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CHAPTER 1

INTRODUCTION

Research was conducted in order to determine the effects of Metal Plate Connectors, MPC's, used for
framework connections in conventional shear walls. Walls of various configurations, listed in Table 1.1,
were laterally loaded in 2 test frame used to isolate shear wall behavior. Four vanables were investigated
through the course of this research. The four vanables were MPC size, framing member stiffness,
sheathing thickness, and wall length. Shear wall behavior characteristics were measured and compared for
walls with end-nailed connected framework and MPC connected framework. Conclusions were drawn
based on load versus displacement graphs, visual observations and calkculated behavior characteristics.

Shear walls are the primary {ateral load resisting element in light frame structures commonly used in
residentiai and wood frame construction. Shear walls are composed of dimensional lumber framing overiaid
with sheathing. Shear walls are considered to act as deep cantilevered beams. Although shear walls
contain much framework, only sheathing and its connection to the framework are considered to resist lateral
load, load acting parallel to the length of the wall, Lateraf loads are developed from wind and earthquakes.
As such, as a shear wall is laterally loaded, the studs rotate as rigid bodies and the framework distorts as a
parallelogram without bending the frame members. Since the framework is not forced to bend, the
framework bending stiffness is not employed. This is due to fiexible end-nailed connections between studs
and struts. The sheathing rotates as a rigid body. Nails connecting the sheathing are deformed between the
rotating studs and the rotating sheathing. Due to the differential displacement between the sheathing and
framework, the naifs will either withdraw from the frame or pull through the sheathing as the wall continues
to deflect toward failure.

The objective of this research was to utilize the bending stiffness and strength of the framing members to
improve a wall's resistance to lateral loads. Metal plate connectors, MPCs, were selected as a framing
connection alternative for this research. MPCs can vary by size, shape, gage, and tooth patiern. The first

MPC was created in 1952, and since that time they have been used extensively in wood frame construction.
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MPCs are light gage steel plates with sharp protruding teeth formed by punching holes in the plate. The
MPCs are pressed into the ends of two or more wood members to form a semi-rigid moment resistant
connection.

MPCs were introduced as a connection for prefabricated trusses. Prior to MPCs, truss construction was
done using the stick-framing method. Each truss was buitt, lifted into place, and secured by hand. MPCs
allow for trusses to be prefabricated to specification, transported fo the job site, and lifted into place as a
component. Manual truss consiruction was exchanged for component installation.

Component use in residential and commercial construction is advantageous to architects, engineers, and
builders. Architects design roof trusses for different appearances and functions based upon client needs.
Before MPCs ware made available to architects, only simple stick frame trusses were available. Now
architects can draw on 75 different forms of trusses (Callahan, 1994). Engineers optimize strength and
available space in a building by structurally designing roof and floor trusses. This process is done rapidly
through computer software. After MPCs were introduced, builders no longer had to construct their own
trusses. Trusses can be fabricated at a factory. The prefabricated trusses are betier quality and can be
transported to the jobsite. Builders save money on materials and labor required to construcl trusses by
using prefabricated engineered components. Components are prefabricated substructures that can be
directly connected to the main structure with no manual alteration, Shear walls constructed with similar
technology as foof trusses could easily fit into the component fabrication industry.

The motivation behind this research is to evaluate a new shear wall construction technique. There are
several reasons for needing a new shear wall. Every year malny lives are lost due to building destruction in
lateral loading events such as tornados, hurricanes and earthquakes. Billions of dollars are spent every
year repairing or replacing buildings damaged in these events. A stronger more durable shear wall would
help mitigate the damaging effects of lateral loading events by saving lives and reducing the cost of repair.
The construction industry could profit from a shear wall that can increase strength and durability of a
structure without raising cost. A shear wall component that could be prefabricated would benefit engineers,
architects, builders, and building owners. The use of structural components is cost sffective.

Components are also specifically engineered and built under factory conditions with quality control
guidelines. When 2 component of a structure can be lifted into place and secured, time and money are

saved since the component was not buiit manually by skilled workers on the job site. The overall benefit of



camponent canstruclion to the owner is they have a structure with custom engineered and better built
components at less cost.

The specific goal of this research was to experimentally determine whether conventional shear walls are
improved by making framing connections with MPCs. This was accomplished by conducting tests on walls
built with MPCs and comparing results with conventionally fabricated walls. The tests are separated into
groups to solate four variables. Each wall group was similar. The first group had walls built with different
size MPCs. The size of the MPC, a measure of MPC teeth embedded into the framing members, will
govem stiffness of a framing connection. The second group had walls built with MPCs and three different
grades of lumber. Lumber grade represents wood density and stiffness. Higher grade lumber will result in
stiffer framing connections and greater bending stiffness in the framework members. The third group
investigated MPC-connected walls with three different sheathing thicknesses. Sheathing is the lateral load
resisting component in conventional shear walls. The interaction of sheathing with MPCs was measured.
All walls in the last group were buitt the same with the exception of wall length. Walls of 4 different lengths
were tested, Monotonic load tests were conducted to collect load versus displacement data used to
compare strength, stiffness and energy dissipation. Strength, stiffness and energy dissipation are the basis
for comparison of this research. In addition to research conducted on various shear wall configurations, this
study wilt identify different internal behaviors of MPC-connected shear walls that add (o lateral load
resistance, such as framework joints, stud bending, sheathing and its connections, and sheathting friction.

Table 1.1 Iists the different wall configurations tested through this research. The first column is the name
of the test set. The second column is the type of framework connection used on the wall. The third column
is the grade of lumber used to frame the wall. In the column, the term DFL stands for the Douglas Fir Larch
and the term SYP stands for Southern Yellow Pine. The fourth column is the thickness of sheathing used to
connect the wall where the term OSB stands for Orented Strand Board. The fifth coiumn is the length of the

wall and the last column is the number of replications of the given configuraticn.



TABLE 1.1. TEST SPECIMEN CONFIGURATIONS

Framework 0SB Sheathing | Wall Length Number of
Test Set Framing Grade o
Connection Thickness (IN) (FT) Replications
End Nails DFL No. 2 None 4 5
3X4 MPC DFL No. 2 None 4 5
4X4 MPC DFL No. 2 None 4 5
4X5 MPC DFL No. 2 None 4 5
5X5 MPC DFL No. 2 None 5 .
Framing 5X6 MPC DFL No. 2 None 4 5
Connector 6X6 MPC DFL No. 2 None 4 5
Tests 6X7 MPC DFL No. 2 None 4 5
End Nails DFL No. 2 716 4 9
3X4 MPC DFL No. 2 7118 4 5
4X5 MPC DFL No. 2 7116 4 5
5X6 MPC DFL No. 2 7118 4 5
| 6X7 MPC DFL No. 2 7116 - 4 5
End Nails SYP No. 1 None 4 5
End Nails DFL No. 2 None 4 5
Framing
End Nails DFL No. 3 None 4 5
Member
5X6 MPC SYP No. 1 None 4 5
Stiffness Tests
5X6 MPC DFL No. 2 None 4 5
5X6 MPC DFL No. 3 None 4 5




TABLE 1.1 CONTINUED

End Nails OFL No. 2 1/4 4 5
End Naiis DFL No. 2 7/16 4 5
Sheathing
End Nails DFL No. 2 5/8 4 5
Thickness
Tests 5X6 MPC DFL No. 2 1/4 4 5
5X6 MPC DFL No. 2 7/16 4 5
5X6 MPC DFL No. 2 5/8 4 5
End Naits DFL No. 2 None 4 3
5X6 MPC DFL No. 2 None 4 3
End Nails DFL No. 2 716 4 3
5X6 MPC DFL No. 2 7/16 4 3
End Nails DFL No. 2 None 8 3
5X6 MPC DFL No. 2 None 8 3
End Nails DFL No. 2 716 8 3
Wall Length 5X6 MPC DFL No. 2 716 8 3
Tests End Nails DFL No. 2 None 12 3
5X6 MPC DFL No. 2 None 12 3
End Nails DFL No. 2 716 12 3
5X6 MPC DFL No. 2 7116 12 3
End Nails DFL No. 2 None 16 3
5X6 MPC DFL No. 2 None 16 3
- End Nails DFL No. 2 716 16 3
5X6 MPC DFL No. 2 716 16 3




CHAPTER 2

BACKGROUND:

This research was canducted to observe the behavior of shear walis with MPC-conrnected framing
members. It isimpcriant to understand the design and behavior of conventional wood frame shear walls in
addition to models used to determine behavior of shear walls and MPC connections. Through an
understanding of conventional shear wall and MPC behavior, models for combined behavior can be

developed.
2 1 Conventional Shear Wall Composition

Shear walls are composed of dimensional lumber framing and structurai sheathing. The framing plays
two roles: It provides resistance to vertical loads and supports the sheathing. The wood framework
composition consists of studs, chords, and struts. Studs are vertical members within the wall’s inferior that
are spaced evenly throughout the wall length. A typical value for stud spacing is 16-in. on center. Chords
are exterior studs but have a different function as explained later, Struts are horizonial members at the top
and bottom of the wall. Chords and top struls are made of two 2 x 4 pieces of lumber face-nailed to form a
single member. Since studs and chords are perpendicular to the struts, they are connected by either end-
nailed or toe-nailed connections. Neither of these connectiens produces any rigidity in the joint The
framework is rigidly connected to the foundation to prevent wall horizontal franslation and ovestuming
moment by some form of mechanical fastener. Sheathing is attached to the framework to provide
resistance to lateral forces. Nails are driven through the sheathing into the framework for attachment.

Figure 2.1 illustrates conventional shear wall configuration.
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Figure 2.1. Conventional Shear Wall Configuration

2.2 Shear Wall Behavior

A shear wall behaves as a deep cantilevered beam when subjected te lateral forces. However, members
of the shear wall begin to slip and move in relation to one another under increasing lateral load. As the wall
racks, the sheathing rotates as a rigid body and the framework distorts as a parallelogram. The framewark
does not bend because there is no joint rigidity in the framework. The sheathing to framework nails are
stressed due 1o the relative dispfacement between the sheathing and framework. The nails distort by
bending and either withdraw from the framework or pult through the sheathing as load increases to the wall’s
capacity. The nails distort until the framework and sheathing are no longer ngidly attached and load

resistance is lost. Figure 2.2 illustrates the racking behavior of conventional shear walls.



Figure 2.2. Racking Shear Wall

2.3 Shear Wall Design

Shear walls are designed as deep cantilever beams. As lateral load is apptied to the wall, flexural
tension and compression are developed. Tension is resisted by one chord and a mechanical tie-down to
prevent uplitt. Compression is resisted by the opposite chord. These are the only components that are
considered when designing for flexural tension and compression. Studs and chords must also be designed
to resist vertical loads. The cross section and spacing of the studs are typically governed by vertical loads
and construction convenience. Struts are designed as a part of the horizontal diaphragm design. Shear
forces developed in the wall can be accounted for by one of two methods, both of which are presented by
Breyer, Fridley, and Cobeen (1999). The methods are identical unless the wall contains an opening. The
segmented shear wall design method calculates the unit shear force on the wall by dividing the total tateral
load applied by the length of full height wall. The sheathing type, grade and thickness along with a nailing
schedule required to resist the lateral load can be selected from a table. If the wall contains an opening, the
wall is separated into smaller wall segments. Wall segments with full height sheathing are considered alone

and wall segments without full sheathing for the height of the wall are neglected. For instance, the



sheathing above and below a window is disregarded as part of the shear resisting system. The shear force
applied to the entire wall is divided by the length of the fully sﬁeathed segments and distributed to the fully
sheathed wall segments. The unit shear force is the total lateral load on the wall divided by the total length
of fully sheathed wall segments. The designer can then go to a table to determine the appropriate
sheathing type, grade, thickness and nail schedule. Each wall segment is assumed to act independently.
Therefore, chords and tie-downs must be designed for each wall segment. The perforated shear wall
design method is similar to segmented shear wall design with two exceptions. First, the wall is considered
to act as a whole, including fully and partially sheathed wall segments. The resistance of a shear wall with
no openings is determined. Then the resistance provided by the fufl height sheathing is multiplied by an
opening adjustment factor. This factor is taken from a table based the on ratio of the height of the opening
in the wall to the total wall height and ratio of wall length with full height sheathing to total wall length. The
opening adjustment factor increases the required resistance from the sheathing over a wall with the same
configuration designed by the segmented wall method. Since the wall is considered to act as a single unit,
tie-downs and chords are only designed for the ends of the wall. According to Breyer, Fridley, and Cobeen
(1999}, the perforated design method will always calculate 2 lesser allowable shear wall capacity than the
segmented shear wall design method. Therefore, the designer may trade tie-down anchors for increased
sheathing nails, grade, or thickness. This is an economic issue to be weighed by the designer. Moment
capacity due to shear wall framework is in no way considered a fateral force resisting component in shear
wall design for either method. The end-nailed framework joint connections are flexible and will not prevent

the framework from resisting moment.
2.4 Shear Wall Research

The majority of wood frame shear wail research has revoived around calculating strength capacity. Wall
strength is derived from sheathing but is controlied by failure of the sheathing nails. Tuomi and McCutcheon
(1978) developed a method of shear wall strength calculation based on the load distortion relationship of
sheathing nails. Their method assumed a linear load distortion relationship of a single nail, paralielogram
distortion of the frame, rigid body rotation of the sheathing, and nails are evenly spaced and symmetrically
placed about the sheathing center. The total racking strength of the wall is the racking strength of one panel

multiplied by the number of panels attached plus "the contribution of the frame itseif* (Tuomi and



McCutcheon. 1978). This contribution was assumed to be 450 Ibs for an 8 ft x 8 ft wall with two pieces of
plywood sheathing. itis stated that these contributions are due to *friction of the sheathing sliding over the
framework and other refatively minor considerations” (Tuomi and McCulcheon. 1978). Shear wall tests
produced results in good agreement with the calculated racking strength.

Easley, Foornani and Dodds (1982), derived formulas for shear wall inttial linear stiffness and nonlinear
shear strain of wood frame shear walls. Wall stifiness was considered a function of nail lateral stiffness.
This required a set of three equations be developed based on nail behavior. The behavior of a single nail
connecting plywood sheathing to a piece of dimensional lumber was found to be initially linear elastic
followed by a nonlinear region. As load is increased to capacity, the behavior becames linear again. This
behavior is depicted in Figure 2.3 where the lefter A indicates a transition between linear elastic and the

nonlinear behavior and B indicates a fransition to linear behavior.

Load

Displacement

Figure 2.3. Single Nail Load Displacement Behavior
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Each segment of load displacement behavior was used to produce an equation for shear strain of the
wall. These equations were used to plot lateral load per length of wall versus shear strain. These plots
were compared to actual wall data and a finite element analysis for the walls. Easley, Foomani and Dodds
(1982) concluded that the equations for shear strain were “accurate to a degree usually acceptable in
engineering practice.” The graphed load versus shear strain results closely matched the form of tha
graphed data for the toad versus displacement of a single nail, depicted in Figure 2.3. Figure 2.4 illustrates
the value of shear wall shear strain, y. Stiffness due to the frame itseif was not taken into account by this

method and parallelogram frame distortion was assumed.

Figure 2 4. Shear Wall Shear Strain

Sugiyama and Matsumoto (1994) developed an empirical équation for calculating racking strength of
walls. This equation was the basis for the perforated shear wall method mentioned before. Other shear
wall research was devoted to validating the perforated shear wall design method. A specific example is the
research canducted by Dolan and Johnson. Dolan and Johnson (1997) statically tested walls that were 40 ft

11



in length and 8 ft tall. Five walls were tested, each with different sheathing coverage; one was fully
sheathed and the others had holes for doors and windows or just had segments of unsheathed framing.
Dolan and Johnson validated the perforated shear wall design method and found that the “strength
predictions were conservative throughout the range of interstory drifts up to capacity.” (1997)

According to Breyer, Fridley, and Cobeen (1999), the perforated shear wall design is the preferred
design method because the expense of shear walls is driven up by the number of mechanical te-downs
required to resist overturning moment, The perforated shear wall design requires only twa tie-downs per
wall whereas the segmented wall design method could require any number of tie-downs. The National
Association of Home Builders (1998), NAHB, conducted research on the perforated shear wall method to
determine its validity by testing walls with varying base restraints and framing. This investigation concluded
that the perforated shear wall method predicted wall racking strength conservatively by 10 percent. Two of
the test specimens in the NAHB research were 20 ft long x 8 ft tall with three 4 ft x 4 ft windows. The three
windows were centered in height and had fully sheathed segments that were two ft wide on either side of
each window. One wall was anchored with moment tie-downs connected to the exterior studs and had
nailed frame connections. The other wall did not employ moment tie-downs but did have MPCs connected
to the wall and window comers in addition to nailed framing connections. The MPCs were 3-in. x 6-in. and
pressed info the frame with a mallet. Shear restraints for the walls were identical. The NAHB reported that
the wall with MPC connections showed much improvement over the wall with tie-downs. Maximum strength
capacity, initial stiffness, and energy dissipation increased by 40, 38, and 68 percent for the MPC-connected

wall.
2.5 MPC Design

Metal plate connected truss design is governed by two documents. The metal plate connections are
designed according to the National Design Standard for Metal Plate Connected Wood Truss Construction
produced by the Truss Plate Institute (2002). The wood truss members are designed according to the
National Design Specification for Wood Construction (1997).

2.6 MPC Research

A truss is defined by flexible pinned connections and loads applied only to joints. Although called
“trusses,” wood frame trusses experience load along the length of their members and have semi-rigid



connections. Member Ioadings cause flexure and semi-rigid joints transfer bending from member to
member. Since bending moment is present in truss connections, research has been conducted to
determine behavior of the semi-rigid connections. Noguchi's (1980), research investigated bending
moments in MPC-connected butt joints, a joint made by splicing two members together with MPCs. This
joint is commonly found in the tension chord of the truss when member lengths required are longer than
readily available fumber. Noguchi suggested several possible flexural behaviors of the connection.
Experimental tests were compared with models of moment behavior. Noguchi's fully plastic behavior model
was determined to be the most accurate and was suggested to be used for design purposes. This model
assumes all wood material in compression and all steel material in tension has yielded.

MPC connections have two failure states in tension: net section and tooth withdrawal failure. Net section
failure occurs when the steel plate material yields and ruptures. Tooth wilhdrawal failures are a separation
of the MPC and the wood member. MPC teeth pull out of the wood and the connection fails. O'Regan,
Woeste, and Lewis (1998) tested splice joints under tension and several different degrees of flexure to
determine net section capacity under combined bending and tension. The test specimens were built with
plate lengths long enough to ensure the connection would net fail due to tooth withdrawal. The splice joints
were pulled in tension loaded concentrically or with one of three eccentricities. The mament in the splice
joint at failure was calculated by multiplying tensile force at failure by the eccentncity of the load. Three
theoretical models were developed to predict the moment capacity of the splice joints. Each model was for
flexural behavior which produces counteracting tensile and compressive forces. The MPC is assumed (o
resist tensile stresses developed and the wood is assumed fo resist compressive stresses. The model that
most closely fit the experimental data was derived by assuming plastic steel behavior and elastic wood
behavior. The plastic steel elastic wood model was used to derive a design method for net section capacity
of splice joints. Research on splice joints was continued by O'Regan, Woeste, and Brakeman (1998) to
determine the required length of MPC lo ensure a net section failure. This was done by equating the
"average ultimate steel net section capacity” to the "average uitimate tooth withdrawal capacity® (O'Regan,
Woeste, and Brakeman. 1998). By using the derived equation for minimum length of plate, splice joints can

be govemed by net section failure.
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2.7 Background Conclusions

Conventional shear wall design has a common theme regardiess of the method selected for design;
sheathing alone resists lateral load. Rigid stud rotation is a common assumption for conventional shear wail
research and can be venfied visually. Each research conducted on methods of calculating lateral load
capacity of shaar walls has been proven valid with no consideration to lateratl load resistance of framework.
The idea for this research, to improve conventional shear walls with the addition of MPCs to the framework
joints, stems from the fact that framework does not contribute lateral load resistance to the conventional
shear wall. The research conducted by the NAHB proves that wall strength and stiffness are increased with
just a few framework joinis connected with MPC connections. This research will determine how much
strength, stiffness, and energy dissipation will increase if all framework joints are connected with MPCs.

The MPC research reviewed demonstrates the failure states that would be similar to those occurring in
MPCs used o connect shear wa!" framework. Research on MPC-connected right angle joint connections
under bending, axial load, and shear has yet to be published. It is fikely that if MPC failure were to govern
lateral load capacity of shear walls, either tooth withdrawal or net section failures would be found as the

failure states.
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CHAPTER 3

TESTING AND ANALYSIS

The data acquisition and analysis chapter outlines the steps used to gain information on the behavior of
shear walls connected with metal ptate connectors. The testing procedure for this study follows ASTM E72-
98, Standard Test Methods of Conducting Strength Tests of Panels for Building Construction, as a
guideline. The difference between the test procedure used for this research and that recommended by
ASTM E72-98 includes the load history and the size of the test specimens. ASTM E72-98 recommends that
walls should be loaded until 3.5 Kips of lateral load capacity may be measured. The wall should then be
unloaded and loaded again to 7.5 Kips and again to 10 Kips. Some walls in these tests could not produce
the ASTM required 3.5 Kips of lateral load capacity and therefore, the loading procedure was changed to a
single monolonic load tast until the top of the wall deflected 5 in. with respect to the bottom of the wall. The
maximum stroke of the actuator used for the tests was 5 in. ASTM E72-98 also recommended that test
specimens be 8 ft long by 8 ft tall. These tests Investigated many test specimens with many replications
and it was uneconomical to use 8 ft wall lengths for the majority of the tests. The majority of walls were 4 ft
to efficiently investigate many vanables. Data was collected in order to define MPC-connected shear wall
behavior and compare it to conventional shear wall behavior. The process of callecting data began with
fabricating the test specimens and attaching them to a test frame built ta isolate racking behavior. Data, the
relative displacements of the wall and the correspending load to force the displacement, were then acquired
from the wall under loading. These data were plotted to form load-displacement histories. The load
displacement histories were used to calculate values of strength, stiffness, and energy dissipation. Wall
data were analyzed by comparing the calculated values and load displacement histories of each wall. The

process was completed by determining the moisture content of each framing member in each wall.



3.1 Test Specimen Fabrication
Test specimen fabrication had three steps. First, each member of the framework was cut to size and
tested for bending stiffness. Second, the framework of the tast specimen was connected by nails or MPC.
Third, if sheathed wall behavior was to be recorded, sheathing was attached. Finally, all walls were set
aside for a seven day waiting period. Each wall was constructed precisely following these four steps to limit

vanability of wall behavior.
3.1.1 Member Production and Material Properties

The experimental procedure began with fabrication of the walls. The wall components were fastened
together with nails or nails and MPCs. All framing members for each walf, 2 x 4 dimensional lumber, were
cut to exact lengths to allow a precise fit of the wall. The framework members are named studs, chords and
struts. Studs are the interior vertical framing members of the wall. Chords are the vertical framing members
on the outside edge of the wall. Struts, also known as plates, are horizontal members at the top and botiom
edges of the walls. Each stud and chord was cul to 91.5-in. long and each strul was cut to 4, 8, 12, or 16
feet long, depending upon the wall length tested. Figure 3.1 illustrates the framework found in a typical
shear wall that does not contain openings. In Figure 3.1, the short hash marks represent framing natls.

