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SUMMARY — This paper presents and assesses a new numerical framework for the nonlinear,
inelastic analysis of two-dimensional (2D) vertical wood building systems that incorporate
sheathed light-frame wood shear walls as seismic force-resisting system. The 2D building
model is based on a sub-structuring approach that considers each floor diaphragm as a rigid
body with three kinematic degrees-of-freedom (DOF). Each inter-storey shear wall assembly,
including the floor diaphragms above and below, can then be simulated by a six-DOF' sub-
structure element with internal nonlinear DOF. The shear wall element takes into account
deformations in the framing members, contact/separation phenomena between framing
members and diaphragms, anchoring equipment such as anchor bolts and hold-downs and
all sheathing-to-framing connections. Corotational descriptions are used to solve for
displacement fields that satisfy the equilibrium equations in the deformed configuration,
accounting for geometric nonlinearity and P-A effects. To appraise the proposed numerical
framework, the predictions of the numerical model are compared to experimental results
from single- and two-storey full-scale shear wall specimens. These examples demonstrate the
capability of the numerical framework to simulate accurate load paths in the shear wall
assemblies and successfully predict variations in strength, stiffness and energy dissipation
characteristics of the seismic force-resisting system.

Key words: wood structures, seismic response, numerical modelling, nonlinear analysis, sub-
structure method

1. Introduction

The versatility of the finite element method has led in recent years to the development
of a variety of numerical approaches to simulate the static and dynamic response of light-
frame wood shear wall buildings. The level of detail incorporated in numerical models of
structural components has been related to the physical size of the prototype considered and
the type of analysis pursued, favouring numerically efficient sub-modelling techniques,
especially for the cyclic analysis of two-dimensional (2D) or three-dimensional (3D)
structures.

The majority of wood building numerical models proposed over the last 10 years
[Ceccotti et al., 2000; Folz and Filiatrault, 2004; Dujic and Zarnic, 2004; Collins et al., 2005;
Ayoub, 2007; Xu and Dolan, 2009; van de Lindt et al., 2010] utilize 1D or 2D-planar macro-
models with a limited number of internal degrees-of-freedom (DOF) to simulate the in-plane
hysteretic response of single-storey light-frame wood shear walls. The mechanical properties
of each shear wall macro-model are calibrated based on the lateral cyclic response of a
detailed shear wall numerical model [Dujic and Zarnic, 2004; Collins et al., 2005; Ayoub,
2007; Xu and Dolan, 2009; van de Lindt ef al., 2010] or of a shear wall test specimen with
similar structural configuration and connector spacing [Ceccotti et al., 2000]. These shear
wall numerical models vary from simplified formulations that consider rigid, pinned framing
members and generalized panel displacements [Folz and Filiatrault, 2004; van de Lindt et al.,
2010], to more detailed approaches that use beam and shell elements to simulate framing and
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sheathing components, respectively, retaining pinned framing connections [Collins et al.,
2005; Ayoub, 2007] or allowing deformability of the support of vertical framing members
[Dujic and Zarnic, 2004; Xu and Dolan, 2009].

Various approaches have been adopted for the consideration of horizontal wood
diaphragms and the complete formulation of numerical building models. The simplest model
considers diaphragms as rigid plates with three DOF in the horizontal plane [Folz and
Filiatrault; 2004]. Van de Lindt ef al. [2010] included all six DOF related to the kinematics of
a rigid diaphragm in 3D through a shear-bending coupled response of the shear wall macro-
model. The more detailed numerical formulations utilize elastic shell elements for each
horizontal diaphragm [Dujic and Zarnic, 2004; Collins et al., 2005; Xu and Dolan, 2009] or
allow in-plane deformability [Ceccotti et al., 2000). Additional inter-component connections
are proposed by Collins et al. [2005] to capture the interaction between vertical and
horizontal diaphragms.

Contrary to the approaches described above, the numerical 3D building model
proposed by He ef al. [2001] for nonlinear static analysis is formulated at the connector level.
Beam and shell elements are used to model framing and sheathing components, while each
sheathing-to-framing connector is simulated by a mechanics-based sub-structure model that
is derived from analogy to an elasto-plastic pile embedded in a nonlinear foundation. Despite
the favourable modelling features, the large computational overhead needed makes the
nonlinear cyclic analysis of a complete building challenging [He et al., 2001]. Pang and
Shirazi [2012] have recently proposed a new shear wall and diaphragm model with beam and
generalized panel elements using a nodal condensation technique to eliminate the DOF
associated with the nail connections from the global DOF of the model. This approach is
promising and can reduce the computational overhead for a single shear wall analysis, but
can still pose a computational challenge for the analysis of a whole building since the number
of global DOF can become very large.

The review of the existing studies described above shows that there is a lack of
detailed, yet computationally efficient, numerical models even for reduced geometric and
structural configurations, such as 2D models of a multi-storey vertical slice of a light-frame
wood building, as shown in Figure la. This model includes only the structural components
considered in the seismic design; typically plywood or Oriented Strand Board (OSB) attached
to one side of the wall framing. Despite the numerical efficiency of simulating a shear wall
assembly in a building analysis with a reduced number of DOF, the numerical accuracy of
the predicted nonlinear response relies on the appropriate modeling of both the structural
components and the boundary conditions of the respective wall in the individual shear wall
model. The boundary conditions can be considered to be associated with the motions and the
deformations of the horizontal diaphragms above and below the shear wall assembly.
Although recent studies have developed detailed finite element shear wall models [Dujic and
Zarnic, 2004; Collins et al., 2005; Xu and Dolan, 2009], the boundary conditions considered
are not consistent with those assumed in the calibrated simplified sub-models. Obviously, the
simplest assumption is to simulate the diaphragms as rigid bodies with three DOF in the wall
plane, as shown in Figure 1b. If the shear walls are assumed to deform in a pure shear mode
of deformation, similarly to the simplified model described by Folz and Filiatrault [2004], the
rigid diaphragms shall translate horizontally but do not rotate. However, if framing axial and
bending flexibility is considered, the diaphragms shall translate in both directions and rotate
within the wall plane. Since the motion of the diaphragms affects the framing deformations
and, thus, the distribution of sheathing-to-framing resisting forces, light-frame wood shear
walls act as structural elements with shear, axial and moment interaction. This implies that
two identical wall segments within the same storey will not demonstrate identical responses,
unless the boundary conditions are identical. An effective simplified shear wall sub-model, to
be used as equivalent of a detailed shear wall model that can accommodate uplifting response,
should address the coupling interaction between the six boundaries DOF. These observations
have led to the development in this study of a numerical framework for the analysis of light-
frame wood buildings that considers rigid floor diaphragms as the primary components and
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addresses the lateral forces generated by the inter-storey shear walls through the interaction
with the floor diaphragms. The analysis has been limited to 2D vertical building models, as
the first fundamental step towards the detailed nonlinear analysis of a complete light-frame
wood building.

(a) (b)

Figure 1. (a) Typical exterior wall of a two-storey light-frame wood building; and (b) master
DOF of a building model and shear wall sub-structures for the simulation of each storey

2. Description of Numerical Model

The numerical framework presented in this study formulates a 2D building model
based on a detailed modelling approach of the entire inter-storey shear wall assembly of each
discrete floor. When considering the global analysis of a complete building, while a large
number of DOF is required for the accurate calculation of resisting forces, the number of
DOF needed for the calculation of the inertial forces in the structure can be significantly less.
It is, thus, favourable to consider a numerical building model with a reduced number of DOF,
called master DOF, which can adequately represent the inertial forces at the global level and
use a sub-structuring approach to condense out the numerous DOF of each detailed shear
wall model; i.e. maintaining only the associated master DOF. An efficient selection of master
DOF is those associated with the motion and the deformation of the floor diaphragms. If the
floor diaphragms are considered to be rigid bodies, then three DOF in the 2D wall plane —
two translations and one rotation — are sufficient to describe the equilibrium equations for
each body, as shown in Figure 1b. Using the diaphragms as boundary elements of the sub-
structures developed for each inter-storey wall assembly (i) allows the simulation of other
modes of deformation (i.e. flexural and rocking modes) with due consideration of the
interaction effects between shear walls and floor diaphragms and (ii) limits the global
building DOF to an extent that renders the analysis of a whole building manageable in terms
of computational and memory requirements.

