Engineering Structures 240 (2021) 112298

Contents lists available at ScienceDirect

ENGINEERING
{ STRUCTURES

Engineering Structures

FI. SEVIER

journal homepage: www.elsevier.com/locate/engstruct

Check for

Cyclic behavior of wood-frame shear walls with vertical load and bending &=
moment for mid-rise timber buildings

a,b,* a,b a,b,d

, , 2. a, b’ c 4 . s .
Pail Orellana , Hernan Santa Maria , José Luis Almazan ", Xavier Estrella
@ Department of Structural and Geotechnical Engineering, Pontificia Universidad Catélica de Chile, Av. Vicuna Mackenna, Santiago 7820436, Chile

b UC Center for Wood Innovation (CIM), Pontificia Universidad Catdlica de Chile, Av. Vicuna Mackenna, Santiago 7820436, Chile

¢ Research Center for Integrated Disaster Risk Management (CIGIDEN), ANID/FONDAP/15110017, Av. Vicuna Mackenna, Santiago 7820436, Chile

4 University of Technology Sydney, 81 Broadway Street, Ultimo, NSW 2007, Australia

ARTICLE INFO ABSTRACT

Keywords:

Mid-rise timber buildings
Wood-frame shear walls
Cyclic behavior

Shear strength

Shear stiffness

Sturdy end-studs

Strong hold-downs
Vertical load

Bending moment

In light wood-frame buildings, the gravitational and lateral force-resisting systems are composed of floor di-
aphragms and shear walls. During an earthquake, these walls are subjected to the simultaneous action of in-plane
vertical force, shear force, and in-plane bending moment. In a mid-rise building, these internal forces can reach
large magnitudes, especially on the lower stories, and could have an important influence on the lateral behavior
of the walls. The historical use of light wood-frame construction has been in low-rise buildings. Consequently,
few investigations have analyzed the effects of high gravitational forces or in-plane bending moment on the
lateral behavior of wood shear walls designed for multi-story buildings. This paper presents an investigation of
the cyclic lateral behavior of light wood-frame shear walls, designed for mid-rise buildings, subjected to large
axial compressive load and in-plane bending moment. Eight wall specimens were experimentally tested with a
cyclic lateral displacement protocol, a constant compressive load, and a cyclic in-plane bending moment. The
effects of axial compressive load and in-plane bending moment were analyzed. Also, the wall length and the
spacing of sheathing nails were varied to study the effects of these variables on the response. A numerical study
was performed to show how these effects could influence the response of mid-rise timber buildings. An
improvement in the lateral performance of the walls was observed compared to walls tested without compressive
force nor bending moment, showing an increase in stiffness, load-carrying capacity, and dissipated energy.

1. Introduction board (OSB) and plywood. Depending on the design forces and required

stiffness, the panels are installed on one or both sides of the wall. In the

A construction-system widely used in timber buildings is the light
wood-frame construction. This system allows the prefabrication of some
structural elements, which reduces construction time and on-site fabri-
cation errors. In a light wood-frame building, the gravitational and
lateral force-resisting systems are composed of floor diaphragms and
shear walls. There are two types of framing configurations for wood
construction: the platform-frame, and the balloon-frame.

Fig. 1 shows a typical wood-frame shear wall for low-rise platform-
frame buildings, which consists of a timber frame with vertical elements
(studs) and horizontal elements (plates). These elements are connected
at the ends with nails, generating connections with practically no
bending stiffness [1]. To laterally brace the frame, structural wood-
based panels are connected to the frame using metallic fasteners like
nails or staples. The most frequently used panels are of oriented strand
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platform frame construction, the shear-walls have the inter-story height.
Therefore, the vertical elements of the lateral-force-resisting system are
interrupted by the horizontal diaphragms. To generate continuity in
force-transfer and to prevent the overturning of walls, anchorage sys-
tems are installed through stories and to the foundation. Usually, that
anchorage is provided by tension-carrying devices (e.g., hold-down
anchors, continuous steel rods) at the end-studs and shear-carrying de-
vices (e.g., shear bolts, plate shear connectors) at the base and top plates.

For lateral forces, wood-frame shear walls have a nonlinear force-
—deflection response and a cyclic hysteretic behavior, i.e., they can
dissipate energy [2]. This energy dissipation-capacity is limited by a
pinching effect. The same shear walls resist gravitational loads, then
during an earthquake, these are subjected to the simultaneous action of
in-plane axial force, in-plane shear force, and in-plane bending moment.
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Fig. 1. Configuration of a 2400 mm long typical light wood-frame shear wall
for low-rise buildings (adapted from [8]).

In a mid-rise building, these internal forces can reach large magnitudes
compared to a 2-story house, especially on the walls of lower stories, and
could influence the lateral response of the walls. The gravitational loads
in a multi-story building generate high compressive forces in the lower
walls, which require sturdy vertical studs. Also, lateral forces (i.e.,
seismic or wind forces) induce high tension forces in the end-studs.
Therefore, strong anchorage systems (i.e., devices with dimensions
larger than conventional ones and greater number and diameter of the
bolts used in the connection) are needed to transfer these forces.
Another important issue in the seismic response of mid-rise buildings
is the inter-story drift, which can produce damage in nonstructural
components. Then, the lateral stiffness of wood-frame shear walls could
control the multi-story building design. Also, an accurate estimation of
the stiffness is needed to calculate the dynamic properties (i.e., natural
periods and vibration modes) of the buildings. The historical use of the
light wood-frame construction has been in low-rise residential and
commercial buildings [3,4]. Therefore, most of the developments in
research and regulations focus on wood shear walls for low-rise struc-
tures, e.g., [5,6,7]. Then, the traditional design methodologies for wood-
frame shear walls do not consider the effects of high axial compressive
forces and bending moments on the lateral behavior of the walls.

1.1. Experimental background

Many research projects have been conducted to study the seismic
performance of timber buildings [3,5,9,10,11]. In those projects, an
important part of the experimental component focused on the mono-
tonic, cyclic, and dynamic behavior of wood shear walls. Literature re-
views [2,6,12] summarized many publications about tests on wood
shear walls for low-rise buildings. Generally, these tests were conducted
applying lateral loading protocols, with no axial compressive force nor
bending moment. For wood-frame shear walls, those studies showed
that: the sheathing nail pattern has an important effect on the lateral
load-carrying capacity, the observed failure modes were commonly
associated with the panel to frame connections, and these connections
are the main source of dissipation of energy.

Van de Lindt et al. [13] reported the results of shake table tests on a
full-scale six-story wood-frame building. In the lower stories, many
shear walls had sturdy studs and OSB sheathing panels on the two sides.
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The building had a maximum average inter-story drift in the order of 2%
and suffered only minor nonstructural damage due to an earthquake
with a return period of 2500 years. However, these tests evaluated the
whole system response. Therefore, the behavior of the wood-frame
walls, as structural components, was not specifically observed.

