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Abstract: Results of tests performed on joints used in timber-frame construction allow characterizing the variability of their
mechanical behavior, which differs substantially from one joint to the next. The parameters of a constitutive model of the joints
and their variability are identiﬁed. Finite element (FE) models of a shear wall and a timber-frame house are used in nonlinear
dynamic calculations to study the propagation of uncertainty through the structure. It demonstrates that for a single-story 6 m ×
6 m house, the variations in mechanical strength of each connection do not signiﬁcantly affect the structural behavior of the
house. Both the numerical and experimental results (on a shaking table) are quite similar, proving the model accuracy, its ability
to study the propagation of uncertainty and its relevance for future development (non-regular, multi-story buildings…). Moreover, a sensitivity analysis performed on a FE wall model under uncertain seismic loads reveals the importance of earthquake
motion modeling.
Key words: timber joint resistance, variability, wood shear walls, probabilistic propagation of uncertainty, seismic loading.
Résumé : Cet article synthétise de nombreux résultats d’études expérimentales aux échelles d’assemblages, de murs, et de
maison à ossature en bois. Le nombre important de résultats à l’échelle des assemblages permet de caractériser la variabilité de
leur résistance. Un calage probabiliste d’une loi de comportement des assemblages est proposé. Une étude de propagation
d’incertitudes à travers les modèles éléments ﬁnis de murs de contreventement est ensuite menée. L’inﬂuence de la variabilité
matérielle est estimée à l’échelle structurale via des modèles 2D et 3D, qui sont confrontés à des résultats d’essais sur table
vibrante de murs et d’une maison. L’inﬂuence de la variabilité matérielle se révèle faible. Ces résultats montrent que le modèle
numérique reproduit de manière satisfaisante les résultats expérimentaux, qu’il permet de travailler sur la propagation
d’incertitudes matérielles et qu’il propose une base solide pour le futur développement de modèles de structures plus complexes
(irrégularité en plan, en élévation, bâtiments de plusieurs étages). Enﬁn, la variabilité du chargement sismique est évaluée en
utilisant une méthode de génération d’accélérogrammes, les résultats à l’échelle du mur montrent qu’elle est non négligeable.
Mots-clés : résistance d’assemblages, variabilité, murs de contreventement, propagation d’incertitudes probabiliste, chargement
sismique.

1. Introduction
Timber structures featuring metal connectors are fairly resistant under cyclic and seismic loadings thanks to joint ductility.
The high energy dissipation due to the semi-rigid behavior of the
joints is well known and documented in the literature, as modeled at either the scale of shear walls (Filiatrault 1990; White and
Dolan, 1995; Shenton et al. 1997; Richard et al. 2002; Dujic and
Zarnic 2004) or the scale of a building (Lam et al. 2002; Filiatrault
et al. 2002).
This dissipation capacity however cannot be fully optimized
when designing timber-frame structures due to constraints imposed by safety coefﬁcients in design codes, mainly as a result of
the brittle behavior of wood. Moreover, existing uncertainties
with respect to geometry, materials, and loads could be better
incorporated. Only a few studies have focused on the impact of
mechanical behavior variability and seismic loading speciﬁc to
timber-frame construction. Foliente (2000) limited his study to
the impact of earthquake uncertainty. Yin and Li (2010) examined
the effects of loading and strength uncertainties; however, their

study was limited by “no data available for determining the probabilistic distribution of the hysteresis parameters”. Moreover, the
10 parameters of the constitutive behavior law were all considered
as random, thus restricting their evaluation to the scale of a shear
wall, in assuming a uniform dispersion of collapse fragility over
the entire building. Pei and Van de Lindt (2010) assessed the impact of construction quality, in considering for example that up to
20% of the sheathing-to-framing nails were missing. Since shear
wall fabrication is now largely industrialized, this aspect has not
been taken into consideration in the present paper (Rosowsky
2002).
Moreover, despite the experimental and numerical investigations conducted at the scale of a shear wall (Dinehard and Shenton
1998; Ceccotti and Karacabeyli, 2002; Boudreault et al. 2007) or
building (Foliente 1997; Lam et al. 2002; Li and Ellingwood 2007;
Pei et al. 2010), improvements are still required to better predict
the seismic response of structures and better account for the inﬂuence of seismic loading in seeking reliability targets (Li and
Ellingwood 2007, Riahi et al. 2013). In this context, the quantiﬁcation of uncertainties has become a major issue and one that needs
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Fig. 1. Test specimens and testing apparatus.

