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ARTICLE INFO ABSTRACT
Keywords: The most common and practical connection between CLT walls can be realized with inclined screws. This
Overstrength choice avoids the realization of more elaborated half-lap or spline joints. The failure mechanism of CLT-

Cross-laminated timber
Screw connections
Uncertainty quantification

to-CLT screwed connections is highly ductile. However, the epistemic and aleatoric uncertainties associated
with the capacity estimation of the connection might lead to an undesired overstrength, compromising the
expected hierarchy between failure mechanisms. This paper presents the results of an extended experimental
campaign to estimate the overstrength of CLT-to-CLT screwed connections. However, the overstrength directly
obtained from the experimental tests could be underestimated. In the experimental campaign, the same wood
and screw stock is used, which might not represent the actual scatter of the material properties and construction
uncertainties of the as-built connection (e.g., the screw inclination). Therefore, this paper attempts to provide
a model-driven assessment of the overstrength factor, assuming more realistic values for the parameter
uncertainties. The authors propose a method for removing the contribution of epistemic uncertainty to the
model-driven estimation of the overstrength based on experimental tests with two Montecarlo simulations.
Following the proposed method, the paper compares the overstrength estimations from the experimental tests
to the predictions of analytical and nonlinear finite element models. This study has proven that an overstrength
factor between 1.8 and 2 can represent the actual uncertainties in as-built CLT-to-CLT screwed connections.

1. Introduction However, the uncertainty associated with the capacity estimate and

the material properties might lead to an undesired overstrength of

Capacity-based design methods are standard in structural engineer-
ing and have been introduced in the current design codes, like the
Eurocode 8 [2,3]. The ductility of timber structures during a seismic
event depends on the ductility of the connections [4-6]. In mass timber
structures constructed in seismic regions, well-detailed connections
should provide ductility and energy dissipation under seismic loading,
while the mass timber elements should remain elastic. This ductility
can be achieved using any fastener plasticization, timber crushing, or
novel friction or damping devices [7-9].

However, not all connections possess the same level of ductility.
Therefore, to achieve a highly ductile seismic response, it is essential
to guarantee a specific hierarchy among failure mechanisms [10]. The
most ductile failure mechanisms should occur before the brittle ones.

the ductile connections. Therefore, the undesired higher capacity of
the more ductile connections might cause the less ductile connection
to fail before the more ductile one. Therefore, designing less ductile
connections with a certain overstrength is crucial to achieving the
desired hierarchy of failure mechanisms.

The first and most successful formulation for predicting the over-
strength of timber connections was proposed by Fragiacomo and Joris-
sen [11]. This formulation comprises the two sources of uncertainty in
the overstrength, the epistemic and aleatoric, related to the adopted
capacity formulation and the intrinsic scatter of the material prop-
erties, respectively. The scientific literature confirmed the high
success of this formulation. Almost all scientific papers presenting
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List of symbols and notation

Latin letters

a Distance between two screws in the direction
parallel to the grain;

as, Distance between the screw and the panel edge in
the direction parallel to the grain;

as Distance between the screw and the panel edge in
the direction orthogonal to the grain;

b Ratio between embedment stiffness perpendicular to
the grain and embedment stiffness parallel to the
grain;

D,,, Experimental ductility ratio, estimated as the ratio
between the ultimate (v,,,,) and yielding (v,,,,)
displacements.

d Nominal diameter of the screw;

d.s Effective diameter of the screw;

deore Inner diameter of the screw;

E Expected value operator;

Fyoxp Experimental yielding force estimated at the inter-
section between the lines associated with the elastic
(ko1 exp) and plastic (k) stiffness.

Fyexp Ultimate experimental force estimated following the
EN:12512;

Frax.exp Maximum experimental force;

F, ri Characteristic axial capacity of the fastener;

Sk Characteristic embedment strength of the screw. The
subscripts 1 (f},) and 2 (f;,,,) indicate the em-
bedment strength of the first and second timber
components of the connection;

Sha Mean embedment strength of the screw at an angle
«a to the grain;

Tho Mean embedment strength of the screw parallel to
the grain;

£y Characteristic yielding strength of steel;

Sfym Mean yielding strength of steel;

Loy Effective screw penetration depth in mm.

k Epistemic correction factor in Eq. (17);

koo 1.35 + 0.015d according to the EC5;

et exp Elastic stiffness of the experimental force—
displacement curve according to the
EN:125129;

Kppoxp Plastic stiffness of the experimental force—
displacement curve according to the Y & K
method [1];

kpo Embedment stiffness per unit length parallel to the
grain direction;

kp.90 Embedment stiffness per unit length perpendicular
to the grain direction;

m Friction coefficient;

my, Mean friction coefficient;

M, g Characteristic yielding moment of the fastener;

N Normal probability density function;

n Number of experimental tests;

br Target failure probability;

R,k Characteristic shear capacity of the single screw;

Ryt Capacity of a brittle failure mechanism;

Rdct,exp
Rdct,exp.m
Rdct,exp,0.95
Rdct,exp,U.OS

Rdct,an,k

Rdct,an,d
Rdct,mod

t, and 1,

y.exp

Uu,exp

Greek letters

Capacity of a ductile failure mechanism estimated
from experimental data;

Mean capacity of a ductile failure mechanism
estimated from experimental data;

0.95 quantiles of the capacity of a ductile failure
mechanism estimated from experimental tests;
0.05 quantile of the capacity of a ductile failure
mechanism estimated from experimental tests;
Characteristic capacity of a ductile failure mech-
anism estimated from an analytical capacity
model;

Design capacity of a ductile failure mechanism
estimated from an analytical capacity model;
Capacity of a ductile failure mechanism estimated
from a capacity model;

Penetration lengths of the screws in the first and
second timber element of the connection;
Experimental yielding displacement, found at the
intersection between the lines associated with the
elastic (k ) and plastic (kppexp) displacements;
Experimental ultimate displacement, which is the
displacement corresponding to F, ,,; x Model pa-
rameters; X, Model parameters representative
of the experimental tests;

el.exp

experimental test results estimate the overstrength using the formula-
tion proposed by Jorissen & Fragiacomo. The definition of the over-
strength factor according to Jorissen A. & Fragiacomo M., 2011 [11]

a Angle in radians between the screw and grain
directions in the outer layer.

a,, Angle in radians between the screw and grain
directions in the outer layer.
Reliability index;

Y Ratio between f}, |, and f}, -

YRd Overstrength factor;

Yra Partial overstrength factor;

¥ Rd.mod Model-driven partial overstrength factor in
Eq. (19);

Yse Contribution to overstrength of the scatter of the
experimental data;

Yan Contribution to overstrength of the error of the
analytical model;

M Partial safety factor;

5 Model error defined as the difference between the
experimental and analytical capacity;

Eepi Epistemic uncertainty;

&al aleatoric uncertainty;

6 Coefficient of variation;

(2] Uncertainty of the model parameters;

Ocyp Uncertainty of the model parameters representa-
tive of the experimental tests;

u Mean of a Normal probability density function;

Hepi Epistemic bias;

p Wood density

Pm Mean wood density

PBk Characteristic bulk density of wood;

Oexp Standard deviation of the capacity values ob-
tained from the experimental tests;

is:
Rdct,exp,O.QS _ Rdct,exp,0.95 Rdct,exp,O.OS Rdct,an,k

YRd =
Rdct,an,d

Rdct,exp,O.OS Rdct,an,k Rdct,an,a’

=Yse Yan'tm (1)
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Cepi Standard deviation of a Normal probability den-
sity function representative of the epistemic
model error;

Oa Standard deviation of a Normal probability den-
sity function representative of the aleatoric model
€error;

Omod Standard deviation of a Normal probability
density function representative of the total error;

Acronyms

CLT Cross Laminated Timber

CoV Coefficient of variation;

CoV,y Coefficient of the steel strength;

CoV,, Coefficient of the friction coefficient;

Cov, Coefficient of the wood density;

CoV, Coefficient of the angle between the screw and
the grain direction of the outer layer of the CLT
panel;

FE Finite Element

Std. Dev. Standard deviation;

where Rycqexpoos and Rycepexpoos are respectively the 95th and 5th
percentile of the ductile component capacity distribution; Ry 5y, and
Ryetile,an.s are respectively the characteristic and the design values of
the analytical prediction of the ductile element capacity. The coefficient
7,c expresses the scatter of the experimental connection strength prop-
erties indicating the reliability of the connection. The coefficient y,,
expresses the approximation of the analytical formula used to evaluate
the strength property. Finally, y,, is the partial material factor. Based
on this definition, Jorissen & Fragiacomo derived overstrength values
from 1.20 to 1.85 for dowelled connections [11].

