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Abstract. Timber connections often comprise multiple fasteners, leading to group effects where
the connection behaviour deviates from the sum of its individual components. EN 1995-1-1:2004
accounts for the group effects in the load-carrying capacity using an effective number of fasteners
following a power law, which was derived from experiments on laterally-loaded single- and multiple-
fastener connections. However, it has been criticized for not distinguishing between statistical scale
effects and brittle failure modes from mechanics, which may lead to unsafe designs. In the ultimate
limit state, EN 1995-1-1:2004 uses the rigid-plastic European yield model and assumes an ultimate
secant stiffness K, = %Kser based on ambiguously defined displacement limits, where K, is the
slip modulus for serviceability considerations. However, it is unclear if the secant stiffness in EN
1995-1-1:2004 is compatible with the rigid-plastic assumption. This paper investigates group effects
in timber connections using mechanical and probabilistic modelling focusing on failure mode III with
two plastic hinges per shear plane in laterally-loaded dowel fasteners. The results revealed that the ef-
fective number of fasteners followed a linear trend and that the connections exhibited homogenization
effects with reduced scatter for an increasing number of fasteners. Furthermore, the existing approach
of K, = %K <er Was found to be too stiff and that i, = %K ser 18 more appropriate. However, this may
lead to premature brittle failure modes from larger fastener displacements, which may necessitate
stricter or larger minimum spacing requirements.
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1 INTRODUCTION
1.1 Background

Timber connections with metallic fasteners often provide the ductility in timber structures [[16] and are
frequently governing the design. They often comprise multiple metallic fasteners, such as laterally-
loaded dowels, nails, and bolts. Despite their importance, the behaviour of timber connections is often
considered using simplified methods that may not always reflect their mechanical behaviour.

1.1.1 Single laterally-loaded dowel-type fasteners

The load-carrying capacity of laterally-loaded dowel-type fasteners, such as nails, screws, bolts, and
dowels, is often considered using the European Yield Model (EYM) [14, [18]. It is a rigid-plastic
model that predicts the load-carrying capacity based on distinct failure modes, which, for a connection
with a single slotted-in steel plate and a single laterally-loaded fastener per shear plane are:

Mode I.  fytd,

r=min{ Mode Il:  ftd (. [24 22 1) , (1)

Mode III:  2,/M, fud,

where f}, is the timber embedment strength, ¢ thickness of the timber side member, d diameter of
the fastener, and M, is the yield moment of the fastener [7]. In mode I, the resistance r is governed
by embedment failure of the timber. In mode II, resistance r is provided by one plastic hinge in
the fastener per shear plane. In mode III, two plastic hinges in the fastener per shear plane develop
simultaneously. The most ductile failure is developed in mode III and often requires slender fasteners.
Despite the widespread adoption of the EYM, it is a pure capacity model and is therefore limited
related to its inability to consider stiffness. Besides, it does not explicitly address brittle failure modes
within the timber, which can occur before any of the failure modes in Equation |1|are activated [[17].

1.1.2 Multiple laterally-loaded dowel-type fasteners

When multiple fasteners are used in a connection, the behaviour of the group R(J) cannot be deter-
mined by multiplying the behaviour of a single fastener r(J) with the number of fasteners n, where
0 is a displacement. Geometry of the connection, overlapping stresses, ductility of the single fasten-
ers, manufacturing tolerances, misalignments, and material scatter contribute to the group behaviour
generally not being proportionate to that of a single fastener R(J) o 7(9).

The scaling between a single fastener r(6) and multiple fasteners R(J) can be accounted for using
the concept of an “effective number of fasteners” n.¢, where the group behaviour can be defined as:

R() = neer(0),  ner < 1, (2

where n is the number of fasteners. The effective number of fasteners n.s in Equation @] assumes
ductile behaviour and is usually reserved for capacity considerations. However, manufacturing tol-
erances, misalignments, and material scatter also influence the initial loading phase, which may be
critical for serviceability considerations. With enough fastener ductility, low manufacturing toler-
ances and misalignments are less influential on the capacity from load redistribution effects [3]].
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Table 1: Effective number of fasteners n.s, where CLT is cross-laminated timber and a; the fastener
spacing parallel to the grain. "Based on Jorissen [[15]]: nef = n%9 &/ %. HTf block shear is avoided.
fTT), is the yield slenderness and ) the effective slenderness of the dowel.

