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Per manent Bracing Design for
MPC Wood Roof TrussWebs and Chords

Catherine Richardson Underwood

(ABSTRACT)

The objectives of this research were to determine the required net lateral restraining force
to brace j-webs or j-chords braced by one or more continuous lateral braces (CLB’s), and
to develop a methodol ogy for permanent bracing design using a combination of lateral

and diagonal braces.

SAP2000 (CSl, 1995), afinite element analysis program, was used to analyze structural
analogs for three sets of truss chords braced by n-CLB’ s and one or two diagonals, one

web braced by one and two CLB’s, and j-truss chords braced by n-CLB’s.

System analogs used to model five eight-foot truss chords braced by three CLB’ s and one
diagonal, six twenty-foot truss chords braced by nine CLB’s and two diagonals, and
eleven twenty-foot truss chords braced by nine CLB’ s and two diagonals were analyzed.
For each of the three cases analyzed, the chord lumber was assumed to be 2x4 No. 2
Southern Pine (S. Pine) braced by 2x4 STUD Spruce-Pine-Fir (SPF). Chord load levels
of 10% to 50% of the allowable compression load parallel-to-grain assuming l¢/d of 16
were studied. All wood-to-wood brace connections were assumed to be made with 2-16d
Common nails. A nonlinear |oad-displacement function was used to model the behavior

of the nail connections.

Single member analogs were analyzed that represented web members varying in length
from four-feet to twelve-feet braced by one and two CLB’s. Theweb and CLB’swere
assumed to be 2x4 STUD SPF. The web members were aso analyzed assuming 2x6
STUD SPF.



Single member analogs were analyzed that represented chord members varying in length
from four-feet to forty-feet braced by n-CLB’ s spaced twenty-four inches on-center. The
truss chord was assumed to be No. 2 Southern Pine and the CLB’ s were assumed to be
STUD SPF. The chord size was varied from 2x4 to 2x12 and connections were assumed
to consist of 2-16d Common nails. The system analog analysis results were compared to
the single member chord analysis results based on the number of truss chords and the

diagonal brace configuration.

For the three cases studied involving multiple 2x4 chords braced as a unit (and believed
to be representative of typical truss construction), the bracing force from the single
member analog analysis was a conservative estimate for bracing design purposes. It was
concluded that the single member analysis analog yields approximate bracing forces for
chords larger than 2x4 and for typical constructions beyond the three cases studied in this

research.

For analysis and design purposes, aratio R was defined as the net |ateral restraining force
per web or chord divided by the axial compressive load in the web or chord. For both
2x4 and 2x6 webs braced with one CLB, the R-value was 2.3% for all web lengths
studied. For both 2x4 and 2x6 webs braced with two CLB’s, the R-value was 2.8% for
al web lengths studied. The web and CLB lumber species did not affect the R-values for
the braced webs.

Calculated R-values for truss chords, 2x4 up to 2x12, braced by n-CLB’ s assumed to be
spaced two feet on-center for chords four to twelve feet in length ranged from 2.2% to
3.0%, respectively. For chords from sixteen to forty feet in length, R ranged from 3.1%
to 2.6%, respectively. The lumber species and grade assumed for the chord and CLB did
not affect the R-values for the truss chords.

A step-by-step design procedure was developed for determining the net lateral restraining
force required for bracing j-chords based on the results of the single member analogs

studied. Therequired total lateral restraining force for j-compression membersin arow



can be calculated based on the R-value for or the number of CLB’sinstalled at 2 feet on-
center, the design axial compression load in the chord, and number of trusses to be
braced.
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1. Introduction

The distinction between permanent bracing and temporary bracing has been a gray area
in the wood truss industry for many years. Often temporary bracing and permanent
bracing elements are the same, but in other cases less overlap in function is evident. Itis
important to make the distinction between temporary and permanent bracing because
different parties are currently responsible for the design and installation. All current truss
industry documents state that the responsibility for permanent bracing design lies with the
building designer while the responsibility for temporary bracing design lies with the

erection contractor.

Code approved ANSI/TPI 1-1995 National Design Standard for Metal Plate Connected
Wood Truss Construction (TPI, 1995) defined the responsibilities of the building
designer, truss designer, and general contractor. ANSI/TPI 1-1995 and WTCA 1-1995
Standard Responsibilities in the Design Process Involving Metal Plate Connected Wood
Trusses (WTCA, 1995) state that permanent bracing for the structure, including trusses,
Isto be determined by the building designer. The contractor is responsible for installing
all permanent bracing details specified by the building designer. In addition, WTCA 1-
1995 states the contractor must “determine and install the temporary bracing for the
structure, including the Trusses” (WTCA, 1995).

Consideration of permanent and temporary bracing of metal plate connected wood trusses
during design and construction is very important in the safety of erecting and maintaining
astructure. Trusses are very strong when they are properly installed and braced, but due
to the geometrical shape of atrussthereis very little resistance to out-of-plane bending.
Bracing, whether it be temporary or permanent, is important to help resist the trusses
from deflecting laterally causing the trusses to topple over and cause collapse (Kagan,
1993; Vogt and Smith, 1999).



While many factors can cause an erection accident, probably no factor contributes more
to erection accidents than a lack of diagonal bracing. Most truss related accidents are
related to improper bracing during construction. Either the temporary bracing was not
adequate, the permanent bracing was not adequate, or possibly either type was never
installed (Kagan, 1993; Woeste, 1998).

Permanent truss bracing can include several different components, but are typically

designed using one of two options:

» continuous lateral braces with diagonals

» sheathing such as plywood or OSB

If carefully designed, the temporary bracing can serve dual roles and be used as
permanent bracing also. However, the building designer must take precautions since

there are currently limited design guidelines for permanent bracing design.

Objectives
The objectives of this research were to determine the required net |lateral restraining force
to brace j-webs or j-chords braced by one or more continuous lateral braces (CLB’s), and

to develop a methodol ogy for permanent bracing design using a combination of lateral

and diagonal braces.

Three diagonal bracing systems were addressed in this research. Case | anticipated aweb
braced with either one or two CLB’s. The one CLB caseisdepicted in Figure 1.1. Case
Il anticipated one diagonal brace connected to the bottom side of atop compression chord
of trusses that extends across the entire width of the chord as depicted in Figure 1.2. The
third case consisted of two diagonal braces forming a V-shape spanning half of the width
of the compression chord asillustrated in Figure 1.3. Both Case Il and Case |11 assume
the continuous lateral braces are equally spaced. The angle theta (8), in Figure 1.2 and
Figure 1.3, represents the angle between the diagonal brace and the CLB. Idedlly, theta
(6) should approximately equal 45°. In practice, theta depends on the number of chords
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crossed by the diagonal brace and the distance between trusses, it is therefore difficult to

obtain an angle of exactly 45°.



2. Background and Literature Review

2.1 Temporary Bracing Principles

2.1.1 Triangle Theory

The design of truss bracing when using dimension lumber is based on the fact that
triangles are structurally stable. Except for the case of a moment resisting frame or box,
most shapes, such as squares and rectangles will distort when aforce is applied as shown
in Figure 2.1 (b).

When amember is added to the square to form two interrel ated triangles, as shown in
Figure 2.1 (c), the force applied will not allow the structure to collapse unless a
connection or member is broken. Meeks (1998) also illustrated this theory by noting that
adding a diagonal to an unstable shape, such as a square, adds stiffness and therefore
keeps the structure from deforming.

Thetriangle principleistypically used in designing temporary bracing for awood truss
roof structure. Triangles must be formed between the chords, lateral bracing, and
diagonal bracing for a structure to be stable. The chords and lateral bracing form the legs
of the triangles at specified intervals. The diagonal braces create the hypotenuse of each

triangle.

The following seriesillustrates the need for triangulation between lateral and diagonal
bracing when bracing trusses. In Figure 2.2, line segments AB and CD are analogous to
truss top chords in compression. P represents the compression force in the chords and the
spring represents a minimum level of support provided by the lateral braces with no
diagonal braces. When a spring is shown as part of a structural model, it is assumed that
the forceis proportional to the displacement of the spring. The loaded structure, as
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Figure2.1. (a) A squareisstructurally unstable.
(b) When aforceisapplied, a squarewill distort.

(c) A member can be added to form two interrelated triangles, which
arestructurally stable.



Figure2.2. Assuming perfectly straight columnsthat do not produce any lateral
forces, thestructureisin “unstable equilibrium”.



depicted in Figure 2.2, currently in “unstable equilibrium,” is assumed to be composed of
perfectly straight columns that do not produce any lateral forces. Under the assumption
of perfect columns, the forcein the spring is zero. The structure appears to be stable but
any change in the environment can cause this structure to displace as shown in Figure
2.3.

Displacement, A, in Figure 2.3 is exaggerated, but it represents the structural geometry
that isin stable equilibrium. The spring isloaded by aforce equal to the spring stiffness,
k, times the displacement, A. Assuming alinear relationship between the P and 4, if the
load isincreased ten percent, the spring force will increase proportionally. Any
additional loading in the truss chord depicted by P will cause more force in the spring
(the lateral braces). Assuming asmall displacement, A, theforce, F, in the lateral braces
can be determined. For the derivation of Equation 2.1, it was assumed that the members

are pin connected. Summing the moments about Point B, the result is

FL = 2x PA (2.1)
or
(2.2)
£ _2xPA
L

If theforces, P, increase, then the deflection, A, and the spring force, F, will increase.
When F exceeds the ultimate capacity, F*, of the spring, the result is collapse as
illustrated in Figure 2.4.

The amount of force in the spring, or the lateral moment of the frame, can be minimized
by adding adiagonal brace, asillustrated in Figure 2.5. This altered system can safely
resist an increased compression force, P. When Pisincreased, asmall deflection, A, will
occur asillustrated in Figure 2.6. In the case of a braced wood truss system, the small
deflection, A, is primarily the result of inelastic deformation in the nail connections of the
lateral and the diagonal braces (Waltz, 1998).
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Figure 2.3. A changein the environment will cause the structureto displace. The
amount of deflection, A, isassumed to be small. The structureisnow
in stable equilibrium.
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Figure 2.4. When the spring force, F, exceeds the ultimate capacity of the spring, F ,
theresult is collapse.
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Figure2.5. Theamount of forcein the spring can be minimized by adding a
diagonal brace. Thediagonal bracesarerepresented by a spring.
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Figure2.6. Thesystem can hold an increased compression force, represented by
2P. A small deflection, A, will occur asaresult of the elastic
deformation in the nail connections of the laterals and diagonals.
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In a braced wood truss system, K represents the stiffness of the lateral braces. K,
includes the nail slip between the lateral brace and the truss chord, and axial deformation
of the lateral brace due to accumulated brace force. Without diagonal braces installed,
the stiffness of K is negligible because no positive connection is present to restrain the
brace from trandation. When the diagonal braces are installed, atriangle is completed. It
can not distort without stretching the brace in Figure 2.6 represented by spring K,. The
K2 spring stiffness includes the slip of the connection between the diagonal brace and the
lateral brace, the axial stretch developed in the diagonal due to axial force, and the dlip of
the connection between the diagonal and the truss chords. A reliable bracing system

must include both laterals and diagonals as represented by springs K; and K.

2.1.2 Temporary Bracing Planes

Temporary bracing is designed to hold trusses in place in avertical plane until they can
be stabilized for in-service conditions by permanent bracing. When considering
temporary bracing for a structure, four planes must be considered. The roof plane,
traditionally known as the top chord plane, consists of members used to construct the
roof. The ceiling plane, traditionally known as the bottom chord plane, consists of
members used to construct aceiling. The web plane is the plane formed by the webs in
the truss. The fourth plane to be considered is put in a category classified as “other”
planes. Thistype of planeis neither aroof nor ceiling plane or using traditional
terminology can be classified as either top chord or bottom chord planes. A piggyback
trussis agood example of atruss having aplanein the “other” category. Figure 2.7
illustrates a piggyback truss with lateral bracing. The top chord of the bottom section and
the bottom chord of the top section do not fall into the category of top chord plane and
bottom chord plane discussed in ANSI/TPI 1-1995 (TPI, 1995).

2.2 Stability

The top chord member in atruss can be considered a beam-column in design. The top
chord is subjected to axial compressive loads and lateral 1oads, which can cause bending.
The combination of loads induces stresses and deformations in the top chord that cannot

be analyzed as a beam or a column independently. The bending and axial effects are both
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Lateral bracing

Figure2.7.

When considering a piggyback truss, it isdifficult to classify the top
chord of the bottom section and the bottom chord of thetop section in
termsof “top” or “bottom” chord planesto be considered for
temporary bracing.
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significant and therefore must be considered during design. Both the deflection effectsin

a beam and the stability concernsin a column must be considered (Chen and Lui, 1987).

When analyzing a beam-column as a beam, loading on the beam will cause lateral
deflections. Theses lateral deflections and bending moments that result are usually
referred to as primary bending moments and deflections. When analyzing the beam-
column as a column, the axia forcesin the member can cause instability at certain critical
values. Since a beam-column combines both the axial and the bending effects, the axial
force will produce additional lateral deflections asit is carried through the already
deflected beam-column (Chen and Lui, 1987). To distinguish between the effects of both
loading cases, the effects due to the bending are considered primary deflection and
moment, and the additional effects due to the axial forces are considered secondary

deflection and moment.

Stability of the beam columns relies on the geometry of the truss chord, composition of
the system, the applied loads, and the material properties of the member. But one
difference between beams, columns, and beam-columns is that beam-columns can have a
relative translation between the member ends. The relative transation can change the
behavior of the beam and must be considered in sway cases (Chen and Lui, 1987).

2.3 Buckling and Bracing

Lateral bracing of columns and beams has been studied for many years. Plaut et al.

(1993) focused on lateral bracing forces of columns braced with two unequal spans, Plaut
(1993) focused on lateral bracing forces of columns with two spans, and Plaut et al.
(1995) focused on columns with 3 equal or unequal spans. Winter (1960) focused on an
overall study of lateral bracing of beams and columns. The previously mentioned authors
all state that columns can buckle in different shapes or modes. Since columns are not
perfectly straight an imperfection in a column can influence the buckling load and mode

for any given column. Initial crookedness and out-of-plumbness can be considered
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imperfections along with material imperfections such as knots and varying modul us of
elasticity.

A member can generally buckle in one of two mode shapes. The S-shape and the C-
shape mode areillustrated in Figures 2.8a and 2.8b. When designing a member, the
designer usually prefers the member to buckle in an S-shape mode. The S-shapeisless
critical and can be induced with lateral braces. However, if the lateral braces do not have
the required stiffness, a C-shape mode will result. The C-shape mode is more critical for
brace design as aresult of all the bracing forces acting in the same direction. The total
required bracing force increases as aresult of the C-shape buckling mode. Smith (1991)
illustrated the effects of initial crookedness on a member with the C-shape buckling
mode. Figures2.9aand b are from Smith (1991).

24 Temporary Bracing Guidelines Available from the Industry

Temporary bracing determination and installation are essential steps for the safe
installation of trusses. The purpose of temporary bracing includes positioning and

stabilizing trusses until permanent bracing or other building components can be installed.

Four industry documents currently provide recommendations for temporary bracing, and
avideo on temporary bracing is available from WTCA (Alpine Engineered Products,

Inc., 1996). The documents include DSB-89 Recommended Design Specifications for
Temporary Bracing of Metal Connected Wood Trusses (TPI, 1989), HIB-91 Commentary
and Recommendations for Handling, Installing, and Bracing Metal Plate Connected
Wood Trusses (1991) Pocketbook (TPI, 1991a), HIB-91 Summary Sheet (TPI, 1991b),
and HIB-98 Summary Sheet (TPI, 1998). The Truss Plate Institute has developed all of

the currently available documents.

24.1 DSB-89
The target audience of DSB-89 included individuals with atechnical background such as
licensed engineers, architects of record, and licensed truss design engineers. DSB-89 was

developed for typical truss designs, spaced four feet on-center or less. Typical truss
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Figure2.8 (a) S-shaped buckling mode of a column under an axial load

(b) C-shaped buckling mode of a column under an axial load where
the brace does not have the required stiffnessto resist the load.
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Figure2.9. (a) Initially crooked member as shown in Smith (1991)

(b) Load vs. deflection for e = 0 as shown in Smith (1991)
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designsincluded are symmetrical dual-pitched triangular, scissors, mono-pitched

triangular, and 2x4/2x6 parallel chord metal plate connected wood trusses.

To determine a recommended brace spacing, a design dead |oad that represented the dead
weight of the trusses was assumed to be 5 psf. The load was increased at arate of 1 psf
per 5 feet of span above a span of 25 feet for flat or parallel chord trusses. The load was
increased at arate of 1 psf per 7 feet of span above a span of 35 feet for triangular trusses.
According to DSB-89, Commentary Section 5.6, the increase of the dead load weight
over the increasing span of the truss includes an approximation of the weight of several
construction workers on the truss. DSB-89 did not include live or wind loads in the
analysis used to determine the bracing schedul es.

The specification includes several assumptionsin the analysis for required bracing.

When considering L/d, alimit of 75 is permitted. Theincreasein the limit was dueto the
50% increase allowed by the National Design Specification for Wood Construction
(AF&PA, 1997) for temporary construction. The purpose of the original limit of 50
addresses creep buckling in a column, but due to the short duration of construction time,
creep was determined to not be a factor and therefore the 50% increase was used (TP,
1989).

Design criteriaused for initial deflection of the top chord takes into account the natural
imperfections of the material. According to DSB-89, an allowable initial deflection of
the chords is L/200 or 2 inches, whichever isless. However, an initial deflectionin the

webs was not discussed.
DSB-89 requires a connection to consist of a minimum of 2-16d Common nails. Figure 8
in DSB-89 gives the allowable load per connection based on the lumber species and the

number of nails used.

The brace force, which acts at aright angle to the top chord of the trussto help restrain
the chord from buckling in the lateral direction, is assumed to be 2% of the maximum
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axial force. Thisassumption was based on the work of William Zuk. Zuk (1956)
evaluated eight typical casesto determine a genera relationship of the applied force or
moment and the lateral bracing force. In hisanalysis, al columns were assumed to have
an imperfection. The analysis was limited to elastic materials and small deflections. It
was determined that lateral forceisadirect function of theinitia deflection. Zuk also
showed that the value of the bracing force could be assumed to be 2% of the maximum
applied load for axially compressed steel columns.

The brace force is considered to be cumulative at each row of lateral braces (TPI, 1989).
This force must not exceed the strength of the connection at each truss. The accumulated
bracing force must be transferred to a diagonal by means of a connection. The forcein
the diagonal must then be transmitted to the roof structure by additional connections

between the diagonal brace and the structure.

The temporary bracing strategy presented by DSB-89 involves the principles of triangles
in the various planes. Therefore, when designing temporary bracing for any structure,
diagonals must be used to help stabilize the lateral bracing along with distributing the
accumulated loads as shown in Figures 2.10 aand b.

DSB-89 provides design tables for quick reference when designing temporary bracing.
These tables are limited to the shapes previously mentioned and the lateral brace
configuration illustrated by each table. The design is based on the loads previously
mentioned without live loads included. Therefore, permanent bracing design for webs or
chords (without sheathing) can not be determined from the DSB-89 tables.

2.4.2 HIB-91 Pocketbook
Commentary and recommendations presented in this pocket size booklet are based on the
information provided by DSB-89. The main differences between DSB-89 and HIB-91

are the target audience and the truss spacing limits.
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Figure 2.10a. Trusseswith lateral and diagonal bracing installed as shown in DSB-

89.
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Figure2.10b. Two triangles are created by a diagonal, two chords, and two lateral
braces.
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HIB-91 pocketbook was developed for truss installers, contractors, and building
designers. The commentary and recommendations only apply to trusses spaced no
greater than 2-feet on-center with a span 60-feet or less, and 54-feet or less for mono
slopetrusses. For spans over the stated limits, it is recommended that a registered

professional engineer design the temporary bracing.

2.4.3 HIB-91 Summary Sheet

HIB-91 Summary Sheet is developed for building designers and installers. The HIB-91
Summary Sheet contains primarily graphic information from HIB-91 Pocketbook. The
purpose of Summary Sheet matches the scope of the Pocketbook --up to 60 feet in span
(54 feet for monoslope trusses) and two feet or less on-center spacing. This document is
typically shipped with truss deliveries. Truss handling and bracing recommendations are
given by tables and drawings of braced roofs ready for the application of sheathing.
2.4.4 HIB-98 Post-Frame Summary Sheet

HIB-98 Summary Sheet iswritten for post-frame construction. A step-by-step procedure
IS presented for truss installation. The recommendations provided by HIB-98 are only
relevant if the structure is a post-frame building with metal-plate-connected wood trusses.
The recommendations are based on severa assumptions about the structure. One
important assumption stated is that the “ end-walls have columns which extend to the top
chord of the gable end truss with adequate contact between the top chord and column for
astructural connection” (TPI, 1998). A second important assumption stated is that the
“side-wall columns extend above the mid-height of the truss heel at the connection of the
column and the truss” (TPI, 1998).

Temporary bracing schedules provided in HIB-98 were devel oped assuming aload
including two workers and their equipment. The document was produced for the post-
frame industry because no other documentation specific to widely spaced trusses was
available. A committee from the National Frame Builders Association (NFBA) was
appointed to devel op the document and truss industry people were then called on for
review (Smith, 1999). HIB-98 was produced as a matter of safety and as a source of

useful information for the contractor and anyone else involved at the job site, and the
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recommendations do not provide for resisting wind loads (TPI, 1998). Illustrations are
used to clarify the written information. Updated practices are illustrated including
column chaining but the specification is restricted to symmetrical triangular trusses with
top chord pitches of 3:12 or greater, and aflat bottom chord. For any other truss

configuration, it is recommended that a registered professional engineer be consulted.

2.4.5 Alpine/WTCA Video on Temporary Bracing

Alpine Engineered Products, Inc.(1996) in cooperation with WTCA produced a
temporary bracing video that contains a segment on "buckling behavior” of a
compression chord. A 60-foot parallel chord roof truss was placed in atesting laboratory,
and inadequately braced by a series of temporary lateral braces only. The bottom chord
was |oaded with buckets containing wei ghts that simulated the weight of trussinstallers.
With one bucket lowered onto the bottom chord, no noticeable truss movement isvisible
in the video. Then, the second bucket was lowered onto the truss. The top chord slowly
buckled into the classic S-shape, with the chord severely bending between points of
lateral support. Finally, athird bucket was lowered on the truss and the truss violently
collapsed. Reviewing this sequence can be very educational for erection personnel and
others that design truss erection bracing, as "buckling behavior" may not be intuitive to

everyone involved in wood truss erection.

2.5 Other Documents Providing Guidelines for Temporary and
Permanent Bracing

Metal plate connected wood trusses are not the only building components that need to be
braced laterally to achieve maximum strength. Steel trusses must also be braced laterally
and therefore designers experience some of the same design challenges as for wood. The
AISC Load and Resistance Factor Design (LRFD) Specification is one design method
that considers lateral bracing and is discussed in Section 2.5.1. South Africaaso hasa
standard for considering lateral bracing of multiple members. The South African
Standard is discussed in Section 2.5.2.
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25.1 LRFD Steel Approach

Dr. J.C. Smith, North Carolina State University, has written a textbook that follows the
steel LRFD approach for bracing requirements (Smith, 1996). In considering bracing
stiffness and strength requirements, the S-shaped buckling modeisdesired. The S
shaped bucking mode as previously discussed is the most desirable buckling mode
because brace forces act in opposing directions causing the net force of the system to
approach zero. To achieve the asymmetrical bucking mode the proper amount of
stiffnessisrequired. The equations provided to determine the required strength are
dependent on the S-shaped buckling mode (Smith, 1996).

In Smith’s (1996) designs, all the braces are assumed to have the same stiffness. Inthe
case of three braceswhere h = L/4, where L is the length of the column and h isthe
effective length, the displacement is maximum at the center brace and the other two
braces displace a reduced amount of 0.707 times the maximum (Smith, 1996). For h =
L/nwhere nislarge, the strength requirements can be determined assuming the required
stiffness is provided for the column to buckle asymmetricaly (Smith, 1996). Equations
2.3 and 2.4 are used to estimate the required strength and stiffness of the brace (Smith
1996).

