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Executive Summary

In July 2009 a full-scale mid-rise light-frame wood apartment building was subjected to a series
of earthquakes at the world’s largest shake table in Miki, Japan. The test program consisted of
two major phases: the building tested in the first phase had a single story steel special moment
frame with six stories of wood on top, and the second phase consisted of locking down the steel
story and testing the six-story light-frame wood building by itself. This report focuses on the test
results for the six-story light-frame wood building. The objectives of the test program were to
(1) demonstrate that the performance-based seismic design procedure developed as part of the
NEESWood project worked on the full scale building, i.e. validate the design philosophy to the
extent one test can; and (2) gain a better understanding of how mid-rise light-frame wood
buildings respond, in general, to a major earthquake while providing a landmark data set to the
seismic engineering research community. The building consisted of 1350 square meters of living
space and had twenty-three apartment units; approximately half one-bedroom units and half two-
bedroom units. The building was constructed over a 14 week period and lifted to the shake table
where it was subjected to three earthquakes ranging from seismic intensities corresponding to the
72 year event to the 2500 year event for Los Angeles, CA. A continuous anchor tie-down
system (ATS), a combination of steel rods and shrinkage compensating devices running from the
bottom of building to roof level at the ends of each shear wall, was used to prevent overturning
and allow the shear walls to fully engage rather than uplift. The building, known as the
NEESWood Capstone building, was instrumented with just over 300 sensors and 50 LED optical
tracking points to measure the component and global responses, respectively. In this report the
test specimen is explained and the resulting seismic response in terms of base shears, selected
wall drifts, global inter-story drifts, accelerations, hold-down forces, and roof drifts are
presented. Detailed damage inspection was performed following each test and those results are
summarized also. The building was found to perform excellently with little damage even
following the 2500 year earthquake. The global drift at roof level was approximately 0.25
meters and maximum inter-story drifts were approximately 2% for the floor average with
individual wall drifts reaching just over 3% in one corner of the building at the fifth story.
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1. Introduction and program objectives

The NSF-funded NEESWood Project was a four-year, five-university project whose objective
was to develop a performance-based seismic design philosophy for mid-rise woodframe
construction. The project began in 2005 and, by the end of 2006, the benchmark testing of a
two-story house had taken place at the University at Buffalo’s SEESL shake table facility. This
test included several shear walls designed with fluid dampers during one phase of testing. A
series of sub-assembly tests on shear walls with toggle-braced damping systems followed in
2008. From 2005-2008, non-linear time history analysis software was developed that was based
on existing concepts and software, and improved upon as part of the NEESWood effort. This
software package, called SAPWood (Pei and van de Lindt, 2007, 2008), had the dual purpose of
being a research and design tool for later testing within the project as well as being available for
use by practitioners. It was extended to include six degrees-of-freedom at each story and tri-
axial excitation, as well as the inclusion of response modification devices such as base isolation.
From 2006-2008, the Direct Displacement Design (DDD) approach (Pang and Rosowsky, 2007)
was extended to multi-story woodframe buildings, which is a key outcome of the project. The
DDD approach was also extended for application to woodframe buildings with sliding seismic
isolation systems. In addition, the potential for enhanced performance of woodframe buildings
was evaluated via shaking table tests of a half-scale base-isolated two-story building. From
2007-2009 the effect of design code changes on societal risk were investigated within the project
by using Los Angeles, CA as a test bed. Finally, in order to validate the DDD approach, the
world’s largest shake table test was conducted at Japan’s E-defense laboratory in collaboration
with numerous researchers and industry participants from the U.S., Canada, and Japan. The
1350 square meter (14,000 sq ft), six-story building was designed using the DDD concept, the
development of which was completed in 2008. Shear transfer and continuous steel rod holdowns
were designed based on a specified non-exceedance probability using SAPWood simulation
results. The building, termed the Capstone building, was subjected to three levels of seismic
intensity including a design-basis earthquake (DBE) and a maximum credible earthquake
(MCE).

The NEESWood Capstone wood phase objectives were:

Objective 1: To confirm that a representative mid-rise woodframe structure designed using the
NEESWood PBSD philosophy satisfies the performance objectives, as pre-defined during the
design process. These performance objectives seek to limit damage and losses while protecting
life safety.

Objective 2: Provide a general understanding of the behavior of a mid-rise woodframe structure
similar to those currently in place in the Western U.S. and provide a full-scale data set for
verification and calibration of nonlinear dynamic models.
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2. Construction of test building

General contractor Maui Homes USA based in Honolulu, HI, served as the contractor for
construction during the project. Japanese carpenters were hired to perform the construction.
There are significant differences between Japanese style wood residential construction (mostly
traditional style post-and-beam configuration; their light-frame wood is closer to East coast style
construction with some additional hardware) and North American light-frame wood
construction, thus training as well as careful construction monitoring and quality control
measures were carried out during the construction process. The ultimate construction objective
was to make sure the as-built structure reflects the intentions and details in the performance
based seismic design procedure. In order for the Japanese carpenters to be able to construct the
shear walls and other details correctly, detailed stick drawings for every wall segment in the
building were developed by the Colorado State University team.

The design of the building was not based on an existing design code but rather through the
performance-based seismic design method developed in the NEESWood project combined with
numerical simulation using SAPWood. However, the construction of the wood frame stories
was similar to a typical construction process in North America. The difference between the
Capstone structure and a typical multi-story wood frame building in essence lies in the shearwall
configuration and the detailing. Specifically, the shear wall nail schedules were determined
using direct displacement design such that the peak inter-story drift in the building did not
exceed 4% under a Maximum Credible Earthquake (MCE) (Return Period = 2500 years) for the
city of Los Angeles, CA, 80% of the time, i.e. a non-exceedance probability of 0.8. This in
essence resulted in walls with approximately twince the capacity of a typical building. However,
the DDD procedure distributed this stiffness height-wise throughout the building differently than
force-based design methodologies.

Shear walls in Capstone building used mostly 2x6 framing. The lower three stories of the
building were framed using DFL-North and the upper three stories using SPF-1650. All sill
plates under shear walls were framed with DFL-N. The nail schedule was mostly 2”/12” or
3”/12” in the lower floors. Some of the walls were also sheathed on both sides (double sided)
with OSB. Incorporation of a new wall type was also investigated in the project. A double
Midply wall system designed to handle high shear demand that exceeds the capacity of
traditional shear walls was included. Also because of the high shear capacity of shear walls, high
strength shear screws were used at the top and sill plates of the shear walls instead of bolts.
These SDS screws had a tested ultimate capacity of approximately 4.45 kN (1 kip) per-connector
in shear. Figure 1 shows the test building under construction.

Some of the shear walls in the lower stories had very substantial compression stud packs
consisting of numerous 2x6 studs lumped together at the ends surrounding the hold-down runs as
shown in Figure 2. These studs were designed to resist the compressive load induced by the
racking behavior of shear walls as well as gravity. Some of these stud packs interfered with the
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installation of shear connectors on the top and sill plates of the shear walls. In order to resolve
this conflict, some of these stud packs were installed via toe-nailing after the walls were erected
in place with the top and sill shear connectors already installed.

g
uble Midply

Fig. 1. Construction of shear wall systeins in Capstone bilding with the do
wall shown top, right

Fig. 2. Compression stud packs in bottom wood story shear walls
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Continuous tie-down systems known as Anchor Tiedown Systems (ATS) were utilized for every
shear wall in the specimen. These ATS rods ran through the stories and integrated individual
shear walls into shear wall stacks. The system is more effective in controlling uplift
(overturning) of the wall systems than traditional hold-down systems and is typically necessary
for wood frame construction in excess of three stories. Figure 3 shows a close-up of the ATS
installed in a wood shear wall including a view of it passing through the floor diaphragms with
coupler nuts and take-up devices on each side.

Fig. 3. The ATS system used for shear wall uplift control

After the ATS system was installed, the sheathing panel for the shear wall was attached and
nailed off following the nailing pattern specified in the design. Then drywall boards (gypsum
wall board, GWB) was attached with drywall screws at 0.4 m (16 in) spacing (including top and
bottom, i.e. not a floating GWB style as is sometimes used). The ceiling GWB was also installed
since the GWB contributes to structural stiffness and mass. Finally GWB was tape-and-mudded
to represent realistic construction practice and allow for accurate and realistic damage inspection.
The construction quality of the shearwalls in the building was closely monitored during the
construction process. Since the shear walls are the lateral force resisting components in the
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building, it was very important to make sure the nailing pattern, stud lay out, anchor tie-down
system, and the shear transfer details at the top and sill plates were correctly constructed. Shear
transfer was primarily achieved with 150mm long 7mm diameter wood screws shown being
countersunk into the Midply wall sill plate in Figure 4. As each wall was erected, the stud layout
and shear connection for the top and sill plates were checked. Then the ATS rods were also
installed and checked. Finally the sheathing panels were applied and the nail pattern was
inspected. This process was performed for every structural wall in the building. Inspection
occurred prior to completion of the specimen, and when sheathing nail schedules were found to
be incorrect they were wither replaced or nails added to the appropriate line in the panel.

During each stage of construction, project PI Dr. John W. van de Lindt travelled frequently to
Japan and conducted the most critical part of the quality inspection. During the construction,
graduate student researchers from Japanese universities sent daily reports on the building and
particularly the shear wall construction with detailed wall configuration check sheets developed
by CSU design team.

Fig. 4. Installation of high strength shear connector on the double Midply sill plates

3. Shake table test program

Shake table testing of a building the size of the Capstone test specimen necessitated the use of
the E-Defense shake table in Miki City, Japan. This shake table is the largest tri-axial shake
table in the world with a payload capacity of 1200 tons (2.5 million pounds) and the ability to
reproduce the largest historical records from the Kobe and Northridge (and other) earthquakes.
The facility was built following the 1995 Kobe earthquake and opened in 2004. The concrete
reaction floor is more than 60 ft (18m) in thickness. During construction, the volume of concrete
used throughout made it more economical to build a concrete plant on site. The full-scale
NEESWood Capstone test was the first U.S. led test conducted at E-Defense and represents the
largest building ever tested on a shake table. Figure 5 shows a picture of the E-defense facility
shortly after it opened in 2004.
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™,
Fig 5. Aerial image of the E-Defense facility in 2004.

The shake table is shown in Figure 6 from the first floor balcony. It is 15m x 20m in plan and
has the ability to move tri-axially in either acceleration or displacement control. For safety it
was necessary to have approximately one meter clear space around the perimeter of the shake
table, so the floor plan of the Capstone structure was selected to maximize the usable space of
the shake table. For the installation of the test specimen on to the table, it was critical to align the
walls (and steel frame under the walls) with the shake table bolt pattern.

Fig 6. E-Defense shake table with actuator CV joints shown exposed on left side
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The wood building was approximately 18m x 12m (60ft x 39ft) in plan view and about 17m (56
ft) tall. The elevation views, presented in Figure 7, show the significant openings on all sides of
the building requiring shear wall stacks in many locations. The floor plan for the first story is
shown in Figure 8a and consisted of two small one-bedroom units (Unit A) and two two-
bedroom units (Unit B). The floor plan for stories two through five were the same as story one
with only a slight change to unit A since no entrance door to the building was needed at those
levels, and is shown in Figure 8b. The top story, story 6, is shown in Figure 8c, and was
modified from the other stories to include one large two-bedroom unit (Unit D). This change in
floor plan meant some of the shear walls in story 5 did not extend into story 6. For reference, the
short direction of the building is designated as the X direction and the long direction as the Y
direction.
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Fig.7. Elevation views of the six-story test specimen

Wood shear walls were designed as stacked wall systems with a combination of steel rod hold-
downs (ATS) with mechanical shrinkage compensating devices at each end to prevent
overturning, reduce uplift, and remove slack from the tie-down system that would otherwise
develop from in-situ reductions in wood moisture content and natural settling of the structure.
Figure 9 shows a schematic of a typical 2x6 wood shear wall in the first story and details for
each wall in the Capstone building can be found in the forthcoming NEESWood project report
by Pei et al (2009). The design details of the building were quite extensive and only a basic
description of the structural configuration is provided here for brevity. Each shear wall stack
included glulam beams as shear collectors in between stories. Floor systems were made up of
standard 18mm (23/32 inch) T&G Oriented Strand Board (OSB) with wood I-joists that were
hung on the glulam beams with nailed metal hangers. The glulams were fully supported by shear
walls except in one line between the elevator shaft and stairwell where they acted as beams since
no bearing and/or shear wall was present. Wood shear walls had 12mm (15/32 inch) OSB on
either one or both sides depending on the design requirements. Nail spacing ranged from
sheathing panel exterior nail spacing of 50 mm (2 in) to as large as 152 mm (6 in), with a
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constant field nail spacing of 300 mm (12 in) for all walls. Because there were many shear walls
in the Capstone building, it is not possible to shown the details of each shear wall. Shear transfer
from the wall to the floor system was achieved using either a nailed channel or two lines of self

tapping screw, i.e. SDS screws.
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Fig. 8. Floor plans for story 1 (Fig 8a), story 2-5 (Fig 8b), and story 6 (Fig 8c)
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Typical Wall/Floor Configuration Wall in perpendicular direction
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Fig. 9. Typical wall details in the Capstone building

Gypsum wall board (GWB) was installed on all walls and ceilings with tape and putty on all
joints except the wall-to-ceiling joints and corners. Finishing as many joints as possible was
desirable in order to provide realistic damage inspection results.