The advantages of the formulation in Eq. (1) are clarity and ease
of implementation. The formulation falls within the so-called semi-
probabilistic methods. The main flaw of the equation is the lack of
a solid reliability-based foundation. The lack of reliability-based ap-
proaches in estimating overstrength in many scientific papers depends
on two concurring factors. The reliability-based methods require for-
mulating a limit state function in terms of ductile and brittle failure
mechanisms, which cannot be generally solved analytically and require
an empirical approach based on Montecarlo simulations. The second
aspect relates to the first. Estimating the overstrength from the test
results cannot be generally formulated as a limit state function since
a single failure mechanism is often observed. Therefore, this fact un-
dermines the application of reliability-based approaches for assessing
the overstrength of timber connections from experimental tests.

Few papers deal with the overstrength of timber connections, and
most present the results of experimental tests used to assess the over-
strength from Eq. (1), see [11,12]. Jorissen and Fragiacomo [11]
studied the overstrength of timber-to-timber dowelled connections.
Schick et al. [12] carried out monotonic tests for shear parallel to
the grain [12] to estimate the overstrength of nails and staples in
light-frame timber panels (OSB, GFB).

Most research papers on overstrength in timber engineering have
recently focused on Cross-Laminated Timber (CLT) buildings. The rea-
son for this interest is the increasing spreading of CLT buildings in
seismic-prone areas and the need to understand further and evaluate
the role of overstrength in their seismic response [13]. Overstrength is
crucial in capacity design at four levels: (1) structural, (2) assembly,
(3) fastener and (4) connection. Most papers present the experimen-
tal evaluation of overstrength in CLT building at a connection level,
neglecting the higher levels [14]. However, in design, following the
resistance hierarchy principle at all levels is crucial. Specifically, in the
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case of CLT buildings, the possibly favoured failure mechanism should
be the rocking and the sliding due to higher ductility. At the structural
level, the dissipation should occur within wall-to-foundation, wall-to-
floor, and vertical wall-to-wall connection lines [13,15]. The designer
must ensure adequate ductility in these regions, while the other should
remain in the elastic range during seismic excitation. CLT has much
higher strength and stiffness than traditional light timber-framed (LTF)
assemblies [13], often applied in low-rise or mid-rise residential con-
struction. However, while CLT lends itself well to many applications, its
structural performance has often been hampered by the lack of efficient
connection systems. For example, in the seismic design of CLT shear
walls, engineers frequently specify off-the-shelf brackets (hold-downs,
shear keys) initially developed for LTF buildings [4,16,17].

A leading ductile mechanism in CLT buildings is associated with
the dissipation between adjacent walls. The most common connection
system between CLT walls is obtained with inclined screws [18,19].
This solution avoids the more elaborated half-lap or spline joints;
see Fig. 1. Recently, researchers have been investigating mixed angle
screwed (MAS) connections as alternative stronger and stiffer con-
nection systems for high-capacity CLT shear wall applications [20,
21].

While there has been intense research interest in understanding CLT
shear wall behaviour, both at the connection level [4,5,22-27] and sys-
tem level [4,28-31], no paper has presented an extended experimental
assessment of the overstrength in CLT-to-CLT screw connections. Be-
low, the authors provide a short review of the research papers dealing
with the overstrength of CLT connections. Sustersic [32] estimated the
overstrength on nailed hold-downs and angle brackets in CLT panels,
using Eq. (1). The yg, was approximately 1.3. Fragiacomo evaluated
the overstrength of timber-to-timber screwed connections between or-
thogonal CLT panels [33] under cyclic shear obtaining overstrength
values equal to 1.6. Gavric et al. tested screwed connections between
CLT panels [34] under cyclic shear and angle brackets (nailed to
CLT panels [24], obtaining an overstrength ranging between 1.2 and
1.9. Krauss et al. [35] assessed the influence of mixed-angle screw
installations in CLT on the cyclic performance of commercial hold-
down connections. The obtained overstrength ranged between 3.2 and
1.9.

The only paper dealing with the overstrength of screwed CLT-to-CLT
screwed connection is the one by Gavric et al. [34]. However, this paper
only considers the lap or spline joint, not the typical configuration
based on inclined screws, case (c) in Fig. 1.

Additionally, as discussed by [14], no paper provides a probabilistic
assessment of overstrength. The only paper following a reliability-based
approach is the one by [36] on dowelled connection. With a reliability
target equal to § = 3.8, they obtained a yp, equal to 1.99. Briihl
et al. [37] investigated moment-resistant connections in GLT beams and
used Monte Carlo (MC) simulations (108 repetitions).

The research group of Prof. Tannert has contributed to under-
standing shear connections between CLT panels using inclined screws.
Their research primarily focuses on experimental testing to characterize
the behaviour of screwed connections in CLT panels. However, their
work lacks advanced connection modelling and a discussion of the
uncertainty propagation of model parameters on capacity estimation.
Namely, Brown et al. [38] investigated orthogonal joints between
CLT panels, aiming to develop enhanced joints for CLT wall panels.
They conducted monotonic and cyclic loading tests on 59 specimens
with varying combinations of mixed-angle steel-to-steel (STS) connec-
tions. The study evaluated strength, displacement capacity, ductility,
stiffness, and overstrength but did not involve finite element (FE)
modelling of the connections. Overstrength assessment relied on a
conventional formulation. Hossain et al. (2016) [39] examined fully
threaded STS assemblies with a double inclination of fasteners for
in-plane shear force transfer between CLT panels. They performed
quasi-static monotonic and reversed cyclic loading tests on ten three-
panel CLT specimens with two shear planes each. The results provided



A. Aloisio et al.

Engineering Structures 304 (2024) 117575

L D

L!.I_‘_I
(a)

(b) (©)

Fig. 1. Possible ways to connect two adjacent parallel panels in a segmented CLT shear wall.

data on connection yield load, yield displacement, capacity, stiffness,
and ductility ratio. However, the study lacks an interpretative capacity
model for the experimental data. Loss et al. [40] investigated the
performance of simple CLT shear connections using butt joints and
various spatial arrangements of STS. They tested 63 specimens under
quasi-static monotonic and reversed cyclic loading, evaluating load-
displacement and hysteretic curves to determine connection yield load,
yield slip, capacity, stiffness, and ductility. However, the study did
not assess overstrength or employ a more advanced connection model,
such as a finite-element model. Hossain et al. (2019) [41] focused on
determining group-effect reduction factors for strength, stiffness, and
ductility of shear connections with STS in CLT under monotonic and
cyclic loading. They conducted 175 monotonic and cyclic tests, varying
the number of STS in one row between 2 and 32. However, none of the
aforementioned papers attempted to assess the uncertainty propagation
from model parameters to the capacity estimate for CLT-to-CLT screwed
connections

For the first time, this paper estimates the overstrength of CLT-to-
CLT connections with inclined screws. The paper discusses the limits of
the equation in Eq. (1), by providing a probabilistic formulation of the
equation by [11], which can be used for estimating the overstrength
level when different reliability thresholds are considered. Additionally,
the paper gives an insight into the role of epistemic and aleatoric
uncertainty in estimating overstrength. To the authors’ knowledge, no
paper attempted to isolate the contributions of the two uncertainty
sources to overstrength for any timber connections. The main reason
for this investigation is the limits of typical experimental campaigns
for estimating the overstrength of CLT connections, generally based on
a limited number of test repetitions for each configuration.

While the experimental campaigns encompass a variety of test
configurations, the number of test repetitions is deliberately kept to a
minimum to assess a reasonable coefficient of variation. This practice is
commonly adopted to balance the need for sufficient data and cost con-
siderations. As a result, the number of test repetitions is not determined
based on stabilization criteria, such as reaching a threshold coefficient
of variation. Instead, it is a predetermined number decided before
conducting the tests, and it may not be sufficient for a comprehensive
characterization of the experimental scatter. While it is impractical
to repeat the same configuration until the coefficient of variation
stabilizes, it is possible to simulate the range of test outcomes using
appropriate mechanical models that account for parameter uncertainty
and propagate it to the final capacity estimation. It is important to note
that the considered test repetitions generally exhibit limited variability
in geometric and mechanical parameters due to the use of the same
wood and screw stock, as well as the consistent assembly of specimens
by the same person in a controlled testing laboratory environment,
which is typically more controlled than a construction site. One critical
aspect is the potential variation in screw angles, which may deviate

from the precise 45° angle. In this paper, the authors conducted push-
out tests by varying both the CLT panel types and the types of screws.
The additional sources of uncertainty were then incorporated into
the two capacity models, namely the analytical and finite element-
based models. Future research efforts will focus on integrating other
uncertainty sources into the experimental campaign.

