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TESTING THE INFLUENCE OF 3D COUPLING EFFECTS ON THE
LATERAL RESPONSE OF NON-PLANAR T-SHAPE WOOD FRAME
SHEAR WALLS

Diego Valdivieso', Diego Lopez-GarciaZ, José Luis Almazan?3, Jairo Montafio*,
Pablo Guindoss®

ABSTRACT: Cumulative shear wall overturning (CSWO) is a common response of structural models of multi-
story Light-Frame Timber Buildings (LFTBs) under lateral loads. Governed by holdown uplift and shear wall (SW)
bending, large CSWO occurs in LFTBs due to the light self-weight of wood and the dominant rocking flexibility of stiff
SWs. Even though CSWO is paramount in seismic design because of its effect on the flexibility of LFTBs (making hard
to achieve the inter-story drift limits), this phenomenon is not incorporated into the structural models of LFTBs. For
instance, in the design of LFTBs for lateral loads it is assumed that SWs behave as planar isolated elements. However,
CSWO may be influenced by 3D coupling effects (3D-SWCE) in non-planar SWs such as T or L assemblies. This paper
describes a large full-scale experiment of'a 7.32 m x 5.1 m assembly, performed to gather insight into 3D-SWCEs through
the cyclic evaluation of a non-planar T-shape SW. Results showed an asymmetric behaviour of the T-shape SW with
increments of 20% and 98% in elastic stiffness and maximum capacity, respectively, with respect to those of a planar
SW. It is concluded that 3D-SWCEs have a significant structural influence on the response of LFTBs.

KEYWORDS: Wood frame construction, light-frame shear walls, non-planar, T-shape, 3D-SWCE.

1 INTRODUCTION results [4-8] showed that current mechanical models
[3,9,10] suffer from several limitations as the system
effects are not captured. In this paper system effect refers
to the interaction between the components of a building
HUS ¢ ( ! (i.e., shear walls, floor, or roof systems) which modifies
buildings, reducing the housing deficit and the the response of isolated components. It is then important
contribution of the construction industry to the global to experimentally evaluate the mechanism that controls
greenhouse gas emissions [1]. the system effect considering component-level
specimens, as the experimental campaigns in light-frame
A LFTB is the result of the assembly of several structures that identified the system effect had been done
components with repetitive members such as walls, based on building-level specimens [4-8].
floors, and roof systems connected by intercomponent
connections forming a three-dimensional highly 1.1 NON-PLANAR TIMBER SHEAR WALLS
indeterminate structural system. Then, gross simplifying
assumptions are made (e.g., walls assumed as in-plane
resistant components) for its design and analysis [2].
When LFTBs are subjected to earthquake loads,
cumulative rotation effects are presented when the shear
walls are assumed to behave as isolated cantilever
components due to the hold-down elongation and bending
deformation of the wall [3]. However, full-scale test

Light frame timber building (LFTB) is one of the
alternatives evaluated by the Chilean -construction
industry to eventually replace concrete and steel mid-rise

For mid-rise buildings in highly seismic-prone areas, such
as Chile, wood-frame shear walls usually adopt a strong
structural configuration (i.e., strong shear wall or SSW),
consisting of 41 x 185 mm (2x8) framing members,
sturdy end studs (typically comprising 4 or more
members), strong hold-down, wood structural panel
(WSP) - typically OSB on both sides-, and closely spaced
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edge and field nailing patterns [11-13]. In the layout of a
building, SSWs are typically assembled in T-shape, L-
shape, and/or U-shape non-planar SSWs based on the
architectural project. These non-planar shear walls have
been deeply studied in concrete structures [14, 15],
identifying coupling effects (i.e., the effect of transverse
shear walls on the in-plane response of a wall) that need
to be addressed in SSWs. In this paper, the coupling
effect presented in non-planar SSWs is denoted 3D shear
wall coupling effect (3D-SWCE).