to be addressed to optimize the safety coefﬁcients for achieving a
targeted safety level.
To meet this objective, several tasks have been performed. First,
a series of complementary experimental and numerical studies
has yielded an adequate representation of the hysteretic behavior
of timber-frame connections (Boudaud et al. 2014). This paper will
present the subsequent step, which entails a synthesis of experimental data on joints along with the propagation of quantiﬁed
variabilities on timber shear walls to analyze the corresponding
inﬂuence on the response of timber structures under seismic
loading.
Over 400 tests were performed on metal fasteners; these results
have served to identify deterministic hysteretic constitutive models for three type of joints: sheathing-to-framing connections in
shear walls, nail joints in roof truss assemblies, and 3D brackettype connectors used to assemble roof trusses on the walls. The
tests were repeated two or three times for monotonic loadings
and ﬁve times for cyclic loadings. Many publications have dealt
with sheathing-to-framing joint testing (He et al. 2001; Fulop et al.
2006; Xu and Dolan 2009; Germano et al. 2015; Sartori and Tomasi
2013; Verdret et al. 2015), but only Fonseca et al. (2002), working
within the framework of the CUREE project, actually conducted a
campaign on a very large number of specimens. The specimen
testing protocol however was too dissimilar from current practices in Western Europe, which justiﬁes the testing campaign
presented herein.
This paper will ﬁrst discuss the tests carried out on joints. The
variability of the maximum bearing capacity of joints will be examined; this force will be applied to calibrate a versatile behavior
law for joints with metal fasteners (Humbert et al. 2014). Next, the
propagation of uncertainties at the joint scale will be analyzed
through ﬁnite element (FE) models of walls and a 3D building
(one-story house). This analysis will include a description of both
the shear wall FE model (which has already been contrasted with
results of tests performed on shear walls under quasi-static (14 tests)
and dynamic (12 tests) loadings (Boudaud et al. 2014)) and the FE
model of a house (a comparison with shaking table test results
will also be provided in this paper). Lastly, the impact of seismic
loading uncertainty will be investigated at the scale of a shear
wall.

2. Strength variability of joints used in timber
construction
This section will present a summary of results from tests performed on joints made with metal connectors. The variability in
the mechanical behavior of these joints will be analyzed. The
constitutive behavior law introduced to model these joints will be
described, along with the relevant adaptation steps for taking into
account the variability of mechanical behavior.
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Table 1. Tested conﬁgurations of sheathing-to-framing nail joints.
Conﬁguration

Nail
size

Shape

Material

Panel
type

Panel
thickness (mm)

N1, N2, N3
N18, N19, N20
N25, N26, N27
N4, N5
N16, N17
N6, N7
N21, N22
N8, N9
N30, N31
N14, N15
N28, N29
N12, N13
N23, N24
N10, N11
N32, N33

2.1×45
2.5×60
3.1×85
2.1×45
2.5×50
2.1×55
2.8×80
2.3×60
3.1×90
2.3×60
3.1×85
2.3×60
3.1×75
2.3×60
3.1×90

RS
RS
RS
RS
RS
RS
RS
RS
RS
X
X
X
X
RS
RS

SS
SS
SS
ZP
ZP
ZP
ZP
Ga
Ga
SS
SS
Ga
Ga
Ga
Ga

OSB 3
OSB 3
OSB 3
OSB 3
P5
OSB 3
OSB 3
OSB 3
OSB 3
OSB 3
OSB 3
OSB 3
OSB 3
P5
P5

9, 12, 15
9, 12, 15
9, 12, 15
9, 12
10, 16
9, 15
9, 15
9, 15
9, 15
9, 15
9, 15
9, 15
9, 15
10, 16
10, 16

Note: RS, ring-shank nail; X, “X”-shaped cross section nail; SS, stainless steel
(X5 CrNiMo 18-10); ZP, zinc-plated c3+ (15 m); Ga, hot-dip galvanization (50 m);
OSB3, Type 3 OSB panel; P5, Type 5 particleboard (OSB & P5, according to EN
12369-1).