The proposed shear wall element enables the analyst to select between a simplified
(denoted as Pure Shear) and a detailed (denoted as Model) formulation to describe the wood
framing components. In the former case, framing is assumed rigid and pin-connected and is
considered to be rigidly attached to the floor diaphragms. In the latter case, framing members
are represented with linear elastic beam elements with axial and flexural behaviour. Each
inter-storey shear wall assembly consists, therefore, of the framing members, the sheathing
panels, connected to the framing members with sheathing-to-framing connectors, and the two
rigid diaphragms above and below, as shown schematically in Figure 2. The framing domain
of the shear wall assembly is considered as three groups of components: the sill plate
members, the top plate members and the internal framing members. These components are
meshed with beam elements, assigning different nodes for each group at the interaction
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surface. Additional interface elements are introduced to simulate: (i) the interaction between
horizontal and vertical framing members (plate-to-stud contact elements); (ii) the interaction
between horizontal boundary plates and diaphragms (diaphragm-to-plate contact elements);
and (ii1) the structural response of anchoring equipment such as anchor bolts and holdowns
(diaphragm-to-framing connector elements).

The remaining part of this section presents the analytical derivations of the individual
elements included within the numerical framework introduced. A detailed description of the
analytical background is presented by Christovasilis and Filiatrault [2011].
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Figure 2. Schematization of an inter-storey shear wall element
2.1 Modelling of framing members

Framing members are modelled with two-noded beam elements with three internal
and six global DOF. The internal deformation vector ug and the element displacement vector
Ds are defined as:

_ T
up = {”b ? (/72} 1)
T

D, = {”1 v 0 u, v, 92}

where u; is the axial elongation and ¢, and ¢, the node rotations, with respect to an element
Local Cartesian System (LCS) £Opn that has the ¢ axis crossing through the nodes of the
element in the deformed configuration, while u;, vi, 6, and u,, v,, 6, are the global
translations and rotations of the nodes with respect to a Global Cartesian System (GCS) xOy.
Figures 3a and 3b illustrate the initial and deformed configurations, respectively, of a beam
element. The initial length L, and the actual length L of the beam are given by:

L, = \/(Xz 'Xl)2 + (Y2 'Y1)2

: o)
L:\/(Xz tu, -X, '”1) + (Y2+V2 -y 'Vl)

2

where xj, X,, y1 and y; are the initial global coordinates of the two nodes of the element. The
element internal deformations can be computed as:
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»=6-D (3)

where @ corresponds to the rotation of the reference frame, as shown in Figure 3b, given by:

. [< ) () - (v 3,) >] "

L-L,

The variation of the internal displacement vector dug with respect to the element
displacement vector dDp is given by:

5 -cos P, -sin®. 0 cos®, sin®, 0
8]1;3 =|-sin®, /L cos®,/L 1 sin®./L -cos®,/L 0|=B, Q)
’ -sin®, /L cos®,/L 0 sin®,/L -cosd,/L 1

where @r = @y + @ and D, is the initial angle of the beam element, as shown in Figure 3a.
Matrix By can also be expressed as the product of two matrices, as shown below:

1
B,=|0
0

0 01
I/L 1 0
I/L 0 0

[cos®, sin®, 0
0 0 -sin®, cos®, 0
0 0 1
-1/L 0|
-1/L 1
0

cos P,
-sin®,
0

sin @,
cos P,
0

0
0
1

(6)

Figure 3c illustrates the free-body diagram of a beam element. The internal force
vector pp and the element force vector Fp are defined as:

Ps = {pb 7 Tz}T

FB:{pl 9 m  p, 4 mz}T

(7

where p;, is the axial force and 7, and 7, the nodal moments, with respect to the LCS, while p;,
q1, m and p,, g2, m; are the global forces and moments of the nodes with respect to the GCS.

The equilibrium equations are computed from the principle of virtual work. Under a
virtual displacement field dDp, the internal and external virtual work is equal. Thus:

T T [Fa- )] T T T
oW, =oW,, = oD, -F;=0du; -p, = 6D, -F,=6D; ‘B, -py =
F, =B, -p, (®)
where pg is equal to:
D, EA/L, 0 0 u,
pg =kyuy, = 7, = 0 4-EI/L, 2-EI/L, |4 9)
7, 0 2EI/L, 4-EIL,| |¢,



where E, A and I are the elastic modulus, cross-section area and moment of inertia,
respectively, of the beam element with respect to in-plane bending. Note that kg is constant
since it is based on small deformation theory.

The tangent stiffness matrix of the beam element is computed from the variation of
the element force vector with respect to the element displacement vector, given by:

T T
o 0K OB p) o oopy o, OB 10
s B Ps B Kp' Dy (10)
5DB aDB 8“3 aDB /éIjB

where the second term in Equation (10) includes higher order effects and can be neglected,
since it does not improve significantly the convergence rate and requires additional
calculations.
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Figure 3. (a) Initial, (b) deformed configuration and (c) free-body diagram of a beam element

2.2 Modelling of sheathing panels

Sheathing panels are modelled with rectangular elements with four DOF, two rigid
body translations U and ¥, one rigid body rotation ® with respect to the center of the panel
and a uniform pure shear deformation y, as shown in Figure 4. The element displacement
vector Dp is defined as:

D,={U vV 0@ y (11)

If a sheathing panel with width b, height h and thickness t is fastened to the wood
framing through » number of connectors (nails or screws) then there is also » number of two-
dimensional displacement vectors up = {u, _vp}T that express the motion of the points of the
panel along the GCS, which are denoted as 'up and i ranges from 1 to n. Let us define a LCS
£On that originates at the centre of the panel with coordinates {xo yo}' with respect to the
GCS and is initially parallel to it, as shown in Figure 4a. The location of each point on the
panel is identified through the point local coordinate vector ‘€p as:

L [e (¢ elb2, b
= {inp}’ {inp e[-h/2, h/Z]} (12)

The point displacement vector 'up is given by:

u, - {U} . |:C(')S@ -sin@]({fp} N {'.77,,}.7/} ) {lfp} (13)
14 sin®  cos® n, g, ,



The variation of the internal displacement vector d'up with respect to the element
displacement vector dDp is given by:

ou, _ b (-Sin@'(ié’ +1,07) -c0s@-(n, + ¢, '7)) (COS@'iﬂp -sin@-ifp)
Dy, 10 1 (cos@-(¢, +'m,-y) -sin@-(, +&,-7)) (sin®-7, +c0sO-¢,)

] _ig, (14)
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Figure 4. (a) lllustration of a panel element, (b) pure shear deformation of a panel element
and (c) kinematic DOF of a panel element associated with rigid body motion

Figure 5 illustrates the free-body diagram of a panel element. The element force
vector Fp consists of the generalized forces in the two global directions P and O, the
generalized moment with respect to the centre of the panel M, and the generalized shear force
T, which is energy conjugate to the shear deformation y. Thus:

F,={P O M T} (15)

The equilibrium equations are computed from the principle of virtual work. Under a
virtual displacement field 6Dp, the internal and external virtual work is equal. Thus:

. n o [ Eq.(14)]
=W, = oD,"F, =) (8'w,"'p,) + [y, G-y,dV =
\Y%

i=1

oW,

ext

oD, -F, =Z(5DPT-iBPT-ipP) +I§(y+7)-G-(7+7) dv =
i=1 v
5DPT.FP:5DPT.[i(iBPT.ipP) +{0 0 0 KG'y}T] —
i=1
F,=>('B,"-'p,) +{0 0 0 Kg-7}' (16)

i=1

where ‘pp = {ipp iQp}T is the internal point force vector acting on the panel from the i"
connector, G is the shear modulus of the panel, ys, is the engineering shear strain in the LCS
and Kg is the generalized shear stiffness of the panel given by:

K,=4-G-b-h-t (17)

The tangent stiffness matrix of the panel element is computed from the variation of
the element force vector with respect to the element displacement vector, as:

- 8(Z(iBPT'iPP)+{0 0 0 KG,J,}TJ
K — | —

i=1

oD, oD,

P =



(18)

sym

where 'Ks"" is the 2x2 submatrix corresponding to the panel DOF, as computed in Equation
(23) shown later, for the i connector. The third term in Equation (18) includes higher order
effects and can be neglected, since it does not improve significantly the convergence rate and
requires additional calculations.
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Figure 5. Free-body diagram of a panel element in
the (a) undeformed and (b) deformed configuration

2.3 Modelling of sheathing-to-framing connections

Typically, a pair of orthogonal unidirectional springs that connect the horizontal and
vertical translational DOF of the frame and the panel at each connection point has been used
in most of the proposed sheathing-to-framing connection models. It has been recognized,
however, that the use of two independent springs tends to over-estimate the strength and
energy dissipation characteristics of a connection. Studies presented by Judd and Fonseca
[2005] have demonstrated that the orientation of each pair of orthogonal springs can be based
on the analysis of the shear wall model under infinitesimal lateral deformation, according to
the parallel and perpendicular directions of the initial connector slip trajectory. This approach
produces more reasonable results, eliminating the over-estimation of strength and energy
dissipation. None of the existing formulations have taken, however, into consideration the
rotation of the two connecting domains, which is needed in order to express the equilibrium
equations in the deformed configuration. Due to material nonlinearity of the orthogonal
springs, equilibrating nodal moments have to be computed based on the rotational fixity of
each node. Based on the fact that a typical nail connector is embedded by at least 75% of its
length to the framing member, it is assumed that the reference frame of each pair of
orthogonal springs rotates with the associated framing node and is pin-connected to the
associated panel.

Section 3 presents all the analytical derivations related to the unidirectional
constitutive model and the consideration of bidirectional coupling of the two orthogonal
connector forces. The remaining part of this section presents the derivations for the general
case that a connector is initially oriented with a predefined angle 6, with respect to the GCS.

Sheathing-to-framing connections are modelled with two-noded connector elements
with two internal and five global DOF. The internal deformation vector ug and the element
displacement vector Dg are defined as:
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(19)

where u, and v, are the internal displacements with respect to a LCS, uy v;, 0y are the
translations and rotation of the framing node and u,, v, are the translations of the panel node
with respect to a GCS. Figures 6a and 6b illustrate the initial and deformed configurations,
respectively, of a sheathing-to-framing connector element. The deformation vector is given
by:

cos(@0 + 0/) sin(@0 + (9/,)
-sin(e0 + Hf) cos(@0 + Hf)

Ug =

100-10D 20)
010 0 -1 °

The variation of the internal deformation vector with respect to the element
displacement vector is, thus, equal to:

oug cos(60+¢9f) sin(60+¢9f) v, —cos(60+6’f) —sin(60+¢9f) _B. QD)
oDy ) -sin(60+0f) cos(eo+0f) -U sin(60+0f) -005(60+0f) o

Figure 6c illustrates the free-body diagram of a sheathing-to-framing connector
element. The internal force vector ps and the element force vector Fg are defined as:

_ T
ps =, 4.} T )
K = {pf 9y My P qp}

where p, and g, are the internal forces with respect to a LCS, p;, g5 my are the forces and
moment of the framing node and u,, v, are the forces of the panel node with respect to a GCS.

(a) 17 b ty o, (© 1V

U

Figure 6. (a) Initial, (b) deformed configuration and
(¢) free-body diagram of a sheathing-to-framing connector element

The equilibrium equations are computed from the principle of virtual work. Under a
virtual displacement field 6Ds, the internal and external virtual work is equal. Thus:

oW,

ext

= oW,

int

g,
F, =B," -p, (23)

[Eq.2D]
= 5D5T K = 5“ST ’ {ps} = 5DST K = 5D5T : BST . {pv} =

The tangent stiffness matrix of the connector element is given by:
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K = Ts - —B, b, =BT B, (24
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where kg, and k;, correspond to the tangent stiffness of the orthogonal springs in the LCS. The
second term in Equation (24) includes higher order effects and can be neglected, since it does
not improve significantly the convergence rate and requires additional calculations.

2.4 Modelling of interaction between horizontal and vertical framing members

The interaction between horizontal and vertical framing members is modelled with
two-noded plate-to-stud contact elements that effectively simulate contact and separation of
the two nodes in the normal to the contact area direction, while transferring forces parallel to
the contact area with no sliding response. The derivations are based on the two-dimensional
contact interaction between a point (contact body) and a straight line (target body). Figure 7a
illustrates the kinematics of a stud-to-plate contact element. The motion of the point is
described through the translational DOF of the respective node, u, and v,, defined at the tip of
a vertical stud. The motion of the center point of the line is defined through the 3 DOF of the
respective node, u;, v; and 6, defined at the horizontal plate at the plate-to-stud connection.
The kinematic and equilibrium equations are essentially identical to the sheathing-to-framing
connector element, described in Section 2.3. The internal deformation vector uc and the
element displacement vector D¢ are defined as:

uC = {uc Vc }T

(25)
DC:{ul v 6 u Vz}T

where u. and v, are defined with respect to a LCS £On which rotates with the target body.
The # axis is always normal to the target surface and positive values represent separation of
the two bodies. The internal deformation vector is computed as:

uc{l oHcos(el) sin(el)H-1 0 01 O}Dc 26)

0 7] |-sin(g) cos(6)||[0 -1 0 0 1

where n. = 1 for a sill-plate-to-stud and n. = -1 for a top-plate-to-stud contact element. The
variation of the internal deformations with respect to the element displacement vector is:

du. { -cos(6)  -sin(6) m.-v,  cos(6) sin(6,)

=B 27
oD. |n.-sin(6) - -cos(6) -n -u, -n, -sin(6) nc-cos(el)} ¢ @7)

Figure 7b illustrates the free-body diagram of a plate-to-stud contact element. The
element force vector F¢ consists of the global forces and moment at the node of the target
body pi, g1, m; and the forces at the node of the contact body p», ¢.. The internal force vector
Pc consists of the two orthogonal internal forces p., g. with respect to the LCS. Thus:

pc=1r. 4.}

(28)
Fo={p ¢ m p, ¢}

The equilibrium equations are computed from the principle of virtual work. Under a
virtual displacement field D¢, the internal and external virtual work is equal. Thus:
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Figure 7. (a) Kinematics, and (b) free-body diagram of a stud-to-plate contact element
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ext

= oW,

int

[ Eq. (26) ]
- 5DCT-FC=5uCT-{ZC} 5 §DCT-FC=5DCT-BCT-{§C} =

F.=B." -p. (29)

The tangent stiffness matrix Kc is equal to:

= aF‘C — a(BCT pc) — T . apC . auC 8(BCT/)/ — T . kcu 0 .
K. B, + pPc =B B. (30)
oD, oD, ou. oD, @D, 0 k,

where k., and k., are the tangent stiffness values along the parallel and normal directions to
the contact surface, respectively, and are defined in the sub-section below.