Reference Neof Scope
0.9 4/ laterally-loaded bolts and
EN 1995-1-1:20041 [77] "V d dowels parallel to the grain
n%? laterally-loaded screws
Pliiss and Brandner (2014) [20] 0.90n! Axially loaded self-tapping
Brandner et al. [1]] ' screws in the CLT side face
Ringhofer et al. [22] it laterally-loaded dowel-type

fasteners in the CLT side face
Monotonic capacity: 0.9n
Cyclic capacity: n’?
Stiffness: n%®
Ductility: n%°
. 0\ 0-8)r it laterally-loaded dowels parallel
Gehri et al. [2] Mot = 2 (5) A= )i_yf to grairzl with ductile behl;viour

Hossain et al. [11] Self-tapping screws in CLT

There are several expressions of the effective number of fasteners n.¢, some of which are presented
in Table[I] The number of effective fasteners n. is largely empirically determined from experiments
on a relatively small number of fasteners n, which may not be representative of modern connections
with a large number of fasteners n. Furthermore, the effective number of fasteners n.s implicitly
combines statistical and mechanical effects that can trigger brittle failure modes, such as splitting,
row shear, block shear, and net tension failure. This may be non-conservative if the brittle failure
modes are triggered before the ductile modes II and IIT in Equation [I] can develop [13]. As such,
brittle failure modes should be treated separately [24]. Brittle failure modes are usually avoided
through sufficient minimum spacing a; between the fasteners, end or edge distances, and the timber
thickness ¢, and is also enforced by prescriptive rules in EN 1995-1-1:2004 [7]. However, adherence
to the prescriptive requirements in EN 1995-1-1:2004 [7] does not definitively exclude brittle failure
modes in complex loading situations or when having many fasteners.

1.1.3 Stiffness of fasteners and connections

Timber connections are often flexible and idealized as pinned, resulting in their design as pure shear
connections. However, the modelling idealization fails to account for bending moments that occur
in semi-rigid connections, which may lead to premature failure from complex loading states. A
typical resistance curve R(J) of a group of fasteners R(J) can be described by [12]: (i) initial phase
with low and increasing stiffness from tolerances and misalignments; (ii) quasi-linear phase where
all components are activated; (iii) non-linear yielding phase with the development of plasticity and
ductile failure modes; (iv) quasi-linear post-yield phase with hardening or softening before failure.
Design standards idealize the non-linear connection behaviour using simplified stiffnesses. For
serviceability considerations, a slip modulus K, is defined for an individual fastener and the con-

nection behaviour is Ky = nKg, [[/]. The slip modulus K., = pl5  d/23 is an empirically derived
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mean value and a function of the mean timber density pye., and fastener diameter d. It is based on
0.47r, x [S)], where r, x is the characteristic ultimate load of a fastener. However, the slip moduli K,
in EN 1995-1-1:2004 [[/] may be unsuitable for modern timber connections [12].

In the ultimate limit state, EN 1995-1-1:2004 [7] provides an ultimate slip modulus K, that is
simply defined as K, = %Kser DKy = n%Kser, where K, is the secant stiffness of the connection.
However, it is not clear if the ultimate slip modulus K, should be considered as the secant between
zero load and the maximum load r,, or at failure defined as 0.80r,, [12]. Moreover, it was determined
from nailed connections, that may not be representative of contemporary timber structures, at ambigu-
ous deformations [4, 12]. The use of the ultimate slip modulus K, = %Kser may also be unsafe when
considering load-redistribution mechanisms that depend on component or connection stiffnesses [12].

The initial K., and ultimate K, slip moduli in EN 1995-1-1:2004 [7] are substantial simplifi-
cations of the non-linear behaviour r(d). They are based on mean values and do not consider the
variability. Furthermore, direct linear scaling of the stiffness parameters KX, = »_ k; is assumed in
the serviceability and ultimate limit states, where /K, is the stiffness of a group of fastener, k; the stiff-
ness of a single fastener, and n the number of fasteners. This neglects the effects from manufacturing
tolerances, misalignments, and material scatter.

1.2 Objectives and scope

The objective of this study is to assess the system effects in timber connections through mechanical
and probabilistic modelling of the full non-linear resistance curve R(4). This enables reliability anal-
yses for any quantity of interest along and between points at the non-linear resistance curve R(0).
Thus, group effects can be considered for any stiffness and resistance quantities.

The scope is timber connections with laterally-loaded dowel fasteners and a slotted-in steel plate
without initial slip and brittle failure modes. The modelling considers experimentally calibrated para-
metric resistance curves based on the dataset by Palma and Wydler [[19], and only includes the ductile
failure mode III in the EYM of the individual fasteners. Other failure modes are not included in the
present study but are identified as important future topics. The research contributes to developing
design rules based on explicit probabilistic physical modelling, which may lead to a more coherent
reliability between the failure modes of timber connections and improved mechanical representation.