In light-frame timber structures, 3D-SWCE has been
identified as one of the key factors to be evaluated for a
better understanding of LFTBs [16]. The 3D-SWCE has
been evaluated experimentally in conventional shear
walls [17, 18] (i.e., the term conventional shear wall was
introduced in [11] for referring to wood frame shear wall
consisting of a 1.2-2.4 m long wood frame with 38 x 89
mm (2x4) interior studs spaced at 400 mm on center,
double end studs, single members for the top and sole
plate, and discrete holdowns to prevent overturning of the
wall) and partitional walls [19, 20] as an alternative for
replacing the installation of hold-downs. Experimental
results showed that transverse shear walls have the
potential to increase the racking stiffness of a wall to the
point where no hold-down is needed. An analytical
procedure was introduced in [21] for computing the tying-
down effect of transverse walls on the load-carrying
capacity of partially anchored conventional shear walls.
The procedure demonstrates that transverse shear walls
have the potential to increase the lateral in-plane load-
carrying capacity of a shear wall. That increment reduces
as the aspect ratio of the wall reduces as well (i.e., up to
100% of increment in lateral load for shear walls with a
1:2 aspect ratio, from up to 32% for walls with a 1:0.5
aspect ratio). Even though this procedure is a starting
point for the evaluation of 3D-SWCE, it considers only
the effect of transverse shear walls by their uplift
strength/stiffness, neglecting the out-of-plane
strength/stiffness component. Further experimental
evaluation is needed in the case where SSWs are used
(i.e., as the in-plane/out-of-plane stiffness and strength are
higher in SSWs than in conventional shear walls). To the
best of the authors’ knowledge, no previously published
studies have described the cyclic behavior of non-planar
SSWs.

The 3D-SWCE has been studied in cross-laminated
timber (CLT) shear walls experimentally and numerically
[22, 23]. The effect of the out-of-plane walls on the in-
plane strength and stiffness of an I-shape CLT non-planar
shear wall was reported in [22]. A positive influence on
the initial lateral stiffness (i.e., increment of up to 155%)
and peak strength (i.e., increment of up to 60%) was found
because of the added out-of-plane walls with respect to an
isolated wall assembly. Furthermore, the 3D-SWCE
seems not to affect the failure mechanism and
deformation capacity of the system. The study highlights
that a key component for achieving 3D-SWCE is a
properly detailed connection between transverse and in-
plane walls in order to use them as an uplift restraint

system.
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Figure 1: Schematic configuration of (a) conventional and (b)
strong wood frame shear wall. Taken from [11]

2 SCOPE

This investigation aims at evaluating experimentally the
lateral cyclic response of a non-planar T-shape wood
frame strong shear wall as a way to represent part of the
system effects found in LFTBs. Also, as previous studies
identified that the wall-to-wall perpendicular connections
are crucial for achieving 3D-SWCEs, two alternatives
were evaluated experimentally.

3 METHODOLOGY

Connection-level and assembly-level tests were carried
out under monotonic and/or cyclic loading according to
ASTM E564-06 [5] and ASTM E2126-19 [6],
respectively. The loading protocol was displacement-
controlled and applied until failure of the specimen.

3.1 CONNECTION-LEVEL TEST

Two  different  configurations of  wall-to-wall
perpendicular connections were assembled. Both
connections (i.e., screwed and slotted) were selected to
facilitate ~ wall installation considering off-site
construction techniques. The connection-level specimens
are  representative of an  end-stud-to-end-stud
perpendicular connection (i.e., for a wall-to-wall
perpendicular connection, end-studs are connected).
Specimens consider two lateral elements and one central
element manufactured with 41 mm x 135 mm (2x6)
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dimensional Chilean radiata pine (RP) lumber
mechanically graded as C16 according to NCh1198 [26].
As SSWs are sheathed with OSB, a layer of OSB is
attached at both sides of the central element. Screwed
connection considers two pairs per shear plane of four
crossed screws in an X-position installed at 45°. Slotted
connections consider one slot connector per shear
plane. Details of each specimen are summarized in Table
1. Each configuration consists of 3 specimens: 1 for
monotonic testing, and 2 for cyclic testing.

