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A B S T R A C T

Self-tapping screws are fasteners that are versatilely applicable in timber engineering. For the design of such
screw connections, preferential axial-loading, all possible failure mechanisms have to be considered. Recently, in
compact groups of axially-loaded screws the block shear failure mechanism, which has not been investigated so
far, turned out to fail rather brittle at load levels lower than currently allowed. This failure mechanism is defined
as failure of (rolling) shear and/or tension perpendicular to grain planes encompassing the group of screws. This
failure mechanism was observed in groups given a number of different parameter settings, i.e. thread-fibre
angles of 90° and 45°, glulam, structural timber and cross laminated timber and various group designs. This
paper focuses on groups of axially-loaded screws in glulam and solid timber of Norway spruce (Picea abies) and
inserted at a thread-fibre angle of 90°. Varying group sizes, loading and supporting distances and group designs,
i.e. various penetration lengths lef and spacing in and perpendicular to grain, a1 and a2, respectively, are ana-
lysed by two different “push-pull”-test setups. To predict the block shear capacity and failure characteristics of
such groups of screws and to separate this failure mechanism from other failure mechanisms, a mechanical-based
block shear model was established. This parallel acting spring model considers load sharing and redistribution
between concerned failure planes and depends on a number of material, geometrical and stress distribution
parameters. To ensure a reasonable parameter setting, background and potential influencing parameters on each
model parameter are discussed. In validation, the model shows overall good predictions of capacities, failure
mechanisms and failure sequence for all test series involved. It turned out that the current regulations, com-
prising the definition of minimum spacing together with minimum edge and end distances, are not sufficient for
controlling this three-dimensional block shear failure. In addition, the consideration of the number of screws in
the group as well as the penetration length is required.

1. Introduction

1.1. General comments

In contemporary timber engineering, dowel-type fasteners are dif-
ferentiated in fasteners primary stressed in shear, e.g. dowels or nails,
or axially in tension or compression, e.g. self-tapping screws or glued-in
rods. Whereas in the first group the timber is primary stressed in
compression, in the second group the timber is primary stressed in
shear. Self-tapping screws are optimised for load-bearing purposes axial
in tension, as addressed in this study, made of hardened steel and
feature high resistance and stiffness but only minor plastic deform-
ability until failure. The versatile possibilities how to apply them can be
differentiated in ”active applications”, i.e. for connecting structural
elements, and in ”passive applications”, i.e. for reinforcing structural

elements; see Ringhofer et al. [1] and Ringhofer [2].
Active applications with several screws are realised often with outer

steel plates, as exemplarily shown in Fig. 1. Differentiation can be made
in (i) joints with steel plates constantly pressed on the timber surface,
i.e. joints featuring a restricted deformability of the timber surface as
shown in Fig. 1(b), named further as ”restricted joints”, and in (ii) joints
with steel plates constantly taken-off from the timber surface, see
Fig. 1(c), named further as “free joints”.

We further concentrate on “free joints” of primary axially and in
tension loaded self-tapping screws, thus possible positive effects on the
resistance of restricted joints are excluded.

Recent experimental investigations on groups of axially-loaded
screws fulfilling all requirements regulated in European standards, e.g.
EN 1995-1-1 [3] (Eurocode 5; EC 5) and/or diverse European Technical
Approvals/Assessments (ETAs), in particular the requirements on
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spacing and edge and end distances, revealed failure mechanisms with
cracks between the rows of screws in grain or at the circumference of
the group of screws and/or at their bottom plane. These failure me-
chanisms could be observed in all so far investigated structural timber
products, solid timber (ST), glulam (GLT) and cross laminated timber
(CLT), as well as at thread-fibre angles α = 45° and 90°; see Plie-
schounig [4], Mahlknecht [5], Mahlknecht and Brandner [6] and
Mahlknecht et al. [7] and [8].

Although EC 5 [3] lists block shear as one possible failure me-
chanism of a group of primary axially-loaded fasteners, design provi-
sions are missing. In fact, apart from references outlined above in-
vestigations on this failure mechanism were not reported so far.

The made observations and identified need for design regulations
motivate further investigations on this quasi-brittle failure mechanism,
which restricts the load-bearing capacity of axially-loaded groups of
screws featuring certain geometrical characteristics, i.e. certain com-
binations of spacing and effective length, as a measure for the ancho-
rage of screws in structural elements.

1.2. Connection design

The design and geometry of joints has to meet structural require-
ments, should allow an optimal stress distribution and provide an
economical solution. The three main principles in structural require-
ments are high load-bearing capacity, high stiffness and high ductility.
Consequently, brittle failure mechanism shall be avoided.

The load-bearing capacity of a joint is limited either by the residual
net cross section capacity of the connected structural elements, by the
capacity of the fasteners, the capacity of additional joint elements like
steel plates or by the capacity of the timber in direct interaction with
the group of fasteners.

With a focus on groups of primary axially-loaded self-tapping
screws, possible failure mechanisms of single fasteners are: (i) with-
drawal, (ii) steel failure in tension or buckling, and (iii) head pull
through. Apart from a failure in the net cross section, possible failure
mechanisms of the timber surrounding the group of fasteners are: (iv)
splitting along the screw rows, and (v) block shear failure mechanisms.
The latter failure mechanisms are well known from primary laterally-
loaded dowel-type fasteners. In contrast to them, axially-loaded screws
introduce the applied load only over the threaded part anchoring the

screw in the penetrated timber member. The main differences between
axially- and laterally-loaded groups of dowel-type fasteners are thus the
loading direction as well as the type and distribution of stresses. In any
case, block and line or row shear failure mechanisms constitute quasi-
brittle failure mechanisms of the timber featuring load-bearing capa-
cities below the withdrawal or steel capacity of joints.

According to EC 5 [3], all possible failure mechanisms have to be
approved but so far a verification procedure for block shear failure
mechanisms of axially-loaded groups of screws is given neither in EC 5
[3] or in ETAs nor in the literature. EC 5 [3] includes constructive rules
for the arrangement of screws in a primary axially-loaded group de-
pending on the nominal screw diameter d, e.g. minimum spacing in and
perpendicular to the grain, a1 = 7 d and a2 = 5 d, respectively, and
minimum end and edge distances, a1,CG = 10 d and a2,CG = 4 d, re-
spectively, see Fig. 2(a).

Apart from these geometrical provisions, in determining the leading
failure mechanisms further parameters need to be considered: the ef-
fective penetration length lef and the embedment length lemb, see
Fig. 2(b). Note: in contrast to EC 5 [3], within this contribution lef is
defined without the length of the screw tip, ltip.

1.3. Group withdrawal and steel failure mechanisms

In case of withdrawal or steel failure mechanism, the capacities of
groups of screws can be simply calculated by multiplying the with-
drawal capacity, Fax,α, or steel capacity, Ft, of a single screw with the
number of fasteners active in resisting the applied load(s), usually given
as nef ≤ n, with n as the total number of commonly acting fasteners in
the group. Whether withdrawal or steel failure occurs depends basically
on the effective penetration length, lef, the material in which the screw
is anchored, indicated by the material density ρ, the thread-fibre angle
α and the nominal screw diameter d. With respect to steel tension
failure, the parameters steel tensile strength and effective net cross
section are required.

The effective number of n commonly acting axially-loaded screws in
a group on a characteristic (5%-quantile) basis according to EC 5 [3],
irrespective of steel or withdrawal failure mechanism, is given as
nef = n0.9. Blaß et al. [9] report of tests on double lap tensile joints
without a significant influence from the number of screws on joint ca-
pacity, indicating nef = n. Plieschounig [4] investigated joints of axi-
ally-loaded groups of screws with an outer steel plate as (i) restricted
joint and (ii) free joint. In case of (i), joints failed in withdrawal showed
nef = n; this was also observed for case (ii), but only for characteristic
values (5%-quantiles), whereas for mean values nef/n decreased sig-
nificantly with increasing n. Krenn [10] and Krenn and Schickhofer
[11] reported on tensile joints realised with screws inclined by 45° and
inserted through outer steel plates, designed to screw steel failures. By
considering also potential shortcomings in executing such screw joints
on-site, for the 5%-quantile values nef = 0.9 n is proposed.

1.4. Block shear and related failure mechanisms

1.4.1. General remarks
Block shear and related failure mechanisms of axially-loaded groups

of screws are characterized by tearing-out of a timber volume in

Fig. 1. Examples of joints with groups of screws in active applications: (a) joint
in a framework; (b) tensile joint; (c) girder loaded perpendicular to the grain.

Fig. 2. (a) Spacing, end and edge distances ac-
cording to EC 5 [3]; (b) geometric parameters of
a single screw; (c), (d) and (e) shear failure me-
chanisms of laterally-loaded dowel-type fas-
teners anchored in timber.
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dimension defined by the outer circumference of a part or the whole
group of fasteners in a joint. Such quasi-brittle failure mechanisms are
only possible in cases of combined tension and shear failures, indicating
that the volume of timber enclosing the anchored group of fasteners is
too small to achieve group withdrawal or screw steel failures instead.
Although the wording for these failure mechanisms is similar to groups
of laterally-loaded dowel-type fasteners, the failure characteristics are
significantly different. For a clear definition, we briefly summarize the
state-of-knowledge for laterally-loaded groups before discussing in de-
tail specifics of block shear failure mechanisms of axially-loaded groups
of screws.

1.4.2. Laterally-loaded dowel-type fasteners
In case of laterally-loaded groups of dowel-type fasteners block,

plug and row shear failure mechanism may occur in cases where the
timber elements are loaded parallel to the grain. These local, quasi-
brittle timber failure mechanisms are characterized by failures of shear
and tension parallel to grain planes enclosing the groups of fasteners;
see Fig. 2(c)–(e). Depending on the penetration depth of the fasteners
and their spacing perpendicular to the grain, differentiation can be
made in (c) block shear (tearing-out of a timber block, in height equal
to the entire structural element thickness), (d) plug shear (tearing-out of
a timber block, in height below the entire element thickness) and (e)
row shear (tearing-out of a timber block, comprising a row of fasteners
in grain direction).