Some researchers have studied the effects of vertical loads on the
lateral behavior of light wood-frame shear walls. Dean and Shenton [14]
and Johnston et al. [15] conducted static and cyclic tests in 2440 x
2440 mm common wood-frame shear walls. Those tests were conducted
applying different levels of constant vertical compressive load, between
0 and 25 kN/m. The maximum applied vertical compressive force may
represent the dead load on the first floor of a typical 2- to 4-story
building. They concluded that, for walls with hold-downs, the vertical
load increased the lateral load-carrying capacity by up to 50%, the
initial lateral stiffness by up to 158%, and the energy dissipation by up to
100%. Hold-downs had little effect on the stiffness and energy dissipa-
tion capacity of a vertically loaded shear wall.

Salenikovich and Payeur [8] tested common wood-frame shear walls
of 2440 x 2440 mm and 4880 x 2440 mm, with and without hold-
downs. The tests considered lateral cyclic loading and constant verti-
cal compressive load between 0 and 16.3 kN/m. The maximum vertical
compressive load applied corresponded to the force necessary to prevent
overturning. An increase in the lateral load-carrying capacity was re-
ported for walls without hold-downs. For fully anchored walls, there was
no adverse influence of additional vertical gravity load on their lateral
performance.

Grossi et al. [16,17] tested common wood-frame shear walls of
2500 x 2500 mm. These tests considered three levels of vertical
compressive load, with values of 0, 10, and 20 kN/m, applied at the top
plate of the walls. The authors reported that the increase of the vertical
load led to an increase in the maximum lateral load-carrying capacity of
20% and 28%, and of the stiffness by 12% and 31%, for walls with
vertical loads of 10 kN/m and 20 kN/m, respectively.

The above-cited investigations showed that there are beneficial ef-
fects of the compressive load on the structural response of wood-frame
shear walls. However, these studies are limited to typical walls for
low-rise structures, i.e., walls constructed with common sized elements
and levels of vertical load smaller than the expected loads in mid-rise
buildings.

Sadeghi Marzaleh et al. [18] studied walls with a configuration
designed for mid-rise buildings, conducting three full-scale tests under a
monotonic lateral loading protocol and combinations of vertical load
and bending moment. The walls were 2500 mm long and 2800 mm high.
The vertical elements of the frame consisted of two edge studs, one
center stud, and two intermediate studs with sectional dimensions of
180 x 180 mm, 100 x 180 mm, and 60 x 180 mm, respectively, and the
sheathing consisted of 15 mm thick OSB panels installed on both sides of
the wall. The panels were connected to the frame using staples. The end-
studs were anchored to the foundation using slotted-in steel plate con-
nections with steel dowels, generating a rigid connection. In the three
tests, a load of 60 kN was applied distributed on the top plate to
represent the permanent load of the story supported by the wall. In
addition, two concentrated loads were applied at the end-studs, repre-
senting the forces transferred by the walls of the upper floors. The
concentrated loads had a magnitude of 15 kN, each one, for two tests
with low vertical load; and 123 kN on each end-stud for a test with high
vertical load. The level of the applied vertical load corresponds to resi-
dential or office 4-story buildings with timber-concrete composite slabs.
The walls had ductile behavior, with the staples providing the main
ductility to the system. Also, the applied increase in vertical load and the
addition of bending moment marginally decreased the shear resistance
and stiffness of the studied walls, which contradicts the works cited
above. However, these observations may be due to differences in
constructive details of the studied walls compared to conventional
wood-frame walls. The configuration appears to be closer to a post-beam
system braced with wood panels. Also, the monotonic tests do not
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provide information about energy dissipation or cyclic behavior of the
wood-frame walls. Such information is needed to adjust numerical
models that could predict the dynamic response of shear walls (as
structural components) and timber buildings (as structural systems).
To efficiently extend the use of wood-frame construction to mid-rise
buildings there is a need to characterize the cyclic behavior of wood-
frame shear walls with configurations specifically designed for mid-
rise buildings, considering realistic loading conditions, i.e., taking ac-
count of the effects of axial vertical load and in-plane bending moment.

1.2. Objective

This paper presents an investigation conducted to characterize the
cyclic lateral behavior of light wood-frame shear walls subjected to high
axial compressive load (CL) and in-plane bending moment (BM). The
studied walls had a configuration suitable to be used in the lower stories
of mid-rise platform-frame timber buildings, up to 6-story high.

The lateral cyclic force-deflection response of the walls was inves-
tigated through full-scale tests. The applied axial compressive load was
greater than the vertical loads applied in most of the previous experi-
mental studies reported in the literature. The effects of axial CL and in-
plane BM on the behavior of the shear walls were analyzed and a nu-
merical study was performed to show how these effects could influence
the response of mid-rise timber buildings.

2. Materials and methodology
2.1. Test specimens

Eight full-scale wood-frame shear wall specimens were tested. The
specimens were 2470 mm high with three different lengths: 1200 mm,
2400 mm, and 3600 mm. The labeling (ID) of the test specimens was
done through an alphanumeric code that starts with the letter A fol-
lowed by the length of the wall in centimeters, the panel-edge nail
spacing in centimeters, and the sample number (for repetitions of the
same configuration). The wall configuration is shown in Fig. 2. The
framing members of the walls consisted of MGP10 graded Chilean
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radiate pine (pinus radiata) elements, according to the Chilean national
regulations NCh1198 [19], with cross-sectional dimensions of 2" x 6"
(36 x 138 mm). The sturdy vertical end-studs were built with five 2" x
6” (36 x 138 mm) elements attached with nails and glue. The inter-
mediate vertical studs were single 2” x 6” elements in the center of the
panels and two 2" x 6” elements (nailed and glued) in the edges of the
panels. Two 2” x 6" elements (nailed and glued) were placed as bottom
and top plates of the walls. APA OSB rated 7/16” panels (11.1 mm thick)
were used for sheathing on both faces of the wall. Each 1200 mm by
2400 mm sheathing panel was connected to the frame with @3 mm x 70
mm helical nails spaced 100 mm or 50 mm in the panel edges and spaced
200 mm in the center of the panels. Simpson-StrongTie HD12 hold-down
anchors were placed at the top and bottom in the inner face of the end-
studs. The hold-downs were connected with four @1” x 10” bolts to the
end-studs and with a @1-1/8” x 10” bolt to a foundation steel beam and
to a loading steel beam on top of the wall. To control the slip of the wall,
@1” shear bolts were installed through the bottom and top-plates be-
tween the vertical studs.