Therefore, it is essential to isolate the role of epistemic and aleatoric
uncertainty in a numerical-based assessment of overstrength, where the
model parameters are random variables representative of the actual
connection uncertainty.

The authors present a method for estimating a model-driven over-
strength factor, more representative of the as-built connection. This
estimate is corrected to remove the epistemic bias using the experi-
mental results. Two mechanical models are compared to predict the
overstrength in CLT-to-CLT screw connections: the classical capacity
model in EC5 and a nonlinear finite element model developed in
Abaqus. In the first step, the capacity of the connection is simulated
by randomly sampling the model parameters from given probability
distributions (PDF) representative of the experimental tests. The results
of this analysis provide the epistemic correction, which is used to
evaluate the overstrength factor assuming more realistic PDFs for the
model parameters.

2. Problem formulation

This section will first provide a generalized expression for the
vra Droposed by [11]. Then, the authors will present the method for
assessing the two sources of uncertainties, epistemic and aleatoric to
overstrength.

2.1. Probabilistic interpretation of the formulation by Jorissen and Fragia-
como

The classical definition of overstrength is based on the following
limit state function [12,14]:

YRdect,an,d - Ry < 0 ()
——
Demand Capacity

where Ry, is the load-carrying capacity of the non-ductile element
described by a suitable probability distribution, and Rgctang is the
design load-carrying capacity of the ductile element estimated from
an analytical capacity model. The inequality in Eq. (2) conveys the
following design requirement: the actual resistance of the ductile el-
ement, whose upper bound is (yg; Rqctan k), Cannot exceed the brittle
resistance. Otherwise, the brittle mechanism occurs before the ductile
one. yp, is an amplification factor that maximizes the predicted ductile
element’s resistance to quantify the possible overstrength due to all
uncertainties involved in the capacity equation.



A. Aloisio et al.

According to Eq. (2), the overstrength factor originates from a
limit state function. Adopting the classical nomenclature of structural
reliability, the resistance of the brittle element represents capacity. At
the same time, the demand is expressed by the characteristic resistance
of the ductile element multiplied by yg,. The estimation of y,, demands
the assessment of the ductile and brittle mechanisms and their uncer-
tainties. yp, can be estimated by setting a given reliability threshold,
depending on the limit state under consideration, as follows:

Find gy * P(Ygg * Ractank — Rort <0) =By @)

where j, is a failure probability threshold. According to the definition
in Eq. (2), yg, is a relational property between failure mechanisms
depending on the accepted reliability target.

Despite the theoretical validity, Eq. (2) is challenging to use in many
situations. The main difficulty is the relational definition, brittle vs
ductile, which is difficult to compute directly from experimental tests
where a specific failure mechanism is observed.

Therefore, Jorissen and Fragiacomo [11] provided a different in-
terpretation to Eq. (2). They did not interpret yg, as a sort of power
ratio between failure mechanisms with different ductility. It is indeed
a property of the sole ductile mechanisms. Accordingly, the limit state
function in Eq. (2) can be re-formulated as follows:

}’Rdect,an,d - Rdct,exp <0 (4)

Demand Capacity

Following the classical interpretation of structural reliability, the de-
mand is the left term, which is the ypyRyctanqs Where Ryciang 1S
the design value of the resistance of the ductile element. The capac-
ity is represented by the capacity of the ductile element(Rgycgite,exp)s
described by a suitable probability distribution.

The estimation of the overstrength using Eq. (4) provides a sort of
upper bound to yg,, if the following holds: Rycexp < Rortexp-

The definition in Eq. (4) modifies the idea behind Eq. (6). The
overstrength factor becomes a property of the ductile mechanism,
expressing the variability of its value related to epistemic and aleatoric
uncertainties. Based on Eq. (4), yg, can be estimated as follows:

Find ygy : P(ygy Rdct,an,d - Rdct,exp <0)= ﬁf )

where Rgcgang i deterministic and Rycexp s described by a given
probability density function.

If the resistance of the ductile element, generally obtained from
experimental tests, is approximated by a normal distribution,

Rdct,exp ~Nlu= Rdct,exp,m’o_ = Std'DeV‘(Rdct,exp)] (6)

where Ry expm and Std.Dev.(Rgcqexp) are the mean value (4) and the
standard deviation (¢) of a Normal distribution (N'), then, the limit
state function in Eq. (4) can be written as:
P(VRa' Rdct,an,d - Rdct,exp < 0) NN[/‘ = (de Rdct,an,d - Rdct,exp,m)’

o = Std.DeV.(Rget exp)] %)

The reliability index () has the following closed-formed expression for
Normal distributions

u=po— 7Rdect,an,d - Rdct,exp.m = fo (€)]

Rdct,exp,m + fo

Rdct,an,d

YRd = ©
If the reliability target is § = 1.64, the formulation by Jorissen and
Fragiacomo can be obtained since Ryctexpr = Rdctoxpm + 1-640. Simi-
larly, also the definition from the Building Research Association of New
Zealand (BRANZ) [42] can be obtained

2.70
Rdct,exp,Oﬁ)S (1 + W)

(10)
2.70
Rdct,epr,OAOS (1 - W)

YRd =
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where @ is the variation coefficient of test results; » is the number of
tests.

The above algebraic passages highlight the probabilistic interpreta-
tion of Eq. (1), which can also be easily computed if higher reliability
targets are required. If fact, § = 1.64 is a threshold corresponding to
a serviceability limit state. If a higher reliability class is considered, a
higher g should be used in Eq. (9).

In this paper, the authors will estimate the overstrength of CLT-to-
CLT screwed connections addressing the role of § in the overstrength
calculation. This calculation will allow comparing the estimations of
7rq from Eq. (1) and those obtained with higher fs.

Specifically, the overstrength factor can be factorized as follows
[43]:

YRd = }/;d Tm an
where the partial overstrength factor (y; d) is:

Rdct,exp,m + fo

Rdct,an,k

71*1[1 = 12)
Eq. (12) allows calculating the overstrength without the contribu-
tion of the partial safety factor, which varies from code to code. Eq. (12)
provides a straightforward approach for calculating the overstrength
from experimental tests, considering a variable reliability target de-
pending on the chosen limit state. This will allow quantifying the
difference between the predictions following Eq. (12) with typical g
values considered at the ultimate limit state (3.8, e.g.) and Eq. (1).

2.2. Estimation of the aleatoric and epistemic uncertainties in overstrength

In the classical definition of overstrength in Eq. (1), the numerator
is experimental-based and the denominator is obtained from the ca-
pacity model. However, the overstrength factor estimated from Eq. (1)
might not represent the actual scatter of the capacity values. A limited
number of experiments are generally carried out using the same wood
and screw stocks, characterized by limited variabilities. Additionally,
in real cases, additional random variables might increase the scatter
of the capacity, like the screw inclination. In the working site, the
workers do not always use a template to obtain a specific inclination
of the screw. Therefore, the overstrength factor from Eq. (1) might be
underestimated.

Parallelly, suppose the overstrength is entirely predicted from a
suitable mechanical by propagating the uncertainties from the model
parameters to the capacity estimate. In that case, the estimation could
be biased for two main reasons:

* The existence of a possible bias (uep) between the expected
values of the experimental (E(Rycexp)) and model capacities
(E(Rgct,moa))- This is the epistemic bias of the mechanical model,
which can be easily estimated from the difference between
E(Rdct,exp) and E(Rdct,mod)'

The standard deviation o,,,q predicted by the model might be
over or underestimated compared to the experimental one. There-
fore, it is essential to remove the contribution of epistemic un-
certainty to the model estimate of the standard deviation. The
experimental standard deviation, in Eq. (12), is only representa-
tive of the aleatoric uncertainty due to the intrinsic scatter of the
material properties and connection details.

Therefore, a model-driven overstrength assessment requires correct-
ing the total model uncertainty from the contribution of the epistemic
one. The problem can be formalized as follows. The capacity predicted
from a model can be written as:

Rdct,mod(x’ 0)= E(Rdct,mod) + Emod 13)

where Ryce mod(¥, @) is the capacity of the ductile mechanisms esti-
mated from a mechanical model, x are the model parameters and @
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express their related uncertainty; E is the expected value operator, and
Emoq is the difference between the predicted and the expected value of
the capacity.