Table 2. Coefﬁcient of variation by conﬁguration and type of loading.
Conﬁguration

Monotonic

Cyclic

N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30
N31
N32
N33
Mean

14.5
5.2
28.0
18.0
2.5
—
11.9
17.4
23.5
6.5
5.9
2.9
23.6
33.2
9.6
10.3
7.8
—
3.2
6.5
22.4
10.1
28.0
5.6
—
—
13.9
16.4
10.7
2.7
5.8
3.5
3.7
12.2

13.5
10.7
10.9
7.8
5.0
29.1
18.2
17.5
13.2
10.8
10.9
12.9
18.1
5.0
3.4
13.6
9.4
8.2
10.0
11.5
16.5
22.1
15.5
9.6
18.7
10.9
16.0
11.3
3.5
19.5
5.0
13.6
9.0
12.5

2.1. Synthesis of experimental data
In this study, tests have been conducted on both the sheathingto-framing nail connections (Boudaud et al. 2010) and 3D brackettype connectors used to assemble roof trusses on the walls. One
key point of this paper is the discussion of the variability in mechanical behavior of timber joints. Some of the experimental data
presented below can already be found in the literature. Especially,
Published by NRC Research Press
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Fig. 2. Test set-up on nail joints: (a) conﬁguration N1; and (b) conﬁguration N2.

the average values of test results for sheathing-to-framing nail
joints and for 3D bracket type connectors can be found in Appendix A of Humbert et al. (2014). However, these published results
were not discussed and no information was given on their variability. The study of the third type of joints, roof truss / antibuckling nail joints, is a totally unpublished work.
2.1.1. Sheathing-to-framing nail joints
A total of 33 nail joint conﬁgurations for sheathing were tested.
The testing plan was based on the following variables: nail diameter (2.1, 2.3, 2.5, 2.8, and 3.1 mm), nail material (zinc-plated steel,
hot-dip galvanized steel, and stainless steel), nail shape (ringshank and X-shaped cross section), sheathing OSB panel thickness
(9, 12, and 15 mm), and particleboard panel thickness (10 and
16 mm). Each conﬁguration was tested under three monotonic
and ﬁve cyclic loadings. Figure 1 shows the specimen and its installation in the testing machine. The test consisted of applying a
shear force to the nail joint. Based on test results presented by
Fonseca et al. (2002), both the grain orientation of the wood member and the panel orientation were considered to exert no inﬂuence. Table 1 details the 33 test conﬁgurations.
These results were processed by measuring the initial stiffness,
maximum force, yield, and ultimate slips. Hereafter, only the
variability in maximum force will be analyzed; the reason for this
focus will be given in Section 2.3. For each joint conﬁguration, the
coefﬁcient of variation (CV) of the corresponding maximum force
will be calculated for the three monotonic tests and ﬁve cyclic
tests. Results are listed in Table 2.
The average CV values are similar between monotonic and cyclic tests. Each CV has been calculated from a limited number of
tests (either three or ﬁve); it may then be considered that an
isolated value is irrelevant but the average of all values is indeed
based on 165 tests (for cyclic loading).
2.1.2. Roof truss / anti-buckling nail joints
Two other nail joint conﬁgurations were also tested; they correspond to joints used to connect trusses top chords to beams
connecting the trusses together and ensuring the horizontal stability perpendicular to the trusses. These joints are made with two
nails: an N1 conﬁguration with a 2.8 mm × 70-mm nail, and an N2
conﬁguration with a 3.1 mm × 90-mm nail. Wood sections measure 35 mm × 100 mm. Figure 2a displays the specimen for the N1
conﬁguration (with perpendicular timber members), while Fig. 2b
reﬂects the N2 conﬁguration (timber members at a 45° angle with
one another). For each conﬁguration, ﬁve monotonic and ﬁve
cyclic tests were carried out.

