 

beams and 3 mm for LVL panels). 114 

2.3 CONNECTORS 115 

The fasteners employed in the experimental campaign (Figure 2-1) belong to two macro groups: single (or 116 

partially) threaded screws (STA [22] and STB [23]) and double threaded screws (DTA [24] and DTB [25]) 117 
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 118 

Figure 2-1 Screw types 119 

 120 

The geometries of the ST screws were quite similar to each other, with a countersunk head and a milling cutter 121 

between the thread and the shank. The main difference between STA and STB fasteners lies in the shape of the 122 

tip, with a pronounced cutter on the tip of STB.  123 

As regards the DT connectors, the different diameters (Dt1 and Dt2) and pitches (pt1 and pt2) of the two threaded 124 

parts, are optimised to generate a pulling and closing effect in the joint. DTB screws are characterised by a 125 

clearly-distinguishable smooth part at the screw mid-length (Ls) and a cylindrical head having a diameter (Dh) 126 

comparable with Dt2 (Table 2-3). Differently, DTA screws have a shorter central smooth part (Ls), a bigger 127 

head diameter (Dh) and considerably larger pitches (pt1 and pt2). 128 

The dimensions (Figure 2-1) and the mechanical properties provided by the relevant European Technical 129 

Approval (ETA) are summarised in Table 2-3. 130 

Table 2-3 Connector geometry and properties 131 

Connector: STA [22] STB [23] DTA [24] DTB [25] 
L [mm] 220 160 200 190 150 190 
Lt1 [mm] 100 100 80 90 70 80 
dt1 [mm] 6.3 6.3 6.4 5.3 5.3 5.4 
Dt1 [mm] 10 10 10 8 8 8.2 
pt1 [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 
Lt2 [mm] - - - 90 70 80 
dt2 [mm] - - - 5.025 5.025 5.4 
Dt2 [mm] - - - 8.5 8.5 8.9 
pt2 [mm] - - - 5.68 5.6 3 
dh [mm] 18.5 18.5 18.25 12 12 10 

My,k [Nm] 36 36 36 20 20 19.5 
fy,k [Mpa] 600 600 600 900 900 870 

Rtens,k [kN] 26 26 31.4 18 18 28.6 
ftor,k [Nm] 45 45 40 23 23 25.9 

 132 
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Where My,k is the characteristic yield moment, fy,k is the characteristic yield strength, Rtens,k is the characteristic 133 

tensile strength,  ftor,k is the characteristic torsional strength and �����,� is the characteristic strength of the 134 

screw head. 135 

As supplied by the producers, washers with different geometries were adopted. In particular, STA screws were 136 

coupled with the washers shown in Figure 2-2-C (top) and STB screws with the washers reported in Figure 137 

2-2-C (bottom). The first type of washers is characterised by a thin section with a countersunk bottom surface, 138 

while the second type has a squatter, more compact structure with a totally flat surface at the bottom. 139 

 140 

Figure 2-2 Washers and groove cuts 141 

 142 

For the configurations where the single threaded screws were inserted at an angle (α) different from 90°, groove 143 

cuts (GC, Figure 2-2-D) were prepared prior to the assembly of the samples in order to have a wider contact 144 

area between the wood and the washer (Figure 2-2-E).  145 

For timber-to-timber hybrid retrofit solutions (where softwood joists are coupled with hardwood reinforcing 146 

elements), samples without washers were also tested to verify the necessity of using washers. This additional 147 

solution was considered bearing in mind that, because of the high density of wood (see Table 2-2) under the 148 

screw heads, failure is determined by thread withdrawal from the softwood element.  149 

As previously mentioned, the washers for single threaded screws that are available on the market, are usually 150 

designed for a 90° configuration. As an alternative solution to the groove cuts, the use of washers with a 151 

modified geometry could facilitate the assembly operations. However, due to the lack of washers designed ad 152 

hoc for timber-to-timber joints with inclined screws, special washers (SW, Figure 2-2-A and Figure 2-2-B) 153 

that are designed for steel-to-timber connections were employed. As shown in Figure 2-2-B, a groove cut was 154 

nonetheless necessary due to the shape of the bottom surface of the SW. As will be discussed hereinafter, the 155 

design of an optimised washer could result in the complete elimination of groove cuts. 156 

Regarding the double threaded screws selected for the tests, the following remarks can be reported: DTA screws 157 

compared to DTB screws are characterised by a wider pitch for each thread, a shorter smooth part of the shank 158 

and a larger diameter of the head (see Figure 2-1 and Table 2-3). 159 

 160 

E A D C B 
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2.4 TEST SETUP AND INSTRUMENTS 161 

Every test specimen was subjected to quasi-static monotonic loading. According to EN 12512 [16], the 162 

constant rate of slip was set equal to 0.05 mm/s (a range between 0.02 mm/s and 0.2 mm/s is recommended by 163 

[16]). The setup was designed to allow maximum displacement values up to 100 mm. Although a slip limit of 164 

30 mm is considered as ultimate condition by [16], where possible, the specimens were pushed up to their 165 

actual failure limit state in order to evaluate the residual capacity also for high values of displacement. 166 

The load, introduced by a universal testing machine (Figure 2-3) through a hydraulic actuator, was monitored 167 

with a 1000 kN load cell (the values of maximum forces range in the field 80 – 360 kN). Two linear variable 168 

differential transformer transducers (LVDTs) were employed (sensitivity of 2 mV/V) to measure the slip 169 

between the central and side elements. A further inductive transducer was introduced to provide alternative 170 

measures of the total vertical displacement.  The recording was done continuously with a frequency rate of 2 171 

Hz via a multi-channel data recording device. 172 

 

Figure 2-3 Specimen geometry and test setup 173 

 174 

2.5 ESTIMATION OF CONNECTION MECHANICAL PARAMETERS 175 

The standards adopted as reference for the evaluation of the connection performance parameters (yield point, 176 

secant stiffness, ultimate conditions and static ductility) were EN 12512 [16] and EN 26891 [17].  177 

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

can be calculated by means of the following equation [17]: 179 

�	 = 0.4 ����� − 0.1 �����
��.� − ��.�  

(1) 

where v0.1 and v0.4 are the connection slips (evaluated for each specimen) corresponding to loading equal to 180 

