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A B S T R A C T

Designing mid-rise timber buildings in seismic areas requires stronger wood frame shear walls compared to those
required in low-rise structures. Despite some experimental research has been conducted lately to demonstrate
the difference between the lateral response of such 'strong' walls and conventional ones, investigations on nu-
merical models that could reproduce their nonlinear behavior under seismic loads are limited. This paper pre-
sents an efficient nonlinear modeling approach to better understand such behavior under large displacement
demands. The numerical model was validated using a set of twelve real-scale experiments. The model predic-
tions showed an accuracy of± 8% for 1:1 walls and proved its suitability to capture the post-peak phenomena
such as force degradation, stiffness degradation, and pinching. For the aspect ratios investigated, anchorage
system demands were found to remain 50% below the failure capacity. It was also shown that redesigning the
nailing pattern can increase the capacity of strong wood frame walls by up to 10%. Finally, the application of the
developed numerical model in calibrating simpler single-degree-of-freedom (SDOF) models for reproducing the
hysteretic response of strong walls was discussed. Since shear behavior governs the deformation of wood frame
walls, the parameters of the SDOF model can be defined proportionally to the wall length. This may be used as a
simple and easy-to-use tool to compute the dynamic behavior of mid-rise timber buildings with strong wood
frame walls.

1. Introduction

Over the past few decades, wood frame structures have gained a
significant presence in low-rise construction throughout North America,
Europe, and Oceania. Recent data [1] show a promising future for
multi-story timber buildings worldwide for the years to come. When
wood frame structures are subjected to earthquake loads, shear walls
are commonly employed as the primary component of the lateral re-
sisting system. Typically, a wood frame shear wall consists of a
1.2–2.4 m long wood frame with 38 × 89 mm (2″ × 4″) interior studs
spaced at 400 mm on center, double end studs, single members for the
top and sole plate, and conventional corner hold-downs to prevent
overturning of the wall.

In a low-rise wood frame structure, the lateral resistance is usually
provided by 9 to 11 mm thick oriented strand board (OSB) panels on
one side of the wall, with nails spaced at 150 mm on center along all
panel edges and 300 mm for interior studs, as shown in Fig. 1(a).

However, for mid-rise structures, a wall configuration of higher capa-
city is often required to resist the larger vertical and horizontal forces
due to the increased gravitational and seismic loads. This higher ca-
pacity configuration is referred to as 'strong' throughout this paper. A
strong wood shear wall usually consists of 38 × 135 mm (2″ × 6″)
framing members, sturdy end studs, stronger hold-down devices, OSB
panels on both sides of the wall, and a smaller nail spacing both along
the panel edges and interior studs, as shown in Fig. 1(b). Previous re-
search has shown that these practices may also increase the damping
ratio of the walls [2].

1.1. State of the art: experimental programs

Understanding the structural behavior of strong wood frame shear
walls is a key step for the development of mid-rise timber buildings in
seismic countries, since the current building codes and design proce-
dures have been developed based on previous works conducted on
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conventional walls. However, investigations on strong wood frame
walls are scarce. van de Lindt et al. [3] studied the experimental seismic
response of a full-scale, six-story, wood frame apartment building at the
world’s largest shake table in Miki, Japan. The results showed a good
behavior of the building even under high seismic demands, with a
maximum averaged interstory drift of 2% and only minor nonstructural
damage. Seim et al. [4] carried out a comparative study of the lateral
behavior of wood frame walls with OSB and gypsum fiber board (GFB)
panels. Eight 2.5 × 2.5 m strong walls were tested at the testing fa-
cilities of the University of Kassel under vertical and horizontal
(monotonic and cyclic) load. The specimens were sheathed with two
1.25 × 2.5 m panels on both sides, which were attached to the framing
with 2.8 × 65 mm nails spaced at 75 mm. Results showed that there is
no significant difference in the performance of walls with thick GFB
panels (18 mm thick) and standard OSB ones (10 or 18 mm thick) under
lateral loads. However, walls constructed with thin GFB panels (10 mm
thick) had a slightly lower performance in terms of maximum load-
bearing capacity, ultimate deformation, ductility, and equivalent
damping. Marzaleh et al. [5] investigated the monotonic response of
wood frame shear walls with strong anchorage and sturdy end studs
subjected to vertical load and bending moment, reproducing the ex-
pected load conditions in multi-story buildings. Three racking tests
were conducted under different load conditions, and a substantial in-
crease in shear resistance and stiffness was found for strong walls.

Recently, Guíñez et al. [6] studied the monotonic and cyclic lateral
response of strong wood frame walls with different lengths and nail
spacings. It was found that strong walls have an increased capacity and
delayed stiffness degradation. Furthermore, the results showed that the
current design guidelines underestimate the shear strength and over-
estimate the stiffness of strong wood frame walls.

1.2. State of the art: numerical modeling

Since real-scale tests are usually complex, expensive, and time-
consuming, a more viable approach to study the behavior of wood
frame walls is through virtual testing using numerical models. Much
research efforts have been devoted to the development of models cap-
able of predicting the monotonic and cyclic response of wood frame
walls in the past decades. In the early 1980s, Easley et al. [7] developed
a set of analytical expressions based on test results to predict the stiff-
ness and force–displacement relationship of wood frame walls. Results
showed that the model is mainly accurate in the linear range of the
response. Itani and Cheung [8] employed a detailed FEM model to
study the nonlinear response of wood frame diaphragms. In their
model, the studs and the sheathing panels were represented by beam
and plane-stress elements, and nonlinear springs were used to represent

the sheathing-to-framing connections. Over time, more detailed FEM
models have also been developed by various researchers [9–13]. As the
wall response is mainly governed by the nonlinear shear behavior of the
sheathing-to-framing connections [14], the global force–displacement
relationship can be well-predicted employing simpler models, as the
one proposed by Gupta and Kuo [15]. They studied the effect of up-
lifting in vertical studs through a five degree-of-freedom model for
single-story shear walls (with two extra degrees of freedom for each
additional story). This allowed them to gain knowledge about the effect
of vertical load on the cyclic response of walls.