Table 3. Coefﬁcient of variation values
of the maximum force for monotonic
and cyclic testing and for conﬁgurations
N1 and N2.
Conﬁguration
Test

N1

N2

Monotonic
Cyclic

20.6
23.5

19.1
7.2

Table 3 provides the CV values of the maximum force under
both monotonic and cyclic loadings. It should be pointed out that
these values are quite high (up to 20%), except for cyclic loading
under the N2 conﬁguration (only 7.2%). No evidence is available to
explain this observed difference, aside from the low number of
results (ﬁve tests).
2.1.3. 3D bracket-type connectors
These connectors are used in shear walls and to connect roof
trusses on the top plate of these walls. Tests were conducted in
each direction, as indicated in Fig. 3. The wood member dimensions are 45 mm × 140 mm × 400 mm, and the specimens were
ﬁtted with 1, 2 or 4 brackets. The bracket type is a Simpson StrongTie E5 (1.5 mm thick). Ring-shank nails (4 mm × 35 mm) were
used to connect the brackets. Industrial trusses are generally connected to timber frame or masonry walls; hence, the brackets
were either nailed to a wood member or bolted onto a metal plate.
The test conﬁgurations are displayed in Table 4; for each one,
three monotonic and ﬁve cyclic tests were carried out.
For each test, the maximum force was calculated, and the corresponding CV value is given in Table 5. As was the case for the
sheathing nail joint, these CV values are similar under both monotonic and cyclic loadings. The mean CV of the maximum force
under cyclic loading is averaged over 50 tests.

®

2.2. Constitutive behavior law
The constitutive law presented in Humbert et al. (2014) is able to
model the mechanical behavior of joints made with metal connectors (nails, screws, staples, punched plates, 3D brackets, etc.). It is
a versatile 1D analytical law that models pre-peak hardening and
post-peak softening, hysteresis cycles and cumulative damage under a reverse loading. The model and its parameters have been
fully detailed in the aforementioned paper. Of note, the parameters
can be classiﬁed into 3 groups: (1) monotonic parameters describing
the backbone curve under monotonic loading; (2) hysteretic
Published by NRC Research Press
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Fig. 3. 3D bracket-type connectors tested in each direction (respectively X, Y, and Z). [Colour online.]

Table 4. Conﬁgurations of tested 3D bracket-type
connectors.
Conﬁguration

Direction

No. of
brackets

N1
N2
N3
N4
N5
N6
N7
N8

X

4

Y

1
2

Z

2

Support
Metal
Timber
Metal
Timber
Metal
Timber
Metal
Timber

Table 5. Coefﬁcient of variation values
of the maximum forces of the tested
bracket-type connectors, for conﬁgurations N1–N8.
Test
Conﬁguration

Monotonic

Cyclic

N1
N2
N5
N6
N3

17.2
9.1
10.7
4.5
1.9
31.6
9.9
11.1
3.7
1.4
10.1

9.3
4.3
3.2
13.7
4.4
12.7
16.4
16.3
4.6
14.0
9.9

N4
N7
N8
Mean

parameters describing the shape of the hysteresis loops; and
(3) damage parameters describing the cumulative damage of this
joint.
The monotonic parameters introduced herein are quite similar
to those proposed by Foschi (1974); they are calculated directly
from the monotonic test. The other parameters are ﬁtted to cyclic
test results and require iterations over a few simulations. The
ﬁtting process has been described in depth in Humbert et al.
(2014) and Boudaud et al. (2014), where it is shown how both the
direct calibration (set of parameters for reproducing one particular
test) and average calibration (set of parameters reproducing the average behavior over ﬁve tests) are obtained. Experience has shown
that the parameters controlling the cyclic and damage behavior actually exhibit little variation for a given type of joint since the hysteretic loop shapes are relatively similar under such a loading.
2.3. Probabilistic calibration of the behavior law
One of the monotonic parameters in the constitutive law is the
maximum force F1. For each connector, F1 proves to be the most
inﬂuential factor (Humbert et al. 2009; Riahi et al. 2013). Under a
cyclic displacement, the value of F1 directly affects the entire backbone (envelope) curve and indirectly affects the damage model