0.1∙F’ max and 0.4∙F’ max respectively; F’ max is the mean value of the maximum force values F’ max,i registered for 181 

* According to EN 1995:2014 or the relevant 
European Technical Approval (ETA) 
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all test repetitions associated with each configuration (consistently with EN 26891 [17], excluding values that 182 

deviated by more than 20% from the mean). For each test, F’ max,i is equal to the actual maximum load Fmax,R 183 

when the corresponding slip value was less than 15 mm, otherwise the load corresponding to a 15 mm slip F15 184 

was used [17]. 185 

According to [16], the yield point (Fy, vy) is determined as shown in Figure 2-4. In particular, case A refers to 186 

a load-slip curve with two well-defined linear parts, while case B refers to a curve with a pronounced non-187 

linear behaviour. Case C is added to represent tests with a linear-elastic behaviour up to the maximum load.  188 

 189 

Figure 2-4 Definition of yield point for a load-slip  (F-v) curve 190 

 191 

The ultimate slip vu corresponds to the first of the following conditions: failure of the specimen, slip at 0.8 192 

times Fmax,R on the descending branch and a slip value of 30 mm [16]. The ductility D is calculated as the ratio 193 

between ultimate slip and yield slip according to [16]. 194 

 195 

2.6 EXPERIMENTAL RESULTS 196 

In Figure 2-5 the experimental results from each configuration tested are plotted in terms of connection shear 197 

force (per single fastener) versus slip (average value from both specimen sides). The red curve in each diagram 198 

represents the mean curve of all measured force-slip curves. 199 

Consistently with section 2.5, the connection performance parameters (maximum load, slip modulus, yield 200 

point and ductility) that were derived from the test data, are also reported in Figure 2-5. For every parameter, 201 

the coefficient of variation (CoV), is given. 202 

0.1 F’max 

0.4 F’max 
0.1 F’max 

0.1 F’max 

0.4 F’max 0.4 F’max 
Fy 

Fy 
Fy 

vy vy vy 

α α 
α 

γ 

β 

tgβ =1/6∙tgα 

case A case B case C 



9 
 

 

 

 
 Test PA Mean CoV    Test PB Mean CoV  
 Fmax,R [kN] 16.35 4.5%    Fmax,R [kN] 25.34 1.1%  
 Ks [N/mm] 13234 3.4%    Ks [N/mm] 5369 23.8%  
 Fy [kN] 12.98 4.8%    Fy [kN] 16.13 8.1%  
 vy [mm] 0.91 9.2%    vy [mm] 3.26 29.0%  
 D  8.53 14.8%    D  7.76 19.1%  

 203 

 

 

 
 Test PC Mean CoV    Test PD Mean CoV  
 Fmax,R [kN] 44.95 5.0%    Fmax,R [kN] 38.91 3.9%  
 Ks [N/mm] 4924 7.3%    Ks [N/mm] 4192 17.9%  
 Fy [kN] 42.86 8.2%    Fy [kN] 20.46 17.0%  
 vy [mm] 8.20 6.7%    vy [mm] 4.54 24.2%  
 D  - -    D  5.33 17.3%  

 204 

 

 

 
 Test PE Mean CoV    Test PF Mean CoV  
 Fmax,R [kN] 35.03 6.8%    Fmax,R [kN] 11.13 7.6%  
 Ks [N/mm] 3035 13.6%    Ks [N/mm] 3332 16.7%  
 Fy [kN] 12.38 7.8%    Fy [kN] 9.36 6.6%  
 vy [mm] 4.12 9.1%    vy [mm] 2.91 22.7%  
 D  7.35 8.9%    D  4.09 18.5%  
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 Test PG Mean CoV    Test PH Mean CoV  
 Fmax,R [kN] 10.45 2.2%    Fmax,R [kN] 9.83 10.1%  
 Ks [N/mm] 4472 14.9%    Ks [N/mm] 13468 20.6%  
 Fy [kN] 9.01 2.6%    Fy [kN] 8.59 6.2%  
 vy [mm] 1.93 12.8%    vy [mm] 0.66 12.5%  
 D  4.85 5.1%    D  27.01 24.1%  

 205 

 

 

 
 Test PI Mean CoV    Test PL Mean CoV  
 Fmax,R [kN] 8.00 7.8%    Fmax,R [kN] 13.75 5.7%  
 Ks [N/mm] 9773 12.8%    Ks [N/mm] 3744 20.3%  
 Fy [kN] 8.00 7.8%    Fy [kN] 12.59 3.4%  
 vy [mm] 1.36 13.0%    vy [mm] 3.45 23.3%  
 D  4.74 14.4%    D  3.45 32.1%  

 

 

 
 Test PM Mean CoV    Test PN Mean CoV  
 Fmax,R [kN] 9.06 10.0%    Fmax,R [kN] 12.37 8.0%  
 Ks [N/mm] 7835 28.4%    Ks [N/mm] 5700 12.4%  
 Fy [kN] 9.06 10.0%    Fy [kN] 8.90 12.3%  
 vy [mm] 1.86 27.5%    vy [mm] 1.68 23.6%  
 D  1.96 11.0%    D  12.02 34.3%  
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 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%  

Figure 2-5 Experimental results 206 

For the sake of comparison, all the experimental results in terms of maximum load (Fmax,R) and slip modulus 207 

(Ks), are summarised in Figure 2-6. As will be better described in the comparison paragraphs (see section 3), 208 

DT screws generally exhibited higher values of stiffness than ST screws, while joints realized with hardwood 209 

(especially those where the central element is made of hardwood) resulted in higher connection capacity values 210 

when compared to joints where softwood was used.  211 

 212 

Figure 2-6 Experimental results in terms of maximum load and slip modulus 213 

 214 

  Softwood   Hardwood

C. element
S. element
Screw DTA STA STA STA STA STA STA DTA DTA STA DTB STB STB STB

Lscrew [mm] 150 220 160 220 220 220 220 190 150 220 190 200 200 200

α 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
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2.7 COMPARISON BETWEEN EXPERIMENTAL RESULTS AND THEORETICAL MODELS 215 

In this section, the experimental results in terms of connection capacity and slip modulus are compared to the 216 

values predicted by means of theoretical models available in literature. 217 

The characteristic load-bearing capacity (����,�,��) of dowel type connectors subjected to shear loading 218 