Due to the great damage observed in wood frame structures after
the Northridge earthquake, the Consortium of Universities for Research
in Earthquake Engineering (CUREE)–Caltech Woodframe Research
Project was initiated to improve the wood construction engineering in
1998 [16]. As part of this project, Folz and Filiatrault [17] proposed a
simplified mechanistic model to predict the in-plane behavior of wood
frame walls under quasi-static loading. The model’s numerical for-
mulation was based on three structural components: pin-jointed rigid
framing members, linear elastic sheathing panels, and nonlinear
sheathing-to-framing connectors. The latter employed a hysteretic
model which considered strength and stiffness degradation and
pinching under cyclic loading. The model predicted accurately the
force–displacement response and the energy dissipation of wood frame
walls under general cyclic loads when compared to test results. The
proposal was incorporated into a computer program called Cyclic
Analysis of Shear Walls (CASHEW). A modified version of this model
was later proposed by Pang and Hassanzadeh [18], who employed a
corotational formulation and large-displacement theory to predict the
collapse load and failure mechanism of both engineered and none-
ngineered wood frame shear walls. This new model was coded into a
computer program called M−CASHEW. The model was verified by
comparing its predictions with the data obtained for shear walls and
diaphragms tested by previous researchers, showing good agreement
even at large displacements. Casagrande et al. [19,20] developed an
analytical tool to predict the elastic and elasto-plastic behavior of
conventional wood frame walls under lateral and vertical load. Based
on the results of a comprehensive parametric study, the authors pro-
posed a rheological model as a function of the mechanical properties of
the sheathing-to-framing connectors. Results showed good agreement
between test data and model predictions for walls with different con-
figurations. Seim et al. [4] developed a numerical model to study the
nonlinear response of the strong walls tested in their experimental
program (described in the previous section). The framing was re-
presented by pin-jointed elastic beam-column elements, while the
sheathing panels were modeled as an equivalent truss system with stiff
boundary elements and elastic diagonals. For the sheathing-to-framing

Fig. 1. Schematic configuration of (a) conventional and (b) strong wood frame shear walls.
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connections, zero-length springs with the MSTEW model were em-
ployed. The walls were fully anchored to the ground by restraining the
vertical and lateral displacements of the bottom rail. Results showed
good agreement between the model predictions and the test measure-
ments, highlighting that the wall response can be assessed with rela-
tively large accuracy only on the basis of the calibrated data of
sheathing-to-framing connections.

Despite the exhaustive efforts that have been devoted to the non-
linear model of conventional wood frame walls, investigations on
modeling approaches for strong walls are limited. Even though the
different configuration of the strong wood frame walls does not change
the overall system behavior when compared to conventional walls, the
force and displacement demands are distributed differently among
elements that make them up. Whilst in conventional walls the top
displacement is mainly due to the deformation in the sheathing-to-
framing connectors, in strong walls the anchoring system has a sig-
nificant contribution to the lateral top displacement. This is because the
deformation mechanism in wood frame walls has three major compo-
nents: (1) the sheathing-to-framing connectors, (2) the flexural flex-
ibility of the studs, and (3) the anchoring devices [21]. These compo-
nents can be represented by three elements connected in series. In
strong walls, the shear stiffness associated to the sheathing-to-framing
connectors is high enough to induce significant deformations in the
anchorage system when the wall is subjected to lateral forces. The
contribution of such deformations to the global lateral displacement
depends on the wall aspect ratio. As will be discussed later in this paper,
wood frame walls with four different aspect ratios were investigated in
this research (3.43, 2.0, 1.0, and 0.67). It was found that the percentage
of lateral deformation due to wall uplift was, on average, 50.7%,
50.3%, 25.0%, and 7.1% for each aspect ratio, respectively. Interest-
ingly, it can be noted that for slender walls, about half of the lateral
deformation is due to uplift. This is due to the small distance between
the pivot points at the ends of the wall, which increases the lever arm
from the top, and provokes small uplifts to induce large lateral dis-
placements. Therefore, traditional modeling approaches that consider a
fixed base and ignore the anchoring system deformation, as in the
CASHEW model, may not be applicable to reproduce the lateral beha-
vior of strong walls.

Since accurate numerical models are crucial to promote the devel-
opment of mid-rise timber buildings, this paper proposes an efficient
approach for modeling strong wood frame walls. The proposed model
was developed based on the efforts of the previously discussed in-
vestigations [4,17–20,22], and aiming at developing a more compre-
hensive approach that embraces walls with different aspect ratios, takes
into account the effects of sturdy end studs, and incorporates the de-
formation demands on the anchoring system. The model was validated
by statistically comparing its predictions with twelve real scale tests of
strong wood frame walls with different characteristics. Additionally, in-
depth analyses were conducted to better understand the nonlinear be-
havior of wood frame walls and to gain knowledge about strategies to
improve their response under earthquake cyclic loads. The model fol-
lows a simplified approach, which lies between mechanistic lumped
models and complex FEM models. This reduces both the computational
costs and the necessary input parameters, which can be obtained easily

from previously published research or through simple standard tests.

2. Experimental program

An exhaustive experimental program was conducted to characterize
the behavior of framing studs, structural OSB panels, sheathing-to-
framing connections, and strong wood frame walls of different config-
urations and aspect ratios. A brief description of the tests is presented in
this section.

Framing tests consisted of mechanically graded Chilean MGP10
(Australian structural grade) radiate pine. In total, forty five studs were
mechanically tested under bending, tensile, and compression loads (15
specimens each) at the facilities of the INFOR Structural Wood
Laboratory, Concepción, Chile, according to the Chilean standard
NCh3028/1 [23]. Additionally, twenty OSB specimens (11.1 mm thick
and made of radiate pine strands) were tested according to the ASTM
D2719 standard [24] at the facilities of the Engineered American Wood
Association (APA) in Tacoma, WA, USA, to determine their shear
modulus in both the longitudinal and transverse directions. The mean
results of framing and structural panels testing are listed in Table 1. The
results are consistent with those reported in the literature [17,25,26].
Documentation of the testing program and further details of the ex-
perimental results can be found in [27].