In addition to the as-built dead load, seismic mass was added to each story in the form of steel
plates in order to bring the total floor seismic mass to a realistic level thereby accounting for all
the insulation, gypcrete flooring, exterior finish, plumbing, HVAC, and floor finishes. The
weight of the building was carefully calculated based on the construction materials used. Then

the added steel plates were placed during the construction of each story and fastened to each
floor and the roof.

The completed specimen standing on the shake table ready for testing is shown in Figure 10.
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Fig. 10. Photograph of the 14,000 ft* Capstone test specimen ready for testing on Japan’s E-
Defense shake table

The seismic test program consisted of multiple shake table tests during three separate test days.
As mentioned, during the first test day a steel special moment frame (SMF) at the base of the
building was not braced and therefore participated in the testing. Then the SMF was fully braced
for the tests focused on the response of the six-story wood frame building. The Northridge
ground motion recorded at the Canoga Park station was used throughout the tests with different
scale factors. Figure 11 shows the spectral accelerations in the X, Y, and Z directions of the un-
scaled Canoga Park record, with the Y-component (which has a higher PGA value) applied in the
long direction of the building. The shear capacity of the building was the same in both directions
by design. The ground motion was scaled to the peak ground acceleration levels listed in Table 1
to represent seismic hazard levels with 50%, 10%, and 2% probability of exceedance in 50 years,
which corresponds to return periods of 72, 475, and 2500 years, respectively for the city of Los
Angeles, CA.
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Fig.11. Un-scaled pseudo-acceleration response spectra for the Canoga Park recording of
the 1994 Northridge earthquake (5% damping)

Table 1. Peak ground accelerations for the Canoga Park record

Northridge Seismic Test
Canoga Park Level 1 Level 2 Level 3
Hazard level 50% 50 years 10% 50 years 2% 50 years
Scaling factor 0.53 1.20 1.80
X 0.19 0.43 0.64
PGA(g) | Y 0.22 0.50 0.76
Z 0.26 0.59 0.88

The NEESWood Capstone test specimen represents the largest building ever tested on a shake
table. It was instrumented with over 300 channels of strain, deformation, and acceleration
measurements using a high speed data acquisition (DAQ) system at Japan’s E-defense. In
addition to these conventional measurement devices, absolute displacement measurements were
obtained using 50 three-dimensional optical tracking light emitting diodes (LED) attached to the
exterior of the building whose motion during the test was captured and processed using a 3D
motion tracking system consisting of multiple high-speed cameras and related software. A brief
summary of all the instrumentation is listed in Table 2.
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Table 2. Summary of instrumentation

Measurement Location Type Number

Absolute acceleration Each Floor 3D-acceleration 38
Selected shear String

Diagonal shear wall drift walls Potentiometer 33

Out of plane diaphragm Third floor String

deformation diaphragm Potentiometer 13
Selected shear String

Shear wall end stud uplift walls Potentiometer 8
Selected shear

ATS hold-down strain walls Strain Gage 78

Absolute displacement Building exterior 3D Optical tracking 50

Because of the size of the building, it was not possible to find a fixed reference to instrument the
absolute displacements of the structure, i.e. a frame beside the shake table. Therefore, an optical
tracking measurement system was employed in the test program to capture the building
movement with 50 LED light markers attached to the exterior of the building at each diaphragm
level. The location of these markers is shown in Figure 12. There were no markers on the back
side of the building due to camera limitations.

- 50 LED Sensors on the exterior of specimen, 7 sensors
e for each story diaphragm, one on the SMF.

Figure 12. LED sensors for ptical racking of absolute displacements on the exterior of the
specimen

White noise excitation was input in each direction of the building in order to identify the natural
periods of the specimen before and after each seismic test. There was no significant change in
the building fundamental period between shakes within the test program. The natural period of
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the building was approximately 0.49 sec. The building period under the white noise excitation in
both directions agreed well with one another indicating a similar stiffness for both directions,
which was consistent with the performance-based seismic design approach which was intended
to provide the same stiffness and strength in both directions for the specimen.

The averaged displacement at the centroid of the floor diaphragm can be estimated based on the
measurements from seven optical tracking markers for each floor. The maximum roof
displacements relative to the shake table were measured to be 60mm, 140mm, and 21 1mm for
seismic intensities 1, 2, and 3 respectively. The maximum displacement occurred in the long
direction of the floor plan, namely the Y direction. The building deformation shapes at the point
in time of the maximum roof displacement levels in the X and Y directions are presented in
Figure 13. The shape of the deformed grid was generated directly from the optical tracking
sensor measurements and is exaggerated for clarity. Although the building was designed to be
symmetric and added seismic mass was distributed approximately uniformly over the building
floor plan, torsional response was clearly observed during testing. The torsional response was
synchronized with the lateral response of the building, which means the point in time at which
the torsion reached a maximum value is very close to the occurrence of the maximum value of
the lateral response, as one might expect. Due to the presence of torsion, the maximum inter-
story drift of some shear walls at the upper levels near the building corners slightly exceeded 3%
during the level 3 seismic test.
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Figure 13. Time captures of the system deformation relative to the shake table during four
points in time for the LED optical tracking system

Inter-story drift is often used in displacement based procedures to evaluate the performance of a
wood frame building. The resulting inter-story drift of the Capstone building was calculated by
subtracting the absolute displacement measurement between stories and dividing the value by the
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story height. The maximum values for the average inter-story drift are presented in Table 3. The
average was computed by averaging the drift measured from seven different LED optical
tracking markers at each story level.

Table 3. Averaged peak inter-story drift measured during the three tests

S tcf))re;ﬂl()i?fiez‘% ) Seismic Test 1 Seismic Test 2 Seismic Test 3
X Y X Y X Y
Stl 0.26 0.44 0.49 0.77 0.84 1.12
St2 0.35 0.42 0.63 1.05 0.97 1.46
St3 0.29 0.54 0.64 1.02 0.89 1.64
St4 0.30 0.44 0.77 1.22 1.10 1.48
St5 0.36 0.46 0.64 1.14 1.00 1.88
St6 0.40 0.21 0.88 0.58 1.35 1.11

From the above table one can see that the height-wise distribution of inter-story drifts for the
building under all three seismic test is close to uniform among the stories, which indicates the
absence of a soft story mechanism. Recall this soft story mechanism was observed in wood
frame buildings during large earthquakes (such as the 1994 Northridge and the 1995 Kobe
earthquakes). The approach used to design the Capstone test specimen which is outlined in Pang
et al (2009) vertically distributes the shears according to the deformed state of the structure
essentially eliminating or at least drastically reducing the probability of a soft story being
present. Figure 14 presents the response time histories in the X and Y direction at all three
seismic intensity levels for the first story as well as for the story that had the largest transient
drift. The maximum drifts were observed in the upper stories instead of the bottom story, which
was, in fact, consistent with numerical model predictions performed prior to testing. The drifts
for the top two stories and the associated shear walls in those stories had performance consistent
with the other stories even though many of the shear walls stacks did not extend beyond the first
five stories.

Another major concern for multi-story buildings is the safety issues related to the high lateral
accelerations in the upper stories that may result in occupant injury or casualties due to heavy
objects, e.g. furniture. The average acceleration that will be experienced by the occupants during
the test was calculated by spatially averaging the acceleration measured by the five sensors
installed at each floor level. It turned out the maximum lateral acceleration for the DBE level
earthquake on the top story was approximately 1.3 g. The maximum acceleration for the MCE
earthquake on the top floor was approximately 1.6 g. With the floor acceleration time history
obtained and the seismic mass of each story known, the time history of the base shear force can
be retrieved based on principles of basic dynamics. The global hysteresis loops for the building
are presented in Figure 15. Similar behavior from one seismic intensity level to the next is
observed since the same ground motion (Northridge-Canoga Park) was scaled for each test. As
the ultimate base shear capacity of the building, which was used in the performance-based
seismic design, is about 2500 kN (562 kips), for the Y direction at intensity level 3 one can see
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that the test specimen resisted 1824 kN (410 kips) which is approximately 73% of the design
shear.

Bottormn Story The Story with maximum drift

Levell ' sty Levell ' St3Y

Level2 122 St4-Y

Inter-story drift (%)
Inter-story drift (%)

Leveld | sty Leveld T188  soy

0 5 10 15 0 ] 5 10 15 0
Time(sec) Time(sec)

Figure 14. Time history plots for the average inter-story drifts
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Figure 15. Global hysteresis for all seismic test levels

Recall from the earlier discussion on instrumentation that the anchor tie-down rods were
instrumented for approximately half the building at story 1. Figure 16 shows the distribution of
maximum forces for the rods throughout the floor during the level 3 seismic tests. The spatial
distribution of the peak rod forces was similar for other test levels while the value of the force
decreased. Interestingly, one key observation from the rod data is that the maximum hold-down
forces do not necessarily occur at the same time. It is not uncommon for the rods at two ends of a
wall to act in unison rather than alternating in tension, especially for the walls on the exterior of
the test specimen. The alternation in rod tension was observed to shift from the shear wall level
to the system level, i.e. where all the rods on one side of the building go into tension while the
rods on the other side are not in tension. It is quite clear that the rods from different walls act as a
single system to resist the overturning moment generated at the base of this six-story building.
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Seismic Test 3 Maximum Rod Force (kN)

Figure 16. Maximum steel rod tension during level 3 test

As mentioned earlier, the damage to the test specimen from the three seismic tests was not felt to
be significant even for the 2500 year (MCE level) earthquake. There was no visible damage to
any structural components or assemblies of the building, with damage limited to the gypsum wall
board (GWB). The GWB damage was observed primarily around the corners of openings as
illustrated by the post-shake photographs in Figure 17. The damage and its correlation to inter-
story drifts will be presented in its entirety in a forthcoming paper by several of the authors and
can be found detailed in the forthcoming NEESWood project report by Pei et al. (2009).

Figure 17. Typical damage observation around wall openings
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4. Conclusions

A series of three shake table tests on a full-scale six-story light-frame wood building was
completed in July 2009 in Miki, Japan. It is critical to perform tests such as these at full scale and
with full size structures to ensure that size effects and scaling issues do not arise and taint the
conclusions. The NEESWood Capstone building, designed with the performance based design
procedure developed within the NEESWood project, the building was able to achieve very good
performance under both DBE and MCE level earthquakes, with maximum averaged inter-story
drifts on the order of 2% to 3%. The damage to the structural and non-structural components of
the building was very minor, all repairable. Peak shear wall drifts at one corner slightly exceeded
3% for the MCE level test. Damage was limited to non-structural damage; specifically cracking
of the gypsum wall board near opening such as doors and windows. All damage observed during
testing would be easily reparable and not affect future performance during earthquakes. The
Capstone building performed very well and did not experience a soft story mechanism at any of
the test levels; this is the result of applying the direct displacement design procedure which
distributes the shear height-wise throughout the structure based on softened lateral stiffness. The
averaged floor accelerations were felt to be reasonable at the higher story levels, although objects
would still need to be anchored as recommended by FEMA. Even with the approximately
symmetric floor plan and evenly distributed seismic mass, considerable torsional response was
still observed during the seismic tests. Inclusion of torsion is needed within PBSD for mid-rise
light-frame wood buildings. The hold down system employed in the design of the specimen
serves the critical role of transferring uplift forces down to the foundation and thereby preventing
overturning. Although installed for each shear wall, the hold down rods acted as a system to
provide overturning restraint to the entire floor plan, and only at times did they act as a semi-
isolated shear wall stack. In light of this observation, development of a system level design
procedure for hold down rods used in multi-story woodframe construction is recommended. As
anticipated, the majority of lateral displacements were not due to shear deformation of the wood
shear walls, but from cumulative elongation of the hold down rods, a small amount of uplift, and
a global bending of wall systems.

In conclusion, it can be stated that six-story light-frame wood construction in high seismic
regions can perform very well in a major earthquake provided they are designed appropriately.
The test results summarized herein validate the performance-based seismic design philosophy
developed within the NEESWood project, to the extent one specimen can provide a validation.
New procedures, such as performance-based seismic design, are the way to ensure good
performance for taller wood frame buildings during earthquakes.
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Summary

In this report, the seismic performance of 6-storey wood frame residential buildings is studied. Two
building configurations, a typical wood-frame residential building and a building to be tested under the
NEESWood project, were studied. For each building configuration, a four-storey building and a six-storey
building were designed to the current (pre-April 6, 2009) 2006 BC Building Code {(BCBC) and to the
anticipated new requirements in the 2010 National Building Code of Canada (NBCC), resulting in four
buildings with different designs. The four-storey building designed to the current 2006 BC Building
Code served as the benchmark building representing the performance of current permissible structures
with common architectural layouts.