(α=90°) can be calculated by using the theoretical model included in the EN 1995-1-1 [15], which is based on 219 

Johansen theory [14]. For fasteners inserted at an angle α with respect to the shear plane (0°≤ α ≤90°), a 220 

theoretical model for the estimation of the connection capacity was proposed by Bejtka and Blaß in [3]. In this 221 

model, the ultimate load of the joints is related not only to the bending strength of the connectors and the 222 

embedment strength of the wood elements as in [15], but also to the axial capacity of the fasteners and the 223 

friction forces between the timber elements. The different failure modes expected for the configurations where 224 

0°≤ α ≤90°, are illustrated in Figure 2-7. 225 

 226 

Figure 2-7 Failure modes for inclined fasteners 227 

 228 

The theory proposed by Bejtka and Blaß in [3] was applied adopting the following assumption: for those modes 229 

where the failure mechanism is mainly governed by the strength properties of just one of the two timber 230 

elements (i.e. modes a, b, d, e), the axial capacity of the fastener was calculated by considering only the screw-231 

portion within the “actively involved element”. More details on the equations and the parameters used to 232 

calculate the theoretical load-bearing capacity are provided in the Annex A to the document. 233 

Sensitivity analysis showed negligible sensitivity of the predicted capacity values to small variations (5% - 234 

10%) in timber density and screw yield moment, compatible with observed differences between the 235 

experimentally measured parameters and the values provided by product certificates.  236 

By applying the aforementioned theoretical approach, characteristic values (5% percentile) of the connection 237 

strength were determined (Fmax,k,th). The characteristic values of the experimental yield strength (Fy,k,exp) and 238 

maximum capacity (Fmax,k,exp), were determined in accordance with Annex D of EN 1990 [26]. The values 239 

reported in Figure 2-8 were determined under the following hypotheses: log-normal distribution of the data 240 

and coefficient of variation not known from prior knowledge. In cases where the coefficient of variation is not 241 

known from prior knowledge, a minimum number of three specimens should be adopted in order to identify 242 

the reference log-normal distribution [26]. It is worth mentioning that due to malfunctioning of the data 243 

acquisition system, it was not possible to record the results from specimen PG-3 and that means that only two 244 

test repetitions were available for PG test type. Consequently, for comparison purpose, the log-normal 245 
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distribution was determined nonetheless, by adopting the characteristic fractile factor provided by [26] for 246 

three-specimen samples. A comparison between the predicted values and the experimental results is reported 247 

in Figure 2-8. 248 

 249 

Figure 2-8 Comparison between the experimental and theoretical results in terms of capacity 250 

 251 

A significant underestimation of the load carrying capacity can be observed when the central element is made 252 

of hardwood. It is worth noting that the formulations available in literature for determining the input parameter 253 

required by the theoretical model (e.g. embedment strength, screw withdrawal capacity, screw head pull-254 

through resistance), have been calibrated on wood species characterized by density values not exceeding 650 255 

kg/m3. Consequently, further studies are highly recommended in order to improve the calibration of the 256 

theoretical model. 257 

The theoretical slip modulus (�	��,��) was calculated by using the formulation proposed by Tomasi et al. [4]. 258 

For fastener-to-shear plane angles ranging between 0°≤ α ≤90°, the slip modulus was determined by 259 

considering contributions from both the axial slip modulus and the lateral slip modulus. For DT screws, the 260 

axial slip modulus was calculated considering the pull-out of the both threaded parts of the connector [31]. 261 

Otherwise, when ST screws were adopted, the axial stiffness was evaluated considering the simultaneous pull-262 

C. element
S. element
Screw DTA STA STA STA STA STA STA DTA DTA STA DTB STB STB STB

α 45° 45° 45° 45° 90° 45° 45° 45° 45° 45° 45° 45° 90° 90°
Failure * a a a a d f f f b f b f f f
Fmax,k,th  [kN] 7,06 11,28 23,61 23,61 11,29 10,49 10,49 8,32 6,59 10,32 8,73 8,98 5,97 4,50
Fmax,k,exp  [kN] 14,52 24,50 38,53 35,20 29,14 9,17 9,43 6,36 5,77 10,90 6,88 9,94 9,02 8,40

* Failure mode according to the theoretical models
  Softwood   Hardwood
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out of the threaded part and the head penetration in the lateral timber element. In determining the lateral slip 263 

modulus, the deformation contribution from both timber elements forming the connection was taken into 264 

account by adopting the analogy of two springs placed in series (three springs when an interlayer was present). 265 

The equations and the parameters used to calculate the theoretical slip modulus are provided in the Annex B. 266 

In Figure 2-9, the comparison between the experimental and theoretical results in terms of slip modulus is 267 

reported.  268 

 269 

Figure 2-9 Comparison between the experimental and theoretical results in terms of slip modulus 270 

 271 

Regardless of the screw-type used, the above mentioned theoretical approach (detail described in Annex B) 272 

resulted in an underestimation of the slip modulus not only for hybrid hardwood-softwood specimens with 273 

inclined screws (tests PA, PB, PF, PG and PH), but also for softwood-softwood specimens (tests PI, PL, PM, 274 

and PN). This difference appeared as more pronounced in the configurations where DT screws were adopted. 275 

This was partly attributed to uncertainties associated with the axial stiffness related to the pull-out of the 276 

threaded part of screws and the influences of the “pulling and closing effect” generated by the different thread 277 

pitch between the front thread and rear thread. Further study aimed at providing better estimations of the axial 278 

stiffness values is therefore strongly recommended. 279 

For specimens made exclusively from hardwood (tests PC, PD and PE), a general overestimation of the slip 280 

modulus is clearly noticeable, evidencing an excessively strong sensitivity of the formulations currently 281 

available to variations in timber density values. 282 

 283 

  Softwood   Hardwood

C. element
S. element
Screw DTA STA STA STA STA STA STA DTA DTA STA DTB STB STB STB

α 45° 45° 45° 45° 90° 45° 45° 45° 45° 45° 45° 45° 90° 90°
Kser,th [N/mm] 3889 4179 6053 6053 7830 3501 2145 2776 3293 3708 5862 2787 1484 1484
Kser,exp [N/mm] 13234 5369 4924 4192 3035 3332 4472 13468 9773 3744 7835 5700 749 616