This figure aiso shows the name and orientation of each framing member.
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Figure 3.1. Framework Nails

The struts were directly connected to the test frame by bolts to resist shear at the plane between the top
and bottom of the wall and the test frame and therefore contain holes. Holes were drilled into the centedine
of the struts, and spaced at 16-in. on center. 5/8 in. diameter bolts were used; therefore 11/16-in. diameter
holes were drilled to accommodate the 5/8 in. bolts.

After cutting the framework members, the weak axis bending stiffness of each piece was measured for
data comparisons after the tests were conducted. Each framework member in a shear wall bends about ifs
weak axis. The weak axis bending stiffness was detesmined by setting each wood member in its flat wise
orientation across a 3 ft simple span and measuring the deflection of the wood member when a 50-Ib weight
was set on the member at midspan. Then the deflection was used to calculate stitiness. Equation 3.1. is

the equation for deflection of a simply supported elastic member which was used to determine the bending

stiffness.
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The term A is the deflection measured from a digital dial gage. The span, L, was equal o 3 fi. The load, P,
was 50 Ibs. The 3 ft span and 50 Ib load were selected so that the bending stiffnass tests could be easily
conducted by hand. The bending stiffness, El, was determined and recorded for later use. Figure 3.2
illustrates the apparatus used for acquiring the bending stiffness of the framing members. This picture
shows a 2 x 4 placed across a 3 ft span and loaded with a 50 tb weight. A dial gage was placed direclly

below the weight to measure the initial and final deflection of the 2 x 4.

Figure 3.2. Bending Stiffness Measurement
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3.1.2 Framework Connection

Each frame had an exact geometrical configuration. Studs and chords were spaced at 16-in. on center,
positioned parallel to one another and perpendicular to struts. To ensure the wall frames were identical, a
jig made of steel tubing was fabricated to hok the frame during construction. The jig stifiness was sufficient
to bend the wood frame members toward the steel tubing when they were clamped to the jig. This ensured
that crooked or twisted wood members were pulled into place rather than the jig bending ta conform to the
framework. Figure 3.2 shows the jig with loose members placed into the jig before connection.

Figure 3.3. Wall Fabrication Jig

After the struts and studs were clamped to the jig and verified for proper placement, the frame members
were connected together. Nailed walls were started by nailing the chards together with 3-1/2-in. 16d nails
spaced at 24-in. Nails were driven with a pneumatic nail gun. The chords and top strut were double 2 x 4
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specimens, which means that two 2 x 4 pieces of lumber were face-nailed to approximately form a 4 x 4
member. The struts were end-nailed to the ends of the studs and chords with two 3-1/2-in. 16d nails driven
through the strut into the end of each stud and chord. The nails forming the double strut were driven last so
that nails connecting the double strut to the studs and chords could be driven. The first piece of the double
sirut was connected with two nails driven info the ends af the studs and chords, and then the second piece
was face-nailed to ensure enough length of nail was driven into the studs and chords. The double strut was
cannected with 3-1/2-in. 164 nails at every 12-in.

Walls composed of framework connected with metal plate connectors, MPCs, used only some of the
framing nails mentioned before. The chords and double strut members were face-nailed, but the walls did
not use stud to strut or strut to chord end-nail connections. The end-nailed connections were replaced with
MPCs. The MPC connections were fabricated following the Nalional Design Standard for Metal Plate
Connected Wood Truss Construction, TPI 1-2001, issued October 19, 2001, as a guideline. The framing
members were clamped together to prevent gaps in excess of 1/16-in, between the framing members. The
Jig and clamps were used to close gaps between wood members. The MPCs were pressed into each side
of the wood framing using an Eagle Metal Products Field Repair Press. The MPCs were pressed flush to
the wood to eliminate embedment gaps. Each MPC was pressed into the frame at a specific orientation and
placement. In the comers of the wall, chord MPCs were positioned to allow outside MPC edges to remain
flush with outside wall edges. Siud MPCs were positioned 1o allow the outside MPC edge to remain flush
with the strut and the MPC center was centared with the stud. All MPCs were placed in the same
orientation sa that tooth slots ran parallel to the sfuds. This orientation provided the greatest tooth holding
strengths for the joint configurations. MPC positiening and orientation were selected prior {0 testing and
maintained throughout the test duration. Figure 3.3. illustrales an MPC connection in shear wall framework.

The figure shows an MPC used to connect the comer framework of a sheathed wall.
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Figure 3.4. MPC Connection

The MPC selected for the test was the Wave™ Metal Connector Plate for Wood Trusses produced by
Alpine Engineered Products, Inc. Full specifications for this MPC can be found in ES Report ER-5352 from

ICBO Evaluation Service, Inc. Table 3.1 presents connection information for wall construction.
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TABLE 3.1. WALL CONNECTION AND ANCHORAGE

R R e ssiicins o o _}__ —
: ' - Number and Type :
Connection Description of Connector L Spacing
| o i | TS Y W
\
. Top Strutto Top | .
| Stut—Face-naied | 16d 12-in. on center
| Top/Bottom Sttt T
Framing to Stud 2-16d per stud |
End-nailed ) B
Chord |’
(Stud to Stud) | 2-16d 24-in. on center
!. | Facenailed | o
| i Edge 8d 6-in. on center |
Sheathing — L S - N
i Field 8d 12-in. on center
i e ; —_— . - —
- A307 - 5/8in. .
| -
Bolts Wall Anchorage diameter 16-in. on center
B I _ . i
MPC Wave™ Plate, Pair Per Stud, Size Specified for Test Set

3.1.3 Sheathing Attachiment

After all framing nails and/or MPCs were in place, sheathing was placed on top of the frame for
connection. Each piece of sheathing was nailed with 8d sheathing nails at 6-in. around all outside edges of
the sheathing and at every 12-in. to studs located within the field of sheathing. Figure 3.3. illustrates the nail
placement used tc aftach the sheathing.
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~—__  Sheathing Edge Nails
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Sheathing Field Nails Spaced
At 12-in. On Center

I 1 Bottom Strut Nails
S Spaced At 6-in. On

Figure 3.5. Sheathing Nails

3.1.4 Material Conditioning

ASTM D 176 specifies that wood should be kiln- or air-dried for the wood 10 teach moisture eguilibrium.
The wood for this study was purchased kiln-dried from a local lumber yard. Hewever, some of the wood
was transported in wet conditions and therefore had high moisture contents prior to tasting. The wood was
allowed to dry within the testing laboratory before the walls were fabricated. TPI 1-2001 stipulales that
trusses connected with MPCs are to be set aside for seven days before o obtain typical strength of
connections. MPC connections are at their greatest strength immediately after fabrication. When MPCs are
pressed into wood members, wood mateniatl is pressed tighfly against the steel matenial as the teeth enter
the wood. The 7-day period altows the wood matenal to relax which releases pressure between the woed
and metal contact surface. The 7-day waiting period is sufficient to reduce the conne.ction strength to the in-

service connection strength. All walls in this study were tested seven days after fabrication.
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3.2 Test Specimen Loading

After the 7-day waiting period the walls were tested in a frame designed lo isolate racking behavior in the
wall. The walls were attached to the test frame and loading tube with 5/8-in. A 307 bolts. Three fo twelve
bolts were used to attach the walls to both the loading tube and the test frame depending upon the length of
the wall. The top bolts attach the loading tube to the double top strut. An MTS 22-kip actuator was used to
move the loading tube. The 5/8 in. bolts resisted the translation of the wall, but a moment was developed by
the lateral load. Unrestrained, this moment wouid cause the wall to potentially rotate and overtum as a rigid
body or result in a premature tension failure of the connection between the chord in tension and the bottom
strut. The overturning moment was resisted by all-thread ties attached to the wall and test frame at the
actuator side. Friction was reduced from the tie by placing a roller between the tie and loading tube pushing
the wall. The sheathed walis were only sheathed on one side. Out-of-plane braces were employed to
prevent out-of-plane bending resulting from the asymmetric section. Figure 3.1 illustrates the placement of

all braces and bolts used to restrain the wall.

- Moment MTS 22 Kip
Loading Tube Tie-down Roller - acyator
Wal g

Lateral _ LN

Brace 4 Ly

Points ‘, - _"_‘j'—_; > L Test Frame
/1.1/ ’/]/7/\) il ! 7 Out-of-plane

(.l | _ . /" brace
[ MTS 22 Kip '
‘ Load Cell !

< Moment
I Tie-down

Figure 3.6. Wall Anchorage and Restraint
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3.3 Data Acquisition

The data collected in walt tests for companison were a series of six relative displacements of each wall.
Each relative displacement in a series was paired with a comesponding |ateral load which was used to plot
load-displacement curves. Data acquisition was accomplished through placing linear variable displacement
transducers (LVDTs) at specific points on the wall, controlled deflection of the wall, and monitoring the

laterat load applied to the wall.
3.3.1 LVDT Placement

Six LVDTs were used to collect the displacement history of the walls during lesting. The first LVDT
recorded tension chord uplift. The second LVDT recorded tension chord and bottom strut separation. The
difference in recordings from the first two LVDTs was used to determine the uplift of the bottom strut under
the tension chord. The third LVOT recorded compression deformation between the compression ¢hord and
the bottom strut. The fourth LVDT recorded downward movement of the compression chord. The difference
in recordings for the third and fourth LVDTs was used to determine the crushing of the bottom strut below
the compression chord. The remaining LVDTs recorded horizontal wali movement. The fifth LVDT was
located at the bottom of the wall to measure slip between the bottom strut and the test frame. The sixth
LVDT was located at the top of the wall to measured horizonta! displacement of the top MPC. Figure 3.2
demonstrates the LVDT placement. Although six LVDTs were used for data acquisition, only two were used
for calcutations of wall behavior comparison in this study. The two LVDT's used for this study were the
LVDT that measured horizontal movernent of the top of the wall and the LVOT that measured horizontal
movement of the wall bottom. Vertical displacements were found to be extremely small and therefore of
litle importance. The load displacement behavior of the watls was evaluated using the relative

displacement between the top and bottom of the wall.
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Figure 3.7. LVDT Placement

The walls were Joaded monotonically under displacement control. The actuator controller was
programmed to load the wall under displacement control at a rate of 0.5-in. per minute for a displacement of
5-in. An MTS 22-kip load cell was placed between the wall and the actuator to record the load on the wall at
any given time. The load cell and LVDT measuremants were recorded via a DAQP-16 data acquisition card
produced by Quatech. Analog signals are input into the card ;md output as digital signals. The digital
signals were recorded via a Dasylab data acquisition program. Dasylab was used to record the
displacement of each LVDT and the load on the wall at 2-second intervals and store the data. The digital

signals were later imported into Microsoft Excel for analysis.
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3.4 Data Analysis

Several characteristic values were calcutated and tabulated for comparing wall behavior. Three values
for strength, two for stifiness, and one for energy dissipation were used for comparing relative wall

behaviors.
3.4.1 Strength Characteristic Values

Three strength values were used for the comparisan—maximum load, load at 4-in. dnift, and design load.
Maximum load was defined as peak loading or strength capacity, foliowed by a consistent drop in load s
deflection continued. Some walls in this test were too ductile to fai) within the 5-in. drift. For these walls, a
load at 4-in. drift was found and recorded because the maximum strength capacity could not be determined.
The method and equations for determining the design load is a detailed process that can be found in the
ICBO Evaluation Service Report AC130 Acceptance Criteria for Prefabricated Wood Shear Panels and the
2000 Intemnational Building Code. The ICBO report method is specified for cyclic tests and was altered to fit
the monotonic tests for this study. Step 1 was to determine &, the maximusm inelastic response
displacement. The value b, is the smaller of the inelastic drift limit as defined in IBC Table 1617.3 or the
displacement at the strength limit state. The IBC defines 5 as 0.025hs, or 2.5% of the wall height. 2.5% ot
the wall height is 2.4-in. for 8-ft walls. Displacement at the strength limit state is the displacement at the
maximum load, as defined befors. For walls that reach a maximum load before a 2.4-in. drift, & is tha drift
at maximum load. For walts that reach a maximum load before a 2.4-in. drift, 6; is 2.4-in. The next step was
to determine Cqy which is defined as the deflection amplification factor in the IBC. Cy4 can be found in I1BC
Table 1617.6 and was determined to be 4 for the walls in this study since the shear walls in this study can
be used to resist both lateral loads and gravily. The third step was 10 find the occupancy importance factor,
fe, in IBC Section 1616.2. The occupancy Importance factor was determined to be 1.0 for this study. The
design load is then calculated as the load corresponding to the deflection 8., on the load displacement
histories for the walls. Equation 3.2 can be used to calculate the deflection &,

81 IE
Cq

The ICBO ceport also gives a factor of safety if the data collected will be used for design. The values

8m=

(32)

obtained from the experiments were not used for design therefore no factor of safety was applied. The
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factor of safety is a constant and the lack of one does not interfers with a compariscn of characteristic
values. Figure 3.7 illustrates the maximum load, load at 4in drift, and design load values. The figure shows
two load-displacement histories, A and B. History A represents a wall that fails within a 5-in. drift. History B

represents a wall that does not fail within a 5-in. dnft.

Load
Maximum Load - \

A

Load at 4-in. Drift / / - B
Design Load
* v
| Drift
S < & 4-in.

Figure 3.8, Strength Characteristic Values

3.4.2 Stiffness Characteristic Values

Two stiffness values were calculated. One value is for walls with a known maximum load and the other
is for walls that were too ductile to show a failure within a 5-in. drift. The Technical Coordinating Committee
on Masonry Research states that stiffness for shear walls shall be taken as the secant stiffness of the load-

displacement history at 40% of the maximum load. For walls that do not reach a maximum load, a constant
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reference point was needed for comparison. This point was selected to be a 1-in. drift. The secant
stiffness at 1-in. drift was also found for walls that fail to facilitate comparison. Figure 3.8. illustrates the
stiffness at 40% of maximum load and stiffness at 1-in, drift. The figure shows two load displacement
histories. History A fails within a 5-in. drift and B does not. The slope of line 1 is the secant stiffness of wall
A at 40 percent of maximum load. The slope of line 2 is the secant stiffness of wall A at 1-in. drift. The

slope of line 3 is the secant stiffness of wall B at 1-in. drift.

Load
1 2
A
B
3
40 % of
Maximum Load |
History A
. . ] Drift
1-in

Figure 3.9. Stiffness Characteristic Values



3.4.3 Energy Dissipation Characteristic Value

Energy dissipation during wall loading was calculated as the area under the load displacement curve. It
was calculated by numerical integration of the area beneath the curve from 0 to 4-in. drift. This was done
for all walls regardless of whether a maximum load was reached.

3.5 Framework Moisture Data Collection

The final task to complete the testing for the walls was to measure the moisture content of each wall.
This was accomplished using a Wagner Inspector Proline L606 moisture meter. The moisture content of

each framework member was recorded for use in relative wall comparisons,
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CHAPTER 4

FRAMING CONNECTOR TESTS

Walls with various framework connections were the first walls investigated. Bare frames and sheathed
walls were fabricated with nailed and MPC-connected framework connections. First, base frames were
tested to determine MPC-connected frame behavior and to compare this behavior with end nail-connecled
frames. Also, sheathed walls were fabricated with end nail and MPC connections. These walls were lested
to determine MPC cannection behavior when sheathing is employed and to compare this behavior to end-
nailed sheathed wall behavior. The focus of these tests is an evaluation of the moment resistance provided

by MPC connections of the framing members.
4.1 Framework Connector Tést Description

All walls in the framing connector tests were 4 ft long and all framing members were DFL No. 2 2x4
visually graded dimensional tumber. Walls in this test were either bare frames {unsheathed framework) or
sheathed frames. Seven MPC sizes (3x4, 4x4, 4x5, 5x5, 5x6, 6x6, 6x7) were used to evaluate the
performance of MPCs as moment resistant connections in bare frames and rectangular MPCs (3x4, 4x5,
5x6, 6x7) were used to evaluate the ability of MPCs to increase the performance of sheathed shear walls.
The first number in the MPC size designation was MPC length perpendicular to the studs and the second
was MPC length paraliel to the studs. All MPCs were placed on the frame with tooth slots paralle) to the
studs. MPC orientation can greatly affect MPC connection behavior. A single orientation was selected to
exclude exira variables introduced by MPC orientation. End-nailed bare and sheathed frames were also
tested so the MPC frames and sheathed walls could be compared to a convenlional consinuction
benchmark. Five replications were fabricated and tested for each wall configuration.

Three behavior characteristics were calculated from the wall load-displacement histories for bare frames
and five values were calculated for sheathed frames. The bare frames load-displacement histories did not

show a peak load. Since a peak load is required to calculate the maximum load, design load, and stiffness
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at 40% of maximum load, the characteristics calculated for bare frames were load at 4-in. deflection,
stiffness at 1-in. deflection, and energy dissipation at 4-in. deflection. The five behavior characleristics
evaluated for sheathed frames were maximum load, design load, stiffness at 1-in. dnift, stiffness at 40% of

maximum load, and energy dissipation at 4-in. dnft.
4.2 Framing Connector Test Results
4.2.1 End-nailed Bare Frames

The first frames tested were end-nailed bare frames. Figure 4.1 shows the load-displacement history for

the five end-nailed bare frames.

Drift in.)

—— Wall 1 —— Wall 2 —&— Wall 3 —e— Wall 4 —— Wall 5

Figure 4.1. Load-Displacement Histories of End-Nailed Bare Frame Walls

The average maximum load for end-nailed bare frames was 56 Ibs. The average stiffness at 1-in.

deflection for end-nailed bare frames was 37 Ibs/in. The average energy dissipation for end-nailed bare
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frames was 0.16 K-in. The end-nailed bare frames load-displacement history shows the behavior expected
from a simple end-nailed frame. During testing, end-nailed bare frames were observed to rack without
bending the studs. The wall became a collapsible mechanism that resisted very little lateral load. There is
no connection rigidity and thus the walls rack under small loads. Strength and stiffness are developed by
nail bending and withdrawal from the studs in the frame connections. Wall ductility, as seen by the load-

displacement history, was consistent with steel nail ductile failure.

4 2.2 MPC-Connected Bare Frames

The moment resistant behavior of framework connected by MPCs was evaluated through experimental
testing of unsheathed frames. The behavior was evaluated for a variety of MPC plate sizes and compared
to end-nailed frame behavior. Table 4.1 presents average values for load at 4-in. drift, stiffness at 1-in. drift,
and energy dissipation and average increases in the three characteristic values of behavior relative to end-
nailed bare frame behavior for each MPC size. Load-displacement histories for each MPC-connected bare
frame are presented in Figures 4.2 through 4.10.

TABLE 4.1, FRAMING CONNECTOR TEST TABULATED VALUES AND AVERAGE INCREASES
FOR MPC-CONNECTED BARE FRAMES

Load at4-n. Drit | Stiffnessat 1-n, Drit | Cergy Dissipation |

{ Connection (bs) (%ncrease) | (Ibsfin) (% Increase) (Kip—i?':.f {g,l .IEQrZasa) !
| End-naled | 56 v l 016 |
3x4MPC 162 187 78 112 042 184

_4x4MPC | 168 197 | 74 100 . 042 163 |

p 4 x5MPC .24 30 113 205 064 297 |

| 5x5MPC | 287 407 | 115 211 068 326
5x6MPC | 327 478 121 228 | 077 3719
~ B6x6MPC o332 488 | 119 22 075 366
6x7MPC | 373 589 131 2585 | - (085 428
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Figure 4.2. 3x4 MPC-Connected Bare Frames Load-Displacement Histories
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Figure 4.3. 4x4 MPC-Connected Bare Frames {oad-Displacement Histories



Drift {in.}
—a— Wall 26 —— Wall 27 —— Wall 28 —— Wall 29 —— Wall 30

Figure 4.4. 4x5 MPC-Connected Bare Frames Load-Displacement Histories

Drift (in.)

—o— Wall 11 —e— Wall 12 —a—Wall 14 —— Wall 15
Figure 4.5 5x5 MPC-Connected Bare Frames Load-Displacement Histories
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Load (Ibs)

Load (ibs)

Drift {in.)

—— Wall 21 —— Wall 22 —a— Wall 23 —«— Wall 24 —— Wall 25
Figure 4.6. 5x6 MPC-Connected Bare Frames Load-Displacement Histories

Orift {in.)

—o— Wall 6 —— Wall 7 —a— Wall § —— Wall 10
Figure 4.7. 6x6 MPC-Connected Bare Frames Load-Displacement Histories
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Load (lbs)

Drift (in.)

—a— Wall 16 —o— Wall 17 —a— Wall 18 —— Wall 19 —o— Wall 20

Figure 4.8. 6x7 MPC-Connected Bare Frames Load-Displacement Histories

The MPC-connected bare frame behavior as represented by strength, stiffness, and energy dissipation
greatly exceeded the behavior of end-nailed bare frames. The lad-displacement histories show the relative
behavior of bare frames connected with MPCs to frames connected with end nails. They alsa show that by
increasing MPC size, the frame structural performance also increases. This is logical because MPC
conneclions are stiffer and stronger in tension when more MPC teeth are embedded into wood. {n other
words larger MPC sizes equal greater MPC sfiffness and footh embedment areas. Flexural rigidity
increases with MPC tooth embedment and plate stiffness.

Observing MPC-connected bare frames after loading shows there is some connection rigidity. The studs
are bent in double curvature. The wall frame is no longer a collapsible mechanism but a moment resistant
frame, which explains the enhancement in strength, stiffness, and energy dissipation. hgure 4.1 illustrates

a portion of a bare frame connected with MPCs.
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Figure 4.9. Stud 8ending in an MPC-Connected Bare Frame

Close inspection of an MPC-connection within a bare frame underloading provides further insight into
the MPC connection flexural behavior. The compression side of an MPC buckles about the weak axis.
Then, compression is resisted by the wood material of the framework within the connection. The resulting
tension force is rasisted by the MPC, The maximum flexural strength of the connection is commonly
controlled by either net section failure of the MPC in tension or the withdrawal of the MPC teeth from the
wood material. The failure mechanism for the MPC frame connections was found to be tooth withdrawal in

the strut. Net section failure was not visible in any tested MPC frame connections.
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Figure 4.10. MPC Connection Behavior

One other notable observation made in the MPC-connected bare frame tests was that rectangular MPCs
performed similary to square MPCs with the same length. Therefore, the square MPCs were eliminated

from the sheathed wall tests because the rectangular plates behaved similarty.
4.2.3 Sheathed Frames

Sheathed frames were tested to determine if MPCs affect shaathed wall behavior in terms of additionat
lateral resistance. Load displacement histories for sheathed frames were used to evaluate the performance
of sheathed walls containing frames connected with MPCs. Five characterstic values were used to
represent and compare sheathed frame behavior. These characleristic values were maximum load, design
load, stiffness at 1-in. drit, stifiness at 40% of maximum ioad, and energy dlssipation at 4-in. drit. Table 4.2
presents averages of {he five characteristic values for each sheathed frame type and the average increase
for ali behavior for MPC-connected sheathed frames wilh respect 1o the characteristic values determined for
end-nailed sheathed frames. Figure 4.11 presents the load-displacement histories for sheathed walls with
end nail-connected framework. Figures 12 through 15 present the foad-displacement histories for sheathed

walls with MPC connecled framework.
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TABLE 4.2. FRAMING CONNECTOR TEST BEHAVIOR CHARACTERISTICS AND INCREASES FOR
MPC-CONNECTED SHEATHED FRAMES

' T Stiffness at
Connection Maximum Design 40% of | Stiffness at
_ MPC Load Load Maximum |  1-in. Orift
| Load
i (Ibs) (bs) (ibfin.) (Ibfin.)
[ | (% Increase) | (%Increase) (% Increase) | (% Increase)
End-nailed } 2406 117 2014 1642
| 3x4MPC 2085 24 1241 ‘ 2104 4 | 1742 6
4 x5 MPC 1‘ 3232 1315 l> 2189 8 1915 17
 5x6MPC \ 495 45 \ 1308 2114 5 1868 14
1 6x7MPC I 3460 44 ’ 1412 26 ! 2454 22 1964 20 i

Energy
Dissipation
at 4-in. Drift

(K-in.)
(% Increase)

8.01 |
881 10 |

930 16 |

984 23 |

Daft (in )

—o— Wall 31 —— Wali 32 —— Wall 33 ~w— Wall 34 —— Wall 35

Figure 4.11. End Nail-Connected Sheathed Frames Load-Displacement Histories
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500

Orit (in.)
—a— Wall 126 —o— Wall 127 —a— Wall 128 —— Wall 129 —— Wall 130
Figure 4.12. 3x4 MPC-Connected Sheathed Frames Load-Displacement Histories

Drift {inl.]

