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Abstract

A new design and construction approach is proposed to significantly improve the seismic performance of lightweight
residential woodframe structures. We refer to this new approach as “unibody” construction, where the architectural
nonstructural walls and finishes, such as gypsum wallboard in the interior walls and stucco in the exterior walls, are better
connected to the framing elements and work together with structural walls to significantly increase the lateral stiffness and
strength of the structure. Improvement of the connection of wall finishes to framing elements is done through the use of off-
the-shelf construction adhesives, stronger fasteners and hold-downs. As a result, the lateral strength and particularly the
lateral stiffness of the structure are significantly increased, resulting in significantly smaller lateral deformation demands
and better seismic performance. The increments in strength and stiffness together with the corresponding reductions in
lateral displacement demands are such that the structure remains elastic or practically elastic even under severe earthquake
ground motions. The novel approach is aimed at achieving a nearly damage-free performance at the design level earthquake
and limited amount of damage at the maximum considered earthquake, allowing their residents to remain in their residential
units with limited disruptions even after severe earthquake ground motions.

Over a period of four years, a series of carefully planned experimental tests of increasing level of size and complexity were
conducted to develop the unibody approach. The first phase of experiments set out to investigate ways to improve
connections between architectural finishes to wood framing elements. These experiments involved several different
connector tests and half-scale wall tests, conducted at Stanford University. In the second phase, full-scale walls with
different configurations were tested under quasi-static loading at the California State University Sacramento (CSUS). The
third phase, investigated the system behavior of unibody structures through the testing of full-scale rooms incorporating
floor systems under quasi-static loading at NEES@Berkeley. Using the data and knowledge gained from the first three
phases, a full-scale, two-story 3-bedroom wood-frame house was built using the unibody method of construction and tested
at the NEES@UCSD outdoor shake table. This final phase, investigated the behavior of a unibody house, subjected to
simulated earthquake ground motions at increasing levels of intensity ranging from a service level earthquake to intensity
levels 2 and 3 times larger than the maximum considered earthquake intensity. The house remained damage free under a
ground motion with an intensity corresponding approximately to that of the maximum considered earthquake and with
minimal level of damage even at twice that intensity, demonstrating that the unibody construction approach, with very small
increments in cost and small modifications to current practice provides a much better alternative to current methods of
design and construction which are only aimed at avoiding collapse.
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1. Introduction

Recent earthquakes have shown that light-frame wood structures, in general, can resist strong earthquakes
without collapsing. However, the current design methodology allows these structures to undergo damaging
deformations by reducing the lateral resisting capacity and lateral stiffness through the use of response
modifications factors (R-values) in the order of 6 or 6.5. As a result, architectural nonstructural elements, whose
damage is initiated at very small levels of lateral deformation, often get damaged during moderate earthquakes,
which can be costly and very disruptive to the home/building owner. The extent and impact of this damage was
well illustrated by the 1994 Northridge earthquake, where half of more of the $40 billion dollars in property
damage caused by the earthquake was due to damage to wood-frame residential structures [1]. Moreover,
approximately 48,000 housing units, almost all of them in wood-frame buildings, were rendered uninhabitable
by the earthquake [2]. This large impact and disruption to society demonstrates that there is need to search for
methods of design and construction that provide a better seismic performance beyond just avoiding collapse but
do so in an economically feasible manner; especially, since the majority of residential structures in countries
such as Japan, United States, Canada, New Zealand and other seismic regions are light-frame wood structures.
With this in mind, we have developed a new low-cost design and construction approach, which significantly
improves the seismic performance of lightweight residential wood-frame structures. This new approach, which is
also applicable to lightweight residential structures with light-gage cold-formed steel framing, is referred to as
“unibody methodology,” and is based on integrating architectural nonstructural walls and finishes (e.g., gypsum
wallboard, stucco) and structural walls to work together to resist the lateral demands of an earthquake. Several
previous studies have found that finishes contribute to the racking resistance of shear walls [3, 4, 5]. This
research builds on that previous research, but develops ways to engage these nonstructural walls and finishes
even more and fully integrates them as part of the lateral resisting system.