2.4.1 Constitutive model of plate-to-stud contact element

The constitutive model developed for the plate-to-stud contact element yields the
contact forces pc as a function of the internal displacements uc. The forces are uncoupled
since the sliding response of the sill and top plates is not considered. The response in the
normal direction has been historically described with a linear spring that exhibits different
stiffness in the positive and negative direction. Along the positive direction the stiffness is
very low and simulates the separation of the bodies, while along the negative direction the
stiffness is very high and simulates the bearing/contact of the bodies. This large difference in
the stiffness has been shown to cause numerical difficulties in the solution procedure leading
to low convergence rates. The constitutive model proposed herein effectively simulates
absolute contact conditions related to minimal penetration under compressive forces and
minimal resistance under extensional displacements. Figure 8a illustrates the force-
displacement response of the contact spring along the normal direction, while Equation (31)
shows the mathematical force-displacement relationship and the associated tangent stiffness.
The parameters d,,; and f,,; are positive real values that are selected as such to be small
enough to be considered close to zero.

d )
oo -(1 e, ;‘ZZW ] v, > -0.99-d,,
q.=
-99-f., 10604-&(\@ - 0.99-dm,) ,v, < -099-d,,
tol
@31
Jior "
”—”2 ,v., 2-099-d,,
(vc + dtol)

10604-L20 v < 0.99.d,,

tol
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The characteristics of the response shown in Figure 8a are favourably suited for the
numerical simulation of contact/separation phenomena under quasi-static conditions. The
tensile force is bounded by f;,; while the penetration is nearly bounded by d,,;. The change of
stiffness is distributed along the displacement range resulting in a smooth force-displacement
response. As a result, the solution can be achieved with very good convergence rates, which
are not very sensitive to the user-defined parameters d,,; and f,. The response in the direction
parallel to the contact area can be described with a linear spring with high axial stiffness,
since no plate sliding is permitted. To overcome any numerical difficulties associated with
the use of stiff linear springs to represent rigid behavior — this approach is known as the
penalty method — the model presented previously for the response along the normal direction
is slightly modified to yield favourable response characteristics for numerical analysis of
rigid connections. Figure 8b illustrates the force-displacement response of the contact spring
along the parallel direction, while Equation (32) shows the mathematical force-displacement
relationship and the associated tangent stiffness. The parameters d,,; and f;,; are defined as
previously and could potentially be the same. The initial stiffness, defined as the ratio
between f;,; and d,,;, need not be significantly high while differential displacements are
bounded within acceptable margins, because of the hardening of the response. In Equation
(30) “sgn” refers to the signum function.

d
-sgn(u,)- f,, | 1+ —2%— , [u,| <0.99-4,
g ( c) f;ol [ uc -dml} c ol
P.=
sgn(u(,)-[99~ £+ 10604-%-(|uc| -0.99-dml)], u| > 099-d,
tol (32)
Ldtolz’ u) < 0.99-d,
k' — (uc _dl‘()l)
10604 ot  |u.| > 0.99-4,,
tol
(a) (b)
e TENSION Pe
fa‘of i fmi
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Jl > » >
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x)=1-1/(x + 1
(-0.99.-99) ¢ FR =) (-0.99.-99)
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Figure 8. Force-displacement response of a stud-to-plate contact element along
(a) the normal direction, and (b) the parallel direction

2.5 Modelling of interaction between horizontal boundary plates and diaphragms

The interaction between horizontal boundary plates and diaphragms is modelled with
two-noded diaphragm-to-plate contact elements that are developed to simulate a beam on a
foundation. Analogous to the previous description, in this case each node of the horizontal
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sill or top plate represents a contact body, while each diaphragm represents a target body.
This ensures that penetration criteria will be satisfied at the nodes but not necessarily along
the internal length of each beam element. However, the framing members are typically
meshed with a fine grid due to the location of evenly spaced nodes at the sheathing-to-
framing connectors, while nodes also exist at any intersection with the vertical studs. Sliding
motion is not permitted parallel to the diaphragm but the beam can detach in the direction
normal to the diaphragm. So, unlike plate-to-stud contact elements, diaphragm-to-plate
contact elements assigned for example at the sill plate boundary of the shear wall assembly
will feature different and distinct contact bodies but a single common target body, the rigid
diaphragm.

Due to space limitations and the similarity with the plate-to-stud contact elements, the
analytical derivations are not presented herein and can be found in Christovasilis and
Filiatrault [2011]. The constitutive model in the direction normal to the contact area is the
same as shown in Equation (31) while the force-displacement response in the direction
parallel to the contact area can be either linear or as shown in Equation (32).

2.6 Modelling of anchoring equipment

Anchoring equipment such as anchor bolts and holdowns are modelled with two-
noded diaphragm-to-plate connector elements. Since these elements connect diaphragms and
nodes that belong either to the horizontal plates (anchor bolts) or to the tip of vertical studs
(holdowns) the derivations involved are essentially identical to those for diaphragm-to-plate
contact elements. The force-displacement response in the direction parallel to the diaphragm
can be either linear or as shown earlier in Equation (32). The response normal to the
diaphragm can be either elastic or nonlinear inelastic, using the phenomenological connector
model developed for sheathing-to-framing connectors, presented in Section 3.

2.7 Modelling of rigid diaphragms

Floor diaphragms are modelled with rigid body elements with three DOF; two
translations and one rotation in the wall plane. The analytical derivations are essentially the
same as those presented for a sheathing panel in Section 2.2 — eliminating the fourth DOF
related to the shear deformation — and are not presented herein.

Since the two diaphragms serve as the boundary elements of each inter-storey shear
wall assembly, the 6x6 global stiffness matrix of the shear wall element is computed by static
condensation of the DOF associated with the framing domain and the sheathing panels, after
having populated the initial global stiffness matrix of the shear wall assembly with the
contribution of all the elements presented in this section. A detailed description of the
procedure is provided in Christovasilis and Filiatrault [2011].

2.8 Static and dynamic solution algorithms

A Newton-Raphson iterative multi-step procedure, which drives the load imbalance
between external and internal forces to zero, is used on the MATLAB platform [Mathworks,
2011] to solve the nonlinear static and dynamic equilibrium equations of each inter-storey
shear wall model and the whole building model. The tangent global stiffness matrix is
updated at all iterations executed within each solution step. Convergence is satisfied when a
norm of the load imbalance vector is less than a specified tolerance. A detailed description of
the adopted numerical solution procedure is given by Christovasilis and Filiatrault [2011].
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3. Constitutive Model of a Sheathing-to-Framing Connector Element
3.1 Unidirectional response

The phenomenological model developed in this study is mainly based on previous
work from Sivaselvan and Reinhorn [1999] but utilizes findings from other studies related to
the specific response of wood connections [Foschi, 1977; Girhammar et al., 2004] and the
modelling of strength and stiffness degradation phenomena [Ibarra et al., 2005; Ayoub, 2007].
The implementation is based on a set of 14 branches that define all the possible hysteretic
paths and a set of rules in the form of a logic tree that govern the transition between branches.
The model requires ten input parameters, which are presented and described in Table 1. The
first five parameters are related to the basic hysteretic model with pinching response while
the remaining five parameters are related to the specific modes of strength and stiffness
degradation that can be potentially integrated in the hysteretic response.

Figure 9 illustrates the displacement histories and the force-displacement responses of
the basic hysteretic model with pinching response that does not incorporate any degradation
modes. The main displacement history (shown in black) follows steps 0 to 7 and a secondary
history (shown in grey) diverges following steps 6’ to 9'. The two-digit circled numbers
identify the path index L. of each branch. The first digit identifies the type of the hysteretic
path (1 to 6) and the second digit identifies the direction of motion (1 for positive and 2 for
negative direction).