—=— Wall 131 ——Wall 132 —— Wall 133 —<— Wall 134 —— Wall 135

Figure 4.13. 4x5 MPC-Connected Sheathed Frames L.oad-Displacement Histories

41



Load (lbs)

Load (Ibs)

Drift {in.}
—a— Wall 136 —e— Wall 137 —a— Wall 138 —— Wall 139 —— Wall 140

Figure 4.14. 5x6 MPC-Connected Sheathed Frames Load-Displacement Histories

Drift (in )

—a— Wall 121 —— Wall 122 —— Wall 123 —»— Wall 124 —— Wall 125

Figure 4.15. 6x7 MPC-Connected Sheathed Frames Load-Displacement Histories
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The load-displacement histories for sheathed walls in addition to the characteristic values for wall
behavior demonstrate that MPC-connected walls are stronger, stiffer, and dissipate more energy than walls
connected with end nails alone. Maximum load and energy dissipation increase as plate size is increased.
One puzzling result is the behavior characteristics for stifiness at 1-in. drift, stiffiness at 40% of maximum
load, and the design load are more greatly enhanced by the addition of 4x5 MPCs than by 5x6 MPCs. This
discrepancy in the data is intuitively incorrect and is accounted for by test variability discussed later in the
chapter.

The end nail-connected sheathed walls yield and lose a significant amount of stiffness before the MPC-
connected walls yield and therefore have a lower maximum load. However, the design load of end nail and
MPC-connected sheathed walls is calculated within a range of deflection in which the stiffness of the MPC-
connected sheathed walls is only slightly greater than the stiffness of the end nail-connected walls.
Therefore, the design loads do not have as great an increase as maximum loads when MPCs are used to
connect sheatned wall framework. Maximum Icad of the sheathed walls increased 24 to 44% when MPCs
were used to connect the sheathed wall framework whereas design load only increased 11 to 26%.

Energy dissipation at 4-in. drift increased 10 to 24% when MPCs, in place of end nails, were used to
connect the framework of sheathed walls. Figure 4,11 shows two end-nailed sheathed frames failing at
approximately 3-in. deflection at which the load capacity fell significantly. No MPC-connected sheathed
frames experienced such a failure, which demonstrates that MPC-connected sheathed frames fail in a more
ductile fashion than end-nailed sheathed frames. If the walls could be tested with a system that allowed
more than $-in. drift, energy dissipation increases would be much greater.

Another conclusion may be drawn by comparing load-displacement behavior of bare frames and
sheathed walls. The MPC-connected sheathed frame maximum load was increased 24 to 45% with respect
to the maximum load of sheathed walls with end-nailed connections. MPC-connected bare frame load at 4-
in. drift increased 187 to 559% with respect to the load at 4-in. drift of end-nailed bare frames. Stiffness at
1-in. drift and energy dissipation at 4-in. drift also increased more for bare frames rather than sheathed
walls. Therefore, sheathing and its connection to the framework are still the primary shear force and

moment resisting elements in a sheathed shear wall.
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4 2.4 Bending Stiffness and Moisture Content
The bending stiffness and moisture content of each framing member was measured. Table 4.3 lists the

average bending stiffness and moisture content of the wall framing members for each bare frame. Also
listed in the table are the coefficients of variation for these bending stiffness and moisture content. Tabie
4.4 presents the average bending stiffness and moisture content along with coefficients of variation of the
wall framing members for each sheathed wall.

The range of average bending stifiness for the walls in the framing connector tests was 1.31 E+06 Ib-in.2
ta 1.75 E+06 Ib-in.2. The National Design Specification for Wood Construction lists the average modulus of
elasticity for all DFL No. 2 lumber as 1.6 E+06 psi. The modulus of elasticity multiplied by the weak axis
moment of inertia for a perfect 2x4 section is 1.57E+086 Ibs-in.2, The National Design Standard for Wood
Construction also states that the coefficient of variability for the modulus of elasticity of visually graded
lumber is 25%. The results for bending stiffness of the wall members fall within a reasonable range. The
moisture content measurements however do not. The average moisture contents for all walls in the framing
connector tests fall between 10.9 and 19.9%. The coefficients of variation of moisture contents for the walls
are as high as 40%. Moisture content adversely affects the tests conducted in this study. The tooth holding
properties are weakened as a result of high moisture content. High moisture content makes wood softer.
When MPCs are in tension, they bear against the soft wood. The soft wood aliows the MPC tooth to deflect
and rotate more which weakens the tooth and further weakens the wood material surrounding the nail which
subsequently facilitates tcoth withdrawal.

If all variability other than the bending sfiffness and moisture content of the framing members was
removed from the experimental tests, walls with a combination of the highest bending stifiness and lowest
moisture content would resist the most lateral load and be the stiffest. Similarly, walls with a combination of
the lowest bending stiffness and highest moisture content would be the weakest and most flexible. Results
were collected for 65 walls in the framing connector tests. Of the 65 walls, 2 had the highest average

bending stiffness and lowest average moisture content in their respective tests sets. Wall 10 in the 6x6
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MPC-connected bare frame test had an average bending stiffness of 1.60E+06 Ib-in.2 and an average
moisture content of 13.33%. Wall 140 in the 5x6 MPC-connected sheathed wall test set had an average
bending stiffness of 1.53E+06 Ib-in.2and a moisture content of 10.89%. If no other variability was
introduced to the tests, these walls would be expected to be the strongest and stiffest walls in their
respective test sets. All walls in the 6x6 MPC-connected bare frame load-displacement histories follow a
very similar load-displacement path. Wall 10 is the strongest wall in the group but anly by a very small
margin. Wall 140 of the 5x6 MPC-connected sheathed wall test set follows a load-displacement path
through the center of the results. Two walls had the lowest average bending stiffness and highest average
moisture content in their test sel. Wall 20 i1 the 6x7 MPC-connected bare frame test had an average
bending stiffness of 1.31E+06 Ib-in.? and an average moisture content of 17.78%. Wall 138 in the 5x6 MPC-
connected sheathed wall test set had an average bending stiffness of 1.37E+06 Ib-in.Z and a moisture
content of 13.11%. These walls should be the weakest and most flexible walls in their respective test sets if
no other variahility was introduced. Wall 20 was the weakest and most flexible wall in its test set after a
drift of approximately 1-in. Wall 138 follows a load-displacement path through the center of the results of

the 5x6 MPC-connected sheathed wall test set.

Some wall load displacement paths deviated from the trend defined by the other wall histories for the
given test set. Walls 21, 136, 30, and 11 showed considerably stronger and stiffer load displacement paths
in comparison to other walls in their respective tests sets. However, none of these walls had the highest
average bending stiffness in their test sets. Only walls 30 and 11 had the lowest average moisture content
and wall 11 had the lowest average bending stiffness for its test set. Walls 26, 20, 126, 133, 137, and 124
all showed considerably lower strength and stiffness for their common tests sets. Only wali 20 had the
lowest average bending stiffness and highest average moisture content. Wall 133 had the highest average
moisture content but only a midrange average bending stiffness. Wall 124 had the lowest average bending

stiffness but only a midrange average moisture content. Wall 26 had the highest average bending stiffness
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and midrange average moisture content for its test set. Wall 137 had both midrange average bending
stifiness and average moisture content.
4.3 Framing Connector Test Conclusions

Several conclusions may be drawn from the framing connector tests. First, MPCs benefit bare frames
and sheathed walls alike, but sheathing is still the primary element in shear wall strength. This is evident in
that sheathed walls did not benefit from MPCs nearly as much as bare frames did when connected by
MPCs. Second, connection rigidity and strength increases with plate size. This is logical because the
connection failures are governed by MPC stiffness and tooth withdrawal which is directly proportional to the
size of the MPC and tooth embedment area, respectively. Larger MPC sizes increase the MPC stiffness
and amount of tooth embedment area. Third, end nail-connected sheathed walls are initially less stiff and
will yield under far less load than MPC-connected sheathed walls. The maximum load of an MPC-
connected sheathed wall is much greater than the maximum load of an end nail-connected sheathed wall,
but the design load of the MPC-connected sheathed wall is not much greater than that of an end nail-
connected sheathed wall.
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TABLE 4.3. FRAMING CONNECTOR TEST BENDING STIFFNESS
AND MOISTURE CONTENT OF BARE FRAMES

e e . B
| Tests Set Wall ! A\('fg_?gi)a | COVEl | Average MC COVMC
} 1 1.62E+06 0271 11.89 0.08
, 2 | 143E+06 | 07 1200 | 032
et | B 161E+06 | 0.20 1367 | 0.33
4 161E+06 | 019 | 1356 014
|5 | 148E+08 | 020 1322 | 014
| 116 1.62E406 |  0.18 13.56 0.18
xd4MPC- 17 T41E406 | 030 | 1422 0.35
| Connected | 118 | 154E+06 | 0.20 [-d2% | ot6
. Bare Frames | 119 1.51E+06 016 | 1633 | 029
| |20 | 1.50E«06 | 024 | 1833 | 040
1 168E+06 0.23 1378 047
4x4MPC- | 112 | 150E+06 | 018 1433 | 035
Connected | 113 1756406 | 022 |  16.56 0.33
BareFrames | {14 | {62E+06 | 023 | 1ai1 0.29
115 | 17HE+06 | 0419 11.78 0.10
| 2% | 158E+06 018 1678 | 029
4x5 MPC- 27| 153E+06 e 007 .11 | 032
Connected | 28 147E+06 | 0.16 15.56 0.30
Bare Frames 29 1.44E+06 0.14 1841 | 029
- }_ 30 146E+06 | 026 | 1356 0.15
11 1.42E+06 015 | 1467 | 025
SXSMPC- . 12 | 1.55E+06 017 | 1611 014
| Connected | 13 | 154E+06 | 0.2 15.22 015
| BareFrames , 14 1.58E+06 0.21 1833 0.25
| 15 163E+06 | 0.29 18.00 0.31
| 21 | 143406 | 0.2 | 1822 0.38
| 56 MPC- ‘ 22  168E+06 |  0.29 154 0.32
| Connected | 23 | 1.69E+06 0.27 1989 0.28
| BareFrames | 24 | 138E+06 | 037 1533 0.34
L[ isEes 08 | 183 | 02
L6 | 134E+06 024 | 142 | 014
 GGMPC- | 7 148E+06 024 | 1844 0.37
| Connected 8  135E+06 | 018 | 1333 0.14
| Bare Frames | 9 | 156E+06 023 | 1378 0.12
| a0 | 1e0E%06 | 047 133 1 o1
| |46 | 1496405 | 032 | 1456 0.15
| BX7MPC- 17 1 1A1Es06 | 020 | 1678 } 0.40
' Connected 18 | 1.62E+06 012 | 1622 | 026
| Bare Frames | {9 | 1B9E+06 |  0.19 l: 15.89 t— 0.35
b o 20 | 13E+8 | 020 | 1778 0.41
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TABLE 4.4. FRAMING CONNECTOR TEST BENDING STIFFNESS
AND MOISTURE CONTENT OF SHEATHED WALLS

| TestSet Wl i A‘;fbﬁgge' COVEl | AverageMC | COVMC ]
. mamec. | 126 }__14_5@6 022 1333 018 |
Connected | 127 1.54E+06 016 | 1289 | 015
Walls With 128 | 155E+06 0.22 1367 | 028
o Medn | T8 1B6E06 026 | 1222 | 014
| Sheathing | 439 | T146E+06 | 020 | 1189 | o011
. ssmpc. . 131 1.40E+06 015 | 1178 011
WallsWith 133 ___‘___1.43E+06 028 1322 | 008
7/18-in. 134 1.44E+06 0.26 12.44 0.11
| Sheathing " 435 | 164E+06 | 025 12.00 0.13
| 5x6 MPC- 136 | 1.42E+06 0.27 1241 016
" Connected 137 | 1.47E+06 0.17 12.33 0.12
WallsWith | 138 | 1.37E+06 | 0.16 1311 | 02
718-in. 139 1.47E+06 0.26 13.11 0.23
Sheathing | 140 1.53E+06 014 | 1089 | 015
| 6x7 MPC- 121 ] 184E06 | 033 1244 o
Connected 122 ~ 1.66E+06 0.23 13.78 021
Walls With 123  1.72E+08 0.13 15.56 031
7/16-in. 124 1626406 | 012 | 1389 013
Shesthing s T qegews | on2 | fadt 06
| R 1426406 | 023 1533 040
| onaled 32 | 165E!6 | 026 | 1500 | 038
 Mgin L 33 | 143E¥06 | 022 1456 } 0.29
. Sheathing |- 3 | 1428406 | 018 - 112 0.27
| |3 1.50E+06 j 0.27 | 1611 0.26
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CHAPTER 5

FRAMING MEMBER STIFFNESS TESTS

Conventional shear walls employ an end-nailed frame covered with sheathing, which is aftached with
sheathing nails. The sheathing provides stiffness to the wall while the frame resists gravity loads and
supports the sheathing. As the wall racks due to lateral loads, the framing distorts as a parallelogram while
the sheathing rotates as a rigid body with deformation occurring in the end-nailed connection between the
sheathing and the frame. There is no framework bending and therefore no racking resistance is provided by
the frame. By connecting the framework with semi-rigid MPC connections, it was expected that the frame
would provide racking resistance to the wall. The semi-rigid connections would resist moment and provide
frame bending stiffness. Framing member stiffness tests were used to investigate MPC-connected bare
frame behavior and the changes in this behavior when the framing member stiffness is changed. The
bending stiffness of wood is correlated to the wood grade. Therefore, three grades of wood framing

members were used to provide a wide variety of bending stiffness.
5.1 Framing Member Stiffness Test Description

Three grades of lumber from two species of wood were used for frame construction. The stiffest grade
was Southern Pine No. 1 (SYP No. 1). The other two grades are Douglas Fir-Larch, DFL, Nos. 2and 3. A
lower grading number indicates clearer wood with fewer defects. All framework is visually graded
dimensional lumber. Wood members are visually inspected for defects that adversely effect wood strength
and stiffness. Defects such as knots, splits, and wane grow naturally in wood and are the basis for wood
grading. After each member is sawn fo size it is graded fo give designers strength and stiffness values with
which to work.

Six bare frame sets each containing five replications were constructed with one of the lumber grades

and were either MPC or end nail-connected. The names for the sets are No. 1 Nailed, No. 1 MPC-
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connected, No. 2 Nailed, No. 2 MPC-connected, No. 3 Nailed, and No. 3 MPG-connected. Each bare frame

was 4 ft long and no frames were sheathed.
5.2 Framing Member Stiffness Test Results

5.2.1 Wall Tests

Two LVDTs were used to measure the lateral frame top displacement relative to the frame bottom. Thls
relative displacement was plotted versus the coinciding load to force the relative displacemant. These plots
are the load- displacement histories. The load-displacement histories for the framing member tests are

presented in Figures 5.1 through 5.6.

Drift (in.)

—a— Wall 61 —— Wall 62 —— Wall 63 —«— Wall 64 —— Wall 65

Figure 5.1. No. 1 End-nailed Load-Displacement Histories
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Lead (lbs)

Load (bs)

.z 228882858 ¢&¢8

Duifi (in.)
—— Wall 66 —— Wall 67 —— Wall 68 —=— Wall 69 —— Wall 70

Figure 5.2. No.1 MPC-Connected Load Displacement Histories

70

Dat {in.) -

—— Wall 1 —e— Wall 2 —— Wall 3 —— Wall 4 —o— Wall 5

Figure 5.3. No. 2 End-nailed Load-Displacement Histories
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Drift {in )
- a—Wall 21 —— Wall 22 —— Wall 23 —— Wall 24 ——Wall 25

Figure 5.4. No. 2 MPC-Connected Load-Displacement Histories

200 -
180 |

160 | -

0 |
120
100 |

Load (Ibs)

Onif (in.)

—o— Wall 71 —o— Wall 72 —a— Wall 73 —e— Wall 74 —— Wall 75

Figure §.5. No. 3 End-nailed Load-Displacement Histories
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Drift (in.)

—o— Wall 76 —— Wall 77 —— Wall 78 —— Wall 79 —— Wall 80

Figure 5.6. No. 3 MPC-Connected Load-Displacement Histories

By examining the load-displacement histaries for each frame set it was first observed that none of the
frames reached failure. The frames constructed for this test were neither very strong nor stiff in companison
to conventional 4 ft end-naited sheathed walls. The end-nailed frame strength was controlied by nail
bending. The MPC-connected wall strength was provided by the bending stiffness of the framework and
MPC moment resistance. The load-displacement histories indicate a ductile behavior, This is logical
because the frame is controlled by connections made of steel, a ductile material.

Visual observations of the walls showed that each MPC-connected wall behaved as moment resistant
frames with soft joints. One could easily observe bending of the studs during loading. The MPC
connections forced the studs fo stay in contact with the struts and allowed less end rotation than end-nailed
connections as shown in Figure 5.7. End-nailed wall studs could be seen to rotate as rigid bodies rocking
on edge. The end-nailed connections separated as shown in Figure 5.8. MPCs provided much more

rigidity both visually and in the acquired load-displacement behavior.
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Figure 5.7. MPC Connection During Loading

Gap Dug to
Rotation

Figure 5.8. End Nail Connection During Loading
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Three characteristic values were cakculated numerically to compare frame behavior. These values are
load at 4-in. drift, stiffness at 1-in. drift, and energy dissipation at 4-in. drift as defined in chapter 3.

Averages of these values are shown in Table 5.1.

TABLE 5.1. FRAMING MEMBER STIFFNESS TEST BEHAVIOR CHARACTERISTICS

-;N_all Set ‘ Load at 4-in, Stiffness at 1-in. Energy Dissipation |
| Drift (lbs) | Drift (bsfin) at 4-io. Drift (K-in.) '
No. 1 Nailed | 36 | 32 0.13
—_No._1-M-PC-— T E T I I
76 |
 Commected | R I S I
No. 2 Nailed ', 56 |' 37 0.16
e e s N ; - _ |
No- 2 M W 327 | 124 | 077 \
 No.3Nalled | 109 76 | 0.34
No. 3 MPC- T ]
_ Comeste | T | 1% s

The results from the framing member stiffness tests show that MPC-connected frames performed better
than end-nailed frames as before. Using MPCs to connect the framing members increased the average
load at 4-in. drift by 248 to 285 Ibs. Average sfiffness increased 85 to 90 Ibs/in. and average energy
dissipation increased 0.59 to 0.63 K-in. However, there was no explicit evidence that racking resistance is
increased by increasing bending stiffness of the framing members. The frames composed of No. 1 SYP
and No. 2 DFL behaved similady. The No. 3 DFL frames resisted approximately 30 more Ibs of lateral
force, were stiffer by approximately 40 Ibs/in., and dissipated approximately 0.16 K-ins. more energy than

the No. 1 SYP and No. 2 DFL frames. The No. 1 and No. 2 walls behaved similarly.
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5.2.2 Bending Stiffness, Moisture Content, and Tooth Holding Properties

Load-displacement histories and the subsequent behavior charactenstics (strength, stiffness, and energy
dissipation data) from framing member stiffness lests showed results which contradict intuition. Vanability in
wood properties (bending stiffness, moisture content, and tooth holding properties) were investligated to
determine their influence on test results. Since framing member bending stiffness is not employed in end-
nailed bare frames, only the effects of bending stiffness, moisture content, and tooth holding properties of

the members within MPC-connected bare frames were investigated.
5.2.2.1 Bending Stiffness

Bending sliffness was determined experimentally via static load-displacement tests. Table 5.2 presents
the average bending stiffness with the corresponding Coefficient of Variation, COV, for all framing members
connected with MPCs. Also listed are the design values for each lumber grade as specified in the 1997
NDS. The Modulus of Elasticity values for from the NDS are multiplied by a weak axis moment of inertia for

a perfect 2x4 cross section, 0.984 in4.

TABLE 5.2. AVERAGE BENDING STIFFNESS

Framing Grade Bendrrllgb_sirt‘rf;;\ess El cov
SYP No. 1 As Tested 1.73E+06 0.29
~ SYPNo.1NDSDesign | o -
T e \ | 1.e7g+oe | 0.25 |
DFL No. 2 As Tested | 1 55E+06 ]' 0.27-
DFLNo. 2NDS Design |, .. o )
Ve | 1.5?E_+06 | 0.25
DFLNo. 3 As Tested | 1.52E+406 | 0.28
" DFL No. 3NDS Design | 1_3.8E +66 1 5 25'_ ' |
. 3 |

. Vale
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The member stiffness data presented in Table 5.2 contain several points of interest. First, only the No. 2
frames had members with a lower average bending stifness, 1.55E+06 Ib-in.2, than the design value
specified by the NDS, 1.57E+06 Ib-in.2. The No.1 frames had an average banding stiffness, 1.73E+06 Ib-
in.2, which was higher than specified by the NDS, 1.67E+06 Ib-in.2. The No. 3 frames also had a higher
average bending stiffness, 1.52E+06 Ib-in. than specified by the NDS, 1.38E+06 Ib-in.2. Second, the
COVs for the all three framing grades used were similar. The COV of 25% for the NDS values comes from
the 1997 NDS. The NDS states that the COV for visually inspected sawn lumber is 25% and that this value
was determined by field experience and tests. Therefore, since the COVs for the lumber employed in the
framing member stiffness tests are similar {0 those recommended by the NDS, the variability of the lumber
used for the tests was within reason. Last, the average stiffness of the No. 3 frames were much higher than
specified by the NDS, an increase of 0.13E+06 |b-in.2.  The No. 1 frames average bending stiffness was
only 0.06E+06 1b-in.2 greater than the NDS specified. The res_ults of bending stiffness atone suggest that
the No. 1 grade frames should perform befter with regards to strength, sliffness, and energy dissipation than

the No. 2 or No. 3 grade frames. However, as previously stated, this was not the case.

5.2.2.2 Moisture Content

Wood moisture content affects connection properties and therefore must also be considered. Table 5.3

presents the average moisture content for the framing members in each test set.