R, =0.0080n0R, (2.3)
_80n0R, 2.4)
L
where : Py = the required bracing strength

S, = required bracing stiffness
Pny = axia forcein the column
n = number of braces
L =length of column
Equations 2.3 and 2.4 are derived based on statics of the deformed structure.
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The LRFD manual for stedl is not directly applicable to wood. LRFD defines @P,, the
design compressive strength, with the assumption that the initial crookednessisa C-
shape with alimit of L/1000 (Smith, 1996). The maximum out-of-plumbnessis L/500.
For wood these limits are not practical.

2.5.2 South African Standard Code of Practice...

South Africa has a provision in the South African Standard Code of Practice the
Structural Use of Timber, Part 2: Allowable Stress Design (South African Bureau of
Standards, 1994) for designing bracing for compression members. According to the
code, the force on each lateral restraint, for asingle strut braced against buckling can be
determined using Equation 2.5.

_0.1000P,
L= (N +1) (2.5)
where: P_ = force on each lateral restraint

Pa = average axia force in the strut due to dead load only

N = number of lateral restraints over full compression
The code states that for truss members, the number of lateral restraints, N, is the number
of restraints acting on the full span of the truss (South African Bureau of Standards,
1994).

For the case where lateral braces are used for multiple struts or trusses, Equation 2.6 can

be used to estimate the cumulative force on each latera brace, Cp n:

Gn=R " (2.6)

where : P_ = force on each lateral restraint

n = number of struts being restrained
n®’ isbased on theinitial curvature of the struts. If all the struts had the same initial
curvature, then the cumulative effect would be directly proportional to the number of
struts. If theinitial curvature of the members were random, then the cumulative effect on

the laterally induced forces would be directly proportional to the square root of n. Since
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acombination of these two scenarios is possible, n%’ is an approximation based on the
number of struts being restrained (South African Bureau of Standards, 1994).

2.5.3 Commentary for Permanent Bracing of M etal Plate Connected Wood

Trusses
The Wood Truss Council of America has produced a document to provide guidelines for
building designers who are responsible for permanent bracing design of metal plate
connected wood trusses. Commentary for Permanent Bracing of Metal Plate Connected
Wood Trusses (WTCA, 1999) contains an outline of the overall truss design
responsibilities as previously discussed in Section 1. The commentary did not provide
specific design requirements but it did outline the various locations in truss installations

that typically require a permanent bracing design.

For the case where atruss has along span or a high pitch and a piggyback truss must be
used for shipping purposes, the building designer must design a bracing plan for the
supporting trusses. The building designer must indicate the required spacing between
diagonal braces needed to stabilize lateral braces. However, the truss designer must
specify:

» Therequired spacing between each lateral

» Thethickness of the bracing

*  And minimum connection requirements between the braces and both

pieces of the truss (WTCA, 1999).

The commentary provided several alternatives of how bracing the flat compression chord

of the supporting truss (Figure 2.7) could be designed and states the following options.

“... securely anchoring the lateral bracing to solid end walls designed
to resist the lateral loading, connecting the lateral bracing into the
roof diaphragm, adding diagonal bracing at intervals aong the
length of the building, adding structurally rated sheathing, or some
other equivalent means’ (WTCA, 1999).

29



There are no design guidelines however to help the building designer determine the

necessary capacity of the diagonals or other support options used.

The commentary addressed many truss configurations and provided bracing options for
different situations. It was clearly stated that the building designer has responsibility for
the design of permanent bracing and although some permanent lateral bracing
information may be shown on truss drawings, additional bracing design and details are
needed to erect areliable roof. An example was provided to illustrate the bracing needs
the building designer needs to be concerned about (WTCA, 1999).

2.6 Previous Studies

2.6.1 Background

Miles Waltz studied the design requirements for bracing compression web members with
one lateral brace. The lateral support provided to the webs by the bracing was intended
to reduce the effective length of web members to prevent column buckling, or to increase

safe load capacity of atruss web.

Waltz (1998) discussed two different types of lateral bracing and the needs for each. The
first type of lateral bracing includes bracing to help trusses remain vertical under
conditions such as wind, earthquake, or construction events. Thistype of lateral bracing
helps provide stability to the entire structure and keeps trussesin their intended vertical
plane. Diaphragm sheathing or alateral and diagonals bracing system can be used for
this type of support (Waltz, 1998). The second type of lateral bracing Waltz (1998)
discussed is designed to reduce the effective length for flexural buckling of individual
compression members. Under compression loads, the center of a compression member
tendsto trandlate laterally. This second type of lateral bracing was the concentration of
Waltz's (1998) study.
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In his discussion of lateral bracing, Waltz (1998) also noted the lack of information
available for designing permanent truss bracing. Information is available for temporary
bracing, as previously discussed, to help prevent accidents stemming from gravity and
lateral loads during construction. Documents such as ANSI/TPI 1-1995 National Design
Standard for Metal Plate Connected Wood Truss Construction (TPI, 1995) discussed the
importance of such bracing and outlined design responsibilities for permanent bracing,
but specific design information is not provided (Waltz, 1998).

Waltz (1998) concentrated on the case of a single brace at the center of the web and the
effect of the brace on reducing the effective buckling length of the compression web. In
doing this, his research objective was to determine if one of four existing analysis models
could estimate required brace strength and stiffness. The four existing analysis models
considered include Plaut’s method (Plaut, 1993b; Plaut, 1993c), Winter’'s Method (Winter,
1960), the 2% Rule (Throop, 1947), and Tsien’'s method (Tsien, 1942).

2.6.1.1 Plaut’'sMethod
Plaut’s method for determining the required brace strength and stiffness for asingle

discrete brace located at mid-height of a column includes the following assumptions:

. linear elastic columns

. linear elastic braces

. brace placement at the shear center of the column
. homogeneous, isotropic column properties

Plaut (1993) and Plaut and Y ang (1993) used differential equations of equilibrium to
analyze stability of columns where theinitial shape was assumed to be quadratic and
sinusoidal. Due to the complexity of the resulting equations, Plaut (1993) introduced
refined equations that could be used in design. Plaut’s (1993) equations are based on the
column buckling with reverse curvature. The additional moment caused by the reverse
curvature is thought to increase the brace force. Plaut (1993) accounts for the additional

moment with a 1.5 multiplier on theinitial deflection of the column at mid-height.

31



2.6.1.2 Winter’'smethod

George Winter (1960) used arigid link model to estimate the strength and stiffness
requirements for alateral brace. Up to thistime, most researchers had concentrated
primarily on bracing strength alone. Winter (1960) recognized the need to include brace

stiffnessin the analysis of a bracing system.

Based on research done at Cornell University, Winter (1960) reported that a minimal
amount of lateral bracing greatly increases the load capacity of columns and beams.
Using hisrigid link model illustrated in Figure 2.11, Winter (1960) developed equations
to approximate the strength and stiffness requirementsto fully brace an imperfect
column. The column was assumed to buckle asymmetrically and theinitial shape was
assumed to promote the buckling mode. By summing moments about the support,
Winter's (1960) Equations 2.7 and 2.8 can be derived.

K, :4(Pe)H+ﬁH:KidH_+ﬁH (2.7)
“ Lo ag 0O 0

where: Kg isthe stiffness required to produce full bracing,
Kiq isthe stiffness of an ideal column,

Pe is the Euler buckling load, and
A istheinitia deflection or imperfection.
I:br-req = Kreq A =Kig (A + Ao) (2.8)

However, Winter's (1960) stated that in order to account for the eccentricities and
other imperfections in the column, initial lateral deflection at mid-height in Equations 2.7

and 2.8 can be approximately doubled when stedl is the structural material. And when
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Figure2.11. Winter’sRigid Link Model for Imperfect, Braced Columns as depicted
by Waltz (1998), Yura (1996), and Winter (1960).

(a)A column with an initial deflection, Ao, with no axial load applied

(b)A column with an applied axial load and an additional deflection,
A, at mid-height

(c)Force diagram of the column under applied axial load as depicted
by Yura (1996), and Waltz (1998)
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no other requirements are stated, a conservative estimate can be obtained by setting the
initial lateral deflection equal to the additional lateral deflection (Ae= A) experienced at
mid-height upon application of axial load. P can be assumed to follow code
requirements and multiplied by the factor of safety specified within the code
requirements (Winter, 1960).

Winter's (1960) findings have proved to be very useful in understanding bracing behavior
(Yura, 1996). Yura(1996) expanded Winter's (1960) work to provide insight into cases
where there is less than full bracing and the braces are not equally spaced. Y ura (1996)
and Winter (1960) concluded that braces with a stiffness equal to the ideal stiffness are
not adequate for imperfect columns. The ideal stiffnessis the bracing stiffness required
for afully brace a column, with no imperfections, where the applied load is equal to the
Euler buckling load of the column. To fully brace a column, it is assumed that the lateral
support isimmovable (Winter, 1960). Theidea stiffnessis only adequate for perfect

columns.

2.6.1.3 Tsien’smethod

Using the energy method, Tsien (1942) investigated the problem of determining the
strength and stiffness requirements for alaterally supported column. Tsien (1942)
assumed the imperfect column to be linear elastic and the brace was assumed to be
nonlinear elastic. A pair of equations relating the column load, the force in the brace and
theinitial and final deflections was devel oped to solve for the brace force and the
deflection. One equation described the brace stiffness and the second equation described
the lateral deflection.

2.6.1.4 2%Rule

The 2% Ruleis a strength model based on a percentage of the axial load in a column
needed to stabilize the column. Designers primarily use strength models during design
due to the simplicity of the calculations. In the derivation of the 2% Rule, the column
was assumed to be pinned at each end and at the center brace location. Throop (1947)
explained where the 2% Rule originated and Nair (1992) and Waltz (1998) illustrated the
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use of aforce balance in the devel opment of the 2% Rule. The column is assumed to be
one-inch out of plumb for an assumed story height of 100 inches (Throop, 1947). A
compression chord braced at the center of its span will have aforce of 1/100 above and
below the brace as depicted in Figure 2.12. A force balance for the free body diagram at
the brace is the basis for the 2% Rule (Nair, 1992).

2.6.2 Procedure

Waltz (1998) used finite element analysis to estimate the stiffness of support provided by
alateral and diagonal bracing system for a number of braced trusswebsin arow. The
finite element structural analog (FEM) Waltz used isillustrated in Figure 2.13. The
lengths of the web members studied were 4, 6, 8, and 10 feet. The angle theta (6) was the
brace angle between the diagonal brace and lateral brace and should be approximately
45-degrees (TPI, 1991). Sincethe lateral and diagonal braces are assumed to intersect at
the front and back of the same web member, the angle will not be exactly 45-degrees for
the different length members (Waltz, 1998). (For the angle to be 45-degrees, the truss
spacing must be equally divisible by the square root of two times the web length.)

Waltz (1998) followed TPI (1991) temporary bracing recommendations for brace to web
connections. Therefore, two-16d Common nails were used for al wood-to-wood
connections. Springs were used to represent the |oad-deflection response of the nailed
connections. Equation 2.9 was developed by Mack (1966) to estimate the load-dlip

response expected from a nailed connection using 2-16d Common nails.

o =52d"7%k (3.200 +0.68)1- ™ (29

where: Frai = load applied to a 2-16d nailed joint (pounds)

Q = dip between the wood members of a 2-16d nailed joint (inches)
d = nall diameter (inches)
Ks = gpecies constant from Mack (1966)
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P where:
P = column load (pounds)
F,,, = brace force (pounds)

a, o, = angle between brace and
vertical plane

a, = angle between brace and
vertical plane

Force Balance

Assuming pins at brace ends and at the point
of brace attachment:

Fp, =Psin(a )+ Psin(a),

When a; and o, aresmall and equal, sin a
approximately equalstan a. From Throop
(1947), tana was assumed to be 1/100,
therefore:

Fpr = (1/100 + 1/100) P
Fy, = 0.02P, or 2% or P

Figure2.12. A freebody diagram and a force balance depicting the origin of the
2% Ruleaspresented by Waltz (1998), Throop (1947) and Nair
(1992).
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Y
where: N, |
X

F,, = braceforce

N, = one-dimensional nailed joint
N, = two-dimensional nailed joint

0 = brace angle (radians)

Figure2.13. Finite Element Structural Analog for a Diagonal/L ateral Brace
Assembly from Waltz (1998)
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Waltz (1998) used this relationship for modeling nail dlip for al analyses. Waltz's FEM
contained two types of nailed connections, N; and N, connections, asillustrated in Figure
2.13. Nj connections represented a uniaxial load-slip behavior such as the case of a
diagonal brace and aweb. The connection between the diagonal brace and the web only

resists vertical loads in the analog of Figure 2.13.

N2 connections only occur at the middle and ends of the brace and consist of both X and
Y components. The N2 connections occur at the middle and ends because there is one
connection between the diagonal and the web, and a second connection between the web
and the continuous lateral brace (CLB). Two springs were used to model the
connections. "The stiffness of the component spring within these connections was
calibrated so that the resultant force experiences the load-dlip behavior" of Equation 2.9
in the resultant direction (Waltz, 1998). Figure 2.14 illustrates the relationship of
Equation 2.9. For this equation to be valid, amaximum allowable slip between wood
members using two-16d Common nailsis 0.1 inches, and the 0.1 inch slip value was
defined asfailure in the Waltz study as recommended by Mack (1966).

Waltz (1998) assumed the following for creating the structural analog depicted in Figure
2.13:

* All trusses connected by the lateral brace were the same size and configuration;

al uniformly loaded (same compressive force in each web)

* Each diagonal brace was oriented at approximately 45-degrees from the webs
long axis

* Truss spacing was 610 mm (24 inches) on center

e All lateral and diagonal braces were 2 x 4 Douglas-fir Larch lumber with modulus
of elasticity of 8,270 MPa (1,200,000 psi)

*  Two 16d Common nails with adiameter of 4.1mm (0.161 inches) werein all

wood-to-wood connections

* Onediagona brace for each piece of lateral brace lumber (no lateral brace

splices)
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Figure2.14. Load-dip responsefor a 2-16d Common nail connection between two-

2x4 Spruce-Pine-Fir wood members.
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* The ends of each diagonal brace were nailed to a wood member support (pin

reaction that included nail slip)

* All compression webstransfer alateral load of equal magnitude and direction to
the lateral brace
The finite element structural analogs were devel oped to estimate the stiffness of the brace

support provided to the varying length members (Waltz, 1998).

Brace curves were devel oped from the data obtained from the finite element models. The
process involved analyzing the bracing system consisting of one lateral brace attached to
n-webs and one diagonal brace that resisted the movement of the lateral brace. The force
in each brace was increased (simulating more load in the webs) and the lateral deflection
response was determined for the web(s) at the point of lateral brace attachment. When
multiple webs were considered, the magnitude of the force due to the CLB was increased
to determine the largest horizontal deflection experienced by a web member (Waltz,
1998). In reality, the webs did not all deflect the same amount. Waltz's (1998) FEM
allowed dlip in the joints and compression/stretch of the lateral brace. He concluded the
compression/stretch in the lateral brace was negligible and therefore he assumed the
lateral movement of the n-webs as part of a braced system was approximately equal.
After determination of the brace load for one truss and the corresponding lateral
deflections, an additional truss was considered. The incremental process continued until
atotal of 10 trusses had been considered. A non-linear plot illustrating the incremental
brace force versus the lateral deflection at the braced web(s) for varying numbers of

trusses was developed. These plots are the brace curves used in Waltz (1998) research.

2.6.3 Testing

To perform the braced web experiments, a supply of lumber was requested from three
sawmills. Two grades of lumber were tested, Select Structural and Standard. A total of
800 pieces were tested varying in lengths of 4, 6, 8, 10 feet. Four hundred (400) samples
were Select Structural and 400 samples were Standard grade. The moisture content for

the testing specimens was requested to be 19% or less.
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The Waltz (1998) test apparatus, shown in Figure 2.15, consisted of two steel pipeson
thelong sides and heavy stedl beam sections on the short ends. A hydraulic cylinder was
used to produce the axial load on the columns. For each test column, the ends were
shimmed into a U-shaped boot to help prevent bending about its strong axis. Hinges
were placed at each column end at designated web length. A lateral brace was ssmulated
at the mid-height of the column using a mechanical brace controlled by a computer. The
computer allowed the brace stiffness to be variable because the stiffness can effect the

column performance and the brace load that devel ops.

Before testing the specimens, initial column measurements were taken. The
measurements included cross sectional dimensions, moisture content, modul us of
elasticity, weight, initial column deflection at mid-height and the initial shape of the

column.

The second step of the testing process was to determine the axial test load for each
column. Waltz (1998) assumed the 2x4 Douglas-fir Larch columns were braced
sufficiently and the effective length of the column was one-half of thetotal length. The
maximum axial test |oads to be applied were intended to be as close to the critical column
strength as possible and did not include safety and load duration factors (Waltz, 1998).

The brace stiffness required for testing was then selected using the brace curves
previously discussed. For each sample, brace force curves were compared. If the brace
support curves did not intersect with the theoretical brace analysis curve then the
theoretical brace requirements were not met (Waltz, 1998). The most flexible brace
support curve that intersected the theoretical brace curve for Plaut’s method was chosen

for testing purposes.
2.6.4 Results

The initia measurements taken before testing on moisture content, member dimensions,

weak-axis moment of inertia, and dry weight per unit length by inspection showed little
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differences between test groups (Waltz, 1998). A mgjority of the members had an initial
profile of a“C-shaped” column. The modulus of easticity, MOE, however, varied based
on length and grade. A flatwise bending test was used to measure the longitudinal MOE.
Within each grade, the MOE was less for the four-foot lengths than for the other three
lengths. The MOE was considered to add variability to the results and were therefore

considered in the test results.

Eight of the 774 columns tested failed when the column buckled asymmetrically. Fifteen
of the twenty-one failures occurred because the brace force exceeded the capacity of the
brace defined by 0.1-inch (2.5 mm) slip in the connection. Brace instability occurred
when the stiffness selected for the test was inadequate to brace the column (Waltz, 1998).

2.6.5 Performance Variables
Waltz (1998) calculated the relative deviation, Dineory, between the predicted forces by the
FEM and various brace models discussed in Section 2.6.1 and the experimental brace

force for each test column. The relative deviation was defined in Equation 2.10:

_ (Fbr )actual _(Fbr)predi cted (2.10)
theory —

D

(Fbr ) predicted
The relative deviation was considered a “performance variable” to compare the

prediction performance of the different theories (Waltz, 1998).

His performance variable, Dieory ranged from negative one to positive infinity. If Dineory
was | ess than zero, the brace analysis theory was considered to be a conservative
overestimate of the support requirements. Dineory greater than zero signified the estimate
was not conservative. Dieory Was calculated for each of the test columns and each of the
four prediction methods (Waltz, 1998).

For Waltz' s research, Dineory, Was based on the predicted and measured brace force at
maximum deflection. The predicted brace force for each method was plotted along with

the brace support curve for the test column. Looking at the actual deflection that
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occurred during testing enabled Waltz to determine Dineory fOr €ach test column. Both
strength and stiffness are considered due to the brace support curves, except for the 2%
Rule. When the predicted brace force exceeded the actual brace force, the theory was
characterized as overestimating both the strength and stiffness requirements of the
column. When the predicted brace force was less than the actual brace force, the theory

was considered to underestimate the requirements (Waltz, 1998).

Non-parametric methods were used to compare the performance variables, which
included Dpjat, Dwinters Dtsien, @1d D2y ruie, @mong the species and lengths. Waltz (1998)
determined there was not a significant grade effect on the mean predictions of Tsien's
equation and the 2% rule but Plaut’s and Winter’ s method may be slightly influenced by
grade especialy for the shorter columns.

Pooling the data from both grades, Waltz (1998) tested for brace length effects. No
significant length effect was found for the mean performance of the 2% Rule, but length
had a significant effect on the mean Dineory fOr the other three methods. The lumber
could effectively be divided into two groups based on the lengths of the members: 4/6
feet and 8/10 feet.

Theinitia column profile was investigated in terms of its effect on the performance
variable, Dineory. The comparisons indicated all four of the bracing theoriesto be less
conservative for “C-shaped” columns than for “S-shaped” columns. It was therefore
concluded that the initial “C-shaped” profile represents the worst case scenario for latera
bracing design (Waltz, 1998).

Waltz (1998) performed paired statistical tests within each of the two pooled length
groups. It was determined that there was a significant difference between the three

analysis methods.



Plaut’s method proved to be the most conservative, for most cases. Plaut’s method was
consistently conservative and more accurate than the 2% Rule based on the analysis of
the performance variable, Dineory-

The 2% Rule was the most conservative but it also provided the most variable estimate of
the required brace force. The 2% Rule does not take into account the stiffness
requirements and may not be the best for brace design (Waltz, 1998).

2.6.6 Conclusion

Waltz (1998) concluded that either Plaut’s or Winter’s method could be used. Plaut’'s
method is more conservative and has the lowest prediction variability. Winter's method
provided the best prediction of the actual brace needs although it was more variable.
With proper adjustments, either method could be used to estimate the required bracing
needs.



3. Finite Element Modeling and Analysis

3.1 General Assumptions

To accomplish the research objectives of this project, several issues must be considered.
First, as previoudy discussed, webs can buckle in different modes (Plaut and Yang, Y .G.,
1993; Plaut and Yang, Y.W., 1995; Waltz, 1998; Winter, 1960; Zuk, 1956). The critical
case for permanent bracing, in terms of laterals and diagonals, occurs when the C-
buckling mode is assumed (Waltz, 1998). Therefore, the C-buckling mode was the only
buckling mode investigated in this research study. Diagonals must be designed to resist
the maximum lateral load developed by then-CLB’s. Net latera restraining force per
roof truss due to n-CLB’s (NLss), must be determined for different levels of
compression force in the chord, varying numbers of CLB’s, different chord sizes and

different grades of lumber while the column is deflected in a C-shape buckling mode.

3.2 Design Considerations

3.2.1 n-CLB’s

There are many truss applications where multiple CLB’ s are necessary to support chords
that are not automatically braced with sheathing. For example, multiple CLB’s are used
to brace an unsheathed chord of a piggyback truss system. A piggyback truss system
consists of two (or more) trusses connected together after shipping. The bottom trussis
typically atrapezoid shape and is often referred to as the supporting truss. The top truss,
supported by the supporting truss, istypically atriangular shape and is often referred to
asacap truss. Thetop chord of the supporting truss of a piggyback truss system can vary
in length and must be braced to reduce the weak axis slendernessratio. Figure 3.1
depicts a piggyback truss system with n-CLB’s, and two diagonal braces bracing j-
trusses. The trusses are assumed to buckle in a C-shape mode as depicted in Figure 3.1.
The net restraining force to be carried by the diagonal braces is an unknown and must be

determined to design the connection between the diagonal braces and the trusses.
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3.22 OneCLB

A column, braced in the center of its span, asillustrated in Figure 3.2, can be braced
using the 2% Rule (TPI, 1989). When the single brace is applied, the column can buckle
asshown in Figure 3.3. Currently, the 2% Rule is the most Common and accepted design
practice used for designing permanent bracing for a compression web that utilizes one
continuous lateral brace with diagonals spaced at some interval. When the 2% Ruleis
used, as discussed previously, the bracing force required to stabilize one CLB is assumed
to be 2% of the axial force in the chord. While the 2% Rule produces reasonabl e results
for the case of one CLB, the 2% Rule does not produce reasonable results for a
compression chord, where multiple CLB’s are used. Frequently, more than one CLB is
needed on a chord for added strength. To prevent the displacements of pointsA and B in
Figure 3.3, CLB’s could be added to produce the two buckling modes depicted in Figures
3.4aand b.

3.23. TwoCLB’s

The buckling modes depicted in Figures 3.4aand b are based on the use of two CLB’sto
laterally support the column. The 2% Rule does not apply because it was based on a
single brace located at the mid-span point of the column as described in Section 2.6.1.4.

Figure 3.4a depicts a column with two lateral braces with a multiple S-shape buckling
mode. The net lateral restraining force is based on the direction of the force in the
CLB'’s, depicted by vectorsin Figure 3.4a. If the forcein one CLB isin one direction
and the force in the second CLB isin the opposite direction, then the net lateral
restraining force would be significantly lower than if they are both in the same direction.
Figure 3.4b depicts a column with two lateral braces with a C-shape buckling mode. The
net lateral restraining force in this case would be critical for brace design since the forces,

represented by vectorsin Figure 3.4b, act in the same direction.
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Figure3.2. A column braced at center span requires 2% of the axial compressive
forceto stabilize the point of brace attachment from lateral movement
(TPI, 1989).
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Figure3.3. Thecolumn bucklesin an S-shape as depicted when a single braceis
applied.
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Figure3.4. (a) Thecolumn bucklesin a multiple S-shape mode as depicted when
two lateral bracesare applied.