Simple models for these failure modes are for example provided in
Foschi and Longworth [12] and EC 5 [3] (Appendix A) which consider
the resistance of either the shear or the tension plane. In contrast,
Kangas and Vesa [13] and Stahl et al. [14] take into account the sum of
the resistance of the shear and tension planes. Recently, Zarnani and
Quenneville [15] formulated an approach based on parallel acting
springs, representing the potential shear and tension parallel to grain
failure planes.

1.4.3. Axially-loaded dowel-type fasteners: focus self-tapping screws
In the case of primary axially-loaded groups of self-tapping screws,

the block shear failure mechanisms comprise shear, rolling shear and
tension perpendicular to grain failure planes. The superposition of
forces induced by each screw in the group provokes a simultaneous or
successive failure of the lateral and bottom failure planes encasing the
timber block in which the screws are anchored. In contrast to laterally-
loaded dowel-type fasteners, block shear failure does not lead to a
tearing-out of a complete timber block. This is because of the residual
resistance of timber after reaching the shear capacity in the transverse
plane perpendicular to the grain (related shear strengths: fv,RL or fv,TL,
with subscripts L, R and T for longitudinal, radial and tangential fibre
direction, respectively), where fibres are still active in bending and
tension parallel to grain; see Jöbstl et al. [16] and Brandner and Dietsch
et al. [17]. As block shear and related failure mechanisms in axially-

and laterally-loaded dowel-type fasteners are different, a clear differ-
entiation and thus a definition and characterization for axially-loaded
dowel-type fasteners is needed. In the following explanations, “pure
block shear failure mechanism” (B1; see Fig. 3 left) is characterized by
clearly visible cracked rolling shear and tension perpendicular to grain
planes at the circumference of the group of axially-loaded screws. De-
viating crack patterns, for example additional cracks caused by failures
of rolling shear plane along each screws row in grain (Fig. 3 middle),
additional cracks caused by failures of tension perpendicular to grain
planes along the anchored thread (Fig. 3 right) or only partly existing
cracks along mentioned potential failure planes are summarized to the
“combined block shear failure mechanism” (B2).

So far, a design procedure for calculating the resistance of axially-
loaded groups of screws in case of block shear is neither available nor
considered in regulations regarding the minimum spacing, end and
edge distances.

In analogy to the approach for block shear in laterally-loaded groups
of fasteners from Zarnani and Quenneville [15] the following block
shear model was established; see Mahlknecht et al. [7] and [8].

2. Block shear model

We now introduce briefly the block shear model of Mahlknecht et al.
[7] and [8], defined for a thread-fibre angle α = 90°. It is based on a
system of parallel acting linear-elastic springs representing determi-
nistically the shear, rolling shear and tension perpendicular to grain
properties of the corresponding failure planes. Free deforming timber
surfaces are assumed. Constrained equal deformations of all failure
planes cause that the failure plane with the highest stiffness attracts the
highest share of the total load. Hence, the geometrical dimensions of
the failure planes encasing the theoretical load-bearing volume are one
of the key parameters in the model. Consequently, in addition to the
spacing in and perpendicular to grain also the penetration length lp of
the group of screws influence the resistance against block shear failure;
see Fig. 4.

Either one of the commonly acting lateral planes loaded in shear or
rolling shear, or the bottom plane near the screw tips loaded in tension
perpendicular to the grain can be the first failed plane(s), i.e. that
failing plane(s) reaching its (their) maximum load-bearing capacity(ies)
at first. Until then, load sharing amongst all potential failure planes,
proportional to their individual stiffness, is assumed. Their stiffness
values are defined as
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with Kt,90, Ks and Kr as the stiffness values assigned to the bottom plane
stressed in tension perpendicular to grain, for one lateral plane in shear

Fig. 3. (left) Pure block shear failure mechanism B1; (middle & right) combined block shear failure mechanism B2.
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and for one lateral plane in rolling shear, respectively. Hereby, Et,90 is
the modulus of elasticity for tension perpendicular to grain, G0 and Gr

are the shear modulus in transverse direction and rolling shear, re-
spectively, At,90 is the area loaded in tension perpendicular to grain, As,s

and As,r are the areas per lateral plane loaded transverse in shear and
rolling shear, respectively, At,s and At,r are the bottom areas per lateral
volume affected by adjacent shear in transverse direction and rolling
shear, respectively, lp is the penetration depth, Ct,90 the stress shape
parameter (ratio of non-constant to constant stress distribution in-
tegrated over lp), and Xs and Xr are the length and width of the affected
adjacent transverse and rolling shear volume, respectively.

A successive failure curve is shown in Fig. 5. Load-elongation curves
with theoretical single stiffness values K1, K2 and K3 give the ranked
elongations εf,(i) with (i) as index for the ascending order, given as

= f A C K/f,(i) i i i i (2)

with fi as the corresponding strength value (ft,90, fv or fr), Ai as the
corresponding area (At,90, As,s or As,r) and Ci as the corresponding stress
shape factor (Ct, Cs or Cr). Until the first failure, all failure planes act
together, with K1 + K2 + K3. The elongation at the first partial failure,
i.e. at the load level, denoted as F1st, where the first plane(s) fail, is
denoted as εf,(1). After this first failure, global (uniform) load redis-
tribution between all remaining failure planes is assumed. The actual
stiffness is then given as sum of the stiffness values of the remaining
active planes. The load is increased until the next partial failure occurs.

This process is continued until the last plane(s) failed. The maximum
resistance against block shear, Fmax, is thus given as the maximum ca-
pacity reached during this successive failure process, see

= =
= +

+F Kmax , with a 0, 1, 2
a

max
j a 1

3

j (a 1)
(3)

Thereby a is the number of already failed (pairs of) planes.
The mechanical model requires 19 input parameters in total: seven

for the geometry (spacing a1 & a2, edge distances a1,CG & a2,CG, number
of rows r and columns s of screws in the group and penetration depth
lp), six material properties (three elastic constants Et,90, G0 & Gr and
three strength properties ft,90, fv & fr) and six stress shape parameters
(coefficients Ct,90, Ct, Cs, Cr, and dimensions Xr & Xs). Apart from the
well-defined geometrical parameters, for material and stress shape
parameters a more detailed discussion is required; see the following
Section 3. The parameters are analysed based on literature, own data
and observations and by using analogies to existing mechanical models.

3. Setting of model parameters

The high number of model parameters necessitates a sound setting
and background to get confidence on each value. The aim is to discuss
each parameter and meaningful associated bandwidths, to outline re-
lated uncertainties and to validate the model for an agreed setting of
parameters by using test data from Plieschounig [4], Mahlknecht [5],
Mahlknecht and Brandner [6] and Mahlknecht et al. [7] and [8].

3.1. Geometric parameters

The design of groups of screws is currently determined by the spa-
cing a1 & a2 as well as the end and edge distances a1,CG & a2,CG, re-
spectively. Knowing in addition the number of rows, r, (number of
screws in direction parallel to grain) and columns, s, (number of screws
in direction perpendicular to grain) as well as the penetration depth, lp,
the dimensions of all potential failure planes encasing the group of
screws are defined.

Fig. 4. Schematic representation of the block shear failure mechanism at α = 90°: definitions and geometric parameters; see Mahlknecht et al. [7] and [8]

Fig. 5. Schematic representation of the block shear load-elongation curve as
consequence of a successive failure process in case of linear-elastic behaviour.
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3.2. Material parameters

3.2.1. General comments
Herein investigations are restricted to Norway spruce (Picea abies)

and nominal strength classes C24 for solid timber according to EN 338
[18] and GL 24 h for glulam according to EN 14080 [19]. The material
parameters, in particular strength values, needed here have to be re-
presentative for the specific loading situation and the small dimensions,
areas and volumes involved. Both strength values, tension perpendi-
cular to grain and shear, feature remarkable volume effects, i.e. a sig-
nificant dependence of the element strength on the element volume.
Furthermore, their relationship with density, as common indicator for
other timber strength and elastic properties, is also poor. The following
discussion aims on reliable settings for both properties.

3.2.2. Tension perpendicular to grain
Fig. 6 summarises investigations on tension perpendicular to grain

strength, determined on various softwood species, specifically on clear
wood (CW), solid timber (ST), board sections from lamellas (lam) and
glulam (GLT), with reference to Blaß et al. [20], Mahlknecht et al. [21],
Stuefer [22], Dill-Langer [23] and Ribberholt [24].

Properties in tension perpendicular to grain are one of the weakest
properties of timber. They are mainly influenced by the sawing pattern
(core boards from the centre vs. side boards from the outer part), the
presence of pith and other timber growth characteristics as well as the
timber product they refer to. Volume or size effects are frequently
modelled as power models, with power parameter k. As in block shear
tension perpendicular to grain failures typically occur at the screw tips,
the interest is on the dependency of the strength value on the dimension
of stressed area. This can be formulated as ft,90 = ft,90,ref (At,90,ref/
At,90)1/k, with ft,90,ref and ft,90 as (reference) tension perpendicular to
grain strength, At,90,ref and At,90 as (reference) areas loaded in tension
perpendicular to grain, respectively. Typical values for k are within a
range of 4.5–5.2, see e.g. Mau [25] and Barrett [26]. EC 5 [3] gives
k = 5 which is also applied further and used in power models for solid
timber stressed at 45° or radially in Fig. 6, with ft,90,mean = 2.04 and
2.55 N/mm2 at At,90 = 3150 mm2, respectively, and for single glulam

lamellas, with ft,90,mean = 1.93 N/mm2 at At,90 = 25,000 mm2; see Blaß
et al. [20].