(maximum attainable force at a given displacement under reverse
loading). For these reasons, only parameter F1 will be used as a
random parameter to model the variability of the mechanical
behavior of metal joints. Based on this assumption, the result of
such a calibration process will be presented below, with the N2
conﬁguration (for 3D bracket-type connectors) being applied for
illustration purposes in Fig. 4. In all, ﬁve cyclic tests were conducted on this conﬁguration. From these results, the following
steps have been implemented: (1) the envelope curve is calculated
for each test; (2) the maximum force of each envelope curve is
identiﬁed; (3) the mean and standard deviation of these curves are
calculated; (4) on the hypothesis of a normal distribution of the F1
parameter, the fractiles at 5% and 95% are calculated; (5) the cyclic
behavior of the joint is simulated with F1 set equal to F15%; and
(6) this behavior is compared to the experimental envelope curves
(monotonic responses) (Fig. 4a), and it is veriﬁed that the simulated cyclic behavior lies below the experimental curves.
The same set of steps are then performed for F195% (Fig. 4b). Of
note, Fig. 4 displays 10 envelope curves because the ﬁve envelope
curves from the negative side (i.e., negative forces and displacements) are projected onto the positive side for greater clarity.
These results tend to prove that using just the F1 parameter as a
random variable allows the model to replicate quite well the mechanical behavior variability of joints with metal connectors.

3. Propagation of uncertainty through finite element
models (shear walls and a house)
The previous study on the mechanical variability of joints was
aimed at conducting sensitivity analyses of timber structures
under seismic loading. Both timber-frame walls and a full-scale
one-story house will be studied in the following sections. These
structures were subjected to shaking table tests. The FE model of
the house was built according to a multi-scale approach (Boudaud
et al. 2013). The sensitivity analysis therefore had to be carried out
in two steps: ﬁrst at the scale of a shear wall (using a reﬁned 2D FE
model), and second at the scale of an entire house thanks to a 3D
FE model representing shear walls by 4-node macro elements. The
shaking table tests will be brieﬂy described in Section 3.1. All
numerical developments presented in this paper were accomplished using the Code_Aster FE code, which is freely available
under the GNU/GPL License (EDF 2014).
3.1. Shaking table tests
In the tests described below, the same ground motion has been
applied to the shaking table at various amplitudes. The scenario
for Guadeloupe (French West Indies) was selected (Boudaud et al.
2014). The most likely magnitude-distance couple was identiﬁed
for this scenario with a return period of 475 years (i.e., a 10% probability of exceeding the peak ground acceleration in 50 years). The
study was undertaken for ground type B (Eurocode 8 - CEN 2004). The
resulting peak ground acceleration equaled 0.33g.
3.1.1. Shaking table tests on a single shear wall
The shear walls studied in this paper correspond to structural
elements found in conventional timber-frame houses in Western
Published by NRC Research Press
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Fig. 4. Experimental envelope curves versus simulated behavior (N2 conﬁguration for 3D bracket-type connectors): (a) 5% fractile of F1; and
(b) 95% fractile of F1.

Fig. 5. Set-up for dynamic tests: (a) shear wall, FCBA, Bordeaux; and (b) house, CEA, Saclay. [Colour online.]

Europe. A full description of these walls is available in Humbert
et al. (2014), and the dynamic tests are described in Boudaud et al.
(2014). Figure 5a presents the set-up for testing a shear wall on the
shaking table of the FCBA Technological Institute in Bordeaux,
France. The shaking table with one translational degree of freedom (DOF) is able to reproduce the Guadeloupe accelerogram by
relying on a lightweight structure (approx. max. 10 tons). The mass
applied on top of the shear wall is intended to simulate the
dead load due to the roof plus an upper story. Depending on the
test, this mass was either 1500 or 2000 kg. The out-of-plane instability was limited by means of a frictionless guiding system. The
shear wall sill plate was bolted to the table, and only reinforced 3D
brackets were installed for exterior anchorage (AH2950/2, provided by Simpson Strong-Tie). These tests consisted of applying
the Guadeloupe accelerogram (using direction (Y) providing the
higher PGA) at a given peak ground acceleration (PGA) and then
performing several tests with the same accelerogram and an increasing PGA. Each wall therefore was subjected to several loadings. The in-plane deformation of the wall was measured by
means of a draw-wire sensor placed at the top of the wall, and an
LVDT transducer allowed monitoring the shaking table displacement.