To incorporate these nonstructural elements as part of the lateral resisting system, off-the-shelf
construction materials, such as inexpensive construction adhesives, stronger fasteners, and readily available
hold-downs are used to achieve the unibody behavior. Consequently, the lateral strength and particularly the
lateral stiffness of the structure are significantly increased in comparison to the conventional system (see Fig.2a),
reducing the lateral deformation demands, allowing the structure to remain essentially elastic and damage free
under large earthquake shaking demands. Increasing the stiffness and yield strength significantly reduces the
drift. The latter can be observed from Fig.2b, where we consider the spectral displacement demands for a design
level earthquake in a structure with a period of 0.2 s and yield strength of 0.4 W (where, W is the seismic mass
weight). By increasing the structural stiffness by a factor of 1.8 and its strength by a factor of 2.5, the resulting
drift demands are reduced by 75% (note, the drift is calculated by normalizing the spectral displacement demand
by an assumed story height of approximately 2.44 m) [6]. In terms of collapse safety, although the strength of the
unibody system quickly decreases from its peak, it provides significant residual strength comparable to that of a
conventional ductile system. With those details in mind, it is important to note that the main goal of this
approach is to obtain nearly damage-free performance at the design level earthquake (DLE) and limited amount
of damage at the maximum considered earthquake (MCE).
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Fig. 1 — Unibody vs. Conventional: (a) Normalized base shear versus drift response and (b) drift [6]
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A series of experiments and supporting analyses have been conducted to develop the unibody approach
and to demonstrate its proof of concept. This paper will cover the sequence of experiments completed—
illustrated from left to right in Fig.1—which included the testing of: 1) screw and adhesive fasteners to improve
the stiffness and strength of sheathing-to-framing connection, 2) half-scale walls to further understand the screw
with adhesive connection enhanced performance, 3) large-scale walls to understand effects of different
configurations of the unibody concept, 4) large-scale room tests to understand the unibody behavior at the
system level, introducing floor systems and its connections to walls and 5) a large-scale shake table test of a two-
story house to understand the dynamic behavior of the unibody approach.

Light Frame Walls: Room Structure:
Components: investigate effect of Enclosures: study global

test mechanical end returns, study effect of wall/ structural behavior,

connections, adhesive perforations, ceiling joints, extlent of damalge,
connections, joints, ’ boundary cenditions, perforations, validate of design
holdowns etc. diaphragm-wall load concept
transfer, etc.

e

——

Fig. 2 — Experimental Sequence [6]

2. Development of the Unibody Approach

2.1 Connector Tests

A series of small connector tests were conducted at Stanford to quantify the behavior of different gypsum
wallboards with various screws, adhesives, and a combination of the two on wood studs (Douglas Fir) as well
light-gauge cold-formed steel studs. Fig.3a shows the setup that was used to test these different connectors. The
setup was made of a stud in the middle with a steel loading yoke on top attached to a loading piston. A wall-like
frame was made around the center stud to attach the sheathing. The end studs were attached to a reaction table.
These tests revealed the following: 1) 15.9 mm Type X gypsum wallboard is on average 1.1 times stronger and
about 3.5 times stiffer than the 12.7 mm gypsum wallboard with enhanced connector, 2) adhesive connectors are
approximately four times stronger and five times stiffer than screw connectors, and 4) combination of adhesive
and screws significantly increases strength and stiffness of the connection [7]. Table 1 shows a table summary of
these tests for the wood framing connections only under cyclic loading. The peak strength (Fna) and secant
stiffness (Ksecant — Calculated at £ 0.16 kN) values per fastener are presented to provide the reader with a sense of
the results. For more details on these tests, the reader is encouraged to read [7].

In addition to investigating ways to improve the connection between gypsum and the wall’s studs,
connection tests for stucco were also conducted at Stanford. The setup for the stucco connector tests can be seen
in Fig.3b. This time, the loading stud is at the edge, with a cantilever. Although an architectural finish, previous
studies have found that stucco provides additional stiffness and strength to the lateral resisting system [8]. Thus,
these tests investigated ways to improve the engagement of the stucco to the wood framing. Prior studies have
found that using stronger connectors to attach the stucco to the wood framing increases the racking strength [9].
Table 2 shows the peak strength (Fnax) and secant stiffness (Ksecant — Calculated at 0.1% drift of small wall) from
the stucco connector tests. Three types of connectors were explored: 1) self-furring nails (typically used for
stucco construction, 2) 16d ring-shank nail, and 3) #14 wood lag screw with a self-drilling tip [10]. The results
showed that the strength of #14 wood lag screws during the cyclic tests was about 25% stronger than the
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conventional fastener but the stiffness was not affected as much. In general, the tests showed that improving the
connections between the architectural finishes and structural framing significantly increases the stiffness and
strength.
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Fig. 3 —Test Setup: (a) Gypsum Connector Tests [7] and (b) Stucco Connector Tests [10]