2 MECHANICAL MODEL

The fastener behaviour r(0) is idealized using the parametric Richard-Abbott material model [21]]:

r(6) = Fe = Iy k|0, (3)

(4 (52))

where £, is the initial tangent stiffness, &, is the inelastic or plastic tangent stiffness, 7y, is the resis-
tance intersection between the initial k. and plastic £, tangent stiffnesses, and a is a model parameter
that controls the transition between the tangents. The ultimate displacement ¢, is used as the failure
criterion for the individual fasteners 7;(0). To scale the behaviour of individual fasteners () to a
fastener group R(¢), a mechanical model [2] is used. For axial loading, the group behaviour R(J) is:

Q=

n

R(8) =) _ri(9), (4)

i=1
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(a) Fastener resistance (). (b) Connection resistance R(0). (c) Mechanical model.

Figure 1: Mechanical model of a connection with multiple fasteners.
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Figure 2: Experimental data from Palma and Wylder [[19]] and a normalized QQ-plot comparing the
assumed distributions and calibrated Richard-Abbott [21] model parameters.

where n is the number of fasteners and 7;(d) is the individual fastener behaviour in Equation
Equation 4|assumes a redundant system [3},[10] with displacement-compatibility 6 between the ductile
fasteners 7, shown in Figure |1} instantaneous redistribution of loads, and no correlation between the
fasteners i. However, each fastener can have a unique behaviour r;(9), as shown in Figure

3 MATERIALS AND METHOD
3.1 Materials

Palma and Wydler [19] conducted experiments on single-fastener timber connections with a laterally-
loaded dowel and slotted-in steel plate targeting mode III in Equation [I] The timber comprised ¢ =
81 mm Norway spruce laminated veneer lumber (Picea abies (L.) H. Karst) without cross veneers
[23]]. The timber was pre-conditioned according to EN 26891:1991 [[6] under 65 % relative humidity
and 20 °C. The dowels comprised S235 bright drawn mild steel bars with circular cross-sections
and a diameter d = 10 mm, with a mean yield strength f, = 583 N/mm? (cov = 0.08) and elastic
modulus Fyean = 199 kN/ mm? (cov = 0.11). The results of the six specimens on single-fastener
connections in tension parallel to the grain o = 0 ° [19] without initial slip are shown in Figure 2,
where the shaded area is the 90 % confidence interval computed from the coefficient of variation cov
at each displacement ¢, thick black line is the mean, and gray thin lines the individual specimens.



Alex Sixie Cao, Sebastian Thons, Robert Jockwer and Pedro Palma

Table 2: Richard-Abbott [21] model parameters calibrated to the single-fastener experiments by
Palma and Wydler [19]. Coefficients of variation cov are given in the parentheses.

Parameter k. (kN/mm) Ak, (kN/mm) 7y (kN) a(—) d, (mm) ru (kN)
Mean (cov) 20.2(0.42)  —0.4(0.67) 36.3(0.17) 1(0.00) 25.3(0.17) 215 (0.09)

Table 3: Correlation matrix of the random variables X; of the Richard-Abbott [21]] model parameters.

Xi ke kp Tint 5u Ty
ke 1 079 —-0.76 0.81 0.80

kp 1 —0.99 0.79 0.73
Tint 1 —-0.74 —0.64
Ou 1 0.61
Tu 1

3.2 Method

The Richard-Abbott [21] model parameters in Equation [3] were calibrated to each of the experiments
with @ = 1 and the correlation matrix was computed. A lognormal distribution LN (), () was as-
sumed for the initial tangent stiffness k., normal distribution A (u, cov) for the plastic tangent stiff-
ness k,, and a lognormal distribution LN (), ¢) for the resistance intersection between the tangent
stiffnesses 7y, Where p is the mean, cov = o/ coefficient of variation, and o the standard deviation.
Figure 2b shows a normalized QQ-plot of the assumed distributions and the Richard-Abbott [21]
parameters. For each connection with n € [1, 3,5, 15, 30, 60, 90] fasteners, 10* correlated random
realizations were generated with the correlation matrix and assumed distributions using copulas.

4 RESULTS AND DISCUSSION
4.1 Single fastener

The results of the calibration of the Richard-Abbott [21] model parameters to the single-fastener
experiments by Palma and Wydler [19] are shown in Table 2] The correlation matrix between the
model parameters of the Richard-Abbott model [21] is shown in Table 3] and generally shows strong
correlation between the parameters with the correlation coefficients |px,x;,| % 0.