(b) The column can bucklein a C-shape mode as depicted when two
lateral bracesare applied. The C-shape buckling modeiscritical for
brace design because the lateral forcesdueto the bracesact in the
same direction and are therefore additive.
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An important issue resulting from the use of two CLB’sis determining the net lateral
restraining force for the two cases depicted in Figures 3.4aand b. Figure 3.4b represents
the most critical case for brace design that can occur and will be the case considered for

this research.

3.3 SAP2000 (CSl, 1995)

SAP2000 (CSl, 1995) is a structural analysis program that can be used for basic as well
as complicated design problems. To verify that SAP2000 (CSl, 1995) was usable in this
research, the buckling load of columns (with known theoretical solutions) of three
different lengths was determined using SAP2000 and the theoretical formulae. The
computer output was compared to the theoretical solution and then the results were
studied to determine if the computer model was working as intended.

To accurately represent acolumn in afinite element analysis, it was necessary to divide
the column into multiple elements. A convergence test was performed to determine the
number of elements required to accurately represent the column under the applied

compression loads.

To begin, a 12 foot column was represented by one element in SAP2000 (CSI, 1995)
with one end support fixed and the other end free to trandate and rotate. A compressive
load was applied to the column and using the p-delta anaysis tool of SAP2000 (CSl,
1995), the column was tested to determine if capacity of the column could withstand the
load. The load was progressively increased until the column failed. A failurein
SAP2000 (CSl, 1995) isindicated by a error message during the analysis of the structure.
At the point of failure, the applied compressive load was recorded as the buckling load of
the column. The results from the computer analysis were then compared to the results of

the hand cal culations determined from Euler’ s buckling equation, Equation 3.1.

per = TLE! (31)
(kL)®

where: P, = critical buckling load (pounds)
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E = modulus of elasticity (psi)

| = moment of inertia about the weak axis (in*)

k = stiffness coefficient based on support conditions

L = effective length of the column (inches)
The buckling load determined from the computer analysis was then divided by the
theoretical value determined by Euler’ s equation and the number was recorded in Table
3.1. The preceding steps were then repeated for the same column represented by an

increasing number of elements.

The above procedure was repeated for fixed-pinned supports and pin-pin supports. Once
convergence was determined for a twelve-foot column the process was repeated for a
four-foot column and a thirty-foot column. Results of the cal cul ations were summarized
in Tables 3.1, 3.2, and 3.3. It was concluded from the convergence data that the three

assumed column conditions represented using three elements was sufficiently accurate.

3.4 Waltz s Structural Analog in SAP2000 (CSI, 1995)

The first step to produce a datafile for SAP2000 (CSl, 1995) to analyze Waltz's
structural analog was understanding the connections. Two different connections were
necessary to model the behavior of the nailed connections. One type of connection
consisted of two springs and represented the nailed connections between the diagonal
brace and the truss panel point and at the middle of the diagonal brace and web. The
second type of connection consisted of one spring that was used to represent the
connection between the diagonal brace and the web members. The single spring
connection is based on the assumption that there is negligible weak-axis lateral support
for the diagonal by the buckling web member (Waltz, 1998). The single spring acted in

the vertical direction only.
To enter the analog into SAP2000 (CSlI, 1995), a grid was developed on a one-inch scale.

Nodes were placed at the geometry described by Waltz (1998). Members were assigned
properties to represent Douglas Fir-Larch and a modulus of elasticity equal to 1,200,000
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Table3.1. Comparison of Euler buckling loadsto buckling loads deter mine
using SAP2000 (CSl, 1995) for atwelve foot column.

# of fixed- fixed- pin- Actual / theoretical
elements free pinned pin fixed-free  fixed-pinned pin-pin
Theoretical 140 1147 562
1 element 141 1708 683 1.007 1.48 1.215
2 elements 140 1179 566 1.00 1.027 1.007
3 elements 140 1156 562 1.00 1.007 1.00
4 elements 140 1151 562 1.00 1.003 1.00




Table 3.2.

Comparison of Euler buckling loadsto buckling loads deter mine
using SAP2000 (CSl, 1995) for a four foot column.

# of fixed- fixed- pin- actual / theoretical
dements free pinned pin fixed-free  fixed-pinned pin-pin
Theoretical 1265 10327 5060
1 element 1273 >15000 6152 1.006 >1.45 1212
2 elements 1264 10569 5086 0.999 1.023 1.005
3 elements 1264 10362 5055 0.999 1.003 0.999
4 elements 1264 10316 5049 0.999 0.999 0.998
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Table3.3. Comparison of Euler buckling loadsto buckling loads deter mine
using SAP2000 (CSl, 1995) for athirty foot column.

# of fixed- fixed- pin- actual / theoretical
e ements free pinned pin fixed-free  fixed-pinned pin-pin
Theoretical 22.5 184 90
1 element 22.6 273 109 1.004 1.48 1211
2 elements 22.5 189 90 1.00 1.027 1.00
3 elements 22.4 185 Q0 0.996 1.005 1.00
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psi was assigned to each member. The lumber was oriented to assure that the 1.5-inch

dimension was the depth and the 3.5-inch dimension was the width.

Two-dimensional connections at the ends of the diagonal and the one-dimensional
connections between the diagonal and the compression webs were represented by support
springs. The support springs were assigned a stiffness based on Equation 2.9 from Mack
(1966).

Waltz (1998) had 23 failures during his research. Waltz concluded in his study that
Mack’s (1966) curve could be represented linearly due to the instability failures that
occurred in the nonlinear portion of their brace support curves.

To represent Mack’ s curve linearly, the secant modulus was determined for the different
forces. To find the secant modulus, a slip was determined and then the corresponding
force was solved for using Equation 2.9. The force g(x), where x is dlip, was determined
by aline drawn from the origin to the point (x,g(x)). The slope of the line was the
stiffness for the specified force and dlip. When the force is increased, the stiffness

decreases based on the changing secant modulus.

Connections between the diagonal brace and the compression chord at the middle of the
brace and between the diagonal brace and the CLB were represented by internal springs
(in SAP2000 (CSl, 1995), terminology). The stiffness of the internal springs was
determined using the secant modulus as previously explained. Internal springsin
SAP2000 (CSl, 1995) are represented by “nllink” elements. Two types of nllink
elements can be specified, zero-length el ements and elements that connect two joints. A
zero-length element can consist of either asingle joint with a spring connection to a
reaction support, or two-joint elements sharing the same location in space. The

coordinate system varies depending on the type of nllink element specified in the analog.

To develop Waltz's (1998) analog, only one type of nllink element was used. A joint-to-
joint nllink element was used to represent the horizontal spring connection between the
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diagonal brace and the trussweb. A second joint-to-joint nllink element was used to
provide aload path for the force to get from the CLB through the diagonal brace and into
theweb. Each nllink element had six degrees of freedom and a spring stiffness
(trandlational or rotational) can be specified for any of the six degrees of freedom. The
degrees of freedom that receive no stiffness must be given restraints or other supports for
stability purposes (CSI, 1996).

Waltz (1998) concluded that the axial deformation within a CLB member could be
neglected. Therefore, for Waltz's (1998) analog, restraints were used to support the
nllink elements. In SAP2000 (CSl, 1995), there is positive moment continuity across
nodes but there is no moment continuity across springs. For this reason, restraints must
be applied to help ensure stability about the model and the springs. The nodes on both
sides of the nllink elements were restrained in the Y -direction, Z-direction, and all three
rotations. In other words, the nllink elements or springs were only allowed to deflect in
the X-direction or axialy. Figure 3.5 depicts Waltz's (1998) structural analog
conceptually as entered in SAP2000 (CSl, 1995).

To analyze amodel in SAP2000 (CSlI, 1995), the available degrees of freedom must be
specified. To analyze Waltz's (1998) structural analog, the available degrees of freedom
include: UX, UZ, RY. In other words, the structure can move in the X- and Z-directions

and can rotate about the Y -axis.

3.5 System Analogs

3.5.1 FiveChordsBraced by ThreeCLB’s

The first system structural analog analyzed using SAP2000 (CSlI, 1995) represented five
eight-foot roof trusses spaced twenty-four inches on center, three continuous lateral
braces (CLB’s) spaced twenty-four inches on center and one diagonal, as depicted in
Figure 3.5. The lumber used in the construction of the structural analog was assumed to
be 2x4 STUD Spruce-Pine-Fir, with amodulus of elasticity of 1,200,000 psi for the
CLB’sand 2x4 No. 2 Southern Pine, with amodulus of elasticity of 1,600,000 psi for the
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Figure3.5. Thestructural analog represents5 trusseswith an initial curvature,
three continuouslateral braces (CLB’s), and 1 diagonal member. The
initial curvatureisin onedirection and is exagger ated for visual
pur poses.
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truss chords. The truss chords were assumed to be a column with pin connections on

one-end and roller connections on the other.

To model the inward movement of both chord ends, roller supports would need to be
used on both ends of the truss chords to allow deflection on both sides. However,
instability would occur during analysis of the structure if such support conditions were
applied to the structural analog. The structural analog has quarter symmetry meaning the
upper left quarter of the structure is symmetric with the lower right quarter of the
structure and the same for the upper right quarter and the lower |eft quarters of the
structure. The structure is said to be symmetric about the center point of the structural
analog. However, if aroller support is applied to the truss at the center point of the
structural analog, the applied loads cause the trusses to translate improperly and bending
action occursin the CLB’s. Based on the problems associated with the above support
conditions, the data file for SAP2000 (CSI, 1995) was created using the pin and roller
support conditions originally described. All connections between chords and braces were
assumed to be made with 2-16d Common nails and were represented with springsto

model the dlip in the connection.

ANSI/TPI 1-1995 (TPI, 1995) installation limits were assumed for all chord lengths
studied. Equation 3.2 described the chord member as having a half sine wave

configuration, with an assumed initial curvature of L/200.

_ L . [Api*x
Ai = OS”E L @ (32)

20

where: A; = assumed initial deflection of the truss chord,
L = length of the compression chord, and
x = the distance from the member end, inches
pi isin radians.
A deflected chord member, by nature, is a smooth curve as opposed to a series of straight

lines. Therefore, the half sine configuration was assumed and used in all analyses.
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Connections A, B, C, D, and E, shown in Figure 3.5, were each modeled by a horizontal
spring and a vertical spring. (Two springs were required for each nail connection.) The
horizontal spring represented the lateral load-dlip relationship slip at the diagonal and
chord member connection. The vertical spring represented the connection dlip in the
vertical direction between the diagonal member and the chord member. The resultant
spring force was determined for each of the connections between the diagonal brace and
the truss chord members after the analysis was completed using vector addition.

A spring acting in the horizontal direction and a spring acting in the vertical direction
represented the connections between the chords and the CLB. Joint C, asdepicted in
Figure 3.6, consisted of the two-spring connection between the diagonal member and the
chord member and the two-spring connection between the CLB and the chord member.
One horizontal spring or nailed connection allows the load to be transferred into the CLB
and the other nailed connection transferred the load out of the CLB. Joints A and E,
(Figure 3.5), represented the connection between the diagonal and the chord at the point

where the chord is connected to the truss panel point and roof or ceiling diaphragm.

Once the data file for the structure was completed, loads were applied and the structure
analyzed. Design load was determined based on the National Design Specification for
Wood Construction (AF&PA, 1997) and an axial load ranging from 684 to 3,421 pounds
was applied to each chord. The allowable design load (F.') was determined to be 6,842
pounds. However, 50% of the allowable compressive load based on an |/d ratio of 16 is
atypical load level in awood truss chord. The load was increased from 10% to 50% of
F. . Load levels above 50% were not studied because the iterative solution was manually
conducted, and for higher load levels, manual solutions were not feasible due to the
number of iterations required. In retrospect, ANSY S 5.4 (ANSY'S, 1997) would have
been a better choice of finite element analysis program to analyze the system at |oad
levels approaching 100% of F.'. Design load was based on the grade, species
combination, and size of lumber and the duration of load, which in this case is assumed to
be 1.15 for snow plus dead loading.
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Figure3.6. (a) Theconnection between the chord member and the CLB is
represented by a horizontal and a vertical spring.

(b) The connection between the CLB and the chord member isalso
represented by a horizontal and a vertical spring.
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The stiffness values for the 2-16d nailed connections were determined using Equation 2.9
from Mack (1966). As previously discussed in Section 3.4, the secant modul us method
was used based on the load and deflection. Since Mack’s (1966) paper did not provide a
species factor for Spruce-Pine-Fir, alinear regression was performed to determine the
equation suitable for that particular species. Equation 3.3 is the regression equation that
was used to determine the species factor for use in Mack’s (1966) |oad-dlip equation.

Kk, =265* SG+3.49 (3.3)
where: K is the species factor for usein Mack’s (1966) eguation, and

SG isthe specific gravity for the species, in this case Spruce-Pine-Fir.

Equation 3.4, derived from Mack’s (1966) equation, was used in the analysis for the
connection force in a Spruce-Pine-Fir connection modeled in SAP2000 (CSlI, 1995).

F.. =6180(3.20Q +0.68)1-e ™2 )"’ (3.4)

where: Fn = load applied to a 2-16d nailed joint (pounds), and

Q = dlip between the wood members of a 2-16d nailed joint (inches).

A linear spring stiffness was estimated for each joint and the structural analog of Figure
3.5was analyzed. The calculated spring forces were then compared to the specific force
and displacement used to input the linear spring (secant modulus) constants. The new
stiffness value for each spring was entered into SAP2000 (CSI, 1995) and the structure
was analyzed again. The procedure was repeated until the force in the springs matched
the assumed force and displacement used to calculate the secant modulus spring stiffness

within atolerance of 1%.

The deflected shape, as depicted in Figure 3.7, resulted from the final stiffness of each
spring, with 3,421 pounds of axial force applied to the chords. The moment diagram,
Figure 3.8, illustrated the moment that devel oped due to the bracing connections and the

initial curvature. The moment is zero at each end of the chords due to the moment-free
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Figure3.7.  Fivetrusseswith three continuous lateral bracesand one diagonal
brace primarily deflected in the C-mode except at the point of
diagonal brace connections.



Figure3.8. Moment isdeveloped in the chordsprimarily dueto the bracing
connections and theinitial curvature of the chord members.
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pin supports. The moment is continuous across the nodes verifying the continuity of the

wood members.

3.5.2 Six ChordsBraced by NineCLB’s

The second system structural analog analyzed using SAP2000 (CSl, 1995) represented
six twenty-foot roof trusses spaced twenty-four inches on center, nine continuous lateral
braces (CLB’s) spaced twenty-four inches on center, and two diagonalsin aV-shape with
an angle of 45-degees, as depicted in Figure 3.9. The lumber used in the construction of
the structural analog was assumed to be 2x4 STUD Spruce-Pine-Fir, with a modulus of
elasticity of 1,200,000 psi for the CLB’s and 2x4 No. 2 Southern Pine, with a modulus of
elasticity of 1,600,000 psi for the truss chords. The truss chords were assumed to be
columns with roller connections, free to trandlate in the vertical or Z-direction, on both
ends. Roller connections free to trangdlate in the horizontal or X-direction were used on
the chords where the middie CLB crossed the chords to stabilize the structure, but still
allowed the chords to deflect. Theroller connections could be applied to the chords at
the center CLB because of the symmetry of the structure about the middie CLB. All
connections between chords and braces were assumed to be made with 2-16d Common
nails and were represented with springs to model the slip in the connection. The
calculated spring constants were based on the assumption that both members of the joint

were Spruce-Pine-Fir since data were not available for joints made with different species.

ANSI/TPI 1-1995 (TPI, 1995) installation limits were assumed for all chord lengths
studied. Therefore, to model the chord member with initial curvature, the nodes

were assigned for the data file for SAP2000 (CSlI, 1995) using Equation 3.2 to produce a
half sine wave configuration, with an assumed initial curvature of L/200.

All connections between the truss chords and the diagonal s were modeled by a horizontal
spring and a vertical spring. The horizontal spring represented the lateral load-dlip
relationship dlip at the diagona and chord member connection. The vertical spring

represented the connection slip in the vertical direction between the diagonal member and
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Figure3.9. Thestructural analog represents 6 trusses with an initial curvature, 9
continuous lateral braces (CLB’s), and 2 diagonal bracing members
in aV-shape. Theinitial curvatureisin onedirection and
exaggerated for visual purposes.
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the chord member. The resultant spring force was determined for each of these

connections, after the analysis was completed using vector addition.

A spring acting in the horizontal direction and a spring acting in the vertical direction
represented the connections between the chords and the CLB. Joint F and G, as depicted
in Figure 3.9, consisted of the two-spring connection between the diagonal member and
the chord member and the two-spring connection between the CLB and the chord
member. One horizontal spring or nailed connection allows the load to be transferred
into the CLB and the other nailed connection transferred the load out of the CLB. Joints
A and L, (Figure 3.9), represented the connection between the diagonal and the chord at
the point where the chord is connected to the truss panel point and roof or ceiling

diaphragm.

Once the data file for the structure was completed, loads were applied and the structure
analyzed. Design load was determined based on the National Design Specification for
Wood Construction (AF&PA, 1997) and an axial load ranging from 684 to 3,421 pounds
was applied to each chord. The allowable design load (F.') was determined to be 6,842
pounds based on an |/d ratio of 16. The load was increased from 10% to 50% of F.'. As
for the previous case, load levels above 50% were not studied because the iterative
solution was manually conducted and for higher load levels manual solutions were not
feasible due to the number of iterations required. Design load was based on the grade,
species combination, size of lumber, and the duration of load, which in thiscaseis
assumed to be 1.15 for snow plus dead loading.

The stiffness values for the 2-16d nailed connections were determined using Equation 3.4
from Mack (1966). As previously discussed in Section 3.4, the secant modulus method
was used based on the load and deflection.

A linear spring stiffness was estimated for each joint and the structural analog of Figure
3.9 was analyzed. The calculated spring forces were then compared to the specific force

and displacement used to input the linear spring (secant modulus) constants. The new
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stiffness value for each spring was entered into SAP2000 (CSI, 1995) and the structure
was analyzed again. The procedure was repeated until the force in the springs matched
the assumed force and displacement used to cal culate the secant modulus spring stiffness

within atolerance of 1%.

The deflected shape, as depicted in Figure 3.10, resulted from the final stiffness of each
spring, with 3,421 pounds of axial force applied to the chords. The moment diagram,
Figure 3.11, illustrated the moment that developed due to the bracing connections and the
initial curvature. The moment is zero at each end of the chords due to the moment-free
pin supports. The moment is continuous across the nodes verifying the continuity of the

wood members.

3.5.3 Eleven ChordsBraced by Nine CLB’s

The third system structural analog analyzed using SAP2000 (CSl, 1995) represented
eleven twenty-foot roof truss chords spaced twenty-four inches on center, nine
continuous lateral braces (CLB’s) spaced twenty-four inches on center and two diagonals
in aV-shape with an angle of 45-degrees, as depicted in Figure 3.12. The lumber used in
the construction of the structural analog was assumed to be 2x4 STUD Spruce-Pine-Fir,
with amodulus of elasticity of 1,200,000 psi for the CLB’s and 2x4 No. 2 Southern Pine,
with amodulus of easticity of 1,600,000 psi for the truss chords. The truss chords were
assumed to be columns with roller connections, freeto translate in the vertical or Z-
direction, on both ends. Roller connections free to translate in the horizontal or X-
direction were used on the chords where the middle CLB crossed the chords to stabilize
the structure, but still allowed the chords to deflect. The roller connections could be
applied to the chords at the center CLB because of symmetry of the structure about the
middle CLB. All connections between chords and braces were assumed to be made with
2-16d Common nails with both members of the joint being Spruce-Pine-Fir for the

purpose of validating the dlip behavior of the joint.

ANSI/TPI 1-1995 (TPI, 1995) installation limits were assumed for all chord lengths
studied. Therefore, to properly model the chord member with initial curvature, the nodes
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Figure3.11. Moment isdeveloped in the chords primarily dueto the bracing
connections and theinitial curvature of the chord members.
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Figure3.12. Thestructural analog represents 11 trusseswith an initial curvature,
9 continuous lateral braces (CLB’s), and 2 diagonal bracing members
in aV-shape. Theinitial curvatureisin onedirection and
exaggerated for visual purposes.

72



were assigned for the data file for SAP2000 (CSl, 1995) using Equation 3.2 to produce a
half sine wave configuration, with an assumed initial curvature of L/200.

All connections between the truss chords and the diagonals were modeled by a horizontal
spring and a vertical spring. The horizontal spring represented the lateral load-dlip
relationship slip at the diagona and chord member connection. The vertical spring
represented the connection slip in the vertical direction between the diagonal member and
the chord member. The resultant spring force was determined for each of these

connections, after the analysis was completed using vector addition.

A spring acting in the horizontal direction and a spring acting in the vertical direction
represented the connections between the chords and the CLB. Joint F and G, as depicted
in Figure 3.12, consisted of the two-spring connection between the diagonal member and
the chord member and the two-spring connection between the CLB and the chord
member. One horizontal spring or nailed connection allows the load to be transferred out
of the CLB into the chord and the other nailed connection transferred the load out of the
chord into the diagonal brace. Joints A and L, (Figure 3.12), represented the connection
between the diagonal and the chord at the point where the chord is connected to the truss
panel point and roof or ceiling diaphragm.

Once the data file for the structure was complete, loads were applied and the structure
analyzed. Design load was determined based on the National Design Specification for
Wood Construction (AF& PA, 1997) and an axial load ranging from 684 to 3,421 pounds
was applied to each chord. The allowable design load (F.') was determined to be 6,842
pounds. The load levels were applied as described in Section 3.5.2. Load levels above
50% were not studied as discussed in Section 3.5.1. Design load was based on the grade,
species combination, size of lumber, and the duration of load, which in thiscaseis

assumed to be 1.15 for snow plus dead |oading.

73



The stiffness values for the 2-16d nailed connections were determined using Equation 3.4
from Mack (1966). As previously discussed in Section 3.4, the secant modul us method
was used based on the load and deflection.

A linear spring stiffness was estimated for each joint and the structural analog of Figure
3.12 was analyzed. The calculated spring forces were then compared to the specific force
and displacement used to input the linear spring (secant modulus) constants. The new
stiffness value for each spring was entered into SAP2000 (CSI, 1995) and the structure
was analyzed again. The procedure was repeated until the force in the springs matched
the assumed force and displacement used to cal cul ate the secant modulus spring stiffness
within atolerance of 1%.

The deflected shape, as depicted in Figure 3.13, resulted from the final stiffness of each
spring, with 3,421 pounds of axial force applied to the chords. The moment diagram,
Figure 3.14, illustrated the moment that developed due to the bracing connections and the
initial curvature. The moment is zero at each end of the chords due to the moment-free
pin supports. The moment is continuous across the nodes verifying the continuity of the

wood members.

3.6 Single Member Analogs

To simplify the structural analogs from multiple truss chords to a single member anal og,
the connection dlip between the diagonal and chord member was not modeled. The -
truss system analogs were not practical for testing chord lengths and possible number of
trusses to be braced (j) asagroup. A simple analog was needed that would apply to all
practical truss construction.

On average, the net lateral forcein a CLB is 0.0 assuming the installed webs are bowed
left and right and the bow follows some symmetric probability distribution. However,
almost always there will be some imbalance in the net lateral forcein the CLB due to

random variations in the bow of the n-webs involved.
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Figure3.14. Moment isdeveloped in the chords primarily dueto the bracing
connections and theinitial curvature of the chord members.
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3.6.1 OneWeb braced by OneCLB

The structural analog was represented in SAP2000 (CSl, 1995) as depicted in Figure
3.15, where the length of the web varied from three feet to twelve feet. Chord members
were assumed to be columns with pinned support connections on one-end and roller
support connections on the other end. All of the lumber was assumed to be 2x4 STUD
Spruce-Pine-Fir with amodulus of elasticity of 1,200,000 psi. The allowable load, P,
applied to the web was determined based on the guidelines presented in the NDS
(AF&PA, 1997). A sample calculation for the allowable load for one web braced by one
CLB can bereviewed in Appendix A. The effective stiffness of the nailed connection
represented by a single spring was determined using the secant method as discussed in
Section 3.4.