Table 1 — Gypsum connector tests results summary per fastener under cyclic loading [7]
Sheathing/Finish Type Fastener Type Fmax [KN] Ksecant [KN/mm]

12.7 mm (on 2x4 wood 31 mm Coarse 0.5 1.2
stud) Enhanced 0.7 0.52
41 mm Coarse 0.6 1.8
Enh d 0.8 1.8
15.8 mm Type X (on n ar_1ce

2x4 wood stud) Adhesive 2 3.0 7.2

Adhesive 2 +
Enhanced 3.6 74

2.2  Small Wall Tests

A series of small wall tests (1.22 m x 1.22 m) were also conducted at Stanford to further understand the behavior
of these connections, but now being used in laterally loaded walls. Fig.4 shows a schematic drawing of the small
walls tested. Drywall coarse screws were used spaced at 178 mm o.c. at edges and 305 mm in the field. Table 3
presents a summary of these small walls tested. The peak strength (Fpax) and secant stiffness (Ksecant — calculated
at 0.1% drift of small wall) of the small walls are presented for the wood specimens only. The results also
showed screws with adhesive connections significantly enhanced the strength and stiffness, two and three times,
respectively, with respect to the wall with regular screw connection. Furthermore, it provided information on
how these enhancements affect a more complex specimen versus a simple connector test. When comparing the
two results, the connector tests yielded larger increases than the small wall tests since deformations of fasteners
on wall specimens is not uniform across all fasteners [7]. The progression of damage was also tracked, where
cracking along the perimeter of the screws occurred at about 0.2% drift and popping of screws occurred at 0.5%
drift.



16" World Conference on Earthquake, 16WCEE 2017

anuary 9th to 13th 2017

1218mm

-
=3

— 1. ——-—— _H _____ 0
p— | | P—— Hj =t
| | shear double I
| | | ‘dnublr_:
|| boits top plate | ‘ end |
1 studs | |
| |
| i I '
hold-downs___ (4} 406mm — L a08mm — l-— 406mm -

Il |l 1219mm

I 'l

[ I h
ARy I I (1
|| double ||
bottom |
|
|
=

|
Zﬁ } QSr:»:ulls_ I plals__\-Uﬁ_“_

T T T

Fig. 4 —Test Setup for Small Walls [7]

Table 3 — Small wall tests summary for wood framing under cyclic loading [7]

Fastener Type Fax [KN/M] | Ksecant 0.19%6 [KN/mm/m]
Enhanced 12.0 4.4
Adhesive 2 + Enhanced 21.0 10.3

3. Full-Scale Unibody Tests

3.1 Full-Scale Unibody Wall Tests

To investigate how these improvements translate to a full-scale wall, a series of 20 full-scale walls were tested
quasi-statically at CSUS [11]. The tests involved walls with 15.8 mm gypsum Type X (gypsum), some with
different aspect ratios (2.44 m x 2.44 m and 2.44 m x 4.88 m), with and without door openings, with and without
end returns. Walls with different sheathings (e.g., plywood and 15.8 mm fiberglass mat-board (DensGlass®) and
finishes (i.e., stucco) were also tested. The test setup can be seen in Fig.4.

Fig. 4 — Test setup for full-Scale walls [11]

Table 4 shows a summary of the unit value results for the interior and exterior walls compared to
conventional construction values (normalized by dividing by the length of the wall—2.44 m). The values were
also adapted from [12]. All the walls were built with Douglas Fir Larch 2x4 studs spaced at 406 mm on center
(o.c.). The conventional interior wall was sheathed with gypsum on both sides and attached with coarse threaded
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screws at 178 mm o.c. at edges and 305 mm o.c. in the field and hold-downs. Meanwhile, the unibody wall was
built with blocking at the mid-height of the wall, and a slightly stronger hold-down, and the gypsum wallboard
was connected with adhesive and coarse screws spaced same as conventional wall. As can be seen, the unibody
wall was 2.6 times stiffer and two times stronger than the conventional interior wall. The drift at the peak
strength for the unibody wall occurred at the threshold of damage, while the conventional wall reached that
peak strength well beyond that threshold. The unibody exterior wall featured 22.2 mm thick stucco with
DensGlass® substrate on one side and conventional gypsum wallboard on the other side. The sheathing was
installed using the unibody procedures and the stucco lath was installed using strong 6.4 mm Dia. lag screws at
102 mm on edges and 178 mm in field. These results show that the unibody approach provide substantial
additional stiffness and strength and have better performance than the conventional method in terms of stiffness
and strength.