The monotonic and cyclic behavior of the sheathing-to-framing
connections was examined at the University of the Bío-Bío in
Concepción, Chile. Double shear OSB-radiate pine framing joint speci-
mens were pneumatically driven with 70-mm-long spiral nails with a
shank diameter of 3.0 mm. Both directions (parallel and perpendicular
to framing grain) were analyzed in each monotonic test, whilst all cyclic
ones were conducted parallel to fiber direction. The yielding displace-
ment obtained in the monotonic tests was used to compute the CUREE-
Caltech cyclic testing protocol [28]. Fig. 2 shows an illustration of the
testing set up and the monotonic and cyclic results for one specimen.
Results are consistent with those reported in previous investigations
[4,17,29,30], mainly in terms of capacity, stiffness, ductility, and en-
ergy dissipation, exhibiting a pinched response under reversed load for
large displacements. Typical failure mechanisms were observed in the
tests, such as yielding and fatigue failure of nails, nails being pulled out,
or crushing of the OSB panel. A detailed report of the results can be
found in [31].

To evaluate the overall behavior of strong wood frame walls,
nineteen real scale specimens were tested as part of this research under
monotonic and cyclic in-plane shear load. The walls were 2470 mm

Table 1
Mechanical properties for radiata pine framing and 11.1-mm-thick OSB panels
obtained from testing.

Test Framing members OSB

Bending Tensile Compression Along Across
E (MPa) σu (MPa) σu (MPa) GLT (MPa) GLR (MPa)

Number of tests 15 15 15 20 20
Mean 11399.73 26.54 34.78 1307.49 1255.66
SD 1811.08 13.30 8.23 88.31 187.22

Fig. 2. Sheathing-to-framing connection test setup and results.
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high with four different lengths: 700, 1200, 2400, 3600 mm. All
framing materials were 38 × 135 mm (2″ × 6″) dimensional lumber,
and studs were spaced at 407 mm on center. The top and bottom plate
consisted of double members, whereas the end studs had three members
(for the 700 mm long walls) and five members (for the 1200, 2400 and
3600 mm long walls), respectively. 11.1 mm thick OSB panels were
installed on both sides of the walls, employing 70 mm long spiral nails
(3.0 mm shank diameter) spaced at 50 or 100 mm along all panel edges
and at 200 mm for interior studs. SIMPSON Strong-Tie HD12 hold-
down anchorages were bolted with four φ1 × 10″ horizontal bolts to
the end studs and with one φ1-1/8 × 10″ bolt to the foundation.
Additionally, φ1 × 10″ shear bolts were installed to prevent sliding of
the wall. Four 1200 mm and three 2400 mm long walls were tested
monotonically, and two 700 mm, four 1200 mm, four 2400 mm and
two 3600 mm long walls were tested cyclically. The results of the
monotonic tests and the guidelines provided by the ASTM E2126
standard [32] were used to calibrate the CUREE-Caltech protocol [28]
for the cyclic tests. The test setup is shown in Fig. 3. A detailed report of
the experimental program can be found in Guíñez et al. [6].

3. Nonlinear modeling approach

To better understand the nonlinear behavior of walls under large
displacements, a new nonlinear model which takes into account the
different deformation mechanisms in a wood frame wall was developed.
Similar to Pang and Hassanzadeh [18], three types of elements were
used to represent the wall assemblies: (1) 6-DOF planar-frame (beam)
elements for the framing members, (2) 5-DOF shear-panel elements for
the sheathing panels, and (3) 3-DOF link elements for sheathing-to-
framing connections and hold-down devices. Since the nonlinear be-
havior of wood frame walls is dominated by the force-deformation
characteristics of the sheathing-to-framing connections, the nails were
modeled using nonlinear hysteretic springs, whereas the framing,
sheathing members, and hold-down devices were assumed to be linear
and elastic. The model was developed in the MATLAB M−CASHEW
[18] environment.

3.1. Model description

Wood frame shear walls generally consist of six basic structural
components: (1) framing members (i.e., interior studs, end studs, and
top and bottom plates), (2) framing-to-framing connectors, which join
studs with top and bottom plates, (3) sheathing-to-framing connectors,
(4) sheathing OSB panels, (5) hold-down anchorage devices, and (6)
shear bolts. Frame members were modeled using two-node Euler-

Bernoulli frame elements with corotational formulation and 3 DOFs per
node: two translational and one rotational. In the experiments, the
framing elements for the end studs and top and bottom plates were
bonded using high-quality structural glue, so that they behaved as a
single member under large deformations. Hence, in the nonlinear
model, these elements were represented by a single frame element
considering the total width of all the studs, as shown in Fig. 4. Based on
the results from the previous bending tests, a mean value of
E = 11.4 GPa was considered for the studs.

Following the general practice in wood frame construction, only
nominal nailing to hold the frame together was used in the tested walls,
i.e., three 3 × 100 mm nails per joint. As the contribution of this
connection type to the overall stiffness of the wall is small, its effect can
be neglected [4,17]. Therefore, framing-to-framing connections
(framing nails) were modeled as pin-ended connections using two-node
3-DOF link elements with two infinitely rigid springs for translation and
one with zero stiffness for rotation. Sheathing-to-framing connectors
(edge and field nails) were also modeled using two-node 3-DOF link
elements, as discussed in detail in the following section. Sheathing OSB
panels were modeled using rectangular shear-panel elements with 5
DOFs; one rigid-body rotation, two rigid-body translations, and two in-
plane shear angles. Shear panels and frame elements were fastened
together by the sheathing-to-framing connectors. From the OSB shear
tests, an average value of G = 1.3 GPa was selected as the input shear
modulus for the model.