The nonlinear force-displacement response of the backbone curves Fpp (branches 11
and 12) is defined as proposed by Foschi [1977] as:

KO‘M

Fyn(0) = sgn(w)-(F,, - (1-a,) + o, K, -[u)-| 1 - = (33)

where u is the slip of the connection and sgn is the signum function.

The basic unloading curves (branches 21 and 22) are linear branches with stiffness
Kuni equal to the initial stiffness K, and initiate upon displacement reversal from a backbone
curve. The hysteretic paths originate from the unloading displacement Uun” and terminate
when a permanent displacement uper+/ " is established at zero force, as shown in Figure 9b.

The primary reloading curves (branches 32 and 32) are linear branches that follow
after the basic unloading curves and establish the pinching response. Originating from the
permanent displacement ., "~ the pinching point denoted as (u,", F,™") is defined as:

+/-

u”=(+-)0, U, +(1-0,)up, (34)

-
E,"=(t/-)-c-F,

where usy corresponds to the displacement at which the backbone force is equal to 6Fy,. The
pinching displacement us;"" is computed each time a permanent displacement upef/ ", greater
than the existing one, is established in the same direction.

The secondary reloading curves (branches 41 and 42) are linear branches that follow
after the primary reloading curves and connect the pinching point (us", F™), defined
previously, with the backbone point that corresponds to the unloading displacement uyy ™
established in the given direction. These branches represent the hardening behaviour
observed in pinching systems when the transient displacement approaches the previously
established maximum unloading displacement.

The basic reloading curves (branches 51 and 52) are linear branches with stiffness
equal to the initial stiffness K, and initiate upon displacement reversal from the basic
unloading curves 21 and 22. The hysteretic paths originate from the displacement reversal
point and terminate at the unloading displacement uun1+/ ", as shown in Figure 9b.
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Table 1. Nomenclature and description of the 10 input model parameters

Parameters | Units (SI) Range | Description
K, N/mm (0, +00) Initial elastic stiffness
E, N (0,+e0) | Initial yield force
Initial post-yield stiffness ratio (fraction of the
a, - [0,1] . e
initial elastic stiffness)
Pinching force ratio (fraction of the initial yield
o - [0, 1]
force)
o i [0 1] Pinching displacement ratio (parameter related to
! ’ the displacement at the pinching force cF,,)
u mm (O u ) Displacement at initiation of displacement-based
ini o strength degradation
Displacement at ultimate displacement-based
o+
Hu mm (u> +20) strength degradation
Parameter related to the energy-based strength
B - [0, 1] .
degradation
y N [ 0, +OO) Pgrameter related.to energy-based reloading
stiffness degradation
« i (O, +OO) Pgrameter related.to displacement-based unloading
stiffness degradation
F K 1’7‘—]‘ O'OKO
(a) (b) J @
u A u = -0 u,, H(1-6,)uy, “ K =K,

u.=o,u,+(1-0,)u,

Figure 9. Basic hysteretic model with pinching response:
(a) displacement history; and (b) force-displacement response

The internal loading curves (branches 61 and 62) are linear branches with stiffness
equal to the initial stiffness K, and initiate upon displacement reversal from the primary and
secondary reloading curves 31, 32, 41 and 42. Similarly, the internal curves terminate at one
of the primary or secondary reloading curves.

When the unloading stiffness degradation is considered, the stiffness of the basic
unloading curves (21 and 22), the basic reloading curves (51 and 52) and the internal loading
curves (61 and 62) is computed based on the pivot rule, proposed by Park et al. [1987].
According to this rule, the load-reversal branches are assumed to target a pivot point on the
initial elastic branch at a force of «Fy, on the opposite side, where « is the stiffness
degradation parameter. The unloading stiffness Ky, is computed with respect to the current
displacement u.,, and force Fg,, as:

Sgn (ucur - F ur/Ko ) ’ FCUT + K- FyO

C

Sgn(ucur - Fcur/Ko ) : Ko .ucur T .Fyo .

K (35)

o

Kunl (u

cur? ~ cur )
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Strength and post-elastic stiffness degradation is implemented with the consideration
of two damage indices umax and H; up,x 1s the maximum absolute displacement experienced
by the system and H is the non-recoverable hysteretic strain energy dissipated, which
excludes the elastic energy retrieved if the system unloads to zero force. These damage
indices are associated to damage functions, Sy and Sy, which lead to complete failure of the
resisting mechanism of the system under excessive displacements (displacement-based) or
excessive hysteretic strain-energy dissipation (energy-based). The degraded backbone force
Fppp is expressed as:

Koyl

Fogs(u,u,, H) = sgn(u)-(Fy (1-a) + a-K, |u|) ]-¢ 0 (36)

where Fy and a are the degraded yield force and post-elastic stiffness ratio defined as:

F;’(umax’ H):Fyo 'SU (umaX)'SH (H) (37)
a(umax’ H) = a’o ’ SU (umax ) : SH (H)
The displacement-based damage function Sy is defined as:
S (U ) = eXp(- e ] (38)
CZ

where c; and c, are positive parameters. Due to the fact that ¢; and ¢, have no physical
interpretation, they are computed based on the input parameters ui, and uyy that represent the
displacements at which the degradation initiates (Sy(uini) = 0.999) and terminates (Su(uyi) =
0.001), respectively. If these two parameters are defined, then c¢; and c; are equal to:

¢, =In(In(0.999)/1n(0.001))/In(u,, /u,,)

ini 39
¢, =-(u,,")/In(0.001) )

The displacement-based damage function was proposed by Girhammar et al. [2004]
and was implemented as an additional multiplier to the backbone force function introduced
by Foschi [1977] and shown in Equation (33). In this study, it is used as a damage-function to
reduce the yield force and the post-elastic stiffness.

The energy-based damage function Sy is defined as [Sivaselvan and Reinhorn, 1999]:

Sy(H)=1- —>0 (40)

B
1 'B Hult

where B is input parameter and Hyy; is the hysteretic energy dissipated by the degraded
backbone curve, for monotonic loading up to the ultimate displacement uyy; , considering only
the displacement-based degradation, i.e. assigning Um.x =u and H = 0:

Uyie _L
H, = f (7, (0,0)- (1-(u,0)) + a(u,0) - K, -u)-(l - g B ]du (41)
0

The non-recoverable hysteretic energy H is computed based on u.,r and F,; as:
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H=H_ - (F“")z (42)
2K (ug By

cur? ~cur

where Hg; is the total strain energy of the system at the current point. The degraded yield
force Fy and post-elastic stiffness ratio a is dependent on the non-recoverable strain energy H,
which in turn depends on the degraded current force as shown in Equation (42). Thus,
Equations (36) and (37) are implicit and the solution is computed with an iterative procedure,
using the non-recoverable strain energy from the previous step as a first estimate.

The accelerated reloading stiffness degradation has been used by Ibarra ef al. [2005]
to capture a specific behaviour of degrading hysteretic systems. It has been observed in cyclic
force-displacement loops that the secondary reloading curves (branches 41 and 42) do not
target the backbone curve at the point that corresponds to the unloading displacement ™
established in the given direction, but at a displacement utaf/ " that is greater in absolute values
from uu ™, depending on the number of hysteretic cycles occurred and the amount of
dissipated energy. Many of the existing formulations incorporate the increase of Ugar by a
constant input parameter that relates the ratio of the target over the unloading displacement.
In this study, the target displacement is computed based on the amount of energy dissipated
from the instant the unloading displacement is established. Thus, u,," is computed as:

u,, = (H-)-y-(H-Hy,

unl

) +u (43)

unl

where y is an input parameter and Hyy™ is the non-recoverable hysteretic energy dissipated
until the instant the unloading displacement is established. Equation (43) is implicit and the
solution is computed with an iterative procedure, using the non-recoverable strain energy
from the previous step as a first estimate.