15 
 

3 EXPERIMENTAL RESULT COMPARISON 284 

3.1 COMPARISON PARAMETER: SCREW CONFIGURATION 285 

As already mentioned in the introduction of this paper, studies into the influence of the fastener inclination on 286 

the mechanical behaviour of screw connections, especially as regards softwood-softwood joints connected by 287 

double threaded screws [4] and all-threaded screws [3], are available in literature. In the following, the results 288 

from the present test specimens with single threaded screws arranged in different configurations (45° - shear 289 

tension and 90°) are discussed. In particular, tests PC and PE (red curves) were made of hardwood components, 290 

while tests PN, PO and PP (black curves) were made of softwood with the interlayer previously described 291 

(Figure 3-1). 292 

 

     

Test (connection) Fmax,R [kN] K s [N/mm] 

● PE (STA 90°+ W) 35.03  3035  

● PC (STA 45°+ W) 44.95 +28% 4924 +62% 

● PO (STB 90°+ W) 11.41  749  

● PN (STB 45°+ W) 12.37 +8% 5700 +661% 

● PP (STB 90°) 9.22  616  

    

Figure 3-1 Comparisons in terms of screw configurations 293 

 294 

Not surprisingly, significantly higher values of capacity were registered for the specimens where the hardwood 295 

was employed. 296 

Table 3-1 Failure modes 297 

   Test Failure mode 
● PE (STA 90°+ W) Splitting on the side element with formation of one plastic hinge in the screw 
● PC (STA 45°+ W) Tensile failure of the screw shank 
● PO (STB 90°+ W) Thread withdrawal with formation of two plastic hinges in the screw (rope effect) 
● PN (STB 45°+ W) Thread withdrawal 
● PP (STB 90°) Head penetration with formation of one plastic hinge in the screw (no rope effect) 

 298 

As reported in Table 3-1, four different types of failure were observed. In particular, the PC tests were 299 

characterised by the tensile failure of the screw shank without significant extraction of the threaded part, while 300 

for test PN, due to the lower density of softwood, the failure was related to the thread withdrawal. As regards 301 

the 90° configurations (Figure 3-2), the maximum load in specimen PE was followed by splitting in the side 302 

elements with formation of a plastic hinge in the screw shank. In this case, the washer deformation and the 303 

high density of the panel have hindered the formation of the second plastic hinge close to the screw head. 304 

Conversely, two clearly-defined plastic hinges were observed in specimen PO. As shown in Figure 3-2, the 305 

washer reached the pull-through capacity remaining planar to the panel surface. The absence of the washer in 306 

specimen PP allowed the head penetration, thereby avoiding the formation of the second plastic hinge. As 307 
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already observed in other tests [27], the impact of the rope effect on the mechanical behaviour of the connection 308 

is highlighted by comparing specimens PO and PP. In fact, the washer presence in specimen PO permitted to 309 

engage the screw withdrawal resistance, resulting in an increase of + 24% in bearing capacity. In addition, the 310 

use of washers enabled an increase of the compression force generated by the single threaded screws. As 311 

friction between the timber elements is directly proportional to the force perpendicular to the interface, a larger 312 

slip modulus (+ 22%) was registered for tests PO (with washers) compared to tests PP (without washers). 313 

 314 

   315 

Figure 3-2 Details of 90° test configuration specimens 316 

 317 

Unexpectedly, the slip moduli for the ST screws in 45° configurations seemed not to be positively influenced 318 

by an increase in the timber density. Actually a stiffness reduction of - 16% was observed when going from 319 

test PN (lower density) to test PC (higher density), despite the STB screws in PN had shorter thread length than 320 

the STA screws in PC (while similar screw head diameter). Nonetheless, all 45° configurations (for both 321 

hardwood and softwood) showed higher stiffness values than the 90° configurations where the slip modulus 322 

appeared to be highly influenced by the embedment strength of the timber elements and consequently by the 323 

material density (test PO compared to test PE). 324 

 325 

3.2 COMPARISON PARAMETER: TIMBER PRODUCT COMBINATION (HYBRID 326 
SOLUTIONS) 327 

In this section, the results from hybrid solutions (hardwood-softwood) will be discussed. As already 328 

mentioned, tests PF, PG and PH were realised in order to investigate the performance of connections designed 329 

for retrofit solutions of existing timber floors and therefore an interlayer of wooden boards was inserted (Figure 330 

3-3). 331 

As observed before, independently from the timber product arrangement, DT screws exhibited a higher 332 

stiffness, despite the smaller diameters of DT connectors (Table 2-3) with respect to the ST screws adopted.  333 

     

Test PO Test PE Test PE 

Test PP 
Interlayer 
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Test (connection) Fmax,R [kN] K s [N/mm] 

● PB (STA 45°+ W) 25.34 +55% 5369  

● PA (DTA 45°) 16.35  13234 +146% 

● PF (STA 45°+ W) 11.13 +13% 3332  

● PH (DTA 45°) 9.83  13468 +304% 

● PG (STA 45°) 10.45  4472  

       

Figure 3-3 Comparisons in terms of timber hybrid configurations 334 

 335 

When different types of timber elements are coupled, the mechanical behaviour of the connection is generally 336 

governed by the component with the lowest density value, especially regarding the failure mode. If the side 337 

element is made of hardwood (black curves), failure is strictly related to the thread withdrawal within the 338 

central element. Therefore, the maximum load depends on the geometry of the threaded part of the connector 339 

used. In this case, the resistance increase of test PF with respect to test PH (+ 13%) is comparable to the 340 

increase in the thread length (+ 11%), despite the fact that the profiles (external diameters and pitches) of the 341 

threaded parts  of the two types of connectors are different. It is reasonable that the direct linear proportion 342 

between withdrawal capacity and embedment length of the threaded part in softwood [30] is reflected by the 343 

whole resistance of the connection. 344 

Another consequence of using hardwood  side elements and ST screws is that the removal of the washer (test 345 

PG compared to test PF) does not significantly affect the maximum capacity (- 6%); on the contrary, an 346 

increase in terms of slip modulus was observed (+ 34%). This might be explained by the difficulty in ensuring 347 

even contact between the bottom part of the washer (Figure 2-2-C-up) and the surface of the hardwood side 348 

element. 349 

As regards tests PB and PA (red curves), an increase in the resistance was observed when compared to tests 350 