3.1.2. Shaking table tests on a house
Figure 5b presents a dynamic test performed on a single-story
6 m × 6 m timber-frame house. This testing campaign was conducted on the AZALEE 3D shaking table at the Tamaris facility in
Saclay, France (Tamaris 2015). The Guadeloupe accelerogram was
applied to each translational DOF of the shaking table. These tests
were repeated with increasing PGA. Triaxial accelerometers and
displacement sensors took measurements at 22 points on the
structure (Charbonnel et al. 2014).
3.2. Propagation of uncertainty through the shear wall
ﬁnite element models
Finite element modeling of shear walls is based on a beam, plate
and two-node spring-like FE (Humbert et al. 2014). The constitutive behavior law presented above was implemented into the
Code_Aster software. Euler beam elements serve to model the frame,
while four-node DKT plate elements model the panels. Each twonode spring-like element models a metal fastener joint, whose
properties were previously identiﬁed thanks to the calibration
steps presented above. The resulting mesh is composed of 108
Panel-to-Frame (P2F), 8 Frame-to-Frame (F2F nail), and 2 F2F (angle)
spring-like elements. The F2F joints exhibit different behavior
Published by NRC Research Press
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Fig. 6. FE model of the house: location and name of the displacement sensors.

whether in shear or pull-out/compression; each behavior law is
therefore assigned to the corresponding translational degree of
freedom (DOF). This assumption does not hold for P2F joints,
whose behavior is isotropic. The sill plate is assumed to be embedded since insigniﬁcant displacements were recorded during the
tests. Each node of the top plate supports a nodal mass to account
for the dead load imposed during the tests (Fig. 5a).
The input consists of the variability in the P2F nail joint. The
propagation of uncertainty is initiated for shear walls associated
with the N19 conﬁguration (Table 1). An analysis of the experimental data from the ﬁve cyclic tests led to selecting a uniform probability law between 630 and 880 N for parameter F1 (i.e., a 72 N
standard deviation and a 9.6% coefﬁcient of variation). A uniform
probability law was chosen for three distinct reasons: (1) the number of test results on nails is limited (two monotonic tests and ﬁve
cyclic tests); (2) the variability of test results is quite large; and
(3) our aim here is not to accurately represent the joint strength
distribution but instead to propagate uncertainty through the FE
models, ﬁrst at the scale of a single shear wall under static load
and then under dynamic load. Moreover, the resulting CV of 9.6%
is of the same order of magnitude as the average CV (12.5%), which
was calculated over the 165 cyclic tests performed on P2F joints
(Table 2). One hundred sets of uniformly distributed resistance F1
of nail joints have been generated. These 100 representations of
mechanical uncertainties of joints were then propagated through
the shear wall FE models. Using the Monte-Carlo method, an average 8-mm maximum displacement was found at the top of the
shear wall with a 2.5% CV.
3.3. Propagation of uncertainty through a 3D FE model of a
house
The FE model of the house (Fig. 6) has been derived by using
simpliﬁed FE models of shear walls. The FE model of the roof
follows the same modeling principles as the reﬁned models of

shear walls (Boudaud et al. 2014). The shear walls have been modeled by means of four-node parallelogram macro-elements with
just one translational DOF. Their shear response is described
thanks to a hysteretic constitutive law similar to that developed
for joints and calibrated to reproduce the results of the reﬁned FE
model calculations presented above. The FE model of the house
has been built by assembling the simpliﬁed FE models of shear
walls in conjunction with kinematic relations. The roof is attached to the simpliﬁed shear walls by spring-like elements that
model the 3D bracket-type connectors. This deterministic FE
model provides time-history displacements, which may be compared to the experimental measurements at each sensor location.
The relative displacements at the top of the shear walls will be
analyzed below. Figure 6 shows a perspective view with the two
axes of acceleration. Figure 7a provides a top view of the house,
the direction of the roof ridge and the position of the two doors,
one of standard dimension (1.2 m wide) the other larger (1.96 m
wide). Displacement measurements were available at each corner
of the house. In the X direction, sensors C5 and C8 yielded, as
expected, somewhat similar relative displacements (the same for
C6 and C7). The peak displacements given in Fig. 7a are therefore
the average values over two measurements. The numerical results
are quite close to the experimental ﬁndings. Of note, the torsion is
due to the slight asymmetry of the structure (due to a large door
between C5 and C8). Figure 7b displays the time-history comparison of calculated and measured displacements at point C8; Figs. 7c
and 7d show the same analysis for displacements in the Y direction (point C6).
The variability of shear walls is taken into account thanks to the
parameter F1 of macro-elements, which is considered to be the
sole variable parameter. At the scale of the house, 3D bracket-type
connectors and nail joints in the roof also constitute a source of
uncertainty, which has been taken into account by establishing a
Published by NRC Research Press
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Fig. 7. Experimental and numerical comparison: (a) X - Average displacement at the top of the wall (mm); (b) X - Time-history comparison at
C8 sensor; (c) Y - Average displacement at the top of the wall (mm); and (d) Y - Time-history comparison at C6 sensor.