The effects of the degradation modes on the hysteretic response of the system are
illustrated in Figure 10 for a displacement history that consists of four symmetric cycles with
increasing amplitude. The hysteretic responses are normalized to the initial yield force Fy,
and the initial yield displacement u,,, which is equal to F,,/K,. The other three parameters
that affect the basic hysteretic model are kept constant (o, = 0.1 and 6 = 5, = 0.3). Figure 10a
shows the cyclic response without any degradation modes, thus, the parameters that control
the degradation modes are assigned to initial values that mitigate the degradation effects
(Uini/uyo = 20 > 10, uy/uyo = 25 > Uini/Uy, B =y = 0 and « = 200). The response under virgin
displacements follows the backbone curve while the hysteretic shape of the pinching
response can be modified by varying the parameters ¢, and ¢ that control the displacement
and the force of the pinching point, respectively. Figure 10b shows the response that
incorporates unloading stiffness degradation for « = 5. This means that the load-reversal
branches target a pivot point on the initial elastic branch at a force of 5Fy, on the opposite
side. Figure 10c demonstrates the response that incorporates displacement-based strength
degradation. This response is obtained for uj = 2uy, and uy; = 15uy,. This mode of
degradation results in a nonlinear smooth backbone response that can accommodate softening
and ductile failure of the system. Moreover, the backbone force-displacement responses in
the positive and negative directions are coupled with a single damage index (Umax), Which
results in modified envelope curves between the two displacement histories. Figure 10d
shows the response that incorporates energy-based strength degradation. This response is
obtained for B = 0.2. This mode of degradation reduces the envelope forces as a result of the
non-recoverable hysteretic energy dissipated. Figure 10e demonstrates the response that
incorporates accelerated stiffness degradation. This response is obtained for y = 0.2/Fy,. This
mode of degradation increases in magnitude the target displacement of the reloading curves
as a function of the non-recoverable hysteretic energy dissipated from the instant of
unloading. Finally, Figure 10f demonstrates the cyclic response of the basic hysteretic model
that combines all the degradation modes. The 10 user input parameters can be calibrated so as
to reproduce the hysteretic response of sheathing-to-framing connections or other
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components (i.e. holdown equipment). Due to the use of the energy-based strength
degradation and accelerated stiffness degradation, the calibration of the parameters can be
considered to be independent of the loading protocol, since the degraded backbone curve can

vary based on the loading history imposed.
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Figure 10. Unidirectional hysteretic response (a) without degradation modes, (b) with
unloading stiffness degradation, (c) with displacement-based strength degradation, (d) with

energy-based strength degradation, (€) with accelerated reloading stiffness degradation and
(f) with combined degradation modes

3.2 Bidirectional response

The bidirectional response of each sheathing-to-framing connector element in the
proposed shear wall model is computed considering a coupling interaction and an initial
orientation of each pair of orthogonal unidirectional independent springs.
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As discussed in Section 2.3, a sheathing-to-framing connector element has two
orthogonal internal DOF in the wall plane u and v, which are defined with respect to an
element LCS Oy (see Figure 6). The orthogonal forces are typically computed using a pair
of independent unidirectional nonlinear springs with the same properties. The lack of
coupling interaction between the nonlinear springs leads to unrealistic response when one of
the springs has failed exceeding the ultimate displacement but the orthogonal spring can still
provide a resisting force. In order to alleviate this undesirable effect, a damage function Sy is
defined to introduce an interaction between the two components. The orthogonal forces p,
and ¢, including the implemented interaction are computed as:

S (r
Din = Sk (rmax’ umax)'p = U( maX) “Foa (”)
SU (umax)
g (r ) (44)
= S , . — 8] max F
q”zt R (rmax Vmax ) q SU (Vmax) UNI (V)

where Sy is the displacement-based damage function defined in Equation (36), Umax and viax
are the maximum absolute displacements in the horizontal and vertical (local) directions, rmax
is the maximum radius computed as the square-root-of-sum-of-squares of each pair of input
displacements and Fyn; is the functional that computes the resisting forces under
unidirectional displacement loading.

As discussed in Section 2.3, each pair of unidirectional orthogonal springs rotates
with the associated framing node rotation 6, but the initial orientation angle 0y is an input
variable. This initial orientation angle of each connector is calculated from a single-step
analysis that subjects each shear wall element to an inter-storey lateral differential
displacement. The Pure Shear formulation is used in this case, which results in a single
resisting mechanism that is independent of the gravity loads and the direction of loading. The
sheathing-to-framing connector elements are simulated by a pair of linear elastic springs,
which means that the response is equal to a single spring oriented to the trajectory of the
connector. The initial angle 6y of each connector element is equal to the subtraction of the
rotation of the framing node 6, from the actual orientation angle computed in the deformed
configuration. The effects of the implemented interaction and orientation of sheathing-to-
framing connector elements on the lateral response of a shear wall model can be found in
Christovasilis and Filiatrault [2011].

4. Appraisal of Proposed Numerical Framework
4.1 Pseudo-static monotonic and cyclic tests of singe- and two-storey specimens

This section presents the comparison of global responses — inter-storey displacements
versus inter-storey forces — between experimental and numerical data for two single-storey
and one two-storey configuration of full-scale shear wall specimens. The selected tests have
been conducted and documented by Pardoen ef al. [2003] as part of the CUREE-Caltech
Woodframe Project.

The wall dimensions of the single-storey specimens were equal to 4.88 m long by
2.44 m high. The first configuration consisted of four panels forming a Fully Sheathed (FS)
wall, as shown in Figure 11a, with a low aspect ratio (AR) — defined as the height-to-length
ratio — of 0.5. The second configuration incorporated a Garage Door (GD) with one wall
segment at each end, as shown in Figure 11b, of a relatively high AR of 2.5. Three identical
specimens were tested for each case; one under monotonic loading and two under cyclic
loading using the CUREE loading protocol [Krawinkler ef al., 2003]. The framing consisted
of nominal 2x4 (38 mm by 89 mm) studs spaced at 400 mm on centre (o.c.), using Douglas-
Fir lumber graded No. 1 or better. The sheathing panels were made of Oriented Strand Board
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(OSB), 9.5 mm thick. Sheathing panels were fastened to the framing with 8d box gun nails,
63.5 mm long with a 2.9 mm diameter. Edge nailing was specified at 150 mm and 75 mm o.c.
for the FS and the GD wall, respectively. Field nailing was specified at 300 mm o.c. for both
cases. Simpson HTT22 holdowns with a 16 mm diameter bolt and anchor bolts with a 14 mm
diameter bolt were used to anchor the specimens to the foundation. Lag screws of 14 mm
diameter spaced at 150 mm o.c. were used to connect the double top plate to a steel beam, to
which the actuator forces were applied. The total weight acting at the top of each single-
storey specimen was estimated at 4.5 kN. The parameters used for the nonlinear response of
the sheathing-to-framing connectors and the holdowns in the vertical direction are given in
Table 2. Identification procedures for the calibration of the nonlinear models, material
properties for framing and sheathing components, parameters for contact elements and elastic
stiffness values for anchor bolts and lag screws used in these analyses can be found in
Christovasilis and Filiatrault [2011].
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Figure 11. Structural configuration (left) and numerical model (right)
for (a) the FS wall and (b) the GD wall

Figures 12a and 12b illustrate the cyclic pushover test results for two different test
specimens (labels Test A and Test B) along with the numerical Model predictions for the FS
wall. In general, the predicted cyclic behaviour is well correlated with the experimental
response and the numerical envelope forces in the post-elastic regime range between 0~10%
lower than the experimental forces. Figure 12c¢ includes the numerical Pure Shear
predictions as well as the response from the monotonic pushover tests. The forces from the
Pure Shear predictions are higher than the Model predictions but there is not a great
difference between them, which could be expected since for low AR walls the uplifting
response is typically limited. Figure 12d illustrates the associated cumulative strain energy
dissipation from the cyclic responses. In this case, the Pure Shear prediction achieves better
correlation that the Model prediction. This could be attributed to the fact that the stud-to-
plate connections are considered to have no axial tensile resistance.