PF and PH. This was due to the STA (with washer) screws having a head pull-through resistance larger than 351 

the thread pull-out resistance (when inserted into softwood material) and DT screws having the rear-thread 352 

withdrawal capacity higher (thanks to the head presence)  than the front-thread withdrawal capacity. As 353 

expected, the washer coupled with the groove cut resulted in the highest value of strength, as shown by test 354 

PB. Concerning DT screws (test PA), head pull-through was anticipated by the thread withdrawal in the  side 355 

element and this explain the similar values of slip modulus of tests PA and PH. Consequently, where the side 356 

elements are made of softwood, a connection with good performance in terms of both stiffness and resistance 357 

could be obtained by increasing dh of DTA screws (Table 2-3). 358 

 359 
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3.3 COMPARISON PARAMETER: SCREW TYPOLOGY (ST & DT) 360 

The performance of softwood-softwood specimens assembled with different types of screws (all inclined at a 361 

45° angle to the grain), is compared in Figure 3-4. Due to the high pull-through resistance of the washers, both 362 

specimens employing ST screws (solid lines) failed due to thread withdrawal. Also the DT specimens (dashed 363 

lines) failed due to thread withdrawal in the central element (because of the higher capacity of the rear threaded 364 

part due to the head presence) but with maximum capacity values that are significantly lower than the values 365 

obtained from ST screws, owing to the different screw geometry (i.e. thread length and screw diameter). 366 

 367 

 368 

 

     

Test (connection) Fmax,R [kN] K s [N/mm] 

● PL (STA 45°) 13.75 + 72% 3744  

● PI (DTA 45°) 8.00  9773 +161% 

● PN (STB 45°) 12.37 + 37% 5700  

● PM (DTB 45°) 9.06  7835 +37% 

    

Figure 3-4 Comparisons in terms of screw types 369 

 370 

Despite the different geometry of the connectors (Figure 2-1 and Table 2-3) and the presence of the interlayer, 371 

specimens PI and PM (dashed curves) showed a similar mechanical behaviour with a failure mode strictly 372 

related to the withdrawal capacity of the threaded part inside the central element. Also in this case, as reported 373 

in Table 3-2, the extended thread length of DTB when compared with DTA screws (+ 14%) resulted in a higher 374 

maximum capacity (+ 13%).  375 

Table 3-2 Characteristic axial withdrawal capacity and head pull-trough capacity from ETA (ρk = 350 kg/m3) 376 

Test Screw Lt1 [mm] Dt1 [mm] fax,k,45° [N/mm2] Fax,k,45° [kN] Rhead,k [kN] 
PI DTA (L=150) 70 8 10.73 6.01 - 
PM DTB (L=190) 80 8.2 13.35 8.76 - 
PL STA (L=220) 100 10 10.00 10.00 10.90 
PN STB (L=200) 80 10 10.64 8.51 10.75 

 377 

The capacity of connections made with DT screws is maximum when the two threads are evenly inserted in 378 

the two timber elements, as the withdrawal resistance is directly related to the thread length [30]. Therefore, 379 

for applications like TTC floors where the joists and the slab have significantly different heights, the 380 

connection capacity is limited by the height of the  thinner element (i.e. the slab). 381 

A possible solution to overcome this limit could be to have uneven fasteners where the reduced length of the 382 

rear thread is balanced by an improved head pull-trough capacity (e.g. by having connectors with heads of 383 
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larger sizes). However, to better understand the effects on the connection stiffness, further investigation is 384 

required. 385 

 386 

3.4 COMPARISON PARAMETER: TIMBER PRODUCT ARRANGEMENT AND FAILURE 387 
MODE 388 

As visible from Figure 3-5, a wide range of capacity values characterizes STA screws when different 389 

configurations (types of washer or the arrangement of the timber components) are considered. As showed in 390 

Figure 3-6, this can be explained by analysing the different failure modes involved. 391 

    

Test (connection) 
Fmax,R 
[kN] 

Ks 
[N/mm] 

Failure mode 

● PC (STA 45°+ W) 44.95 4924 Tensile strength 

● PD (STA 45°+ SW) 38.91 4192 Splitting 

● PB (STA 45°+ W) 25.34 5369 Head pull-through 

● PF (STA 45°+ W) 11.13 3332 Thread withdrawal 

● PL (STA 45°+ W) 13.75 3744 Thread withdrawal 

          

Figure 3-5 Comparisons in terms of timber configurations and failure modes 392 

 393 

The highest resistance registered (test PC) is related to the tensile strength of the screw shank (brittle failure). 394 

For the same timber configuration but replacing the washer (W) and the groove cut with the special washer 395 

(SW), a decrease of resistance is observed. In this case, at high stress levels (force exceeding value around 35 396 

kN), the tooth on the bottom part of the special washer (Figure 2-2-A) started to act as a knife leading to failure 397 

because of splitting in the side timber elements. As already mentioned, the lower values of resistance were 398 

obtained when the crisis involved the withdrawal capacity of the thread in the central element, independently  399 

of the type of side wooden element (tests PF and PL). It is worth mentioning that in case of failure involving 400 

thread withdrawal, the shape of the load-slip curve for slip values  below 10 mm reflects the typical load-slip 401 

curve of axially loaded connectors [30]. An intermediate value of maximum capacity was registered for test 402 

PB, where pull-through failure of the washer was observed. 403 
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 404 

Figure 3-6 Single threaded screw: failure modes 405 

 406 

3.5 COMPARISON PARAMETERS: DUCTILITY AND RESIDUAL STRENGTH 407 

The values of yield slip (vy), ultimate slip (vu) and ductility (D) for each configuration are reported in Figure 408 

3-7. 409 

 410 

Figure 3-7 Experimental results in terms of yield slip, ultimate slip and ductility 411 

 412 

The definition of ductility, described as the ratio between ultimate slip vu and slip at yield vy, reported in [16] 413 

gives comparable results for different timber connections only if the values of the yield slip are similar. As 414 

visible in Figure 3-7, the influence of parameters such as the screw inclination relative to the shear plane, the 415 