TABLE 6.3. AVERAGE MOISTURE CONTENT FOR TEST SET LUMBER GRADE

Framing Grade _ Moisture Content | cov.
! SYPNo.1 =~ 1.5 0.13 )
| DFLNo.2 188 | 0.32 |
_ DFLNe3 | 19 r 012 ]
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The moisture contents were within reason for No. 1 and No. 3 framing members with 11.5% and 11.9%
respectively. Thay also had low COVs at 0.13 and 0.12. The No. 2 members had higher and more variable
moisture content with an average of 16.8% and a COV of 0.32. High moisture contents adversely affect the
tooth holding properties of wood. This may explain why No. 2 grade frames were more flexible and weaker
than the No. 3 grade frames. From the results of moisture content alone, it would be expected that the No.
3 walls would perform similarly or slightly better than the No. 2 walls in regards to strength and stiffness. It

would also be expected that the No. 1 walls would perform better than the No. 2 and No. 3 walls.
5.2.2.3 Combined Bending Stiffness and Moisture Content

Another aspect of the bending stiffness and moisture content tests that must be investigated is the
performance of a single wall within its padicular test set. A wall with a cambination of relatively high bending
stiffness and low moisture content for its given test set should perform better than the other walls in its set
with combinations of lower stiffness and higher moisture content. The opposite should also be true. Walls
with a combination relatively low stiffness and high moisture should perform poorly with respect to the other
walls within the set. Table 5.4 presents the bending stiffness and moisture contents of each MPC-

connected frame.
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TABLE 5.4. FRAMING MEMBER STIFFNESS TEST BENDING STIFFNESS AND MOISTURE CONTENT

—y

Cwal | AverageE SESY | M it
MELSEL T Number (o4 | Content | COV
5x6 MPC- 66 | 1926%06 | 049 | 12% A
Connected 67 1.41E+06 0.43 1% | 009
Bare Frames 68  1.84E+06 0.31 o 12% 014
With No 1. 69 | 1.77E+06 0.28 2% | 040
Framing = o :
70 1.71E+06 024 1% | 043 |
Y 143E+06 | 0.2 18% | 038
s 2| tem0s | om | ww | 0n
Bare Frames 23 1.89E+06 0.27 20% E&
With No. 2. o4 | 1.38E+08 0.37 15% 034
| Framing 25 | 159E+06 |  0.18 5% | 022
seMPc. 76 | 161E+06 | 0.4 1% 013
Connected | 17 1.70E+06 0.28 12% 007 |
Bare Frames | 78 | 1.25E+086 |  0.39 12% 008 |
With No. 3. 79 | 138E+06 | 016 12% 0.16
reming 80 | 168E+06 |  0.25 12% 013 |

S — —

The MPC-connected frames with No. 1 SYP had members with variable average stiffness. Frame €6 had
an average bending stiffness of 1.92E+06 Ib-in.2, the highest for this test set. Frame 67 had an average
bending stiffness of 1.41E+06 Ib-in.2, the lowest for its test set. The load-displacement history presented in
Figure 5.2 shows that all walls in this test set behave very similarly despite the variability in bending
stifiness.

The MPC-connected frames fabricated with No. 2 DFL had members with variable average stiffness and
variable average moisture content. Frame 22 had nearly the highest average bending stifiness, 1.68E+06
lb-in.2, and frame 21 has the nearly the lowest, 1.43E+06 Ib-in.2. Frames 22 and 21 had average moisture
contents of 15 and 18%. No wall in this group has a combination of highest average stiffness and lowest
average moisture or lowest average stiffness and highest average moisture but these walls are the best
representatives. Despite frame 26 having lower stiffness and higher moisture than frame 27, it was initially

stronger and stiffer as can be seen in the load-displacement history presented in Figure 5.3.
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The MPC-connected frame fabricated with No. 3 DFL had members with relatively average stitfness and
refatively constant moisture content. Frame 77 has the highest average bending stiffness, 1.70E+06 ib-in2,
and wall 78 has the fowest, 1.25E+06 (b-in.2. Frame 77 Is shown in the load displacement history presented

in Figure 5.5 to be the stiffest and strongest initially and wall 78 is the weakest and mast flexible initially.

5.2.2.4 Tooth Holding Properties

As walls failed, neither MPC net section tensile nor MPC shear failures were seen. Joints were failing in
tensile tooth withdrawal. Tooth withdrawal failures were noticed to accur in the struts. Therefore, tooth
holding properties greatly affected the rigidity of the MPC connections. ES Report ER-5352 (2001) kists the
tensile tooth holding design capacity of the Wave ™ metal connector plate per square inch of plate
embedment area for various connection geometnes. MPC teeth slots ran perpendicular to the grain of the
struts and paraliel to the gain of the studs. This orientation is defined as an AE orientation in the ES Report.
For this orientation, SYP has a capacity of 163 ibs per square in. of plate embedment area for tensile tooth
withdrawal. The Douglas fir only has 145 Ibs of capacity per square inch for tensile tooth withdrawal.
Therefore, barring all other variability, MPC-connected frames with SYP No.1 framing should have been the

strongest, sliffest, and most ductile.
5.3 Framing Member Stiffness Test Conclusion

The resuits of the framing member tests are inconclusive. The load dispiacemant histories and
numericat values for strength, stiffness, and energy dissipation show that walls constructed with No. 3
framing performed the best. The results of the bending stiffness and moisture content tests contradict this
and show that if bending stiffness and moisture content affect frame performance, the No. 1 frames should
perform best. Also, the results of the individual frames compared to the other frames in.their respective test
set show that only two of six walls performed the best or the worst when having a comesponding
combination of high average bending stiffness and low average moisture content or low average bending

stiffness and high average moisiure content respectively. The tooth holding properties for SYP (umber are
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greater than those of DFL lumber; therefore the No. 1 framed walls should have been the strongest, stiffest,
and most ductike.

There are several possible explanations for the contradicting results in the framing member tests. First,
two different species of wood were used. DFL No. 1 lumber was expensive and difficult to obtain and thus
was replaced with SYP lumber for one set of tests. The toath holding properties of MPCs for DFL are
different than those of SYP. Therefore, the DFL frame connections are weaker than the SYP frame
connections. Although it is a fact that the SYP frame connections are the strongest and stiffest, the test
results contradicted this. This contradiction is seen through the behavior characteristics when comparing
the No. 3 DFL frames to the No. 1 SYP frames. The No. 3 DFL frames were stronger and stiffer than the
No. 1 SYP frames. Although the vanability in wood species is present and should be removed, it is likely not
the variability that skewed the test results in light of the contradiction in behavior compared to tooth holding
properties. Second, variability is introduced inherently in wood construction. One example of this is the
framing width. Studs and struts that must be connected are not afways the same width. This leaves gaps
between the wood and MPC so that MPC teeth are not fully driven into the wood material. Also, wood is an
anisotropic material therefore MPC connections can not passibly be made the exact same way. Variability
also comes from the defects in wood material. Voids in the wood such as wane and splits can be in the
MPC embedment area. Therefore MPC embedment areas vary from connection to connection. Third, out-
of-plane bracing was used to ensure walls racked in plane. This out-ol-plane bracing was applied in a way
which the amount of friction applied with the out-of-plane bracing could not be controlled. The possible
friction force may have had influence on walls that resist relatively small lateral forces. Fourth, there was a
lack of control of the moisture content of the framing members prior to frame construction and testing.
Moisture content affects the framing member stitiness tests in two ways. The modulus of elasticity and
therefore the framing member stiffness is inversely proportional to moisture content. Stiffness is lost when
moisture content rises. Also, the wood in the embedment area of the MPCs softens when moisture is added

and therefore decreases the tooth holding properties of the MPCs. .
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The framing member stiffness tests showed that MPG-connected bare frames were stronger and stiffes
and dissipated more energy than end-nailed bare frames. However, the results are inconclusive as to the
effects of changing the lumber grade and therefare the bending stiffness used in construction. It was
determined that because of the use of two species of wood, the inherent variability of wood and construction
with MPC plates, friction from the wall out-of-plane braces resisting load, and the fack of control of moisture
contents for framing members, the framing member stiffness tests showed no changes in wall behavior that
could be directly attributed to changes in framing grade. It is recommended that these tests be conducted
again with slight modifications. First, testing should use ane species of wood in which three grades can be
obtained. Second, testing should be conducted on sheathed frames to determine if changes in framing
grade effect sheathed walls. Third, environmental conditions of the lumber should be controlled and
measured to obtain uniform moisture content. Finally, the walls should be taterally braced in such a way as

to control and fix the amount of frictional force developed.
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CHAPTER 6

SHEATHED WALL TESTS

Lateral load fests were conducted with frames sheathed with oriented strand board to detemmine the
effects of MPC framework connections in sheathed walls. The behavior of sheathed walls with nail-
connected framework and MPC-connected framework were evaluated and compared. As stated in Chapter
4, structural sheathing and its associated connections are the pnmary element for lateral load resistance.
When a conventional shear wall is laterally loaded, sheathing rotates as a rigid body as the framework
distorts as a parallelogram. Since sheathing deflects into a different configuration than the frame, nails
connecting the two are forced to bend and pull through the sheathing or out of the framework. Sheathing
will resist racking force untit the sheathing nails can no longer rigidly connect the sheathing to the frame. By
increasing the sheathing thickness, walls can resist much more lateral load because sheathing is stronger,
stiffer, and thicker, and mare farce is required to pull sheathing nails through the sheathing. Several
sheathing products are available for wall construction; however, only one type was selected 1o limit
variability. The sheathing type selected was Oriented Strand Board (OSB) due to its wide availability and
use. OSB is produced by laying rectangular wood strands in layers with the wood grain running in a single
direction. Three or more layers are laid so stands run perpendicular to one another and ars bonded with

adhesive under heat and pressure.
6.1 Test Description

Three OSB thicknesses were used for these tests to determine the influence of MPC connectors on
shear wall behavior when sheathing stifiness is altered. The three thicknesses were 1/4-in.. 7/16-in., and
5/8 in. All walls in this test were 4 ft long by 8 ft tall, constructed with DFL No. 2 visually graded dimensionat
lumber framing members connected with either end nails or 5x 6 MPCs. Five replications were fabricated

and tested for each test sef,
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6.2 Test Results

6.2.1 Sheathed Walls

The moment resistant behavior of framework connected by 5x6 MPCs and sheathed with 1/4, 7/16,
and 5/8 in. thick OSB was evaluated thraugh experimental testing and then compared fo walls with the
same sheathing but end-nailed connected framework. Figures 6.1 through 6.6 present the load-
displacement histories for the walls investigated in the sheathed wall tests.

Figure 6.1 presents the load displacement histories for the 1/4-in. sheathed end-nalled walls. The 1/4-
in. OSB is weak and the sheathing material near the sheathing nail Is easily destroyed during the process of
driving nails with a pneurnatic nail gun. Two walls in this set were constructed with overdriven sheathing
nails and showed very little stiffness and strength. Since the cause of early failure of the walls was easily
detected, the results were not presented as they would not represent a conventional wall.

Five charactenstic values were caiculated from load displacement history data to compare behavior
characteristics of the sheathed end-nailed and 5x6 MPC-connected walls. The five behavior characteristic
values were maximum load, design load, stiffness at 40% of maximum load, stiffness at 1-in. drift, and
energy dissipation at 4-in. drift. These values are presented in Table 6.1. Table 6.2 lists the percent
increase calculated by using the 5x6 MPCs to connect the framework instead of end-nailed connections.

The results in Table 6.1 show that by increasing sheathing thickness, wall strength, stiffness and
energy dissipation were increased. The walls also performed better in regards to strength, stiffness and
energy dissipation when MPCs rather than end nails were used to connect the wall framework.

From Table 6.2, the average maximum load for the sheathed and MPC-connected walls rises and falls
as sheathing thickness is increased. (n Chapter 4, it was determined that the average load at 4-in. drift of
bare frame walls was increased greatly when MPCs were used to connect the framework. Since 1/4-in.
sheathing is the thinnest and weakest sheathing used in these tests, it is conceivable that the average
maximum load of the 1/4-in. sheathed walls should increase the most when MPCs are used 1o connect the
framework. Howevar, the resuits of Table 6.2 show (hat the average maximum load increases the ieast for
1/4 in. sheathed walls. The sheathing nail connections were investigated to determine the cause of this
disagreement. Many of the sheathing nails are driven through MPCs in order to connect the sheathing to
the framework for walls with MPC-connected framework. The nails driven through MPCs are done so along
the top and bottom edges of the sheathing and therefore are the nails that do the most work to resist
sheathing rolation. This can be seen in Figure 2.2. Since the MPC is between the sheathing and the

framework, the behavior of the nailed connection is different than if no MPC were present.
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Load (Ibs)

Dnift (in.)
—o— Wall 41 —— Wall 42 —s— Wall 43

Figure 6.1. Load-Displacement Histories for 1/4-in. Sheathed End-nailed Walls

Drift (in.)

—a— Wall 46 — - Wall 47 —— Wall 48 —— Wall 48 —— Wall 50

Figure 6.2. Load-Displacement Histories for 1/4-in. Sheathed MPC-Connected Walls
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Load (ibs)

Load (Ibs)

Drift (in.)
—a—-Wall 31 —— Wall 32 —a— Wall 33 —«— Wall 34 —— Wall 35
Figure 6.3. Load-Displacement Histeries for 7/16-in. Sheathed End-nailed Walls
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1500 -
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Drift (in.)

~a— Wall 136 —— Wall 137 —— Wall 138 —«— Wall 139 —— Wall 140
Figure 6.4. Load-Displacement Histories for 7/16-in. Sheathed MPC-Connected Walls
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Ontft (in.)
—a— Wall 51 —e— Wall 52 —a— Wall 54 —— Wall 55

Figure 6.5. Load-Displacement Histories for 5/8-in. Sheathed End-nailed Walls

Drift (in.)

—o— Wall 56 —o— Wall 57 —s— Wall 58 —e— Wall 59 —— Wall 50

Figure 6.6. Load-Displacement Histories for 5/8-in. Sheathed MPC-Connected Walls
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TABLE 6.1. SHEATHED WALL TEST RESULTS

— 1| | Stffness at ‘ T ‘Eﬁe};_ '
Maximum Design 40% of Stiffness at LS
c 088. Load Load Maximum | 1-in. Drift Dli‘f’;’?ag%rf‘tat
onnection (fbs) (lbs) Load (Ibsiin.) (Kin)
- ~ | {ibsfin.) _ _ v
_ MA4-n Nail | 2289 | 1069 | 2189 1598 | 637 |
_ 1M-in.Plate | 2335 1369 e 1795 - 7.07
76in. Nal | 2718 | 17 | 2014 | 842 | 801
_ TN6-in.Plate | 3636 1308 2114 ‘ 1868 984 |
~slBinNal | 3246 | 1252 | 20897 | 1893 928
5/8 in. Plate 3862 | 1285 | 2158 1951 | 1021 |
TABLE 6.2. SHEATHED WALL TEST BEHAVIOR INCREASES
. Maximum Design Stliﬁ(;‘lzs :fai Stiffness at . E_nergy :
Connection Load Load Ha g 1-in. Drift Dlis:r?alg?r?t at ;
! - S | 7Load S e 5% _________- o |
| _1/4-in.0SB | 3% 28% A44% 12% %
| 716-n.0SB | 34% - 17% 5% 14% 23%
i 5/8in.0SB 19% 3% 3% % 0%

Table 6.3 lists the nail capacity of an 8d sheathing nail which is 2-3/8 in. long with a 0.113-in. diameter
connecting the three thicknesses of sheathing to a DFL framing member calculated from the National
Design Specification for Wood Gonstruction, 1987. The six possible failure modes for the nail are
presented. Figure 6.7 illustrates these failure modes. Mode Im represents crushing of the main member.
Mode Is represents crushing of the side member. Mode Il represents nail rotation. Mode I{im represents
the formation of a plastic hinge in the nail and crushing of the main member. Mode 1lls ‘represents plastic
hinge formation in the nail and crushing of the side member. Made [V represents the formation of two
plastic hinges in the nail. For the application of shear walls, the sheathing is always the side member and

the framing is always the main member
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TABLE 6.3. SHEATHING NAIL FAILURE MODE

Failure Mode 1/4-in. OSB 5/8 in. OSB 7/16-in. OSB
Im 507 462 417
Is ' 59 104 149
I 175 155 139
Hm 174 159 145
s 51 56 65
W% 72 72 72

Mode Im I—[ 1 | :%I— Mode llim

Mode |s E ' Mode Il
U
Mode II % Mode IV

Figure 6.7. Nail Connection Failure Modes

From Table 6.3, the failure mode for nails connecting the 1/4-in. QSB to the framework of an end nail-
connected wall is Ills with a lateral capacity of 51 16s. If a MPC were placed between the main and side
members the capacity of the llls failure mode would increase in capacity since the MPC would resist the
crushing of the main member (see Figure 6.7). The capacity before failure could increase from 51 to 59 Ibs
and remain in the Ills failure mode but it cannot exceed 59 Ibs because the failure mode would change to Is
which is not affected by addition of the plate. The capacity of the connection most used fo resist sheathing
rotation can only increase slightly for the 1/4-in. sheathed MPC-connected walls, It must also be noted that
the behavior of nails that do not pass through MPCs do not change.
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The added load capacity of the MPCs and bending framework acting independent of the sheathing
must also be considered. The average maximum load at 4-in. drift for 5x6 MPC-connected bare frames was
327 Ibs and this load was not reached until the wall had drifted 4-inches. The average maximum load at 4-
in. drift for end nail-connected bare frame was 56 Ibs. This suggests that MPCs only slightly increase the
lateral load capacity, 271 Ibs, by forcing the framework to bend and slightly increase the lateral load capacity
of the wall by increasing the capacity of the sheathing nails for the 1/4-in. sheathed walls. This must also
be investigated for the walls with thicker sheathing.

Table 6.2 shows that the average maximum load is increased by 34% for 7/16-in. sheathed walls by
using MPC connections. Table 6.3 shows that the comer nail capacity can be increased by nearly double
before the sheathing nail failure mode is limited to an Is failure. The Is failure mode is not effected by the
MPC like the Ills and IV failure modes are. The combination of the added capacity of the sheathing nails for
7/16-in. sheathed MPC-connected walls, which is conceivably twice the capacity of the sheathing nails in
the 1/4-in. sheathed MPC-connected walls, with the lateral load capacity from the semi-rigid framework
could greatly increase the average maximum load of the 7/16-in. sheathed MPC-connected walls. The
failure modes of the sheathing nails passing through MPC connections should be studied to determine the
capacity of the sheathing nails

The average maximum load of the 5/B in. sheathed walls increased 19% with the addition of MPC
connections which was more than for 1/4-in. sheathed walls but less than for 7/16-in. sheathed walls.
Again, to change the failure modes of the sheathing nails passing through MPC plates, the capacity of the
nail must increase by nearly double to reach a failure mode than is not affected by the MPC. Still, the failure
modes of sheathing nails passing through MPCs must be studied in greater detail to define this behavior.

it was stated earlier that the maximum load for 1/4-in sheathed walls was barely increased by the
addition of MPC connections. However, the average stiffness at 40% of maximum load was increased
tremendously in addition to average design load. Average stiffness at 40% of maximum load of 1/4-in.
sheathed walls increased 44%, the greatest for any of the sheathing thicknesses. Table 6 1 shows that the
average stiffness at 40% of maximum load is far greater than the average stiffness at 1-in. of drift, and
Figure 6.2 shows that initial stiffness is high and decreases as the wall top continues to drift. Therefore,
stiffness at 40% of maximum load is recorded at a drift smaller than 1-in. The 1/4-in. sheathing is the most

flexible sheathing used in these tests. It is likely that since it is the most flexible, it benefits the most from
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the addition of MPC connections. As sheathing thickness and stiffness was increased, the relative benefit of
MPC connections was expected to decrease. Thick sheathing with great stiffness will likely overshadow the
effects of MPC connections on stiffness. Although the effects are possibly overshadowed, the 7/16-in. and
5/8 in. sheathed walls did increase in average stiffness at 40% of maximum load slightly, 5% and 3% when
MPC connections were used.

Increase in design load is a direct reflection of increase in inibial stiffness. Since the 1/4-in. sheathed
MPC-connected walls had the greatest increase in average stiffness at 40% of maximum load they also had
the greatest increase in average design load. Since the increase in average stiffness at 40% of maximum
dropped as sheathing thickness increased, the increase in average design load also dropped as sheathing
thickness increased. increases in average stiffness a1 1-in. drift and average energy dissipation rose and
fell in the same manner as average maximum load. These values are probably also effected by the failure
modes of the sheathing nails therefore they will not be discussed in detail.

Interesting results were found when comparing an end-nailed wall with thicker sheathing to an MPC-
connected wall with one size thinner sheathing. MPC-connected 4-ft walls with 1/4-in. OSB failed suddenly
in comparnison to end-nailed walls with 7/16-in. OSB. Therefore, the average maximum load and ensrgy
dissipation were lower, bui the MPC-connected wall had a greater design load and stiffness. MPC-
connected walls with 7/16-in. OSB, on average, produced slightly greater maximum loads, design loads,
and energy dissipation than end-nailed walls with 5/8-in. OSB; and stiffness at 1-in. was only a percent
lower. Table 6.3 lists increases in strength, stiffness, and energy dissipation for MPC-connected sheathed
walls over end nail-connected walls with one size thicker sheathing, The most important detail to notice is
that although the behaviar of sheathed walls with MPC connections cannot be completely defined af this

time, all behavioral characteristics increased when sheathed wall frameworks were connected with MPCs.
6.2.2 Bending Stiffness and Moisture Content

The bending stiffness and moisture content of each framing member in each wall were measured
because the stffness of the entire wall is depandent upon the stiffness of the individual framework members
and the stiffness of the MPC connections is adversely affected by excessive moisture content. These
values are averaged for each wall in the MPC-connected test sets and listed in Table 6.4. The coefficients

of variability, COV, are also listed for each measurement.
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TABLE 6.4. BEHAVIOR INCREASES FOR WALLS WITH MPCS AND THINNER OSB

OVER END-NAILED-CONNECTIONS AND THICKER OSB

— - T — ) [
' ! ) | Stiffness at . Energy
n Stiffn i
Connection Ma;_xg:m Df:;% 40% of 2 1_?:5 Drsspaho_n at
Maximum Load ’ 4-in. Drift
| 1/4-in. OSB - 1
MPC-Connected - a o : 2%
Over M | 1% 2% s 9%
 OSBNaled | | | _ ) I
| |
716-in. 0SB | | ,
MPC-Connected . , 0 ff 19 %
o5 2% | 4% 1% % 6%
0SB Nailed | .
TABLE 6.4. BENDING STIFFNESS AND MOISTURE CONTENT
OF FRAMING MEMBERS IN SHEATHED WALL TESTS
| Tests Set Wal | A‘ngfi’g";f' COVEl | AverageMC ~ COVMC |
}“ 4 1476406 | 047 128 007 |
| QAMEC A7 178Ev06 | 087 M6 009
' \Wals With 414 48 | 1366406 0.20 w2 | s
i osB 49 1.65E+06 022 242 010
- | S0 | 1.38E+06 0.18 o M2 043
136 | 1.42E406 0.27 121 016
136 | tdAE06 | 4 12 . 16
é;gn"gcpgd 17| 1.47E+06 0.17 123 012
| Wallswith | 198 | 1.37€+06 016 134 022
7i6osB | 139 | 1.47€+06 0.26 3 023
| 140 1.536+06 0.14 108 015
| 58 1.67E+06 0.14 oMy ] 019
O QeMPC ST T ajoEws | od7 | 100 | 016
| Walls Wit 5/8. 98 | 148E«06 026 | 1222 | 026 |
. ose 59 | NG6E#6 | 048 | 1267 | 026
60 | 14sEs6 | 022 | M2 | 019
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Tha walls in the MPG-connected 1/4-in. sheathed wall tests set developed similar load-displacement
paths but wall but wall 48 proved to be the least strong and stiff. However, wall 48 did not have the lowest
average bending stiffness or the highest average moisture content for its test set as might be expected.
Walls 136 and 137 were the strongest and stiffest and weakest and most flexible walls, respectively, in the
MPC-connected 7/16-in. sheathed wall test set. Wall 136 did not have the highest average bending
sliffness or lowest average moisture content nor did wall 137 have the lowest average bending stiffness or
highest average moisture content. All of the walls in the MPC-connected 5/8 in. sheathing performed very
similarty despite having high COVs for both bending stiffness and moisture content.