Figures 13a and 13b illustrate the cyclic pushover test results along with the
numerical Model predictions for the GD wall. The numerical prediction is in very good
agreement with the experimental response exhibiting in-cycle and cyclic strength degradation
consistent with the test observations. Figures 13c includes the response from the Pure Shear
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formulation and Figure 13c shows the hysteretic energy dissipation. It is evident that the
Pure Shear response predicts not only higher stiffness and strength but also fatter hysteresis
loops during pinching response, leading to significant overestimation of the energy
dissipation capability. This could be expected for walls with high AR and low gravity loads
as in this case. The energy dissipation capability predicted by the Model response is
consistent with the energy dissipated by the Test responses and the overall rate of dissipation
is reasonably predicted throughout the deformation ranges.
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Figure 12. (a, b, ¢) Comparison of cyclic response and (d) dissipated energy for FS wall

The dimensions of the two-storey specimen were equal to 4.88 m long by 5.18 m high,
as shown in Figure 14. Each storey had a clear height of 2.44 m, while the diaphragm
between the two stories was 0.3 m high. The first storey incorporated a pedestrian door
opening with one wall segment at each end of an AR of 1.2 and the second storey
incorporated two large window openings in the mid span of the wall with one wall segment at
each end of an AR of 2.5. The structural components were the same as the single-storey
specimens and edge and field nailing was specified at 150 mm and 300 mm o.c. for both
stories. Simpson HTT22 holdowns were used to anchor the first storey to the foundation and
CS16 tension coiled straps were connected to the studs of the first- and second-storey walls to
provide overturning resistance to the upper storey. As a result, two additional vertical studs
with an edge nailing schedule were installed at the first-storey of the PD2S wall. The sill
plates of the second storey-walls are assumed to be nailed to the diaphragm below according
to construction practices, although no information is provided in the experimental report by
Pardoen et al. [2003]. These connections are considered at 150 mm o.c., similarly to the top-
plate anchor bolts but with different material properties. The total weight acting at the top of
the walls was estimated at 5.8 kN and 4.5 kN for the first and second storey, respectively.
The parameters used for the nonlinear response of the sheathing-to-framing connectors and
the holdowns/straps in the vertical direction are given in Table 2. Identification procedures
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for the calibration of the nonlinear models, material properties for framing and sheathing
components, parameters for contact elements and elastic stiffness values for anchor bolts and
lag screws used in these analyses can be found in Christovasilis and Filiatrault [2011].
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Figures 15a and 15b illustrate the experimental and numerical response from both
formulations for the first and second storey, respectively and Figure 15¢ shows the hysteretic
energy dissipated. The Model predictions for both storeys are in relatively good agreement
with the Test responses while the Pure Shear predictions are well correlated for the first
storey but overestimate stiffness, strength and energy dissipation for the second storey.
Similar observations can be made for the hysteretic energy dissipation.
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Figure 15. Comparison of cyclic response for (a) first and (b) second storey and (c)
dissipated energy for PD2S wall

4.1 Shake-table tests of a single -storey specimen

This section presents the numerical predictions related to the experimental data from a
shake-table testing program that was conducted and documented by Shinde and Symans
[2010] as part of the NEESWood Project. The test specimen consisted of two single-storey
shear walls with dimensions equal to 2.4 m long by 2.45 m high, as shown in Figure 16a.
Since the walls were identical and the deformations recorded were similar, only one side of
the specimen was considered in the numerical model using half of the actual seismic weight.
The shear wall incorporated a single OSB panel 1.22 m-by-2.44 m because it served as a
benchmark structure for comparison with a retrofitted damper-wall with similar dimensions.
The framing consisted of nominal 2x6 (38 mm-by-140 mm) studs spaced at 400 mm o.c.,
using Spruce-Pine-Fir lumber. The sheathing panels were made of OSB, 11 mm thick.
Sheathing panels were fastened to the framing with 8d common nails, 63.5 mm long with 3.3
mm diameter. Edge and field nailing was specified at 150 mm and 300 mm o.c., respectively.
Simpson HD6A holdowns with a 22 mm diameter bolt and anchor bolts with a 22 mm
diameter bolt and 75 mm square washers were used to anchor the specimen to the shake-table.
The double top plate was connected to the floor joists with A34 framing clips at 225 mm o.c.,
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while additional A35 framing clips were used to connect the top plate to the rim joist. More
information on connection details can be found in Shinde and Symans [2010]. The seismic
weight acting at the top of each wall was 30 kN. The parameters used for the nonlinear
response of the sheathing-to-framing connectors and the holdowns in the vertical direction
are given in Table 2. Identification procedures for the calibration of the nonlinear models,
material properties for framing and sheathing components, parameters for contact elements
and elastic stiffness values for anchor bolts and framing clips used in these analyses can be
found in Christovasilis and Filiatrault [2011].
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Figure 16. (a) Photo of the shake table test specimen (after Shinde and Symans [2010])
and (b) structural configuration (left) and numerical model (right) of the RPI Wall.

Three shake-table tests with increasing amplitude were conducted using the same test
structure. The ground motions were selected from the 1994 Northridge Earthquake. The first
two motions were selected from the Canoga Park record with a scale factor of 0.12 and 0.40,
respectively. The third ground motion was selected from the Rinaldi record, with a scale
factor of 0.4. Only the results from the second and third test (denoted as Test 2 and Test 3)
are presented in this paper. The initial natural frequency of the test structure was equal to
0.26 sec, which agrees well with the Model prediction of 0.27 sec. The Pure Shear
formulation predicts a stiffer system that corresponds to a natural period of 0.22 sec. Stiffness
and mass proportional Rayleigh damping was selected such as to provide a damping ratio of
1% of critical for the first (horizontal) and second (vertical) mode of vibration.

Table 2. Input model parameters used in the validation examples

Parameters %3 ::) r;: gOuianﬁ(si HTT22 CS16 ;; gﬁn?(i?na;;is HD6A
K, [N/mm] 2215.3 26268.9 10507.6 2066.5 21015.1
F, [N] 631.2 35585.6 14234.2 611.2 28468.5
o, [-] 0.04 0.05 0.05 0.05 0.05
o [-] 0.35 0.01 0.01 0.365 0.01
o, [-] 0.221 0.25 0.25 0.265 0.25
u,. [mm)] 0.28 3.81 3.81 0.18 3.81
u, [mm)] 83.82 45.72 4572 86.87 45.72
B[] 0.05 0.05 0.05 0.1 0.05
y [N] 8.70E-05 1.12E-05 | 2.81E-05 1.02E-04 1.41E-05
K [-] 50 20 20 5.7 20

24




Figure 17 illustrates the hysteretic responses, the inter-storey displacement time
histories and the absolute acceleration time histories at the top of the wall for Test 2 and Test
3. For Test 2, the numerical force-displacement hysteretic responses are fairly well correlated
to the experimental ones. It is observed, however, that the experimental loops do not exhibit
the distinct pinching response that is usually observed during pseudo-static cyclic tests. Thus,
the numerical predictions fail to closely follow the experimental response. Maximum inter-
storey displacements are under-estimated by about 35% (Model) and 50% (Pure Shear) and
maximum forces are over-estimated by about 10% for both formulations. For Test 3, the
Model formulation shows a very good agreement with the test results. Maximum inter-storey
displacements are within 7% difference while forces are over-estimated by about 10%, as an
average of the two directions. The Pure Shear formulation provides a stiffer numerical
model underestimating the peak displacements. Peak absolute acceleration values are in good
agreement for both formulations.
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Figure 17. (a) Hysteretic response (b) inter-storey displacement time histories and
(¢) top-of-wall absolute acceleration time histories for Test 2 (left) and Test 3 (right)

5. Summary and Conclusions

This paper discussed the development and appraisal of a new two-dimensional (2D)
numerical framework, suitable for nonlinear, inelastic, static and dynamic analysis of 2D
vertical wood building systems that incorporate sheathed light-frame wood shear walls as
seismic force-resisting system. The 2D building model is based on a sub-structuring approach
that considers each floor diaphragm as a rigid body with three kinematic degrees-of-freedom.