4.2 Multiple fasteners

4.2.1 Resistance curves

The resistance curves R(8) for n € [5,90] fasteners are shown in Figure 3 and [Bp. For a small
connection, each fastener failure is reflected in the step-wise shape of the confidence interval in Figure
[Bl. Barring the softening phase, the widest confidence band is in the transition between the elastic and
inelastic states, and the narrowest in the initial phase. More fasteners n — oo leads to a smoother and
narrower confidence band, showing a beneficial homogenization effect and a smaller coefficient of
variation cov when using more fasteners n in a connection. This may enable the use of lower partial
safety factors yy; for connections with many fasteners n in semi-probabilistic design, potentially
enabling more efficient reliability-based designs and more predictable connection behaviour.
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Figure 3: (a) and (b): resistance curves R(9) with fasteners n; (c) and (d): truncated normalized resis-

tance curves R(8)/R, with fasteners n showing secant stiffnesses z K, where z € [, 2,3, 2,2 8],

4.2.2 Probabilistic distributions

Table 4 shows the probabilistic distributions that had the overall best fit for the quantities of interest
P € [Ky, K., Ry, R,]. As in Figure [3| the reduced scatter with more fasteners n is also reflected
in the coefficient of variation cov in Table @ The scatter in the stiffness parameters K, and K, is
generally higher than for the capacity parameters R, and R,. Consequently, the capacity-governed
limit states would require smaller partial safety factors 7y than the stiffness-governed limit states.

4.2.3 Group effects

Group effects on the connection scale were assessed by generalizing Equation [2;

PP<—@’ )
(n=1)

where P € [Ky, Ky, Ry, R, is a quantity of interest, n the number of fasteners, K, the elastic
stiffness, K, the secant stiffness to the ultimate or maximum load-carrying capacity I?,,, and 2, the
yield capacity of the connection. The elastic stiffness K, was determined from the secant between
the 10 % and 40 % points of the maximum load-carrying capacity R,,, and the yield capacity R, from

ner(P(n)) =
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Table 4: Proposed probabilistic distributions of the quantities of interest P € [K, K., Ry, Ry].

cov forn € [1,3,5,10,15, 30, 60, 90]

Parameter Distribution 1 3 5 10 15 30 60 90

K LN (X Q) 0.33 020 0.15 0.11 0.09 0.06 0.04 0.03
K, W(e,A\,0) 027 0.14 0.10 0.07 0.05 0.04 0.03 0.02
R, LN (X, Q) 0.07 0.04 0.04 0.03 0.02 0.01 0.01 0.01
R, W(e,A,0)  0.08 0.04 0.03 0.02 002 0.01 0.01 0.01

the intersection between the elastic secant K, and a tangent %Ky on the resistance curve according to
EN 12512:2001 [8]. With Equation [5] the group effect was quantified through the effective number
of fasteners n.s for the different quantities of interest P.

Figure]shows parity plots between the number of fasteners n and the effective number of fasteners
ner using Equation [3] for the quantities of interest P. The observed relation between the effective
number of fasteners n.; and actual number of fasteners n is mainly linear. This is contrary to Jorissen
[15] and EN 1995-1-1:2004 [7]], which uses a power law n.; = n°? that disproportionately penalizes
the use of many fasteners in a connection. However, Jorissen and EN 1995-1-1:2004 [/, [15] accounts
for both brittle failure modes and scaling effects from statistics, whereas the regressions in Figure [4]
only account for the statistical scaling effects. The proposed linear expressions for self-tapping screws
in CLT by Pliiss and Brandner et al. [20, (1], and Ringhofer et al. [22] in Table [I] are more in line
with the results in Figure |4} From Figure |4 there is no evidence that the effective number of fasteners
nes for the stiffness and ductility should follow a power law if brittle failure modes can be excluded,
contrary to what Hossain et al. [[11]] proposed for self-tapping screws in CLT.

From the regressions in Figure {4 the percentile regressions are fairly similar. Thus, it may not
be sensible to distinguish the effective number of fasteners n for the different quantities of interest.
Because the load-carrying capacity 1, holds the highest importance in terms of safety assessments,
its effective number of fasteners n.s should act as an upper bound if a single expression should be used
to cover all the quantities of interest. By averaging the slopes, neglecting the constants in Figure
and using n.¢(R,) as an upper bound, the following expressions are obtained for the effective number
of fasteners n.s for the mean and 5"- and 95™-percentiles when brittle failure modes are avoided:

Net,0.05 = 0.96n,
forn > 1, ner @ § Nefmean = 0.9810, (6)

Nef,0.95 = 0.99n.