ANSI/TPI 1-1995 (TPI, 1995) installation limits were assumed for all chord lengths
studied. Therefore, to properly model the web member with initial curvature, the nodes
were assigned for the data file for SAP2000 (CSI, 1995) using Equation 3.2 to provide a

half sine wave configuration, with an assumed initia curvature of L/200.

3.6.2 OneWeb Braced by TwoCLB'’s

For the case of one web braced by two CLB’s, the structural analog included the same
assumptions as the structural analogs representing one web braced by one CLB, but two
CLBs were used to brace the truss web. The structural anal ogs representing one web
braced by two CLB’s, as depicted in Figure 3.16, consisted of two nailed connections
represented by single springs. The materia properties for the lumber were assumed to be
the same as those described in Section 3.6.1. The effective stiffness of the springs were
determined as previously discussed. The allowable loads applied to the truss webs were
determined based on the design equations presented in the NDS (AF&PA, 1997). The
applied axia loads were varied from ten percent of the allowable load to the allowable
load in increments of ten percent. The length of the webs varied from five feet to twelve
feet.
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Figure 3.15. Structural analog representing one web braced by one CLB. The
nailed connection isrepresented by a spring and an applied load, P, is
a compression for ce deter mined using design equations outlined in the
NDS 97 (AF& PA, 997).
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Figure3.16. Structural analog representing one web braced by two CLBs. The
nailed connections are represented by springsand an applied load, P,
Isa compression for ce deter mined using design equations provided in
the NDS (AF& PA, 997).
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3.6.3 Effectsof Lumber Size

To determine if lumber size has an effect on the required bracing force, atest was run
using 2x6 lumber. All lumber properties used in the construction of the structural analog
was assumed to be 2x6 STUD Spruce-Pine-Fir, with amodulus of elasticity of 1,200,000
psi. Trusswebs were assumed to be a column with pin connections on one-end and roller
connections on the other. All connections between webs and braces were assumed to be
made with 2-16d Common nails and were represented with springsto model the dlipin

the connection.

The allowable load level for the column was recal culated using the correct area (5.5
inches x 1.5 inches) and the requirements outlined in the NDS (AF&PA, 1997). Changes
were aso made within SAP2000 (CSl, 1995) to adjust for the larger dimensions.

3.6.4 Effectsof Lumber Specific Gravity and Modulus of Elasticity, E

To determine if lumber species (specific gravity and modulus of elasticity, E) has an
effect on the required bracing force, an analysis was run using 2x4 No. 2 Douglas Fir-
Larch for the web and CLB’s, which has a 17% higher E value than Spruce-Pine-Fir.

The specific gravity for Douglas Fir-Larch is 0.5 versus 0.42 for Spruce-Pine-Fir.
Douglas-Fir-Larch was chosen as the species to compare to Spruce-Pine-Fir because the
nail slip datawas available for a Douglas Fir-Larch joint and because of the high specific
gravity value. The truss webs were assumed to be a column with pin connections on one-
end and roller connections on the other. All connections between webs and braces were
assumed to be made with 2-16d Common nails and were represented with springsto

model the dlip in the connection.

The allowable load level for the column was recal culated using the appropriate modulus
of elasticity (1,400,000 psi) and the requirements outlined in the NDS (AF& PA, 1997).
Changes were also made within SAP2000 (CSI, 1995) to adjust for the different modulus
of elasticity. The web and the brace were both assumed to be No. 2 Douglas Fir-Larch.
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Truss web lengths of four feet and twelve feet were tested at load levels of 10% and
100% of the maximum allowable axial compressive load calculated. SAP2000 (CSl,
1995) analyses were performed for both one web braced by one CLB and one web braced
by two CLB’s.

3.6.5 TrussChord Braced by n-CLB’s

The structural analogs to test truss chords braced by n-CLB’ s were designed to test the
objectives previously described. In order to determine the net cumulative bracing force
required to be braced with diagonals, a structural analog had to be created for various
lengths of lumber. The first assumption for the structural analogs was the shortest truss
panel length was assumed to be four feet requiring one CLB at the center and one on each

end.

The second assumption for the structural analogs pertains to the bending and compression
forcesin the problem. The center panel (or two panels, if symmetrical) is subjected to the
maximum compression. Assuming panel lengths are equal, the center panel (or two
panels, if symmetrical) will have the maximum stress interaction per the NDS (AF& PA,
1997) shown as Equation 3.5.

0. B.A f A a5
e S e = e

From a permanent bracing designer standpoint, one needs to determine the maximum
axial forcesin the panels. When the supporting truss chord is assumed to be continuous,
in the structural analysis, bending moments will exist in all panels. The amount of
bending moment will vary from one design to the next. A conservative assumption with
respect to permanent bracing design is that the bending moment is zero in all panels and
that the stress interaction is at the maximum equal to 1.0. Equation 3.5 therefore reduces
to Equation 3.6.

fo=Fe (3.6)



Equation 3.6 applies to the center panel (or two panelsif symmetrical). It isconservative
because assuming the bending moment is zero alows for the maximum axial
compression to be present in the assumed chord. The design compression load in the

center panel (or two panelsif symmetrical) isthereforeillustrated by Equation 3.7.

C=A*F (3.7)
where: A isthe chord area (in?) and
F.' isthe allowable compression design value parallel to grain, psi
Axial load in the outer panels will be lower than the axial load in the center panels. A
conservative assumption for permanent bracing design isto assume all panels have the
same axia load and that load is equal to the center panel maximum value as determined

using Equation 3.7.

The allowable compression parallel-to-grain design value, Fc', was calculated using NDS
(AF&PA, 1997) procedures. Chords can buckle about both axes depending on the l¢/d of
each axis. When CLBs areinstalled at 24 inches on center, the weak axis |J/d was

determined using Equation 3.8.

le _Ke*la _1.0*24" _ . (3.8)
d d 1.5

If the strong axis|¢/d is greater than 16, the truss designer usesthe larger |/d. A situation

such as this occurs when determining |J/d for a 2x4 member that isten feet in length. If
the strong axisl¢J/d islessthan 16, 16 isused. A situation such as this occurs when
determining l¢/d for a 2x12 member that isten feet in length. For permanent bracing

design, it istherefore conservative to assume |/d equal 16.

A truss designer must determine the larger value of |¢/d between the weak axis and the
strong axis. Upon comparison of values of |¢/d atruss designer will use weak axis|¢/d
while the lumber sizeis large and then at some point the strong axis value for I/d is
larger and the designer will then switch to using the l/d that is larger. Thetruss
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designer’ s approach versus the permanent truss bracing designer’ s approach can be seen
more clearly in Figure 3.17. Using |J/d equal 16 versusthe larger |¢/d will always predict
the maximum possible load in the top chord.

The final assumptions used in creating the structural analogs included the lumber type,
chord lengths, and the duration of load factor. The duration of load was determined
based on snow load plus dead load. The lumber was assumed to be No. 2 Southern Pine
for the truss chords and STUD Spruce-Pine-Fir for the CLBs. The size of the truss chord
was varied from 2x4 to 2x12. The length of the truss chord was varied from four feet to

forty feet by increments of four feet but also included six feet.

A total of ten structural analogs were devel oped based on the varying lengths of lumber.
As by standard industry practice, the CLBs were assumed to be spaced at 24 inches on
center and therefore a spring was used to represent the connections. Table 3.4 and Figure
3.18 illustrate the top chord lengths studied based on the size of the lumber. Figure 3.19
depicts the structural models as they were analyzed in SAP2000 (CSl, 1995). The
structural analogs were designed using the same procedure as for the cases of one web
with one and two CLB’s (Section 3.6.1 and Section 3.6.2). The allowable |oads were
determined based on the size of the members using the aforementioned |/d value and the
NDS (AF&PA, 1997) design equations.

The assumed initial deflected shape of the chords was determined using Equation 3.2 and
the assumptions presented in Section 3.6.1. If the length of the chord exceeded 400-
inches, Equation 3.9 was used to stay within the guidelines provided in ANSI/TPI 1-1995
(TPI, 1995).

Ai = 2 * gj nEMH (39)
O L O

ANSI/TPI 1-1995 (TPI, 1995) states that the maximum initial deflection allowed in a
truss chord is the lesser of L/200 or 2 inches. In cases where compression chord length,

L, isgreater than 400 inches, the 2-inch maximum allowance was observed.
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Max (IJ/d 4, 1/d 5)

16 |-

-
-+
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l/d

[l Trussdesigner values

+ Permanent bracing designer values

Figure 3.17. Todeterminethe appropriatelgd ratio for usein calculating the
allowable axial compressiveload in a member, atrussdesigner and a
permanent bracing designer use different values.
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Table3.4.  Trusschord length based on lumber size and the test increments used
to create the multiple structural analogsin SAP2000 (CSI, 1995).

Nominal Lumber Allowable supporting truss chord length Test
. range increments
Size
2x4 dfeet —p 24 fect 4 feet
including 6 feet
2x6 4feet —p 36feet 4 feet
including 6 feet
2x8 4feet —>» 36feet 4 feet
including 6 feet
2x10 4feet —» 40feet 4 feet
including 6 feet
2x12 4feet ——» 40feet 4 feet
including 6 feet
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\ |

n- SPF /

CLBs

Figure3.18. Thetrusschord length studied was based on the size of the Southern
Pine, No. 2 lumber. Only one CLB-chord connection point is

illustrated but atrusswith multiple CLB’swould be used on trusses
of significant length.
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Figure3.19. Structural analogs as depicted in SAP2000 (CSl, 1995) for n-CLBs
spaced 24-inches on center, with an applied axial load, P, and the
trusschordislength L.



4. Results

4.1 Forces Required to Brace System Analogs

4.1.1 ForcesRequired to Brace Eight Chordswith Three CLB’sand One
Diagonal Brace
Lateral forces produced by the analysis of the system structural analog representing five
eight-foot truss chords braced by three CLB’ s and one diagonal are summarized in Table
4.1. Thelatera forces accumulate at Joint E as depicted in Figure4.1. A positive
number indicates a tension force and a negative number indicates compression. Figure
4.1 shows the axial forcesin the diagonal for five-eight foot trusses spaced twenty-four
inches on center with three CLB’ s and one diagonal with an applied compressive load in
the truss chords of 3,421 pounds. The lateral forces accumulated at Joint E (Figure 3.5)
because of the support conditions described in Section 3.5.1. A second reason the forces
accumulated at Joint E (Figure 3.5) is based on the load path necessary to transfer the
force from the truss chords to the bracing system, then finally into the roof or ceiling
diaphragms at truss panel points. As the truss chords deflect, more load is transferred
into the spring connections and ultimately into the diagonal member. Since the trusses
are deflected to the right, the load “builds up” in the diagonal as force is added from the
chords all deflecting in a C-shape to the right. The additional load accumulatesin the
connection where the force is transferred into the roof or ceiling diaphragms of the
structure. As expected the lateral force increased as the load level was increased from

10% to 50% of the allowable compressive |oad.

The resultant force between the diagonal and the chord connections was cal cul ated and
the resultant forces were summarized in Table 4.2. The resultant forces were calculated
using the spring forces from both the horizontal and the vertical springs produced in the
SAP2000 (CSl, 1995) analysis of five eight-foot truss chords, spaced twenty-four inches
on center, braced by three CLB’s and one diagonal. The resultant forcesin Table 4.2
Illustrates that typically one joint (Joint E) had a higher connection load than the rest of

the diagonal brace to chord connections. In most cases, the number of nails required for
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Net lateral forces (Ibs) produced by n- Southern Pinetruss chords

Table4.1

braced by multiple Spruce-Pine-Fir (SPF) CLB’sand oneor two SPF
diagonal(s).

Length of No. of No. of No. of Applied Axial Compressive load from
chords (ft) | trusses CLB’s Diagona | 10% to 50% of allowable load (Ibs)*
Braces | "6g4 [ 1368 | 2053 | 2737 | 3421
8 5 3 1 91 182 | 272 | 363 | 453
20 6 9 2 124 | 247 | 367 | 486 | 602
20 11 9 2 221 | 434 | 637 | 824 | 983

* Based on l¢/d equal 16 and 2x4 No. 2 Southern Pine truss chords
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-3421 |bs

Note: Thetwo CLB’snormally installed at the roof planes are not shown asthey are
laterally stabilized by the roof diaphragm.

Figure4.1. Lateral forcesaccumulate down thelength of the diagonal when the
chords are braced by one diagonal spanning the length of the trusses.
Axial forcesin the diagonal are shown herefor an applied chord load
of 3,421 poundsin SAP2000 (CSl, 1995) on five eight-foot long chords.
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Table4.2 Resultant joint forces (Ibs) calculated for the diagonal brace(s) to
truss chord connections. Theresultant forceswer e calculated using
theresults produced in the SAP2000 (CSI, 1995) analysis of j-truss
chords braced by multiple CLB’sand one or two diagonals.

Joint | 5-8 ft. chords, 3CLB, 1

6-20 ft. chords, 9 CLB'’s, 2

11-20 ft. chords, 9 CLB's,

diagonal diagonals 2 diagonals
10% to 50% of the allowable load 10% to 50% of the allowable load level 10% to 50% of the allowable load level
level (Ibs)* (Ibg)* (Ibs)*

684 | 1368 | 2053 | 2737 | 3421 | 684 | 1368 | 2053 | 2737 | 3421 | 684 | 1368 | 2053 | 2737 | 3421
A 53 | 61 | 43 | 12| 61 | 87 | 172 | 256 | 338 | 418 | 154 | 302 | 443 | 572 | 681
B 42 | 83 | 123|164 | 205 | 2 3 6 12 | 23 6 22 | 50 | 100 | 183
C 59 | 119 1180 | 241 | 300 | 20 | 42 | 66 | 89 | 115 | 39 | 83 | 129 | 182 | 241
D 29 | 56 | 82 | 107 | 132 | 24 | 48 | 73 | 98 | 124 | 46 | 93 | 144 | 196 | 255
E |183]319 428 512 |5/6| 31| 60 | 88 | 116 | 143 | 52 | 103 | 148 | 194 | 243
F 10| 21 | 33 | 46 | 58 | 21 | 45 | 72 | 98 | 124
G 10| 21 | 33 | 46 | 58 | 21 | 45 | 72 | 98 | 124
H 31| 60 | 88 | 116 | 143 | 53 | 103 | 148 | 194 | 243
I 24 | 48 | 73 | 98 | 124 | 46 | 93 | 144 | 196 | 255
J 20| 42 | 66 | 89 | 115 | 40 | 83 | 129 | 182 | 241
K 2 3 6 12 | 23 6 22 | 50 | 100 | 183
L 87 | 172 | 256 | 343 | 418 | 154 | 302 | 443 | 572 | 681

* Allowable load level was based on 2x4 No. 2 Southern Pine and an |/d of 16.
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the diagonal brace to chord connections at Joint E, using NDS 97 (AF&PA, 1997)
requirements, was larger than the number of 16d Common nails that will fit without
splitting the end of a 2x4 diagonal brace. A design procedure for the connections
between the diagonal brace and the truss chords cannot be offered at this time because of
the number of nailsrequired to resist 576 pounds per the NDS 97 (AF&PA, 1997)
requirements is theoretically four 16d Common nails. From a practical standpoint, there
isonly room for at most three 16d Common nails.

4.1.2 ForcesRequired to Brace Six Chordswith Nine CLB’sand Two
Diagonals
The lateral forces produced by the analysis of the system structural anal og representing
six-twenty foot roof truss chords braced by nine CLB’s and two diagonalsin a V-shape
aresummarized in Table4.1. As expected the net lateral force increased as the load level
was increased from 10% to 50% of the allowable compressive load. Lateral forces were
higher for the twenty-foot chords than for the eight-foot long chords due to the longer
length of the trusses. Longer trusses deflect more because the initial curvatureis larger
and more braces are required to resist the deflection produced by the applied compressive
load in the truss chords thus leading to an increase in bracing forces.

The resultant force between the diagonal and the chord connections was cal culated and
the resultant forces were summarized in the center section of Table 4.2. The resultant
forces were calculated using the spring forces from both the horizontal and the vertical
springs produced in the SAP2000 (CSI, 1995) analysis of six-twenty foot truss chords
braced by nine CLB’ s spaced twenty-four inches on center and two diagonalsinaV-
shape. Theresultant forcesin Table 4.2 illustrated that typically two joints (Joint A and
L from Figure 3.9) had a higher joint load than the rest of the diagonal brace to chord
connections. A design for the connections between the diagonal braces and the truss
chords can be executed because the number of nails required to resist 418 pounds per
NDS 97 (AF&PA, 1997) requirements is three 16d Common nails.
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4.1.3 ForcesRequired to Brace Eleven Chordswith Nine CLB’sand Two

Diagonals
Lateral forces produced by the analysis of the system structural analog representing
eleven-twenty foot roof truss chords braced by nine CLB’s and two diagonalsinaV-
shape are summarized in Table 4.1. As expected the lateral force increased as the load
level was increased from 10% to 50% of the allowable compressive load. Net lateral
forces were higher for the eleven twenty-foot roof trusses than for six twenty-foot roof
trusses because of the additional load induced in the CLB’ s due to the additional truss
chords. The diagonal bracing crossed six truss chords asillustrated in Figure 3.12. The
five additional trusses aretied in by the CLB’s.

The resultant joint forces in the diagonal to chord connections were calculated and the
resultant joint forces were summarized in Table 4.2. The resultant joint forces were
calculated using the spring forces from both the horizontal and the vertical springs
produced in the SAP2000 (CSlI, 1995) analysis of eleven twenty-foot truss chords braced
by nine CLB’ s spaced twenty-four inches on center and two diagonalsin a V-shape.
Referring to Table 4.2, two joints (Joint A and L from Figure 3.12) typically had a higher
connection load than the rest of the diagonal brace to chord connections. At 30% of the
allowable compressive load or more, the number of nails required for the diagonal brace
to chord connections at Joints A and L, using NDS 97 (AF&PA, 1997) specifications,
was larger than 2-16d Common nails typically used in truss construction.

As previously discussed in Section 2.6.2, Mack (1966) defined failure of a connection
consisting of 2-16d Common nails by ajoint slip of 0.1 inches. When both members are
Spruce-Pine-Fir, the joint force at 0.1 inches dlip is 618 pounds. Based on the 0.1 inch
failure criterion, at loads larger than 618 pounds, the nailed connection hasfailed. Table
4.2 shows that at 3,421 pounds applied axial chord load, the nail connections at Joints A
and L have failed per Mack’s (1966) rule. Based on ajoint load of 681 pounds, for the
case of a 3,421 pound chord load, five 16d Common nails are theoretically required per
the NDS 97 (AF& PA, 1997) specification.
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A design procedure for the connections between the diagonal braces and the truss chords
cannot be offered at this time, because from a practical standpoint, thereis only room for
at most three 16d Common nails.

4.2 Forces Required to Brace Single Member Analogs
4.2.1 ForcesRequired to Brace a Web with One CLB

The lateral forces produced by the analysis of the structural analog representing a truss
web are presented in Table 4.3. For the purpose of discussion and comparison to the 2%
Rule, the net lateral restraining force was divided by the axial load in the compression
web and will bereferred to asR. R isdefined by Equation 4.1 and the results of the
analysis are summarized in Table 4.4.

Net |ateral restraining force (1bs) (4.2
Axial load level in web/chord (Ibs)

As previously discussed, in Section 2.7.1.4, the 2% Rule is based on aweb pinned at
both ends and at the center. The tangent of the angle based on theinitial curvatureis
1/100 as shown in Figure 2.12.

The R valuesin Table 4.4 were not affected by web lengths and load levels studied (that
ranged from 10% to 100% of the allowable compression for the assumed lumber grade).
The difference in the two values, 2% Rule versus 2.3% found in Table 4.4, is due to the
fact that a flatwise 2x4 is very flexible, and thus not dramatically affected by member
continuity. The computer analog constructed for this thesis does not have a pin
connection at the mid-span (center) of the web asis assumed for the derivation of the 2%
Rule.

The deflected shape as depicted from SAP2000 (CSI, 1995) isillustrated in Figure 4.2a
for the case of a 12-foot web with 788 pounds applied to the web. The maximum
deflection of the web was 0.0191 inches. The moment diagram, depicted in Figure 4.2b,
illustrates a non-zero moment at the CLB and web connection. Therefore, the moment
diagram verifies that the web is being model ed as one continuous member supported by a

CLB with anail connection (represented by a spring).
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Table4.3.

Lateral force produced by a 2x4 STUD Spruce-Pine-Fir web when
braced by a CL B having a specific gravity of 0.42. Connection is
assumed to be 2-16d Common nails, and the CL B was assumed to be
restrained from lateral movement.

Web Axial Load Level in Web(Ibs.)"
L(?ggtt)h Lateral force produced in the web-CLB connection(lbs.)
3 420 | 840 | 1260 | 1680 | 2100 | 2520 | 2940 | 3360 | 3781 | 4201
10 | 19 29 39 48 58 67 77 86 96
4 379 | 759 | 1138 | 1518 | 1897 | 2276 | 2656 | 3035 | 3415 | 3794
9 17 26 35 44 52 61 70 78 87
5 322 | 644 | 966 | 1288 | 1610 | 1932 | 2254 | 2575 | 2897 | 3219
7 15 22 30 37 44 52 59 66 74
6 260 | 520 | 781 | 1041 | 1301 | 1561 | 1821 | 2082 | 2342 | 2602
6 12 18 24 30 36 42 48 54 60
7 207 | 414 | 621 828 | 1035 | 1243 | 1450 | 1657 | 1864 | 2071
5 10 14 19 24 29 34 38 43 48
8 166 | 332 | 498 | 663 | 829 | 995 | 1161 | 1327 | 1493 | 1658
4 8 12 15 19 23 27 31 34 38
9 135 | 269 | 404 539 673 808 943 | 1077 | 1212 | 1347
3 6 9 12 16 19 22 25 28 31
10 | 111 | 222 | 333 | 444 | 555 | 666 | 777 | 888 | 999 | 1110
3 5 8 10 13 15 18 20 23 26
11 | 93 | 186 | 279 | 372 | 465 | 55/ | 650 | 743 | 836 | 929
2 4 6 9 11 13 15 17 19 22
12 | 79 | 158 | 236 | 315 | 394 | 4/3 | 551 | 630 | 709 | /88
2 4 5 Il 9 11 13 15 16 18

The rightmost column is 100% of the allowable and the |eftmost load column is 10% of
the allowable assuming Cp equals 1.15.
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Table4.4. Net lateral restraining force (Ibs) for a web with one CLB divided by
the axial load (Ibs) for comparison to the 2% Rule.

Web

Length Lateral force produced in the web-CL B connection(lbs.)

(ft) Axial Load Level in Web(lbs.)

3 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
4 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
5 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
6 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
7 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
8 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
9 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
10 [0.023|0.023| 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
11 | 0.023|0.023| 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
12 [0.023|0.023| 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023 | 0.023
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Figure4.2.

(@) (b.)

(a.) The deflected shape of a web braced with one CLB asrepresented
in SAP2000 (CSl, 1995). Theweb istwelve feet long with an applied
axial load of 788 pounds.

(b.) The moment diagram for a web braced with one CLB as

represented in SAP2000 (CSI, 1995). The moment at the connection is
non-zero illustrating continuity in the web member.
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4.2.2 ForcesRequired to BraceaWeb with Two CLB’s
This case, consisting of one web and two CLBs, produced net |ateral forces of particular
interest. In the past, one option for design purposes was to assume the bracing force was
equal to 2% of the applied load, times the number of connections per web, which yields
4% of the axial load as the required bracing force per web. For the purpose of discussion
and comparison to the 2% Rule, the net |ateral restraining force was divided by the axial
load in the web and will be referred to as R defined in Equation 4.1. R, for the case of
oneweb and two CLB’s, is summarized in Table 4.6. The 2.8% R-vaueissignificantly
less than the 4% cal culated by the assumption that the brace force increases in proportion
to the number of CLB’s. Based on the net lateral restraining forces, in Table 4.5, for the
case of one web with two CLBSs, the required net lateral restraining force needs to be
2.8% of the applied load asillustrated in Table 4.6. Based on R values reported in Table
4.6, R isnot affected by length of the web (when using two significant figures).