Table 4 —Unit Values Summary for Interior and Exterior Walls with Same Aspect Ratio [11, 12]

wall Type Wall Specimen Description K asT™ @ 0.33Fmax Fnax Drift grmax
(2.44 m x 2.44 m) [KN/mm/m] [KN/m] [%0]
Interior GYP - GYP (Conventional) 2.0 8.7 0.6
GYP - GYP (Unibody) 5.2 18.1 0.3
Exterior STU/DG - GYP (Unibody)? 5.9 29.6 1.0

# This wall had L-shape returns on both ends, making it a C-shape wall

Unibody: screws with adhesive for sheathing, stronger screws for stucco, and strong hold-downs
GYP = 15.8 mm Type X Gypsum; DG = 15.8 mm DensGlass® (fiberglass mat-board);

PLY =11.9 mm Structural | Plywood; STU = 22.2 mm Stucco

Table 5 -Unit Values Summary for Interior Walls with Different Aspect Ratios and Door Openings [11, 12]

_ L Kastme | £ | Drift
Wall Type Wall Specimen Description* 0.33Fmax [kl\rln/arxn] [O/@ZT max
[KN/mm/m] 0
Without Door GYP -GYP,2.44mx 244 m 79 20.8 0.2
Openings GYP -GYP,2.44mx4.88m 8.2 23.7 0.3

*All specimens were unibody walls and had T-shaped returns on both ends, forming an I-shaped wall
Unibody: screws with adhesive for sheathing and strong hold-downs
GYP =15.8 mm Type X Gypsum

The aspect ratio (total height/total length) and wall opening effects on the unibody walls were also
investigated by [11]. Table 5 shows a summary of the unit value results for these walls (also normalized by
dividing by the length of the wall). All the walls were built using the unibody approach as explained earlier. The
walls featured T-shaped end returns, which added approximately 50% stiffness and 10% strength to the wall. The
results showed that the aspect ratio of the wall had no significant impact on the stiffness of the walls without
openings. Nevertheless, it also showed that the strength increases as the length of the wall increases (~15% in
this case).

In terms of damage, the conventional gypsum wall screws popped much earlier than the unibody wall
(0.15% drift versus 0.3% drift), where the unibody wall only saw small hairline cracks. The unibody walls with
exterior sheathing/finish also saw screws pop at 0.3% drift. Since these walls had returns, they also saw cracks at
corners at 0.2% drift. The other unibody walls tested (those with returns and door openings) saw similar damage.
The walls with door openings saw damage at the corners of the openings around 0.2%. The screws popped
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between 0.2% and 0.4% drift. Fig.5 shows an example of two schematics of the damage progression for two
unibody walls, GYP — GYP and the GYP — GYP, 2.44 m x 2.44 m wall with door opening and T-shaped returns.
Damage progression for the exterior conventional wall was not reported by [12]. The results were promising and
showed that the unibody methodology has great performance in terms of resisting damage.
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Fig. 5 —Damage Progression Unibody Walls: (a) GYP — GYP, (b) GYP — GYP (wall returns, door opening) [11]