In the design of both four-storey and six-storey buildings, it was assumed that the buildings are located in
Vancouver on a site with soil class C. Instead of using the code formula, the fundamental natural period
of the buildings was determined based on the actual mass and stiffhess of wood-based shearwalls, The
base shear and inter-storey drift are determined in accordance with Clauses 4.1.8.11.(3)(d)(iii} and
4,1.8.11.(3)(d)(iv) of BCBC, respectively,

Computer programs DRAIN 3-D and SAPWood were used to evaluate the seismic performance of the
buildings. A series of 20 different earthquake records, 14 of the crustal type and 6 of the subcrustal type,
were provided by the Earthquake Engineering Research Facility of the University of British Columbia
and used in the evaluation, The records were chosen to fit the 2005 NBCC mean PSA and PSV spectra
for the city of Vancouver,

For representative buildings designed in accordance with 2006 BCBC, seismic performance with and
without gypsum wall board (GWB) is studied. For representative buildings designed in accordance with
the 2010 NBCC, the seismic performance with GWB is studied. For the NEESWooed building redesigned
in accordance with 2010 NBCC, seismic performance without GWB is studied. Ignoring the contribution
of GWB would result in a conservative estimate of the seismic performance of the building.

In the 2006 BCBC and 2010 NBCC, the inter-storey drift limit is set at 2.5 % of the storey height for the
very rare earthquake event {1 in 2475 year return period). Limiting inter-storey drift is a key parameter for
meeting the objective of life safety under a seismic event,

For 4-storey and 6-storey representative wood-frame buildings where only wood-based shearwalls are
considered, results from both DRAIN-3D and SAPWood show that none of the maximum inter-storey
drifts at any storey under any individual earthquake exceed the 2.5% inter-storey drift limit given in the
building code. With DRATIN-3D, the average maximum inter-storey drifts are approximately 1.2% and
1.5% for 4-storey and 6-storey buildings designed with 2006 BCBC, respectively.

For the NEESWood wood-frame building, none of the maximum inter-storey drifts at any storey under
any individual earthquake exceed the 2.5% inter-storey drift limit for 4-storey building obtained from
SAPWood and 6-storey building obtained from DRAIN-3D and SAPWood. For any 4-storey building
analysed with DRAIN-3D, approximately half of the earthquakes resulted in the maximum inter-storey
drifts greater than 2.5% inter-storey limit. This is partly due to the assumptions used in Drain-3D model
in which the lumped mass at each storey is equally distributed to all the nodes of the floor. As a result, the
total weight to counteract the uplift force at the ends of a wall would be much smalier than that
anticipated in the design, thus causing hold-downs to yield and large uplift deformations to occur.
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Based on the analyses of a representative building and a redesigned NEESWood building situated in the
city of Vancouver that subjected the structures to 20 earthquake records, 6-storey wood-frame building is
expected to show similar or smaller inter-storey drift than a 4-storey wood-frame building, which is
currently deemed acceptable under the current building code.
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Appendix A Design drawings of 4 and 6 storey Buildings
A-1)  Design drawings of representative 4-storey building designed in accordance with 2006 BCBC

A-2) Design drawings of representative 6-storey building designed in accordance with 2006 BCBC

A-3) Design drawings of representative 4-storey building designed in accordance with 2010 NBCC

A-4) Design drawings of representative 6-storey building designed in accordance with 2010 NBCC

A-5) Design drawings of NEESWaod Capstone 4-storey building designed in accordance with 2010
NBCC

A-6) Design drawings of NEESWood Capstone 6-storey building designed in accordance with 2010
NBCC

Appendix B Selected Design Calculations of Shearwalls in Representative and NEESWood Wood-Frame
Bulldings

B-1) Design of Wall 4 in 6 storey Representative Wood Frame Buildings
B-2) Design of Wall 5 in 6 storey NEESWood Wood Frame Buildings

Appendix C Results of Representative Wood-Frame Buildings Designed in Accordance with 2006 BCBC
Appendix D Resuits of Representative Wood-Frame Buildings Designed in Accordance with 2010 NBCC

Appendix E Results of NEESWood Capstone Wood-Frame Building Designed in Accordance with 2010
NBCC

Appendix F - Selected time history responses and hysteresis loops of selected shear walls

@ © 2009 FPInnovations - Forintek Division. All rights reserved. vi
FRirnnvatinns

FORINTEX

Page 30
HOU-2011-00026, Part One




Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No. 6482

Confidential
List of Tables
Table 1 Scope Of WOrK [0 B PEITOIMEU...cv.e.ccvvcnsresievcvieinivisicvssessensioesmiesisis s s s ssas st cennses 2
Table 2 Building loads used in the seismic design of the 4 and 6-storey BUIIINGS .......co.covcovvcivesicinniverirencnnnd
Table 3 Building periods and sefsmic loads used in the design of the 4 and 6-storey Buildings.........cc.cricenn 4
Table 4 Shearwall and hold-down details of the Wood-frame building designed in accordance with 2006
BOBC . c.covsvsiessvvsiisiisssissssscss s sses iresisss s stesess st s s 40100 50001 bbb bbb 2018100200 5
fable 5 Shearwall and hold-dovm details of the wood-frame building designed in accordance with 2010
NBCC cossrisssisiisisssiis s s iss s sessscs i csasess s casan s s sma s s 4B ARS8 b bbb b0 6
Table 6 Design forces and Deflections for a 9.75m long 6 storey reprosemtative Wall..........eieniinn 6
Table 7 Building loads used in the seismic design of the 4 and 6-storey NEESWood DUldings ..., 8

Table 8 Buitding period's and sefsmic loads used in the design of the 4 and 6-storey NEESWood buildings .......8
Table 9 Shearwall and hold-down delails of the NEESWood buildings designed in accordance with 2010

NBCC oo sriviisscsscsissssiaicssisssssimssessscss e seesis v st s ss s s s s b8 bbb res s isesesaas 9
Table 10 Design forces and Deffections for a 6. Tm long 4 storey representative Wall.........c.ovewwononiinn, 9
Table 11 Design forces and Deflections for a 6.1m long 6 SLorey repreSemtative Wall............msn: 10
Table 12 Earthguake records and Heir CRATACIEIISHICS ....vvvvivsiniiosinsinisissisisisisssissssosisissiasssissesesesseaces 10
Table 13 Material properties of different modefs of Simpson strong rods..., Vet 4 |
Table 14 Summary of mean results of 4-storey building designed in accordance with 2006 BCBC ..................... 25
Table 75 Summary of mean results of 6-storey building designed in accordarnce with 2006 BCBC ............cvrre.. 26
Table 16 Summary of mean resufts of 4-storey building designed in accordance with 2010 NBCC ...........cvcvonn., 31
Table 17 Summary of mean resulls of 6-storey building designed in accordance with 2010 NBCC ......vvvevsvvvenes 31
Table 18 Summary of mean resulls of 4-storey building designed in accordance with 2010 NBCC..........cve0. 32
Table 19 Summary of mean results of 6-storey building designed in accordance with 2010 NBCC ... 32
@ © 2008 FPinngvations ~ Forintek Division. Al rights reserved. vi
FPinnovatlons
FORINTEK
Page 31

HOU-2011-00026, Part One




Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No, 6452

Confidential

List of Figures
Figure T Plan view of the repreSentative DUTITG ..o sssissssississssssessssnsssne 3
Figure 2 Plan view of the NEESWood Capstone test BUIIAING........cvvccoimormisosiosmonsnsssemmssisiin 7
Figure 3 The pseudo velocity response specta for all records, their average and the 2005NBCC velocity

GRSIGN SPECITUM OF VANCOUVET ..v.coresresiecisicsscessiivnsiimssscesiinisistion st isistsocssinessseotess sssssssosessisesssssscosne 1
Figure 4 The acceleration response spectra for all records, their average and the 2005 NBCC acceleration

0ESiGN SPOCHUT FOF VANCOUVET c.v.ovvvcvricsrinciscssinssisssiesisssrssscnssss i osssssisssesssssserssesseasmssrmsssssrossssess s 12
figure 5  Pinching hysteretic behaviour with six inclinations and constant discharge line used for modeling of

the semi-rigid rotational Springs.........c.e. SOOI 1 |
Figure 6 Model of the 6-storey wood-frame bu:fdmg in Dram 3D .......................................................................... 14
Figure 7 Stacked shearwall assembly model of a 6 storey building with rotational semi ngfd spnngs and

sermi rigid axial springs to represent the properifes of ihe hold-downs ... e 19
Figure 8 Global degrees of freedom and spring connectivily in the SAPWood model. ......................................... 16
Figure 8 Nail-Pattern (NP) MOGEl KINEIMATS ... 17
Figure 10 Loading paths and parameters in CUREL MOQE! .........covecrimesccccrncrinenicsinenssccsiniescsssssiresasersssessicre 18
Figure 17 Hysteretic loop for 80-3/8" ply 41t X 8ft SHEGWANS .......cvveviiicsiivinvcrisisicsivsivesicnsrisssssseessiiesssisvenssisesssensens 19
Figure 12 Hysteretic loop for 80-1/2" ply 4t X 81t SHEGIWAHS .........covvivcsrrisirssiisiicsississisinsssnsssisissssssesciscsisrennis 19
Figure 13 Hysteretic loop for 100-1/2" ply 45 X 8t SHEOAIWAIS .......ccc.cvvvvmvconccrnceicinscrrecrermesesirmanscssessinscsssesncsias 20
Figure 14 Hysterelic fo0p for 81t X 8f GWB tryWall ... 20
Figure 15 Shearwall identification and locations in representative wood rame DBUIIGING ....c...cvovicisicreciisiinsns 23
Figure 16 Shearwall identification and locations in NEESWood Capstons 16t DUIGING........coceceirinivisccsiinss 24
Figure 17 Cumudative distribution of inter-storey drifts in N-S direction for 4-storey buildings without GWS........... 28
Figure 18 Cumuiative distribution of inter-storey drifts in N-S direction for 6-storey buildings without GWB.......... 28
Figure 19 Cumulative distribution of shearwall deformations in N-S direction for 4—5forey buitdings without

GWE... —
Figure 20 Cumu!at/ve a’lsmbu{/on of shearwal/ a’eformatlons in N S mrectron for 5 storey bu.rld.rngs W/rhaui
Figure 21 Force eqwlfbﬂum assumptfons for Methoa’ A and B ............................................................................... 30

@ ® 2009 FPInnovations — Forintek Division. Ali rights reserved. Vil
FPinnavaiions
FORINTER
Page 32

HOU-2011-00026, Part One




Final BSPB Report
Seismic Perfermance of 6-Storey Wood-Frame Buildings

Project No. 6482

Confidential

1 Objectives

The main objective of the work contained in this report is to evaluate the seismic performance of six-
storey wood-frame buildings designed according 1o the proposed changes in the BC Building Code and
the capacity-based design philosophy implemented in the upcoming Canadian Standard for Engineering
Design in Wood (CSA 086.1 2009), as well as the next edition of the National Building Code of Canada

(2010 NBCC).

2 Introduction

Mid-rise multi-family buildings are within reach of the current technology in wood-frame construction
and offer a way to diversify the markets for Canadian wood products. Recently, the Government of BC
has expressed interest in the concept of mid-rise wood-frame buildings as a response to the shift towards
sustainable densification of urban and suburban centers and to the need for affordable housing. As a
result, the Ministry of Housing and Social Development is pursuing regulatory changes to increase the
limit on wood-frame construction to six storeys in the BC Building Code.

To prepare for such code revisions, the Building and Safety Policy Branch (BSPB) of the Office of
Housing and Construction Standards (OHCS) has engaged consultants to draw up the required changes to
the BC Building Code and to identify technical and process risks related to six-storey wood-frame
construction. Technical advisory groups comprising a wide range of building sector stakeholders were
formed to help identify potential refevant issues related to six-storey wood buildings and to help develop
appropriate mitigation and implementation strategies. Based on the reported specific issues and the initial
feedback from the technical advisory groups, polential technical impediments and implementation issues
related to introduction of six-storey wood-frame buildings in BC were identified. These include fire
safety, structural safety (in particular the seismic performance), wood shrinkage, and building envelope
integrity. FPInnovations staff has been involved in these technical advisory groups and continue to
participate in the stakcholders meetings.

As the demand for higher density housing in BC tends to be in areas with high seismic risk, one of the
paramount concerns to designers of six-storey wood-frame construction is the seismic performance of
such buildings, To address these concerns, FPInnovations® staff under contract with BSPB carried out a
study to assess the performance of six-storey wood-frame buildings in earthquake prone areas. The results
of this study presented in this report will not only provide the technical support for the proposed code
change, but will also help increase the confidence of the designers and stakeholders in the seismic
performance of mid-rise wood-frame construction.

3  Scope

The scope of the work consists of a series of non-linear dynamic analyses of selected buildings. Two
building configurations, a typical wood-frame residential building and a test building under the
NEESWood project (the Capstone Tests), were studied. For each building configuration, a four-storey
building and a six-storey building were designed by a consultant to the current (pre-April 6, 2009) 2006
BC Building Code and to anticipated new requirements in the 2010 National Building Code of Canada,
resulting in four buildings of different designs. The four-storey building designed to the current 2006 BC
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Building Code served as the benchmark to represent performance of current permissible structures for
common architectural layouts. The work to be performed in this study is provided in Tabie 1.