Considering the predefined crack plane (at the screw tip), adequate
values can be either derived from investigations on single lamellas as
well as on solid timber. In this context, it is also worth noting that all
specimens which failed in block shear were made of solid timber or
glulam from commercial productions featuring common timber growth
characteristics and common variation in sawing patterns. Considering
this, for the strength the value of Blaß et al. [20] for primary 45° annual
ring orientation together with a size effect correction and
ft,90,mean = 1.0 N/mm2 as a lower limit is further applied. The upper
limit for glulam is equal to the resistance of single lamellas (predefined
crack plane!), and for solid timber equal to the resistance found for
radially applied load; see Blaß et al. [20]. Again, a size effect correction
is taken into account; see Fig. 6.

With respect to the modulus of elasticity in tension perpendicular to
grain, values from small clear wood specimen tested radially (Et,90,R)
and tangentially (Et,90,T) are within 390 and 817 N/mm2; see e.g.
Neuhaus [27], Hörig [28], Kollmann and Cote [29], Carrington [30] or
Stamer [31]. In case of a 45° annual ring orientation Görlacher [32] and
Blaß et al. [20] give mean values between 160 and 300 N/mm2. Fol-
lowing this, for the block shear model applied on solid timber of
strength class C24, E90,mean = 350 N/mm2 according to EN 338 [18] is
used, with 300 and 400 N/mm2 as lower and upper limits, respectively.

For glulam, a modulus of elasticity representing a system of parallel
acting layers within the block shear volume is needed. EN 14080 [19]
provides a value of E90,mean = 300 N/mm2 for softwood glulam, in-
dependent of the strength class. This value agrees well with the range of
250–350 N/mm2 as calculated from vibration tests by Görlacher [32]
and Fellmoser and Blaß [33], considering Estat ∼ 0.95 Edyn, with Estat

and Edyn as the modulus of elasticity determined in static and vibration
tests, respectively, and a mean density of 400–460 kg/m3. Comparable
outcomes can also be found for glulam BS11 and BS14 in Blaß et al.
[20]. To conclude: for the block shear model applied on glulam, a mean
value of E90,mean = 300 N/mm2 is used, together with 270 and 330 N/
mm2 as lower and upper limits, respectively.

Fig. 6. Tension perpendicular to grain strength ft,90 vs. loaded area At,90: solid timber (ST) and glulam (GLT).
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3.2.3. Rolling shear
The rolling shear strength fr and the rolling shear modulus Gr are

usually determined on specimens free of knots and knot clusters. Tests
in literature comprise vibration tests (Görlacher [32]), inclined shear
tests using an adapted setup from EN 408 [34] (see Mestek [35], Blaß
and Flaig [36], Ehrhart [37] and Ehrhart and Brandner [38] and
Fig. 7(a)), in-plane three-point bending tests (see Wallner [39] and
Jöbstl et al. [16] and Fig. 7(b)), and shear tests using a symmetric
double-lap setup (see Franzoni et al. [40] and Fig. 7(c)).

For solid timber, the rolling shear strength was found to be widely
independent from the applied test setup and the sawing pattern, fea-
turing mean values between fr,mean = 1.4 and 2.1 N/mm2. For glulam,
values for parallel acting lamellas are needed. In comparison to single
lamellas, Ehrhart [37], for example, observed only a minor reduction of
the mean rolling shear strength by testing up to four parallel acting
board segments. For block shear, considering in addition the lateral
deformation as being restricted by the lateral timber volume with
thickness equal to a2,CG, overall, only negligible influences on the mean
rolling shear strength are expected. Hence, for the block shear model,
the same mean value fr,mean for solid timber and glulam can be applied.
In view of common dimensions of investigated girders featuring block
shear failures, a reduced rolling shear resistance because of tension
stresses perpendicular to the grain on free edges, as it occurs when
testing single lamellas, is not taken into account. Comparing the den-
sities and sawing patterns as found in our tests with that in Ehrhart and
Brandner [38], for the block shear model a mean rolling shear strength
of fr,mean = 1.90 N/mm2 is seen as appropriate, with 1.4 and 2.1 N/mm2

as upper and lower limits, respectively.
The rolling shear modulus Gr depends on the annual ring orientation

and is maximal at 45° and minimal at 0° and 90°. For Norway spruce
and specimens featuring nearly homogeneous sawing patterns, theo-
retically values between 50 and 350 N/mm2 are possible; see Jakobs
[41] and Görlacher [32]. Numerical investigations on common cross
sections of side and core boards in Aicher and Dill-Langer [42] give
values of 133 and 88 N/mm2, respectively. By testing small clear wood
specimens (Bendtsen [43], Neuhaus [27] and Carrington [30]) and
board segments (Görlacher [32], Fellmoser and Blaß [33], Blaß and
Flaig [36], Ehrhart and Brandner [38] and Franzoni et al. [40]) mean
values between 40 and 140 N/mm2 are found. For the block shear
model, based on Ehrhart and Brandner [38] a mean value of
Gr,mean = 100 N/mm2 and 60 and 140 N/mm2 as limiting values are
applied.

3.2.4. Shear in transverse direction
The shear strength of timber in transverse direction, fv,RL and fv,TL, is

hard to determine. Due to the duality of shear stresses and the radial
anisotropy of timber, shear failures commonly occur along LT and LR
planes, with corresponding shear strengths fv,LR and fv,LT, respectively.
Analogies are possible to recent investigations conducted on single
nodes and non-edge bonded CLT diaphragms composed of orthogonal-

layered lamellas. In such elements, a so called net-shear failure me-
chanism can occur which is characterized by local longitudinal shear
failures along the boundaries between annual growth rings over the
whole lamella cross section, in combination with local torsion failures
at the edges of the rectangular gluing interface between the orthogonal
layers. The local longitudinal shear failures lead to dissolution of fibre
contact and in series arise small double-sided fixed cantilevers, stressed
in bending and tension parallel to grain; see Jöbstl et al. [16], Hirsch-
mann [44], Brandner et al. [45] and Brandner and Dietsch et al. [17]
and Fig. 8.

The resistance of timber failing in net shear with according to these
references, mean values between 6 and 14 N/mm2 are reported, which
are significantly higher than in longitudinal shear (see Spengler [46],
Müller et al. [47] or Schäfers [48]). Apart from differences in the failure
mechanism, the reason for the higher shear strength in CLT is also
because of a distinctive locking effect in thin layers, caused by re-
straining effects of adjacent orthogonal layers, which is also responsible
for a significant size effect in respect to the lamella thickness, with
power coefficient 1/k = 0.4. With respect to investigations on size and
volume effects on longitudinal shear in solid timber and glulam (e.g.
Brandner et al.[49]), half of this power coefficient can be dedicated to
the locking effect and half to the structural size effect, as relevant for
the block shear failure plane, whereby the structural size effect for solid
timber (ST) and glulam (GLT) can be described as (Brandner et al. [49])

=f A55.2v,mean,ST s,s
0.22 (4)

and

=f A40.2v,mean,GLT s,s
0.20 (5)

with As,s as shear area, see Fig. 4.
For the latter presented block shear tests and according to Eqs. (4)

and (5), mean values fv,mean = 5.8 and 8.6 N/mm2 can be found on a
conservative basis, with 5.0 N/mm2 as a lower limit for both, and 8.0
and 9.0 N/mm2 as upper limits for glulam and solid timber, respec-
tively.

For the shear modulus, the same values as known for longitudinal
shear can be used. Small clear wood specimens tested in Hörig [28],
Neuhaus [27] and Müller et al. [47] featured mean values between 540
and 775 N/mm2. EN 338 [18] regulates G0,mean for solid timber and
strength class C24 or T14 with 690 N/mm2. For glulam, EN 14080 [19]
gives G0,mean = 650 N/mm2 for all strength classes. This value was also
confirmed by Blaß [50] and Brandner et al. [51] and [52] and by ap-
plying the regression model from Görlacher and Kürth [53] with
G0,mean = 1.78 ρmean – 146, which was derived from vibration testing of
board segments. G0,mean = 650 N/mm2 are also taken for the block
shear model, together with 550 and 750 N/mm2 as limits for both, solid
timber and glulam.

3.2.5. Summary of material parameters
Table 1 summarizes mean values for strength and elastic properties

together with limiting values as applied further in the block shear
model. The influence of these parameter settings on the model is dis-
cussed later in Section 5.4.4, as part of a sensitivity analysis.

3.3. Load distribution properties

3.3.1. General comments and FEA specifications
Now we concentrate on the load and stress distribution along the

shear failure planes (rolling shear and shear in transverse direction) as
well as the failure plane in tension perpendicular to grain. In the block
shear model presented in Section 2, a uniform stress distribution along
these planes is assumed. In reality, non-uniform distributions are given,
which in the model are considered by the coefficients Ct,90, Ct, Cs and

Fig. 7. Rolling shear test setups: (a) inclined; (b) in-plane three-point bending;
(c) symmetric double-lap setup.
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Cr. Furthermore, the effective widths of the additional lateral timber
volume surrounding the group of screws and contributing to load-
bearing are taken into account by the geometrical dimensions Xs and Xr.
The dependency of the stress distribution coefficients from loading and
supporting conditions has to be considered as well. Approximations
discussed in the following are obtained (i) from stress distribution
analysis on similar mechanical problems, (ii) by comparing test results
with model outcomes applying different parameter settings and (iii)
from a finite element analysis (FEA) conducted with the software

package RFEM 5.05.0018 (® Dlubal Software GmbH).
Ad (iii), the following numerical investigations are based on a beam

representing one column of the total group of screws inserted, which is
in width equal to a2, in depth equal to the original beam, and exposed
to a two-dimensional stress state, see Fig. 9 (left).