In general, the global inter-storey hysteretic response is predicted very well by the
Model detailed formulation, independently of the structural and geometric characteristics of
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the shear wall. This is better understood when numerical predictions from the simplified
Pure Shear formulation achieve a good correlation for low Aspect Ratio (AR) wall segments
— below a value of 2 — but significantly over-estimate stiffness, strength and energy
dissipation characteristics of wall segments with high AR. The consideration of framing
flexibility and contact/separation between framing members and diaphragms leads to better
estimates of the actual response by modifying the force and displacement characteristics that
result in more flexible responses, compared to the pure shear responses, with lower energy
dissipation capability.
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Un modello numerico per I’analisi non lineare di strutture
bidimensionali in legno a telaio leggero

I.P. Christovasilis, A. Filiatrault

Questo articolo presenta e valida un nuovo modello
numerico, che puo essere utilizzato per I'analisi anela-
stica, non lineare, statica o dinamica di edifici in legno
a telaio leggero. Il modello individua il comportamento
bidimensionale nel piano di pareti a telaio leggero re-
sistenti a taglio realizzate con pannelli strutturali di
rivestimento su un unico lato, che sono gli elementi
strutturali considerati nella progettazione nei confronti
dell’azione sismica in questo sistema costruttivo. Sche-
matizzando tutte le singole pareti resistenti a taglio di
ogni piano come un’unica sotto-struttura con gradi di li-
berta (DOF) interni non lineari, si costruisce un modello
bidimensionale che rappresenta una parete verticale
continua dell’edificio, come illustrato in Figura 1a.

Il modello bidimensionale dell’edificio si articola in
sotto-strutture e considera ogni diaframma orizzontale
come un corpo rigido con 3 DOF cinematici e poten-
zialmente dinamici nel piano verticale, come illustrato
in Figura 1b. Per le pareti di ogni piano viene definita
una sotto-struttura capace di interagire con i diaframmi
orizzontali superiore e inferiore generando le azioni in-
terne resistenti. Lutilizzo dei diaframmi orizzontali come
elementi di contorno per le sotto-strutture definite per
ogni piano consente la simulazione di altri modi di de-
formazione (ad esempio deformazioni flessionali e ro-
cking), considerando in tal modo I'effetto dell'interazione
tra pareti resistenti a taglio e diaframmi orizzontali.

Il modello bidimensionale delle pareti & costituito da
elementi finiti definiti per simulare i singoli componenti
strutturali, come i pannelli di rivestimento, le aste del
telaio e gli elementi di collegamento tra loro. | pannelli
di rivestimento hanno un comportamento elastico-line-
are e sono definiti con 4 DOF generici, come illustrato
in Figura 4, mentre gli elementi di collegamento tra i
pannelli e il telaio sono definiti con due molle accop-
piate che sono orientate secondo la traiettoria iniziale
in base alla deformazione laterale infinitesimale della
parete, come illustrato in Figura 6. Lelemento parete
proposto permette di scegliere tra una modellazione
semplificata ed una dettagliata per descrivere il compor-
tamento dei singoli componenti del telaio in legno. Nel
modello semplificato (Pure Shear), il telaio si assume
rigido e formato da bielle ed & collegato ai diaframmi
orizzontali con una connessione rigida. Nel secondo
caso, ossia nel modello dettagliato (Model), le aste
del telaio sono costituite da elementi trave (beam) con
comportamento assiale e flessionale, come illustrato in
Figura 3, utilizzando gli assi di ciascun elemento del
telaio schematizzato nel modello. Questo metodo offre
la possibilita di simulare i fenomeni di contatto/separa-
zione tra i montanti e i correnti orizzontali, e i fenomeni
di contatto/separazione tra i correnti e i solai, cosi come
gli elementi di ancoraggio tra telaio e solai (come ad
esempio bulloni tirafondo e holdowns), generalmente
utilizzati nelle pareti resistenti a taglio a telaio leggero
come elementi di presidio ai momenti di ribaltamento. In

Figura 2 viene illustrata una tipica schematizzazione di
un elemento parete di interpiano, come definita nel mo-
dello dettagliato. Lutilizzo dell’approccio corotazionale
per definire i campi di spostamento degli elementi finiti
implementati nel modello proposto consente di consi-
derare le non linearita geometriche dovute ad ampie
rotazioni e I'effetto P-A dovuto ai carichi verticali, ipotiz-
zando piccole deformazioni degli elementi strutturali che
rimangono in campo elastico lineare, come le aste del
telaio e i pannelli di rivestimento. Queste caratteristiche
consentono di ottenere un elemento non lineare che
soddisfa I'equilibrio nella configurazione deformata ed
e capace di simulare la risposta alle azioni orizzontali
delle pareti fino a completa rottura e, di conseguenza,
il collasso laterale della struttura.

Inoltre, viene definito un nuovo modello costitutivo di
un elemento di collegamento pannello-telaio che tiene
conto dell’effetto di pinching, della riduzione di resi-
stenza calcolata sia sullo spostamento massimo che
sull’energia dissipata, e della riduzione di rigidezza in
fase di carico e scarico. La Tabella 1 elenca i dieci
parametri di input del modello ed in Figura 9 viene
illustrato il modello isteretico di base con l'effetto di
pinching. In Figura 10 vengono illustrati i diversi modi
di degrado che il modello pud considerare. Infine,
ciascuna coppia di molle che rappresenta un singolo
elemento di collegamento & collegata in modo tale da
portare al degrado e al collasso di entrambe le molle
quando solo una di loro & interessata da fenomeni di
degrado e conseguente rottura.

Per validare il modello numerico proposto, vengono
presentati una serie di esempi basati su risultati speri-
mentali ottenuti sia da prove pseudo-statiche effettuate
su modelli in dimensioni reali di pareti di uno o due
piani, mostrate rispettivamente nelle Figure 11 e 14,
che da prove su tavola vibrante effettuate su una strut-
tura di un piano, illustrata in Figura 16. In generale,
la risposta isteretica globale di ciascuna parete inter-
piano €& simulata molto bene dal modello dettagliato,
indipendentemente dalle caratteristiche geometriche e
strutturali della parete. Il modello semplificato, invece,
riesce a simulare relativamente bene il comportamento
isteretico per pareti con rapporto tra altezza e lun-
ghezza basso — al di sotto di 2 — ma sovrastima signi-
ficativamente la rigidezza, la resistenza e la capacita
di dissipare energia per pareti con una valore piu alto
del rapporto tra altezza e lunghezza. Una stima piu
accurata della risposta reale si ottiene considerando
la flessibilita del telaio e i fenomeni di contatto/separa-
zione fra le aste che compongono il telaio e i diaframmi
orizzontali mediante una modifica delle caratteristiche di
forza e spostamento che determinano una risposta piu
flessibile rispetto al comportamento a taglio puro, con
minor capacita di dissipazione di energia, del modello
semplificato.
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