The deflected shape isillustrated in Figure 4.3afor the case of atwelve-foot web with
1,055 pounds applied to the web. The maximum deflection of the web was 0.006 inches
and it occurred at the center of web. The moment diagram, depicted in Figure 4.3b,
Illustrates a non-zero moment at the connections. The maximum moment was 59 in-Ib.

The maximum shear in the web was 4 pounds.

4.3 Effectsof Lumber Size

The next structural analog was designed to test the effects of lumber size on the net

lateral restraining force for the cases of one web and one CLB and one web and two
CLB’s. The structural analog analysis for the case of one web and one CLB consisted of
a2x6 STUD Spruce-Pine-Fir web, ranging in length from three-feet to twelve-feet with
one bracing location at the center of the web. The bracing location (a 2-16d Common
nail connection) was represented in the same way as for the 2x4 web by asingle spring in
SAP2000 (CSl, 1995). The structural analogs were analyzed using SAP2000 (CSl, 1995)
with loads varying from 10% to 100% of the allowable compressive load for the web, F.’,
calculated using procedures outlined in the NDS 97 (AF& PA, 1997).
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Table4.5. Lateral force produced by a 2x4 STUD Spruce-Pine-Fir web when
braced by two 2x4 CL B’ s having a specific gravity of 0.42.
Connections are assumed to be 2-16d Common nails, and the CLB’s
areassumed to berestrained from lateral movement.

Web Axial Load Level in Web(lbs.)*
Length Lateral force produced in the web-CLB connection(lbs.)
(feet)

5 364 | 729 | 1093 | 1457 | 1822 | 2186 | 2551 | 2915 | 3279 | 3644
5110 15| 20 | 25 | 30 | 35 | 40 | 45 | 51
6 313|626 | 939 | 1252|1565 | 1878|2191 | 2504 | 2817 | 3130
4 19113 |17 |22 | 26 | 30| 3 | 39 | 4
7 260|520 | 781 | 1041|1301 | 1561 | 1821 | 2082 | 2342 | 2602
4 | 7|11 |14 |18 | 2 | 25| 29 | 32 | 36
8 2141428 | 642 | 856 | 1070|1284 | 1498|1712 | 1926 | 2140
3|6 9 12 | 15 | 18 | 21 | 24 | 27 | 30
9 176|353 | 529 | 706 | 882 | 1059 (1235|1412 | 1588 | 1765
2|5 7 10 | 12 | 15 | 17 | 20 | 22 | 25
10 147|294 441 | 588 | 735 | 882 | 1029 | 1176|1323 | 1470
2 | 4 6 8 10 | 12 | 14 | 16 | 18 | 20
11 (1241248 371 | 495 | 619 | 743 | 866 | 990 | 1114 1238
2 |3 5 7 9 10 | 12 | 14 | 15 | 17
12 1105|211 3146| 422 | 527 | 632 | 738 | 843 | 948 | 1054
1] 3 4 6 7 9 10 | 12 | 13 | 15

The rightmost column is 100% of the allowable and the |leftmost load column is 10% of
the allowable assuming Cp equals 1.15.
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Table 4.6.

Net lateral restraining force (Ibs) divided by the axial load (Ibs) for
comparison to the 2% Rule.

Web

Length Lateral force produced in both web-CL B connections(lbs.)

(ft) Axia Load Level in Web(lbs.)

5 0.028| 0.028 0.028| 0.028 0.028 0.028| 0.028 0.028| 0.028 0.028
6 0.028| 0.028 0.028| 0.028 0.028/ 0.028| 0.028 0.028| 0.028 0.028
7 0.028| 0.028 0.028| 0.028 0.028 0.028| 0.028 0.028| 0.028 0.028
8 0.028| 0.028 0.028| 0.028 0.028/ 0.028| 0.028 0.028| 0.028 0.028
9 0.028| 0.028 0.028| 0.028 0.028 0.028| 0.028 0.028| 0.028 0.028
10 0.028| 0.028 0.028| 0.028 0.028/ 0.028| 0.028 0.028| 0.028 0.028
11 0.028| 0.028 0.028| 0.028 0.028 0.028| 0.028 0.028| 0.028 0.028
12 0.028| 0.028 0.028| 0.028 0.028/ 0.028| 0.028 0.028| 0.028 0.028
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Figure4.3.

<

(@) (b))

(a.) The deflected shape of a web braced with two CLBs as
represented in SAP2000 (CSI, 1995). Theweb istwelve feet long with
an applied axial load of 1055 pounds.

(b.) The moment diagram for a web braced with two CLBs as
represented in SAP2000 (CSI, 1995). The moment at the connections
isnon-zeroillustrating continuity in the web member.
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The structural analog for the case of one web and two CLB’s consisted of a2x6 STUD
Spruce-Pine-Fir web, ranging in length from five-feet to twelve-feet with two bracing
locations at the third points of the web. Again, the bracing locations (2-16d Common
nail connections) were represented by single springsin SAP2000 (CSI, 1995). The
structural analogs were analyzed using SAP2000 (CSlI, 1995) with loads varying from
10% to 100% of the allowable compressive |oad for the web, F.’, calculated using
procedures outlined in the NDS 97 (AF& PA, 1997).

Upon completion of the analyses, the net lateral restraining forces were obtained for
comparison to the 2x4 web study cases with one and two CLB’s. The R-ratios,
representing the net lateral restraining force divided by the axial load in the web, were the
same as the R-values for the 2x4 STUD Spruce-Pine-Fir webs. When one CLB was
installed, R was equal to 0.023 for all web lengths and load levels studied. When two
CLB’swereinstalled, R was equal to 0.028 for all web lengths and load levels studied.

4.4  Effectsof Lumber Specific Gravity and Modulus of Elasticity, E

The next structural analog was designed to test the effects of lumber species on the net
lateral restraining force for the cases of one web and one CLB and one web and two
CLB’s. The structural analog for the case of one web and one CLB consisted of a 2x4
No. 2 Douglas Fir-Larch (specific gravity equal to 0.5) web and CLB, with aweb length
three-feet and twelve-feet with one bracing location at the center of the web. Douglas-
Fir-Larch was chosen as the species to compare to Spruce-Pine-Fir (specific gravity of
0.42) because the nail dlip datawas available for a Douglas Fir-Larch joint and because
of the high specific gravity value. The E of 2x4 No. 2 Douglas Fir-Larch is 17% greater
than the E of 2x4 STUD Spruce-Pine-Fir (specific gravity of 0.42). The bracing location
(a2-16d Common nail connection) was represented by a single spring in SAP2000 (CSl,
1995). The structural analogs were analyzed using SAP2000 (CSlI, 1995) with loads
equal to 10% and 100% of the allowable compressive load for the web, F.', calculated
using procedures outlined in the NDS 97 (AF&PA, 1997).
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The structural analogs for the case of one web and two CLB’s consisted of a 2x4 No. 2
Douglas Fir-Larch (specific gravity equal to 0.5) web and CLB, with aweb length five-
feet and twelve-feet with two bracing locations at the third points of the web. The
bracing locations (2-16d Common nail connections) were represented by single springsin
SAP2000 (CSl, 1995). The structural analogs were analyzed using SAP2000 (CSl, 1995)
with loads equal to 10% and 100% of the allowable compressive load for the web, F.',
calculated using procedures outlined in the NDS 97 (AF& PA, 1997).

Upon completion of the analyses, the net lateral restraining forces for the case of one
Douglas Fir-Larch web and one Douglas Fir-Larch CLB connected by a 2-16d nail
connection were recorded as shown in Table 4.7. The R-values (Table 4.8) for one
Douglas Fir-Larch web and one Douglas Fir-Larch CLB (equal to 0.023) were the same
asthe R-values for the case of one Spruce-Pine-Fir web and one Spruce-Pine-Fir CLB
case. It can be concluded that the bracing ratio, R, for one web braced by one CLB is not
affected by the specific gravity of the lumber.

The net |ateral restraining forces were recorded in Table 4.9 for one Douglas Fir-Larch
web braced by two Douglas Fir-Larch CLB’s.  The R-values (Table 4.10) for

Douglas Fir-Larch (equal to 0.028) were the same as the R-values for the case of one web
and two CLB’sfor Spruce-Pine-Fir for the same lumber lengths and load levels. It can
be concluded that the bracing ratio, R, for one web braced by two CLB’sis not affected
by the specific gravity of the lumber.

4.5 Force Required to Brace a Chord with n-CLB’s

The same analysis and procedures as were used for the case of a braced web were used to
analyze chords with n-CLB’s, except the chords were assumed to be No. 2 Southern Pine
lumber. In calculations of the nail dlip of the 2-16d Common nail connections, it was
assumed that both the chord and the CLB were Spruce-Pine-Fir because nail slip datawas
not available for ajoint having mixed species. The net lateral restraining forces were
calculated using structural analogs representing arange of chord sizes (varying from 2x4

to 2x12) and number of bracing locations (varying chord length).
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Table4.7. Sample of Lateral forces produced by a No. 2 Douglas Fir-Larch web
when braced by a CL B having a specific gravity of 0.5. Connection is
assumed to be 2-16d Common nails, and the CL B was assumed to be
restrained from lateral movement.

Web Axial Load Level in Web(Ibs.)"
Length Lateral force produced in the web-CLB connections(lbs.)
(feet)
3 483 4827
10.98 107.9
4
5
6
7
8
9
10
11
12 79 793
1.83 18.3

The rightmost column is 100% of the allowable and the leftmost load column is 10% of
the allowable assuming Cp equals 1.15.
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Table4.8. Net lateral restraining forces (Ibs) from Table 4.7 divided by the axial
load (Ibs) for comparison to the 2% Rule.

L\queg?h Lateral force produced in the web-CLB connections(lbs)

(ft) Axial Load Level in Web(lbs.)

3 | 0023 0.022
4

5

6

7

8

9

10

11

12 0.023 0.023
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Table4.9. Sample of Lateral forces produced by a No. 2 Douglas Fir-Larch web
when braced by two CLB’s having a specific gravity of 0.5.
Connections are assumed to be 2-16d Common nails, and the CLB’s
areassumed to berestrained from lateral movement.

Web Axial Load Level in Web(Ibs.)"
Length Lateral force produced in the web-CLB
(feet) connections(lbs.)
S 403 4033
5.6 55.9
6
7
8
9
10
11
12 106 1064
1.47 14.7

The rightmost column is 100% of the allowable and the leftmost load column is 10% of
the allowable assuming Cp equals 1.15.
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Table4.10. Net lateral restraining forces (Ibs) from Table 4.9 divided by the axial
load (Ibs) for comparison to the 2% Rulefor a No. 2 Douglas Fir-

Larch web.
Web
Length | Lateral force produced in both web-CL B connections(lbs.)
(ft) Axia Load Level in Web(lbs.)
5 0.028 0.028
6
7
8
9
10
11
12 0.028 0.028
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For the purpose of discussion and comparison to the 2% Rule, the net lateral restraining
force was divided by the axial load in the compression chord and will be referred to as R.
R-values for 2x4, 2x6, 2x8, 2x10, and 2x12 truss chords are summarized in Tables 4.11
through 4.15. The 2x4 truss chord was tested for lengths ranging from four-feet to
twelve-feet. The lateral restraining forces based on the allowable compressive load levels
and length of the truss chord are presented in Appendix B. R-values, all equal to 0.023,
for the four-foot 2x4 No. 2 Southern Pine chord were the same as R for the case of a
Spruce-Pine-Fir web braced with one CLB. R was the same because the same number of
bracing locations were present for both cases (one at the center) and it was determined in
Tables 4.3 and 4.4 that web length did not affect the R-value.

The R-values (all equal to 0.028) for the six-foot Southern Pine chord (four bracing
locations) were the same as the R-values for the case of a Spruce-Pine-Fir web braced
withtwo CLB’s. Again, the results were the same due to the bracing locations being the
same (at the 1/3 points). The R-values for the eight-foot member (all equal to 0.028)

were the same as for the six-foot member using two significant figures.

The R-values for chords between twelve-feet and 32-feet have a peak value of 0.031, as
shown in Tables 4.12 through 4.15. R-valuesfor al lumber sizes (2x4 to 2x12) for 36-,
and 40 feet chords were less than R-values for the shorter lengths. R was 0.029 for the
36- foot Southern Pine chord with n-CLB’s, spaced twenty-four inches on center,
independent of lumber size. R was equal to 0.026 for the 40-foot Southern Pine truss
chord with n-CLB’ s spaced twenty-four inches on center, independent of lumber size.

Thevaluesfor R for chord lengths, L, greater than 400-inches, were different due to the
maximum initial member deflection (2) discussed in Section 3.6.5. The angles, y; and
Y2, produced by drawing a tangent at x equal zero, as depicted in Figure 4.4, were
compared to identify why the cumulative bracing force islessfor cases when the length
of the member is greater than 400-inches. The angley; issmaller than y, for the 40-foot

(480-inches) case limited to an initial deflection of 2-inches (versus the 480-inches case
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Table4.11.

Net lateral bracing force (Ibs) divided by the axial load (Ibs) for

comparison to the 2% Rulefor 2x4 Southern Pinetruss chords.

Chord No. of

Length, | braces Lateral force produced in the n-web-CLB connections(lbs.)

ft (n+2)* Axia Load Level in Chord(lbs.)

10° | 20 30 40 50 60 70 80 90 | 100

4 3 ]0.023| 0.023|0.023|0.023 | 0.023 | 0.023 | 0.023| 0.023| 0.023 | 0.023
6 4 10.028/0.028| 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028| 0.028 | 0.028
8 5 0.028] 0.028|0.028 | 0.028| 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028
12 7 0.03| 0.03 | 003 | 003|003 |0.03|0.03|0.03]|0.03]0.03
16 9 0.031/0.031|0.031{0.031|0.031|0.031|0.031|0.031|0.031{0.031
20 11 |0.031{0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031{0.031
24 13 ]0.031{0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031

1When n-CLB’s are used, one additional brace istypically installed on each end of the

chord.

2 Percent of maximum allowable axial load in the truss chords.
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Table4.12. Net lateral bracing force (Ibs) divided by the axial load (Ibs) for
comparison to the 2% Rulefor 2x6 Southern Pinetruss chords.
Chord | No. of
Length,| braces Lateral force produced in the n-web-CLB connections(bs.)
Feet | (n+2)! Axia Load Level in Chord(lbs.)
10° | 20 30 40 50 60 70 80 90 |10
0
4 3 ]0.023]0.023|0.023|0.023 | 0.023|0.023|0.023 | 0.023 | 0.023|0.023
6 4 10.028)|0.028|0.028 | 0.028 | 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028
8 5 10.028|0.028|0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
12 7 |[003]0.03|0.03|003|003]|0.03|0.03]0.03|0.03]|0.03
16 9 ]0.031]0.031]0.031|0.031|0.031|0.031|0.031]|0.031|0.031|0.031
20 11 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
24 13 ]0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
28 15 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
32 17 |0.031|0.031|0.031{0.031]|0.031|0.031|0.031]|0.031|0.033|0.031
36 19 [0.029]|0.029|0.029|0.029|0.029|0.029 | 0.029|0.029 | 0.029 | 0.029

1 When n-CLB’s are used, one additional braceis typically installed on each end of the

chord.

2 Percent of maximum allowable axial load in the truss chords.
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Table4.13.

Net lateral bracing force (Ibs) divided by the axial load (Ibs) for

comparison to the 2% Rulefor 2x8 Southern Pinetruss chords.

Chord | No. of

Length,| braces Lateral force produced in the n-web-CLB connections(lbs.)

Feet | (n+2)" Axial Load Level in Chord(Ibs.)

10° 20 30 40 50 60 70 80 90 | 100

4 3 ]0.023]|0.023|0.023 | 0.023|0.023| 0.022 | 0.022 | 0.022 | 0.022 | 0.022
6 4 10.028|0.028|0.028|0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
8 5 10.028|0.028|0.028 | 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
12 7 0.03 | 0.03 | 0.03 | 003 | 0.03| 0.03]| 0.03| 0.03 | 0.03|0.03
16 9 ]0.031|0.031|0.031|0.031]0.031|0.031|0.031|0.031|0.031|0.031
20 11 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
24 13 |0.031]0.031{0.031|0.031|0.031|0.031|0.031{0.031|0.031|0.031
28 15 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
32 17 10.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
36 19 |0.029|0.029|0.029|0.029] 0.029| 0.029| 0.029 | 0.029 | 0.029 | 0.029

1When n-CLB’s are used, one additional brace is typically installed on each end of the

chord.

2 Percent of maximum allowable axial load in the truss chords.
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Table4.14.

1

Net lateral bracing force (Ibs) divided by the axial load (Ibs) for

comparison to the 2% Rulefor 2x10 Southern Pinetruss chords.

Chord | No. of

Length,| braces Lateral force produced in the n-web-CLB connections(lbs.)

Feet | (n+2)" Axial Load Level in Chord(Ibs.)

10° 20 30 40 50 60 70 80 90 | 100

4 3 ]0.023]|0.023|0.022|0.022|0.022| 0.022 | 0.022 | 0.022 | 0.022 | 0.022
6 4 10.028|0.028|0.028|0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
8 5 10.028|0.028|0.028 | 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
12 7 0.03 | 0.03 | 0.03 | 003 | 0.03| 0.03]| 0.03| 0.03 | 0.03|0.03
16 9 ]0.031|0.031|0.031|0.031]0.031|0.031|0.031|0.031|0.031|0.031
20 11 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
24 13 |0.031]0.031{0.031|0.031|0.031|0.031|0.031{0.031|0.031|0.031
28 15 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
32 17 10.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
36 19 |0.029|0.029|0.029|0.029] 0.029| 0.029| 0.029 | 0.029 | 0.029 | 0.029
40 21 |0.029|0.0290.029]0.029|0.029 | 0.029| 0.029 | 0.029 | 0.029 | 0.029

When n-CLB’s are used, one additional braceistypically installed on each end of the

chord.

2 Percent of maximum allowable axial load in the truss chords.
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Table4.15. Net lateral bracing force (Ibs) divided by the axial load (Ibs) for
comparison to the 2% Rulefor 2x12 Southern Pinetruss chords.
Chord | No. of
Length, | braces Lateral force produced in the n-web-CLB connections(lbs.)
Feet |(n+2)" Axia Load Level in Chord(Ibs.)
10° | 20 30 40 50 60 70 80 90 | 100
4 3 10.022|0.022|0.022|0.022]0.022 | 0.022 | 0.022| 0.021 | 0.021 | 0.020
6 4 10.028|0.028|0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.027 | 0.027
8 5 10.028]0.028|0.028 | 0.028| 0.028 | 0.028 | 0.028 | 0.028 | 0.028 | 0.028
12 7 [0.03]003]|0.03|003]|0.03|0.03|003]|0.03|0.03]|0.03
16 9 [0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
20 | 11 |0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
24 | 13 ]0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
28 | 15 |0.032]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
32 17 |0.031|0.031]0.031|0.031|0.031|0.031|0.031|0.031|0.031|0.031
36 | 19 |0.029|0.029|0.029|0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.029 | 0.029
40 | 21 |0.029|0.0290.029|0.029|0.029 | 0.029|0.029 | 0.029 | 0.029 | 0.029

1 When n-CLB’s are used, one additional braceis typically installed on each end of the

chord.

2 Percent of maximum allowable axial load in the truss chords.
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2" Case
240 —
Length,

inches
200 — L/200 Case

Initial deflection, inches

Figure4.4. Themaximum allowable deflection for a truss chord member is
limited to 2" when L > 400" (TPI, 1995). A tangent lineat x = 0 shows
that when L > 400" then angleyissmaller for an initial member
deflection of 2".
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at L/200). The tangents shown in Figure 4.4 are represented by the derivative of
Equations 3.5 and 3.10 as shown below. The derivatives of the Equations 3.5 and 3.10
produced Equations 4.2 and 4.3, respectively.

di:DL smB]z — SBIEH——COS @ (4.2

200 oL O 200 QL

When x = 0 and L < 400 inches, then the slope of the tangent is - 200

di =2* smBE = 2% cosB— H= —COSB’EQ (4.3)

0o oL

When x = 0 and L > 400 inches, then the sSlope of thetangentis 27 . When L > 400,
L

27 islessthan _T* |
L 200

AsL increasesin Equation 4.3, the angle of the tangent to the assumed initial deflected
slope decreases, and therefore the smaller angle reduces the force in the braces.
Theoretically, as L getsvery large, for example 1000-feet, the member is amost straight.
Therefore, the net lateral restraining force produced by the axial loads decreases when the
column length is increased above 400-inches and the maximum initial deflectionis
limited to 2-inches.

In addition, the chord load level as a percent of F.’' did not affect R for any size or length.
The analysis was based on alinear system with nonlinear springs and thus one would
expect the system to behave in a non-linear manner. However, the springs are so stiff,
that the calculated R is not significantly affected by the load level. Equation 3.4, using
Mack’s (1966) relationship representing 2-16d nails remainsin the “linear part” of the
|oad-deflection curve during the analysis of the structural models. The “nonlinear
region” of the curve is not involved when the load in the chord is varied from 10% to
100% of the .’ vaue.
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The size of the truss chord had no significant effect on R. R changed dlightly depending
on whether the lumber was 2x4 or 2x12. To understand why the size of the braced
column had an insignificant effect on R, the structural analog with one chord and one
CLB can be viewed as a series of two springs. The 2-16d nailed connection between the
Southern Pine chord and the Spruce-Pine-Fir CLB acts as one spring. The second spring
represents the bending stiffness of the axially compressed Southern Pine chord itself.
Under an applied load, the chord having an initial deflection will deflect a certain amount
based on the size of the truss chord.

When the springs are in series, if one spring has a constant stiffness (the nail connection)
and the other one becomes stiffer, then the one having constant stiffness will deflect
more. The stiffness of two springsin seriesis given by Equation 4.4.
ks=kika / (K1 + ko) (4.9
where, K is the stiffness of the system, and
k; and k» are stiffnesses of each component spring.

Considering two springs in series, R given by Equation 4.1 can be rewritten as Equation

4.5.
k1k2
R= (kl + kZ) X (45)
C

The effective bending stiffness values for the braced truss chord, k; can be calculated

using Equation4.5. Effective bending stiffness for the truss chord, ki, in Equation 4.5,
was calculated by first calculating R-values for atruss chord with n-CLB’ s using the net
lateral restraining forces and the applied axial loads from SAP2000 (CSl, 1995). The
stiffness of the 2-16d Common nail connection, k,, was determined by iterating the
analysisin SAP2000 (CSlI, 1995) until the force in the spring was equal to the assumed
force and nail dlip used to calculate the secant modulus spring stiffness, in Equation 3.1
(Mack, 1966). Once R-values and k, were known, assuming a spring system with two

springsin series, k; was determined using Equation 4.5 for each lumber size and 100% of
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theload level, F.'. The values and labels for the variables in Equation 4.5 are shown in
Table 4.16.

The calculated effective bending stiffnesses of the truss chord, ki, are much larger than
the effective stiffness of the 2-16d Common nail connections. The bending stiffness, kj,
Is about twenty times larger than k, for both a 2x4 and 2x12 truss chord. Therefore, the
effective bending stiffness of the chord is “controlling” the behavior of the two springsin
the series system. When chord size increases, k; decreases but k, decreases also asit is
simulating a non-linear load-dlip behavior of the nail connection. The larger alowable
load for a 2x12 chord produces more load in the nail connection, and thus the secant
modulus, representing nail dlip, islower. The net result of k; dominating and the lower
ko due to the increased load in the spring (due to a 2x12 versus a 2x4) representing the

non-linear nail connection is no significant change in the R ratio.

4.6 Proposed Design Procedure

The net lateral restraining force per truss, NLss, Can be used to determine the required
connection capacity between the diagonal braces and the truss compression chords. The
required connection capacity is dependent on the diagonal brace pattern, either one
diagonal or two diagonals forming a V-shape, and the spacing of the diagonal (s) along
the length of the building. A step-by-step procedure to determine the required connection
capacity based on the Case | or Case Il diagonal brace pattern depicted in Figures 1.2 and

1.3 follows.