2.2. Test set-up

Fig. 3 shows a photograph and a schematic view of the test set-up. To
facilitate the application of the loads in the laboratory, the test set-up
was designed with the wall-plane of the sample oriented in horizontal
position. The wall was anchored to a foundation steel beam at the base.
The foundation-beam displacement was restricted by a reinforced con-
crete reaction wall and steel reaction elements connected to a reinforced
concrete strong floor. A lateral displacement-controlled loading protocol
was applied by a hydraulic actuator through a steel beam (load-beam)
connected to the top-plate of the wall. On the load-beam, two hydraulic
actuators applied force-controlled loading protocols to produce a con-
stant compressive load and a cyclic in-plane bending moment. The
compressive-force actuators had rollers at the contact with the load-
beam to allow the lateral displacement of the wall specimen during
cyclic excitation.

Top plate:

2#2" x 6" (2# 36mm x 138mm)

Simpson anchorage HD12
4 bolts @ =1"x 10"
Connection bolt @ = 1-1/8"
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Fig. 2. Configuration of a 2400 mm long test specimen (dimensions in mm).
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(a) Photograph (of a 1200 mm long wall).
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Fig. 3. Test set-up.

2.3. Test instrumentation

The displacement and force of the lateral loading actuator were
measured during the test (i.e., the lateral displacement of the load-
beam). The instrumentation included displacement transducers to
measure the relative slip between the wall and both steel beams. Then,
the lateral deflection of the walls was calculated as the difference be-
tween the lateral displacement of the load-beam and the total slip of the
wall-plates (bottom and top plates) relative to the steel beams (obtaining
the lateral displacement of the top plate relative to the base plate).

Displacement transducers were placed at the wall vertices to mea-
sure the uplift between the end-studs and the steel beams. A displace-
ment transducer measured the deformation of the diagonal of the wall.
Also, there were transducers to measure the relative slip between the
hold down anchorage and the studs, the axial deformation of the studs,
and the in-plane rigid-body motions of the load-beam.

2.4. Test procedure

The walls were subjected to lateral cyclic displacement and simul-
taneous constant axial compressive load and cyclic in-plane bending
moment, which better represent the actual forces in a shear wall. The
displacement-controlled actuator applied the CUREE protocol [20,21]
with the amplitude of displacements calibrated according to the results
of tests reported by Guinez et al. [22] for walls with the same configu-
ration but tested without vertical load nor bending moment. Fig. 4(a)
shows the displacement protocol, A is a reference displacement obtained
from previous tests [22]. The value of A did not exceed 0.025 times the
wall height [21].

The total compressive force applied by the two actuators represents a
constant uniformly distributed load of approximately 75 kN/m applied
on the top of the walls. This load was obtained from the structural design
of a 6-story wood-frame building following the guidelines of the NCh433
standard [23]. Regarding vertical loads, in such design, a live load of 2
kN/m? was considered, and dead loads were calculated based on the
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(b) Compressive loading protocol for each actuator.

Fig. 4. Loading protocols.

self-weight of structural elements and timber floors (2-2.5 kN/m?
approximately). The structural elements taken into account for
computing dead loads were: (1) shear walls (timber studs, OSB panels,
anchoring devices, and non-structural sheathing panels), and (2) the
flooring system (chords, collectors, beams, blocking, sheathing panels,
and acoustic and thermal insulation). The flooring system selected for
this case study was a common blocked wood-frame solution with a 50
mm thick concrete layer on top. The latter had mainly a non-structural
purpose (acoustic and thermal insulation) and was not coupled to the
timber flooring. The vertical load for each wall was calculated based on
its tributary area determined from the floor-plan distribution. For the
ground floor, vertical loads on walls ranged from 59 to 89 kN/m.
Therefore, an average value of 75 kN/m was selected for this research to
be consistent with the expected forces in the lower stories of multi-story
wood-frame buildings.

The force applied by each actuator varied such that the bending
moment generated was proportional to the displacement applied by the
lateral-loading actuator, but the vertical load was constant. A reference
bending moment was defined as the moment that results when one
actuator applies the total compressive load while the other one applies
zero force. This reference bending moment was achieved for the lateral
displacement at the maximum lateral force obtained in a corresponding
cyclic test of a wall without compressive load nor bending moment [22].
Fig. 4(b) shows the force protocol for each actuator. Also, there was an
additional bending moment due to the eccentricity of the lateral-loading
actuator (acting on the longitudinal axis of the load-beam) relative to the
top-plate of the wall. This additional bending moment depended on the
lateral force. It could not be controlled due that the lateral excitation
having been a displacement-controlled loading. The loads applied on the
test specimens aimed to represent the loading-state of a shear wall which

is part of a building dynamically responding in its first mode of vibra-
tion, in which all the seismic mass displaces in the same direction in each
instant of time.

2.5. Wall performance evaluation

The evaluation of the performance of the tested walls was made
according to the methodology presented in [21]. The envelope curve is
defined as the curve that contains the peak forces from the primary
cycles (cycle with amplitude greater than the subsequent ones) of each
phase of the displacement protocol. Fig. 5(a) shows an example of the
hysteresis loops and the envelope curves associated. Ppq is the
maximum absolute value of force in the envelope curve. An average
envelope curve is obtained by averaging the absolute values of force and
displacement of the corresponding positive and negative envelope
curves, as shown in Fig. 5(b). The ideal equivalent energy elastic—plastic
(EEEP) curve circumscribes an area equal to the area enclosed by the
average envelope curve between the origin, the ultimate displacement,
and the displacement axis (Fig. 5¢). The ultimate displacement A, is
defined as the displacement associated with the ultimate force P,, which
corresponds to the data point, in the envelope curve, with the force
equal to or greater than |0.8P,.|. The elastic stiffness of the EEEP curve
was calculated as the secant stiffness in the average envelope curve at
the force value of 0.4P.

In cyclic loading tests, the equivalent viscous damping (EVD) is a
commonly used metric to evaluate the damping of structural compo-
nents [24]. The EVD is calculated by equating the energy dissipated in a
loading cycle of the system and an equivalent viscous system under
harmonic excitation. The energy dissipated by the system, Eg, is the area
within the hysteresis loop. For a specific loop, the EVD is calculated as:
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where E, is the maximum loop’s elastic strain energy calculated using
an effective stiffness, K.y, associated with the maximum loop’s
displacement Aq (Fig. 6):

1

E, =K, A% 2

s0 = 5K B @
Pt —p-

Ky =+ — 3

off A+7Af ()

where P is the force corresponding to the absolute maximum positive
displacement, A", and P~ is the force corresponding to the absolute
maximum negative displacement, A™.

The EVD was calculated using the shear deformation of the walls,
representing the dissipation capacity of the wall despite the anchorage
system.