The response of the hold-down system is the result of a complex
combination of the behavior of the wooden members, the steel bolts,
and the anchorage bar. Therefore, it is a common practice that the load-
deformation response of hold-downs is represented by a nonlinear
hysteretic model which captures its overall behavior [18,33]. However,
if high capacity hold-down models are used (e.g., SIMPSON Strong-Tie
HBD models with low-deflection performance), it is reasonable to as-
sume that their response falls into the linear range. As it will be shown
later in this paper, the demands on the hold-downs remain well under
their maximum tensile capacity. Therefore, a linear 3-DOF link element
that fixes the bottom plate to the base was used to represent the hold-
down response. The vertical translational spring had a tensile stiffness
of kt = 11.85 kN/mm, which was determined based on the allowable
tensile and deflection data provided by the design catalog [34], and a
high compression stiffness to simulate the contact between the bottom
plate and the foundation. The horizontal translational spring was also
infinitely rigid to prevent sliding of the wall, whilst the rotational
spring had zero stiffness. Finally, additional 3-DOF link elements were
included to simulate the action of the shear bolts, preventing the sliding
of the wall by assigning them an infinity horizontal stiffness. A detailed

Fig. 3. Test setup (front and right view) for a 1200 mm long strong wall, labelled as C120-10-01 by Guiñez et al. [6].
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description of the model formulation, connectivity, deformed geometry,
and equilibrium equations of the elements can be found in Pang and
Hassanzadeh [18].

3.2. Model calibration for sheathing-to-framing connections

The force–deformation behavior of nail connections is highly non-
linear under monotonic loading and exhibits a pinched hysteretic be-
havior with strength and stiffness degradation under cyclic loading
[35]. Despite the existence of fairly sophisticated finite-element models
which represent individual connectors as an elastoplastic pile em-
bedded in a layered nonlinear foundation [33,36,37], each connection
was modeled with three orthogonal uncoupled springs to achieve rea-
sonable computational overheads in this research. Hence, the load-de-
formation response of each connection was represented by a hysteretic
model based on a minimum number of path-following rules. The
modified Stewart hysteretic model (MSTEW) proposed by Folz and Fi-
liatrault [17] was adopted in this paper. Previous research has de-
monstrated the accuracy of the MSTEW model in representing the
nonlinear response of sheathing-to-framing connections and wood
frame walls [17,22,38,39].

The MSTEW model consists of 10 modeling parameters which
phenomenologically capture the crushing of the wood (framing and
sheathing) along with yielding of the nails. As depicted in Fig. 5(a), the
nonlinear backbone envelope curve of the model is represented by the
following set of equations:

= × + × − − ⩽

= × + − × ⩽ ⩽

= >

δ δ δ δ δ δ
δ δ δ δ δ δ δ δ
δ δ δ

F( ) sgn( ) (F r K | |) [1 exp( K | |/F )]| | | |
F( ) sgn( ) F r K [ sgn( ) ] | | | | | |
F( ) 0 | | | |

0 1 0 0 0 u

u 2 0 u u F

F

Under cyclic loading, unloading off the envelope curve follows a
path with a stiffness r3K0. At this point, both the connector and wood
are assumed to unload elastically. Under continued unloading, the re-
sponse adopts a reduced stiffness r4K0. Detailed information on the
MSTEW model can be found in Folz and Filiatrault [17].

Through nonlinear functional minimization procedures and based
on the average data from the sheathing-to-framing connection tests
published by Jara and Benedetti [31], the 10 modeling parameters of
the MSTEW model were identified for this research, and the results of
the adjusted SDOF model are shown in Fig. 5(b). The values of the 10

parameters are shown in Table 2. Results from Folz and Filiatrault [17]
for the connection tests carried out by Durham et al. [40] are also listed
in Table 2 for comparison.

Good agreement is observed between the test and the MSTEW
model, with an error in the cumulative energy dissipation (calculated as
the area enclosed by the hysteresis cycles) of 4.2%. In the wood frame
walls models, 3-DOF link elements were used to model sheathing-to-
framing connections by employing three uncoupled springs: two
translational and one rotational, as shown in Fig. 5(b). Each transla-
tional spring was assigned the MSTEW hysteretic model previously
described. Since the rotational stiffness has a negligible effect on the
response and behavior of the connection, the rotational spring was
assigned a linear model with zero stiffness. On the other hand, previous
research has shown that employing a pair of non-oriented springs
(which keep a constant orientation) to represent sheathing connections
overestimates the initial stiffness and the ultimate capacity of the shear
walls [17,22]. To avoid this issue, the true oriented (corotation) con-
nection model proposed by Pang and Hassanzadeh [18] was employed
in this work.

3.3. Model validation

This section validates the accuracy of the proposed model when
predicting the overall force-displacement response of strong wood
frame walls with varying aspect ratios under different loading sce-
narios. Out of the total nineteen walls tested in the experimental pro-
gram [6], twelve walls with four different aspect ratios and distinct
responses were selected to explore the validity of the model. Four
monotonic and eight cyclic tests were selected to demonstrate the ac-
curacy of the model under different conditions for walls ranging from
700 mm to 3600 mm in length. For clarity purposes, the same specimen
labeling of Guiñez et al. [6] has been adopted in this paper. For in-
stance, the label M120-10–01 denotes the monotonic test of a 1200 mm
long wall, with nail spacing of 100 mm, specimen number one.
Monotonic results (test data and model predictions) for 1200 mm and
2400 mm walls are shown in Fig. 6. Monotonic analyses (pushover)
were conducted by applying displacement in 0.5 mm increments. A
norm displacement increment test [18] was used as the convergence
criteria, with a residual tolerance of 1e-6 kN and 20 maximum itera-
tions per increment. Analyses were stopped when the maximum force

Fig. 4. Nonlinear model of a 2400 mm long wall.
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dropped by 40% or when the algorithm was no longer able to reach
convergence.