Table 1 Scope of work fo be performed

A representative WEC | A representative WFC - | NEESWood test building,
‘with | ‘building, designed.with 2010 | designed with 2010.. -~
CE = NBCC and 086,1-2009 1 NBCC and 086.1-2009 .
* Design by RIC = Design by RIC = Design by RIC
4 » Assess by Forintek = Assess by Forintek = Assess by Forintek
o Check by CSU ® Check by CSU = Check by CSU
= Design by RIC - 1 = Design by RIC ®» Design by RJC
6 = Assess by Forintek » Assess by Forintek = Assess by Forintek
® Check by CSU = Check by CSU ¥ Check by CSU

RJC - Read Jones Christaffersen Lid.
CSU - Colorado State University

The NEESWood Capstone project is a multi-year US research project to develop methods to assess the
seismic resistance of mid-rise wood frame construction. Under this program, a series of shake table tests
on a six-storey wood-frame structure will be carried out in Japan during the summer of 2009.
FPInnovations is one of the several technical contributors to this project and has assisted in the
coordination of the use of BC lumber and other wood products in the test building under the financial
support of Forest Innovation Investment of BC. The work presented in this report utilises the knowledge,
expertise, test data, and numerical tools developed under the NEESWood Capstone project for assessing
the seismic behaviour of wood-frame buildings and applies them for assessment of 6-storey wood-frame
construction (WFC) buildings in BC.

4  Project Team

= Dr, Chun Ni, P.Eng., project leader, FPInnovations — Forintek Division
»  Mr, Grant Newfield, P.Eng, Read Jones Christoffersen Ltd. (RIC)
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5  Seismic Design of the Studied Buildings

51  Arepresentative wood-frame construction (WFC) residential building

A 4-storey building built as a part of revitalized Vancouver neighbourhood was used as a representative
WEC building in this study (Figure 1). In the original design, sections 2 and 3 of the building {(Figure 1)
were assumed to be separate units and were analyzed separately. Each section was designed with enough
strength to carry the seismic loads associated with its own area.

FIREWALL—y

Figure 1 Plan view of the representative building

In discussion with RJC, it was decided that only section 2 of this building would be used in this study.
Although buildings could be simpler or more complex in practice, it was believed that the section 2 of the
building is a rcasonable portion of it, and can be scen as being a good representation of the current
construction practice. Section 2 of the building includes a double loaded corridor where all the corridor
and party walls are used as shearwalls,
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In the design, it was assumed that the buildings are located in Vancouver on a site with soil class C
according to NBCC. Instead of using the NBCC formula, the fundamental natural period was determined
based on actual mass and stiffness of wood-based shearwalls. This period was then used to determine the
minimum ¢quivalent static earthquake force applied on the building, The building loads at the roof and at
each floor of the building are provided in Table 2. The building periods and seismic forces, V, are
provided in Table 3. Details of the shearwalls for the 4 and 6-storey buildings designed in accordance
with 2006 BCBC (before April 6, 2009 amendments which now reguire cut-offs on seismic forces) and
2010 NBCC are provided in Tables 4 and 5. Seismic forces in each direction were distributed to walls
based on the highest value of either the walls proportion of tributary area, the walls length divided by total
length of walls, or a comparison of the relative wall stiffnesses. The potential effects of torsion were not
considered in the design. It should be noted that engineering judgement was used in the distribution of
forces to the various walls and that the design although representative, does not result in a minimum code
design. The design drawings of the 4 and 6-storey buildings are provided in Appendix A,

Table 2 Building loads used in the seismic design of the 4 and 6-storey buildings

Uniformly distributed Area Total load
load (kPa) (m?) (kN)
Roof (dead load + 25% snow load) 1.20 019.74 1103.7
Floor {dead load) 1.92 789.68 1516.2

Table 3 Building periods and seismic loads used in the design of the 4 and 6-storey buildings

4 Storey Building (W = 5660 kN)

Building Period calculation T (s) V (%%W) V (kN)
Ta {code calculated period) 34 J23W 696
2 x Ta (current cut off for strength)’ .68 104w 589
T (based on engineering mechanics)® 1.1 062W 350
6 Storey Building (W = 8700 kN)
Building Period calculation T (s) V (% W) V (kN)
Ta (code calculated period) A45 23 1070
2 x Ta (current cut off for strength)’ 889 078’ 679°
T (based on engineering mechanics)’ 1.67 048 418

Notes : 1 —used for strength design based on NBBC clause 4.1.8.11.(3)(d)(iii)
2 —used for deflection calculations based on NBBC clause 4.1.8.1 1L.{3}d){iv)
3 — increased loads 10% for strength design (Used V =748 kN)
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Table 4  Shearwall and hold-down details of the Wood-frame building designed in accordance with
2006 BCBC

6-storey building 4-storey building
SW I sw2 [ sw3 [ swa [ swi1 [ sw2 | sw3 | sw4
Hold-down SR9 SRS SRS SRS
End stud 6-2x4 4-2x4 4-2x4 4-2x4
6" storey |sheathing 12,7 mm [12.7 mm [12.7 mm |12.7 mm
Nail 8d 8d 8d 8d
Nail spacing 150 mm (150 mm [150 mm [150 mm
Hold-down S8R9 SRS SRS SRS
End stud 6-2x4 4-2x4 4-2x4 4-2x4
5% storey |sheathing 12,7 mm {12.7 mm [12.7 mm [12.7 mm
Nail 8d 8d 8d 8d
Nail spacing 150 mm {150 mm |150mm [150 mm
Hold-down SR9 SRS SRS SRS SRS SR3 SRS SRS
End stud 6-2x4 6-2x4 6-2x4 6-2x4 4-2x4 4-2x4 4-2x4 4-2x4
4™ storey [sheathing 12.7mm [127mm [12.7mm |12.7mm [9.5mm 95 mm_ [9.5 mm_ 9.5 mm
Nail 8d 8d 8d &d 8d 8d 8d 8d
Nail spacing 100mm [(7Smm  [100mm [100mm |150mm [150mm (150 mm_ [150 mm
Hold-down SR10 SR7 SR7 SR7 SR7 SRS SRS SRS
End stud 8-2x4 8-2x4 6-2x4 8-2x4 4-2x4 4-2x4 4-2x4 4-2x4
3rd storey |sheathing 127mm {127 mm 127 mm (127 mmn [85mm |95mm 95 mm (2.5 mm
Nail 8d 10d 8d 8d 8d 8d 8d 8d
Nail spacing 100mm [75mm  [100mm |75mm  |150mm [100mm [150 mm 150 mm
Hold-down SR10 SR9 SR7 SR9 SR9 SR7 SRS SRS
End stud 8-2x4 8-2x4 8-2x4 8-2x4 6-2x4 6-2x4 6-2x4 6-2x4
2™ storey |sheathing [27mm {12.7mm [12.7mm [[27mm |95mm  [9.5mm [9.5mm [9.5 mm
Nail 8d 10d 8d 8d 8d 8d 8d 8d
Nail spacing 75mm_ |75mm  |7Smm [65mm |100mm {75 mm [100 mm [100 mm
Hold-down SRI0 SR9 SR9 SR9 SRS SR7 SR7 SR7
End stud 8-2x4 8-2x6 8-2x4 8-2x6 6-2x4 6-2x4 6-2x4 6-2x4
1% storey |sheathing 127mm [127mm {127 mm |12.7mm [9.5mm [127mm [95mm 9.5 mm
Nail 8d 10d 8d &d 8d 8d &d 8d
Nail spacing 75mm  [6Smm  [75mm  |65mm  [100mm [75mm ;100 mm [100 mm
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Table 5 Shearwall and hold-down details of the wood-frame building designed in accordance with
2010 NBCC
6-storey building 4-gtorey building
SW1 | SwW2 | SW3 | SW4 | SWI1 | SwW2 | SwW3 | swW4
Hold-down SR9 SR5 SRS SRS
End stud 6-2x4 4-2x4 4-2x4 4-2x4
6" storey [sheathing 127 mm 127 mm |12.7 mm |[12.7 mm
Nail 8d 8d 8d 8d
Nail spacing 150 mm |1530mm (150 mm [150 mm
Hold-down SR9 SRS SRS SRS
End stud 6-2x4 4-2x4 4-2x4 4-2x4
st storey [sheathing 127 mm {12.7mm [12.7mm [12.7 mm
Nail &d 8d 8d 8d
Nail spacing 150 mm |150 mm {150 mm |150 mm
Hold-down SR SR7'  [SR5 SR7'  [SRs SRS SRS SRS
End stud 6-2x4 6-2x4 6-2x4 6-2x4 4-2x4 4-2x4 4-2x4 4-2x4
4™ storey [sheathing 127mm |[12.7mm [12.7mm {12.7mm [95mm (95mm [95mm |95 mm
Nail 8d 8d 8d 8d 8d 8d 8d 8d
Nail spacing W0mm |75mm |[100mm [100mm |150mm [1530mm {150 mm  [150 mm
Hold-down SR10 SR7 SR7 SR7 SR7 SRS SR35 SR5
End stud 8-2x4 8-2x4 6-2x4 8-2x4 4-2x4 4-2x4 4-2x4 4-2x4
3rd storey |sheathing 127mm [127mm [12.7mm [i2.7mm |9.5mm_ [95mm [95mm |95 mm
Nail 8d 10d 8d 8d 8d 8d &d 8d
Nail spacing 100mm [75mm_ [100mm 75mm_ [150mm_ 100 mm {150 mm_|150 mm
Hold-down SR10 SR9 SR7 SR9 SR9 SR7 SR7 ' SR7 !
End stud §-2x4 B-2x4 8-2x4 8-2x4 6-2x4 6-2x4 6-2x4 6-2x4
2" storey [sheathing 12.7mm {12.7mm [12.7mm [12.7mm [95mm  [95mm  [95mm  |9.5 mm
Nail &d 10d 8d &d 8d 8d 8d 8d
Nail spacing 75mm  |75mm  |75mm |[65mm  [100mm [75mm (100 mm ;100 mm
Hold-down SR10 HSR9' [SR9 HSR9® [SR9 SR7 SR7 SR7
End stud 8-2x4 8-2x6 8-2x4 8-2x6 6-2x4 6-2x4 6-2x4 6-2x4
1¥ storey |sheathing 127mm [12.7mm [12.7mm [12.7mm [9.5mm |12.7mm |9.5mm 9.5 mm
Nail 8d 10d 8d 8d 8d 8d 8d 8d
Nail spacing 75mm  [65mm  {735mm  |65mm_ (100mm |75mm (100 mm 100 mm

Note ! - indicates difference between 2006 BCBC and 2010 NBCC.

Design calculations have been included in Appendix B for wall 4 (as shown in Figure 15) which is a
9.75m long 6 storey wall. Table 6 indicates the forces used for strength design, forces used for deflection
calculations, the calculated deflection, and inter-storey drifts for wall 4.

Table 6  Design forces and Deflections for a 9.75m long 6 storey representative Wall
Forces, Drifts, and Deflections for a 9.75m long 6 Storey Wall
Level V {strength design) |V (deflections) Deflection (mm) Drift (%)
Roof 22.4 kN 12.3 kN 218 1.1
6 233 kN 12.8 kN i67 1.3
5 18.7 kN 10.3 kN 131 1.2
4 14.0 kN 7.7 kN 97 1.3
3 9.3 kN 5.1 kN 59 L.}
2 4.7kN 2.6 kN 29 1.0
@ © 2009 FPInnovations — Forintek Division, All rights reserved. 6 of 35
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52  NEESWood Capstone test building

The NEESWood Capstone project is a research project led by a consortium of US universities that
specialize in earthquake engineering research with aim to develop methods to assess the seismic
performance of mid-rise wood frame construction. Under this project, a key activity is the shake table test
of a six-storey wood-frame structure which was designed for a locality with high seismic loads in the state
of California. Japanese research facilities that can simulate and apply the actual ground motion of a severe
earthquake will be used to test the full-scale six-storey structure. The shake table tests will be conducted
in July 2009. Results of the shake table tests can be used to check the accuracy of programs used in this
study. A plan view of the building is shown in Figure 2.

In this study, the full-scale six-storey test building was redesigned in accordance with 2010 NBCC.
Similar to the representative WFC residential building, it was assumed that the buildings are located in
Vancouver on a site with soil ¢lass C. The fundamental lateral period was determined based on actual
mass and stiffiess of wood-based shearwalls and the period was then used to determine the minimum
equivalent static earthquake force applied to the building. Due to the building contiguration, the interior
shear walls in the E-W direction are discontinuous at the 6™ floor, In this design, each shear wall was
designed with the greater of lateral loads based on either a flexible or rigid floor assumption. Torsional
loads were considered for the rigid floor analysis. Although the cut off of walls at the 6™ floor is not
permitted under the 2006 BCBC (with amendments after April 6, 2009), capacity design principles were
used to transfer the forces of the I storey shearwall at level 6 to other walls below. This gave rise to
additional complexities in the design..
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Figure 2 Plan view of the NEESWood Capstfone test building
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The building loads at the roof and at each floor of the building are provided in Table 7. The building
periods and seismic forces are provided in Table 8. Details of the shearwalls in 4 and 6-storey buildings
designed in accordance with 2006 BCBC (before April 6, 2009 amendments which now require cut-offs
on seismic forces) and 2010 NBCC are provided in Table 9, The design drawings of the 4 and 6-storey
buildings are provided in Appendix A.