3.2 Full-Scale Unibody Room Tests

In an effort to further understand the behavior of these walls and their interaction with the floor system, four full-
scale unibody rooms were tested at the University of California, Berkeley (NEES@Berkeley) quasi-statically
[12]. These experiments aimed to investigate the transfer of forces from the diaphragm to the walls, the
orientation of the wall sheathing, the effects of openings, and behavior at large drifts. The wall lengths of the
rooms were 4.88 m in the direction parallel to the loading, and 2.13 m in the perpendicular direction, and the
height was 2.44 m. The wall studs were also Douglas Fir Larch 2x4s spaced at 406 mm o.c. with fire blocking
mid-height. Three of the room specimens were sheathed with GYP (as defined in the previous section) on both
sides and the fourth one with GYP on one side and DG and 22 mm stucco on the other. All sheathing was
connected with adhesive and 41.3 mm coarse threaded screws with a spacing of 178 mm o.c. at edges and 305
mm o.c. in the field. The stucco had a stronger self-furring lath, which was attached with 6.4 mm Dia. lag screws
at 102 mm o.c. at edges and 178 mm o.c. in the field. Each room had its own diaphragm, constructed using TJI
360 joists and 44.5 mm thick Laminated strand board (LSL), with a depth of 302 mm. Two layers of 18.3 mm
Sturd-I-Floor plywood were used to sheath the diaphragm. Blocking was installed in the middle of the
diaphragm using TJI360 joists. All adhesive applications were done using construction adhesive. LTP4 shear
plates spaced 267 mm o.c. were used to transfer the forces from the diaphragm to the walls. Furthermore, to
demonstrate ease of constructability, a local contractor built all room specimens.

Fig.6 shows room specimen 1 (R1) on the testing setup. Each room had a different configuration. As can
be seen from the figure, the sheathing for R1 was oriented vertically on the exterior and horizontally in the
interior. In addition it had parapet walls above the diaphragm. Meanwhile, R2 had no parapet walls; instead, the
diaphragm extended about 305 mm beyond the top of the wall on the exterior. The sheathing was placed
horizontally on both sides. R4 was similar to R1, except it had DG (vertically oritented) and stucco on the
exterior as opposed to GYP. For a more detailed description of the rooms, the reader is encouraged to read [12].

The results from the room were fairly consistent from that of the unibody walls. As expected, the returns
in the form of perpendicular walls provided additional strength and stiffness (see Table 6). The strength and
stiffness for R1 and R2 were fairly similar despite having different configurations and sheathing orientation. In
addition, the ultimate strength was reached at lower drift values than what was observed in the conventional
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system. Meanwhile, the stucco room performed much better, with the ultimate strength occurring at a lower drift
than previous tests. The connectors between the diaphragm and the walls were more than sufficient to develop
the strength of the walls. One important thing to note from these experiments is the residual strength at large
drifts. As can be seen in Table 6, these unibody rooms had significant residual strength, raging from 23 — 35%,
after undergoing 11% drift. In terms of collapse safety, this is rather promising. The damage progression was
similar to that observed in the unibody walls. For more details, refer to [12].

Reaction Wall

Room Specimen

Top Restraining
Frame

Floor Frame
Actuator

Hybrid Simulation
Platform (HSP)

Existing Columns
{Used to Attach Instruments)

Fig. 6 — Unibody room test setup [13]

Table 6 — Unit Values Summary for Unibody Rooms [12]

. 0
Room |  L-ongitudinal Wall Description Kastv @ 033kmax | Fmax | Driftormax Fr[e;‘,’\‘l‘;'rf]l]l% é’ of
(2.44 m x 4.88 m) [KN/mm/m] | [KN/m] [90] [O;;]X
Wall 1 & 2: GYP Ext. (Vertical) —
R1 GYP Int. (Horizontal) Parapet Walls 6.0 197 0.3 58 29
R2 Wall 1 & 2: GYP Ext. (Horizontal) —
GYP Int. (Horizontal) 6.0 183 0.2 4.2 23
R4 | Wall 1 & 2: STU + DG (Vertical) Ext.
— GYP Int. (Horizontal) 8.4 34.1 0.9 120 35

Unibody: screws with adhesive for sheathing, stronger screws for stucco, and strong hold-downs
GYP = 15.8 mm Type X Gypsum; DG = 15.8 mm DensGlass® (fiberglass mat-board); STU = 22.2 mm Stucco

3.3 Exterior Unibody Wall vs. Conventional Wall

The results from the stucco unibody room were compared in Table 7 to the conventional values from previous
tests [13]. In order to compare these stiffness values, the stiffness was computed using the ASTM E 564 method
at approximately one-third of the peak strength (0.33 x Fu). The conventional walls were sheathed with 12.7 mm
oriented strand board (OSB) and 12.7 mm gypsum board in one case and 22.2 mm stucco in the other. The OSB
was attached with two rows of 8d nails at 102 mm o.c. at edges and one row at 305 mm o.c., meanwhile, the
gypsum was attached using screws at 305 mm o.c. at edges and in the field. As can be seen from the table, the
ASTM stiffness from the unibody is eight to nine times higher than that of this wall, while the peak strength is
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about between 1.5 to 1.8 times higher. The peak strength for the unibody is reached at 1% drift, while for the
conventional it is reached at three times that drift level.