The total error (£,,4) can be viewed as the symbolic summation
between the epistemic and aleatoric uncertainties:

Enod = gepi + & a4
where &, is the epistemic error and &, the aleatoric error. The

aleatoric uncertainty, also known as stochastic uncertainty, is rep-
resentative of unknowns that differ each time we repeat the same
experiment. In this circumstance, it expresses the intrinsic scatter of the
material and connection parameters. In CLT-to-CLT screw connections,
the parameters mainly affecting the model error are the wood density
(p), the friction coefficient (m), the yielding strength of steel (f,) and
the screw inclination (a). The uncertainty of the wood density indi-
rectly affects the stiffness and strength parameters of the connection,
as proven by consolidated empirical regressions between them and the
wood density [44]. Epistemic uncertainty is also known as systematic
uncertainty and is due to phenomena one could, in principle, know but
does not in practice. In this case, this uncertainty depends on the limits
of the capacity model, which neglects specific effects. It is impossible
to isolate the contributions of the two sources of uncertainties to the
total one in Eq. (14), where the two are summed up.

Additionally, while it is possible to estimate the probability distri-
bution of the numerical capacity from a large number of numerical
simulations, it is not possible to accurately estimate the probability
distribution of the experimental capacity. In most circumstances, a
maximum of five repetitions of the same experimental configuration
is carried out. Therefore, it is generally assumed that the probability
distribution of the experimental values is normal or lognormal. For ho-
mogeneity, the normality hypothesis can also be assumed for the model
uncertainty estimated from the model through Montecarlo simulations.
Therefore, the error function can be approximated as follows, if the
normality assumption holds:

Emod ~ N(Mepi’ Omod)s where Hepi

= E(Ryctexp) — E(Ractmod) Cmog(X- @) = 07y + agpi (15)

where N is a Normal distribution, Hepi is the epistemic bias, O-rzno &
agpi and "51 are the model, epistemic and aleatoric standard deviations,
respectively. The epistemic and aleatoric error functions can be written

as:
Eepi ~ N (Hepis Oepi)s Eal ~ N (0,04)); (16)

It can be assumed that the ratio between the aleatoric and model
standard deviation is constant and independent of the value of the
model error.

_ A Oexp

Omod(*.0)  Omod (Xexp Oexp)

a7

where o, is the standard deviation obtained from the experimental
tests and (xeyp, Oexp) are the model parameters representative of the ex-
perimental tests. Therefore, it is possible to correct the model standard
deviation from the epistemic contribution if k is known. Specifically,
as shown in Eq. (17), if the model standard deviation is predicted with
model parameters representative of the experimental tests ({x,0} =
{Xexps Oexp}), then oy can be set equal o).
2 _ 2,2 _ 2 2

O-mod(xeXP’ @exp) = 0q + O-epi - O'exp + O-epi 1s)
Accordingly, it is possible to assess the ratio between the aleatoric and
model standard deviation (k) from Eq. (17), where the numerator is
the experimental standard deviation, and the denominator is the model
standard deviation obtained by propagating the parameter uncertainty
(@ = Oy), representative of the experiments, through the capacity
model.
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Algorithm 1 Pseudo-code

Define Xexp = {fy,m,expa Pexps M exp> am,exp} and Qexp =
{COV £y exps COV, oy, COV,yy e, COVg e } > Uncertainty of input
parameters based on experimental tests
while CoV(Rget mod(l : 7) < 0.01) do
Quasi-MC Halton sampling of parameters’ sets x = { f, p, u}
Simulate Ry moq given the sampled parameters (x) > Capacity
estimate from the model
Ryctmod = Ractmod(1 : n) > Allocate the simulated values in a
vector of size n
end while
Umod(xexpﬂ @exp) = Std'DeV'[Rdct,mod(xexpﬂ @exp)]
Oexp = Std.Dev.(Ryctexp)
Hepi = E(Rycexp) — E(Rdcmod); > Computation of the epistemic bias

[of
k= = (Xexn> Oexp);
Tmo. d( exp exp)’

factor

> Computation of the epistemic correction

Define x = {f,, p,m} and ® = {CoV,,CoV,,CoV,,} > Uncertainty of
input parameters based on scientific literature
while CoV(Rgcmod(l : 1) < 0.01) do
Quasi-MC Halton sampling of parameters’ sets x = { f,, p, m}
Simulate Rgyenym given the sampled parameters (0)
Rict,mod = Ractmod(1 1)
end while
Omod (%, @) = Std.Dev.(Rycq moa(l
Compute ygy moq from Eq.(19).

L n)(x,0)

Then, the model-driven partial overstrength factor (yy, .) using
different values for {x, @}, is: |

E[Rdct,mod(xv 0)] + Mepi(xa O)+k-p-onoax,0)

(19)
Rdct,amk

* —
de .mod

The improvement of Eq. (19) compared to Eq. (12) are the follow-
ings:

» The overstrength factor is representative of the actual scatter
of the connection parameters observed in real-case scenarios. In
general, it happens that © > O,;

+ The numerator only includes the contribution of the aleatoric un-
certainty, as occurring in Eq. (12), due to an epistemic correction
factor (k) defined in Eq. (17) calibrated on the experimental tests.

» The reliability target (f) is explicited.

Additionally, this expression can predict overstrength ratios for
different parameter uncertainties. It must be remarked, that yj, from
Eq. (12) equals r}, d.mod if the model parameters represent the experien-
tial test, i.e. {x,0} = {Xexp, Ocxp)

Ykamod = VRa.exp i 1% @} = {Xexp: Oexp - (20)

Algorithm 1 provides the pseudocode corresponding to the calcula-
tion of the Tk d.num according to Eq. (19).

The calculation of the overstrength requires two Montecarlo simu-
lations assessing opd(Xexps @exp) AN 0104 (x, @) respectively. The first
leads to the estimation of k, according to Eq. (17) the second to
y; d.num according to Eq. (19). In the first MCS, the authors assume
that Sy my p and « are normally distributed, with the parameters of
the distribution obtained from the tests on the material used for the
specimen preparation in the experimental campaign. In the second
MCS, the authors assume the same parameters as normally distributed,
with the distribution parameters obtained from the scientific literature.
The two MCS are described in the pseudocode by a while loop which
stops if the convergence criterion is met. The convergence criterion is
the limit value to the coefficient of variation of the model capacity.
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Fig. 2. (a) Front 3D and exploded views of the considered connection typology; (b) Experimental setup.

The parameters of the distribution are sampled with a Halton sam-
pling scheme. The other passages in Algorithm 1 are straightforward
algebraic passages, that lead to the estimate of the Eq. (19).

The predictive model of the capacity can be either numerical or
analytical. In this paper, the authors will compare the predictions using
the analytical capacity model in Eq. (21) and a more complex nonlinear
FE model. The latter might better reproduce the complex nonlinear me-
chanical response of the connection and, accordingly, more faithfully
reproduce the uncertainty propagation from the material parameters to
the capacity.

3. Experimental tests

The authors carried out push-out tests to evaluate the shear resis-
tance of CLT-to-CLT screw connections. The connection between two
adjacent parallel panels follows the configuration (c) in Fig. 1. This
solution avoids the cuts needed for lap or spline joints, which are easily
made in the production line but are challenging to obtain on-site.

Fig. 2 shows this connection’s front and exploded views. Although
the screws are inserted with a 45° angle, such an angle does not
influence the connection resistance since the force direction is orthog-
onal to the screws. The experimental configuration consists of three
specimens with 350 mm X 200 mm size, jointed by screws along their
long narrow side, as shown in Fig. 2(b). This configuration grants a
symmetrical application of the vertical load. The authors tested six
different configurations, each one with five repetitions. Therefore, the
total number of tests is 6 x 5 = 30.

The differences between the configurations stand in the (i) CLT
panel and (ii) the types of screws. Specifically, the authors tested three
CLT panel layups with thicknesses equal to 80 mm (30 + 20 + 30),
100 (20 + 20 + 20 + 20 + 20) and 120 mm (30 + 20 + 20 + 20 + 30),
respectively.

Table 1 shows the details of the screws. There are two main
types, the fully-threaded VGZ screws produced by Rothoblaas and the
partially-threaded WT screws made by SFS. The latter has two different
and separated threads along their length; see Fig. 3(b).