4.6.1 Casel —Onediagonal brace
For Case I, one diagonal brace extends from one side of the compression chord section to
be braced to the other side as depicted in Figure 1.2.
Step 1. Assumej-trusses will be braced by one diagonal as a starting point for
the design of the diagonal.
Step 2. Determine NL s Using the R-values found in this research and C, the design
axial compression load in the chord) that can be obtained from the truss design

drawing, or from the Truss Designer.
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Table4.16. Variablesfor a 2x4 and 2x12 chord with one CL B that produce
essentially the same R factor when the braced chord is modeled astwo
springsin series.

Labels 2x4 2x12
C (Ibs) 6,842 20,539
X (inches) 0.00359 0.02522
klk2
rolkitks) 0.023 0.02
C
K, (Ib/in) 931,160 388,823
Kz (Ib/in) 46,000 17,000
Force in springs (1bs) 156 419
ki/ko 20.2 229
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NLywss=R* C
Step 3. Determine the net lateral restraining force, NL, required for j-trusses.
NL = * NLuss
Step 4. Determine the brace force in the diagonal, BFgiagona, based on theta (6)
and NL.
BFgiagona = NL / cos
Note: The connection istypically between the diagonal brace and the truss chord
asillustrated in Figure 4.5 when lumber is used for both CLB’s and diagonal

braces.

For two out of three cases studied, a rational calculation based procedure sure as the

NDS-97 could not be used to design the connections between the diagonal and the truss

chords. When arational procedure sure asthe NDS-97 failsto yield a design that can be

constructed, the connections must be designed using professional judgement or be based
on proven experience with similar truss configurations. The design solution to this
problem may be to simply specify properly nailed sheathing in place of CLB’s and
diagonals. When sheathing is used, provisions must be made to allow for proper
ventilation.

4.6.2 Casell —Two diagonal bracesin a V-shape

For Case I1, two diagonal braces forming a V-shape extend from the ends of the

compression chord section to be braced to the middle of the compression chord as

depicted in Figure 1.3.

Step 1. Assume j-trusses will be braced by two diagonal bracesin aV-shape
as astarting point for the design of the diagonals.

Step 2. Determine NL s using the R-values found in this research and C, the design
axial compression load in the chord) that can be obtained from the truss design
drawing, or from the Truss Designer.

NLius=R* C

Step 4. Determine the brace force in the diagonals, BFgiagona, based on theta ()

and NL.
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Figure4.5. When lumber isused for both the CLB’sand the diagonals, the
diagonals ar e connected to the top compression chord on the opposite
of theCLB'’s.
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BFgiagona = (NL / cos 6)/2

Step 3. Determine the net lateral restraining force, NL, required for j-trusses.
NL =j * NLyuss
Note: The connection istypically between the diagonal brace and the truss chord
asillustrated in Figure 4.5 when lumber is used for both CLB’s and diagonal
braces.

The connections between the diagonal and the truss chords, should be designed using the
NDS-97 when possible, however this approach may lead to more nails being required in
the joint than can be installed. Professional judgement or a design based on proven
experience with similar truss configurations may be required. The design solution to this
problem may be to simply specify properly nailed sheathing in place of CLB’s and
diagonals. When sheathing is used, provisions must be made to allow for proper
ventilation.

4.7 System Versus Single Member Analogs

The system analogs analyzed as discussed in Section 3.5 were limited in number
compared to the single member analogs analyzed and discussed in Section 3.6. To
compare the lateral bracing forces from the system analog and the single member
analogs, the proposed design procedure was used to determine the net lateral restraining
forces for the single member analogs. Using the design procedure and the R-value
determined after the SAP2000 (CSlI, 1995) analysis, the net lateral restraining force (NL)
needed to stabilize j-truss chords could be determined. The single member analogs

negl ected the slip between the diagonal and the chords and was based on the assumption
that the behavior of n-chordstied together by CLB'’s could be predicted by analyzing one
chord and multiplying the bracing forces obtained by n. Therefore, in comparing the
single member to the system analogs, required net lateral bracing forces were tabulated
for the system analogs and compared to the net lateral bracing force determined by the
proposed design procedure for the same number of trusses.
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The chords, assumed to be located parallél to y-axis of a coordinate system, are laterally
stabilized by the x-component of the joint force developed at each diagonal and chord
connection. The required net lateral restraining force was calculated for the case of five
eight-foot chords braced by three CLB’s, six twenty-foot truss chords braced by nine
CLB’s, and eleven twenty-foot truss chords braced by nine CLB’s. The net force was
used in the cal culation because some of the x-components of the joint forces are to the
left and some are to theright.

4.7.1 Comparison of Required NL for Five Eight-foot Truss Chords

To calculate the required NL using the SAP2000 (CSl, 1995) analysis results for five
2x4, eight-foot truss chords braced by three CLB’ s and one diagonal, the x-components
of the joint force between each diagonal and truss chord (tabulated in Appendix C) was
summed taking into account the direction of the force. When the spring pushes to the | eft,
the force was assumed to be positive and when the spring is pushing right, the force was
assumed to be negative. When the truss chords were loaded with an axial load of 684
pounds, at Joint A (Figure 3.5) an x-component of —38 pounds exists but the force is not a
lateral bracing force because the trussis laterally stabilized by the roof diaphragm at that
point. Thejoint force of —38 pounds at Joint A stems from the compression of the chord
due to the axial chord load. At Joints B, C, and D (Figure 3.5), the x-components were —
29, -41, and —21 pounds, respectively. The x-components at Joints B, C, and D represent
forces required to laterally stabilize the chords. At Joint E (Figure 3.5), areaction point
simulating the action of the diaphragm, the x-component of the joint force was equal to
129 pounds. Thisforceisequal and opposite to the vector sum of the x-components at
JointsA, B, C, and D.

To determine the net lateral restraining force for comparison to the single member
analogs, the x-components at Joints B, C, and D were summed for each of the five
assumed chord load levels and are given in Table 4.17. By inspecting Table 4.17, the
bracing forces predicted by the single member analogs are a conservative estimate of the

bracing forces predicted by the system analogs by approximately five to six percent.

122



Thelateral forces calculated using the design procedurefor thesingle
member analog compar ed to the system analogs for five-eight foot
trusses braced by three CLB’s and one diagonal brace

Table4.17

Applied compressive force 10-50% of allowable
(Ibs)
684 1368 2053 2737 3421
Single member net 96 192 287 383 479
lateral force (Ibs)
System net lateral 91 182 272 363 453
force (Ibs)
Single Member NL 1.05 1.05 1.06 1.06 1.06
System NL
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4.7.2 Comparison of Required NL for Six Twenty-foot Truss Chords

To calculate the required NL using the SAP2000 (CSl, 1995) analysis results for six 2x4,
twenty-foot truss chords braced by nine CLB’ s and two diagonal s, the x-components of
the joint force between each diagonal and truss chord (tabulated in Appendix C) was
summed taking into account the direction of the force as discussed in Section 4.7.1.
When the truss chords were loaded with an axial load of 684 pounds, at Joints A and

L (Figure 3.9) an x-component of 62 pounds exists but the forceis not alateral bracing
force because the trussis laterally stabilized by the roof diaphragm at that point. The
joint force of 62 pounds at Joints A and L stems from the compression of the chord due to
the axial chord load. At Joints B through K (Figure 3.9), the x-components were -2, -14,
-17,-22,-7,-7,-22, -17, -14, and -2 pounds, respectively. The x-components at Joints B
through K represent forces required to laterally stabilize the chords. Referring to Figure
3.9, the x-component of the joint force at Joints B through K stabilizes the chord.
Through equilibrium, the sum of the x-components of the joint force of Joints B through
K was simply equal to two times the x-component of the joint force at Joint A or Joint J

(due to symmetry either joint may be used).

To determine the net lateral restraining force for comparison to the single member
analogs, the x-components at Joints B through K were summed for each assumed chord
load level and are givenin Table 4.18. By inspecting Table 4.18, the bracing forces
predicted by the single member analogs are a conservative estimate of the bracing forces
predicted by the system analogs starting at two percent and increasing as the load level
was increased.

4.7.3 Comparison of Required NL for Eleven Twenty-foot Truss Chords

To calculate the required NL using the SAP2000 (CSl, 1995) analysis results for eleven
2x4, twenty-foot truss chords braced by nine CLB’s and two diagonals, the x-components
of the joint force between each diagonal and truss chord (tabulated in Appendix C) was
summed taking into account the direction of the force as discussed in Section 4.7.1.

When the truss chords were loaded with an axial load of 684 pounds, at Joints A and L

(Figure 3.12) an x-component of 110 pounds exists but the force is not alateral bracing
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Table4.18 Thelateral forcescalculated using the design procedurefor the single
member analog compar ed to the system analogs for six-twenty foot
trusses braced by nine CLB’sand two diagonal braces

Applied compressive force 10-50% of alowable
(Ibs)
684 1368 2053 2737 3421
Single member net 127 254 382 509 636
lateral force (Ibs)
System net |ateral 124 247 367 486 602
force (Ibs)
Single Member NL 1.02 1.03 1.04 1.05 1.06
System NL
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force for the same reasons discussed in Section 4.7.2. At Joints B through K (Figure
3.12), the x-components were 2, -28, —33, -37, -15, -15, -38, -32, -28, and 2 pounds,
respectively. The x-components at Joints B through K represent forces required to
laterally stabilize the chords. Referring to Figure 3.12, the x-component of the joint force
at Joints B through K stabilizes the chord. Through equilibrium, the sum of the x-
components of the joint force of Joints B through K was simply equal to two times the x-
component of the joint force at Joint A or Joint J (due to symmetry either joint may be
used).

To determine the net lateral restraining force for comparison to the single member
analogs, the x-components at Joints B through K were summed and are givenin Table
4.19. By inspecting Table 4.19, the bracing forces predicted by the single member
analogs are a conservative estimate of the bracing forces predicted by the system analogs

starting at five percent and increasing as the load level was increased.
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Table4.19

Thelateral forces calculated using the design procedurefor thesingle
member analog compar ed to the system analogs for eleven-twenty

foot trusses braced by nine CLB’s and two diagonal braces

Applied compressive force 10-50% of allowable

(Ibs)
684 1368 2053 2737 3421
Single member net 233 466 700 933 1167
lateral force (Ibs)
System net |ateral 221 434 637 824 983
force (Ibs)
Single Member NL 1.05 1.07 11 1.13 1.19
System NL
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5.0 Conclusions

5.1 System and Single Member Analogs

Analyses on systems of roof truss chords braced by n-CLB’s and one or two diagonal
brace(s) was implemented in SAP2000 (CSlI, 1995). Systems of five eight-foot truss
chords braced by three CLB’ s and one diagonal, six twenty-foot truss chords braced by
nine CLB’s and two diagonals, and el even twenty-foot truss chords braced by nine CLB’s
and two diagonals were analyzed. For each of the three cases analyzed, the chord lumber
was assumed to be 2x4 No. 2 Southern Pine (S. Pine) braced by 2x4 STUD Spruce-Pine-
Fir (SPF). Chord load levels of 10% to 50% of the allowable |oad were studied.

For the case of five eight-foot trusses braced by three CLB’s and one diagonal brace, the
single member analog estimate of the required net lateral bracing forces was
approximately five to six percent greater than the estimate of the required net lateral
bracing forces predicted by the system analog analysis. For the case of six twenty-foot
trusses braced by nine CLB’s and two diagonal braces and chord load levels of 10% to
50% of the allowable load, the single member anal og estimate of the required NL was
two percent or more greater than the estimate of the required NL predicted by the system
analog analysis. For the case of eleven twenty-foot trusses braced by nine CLB’s and
two diagonal braces and chord load levels of 10% to 50% of the allowable load, the
single member analog estimate of the system required NL was five percent or more
greater than the bracing force from the system analog analysis.

For the three cases studied, with chord loads from 10 to 50% of the allowable F.’, the
predicted net lateral bracing force by the single member analysis was greater than the
bracing force predicted by the system analog analysis. Based on the three cases studied
involving 2x4 chords braced as a unit (and believed to be representative of typical truss
construction), the bracing force from the single member analog analysiswas a
conservative estimate for bracing design purposes. Based on other single member studies

in this thesis that showed chord size and chord lumber did not affect bracing forces, it is

128



concluded that the single member analysis analog will yield approximate bracing forces
for chords greater than 2x4 and for typical constructions beyond the three cases studied in
thisresearch. It isbelieved that the presence of adiagonal brace(s) stiffens the braced set
of j-chords and thereby reduces the net lateral force required to brace the j-chords
compared to the required bracing force from the single member analysis. It isnot
practical to attempt to analyze all possible combinations of truss lumber and bracing
scenarios (n-chords braced either by aV-diagonal or asingle diagonal, and al possible
spans and chord load levels).

5.2 OneWeb Braced with One CLB

A linear beam model awith non-linear spring connection at the brace point was used to
represent one web braced by one CLB. By assuming 2x4 STUD Spruce-Pine-Fir (SPF)
for roof truss webs up to twelve feet in length and braced with one SPF CLB utilizing a
2-16d Common nail connection, the net lateral restraining force from the SAP2000 (CSl,
1995) analysis was 0.023 or 2.3% of the web compression web.

When designing braces for j-websin arow, the required net lateral restraining force, NL,
for j-webs braced with one CLB can be calculated by:
NL =] * 2.3% * axia forcein web
where, j isthe number of websin arow having the same design axial load.
NL isinput to the proposed design method in Section 4.6.

Since nail dip datawas available for a Douglas Fir-Larch joint, the structural analog was
analyzed assuming a No. 2 Douglas Fir-Larch web and Douglas Fir-Larch CLB. Douglas
Fir-Larch has a specific gravity of 0.5 versus 0.42 of SPF. Douglas Fir-Larch also has a
17% higher modulus of elasticity, E, than SPF. This case examined the effect of higher
specific gravity on the nail slip and resulting net |lateral restraining forces. Based on the
net lateral restraining forces obtained during the SAP2000 (CSI, 1995) analyses, for
design purposes, it is reasonable to assume 2.3% is applicabl e to species having a specific
gravity greater than 0.42.
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The lumber size was also varied in order to test the impact of lumber size on the net
lateral restraining forces produced during analysis. Based on the SAP2000 (CSl, 1995)
analyses, for design purposes, it is reasonable to assume 2.3% is also applicable to a 2x6
web.

5.3 Oneweb Braced with Two CLB’s

A linear beam model with non-linear springs representing the behavior of the CLB
connections was used to analyze the case of one web braced by two CLB’s. By assuming
STUD Spruce-Pine-Fir (SPF) for 2x4 roof truss webs up to fifteen feet in length and
braced with two 2x4 SPF CLB’s connected to the web with 2-16d Common nail
connections, the net lateral restraining force from the SAP2000 (CSI, 1995) analysis was
0.028 or 2.8% of the web compression web.

When designing braces for j-websin arow, the required net lateral restraining force, NL,
for j-webs braced by two CLB’ s can be cal cul ated:
NL =j * 2.8% * axial forcein web
where, j isthe number of websin arow having the same design axial load.
NL isinput to the proposed design method in Section 4.6.

Since nail dlip datawas available for a Douglas Fir-Larch joint, the structural analog was
analyzed assuming a No. 2 Douglas Fir-Larch web and Douglas Fir-Larch CLB’s.
Douglas Fir-Larch has a specific gravity of 0.5 versus 0.42 of SPF. Douglas Fir-Larch
also has a 17% higher modulus of elagticity, E, than SPF. This case examined the effect
of higher specific gravity on the nail slip and resulting net lateral restraining forces.
Based on the net lateral restraining forces obtained during the SAP2000 (CSI, 1995)
analyses, for design purposes, it is reasonable to assume 2.8% is applicable to species

having a specific gravity greater than 0.42.

The lumber size was also varied in order to test the impact of lumber size on the net
lateral restraining forces produced during analysis. Based on the SAP2000 (CSl, 1995)
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analyses, for design purposes, it is reasonable to assume 2.8% is also applicable to a 2x6
web.

5.4 Roof Truss Chord braced by n-CLB’s

A linear beam model was used to represent one roof truss chord that required n-CLB’s.
The nail connections between the CLB’ s and the chord were modeled by a non-linear
spring. The structural analog was created assuming No. 2 Southern Pine chords braced
by 2x4 Spruce-Pine-Fir CLB’ s (specific gravity equal to 0.42). In calculating the dlip of
the 2-16d Common nail connections, it was assumed that both the chord and the CLB

were SPF because nail slip datawas not available for ajoint having mixed species.

By assuming No. 2 Southern Pine (2x4 to 2x12) truss chords ranging from four feet to
forty feet length and braced with n-Spruce-Pine-Fir CLB’s at two feet on-center each
installed with 2-16d Common nails, the net lateral restraining force from the SAP2000
(CSl, 1995) analysis was found to be a maximum of 3.1% of the compression force in the
chord. Peak value of 3.1% occurred at chord lengths of sixteen feet to thirty-two feet.
Chord lengths shorter than sixteen feet required alower net lateral restraining force.
Chords longer than thirty-two feet required alower net lateral restraining force because
TPI’sinstallation tolerances as provided in DSB-89 (TPI, 1989) were assumed for the

maximum initial deflections for the chords.

When designing permanent bracing for j-chords in arow, the required net lateral
restraining force, NL, for j-chords braced by n-CLB’s can be approximated by:
NL =j* R* axial forcein chord

where | isthe number of truss chordsin arow having the same design axial load, and

R istheratio between the net lateral bracing force (Ibs) and the axial load level in
the web/chord (Ibs), for design purposes. An R-value of 3.1% is conservative with
respect to the variable chord length since for chord lengths between four and forty-feet
evaluated using the single member analog, it was the maximum R-value obtained. NL is

then input to the proposed bracing design method given in Section 4.6.
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For a specific design, Tables 4.11 through 4.15, can be used in place of the conservative
R-value equal to 3.1% of the axial compression load in the truss chord.
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Appendix A

Sample calculations to determine F.’ for usein SAP2000 (CSI, 1995)
analysis

The following analysis was used to determine the allowable axial compressive loads for
the web/chord members. The analysis was based on the procedure outlined in the NDS
97 (AF&PA, 1997). The example given was calculated for a eight foot long, 2x4, STUD
Spruce-Pine-Fir web.

F ¢ (A) = allowable load

F =F.*Cp* Cp* Cr

Fe=725ps (Fc, page 29, NDS 97 supplement)
E=12x10° (E, page 29, NDS 97 supplement)
Co=115
Cr=1.05
0.8(8*12)
A= 08 L Z = 25.6 < 50
d 1.5

Fo =F.* Cp* Ce=725* 1.15* 1.05=875

_KgE'_03{L2*10°)

£ _
. [ (2567
do

Fee = 549 (Kce, page 22, NDS 97)

Ol

Fce / Fc =549/ 875 = 0.627
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¢ = 0.8 for sawn lumber (c, page 22, NDS 97)

c, =17 (0.627 ) \/Bu (0.627 )H2 _ (0.627)
2*0.8 O 2*0.8 [ 0.8
Cp=1.017 - 0.5003 = 0.5167
Fc'=725* 1.15* 0.5167 * 1.05=452 psi
Fc' * A =468 ps * 1.5inches* 3.5 inches = 2375 Ibs.
The maximum allowable axial compressive load for a eight foot long, 2x4, STUD
Spruce-Pine-Fir web was 2,375 pounds.
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Appendix B

Spring forces produced in the chord and CLB nail connectionsin
SAP2000 (CSl, 1995) for Southern Pine Chords braced by n-Spruce-Pine-
Fir websfor a single member analysis

TableB1. Spring forces (Ibs) produced in the chord and CL B nail connectionsin
SAP2000 (CSl, 1995) for a 2x4 No. 2 Southern Pine chord braced by
n-Spruce-Pine-Fir CLB’s connected by a 2-16d Common nail
connections.

Axial load in compression chord, Fc’ (Ibs)
Length (ft) | 684 1368 2053 2737 3421 4105 4790 5474 6158 6842

4 15.72 | 15.73 | 31.46 | 31.45 | 47.21 | 47.07 | 62.76 | 62.71 | 78.39 | 78.29 | 93.95 | 93.91 | 109.6 | 109.4 | 125.1 | 125 | 140.7 | 140.6 | 156.2 | 155.6
6 949 | 9.49 | 18.99 | 18.99 | 28.49 | 28.49 | 37.99 | 37.98 | 47.47 | 47.46 | 56.95 | 56.95 | 66.45 | 66.44 | 75.93 | 75.92 | 85.41 | 85.4 | 94.88 | 94.88
9.49 [ 9.49 | 18.99 | 18.99 | 28.49 | 28.49 | 37.99 | 37.98 | 47.47 | 47.46 | 56.95 | 56.95 | 66.45 | 66.44 | 75.93 [ 75.92 | 85.41 | 85.4 | 94.88 | 94.88

8 569 [ 57 |11.39|11.39| 17.1 | 17.1 (2279 | 22.79 | 28.49 | 28.49 | 34.23 | 34.25 | 39.96 | 39.92 | 45.62 | 45.77 | 51.49 | 51.34 | 57.04 | 57.08
7.99 | 7.98 | 1595|1595 23.94 | 23.94 | 31.92 | 31.92 | 39.89 | 39.84 | 47.81 | 47.78 | 55.75 | 55.8 [ 63.77 [ 63.56 | 71.5 | 71.72 | 79.68 | 79.6

569 [ 57 |11.39|11.39| 17.1 | 17.1 (2279 | 22.79 | 28.49 | 28.49 | 34.23 | 34.25 | 39.96 | 39.92 | 45.62 | 45.77 | 51.49 | 51.34 | 57.04 | 57.08

12 274 | 274 | 547 | 547 | 821 | 822 | 10.96 | 10.96 | 13.69 | 13.69 | 16.42 | 16.43 | 19.17 | 19.16 | 21.9 | 21.9 | 24.63 | 24.64 | 27.38 | 27.37
478 | 479 | 957 | 957 | 1437 | 14.36 | 19.14 | 19.14 | 23.93 | 23.95 | 28.73 | 28.73 | 33.52 | 33.53 | 38.32 | 38.32 | 43.11 | 43.09 | 47.88 | 47.92

548 | 547 | 1094|1094 (16.42|16.43| 21.9 | 21.9 | 27.38 | 27.35( 32.82 | 32.83 | 38.31 | 38.3 [ 43.77 | 43.77 | 49.23 | 49.25 | 54.72 | 54.66

478 | 479 | 957 | 957 | 1437 | 14.36| 19.14 | 19.14 | 23.93 | 23.95| 28.73 | 28.73 | 33.52 | 33.53 | 38.32 | 38.32 | 43.11 | 43.09 | 47.88 | 47.92

274 | 274 | 547 | 547 | 821 | 822 (10.96| 10.96 | 13.69 | 13.69 | 16.42 | 16.43 | 19.17 | 19.16 | 21.9 | 21.9 | 24.63 | 24.64 | 27.38 | 27.37

16 157 | 157 | 314 | 314 | 471 | 471 | 627 | 6.27 | 7.84 | 7.84 | 9.41 | 941 | 10.98 | 10.99 | 12.56 | 12.56 | 14.13 | 14.13 | 15.69 | 15.69
296 [ 296 | 593 | 593 | 889 | 889 (11.86|11.85|14.82| 14.82 | 17.79 | 17.8 | 20.77 | 20.74 | 23.71 | 23.71 | 26.67 | 26.67 | 29.63 | 29.64
385|385 | 769 | 7.69 [11.55]|11.55| 154 | 15.41 | 19.26 | 19.26 | 23.09 | 23.07 | 26.92 | 26.95 [ 30.8 | 30.8 | 34.65 | 34.65 | 38.49 | 385

416 | 416 | 832 | 8.32 | 12.49 | 12.49 | 16.65 | 16.63 | 20.79 | 20.79 | 24.96 | 24.98 | 29.15 | 29.13 | 33.29 | 33.29 | 37.45 | 37.45 | 41.61 | 41.6

385 (385 | 769 | 7.69 | 11.55 [ 11.55  15.4 | 15.41| 19.26 | 19.26 | 23.09 | 23.07 | 26.92 | 26.95 | 30.8 | 30.8 | 34.65| 34.65 | 38.49 | 385

296 | 296 | 593 | 593 | 889 | 8.89 | 11.86 | 11.85| 14.82 | 14.82 | 17.79 | 17.8 | 20.77 | 20.74 | 23.71 | 23.71 | 26.67 | 26.67 | 29.63 | 29.64

157 | 157 | 314 | 314 | 471 | 471 | 6.27 | 627 | 7.84 | 7.84 | 941 | 9.41 | 10.98 | 10.99 | 12.56 | 12.56 | 14.13 | 14.13 | 15.69 | 15.69

20 105 | 105 | 211 | 211 | 316 | 316 | 422 | 422 | 527 | 527 | 632 | 6.32 | 7.38 | 7.38 | 843 | 843 | 949 | 9.48 | 10.54 | 10.54
194 | 194 | 383 | 388 | 582 | 582 | 7.76 | 7.76 | 9.7 9.7 |11.64|11.64 | 13.58 | 13.58 | 15.52 | 15.52 | 17.46 | 17.47 | 19.41 | 19.41

276 | 276 | 553 | 553 [ 83 83 |11.06 | 11.06 | 13.82 | 13.82 | 16.59 | 16.59 | 19.35| 19.35 | 22.12 | 22.12 | 24.88 | 24.86 | 27.62 | 27.62

31 31 | 621 | 6.21 | 932 | 9.32 | 1242 | 12.42 | 1553 | 15.53 | 18.63 | 18.63 | 21.74 | 21.74 | 24.85( 24.85|27.95| 28 |31.11|31.11

342 | 342 | 685 | 6.85 | 10.27 | 10.27 | 13.7 | 13.7 | 17.12| 17.12 | 20.54 | 20.54 | 23.97 | 23.97 | 27.4 | 27.4 | 30.82 | 30.75 | 34.17 | 34.17

31 31 | 621 | 6.21 | 932 | 9.32 | 1242 | 12.42 | 1553 | 15.53 | 18.63 | 18.63 | 21.74 | 21.74 | 24.85( 24.85| 27.95| 28 |31.11|31.11

276 | 276 | 553 | 553 | 83 8.3 |11.06 | 11.06 | 13.82 | 13.82 | 16.59 | 16.59 | 19.35 | 19.35 | 22.12 | 22.12 | 24.88 | 24.86 | 27.62 | 27.62

194 | 194 | 388 | 388 | 582 | 582 7.76 | 7.76 | 9.7 9.7 |11.64|11.64| 1358|1358 | 1552 | 15.52 | 17.46 | 17.47 | 19.41 | 19.41

105 | 1.05 | 211 | 211 | 316 | 316 | 422 | 422 | 527 | 527 | 6.32 | 6.32 | 7.38 | 7.38 | 8.43 | 843 | 9.49 | 9.48 | 10.54 | 10.54

24 0.74 | 0.74 | 148 | 148 | 222 | 222 | 296 | 296 | 3.7 37 | 444 | 444 | 519 | 519 | 593 | 593 | 667 | 6.67 | 741 | 7.41
134 | 134 | 268 | 268 | 402 | 402 | 536 | 536 | 6.7 6.7 | 804 | 804 | 938 | 9.38 | 10.72 | 10.72 | 12.06 | 12.06 | 134 | 134

2 2 399 [ 399 [ 599 | 599 | 7.99 | 7.99 | 998 | 9.98 | 11.98 | 11.98 | 13.98 [ 13.98 | 15.97 | 15.97 | 17.97 | 17.97 | 19.97 | 19.97

256 | 256 | 513 | 512 | 7.69 | 7.69 | 10.25 | 10.25| 12.81 | 12.81 | 15.37 | 15.37 | 17.94 | 17.94 [ 20.5 | 20.5 | 23.06 | 23.06 | 25.63 | 25.63
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Table B1 continued.