q k. 16" World Conference on Earthquake, 16WCEE 2017

Table 7 — Comparison of Exterior Conventional Walls vs. Unibody Walls

wall Type Wall Specimen Description Kast™ @ 0.33Fmax F max Driftgrmax
(2.44 m x 2.44 m) [KN/mm/m] [KN/m] [9%6]
12.7 mm OSB + 12.7 mm Gypsum
(Conventional) 3 1.0 19.1 2.9
Exterior 12.7 mm OSB + STU*
(Conventional) ™3 0.9 22.8 2.5
STU/DG + GYP (Unibody) *2 8.4 34.7 0.9

*Loaded dynamically

Unibody: screws with adhesive for sheathing, wood lag screws for stucco, and strong hold-downs

GYP = 15.8 mm Type X Gypsum; DG = 15.8 mm DensGlass® (fiberglass mat-board); STU = 22.2 mm Stucco,
OSB = Oriented Strand Board

4. Proof of Concept: Shake Table Test of Two-Story Unibody House

A full-scale two-story unibody 3-bedroom house was built and tested at the University of California, San Diego
((NEES@UCSD) on the outdoor uni-directional shake table. The structure was 11.3 m long x 7.0 m wide with a
height of 5.6 m (story height was 2.44 m) [15]. The objective of the test was to show proof of concept of the
unibody methodology under dynamic loading. The design was based on the stiffness and strength per wall
obtained from the full-scale unibody wall and room tests. For the exterior wall, this was about 8.4 kN/mm/m in
stiffness and 34 kN/m in wall strength and for the interior wall this was about 5 kN/mm/m in stiffness and 20
kN/m in strength. The hold-downs were designed based on the strength of the walls. ETABS was used to model
the elastic response of the unibody house and calculate the hold-down forces. In addition, OpenSees was used to
model the nonlinear behavior. Fig. 7 shows the elevation of the house for south and east face. The numerical
model calculated a period of 0.14 s and the hazard level was for a Maximum Considered Earthquake with a
deterministic short period spectral ordinate of approximately 1.5 g and class D soil. The ground motion used for
the tests was from the 1989 Loma Prieta Earthquake in California, from Capitola 000 station. This record was
chosen due to its close match to the Spectrum Design Level Earthquake (DLE) with its recorded un-scaled
intensity. Fig.8 shows the response spectra of the input and achieved ground motion compared to the DLE. The
unibody house was subjected to this ground motion scaled at different intensities.

The built structure had a natural period of 0.09 s in the direction of shaking and weighed 266 kN. A total
of 148 instruments were used to monitor the displacements and accelerations of the house.

Fig. 7 — Unibody house on shake table
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Table 7 shows a summary of the ground motion properties, natural periods before each intensity (as the structure
gets damaged, the period elongates), spectral target and achieved values, and the first story drift and normalized
base shear obtained during the tests. The periods were calculated using white noise before each ground motion
along the direction of shaking. As can be seen from the table, due to the behavior of the table at high frequencies,
the target values were sometimes higher than the achieved values. Nevertheless, the structure performed
extremely well after being subjected to a series of increasing intensities. In particular, the house remained
entirely damage free during intensity level GM3 which approximately corresponds to the maximum considered
earthquake intensity if it was located near downtown Los Angeles and sustained only mininal damage even at
twice that intensity level during GM5.
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Fig. 8 — DLE vs. Capitola 000 input and achieved ground motion [15]

Table 9. Summary of Capitola 000 Properties & Unibody House Results [15]

Scale | PGA Tl SaT1 target, Sa-Tl achieved, !Deak VMax 1st
GM Factor [g] [S] 5% damping 5% Damping Drlftlst story Story W
[a] [a] [%0]