Fig. 6 shows good agreement between the tests results and model
predictions for 1200 mm and 2400 mm long walls. Monotonic tests
were only conducted on these two walls. The M240-10–02 specimen
showed a low maximum capacity, probably due to construction issues
or poor nailing procedure. However, the model showed good accuracy
when compared with the M240-10–01 test regarding wall capacity,

stiffness, and ductility. The same was found for both 1200 mm walls.
In addition to four monotonic tests, eight cyclic analyses were

conducted to prove the accuracy of the model under a reversed loading
path. The top displacement data obtained from the test measurements
were used as input in the control displacement analyses, and the results
for four specimens are shown in Fig. 7. In general, good agreements
between the test results and model predictions were observed for cyclic
tests. The characteristic properties of nonlinear behavior, such as force
and stiffness degradation and pinching, were fully captured by the
model. It should be highlighted that the model is capable of estimating
the wall response reasonably well for a wide range of aspect ratios (i.e.
for 700 mm, 1200 mm, 2400 mm, and 3600 mm long walls), reaching
good accuracy when predicting the reversed load-slip response.

For a detailed assessment of the proposed model, a quantitative
comparison between test results and model predictions was also carried
out for the selected twelve walls. Six engineering parameters were es-
tablished as benchmarks for the evaluation: (1) maximum force Fmax,
(2) maximum displacement Dmax, (3) initial stiffness K0, (4) ultimate
displacement Du, (5) ductility μ, and (6) energy absorbed Eabs. The Du

value was estimated as the corresponding displacement to a force de-
gradation of 20% (i.e., 0.8 Fmax). When estimating the ductility, the
yield force and displacement were calculated based on the equivalent
energy elastic–plastic (EEEP) approach, according to the ASTM E2126
standard [32]. The EEEP approach is defined as an elastic–plastic plot
with the same area enclosed by the force-displacement curve, with the
elastic stiffness defined at 0.4 Fmax. For the monotonic analyses, the
benchmark parameters can be obtained directly from the test and
model results. For the cyclic analyses, a positive and a negative en-
velope was calculated for each force-displacement relationship, and the
mean envelope was obtained as the average of both, up to the Du dis-
placement. Then, the aforementioned parameters were obtained from

Fig. 5. MSTEW (a) model description and (b) prediction for sheathing-to-framing test PT1.

Table 2
MSTEW modeling parameters for sheathing-to-framing connections.

Case MSTEW parameters

K0 r1 r2 r3 r4 F0 FI δu α β
(kN/mm) (kN) (kN) (mm)

Current research 0.911 0.055 −0.079 1.177 0.010 0.879 0.109 11.951 0.569 1.165
Folz and Filiatrault [17] 0.561 0.061 −0.078 1.400 0.143 0.751 0.141 12.500 0.800 1.100

Fig. 6. Comparison between monotonic test results and model predictions for
1200 mm and 2400 mm long walls.
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the mean envelope, and the absorbed energy was calculated as the area
enclosed by the hysteretic cycles. This process is shown in Fig. 8 for the
specimen C240-10–01.

The quantitative evaluation of the proposed model was done by
normalizing the parameters obtained from the numerical models to

those from the experimental tests. Consequently, values greater than
one indicate that the model overestimates the parameter, while values
less than one show that the model underestimates it. In Fig. 9, the six
normalized parameters for each wall specimen are summarized in
boxplots. The top and bottom of each box are the 25th and 75th

Fig. 7. Cyclic behavior of strong wood frame walls. Comparison between experiments and model predictions for the specimens: (a) C070-10-01, (b) C120-10-01, (c)
C240-10-01 and (d) C360-10-01.

Fig. 8. Calculation of (a) cyclic envelopes and (b) EEEP curve for 2400 mm long wall results.
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percentiles, respectively. The distances between the tops and bottoms
are the interquartile ranges. The red line in the middle of each box is the
median, and when it is not centered in the box, it shows data skewness.
Whiskers are plotted from the ends of the interquartile ranges to the
furthest values, and data beyond the whisker length are marked as
outliers (red cross). A data point was identified as an outlier if it is more
than 1.5 times the interquartile range away from the top or bottom of
the box.

Fig. 9 shows reasonable agreements between tests results and model
predictions, with errors within the allowable range considering the
inherent wood material properties’ variation, as listed in Table 1. The
highest median value is 1.14 for the specimen C240-10-02 due to an
overestimation of about 20% of Dmax and Du, while the lowest median
value is 0.79 for the specimen M120-10-01. However, the mean value of
the medians is 0.99 with a standard deviation of 0.12, which seems
reasonable for nonlinear modeling under large displacements. The in-
terquartile ranges (IQR) are useful when evaluating the data scattering.
The largest IQR is 0.29 for the C070-10-02 wall, with 25th and 75th
percentiles of 0.90 and 1.19, respectively. The lowest IQR value is 0.05
for the M120-10-01 wall, and the mean IQR for all specimens is 0.12.

For engineering purposes, it is interesting to analyze the capability
of the proposed model when predicting the response of 1:1 walls
(2400 mm long). This latter is relevant since it is a common practice to
ignore walls with an aspect ratio greater than 2 (i.e., with length less
than 1200 mm) in the lateral resistant system of wood frame buildings
(interestingly, recent research has shown that high-aspect-ratio shear
walls could have a positive influence on the building overstrength
[41]). The medians for each 2400 mm long wall analyzed in this work
are 0.93, 1.08, 1.03 and 1.14 respectively, with a mean of 1.04. The
average IQR is 0.10. Despite these median values being close to 1 (i.e., a
zero-error performance), results show some inaccuracy when predicting
the Du value for 1:1 walls. This is due to the complex phenomena that
occur once the maximum capacity has been reached and the stiffness
degradation begins; the crushing of the wood, failure of the OSB panels,
nonlinear behavior of the anchorage system, tearing of sheathing-to-
framing and framing-to-framing nails, could be associated with the
discrepancy between the predictions and experimental data. Fig. 10
summarizes the accuracy of the model for each benchmark parameter
analyzed, employing the data from all twelve specimens previously
discussed and summarizing them in boxplots.

According to Fig. 10, the maximum force and displacement are well
predicted by the model, with median values of 0.99 and 1.03. Fur-
thermore, the remaining parameters also have close-to-one median

values. The average of the medians is 0.98, and the average of the IQRs
is 0.23. As a general trend, the energy absorbed tends to be under-
estimated by the model, with a median of 0.91 and 25th and 75th
percentiles of 0.82 and 1.0, respectively.