Spring forces (Ibs) produced in the chord and CL B nail

connectionsin SAP2000 (CSl, 1995) for a 2x4 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by a

2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) [ 684 1368 2053 2737 3421 4105 4790 5474 6158 6842

257 | 257 | 513 | 514 | 7.71 | 7.71 | 10.28 | 10.28 | 12.85| 12.85| 15.42 | 15.42 | 17.99 | 17.99 | 20.56 | 20.56 | 23.13 | 23.13 | 25.7 | 25.7
285 (28 | 57 | 569 | 854 | 854 (11.39|11.39 | 14.23 | 14.23 | 17.08 | 17.08 | 19.93 | 19.93 | 22.77 | 22.77 | 25.62 | 25.62 | 28.47 | 28.47
257 | 257 | 513 | 514 | 7.71 | 7.71 | 10.28 | 10.28 | 12.85| 12.85| 15.42 | 15.42 | 17.99 | 17.99 [ 20.56 | 20.56 | 23.13 | 23.13 | 25.7 | 25.7
256 [ 256 | 513 | 512 | 7.69 | 7.69 (10.25|10.25| 12.81 | 12.81 | 15.37 | 15.37 | 17.94 | 17.94 | 20.5 [ 20.5 | 23.06 | 23.06 | 25.63 | 25.63

2 2 399 | 399 | 599 [ 599 [ 7.99 [ 7.99 [ 9.98 | 9.98 | 11.98 | 11.98 | 13.98 | 13.98 | 15.97 | 15.97 | 17.97 | 17.97 | 19.97 | 19.97
134 | 1.34 | 268 | 268 | 402 | 402 | 536 | 536 | 6.7 6.7 | 804 | 804 | 938 | 9.38 | 10.72| 10.72 | 12.06 | 12.06 | 13.4 | 13.4
074 | 074 | 148 | 148 | 222 | 222 | 296 | 296 | 3.7 37 | 444 | 444 | 519 | 519 | 593 | 593 | 6.67 | 6.67 | 741 | 7.41
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TableB2.

Spring forces (Ibs) produced in the chord and CL B nail connectionsin

SAP2000 (CSl, 1995) for a 2x6 No. 2 Southern Pine chord braced by
n-Spruce-Pine-Fir CLB’s connected by 2-16d Common nail

connections.
Axial load in compression chord, Fc’ (Ibs)
Length (ft) | 1059 2117 3176 4235 5294 6352 7411 8470 9529 10587
4 24.18|24.22 | 48.25 | 48.34 | 72.24 | 72.38 | 96.2 | 96.33 | 120.1 | 120.3| 143.7 | 144 | 167.5|167.7| 191 |191.4| 2145 214.9| 239.7 | 238.3
6 14.69 | 14.69 | 29.36 | 29.36 | 44.05 | 44.03 | 58.74 | 58.7 | 73.38 | 73.35| 88.01 | 87.99 | 102.7 | 102.7 | 117.3 | 117.3 | 132 | 131.9| 146.6 | 146.5
14.69 | 14.69 | 29.36 | 29.36 | 44.05 | 44.03 | 58.74 | 58.7 | 73.38 | 73.35| 88.01 | 87.99 | 102.7 | 102.7 | 117.3 | 117.3 | 132 | 131.9| 146.6 | 146.5
8 8.83 | 8.82 [ 17.65| 17.66 | 26.47 | 26.49 | 35.34 | 35.3 | 44.24 | 44.17 | 53.09 | 53.09 | 61.98 | 61.98 | 70.81 | 70.84 | 79.7 | 79.67 | 88.4 | 88.55
12.32 | 12.35 | 24.64 | 24.64 | 36.98 | 36.96 | 49.25 | 49.31 | 61.46 | 61.56 | 73.73 | 73.74 | 85.95 | 86.02 | 98.26 | 98.23 | 110.5 | 1105 | 123 |122.8
8.83 | 8.82 | 17.65| 17.66 | 26.47 | 26.49 | 35.34 | 35.3 | 44.24 | 44.17 | 53.09 | 53.09 | 61.98 | 61.94 | 70.81 | 70.84 | 79.7 | 79.67 | 88.4 | 88.55
12 424 | 424 | 847 | 847 [1271] 1271 | 16.96 | 16.94 | 21.22 | 21.2 | 25.46 | 25.46 | 20.74 | 29.7 | 33.95| 33.99 | 38.22 | 38.19 | 42.35 | 42.47
741 | 7.41 (1482 |14.82 | 22.23 | 22.23 | 29.63 | 29.64 | 37.01 | 37.04 | 44.42 | 44.41 | 51.77 | 51.82 | 59.27 | 59.16 | 66.65 | 66.68 | 74.17 | 74.05
8.47 | 8.47 [16.93 | 16.93 | 25.39 | 25.39 | 33.86 | 33.86 | 42.36 | 42.33 | 50.81 | 50.83 | 59.34 | 59.28 | 67.68 | 67.81 | 76.16 | 76.14 | 84.53 | 84.62
7.41 | 7.41 | 14.82 | 14.82 | 22.23 | 22.23 [ 29.63 | 29.64 | 37.01 | 37.04 | 44.42 | 44.42 | 51.77 | 51.82 | 59.27 | 59.16 | 66.65 | 66.68 | 74.17 | 74.05
424 | 424 | 847 | 847 1271|1271 | 16.96 | 16.94 | 21.22 | 21.2 | 25.46 | 25.46 | 29.74 | 29.7 | 33.95| 33.99 | 38.22 | 38.19 | 42.35 | 42.47
16 243 | 243 | 485 | 485 | 728 | 728 | 971 | 97 |1212|12.12| 1455|1455 16.97 | 17 |[19.43|19.42|21.84 | 21.85| 24.28 | 24.28
459 | 459 | 9.17 | 9.17 | 13.76 | 13.76 | 18.35 | 18.37 | 22.97 | 22.98 | 27.57 | 27.57 | 32.16 | 32.11 | 36.7 | 36.71 | 41.3 | 41.28 | 45.86 | 45.86
596 | 596 | 11.9111.91 | 17.87 | 17.87 | 23.82 | 23.8 | 29.75 | 29.73 | 35.67 | 35.67 | 41.62 | 41.68 | 47.63 | 47.63 | 53.59 | 53.65 | 59.61 | 59.61
6.44 | 6.44 | 12.8812.88 | 19.32 | 19.32 | 25.76 | 25.78 | 32.23 | 32.24 | 38.69 | 38.69 | 45.13 | 45.08 | 51.52 | 51.52 | 57.96 | 57.86 | 64.29 | 64.29
596 | 596 (1191|1191 |17.87|17.87 [ 23.82 | 23.8 | 29.75| 29.73 | 35.67 | 35.67 | 41.62 | 41.68 | 47.63 | 47.63 | 53.59 | 53.65 | 59.61 | 59.61
459 | 459 | 9.17 | 9.17 [ 13.76 | 13.76 | 18.35 | 18.37 | 22.97 | 22.98 | 27.57 | 27.57 | 32.16 | 32.11 | 36.7 | 36.71| 41.3 | 41.28 | 45.86 | 45.86
243 | 243 | 485 | 485 | 7.28 | 7.28 | 9.71 | 97 |1212|12.12| 1455|1455 16.97 | 17 |[19.43|19.42|21.84|21.85| 24.28 | 24.28
20 163 | 163 | 326 | 326 | 489 | 489 | 652 | 652 | 815 | 815 | 9.78 | 9.78 | 11.42| 11.41 | 13.04 | 13.05 | 14.68 | 14.68 | 16.31 | 16.3
3 3 6 6 9.01 | 9.01 |12.01|12.01|15.01 | 15.01 | 18.01 | 18.01 | 21.01 | 21.04 | 24.04 | 24.03 | 27.04 | 27.05 | 30.05 | 30.06
427 | 427 | 855 | 855 |12.82|12.82|17.09 | 17.11 | 21.39 | 21.39 | 25.66 | 25.66 | 29.94 | 29.89 | 34.17 | 34.18 | 38.45 | 38.43 | 42.7 |42.68
482 | 482 | 9.63 | 9.63 [ 14.44 | 14.44 | 19.26 | 19.24 | 24.06 | 24.06 | 28.86 | 28.86 | 33.68 | 33.72 | 38.54 | 38.53 | 43.35 | 43.37 | 48.19 | 48.21
529 | 529 |10.57|10.57 | 15.86 | 15.86 | 21.15 | 21.16 | 26.45 | 26.45 | 31.73 | 31.73 | 37.03 | 36.98 | 42.27 | 42.27 | 47.55 | 47.54 | 52.82 | 52.8
482 | 482 | 9.63 | 9.63 [ 14.44 | 14.44 | 19.26 | 19.24 | 24.06 | 24.06 | 28.86 | 28.86 | 33.68 | 33.72 | 38.54 | 38.53 | 43.35 | 43.37 | 48.19 | 48.21
427 | 427 | 855 | 855 |12.82|12.82|17.09 | 17.11 | 21.39 | 21.39 | 25.66 | 25.66 | 29.94 | 29.89 | 34.17 | 34.18 | 38.45 | 38.43 | 42.7 | 42.68
3 3 6 6 | 901|901 |12.01]12.01| 1501 15.01 | 18.01 | 18.01 | 21.01 | 21.04 | 24.04 | 24.03 | 27.04 | 27.05 | 30.05 | 30.06
163 | 163 | 326 | 326 | 489 | 489 | 652 | 652 | 815 | 815 | 9.78 | 9.78 | 11.42 | 11.41 | 13.04 | 13.05 | 14.68 | 14.68 | 16.31 | 16.3
24 115 | 115 | 229 | 229 | 3.44 | 344 | 458 | 458 | 573 | 573 | 6.88 | 6.88 | 802 | 802 | 9.17 | 9.19 | 10.33 | 10.33 | 11.48 | 11.47
207 | 207 | 414 | 414 | 622 | 6.22 | 829 | 829 | 10.36| 10.36 | 1243 | 1243 | 145 | 145 | 16.58 | 16.57 | 18.64 | 18.64 | 20.71 | 20.72
31 31 | 619 | 6.19 | 9.28 | 9.28 | 12.38 | 12.38 | 15.48 | 15.48 | 18.57 | 18.57 | 21.67 | 21.67 | 24.76 | 24.75 | 27.85 | 27.85 | 30.94 | 30.94
396 | 396 | 791 | 791 |11.87 | 11.87 | 15.83 | 15.83 | 19.79 | 19.79 | 23.74 | 23.74 | 27.7 | 27.69 | 31.65 | 31.67 | 35.63 | 35.63 | 39.58 | 39.56
399 | 399 | 797 | 7.97 | 11.96 | 11.96 | 15.94 | 15.94 | 19.93 | 19.93 [ 23.91 | 23.91 | 27.9 | 27.92 | 31.91 | 31.89 | 35.87 | 35.87 | 39.86 | 39.91
4.4 44 | 879 | 879 |13.19| 13.19 | 17.58 | 17.58 | 21.98 | 21.98 | 26.37 | 26.37 | 30.77 | 30.74 | 35.13 | 35.16 | 39.55 | 39.55 | 43.94 | 43.87
399 | 399 | 797 | 7.97 | 11.96 | 11.96 | 15.94 | 15.94 | 19.93 | 19.93| 23.91 | 23.91 | 27.9 | 27.92 | 31.91 | 37.89 | 35.87 | 35.87 | 39.86 | 39.91
396 | 396 | 791 | 7.91 | 11.87 | 11.87 | 15.83 | 15.83 | 19.79 | 19.79 | 23.74 | 23.74 | 27.7 | 27.69 | 31.65 | 31.67 | 35.63 | 35.63 | 39.58 | 39.56
31 | 31 | 619|619 | 928 | 928 [12.38| 12.38 | 15.48 | 15.48 | 18.57 | 18.57 | 21.67 | 21.67 | 24.76 | 24.75 | 27.85 | 27.85 | 30.94 | 30.94
207 | 207 | 414 | 414 | 6.22 | 6.22 | 829 | 829 | 10.36 | 10.36 | 12.43 | 12.43 | 145 | 145 | 16.58 | 16.57 | 16.64 | 16.64 | 20.71 | 20.72
115 | 115 | 229 | 229 | 344 | 344 | 458 | 458 | 5.73 | 5.73 | 6.88 | 6.88 | 802 | 802 | 9.17 | 9.19 | 10.33 | 10.33 | 11.48 | 11.47
28 083|083 | 167 | 167 | 25 | 25 | 334 | 334 | 417 | 417 | 501 | 501 | 584 | 584 | 668 | 668 | 752 | 752 | 8.35 | 8.35
151 | 151 | 3.02 | 302 | 453 | 453 | 6.03 | 6.03 | 7.54 | 7.54 | 9.04 | 9.04 | 10.56 | 10.56 | 12.07 | 12.07 | 13.56 | 13.56 | 15.08 | 15.08
268 | 268 | 536 | 536 | 804 | 8.04 [10.72|10.72| 134 | 134 | 16.1 | 16.1 | 18.76 | 18.76 | 21.46 | 21.46 | 24.15 | 24.14 | 26.02 | 26.02
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TableB2 continued. Spring forces (Ibs) produced in the chord and CL B nail
connectionsin SAP2000 (CSl, 1995) for a 2x6 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by
2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) | 1059 2117 3176 4235 5294 6352 7411 8470 9529 10587
265 | 265 | 531 | 531 | 7.96 | 7.96 | 10.61|10.61|13.27 | 13.27 | 159 | 159 | 1857|1857 | 21.2 | 21.2 | 23.86 | 23.87 | 26.52 | 26.52
309 | 3.09 | 6.18 | 6.18 | 9.28 | 9.28 [ 12.37 | 12.37 | 15.46 | 15.46 | 18.53 | 18.53 | 21.65 | 21.65 | 24.79 | 24.79 | 27.83 | 27.82 | 30.91 | 30.91
396 | 396 | 791 | 791 (11.88 | 11.88 | 15.83 | 15.83 | 19.8 | 19.8 | 23.76 | 23.76 | 27.72 | 27.72 | 31.68 | 31.68 | 35.64 | 35.64 | 39.32 | 39.32
355 | 355 | 709 | 7.09 | 10.62 | 10.62 | 14.18 | 14.18 | 17.7 | 17.7 | 21.24 | 21.24 | 24.78 | 24.78 | 28.33 | 28.33 | 31.87 | 31.88 | 35.42 | 35.42
396 | 396 | 791 | 7.91 |11.88| 11.88 | 15.83 | 15.83 | 19.8 | 19.8 | 23.76 | 23.76 | 27.72 | 27.72 | 31.68 | 31.68 | 35.64 | 35.64 | 39.32 | 39.32
309 | 3.09 | 618 | 6.18 | 9.28 | 9.28 [ 12.37 | 12.37 | 15.46 | 15.46 | 18.53 | 18.53 | 21.65 | 21.65 | 24.74 | 24.74 | 27.83 | 27.82 | 30.91 | 30.91
265 | 265 | 531 | 531 | 7.96 | 7.96 |10.61|10.61|13.27 | 13.27 | 159 | 159 | 1857|1857 | 21.2 | 21.2 | 23.86 | 23.87 | 26.52 | 26.52
268 | 268 | 536 | 536 | 8.04 | 804 [10.72|10.72| 134 | 134 | 16.1 | 16.1 | 18.76 | 18.76 | 21.46 | 21.46 | 24.15 | 24.14 | 26.02 | 26.02
151 | 151 | 3.02 | 302 | 453 | 453 | 6.03 | 6.03 | 7.54 | 7.54 | 9.04 | 9.04 | 10.56 | 10.56 | 12.07 | 12.07 | 13.56 | 13.56 | 15.08 | 15.08
083 | 083 | 1.67 | 1.67 | 25 25 [ 334 | 334 | 417 | 417 | 501 | 501 | 584 | 584 | 6.68 | 6.68 [ 7.52 | 7.52 | 835 | 835
32 065 | 065 | 1.32 | 1.32 | 1.97 | 1.97 | 263 | 263 | 329 | 329 | 395 | 395 | 461 | 461 | 527 | 527 | 592 | 592 | 658 | 6.58
111 | 111 | 222 | 222 | 3.33 | 3.33 | 444 | 444 | 555 | 555 | 6.66 | 6.66 | 7.77 | 7.77 | 8.88 | 888 | 9.99 | 999 | 11.1 | 111
197 | 197 [ 395 [ 395 | 592 | 592 | 7.9 79 | 988 | 9.88 [11.85|11.85|13.83|13.83| 158 | 158 | 17.78 | 17.76 | 19.73 | 19.73
222 | 222 | 444 | 444 | 666 | 6.66 | 8.87 | 887 | 11.09| 11.09 | 13.31 | 13.31 | 1553 | 15,53 | 17.75( 17.75 19.97 | 20 | 22.23 | 22.23
307 | 3.07 | 6.14 | 614 | 9.22 | 9.22 [ 12.29 | 12.29 | 15.37 | 15.37 | 18.44 | 18.44 | 21.51 | 21.51 | 24.59 | 24.59 | 27.66 | 27.61 | 30.67 | 30.67
266 | 266 | 531 | 531 | 7.97 | 7.97 [10.63 | 10.63 | 13.29 | 13.29 | 15.94 | 15.94 | 18.6 | 18.6 | 21.26 | 21.26 | 23.92 | 23.95 | 26.61 | 26.61
309 [ 3.09 | 617 | 6.17 | 9.26 | 9.26 [ 12.35| 12.35| 15.43 | 15.43 | 18.52 | 18.52 | 21.61 | 21.61 | 24.69 | 24.69 | 27.78 | 27.79 | 30.88 | 30.88
353 | 353 | 7.05 | 7.05 (1058 [ 10.58 [ 14.1 | 14.1 | 17.63 | 17.63 | 21.15| 21.15| 24.68 | 24.68 | 28.2 | 28.2 [ 31.73 | 31.69 | 35.21 | 35.21
3.09 [ 3.09 | 617 | 6.17 | 9.26 | 9.26 [ 12.35| 12.35| 15.43 | 15.43 | 18.52 | 18.52 | 21.61 | 21.61 | 24.69 | 24.69 | 27.78 | 27.79 | 30.88 | 30.88
266 | 266 | 531 | 531 | 7.97 | 7.97 [ 10.63 | 10.63 | 13.29 | 13.29 | 15.94 | 15.94 | 18.6 | 18.6 | 21.26 | 21.26 | 23.92 | 23.95 | 26.61 | 26.61
307 | 3.07 | 6.14 | 614 | 922 | 9.22 (1229|1229 | 15.37 | 15.37 | 18.44 | 18.44 | 21.51 | 21.51 | 24.59 | 24.59 | 27.66 | 27.61 | 30.67 | 30.67
222 | 222 | 444 | 444 | 6.66 | 6.66 | 887 | 887 |11.09| 11.09 | 13.31 | 13.31| 1553 | 1553 | 17.75 [ 17.75 [ 19.97 | 20 | 22.23 | 22.23
197 | 197 [ 395 [ 395 | 592 | 592 | 7.9 79 [ 988 | 988 [11.85|11.85|13.83|13.83| 158 | 158 | 17.78 | 17.76 | 19.73 | 19.73
111 | 111 | 222 | 222 | 3.33 | 333 | 444 | 444 | 555 | 555 | 6.66 | 6.66 | 7.77 | 7.77 | 8.88 | 888 | 9.99 | 999 | 11.1 | 111
065 | 065 | 1.32 | 1.32 | 1.97 | 1.97 | 263 | 263 | 329 | 329 | 395 | 395 | 461 | 461 | 527 | 527 | 592 | 592 | 658 | 6.58
36| 044 | 044 (08810881 | 1.32 | 1.32 | 1.76 | 1.76 | 2.2 22 | 264 | 264 | 3.09 | 3.09 | 353 | 353 | 397 | 397 | 441 | 441
09270927 185 | 1.85 | 278 | 278 | 371 | 371 | 463 | 463 | 556 | 556 | 6.49 [ 649 | 741 | 7.41 | 834 | 834 | 927 | 9.27
132 | 132 | 265 | 265 | 397 | 397 | 53 53 | 662 | 6.62 | 794 | 794 | 9.27 | 9.27 | 10.59 | 10.59 [ 11.91 | 11.91 | 13.24 | 13.24
176 | 1.76 | 353 | 353 | 529 | 529 | 7.05 | 7.05 | 882 | 8.82 | 10.58 | 10.58 | 12.34 | 12.34 | 14.11 | 14.11 | 15.87 | 15.87 | 17.63 | 17.63
203 | 203 | 406 | 406 | 6.09 [ 6.09 [ 812 | 812 |10.16 | 10.16 | 12.18 | 12.18 | 14.22 | 1422 | 16.25 | 16.25 | 18.28 | 18.28 | 20.31 | 20.31
234 | 234 | 467 | 467 | 701 | 701 | 9.34 | 934 | 11.68| 11.68 | 14.01 | 14.01 | 16.35| 16.35 | 18.69 | 18.69 | 21.02 | 21.02 | 23.36 | 23.36
247 | 247 | 495 | 495 | 742 | 742 | 9.89 | 9.89 | 12.37| 12.37 | 14.84 | 1484 | 17.31 | 17.31 | 19.79 | 19.79 | 22.26 | 22.26 | 24.73 | 24.73
269 | 269 | 537 | 537 | 806 | 806 [10.75|10.75| 13.44 | 13.44  16.13 | 16.13 | 18.81 | 18.81 | 21.5 | 21.5 | 24.19 | 24.19 | 26.88 | 26.88
265 | 265 | 53 53 [ 795 | 7.95 [ 106 | 10.6 |13.25|13.25| 159 | 159 | 1855|1855 21.2 | 21.2 [ 23.85|23.85| 265 | 26.5
269 | 269 | 537 | 537 | 8.06 | 8.06 [10.75| 10.75 | 13.44| 13.44| 16.13 | 16.13 | 18.81 | 18.81 | 21.5 | 21.5 [ 24.19 | 24.19 | 26.88 | 26.88
247 | 247 | 495 | 495 | 742 | 7.42 | 9.89 | 9.89 | 12.37 | 12.37 | 14.84 | 14.84 | 17.31 | 17.31 | 19.79 | 19.79 | 22.26 | 22.26 | 24.73 | 24.73
234 | 234 | 467 | 467 | 701 [ 7.01 | 9.34 | 9.34 | 11.68 | 11.68 | 14.01 | 14.01 | 16.35| 16.35 | 18.69 | 18.69 | 21.02 | 21.02 | 23.36 | 23.36
203 | 203 | 406 | 406 | 6.09 | 6.09 [ 812 | 812 | 10.16 | 10.16 | 12.18 | 12.18 | 14.22 | 14.22 | 16.25 | 16.25 | 18.28 | 18.28 | 20.31 | 20.31
176 | 1.76 | 353 [ 353 | 529 | 529 | 7.05 | 7.05 | 8.82 | 8.82 [ 1058 | 10.58 | 12.34 [ 12.34 | 14.11 | 14.11 | 15.87 | 15.87 | 17.63 | 17.63
132 | 132 | 265 | 265 | 397 | 397 | 53 53 | 662 | 6.62 | 7.94 | 794 | 9.27 | 9.27 | 10.59 | 10.59 [ 11.91 | 11.91 | 13.24 | 13.24
0.927 (0927 | 1.85 | 1.85 | 278 | 278 | 3.71 | 3.71 | 463 | 463 | 556 | 556 | 649 | 6.49 | 741 | 741 | 834 | 834 | 927 | 9.27
0.44 | 0.44 108810881 1.32 | 1.32 [ 1.76 | 1.76 | 2.2 22 | 264 | 264 | 309 | 309 | 353 | 353 | 397 | 397 | 441 | 441

141




TableB3.