2.6. Effects of compressive load and bending moment on wall behavior

To evaluate the simultaneous effects of the compressive load and
bending moment, the responses of the walls were compared with the
published results of a previous set of tests [22] for walls with the same
configurations but tested without CL nor BM. In this paper, to identify
those walls the alphanumeric label (ID) starts with the letter C (as
originally published in [22]) followed by the length (in centimeters), the
panel-edge nail spacing (in centimeters), and the sample number.

]
o
=
=]
~

Deformation

.P—

Fig. 6. An arbitrary hysteresis loop. Equivalent viscous damping defini-
tion [24].

tified as C-walls.

2.7. Numerical analysis of a 5-story building

It is expected that any change in the performance of wood-frame
walls due to high CL and BM has a relevant influence on the seismic
behavior of mid-rise buildings. To evaluate such influence, static and
dynamic analyses were performed for a 5-story wood-frame building
designed using the current Chilean seismic code (NCh433) [23]. The
height of the building was defined to comply with the NCh433 code,
which allows using an equivalent lateral force analysis to calculate the
seismic design forces for buildings up to 5-stories. The building repre-
sents a typical 4-apartment private building with 490 m? of living space
and irregular perimeter, placed on seismic zone 3 and soil type A as
defined in [23]. The floor plan is shown in Fig. 7.

The structural design of the building was made according to the
Chilean seismic regulations NCh433 [23] and the Special Design Pro-
visions for Wind and Seismic (SDPWS) [25]. As explained in section 2.4,
a live load L of 2 kN/m? was considered, and dead loads D were
calculated from the self-weight of structural elements and timber floors
(2 to 2.5 kN/m?). Then, the seismic mass of each story was calculated as
D + 0.25L [23]. The seismic lateral design forces were calculated by a

26.9 m

:
;
J
l

;
[
\

X

19.5m

Fig. 7. Floor plan of the analyzed 5-story timber building.



P. Orellana et al.

static analysis on a linear model of the structure. The design base shear
was obtained from the code-defined acceleration spectrum [23], where
accidental torsion effects were also included. To calculate the base
shear, the period of the structure was computed using the expression
proposed by Nassani [26]. The vertical distribution of the lateral forces
followed the guidelines in Section 6.2.5. of the NCh433 standard [23].
The shear force for each wall of the floor was computed proportionally
to its stiffness. Finally, the design values of the walls were obtained from
the SDPWS standard [25], and the properties of the materials from the
Chilean NCh1198 code [19].

To properly study the effects of the compressive load and bending
moment, two nonlinear models were developed for the same building:
(1) one that considers the effects of the vertical load in lower stories
—identified as A-model in this paper- and (2) one that does not
—identified as C-model-. As the initial step when creating the first model,
the lateral response of the walls tested in this study was reproduced
employing the CASHEW (cyclic analysis of shear walls) model proposed
by Folz and Filiatrault [27]. The non-linearity in the models was intro-
duced through the panel-to-frame connections, whose hysteretic
behavior was modeled using the MSTEW (modified Stewart) model
[27]. The parameters of the model were empirically fitted to match the
overall experimental response of each wall. The calibrated model for the
specimen A240-10-01 is shown in Fig. 8. To model the entire building,
the simplified 3D approach proposed by Pei and van de Lindt [28] was
employed. In this approach, each wood-frame wall is represented by
three unidirectional springs: one nonlinear horizontal spring to model
the shear behavior of the wall, and two bi-linear vertical springs to
capture the combined stiffness of hold-downs, studs, continuous steel
rods, and any special fastener element. Fig. 9 shows a schematic of the
shear-wall element into the structural 3D model of the building. The
MSTEW model was employed to represent the hysteretic response of the
horizontal springs, whose parameters for the two first stories were ob-
tained from the CASHEW models previously discussed (i.e., correspond
to the A-walls). For the three upper stories, the MSTEW parameters were
obtained from experimental results of wood-frame walls tested only
under lateral loading protocols [22] (C-walls), based on the data pro-
vided by Estrella et al. [29]. The rationale for this assumption is based on
the fact that the effect of the vertical load on the walls of the upper
stories is not as significant as the effect on the walls of the lower stories,
as previous research has shown [14,15]. A similar approach was fol-
lowed for the C-model that does not consider the effects of the vertical
load, therefore the horizontal springs in all five stories were modeled
based on walls tested only under lateral loading protocols.

Static pushover analyses were conducted employing both models.
The lateral force was applied following a modal adaptive distribution
over the height of the structure until the base shear fell by 40%. Both

100 / ’ ]
Wt
l!ﬂ/[lllllllllllﬂ’ |
ol % / ]

Displacement [mm]

Fig. 8. Test results versus model predictions for specimen A240-10-01.
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directions (X-axis and Y-axis) were analyzed separately.

A bi-directional time-history analysis was also conducted to study
the effects of the vertical loads on the dynamic response of the building.
The ground motion employed as dynamic input was recorded during the
8.8 Mw Maule earthquake (Angol station) in Chile [30]. The peak
ground accelerations of the record are 0.70 g and 0.93 g in the X and Y
direction, respectively.

To analyze the response of both models when facing several earth-
quakes with different dynamic properties, an incremental dynamic
analysis (IDA) [31] was conducted employing a set of 26 pairs of ground
motions [32] recorded from different events in the last 30 years. Each
pair of ground motions was applied twice to each model, once with the
records oriented along the principal direction, and then again with the
records rotated 90 degrees (a total of 52 IDA analysis for each model).
The 5% damped spectral acceleration associated with the fundamental
period was used as intensity measure and the maximum inter-story drift
as damage measure. A maximum inter-story drift of 3% was used as
collapse capacity limit.

3. Results and discussion
3.1. Performance of the tested shear walls

The main failure modes observed in the tested walls were: a com-
bination of shear- and bending-failure of the nails in panel edges
(Fig. 10a); local crushing of the panel-wood in the nail contact area, with
some nails crossed the panel (Fig. 10b); nails pulled out from the frame
and local permanent deformation of the frame-wood in the nail contact
area; and out of plane buckling of the panels for large displacements
(Fig. 10c). The buckling of the panels was caused by the contact between
the panels and the steel beams at large displacements. There was no
damage observed on the frame timber elements or the anchorage
devices.

Fig. 11 shows the hysteresis curves for the eight tested walls. The
hysteresis curves were constructed with the total lateral displacement of
the top-plate relative to the base-plate and were used to define the en-
velope and the EEEP curves. The shape of the hysteresis curves shows a
complex nonlinear response and hysteresis loops with pinched area,
similar to those reported in previous studies [15,22,33,34] for wood-
frame shear walls. The observed failure modes suggest that the cyclic
behavior of the panel to frame nailed connections has the main influence
on the global lateral behavior of the shear walls.