The resulls of the bending stiffness and moisture content tests for the framing members used in
sheathed wall tests are inconclusive. Although the bending stiffness and moisture content of the members
should affect |ateral load resistance, the results of the bending stiffness and moisture content tests do not

suggest this to be true.
6.3 Sheathed Wall Test Conclusions

MPCs were found to enhance siructural characteristics for walls sheathed with 1/4, 7116, and 5/8 in.
OSB. In fact, the MPC framing connections resulted in the 1/4-in. sheathed walis being stiffer and
producing a greater design load than 7/16-in. sheathed walls with end-nailed framework. Similarly, the 7/16-
in. sheathed walls with MPC-connected framework were as strong and sliff and dissipate as much energy
as 5/8 in. sheaihed walls with end-nailed framework.

Sheathed wall tests should be continued for more comparisens of MPC-connected shaathed wall
behavior to end nail-connected sheathed wall behavior. Careful fabrication should be conducted to ensure
sheathing nails are driven flush with the OSB surface and the moisture content of the framing members
should be strictly controlled to ensure all members have the same or at least very similar moisture contents.
in addition to these changes, wall lengths should be varied to determine if MPC-connected walls with thinner
sheathing still perform better than end-nailed walls with thicker sheathing for different length walls. Alsg, the
sheathing nail behavior and failure modes should be investigated. A single nail test of the lateral load
resistance for connections of sheathing to framing members with MPCs attached should be conducted. The
behavior and mode of failure should be developed and compared against the equations for nail lateral load
capacity. The connections with MPCs sandwiched between the framing member and the sheathing will be
used many times in walls incorporating MPC conneclions. Research on the behavior of this subsystem
should prove beneficial. The results of these tests could then be reexamined for more insight into the

changes in shear wall behavior due to varying sheathing thickness and MPG connections.
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CHAPTER 7

WALL LENGTH TESTS

MPC-connected wall behavior was observed and compared to end nail-connected walls and MPCs
were shown to enhance wall performance. However, all previous tests were conducted with 4 ft walls. Walf
length tests were used to determine how walls with MPC-connected frames behave in comparison to walls

with end-nailed frames for walls 4 & long and longer.
7.1 Test Description

All walls with bare and sheathed frames in wall length tests were composed of DFL No. 2 framing.
Each framing member was 2 x 4 visually graded dimensional lumber. Sheathed walls were fabricated with
7116-in. OS8. A single MPC size, § x 6, was used for frame connections of the MPG-connected walls that
were builtin four fengths: 4, 8, 12, and 16 ft. The 4-ft wall configurations were built in five replications; all

other configurations were built in three replications.
7.2 Test Results

7.2.1 Bare Frames

The behavior of bare frames that were 8 ft tall with lengths of 4, 8, 12, and 16 ft were evaluated
through experimental testing. Figures 7.1 through 7.8 present load-displacement histories for each bare
frame wall set. The load-displacement histories for bare frames were used to calculate the behavior
charactenstics presented in Tabie 7.1. Table 7.1 presents the average strength, stiffness, and energy
dissipation for bare frame wall sets.

The values listed in Table 7.1 show that strength, stiffness, and energy dissipaﬁor; are all increased by
the addition of MPC connections and by increasing wall length. It was concluded earlier that MPC
connections enhanced the behavior characteristics of bare frames. As walls are fabricated with greater
lengths, more MPC connections or end nails are required and each connection contributes to the lateral

load resistance.
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Load (Ibs)

70 -

Orift (i)
—a—Wall 1 —— Wall 2 —a—Wall3 —— Walld = Wall5

Figure 7.1. 4-ft End-nailed Wall Load-Displacement Histories
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Figure 7.2. 4-ft MPC-Connected Wall Load-Disptacement Histories
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Figure 7.3. B8-ft End-nailed Wall Load-Displacement Histories
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Figure 7.4. 8-ft MPC-Connected Wall Load-Displacement Histories
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Figure 7.5. 12-ft End-nailed Wall Load-Displacement Histories
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Figure 7.6. 12-ft MPC-Connected Wall Load-Displacement Histories
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Figure 7.7. 16-ft End-nailed Wall Load-Displacement Histories
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Figure 7 8. 16-ft MPC-Connected Wall Load-Displacement Histories
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TABLE 7.1. WALL LENGTH TEST BARE FRAME STRENGTH, STIFFNESS, AND ENERGY DISSIPATION

| . Load at4 in. Drift | Stiffness at 1-in. Drrft ! Energy DIssrpat[on at

Length/Connection (Ibs) | (Ibs/in.) | 4n.Orit K-in)
| _4ftEnd-naled 96 % [ 0%

4-#MPC-Comnected | 327 F 121 | 077

8-HEndnailed | 79 . 2 019

8-t MPC-Connected | 509 | 176 1 118
__12ftEnd-nailed 7% 4 | 002 |
| 12-ft MPC-Connected 757 — | e
| 16-ftEnd-nailed 176 118 | 053 |
| 18- ﬂMPOConnected 89! 34 nr ) 210

Table 7.1 indicates that bare frame performance is a function of wall length or how many connections
are used to connect the framework. As the number of connections increases, the behavior characteristics of

the bare frames are enhanced more, This is true for both end-nailed and MPC connections.
7.2.2 Sheathed Walls

The behavior of 8 ft tall sheathed frames with lengths of 4, 8, 12, and 16 ft was evaluated through
experimental testing. Figures 7.9 through 7.16 present load-displacement histories for each sheathed wall
set. The load-displacement histories of the sheathed walls sets indicate each wall followad a laad-
displacement path similar to that of other walls within its set with the exception of wall 84 of the B-ft
sheathed wall set. Even then, wall 84 followed a similar path but only reached higher loads.

Each of the following tables shows an average for the given value for each wall set. This is followed
by the coefficient of variation and the percent increase for that value for MPC-connected walls versus end-
nailed walls of the same length. Tables 7.2 through 7.6 show average maximum load, stiffness at 40% of
maximum load, stiffness at 1-in. drift, and energy dissipation at 4-in. drift for each wall set.

The results listed in Tables 7.2 through 7.6 show conflicting data. The average maximum load and
average energy dissipation at 4-in. drift for each wall length were increased by connecti.ng the framework
with MPCs. However, average design load and stiffness did not always increase for each wall length when

connecting framework with MPCs.
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Figure 7.9. End-nailed Sheathed Load-Disptacement Histories for 4-ft Sheathed Walls

Load (Ibs)

4000 ~ -  ——— e

[
3500 -

3000 1
2500 -
2000 -
1500 -
1000 -

500 -

Dritt {in.)
—a— Wall 136 —e— Wall 137 —a— Wall 138 —«— Wall 139 —o— Wall 140

Figure 7.10. MPC-Connected Sheathed Load-Displacement Histories for 4-ft Sheathed Walls
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Figure 7.11. End-nailed Sheathed Load-Displacement Histories for 8-ft Sheathed Walls
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Figure 7.12. MPC-Connected Sheathed Load-Displacement Histories for 8-ft Sheathed Walls
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Figure 7.13. End-nailed Sheathed Load-Displacement Histories for 12-ft Sheathed Walls
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Figure 7.14. MPC-Connected Sheathed Load-Displacement Histories for 12-ft Sheathed Walls
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Figure 7.15. End-nailed Sheathed Load-Displacement Histories for 16-ft Sheathed Walls
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Figure 7.16. MPC-Connected Sheathed Load-Displacement Histories for 16-ft Sheathed Walls
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Another conflict in the test results for long MPC-connected sheathed shear walls is found when looking
at the tendencies for percent increases for a given characteristic value. Looking at the average maximum
load, it is noticed that the 4 ft sheathed walls average maximum load increased by 34% when MPCs were
used to connect the framework.

The 8, 12, and 16 ft walls average maximum loads increased by 13, 7, and 63% respectively when
framework was connected by MPCs. The characteristic values for design load and energy dissipation follow
the same tendency. Itis illogical to believe shear wall performance falls gradually as wall length increases
followed by a peak increase in performance when wall length reaches 16 fi. When fooking at stiffness at
40% of maximum load and stifiness at 1-in. drift, there seems to be no definitive pattern for the way some

wall lengths were stiffer when MPCs were used as framework connections and some were not.

7.2.3 Bending Stiffness and Moisture Content

The bending stiffness and moisture content of each framing member used to fabricate the walls in the
wall length tests was measured. Wall framework stiffness is governed by the bending stiffness of its
individual members and MPC connection stiffness is adversely affected by increases in moisture content.
Table 7.7 lists the average bending stiffness and moisture content for the framing members found in each
test set. Also listed in the table are the coefficients of variation, COV, for the listed bend'ng stiffness and
moisture contents. Each test set for each wall length had very similar average bending stiffness. Moisture
contents for each test set for a given length were within 2.5% of each other. Average bending stiffness and
moisture contents were relatively close and the COV for the bending stiffness is reasonable for visually
graded lumber, however the COVs for the moisture content were extremely high.

Table 7 3 lists average bending stiffness and average moisture contents found in framing members for
each wall within the sheathed wall test sets. Also listed in the table are the coefficients of variation for the
listed bending stiffness and moisture contents. The load-displacement histories show that walls 136, 84,
165, and 106 were the strongest and stiffest walls in their respective test sets. However, none of these
walls had the highest average bending stiffness in therr test sets and only wall 84 had the lowest average
moisture content for its test set. Walls 137, 156, and 94 were the weakest and least sﬁff walls in their
respective test sets. None of these walls had the lowest average bending stiffness or highest average
maisture content for their given test sets. Bending sfifiness and moisture content of the individual frame
members must affect the lateral resistance of the wall. However, the tests for members of the wall length
{ests do not suggest this to be true.

84



TABLE 7.2. WALL LENGTH TEST SHEATHED WALL MAXIMUM LOAD

Length/Connection | Maximum Load (1bs) | Maximum Load COV égg’f‘gﬁgg"éoﬁi‘t’;ﬁ
4R End-nailed 2718 006 | 249

| 4 #t MPC-Connected 3636 0.05 N B

| . 8ftEnd-nailed 3601 0.05 ) 3% |

8 fiMPC-Connected 4017 | 0.19 T |

12ftEnd-naled | 5431 - 0.04 . |

12 ft MPC-Connected 580] B ~0.02 ]

| 16 ft End-naited 7231 0.08 B 63% |

|16 ft MPC-Connected 11766 0.08 o]

TABLE 7.3. WALL LENGTH TEST SHEATHED WALL DESIGN LOAD

|

Length/Connection Design Load (lbs) | Design Load COV | ncrease lor MPC us. |

4 ft End-nailed 1117 0.08 oy '

4 # MPC-Connedled 1308 012 B |

___BftEnd-nailed 1659 013 | 10% ;

8 ft MPC-Connected 1820 0.07 | ’ ;

12 ftEnd-nailed 13340 024 [ 8%

12 ft MPC-Connected 3609 0.11 [ ’ |
A6 ftEnd-nailed | 4975 | 015 | .

16 AMPC-Connected | 7531 - 009 | ’ i
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TABLE 7.4. WALL LENGTH TEST SHEATHED WALL STIFFNESS AT 40% OF MAXIMUM LOAD

. Stiffness at 40% Stiffness at 40% | Increase for MPC vs.
Length/Connection . imum Load (Ibsfin) | Maximum Load COV | End-nailed Connection
4 REnd-naled | 2014 o 5%
4 ft MPCConnected =~ 2114 0.18 ¢ ]
___ 81 End-nailed 4024 | 014 -19%
8 ft MPC-Connected 3269 | 014 -]
12 ft End-nailed 5846 645 79%
.12 ft MPC-Connected 10038 024 ~ |
 16fEndnaled 28680 o042 pe
16 ft MPC-Connected 20855 011 ' |

TABLE 7.5, WALL LENGTH TEST SHEATHED WALL STIFFNESS AT 1-IN. DRIFT

Length/Connection

Stiffness at 1-in. Drift ;: Stiffness at 1-in. Drift

I (Ibsfin.) ' Cov
| 4ftEnd-nailed B 1642 @ 00s
4 ft MPC-Connected 1868 0.12
8 ftEnd-nailed | 3001 006
8 ft MPC-Connected ‘ _ 2785 : 002
12 ft End-nailed | 4514 ! 0.13
12 ft MPC-Connected | 5275 007
16 ft End-nailed | 7529 024
16 ft MPC-Connected | 9266 010

Increase for MPC vs.
End-nailed Connection

— 7%

14%

17% ;

23%

TABLE 7.6. WALL LENGTH TEST SHEATHED WALL ENERGY DISSIPATION AT 4-IN. DRIFT

Length/Connection

4 REnd-nailed
4 ff MPC-Connected
8 ft End-naited
8 ft MPC-Connected
12 ft End-nailed

Energy Dissipation at |

12 ft MPC-Connected
16 ft End-nailed

16 ft MPC-Connected |

4-in. Drift (K-in.) 4-in. Drift COV
80 006
98 0.08
o 14 _0.03
; 129 015
72 ] 0.05
195 005
281 T as0
87 008

Energy Dissipation at

Increase for MPC vs.
| End-nailed Connection

| 23%

{ 13% |
e .
| 14% J

60%




TABLE 7.7. WALL LENGTH TEST SHEATHED WALL TEST SET
BENDING STIFFNESS AND MOISTURE CONTENT

%Tfts Se_t B _ A_‘E‘fbri’%gp h CC;V...EI ! p‘f\_verage.l-\;l-c
ey | tasEs 0k 158
e aocted | asews | o
e | eews | om 118
G Sned | 1TBE0S | 040 18
I R R R I
o Shestned | MBS | o 108
fentndrdiedand  yzegs 02 2
SAMPCComeded | 17egs 0% e

87

COVMC

0.31

0.19

0.19
020
0.25

014

0.13

017




TABLE 7.8. WALL LENGTH TEST SHEATHED WALL BENDING

" STIFFNESS AND MOISTURE CONTENT

Tests Set wal | MO | COVEL | mwemgeNC | COVMC
L D 1426+06 |  2.32E-01 153 040
4fiEndnaled | 32 | TESEY06 | 261E01 | 160 | 038
Walls With 7/16-in. | 33 | 1.43E+08 2.18E-01 145 029
Sheathing | 34 | 1.42E+06 1.85E-01 172 | 0271
| 35 | 150E+06 275801 | 164 | 026 |
h |13 | 1426406 | 270E-01 129 | 016
4 ft 5x6 MPC- 137 1476406 |  1.71E-04 123 012 |
Conocted Walls | "33 | 137E+06 | 157E01 | 131 022 |
Sheathing. 139 | 1.47E+06 250E01 13.1 0.23
140 153E+06 | 1.37E-01 10.8 0.15
 8fEndnaled | 144 | 162606 | 187E01 | 124 023
Walls With 7/16-in. | 145 167E+06 | 221E01 | 111 019
Sheathing 146 1.73E+06 3MED1 114 013
8 ft 5x6 MPC- 84  1.82E+06 278601 109 | 022
Connected Walls | g5 | 154E+06 1.68E-01 16 018
vg:g:f&'g“ 8 1926406 S6TE01 | 124 019 |
12 # End-nailed 154 133E+06 = 208E01 122 | 025 |
Walls With 7/16-in. | 155 | 1.48E+06 21ME01 151 | 030
Sheathing 156 158E+06 | 202601 | 136 0.15
12 ft 5x6 MPC- 94 143E+06 |  1.67E-01 10.5 018 |
Connected Walls 95 | 148E+06 | 340E01 113 013 |
With7(16-in. | — 1= = T v
Sabng | % | L9E0D | 1sEN | w08 o1
| 18ftEnd-naled | 184 | 170E+06 | 1.94E-01 113 0.12
Walls With 7/16-in. | 165 1736406 | 225E01 112 015 |
| Sheathing | 166 | 179E+06 | 3.17E-0f 11.0 012 |
16RE6MPC- | 104 1.80E+06 4.11E-01 123 0.17
Connected Walls 105 1656+06  274E-01 | 15 | 015
With 7/16-in. = T D — T —
Sheathing 106 | 1AE+06 231E-01 ‘ 141 | 0.19

88




7.3 Wall Length Test Conclusions

Wall length tests were used to determine how walls with MPC-connected frames behave in
comparison to walls with end-nailed frames for walls 4 ft long and longer. Walls with MPC end nail
connected framework that were 4 ft in length were tested and observed for behavior characteristics and it
was determined that MPCs enhanced wall performance with respect to strength, stiffness and energy
dissipation. The results of wall length tests were expected to demonstrate whether this behavior remained
for varying wall length and find a discemable tendency in the changes in behavior as wall length was
increased.

Bare frame results showed that strength, sfiffness and energy dissipation were increased by
connecting framework with MPCs rather than nails and by increasing wall length for both MPC-connected
and end nail-connected framework walls, Walls of greater lengths require a greater number of connectors,
nails or MPCs. Bare frame performance was found to be a function of wall length or how many connections
are used to connect the framework. As the number of connections increases, the behavior characteristics of
the bare frames are enhanced more. This is true for both end-nailed and MPC connections.

Sheathed wall results, however, did not show a discernable tendency for changes in wall behavior.
There was no recognizable tendency for percent increases in strength, stiffness, or energy dissipation
behavior for sheathed walls with lengths greater than 4 ft. It ié conceivable that percent increases would
become smaller as walls are lengthened. This would indicate that sheathing governs the behavior. Since a
longer wall requires more sheathing, strength increases derived fram MPC connections would diminish in
comparison fo strength increases derived from sheathing. If the percent increase fell to zero as the wall
became longer, it would be evident that MPC connections would not alter shear wall behavior. Then long
MPC-connected shear walls would behave as long end nail-connected shear walls. It would have been
conceivable to see percent increases in wall behavior be constant over the increasing wall length, which
would indicate that wider walls acted as several 4-ft wall panels. Also, if percent increases in wall behavior
had risen as walls were lengthened, there would be evidence of a moment resistant system in which
sheathing was no longer the sole source of lateral load resistance.

The reason for the indiscernible tendency for wall behavior is believed to be an exceedingly flexible
test frame. Two test frame problems appeared visually during the test process for the 8, 12, and 16 ft
sheathed walls. First, the wall foundation was not rigid enough to prevent bending under the moment
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imposed by the tensioncompression couple of the wall. As the wall was pushed, the loaded side of the wall
bent the foundation tube upwards off of the ground. The moment imposed by the lateral load was not
adequately designed for deflection and thus the foundation tube bent. Second, as the foundation tube
deflected, out-of-plane braces were slightly lifted from their supporis and no longer acted as out-of-plane
bracing. Many efforts were made to stop deformation of the test frame, but they were evidently not enough.
Flexural deformation of the test frame foundation is believed to be why there is no logical tendency in the
percent increases of characteristic values for long sheathed walls.

The results of the bending stiffness and moisture content tests for the framing members used in wall
length tests walls are also inconclusive. These results are not affected by the flexibifity of the frame but itis
possible that the inherent variability of wood masked the effects of member bending stiffness and moisture
content.

Resuits of the wall length test proved that bare frame performance was enhanced greatly by the
addition of MPC connections and the enhancements increased as walls were built longer. However, no
conclusions can be made as to the behavior of long sheathed walls. The test frame was under-designed for
the loads imposed on it. In order to develop reasonable data wall length tests should be conducted again
with three changes. The wall foundation should be more rigid to control lest frame deflection that may skew
test resuits The out-of-plane bracing of the walls should be applied in such 2 way as to have control over
the amount of friction applied to the wall and the out-of-plane braces should be fixed rigidly to the
foundation. The last change is to sort and condition alf framing material to similar moisture content before

testing the bending stiffness.
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CHAPTER 8
SUMMARY AND RECOMMENDATIONS OF SHEAR WALL RESEARCH

Through the course of this research, over 140 walls were fabricated, fested, and analyzed to investigate
the behavioral differences between base frames and sheathed walls with and without MPC connections.
The test process included measuring bending stiffness and moisture content for each framing member,
constructing walls to fit precise configurations, and monotonically testing the walls for load-displacement
data collection. Four specific variables were investigated including the affects of the size of MPCs used for
framing connections on sheathed and unsheathed 4 ft walls, changes in lumber grade for MPC-connected
sheathed and unsheathed walls, changes in sheathing thickness for MPC~connected walls, and changes in

wall length of MPC-connected sheathed and unsheathed walls.
8.1 Shear Wall Test Summary
8.1.1 Framing Connector Tests

MPCs benefit bare frarnes and sheathed walls alike, but sheathing is still the primary alement in shear
wall strength. in other word, sheathing provides the greatest contribution to lateral load resistance. Itis
evident in that sheathed waitls did not benefit from MPCs nearly as much as bare frames because the
structural attributes measured for sheathed walls did not increase nearly as much as they did for bate
frames. However, the benefit of connecting sheathed framework with MPCs is not insignificant. The
maximur load capacity of a 4 ft wall sneathed with 7/16-in. OSB increased 45% when 5x6 MPCs were usad
fo connect the framework. Wall stiffness at 1-in. drift and wall stiffness at 4-in. drift increased 14 and 23%,
respectively, as well. Design load, a reflection of the increase in initial stitiness, increased 17% due to the

use of 5x6 MPCs rather than end nails for framework connections. Energy dissipation at 4-in drift also
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increased 23% due to the use of 5x6 MPCs. The use of MPCs changes the load-displacement path of the

shear wall. The MPC~connected walls are stiffer and the end nail-connected walls will yield at a lower drift

or load than MPC-connected walls.
8.1.2 Framing Member Stiffness Tests

The framing member stiffness tests showed that MPC-connected bare frames were stronger and stiffer
and dissipated more energy than end-nailed bare frames just as the MPC size test had shown. However,
the results are inconclusive as to the effects of changing the lumber grade used in construction.

Vanability was added to the test results in several aspects. First, two different species of wood were
used. DFL No. 1 lumber was replaced with SYP lumber for one set of tests. The tooth hoiding properies of
MPCs for DFL are different than those of SYP. Therefore, the DFL frame connections are weaker than the
SYP frame connechions. Although it is a fact that the SYP frame connections are the strongest and stiffest,
the test results contradicted this. This contradiclion is seen through the calculated behavior characteristics
when comparing the No. 3 DFL frames to the No. 1 SYP frames. The No. 3 DFL frames were stronger and
stiffer than the No. 1 SYP frames. Although the variability in wood species is present and should be
removed, it is likely not the vanability that skewed the test results in light of the contradiction in behavior
compared to looth holding properties. Second, variability in the tested systems is inhersntly in wood
construction. One example of this is the framing width. Studs and struts that must be connected are not
always the same width. This leaves gaps between the wood of the thinner member connected and MPC so
that MPC teeth are not fully driven into the wood material. Also, wood is an anisotropic material therefore
MPC connections are not identical from test to test. Variability also comes from the defects in wood
material. Voids in the wood can be present in the MPC embedment area. Therefore MPC embedment
areas vary from connection to cannection. Third, out-of-plane bracing was used to en-sure walls racked in
plane. This out-of-plane bracing was applied in a way which the amount of friction applied with the out-of-

plane bracing could not be controlled. Fourth, there was a lack of control of the moisture content of the
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framing members prior to wall construction and testing. High moisture content adversely affects MPC
connection stiffness.