This representative beam is modelled as a two-dimensional plane
with linear-elastic orthotropic material properties either for GL 24 h
according to EN 14080 [19] or for C24 according to EN 338 [18]. The
geometric dimensions of the beam, the number of screws and the dis-
tance between group and support are varied. The support is modelled as
a line of springs at the upper side (“push-pull” test setup), only active in
compression and featuring a stiffness in z-direction of
Cu,z = 300,000 kN/m2 multiplied by a2. The screws are also modelled
as planes with properties representing steel. Only the upper flanges of
the screw thread, represented by the upper line of the triangles on both
sides of the steel planes, feature a rigid contact with the surrounding
timber surface; all other steel plane contact lines are modelled without
contact to timber, i.e. without possible load transfer; see Fig. 9 (right).
Loading of the group of screws is modelled in two different ways: (I)
directly, via a line load applied directly on the top of each screw, and
(II) indirectly, via a line load applied on an additional thick (rather stiff)
steel plane, representing a steel plate commonly used for load in-
troduction in testing groups of screws, connected to all screws in the
group but without contact to the timber plane, see Fig. 10. Whereas
approach (I) mirrors a group of screws each with an equal load, ap-
proach (II) ensures (widely) equal displacements, providing the upper
steel plate and the timber beam are stiff enough (E I → ∞). Approach
(II) corresponds widely to the test setups used in our investigations.

3.3.2. Stress shape parameter Ct,90

There is only limited information on the stress distribution along the

Fig. 8. (left) Net-shear failure pattern; (right) setups for testing net-shear failure mechanism: (a) symmetric (two shear lines) and (b) inclined (one shear line);
Hirschmann [44] and Jöbstl et al. [16].

Table 1
Mean material properties and limit values for the block shear model; ST (C24
according to EN 338 [18]) & GLT (GL 24 h according to EN 14080 [19]) of
Norway spruce (Picea abies).

Model parameters Material Setting (min|mean|max)

ft,90,mean [N/mm2] GLT
1.00 2.04 1.93A A

3, 150
t,90

1/5 25, 000
t,90

1/5

ST
1.00 2.04 2.55A A

3, 150
t,90

1/5 3, 150
t,90

1/5

Et,90,mean [N/mm2] GLT 270|300|330
ST 300|350|400

fr,mean [N/mm2] GLT & ST 1.4|1.9|2.1

Gr,mean [N/mm2] GLT & ST 60|100|140

fv,mean [N/mm2] GLT 5.0| A40.2 s,s
0.20|8.0

ST 5.0| A55.2 s,s
0.22|9.0

G0,mean [N/mm2] GLT 550|650|750
ST 550|690|750

Fig. 9. (left) Beam representing one column of a group of screws; (right) principle model applied in FEA.
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threaded-part of axially-loaded screws anchored in timber. Ehlbeck and
Sibert [54] as well as Ringhofer and Schickhofer [55] report on a minor
concave, non-linear force distribution. In herein conducted FE-model,
along the external screw (screw on the edge of the group) an approx-
imate linear stress distribution is observed. The internal screws (screw
in the middle of the group) feature a different stress distribution which
depends on the applied loading approach, i.e. imposed equal loads (I) or
equal displacements (II); see Fig. 10. In case of external screws the
forces induce tension stresses in timber parallel and perpendicular to
grain, within the group of screws, as seen for the internal screws, the
stress components perpendicular to the grain collide. In fact, a clear
convex stress distribution along the internal screws is observed. In case
of imposed equal loads (I), see Fig. 10 (left), the maximum values of
external and internal screws are equal. However, in case of imposed
equal displacements (II) the external screws have to bear significantly
more load than the internal screws, see Fig. 10 (right).

According to “actio” ≡ “reactio”, the stress distribution in timber
has to be contrary to the screws, accumulating the inserted stresses.
Irrespective of the applied loading approach, the stresses in timber,
from top (xglobal = 0) to lp, increase exponentially. This non-linearity
even increases with increasing end and edge distances of groups of
screws and supports. However, the stress distribution converges to
linearity when the spacing between the screws increases. Hence, for the
coefficient Ct,90, defined as ratio between a non-uniform versus a uni-
form stress distribution integrated over lp of the volume teared-out in
case of block shear failure, values between 0.3 (non-linear) and 0.5
(linear) can be determined.

In the tests described in Section 4, for loading the groups of screws,
rigid steel plates were applied, which corresponds qualitatively to
Fig. 10 (right) and (II). Thereby, the external screws have to bear sig-
nificantly more load than the internal screws; in numbers, approxi-
mately 75% of the total load is carried by the two external screws and
approximately 25% by the two internal screws. However, this FE-ana-
lysis is based on a linear-elastic material behaviour. In reality, axially-
loaded screws feature a significant non-linear elastic-plastic behaviour
before reaching the maximum capacity followed by a non-linear soft-
ening. Thus, axially-loaded group of screws in reality have a certain
potential to redistribute loads. To prove this, a group of four screws was
analysed by means of a probabilistic model, which has embedded a full-
stochastic description of the non-linear load-displacement withdrawal
behaviour of axially-loaded screws; see Brandner et al. [56]. In this
model and according to the FEA, the external to internal screws are
weighted at 3:1. Based on 1000 simulated groups of screws and by
comparing the mean values nef = 0.91 was found which is rather close
to the test outcomes as discussed later in Section 5.

For validating the proposed block shear model later, we assume a
load redistribution between the three to five screws per column in
tested groups of screws, see Section 4, and thus a linear stress dis-
tribution with Ct,90 = 0.5. This value is, in analogy, conform to the

assumed linear tensile force distribution in a row of rivets in sheared
dowel-type connections; see Zarnani and Quenneville [15].

By comparing the stress distributions along the anchored threaded
part of screws with that in timber, by means of FEA and by analysing
test setups with near and distant supports the influencing ratio of pe-
netration length and beam height (depth), lp/H, as well as differences in
load configuration (equal loading vs. equal elongation) lead to para-
meter values Ct,90 = 0.3–0.5. Overall, Ct,90 = 0.5 is found to be suitable
for both test setups discussed later on in Section 4.

3.3.3. Stress shape parameters Ct, Cr and Cs

Coefficients Ct, Cr and Cs allow adjusting the assumed uniform stress
distribution to a more realistic non-uniform stress distribution by
comparing the integrals of stresses over the failure planes. For the
bottom plane At,90, dedicated to tension perpendicular to grain failure,
for simplicity a uniform stress distribution is assumed, with Ct = 1. For
the shear failure planes more comprehensive analyses are required.

FE-analyses on test setups used in our experimental investigations
(see Section 4) reflect slightly non-uniform stress distributions in cases
where the supports are close to the edge of the group of screws, which
turned out to be independent from the depth of the timber member,
with Cr and Cs approximately 0.8–0.9, see Fig. 11 (left). In cases of
larger spacing a1, Cr = Cs = 0.9 applies. In Fig. 11 (left) the qualitative
stress distribution is shown on the section “L-64” in the middle between
the screw axis and the support, avoiding stress peaks near the stress
field of the screw. For analogy, the same section is shown in Fig. 11
(right). The tested embedment lengths lemb = 2 d and 4 d were too short
to significantly influence the stress distribution. Thus, for investigated
partially- and fully-threaded screws, considering lp = lef + lemb as depth
of the block shear volume, the same values can be applied.

Investigations were also made on test setups featuring larger dis-
tances between joint and supports. For lp/H = 0.5 a stress distribution
along the shear failure planes, similar to the setups featuring near
supports, was observed. However, in the case of lp/H = 0.7, the stress
distribution was rather uniform.

Finally, for test setups with near supports, Cr = Cs = 0.9, with 0.8
and 1.0 as limiting values, were chosen. For distant supports,
Cr = Cs = 1.0, with 0.9 as a lower limit, are used.

3.3.4. Dimensions Xs and Xr

The dimensions Xs and Xr are the widths of material surrounding the
group of screws in longitudinal and transverse direction, respectively,
which additionally contribute in bearing transverse and rolling shear
loads. So far, reliable values for these two parameters are missing and
influences from varying support conditions expected.

In general, block shear failure is expected when the volume sur-
rounding each individual screw in a group is too small, meaning that
stresses of neighbouring screws accumulate, and the anchorage capa-
city of the inserted screws is higher than the resistance of the timber

Fig. 10. Distribution of stress σz along external and internal screw threads and in the surrounding timber: (left) equal load on each screw (I); (right) equal dis-
placement of each screw (II).
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volume enclosed by the group of screws. The accumulation of screw
forces is schematically shown in Fig. 12 (left) by overlapping cones of
timber surrounding the screws. Consequently, Xs and Xr are assumed to
be at least the half of the minimum spacing ≥a1/2 and ≥a2/2, re-
spectively. Xs and Xr are determined by investigating the relationship
between spacing a1 and a2 and correspondingly observed failure me-
chanism (see Section 4), i.e. sufficient spacing to achieve withdrawal
and steel failures of screws. Furthermore, the influence of a near sup-
port, i.e. by limiting Xs by applying a1, as it occurred in some

investigated test setups (see Section 4) and as exemplarily shown in
Fig. 12 (centre and right), is considered as well.

To discuss the dimensions Xs and Xr on a more fundamental basis,
two-dimensional mechanical models describing analogue stress states
as well as loading and support conditions are analysed. With a focus on
the bottom plane, at first the elastic deformation in analogy to local
compression perpendicular to grain models is analysed. The decay
length in longitudinal direction, Xs, results from the elastic displace-
ment of the theoretical surface at the bottom plane. The local com-
pression perpendicular to grain models with rigid support at the op-
posite side are applied in some analogy to tension perpendicular to
grain stresses, see Fig. 13. Madsen et al. [57] modelled fibres close to
loading area, stressed in bending and shear, as beams on elastic foun-
dations. According to Madsen et al. [57], the foundation modulus and
the beam stiffness are given as k = E90 a2/(H – lp) and E0 a2 d3/12,
respectively, with a2 as width of the theoretical beam. Based on FEA, for
the parameter beam depth Madsen et al. [57] found the relationship
d = 0.17 (H – lp). Using this approach in analogy, in the case of block
shear, the decay length in longitudinal direction Xs would be

=X E I k H l E
E

3 (4 / ) 0.60 ( )s 0
1/4

p
0

90

1/4

(6)

with E0 and E90 as moduli of elasticity parallel and perpendicular to
grain, respectively, and I as moment of inertia.