1 04 |02 0.09 0.3 0.4 <0.1 0.36
2 1.0 | 0.6 0.09 0.8 0.9 <0.1 0.86
3 1.5 0.8 0.09 1.2 1.1 0.1 1.17
4 2.3 1.2 0.10 2.1 1.6 0.2 1.75
5 3.0 1.5 0.10 2.8 2.1 0.3 2.10
6 15 0.8 0.12 1.9 1.6 0.2 1.30
7 4.5 2.3 0.13 4.6 4.5 23.9 2.74

The damage progression is consistent with what was observed in the wall and room tests. The second story drifts
were very low, with a maximum drift of 0.13 % during the last ground motion. The results and observations
from the tests show that the unibody methodology great performance in terms of damage resistance and collapse
safety. As can be seen, during the last ground motion, the structure drifted close to 25% drift and still had
enough residual strength that allow it to avoid collapse. Such behavior was also observed in the room tests
during the large drifts. Overall, the dynamic behavior of the unibody structure was indicative that the unibody
methodology can help reduce the damage seen in moderate to large earthquakes.
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5. Conclusions

This paper presented the evolution of the unibody design concept through various experiments and its
importance for improving damage performance. The research began with connector tests, extending into large
scale quasi-static wall and room tests, and culminated in shaking table tests that showed the proof of concept and
validated the analyses and design approach under dynamic loading. The research demonstrates how a
combination of screws, construction adhesives, and wall tie-downs can successfully integrate the wallboards to
the framing providing significant increase in stiffness and strength. In addition, stronger lag screws are shown to
better integrate the stucco and lath to the structural frame. Compared to conventional construction, the unibody
system is significantly stiffer and stronger. The statics tests and dynamic tests were consistent with the
propagation of damage, demonstrating that the unibody methodoloy has high stiffness and strength when
subjected to groundmotions. To conclude, a new construction methodology using off-the-shelf components was
presented. The results show that integrating nonstructural and structural components in light-frame construction
significantly improves the seismic performance of wood strutures.

6. Future Work

Ongoing research is underway to validate and apply analytical models of unibody structures to capture their
response under dynamic loading. These studies include evaluation of foundation uplift and its effects on the
seismic performance as well as design and detailing of seismic holddowns. Finally, a detailed loss analysis is
underway to demonstrate the cost-benefit of unibody structures compared to conventional structures.

7. Acknowledgements

This research was supported by the National Science Foundation (NSF) under CMMI-NEES Grant No. 1135029,
NSF student fellowships, an EERI Graduate Student Fellowship, and the Blume Earthquake Engineering Center
at Stanford University. The authors acknowledge and are appreciative of the material donations by Simpson
Strong-Tie, PPG Industries, Alabama Metal Industries Corporation (AMICO), Albion Engineering, and
Andersen Corporation. Any opinions, findings, and conclusions or recommendations expressed in this material
are those of the authors and do not necessarily reflect the views of the National Science Foundation or other
sponsors. The authors would like to thank the advisory group for their technical input and advice: K. Cobeen of
WIJE; J. Bomba, A. Roufegarinejad, R. Vignos and M. Walters of Forell/Elsesser Inc.; J. Osteraas of Exponent;
D. Mar of Tipping-Mar; G. Luth of GPL&A,; S. Pryor of Simpson Strong-Tie; and R. Serrette of Santa Clara
University. The authors further acknowledge the assistance of several undergraduate research students, K.
deLaveaga, C. Fong, M. Hardy, R. Khan, C. McEniry, R. McNerney, and G. Oren, as well as the support of the
staff at NEES@Berkeley and NEES@UCSD. The authors are appreciative of the contractors, R.L. Brown
Construction & Arledge Design Build, who were open-minded and accommodating throughout the project.
Lastly, the authors are thankful to Ben Schmidt, who inspired and guided the authors to pursue research to
improve the seismic performance of residential house construction.

8. References

[1] Reitherman R. (1998), Overview of the Northridge Earthquake, Proc. NEHRP Conference and Workshop on
Research on the Northridge, California Earthquake of January 17, 1994, Vol. I, p. I-1 (Richmond, CA: California
Universities for Research in Earthquake Engineering, Richmond, CA.

[2] Perkins J.B., Boatwright J, and Chaqui B (1998), Housing Damage and Resulting Shelter Needs: Model Testing
and Refinement Using Northridge Data, Proc. NEHRP Conference and Workshop on Research on the Northridge,
California Earthquake of January 17, 1994, Vol. IV, p. IV-135, California Universities for Research in Earthquake
Engineering, Richmond, CA.