Reaction
Frame

transfer
system

Reaction
Beam

Lateral
Bracing

Foras { sz
Figure 2: Connection-level test setup

A reaction steel frame was used to perform the
connection-level tests. As shown in Figure 2, the reaction
steel frame is anchored to a strong floor. Two heavy-duty
steel beams are installed at each side of the specimen
reacting against the strong floor through four high-
strength rods (Figure 2). The load was applied by a
double-action cylinder of +/- 588 kN and +/- 75 mm of
force and displacement capacity, respectively, which
transfers the vertical load to the specimen through a load-
transfer system that consists of two steel plates attached
to the specimen through bolts. As shown in Figure 2, all
specimens were instrumented with four (i.e., two per
shear plane) displacement transducers (LVDTs) for
measuring the slip of the connection (labelled as 1 in
Figure 2), two (i.e., one per shear plane) LVDTs for
monitoring the rotation of the lateral end-studs (labelled
as 2 in Figure 2) and one double-effect load cell to capture
the shear force between end-studs.

Table 1: Connection-level specimen details

Connection Lateral Central Fast.or
Type Element®  Element®  Conn. Type
a ESCRFTZ
45XSc (4)41x135  (10)41x135 2 0X300°
Slot90 (6)41x135 (12)41x135  SLOT90¢

https://doi.org/10.52202/069179-0283
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Notes:

a) Screw is abbreviated as Sc

b) For assembling each element, wood-frames are glued
together following NCh2150 [27] prescriptions.

c¢) ESCRFTZ 8.0X300 per ETA-13/0796 of 12/15/2017
manufactured by Simpson Strong-Tie.

d) SLOT 90 per ETA-19/0167 of 04/05/2019 manufactured

by Rothoblaas.

3.2 ASSEMBLY-LEVEL TEST

Specimens used for the planar and non-planar T-shape
walls are representative of typical ground-level walls of a
7-story building designed per the Chilean seismic design
code NCh433 [28]. Details of the wall specimens are
summarized in Table 2. Double plates at the top and
bottom of the wall were nailed to the studs with ¢3.0 mm
x 80 mm smooth shank nails that conform to ASTM
F1667 [29]. All framing elements were 41 mm x 185 mm
(2x8) C16 Chilean RP dimensional lumber, with a
nominal modulus of elasticity E = 7900 MPa according to
NCh1198 [26]. The walls were sheathed on both sides
with 11.1 mm thick APA-rated OSB panels [30] with G =
1307.5 MPa (measured in previous studies [11]), and
pneumatically driven to the frame with ¢2.9 mm x 80 mm
spiral nails. OSB sheathing layers were installed at both
sides of the specimens and attached to the lower top plate
and to the upper bottom plate as illustrated in Figure 3.
According to the SDPWS [31], edge-nailing at the end
studs should be uniformly distributed among the four
framing members and spaced at a maximum of 300 mm.
In order to transfer the lateral load to each specimen, a
built-up collector beam of 205 mm x 207 mm (i.e., five
members of 41 mm x 185 mm C16 RP plus an 11.1 mm
thick OSB layer on top and bottom) was mechanically
attached to the top plate through 38 Simpson Strong-Tie’s
SCDP221100 screws. For assembling the non-planar T-
shape SSW, one type A (i.e., for the web) wall and two
type B (i.e., for the flange) wall were used. For the wall-
to-wall perpendicular connection (i.e., for attaching each
flange to the web of the T-shape wall), six SLOT90
connector are used. The connectors are installed into the
walls and fixed using two (i.e., one screw for wall)
Simpson Strong-Tie’s SDCF22614 screws (Figure 3).
The planar SSW is a type C wall.