Table 7 Building loads used in the seismic design of the 4 and 6-storey NEESWood buildings
Uniformly distributed Area Total load
load (kPa) (m?) {(kN)
Roof (dead load + 25% snow load) 0.96 312 300
Floor (dead load) 1.68 224 375

Table 8  Building periods and seismic loads used in the design of the 4 and G-storey NEESWood
buildings

4 Storey Building (W = 1425 kN)
Building Period calculation T (s} V (%W) V{kN)
Ta (code calculated period) 302 A23W 175
2 x Ta (current cut off for strength)’ .604 J1I3W 161
T (based on engineering mechanics)® 1.1 D62W 88

6 Storey Building (W = 2175 kN)
Building Period calculation T (s) V (%W) V (kN)
Ta (code calculated period) 409 123 267
2 x Ta (current cut off for strength) " .818 087 189
T (based on engineering mechanics) > 1.70 .047 102
Notes: 1-—used for strength design based on NBBC clause 4.1.8. L E(3){d)(iii}

2 — used for deflection calculations based on NBBC clause 4.1.8.11.(3)(d)(iv)
@ © 2009 FPinnovations — Forintek Divisien. All rights reserved. 80f 35
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Table 9  Shearwall and hold-down details of the NEESWood buildings designed in accordance with
2010 NBCC

6-storey building 4-storey buitding
SW1 | SW2 | SW3 | SW4 | SW5 | SW6 | SWI | SW2 | SW3 | SW4 | SW5 | SW6
Held-down SR9 SRS SRS SRS
6t End stud 6-2x6 6-2x6 | 6-2x6 | 2-2x4
storey sheathing 9.5 mm* 95mm | 9.5mm | 9.5mm
Nail 8d 8d 8d 8d
Nail spacing [150 mm* 150 mm | 150 mm | {00 mm
Hold-down SR9 SRS SR9 SRS SRS
s End stud 6-2%6 | 6-2x6 | 6-2x6 | 6-2x6 | 6-2x6
storey sheathing 9.5 mm* (9.5 mm*{12.7mm*| 9.5 mm | 9.5 mm
[Nail 8d 8d 8d 8&d 8d
INail spacing |127 mm*|130 mun* {100 mm*| 75 mm | 75 mm
Hold-down SR9 SR7 SR9 SR7 SR7 SRS SRS SRS SRS
4o End stud 6-2x6 | 6-2x6 8-2x6 | 6-2x6 [ 6-2x6 4-2%0 4-2¢6 | 4-2x6 | 4-2x4
storey sheathing | 9.5 mm* | 9.5 mm* [12.7mm*| 12.7 mm| 12,7 mm 12,7 mm 12.7mm 12,7 mm|12.7 mm
[Nail 8d 8d 8d 10d 10d 8d &d 8d 8d
INail spacing | 100 mm*{127 mm*[ 100 mm*| 7Smm | 75 mm 100 mm 150 mm | 150 mm | 160 mm
Hold-down SR9 SRS SR9 SRS SR9 SR7 SRY SRS SR5 SR3
0 End stud 6-2x6 | 6-2x%6 | 10-2x6 | 6-2x6 | 6-2x6 4-2x6 | 4-2x6 | 4-2x6 | 4-2x6 | 4-2x6
storey sheathing 12.7mm*| 9.5 mm* | 12.7mm*| 12.7 mm| 12.7 mm 12,7 mm | (2.7 mm | [2.7 mm| 2.7 mm| 2.7 mm
Nail 8d 8d [Gd 10d 16d 10d 8d 10d 10d 10d
Naif spacing 100 mm*| 100 mm*} 100 mm*| 75 mm | 75 mm 75mm | 75mm | 75Smm | 100 mm | 100 mm
Hold-down | HSR9 SR9 SRS SR9 SR9 SR9 SR9 SR9 SR7 SR7
5t End stud 8-2x6 8-2x6 | 10-2x6 | 8-2x6 8-2x6 4-2x6 [ 4-2x6 A4-2x6 | 4-2x6 [ 4-2x6
storey sheathing |12 7mm*|12.7mm*|12.7mm*; [2.7 mm{12.7 mm 127 mm}12.7mm|12.7 mm| 12.7 mm|12.7 mm
Nail 10d 8d 10d 10d 10d 10d iod 10d 10d 10d
Nail spacing | 100 mm*| 100 mm*[100 mm*| 50 mm | 50 mm S0mm | 75mm | 56mm | 75mm [ 75 mm
Hold-down | HSR9 SR9 HSRS [ HSRS [ HSRO HSRS SRS SRS SR7 SR7
1% End stud 8-2x6 8-2x6 | 10-2x6 | 8-2x6 8-2x6 6-2x6 | 6-2x6 | 6-2x6 | 4-2x6 | 4-2x6
storey sheathing 12.7mm*| 12.7mm*}12.7mm*[ 12.7 mm | 12.7 mm 127 mm | 127 mm|12.7 mm | 12.7 mumf 12.7 mm
Nail 10d 8d 10d 10d 10d 10d 10d 10d 10d 10d
Nail spacing | 100 mum* 100 mm*| 100 mm*| 50mm | 50 mm S0mm | 75mm | S0mm | 75mm | 75 mm

* Sheathing panels are nailed on both sides of the wall.

Design calculations have been included in Appendix B for a wall 5 (figure 16) for both the 4 and 6 storey
building. Table 10 and 11 indicates the forces used for strength design, forces used for deflection
calculations, the calculated deflection, and inter-storey drifts for wall 5.

Table 10  Design forces and Deflections for a 6.1m long 4 storey representative Wall

Forces, Drifts, and Deflections for a 6.1m long 6 Storey Wall
Level V (strength design) | 'V {deflections) Deflection (mm) Drift (%)
Roof 19.9 kN 12 kN 185 2.0
4 12.4 kN 7.4 kN 129 1.9
3 8.3 kN 5.0 kN 77 1.6
2 4.1 kN 2.5 kN 34 1.2
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Table 11 Design forces and Deflections for a 6.1m long 6 storey representative Wall
Forces, Drifts, and Deflections for a 6.1m long 6 Storey Wall

Level V (strength design) | 'V (deflections) Deflection (mm) Drift (%)
Roof 18.90 kN 7.0 kN 320 2.6

6 9.92 kN 5 kN 248 2.3

5 795 kN 4 kN 183 2.2

4 595 kN 3 kN 121 1.9

3 3.97 kN 2 kN 68 1.5

2 1.99 kN 1 kN 27 1.0

6

correspond to subcrustal ones.

Earthquakes used in Analyses

A series of 20 earthquake records were provided by the Earthquake Engineering Research Facility of the
University of British Columbia and used in the evaluation (Table 12). Earthquake records for two types of
earthquakes expected for the city of Vancouver were considered: crustal (shallow) and subcrustal (deep)
carthquakes. The first 14 records in Table 4 correspond to crustal earthquakes, while the remaining 6

Table 12 Earthquake records and their characteristics

Earthquake Record Characteristics

No. Epicentre Date Magnitude Record ID SE! PGA® (p)
1 San Fernando 9-Feb-1971 6,6 VAN 1 4 1.26 0.34
2 Friuli, ltaly-01 6-May-1976 6.5 VAN 1 12 1.02 0.32
3 Gazli, USSR 17-May-1976 6.8 VAN 1 14 0.72 0.52
4 Tabas, Iran 16-Sep-1978 7.4 VAN 1 16 1.23 0.50
5 Imperial Valley-06 15-Oct-1979 6.5 VAN 1 18 1.25 0.20
6 Irpinia, Italy-0i 23-Nov-1980 6.9 VAN 1 24 1.21 0.22
7 Nahanni, Canada 23-Dec-1985 6.8 VAN 1 26 1.22 0.39
8§ New Zealand-02 2-Mar-1987 0.6 VAN [ 30 1.45 0.49
9 Loma Prieta 18-Oc¢l-1989 6.9 VAN I 45 0.92 0.17
10 Landers 28-Jun-1992 7.3 VAN I 63 0.76 0.21
3 Northridge-01 17-Jan-1994 6.7 VAN 1 76 1.02 0.19
12 Manjil, Iran 20-Jun-1990 7.4 VAN [ 137 1.01 0.52
13 Hector Mine 16-Oct-1999 7.1 VAN 1 139 1.01 0.27
14 E. Honshy, Japan 13-Jun-2008 6.8 VAN 1 158 1.05 0.77
15 Nisqually, WA 28-Feb-2001 6.8 VAN IT § 1.53 0.25
16 Nisqually, WA 28-Feb-2001 6.8 VAN II 25 1.69 0.18
17 Nisqually, WA 28-Feb-2001 6.8 VAN II 27 1.74 0.19
18 Michoacan, Mexico 11-Jan-1997 7.1 VAN Il 48 1.43 0.50
19 8. Honshu, Japan 24-Mar-2001 6.4 VAN 1I 53 1.70 0.60
20 S. Honshu, Japan 24-Mar-2001 6.4 VAN II 70 1.84 0.48
Note: L SF = Scaling Factor for Vancouver
2 PG A = Peak Ground Acceleration (after the scaling)
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All records were chosen to satisfy the seismic parameters for a locality such as Vancouver according to
the 2005 NBCC. Records were scaled to match the average spectral pseudo-velocity, Sy, of the Uniform
Hazard Spectrum (UHS) in the 2005 NBCC within the period range of 0.5 and 1.5 s. This was deemed to
be the period range in which the structures will be oscillating during most of their response. The S,
spectra were computed from the velocity spectra for a 5% damping of each record. A scaling factor, SF,
given by the ratio of the average spectral pseudo-velocity of NBCC UHS spectrum within the period
range and the average Sv of each record in that period range, was obtained for each record. Each record
was then scaled using this SF factor for use in analyses. The pseudo velocity and acceleration response
spectra for all of these records compared to the Vancouver design spectrum are shown in Figures 3 and 4.
Besides satisfying the NBCC requirements for acceleration, the chosen records had a range of frequency

characteristics throughout the spectrum.
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Figure 3 The pseudo velocity response spectra for all records, their average and the 2005NBCC
velocily design spectrum for Vancouver
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Figure 4  The acceleration response spectra for all records, their average and the 2005 NBCC
acceleration design spectrum for Vancouver

7 Seismic Analysis of the Buildings

The seismic analysis of the buildings has been independently carried out by Forintek and Colorado State
University {CSU). Computer programs Drain-3D and SAPWood were used by Forintek and CSU,
respectively. Both computer programs have been validated with shake table tests of CUREE 2-storey
wood-frame buildings and are been used in the prediction of shake table tests of NEESWood 6-storey
wood-frame building in Japan during the summer of 2009,

In this section, the following information used in the analysis is provided: a) building modelling, b)
shearwall properties, ¢) hold-down and bearing properties, and d) length and locations of shearwalls. To
allow for the comparison of numerical results, the same shearwall properties were used in Forintek and
CSU seismic analyses,

1.1 Building Modeling

7.1.1 Drain-3D

Drain-3D is a general structural analysis program. The program contains certain number of inelastic
elements to describe the inelastic behaviour of concrete and steef sfructural elements. A pinching
hysteresis model, as shown in Figure 5, was developed at the University of Florence (Ceccotti and
Vignoli 1989) and was then implemented in Drain-3D for modelling of wood shearwalls.
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force }

— Uz ™ displacement

Figure 5 Pinching hysteretic behaviour with six inclinatiens and constant discharge line used for
modeling of the semi-rigid rotational springs

The building was modeled with a 3-D space frame composed of rigid straight members. In the model,
each shearwall was considered as a fictitious rectangular frame that consists of four straight rigid
elements that is able to deform in shear only. Shear deformation in this frame was represented by four
identical rotational springs at cach corner of the frame. Parameters of the pinching hysteresis model for
the shearwalls were developed by fitting to the force—displacement relationship obtained from reversed
cyclic tests of the shearwalls, or from fitting hysteresis loops developed analytically using computer
programs that generate such loops based on the nail-slip connection properties.

Figure 6 shows a schematic of the model of the representative 6-storey building in Drain-3D. In the
model, each shear wall is connected to the foundation or to the floor below by means of translational
springs to represent hold-downs (Figure 7). The translational spring is composed of two parallel elements,
one working only in tension with an elastic-perfectly plastic behaviour to represent the properties of the
steel rod, and the other working only in compression with elastic behaviour to represent the bearing
properties of the top and bottom plates.
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At each floor, the top nodes of the shearwalls below that floor and the bottom nodes of shearwalls above

that floor have identical (slaved) coordinates, The seismic mass at each storey is equally distributed to all
nodes of the floor. Floors were modeled as rigid diaphragms with equivalent cross bracings simulated by
rigid pin-jointed linear elements. For the dynamic analyses a 1% stiffhess and mass proportional damping

Figure 6 Model of the 6-storey wood-frame building in Drain-3D
ratio was used.
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Figure 7 Stacked shearwall assembly model of a 6 storey building with rotational semi-rigid springs
and semi rigid axial springs to represent the properties of the hold-downs

71.1.2 SAPWood

The numerical model used in the analyses with SAPWood program was a shear-bending coupled type of
nenlinear model specifically designed for analysis of mid-rise wood-frame structures (Pei & van de Lindt,
2008). The model has six degrees of freedom at each storey diaphragm, while each diaphragm is assumed
to act as a rigid body in the analyses. The kinematics of the model are illustrated in Figure 8. All lateral or
vertical stiffness components (shearwalls, hold-downs, and compression studs.) are represented as
nonlinear (or hysteretic) springs connecting point P; and P; on the adjacent diaphragms,
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Diaphragm {

Figure 8  Global degrees of freedom and spring connectivity in the SAPWood model

This formulation allows the model to develop rigid body rotation for the entire storey level without
inducing shear deformations. The seismic mass of the building was lumped onto the storey diaphragm,
which induces seismic excitation during the ground motion, The dynamic loads cause the diaphragm
layers to rotate and translate, while they are held together as a structural system by the nonlinear springs
(representing shearwalls, hold-downs, etc.). It should be noted that these nonlinear springs are updated at
each time step during the time history integration according to their load-resistance characteristics. This
model has been implemented in the analyses of wood-frame buildings and stacked shearwall assemblies
and produced good results.