The maximum length for the fasteners was calculated by multiplying
the panel thickness by the square root of 2. The authors selected the
commercial screws with the size closest to the initial estimate. The
diameter of the screws ranged between 6.2 to 9 mm, with a length
between 100 and 160 mm. The screws are inserted, without pre-
drilling, with their axes perpendicular to the grain direction of the outer
layer and at 45° to the plane of the panels. An accurate insertion angle
is obtained through a steel template shown in Fig. 3(c). It consists of a
steel plate welded on a directing tube.

Table 1
Details of the tested configurations.

Label Screw type Diameter Panel thickness Screw length
[mm] [mm] [mm]

V7-80 VGZ 7 80 100
Rothoblaas

V7-100 VGZ 7 100 140
Rothoblaas

V7-120 VGZ 7 120 140
Rothoblaas

V9-120 VGZ 9 120 160
Rothoblaas

W6-120 WT SFS 6.5 120 160

W8-120 WT SFS 8.2 120 160

The identifying label of the specimens in Table 1 has been chosen
as follows: the first letter refers to the screw type, which is V for VGZ
screws (Rothoblaas) and W for WT screws (SFS). The following number
indicates the nominal diameter of the screw (neglecting tenths of a
millimetre). The following number indicates the thickness of the CLT
specimen, while the last one, ranging from 1 to 5, is the test repetition.
All specimens were tested with an Instron SATEC series 8800 model
300 KN static hydraulic universal testing system in Fig. 4. The machine
has a maximum capacity of 300 kN.

The monotonic tests were carried out according to
EN 26891:199145. The loading protocol consists in an initial cycle that
settles the specimen and the remaining to reach the ultimate load. In
the first cycle, the load is applied up to 40% of the estimated capacity,
which is held for 30 s. Then the load is decreased to 10% of the
estimated capacity and kept for 30 s more. If the load is below 70% of
the estimated capacity, the load is applied at a constant rate, consisting
of an increase of 0.2 of the estimated capacity per minute. Beyond
70%, the load is applied at constant displacement speed so that the
failure or displacement of 15 mm is reached within 15 min. The speed
was hence decided to achieve the goal displacement of 15 mm within
the prescribed time. The specimens, however, showed a deformation
capacity much higher than 15 mm, and it was decided to continue the
testing until a drop of 20% of the measured force.

3.1. Capacity prediction
The shear capacity of the connection is predicted by Johansen’s

equations implemented in the current EC5. The minimum distances in-
dicated in ECS5 refer to solid or glue-laminated timber and are generally
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Table 2 (a) to (f) and illustrated in Fig. 5 [46]:
Minimum distances adopted from the screws inserted in CLT panels. ( fh,l,k oty -d (@)
Screw d a; az, ay,
VGz7 7 28 42 42 Snoktr-d (b
VGZ9 9 36 54 54 P . i) 2
WT-T-6.5 6.5 26 39 39 % 24 2y2 [1 +2+ (% )] +93 (1—2)
WT-T-8.2 8.2 32.8 49.2 49.2 4 ! ! !
F,
—y(1+:—f>}+—":’k ()
not valid for CLT. Therefore, the minimum distances for the screws Forie =1 Snaxtrd \/27 R 4y(2+7)M,, gy -d-2—y @b
inside CLT were chosen after [45], as reported in Table 2. The same 2+; Sk 1
values can be found in the ETA document for the Rothoblaas VGZ +%Rk (d)
screws. The distance between the screws and the edges of the panel
. o . . Shaktrd 2(1 HIMyre 2
is 100 mm, which is higher than the minimum values in Table 2. The 24y r(d+y)+ AT
minimum distance between two crossing screws is set as 20 mm. 4 Faxre (e
The shear capacity of the connection is the minimum between the 4 v
values associated with six different failure mechanisms, labelled from ,/1% V2M, gy Thed + 55 f)
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(d) () (f)

Fig. 5. Failure modes according to the Johansen theory, each one described analytically in Eq. (21).

where F, g, is the characteristic load-bearing capacity of a single
fastener per shear plane; M p, is the characteristic yielding moment
of the fastener, d is the fastener diameter; f, ; , and f,, , are the char-
acteristic embedding strengths of the two connected timber elements; ¢,
and 1, are the penetration lengths of the screw in each element, y is the
ratio between f,,, and f;,, and, finally, F,, g, is the characteristic
withdrawal strength. In this case, f,;, and f,,, are equal, and y is
equal to 1. Regarding ¢, and t,, the screws have been inserted so that
the middle of their length is exactly within the shear plane. This leads
to ¢, being equal to #,.

The characteristic embedding strength (f,;,) for fully-threaded
self-tapping screws can be calculated according to the formula proposed
by [47]:

Tax =0019-pj3t. a3 (22)

where d is the nominal diameter of the screws in mm and pg, is
the characteristic bulk density of the material in kg/m?. According to
EN 33841, the characteristic density is pg, = 350 kg/m?. It is worth
noting that in the Johansen model a constant embedment strength is
assumed in each member. Consequently, the model cannot account
for the actual panel layup. An empirical model exists to predict an
equivalent embedment strength [45]; however, in the following, the
authors use the models recommended by the EC5. The characteristic
withdrawal resistance of fully-threaded self-tapping screws inserted in
the lateral surface of the panel can be calculated according to [45]:
31-4%8. 107
< @3)

ax.k = R
1.5cos? a + sin® @

where /,, is the effective screw penetration depth in mm, and e is the
screw angle in radians to the grain in the surface layer. In this case,
the values of /,, employed for VGZ screws are calculated as half of
the length of the threaded part of the screw minus 5 mm, which is the
installation tolerance. For the WT screws, the values of /,, employed
should consider the non-threaded portion of the screw between the
two threaded ones. Therefore, the minimum effective threaded length
of the screw is derived from the ETA document without considering
any tolerance for the installation. Finally, the value of « is always
90° since the screws are inserted in the lateral surface of the panel
perpendicularly to the direction of the grain of the outer layer.

The characteristic yielding moment of a cylindrical fastener accord-
ing to the EC5 is calculated as:

My gy =03 fyp-d2f 24

where f, , is the characteristic tensile strength of the steel in N/mm?
and d,, is the effective diameter of the fastener in mm. For a fully-
threaded screw, the effective diameter is 1.1 times the core diameter.
Table 3 collects the values of the embedment strength, axial capacity
and yielding moment of the considered fasteners.

It is worth noting that the values for M, , proposed and certified by
producers are lower than those calculated according to the standards.
Ultimately the more conservative values of the ETA document were
adopted.

Failure mode f) provides the lowest resistance for all the considered
configurations. Two plastic hinges in the fastener characterize this fail-
ure mode. This failure mode exhibits the most ductile and dissipative

behaviour since it fully exploits the ductility of steel. Table 4 collects
the predicted values of the capacity of the single fastener and the entire
connection according to EC5.

3.2. Results

A visual inspection of the tested specimen provides a preliminary
insight. No brittle failures occurred during the testing. Moreover, each
sample reached large deformations before failure, showing a manifest
ductile behaviour. Disassembling the specimen allowed a closer inspec-
tion that confirmed the formation of two plastic hinges in the fasteners,
as proven in Fig. 6. The screws formed two visible plastic hinges that
confirmed the failure mode predicted by Johansen’s theory in Eq. (21).
All the tested samples reached, in fact, an ultimate displacement greater
than 19 mm, and on average equal to 37 mm.

Fig. 7 shows the experimental force-displacement curves for each
tested configuration, each one with five repetitions. Table 10 resumes
the following mechanical properties estimated from each curve: The
elastic (k,,,, according to EN125129) and plastic stiffness (k
according to the Y&K method [1]); The yielding (Fy
(Fyax.exp) and ultimate (F,,,,) force values; The yielding (v,,,,) and
ultimate (v,) displacements and the ductility ratio (Dgyp)- The detailed
definition of each parameter is given in the initial list of symbols and
notation (see Table 5).

It must be remarked, that all specimens exhibited high ductility val-
ues, ranging from a minimum mean value of 11.65 obtained from the
V9 configuration to the maximum mean value of 30.18 obtained from
the W8 configuration. This fact confirms the reason why the vertical
connection between wall elements for CLT buildings is acknowledged
as the most ductile one and is devoted to dissipative behaviour for
buildings designed in high ductility class in the draft proposal for the
new section 8 of Eurocode 8.

Once the necessary data from each sample was extrapolated, mean
values, 5th percentile, 95th percentile and standard deviations were
derived following EN1435831. The characteristic value is obtained as
follows:

pl.exp
exp)s Maximum

cht,epr,k = cht,exp,m - ks”exp (25)

where k; = 2.64 for five specimens according to EN:14358:2016.