Test PL Test PB Test PD Test PC 

Tensile strength Splitting Washer pull-through Thread withdrawal 

C. element
S. element
Screw DTA STA STA STA STA STA STA DTA DTA STA DTB STB STB STB

Lscrew [mm] 150 220 160 220 220 220 220 190 150 220 190 200 200 200

α 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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composition of timber members and the type of screws lead to high scattering of yield slip values. Therefore, 416 

a direct comparison between the ductility values obtained for all the tests might be misleading: for example, 417 

test PH showed the highest ductility value but it is evident that its ability to accommodate large displacements 418 

was far from being at the highest level. 419 

The definition of an absolute ductility parameter rather than a relative one [29], such as difference vu – vy, 420 

could better represent the “ductility concept” and permit to obtain comparable results for different types of 421 

timber connections (screws, bolts, nails, etc). While the determination of ultimate slip vu is substantially 422 

unaffected by ambiguities, the evaluation of the yield slip vy is strongly dependent on the shape of the curve 423 

[28]. 424 

The upper bound limit of 30 mm suggested by [16] for the ultimate slip vu, seems quite reasonable when the 425 

referenced connection is designed to be part of a hyperstatic system that most likely includes components that 426 

are incompatible with such large deformations. However, in case of screws arranged in the shear configuration 427 

(α ≃ 90°), this 30 mm limit has a significant impact on the ductility value that is calculated. In fact, the real 428 

ultimate slip of this type of connections largely exceeds the limit (especially for softwood elements) and this 429 

causes a significant underestimation of static ductility. By analysing the results of test PE (hardwood-430 

hardwood), it can be noted that up to slip values exceeding the 30 mm threshold, no significant force reduction 431 

was registered. In this case, a decrease of strength equal to 20 % was observed for a mean slip value of 48.61 432 

mm (Table 3-3), associated with a ductility equal to 11.80 (+ 61 % with respect to the value calculated with an 433 

ultimate slip of 30 mm). Higher values of ductility could be obtained for tests PO and PP (softwood-softwood) 434 

where the real ultimate displacements were not registered due to the set-up limits (v > vmax set-up = 90 mm). 435 

The post-peak behaviours of the connections  are described in Table 3-3, where the mean slip values associated 436 

with a strength loss  of 20, 30, 40 and 50 % are reported. For statically indeterminate structures, such data are 437 

required to determine how the load redistributes among the connectors once they have reached their peak 438 

capacity. 439 

Table 3-3 Residual strength 440 

 441 

vFmax,R [mm] 3,4 17,1 11,1 16,3 33,1 6,8 5,3 7,1 1,4 5,7 1,9 10,9 47,6 70,6

v0.8 Fmax,R [mm] 7,7 24,1 23,2 48,6 11,4 9,3 17,4 6,4 11,4 3,6 18,7

v0.7 Fmax,R [mm] 15,7 29,7 25,1 12,8 10,6 22,0 8,3 13,0 4,8 23,2

v0.6 Fmax,R [mm] 21,8 33,8 26,8 19,3 18,0 27,8 11,6 16,4 5,7 32,3

v0.5 Fmax,R [mm] 36,6 39,6 28,1 26,3 27,7 31,4 20,9 22,0 8,7 43,5

Test 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 DTA STA STA STA STA STA STA DTA DTA STA DTB STB STB STB

Lscrew [mm] 150 220 160 220 220 220 220 190 150 220 190 200 200 200

α 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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 442 

From the comparison between tests PI with tests PM, it can be observed how the specimens having DTA screws 443 

are characterized by a more “gentle” post-peak strength loss than the specimen realized with DTB screws. This 444 

might be attributed to the shorter thread pitch (for both pt1 and pt2) of DTB. 445 

It must be highlighted that all the considerations about ductility and residual strength are based on quasi-static 446 

monotonic testing. Therefore, cyclic testing is highly recommended in order to assess the behaviour of the 447 

connections under dynamic loading, especially with regard to dissipation capability. 448 

 449 

4 CONSIDERATIONS ON PRACTICAL ISSUES 450 

In this section, a brief discussion on practical considerations, especially regarding screw insertion into 451 

hardwood elements, is reported. According to [15], “… for all screws in hardwoods and for screws in softwoods 452 

with a diameter d ≥ 6 mm, pre-drilling is required (the lead hole for the threaded portion should have a 453 

diameter of approximately 70 % of the shank diameter)….” This of course increases the challenge when both 454 

elements that have to be coupled require pilot holes. To avoid problem related to precision in overlapping, 455 

both central element and side element were clamped together during pre-drilling operations. 456 

The high temperature generated by friction during hardwood predrilling can lead to problems on drill bits, 457 

especially if long pilot holes are required (Figure 4-1). Working with TTC floors where hundreds of holes are 458 

necessary, drills and drill-bits with high performance are recommended. As an example of a suitable strategy 459 

to tackle this challenge, during the experimental campaign, grease was used for screw insertion into beech 460 

LVL elements in order to reduce friction. 461 

 462 

Figure 4-1 Practical issues: close up on broken insert bits, drill bits and on damaged bit-holes in screw heads  463 

 464 

For the assembly of specimens with hardwood central elements, an impact driver was used in lieu of a “more 465 

traditional” (torque) drill. This was done in order to avoid overheating of the equipment (favoured by the 466 

particularly high torque level required to overcome friction) and to ensure a better tightening effect (i.e. to 467 

maximize the compression force developed by single thread connectors). Not rarely, the rupture of the insert 468 

drill bit occurred during the assembly phase (Figure 4-1). Damage to the bit-hole inside the screw head was 469 

also frequent. 470 
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It was demonstrated (test PF and PG) that for ST screws and hardwood side elements the use of washers is not 471 

necessary to increase connection stiffness and resistance. Therefore, the dimensions of groove cuts can be 472 

reduced or eliminated decreasing the time requested for joint fabrication.  473 

5 FINAL REMARKS 474 

The results of an extensive experimental campaign on timber screw connections is presented. Various timber 475 

products (i.e. softwood and hardwood in different forms: solidwood, glulam, crosslam, laminated veneer) 476 

connected by different types of screw fasteners were fabricated and tested. The most significant outcomes can 477 

be summarized as follows:  478 

 independently  of the timber product arrangements, DT screws exhibited higher stiffness than ST 479 