4.2.4 Stiffness parameters

{ s,u; }

In Frgure violin and box plots of normalized stiffness parameters x+->*—* are presented. The box

plots are organized from left to right with increasing number of fasteners n E [1 3,5, 10, 15, 30, 60, 90].
With an increasing number of fasteners n, the relative scatter decreases, which can also be observed
from Figure For smaller = in x{? l:neai i the scatter is generally also smaller as long as the secant
does not surpass the maximum load—éarryrng capacity R,. This indicates that the smallest uncertainty
in the stiffness can be obtained for a secant from zero until the maximum load- carrying capacity R,,.
Currently, EN 1995-1-1:2004 [7] assumes an ultimate slip modulus K, Kser, which corre-
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Figure 4: Parity plots of the effective number of fasteners n.;(P) and the number of fasteners n
for P € [Ky, K5y, Ry, Ry]. The red line is the identity line, shaded area the 90 % confidence in-
terval, dashed lines regressions of the 5- and 95%-percentiles of the effective number of fasteners
Tef,{0.05,0.95)» black solid line regression of the mean effective number of fasteners 7 mean, and the
blue solid line the effective number of fasteners n.; = n%? according to EN 1995-1-1:2004 [7].

Ky Ky, . . .
sponds to —="— = 4= in Figure |5, When compared with the secant to the maximum load-
Ky,mean 6 Ky,mean

,u

carrying capacity By o the simplification in EN 1995-1-1:2004 [7] is too stiff if K, should target

the maximum load-carrying capacity I2,. If keeping a similar format of K, = x K is desirable, then
T = % is more appropriate. Furthermore, the scatter for x = % is much smaller than for x = %

The secants x K, are shown with normalized resistance curves R(J)/R, in Figure [3c and Figure
. The ultimate secant K, = %K ser I EN 1995-1-1:2004 [[7]] was derived by Ehlbeck [4]] in relation
to a load R(6) at § € [0.5, 1] mm such that K ,,, = %Kgﬁ mm [12]]. However, these displacement
limits [4] would still remain in the elastic range in Figure [3c and Figure [3d. Moreover, it is unclear if

T = % targets the maximum capacity R,, capacity at failure 0.80R,, or another point [[12]. With the
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rigid-plastic assumption in the EYM [14} 18], more mechanically coherent stiffnesses are:

1 1
K=Ky V. K=K, (7

The consequences of using Equation [7| over K, = %Kser are more compliant connections that
attract less loading, but inherits a larger energy-dissipation capacity. For the connections with fastener
diameter d = 10 mm [[19], § atz € [}, 1] correspond t0 6.1 < § < 12.8 mm, or 0.6 < & < 1.3. This is

much greater than the limits of 0.1 < Pe 0.2 by DIN 1052:1988 [12]]. Large fastener displacements

0 may have a negative influence on ngighbouring fasteners, potentially leading to premature brittle
failures. As such, x = % Vo = % may warrant stricter prescriptive minimum spacing requirements
ay or explicit checks on brittle failure modes that account for the spacings between the fasteners.
Furthermore, * = % vV % may lead to such low connection stiffnesses that the ductility may not be

mobilized because of second order effects or the mobilization of non-structural components.

4.2.5 Brittle failure modes

In this study, brittle failure modes were not considered. However, a natural extension is to include
brittle failure modes and the different failure modes on the fastener level. This can be done by building
on the work by Kohler [17]. The group effects that trigger brittle failure modes should be treated sep-
arately from the group effects that arise from the statistical effects to ensure mechanical transparency
and undesirable non-conservative relations that are present in the current version of EN 1995-1-1:2004
[7]. Such an approach may also result in a more coherent reliability across the relevant failure modes.

S CONCLUSION

Mechanical and probabilistic modelling were used to assess system effects in laterally-loaded ductile
multi-fastener timber connections. System effects result in a characteristic effective number of fasten-
ers nef0.05 = 0.96n for the stiffnesses and capacities and a reduction in scatter with more fasteners.

10
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Conversely, EN 1995-1-1:2004 follows a power law n.; = n* that includes brittle failure modes.
The secant modulus K, is better represented with K, = %Ky than K, = %Ky in EN 1995-1-
1:2004. K, = %K y causes softer connections that attract less load and enable more energy dissipa-
tion, but requires larger deformations that may trigger brittle failure modes. This can be mitigated by
stricter spacing requirements and explicit checks on brittle failure modes. Nonetheless, K, = %Ky
may lead to larger second order effects or the unintended activation of non-structural components.
This study was limited to failure mode III in laterally-loaded dowels, excluding brittle failure
modes like splitting, row shear, block shear, or net tension failure. Future work should incorporate
these failure modes and distinguish between group effects from statistics and mechanics. This is

important for more mechanically transparent design rules and coherent reliability levels.
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