Table 2: Wall type configuration
Wood Structural Panel (WSP)

Wall Wall size Sheathi Soac

T LbvH . eathing pacing
ype = (LbyH) Thickness "\ 5™ ioefield
A1 24402481 11.1 $2.9x80  100/200
Bbe 2 2440x2481 11.1 2.9x80  100/200
Che 1 2440x2481 11.1 2.9x80  100/200

Notes:

a) Wall framing consisted of 4lmm x 185 mm (2x8) C16
Chilean RP [26] studs at 400mm o.c., (2) 4lmm x 185 mm used
as a central stud, (4) 41lmm x 185 mm studs mechanically joined
and located symmetrically with respect to the rod and (5) 41mm
x 185 mm studs mechanically joined are used as end-studs.

b) Wall framing consisted of 4lmm x 185 mm (2x8) C16
Chilean RP [26] studs at 400mm o.c., (2) 4lmm x 185 mm used
as a central stud, (4) 41mm x 185 mm studs mechanically joined



and located symmetrically with respect to the rod are used as
end-studs.

¢) Wall shear anchorage consisted of $32 mm x 220 mm ASTM
A193 Grade B7 anchor bolts (14 and 15 for wall type A and B,
respectively) with ¢80 mm x 4.0 mm Grade A36 washers.
Overturning restraint provided by $38.1 mm ASTM A 193 Grade
B7 rods with 31.75 mm thick bearing plate (i.e., Simpson
Strong-Tie PL16-5x12), a take-up device (i.e., Simpson Strong-
Tie ATUDI14), a 9.5 mm thick bearing plate (i.e., Simpson
Strong-Tie BP 1-1/2), and ASTM A563 Grade DH double
hexagonal nut.

d) nails installed considering a minimum of 20/40 mm of
end/edge distance, respectively. According to

EN14592:2008+A1:2012 [32].

b

c ¢
Figure 3: (a) sliding restrain system for wall

type A and B, and,
wall-to-wall connection detail; (b) slot disposition; and (c)
installation of the SLOT90 connector

An L-shape cantilever reaction wall, a strong floor, and a
T-shape reaction steel beam were used to perform the
assembly-level tests following ASTM E2126-19 [25]
prescriptions (Figure 4). As shown in Figure 3, the
specimens were attached to the reaction beam through 43
$32 mm x 220 mm ASTM A193 Grade B7 anchor bolts
to prevent sliding in the T-shape SSW. In order to prevent
sliding and to measure the shear force during the cyclic
test in the planar SSW, a couple of cylinders reacting
against a L-shape connector were installed at each side of
the wall (element 9 in Figures 5 and 6). The walls
continuous rod system reacts against the top flange of the
reaction beam through a system of double hexagonal nuts.
Out-of-plane support was provided to the 2D SSW in such
a way that in-plane displacements were not affected. In
order to capture the 3D response of the T-shape non-
planar shear wall, a bidirectional cyclic test was
performed according to FEMA 461 [33]. The hexagonal
protocol from FEMA 461 [33] consider as a base the test
protocol per ASTM E2126-19 [25] method C where a
100% and 50% of the target displacement were applied in
the longitudinal and transverse direction. The lateral load
was applied by a hydraulic bidirectional actuator of +588
kN/-294kN and +/- 200 mm of force and displacement
capacity, respectively, in the longitudinal direction, and
by a hydraulic bidirectional actuator of +588 kN/-294kN
and +/- 50 mm of force and displacement capacity,
respectively, in the transverse direction. Both actuators
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transfer the lateral load to the specimen through the
collector beam. The T-shape non-planar SSW and the
planar SSW are connected by a steel pinned-beam,
allowing the in-plane loading transferring and decoupling
the racking response of the specimens (Figure 4).