Similar analysis on the embedment of an orthotropic timber beam is
done by Tanahashi et al. [58]. The shape of the displacement is the
outcome of an elastic surface analysis. The plastic components of the
model formulated in the stiffness functions can be excluded. The dis-
placement w of the lateral surface follows an exponential decrease
e−γ|x−L| with L = 0.5 (r – 1) a1 and the characteristic value γ, which is
based on the elastic properties (modulus of elasticity E, shear modulus
G and Poisson’s ratio υ). We define the decay length per notation as a

Fig. 11. Shear stress distribution along the lateral shear plane As,s for lp/H = 0.7 for near (left) and distant support (right).

Fig. 12. (left) Overlap of zones influenced per screw; (centre and right) Xs

exemplarily for a test setup featuring near supports.

Fig. 13. Approach for determining the decay length of the zone stressed by
tension perpendicular to grain (left) in analogy to compression perpendicular to
grain models (right).

Fig. 14. (a) Schematic representation of one half
of a tested group of axially-loaded screws failing
in block shear and one half of the schematic
model of Barber [60] for a beam on elastic
foundation; springs representing (b) the bending
stiffness of part “1”, (c) tension perpendicular to
grain stiffness at the bottom plane and (d) shear
flow along the surrounding shear planes.
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distance between the shear failure planes until a residual lateral upper
surface deformation of 1%, measured from the sole lateral deformation
of the whole timber block surrounding the screws. Hence, Xs can be
estimated as

X H l H lln(0.01) ( )/( ( ))s p p (7)

For the factor γ(H – lp) and Japanese Yellow cider Tanahashi et al.
[59] gives a range of 2.3–3.0 for the planes LR, LT and LTR. As the ratio
E0/G0 for Norway spruce and Japanese Yellow cider is comparable, we
apply the same range also in our investigations.

By applying the approaches of Madsen et al. [57] and Tanahashi
et al. [58], the outcomes for Xs are rather close and allow to use
Xs 1.6 (H – lp). Finally, both approaches result in a linear relationship
of Xs/(H – lp), which is, however, suitable only for height H – lp of a few
centimetres.

The length Xs can be also investigated in analogy with the decay
length in beams loaded locally in tension perpendicular to grain. Barber
[60] proposed a model for a semi-infinite beam on linear-elastic foun-
dation. This beam is loaded at the symmetrical axis with the force F, see
Fig. 14(a). By adapting this model to represent one half of the timber
block which is torn-out in case of a block-shear failure, another me-
chanically based approximation for the width Xs can be found as the
distance stressed in tension perpendicular to grain. The overall
stiffness is the stiffness of three springs in parallel. The first stiffness is
Kw1 = 1/wk, representing the bending stiffness of the theoretically se-
parated residual beam with cross section (H – lp) a2 and length l. The
second stiffness, Kt,90, considers the elongation along the zone stressed
in tension perpendicular to grain. The third stiffness describes the shear
stiffness Kshear of the theoretically separated beam with cross
section lp a2 and length Xs; see Eq. (8) and Fig. 14.

= + + = + +K K K K E I
l

E X a
H l

G l a
X

24 ( )
10 ( )

s
tot w1 t,90 shear

0 1
3

t,90 2

p

0 p 2

s

(8)

The deflection u(z), given as

= =u z F
K

e z K
E I

( ) 2 /2 cos( ), with
4 ( )tot

z tot

0 2
4

(9)

depends on the parameter β, which itself depends on the spring stiffness
Ktot and the bending stiffness (E0 I)2 of the theoretically torn-out timber
block, with cross section lp a2. u(z) = 0 defines the distance at which
the stresses perpendicular to grain change from tension to compression,
allowing to evaluate Xs = π/(2 β), see Fig. 14.

In addition also the models of Ehlbeck and Görlacher [61] and Stahl
et al. [14] were investigated and adopted, however without success.

Finally and again in analogy to local compression perpendicular to
grain stresses, the load spreading model of Van der Put [62] is adapted;
see Fig. 15. The coefficient kc,90, which is defined as kc,90 = fc,90,partial/
fc,90,full, with fc,90,partial and fc,90,full as the compression perpendicular to
grain strengths (defined per notation) of partially (concentrated) and
fully distributed loads (complete surface uniformly loaded and sup-
ported), respectively, is based on a non-linear load spreading over the
depth lp. For bending members exposed to compression perpendicular
to grain Leijten et al. [63] proposed to limit the depth dedicated to
stress dispersion by min(0.4H; 140 mm). Following this, the dimension
Xs but also Xr can be estimated as

=X X l kand 0.5 ( 1)s r block c,90

= + =k l l
l

l lwith 2 tan 5 and min( ; 140mm)c,90
block

block
p

(10)

According to Van der Put [62] and Brandner and Schickhofer [64],
for spreading parallel (relevant for Xs) and perpendicular to grain (re-
levant for Xr), in the elastic range the angle β can be assumed with 45°
and 15°, respectively. The block lengths in longitudinal and transverse
direction are defined as lblock = (r – 1) a1 and lblock = (s – 1) a2, re-
spectively, see Fig. 15.

With the mechanical model approaches, a range for length Xs and Xr

can be found. As already mentioned, the conclusion of Xi ≥ ai/2 for
investigated samples with block shear failure mechanism and conse-
quently Xi ≤ ai/2 for other observed failure mechanisms is done later in
Section 5.3.

4. Experimental investigations

4.1. General comments

For testing axially-loaded groups of screws, two different setups
were developed; these are described in more detail in the following. In
both setups a group of n = r s self-tapping screws were inserted without
pre-drilling and at a thread-grain angle of α = 90°. The groups of
screws, loaded by force F axially in tension, were tested by means of a

Fig. 15. Load spreading model from Van der Put [62] exemplarily adapted for
estimating the width Xr.

Table 2
Overview: tested series and main parameters.

Series [–] Main parameters [–]a

s′10 Test setup T1: circumferential support; PT 6 × 300/75 (lef = 11.3 d, lemb = 2 d)
ST C24, ρ12,mean = 430 kg/m3 (CV = 10.8%), umean = 13.1% (CV = 3.2%)

s′11 Test setup T1: circumferential support; PT 6 × 300/163 (lef = 25.7 d) & PT 6 × 300/75 (lef = 11.3 d, lemb = 4 d)
ST C24, ρ12,mean = 404 kg/m3 (CV = 9.4%), umean = 14.4% (CV = 7.9%)

s′12 Test setup T1: circumferential support; PT 6 × 420/163 (lef = 28.3 d, 17.8 d, 14.2 d)
Glulam GL 24 h, ρmean = 453 kg/m3 (CV = 3.3%), umean = 11.6% (CV = 2.8%)

s′15 Test setup T1: longitudinal support; FT 8 × 180 (lef = 8.8 d) and FT 8 × 280 (lef = 24.8 d)
Glulam GL 24 h, ρ12,mean = 406 kg/m3 (CV = 3.8%), umean = 11.3% (CV = 5.8%)

f′13 Test setup T2: single span girder; FT 8 × 180 (lef = 18.5 d) and FT 8 × 280 (lef = 31.2 d)
Hcs = 180 mm: glulam GL 24 h, ρ12,mean = 461 kg/m3 (CV = 5.4%), umean = 12.7% (CV = 2.8%)
Hcs = 280 mm: glulam GL 24 h, ρ12,mean = 428 kg/m3 (CV = 3.9%), umean = 12.5% (CV = 2.1%)

a PT … partially-threaded screw; FT … fully-threaded screw. ST … solid timber acc. to EN 338 [18]; GLT … glued laminated timber
(glulam) acc. to EN 14080 [19].
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“push-pull” test setup. To investigate different failure mechanisms and
influences on resistance, in both test setups spacing in and perpendi-
cular to grain, a1 and a2, respectively, and penetration length, lp, were
varied. In the following, resistances and failure mechanisms of all
groups tested in solid timber and glulam of Norway spruce (Picea abies)
are presented and compared with the outcomes of corresponding single
screw tests.

4.2. Material, test setups and variations

4.2.1. Overview
Table 2 shows a compilation of tested series and main parameters.

In total, five test series (s′10, s′11, p′11, s′12 & s′15) investigated groups
of screws featuring a near support test setup. One series (f′13) was used
to analyse the group behaviour in the case of distant supports.

The following outlines the main characteristics of the different test
setups used for investigating the five different test series. Details on
specimen geometry, screw insertion, group arrangement and number of
tests, together with test outcomes and failure modes, are presented in
Table 5 (series s′10, s′11, s′12 & s′15) and Table 6 (series f′13) in the
Appendix.