Table 6 compares all the relevant quantities necessary to evaluate
the overstrength ratios.

The first row in Table 6 shows the characteristic resistance predicted
according to Eq. (21). The second and third rows show the experi-
mental mean capacity and the corresponding standard deviation. It is
interesting to observe that the predicted CoV 0.2, is lower than the
experimental one, which is 0.29. The standard deviation approximately
ranges between 2 and 3, with a maximum of nearly 6 for V9. The third
block row of Table 6 reports the mechanical parameters used for esti-
mating the overstrength ratio. The y,., representative of the scatter of
the experimental data ranges between 1.30 and 1.50, meaning that 95%
percentile of the capacity can be between 1.3 and 1.5 the characteristic
value. The y,,, representative of the analytical model error, exhibits a
larger variability, from 1.1 up to 1.6. The analytical model significantly
underestimates the characteristic capacity by approximately 40%. The
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Table 3

Table collecting the values of the embedment strength, axial capacity and yielding moment of the considered fasteners.

Screw d [mm] [, [mm]  f,, [Mpa] F,, [kN] d.,, [mm] f, [MPa] M, g [KNmm] M, g 5ra [KN mm]
VGZ 7 x 100 7 40 15.1 5.1 4.6 1000 20.3 14.2

VGZ 7 x 140 7 60 15.1 5.9 4.6 1000 20.3 14.2

VGZ 9 x 160 9 70 14.0 8.2 5.9 1000 38.8 27.2

WT 6.5 x 160 6.5 65 15.5 5.9 4.0 990 14.0 12.7

WT 8.2 x 160 8.2 65 14.4 7.1 5.4 870 26.8 19.5

V7-80
80
Z 60
—= —1
40 Faid
o oy --=-3
F i — 4
20 __ 5
-—-FEM
0
0 20 40 60
Displacement [mm)|
V9
30 W
= 60
24 —1
© --2
40
z 3
s |4 |- i
20 5
-—-FEM
0
0 20 40 60

Displacement, [mm]

Fig. 7.

Fig

0 20

. 6. Failure mode of experimental tests.

V7-100

Displacement [mm]

W6

—5
-—-FEM

0 10
Displacement, [mm)]

overstrength ratio ranges between 1.7 and 2.1, with a maximum over-
strength for V9 due to the higher standard deviation. The fourth block

20 30 40

10

V7-120
80
—1
e Wy - — 2
p&""‘” ‘ ~_'_'3
- el
—5
-—-FEM
20 40 60
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W8
80
= 60
a4 e S —
S 40 T - 2
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7 4
20 5
- —-FEM
0
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Displacement, [mm]

Force—displacement curves for each tested configuration and comparison with FE predictions discussed in the following section.

row of Table 6 shows the overstrength ratios for different reliability
targets following Eq. (12). The authors also estimate the overstrength
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Table 4

Shear capacity of the single fastener and of the entire connection.
Label R, (single screw) mode (f) No of fasteners Ryctank
V7-80 3.01 8 24.08
V7-100 3.46 8 27.66
V7-120 3.46 8 27.66
V9 5.07 8 40.59
W6 3.42 8 27.39
w8 4.38 8 35.04

Table 5

Mechanical parameters estimated from the experimental force-displacement curves in
Fig. 7. The stiffness’ is in KN/mm, the forces in kN and the displacements in mm.

No sample kyeqy Kpexp Frep Vpexp Fmaxexp Umaxexp Fuexp  Uuexp  Dexp
V7-80

1 7.48 0.69 21.66 242 36.29 39.61 349 48.82 20.2
2 9.04 1.18 1794 1.65 33.89 27.75 328 29.48 17091
3 853 1.36 17.21 1.63 3408 23.76 30.25 38.87 23.79
4 6.4 1.3 17.94 226 36.64 22.66 30.88 25.51 11.3
5 791 126 1373 1.37 30.5 23.38  29.22 23.49 17.17
V7-100

1 9.59 211 29.23 249 5457 21.09 49.44 39.18 15.76
2 716 177 2755 3.13 5273 35.67 47.89 49.23 15.72
3 7.71 2 21.93 2.22 48.95 20.41 45.57 22.88 10.32
4 9.24 197 2355 2.06 4869 27.81 4239 33.21 18.26
5 9.48 195 2458 2.09 4869 315 45.43 38.21 15.24
V7-120

1 9.56 2.03 2414 2.04 47.67 19.83 41.02 48.74 23.85
2 12.74 1.69 224 1.42 431 20.22 38.8 43.11 30.31
3 12.65 2.05 2294 1.43 4832 20.07 39.89 36.26 25.29
4 10.69 1.55 22.68 1.72 44.7 26.16  43.53 28.71 16.66
5 9.32 208 2568 225 50.61 27.64 47.2 35.02 15.56
V9

1 832 239 351 339 71.07 33.63 6893 3524 10.39
2 8.28 337 37.02 357 77.11 21.29 72.83 27.34 7.66
3 9.96 3.05 41.14 3.33 85.31 39.66 8292 4272 12.85
4 1091 273 3885 287 7815 25.01 76.89 39.05 13.59
5 839 185 37.77 3.67 70.94 35.49 68.33 50.55 13.78
w6

1 12.89 1.97 21.74 1.39 41.83 22.05 36.89 34.38 24.74
2 6.4 2.64 20.48 264 41.95 1398 36.98 24.44 9.26
3 12.17 1.62 19.09 1.29 3865 18.1 343 26.27 20.38
4 9.6 2.5 18.31 1.52 40.73 1446  35.81 19.51 12.82
5 14.68 1.97 21.28 1.16 44.12 20.11 38.29 29.05 25.12
w8

1 10.94 3.05 28.46 2.12 57.03 32.86 48.96 48.29 22.8
2 15.11 2.81 26.04 1.44 4896 23.21 41.31 54.72 38.03
3 19.36 2.02 2855 1.26 53.43 3424 46.59 51.84 41.09
4 13.32 1.77 29.32 1.88 55.37 24.39 48.31 49.31 26.27
5 13.13 269 26,59 1.71 51.5 18.2 47.53 38.8 22.69

ratios by assuming a log-normal probability density function. However,
the difference was less than 1.5%, and the results were not reported.
As highlighted in the introduction, several pieces of research pre-
sented push-out tests on lap and spline joints between CLT elements,
but none regarding the tested configuration, despite the ease of im-
plementation. From the presented results is clear that the difference
between the adoption of a normal or a log-normal distribution does
not have a great influence on the final results. The overstrength ratios
agree with those found in previous studies. The mean value for y,,
in [48] is 1.36. Gavric et al. [48] found a more conservative value for
7. equal to 1.6 for screwed connections between panels, compared to
the value of 1.3 proposed for angular brackets and hold-down loaded in
shear and tension. The term y,, confirms that the design model provides
conservative resistance predictions. Even though there is a common
agreement that this contribution should be taken into account in the
calculation of the final value of yz,, many papers do not report these
values and calculate yp; as the only contribution of y,. Jorissen &
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Table 6
Evaluation of the relevant mechanical parameters for estimating the overstrength factors
according to Eq. (12).

Parameter V7-80 V7-100 V7-120 V9 W6 w8 Mean CoV
R, 24.08 27.66 27.66 40.59 26.57 34.05 30.10 0.20
Rictexpm 34.28 50.73 46.88 76.52 41.46 53.26 50.52 0.29
Cexp 2.45 2.75 2.99 5.94 1.99 3.17 3.22 0.43
Rictexp,0.05 40.76  57.98 54.76 92.20 46.72 61.64 59.01 0.30
Ricexpk 27.80 43.47 39.00 60.84 36.20 44.88 42.03 0.26
Yse 1.47 1.33 1.40 1.52 1.29 1.37 1.40 0.06
Yan 1.15 1.57 1.41 1.50 1.36 1.32 1.39 0.11
Yra (B=2.64) 1.69 2.10 1.98 2.27 1.76 1.81 1.93 0.11
Yra (B=420) 1.86 2.26 2.16 2.51 1.88 1.96 2.11 0.12
Yra (F=3.80) 1.81 2.21 211 2.44 1.85 1.92 2.06 0.12
Yra (B=330) 176 2.16 2.05 2.37 1.81 1.87 2.00 0.12
Yra (B=1.75) 1.60 2.01 1.88 2.14 1.69 1.73 1.84 0.11

Fig. 8. Finite element model representation.