Even though the modeling strategy proposed in this paper was de-
veloped to capture the intrinsic properties of strong wood frame walls,
its generic approach allows it to be employed for predicting the lateral
behavior of conventional walls as well. To prove the latter, one of the
specimens tested by Durham et al. [40] at The University of British
Columbia was modeled employing the methodology of this paper. The
specimen corresponds to a shear wall commonly used in two-story
wood frame houses. The test dimensions were 2400 × 2400 mm, i.e., a
1:1 wall. The framing material was 38 × 89 mm lumber, with studs
spaced at 400 mm on center. The top plate and end studs were double
members, whereas the bottom plate and the interior studs consisted of
single members. To prevent overturning of the wall, conventional two-
bolt corner hold-downs were installed, which also ensured a racking
mode of deformation. The OSB sheathing panels were 9.5-mm-thick
with an elastic shear modulus of 1.5 GPa and sheathed just one side of
the wall. Three panels were used: a 1200 × 2400 mm panel for the
bottom half of the wall and two 1200 × 1200 mm panels covered the
top half of the wall. The sheathing-to-framing connections were pneu-
matically driven 50 mm long nails with a shank diameter of 2.67 mm.
Nails spacing was 150 mm on center along all panel edges and 300 mm
for all interior studs.

Fig. 11(a) shows the schematic of the nonlinear model developed for
the test of Durham et al. [40], where the MSTEW modeling parameters
originally proposed by Folz and Filiatrault [17] for sheathing-to-
framing connections were employed (see Table 2). Fig. 11(b) depicts a
comparison between the test result and model prediction under a cyclic
loading path. As shown, the model predicts accurately the lateral force-
displacement response of the wall for both small and large amplitude
cycles in terms of stiffness and force, with an average error of 4.41%
and 5.56%, respectively. It should be noted that the model does not
capture properly the unloading stiffness. This results in an under-
estimation of the energy dissipated by the wall (16.05% error). This
issue can be addressed by a better calibration of the r3 parameter in the
MSTEW model for the sheathing-to-framing connections. For instance,
if r3 = 1.65, the error reduces to 8.66% when predicting the dissipated
energy.

It should be highlighted that the shear stiffness of conventional
wood frame walls is lower compared to that of strong walls (kstrong/
kconventional = 3.24, calculated for 0.1Fmax) since they are built up with
less OSB panels and sheathing-to-framing nails. Therefore, the

Fig. 9. Median values of the analyzed six parameters for each specimen.
Fig. 10. Normalized data for each engineering parameter.
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deformation of the anchoring system is expected to reduce. This is due
to the fact that the shear stiffness is not high enough to induce im-
portant demands in the hold-downs when the wall is subjected to lateral
forces. Employing the model developed for the work of Durham et al.
[40], the percentage of top lateral deformation due to wall uplift was
estimated to be 10.02% for 1:1 conventional walls. This value is lower
than the one for 1:1 strong walls (25.0%). Previous research has shown
that for the vertical loads expected in the first floor of a typical two to
four-story wood frame house (~25 kN/m), such small uplifts can be
neglected, and that hold-down devices have minimal effect on the lat-
eral behavior of walls [42,43].

4. Local response assessment

The proposed model was employed to conduct in-depth analyses of
the nonlinear behavior of wood frame shear walls, and the results are
discussed in this section. Even though FEM models (such as the one
presented here) have computational overheads higher than simplified-
mechanistic models, a relevant advantage is that they explicitly provide
information about the response of each structural element (i.e., studs,
nails, hold-downs, and panels). Such information is quite valuable for
performance-based seismic design procedures, where nonlinear models
that explicitly evaluate the local damage at the component level are
needed.

4.1. Anchoring system

When evaluating the performance of wood frame walls, it is widely
acknowledged that the damage level is related to the lateral drift or
interstory drift. For instance, the FEMA 356 guidelines [44] establish
three performance levels: immediate occupancy (IO), life safety (LS),
and collapse prevention (CP), which are related to drifts of 1%, 2%, and
3%, respectively. However, these performance levels assume that all the
damage is due only to shear deformation and that the wall is fully
anchored. If the anchorage system (hold-down devices) fails, the wall
loses its load-carrying capacity. Hence, analyzing the anchorage beha-
vior in addition to the overall response of the wall could be relevant for
large displacement demands. Fig. 12(a) shows the vertical load-de-
formation plot of the hold-down device of a 2400 mm long wall, ob-
tained from the proposed numerical model. The tensile force was

normalized by the allowable tensile capacity Tallowable provided in the
design catalog.

Fig. 12(a) shows the linear load-deformation response of the two-
node link element employed to model the hold-down device in the
lower-left corner of the wall. The maximum tensile force and dis-
placement demand were 1.52 Tallowable and 7.49 mm, respectively. In
the design catalog, the allowable tension Tallowable was determined as
one-third of the maximum tension Tult. Hence, the maximum tensile
demand in the hold-down could be calculated as
1.52Tallowable = 0.51Tult. This means that the anchorage system re-
mains below its failure capacity, and it justifies the assumption of as-
signing a linear elastic behavior to the hold-down. Furthermore, it is
interesting to note that the load-slip relationship did not increase
monotonically, but it unloaded after the wall reached its maximum
capacity. This phenomenon can be observed in Fig. 12(b), where the
wall top displacement was plotted versus force demand in the hold-
down. The cross highlights the point where the wall reached its max-
imum capacity, which falls very close to maximum tensile force in the
hold-down. At this point, the sheathing-to-framing connectors have
reached their maximum capacities, and the stiffness degradation be-
gins. Since the wall works as a series system, when there is a loss of
stiffness in the sheathing-to-framing connectors, they experience
greater deformations while the demand in the anchoring system re-
duces. This failure mechanism works as a safety switch that ensures a
shear failure of the wall and prevents the hold-downs from pulling out.
A similar phenomenon was found for walls with different aspect ratios,
as depicted in Fig. 13. As noted by Schick and Seim [45], this highlights
the importance of over-designing non-ductile elements (such as hold-
downs) to ensure the ductile behavior of wood frame walls.