[3] Wolfe, RW (1983): Contribution of Gypsum Wallboard to Racking Resistance of Light-Frame Walls. Forest
Products Laboratory Research Paper FPL439, US Department of Agriculture, Madison.

11



q’@ 16" World Conference on Earthquake, 16WCEE 2017
' =Tanuary 9th to 13th 2017

[4] McMullin, KM, Merrick, D (2002): Seismic Performance of Gypsum Walls: Experimental Test Program, CUREE-
Caltech Wood-Frame Project. Consortium of Universities for Research in Earthquake Engineering, Richmond.

[5] Arnold, AE, Uang, CM, Filiatrault, A (2003): Cyclic Behavior and Repair of Stucco and Gypsum Woodframe
Walls: Phase I. Consortium of Universities for Research in Earthquake Engineering, Richmond.

[6] Swensen, S, Acevedo, C, Jampole, E, Hopkins, A, Deierlein, G, Miranda, E, Fell, B (2014) Toward Damage Free
Residential Houses Through UniBody Light-Frame Construction with Seismic Isolation. SEAOC 2014 83™ Annual
Convention Proceedings.

[7]1 Swensen, S, Deierlein, GG, Miranda, E (2015): Behavior of Screw and Adhesive Connections to Gypsum
Wallboard in Wood and Cold-Formed Steel-Framed Wallettes. Journal of Structural Engineering,
10.1061/(ASCE)ST.1943-541X.0001307, E4015002.

[8] Filiatrault, A, Christovasilis, IP, Wanitkorkul, A, van de Lindt, JW (2009): Experimental seismic response of a
full-scale light-frame wood building. Journal of Structural Engineering, 136(3), 246-254.

[9] Pardoen, GC, Kazanjy, RP, Freund, E, Hamilton, CH, Larsen, D, Shah, N, Smith, A (2000): Results from the City
of Los Angeles-UC Irvine shear wall test program. Proceedings, 6™ World Conference on Timber Engineering,
Whistler, BC, Canada.

[10]Swensen, S (2014): Seismically Enchanced Light-Frame Residential Structures, Doctoral Dissertation, Stanford
University.

[11]Hopkins, AK (2013) Large-scale tests of seismically enhanced planar walls for residential construction. California
State University, Sacramento, California, MS Thesis No. H79325.

[12] Acevedo, C, Deierlein, G, Miranda, E, Fell, B, Swensen, S, Jampole, E (2016) Experimental Testing of Full-Scale
Unibody Wood-Frame Rooms. Submitted to the ASCE Journal of Structural Engineering.

[13]Uang, CM, Gatto, K (2003) Effects of Finish Materials and Dynamic Loading on the Cyclic Response of
Woodframe Shearwalls. Journal of Structural Engineering, 1394-1402.

[14]ASTM (1995) E 564-static load test for shear resistance of framed walls for buildings. Annual book of standard,
American Society for Testing and Materials, West Conshohocken, Pa.

[15] Acevedo, C, Deierlein, G, Miranda, E, Fell, B, Swensen, S, Jampole, E (2016) Shake Table Testing of a Full-Scale
Two-Story Unibody Wood-Frame House. Submitted to the ASCE Journal of Structural Engineering.

12



	Abstract
	1. Introduction
	2. Development of the Unibody Approach
	2.1  Connector Tests
	2.2  Small Wall Tests
	3. Full-Scale Unibody Tests
	3.1  Full-Scale Unibody Wall Tests
	3.2  Full-Scale Unibody Room Tests
	3.3  Exterior Unibody Wall vs. Conventional Wall
	The results from the stucco unibody room were compared in Table 7 to the conventional values from previous tests [13]. In order to compare these stiffness values, the stiffness was computed using the ASTM E 564 method at approximately one-third of the...
	4. Proof of Concept: Shake Table Test of Two-Story Unibody House
	5. Conclusions
	6. Future Work
	7. Acknowledgements
	This research was supported by the National Science Foundation (NSF) under CMMI-NEES Grant No. 1135029, NSF student fellowships, an EERI Graduate Student Fellowship, and the Blume Earthquake Engineering Center at Stanford University. The authors ackno...
	8. References