Fragiacomo [11] obtained a mean y,, equal to 1.18; Schick et al. [12]
found an average y,, equal to 1.43, while Gavric et al. [34] obtained
1.8. Moreover, Gavric et al. pointed out that the predictions tend to be
more conservative for brittle than ductile failures.

4. Nonlinear FE model

This section provides a synthetic description of the nonlinear FE
model and the related capacity predictions.

4.1. Model description

To reduce the computational time required by each analysis and
thus enable the execution of Montecarlo simulations, an efficient finite
element model is defined. The reduced-order model of the connection
consists of an assembly of mono-dimensional elements. The screw is
discretized by beam elements with a solid circular section of diameter
equal to 1.1 times the core diameter d.,, to account, in an approxi-
mate way, for the thread influence on geometric properties. The CLT
panels are not explicitly modelled. They are reduced, in the model, to
connectors reproducing the screw-timber interaction in the embedment
(Fig. 8). It is worth noting that significant transversal deformation
of the screw occurs in the y axis direction. This deformation can
induce appreciable second-order effects in terms of friction on the
sliding plane. This mechanism, also known as the rope effect, involves
the axial screw capacity increasing the resulting connection capacity
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Table 7
Comparison between the experimental capacity vs the analytical and FE estimations.
Exp. Tests Analytical model FE model
F, [kN] F, [kN] Relative error [%] F, [kN] Relative error [%]
34.28 21.53 -37.19% 26.89 —21.55%
50.73 21.80 —57.03% 26.89 —46.98%
46.88 21.93 —-53.23% 26.14 —44.25%
76.52 27.13 —64.54% 38.50 —49.68%
41.46 20.53 —50.48% 21.47 —48.21%
53.26 25.00 —53.06% 33.32 —-37.43%
Mean -52.59% —41.35%

considerably. Therefore suitable connectors perpendicular to the sliding
plane are defined, as illustrated in Fig. 8. The axial slip of the screw and
the transversal deformation in the plane containing the screw and the
z axis can be assumed negligible compared to transversal displacement
in y direction as demonstrated by the experimental evidence in Fig. 6.
The screw is assumed to behave as an ideal elastic—plastic material. The
constitutive laws for connectors parallel to x and y axis (Fig. 8) depend
on the timber grain-connector mutual orientation.

For connectors parallel to the grain, an elastic-perfectly plastic
behaviour is assumed [49,50]. The embedment stiffness per unit of
length is given by the regression formula provided in [51]:

kpo = —147.8d +30.9p%46 4068 (26)

As highlighted in [49,50] the conventional embedment strength is
approximately equal to the yielding point of the bi-linear ideal ap-
proximation of the actual embedment load-displacement curve. For
connectors perpendicular to the grain, the hardening behaviour is
reproduced by means of a bi-linear elastic-hardening constitutive law.
The embedment stiffness per unit of length is given by the following
equation descending from [51]:

kpoo = bk (27)

with b = 0.5. The location of the cusp in the constitutive law is the
conventional embedment strength. The end of the hardening branch
is assumed at a 2d displacement with force equal to 1.72 times the
conventional embedment strength after [49,50]. The conventional em-
bedment strength is assumed from Eq. (22). The load-to-grain angle
dependence is given by the below equation given in the EC5:

J
Frn = 0

= (28)
kgg . Sin” a + cos? a

Connectors perpendicular to the sliding plane provide a reaction in
the direction of relative displacement proportional to the force acting
perpendicularly to the sliding plane. This force determines the friction
between CLT panels. The relative displacement between members is
reproduced by assigning a displacement to the connectors parallel to
y axis. A static incremental analysis mechanically and geometrically
non-linear is performed.

4.2. Model validation

Table 7 compares the predicted capacity values according to the
analytical model in Eq. (21) and the FE model vs the experimental
observations. Fig. 7 compares the experimental and numerical curves.

The analytical and numerical models provide conservative estima-
tions, with mean relative error equal to —53% and —41%, respectively.
The model underestimates the experimental capacity, although the
numerical error is nearly 10% lower than the analytical. Still, the
relatively poor agreement with the experimental results will not affect
the proposed procedure, including the epistemic capacity correction
based on the experimental results. Discrepancies may be related to
the assumed mean values for embedment strength, yielding strength
and friction (Table 9). These parameters may be stock correlated and
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Table 8
Experimental values of the bulk density of the CLT specimens obtained from direct
weighting.

No CLT 120 CLT 100 CLT 80
1 513.70 456.50 532.00
2 461.50 492.40 497.30
3 477.60 457.70 471.60
4 496.90 511.00 508.50
5 465.20 481.10 503.90
Mean 482.98 479.74 502.66
Std. Dev. 19.72 20.81 19.44
CoV 0.04 0.04 0.04
Table 9

Input parameters of the Monte Carlo simulations. The first value of the CoV, obtained
from the experimental tests, is used to predict the 6, (Xey,, @exp)s While the second,
based on the scientific literature, to predict o, (x, ).

Symbol Distribution Characteristics

p [kg/m’] Normal u =488 CoV = [0.04 0.1] [52]

fy [MPa] Normal 1 = 1000 CoV = [0.01, 0.05] [52-54]
m Normal u =050 CoV = [0.01, 0.1] [55]

a [°] Normal u=90 CoV = [0.01, 0.05]

the regression formulas may not be able to predict the samples’ ef-
fective properties. Moreover, the specimens have been assembled by
highly specialized personnel and consequently, the assembly process
results may be not representative of what codes define as the average
behaviour.

The finite element model is implemented in Abaqus/Standard. The
authors developed a parametric model to carry out Montecarlo analyses
efficiently. Input file generation and results reading are carried out in
MATLAB. The convergence of the analysis is checked from the relative
displacement values. In the case of analysis, not convergent mesh and
solver parameters are changed until convergence is reached.

5. Model-driven overstrength factor

According to Algorithm 1, the authors estimated the model-based
partial y; , using Eq. (19). Two mechanical models are compared: the
analytical model in Eq. (21) and a nonlinear FE model. In the first step,
the authors run an MCS to estimate the k factor in Eq. (17), where the
model parameters are defined in Table 9. The first value of the CoV
in Table 9 identifies the experimental test condition. The second MCS
to obtain the final estimate of yg, ., is carried out using the second
value of the CoV defined in Table 9.

Specifically, the values for p are obtained from the direct weighting
of the CLT samples, as shown in Table 8. Conversely, CoV of the other
parameters represent the upper and lower bounds according to the
scientific literature. The insertion angle is deterministically assumed
equal to 45° since no significant influence is expected on the basis of
the consideration given in Section 4. Fig. 9 shows the histogram plots
of the sampled model parameters using two values for the coefficient
of variation, the lowest representative of the experimental test and the
highest of the as-built connection.

However, it is essential to observe that a preliminary sensitivity
analysis proved that more than 90% of the standard deviation is
affected by the uncertainty of p. The other uncertainties do not have a
significant influence on the standard deviation. Therefore, their choice
can be regarded as non-influential for this research.

Table 10 collects the results of the calculations, and it is partitioned
into two sections, one for the analytical and one for the FE model
predictions. The forward uncertainty propagation of the parameter
uncertainty through Eq. (21) leads to a significantly higher standard
deviation, approximately 70% higher, except for V9. The value of k,
defined in Eq. (17) ranges between 0.6 and 1.1. Additionally, the
standard deviation estimated with higher values for the parameter
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Fig. 9. (a)-(d) Histogram plots of the sampled values of the model parameters using two values for the CoV, the lowest representative of the experimental test and the highest
of the as-built connection; (e) Convergence of the Montecarlo simulations in terms of the V7-80 capacity using Eq. (21).

Table 10

Estimation of the overstrength factors according to Eq. (19) using either the analytical model in Eq. (21) and the nonlinear FE model. The units

are

kN.