Reaction
Wall

Transverse
Actuator

Coupling
Beam

Longitudinal
Actuator

Load-
transfer
system

Acqui: s
System
S

Lateral
Bracing

Figure 5: Assembly-level specimen and instrumentation detail

The specimen were instrumented with 41 displacement
transducers (LVDTs), two cell load at the reaction
cylinders (element 9 in Figures 5 and 6), and two load cell
and displacement transducers (LVDT) incorporated into
the actuator to capture the lateral displacement and shear
force along each axis of the specimens (elements 1 and 2
in Figure 5), the slip of the wall with respect to the steel
reaction beam (elements 6 and 8 in Figures 5 and 6), the
diagonal (shear) deformation (element 4 in Figures 5 and
6), uplift in the exterior edge of the wall (element 5 in
Figures 5 and 6), the out-of-plane displacement of the T-
shape SSW web (element 10 in Figures 5 and 6), the
relative displacement of the steel reaction beam with
respect to the strong floor (element 7 in Figure 5), and the
compressive deformation under the bearing plate of the
strong-rod system (element 3 in Figures 5 and 6). To
measure the tension in the rods of the continuous hold-
down, seven unidirectional strain-gauges were attached to
the rods (element 11 in Figures 5 and 6).
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Figure 6: Test setup: (a) sliding restraint system for the 2D
SSW; (b) T-shape SSW instrumentation detail; (c) transverse
view of the T-shape SSW; (d) detail of the instrumentation at the
wall corners; and (e) strain gauge installation in a rod.

4 RESULTS

Failure mode, hysteresis shape, and six engineering
parameters were established for connection-level and
assembly-level test results: (1) elastic stiffness (Kc),
calculated as the secant stiffness between zero and 40%
of maximum load Fnax; (2) yield displacement (Ay); (3)
yield force (Fy); (4) ultimate displacement (A,), defined as
the displacement after post-peak load where the load
dropped to Fy= 0.8 Fiax; (5) ultimate force (F.); and, (6)
ductility (p), defined as the ratio of A, to Ay. Moreover,
the lateral behavior of the T-shape SSW is compared with
that of the 2D SSW used in this study as reference.

4.1 CONNECTION-LEVEL TESTS

The slotted connection (i.e., connection type Slot90)
shows two failure modes: (i) compression parallel to the
grain crushing at the wood studs; and (ii) local yielding in
the SLOT90 connector. The screwed connection (i.e.,
connection type 45XSc) shows two failure modes:
(i) excessive bend in the screws, wood crushing and
tearing in OSB sheathing layer; (ii) withdrawal failure of
at least one screw of the group; (iii) pull-through of the
screws head; and (iv) tension failure of at least one screw
of the group. Note that in failure modes (ii) to (iv) pulling
out of the connected wood members was present.

https://doi.org/10.52202/069179-0283
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Figure 7: Monotonic test results of Slot90 wall-to-wall
perpendicular connections.
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Figure 8: Monotonic test results of 45XSc wall-to-wall
perpendicular connections

Monotonic results for each connection-level test are
shown in Figures 7 and 8, in which the reported
displacement is the differential slip between the wood
frames, and the force is that taken by only one SLOT90 or
group of four inclined ESCRFTZ 8.0X300 screws along a
single shear plane. Based on monotonic test results,
engineering parameters are summarized in Table 3. Both
connections showed almost the same peak load and higher
elastic stiffness which is attributable to the wood parallel
to the grain stiffness/strength and axial stiffness of fully
threaded screws for the case of connection type Slot90 and
45XSc, respectively. From a ductility point of view,
connection type 45XSc showed almost four times higher
values than the Slot90 connection. However, this
tendency was not evidenced in cyclic test results were the
45XSc and S1ot90 connection types show almost the same
deformation capacity (Figures 9 and 10). Finally, based
on preliminary numerical models, for achieving 3D-
SWCE in a T-shape non-planar SSW the wall-to-wall



perpendicular connection needs to have a stiffness equal
to 40% of that of the 2D SSW. When 3D-SWCE is
achieved, the numerical model predicted a 20% reduction
in the lateral displacement of a 1-story SSW. Based on
previous evaluation, both connection types are good
candidates as wall-to-wall perpendicular connections.