4.2.2. Test setup T1 – near support
Plieschounig [4] (series s′10) developed a setup for testing groups of

screws in withdrawal analogue to single screw withdrawal tests ac-
cording to EN 1382 [65], by loading the screws constantly and dis-
placement controlled to reach Fmax in 90 ± 30 s after pre-tensioning,
which is described in the following. A circumferential support was
chosen to minimize bending stresses. For test series s′11, see Mahl-
knecht [5], structural timber of nominal strength class C24 according to
EN 338 [18] with cross section height Hcs and width Wcs was used. To
increase the bending stiffness and to reduce the compression perpen-
dicular to grain stresses, some of the specimens were reinforced lat-
erally and at the bottom by means of additional, glued-on structural
timber and CLT elements. Specimens characterized in geometry by
height Hsp, width Wsp and length Lsp, were positioned beneath a stiff
steel plate fixed in its position with a rectangular opening in the centre.
The dimensions of the opening length Lop and width Wop were adapted
according to the required test setup by means of additional steel plates.
Instead of the rectangular opening, one of these additional steel plates
featured a matrix of small bore holes allowing an investigation of

different groups of screws mirroring a restricted surface deformation,
i.e. comparable to groups of screws in steel plates compressed con-
tinuously on the timber surface while loaded axially, so-called “re-
stricted joints”. Screws of nominal diameter d = 6 mm were inserted
through a second stiff steel plate, positioned with degrees of freedom in
vertical and horizontal direction and featuring a bore hole matrix for
testing different group sizes and arrangements, i.e. different spacing,
see Fig. 16. To ensure that all screws in a group are loaded and equally
elongated, each screw was repeatedly pre-tensioned manually applying
a torque moment of 6 Nm by means of a torque wrench. This pre-ten-
sioning phase was recorded continuously. During testing, local dis-
placements were measured in the middle at both side lengths of the
fixed steel plate and at the three edge points of the upper moveable
steel plate.

For test series s′12, which is partially published in Mahlknecht et al.
[7] and [8], industrially produced glulam of nominal strength class GL
24 h according to EN 14080 [19] was used. The test procedure was
adjusted according to EN 26891 [66]. The advancing displacement rate
was adapted according to the estimated maximum load of each sample.

In test series s′15 glulam produced in the laboratory was used fea-
turing criteria for a nominal strength class GL 24 h according to EN
14080 [19] with the exception that lamellas without knots were pre-
ferred. The specimen had no additional reinforcement and only sup-
ported laterally on both end-grains but not at specimen side-lengths.
Thus, additional bending stresses are significantly higher than in the
other series. Self-tapping screws of three different producers (H1, H2
and H3), all of nominal diameter d = 8 mm, were tested. Advancing
displacement rate was chosen as constant with 1 mm/min.

4.2.3. Test setup T2 – beam loaded perpendicular to grain
In the horizontal test setup T2, published by Mahlknecht et al. [7]

and [8], a beam was centrically point-loaded and supported as a single
span girder. The free span was limited by the testing machine and
featured approximately 575 mm; see Fig. 17. In contrast to T1, in T2
additional significant bending stresses occurred. The specimen were of
glulam of nominal strength class GL 24 h according to EN 14080 [19],
excluding one sample reinforced laterally by glued-on structural timber
elements. The axial load was applied centrically via a connecting steel
plate, which allows a rectangular arrangement of the group of screws
but no screws in the centre. The group arrangement is again defined by
r and s as the number of screws in rows parallel and columns

Fig. 16. Test setup T1 with circumferential support; (left) schematically and (right) as executed.
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perpendicular to grain, respectively. The investigated spacing corre-
sponded to the common requirement in European Technical Assessment
documents (ETAs) for screws, given as a1 a2 ≥ 25 d2 and a2 ≥ 2.5 d.
The nominal diameter of the self-tapping screws used was d = 8 mm.

4.2.4. Reference tests with single screws
For each different penetration length lp and screw type used in these

investigations reference, single screw withdrawal tests in the same
material were made; these tests are further marked as “sgl”. All screws
were tested in a “push-pull” setup according to EN 1382 [65]. De-
pending on the penetration length, steel tension and/or withdrawal
failures were observed. The observed failure modes are subsequently
considered in the statistical data analysis.

5. Results and discussion

5.1. Evaluation of failure mechanisms

To determine cracks in the cross section, after testing all specimens
were cut through the middle of the group of screws. To assign each test
to one of the failure mechanisms (block shear B1 or B2; see Fig. 3,
withdrawal; see Fig. 18, steel, tension perpendicular to grain or split-
ting), the surface, the crack pattern and the corresponding load-dis-
placement curve of each specimen were analysed. The splitting failure
mechanism, as observed in series f′13, is characterized by cracks in-
between rows of screws parallel to grain.

5.2. Definition of evaluated test loads

Some specimens which failed in block shear showed load-displace-
ment curves with a load drop after an almost linear load increase. The
maximum load up to this first significant partial failure is named F1st.

The subsequent load-displacement curve featured a lower gradient, i.e.
stiffness, as consequence of load redistribution within remaining load
resisting (parts of) failure planes in tested groups of screws; see Fig. 22.
In most cases the maximum load achieved within this second part of the
load-displacement curve exceeded F1st and is thus named as Fmax. F1st

was evaluated only for load-displacement curves where the stiffness
(tangential slip modulus) after the partial failure decreased by more
than 10%; hereby the stiffness after the partial failure was determined
within the load drop and the point exceeding F1st.

5.3. Failure mechanisms and statistical evaluation of test series

The number (no.) of specimens which failed by block shear (B1 or
B2), withdrawal, steel or other failure mechanisms are given Tables 5
and 6 in the Appendix. The data includes mean values Xi, mean and
coefficients of variation CV for F1st and Fmax. In calculating the mean
values of (sub)samples failing in block shear, both mechanisms, B1 and
B2, are combined due to any obvious qualitative difference. In samples
where a partial failure was not observed, an additional note is made in
all tests.

5.4. Groups of screws: Withdrawal and steel failure mechanism

Within test setup T1, in some samples withdrawal failures also oc-
curred; see Fig. 19. Either in tested free joints with n = 4 (s′10_A) and in
restricted joints with n = 9 (s′10_E) or in groups featuring spacing
a2 = 7 d (s′12_P, _Q & _R), only withdrawal or steel failures were ob-
served. Back-calculating the withdrawal capacities of single screws by
dividing the mean value of the maximum withdrawal load from group
testing by the number of screws tested, i.e. FW,max,mean/n, gives values
slightly below the mean values of single screws failing in withdrawal,
i.e. Fax,sgl,mean. One reason therefore is seen in the right-censored
withdrawal data in samples featuring withdrawal as well as steel fail-
ures, i.e. the withdrawal capacity in tests failing in steel can be assumed
to be higher, but limited by the steel capacity. Thus, the withdrawal
capacities for samples s′12_P, _Q & _R and corresponding test results
with single screws (s′12_sgl) are estimated by means of the Maximum-
Likelihood-Method for right-censored data; these values are further
denominated as FW,max,MLE, Table 5 in the Appendix. In Fig. 19 the 95%
confidence interval CI95 for mean values of single withdrawal tests is
also included. Its calculation is based on assumed lognormal distribu-
tion and done with the modified COX-Method; see Zhou and Gao [67]
and Olsson [68].

In both test setups and samples featuring a2 > 2.5 d, steel failures
were observed. Back-calculating the steel capacities of single screws by
dividing the mean values of maximum steel capacity from group testing
by the number of screws tested, i.e. FS,max,mean/n, gives values com-
parable to average steel capacities Ft,sgl,mean gained from testing single
screws, see Fig. 19 and Table 3. In samples s′12_P, _Q & _R only parts of

Fig. 17. Test setup T2 with single span girder (left) schematically test setup and (right) view on test setup.

Fig. 18. Typical plastic fibre deformation pattern in case of withdrawal failure
mechanism.
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screws in tested groups failed in steel, see Table 5 in the Appendix. In
view of the heterogeneity of timber, unequal load distribution between
the screws is assumed and seen as a reason for nef,S ≥ 0.95.

For groups of screws featuring only withdrawal failures, based on
mean values the effective number of screws nef,W was calculated with
nef,W = 0.86 for small groups with n = 4 (s′10_A) and nef,W ≥ 0.92 for
all larger groups (s′10_E, s′12_P, _Q & _R), see Table 3. For samples also
featuring some block shear failures, as s′10_B and s′10_F, similar values
for nef are assumed.

By investigating spacing for groups of axially-loaded screws with
the aim to maintain the characteristic withdrawal capacity of single
screws times the number of screws in the group (nef = n), the spacing
a1 ≥ 7 d and a2 ≥ (2.5–3.5) d have been found; see e.g. Blaß and Uibel
[69] and Pluess and Brandner [70] for the narrow-face of CLT and Blaß
et al. [9] for solid timber. It should be noted that these investigations
are based on small groups or groups with only s ≤ 2 columns.

5.5. Block shear failure model: Specific parameter settings

To be able to compare and validate the outcomes from the block
shear model with experimental investigations, settings of model and
material parameters, discussed more generally in Section 3, are speci-
fied according to the applied material and test setups. Observations
made during testing, in particular regarding parameter settings leading
to changing failure mechanisms, serve as a first decision basis for de-
termining the length Xr and Xs. The consequence of losing some degree
of independency between test results and model outcomes is thereby
accepted.

Mean material parameters and limiting values are defined in Section
3.2. Parameters Ct,90, Ct, Cr and Cs are determined according to Section
3.3, which are adapted according to the specific support conditions
applied in the tests and outlined in Table 4.

In determining the length Xr of adjacent volume additionally active
in rolling shear, observations from samples failing in block shear me-
chanism B1, requiring stress interaction from neighbouring screws, are
taken into account. Samples tested by means of setup T1, featuring near
circumferential or longitudinal support, indicate 0.5 (3.5 d) = 1.75
d ≤ Xr ≤ 0.5 (5 d) = 2.5 d. The upper limit is argued as parts of samples

Fig. 19. Results of tests featuring mainly withdrawal or steel failures.

Table 3
Effective number of screws nef of samples featuring mainly withdrawal or steel failures (basis: mean values).