It was determined that because of the use of two species of wood, the inherent variability of wood and
construction with MPC plates, friction from the wall out-of-plane braces resisting load, and variability in
moisture contents for framing members, the framing member stiffness tests showed no changes in wall

behavior that could be directly attributed to changes in framing grade.
8.1.3 Sheathed Wall Tests

MPCs were found to enhance structural charactenistics for walls sheathed with 1/4, 7/16, and 5/8 in.
OSB. In fact, the MPCs enhanced the 1/4-in. sheathed walls to be stiffer and produce a greater design load
than end nail-connected 7/16-in. sheathed walls. Similarly, the MPC-connected 7/16-in. sheathed walls
were enhanced fo be as strong and stiff and dissipate as much energy as end nail-connected 5/8 in.
sheathed walls.

The average maximum load for the sheathed and MPC-connected wails was found to increase and then
decrease as the sheathing thickness is increased. The sheathing nail connections were suspected to be the
cause of this discrepancy. Many of the sheathing nails are drilven through MPCs in order to connect the
sheathing to the framework for walls with MPC-connected framework. The nails that are driven through
MPCs are done so along the top and bottom edges of the sheathing and therefore are the nails that do the
most work to resist sheathing rotation. Since the MPC is between the sheathing and the framework, the
behavior of the nailed connection is different than if no MPC were present. The failure mode for naits
connecting the 1/4-in. OSB to the framework of an end nail-connected wall is Ilis with a lateral capacity of 51
Ibs. If a MPC were placed between the main and side members the capacity of the lis failure mode would
increase in capacity since the MPC would resist the crushing of the main member. Tr;e capacity before
failure could increase from 51 to 59 Ibs for a single sheathing nail and remain in the 11\S failure mode but it
can not exceed 59 Ibs because the failure mode would change to Is which is not affected by the addition of

the plate. The capacity of the nails most used to resist sheathing rotation can only increase slightly for the
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1/4-in. sheathed MPC-connected walls. It must also be noted that the behavior of nails that do not pass
through MPCs do not change. The added load capacity of the MPCs and bending framework acting
independent of the sheathing must also be considered. The average maximum Joad at 4-in. drift for a 5x6
MPC-connected bare frame was 327 Ibs and this load was not reached until the wall had drifted 4-inches.
This suggests that MPCs only slightly increase the lateral load capacity by forcing the framework to bend
and slightly increase the lateral load capacity of the wall by increasing the capacity of the sheathing naits for
the 1/4-in. sheathed walls. The average maximum load is increased by 34% for 7/16-in. sheathed walls by
using MPC connections and comer nail capacity can be increased by nearly double before the sheathing
nail failure mode is limited to an Is failure. The combination of the added capacity of the sheathing nails for
7/16-in. sheathed MPC-connected walls, which is conceivably' twice the capacity of the sheathing nails in
the 1/4-in. sheathed MPC-connected walls, with the lateral load capacity from the semi-rigid framework,
could greatly increase the average maximum load of the 7/16-in. sheathed MPC-connected walls. The
average maximunt load of the 5/8 in. sheathed walls increased 19% with the addition of MPC connections
which was more than for 1/4-in. sheathed walls but less than for 7/16-in, sheathed walls. Again, to change
the failure modes of the sheathing nails passing through MPC plates, the capacity of the nail must increase
by nearly double to reach a failure mode than is not affected by the MPC.

It was previously stated that the maximum load for 1/4-in sheathed walls was barely increased by the
addition of MPC connections. However, the average stiffness at 40% of maximum load was increased
tremendously in addition to average design load. The 1/4-in. sheathing is the most flexible sheathing used
in these tests. [tis likely that since it is the most fiexible, it benefits the most from the addition of MPC
connections. This is also likely true for the opposite. Thick sheathing with great stiffness wilt likely
overshadow the effects of MPC connections on sliffness. Although the effects of adding MPC connections
are possibly overshadowed, the 7/16-in. and 5/8 in. sheathed walls did increase in average sfiffness at 40%
of maximum load slightly when MPC connections were used.

Increase in design load is a direct reflection of increase in inltial stiffness. Since the 1/4-in. sheathed
MPC-connected walls had the greatest increase in average stifiness at 40% of maximum load they also had
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the greatest increase in average design load. Since the increase in average stiffness at 40% of maximum
dropped as sheathing thickness increased, the increase in average design load also dropped as sheathing
thickness increased. Increases in average stiffness al 1-in. drift and average energy dissipation rose and

fell in the same roanner as average maximum load. These values are probably also affected by the failure

modes of the sheathing nails.

8.1.4 Wall Length Tests

Strength, stifiness, and energy dissipation were allincreased by the addition of MPC connections and by
increasing wall length of the bare frames. As walls are fabricated with greater (engths, more MPC
connections or end nails are required and each connection contributes to the tateral load resistance,
therefore bare frame performance is a function of wall length or how many connections are used to connect
the framework. As the number of connections increases, the behavior characteristics of the bare frames are
enhanced more. This is true for both end-nailed and MPC connections.

The long sheathed wall resuits showed conflicting data. The average maximum ioad and average
energy dissipation at 4-in. drift for each wall length were increased by connecting the framework with MPCs.
However, average design toad and stiffness did not always increase for each wal} length when connecting
framework with MPCs. Another conflict was found in the test results for long MPC-connected sheathed
shear walls when looking at the tendencies for percent Increases for a given characteristic value. Looking at
the average maximum load, it is noticed that the 4 ft sheathed walls average maximum load increased by
34% when MPC were used o connect the framework. The 8, 12, and 16 ft walls average maximum loads
increased by 13, 7, and 63% respectively when framework was connected by MPCs. The characteristic
values for design load and energy dissipation foflow the same tendency. Itis illogical to believe shear wall
performance falls gradually as wall length increases followed by a peak increase in p;arfon'nance when wall
fength reaches 16 ft. When looking at stiffness at 40% of maximum foad and stiffness at 1-in. drift, there

seems to be no logical reason for the way some wall lengths wera stiffer when MPC were used as

framework conneclions and some were not.
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There are a few reasons to believe the wall length tesis were limited by an exceedingly flexible test
frame. First, there was no recognizable tendency for percent increases. Second, two test frame problems
appeared visualfy during the test process for the 8, 12, and 16 f sheathed walls. The wall foundation tube
deflected dus to moment imposed on it through the shear wall and the out-of-plane bracing was lifted and
atlowed to rigidly rotate until it no longer eliminated out of plane bending of the shear wall. No conclusions

were made as to the behavior of fong sheathed walls. The test frame was under designed for the loads
imposed on it.
8.1.5 Bending Stiffness and Moisture Content

The resulls of the bending stiffness and moisture content tests for the framing members used in all four
different tests are inconclusive. There was not enough control over the moisture content of the framing
members which directly affects tooth holding properties of the MPCs. Also, it is believed that the inherent
variability of wood construction and wood material were o great for the conducted tests to attribute any

changes in wall behavior directly to the bending stiffness and moisture content of the framing members.
8.2 Recommendations
8.2.1 Improved Test Procedures

The results of the wall length tests were affected by the lack of stifiness of the tests frame. The
foundation of the test frame must be stiffened. The foundation tube of the test frame underwent flexural
deformation as the 8, 12, and 16 ft sheathed walls were loaded therefors skewing the results for these walls.
Since the test frame deformed, the out-of-plane braces were lifted and allowed to rigidly rotate. This rotation
kept the out-of-plane braces from working and aliowed the sheathed walis to bend out of plane. The wall
length tests for sheathed walls should be conducted again when the frame foundation is stiffened to where it
isolates racking behavior of all walls tasted

There must be more control over the moisture content of the framing members. High moisture content

adversely affects the tooth holding properties of the MPC plates. tumber for framing members should be



purchased kiln dried and ptastic wrapped. As the fumber arrives at the festing laboratory, it should be
placed in enclosed environmental conditions in an attempt to attain low and simifar moisture contents for all
framing members. After the walls are constructed, they should be placed back into the controlfed
environmental conditions until testing.

A single species of wood should be acquired for the framiﬁg menmbers. The tooth holding properties of
the MPCs vary depending on wood Species.

The variability inherent in wood construction can not be removed but variability due to an exceedingty
flexible test frame, poor contro! of moisture content, and the use of two species of wood for framing
members can. Framing member stitfness tests and the wall length tests for the 8, 12, and 16 ft sheathed

walls should be conducted again after these variability are removed.
8.2.2 Continued Research

Since walls constructed with MPC connections proved stronger, stiffer, and more ductile than
conventional shear walls, deriving a model to predict the behavior of the MPC-connected shear walls is
essential. In order to develop a model of behavior for the MPC connected shear walls, the internal
behaviors of the wall must be identified and defined. Four internal behaviors contribute to racking load
resistance. The behaviors are from sheathing nails, chord and stud bending, MPC connection rotation, and

resistance from friction.
8.2.2.1 Sheathing Nail Contribution to Lateral Load Resistance

The first lateral load resistant behavior possassed by MPC-connected shear walls is that of the sheathing
nails. Adding MPCs to the sheathed frames did not increase strength of the sheathed frames nearly as
much as the addition of MPC connections to bare frames. Therefore, sheathing and sheathing nails provide
the greatest contribution to lateral force resistance. Tuomi and McCutchen determined the contribution of
sheathing nails by equating intema) energy of the sheathing nais and the external energy from the racking
ferce travefing through a displacement equal to the wall dnift. (1378) Tuomi's model assumed a linear load

to distortion relationship of the nails and no bending of the studs. The assumption of linear load versus



distortion of the nails is true for small deflections and it greatly simplifies calculation of the internal energy
produced by the nails. This mode! found nail distortion by finding the difference in panel and framework

distortions. Internal energy, |, of the nails could then be calculated by the equation 8.1.

- k&2
| = 8.1
2 (8.1)

The value k is the linear load distortion ratio and & is the total displacement between nail position in the
frame and nail position in the sheathing. The Pythagorean Theorem can be used to replace &7, the square
of the total length of distortion, with the square of the horizontal displacement, 8,2, plus the square of the
vertical displacement, &,2. Tuomi and McCutcheon's model was greatly simplified by using this approach.
However, Tuomi and McCutcheon assume no bending of the studs which is not the case for MPC-
connected walls. Horizontal deflection of the studs is a function of end moments applied to the studs by the
MPCs and sheathing nail forces on the studs. It should be noted that nail forces on the studs is a function of
deflection of the studs. It is likely a good assumption that vertical displacement of the studs is 0. Rotation
and translation of the sheathing must also be defined. The center of the sheathing remains centered with
the series of studs in which it is attached and rotates an angle equal to the inverse tangent of the overall
deflection of the top of the framework divided by the height of the wall. Although translation and rotation of
the panel will vary slightly for wall fo wall, this assumption is reasonable and will greatly simplify calculations
of the total nail distortion. The assumptions for vertical frame and panel distortions seem reasonable and
can be verified through observation of the wall during loading. Therefore, to determine the contribution of
the nails against lateral load, two items must be identified. The load distortion ratio of the nails used for
these tests with the same grades of framing and OSB must be determined through simple tests outiined by
ASTM. The second is to determine deflection of the studs. No observation was made from the results of
these tests that suggest a method for determining horizontal displacement of the studs and chords.

ltwas also determined that the sheathing nails driven through MPC connections have different failure
modes than the sheathing nails connecting sheathing and framework only. The nails driven through MPCs

are found in regions were sheathing nails work the most to prevent sheathing rotation. The presence of an
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MPC between the framing and the sheathing can increase the capacity of the nailed connection depending
upon the thickness of the sheathing. The failure modes of the sheathing nails driven through MPC plates
must be determined and if a linear relationship for load versus nail distortion is used for an MPC-connected

sheathed shear wall model, the linear constant, k (See equation 8.1), must be determined.
8.2.2.2 Vertical Beam Contribution to Lateral Load Resistance

The sacond lateral load resistant behavior possessed by MPC-connected shear walls is bending of the
studs and chords. The studs and chords may be viewed as vertical beams. For a wall with two or more
pieces of sheathing, four different vertical beams are found. The first is the tension chord that has a single
row of closely spaced nails because the edge of a piece of sheathing is attached to it. Nails are closely
spaced at the edges of sheathing material because the edges of the sheathing displace the most due to
panel rotation. The MPC connections attaching this member to the rest of the frame are different from the
other connection location; therefore, it is affected by a specific set of unique bending moments. The chords
are composed of two 2 x 4 members that are face-nailed and connected with MPCs at the snds. Therefore,
the moment of inertia for the tension chord is greater than that of the studs. The second is a stud attached
to the interior of a piece of sheathing. The nails for this member are positroned at greater spacing than the
chords. This member also has a unique set of end moments due to the MPCs on each end. The moment
of inerlia for this member is that of a single 2 x 4 subjected to flat wise bending. The third is a stud that is
attached to the edges of two pieces of sheathing. This member will contain two rows of nails spaced closely
because two pieces of sheathing are attached to it. The nail spacing in this stud will be the same as in the
chords. This member's end moments will have the same characteristics of the stud within the interior of the
sheathing. The moment of inertia for this member is that of a single 2 x 4 subjected to flat wise bending.
The last vertical beam is the compression chord. It differs only from the tension chor& in that it has different
end moment characteristics. Figure 8.1 illustrates the four different vertical beams that contribute to lateral

load resistance. The figure shows a typical 8 ft wall with two pieces of sheathing and MPC connections at

all comers.
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Figure 8.1. Vertical Lateral Load Resisting Beams

The moment of inertia for the chords must be determined. The chords are composed of two face-nailed
2 x 4s that are also connected by MPCs at the ends. The MPC connections at {he ends likely force the
chords to act as a composite member or nearly composite, but this should be verified through testing.

The behaviors of the sheathing nails in the beams and those of stud and chord bending go hand in hand.
One can not be determined without specific information of the other. The interconnected behaviors of the

nails and vertical beams must be studied in greater detail to develop a model for MPC-connected shear wall

behavior.
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8.2.2.3 MPC Contribution to Lateral Load Resistance

The third lateral load resistant behavior possessed by MPC-connected shear walls Is from the MPCs. A
wall with two or more pieces of sheathing contains six different connections. The first is the tension chord to
top plate connection. The second is the tension chord to bottom plate connection. The third and fourth
connections are located at the top and bottom of the studs. The fifth is the compression chord to top plate
connection. The lastis the compression chord to bottom plate connection. Each of these connections has
a different amount of compression wood area and a tensile toath holding area. Tests should be conducted
to detesmine the moment curvature relationship for each of these joints. This information can be used to
determine moments placed on the studs and harizontal deflections of the studs and chords. It may be
possible to model these connections as rotational springs. Calculations of moment would become simpler it
the rotational springs were considered to behave linearly. Figure 8.2 illustrates the same wall as Figure 8.1

but paints aut the 6 different MPC connections that contribute to lateral load resistance.
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8.2.2.4 Friction Contribution to Lateral Load Resistance

The fourth and final lateral foad resistant behavior possessed by MPC-connected shear walls is friction,
which can be found in two different parts of the wall. Friction oceurs befween the sheathing and framework
where the nomal force is delivered from the sheathing nails, and between sheathing edges. As the wall
racks, sheathing rotates and comes in contact on its edges. To determine how much lateral resistance is

developed from friction, a test should be conducted with as much friction eliminated as possible. This may
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be accomplished by covering OSB with a near frictionless material before attaching it to the frame.
Conducting the same tests with friction removed should determine how much resistance is developed
through friction.

The four components of lateral resistance must be investigated fully before constructing a model for
estimating lateral resistance behavior. Bending of the horizontal beams and deflections of these beams
must be modeled to determine bending resistance and forces applied through the sheathing nails,
However, forces from the sheathing nails will affect how the beams will deform. The research of the lateral
force resisting components provides a road to follow for the incorporation of MPC connections into wood
frame shear wall construction. The results have proven that MPCs benefit the behavior of shear walls. The
research of individual behaviors will identify how MPC-connected shear walls should be designed to be

incorporated in wood frame construction.
8.3 Conclusions

The use of MPCs for the connections of shear wall framework proved beneficial. Strength, stiffness and
energy dissipation was increased for all 4 ft wall configurations when nailed framework connections were
exchanged with MPC connections. Although the benefits of using MPCs to connect shear wall frarnework
are significant, they do not replace sheathing as the primary lateral load resisting companent. MPCs ware
found to contribute to ateral load resistance in two ways. First, MPCs force the shear wall framework 1o
undergo flexure. Second, MPCs change the failure mode of the sheathing nails driven through the MPC.

Several problems arose in shear wall testing that must be accounted for. Wood construction has inhersnt
variability that must be controlled or minimized to gain a better understanding of MPC connected shear wall
behavior. Framework members should be of a single species. The wood members must be conditioned to
low and similar moisture contents. Variability was introduced to the shear wall tests thét was not Inherent
and must be removed. A test frame must be constructed to isolate racking behavior for all walls tested. Out-
of-plane bracing must be applied to the wall in such a way as to add only limited and controlled amounts of

friction to the wall. The out-of-plane bracing must be figid enough to resist any lateral movement. The
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varability mentioned before can mask the results of the tests and should be removed.

A theoretical model of shear wall behavior must be formed in order to define the behavior of shear walls
with MPGC connected framework. Four internal behaviors were identified that must be researched for
development of the model. These include (a) sheathing nail lateral load resistance, (b) chord and stud
moment resistance, (¢) MPC connection stifiness, and (d) frictions between the framework and sheathing

panel and between edges of sheathing panels.
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APPENDIX A

INDIVIDUAL FRAMING MEMBER BENDING STIFFNESS AND MOISTURE CONTENT FOR ALL WALLS

 WALL | WALL DISCRIPTION El(LB-INY Mc [.ﬂ
~» - 2.39E+06 _
189E+06
‘ | 938E+05 | J
2X4 NO 2 DFL gﬁmm 1 49E+08 1 1
4FTLEN - -
| | NAH.EDLFRAMING | 137E+08 13
NQ SHEATHING | 175E+06 12
| 1156406 | 11
| 1.88E+06 1
L ' 1.88E+06 o2
] B 7T S |
| 163406 | 11|
| | 148E+06 12
| 2X4NO2DFLFRAMING | g47es0s = § |
2| NAlEDFRAMING | 6008 12|
. NO SHEATHING 172408 22 l
‘ 116E:06 | |
} | 147E+06 10 J
RN, | 1a7Ee08 0
‘ j ' 1.74E+06 13
- | 2.25E+06 7 |
i | | 1BTES06. "o
2X4 NO 2 DFL FRAMING 1 286408 “
| ’ N;EQDLE:AGMT:JG 130406 | 11 __‘
NO SHEATHING 139408 |
194E06 15 l
1.46E+06 10 ]

| s w0



 WALL L WALL DISCRIPTION
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L

BB [ MC(%) |
| 1.35E406 18
13308 | 14
115606 | 12
2%4 N4O FzT ?Eh gl_li_ﬁMlNG | 183E+B | 16
NAILEO FRAMING |1 dWEK06 T
NO SHEATHING _1BIEX6 13
| 1.34E+06 _g
185608 | 11
 1.85E+06 _13__ |
o 1.35E+06 16
ATSE+08 | 12
178E+06 12
2X4 NOQDI;I‘.\I gﬁMlNG 176E406 | 16
Nnﬁl.FETDLFRAMiNG 1SEE6 | 13
NO SHEATHING | 169406 | 11
. 1236406 12
© 1.09E+06 14
- 109E+06 | 13
- | AT7EE06 18
7806405 | 15
C157E+06 14
2X4 NO 2 DFL FRAMING 1.25E+06 44
e mee T ow
NO SHEATHING _151E+06 o
1O1E+06 | 12
1.22E406 11
) | te4Es08 | 15
- 169E¥06 | 27
1.23E+08 30
1.37E+068 24
2X4 NSFQT?EI&Z%MING __ 1 32E+06 h 13
BX6 MPC | 100E406
NOSHEATAING | _ 126E+06 l
| 1.85E408
| 216E406 | 13
| 143406 | f13_
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WALL DISCRIPTION

2X4 NO 2 DFL FRAMING
4FT LENGTH
6X6 MPC
NO SHEATHING

2X4 NO 2 DFL FRAMING
4 FTLENGTH
6X6 MPC
NO SHEATHING

2X4 NO 2 OFL FRAMING
4 FTLENGTH
6X6 MPC
NO SHEATHING

2X4 NO 2 DFL FRAMING
4 FT LENGTH
5%X5 MPC
NO SHEATRHING
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- EILBINY i'_in'c_(éali
 1.02E+06 15
| 144E+06 | 16
C120E+06 | 12
 123E+06 | 14
- 120E406 | 15
CA21E06 | 14
150E+08 | 1
1856406 | 11
 1.40E+08 12
1856406 12
e [
. 1.57€+06 16
104E+08 13
| 219E+06 | 16
122E+06 15
.\ 159E+06 | 15
T 17%E+06 | 13
| 1.ATE+06 [_7
| 131E+08 15
 {B5E+06 | 11
C191E408 | 14
1.50E+06 11
T 205€4+08 | 14
TmEw |
| 1B1E+06 14
| 1.38E406 13
4.B1E+06 15
1.88E+06 19
1336406 13
1.35E+06 T
1.50E+06 13
1.34E+06 | 14
166E+06 | 14
142E+08 | 1
1.53E 406 22
9.59E+05 15



13

14

15

T WAL | WALLDISCRIPTION | EI(LBINg | MC (%)
1.79E+06 19
~ 1.55E+06 17 |
14264056 | 12
2X4 NO 2 DFL FRAMING T SIE0E =
T .
NO SHEATHING | 162E%06 17
L 126E+06 | 17
1.T1E+08 13
| 109Ew8 | 15
| 1326%06 | 13|
i 208E+06 14
‘ 1.60E+06 19
| IX4NO2DFLFRAMING | igsEes | 1
NO SHEATHING _ 161E+06 o1
 1.28E406 15
163406 r T
1126406 | 19
- © | 1eeEv06 | 16 |
215E+406 _L 18
163E406 | 13 |
S Tl AL T
1I 5X5 MPC 1506406 [ 3
; NO SHEATHING ABOE406 | 2@ |
} | 1218086 20 |
! 1.67€+06 |2
| 0726405 | 15 ‘
‘.. i _ 1836406 | 20
I | 117E406 1|
153!‘:005 14 [
2X4 NO 2 DFL FRAMING 2 10E+406 o
| st _ 1.35E+06 } 18 l
| NO SHEATHING C136E«06 | |
| 15OE40B 14
! 110E+06 | 14|
| T 253E408 CTT
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(WAL | WALLDISCRIPTION  EN(LBN)
| T | 150E+08
| N
“atem |
2X4 NO 2DFL FRAMING | g 578405
e | e
NO SHEATHING | 9926405
 T21E+08 |
isss
: 1.63E+06
= T
22506 |
2X4 NO 2 DFL FRAMING | B7E406 ]
NO SHEATHING 9.74E+05
1506406 |
141606 |
[ESRRE S VRN (IR SOSgE 1.79E+06 |
| | 1.72E+08
| | | 1.88E+08
1.39E+06
2X4 NO 2 DFL FRAMING 0E 00
i2 T
| '. NO SHEATHING 1726406
| 174E008 |
| f - 1BIE+06 ”
N N 1416406 |
r | 1.76E406 |
| 198E+408 |
| 776406
i A 6X7 MPC 1856400
NO SHEATHING 169E+06 |
1.74E+06
|  hoews |
e il 9 0EE00
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13
21|
25 '
16