Table 1 presents a summary of the test results, including the
maximum absolute force measured during the tests, Ppqy; the peak force,
Ppeak, of the average envelope curve; the parameters of the EEEP curve,
Ko, Ay, Ay; the ductility ratio, 4 = A,/A,; and the drift ratio at a force of
0.4Pyeqk, 640 = Ag.appeak/H, with H = wall height. The displacement for
which the measured overturning moment was equal to the resisting
moment, Ag, was used to calculate the drift ratio associated with the
start of the uplift of the end-studs, 6g = Agr/H. The aforementioned
parameters were calculated for the hysteresis loops of the total lateral
displacement of the top plate relative to the base plate. A representative
value for the EVD, &g, is reported in the results; &g corresponds to the
10% percentile of the set of EVD values calculated for all the hysteresis
loops for a tested wall, considering only the shear deformation (i.e.,
despite the overturning component of displacement).

The results presented in Table 1 show the effects of the wall length
and panel edge nail spacing on the analyzed indicators of performance.
The maximum load-carrying capacity (Pnax and Ppeq) increases as the
wall length increases or as the nail spacing decreases. The elastic stiff-
ness, Ko, increases as the wall length increases, but no effect of the nail
spacing is observed on this parameter. The representative EVD, &z, ap-
pears to decrease with an increase in wall length, but it is not a clear
trend; no dependence is observed with the nail spacing. Regarding the
ductility ratio y, no clear trend is observed with respect to the effect of
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Fig. 9. Schema of the shear-wall element into the structural 3D model of the building [28]. (a) Internal forces acting on a wall. (b) Shear-wall element, springs to

resist the internal forces.

(a) Shear- and bending-failure of the nails in panel (b) Panel crushing due to the progressive damage of

edges.
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the panel-wood in the nail contact area.

(c) Panel buckling due to the contact between the

panels and the steel beams at large displacements.

Fig. 10. Failure modes.

the wall length, as similarly was observed in previous tests of walls, with
the same configurations, but tested without CL [22]. On the other hand,
the ductility ratio decreased and the ultimate displacement increased as
the nail spacing decreased. This is explained because the increase of
strength, due to the decrease in nail spacing, is much larger than the
corresponding increase in the value of A,. Comparing the reported drift
parameters; for all cases, except for the A120-05-01 wall, the drift which
initiated the uplift, &g, is greater than the drift 549 for which the elastic
stiffness was defined. Consequently, the elastic stiffness of the A-walls

was greater than the elastic stiffness of walls tested without CL [22] for
which the uplift initiated from the beginning of the experiment.

Fig. 12 shows the unit force envelope curves for the eight tests. In
these curves, the lateral forces are normalized by the wall length (P/L,
with L = wall length). The curves are clustered by nail spacing. The
maximum unit load-carrying capacity and the ultimate unit force were
achieved for drift levels between 2% and 3.5% for the walls with panel-
edge nails spaced 100 mm, and for drift levels between 2% and 4% for
the walls with panel-edge nails spaced 50 mm. In Fig. 12(a) for a specific
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Fig. 11. Force-displacement response curves for lateral displacement of the top plate relative to the base plate.
Table 1
Results from the cyclic tests of walls with vertical load and bending moment.
Testedwall Prax Ppeak Ko 840 SR &g Ay Ay u
[kN] [kN] [kN/mm] [%] [%] [-] [mm] [mm] -]
A120-10-01 49.2 46.3 2.30 0.33 0.34 0.22 17 89 5.1
A120-10-02 47.0 45.4 3.63 0.20 0.24 0.22 10 64 6.3
A120-05-01 86.9 84.2 2.84 0.48 0.17 0.22 25 104 4.1
A240-10-01 98.9 89.3 6.87 0.21 0.92 0.21 11 84 7.4
A240-10-02 101 93.8 6.97 0.22 0.84 0.12 12 82 7.0
A240-05-01 145 143 6.49 0.36 0.61 0.22 19 93 4.9
A360-10-01 159 156 10.5 0.24 1.79 0.10 13 70 5.4
A360-10-02 148 140 9.64 0.23 217 0.16 13 69 5.4

wall length, the specimens with nail-spacing of 50 mm had greater
initial unit stiffness than walls with nail-spacing of 100 mm. Table 2
presents the average values of the maximum force per unit length,
Pmax = Pmax/L, and the elastic stiffness per unit length, ko = Ko/L. The
maximum unit force increases as the nail spacing decreases, while it
does not depend on the wall length. The unit elastic stiffness is inde-
pendent of the nail spacing and appears to slightly increase with an
increase in wall length, but there is no clear trend.

The nominal unit lateral load-carrying capacity according to the
SDPWS provisions [25], for walls equivalent to the analyzed walls, is
23.1 kN/m for panel-edge nails spaced 100 mm (4”) and 39.1 kN/m for
panel-edge nails spaced 50 mm (2”). These values were obtained from
table 4.3A of the SDPWS [25] considering 11 mm (7/16") thick panels
and common 8d nails. Comparing these values with the corresponding
values of Table 2, the unit shear capacity of the tested walls reaches
between 1.55- and 1.85-times the nominal shear capacity estimated
according to the SDPWS [25]. These design provisions present an

equation to estimate the elastic deflection of the shear walls (Eq. (4),
equation 4.3-1 in [25]). In equation (4), the first term takes into account
the bending deflection of the wall, the second term represents the shear
deformation through an apparent shear stiffness, G,, that includes the
panel shear deformation and the fastener slip; and the third term con-
siders the anchorage deformation.

8pH?
EAL

pH HA,
nG, L

Ay = ()]

where Ay, is the lateral deflection of the wall, p = P/L is the unit lateral
force that induces this deflection (with L = wall length), H is the height
of the wall, E and A are the elastic module and the area of the transversal
section of the end-stud, n is the number of wall faces sheathed with
panels (n = 2 for the analyzed walls), G, is the apparent shear stiffness of
the panels, which includes the shear deformation of the panels and the
slip of the connection, and A, is the deformation of the anchorage device
induced by the unit force p.



P. Orellana et al.

A120-10-01 A240-10-01 A360-10-01
— = Al120-10-02 = = A240-10-02 = = A360-10-02
seeeiies A120-05-01 sereeees A240-05-01

Engineering Structures 240 (2021) 112298

10 . — 80 . 50 .
el O Y
R :
- S Y] SRS S Fais -
E S E : E
“/ A
] AN 2
8 s 7 8 40 8
Sy A s
& Ny 2 S ] S
= // i = =
g 7 = ]
=) R /A 5 5 =)
w7 e -
WY \ :
~
% 0.05 0.1 % 2 3 4 s
Drift (%] Drift [%)
@) ®)

Fig. 12. Envelope curves for the tested walls with unit lateral force (force divided by wall length).