Table 3: Engineering parameters from monotonic connection-
level test results

Connection  Ke Ay Fy Ay Fu
Type  kN/mm mm kN mm kN K
45XSc 156.0 0.59 924 6.74 845 114
Slot 39.2 2.64 103.6 7.72 9265 29

The cyclic force-displacement test response for both
connection types is presented in Figures 9 and 10. Again,
results are expressed in terms of differential slip per
connector or group of fasteners per shear plane. Cyclic
test results for all tested connections depict a strong
pinching effect due to the wood frame crushing at the
shear planes. Moreover, strength and stiffness degradation
after repeated cycles were found in all tests. In particular,
in the 45XSc connection type, an abrupt reduction of the
stiffness and strength was found after reaching the peak
load as the withdrawal failure tends to be more brittle than
the parallel to the grain crushing evidenced in the S1ot90
connection.
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Figure 9: Cyclic test results of Slot90 wall-to-wall

perpendicular connections.
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Figure 10: Cyclic test results of 45XSc wall-to-wall
perpendicular connections.

4.2 ASSEMBLY-LEVEL TESTS

A comparison between the backbone curves obtained
from bidirectional cyclic loading on the assemble-level
full-scale tests is presented in Figure 11. Based on
backbone curves results, engineering parameters are
summarized in Table 4. Assembly-level tests showed an
asymmetric behaviour of the T-shape SSW with
increments of up to 19% and 98% in the elastic stiffness
and maximum capacity, respectively, compared to those
of a 2D SSW. However, a mean reduction of 44% in
ductility was also observed.

The hysteretic curves of the T-shape SSW and the control
wall (i.e., 2D SSW) are shown in Figures 12 and 13,
respectively. The reported displacement is the effective
displacement of the wall measured at the collector axis
where the actuator was located (i.e., longitudinal
collector). The effective displacement is the measured
lateral displacement at the collector of the wall minus the
displacement measured at the specimen-to-reaction beam
relative to the reaction beam-to-strong floor. The overall
shape of the 2D SSW hysteresis loops was consistent with
that reported in previous research [12, 13]. However, the
T-shape SSW cyclic response was asymmetric (i.e., 44%
difference in peak strength) with a faster degradation of
strength and stiffness in the flange side of the specimen
(i.e., the negative branch of the cyclic response in Figure
13), which is attributable to the premature detachment of
the OSB sheathing (i.e., nailed OSB-to-wood frame
connection failure) close to the flange of the wall. The 2D
SSW and the T-shape SSW specimens showed elastic
response up to a drift of about 0.6% and 0.8%,
respectively, and then a nonlinear response was observed,
attributable to the nailed OSB-to-wood frame
connections. After the specimens reached the peak
strength, progressive strength and stiffness degradation
was found. As expected, high redundancy was evident in
the specimens because of the nailed connections, resulting
in high drift levels with no brittle failures. Hence, as the
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lateral behavior of the specimens was governed by the
nailed connection response, the hysteresis was markedly
pinched because of the non-reversible crushing effect of
the nails.

Table 4: Engineering parameters from cyclic backbone
curves of the assembly-level test results

Ke Ay Fy Au Fu

Wall Conf. KN/mm mm kN mm kN !
Ts'gl\‘;‘}f 404 189 763 686 673 3.6
Ts'sslizlfe 483 227 1094 643 1042 2.9
STsiil/aPC 444 208 929 665 858 3.3

2D-SSW+ 358 17.1 613 881 553 5.1
2D-SSW-  4.06 13.8 559 924 52.6 6.7
2D-

SSW.., 82 154 586 902 540 59
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Figure 11: Comparison between the backbone curves of in-
plane response of the T-shape SSW (black) and the 2D SSW
(red).

S CONCLUSIONS

Findings of this research reinforce the idea of taking
advantage of the 3D-SWCE on the lateral response of
LFTBs. The ultimate objective is to achieve a cost-
effective structural design and to better understand
CSWO, so that traditional pseudo-3D design practices be
discouraged. The next steps of this research program
include the calibration of analytical and numerical models
for non-planar timber shear walls. Further research is
needed to elucidate potential 3D effects on other non-
planar walls such as U- or L-shape assemblies.
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Figure 12: In-plane cyclic response of the 2D SSW.
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Figure 13: In-plane cyclic response of the 2D SSW
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