Series s′10 s′12 s′11 s′12 f′13 s′15

Sample A B E F P Q R C D A B C D-I H F-H1 C-H3 D-H3

(lemb + lef)/d 2 + 11.3 17.8 25.7 28.3 31.2 24.8
n 4 9 9 16 12 16 12 10 9
nef,W 0.86 0.87 0.92 0.96 – – – – – – – – – – – – –
nef,W,MLE – – – – 0.97 0.96 0.97 – – – – – – – – – –
nef,S – – – – 0.96 0.95 0.96 0.96 0.96 0.99 1.00 1.00 1.00 0.99 0.98 1.01 1.02

Table 4
Settings of stress shape and load distribution parameters.

Model parameters Test
setup

Settings (min|mean|max)

Ct,90 [–] T1 and
T2

0.3|0.5|–

Ct [–] T1 and
T2

–|1.0|–

Cs = Cr [–] T1 0.8|0.9|1.0
T2 0.9|1.0|–

Xr T1
2.0 d

d
l lmin 2.5

0.5( )op group perp. to grain
2.8 d

T2 2.5 d|5 d|7.5 d
Xs T1 3.5 d|5 d|6.5 d

T2 40 mm|50 mm|60 mm
Xr = Xs restricted

joints
T1 0.5 d
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with spacing a2 = 5 d which featured either block shear B2 or with-
drawal failures. For lef < 20 d and lef > 20 d, analogue use of the load
dispersion model of Van der Put [62], see Eq. (10), gives Xr = 1.1 d to
2.1 d and 2.0 d to 2.8 d, respectively. Finally, Xr = 2.5 d was applied for
validating samples from test setup T1, with 2 d and 2.8 d as lower and
upper limits, respectively. For cases of tested restricted joints (s′10_E, _F
& _G), Xr = 0.5 d = 3 mm was applied. Based on observations made
from test setup T2, featuring significant additional bending stresses,
Xr ≥ 0.5 (10 d) = 5 d can be concluded. Xr = 2.5 d according to the
approach of Van der Put [62], see Eq. (10), serves as a lower limit. In
absence of a better estimate for the upper limit a symmetric bandwidth
is chosen, given Xr = 7.5 d as an upper limit.

In determining Xs for setup T1 again test outcomes, i.e. changing
failure mechanism within the same sample, are taken into account. For
example regarding pure block shear mechanism B1, for a2 = 3.5 d in
sample s′12, at a1 = 10 d there was one withdrawal failure supporting
Xs ≤ 5 d. Same spacing a2 in samples s′11_G to _J and p′11_QRS5 &
_QRS10 with a1 = 5 d to 12.5 d indicate a slight higher value for Xs. On
the other hand the observed combined block shear failure mechanism

B2 in series s′15 with settings a2 = 5 d and a1 = 7 d indicate Xs ≤ 3.5 d.
In conclusion, for test setup T1 featuring circumferential and long-
itudinal support conditions Xs = 5 d ± 1.5 d applies.

In samples tested according to setup T2 only a few variations in
settings were investigated, thus possibilities for inferring settings for Xs

from experiments are limited. In setup T2 the ratio of specimen height
to distance between loading and support is about H/(0.5 lop) ∼ 1:1 and
1:1.5, with loading and support at the same side of the beam. In con-
trast, the mechanical analogies discussed in Section 3.3.4 consider
loading opposite to support; see Madsen et al. [57] and Tanahashi et al.
[58], or are based on a theoretically infinite beam; see Barber [60], and
Van der Put [62].

By means of the mechanical analogies as discussed in Section 3.3.4,
the following values are found: applying Madsen et al. [57] and Ta-
nahashi et al. [58], Xs = 48–59 mm, which is only suitable for small
values of H – lp (see f′13_O, _I & _J). The iterative approach of Barber
[60], with stiffness according to Eq. (8), provides Xs = 81 and 89 mm
for f′13_N & _K and f′13_O, _I & _J, respectively. By FEA of the length of
the bottom plane stressed in tension perpendicular to the grain, for

Fig. 20. Model predictions vs. test outcomes (mean values): validation with samples featuring (partial) block shear failures; apart from samples s′12_U and s′15_E
block shear failure was predicted.

Fig. 21. Mean values of first failure and maximum capacities observed in tests and mean values of model predictions: comparison with samples featuring (partial)
block shear failures.
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f′13_N & _K Xs = 120 mm and for f′13_O, _I & _J Xs = 45 mm are de-
termined. The approach of Van der Put [62] with Xs = 52 mm, see Eq.
(10), gives more suitable values for the load spreading. Comparing
sample f′13_N with f′13_K, by increasing a1 from 5.3 d to 10.5 d (to-
gether with decreasing n from 10 to 8) block shear failure, as a main
failure mechanism, could be avoided. Hence, it can be concluded
Xs ≤ 0.5 (10.5 d), which would result in 42 mm, given d = 8 mm. To
conclude, for test setup T2 Xs = 50 mm ± 10 mm as mean and limiting
values are further applied.

5.6. Block shear model: Validation

5.6.1. Prediction of failure mechanism
Neither for steel nor for withdrawal failure mechanism n Fsgl,mean

match the observed resistance of the group Fgroup,mean. However, for
limitation of the withdrawal and steel capacity in the block shear model
the corresponding resistance level n Fsgl,mean was taken. In case of
groups featuring an lp which would allow both failure mechanisms, the
minimum value of withdrawal and steel resistance, min[n
FW,sgl,mean,MLE; n FS,sgl,mean] is applied. In Fig. 19 the samples with model

prediction n Fsgl,mean > Fmax,model are marked with “B” for block shear.
In samples s′12_O, s′12_U and s′15_E-H1 failing partly in block shear the
ratio Fmax,model/n Fsgl,mean meet 96%, 100% and 102%, respectively,
constituting a good agreement between the model and the observed
failure mechanisms. Fig. 19 additionally points out the reduced group
resistance in case of block shear mechanism faced with withdrawal or
steel failure mechanism in the same sample.

5.6.2. Comparison of resistances
Figs. 20 and 21 visualize a comparison between mean block shear

model and mean test outcomes on a relative and absolute basis of
samples failing completely or partly in block shear. In Fig. 20 overall a
good representation of test data by the model can be observed with
ratios Fmax, model/Fmax, test,mean varying within ± 20%. The predictions
are found to agree well with both block shear failure mechanisms, B1
and B2. As expected, in samples also featuring other failure mechanisms
together with a block shear B2 crack pattern values slightly above the
predictions were determined in testing. The reason is the transition to
other failure mechanisms, which in its current state is not represented
by the block shear model. For example in sample f′13_N row shear and
tension perpendicular to grain failure mechanisms dominated. The
reason for this is seen in the low ratio lp/H = 52%. The model predic-
tion slightly overestimates this sample. For samples s′12_A, _B & _C,
featuring very small spacing due to the penetration depth capacities
rather close to steel failure mechanism. For samples with restricted
joints, s′10_F & _G, a decreasing accuracy in model predictions with
increasing n is found.

Apart from the maximum capacity, also for the first failure good and
acceptable agreement between model predictions and test outcomes
(mean values) is given, except for sample s′10_D with F1st > 0.84 Fmax;
see Fig. 21. The model also predicted no first failure for samples of
series s′11, although first failures were observed. On the contrary, in
series f′13 the model predicts first failures, but none were observed.
Overall, the model and test outcomes are rather close.

Fig. 22. Load-displacement response exemplarily for one axially-loaded group
of screws: (left) response from block shear model; (right) response from a re-
presentative experimental investigation.

Fig. 23. Sensitivity study on block shear model parameters exemplarily for some selected test samples.
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5.6.3. Stiffness
The absolute model stiffness, see Fig. 22 (left), is significantly higher

than the stiffness observed from corresponding experimental load-dis-
placement curves, see Fig. 22 (right). These significant deviations can
be explained by the applied displacement-measurement in testing
groups of screws. Thereby determined displacements comprise the
elongation of the partially long screw shanks, the compression of the
timber surface at the supports as well as the displacement of the screw
group in timber as some kind of a composite stiffness of steel thread
interacting with timber. Furthermore, within the block shear model
ideal linear elastic material response is assumed. In reality the timer as
well as the steel itself feature a significant amount of non-linear, elastic-
plastic behaviour.

5.6.4. Sensitivity study on block shear model parameters
For exemplarily analysing the sensitivity of all parameters in the

block shear model, four test samples are chosen with mainly block shear
failures: s′11_I and s′12_K of test setup T1 with circumferential support
and Fmax,test,mean/Fmax,model 1.0 and 1.25, respectively, s′15_B-H2 with
support only in transverse direction and f′13_I of test setup T2. The
sensitivity is tested by setting the limit values (minimum and
maximum) instead of the mean values for the model parameter of in-
terest, while for all other model parameters their mean values
applied. In doing so, effects from changed settings in more than one
parameter are not considered. In addition, minimum and maximum
of Fmax,test,min/Fmax,model and Fmax,test,max/Fmax,model, as well as
n Fsgl,mean/Fmax,model applying the upper and lower values of the 95%
confidence interval CI95 calculated for the single withdrawals tests are
given, see Fig. 23.

The modulus of elasticity in tension perpendicular to grain, Et,90,
and the stress shape parameter Ct,90 influence the maximum capacity
estimated by the model only marginally, i.e. variation is only ± 14%.
This is because the share of load transmitted via the bottom plane At,90

is small and in most cases becomes zero at the first failure. Although the
limits in shear and rolling shear modulus, G0 and Gr, respectively,
correspond to a variation of ± 20 to 40%, their influence on the ca-
pacities is also found to be small. The same is also observed for the
stress shape parameters Ct,90, Cr and Cs, however, their limit values vary
no more than ± 10%. In contrast, the material parameters fr and fv as
well as the stress shape parameters Xr and Xs are identified as the main
influencing parameters for the model outcomes.