12 |
18
17 ‘
14



| WALL | WALLDISCRIPTION [ EI(LBN9 | MC(%) |
| | o 06008 | 7. |
1.06E +06 10
CAB4EL08 | 12
2X4NO2DFLFRAMING | 132406 | 22 |
w | AR ek w
NO SHEATHING L T
| 1OES | 13
| 123E+08 | 30 |
| 1.01E+06 % |
T | T1ooE+08 | 27
130E406 | M1
1.74E+406 13
2X4NO2DFLFRAMING | 1gaE+06 | 15
21 4F T LENGTH  1JE06 | 20
NO SHEATHING _1M4ER06 | 2
1.29E +06 30
120E+06 | 14
206E406 | 12
T B35 | 12
228E%06 | 18 |
154E406 | 18
2X4NO 2DFL FRAMING | 1 B1E+06 )r "
2 Yoeme L 1eEes [ |
‘ NO SHEATHING . 283E«08 | 12
.’ 120E006 | 27
Cmew | ow
] o 13MEe0s A1
19906 | 30
| 2ME+06 l 25 |
|  1B1E«06 18 l
2%4 NO 2 DFL FRAMING 1176406 | 15
Cm | e | e | e
| NO SHEATHING 216E+06 | 13 |
‘ | 11606 | 2 |
145E+408 14
] 1256006 | 21 |
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| WAL WALLDISCRPTION | EI(L&N) | MC(H) |
I 14306 14|
_1MEW6 | 15
34305 | 12
2X4NO2DFLFRAMING [ 1ggErcs | 18
4 FTLENGTH e e
24 5X6 MPC 13306 15
| NO SHEATHING | 14308 | 13 |
- | 126E/06 | 28 |
| | 1.20E+06 10|
! L 2208406 13
| | 184EX06 | 15 |
- 1366408 | 14
| 1.45E+06 14
' 2X4 NO 2 DFL FRAMING | 1856408 | 18
4 FTLENGTH R
B X6 MPG 1.08E+06 27
i NO SHEATHING 1.52E+06 | 17
| 176E+06 | 16
| 1486006 | 14
Y B | 18SEs06 | 9
| ' | 222606 | 19
| )
1.57E+06 14
| 2X4NO2DFLFRAMING | 17pE+08 | 14
o TN r |
| NO SHEATHING 1.60E+06 L.
| 1236406 19
| 1.42E406 2|
o L 1.45€+06 13
1.41E+06 7 |
_ 1.08E+05 8|
2.03E+06 T
2X4 NO2DFL FRAMING | { g4E+08 16
4 FT LENGTH — -
. a 4%5 MPC i _VGEEvOE | 12 |
| NO SHEATHING 15306 | 20
| 14006 | 30|
1.65E406 I
1.38E+06 13.
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[ "WALL |  WALLDISCRIPTION | EI{LBINY | MC(%) |
P o [ses |12
f : | 1.53E406 14
| | 105E+06 | 10
| ‘ 2X4NO2DFLFRAMING | q191E+05 | 16 |
Cw o EE e
NO SHEATHING | 147e+06 | 20
! | 136Es06 | 25
_ | 161E:08 | 17
| T30 14|
T T
f 1.15E+06 12 !
©133E+06 | 12
2X4NO2DFLFRAMING | 1208¢06 | 18 |
s | B i
NO SHEATHING 1826406 | 11
1.52E+06 25
, | 154E+06 15
| 136Ee06 | 17
'l__ - '__1.345+06___j 12
| | | 157Ev06 | 13
| ‘ 18806 | 17
| | 2X4NO 2 DFL FRAMING | B3E ¥ R
B N
| | NOSHEATHING |  B23EeCS | 12
| e  1.35E+08 12
' i | 137EW08 | 12
| ; ‘ 1368406 | 13
1 160E+06 | 13
O 137Es06 | 13|
2X4NO2DFLFRAMING | 1 g7E+06 13
o N.QLFETDLESJSJTNG _ 1FSE406 RL
716in. SHEATHING ~, _1.34E:06 20
. 11E«08 | 10
‘ | 420Ef06 | 14|
L1 o [eose0s ||
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" WALL | WALLDISCRIPTION ENLBING [ MC (%)
[ asEvs | 5
120E¢06 15 |
| 14308 | % |
B ———
| 32 NAILED FRAMING | 2E*08 | 11
| 7/16-n SHEATHING |  168E+08 | 13 |
| 261E+06 j'—i
204406 | 18 |
T 1ssEes | 18|
as il =T T
|  151Es08 | 11 ]
| mes |93
I 2X4 N4OF§?EbE§ﬁMING 1526406 ?4
33| NAILED FRAMING - 076408 0t
| 7M6in. SHEATHING | 205E#06 11
| 1.70E+06 8
| T12E06 | 14
1126408 | 13|
N (R Y-S
| ' 146E406 | 17|
| | mEs | o
| Lo N4O FzT ?_Eh ?ﬁwwe 135606 | 18
Cou NAILED FRAMING | LGIEROE et
716-n. SHEATHNG | 1.31E+06 14
| 176E+06 16
| | A13Ee08 | 11|
_‘ ~ 1.08E+06 . 14
T ' | 1426408 | 14
| v1sEes 24
i 1 46E+05 10
| | 2X4NO2DFLFRAMNG |  1gsee0s | 13 |
. e _ | i - ]
| | @&ﬁfﬂfﬁe o 1 46E406 17 0
| . 76in.SHEATHING | 8858405 | 15
1 1eoE«06 | 14|
| | ew )
| | 2.38E+06 20
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" WALL WALL DISCRIPTION El (LB-IN%) MC (%) |
" ' 1.40E+06 "
18406 | 12
| 1.56E406 15
2X4NO2DFLFRAMING | 1esgs08 | 21
a1 NALEDFRGImG | 14eEv0e 2%
1/4-in. SHEATHING 1136406 | 12
1.50E+06 13
' 1.83E+06 10
L ‘ T 183E+06 12 |
T ness | 13
| | 1.87E+08 13
| 1708406 12
| 2xd Nf F‘; ?‘;-4 ERT»}:MING 1.27E+06 19
s NAILED FRAMING 1326406 | 16
| 1/4-in. SHEATHING 1.23£+06 LA
- 7.17E+05 16
186E+08 | 12
141E+06 | 12|
i | 1.38E+06 17|
130E+06 | 13
1.67E+06 18
2X4 NO 2 DFL FRAMING 1.73E+06 T
“ NALLED FRAMING UBEWE | N
| 1/4n. SHEATHING 19306 | 12 |
i | 1.25E406 13 1
| 134Ee06 | 2
L 278Es6 12 |
r 1 69E+D6 |
1.79E+06 ’
159E+06 |
2X4NO 2 DFL FRAMING | 1 64E+08
“ NALED FRiNG | 21206
‘ 1/d-in. SHEATHING o 158E#06 |
| 1.44E+06
| | T
S I o VDE+DE
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45

48
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WELI_T_JI_SERRPTION E) (LB-IN?) Fc_(%)h’
[ RE
5  1.58E+06 13
1556406 | 15 |
| DANO2DFLFRAMING | T1sseros | 22
4 FT LENGTH e el
| NALEDFRAMING 1606406 | 13
! 1d-In. SHEATHING 165E+06 | 17
'i _1.49E406 12|
' | 220E406 | 19
_____ 1.67E+¢06 16
I 1436406 | 14
1.17E+06 14
C120E+08 | 12
IXANO2DFLFRAMING | 1a4gc08 | 12
4 ZI(EEANPGCTH . 191E+06 14
1/4-in. SHEATHING 1.24£+08 13
| 1.82E408 12
1456406 | 12|
1.46E+06 | 13
1T  180E+06 | 12
| B.84E+05 12
| 4.86E406 | 13
| 2X4 NO 2 DFL FRAMING 1726406 | 10 |
T | 146E+06 13
| AM4in SHEATHING |  1.B2E+06 11 !
| _1.57E+06 12
1.00E+06 1
- ~ 1.39E+06 "o
- 188E+06 | 14 |
| 135E+06 2|
|  1.09E+06 12
| 2X4NO2DFLFRAMING | 4ggE+06 5
. 4 FT LENGTH —— 1 =
| 5X6 MPC L 13806 | 12
| ld-n, SHEATHING | 142E308 9
| 1HE6 | 14|
* | 127E+08 | 11 ’
| | 10eEs06 11



' WALL | WALLDISCRIPTION | EI(LBIN)  MC(%)
] T AseEW6 | 15 |
: 2.21E+06 1 15

| |  2EB | 13

| 2X4 NO 2DFL FRAMING " 27E+06 17
o leMpe 1608 | 15

| f4-n. SHEATHING | 188E+06 | 14
. 1i6E+06 | 13 |
CeE0s | 12
| | 156E406 TN
—— s
| ©L74ER0B. 13
Casew | n

2X4 NO 2 DFL FRAMING | 4 10E+06 i 17
o | mmen UL
{/4in. SHEATHING ~ 1SBE+06 | 12
| V28E+06 | 13|
_, | 134Ew06 | 15|
' | TA2MEs08 | 14
1 ] "_1.'4EE'+_05_'T_"”___;_1_1_____’
' 163E+06 | 18 |

! T 1.94£+05_’ 1
|| PUNOIDRLERAMNG | g | 18 =
| 5' | NALEDOFRAMING . L TE¥06 12
i | 5/in.SHEATHING | 251E«08 | 17 i
| | LTEEL06 | 14
| 132606 12|
I 2276406 | 10
| 231E¢08 21
| | 1.36E+06 ‘ 13

!  1.60E+06 19
2X4 NO 2 DFL FRAMING 1.81E+08 | 12 !
| e e | a |
5/8-in. SHEATHING  183E+08 | 14
| | 1.53E406 | 11
| t72Ees | 12|
| 1B0EXE |11
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| WAL [ WALLDISCRIPTION | EILBINY [ MC(%) |
. 121E+06 | 15
| | Cisewe |13
5 | 132806 | 1
PUNO2DFLFRAVING [ 1g1Esc6 | 13
5 | NaLEDFRAMING . S.36E%05 } RN
| 5@in.SHEATHNG ~  1S4Ev06 | 16
| | 1A3%«06 | 10
| C148Ev06 | 1
|  158E+06 11
R e - SN I
1386406 14
| 148E+06 . 13|
| s | aea [
>4 NALEO FRAMING | 2196406 | 15
. 5/84n. SHEATHING LaiEay 4 Y
| | 2006 | 12
| 1616406 | 12
| | 146E408 | 11
S [eeEws 7
| © aoEeos | 5
| | 188E+06 | 13 |
| DUNOZOFLFRAMNG | 156206 BT
| 4FT LENGTH — —
( 5% | NALEDFRAMING - TIEI06 e 2T
| S/g-in. SHEATHING | 143E+08 18
| 1_405403,,_, g =
' 1.64E 408 16
A S| rsees |t
| ] | 1.956406 14
| . 1.BBE+06 | 13
i ‘ 158E+06 | 14
| | 2U4NO2DFLFRAMING | 1 64E+06 S
s AFTLENGTH | g | w
| ‘ 5/8-in. SHEATHING 16306 | 0
ll | 1438506 | 10
| | isees |8
| | 13BE+06 10 |
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[ WALL | WALL DISCRIPTION
| 2¥%4 NO 2 OFL FRAMING
_ 4 FT LENGTH
[ 5X6 MPC

| 5/8-in. SHEATHING

‘ 2X4 NO 2 DFL FRAMING
4 FT LENGTH
5X6 MPC

58 l'
( 5/8-in. SHEATHING
|

o

2X%4 NO 2 OFL FRAMING
4 FTLENGTH
5X6 MPC
5f8-in. SHEATHING

2X4 NO 2 OFL FRAMING
4 FTLENGTH
5X6 MPC
5/8-in. SHEATHING

60

118

| EIBN) | MC(%) |
| Tieseeos | 12 |
| 188E+DE | 12 |
 1BIE06 9
C MAzEe | 12|
| 1BIE+06 9 |
_2MEw6 | 10
178E+06 14 |
174406 0 9
e
1746406 | 13
swes n
e ||
217E+06 14
1208408 | 11
133E«06 | 20
 147€+06 | 12
| 111Es06 | 10
| 14sEv08 | 9
| Themews w0
| 181E+06 | 12
1.25€406 18
1.226406 9|
 1.51E+06 13
2126406 } a
1B4ES06 | 1T |
A67EN06 | 14|
1.70E+06 12
C214E%06 | 12
1636406 | 12|
1276406 i o
114E406 | 11 |
C178E+06 ! 16
T135E06 {10
1.43E406 { |
1.44E+406 | S
1A7E006 | 11|



C WAL
[
|
!
61
i
|
I
|
| |
| 82 ‘
‘ |
|
i
. |
]
| |
| |
. !
! |
| 63 i
|
L
|
|
|
i 64
| |
! i
— SEE .%l.__

WAL DISCRIPTION

2X4 NO 1 SYP FRAMING
4 FTLENGTH
NAILED FRAMING
NO SHEATHING

2X4 NO 1 SYP FRAMING
4 FT LENGTH
NAILED FRAMING
NO SHEATHING

2X4 NO 1 SYP FRAMING
4 FT LENGTH
NAILED FRAMING
NO SHEATHING

2X4 NO 1 SYP FRAMING
4 FT LENGTH
NAILED FRAMING
NO SHEATHING

118

EILBIN) | MC(%) |
| 140E+06 | 12 |
| 18BEX06 | 10
| TG0EW6 | 11|

2.29E+08 13|
T 149406 | 10 |
| 107Ev6 | 12
| 1.9TE+06 13 |
13406 | 10 |
U 1e3Es06 | 11|
| TosoEvs | 13

1.35€+06 10

1986406 | 13 4

1.94E+06 ’ R
Thseos 11
| 189E+06 | 11 J

291E+06 | 13|
| trrEses | 12

L0405 | 12

1816406 | 10 |

LB4ELOE 15

1.58E+406 12 |
T oEEws | 1
| tazEss 12
|  1.81E+06 9 |
} 1506406 | 10
| 19sEs06 | 1
| 228E+06 | 11
| 291E+06 10 |
B 2.54E+06 12
| C13%E+06 | 10|
| 1esEe0s | 14 |

3.00E+06 10
177E+06 9 l
 151E+06 10 |
COinERs | 1|




WAL |

65

86

67

68

120

WALL DSCRPTION |~ B ) | W (6] |
_ 2.03E+06 3
_204E406 | 10 |
1.77E+06 9
2X4 NO 7 SYP FRAMING [ _2_.07E1‘06_-“_ ﬁ B
NAILED FRAMING 2006006 | 10
NO SHEATHING | 158E+06 | 11
| 8.62E+05 ‘R
| tseEws | oM
| 2.06E+06 12
 218E¢08 10 |
isEss |t |
2X4 NO 1 SYP FRAMING 1.83E+06 12
el amEs |
NO SHEATHING | 211006 | 12 |
_\76E+08 1 9
| 220E+06 10
- | 1.07E+06 1
- 0 213E+06 | 12
| 268E405 | 12|
| 1o7E+06 | 10 |
X4 NO 1 SYPFRAMING | 1 10E+08 11
NO SHEATHING | 9.42€+05 13
L tTEse 11|
'~ 180E+06 ! 11 !
o |Tame«s 10
| 233408 | 14|
1.46E+06 12
2. 516406 14 |
2X4 NO 1 SYP FRAMING 137E05 | 10 f
ePe SRS 13
NO SHEATHING 1IEL8 13|
| 1.90E+08 L
| 1.05E+08 9 J
2 67E+06 12



‘ WAL [ WALLDISCRIPTION
|
| .
l |
| | 2X4NO 1 SYP FRAMING
o | 4 FT LENGTH

5X6 MPC
NO SHEATHING

2X4 NO 1 SYP FRAMING
4 FT LENGTH
5X6 MPC
NO SHEATHING

| 2X4 NO 3 DFL FRAMING
4 FT LENGTH
NAILED FRAMING
NO SHEATHING

2X4 NO 3 DFL FRAMING
4 FT LENGTH

| NAILED FRAMING

| | NOSHEATHING

121

L ENBN F@M |

2.33E+06 12
2:E06 12|
AWE06 [ 2
| 1.44E+406 12 |
LT MR
e | 10
| 190E+06 | 1t
" 7atEws | 12|
rieds | 0
~ 1.39E+06 10
C1BSE+08 | 12
C231E¢06 | 11|
LTIES06 | 10
 231E+06 | 10|
imes |
1926406 | 10 ‘
1196406 10
ET NI
u FOEH00f, oY
1.29E+06 14
18506 | 13|
150E+06 | 11|
154E406 | 12
565E+05 | 12 l
| 1.32E+06 12
7.85E+05 12
| 1426408 n_ |
1.78E+06 11
1.32€+06 12
| 1.04E+06 13
| 143Es08 |12
1.55€+08 | 11 |
ies | i
| BSOE+05 | 10
125406 10
1726406 10 |



WALL WALLDISCRIPTION | EI(LBINY) | MC(%)
131E+06 | 10
| 1306406 | 12
1.39E+06 12
2x4 N40 ;E&g:mns | 247608 | 19
s NAILED FRAMING L tl L
NO SHEATHING | 1.03E+06 14
| 10%E+8 | 10
1.236+406 | 14
| - | TB8E+s = 12
'  1BESE | 15
114E+06 | 2
| 202E+06 15
scsomzmne [imen 6|
74 NAiLE 0 PR RsT 1.11E+06 10 J
NO SHEATHING 960E+05 | 13
17206 | 12
2.25E+06 12 |
| B.03E+05 14
2 09E+08 14
131E«06 13
1316408 | 12
R BT m——
75 NALEDFRAMING . JB6E*0S 12
| NO SHEATHING _ 130%E+06 | 13
| ~ 1.03E+06 10 ‘
| 8 BBE+05 14
| CGTOEWS | 12|
1.91E+06 10
| 204408 | 11
| 1.26E+06 12
2X4 NO 3 DFL FRAMING 1.98E+06 14
% il 140E+6 11
| NOSHEATHING Rl O R L S
1336406 | 11
| 1046406 | 9
e ] | 149Es06 | 10

122




Fﬂm WALL DISCRIPTION EI(LB-N) | MC(%) |
 1.92E+06 13
| 1956406 | 13
' 1056406 = 13 |
|7 X6 PLATE. L 129406 | 14|
NO SHEATHING 267e+06 | 1
1.45E+406 12
1.50E+08 12 |
| 1.60E+06 12
! | 1.31E+06 13
128406 | 14
 211E+06 13
2X4 NO 3 DFL FRAMING 4.46E+05 12
78 A [ 1.15€+08 13
NO SHEATHING [ 1.68E+06 n
| 142E+08 | 11
- 1.11E+06 12 |
7.09E+05 12
B 153406 12
9 57E+05 13
1.23E+06 13
| 2x4 ”fﬁ?ihé?ﬁ“'”g 1,32E+06 10
L9 kel ~ 1.65E408 9 |
NO SHEATHING _ 1.58E+06 12
1 39E+06 15|
1.25E+06 0 |
L 1546406 | 11
2 226406 12
186E406 | 13
| 1.44E+06 T
Mt Tiew T
= 5X6 PLATE | j LI
NO SHEATHING | 200E+06 13
1766406 13
| 1.24E+08 9
N N | 182£408 10

123




| WALL [ WALLDISCRIPTION | . EI{LB-IN? MC (%)
1.59E+06 9
2.22E+06 11
2206408 13
| 1.51E+06 | 11
2X4 NO 2 DFL FRAMING | 1-42E+06 11
o1 8 FTLENGTH 1 14E+08 e
| 5X6 PLATE 166E+06 | 12
NO SHEATHING B 12
| 1.04E+06 "
.' : 1376406 | 11
| Crotees | 8|
| 9.49E+05 1
B ‘ o — 189E+06 | 11
| 156E+406 | 10 |
! 3.16E+06 11
| 149E+08 | 10
2X4 NO 2 DFL FRAMING 1.07E+06 L
- 8 FT LENGTH 1 58E+06 9
! 5X8 PLATE 1 28E+06 1
| NOSHEATHING T BT
' | 1.37E+06 0
| 153E+06 12
1.68E+06 12
| 1 326408 12
’ 1456408 | 11
181E+06 11
1236006 | 12|
1.51E+08 14
2X4 NO 2 DFL FRAMING | 1.B8E+0B L
83 8 FT LENGTH | 1.28E406 12
5X6 PLATE 1.83E406 1
NO SHEATHING | A %eEi o
| | 10BE406 % |
! 1.20E +06 12
| . 1.26E406 "M
L | 119Es06 13

124




WALL | WALLDISCRIPTION BBy | MC(%) |
281E+08 | 10
. 167E+06 | 9
| 1.40E+06 10
| 2.20E+08 10
2X4NO 2 DFLFRAMING  1836+06 | 11
” 8 FT LENGTH 2.57E+06 13
5X6 PLATE 1 0BE+06 17
7116 SHEATHING 18106 13
T istEss | 09 |
1.42E+06 9
| | 1526406 10
- 1.98E+06 0
o 1.48E+06 15
181E406 14
! 1756406 | 12
 137E*06 10
2X4NO 2 DFL FRAMING | 143E+06 L
| g 8 FT LENGTH 1.32E+06 10
5X6 PLATE _1.3554.05 - 10 |
7/16 SHEATHING L BIE 0
1926406 | 15
1.74E+06 9
| 1.29E+06 1"
| i | 13
f‘ 1.73E+08 17
' 1606006 | 12
520406 | 10
__201E«06 | 16
2X4 NO 2 DFL ERAMING 123406 | 12
85 8 FT LENGTH 1.83E+06 10
5X6 PLATE 1.23E406 9
7118 SHEATHING P T T
 171E+06 13 |
1708406 | 12
| - LTIE40E | 13
l 1.26e+06 | 11

125




WALL |  WALL DISCRIPTION }_ EIB-IN) | MC(%) |
l | 1.26E+06 10
2.26E+06 10
1.77E+06 12
 1.07E+06 0
| 189E«06 | 9
175E+08 | 10
2X4 NO 2 DFL FRAMING 1.27E+08 11
91 il 194E06 | 12
NO SHEATHING | 214E+086 | 9
191E+06 | 10
1. 94E+06 9
A24E406 [ 10|
1.38E+06 10 |
953+05 | 11
I B 1.46E+06 12
7.59E+05 0
2 15E+06 8
| 1.T2E+08 0
C184E406 | 10
1.19E+06 | 13
_20_3_-E+06 11
2X4 NO 2 DFL FRAMING 2 .69E+06 12
92 Ao 1.43E+06 10|
NO SHEATHING 1.97E+06 L
117E+06 | 10
| 150E+06 | 10
| LMERB | 10
1.20E+06 s
| 1B4E+06 | 1
L 1.26E406 | 12

126




127

T WALL WALLDISCRIPTION | EI(LBINY | MC (%)
1.24E+06 8
1.38E+06 n_
2.57E+06 11
1 48E+06 1
176E+06 | 14 |
| 1826406 | 9
l 2X4 NO 2 DFL FRAMING 1.88E+06 10
93 125;; :;E:?g“ 1.49E+06 12
! NO SHEATHING 1.71E+06 10
| 131E+06 | 10
1 55E+06 10
| 1.25E406 Y
7. 75E+05 10
| 1.37E+06 10
- ~ 1.0BE+06 10
1.20E +06 1
| 1T5E+08 | 10
159406 | 9
1.56E406 | 12
. 1.35E406 8
1.14E+06 14 |
2X4 NO 2 DFL FRAMING 1.46E+06 _E -
o4 A 12606 | 9
716 SHEATHING | 105E+08 10
1.91E+06 0
125E406 | 11
s 0
| 14BE¥08 | 10
 1.37E+08 T
1.4BE+06 9