Table 2

Unit load-carrying capacity, unit stiffness, equivalent viscous damping, and ductility ratio of walls for cyclic tests with vertical load and bending moment (A-walls), and

cyclic tests without vertical load nor bending moment (C-walls) [22].

Wall Configuration[1] Pmax [KN/m] ko [KN/mm/m] &[] u -1
A C A/C A C A/C A C A/C A C A/C
120-10 40.1 37.0 1.08 2.5 0.9 2.91 0.22 0.09 2.56 5.66 3.15 1.80
120-05 72.4 47.1 1.54 2.4 1.0 2.30 0.22 0.10 2.17 4.10 3.35 1.22
240-10 41.6 31.8 1.31 2.9 1.1 2.53 0.16 0.10 1.65 7.23 3.85 1.88
240-05 60.5 37.2 1.63 2.7 1.3 2.03 0.22 0.09 2.48 4.89 3.70 1.32
360-10 42.6 33.6 1.27 2.8 1.2 2.30 0.13 0.10 1.36 5.37 3.55 1.51

[1] For tests with the same configuration, the table shows the average value for each parameter.

An estimation of the initial elastic unit stiffness can be calculated
based on Eq. (4). To compare the SDPWS-based estimation of the stiff-
ness with the stiffness of the tested walls, the anchorage deformation
component of the equation was excluded. This assumption is based on
the effect of the vertical load that restrains the uplift of end-studs for
small displacements and therefore avoids the anchorage deformation.
Then, the elastic unit stiffness, ks, is calculated as:

1

8H3 H
e T nGoL

kg, = ()

Considering 11 mm (7/16") thick panels and common 8d nails in
table 4.3A of the SDPWS [25], the apparent shear stiffness is G, = 3.69
kN/mm for walls with panel-edge nails spaced 100 mm (4") and G, =
7.02 kN/mm for walls with panel-edge nails spaced 50 mm (2").
Considering an elastic module of E = 10 GPa for the end-studs (ac-
cording to NCh1198 provisions [19]), the unit elastic stiffness, ko, of the
tested walls (see Table 2) is 1.02- to 1.85-times the SDPWS-based esti-
mation (Eq. (5)).

3.2. Effects of compressive load and bending moment on wall behavior

Table 2 presents the values of the maximum force per unit length,
Dmax, the values of the elastic stiffness per unit length, ko, the repre-
sentative equivalent viscous damping, &, and the ductility ratio, y, for
the walls tested with axial compressive load and bending moment (A-
walls) and without axial compressive load nor bending moment (C-
walls). The A-walls have larger response parameters than the C-walls
[22]. The unit elastic stiffness are 2- to 2.9-times the stiffness of C-walls,
and the increase in unit stiffness is smaller as the wall length increases.
This is due to the compressive load that restrains the uplift of the wall
and, therefore, reduces the overturning component of the lateral
displacement. This is confirmed by observing that the uplift-drift, &g, is
larger than the drift 549 for which the elastic stiffness was defined (see

10

Table 1). Table 2 shows that the resistance increases between 8 and 63%;
the greater increase is for the walls with nails spaced 50 mm in the panel
edges. The ductility ratios of the A-walls are 1.2- to 1.9-times larger than
those of the C-walls. The increase is larger in walls with nail spacing of
100 mm in the panel edges.

To compare the shape of the hysteresis loops of the A-walls and C-
walls, the lateral forces in the curves of Fig. 13 were normalized by the
maximum force measured during each test. The general shape of the
hysteresis loops is similar for the A-walls and C-walls. However,
observing the loading and unloading paths of the hysteresis loops, the
pinched response of the A-walls has a greater amplitude between the
force-axis intercept points than that of the C-walls (as a percentage of the
maximum lateral load-carrying capacity). This indicates that the hys-
teresis loops for the A-walls describe a larger area than those of the C-
walls, showing a greater capacity to dissipate energy, which is consistent
with the larger equivalent damping ratio observed in A-walls (see
Table 2). This agrees with the observations made by Johnston et al. [15]
for walls tested with various levels of vertical load, but without bending
moment. Observing the post-peak behavior in the hysteresis curves of
the A-walls, the secondary post-peak loops have a box-shape. This shape
is similar to the hysteretic behavior of a frictional damper, which sug-
gests that the improvement in the dissipation capacity of the A-walls,
compared to the C-walls, may be due to a frictional phenomenon
induced (or intensified) by the CL or the BM.

For the A-walls in the post-peak response loops, at the force-axis
intercept points, the loading path is practically horizontal (see
Fig. 13). The measured force-intercept values are approximately 10% of
the total vertical load applied on the top plate (ranging from 8.8% to
11.7% with an average of 9.9%). In the well-known Coulomb friction
model, the friction forces are proportional to the normal forces and the
coefficient of friction between the surfaces with slip-contact. Then, it is
reasonable to expect that the CL (or BM) could increase those forces. In
the initial cycles (i.e., small displacements) energy dissipation occurs
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Fig. 13. Comparison of the shape of the hysteresis curves of walls tested with
compressive load and bending moment (A-walls) and walls tested without

compressive load nor bending moment (C-walls) [22].

mainly due to the panel-to-frame friction [35]. But in post-peak
behavior, it is reasonable to suppose that the generated gap between
the panels and the frame causes the panel-to-frame friction to be
negligible. Other possible sources of friction could be in the interaction
between the frame members or between the frame and the anchorage
devices. The measured data show small slip between anchorages and
end-studs, which suggests that there is no frictional dissipation on that
contact.

As can be seen in Fig. 2, the sturdy end-studs were fabricated with 5
timber elements attached with nails and adhesive. Then, the relative slip
between the individual timber elements that form the end-studs can be a
source of dissipation due to the hysteretic behavior of the nailed
connection and viscous dissipation in the adhesive material. Another
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possible source of dissipation is the plastic deformation of the anchorage
bolts, however, no permanent deformation was observed in those
elements.

Fig. 14 shows the average envelope curves of the two types of walls.
The curves are clustered by wall configurations (there were 5 wall
configurations in the experimental study). Also, it shows the drift
associated with the start of the uplift of the end-studs in A-walls, denoted
as g (see Table 1). In general, the A-walls have greater lateral forces
than the C-walls. For the 1200 mm and 3600 mm long specimens, the
displacements associated with the maximum lateral force and with the
ultimate lateral force are smaller for the A-walls. In the 2400 mm long
walls these displacements are similar for the two types of tests. The 5g
limit appears to mark a change in the behavior of the A-walls. This is
noticeable on the A240-05-01 specimen in which a change in the
tangent-stiffness of the envelope curve is evident.