Interestingly, the tensile demands in the hold-downs remained low
even for high aspect ratio walls. Therefore, the high contribution that
the uplift has to the lateral top deformation in these walls is not due to
higher tensile demands, but due to the slender geometry of the wall
(i.e., small uplifts at the lower corners lead to large displacements at the
top of the wall). On the other hand, the properties of the sheathing-to-
framing connectors do have a considerable effect on the anchoring
system demands. Fig. 14 shows the hold-down responses for a 2400 mm
long wall which was modeled employing connections with different
ductilities and maximum capacities.

For the results shown in Fig. 14(a), the hysteretic model of the

Fig. 11. Schematic of the wood frame wall tested by Durham et al. [40]: (a) modeling approach, (b) comparison between test results and model prediction.
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sheathing-to-framing connectors was modified so that it had the same
maximum capacity but different values of ductility. For Fig. 14(b), the
maximum capacity was modified, and the ductility was kept constant.
As can be seen, an increment in ductility capacity did not increase the
demand in the anchoring system, but only 'delayed' the point at which
the maximum demand was reached. However, an increment in the
maximum capacity of the sheathing-to-framing connectors raised the
tensile force demands and may cause the failure of the hold-downs, as
seen when FS2F = 3.0 kN. Assuming that further failure mechanisms
(such as shear buckling) do not take place, special care must be taken
when designing the anchoring system if high-strength connectors, such
as screws, are used in the wall design.

4.2. Sheathing-to-framing connectors

The deformation of sheathing-to-framing (S2F) connectors is due to
the relative displacement between the OSB panels (sheathing) and the
wood frame. Because of the rectangular geometry of the panels and the

deformed configuration (racking mode) of the framing, the maximum
deformation of a sheathing-to-framing connector depends on its posi-
tion within the wall. Fig. 15(a) shows the maximum deformation field
for a 2400 mm long wall calculated based on the results of a monotonic
analysis. The data show that the S2F connectors located at the upper
and lower corners and the central studs are prone to the greatest de-
formations. In other words, they contribute mostly to the resistance of
the wall. Fig. 15(b) shows the percentage of energy absorbed by an S2F
connector during a cyclic analysis as a function of its position within the
wall. Similarly, the most demanded connectors are those at the upper
and lower corners and the central studs. The S2F connectors placed at
the interior studs have little contribution to the overall response of the
wall, and their main function is to prevent the out-of-plane buckling of
OSB panels. Based on the results described above, it is feasible to re-
design the distribution of the S2F connectors within the wall, aiming at
optimizing their location in the areas of greatest demand and increasing
the capacity of the wall. An alternative design is proposed in Fig. 16(a)
to demonstrate this.

For the optimization of the nailing pattern, the S2F connectors were
concentrated at the upper and lower corners with a nail spacing of
50 mm, while at the intermediate zones the spacing was 150 mm. At the
interior studs, a 300 mm spacing was selected. This meets the minimum
requirement to the avoid out-of-plane buckling of OSB panels. In ad-
dition, the total number of connectors was kept constant before and
after the optimization, i.e., 392. According to Fig. 16(b), the optimized
wall had a 10% higher capacity than the original one, whilst the
maximum displacement Dmax remained almost the same (92.50 and
94.00 mm, respectively). However, a lower ductility was observed, due
to a reduction in the ultimate displacement of the wall from 125.21 mm
to 120.62 mm. When the S2F connectors are concentrated in the zones
of greater demand, they reach the failure capacity simultaneously, re-
ducing the post-peak residual capacity of the wall. It should be high-
lighted that although a non-uniform nailing pattern (such as the one
presented above) may not be efficient for on-site constructions, it can be
used in automated prefabrication processes to improve the cost-effec-
tiveness of wood frame walls.

5. Simplified model for strong walls in multi-story buildings

Due to the structural complexity and large number of elements that

Fig. 12. Hold-down HD126 response in the strong shear walls system: (a) load versus hold-down deformation, and (b) load versus wall top displacement. The point
where the wall reached its maximum capacity is highlighted with a red cross.

Fig. 13. Hold-down force demands for walls with different aspect ratios.
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wood frame walls have, it is not feasible to develop detailed FEM
models (as the one presented in this paper) for buildings with several
stories. The computational and modeling effort involved in developing
and analyzing such models would be quite intensive and thus limits
their practical application. In contrast, simplified numerical models
with reasonable accuracy levels are more attractive for practice en-
gineers. Simplified lumped mass models which consider both the pure
shear deformation [46] and the ‘bending’ deformation of the building
[47] have been developed in the last few years, and they have been
proven to work well when compared with test data [39,48]. In order to
balance accuracy and computational overheads, these models represent
the shear response of wood frame walls through nonlinear springs by
employing hysteretic models that are capable of capturing the phe-
nomena associated with the nonlinear behavior under large displace-
ments, such as the MSTEW model [17] or the EPHM model [49].
Therefore, it is of relevant interest to determine the suitability of such
models for strong wood frame walls as a necessary step towards
studying the seismic behavior of mid-rise timber buildings using sim-
plified approaches.

Employing the pure shear data from the diagonal measurements of a
2400 mm long wall (C240-10-01 specimen) during the test, a nonlinear
spring was calibrated for the MSTEW model using a functional mini-
mization procedure to estimate the model parameters, and the results
are shown in Fig. 17. According to this figure, a single degree of
freedom (SDOF) spring is able to reasonably capture the nonlinear
behavior of the wall even for large displacements. As noted by Pei and
van de Lindt [39], the model parameters K0, F0, and Fi that control force
and stiffness can be scaled proportionally to the wall length. Conse-
quently, the same set of MSTEW parameters can be used to predict the
cyclic response of walls with the same nailing properties but of different
lengths. Using the nonlinear model described in the previous section,
the MSTEW parameters per unit length were calculated to predict the
cyclic shear behavior of walls with different nailing patterns, and the
results are listed in Table 3.