probabilistic law for their F1 parameter. According to the test
results listed in Table 5, a normal distribution law is introduced
for F1 based on a CV of 10%. For the roof nail connections, a normal
distribution law has also been used. For the N1 conﬁguration, the
average F1 equals 2250 N and the CV is 20%; for the N2 conﬁguration, the average F1 equals 2500 N and the CV is 7%. These 100
representations of mechanical uncertainties of joints have thus
been propagated through the FE house model. Since this model
requires over 15 h of computation time to be run, the Monte-Carlo
method cannot be practically used. In this case, the stochastic
collocation method (Baroth et al. 2007) has been introduced to
approximate both the CV and cumulative distribution function
(CDF) of displacement (Fig. 8). The CDF of displacement at value x
is the probability that displacement takes a value less than or
equal to x. Figure 8 shows very low probabilities of obtaining
a maximum displacement less than 3.75 mm or more than
4.25 mm, with an average displacement around 4.1–4.2 mm (probability of 0.5). Regardless of the points analyzed (Fig. 7), CV values
of less than 3% were found. This result demonstrates once again
that while the variability of mechanical joints is relatively significant, its effect at the wall scale remains insigniﬁcant.
3.3.1. Discussion: Material versus load variability effects
The experimental and numerical displacement time-histories
shown in Fig. 7 are quite similar. Figure 8 shows an example of the
CDF of maximum displacements (at point C8, see Fig. 6); it can be
observed that the experimental value (3.8 mm) is between the
limits of the numerical distribution of displacements. Nevertheless, this distribution merely accounts for the variability in joint
strength, although its variation domain would be larger if other

Fig. 8. CDF of the C8 displacement, Y-direction (mean: 4.2 mm, CV:
2.4%, experimental value: 3.8 mm).

sources of variability were taken into account. More speciﬁcally, it
is worth recalling that only one time-history accelerogram has
been applied, and this accelerogram is not even representative of
the seismic hazard. To further highlight this point, the same 2D
FE shear wall model has been used with the seismic load being
represented by a sufﬁcient number of accelerograms to account
for seismic loading variability. Moreover, an appropriate model of
the input seismic action has been chosen. An earthquake event is
characterized by a site-speciﬁc seismic hazard and earthquake
motion records, whether historic (Bommer and Acevedo 2004;
Published by NRC Research Press
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Fig. 9. Inﬂuence of the number of accelerograms on the numerical convergence of means and standard deviations of: (a) PGA (m/s2); and
(b) maximum wall displacements (mm).

Hancock et al. 2008; Stefanou and Fragiadakis 2009) or artiﬁcial
(Gasparini and Vanmarcke 1976; Pousse et al. 2006; Viallet and
Humbert 2007; Zhang and Foschi 2004). Although several codes
for designing earthquake-resistant buildings (Eurocode 8 - CEN
2004, NBCC 2005, ASCE 2005) suggest using just 3 (for the maximum value of the considered design parameter) or 7 (for the average value) accelerograms from the same scenario, Zhang and
Foschi (2004) used 20 artiﬁcial ground motion accelerations in
modeling peak ground acceleration as a lognormal random variable. These choices however were not speciﬁcally justiﬁed. Viallet
and Humbert (2007) suggested a method for determining a conservative number of accelerograms based on statistical considerations. They applied a Student-Fisher estimator to predict the
mean value of the population and observed the evolution of the
quotient (mean of simulations/mean of population). Their study
concluded that a minimum of 30 accelerograms is required to
observe numerical convergence of the PGA, the strong-motion
duration and the central frequency. In this study, 40 accelerograms have thus been generated in applying the model by Pousse
et al. (2006) using a program developed based on the K-NET database (NRIESDP 2009). This method allows generating accelerograms based on common indicators in earthquake engineering,
namely: peak ground acceleration (PGA), strong-motion duration,
Arias intensity, and central frequency. For the sake of simplicity,
only the PGA has been modeled arbitrarily using a Gaussian law.
Figure 9a presents the numerical convergence of means and
standard deviations of PGA for 3 to 40 accelerograms; this ﬁgure
illustrates the major variability when using fewer than 20 accelerograms. The average PGA stands at around 0.11g (corresponding
to zone 3 (out of 5) of the French seismic hazard map), while the
standard deviation is near 0.025g, i.e., for a coefﬁcient of variation
equal to 22%. Figure 9b shows the numerical convergence of the
means and standard deviations of the FE displacements of shear
walls for 3 to 40 accelerograms. These results indicate that the CV
of wall displacements is of the same order of magnitude (24.5%) as
the input.
Table 6 summarizes the various results by providing the input
and output CV values. For joints, the variable is maximum force,
while it is PGA for the accelerograms. Outputs consist of relative
displacements at the top of the walls.