The behaviour of the structures modeled using this method depends largely on the hysteretic spring
elements used to represent the shearwall components. While the hysteretic elements for shearwalls can be
obtained by cyclic testing of the walls, it is not always possible to have all different walls in the building
subjected to a reversed-cyclic test. Instead, cyclic tests on typical nail-sheathing-stud connections can be
performed and a computer program can be used to develop shearwall hysteretic responses based on nail
connection responses. The model used to generate such hysteresis curves for the shearwalls in this
analysis was the Nail-Pattern (NP) module of the SAPWood program. In the SAPWood-NP model, every
framing member and sheathing panel is treated as a component of the assembly system. Each component
is assumed to be a rigid body which has three in-plane degrees of freedom. The kinematics assumptions
for the SAPWood-NP model are illustrated in Figure 9. These components were connected with nails that
were modeled with hysteretic spring elements calibrated from existing nail test data.
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Figure 9 Nail-Pattern (NP) model kinemuatics

Once the model is established, cyclic displacement protocols can be applied incrementally to the
transverse degrees of freedom (DOFs) of the top plate while the bottom plate DOFs are fixed. The
displacement of other DOFs are then solved at every displacement step. The resulting force on the top
plate undergoing forced deformation is obtained through equilibrium analysis.

An existing 10-parameter hysteretic model used in a number of studies (Folz and Filiatrault, 2004) was
used for this analysis, It is a single degree-of-freedom (SDOF) hysteretic model that defines the restoring
force response of a wood shearwall under reversed cyclic loading by using exponential backbone curves
and linear loading and unloading paths. Ten hysteretic parameters are used to define the loading paths in
the CUREE model, which is illustrated in Figure 10, The CUREE model has been shown to be accurate
for nail and shearwall behaviour and was felt to be suitable for this analysis,
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Figure 10 Loading paths and parameters in CUREE model

7.2 Shearwall Properties

1.2.1 Wood-based shearwalls

The hysteresis loops of shearwalls sheathed with plywood were constructed using the SAPWood-NP
module. For shearwalls with 8d nails, cyche tests of nail joints consisting of an 8d nail and 9.5 mm and
12,7 mm plywood panels were used to generate the hysteresis loops of the shearwalls. Since the test
results of nail joints consisting of a 10d nail and 9.5 mm and 12.7 mm plywood pangls were not available,
the hysteresis loops of shearwalls with 10d nails were assumed to be those of shearwalls with 8d nails,
with the load scaled up by a factor which is the ratio of the shear capacity of 10d nail joint to the shear

capacity of 8d nail joint,

For shearwalls sheathed with gypsum wallboard (GWB), the average hysteresis loops were calibrated
from a group of GWB wall tests (Folz and Filiatrault, 2002; Karacabeyli and Ceccotti, 1996; Ceccotti and

Karacabeyli 2002}

Figures 11 to 14 show the hysteresis loops of shearwalls sheathed with plywood and gypsum wallboard.
For shearwalls sheathed with plywood on one side and GWB on the other side, it is assumed that the
hysteresis loops of the shearwalls sheathed with plywood and gypsum wallboard can be superimposed.
The numbers in the legend of the Figures 11 to 14 indicate the nail spacing around the perimeter of the
panel versus the nail spacing at the intermediate studs in inches.
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Figure 11 Hpysteretic loop for 8d-3/8" ply 4ft x 8ft shearwalls
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Figure 12 Hysteretic loop for 8d-1/2" ply 4ft x 8t shearwalls
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Figure 13 Hysterstic loop for 10d-1/27 ply 4ft x 8ft shearwalls
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Figure 14 Hysteretic loop for 8ft x 8ft GWB drywall
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7.3 Hold-down and Plate Bearing Properties

Table 13 lists the diameter, Young’s modulus, yield strength and ultimate strength of Simpson strong
rods. The steel rods were modeled as elastic-perfectly plastic nonlinear spring elements. The stiffness and
yield strength of the spring elements used to represent the steel rods were calculated as follows:

K=E%4/1
F=A*f,

Where

£~ Young’s modulus

A— the cross-section of the steel rod
!~ the storey height

Jfy— theyield strength of the steel rod

Table 13 Material properties of different models of Simpson strong rods

Model . Young’s modulus Yield strength Ultimate strength
N Diameter (mm) MPa)

o (MPa (Pa) | (kN) (kPa) (kN)
SRS 15.9 (5/8 in.) 200000 296500 58.66 413700 81.84
SR7 22.2(7/8 in.) 200000 296500 114.97 413700 160.41
SR9 28.6 (1-1/8 in.) 200000 296500 190.05 413700 265,17

HSR9 28.6 (1-1/8in.) 200000 634300 406.57 827400 530.34
SR10 31.7 (1-1/4 in.) 200000 296500 234.63 413700 327.37

The modulus of elasticity of compression perpendicular to grain for Douglas-fir was taken as 490 MPa.
The plate bearing was modeled as an elastic spring element. The stiffhess of the spring was calculated as
follows:

K=E*A/]
Where
E—  elasticity of compression perpendicular to grain

A~ cross-section of end studs
{—  the thickness of bottom and top plates

14 Lengths and Locations of Shearwalls
Shearwalls sheathed with plywood are indicated in the design drawings in Appendix A,
741  Representative WFC building

For the representative WFC buildings designed in accordance with 2006 BCBC and 2010 NBCC, seismic
performance of the buildings with GWB is studied. For buildings designed in accordance with 2006
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BCBC, scismic performance of buildings without GWB is also studied. Ignoring the contribution of

GWB results in a conservative estimate of the seismic performance of the building.

For buildings with GWB, only the GWB contribution in major wall lines was considered. The lateral
resistance of doors, windows, and transverse walls was not considered in the model. The major wall lines

along which GWB contribution was considered are as follows:

Shearwalls in E-W direction

Axis line T:
10' S.W.1, GWB on one side and plywood on the other side

Axis line S:
23' S.W.3 (on the West side), GWB on ong side and plywood on the other side
14" 8.W.1 (on the East side), GWB on one side and plywood on the other side

Partition walls between axis lines S and R:
23" drywalls with GWB on both sides of the wall (on the West side),
14" drywalls with GWB on both sides of the wall (on the East side),

Axis line R:
32' S.W.3 (on the West side), GWB on one side and plywood on the other side
32' S.W.3 (on the East side), GWB on one side and plywood on the other side

Two partition walls between axis lines R and Q:
23" drywalls with GWB on both sides of the wall (on the West side),
23" drywalls with GWB on both sides of the wall (on the East side),

Axis line Q:
20' 8.W.2 (on the West side), GWB on one side and plywood on the other side
20' 8. W.2 (on the East side), GWB on one side and plywood on the other side

Two partition walls between axis lines Q and P:
23" drywalls with GWB on both sides of the wall {on the West side),
23" drywalls with GWB on both sides of the wall (on the East side),

Axis line P:
32' S.W.3 (on the West side), GWB on one side and ptywood on the other side
32' §.W.3 (on the East side), GWB on one side and plywood on the other side

Two partition walls between axis lines P and O:
23" drywalls with GWB on both sides of the wall {on the West side),
23" drywalls with GWB on both sides of the wall (on the East side),

Axis line O:
22' S.W.3 (on the West side), GWB on one side and plywood on the other side

22' S.W.3 (on the East side), GWB on one side and plywoed on the other side
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Shearwalis in N-8 direction

Axis line 13:
11412 15"+ 127+ 17 + 15'+ 9"+ 16' S.W.4, GWB on one side and plywood on the other side

Axis line 15:
19+ 10'+ 15+ 18"+ 18 + 15"+ 17" 8. W.4, GWB on one side and plywood on the other side

Schematic of locations of the shearwalls sheathed with wood-based panels in the representative WFC
buildings are shown in Figure 15.

Figure 15 Shearwall identification and locations in representative wood frame building

74.2  NEESWood Capstone test building

For the NEESWood Capstone test building designed in accordance with 2010 NBCC, seismic
performance of the buildings without GWB is studied. As the lateral load capacities of GWB are not
considered, it results in a conservative estimate of the seismic performance of the building. Schematic of
locations of the shearwalls sheathed with wood-based panels are shown in Figure 16.
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Figure 16 Shearwall identification and locations in NEESWoeod Capstone test building

8  Results of Non-linear Time History Analyses

For each building analysed, the following results are provided: a) natural frequency; b) maximum base
shear; ¢), maximum displacement and acceleration at each storey; d) maximum inter-storey drift; e)
maximum shearwall deformation at each storey; and f) maximum uplift forces and deformations. Detailed
results of the representative building designed in accordance with 2006 BCBC and 2010 NBCC are
provided in Appendix C and D, respectively. The results of NEESWood Capstone test building designed
in accordance with 2006 BCBC are provided in Appendix E. Selected time history responses and
hysteresis loops of selected shearwalls are provided in Appendix F.

8.1 Representative buildings designed in accordance with 2006 BCBC

A summary of the results of the representative 4-storey and 6-storey buildings designed in accordance
with 2006 BCBC is provided in Tables 14 and 15. In general, it was found that for the same buildings,
Drain-3D results show higher natural periods, greater base shear, larger maximum displacements and
inter-storey drifts than results obtained with the SAPWood model. For that reason, results from the Drain-

3D model will be used for discussion in this section.
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Table 14 Summary of mean results of 4-storey building designed in accordance with 2006 BCBC

- Drain-3D SAPWood
4-storey building W NS W i NS
Natural With GWB 0.54 0.68 0.52
period (s} | Without GWB 0.73 0.78 0.64
Base shear | With GWB 1351 1037 959 845
(kiN} Without GWB 981 893 951 832
Storey - 1 2 3 4 1 2 3 4

With | E-w | 287 45.6 59.5 66.4 7.5 32.2 43.3 47.3
Displacementf GWB [ N-S | 25.8 49.6 75.2 94,0 23.0 40.9 58.3 63.4

(mm)  |Without| B-W | 28.8 46.3 72.3 80.2 21.5 40.9 60.8 70.5
GWB | N-S | 290 52.9 81.7 103.4 273 453 66.9 74.0
with | E-w | 1.04 0.64 0.57 0.29 0.64 0.57 0.46 0.19
Inter-storey | GWB | N-§ 0.94 0.91 0.99 0.74 0.84 0.73 0.77 0.26
drift (%) |Without| E-w ] 1.05 0.70 1.08 0.39 0.83 0.74 0.76 0.26
GWB [ N-S| 1.05 0.96 1.17 0.88 0.83 0.74 0.76 0.26

Shearwall. With | E-W 27.5 15.5 12.9 5.0 na na na na
deformation CTWB N-§ 21.8 16.1 15.3 7.5 na na na na
(mm) ’|Without| E-W | 28.2 18.2 28.4 9.0 na na na na
GWB | N-S 25.8 18.9 22.1 13.5 na na na na

With | E-W 484 27.5 10.4 5.1 53.7 28.9 22.3 11.1

Uplift force | GWB | N-§ 85.7 54,7 318 13.3 154 8.5 8.5 5.4
(kN) Without| E-W 6.4 i9 0.6 0.7 53.7 28.9 223 11.1
GWB | N-S 74.6 51.1 29.3 14.7 15.4 8.5 8.5 5.4