Fig. 15 shows the degradation of the cyclic effective secant-stiffness,
Ky (as defined in Eq. (3) and Fig. 6), calculated for the total lateral
displacement of the top plate relative to the base plate. The effective
stiffness of A-walls is greater than those of C-walls. For the 1200 mm and
2400 mm long specimens, the A-walls’ effective stiffness degrades faster
than for C-walls, then, the stiffness values for the two sets of walls
converge as the number of cycles (and the lateral deformation) in-
creases. Such effect is less noticeable in 3600 mm long walls.

To compare the cyclic parameters (effective stiffness, dissipated en-
ergy, and equivalent viscous damping) at different levels of deformation,
Table 3 shows the average values of the ratio between the parameters of
the A-walls to those of the C-walls at three levels of drift (1%, 2%, and
3%). These values of drift correspond to the three performance levels
(immediate operation IO, life safety LS, and collapse prevention CP)
proposed by FEMA 356 [36]. The effect of the axial load in the increase
of effective secant-stiffness is larger for the walls with nail-spacing of 50
mm than for the walls with nail-spacing of 100 mm. For the walls with

Displacement [mm)] Displacement [mm]

0 50 100 0 50 100 150
150} | | BEm
i A120-10-01 ion A120-05-01
! sereenA120-10-02 | |! ———C120-05-01
— 11 ——(C120-10-01 | || — —C120-05-02
Z100r, — —C120-10-02] ||
g |l i
£ 50} | | =~
. %—’ =
0
1sop 1y A240-10011 [ 15
! seerees 2401002 | |
— I I
Z100 . :
o
2 X
£ 50 A240-05-01
———(C240-10-01 ———(240-05-01
— —(240-10-02 — —(240-05-02
0 0 2 4 6
150 Drift [%]
Z:100 ! 0p = Drift at start
== | of uplift of A-walls
8 | - ———A360-10-01 |
S 50 | tntrerA360-10-02 i
———(C360-10-01 i
s I — —c360-10-02
A
0
0 2 4 6

Drift [%]

Fig. 14. Comparison of envelope curves of walls tested with compressive load
and bending moment (A-walls) and walls tested without compressive load nor
bending moment (C-walls) [22].
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Fig. 15. Effective cyclic stiffness, K (see Fig. 6), for the tests (A-walls and C-
walls [22]).

Table 3

Ratio (A-walls to C-walls) of the cyclic parameters for different levels of drift, 5.
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nail-spacing of 100 mm, there are average ratios of 1.44, 1.29, and 0.94
at drifts of 1%, 2%, and 3%; respectively. Then, at the third performance
level, the A-walls with nail-spacing of 100 mm show less stiffness than
the corresponding C-walls. In contrast, walls with nail-spacing of 50
mm, maintain stiffness ratios greater than 1.0 at the three performance
levels.

Fig. 16 shows the dissipated energy per cycle, E4, calculated as the
area enclosed by the hysteresis loops of the total lateral displacement.
This shows that A-walls had greater dissipation capacity for all the
hysteresis loops. For two consecutive secondary cycles (i.e., cycles with
the same displacement amplitude) the dissipated energy decreases
slightly. This trend may be due to a change in the coefficient of friction
between the components with slip contact. Table 3 shows the ratios of
the energy dissipated by a hysteresis loop for the A-walls to the C-walls,
at three levels of drift. For the first (I0) and second (LS) performance
levels, the energy dissipated per cycle by the A-walls was more than 3-
times the energy dissipated by the C-walls. At the third performance
level, the ratios range from 2.5 to 3.9.

Fig. 17 shows the equivalent viscous damping per cycle, &, (Eq. (1)),
for the hysteresis loops of the total lateral displacement. The values of
EVD for the A-walls are greater than those of the C-walls for all the
cycles. In Table 3, the values of the ratio of the EVD of the A-walls to the
EVD of the C-walls range from 1.67 to 3.22 at the first performance level.
These ratios decrease for the second and third performance levels, to
between 1.35 and 2.96. No clear trend is observed in the values of these
ratios at different drift levels.

3.3. Results of the numerical analysis of the 5-story building

The better performance observed for wood-frame walls under high
CL and BM is expected to have a relevant influence on the seismic
behavior of mid-rise buildings. Even though it is a common practice to
consider the effects of vertical loads when designing and analyzing other
structural systems (for instance, by means of the interaction diagram for
reinforced-concrete structures), there is no standard procedure to do so
for wood-frame buildings. Understanding such effects would be of great
relevance to optimize the design of timber buildings. Therefore, this
section aims at providing a glance of the lateral performance of wood-
frame structures when the effects of the combined action of vertical
and lateral loads on the walls are considered. To achieve this goal, static
and dynamic analyses were performed for a 5-story wood-frame build-
ing. The structure was numerically represented with two nonlinear
models (A-model and C-model) as described in Section 2.7.

Static pushover analyses were conducted employing both models.
Fig. 18 shows the obtained monotonic pushover curves for both models
and each analysis-direction (X-axis and Y-axis). The vertical loads in-
crease the capacity of the building by 56.6% and 46.1% in the X and Y
directions, respectively, a result that is consistent with those observed
from the wall tests. The initial stiffness of the structure increases by
25.9% and 15.4% for each direction, which results in a reduction of the
fundamental period of the building from 0.68 s to 0.64 s. As additional
information, the design spectral accelerations, according to the NCh433
[23] regulations, are 0.36 g for the C-model and 0.40 g for the A-model
(an increase of 11%). Also, Fig. 18 shows an increase in the lateral
displacement capacity and the ductility of the building. This is due to a

Wall Configuration Ky [ratio A/C]

E4 [ratio A/C] &, [ratio A/C]

6 =1% 2% 3% 5 =1% 2% 3% 6=1% 2% 3%
120-10 1.66 1.40 0.93 4.41 3.13 2.86 2.51 2.16 2.96
120-05 2.08 1.93 1.77 6.69 3.98 3.92 3.22 2.12 2.23
240-10 1.39 1.24 0.95 3.21 3.06 2.69 212 2.28 2.70
240-05 1.68 2.39 1.97 3.05 3.17 2.52 1.67 1.35 1.29
360-10 1.27 1.22 0.94 3.40 3.05 3.20 1.71 1.92 2.82
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Fig. 16. Dissipated energy per cycle, E4 (see Fig. 6), for the tests (A-walls and
C-walls [22]).

higher contribution of the upper stories to the roof displacement when
only in the lower stories the effects of the vertical loads are considered.
Therefore, such increased ductility does not represent a higher nonlinear
deformation capacity of the structure.