5.7. Study on geometric parameters to assure withdrawal failure

In the following, the block shear model is used to predict the

required geometric arrangement, i.e. spacing a1 and a2 and penetration
length lp, of the axially-loaded group of screws preconditioning with-
drawal instead of block shear failure. For the material parameters set-
tings for GL 24 h according to EN 14080 [19] and C24 according to EN
338 [18] are applied, see Table 1. Settings for the stress shape para-
meters as well as for loading and supporting conditions, mirroring test
setup T1 with circumferential support, are taken from Table 4. Conse-
quently, the opening length Lop and width Wop is adopted with (r + 1)
a1 and (s + 1) a2, respectively, which becomes relevant only in calcu-
lation for distances of external screws to support shorter than 5 d and
2.5 d, respectively, see Table 4. The analysis focuses on screws featuring
a nominal diameter of d = 6 or 8mm and a penetration length lp = 10 d,
15 d and 20 d. The withdrawal resistance of single screws, Fax,mean, is
calculated according to the approach in Ringhofer et al. [71] and
Ringhofer [2]. For lp = 20 d, which already demarks the border to steel
failure of screws, and diameter d = 6 and 8 mm withdrawal capacities
of Fax,mean = 14.3 kN and 23.1 kN, respectively, are given. For groups
of n = r × s screws with nmax = 25 either spacing a1 = 5 d|7 d or
a2 = 3.5 d|5 d|7 d is fixed and a2 or a1, respectively, adapted to fulfil
the condition Fmodel/(n Fax,mean) ≥ 1.05. The factor 1.05 is derived from
test series and marks the upper limiting value where block shear and
withdrawal or rather steel failure could be observed.

Fig. 24 shows that for both nominal strength classes, glulam GL 24 h
according to EN 14080 [19] and solid timber C24 according to EN 338
[18], for both nominal diameters d = 6 and 8 mm as well as for pene-
tration lengths lp = 10 d up to 20 d withdrawal is the leading failure
mechanism as long as spacing a1 = 5 d and a2 = 7 d and the number of
screws in a row in grain is r ≤ 3. The relevance of r is particularly
apparent when comparing the outcomes for n = 5 × 3 and n = 3 × 5.

The outcomes of the geometric parameter study are in accordance
with the test results of samples which failed in withdrawal (s′12_P, _Q, _R,
s′10_A and _E). It should be noted that samples with a2 = 7 d are tested
only with r ≤ 3.

One conclusion from the parameter study is that the penetration
length lp proves to have only a minor influence whereas adequate set-
tings for the geometric parameters a1 and a2 together with parameter r
are mandatory, even for groups of screws featuring penetration lengths
provoking steel failure. However, samples of test series which failed
completely in steel confirm common regulations in ETAs with a1

a2 ≥ 25 d2. Penetration lengths of screws in samples s′12_C to _I, f′13_H,
s′15_C, _D and _F are relatively high; lp ≥ 28 d which is due to a higher
steel capacity of screws used in those groups. Based on the current state
of knowledge, for groups of screws prone to failing in steel, the current
regulation a1 a2 ≥ 25 d2 can be applied as long as the following re-
quirements are fulfilled: a1 ≥ 5 d, a2 ≥ 3.5 d and Fmodel > (1.05n Ft).

Fig. 24. Parameter study for groups with
n = r × s screws featuring either a nominal
diameter of d = 6 or 8 mm, inserted either
in GL 24 h according to EN 14080 [19] or
C24 according to EN 338 [18] with adapted
geometric parameters, i.e. penetration
length lp and spacing a1 and a2, to fail in
withdrawal prior to block shear failure by
fulfilling the condition Fmodel/(n
Fax,mean) ≥ 1.05.
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6. Summary, conclusions & outlook

This paper focused on the block shear mechanism as a rather brittle
group failure mechanism which has been recently reported for the first
time and still lacks regulation. This failure mechanism is defined as
failure of the planes surrounding the group of screws. These planes are
exposed either to shear, rolling shear or tension perpendicular to grain
stresses.

In a comprehensive experimental campaign over 300 tests on axi-
ally-loaded groups of screws were made by means of two different and
especially developed test setups. The main series with screw groups
inserted at an angle of 90° between the screw axis and the grain were
presented and the resistance and failure mechanisms are analysed.
Apart from withdrawal and steel failures, mainly block shear failures
were observed even at design of groups of screws, i.e. a1 a2 ≥ 25 d2,
which are currently allowed in EC 5 [3] and ETAs, but with capacities
partly significantly lower than predicted based on current regulations.
Block shear failures comprising tension perpendicular to grain failure
was also observed at lef/Hbeam > 0.7, a ratio that is currently re-
commended to prevent failures in tension perpendicular to grain. It
occurred also in a variety of “push-pull“ setups featuring distant or near
supports as well as in configurations featuring free and restricted sur-
face deformations.

The mechanically based, deterministic block shear failure model for
a screw group with a thread-fibre angle of α = 90° proposed by
Mahlknecht et al. [7] and [8] identifies this three-dimensional failure
mechanism as resistance of three parallel acting (failure) planes or ra-
ther plane pairs. Load sharing and load redistribution after partial
failure(s) are thereby defined by the individual stiffness of all planes
still active in load bearing. The 19 model parameters for characterising
the geometry, material properties and stress distribution are thoroughly
analysed and adapted for each test setup to compare the model with test
results. The geometry parameters, e.g. spacing, penetration length and
group size, are fixed by the group design, its geometric arrangement or
layout. For the material parameters, the elastic properties Et,90, G0 & Gr

and the strength properties ft,90, fv & fr are implemented as mean values
based on data from literature and our own investigations, for both in-
vestigated nominal strength classes, GL 24 h for glulam according to EN
14080 [19] and C24 for solid timber according to EN 338 [18]. For
determination of the stress shape parameters, the analysis of test re-
sults, also with respect to observed failure mechanisms versus screw
arrangement, investigations via a two-dimensional FE model and si-
milar mechanical models were made. The stress shape parameters were
hence adapted to the specific load and support conditions of the test
setups; i.e. for near (circumferential) support conditions equal to the
first test setup T1 and for distant support conditions equal to the single
span girder test setup T2, additionally featuring a relevant amount of
bending stresses. For most of the tested samples featuring block shear
failures a good agreement with the block shear failure model, i.e. the
capacities at first partial failure and the maximum capacities, was ob-
served. Including the withdrawal and steel failure mechanism with n
Fax,sgl and n Ft,sgl, respectively, allows to predict the leading failure
mechanism out of these three failure mechanisms. Apart from that,
further inclusion of a potential failure in the net cross section can be
easily achieved, but was not done so far. Considering uncertainty
caused by the assumptions made for deriving this block shear failure
model, i.e. nef = n, it can be observed that within a range of
1.00 ± 0.05 n Fsgl,mean/Fmax,model each of these failure mechanism, i.e.
block shear, withdrawal, steel or net cross section failure mechanism, or
combinations of them can occur; see also Figs. 19 and 20. To ensure

that a block shear failure can be safely prevented, i.e. that other failures
happen prior to block shear failure, it is suggested to keep n
Fsgl,mean > 1.05 Fmax,model.

Requirements on the geometry of groups of screws aiming at
withdrawal failure or failure in the net cross section instead of block
shear failure are found by considering test outcomes and by means of a
parameter study with the block shear model. In this parameter study
and for specific settings of penetration depth lp and group size n = r × s
the spacing a1 and a2 were adapted to achieve withdrawal prior to
block shear failure. For C24, according to EN 338 [18] and GL 24 h
according to EN 14080 [19], loading and supporting conditions ac-
cording to test setup T1, screw diameters d = 6 mm and 8 mm and
based on mean values, the following recommendations can be made:
spacing in grain a1 ≥ 5 d, spacing perpendicular to grain a2 ≥ 7 d and
additionally the number of rows of screws in the group r ≤ 3. Hereby
the number of screws in series in grain, r, was found to influence the
requested spacing decisively.

For the investigated material, group arrangement and loading and
supporting conditions, for groups failing in steel the current require-
ment a1 a2 ≥ 25 d2 anchored in diverse ETAs can be confirmed as long
as a1 ≥ 5 d, a2 ≥ 3.5 d and Fmodel > (1.05 n Ft).

With respect to the accountable number of commonly acting screws
in a group and observed failure modes, on the basis of mean values for
withdrawal and steel resistance, the test outcomes show 0.90 n Fax,sgl

for groups failing in withdrawal and 0.95 n Ft,sgl for groups failing in
steel. The reduction is related to unequal loading as a consequence of
material heterogeneity, imperfect torque moment, unequal loading as a
consequence of widely constraint equal deformation of external and
internal screws in both analysed test setups and differences in the stress
distribution along the penetration length of internal and external
screws, which has an even higher impact on nef in groups of only a few
screws, e.g. nef = 0.85 n in sample s′10_A featuring n = 4 screws. The
outcome agrees well with investigations by means of the probabilistic
model proposed by Brandner et al. [56]. Although for the 5%-quantile,
where even higher nef/n values are expected, which is due to the re-
duced variability (homogenisation) in comparison to single screw
properties, for inclined screws comparable findings are given and sug-
gestions made in Krenn [10] and Krenn and Schickhofer [11], with 0.9
n Ft,sgl.

As a next step, it is intended to extend the successfully validated
mechanically-based block shear model to a probabilistic block shear
model by inclusion of uncertainties of input parameters and their pos-
sible correlations as well as model uncertainties. Furthermore, the brief
sensitivity study on model parameters has to be extended to investigate
also the interaction of a set of parameters instead of changing the set-
ting only for one parameter each. To ease its practicality, it is aimed to
simplify the block shear model as far as reasonably practicable and thus
to provide a verification procedure for design standards. In this respect,
it is also envisaged to come up with a suitable test setup for determining
minimum spacing and end- and edge-distances applicable for diverse
failure mechanisms.
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See Tables 5 and 6.
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