The data in Table 3 were calculated considering a field nail spacing
of 200 mm, and assuming that the materials used for the walls have
mechanical properties similar to those described in the experimental
program of this project. Fig. 18 shows the accuracy of the MSTEW

Fig. 14. Hold-down force demands for walls with different S2F (a) ductilities and (b) maximum capacities.

Fig. 15. Demands on sheathing-to-framing connectors: (a) deformation and (b) energy dissipation.
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model to predict the shear response of walls with different lengths,
using the data in Table 3 for double-OSB walls with an edge nail spacing
of 100 mm. As can be seen, the MSTEW model works well when pre-
dicting the cyclic behavior of shear walls, achieving an acceptable de-
gree of accuracy to be used in the nonlinear evaluation of wood frame
buildings. In addition, considering that it is an SDOF model with a very
low computational overhead, the cost-accuracy balance is adequate for
the purpose pursued. It should be highlighted that, employing the data
provided in Table 3, practicing engineers could also create simpler
linear models for wood frame buildings in any commercial software
(such as SAP2000, ETABS, RISA-3D, SAPWood, among others) and use
them in force-based design methods, such as modal analysis or demand-
capacity. Fig. 18 also shows a quantitative evaluation of the SDOF
model using the previous six engineering parameters for each wall
specimen. The normalized data are summarized in boxplots. The close-
to-one results show a good performance of the model, with average
values of the medians and IQRs of 0.97 and 0.15, respectively.

6. Conclusions

An efficient and accurate approach for monotonic and cyclic non-
linear modeling of strong wood frame shear walls is presented in this
paper. Compared to models developed in previous investigations, this
new approach aims at developing a more comprehensive approach that
embraces walls with different aspect ratios, while taking into account
the effects of sturdy end studs, and incorporating the deformation

Fig. 16. Optimization of wood frame walls: (a) nailing pattern of the S2F connectors and (b) monotonic results before and after the optimization.

Fig. 17. Comparison between the test data and model predictions using the
MSTEW model with adjusted parameters for the shear response of a 2400 mm
long wall.

Table 3
MSTEW parameters per unit length for modelling the shear response of strong wood frame walls.

Wall properties MSTEW parameters

OSB Nail spacing K0 r1 r2 r3 r4 F0 Fi δu α β
[mm] [kN/mm/m] [kN/m] [kN/m] [mm]

Single 50 2.374 0.072 −0.046 1.000 0.017 10.275 2.048 45.450 0.532 1.139
100 1.393 0.079 −0.101 1.047 0.015 9.600 1.603 57.300 0.531 1.146
150 1.080 0.079 −0.090 1.075 0.014 7.104 1.202 55.820 0.522 1.150

Double 50 2.487 0.097 −0.080 1.002 0.021 26.685 2.935 42.887 0.800 1.150
100 2.786 0.079 −0.101 1.047 0.015 19.196 3.205 57.300 0.531 1.146
150 2.159 0.079 −0.090 1.075 0.014 14.208 2.403 55.820 0.522 1.150
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demands in the anchoring system. The good agreements between the
model predictions and the results from twelve real-scale experimental
tests demonstrated that the proposed methodology is able to accurately
reproduce the nonlinear response of a wide range of walls. Results also
showed that complex phenomena such as force and stiffness degrada-
tion and pinching in strong walls could be captured reasonably well
using the model. Furthermore, the model was used to conduct in-depth
analyses of the nonlinear behavior of wood frame walls, which led to
the following findings:

• The demands on the hold-downs in strong walls are relatively low
(~0.51 Tult). Hence, they are expected to behave in the linear range.
Such demands do not increase monotonically, but they decrease
after the wall reaches its maximum capacity. This phenomenon
guarantees a shear failure and prevents the hold-downs from pulling
out. Thus, the main failure mechanism of strong shear walls with
code compliant aspect ratios is expected to be nail ductile shearing.

Additionally, the design procedure of the hold-downs could be op-
timized to reduce the cost of the anchorage system.

• The mechanical properties of the sheathing-to-framing connectors
have a significant effect on the anchoring system demands. Special
care must be taken when designing wood frame walls if high-
strength connectors (such as screws) are employed, since the load
transfered to hold-downs could lead to their failure under large
displacement demands.

• In strong wood frame walls with high aspect ratios, the percentage
of global lateral deformation due to the uplift of the anchoring
system is about 50%. This high contribution level is not due to great
tensile demands, but to the slender geometry of the wall (i.e., small
uplifts at the lower corners produce large displacements at the top of
the wall). Based on such high rocking contributions to the wall
deformation, yielding and ultimate drifts of strong shear walls may
significantly increase.

• Due to the geometry of the OSB panels, the deformation demands

Fig. 18. MSTEW predictions for the shear response of (a) 700 mm, (b) 1200 mm, and (c) 3600 mm long walls, and (d) quantitative validation of the SDOF model.
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are concentrated at the upper and lower corners of the wall and the
central studs. The contribution of the nails at the interior studs to
the lateral capacity of the wall was found to be small.

• The nailing pattern can be optimized in wood frame walls to im-
prove the performance of the wall without increasing the number of
connections. It was shown that changing the nailing pattern can
improve the maximum capacity of strong walls up to 10% at the
price of slightly reducing ductility.

• The results of the presented numerical model can be used to cali-
brate a SDOF model. This simpler and easy-to-use model can then be
employed to reproduce the nonlinear shear behavior of wood frame
walls at a very low computational effort for further assessments. The
SDOF model parameters can be normalized per unit length to pre-
dict the pure shear response of walls with similar nailing patterns
but of different wall lengths. This simpler model is intended to make
the nonlinear modeling of mid-rise timber structures efficient, guide
earthquake engineers in practice, and provide valuable information
for both force-based [50–52] and performance-based [53,54]
seismic design procedures for multi-story wood frame buildings.
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