Fig. 19 shows the maximum inter-story drifts calculated in the time-
history analysis for each story at the center of mass of the floor. For
comparison, the three performance levels (immediate operation IO, life
safety LS, and collapse prevention CP) proposed by FEMA 356 [36] are
also included. Smaller drifts for almost all stories were observed for the
model with vertical loads, with a significant improvement in the
behavior of the first two stories. In the A-model the third story had the
maximum deformation (0.95% drift), which is a consequence of the
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Fig. 17. Equivalent viscous damping (EVD) per cycle (see Fig. 6), for the tests
(A-walls and C-walls [22]).

higher stiffness of the lower stories. Incorporating the vertical load ef-
fects in the analysis allows accomplishing the IO performance level in all
the stories. This highlights the importance of developing a standard
methodology to properly incorporate the vertical load effects for
performance-based seismic design procedures.

Finally, an incremental dynamic analysis (IDA) [31] was conducted
to analyze the response of both models when facing several earthquakes
with different dynamic properties. Fig. 20(a) and (b) show the 52 IDA
results for each model as well as the collapse capacities computed for a
3% inter-story drift (i.e., the average spectral acceleration at collapse
limit). Results show an increase from 1.09 g to 1.30 g (19.3%) in the
average collapse capacity when the vertical load effects are considered.
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Fig. 19. Maximum inter-story drifts, at the floor’s center of mass, recorded
from the bi-directional time-history analysis of the building models, subjected
to the ground motion of the Maule earthquake (Angol station [30]).

Additionally, a detailed analysis of the results showed that if the
improved performance of the lower stories is considered, the damage is
evenly distributed on all floors, avoiding a soft-story failure mode in
most of the cases. The Collapse Margin Ratio (CMR) is defined as the
ratio between the collapse capacity computed from an IDA analysis and
the spectral acceleration corresponding to the code-defined Maximum
Considered Earthquake (MCE). The NCh2745 standard [37] defines the
MCE as 1.5 times the design spectral acceleration. Therefore, the CMRs
for the models without and with vertical loads are 2.02 and 2.17, an
increase of 7.3% when the vertical loads were considered into the nu-
merical model.

4. Conclusions

This paper presents the results of an experimental investigation
conducted to characterize the cyclic lateral behavior of wood-frame
shear walls for mid-rise timber buildings. The studied walls had a
configuration designed to resist large axial compressive load (CL) and in-
plane bending moment (BM) and were cyclically tested in realistic
loading conditions (i.e., applying CL and BM). For such walls and
loading conditions, few experimental information is available in the
literature. An improvement in the lateral behavior was observed
compared to walls tested without CL nor BM. To evaluate the effects of
this improved wall-behavior on the seismic response of mid-rise timber
buildings, a numerical study was performed on a structural model of a 5-
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Fig. 20. Incremental dynamic analysis (IDA) results and collapse capacities for:
(a) model with vertical load —~A-model-, and (b) model without vertical load
—C-model-.

story structure designed according to the Chilean seismic code. Such
study showed that the prediction of the structural response is conser-
vative when the numerical model does not consider the effects of the
vertical loads. The main observations and conclusions obtained of this
research are:

e The observed failure modes of the shear walls subjected to axial CL
and in-plane BM are similar to the ones observed in common light
wood-frame shear walls tested without compressive load nor
bending moment. The main observed damage was local crushing of
the wood and nail failure in the panel to frame connections.
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e The maximum load-carrying capacity increases as the wall length
increases (showing a proportionality trend) or as the panel-edge nail
spacing decreases (showing an increase by up to 76%). The initial
stiffness increases as the wall length increases and no effect of the
nail spacing is observed on this parameter. As the nail spacing de-
creases, the ductility ratio decreases and the ultimate displacement
increases. Similar to observations in a previous study on walls tested
without CL, no clear trend is evidenced with respect to the effect of
the wall length on the ductility ratio.

The nominal load-carrying capacity estimated with the Special
Design Provisions for Wind and Seismic (SDPWS) underestimates the
actual capacity of walls when there are high compressive loads and
bending moments on the walls. The load-carrying capacity of the
tested walls reached between 1.55- and 1.85-times the nominal ca-
pacity estimated according to the SDPWS. Also, the SDPWS expres-
sion for the elastic deflection underestimates the actual stiffness of
the analyzed walls. The initial stiffness of the tested walls were 1.02-
to 1.85-times the SDPWS-based estimation.

The axial compressive load and bending moment cause an increase in
the maximum lateral load-carrying capacity, lateral stiffness, dissi-
pation capacity, and ductility ratio of walls compared to walls tested
without CL nor BM. The observed average increase was 37% (ranging
from 8 to 63%) for the load-carrying capacity, 141% (ranging from
103 to 191%) for the initial stiffness, 104% (ranging from 36 to
156%) for the representative equivalent viscous damping, and 55%
(ranging from 22 to 87%) for the ductility ratio. The improvement in
the response parameters suggests that there are changes in both the
hysteretic behavior of the panel-to-frame connections and the
framing members’ interaction. The shape of the hysteresis loops
suggests that an as yet non-identified inner frictional phenomenon is
the main reason for the increase in the dissipation capacity. These
hypotheses are currently being investigated.

Results from a numerical analysis on a 5-story wood-frame building
model showed that high vertical loads might have a relevant impact
on the lateral behavior of mid-rise structures and not considering it
might be too conservative. The effects of the gravitational loads on
the first- and second-story walls modified the dynamic properties of
the building, decreasing the fundamental period by 6.7%. Static
pushover analyses show that the vertical loads increase the capacity
of the building by 51.4% (on average) and the initial stiffness by
20.7%. Also, a greater ductility was obtained when the vertical loads
were considered. Dynamic analyses showed that when the vertical
loads are considered, the behavior of the structure improves and the
inter-story drifts decrease, allowing to achieve the performance
levels required to guarantee the resilience of the analyzed building.
Besides, an incremental dynamic analysis showed a 19.3% increase
in the collapse capacity of the building and a 7.3% increase in the
collapse margin ratio, when several ground motions with different
characteristics were employed.

The numerical study shows that to consider the effects of axial
compressive load and bending moment in the lateral behavior of
wood-frame shear walls could generate better estimates of seismic
demands. This is because a correct estimation of the building’s
lateral stiffness leads to a better calculation of the natural periods
and natural vibration modes of the structure. More efficient designs
of mid-rise buildings could be achieved by considering the effects of
high axial compressive load and bending moment on the lateral
response of wood-frame shear walls.

The results of the numerical study highlight the importance of
developing a standard methodology to properly incorporate the effects
of CL and BM for multi-story timber building design. The acquired data
and experience from the experimental study allow calibrating numerical
models to predict the seismic behavior of mid-rise timber buildings. The
correct characterization of the wall behavior, under more realistic
loading conditions, could be used in performance-based seismic design
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procedures, which require a detailed description of the force-
—deformation behavior of individual structural components.
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