_WALL

95

86

WALL DISCRIPTION

2X4 NO 2 DFL FRAMING
12FT LENGTH
SX6 PLATE
7116 SHEATHING

2X4 NO 2 OFLL FRAMING
12FTLENGTH
5X6 PLATE
7/16 SHEATHING

128

ELLB-NY | MC(%) |
1.47E+406 12

| 1.81E+06 12
17BE+06 | 11
1.31E+06 12
1366406 | 13

| 100Ee0s | 13|
201Ev06 | 12|
929E405 | 13
1.2TE+06 g |
1.94E+06 K
 1.1BE+06 9
260E¢06 | 13|
1456406 | 10
C128Ee06 | 11
~ 5.86E+05 1 9
1ATE+06. L 10

| 198E+06 | 10

| HATE08 f"é_

| 1.46E+06 1

| 109EY0E 10

} 164E408 | 12
1ATES06 | 14

| 129E+06 10

' 108Et06 ,

!  145E406 f2

| ta26k06 | 10
120E%06 | 10 |

 1BBEs0B | 11

| 13E406 | 9

l_' 1.14E406 12




161

102

129

| WALLDISCRPTION | EI(BIN)  MC(%) |
| 146E¥06 11
| 146Ex06 | 11 |
1.65E+08 10
| 131408 | 8
8.98E+05 12
1STE+06 | 8 |
1.87E+06 13|
; | 179E+06 | 16|
2X4 NO 2DFL FRAMING | 1-18E+06 _i o
16 FT LENGTH | 1.42E406 1
5X6 PLATE C184E406 | M1
| NOSHEATHING = 4 T
| e | o |
| 9826405 | 9 |
| e | 6
| 9.08E«05 12
| 877Ew05 | 1
| CwEes |8
L | 1.36E+08 14
1 ] 106E«06 12
| 130E+08 | 12
_MSSE08 | 13
130606 | 12 |
1.05E+06 11
| C178Ev06 | 10
| ISR 42|
| 2X4 NO 2 DFL FRAMING A0S | 9 |
16 FTLENGTH 155E+06 13 |
| 5X6 PLATE 8.55E+05 12
NO SHEATHING CuaEes | 14
17106 ’ 5
VEDE | 12
 150E+06 0 M1 |
=R TR
151406 | 12 _‘
[ 146E+08 14
S S -



103

104

©OwWALL |
_.—_._1;_._

130

WALLDISCRIPTION | EI(LB-IN) = MC(%) |
1656406 | M
A6 | 12
 1.38E+06 10
200E+06 | 10
CO1A7Es06 | 9
101E406 | 12
| 11Ew06 | 13
2X4 NO 2 DFL FRAMING 1726406 | N |
16 FT LENGTH 216E+06 | 16
5X8 PLATE 137E+06 | 9
NO SHEATHING T 1 45E+06 __ _12
rasEes |0
| 86BE+05 10
| 134Ev06 | 13
L2 |1
| 1MEs06 | 11
1.75E+06 10 |
T134E+06 | 13|
S [ eEee |9 |
114E+06 | 12|
| a8eEv0s | 11|
| 1.33E+06 13
C120E06 | 14
2.38E+406 ‘ 15
eEes T
XANO2OFLFRAMING | 1:3BE#(B | 13
16 FT LENGTH 288E+06 | I
5X6 PLATE 1.12E+08 | 1 i
716 SHEATHING 23E406 | 9
1.57E+06 13
| 2.24E+06 l 15
1.69E+06 1
110E+06 | &
| 1.O4EH06 13
| 187ER06 15|
SEAT = T



. 108

106

2X4 NO 2 DFL FRAMING
16 FT LENGTH
5X6 PLATE

! 7/16 SHEATHING

2X4 NO 2 DFL FRAMING
16 FT LENGTH
5X6 PLATE
7116 SHEATHING

131

| EIeINg [ MC(%) |
1.16E_+0§ i 10

- 137Es08 [ 10
2.05E+06 ! 13

l'_1.é5_Eéo? i

2066406 | 8

[ 127Es06 | 1

178E+06 | 12

| 1.59E+06 | 4
267E+06 | 12
REE
[ 149Es05 | 12|
| 1.52E406 12|
1556406 14
2366406 12
ff'mafos 12
| 142406 | 8
| 1.ABE+06 12|
Tewees |
| 174506 | 8 |'
| 150E+06 | 16
e ||
L L
_ 1626406 | 13
| 147Ev06 | 11
e |
128406 | 10
12(E406 | 12
20308 | 9
O7BE0S | 11|
1.20E%08 9
 1BBE+06 | 14
1826406 10
CATIE€8 10
1326408 | g9
926E405 | 10
1106406 | 10




1119

13

114

_ WALLDISCRIPTION | El (Le-IN?) _T%(%}"
amem
145E+06 | 19 |
2086408 | 13
2X4NO 2DFLFRAMNG | "y 29ee08 | 12 '}
‘hapiate | 106 1
NO SHEATHING _ O \T7EH06 | 14
| 1.58E+08 ’j 2|
| 120E+06 | 12
) | h4Ee06 | 12
- | 17eEvs | N
13%E+06 i
139E+06 | M
2X4 NO 2 DFL FRAMING ‘EBE*’% -I__ 2_5__ |
VAN
NO SHEATHING | VL80E+06 | 16
| 124Ev06 | 19 |
| 147Ex08 | 10 |
s | o
| 1.86E+06 | 16
| 2U1Ex06 | 21
oL
pargitnee [avew | |
4X4 PLATE | 220E406 | 16
NO SHEATHING 156E«06 | 29 |
| 1536406 14
1026406 12
1136406 17
[ 17EE+06 13
s | |
2256406 11 ‘
2X4 NO 2 DFL FRAMING 1 3BE+06 19
ot | 1468406 2 |
NO SHEATHING | _207e+06 15
1566406 | 13
1036406 | 13 |
©161E+06 9§ |

132

222 _— - — |



16

M7

118

AL

133

_ WALL DISCRIPTION EILBINY [ MC (%)
1716406 | 11
| 150E<06 | 12
184E+06 | 14
| 2X4NO2DFLFRAMING | 2s0er06 | 12
B
| NOSHEATHING  1.17E+08 S
! 1.64E+06 | 11
|  183E+06 | 12
| 1.90E+08 {1
T T e e
|  149E+08 14 |
‘ 179Ee06 | 17 l
| 2X4 NO 2 DFL FRAMING | 158906 T
o iamae | 106 | 16
| NOSHEATHING { ABE«0G v T2
| | 1.57E+06 14
i | 173e+06 | 12 ‘
a4E+0s | 10|
T T T Tamers | 14|
| 139806 14|
| assEs08 | 11|
KONO2DFLFRAMING | {iagw0s | 10
meer | b
| NO SHEATHING LM v
| | 9.356+05 12 |
| | eaEws | 1|
L C12E406 | 10|
| 1346006 11
| LBTE05 | 14
| 1466406 | 12
| 2X4 NO 2 DFL FRAMING l 1736406 L 13
| 43%%&%? | 204E%06 | 16
| NOSHEATHING | 18BE06 | 12
| - 121Es08 12
! . 1196406 | 9
‘: 424E06 | 14



WAL
| |
l
‘ 119
| |
| |
I
|
| !
i i
|
1120 ‘
-' |
| |
T_. e
|
i 121
i
[
|
i
| i
| 122
| |
| |
]
1
|

T 'WALL DISCRIPTION

2X4 NO 2 DFL FRAMING
4 FT LENGTH
3X4 PLATE
NO SHEATHING

2X4 NO 2 DFL FRAMING
4 FT LENGTRH
3X4 PLATE
NO SHEATHING

2X4 NO 2 DFL FRAMING
4 FT LENGTH
6X7 PLATE
7116 SREATHING

2X4 NO 2 DFL FRAMING
4 FT LENGTH
6X7 PLATE
7/16 SHEATHING

134

sy | WG |
C138Ev06 | 17|
5__3._53&05 |
e |1
B 1356406 | 10 |
T
1.38E+06 19|
1316406 25
EEECTR U
| 178E«08 | 19 |
1236406 | 15
2A5E+06 ’ 17 (
1386406 | 12 |
CMIGERS | 14|
192E+06 30 |
Careews | 28|
1326406 | 28
 149E406 12
I 1.09E+06 12|
| 1e6E+06 | 13
CATEs06 | 1 ‘
| 1206406 1
" aeEs | 15
1126406 "
U yg7Ev08 | 12
| (9BCEC0S | 1|
R [
2.31€+06 TR
T reoeeos | 12
| LMEe0s 11
211E+08 | 16
| 151E408 19
| 143E+06 13
s | n
225E%06 | 11
. 1.45E+08 17 |
| 140Ev0s | 12



waL |

WALL DISCRIPTION

| 124

123 |

2X4 NO 2 DFL FRAMING
4 FT LENGTH
6X7 PLATE
7116 SHEATHING

—

2X4 NO 2 DFL FRAMING
4 FT LENGTH
BX7 PLATE
7116 SHEATHING

128

126

2X4 NO 2 DFL FRAMING
4 FT LENGTH
6X7 PLATE
716 SHEATHING

2X4 NO 2 DFL FRAMING
4 FT LENGTH
3X4 PLATE
7116 SHEATHING

| EI(BINY | MC (%) }
2.18E+06 2
CAT7E6 | 17
1.50E+08 12
OAS%EH06 | 11
146E+06 13|
 177E+06 | 13
1.85€+406 20
\ﬁm_aos 5
Jienn 13
153406 L_ﬁ |
1.60E406 6
e 15
148E+06 | 11
e | 15
_ 20006 | 15 |
| 1e0Ee06 | 12
1.56E+05 13
s | 1]
1.B6E+06 14
 166EW6 | 12
| 168Es06 | 18
| 158406 | 12
T 2mEes | 12
1.46E+06 T
1.71E+08 13 |
150E+406 | 12
ATSE08 | |
1.30E +06 16
| 169E+06 12
146E+06 13
 128E+06 13
Creews
1636406 | 9
179E+086 15
95105 17
| 108E«06 | 13

e .. - —

135




WALL WALL DISCRIPTION El (LB-IN?) MC (%)
1.49E+06 14
1.53E+06 12
2%4 NO 2 DFL FRAM L ’
|
- 4 FT LENGTH Ne —lxg -+ :: 1
3X4 PLATE
7/16 SHEATHING 1656406 | 12
1.37E+08 12
1166406 13
B 1566408 | 1
167E+06 T
147E406 | 13
2.11E+06 14
2X4 NO 2 DFL FRAMING 150E+08 | 23 {
128 ey T 13Ee06 | 12
7116 SHEATHING 2.00E+06 15
1.10E+06 10
1.57E+06 12
- 1.14E+06 12
o 197E+06 | 14
| 156E+06 14
184E+06 | 12
2X4NO2DFLFRAMING [ 1g3g+06 | 11 |
129 el T 225E06 | 12
7/16 SHEATHING 1.07E+06 LL
1.31E+06 8
| 1205 |13
] CO119E406 | 14
| 9.53E+05 10
153E+406 14
©126E406 | 12
2X4 NO 2DFLFRAMING 1 85406 10 |
120 eyl 20506 | 12
7116 SHEATHING 1.49E+08 j i
| 1.44E+08 12
- 14TE+06 12
L e |

136




| WALL | WALLDISCRIPTION | EILB-IN) | MC(%)
[ C | rasee | 12
| | 136Ev08 | 12
| '- | 1.27E+08 1 T
! | X4NO2DFLFRAMING [ q4ggsgs | 12
Cwm g ee e
| | JMGSHEATHNG | 156E+08 | 14
.; | 9556+05 | 10
| | L3806 | 10
B | | 147Ee08 | 20
T e
| | 197Ev06 | 12
| | 2XANO2OFLFRAMING | ~ygige08 | 14
B v )
‘ | 716 SHEATHING © o VG4E+06 | 12
| | | 1.05E+06_ 10
| e
oL eBeEs0S | 11
| - 126 92
| | 161Es06 12
| | _124Ev06 | 14
| e Tenee e
3 X5 PLATE . 20806 LS.
| 716 SHEATHING | 176E+06 | 4
| | HBIEQ0 | 13
. | S T
[ SO S _ ] 8305 | 13
| R | i72ee06 | 13

! | O19Es05 | 12
S Cemen | n
| | e [ IMEE
|1 ‘ 4X5 PLATE e TEN00, e 18

7116 SHEATHING L 1.68E+06 | 12

! | | MA0EH06 | 18
| | 1.23E+06 10
| | (8.15E+05 13

e e e e e e

137



Cwal [

135

136

137

138

138

WALLDISCRIPTION | EI(LBINY | MC(%)
9.26E+05 10
| 1.74E+06 1|
2.00E+06 13
2X4NO2DFLFRAMING | 183E+08 I' 14
*XSPLATE 130606 | 14
7/16 SHEATHING 231E+06 | 13
180E+06 | 10
| 142606 | 11|
_ ] | taeds | 12
1006 | 11
1.50E+06 | 10
841E%05 | 13 |
2X4 NO 2 DFL FRAMING 175E+06 . T4_ !:
S PIATE 1E0s | 4
7/16 SHEATHING ~ 1.75E+08 15
1.10E+06 10
1.65€+06 1|
| 1208406 1|
' 1.65E+06 13|
~ 1.38E+D6 12
| 1.71E+06 15
2X4 NO 2 DFL FRAMING 115E+08 12
S - R
7116 SHEATRING [ 152€+06 | 11
1626406 ' 10
. 1108406 12
| | 1276406 12
’ o o | 1.60E+06 10
| | 119E+06 16
| | 1738406 10 |
ZX4NO2DFL FRAMING | 124406 12|
5X6 PLATE | tadces06 | 12 |
7/16 SHEATHING 1.42E+06 13
 1.30Ev06 12
'! 1026406 | 19|
| 1.38E+06 14|



[ WALL

139

140

141

142

2X4 NO 2 DFL FRAMING
4 FT LENGTH
5X6 PLATE
7/16 SHEATHING

2X4 NC 2 DFL FRAMING
4 FT LENGTH
5X6 PLATE
7/18 SHEATHING

2X4 NO 2 DFL FRAMING
8 FT LENGTH
NAILED FRAMING
NO SHEATHING

2X4 NO 2 DFL FRAMING
8 FT LENGTH
NAILEC FRAMING
NO SHEATHING

WALL DISCRIPTION

El (LB-IN?) MC (%)
1.76E+06 T
C131E+06 | 13
149E+06 | 12 |
1.56E406 16
 2.25E+06 15
 1.55E+06 19 |
| 9.42E+05 12 |
| 192Es08 | 10
130E+06 | 10
1.54E+06 ETH
| 136E406 | 10
S {31E406 | 10
T 1p4E406 | 09
T 1876406 | 11
1.20E+06 EF
171E+06 BT
161E+06 | 9
1.53E+06 12
©203E+06 | 10
" 1.25E+06 10 |
" 1.066+06 13
 9.74E+05 12
" 1.74E+06 0
 1.29E+06 '
2.05E+408 8
2.00E+06 12
1746406 | 13
177E+06 10
1.90E+06 10
| 1B0Ew6 | f0
1,83E+06 | 13
242E+06 | 14
1206406 | 13
183406 | 13
2.39E+06 15
2926406 | 12
2368406 | 10 |
2306406 | 13
2.43E+06 12
1476406 9
. 1.55E406 9
1.38E+06 12




CWALL | WALLDISCRIPTION | EI(LBINY | MC(%)
| " 1ise«0s | 10
| | 1mEME | 12
| MB5EX06 | 12
’ 970E+05 | 1
%4 NO 2 DFL FRAMING I 1.83E+06 12
- 8 FT LENGTH | 1T2E%06 13
NAILED FRAMING | 2.03£406 9
NO SHEATHING T 313E%06 A
138E+06 | 10
1.74E+06 9
 1.51E+406 10
1.32E+06 13
i - | 1T4ER06 17
| 209E+06 16
| 125E+06 10
| 152E+06 2
2X4NO2DFLFRAMING | '45E+06 | 17
ia 8FT LENGTH | 132E406 | 9
NAILED FRAMING 1.72E+06 10
7/16 SHEATRING T
| _AEE06 | 12
| _ V0E06 10
. 138E406 12
D 228Es06 1
R o 1.B1E+06 17
1.68E+06 10
| 174E+06 | 10
| 213E+06 12
| IXGNO2DFLFRAMING | _126E%06 | 12
-— 8 FT LENGTH | 202E+06 9
NAILED FRAMING 2.06E+06 10
7/16 SHEATHING I
| 1306406 10
B79E405 | 11
et 12
e - B 1596406 | 1

140
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WAL WALLDISCRIPTION | EI(LBINY | MC(%) |
- - | 1.00E+06 8 |
| 154E+06 | 10
L AT7ER6 | 9 |
| 165E+06 | 12 |
2%4NO 2 DFL FRAMING | 1-77E+06 13|
- 8 FT LENGTH C112E+06 | 13
| NAILED FRAMING 2636406 12
= 7116 SHEATHING I E3E06 TR
 2.8BE+06 13
1416406 | 11 _1
1.726406 11
173E+06 12
I - 2.39E406 12
| 169Es0B 11|
| 9.38E+05 13
1.49E+06 10
IEEEE
| 1.75E+06 g
I 2X4 NO 2 DFELNFGR_IL‘;IMfNG 1_1 5E€+06 | 11
2 NAILED FRAMING IBE0s D
NO SHEATHING 1888406 | 11
144E406 | 12
(_1B3Ev06 | 1
1.48E+06 10
| 947E+05 12
~ 1.60E+06 12
1.72E+06 11
B | - 1156406 | 10 |
T147E406 10 |
| 1476408 | 12
| 1.74E+08 9
| 2256406 10
CATE08 | 9
2X4 NO 2 DFL FRAMING 1.28E+08 10
e NALED FRAMING . S0E=08 19
NO SHEATHING 139E«06 | 9
1.94E+06 10
 1.46E406 10 |
!  1.46E+06 TR
© 1.35E+06 12
1.33E+06 14
ConmEes s




163

154

WALLDISCRIPTION [ EI(LBIN?) | MC(%)
[ 183E406 11
1.40E+06 0
 181E+06 12
1.94E+06 9
185E+06 12
1.80E+06 9
2X4 NO 2 DFL FRAMING Y3BE08 | 0
12FTLENGTH [ o |
NAILED FRAMING EEIS L,
NO SHEATHING C178Es06 | 13|
1.76E406 o
 1.56E+06 10|
169E+06 | 10
1.23E+406 F
“1.09E406 12|
1.09E+06 12|
| 1.78E+06 13
780E+05 | 11|
| 1.57E406 3
| G20EE00E LA
| L0ENe | 12
1.51E+06 1
2%4 NO 2 DFL FRAMING 10IE06 | 3
N;IQLEEI-F%%TIEG (71,
7/16 SHEATHING 164E+06 | 10
_189E06 | 13
1.23E+06 1"
| 1.37E+06 1
1326406 13
| 100E+06 10
| mees | o
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WALL WALLDISCRIPTION | EI(LB-INy | MC(%) |
1.85E+06 6 |
T 216E406 13
 1.43E+08 1
 1.02E+06 16
| 144E408 | 12
| 1.20E+06 13
122 NAILED FRAMING 1206408 13 |
7116 SHEATHING 1.21E+06 15
1.50E+06 "
| 1.85E+06 14
| 140E+06 11
eed | o
 1.30E+06 2
 157E+06 | 16
] T 1.04E+06 7
2196406 13 |
1206406 16
1.59E+06 14
1.79E+06 14
| 147ER06 | M1
v T T
56 | NAILED FRAMING 1.55E+06 18
| 7/16 SHEATHING  1.91E+06 18
i 1.50E+06 15
‘  2.05E+06 12
'. | 1.31E+06 1
| _TBENS | 11
. 1.38E+06 13
| | 1.61E+06 13
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WALL

[
!

161

162

144

"WALL DISCRIPTION El (LB-INY) MC (%)
1.91E+06 0
1.50E+06 12|
185E+06 | 11
1.44E+06 12

 190E+06 | M1
156E+06 | 12 |
 128Ee06 | 11|
2X4 NO 2 DFL FRAMING 185E+06 | 10 |
16 FT LENGTH 244E+06 10
NAILED FRAMING 1.93E+06 9 ‘
NO SHEATHING e | 11
1.32E+06 12
. 173406 | 15
185E+06 | 11
| 139E+06 | 12
 1.4BE+06 10
C18Ev06 | 9
I -
| 7sEv06 | 1D |
1266406 | 9
1.48E+06 15
1476506 | 11
Tamew |
19706 1
ses | 1
2X4 NO 2 OFL FRAMING | 1-58E+06 -
16 FT LENGTH . 1.57E+06 | 9
NAILED FRAMING | 1.22E+06 9
NO SHEATHING i 1985406 | 1
| 1.86E+06 8
| 1.00€+06° 1
1.36E+06 10
1796406 | 15
8.22E405 | 11
_9BBES0S 10
| BM1CEX05 | 10




WALL WALL DISCRIPTION EILBIN J MC (%) |
- ' 1B3E06 | 12|
208E+06 | 11 |
1176406 | 8
136E+06 | 8
CNO7ERB 9
125E+06 | 41
1906406 | 11
2%X4 NO 2 DFL FRAMING LJE¥06 | 10
e 16 FT LENGTH 1.64E+06 8
NAILED FRAMING 1.64E+06 10
NO SHEATHING 4 T4E+08 Ty
148E¢06 | 9 |
 13Es06 | 9|
| 1.56E+06 9
T 121Ese | 12
' 1.26E%06 9
146E406 = 9
) | 215E406 2
| {.70E+06 10
2156406 | 10
 1.35E+06 | 12
. | 1.34E+06 14
| 13706 | 12
| 1.51E+08 4
| 1.60E+06 1
X4 NO 2 DFL FRAMING . 2.22E306 | 10
164 16 FT LENGTH | 190E+06 | 11
NAILED FRAMING | 1 B4E+06 | 12
7116 SHEATHING CierEws | 8
e | a0
| 1.69E+06 13
 1.94E+06 11
2126408 10
175€+06 | 11|
1.04E406 | 12
168E+06 | 12

.
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| WALL

'WALL DISCRIPTION

165 |

166

2X4 NO 2 DFL FRAMING
16 FT LENGTH
NAILED FRAMING
7116 SHEATHING

2X4 NO 2 DFL FRAMING
16 FT LENGTH
NAILED FRAMING
7/16 SHEATHING

146

[ El@eNg | MC(%) |
| 150E+06 | 11
| 1238406 | 9 |

1.1BE+06 13
 236E+06 12|
2186406 | 9
_ 200E+06 | 13|
 144E+06 | 13|
©y79E+08 | 12 |
1726406 10
2.33E+06 12
13906 [ 14
_231E+06 | 14
1,.94E+06 10
1.52E+06 10
| 1.45E406 10
| 198E+08 | 1
1.30E+06 10
164E406 | 9
| 162Ew6 | 12|
. 181406 | 11|

 207E+06 11

C 151E+06 | 1
1.60E+06 9

T 1.78E+06 "o
© 1.26E+06 10
1.63E+06 12 |

| 1.21E+06 1"
CO191Es08 | 10
| 338E«06 | 9 |
. 1.87E+06 10

1.79E+06 12
1216406 14
9.82E+05 12
2056406 | 13
278E+06 | 9
163E+406 | 11
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