screws, despite having a smaller diameter (Table 2-3);  480 

 regarding the ST screws, the shear-tension load configurations (α = 45°) resulted in stiffer and stronger 481 

connections when compared to the shear load configuration (α = 90°). For test arrangements with side 482 

elements made of softwood, the use of ST screws with washers permitted to obtain significantly higher 483 

values of capacity than those exhibited by DT screws in similar configurations.” 484 

 increases in both stiffness and maximum capacity were registered for test configurations employing 485 

hardwood (i.e. hardwood-hardwood and softwood-hardwood) when compared to traditional softwood-486 

softwood configuration. This was particularly noticeable when hardwood  was used for the central 487 

element because of the inhibition of the thread withdrawal from the hardwood element; 488 

 hardwood-hardwood specimens with inclined ST screws (45°) under shear-tension loading, failed due 489 

to tensile failure of the screw shank. The use of a connector with a larger diameter could therefore lead 490 

to an increase of the maximum capacity allowing the full exploitation of hardwood mechanical 491 

performance; 492 

 Use of grease and an impact driver (instead of the traditional torque drill) significantly facilitates entry 493 

of the screws into engineered hardwood structural components. 494 

 495 
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NOTATIONS 505 

The following symbols are used in this paper: 506 

Fmax,R actual maximum load reached during test [kN]  507 

vmax,R connection slip corresponding to the actual maximum load reached during test [mm] 508 

F15 load corresponding to a connection slip of 15 mm [kN] 509 

F’ max mean maximum load according to EN 26891 [kN] 510 

F’ max,i maximum load of the i-th sample according to EN 26891 [kN] 511 

v0.1 connection slip corresponding to a load of 0.1∙F’max [mm] 512 

v0.4 connection slip corresponding to a load of 0.4∙F’max [mm] 513 

Ks slip modulus according to EN 26891 [N/mm] 514 

Kser slip modulus according to EN 1995-1-1 [N/mm] 515 

Klat lateral slip modulus (perpendicular to the screw shank) [N/mm] 516 

Kax axial slip modulus (parallel to the screw shank)  [N/mm] 517 

Fy yield load according to EN 12512 [kN] 518 

vy yield connection slip according to EN 12512 [mm] 519 

Fu ultimate load according to EN 12512 [kN] 520 

vu ultimate connection slip according to EN 12512 [mm] 521 

D ductility of connection 522 

µ friction coefficient for wood to wood surface 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 
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ANNEX: FORMULAS AND PARAMETERS FOR THEORETICAL VALUES CALCULATION 533 

A: THEORETICAL LOAD-BEARING CAPACITY CALCULATION 534 

The load-bearing capacity of the screws inserted at an angle α with respect to the shear plane (0°≤ α ≤90°) and 535 

subjected to shear-tension were calculated by adopting the model proposed by Bejtka and Blaß in [3]. As 536 

mentioned in the chapter 2.7, the following assumption was introduced: for those modes where the failure 537 

mechanism is mainly governed by the strength properties of just one of the two timber elements (i.e. modes a, 538 

b, d, e, Figure 2-7), the axial capacity of the fastener was calculated by considering only the screw-portion 539 

within the “actively involved element”. Hence, for failure modes a and d, the axial capacity is the minimum 540 

between the tensile strength of the shank and the head/washer pull-through capacity (or the thread pushing-in 541 

capacity when double threaded screws are concerned). For mode b and e, the axial capacity is the minimum 542 

between the tensile strength of the shank and the thread withdrawal capacity. 543 

The characteristic load-carrying capacity ����,�,�� was calculated as the minimum value obtained from the 544 

following expression (see Figure 2-7): 545 

 � =  ��,�,� ∙ cos % + ��,�,� ∙ '� ∙ (� ∙ sin %  (A1)     

 + =  ��,�,, ∙ cos % + ��,,,� ∙ ', ∙ (, ∙ sin %  (A2)  

 - =  ��,� ∙ ./ ∙ sin % + cos %0 + 12,3,4∙	3∙�3
�56 71 − 8

9�: ;< =>? + 2?, A1 + 	B
	3 + 7	B

	3<,C + ?D 7	B
	3<, −

         −? 71 + 	B
	3<E  

(A3)  

 � =  ��,�,� ∙ ./ ∙ sin % + cos %0 + 12,3,4∙	3∙�3
,56 71 − 8

9�: ;< =>2?.1 + ?0 + �6∙.,560∙FG,4∙	HIB;
12,3,4∙�3∙	3B − ?E  (A4)  

 � =  ��,�,, ∙ ./ ∙ sin % + cos %0 + 12,3,4∙	B∙�B
�5,6 71 − 8

9�: ;< =>2?,.1 + ?0 + �6∙.�5,60∙FG,4∙	HIB;
12,3,4∙�B∙	BB − ?E  (A5)  

 1 =  ��,� ∙ ./ ∙ sin % + cos %0 + 71 − 8
9�: ;< > ,6

�56 >2 ∙ JK,� ∙ ��,�,� ∙ (� ∙ 'LM,%  (A6)  

Where α is the fastener-to-shear plane angle; µ is the friction coefficient for wood-to-wood surfaces assumed 546 

as equal to 0.25; 'H is the anchorage length of the screw inserted into element; (H is the effective diameter of 547 

the screw part inserted into timber element ((	��I� for ST screws; 1.1 ∙ (-N�� for DT screws); ��,H,� is the 548 

characteristic embedment strength of the relative timber element; ? = ��,,,�/��,�,�; and JK,� is the 549 

characteristic yield moment of the screw. In the absence of experimental data, JK,� was determined according 550 

to the relevant technical approval (see Table 2-3).  ��,�,� is the axial resistance of the screw part inserted in 551 

the lateral timber element. For ST screws,  ��,�,� was assumed as equal to the minimum value between the 552 

characteristic head pull-through resistance ( ����,�) and the characteristic tensile strength of the screw 553 

( ��I	,�). Otherwise, for DT screws,  ��,�,� was assumed as equal to the minimum value between the 554 

characteristic thread withdrawal resistance ( ������,�) and the characteristic tensile strength of the screw 555 

( ��I	,�).   ��,�,, is the axial resistance of the screw part inserted in the central timber element, corresponding 556 
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to the minimum value between the characteristic thread withdrawal resistance ( ������,�) and the characteristic 557 

tensile strength of the screw ( ��I	,�). As regards equations (A3) and (A6),  ��,� = PLMQ ��,�,�;  ��,�,,S. 558 