4. Conclusion
The ﬁrst main feature of this paper pertains to quantifying the
mechanical behavior variability of joints under both monotonic
and cyclic loadings. Various types of joints and conﬁgurations
have been evaluated during a total of more than 400 tests conducted. This extensive campaign has allowed quantifying their

Table 6. Input and output CV values.
Type
Material

2D shear
CV (%) wall
3D house

Input

Sheathing-to-framing nails
Anti-buckling nails
Bracket-type joints
Seismic load Accelerogram

12
20
10
25

2.5
—
—
24.5

2.5–3

—

variability, which is signiﬁcant, by displaying a joint strength CV
value of between 10% and 20% depending on the connector type.
The second main feature concerns the propagation of uncertainty through an FE model of a shear wall and then another
model of a timber-frame, single-story house. For this purpose, the
data collected on sheathing-to-framing joints have been used as
input in a reﬁned FE shear wall model to study the propagation of
uncertainty from the joints to the wall in a nonlinear transient
calculation. The deterministic shear wall model had been contrasted with experimental results in previous papers (Humbert
et al. 2014; Boudaud et al. 2014). Results here show that the variability of the maximum wall displacement is much smaller (CV =
2.5%) than that of the joints (CV = 12%). This same process has been
carried out on the FE model of a 6 m ×6 m timber-frame house,
leading to the ﬁnding that the variability in peak displacement
during the dynamic motion (from 2.5% to 3%) is roughly the same
as the shear wall variability (2.5%). When considering the good
planar and elevation regularity of the studied structure, this result was to be expected. Nevertheless, this result has validated
that an FE model could be developed for more complex cases
(non-regular in plan and (or) elevation, multi-story buildings).
The third main feature is validation of the FE model for a singlestory timber-frame house. The deterministic model predictions,
based on a nonlinear dynamic calculation, have been compared
with the results from a shaking table. Both numerical and experimental results are relatively similar, thus demonstrating the relevance of the model and its ability to study the propagation of
uncertainty.
Lastly, the FE shear wall model has been used to perform the
propagation of uncertainty due to the variability of seismic
events. In all, 40 accelerograms were generated, leading to a PGA
variability. Numerical results have shown that the variability in
peak house displacement is the same as that obtained for the PGA
of generated signals. Due to computational limitations, this calculation could not be conducted at the scale of the house. It is
expected that the previous conclusion obtained for shear walls
would apply to the house as well. Consequently, in the case of the
Published by NRC Research Press
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simple 6 m × 6 m one-story house studied in this paper, such
results have conﬁrmed that the effect of material variability is
insigniﬁcant compared to the effect of seismic action variability.
This key result still needs to be conﬁrmed for more complex structures (i.e., with torsion effects or with several stories) and for
other sources of uncertainties such as construction malpractice.
The approach proposed herein has allowed quantifying the effects
of uncertainties and could be used to justify the q factor introduced into the European seismic design code for buildings. This
latter calculation can be achieved, for any accelerogram, by using
the FE model to calculate the PGA leading to the limit of elasticity
of the structure and the PGA corresponding to a failure limit. The
ratio between these two PGA is a way of calculating the q factor.
According to the results presented in this paper, the calculation of
the q factor could take into account the variability of the seismic
load considering that the effect of the material variability can be
neglected.
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