Uplift With | E-W 1.69 1.75 0.65 g.11 1.90 2.01 1.55 0.77
deformation G.WB N-S 3.04 4,67 2.21 0.92 0.54 0.59 0.59 0.37
(mm) Without| E-W { 0.23 0.14 0.04 0.05 1.90 2.01 1.55 0.77
GWB | N-S1{ 265 3.60 2.03 1.02 .54 0.59 0.59 8.37
Note: For Drain-3D, the results of walls 4 and 25 are presented in E-IV and N-S, respectively.
For SAPWood, the uplift forces in the table are based on Method A (please refer to section 8.6 for
explanarion).
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Table 15 Summary of mean results of 6-storey building designed in accordance with 2006 BCBC
o Drain-3D SAPWood
6-storey Building W NS W I NS
Natural With GWB 0.78 0.96 0.66
period (s} | Without GWB 0.99 1.07 0.89
Base shear | With GWB 1665 1559 295 943
(KN) Without GWB 1410 1435 1065 1018
Storey —— 1 2 3 4 5 6 1 2 3 4 5 6
With | E-W ] 1861355 | 59.1 | 764 | 92.8 |103.2] 13.7 | 26.3 | 39.0 | 49.3 | 58.0 ] 62.0
Displacement| GWB | N-S | 23.0 [ 434 | 64.5 | 92.6 [124.3|150.8] 18.6 | 33.8 | 46.9 | 59.1 | 72.2 | 76.2
{mm) Without| E-W | 252 | 428 | 70.1 | 86.9 [108.6|119.0} 17.9 ] 33.2 | 489 | 62.4 | 75.9 | 83.1
GWB | N-§ | 23.8 | 442 | 64.3 | 89.8 [122.4]149.2} 19.8 | 36.8 | 51.1 | 66.4 | 81.1 | 86.8
With |E-W | 068 | 0.63 | 0.91 | 0.67 | 0.65 | 0.40 ] 0.50 | 0.50 | 0.52 | 0.44 | 0.37 | 0.18
Inter-storey | GWB [ N-S | 0.84 | 0.77 | 0.87 | 1.16 | 1.34 | 1.05 | 0.68 | 0.61 | 0.58 | 0,62 | 0.67 | 0.24
drift (%) |Without| E-W ] 091067 [ 1.13 ] 071 | 1.11 | 044 | 050 | 0.50 ] 0.52 | 0.44 | 037 { 0.18
GWB IN-S|087]078(082:1.19| 149 | 1.12]0.50| 0,50 | 0.52 | 0.44 [ 0.37 ; 0.18
Shear wall With [ E-W [ 17.0 | 1421207 13.0 | 119} 47 na na na na na na
deformation, G.WB N-§f1o.1| 133114 | 148|165 | 7.8 na na na na na na
(mm) Without| B-W | 24.1 | 16.6 | 286 | 16.5 [ 275 | 84 na na na na na na
GWB | N-S | 203 | 146 | 124 | 185|246 | 144 ] na na na na na na
With | E-W [111.0] 80.7 | 53.8 | 299 | 113 | 1.5 | 95.0 | 58.1 [ 57.5 | 36.4 | 25.0 | 123
Uplift force | GWB | N-§ | 148.9/115.7| 85.5 | 54.8 | 32.1 | 11.0 | 28.9 | 26.6 | 16.8 | 114 82 | 4.5
(kN Without| E-W | 536 | 340 | 172 | 54 | 3.0 | 0.8 | 95.0 | 58.1 | 57.5 { 364 { 25.0 | 12.3
GWB | N-S |136.6|101.4| 749 | 51.6 | 30,7 | 14,1 | 289 | 266 | 168 | 114 82 | 4.5
Uplift With | E-W {238 |28} 191 (208079 011]203]205]|203253]| 173|085
deformation C{WB N-S | 388|249 |3.03|4.99 223077062 057|059 079 0,57 [ 031
(mm) Without| E-W 1 1151121 1061|037 | 6.21 [ 0.06 | 2.03 | 2.05 | 203 | 253 | 1.73 | 0.85
GWB | N-8 { 3061218266 |393]213|058]062]0.57 6059079057031

Note: For Drain-3D, the results of walls 4 and 25 are presented in B-W and N-S, respectively.
For SAPWood, the uplift forces in the table are based on Method A (please vefer to section 8.6 for

explanation).

8.1.1 Matural Periods

For the buildings analyzed, the natural period of the 4-storey building is approximately 0.5 - 0.6 seconds
when GWB is considered in the analysis. The natural period of the same building becomes 0.6 - 0.8
seconds when only wood-based shear walls are considered. For 6-storey building, the natural period is
approximately 0.6 - 0.9 seconds when GWB is considered and 0.9 - 1.1 seconds when oniy wood-based
shear walls are considered. For both buildings, the natural periods are much greater than those calculated
by the Cods formula 0.05(h,)"™, according to which, the natural periods of the 4-storey and 6-storey
buildings are 0.3 seconds and 0.41 seconds, respectively.

8.1.2 Base Shear

For the 4-storey building with GWB considered, the average base shears are 1351 kN in E-W direction
and 1037 kN in N-S direction, which are 65% of the lateral load capacity of the first storey in E-W
direction and 83% of the lateral load capacity of the first storey in N-S direction, When only the wood-
based shearwalls are considered, the average base shears are 72% of the lateral load capacity of the first
storey in B-W direction and 84% of the lateral load capacity of the first storey in N-8 direction,
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For the 6-storey building with GWB considered, the average base shears are 1665 kN in E-W direction
and 1559 kN in N-8§ direction, which are 61% of the lateral load capacity of the first storey in E-W
direction and 79% of the lateral load capacity of the first storey in N-S direction, For the same building
with only wood-based shearwalls considered, the average base shears are approximately 71% of the
lateral Ioad capacity of the first storey in E-W direction and 80% of the lateral load capacity of the first

storey in N-S direction.
8.1.3  Displacement at the Top of the Buildings

For the 4-storey buildings with GWB considered, the average maximum displacements at the top of the
building are approximately 67 mm in E-W direction and 94 mm in N-S direction. Where GWB is not
considered, the average maximum displacements at the top of the building are slightly increased, with 80
min in E-W direction and 103 mm in N-8 direction.

For the 6-storey buildings with GWB considered, the average maximum displacements at the top of the
building are 103 mm in E-W direction and 151 mm in N-S direction. For the same building with only
wood-based shearwalls considered, the average maximum displacements at the top of the building are 119
mm in E-W direction and 149 mm in N-S direction.

8.1.4  Inter-storey drifts

For 4-storey building when GWB is considered, the average maximum inter-storey drift, which oceurs in
the first storey, is approximately 1%. This is much smaller than the 2.5% maximum inter-storey drift
atlowed in 2006 BCBC. In addition, none of the maximum inter-storey drifts at any storey under any
individual earthquake exceed 2.5% inter-storey limit. For 4-storey building when only wood-based
shearwalls are considered, the average maximum inter-storey drift, which occurs in the third storey, is
approximately 1.2%. Similarly, none of the maximum inter-storey drifts at any storey under any
individual carthquake exceed the 2.5% inter-storey drift limit,

The same conclusions can be made for the 6-storey building. The average maximum inter-storey drifts,
which occur at the fifth storey, are approximately 1.3% for building with GWB considered and 1.5% for
building with only wood-based shearwalls considered. None of the maximum inter-storey drifts at any
storey under any earthquake excitation exceed the 2.5% inter-storey limit.

Figures 17 and 18 show the cumulative distributions of maximum inter-storey drifts at each storey from
the Drain-3D model. As noted, the distribution of maximum inter-storey drifts at 1 - 3 storey in 6-storey
building are similar to those in the 4-storey building. For a 6-storey building, the maximum inter-storey
drifts at 4 - 6 storey are much greater than those obtained at 1 - 3 storey.
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Figure 18 Cumulative distribution of inter-storey drifts in N-S direction for 6-storey buildings
without GWB

8.1.5 Shearwall deformations

Figures 19 and 20 show the cumulative distributions of the maximum shearwall deformation at each
storey from Drain-3D. As noted, the maximum shearwall deformation at 1 - 3 storey in 6-storey building
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is generally smaller than that in the 4-storey building. For the 6-storey building, the largest shearwall
deformations occurred at the 5th storey, Other than the one which is 43 mm, the shearwall deformations
at the 5th storey are similar to those at the Ist storey in the 4-storey building,
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8.1.6  Hold-down Uplift Forces and Deformations

Large discrepancies were found between the resulis from Drain-3D and SAPWood. While hold-down
stresses calculated by SAPWood did not reach the yield strength of the steel rods, hoid-down stresses
calcufated by Drain-3D reached yield strength in N-S direction in several instances. The differences are
believed mainly due to the assumptions used in the analyses. In Drain-3D, it is assumed that a) the
lumped mass at each storey is equally distributed to the nodes of the floor, and b) floor out-of-plane is
flexible.

In SAPWood two methods are used to calculate the maximum tension and compression forces of
shearwalls. The first method (termed hereafter as method A) uses the maximum force values (tension and
compression) experienced by the hold-down and the compression spring elements directly. The second
method (termed hereafier as method B) takes the maximum shear force in each wall element and uses the
free-body-diagram equilibrium (illustrated in Figure 21b) to find the tension and compression at each end.
Method A considers the over-turning effect of the entire building (as is shown in Figure 21a), thus
resulting in high tension/compression forces in the hold-downs and studs close to the edge of the
diaphragm. Tt has been proven to be accurate when the global out-of-plane rotation of the entire
diaphragm is significant {Pei and van de Lindt, 2008). However, it does not take into account the out-of-
plane flexibility of the diaphragm, i.e. it assumes that the diaphragm will rotate as a rigid plate. Thus it
might underestimate the forces for the shearwalls located near the center of the floor plan, On the other
hand, method B calculates the tension/compression for each wall individually following basic force
equilibrium with no consideration of the overall (global) behaviour of the diaphragm. This is the approach
used in current force-based design practice such as IBC (2006) to calculate the hold-down forces. It is
believed that the maximum hold-down/stud forces in reality are bounded by these two methods.

. Gravi
Global overturning b

Shear force ‘J
. [—
Diaphragm m e

Wab Wall
4 k X Shear force
—=—
Tension Compression \J I‘
(@) Tension b Compression
a

Figure 21 Force equilibrium assumptions for Method A and B

8.2  Representative building designed in accordance with 2010 NBCC

A summary of the resuits of a representative 4-storey and 6-storey building designed in accordance with
2010 NBCC is provided in Tables 16 and 17. The results are similar to those of 4-storey and 6-storey
buildings designed in accordance with 2006 BCBC. This was expected, as except for a few hold-downs,
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shearwalls in 4-storey and 6-storey buildings designed in accordance with 2006 BCBC and 2010 NBCC
are identical. Therefore, observations and conclusions for the buildings designed in accordance with 2006
BCBC also apply to the buildings designed in accordance to 2010 NBCC.

Table 16  Summary of mean results of 4-storey building designed in accordance with 2010 NBCC

- X Drain-3D SAPWood
4-storey building with GWB W NS W NS
Natural period (s) 0.54 0.68 0.52
Base shear (kIN) 1351 1053 938 842
Storey —» 1 2 3 4 1 2 3 4

Displacement (mm) E-W | 286 45.5 59.4 66.2 17.6 32.2 43.5 47.5
N-8 28.0 50.9 75.1 91.3 22.8 40.9 58.3 63.5

Iner-storey drift (%) E-W]| 1.04 0.64 057 0.28 0.64 0.57 047 0.18
N-8 1.02 0.86 0.94 0.65 0.83 0.74 0.76 0.26

Shearwall E-W 27.4 157 13.1 5.0 na na na na
deformation, (imm) | N-§ 23.9 16.7 16.0 7.2 na na na na
. E-W 48.4 27.5 10.4 5.1 53.2 38.8 22.1 i1.3
Uplift foree (N) - Mg 20| 588 | 318 12.7 15.5 12.2 8.5 5.5
Uplift deformation | E-W | 1.71 0.93 0.66 0.11 1.88 1.37 1.53 0.78
{mmn1) N-§ 3.14 2.09 221 0.88 .55 0.43 0.59 0.38

Note: For Drain-3D, the vesulls of walls 4 and 23 are presented in E-IV and N-8, respectively.
For SAPIFood, the uplift forces in the table arve based on Method A.

Table 17 Summary of mean results of 6-storey building designed in accordance with 2010 NBCC

- . Drain-3D SAPWood
6-storey building with GWB W NS W | S
Natural period (s) 0.78 0.96 0.66
Base shear (KN) 1665 1583 987 038

Storey———» 1 2 3 4 5 6 1 2 3 4 5 6
. E-W | 18.6 | 355585 | 764|928 |103.1] 18.6| 33.8|46.9|59.1 722|762
Displacement (m) 1= e 123 4 Taa.1 | 67.0 | 95.4 [127.6[152.4] 13.8 | 264 | 39.0 | 49.4 | 58.1 | 62.0
Tnter-storey drift (%) E-W 068|063 [092[067]065]040§ 0500501052043 0.38]0.17
N-S | 087 [ 089110 | 1421 1.74 ;1521068 | 0.61 [ 0.58 | 0.62 | 0.66 | 0.23

Shear wall E-W | 17.0 | 142 { 208 | 13,1 | 119 | 4.7 na na na na na na
deformation (mm) | N-S {200 [ 13.7 | 132167190 | 80 | na | na na na | na na
s E-W |110.9| 80.6 | 53.7 | 29.6 | 11.2] 1.7 | 94.7 | 56.5 | 56.6 | 264 | 243 | 11.6
Uplift foree (KN) o 1162.0[124.0] 89.8 [ 63.2 | 34.8 [ 13.0 | 27.8 [ 25.7 | 15.9 | 151 | 7.9 | 43
Uplift deformation | E-W | 238 | 2.86 [ 1.90 1 2,05 0.78 [ 0.11 | 2.03 | 2.00 | 2.00 | 1.83 | 1.69 | 0.81
()} N-S | 347 [ 2.65 | 3.50 | 232 [ 240 | 0.90 § 0.59 | 0.55 | 0.56 | 0.53 | 0.55 | 0.30

Note: For Drain-3D, the results of walls 4 and 25 are presented in E-IV and N-5, respectively.
For SAPWood, the uplift forces in the table are based on Method A.