Model Parameter V7-80 V7-100 V7-120 Vo w6 w8 Mean CoV
E(Rgctmod) 21.53 21.80 21.93 27.13 20.53 25.00 22.99 0.11
Hepi 12.75 18.56 14.32 26.19 11.62 14.00 16.24 0.33
Omod Xexp> O exp) 4.27 4.30 4.31 5.34 4.04 4.92 4.53 0.11
Cexp 2.45 2.75 2.99 5.94 1.99 3.17 3.22 0.43

Analytical k 0.58 0.64 0.69 1.11 0.49 0.64 0.69 0.31
Oinod(X, O) 11.24 11.28 11.30 13.99 10.60 12.91 11.89 0.11
YRamod (B =1.64) 1.86 1.89 1.77 1.94 1.53 1.55 1.76 0.10
Yra (B =2.64) 1.53 1.93 1.80 2.03 1.64 1.66 1.76 0.11
Relative error 0.22 —0.02 —0.02 —0.04 —0.06 —0.07 0.00
E(Rgctmod) 26.89 26.89 26.14 38.50 21.47 33.32 28.87 0.21
Hepi 7.39 23.83 20.74 38.02 19.99 19.93 21.65 0.45
Omod Xexp> O exp) 1.00 1.01 0.97 1.33 0.80 1.17 1.05 0.17
Cexp 2.45 2.75 2.99 5.94 1.99 3.17 3.22 0.43

Numerical k 2.44 2.73 3.07 4.46 2.50 2.72 2.99 0.25
Oinod(X, O) 2.69 2.68 2.62 3.62 2.24 3.19 2.84 0.17
YRrd.mod (B =1.64) 1.87 2.27 2.17 2.54 1.91 1.98 2.12 0.12
Yra (B =2.64) 4.46 4.19 4.63 7.22 3.78 5.25 4.92 0.25
Relative error —0.58 —0.46 -0.53 —0.65 —-0.50 —0.62 —0.56

Table 11

uncertainties is almost 3 times the experimental one. Conversely, the
forward uncertainty propagation of the parameter uncertainty through
the FE model leads to a significantly lower standard deviation, yielding
k values higher than 1. Therefore, it is expected that Eq. (19) provides
higher overstrength factors than Eq. (12), despite the epistemic cor-
rection using k. Parallelly, it is expected that the FE model provides
lower values. However, although the estimated values of the standard
deviations are different between the two models, the ratios between
the values corresponding to the two chosen distributions in Table 9
are quite comparable, as highlighted in Table 11. This fact proves that
the rate of increment of the standard deviation is identical in the two
models, despite an initial difference in the estimate. The following
paragraphs show that this finding will lead to comparable overstrength
factors between the analytical and numerical models.

The 7th and the 8th rows of Table 10 show the partial overstrength
factors according to Egs. (19) and (12), respectively. Interestingly, there
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Comparison between the standard deviations estimated from the analytical and the
numerical models. The values are in kN.

Label Model V7-80 V7-100 V7-120 V9 w6 W8
Omod (Xexp: Ocxp) 427 430 4.31 534 404 492
Omoa(X, O) Analytical 11.24 11.28  11.30  13.99 10.60 12.91
Ratio 263 262 2.62 262 262 262
Omod (Xexps Ocxp) .00  1.01 0.97 133 080 1.17
Cmod(X, O) Numerical 2.69  2.68 2.62 362 224 319
Ratio 2,68 267 2.70 272 281 273

is no substantial difference between the overstrength estimates using
Egs. (19) and (12), with a mean relative error equal to 0%.

The analytical-based estimates are practically identical to the
experimental-based ones, although the model standard deviation is
significantly higher than the experimental one (see Table 11). The
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Table 12

Comparison between the experimental and model-based estimations of the overstrength
factors. The standard deviation values, also reported for comparison purposes, are in
kN.

Label Exp. Tests Analytical model FE model
Oexp YRd k- Omoa(x, @) ¥ Rd.num k- 0moa (%, @) ¥ Rd,mod

V7-80 2.45 1.53 6.47 1.86 6.58 1.87
V7-100 2.75 1.93 7.22 1.89 7.33 2.27
V7-120 2.99 1.80 7.82 1.77 8.06 2.17
V9 5.94 2.03 15.56 1.94 16.13 2.54
w6 1.99 1.64 5.22 1.53 5.59 1.91
w8 3.17 1.66 8.32 1.55 8.67 1.98
Mean 3.22 1.76 8.43 1.76 8.73 2.12
CoV 0.43 0.11 0.43 0.10 0.43 0.12

reason for this stands in the calculation of the Ryctexp,0.05 in Eq. (12)
using Eq. (25), where k = 2.64 according to the [56], since the number
of experimental samples equals 5. k, = 2.64 is significantly higher than
1.64, which is the actual value to obtain the 95% fractile of the capacity
for a normal distribution. Therefore the excellent agreement between
the results in Table 10 depends on a sort of error compensation: the
higher standard deviation obtained by propagating higher uncertainty
values is compensated by a lower f = 1.64, used to obtain the 95%
fractile of a normal distribution. Conversely, the numerator in Eq. (12)
is calculated using § = 2.64, since k, = 2.64 according to [56]. This fact,
despite the intrinsic differences between the procedures in Egs. (12)
and (19), proves that the two estimations are in good agreement. The
mean overstrength for screw connections obtained from the analytical
model and the experiments is nearly 1.8. The same considerations
are valid for the numerical model. The authors observe the same sort
of error compensation. A higher standard deviation compensated for
the higher k, value for the 95% fractile assessment. There is a minor
discrepancy between the numerical and experimental overstrength
factors, whose mean values are approximately 2.1 and 1.8, respectively.

Table 12 resumes the main results of this investigation, reporting
the estimations of the overstrength and the expected standard deviation
net of epistemic uncertainty following the analytical and FE-based
calculations. The two are compared to the experimental findings in
Table 12. This study has proven that an overstrength factor between
1.8 and 2 can represent the actual uncertainties in as-built CLT-to-
CLT screwed connections. The conservative value for k; in Eq. (25)
compensates for the higher uncertainty in as-built connections.

The main limitation of this research lies in the lack of experimental
investigations on the role of geometric and mechanical uncertainties
in the connection capacity. Conducting many tests to explore these
uncertainties fully is practically infeasible due to time and resource
constraints. Therefore, the authors employed a forward uncertainty
propagation approach based on Monte Carlo analysis, which is a reli-
able method for propagating uncertainty in complex models, albeit with
a computational burden. Regarding the choice of two capacity models,
it is essential to acknowledge that no model can fully capture the com-
plexity of the actual behaviour of connections. Therefore, the simplified
model based on EC5 and the more advanced finite element (FE) model
were selected for mutual validation and to provide a comprehensive
understanding of the connection behaviour. While a three-dimensional
connection model could have been developed, the computational cost
of running a single analysis (which typically takes several hours) is
incompatible with the Monte Carlo analyses, which involve thousands
of simulations. Therefore, the proposed FE model incorporates the
complex nonlinear interaction between the timber and screw while
maintaining a reasonable computational burden for performing Monte
Carlo analyses. Although the used models capture essential aspects of
connection behaviour, they may only partially encompass all the com-
plexities. These limitations are duly acknowledged, and future research
endeavours will focus on addressing these aspects further to enhance
the accuracy and comprehensiveness of the proposed methodology.
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6. Conclusions

Undesired overstrength of ductile connections might compromise
the expected hierarchy of failure mechanisms in CLT buildings. This
paper presents an expensive experimental, analytical and numerical
characterization of the overstrength of CLT-to-CLT screw connections.
The experimental tests on six configurations, different in the type of
screw and CLT layup, each with five repetitions, exhibited overstrength
factors estimated according to [11] equal to 1.8. However, this estimate
might be underestimated since the experimental tests do not represent
the actual uncertainties occurring in real cases. Different wood and
screw stocks are used in a real building. Additionally, the angle between
the screw and the grain direction might not be precisely 45°. Therefore
the authors developed a method for estimating the overstrength from
a capacity model assuming more realistic values for the uncertainties
of the parameters. The method is based on two Montecarlo simulations
(MCS), where in the first, the authors assume the uncertainties char-
acteristic of the experiments, and in the second one, the uncertainties
typical of as-built connections. The standard deviation of the model
predictions is corrected to remove the epistemic bias based on the
experimental tests.

The authors used two capacity models for predicting the over-
strength, one analytical proposed by the Eurocode 5 and a nonlinear FE
model. Interestingly, despite the standard deviation from the MCS being
significantly higher than the experiments, the model-based yg, is in
good agreement with the experimental estimates. This counterintuitive
result depends on the fact that in the classical formulation in [11],
the Standard [56] suggests a conservative method to estimate the 95%
quantile of the resistance from the tests. It is estimated as the sum
between the mean value and 2.64 times the standard deviation (not
1.64 as it should be) in the case of five test repetitions. This leads to
error compensation since, in the numerical-based estimate, the 95% is
obtained from the mean by summing 1.64 o, assuming a probability
density function of the distribution obtained from the MCS. This study
has proven that an overstrength factor between 1.8 and 2 can represent
the actual uncertainties in as-built CLT-to-CLT screwed connections.
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