Every term in equations (A1) - (A6) was determined according to the provisions contained in the relevant 559 

product certificate ([22],[23],[24] and [25]). When missing, the formulations reported in the Eurocode 5 [15] 560 

were used. 561 

When considering connections comprising hardwood elements, in the absence of specific indications from the 562 

literature, the thread withdrawal capacity ( ������,�) and the head-pull through capacity ( ����,�) were 563 

considered to be greater than the tensile strength of the screws to better represent the experimental behaviour 564 

(e.g. brittle failure of the screw shank registered in P-C test). 565 

The results of the theoretical load-bearing capacity calculation are summarized in Table A-1: 566 

Table A-1 Theoretical load-bearing capacity calculation 567 

 P-A P-B P-C P-D P-E P-F P-G  ��,�,� [kN] 6,76 10,89 26,00 26,00 26,00 26,00 26,00  ��,�,, [kN] 18,00 26,00 26,00 26,00 26,00 10,00 10,00 ��,�,� [N/mm2] 15,01 15,22 25,66 25,66 44,90 25,66 25,66 ��,,,� [N/mm2] 25,43 24,88 24,88 24,88 43,54 14,76 14,76 JK,� [Nmm] 20000 36000 36000 36000 36000 36000 36000 TUVW,X,YZ [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  ��,�,� [kN] 18,00 6,76 10,89 9,51 10,75 10,75 3,50  ��,�,, [kN] 8,18 6,36 10,00 8,76 8,51 9,36 9,36 ��,�,� [N/mm2] 25,30 15,01 15,22 14,94 15,25 26,69 26,69 ��,,,� [N/mm2] 15,09 15,09 14,76 15,06 14,76 25,83 25,83 JK,� [Nmm] 20000 20000 36000 19500 35830 35830 35830 TUVW,X,YZ [kN] 8,32 6,59 10,32 8,73 8,98 5,97 4,50 

 568 

  569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 
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B: THEORETICAL SLIP MODULUS CALULATION 579 

In order to evaluate the slip modulus of the connections where the screws were inserted at an angle α with 580 

respect to the shear plane (0°≤ α ≤90°), the formulation proposed by Tomasi et al. [4] was used: 581 

�	�� = �[�� ∙ sin % .sin % − / ∙ cos %0 + ��� ∙ cos % .cos % − / ∙ sin %0 (B1)   

Where �[�� and ��� are, respectively, the axial and lateral slip moduli of the screw connection and µ is the 582 

friction coefficient for wood to wood surfaces assumed as equal to 0.25. 583 

The axial slip modulus ��� of the DT screws was calculated considering the simultaneous pull-out of the two 584 

threaded parts of the connector as proposed by Kevarinmäki [31]. By analogy with the behaviour of two springs 585 

placed in series, the axial slip modulus can be calculated as followed: 586 

�\] = 1
1 �\],1⁄ + 1 �\],2⁄  

(B2)   

The same equation was employed for the connections where ST screws were used. In this case, ���,, 587 

corresponds to the axial stiffness due to the head penetration in the lateral timber and ���,� is the axial stiffness 588 

of the threaded part of the connector.  589 

The axial stiffness related to the pull-out of the threaded part of screws was calculated as: 590 

�\],L = _1 ∙ (L_2 ∙ `a�,L_3  
(B3)  

Where  ( is the outer thread diameter and `�1 is the penetration length of the threaded part into the timber 591 

member. The coefficients _�, _, and _D were assumed according to the relevant technical approvals 592 

([22],[23],[24] and [25]). 593 

Due to the lack of specific indications for evaluating the axial slip modulus associated with the ST head 594 

penetration into the lateral timber member tentative equation (B4) was used: 595 

��� = c;
d ∙ (�, ∙ sin %

4 ∙ e	H��  (B4)   

Where  (� is the diameter of the screw head (or diameter of the washer when adopted), α angle between the 596 

screw axis and the grain, e	H�� is the thickness of the lateral timber member and c; is the modulus of elasticity 597 

along direction % with respect to the grain. The criterion proposed by Hankinson [32] was used:  598 

c; = c� ∙ cf�c� ∙ 'LM,% + cf� ∙ _g',% (B5)  

The lateral slip modulus �[�� was evaluated by considering the deformation occurring in both timber elements 599 

through the following relation: 600 

�`\e = 1
1 �`\e,1⁄ + 1 �`\e,2⁄  

(B6)   
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Where �[��,� and �[��,, are the lateral slip moduli (perpendicular to the screw shank) relative to the deformation 601 

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

�`\e,L = 2 hiP_4 ∙ (_5
_6

l (B7)  

Which is consistent with the formulation recommended by EN 1995-1-1 [15] for steel-to-timber and concrete-603 

to-timber connections (where the fastener part embedded into the concrete is assumed as rigid). It is worth 604 

noting that in cases where the two timber components are made from the same timber material, Klat (B6) 605 

becomes equal to Kser [15]. The coefficients _�, _m and _n were assumed in accordance with Table 7.1 of [15]. 606 

For tests PF, PG, PH, PN, PO, PP and PP where an interlayer made of timber boards was present, the lateral 607 

slip modulus �[�� was evaluated by considering the deformation of three separate contribution: 608 

�`\e = 1
1 �`\e,1⁄ + 1 �LMe⁄ + 1 �`\e,2⁄  

(B8)   

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

�LMe = iP_4 ∙ (_5
_6

 (B9)  

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

Table B-1 Theoretical slip modulus calculation 611 

 P-A P-B P-C P-D P-E P-F P-G ��� [N/mm] 3253 3848 4987 4987 - 4574 2404 �[�� [N/mm] 4948 4730 7830 7830 7830 1712 1712 opqr [N/mm] 3889 4179 6053 6053 7830 3501 2145 
        
 P-H P-I P-L P-M P-N P-O P-P ��� [N/mm] 3598 3253 3848 8536 3569 - - �[�� [N/mm] 1406 3359 3474 1405 1484 1484 1484 opqr [N/mm] 2776 3293 3708 5862 2787 1484 1484 

 612 

 613 

  614 

 615 

 616 

 617 

 618 

 619 

 620 
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