8.3  NEESWood Capstone test building designed in accordance with 2010 NBCC

A summary of the results of the NEESWood Capstone 4-storey and 6-storey building designed in
accordance with 2010 NBCC is provided in Tables 8 and 19,
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Table 18  Summary of mean resulfs of 4-storey building designed in accordance with 2010 NBCC

i g . Drain-3D SAPWood
4-sl build B
storey building with GW W N R, | S
Natural period (s) 0.59 0.78 0.70
Base shear (kN) 426 276 237 209
Storey ——» 1 2 3 4 | 2 3 4
. E-W 12.9 26.8 51.0 100.9 17.7 32.7 48.6 72,2
D
isplacement (Mm) S T—2 e 1 387 | 761 | 893 | 23.0 | 395 | 602 | 72.7
. E-W 0.47 0.53 0.95 2.30 (.64 0.69 0.74 1.05
_ Q
Inter-storey drift (%) "I 500 | 060 | 162 | 054 | 084 | 084 | 1.03 | 061
Shearwall E-W 7.8 5.3 10.6 473 na ng na na
deformation, (mm) | N-§ 22.5 12.1 39.9 9.5 na na na na
. E-W 219 163 114 47 109.5 65.7 43.6 20.2
Uplift force (kN) - = T53 59 30 64 41.0 22.8 15.2 16.4
Uplift deformation | E-W 4.7 3.5 8.1 32 2.34 2.06 1.37 140
(mm}) N-§ 33 2.1 2.1 0.4 1.45 1.40 0.94 1.14

Note: For Drain-3D, the results of walls 5 and 8 ave presented in E-W and N-5, respectively.
For SAPWaod, the uplifi forces in the table are based on Method A.

Table 19  Summary of mean results of 6-storey building designed in accordance with 2010 NBCC

s . Drain-3D SAPWood
6-storey building with GWB W s W I NS
Natural period (s) 0.87 0.94 1.04
Base shear (ki) 460 480 295 242

Storey———» 1 2 3 4 5 6 i 2 3 4 3 6
. E-w | 17613711 604 | 883 [117.3[154.30 143 | 25.9 | 38.8 | 52.9 | 66.6 | 84.7
Displacement (mm) [ T155 7310 | 61.8 | 854 | 112.1 | 143.4} 19.7 | 34.7 | 50.2 | 623 | 73.9 | 86.0
Inter-storey drift (%) E-W| 064074090109 112 | 1.51 052 | 0.55 | 0.62 ] 0.71 | 0.69 | 0.50
N-S 1058|057 (12209 | 1.10]1839}072(0.74 0801070070075

Shear wall E-wl11.0) 80 | 72 | 79 | 70 ;{ 165} na na | na na na na
deformation (mm) | N-§ | 123 | 84 | 239 13.1 | 17.1 | 264 | na na na na na na
Uplift force (KN) E-W | 298 | 240 | 179 | 148 | 98 84 |113.8(103.3! 794 | 78.5 | 69.3 | 42.8
N-S | 245 | 177 | 136 | 87 42 10 | 7631635} 51.8 (324151 | 938
Uplift deformation | E-W | 64 | 5.1 52 | 32| 22| 1.8 | 244|196 [ 151|149 1321092
(mm) NS| s3[s54|20) 31|29 07 |1.63]121[059]1.02]093|0.68

Note: For Drain-3D, the resulls of walls 5 and 8 are presented in E-WW and N-5, respeciively.
For SAPWood, the uplift forces in the table are based on Method A,

8.3.1 Natural Periods

Only wood-based shear walls are considered in the analysis. The natural period is approximately 0.6 - 0.8
seconds for the 4-storey building and approximately 0.9 - 1.1 seconds for the 6-storey building. The
results again demonstrate that the natural periods are much greater than those calculated by the Code
formula 0.05¢h,Y"*. Although GWB would increase building stiffness and therefore reduce the natural
period, it is believed that GWB would fail in a severe earthquake event. As natural period is primarily
used to calculate maximum base shear of a building, it seems reasonable to ignore the GWB contribution,
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8.3.2 Base Shear

The base shears obtained from Drain-3D are much greater than those obtained from SAPWood, For the 4-
storey building, the average base shears obtained from Drain-3D are 426 kN in E-W direction and 276 kN
in N-S direction, which are 64% of the lateral load capacity of the first storey in E-W direction and 62%
of the lateral load capacity of the first storey in N-S direction. The average base shears obtained from
SAPWood are approximately 36% of the lateral load capacity of the first storey in E-W direction and
47% of the lateral load capacity of the first storey in N-§ direction.

For the 6-storey building, the average base shears obtained from Drain-3D are 460 kN in E-W direction
and 480 kN in N8 direction, which are 66% of the lateral load capacity of the first storey in E-W
direction and 72% of the lateral load capacity of the first storey in N-8 direction, The average base shears
obtained from SAPWood are approximately 42% of the lateral load capacity of the first storey in E-W
direction and 36% of the lateral load capacity of the first storey in N-S direction.

8.3.3  Inter-storey drifts

For the 4-storey building, the average maximum inter-storey drift obtained from SAPWood is
approximately 1.05% at the fourth storey. This is much smaller than the 2.5% maximum inter-storey drift
allowed in 2010 NBCC. None of the maximum inter-storey drifts at any storey under any of the 20
earthquake excitation exceed the 2.5% inter-storey limit. When analysed with Drain-3D, though they are
compatible to the results of SAPWood in N-S direction, the average maximum inter-storey drift in E-W
direction reached approximately 2.3% at the fourth storey, which is close to the 2.5% maximum inter-
storey drift allowed in 2010 NBCC. Of the twenty earthquakes examined, with Drain-3D approximately
half of the earthquakes resulted in the maximum inter-storey drifts greater than 2.5% inter-storey limit. Tt
is believed that the different results are mainly due to the large hold-down deformations obtained in
analyses with DRAIN-3D. As mentioned in Section 8.1.6, it is assumed in Drain-3D that: a) lumped mass
at each storey is equally distributed to the nodes of the floor, and b) floor out-of-plane is flexible. Such
assumptions will result in much higher hold-down stresses than it would happen in a real building. For the
4-storey building analysed with Drain-3D, hold-downs reached yield strength under most of earthquake
excitations and consequently had much larger uptift deformations.

For the 6-storey building, the average maximum inter-stotey drifts obtained from SAPWood and DRAIN-
3D are approximately 0.9% and 1.51% at the sixth storey, respectively, This is much smaller than the
2.5% maximum inter-storey drift allowed in 2010 NBCC. Of the twenty earthquakes examined, none of
the maximum inter-storey drifts at any storey under any earthquake excitation exceed the 2.5% inter-
storey limit.

8.3.4 Shearwall deformations

For the 4-storey building, the average maximum shearwall deformation is around 46 mm at the fourth
storey in E-W direction and 40 mm at the third storey in N-S direction. These are less than the
displacement at peak load of the shear walls. Where individual earthquakes are concerned, the maximum
deformation reached 70 mm in one case, which is greater than the displacement at peak load but still less
than the ultimate displacement of the wall. The ultimate displacement of the wall is defined as the
displacement which corresponds to 80% of the maximum lateral force on the descending portion of the
force—deformation envelope curve. As the ultimate displacement of the walls can be treated as one of the
criteria for wall reaching its “near-collapse” status, it means that the building will still stand if the
maximum shearwall deformation is less than the ultimate displacement of the wall,
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For the 6-storey building, the average maximum shearwall deformation is around 17 mm at the sixth
storey in E-W direction and 26 mm at the sixth storey in N-S direction. These are much smaller than the
average maximum shearwall deformation in the 4-storey building.

8.3.5  Hold-down Uplift Forces and Deformations

As for the representative wood-frame buildings, large discrepancies were found between the results from
Drain-3D and SAPWood for the NEESWood building as well. While during analyses using SAPWood
the hold-downs did not reach the yield strength, some of the hold-downs in the analyses using Drain-3D
reached the yield strength in both E-W and N-8 directions. The differences are due to the assumptions
that lumped mass at each storey is equally distributed to the nodes of the floor in the Drain-3D model. As
a result, the total weight to counteract the uplift force at the ends of a wall in the DRAIN-3D model is
probably much smaller than that in the design, causing hold-downs in the model to yield under the
earthquake excitation. In seismic surveys and shake table tests, the excessive deformations of hold-downs

have not been observed,

9 Conclusions

Two building configurations, a typical wood-frame residential building and a building to be tested under
the NEESWood project, were studied. For each building configuration, a four-storey building and a six-
storey building were designed to the current (pre-April 6, 2009) 2006 BC Building Code (BCBC) and to
the anticipated new requirements in the 2010 National Building Code of Canada (NBCC), resuliing in
four buildings with different designs. The four-storey building designed to the current 2006 BC Building
Code served as the benchmark building representing the performance of current permissible structures
with common architectural layouts. In the design of the two buildings, the fundamental lateral period was
determined based on actual mass and stiffness of wood-based shearwalls. The base shear and inter-storey
drift are determined in accordance with Clauses 4.1.8.11.(3)(d)(iii) and 4.1.8.11.(3)(d)(iv) of BCBC,

respectively.

In 2006 BCBC and 2010 NBCC, the inter-storey drift limit is set at 2.5 % of the storey height for the very
rare earthquake event (1 in 2475 year return period). Limiting inter-storey drift is a key parameter for
meeting the objective of live safety under a seismic event.

For 4-storey and 6-storey representative wood-frame buildings, where only wood-based shearwalls are
considered, results from both DRAIN-3D and SAPWood show that none of the maximum inter-storey
drifis at any storey under any individual earthquake exceed the 2.5% inter-storey drift limit given in the
building code. With DRAIN-3D, the average maximum inter-storey drifts are approximately 1.2% and
1.5% for 4-storey and 6-storey buildings designed with 2006 BCBC, respectively.

For NEESWood wood-frame buildings, none of the maximum inter-storey drifts at any storey under any
individual earthquake exceed the 2.5% inter-storey drift limit for 4-storey building obtained from
SAPWood and 6-storey building obtained from DRAIN-3D and SAPWood. For 4-storey building
analysed with DRAIN-3D, approximately half of the earthquakes resulted in the maximurm inter-storey
drifts greater than 2.5% inter-storey limit. This is partly due to the assumptions ysed in Drain-3D in which
lumped mass at each storey is equally distributed to the nodes of the floor. As a result, the total weight to
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counteract the uplift force at the ends of a wall would be much smaller than that anticipated in the design,
causing hold-downs to yield and have large uplift deformations.

Based on the analyses that were carried out on a representative building and redesigned NEESWood
building situated in the city of Vancouver, the results indicate that when subjected to the 20 earthquake
records the 6-storey wood-frame buildings have similar or smaller inter-storey drift than the 4-storey
wood-frame buildings which are allowed under the current building code and are used as a benchmark in

this study.
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Appendix A
Design drawings of 4 and 6 storey Buildings
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A-1) Design drawings of representative 4-storey building designed in accordance
with 2006 BCBC
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Final BSPB Report
Selsmic Performance of 6-Storey Wood-Frame Buildings

Project No. 6482

Confidential

A-2) Design drawings of representative 6-storey building designed in accordance
with 2006 BCBC

@ 2009 FPInnovations ~ Forintek Division. All rights reserved. Appendix A—7

FPinnovations
FORINTER
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Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No, 5482

Confidential

A-3) Design drawings of representative 4-storey building designed in accordance
with 2010 NBCC

o ! @ © 2008 FPInnovations ~ Forintek Division. All fights reserved. Appendix A — 12
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Final BSFB Report
Seismic Performance of 6-Storey Wood-Frame Buildings
Project No. 6482

Confidential

A-4) Design drawings of representative 6-storey building designed in accordance
with 2010 NBCC

@ © 2009 FPInnovations — Forintek Divistor.. All rights reserved. Appendix A =17
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Final BSPB Report
Seismic Performance of §-Storey Wood-Frame Buildings

Projact No. 6482

Confidential

A-5) Design drawings of NEESWood Capstone 4-storey building designed in
accordance with 2010 NBCC
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Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No. 6482

Confidential

A-6) Design drawings of NEESWood Capstone 6-storey building designed in
accordance with 2010 NBCC

@ © 2009 FPInnovations — Forintek Division. All rights reserved. Appendix A — 29
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Firal B3PB Repori
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No. 6462

Confidential

Appendix C

Results of Representative Wood-Frame Buildings Designed in Accordance with 2006
BCBC
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Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Builgings

Project No. 6482

Confidential

Appendix D

Results of Representative Wood-Frame Buildings Designed in Accordance with 2010
NBCC
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Final BSPB Report
Seismic Performance of 6-Storey Wood-Frame Buildings

Project No. 6462

Confidential

Appendix E

Results of NEESWood Capstone Wood-Frame Building Designed in Accordance with
2010 NBCC

@ © 2009 FPInnovations — Forintek Division. All rights reserved. AppendixE-1
FPinnovations
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Appendix F

Selected time history responses and hysteresis loops of selected shear walls
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Figures F.1 and F.2 show some examples of displacement time history responses (relative to the ground)
resulting from the analyses with SAPWood:

Four-stary building, 2006 Code, Earthquake 1D 8, X direction
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Figure F,1, Displacement time history for the roof level and first storey of the four-storey structure

Sh-story building, 2010 Code, Earthquake [D 10, Y direction

3 T F T T T T T L
g 2t Roof
=
[i5] 1F y\ﬂ ]
= oM N f -
g opie qp;w MWM | VH JU'W %WMN__
& -t -
O
'20 5' o 15 0 % 3 3% 40 45
3 T T T T T T T T
=
= 2f Story 1 7
[y
Q 1 | -
=
e AT AT W) PSS SO
& ¥ . F oy
§ ar |
Iy, 1 1 1 1 1 1 1

1
1} 5 10 15 20 25 30 a5 40 45
Time {sec)

Figure F.2, Displacement time history for the roof level and first storey of the six-storey structure
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