Spring forces (Ibs) produced in the chord and CL B nail connectionsin

SAP2000 (CSl, 1995) for a 2x8 No. 2 Southern Pine chord braced by
n-Spruce-Pine-Fir CLB’s connected by 2-16d Common nail

connections.
Axial load in compression chord, Fc' (Ibs)
Length (ft) | 1373 2746 4118 5491 6864 8237 9609 10982 12355 13728
4 31.3 | 31.3 | 62.6 | 62.3 | 93.43|93.22 (1243 | 124 | 155 | 154.7 | 185.6 | 184.8 | 215.6 | 214.9 | 245.7 | 245.2 | 275.8 | 274.8 | 305.4 | 304.4
6 19.03 | 19.03 | 38.05 | 38.05 | 57.06 | 57.03 | 76.05 | 76.01 | 95.02 | 94.99 | 114 | 114 |1329( 1329 151.8 | 151.8 | 170.8 | 170.8 | 189.7 | 189.6
19.03 | 19.03 | 38.05 | 38.05 | 57.06 | 57.03 | 76.05 | 76.01 | 95.02 | 9499 | 114 | 114 | 1329|1329 151.8 [ 151.8 | 170.8 | 170.8 | 189.7 | 189.6
8 1143 | 11.43 | 22.86 | 22.91 | 34.36 | 34.35 | 45.81 | 45.95 | 57.44 | 57.29 | 68.75 | 68.85 [ 80.32 | 80.3 | 91.78 | 91.9 | 103.4 | 1036 | 115.1 | 115.3
16.01 | 16.01 | 32.02 | 31.93 | 47.89 | 47.89 | 63.86 | 63.63 | 79.54 | 79.73 | 95.68 | 95.53 | 111.4 | 111.5 | 127.4 | 127.2 | 143.1 | 142.8 | 158.7 | 158.4
1143 | 11.43 | 22.86 | 22.91 | 34.36 | 34.35 | 45.81 | 45.95 | 57.44 | 57.29 | 68.75 | 68.85 | 80.32 | 80.3 | 91.78 | 91.9 | 103.4 | 1036 | 115.1 | 115.3
12 549 | 549 [10.99|10.99 | 16.48 | 16.48 | 21.97 | 21.95 | 27.44 | 27.54 | 33.05 | 33.07 | 38.58 | 38.64 | 44.17 | 44.11 | 49.62 | 49.77 | 55.3 | 55.03
9.61 | 9.61 [19.22|19.22 | 28.82 | 28.82 | 38.43 | 38.46 | 48.08 | 47.94 | 57.53 | 57.57 | 67.16 | 67.06 | 76.65 | 76.76 | 86.36 | 86.14 | 95.71 | 96.05
10.98 | 10.98 | 21.95 | 21.95 | 32.92 | 32.92 | 43.9 | 43.87 | 54.84 | 54.97 | 65.96 | 65.87 | 76.84 | 76.94 | 87.93 | 87.79| 98.76 | 99 | 110 |109.7
9.61 | 9.61 [19.22|19.22 | 28.82 | 28.82 | 38.43 | 38.46 | 48.08 | 47.94 | 57.53 | 57.57 | 67.16 | 67.06 | 76.65 | 76.76 | 86.36 | 86.14 | 95.71 | 96.05
5.49 | 5.49 |10.99 | 10.99 | 16.48 | 16.48 | 21.97 | 21.95 | 27.44 | 27.54 | 33.05 | 33.07 | 38.58 | 38.64 | 44.17 | 44.11 | 49.62 | 49.77 | 55.3 | 55.03
16 315 315 | 63 6.3 | 944 | 943 | 1258 | 1257 | 15.71 | 15.76 | 18.91 | 18.92 | 22.07 | 22.04 | 25.19 | 25.22 | 28.37 | 28.33 | 31.48 | 31.59
5.95 | 595 |11.89 | 11.89 | 17.84 | 17.86 | 23.81 | 23.82 | 29.77 | 29.71 | 35.66 | 35.67 | 41.61 | 41.63 | 47.58 | 47.55 | 53.49 | 53.58 | 59.54 | 59.37
7.72 | 7.72 | 15.45| 15.45 | 23.16 | 23.14 | 30.86 | 30.89 | 38.62 | 38.62 | 46.35 | 46.33 | 54.05 | 54.07 | 61.79 | 61.83 | 69.56 | 69.41 | 77.13 | 77.32
835 | 835 | 16.7 | 16.7 | 25.05| 25.06 | 33.42 | 33.36 | 41.7 | 41.7 | 50.08 | 50.09 | 58.44 | 58.4 | 66.74 | 66.69 | 75.03 | 75.2 | 83.56 | 83.35
7.72 | 7.72 | 15.45| 15.45 | 23.16 | 23.14 | 30.86 | 30.89 | 38.62 | 38.62 | 46.35 | 46.33 | 54.05 | 54.07 | 61.79 | 61.83 | 69.56 | 69.41 | 77.13 | 77.32
595 | 595 |11.89 | 11.89 | 17.84 | 17.86 | 23.81 | 23.82 | 20.77 | 29.77 | 35.66 | 35.67 | 41.61 | 41.63 | 47.58 | 47.55 | 53.49 | 53.58 | 59.54 | 59.37
315|315 | 63 | 63 | 944 | 943 [ 1258|1257 | 1571 15.71| 18.91 | 18.92 | 22.07 | 22.04 | 25.19 | 25.22 | 28.37 | 28.33 | 31.48 | 31.59
20 211 | 211 | 422 | 422 | 6.33 | 6.33 | 845 | 845 | 10.56 | 10.56 | 12.67 | 12.69 | 14.81 | 14.77 | 16.88 | 16.93 | 19.04 | 19.03 | 21.15 | 21.17
39 39 7.8 78 | 11.7 | 11.7 | 156 | 156 | 195 | 195 | 234 | 23.37 | 27.26 | 27.34 | 31.24 | 31.18 | 35.07 | 35.09 | 38.99 | 38.94
554 | 554 |11.07 | 11.07 | 16.6 | 16.6 | 22.14 | 22.14 | 27.68 | 27.68 | 33.21 | 33.23 | 38.76 | 38.69 | 44.22 | 44.26 | 49.79 | 49.75 | 55.28 | 55.37
6.25 | 6.25 | 125 | 125 | 18.74 | 18.74 | 24.99 | 24.99 | 31.24 | 31.24 | 37.48 | 37.51 | 43.76 | 43.78 | 50.04 | 50.04 | 56.3 | 56.37 | 62.63 | 62.51
6.85 | 6.85 | 13.7 | 13.7 | 2055|2055 | 27.4 | 27.4 | 34.26 | 34.26 | 41.11| 41.06 | 47.9 | 47.9 | 54.74 | 54.72 | 61.56 | 61.47 | 68.3 | 68.42
6.25 | 6.25 | 125 | 125 | 18.74 | 18.74 | 24.99 | 24.99 | 31.24 | 31.24 | 37.48 | 37.51 | 43.76 | 43.78 | 50.04 | 50.04 | 56.3 | 56.37 | 62.63 | 62.51
554 | 554 |11.07 | 11.07 | 16.6 | 16.6 | 22.14 | 22.14 | 27.68 | 27.68 | 33.21 | 33.23 | 38.76 | 38.69 | 44.22 | 44.26 | 49.79 | 49.75 | 55.28 | 55.37
39 | 39 | 78 | 78 | 117 | 117 | 156 | 156 | 195 | 195 | 234 | 23.37 | 27.26 | 27.34 | 31.24 | 31.18 | 35.07 | 35.09 | 38.99 | 38.94
211 | 211 | 422 | 422 | 6.33 | 6.33 | 845 | 845 | 10.56 | 10.56 | 12.67 | 12.69 | 14.81 | 14.77 | 16.88 | 16.93 | 19.04 | 19.03 | 21.15 | 21.17
24 149 | 149 | 298 | 298 | 446 | 446 | 595 | 595 | 7.44 | 7.44 | 892 | 891 | 104 | 104 | 11.88 | 11.9 | 13.39 | 13.42 | 14.91 | 14.93
269 | 269 | 537 | 537 | 806 | 806 |10.74|10.74 | 13.43 | 1343 | 16.11 | 16.14 | 18.83 | 18.83 | 21.52 | 21.5 | 24.19 | 24.15| 26.83 | 26.83
402 | 402 | 803 | 8.03 [12.04 | 12.04 | 16.06 | 16.06 | 20.07 | 20.07 | 24.09 | 24.06 | 28.07 | 28.07 | 32.08 | 32.11 | 36.12 | 36.15 | 40.16 | 4.14
513 | 5.13 | 10.26 | 10.26 | 15.39 | 15.39 | 20.52 | 20.52 | 25.65 | 25.65 | 30.78 | 30.78 | 35.91 | 35.91 | 41.04 | 41 | 46.13 | 46.12 | 51.25 | 51.27
517 | 517 |10.34|10.34 | 155 | 155 | 20.67 | 20.67 | 25.84 | 25.84 | 31.01 | 31.04 | 36.21 | 36.21 | 41.39 | 41.42 | 46.6 |46.58 | 51.76 | 51.78
57 | 57 | 114 | 114 | 171 | 171 | 228 | 228 | 285 | 285 | 34.2 | 34.15(| 39.84 | 39.84 | 4553 | 4551 | 51.2 |51.22 | 56.91 | 56.87
517 | 517 |10.34|10.34 | 155 | 155 | 20.67 | 20.67 | 25.84 | 25.84 | 31.01 | 31.04 | 36.21 | 36.21 | 41.39 | 41.42 | 46.6 |46.58 | 51.76 | 51.78
513 | 5.13 | 10.26 | 10.26 | 15.39 | 15.39 | 20.52 | 20.52 | 25.65 | 25.65 | 30.78 | 30.78 | 35.91 [ 35.91 | 41.04 | 41 | 46.13 | 46.12 | 51.25 | 51.27
4,02 | 402 | 803 | 8.03 |12.04 | 12.04 | 16.06 | 16.06 | 20.07 | 20.07 | 24.09 | 24.06 | 28.07 | 28.07 | 32.08 | 32.11 | 36.12 | 36.15 | 40.16 | 40.14
269 | 269 | 537 | 537 | 8.06 | 8.06 | 10.74 | 10.74 | 13.43| 13.43| 16.11 | 16.14 | 18.83 | 18.83 | 21.52 | 21.5 | 24.19 | 24.15 | 26.88 | 26.83
149 | 149 | 298 | 298 | 446 | 446 | 595 | 595 | 7.44 | 7.44 | 892 | 891 | 104 | 104 | 11.88 | 11.9 | 13.39 | 13.42 | 14.91 | 14.93
28 108 | 1.08 | 216 | 216 | 3.24 | 324 | 432 | 432 | 54 54 | 648 | 648 | 756 | 7.54 | 862 | 8.62 9.7 9.7 | 10.78 | 10.78
196 | 196 | 392 | 392 | 588 | 588 | 784 | 784 | 98 | 98 [1175|11.75|13.71| 13.76 | 15.72 [ 15.72 | 17.69 | 17.7 | 19.67 | 19.67
347 | 347 | 694 | 6.94 | 1041 | 10.41 ( 13.88 | 13.88 | 17.35| 17.35( 20.82 | 20.82 | 24.29 | 24.26 | 27.73 | 27.73 | 31.2 | 31.16 | 34.62 | 34.61
344 | 344 | 6.89 | 6.89 |10.32|10.32 | 13.77 | 13.77 | 17.22 | 17.22 | 20.66 | 20.66 | 24.1 | 24.05 | 27.48 | 27.48 | 30.92 | 30.99 | 34.43 | 34.46
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Table B3 continued. Spring forces (Ibs) produced in the chord and CL B nail

connectionsin SAP2000 (CSl, 1995) for a 2x8 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by
2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (f0)

1373

2746

4118 5491 6864 8237 9609 10982 12355

13728

4.01

4.01

8.02

8.02 | 12.03 [ 12.03 | 16.04 | 16.04 | 20.05 | 20.05 | 24.07 | 24.07 | 28.07 | 28.23 | 32.26 | 32.26 | 36.29 | 36.21

40.23

40.19

5.13

5.13

10.25

10.25|15.38 | 15.38 | 20.5 [ 20.5 | 25.63 | 25.63 | 30.76 | 30.76 | 35.88 | 35.69 | 40.78 | 40.78 | 45.88 | 45.94

51.05

51.11

4.6

4.6

9.21

9.21 (13.81(13.81|18.41|18.41|23.01 [ 23.01 | 27.61 | 27.61 | 32.21 | 32.41 | 37.04 | 37.04 | 41.67 | 41.64

46.27

46.19

5.13

5.13

10.25

10.25|15.38 | 15.38 | 20.5 [ 20.5 | 25.63 | 25.63 | 30.76 | 30.76 | 35.88 | 35.69 | 40.78 | 40.78 | 45.88 | 45.94

51.05

51.11

4.01

4.01

8.02

8.02 | 12.03 [ 12.03 | 16.04 | 16.04 | 20.05 | 20.05 | 24.07 | 24.07 | 28.07 | 28.23 | 32.26 | 32.26 | 36.29 | 36.21

40.23

40.19

3.44

3.44

6.89

6.89 (13.32(13.32| 13.77 | 13.77 | 17.22 | 17.22 | 20.66 | 20.66 | 24.1 | 24.05 | 27.48 | 27.48 | 30.92 | 30.99

34.43

34.46

3.47

3.47

6.94

6.94 |10.41|10.41 | 13.88 | 13.88 | 17.35| 17.35( 20.82 | 20.82 | 24.29 | 24.26 | 27.73 | 27.73 | 31.2 | 31.16

34.62

34.61

1.96

1.96

3.92

392 | 588 | 588 | 784 | 7.84 | 9.8 98 |11.75|11.75|13.71 | 13.76 | 15.72 | 15.72 | 17.69 | 17.7

19.67

19.67

108

108

2.16

216 | 324 | 324 | 432 ( 432 | 54 | 54 | 648 | 648 | 756 | 754 | 862 | 862 [ 9.7 9.7

10.78

10.78

32

0.852

0.852

17

17 | 256 | 256 | 341 | 341 | 426 | 426 | 511 | 511 | 596 | 596 | 6.82 | 6.81 | 7.67 | 7.67

8.52

8.49

1.44

1.44

2.89

289 | 433 | 433 | 577 | 577 | 721 | 721 | 865 | 865 | 10.1 | 10.1 | 11.54 | 11.54 | 12.99 | 12.99

14.43

14.48

2.56

2.56

511

511 | 7.66 | 7.66 | 10.22 | 10.22 [ 12.77 | 12.77 | 15.33 | 15.33 | 17.88 | 17.88 | 20.44 | 20.42 | 22.97 | 22.97

25.52

25.48

2.89

2.89

5.78

578 | 8.66 | 8.66 | 11.55| 11.55 | 14.44 ( 14.44 | 17.33 | 17.33 | 20.22 | 20.22 | 23.1 | 23.15| 26.05 | 26.05

28.94

28.93

3.97

3.97

7.94

794 (119111911588 15.88 | 19.85|19.85( 23.81 | 23.81 | 27.78 | 27.79 | 31.76 | 31.7 | 35.66 | 35.66

39.62

39.67

3.46

3.46

6.92

6.92 (10.38 [ 10.38 | 13.84 | 13.84 | 17.3 | 17.3 | 20.76 | 20.76 | 24.22 | 24.19 | 27.65 | 27.7 | 31.16 | 31.16

34.63

34.57

7.99

7.99 11981198 15.98 | 15.98 | 19.98 | 19.98 | 23.97 | 23.97 | 27.97 | 28.03 | 32.03 | 31.99 | 35.99 | 35.99

39.99

40.03

4.57

4.57

9.15

9.15 (13.72 (13.72| 183 | 18.3 | 22.87 | 22.87 | 27.44 | 27.44 | 32.02 | 31.93 | 36.49 | 36.54 | 41.11 | 41.11

45.68

45.63

7.99

7.99 (1198 (11.98 | 15.98 | 15.98 | 19.98 | 19.98 | 23.97 | 23.97 | 27.97 | 28.03 | 32.03 | 31.99 | 35.99 | 35.99

39.99

40.03

3.46

3.46

6.92

6.92 |10.38(10.38 | 13.84 ( 13.84 | 17.3 | 17.3 | 20.76 | 20.76 | 24.22 | 24.19 | 27.65 | 27.7 | 31.16 | 31.16

34.63

34.57

3.97

3.97

7.94

7.94 (1191 (1191|1588 |15.88 | 19.85(19.85| 23.81 | 23.81 | 27.78 | 27.79 | 31.76 | 31.7 | 35.66 | 35.66

39.62

39.67

2.89

2.89

5.78

578 | 8.66 | 8.66 | 11.55( 11.55 | 14.44 | 14.44 ( 17.33 | 17.33 | 20.22 | 20.22 | 23.1 | 23.15| 26.05 | 26.05

28.94

28.93

2.56

2.56

511

511 | 7.66 | 7.66 | 10.22 | 10.22 | 12.77 { 12.77 | 15.33 | 15.33 | 17.88 | 17.88 | 20.44 | 20.42 | 22.97 | 22.97

25.52

25.48

1.44

1.44

2.89

289 | 433 | 433 | 577 | 577 | 721 | 721 | 865 | 865 | 10.1 | 10.1 | 11.54 | 11.54 | 12.99 | 12.99

14.43

14.48

0.852

0.852

17

17 | 256 | 256 | 341 | 341 | 426 | 426 | 511 [ 511 | 596 | 59 | 6.82 | 681 [ 7.67 | 7.67

8.52

8.49

36

0.572

0.572

114

114 | 171 | 171 | 229 | 229 | 2.86 | 2.86 | 343 | 343 4 4 457 | 457 | 514 | 514

571

571

12

12

24

24 | 361|361 | 481|481 | 601 (601721721841 (841 | 961 | 961 | 10.82 | 10.82

12.02

12.02

1.72

1.72

343

343 | 515 | 515 | 6.87 | 6.87 | 858 [ 858 | 10.3 | 10.3 | 12.02 | 12.02 | 13.73 | 13.73 | 15.45 | 15.45

17.17

17.17

2.29

2.29

4.57

457 | 686 | 6.86 | 9.14 | 9.14 | 1143|1143 |13.72| 13.72| 16 16 | 18.29 | 18.29 | 20.57 | 20.57

22.86

22.86

2.63

2.63

5.27

527 ( 79 7.9 1054|1054 |13.17 | 13.17 | 158 | 15.8 | 18.44 | 18.44 | 21.07 | 21.07 | 23.71 | 23.71

26.34

26.34

3.03

3.03

6.06

6.06 | 9.08 | 9.08 | 12.11 | 12.11 | 15.14 | 15.14 | 18.17 | 18.17 | 21.19 | 21.19 | 24.22 | 24.22 | 27.25 | 27.25

30.28

30.28

3.21

3.21

6.42

6.42 | 9.62 | 9.62 | 12.83 | 12.83 | 16.04 | 16.04 | 19.25 | 19.25 | 22.45 | 22.45 | 25.66 | 25.66 | 28.87 | 28.87

32.08

32.08

3.48

3.48

6.97

6.97 [ 10.45(10.45|13.94 | 13.94 | 17.42 [ 17.42 | 20.9 | 20.9 | 24.39 | 24.39 | 27.87 | 27.87 | 31.36 | 31.36

34.84

34.84

3.44

3.44

6.88

6.88 |10.3110.31 | 13.75( 13.75 [ 17.19 | 17.19 | 20.62 | 20.62 | 24.06 | 24.06 | 27.5 | 27.5 | 30.93 | 30.93

34.37

34.37

3.48

3.48

6.97

6.97 [ 10.45(10.45|13.94 | 13.94 | 17.42 [ 17.42 | 20.9 | 20.9 | 24.39 | 24.39 | 27.87 | 27.87 | 31.36 | 31.36

34.84

34.84

3.21

3.21

6.42

6.42 | 9.62 | 9.62 | 12.83 | 12.83 | 16.04 | 16.04 | 19.25 | 19.25 | 22.45 | 22.45 | 25.66 | 25.66 | 28.87 | 28.87

32.08

32.08

3.03

3.03

6.06

6.06 | 9.08 | 9.08 (1211 (12.11 | 15.14 [ 15.14 | 18.17 | 18.17 | 21.19 | 21.19 | 24.22 | 24.22 | 27.25 | 27.25

30.28

30.28

2.63

2.63

5.27

527 ( 79 7.9 1054|1054 |13.17 | 13.17 | 158 | 15.8 | 18.44 | 18.44 | 21.07 | 21.07 | 23.71 | 23.71

26.34

26.34

2.29

2.29

4.57

457 | 686 | 6.86 | 9.14 | 9.14 | 1143|1143 |13.72| 13.72| 16 16 | 18.29 | 18.29 | 20.57 | 20.57

22.86

22.86

1.72

1.72

343

343 | 515 | 515 | 6.87 | 6.87 | 858 [ 858 | 10.3 | 10.3 | 12.02 | 12.02 | 13.73 | 13.73 | 15.45 | 15.45

17.17

17.17

12

12

24

24 | 361|361 | 481 | 481|601 (601|721 721|841 (841 | 961 | 961 | 10.82 | 10.82

12.02

12.02

0.572

0.572

114

114 | 171 | 171 | 229 | 229 | 2.86 | 2.86 | 343 | 343 4 4 457 | 457 | 514 | 514

571

571
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Table B4.

Spring forces (Ibs) produced in the chord and CL B nail connectionsin
SAP2000 (CSl, 1995) for a 2x10 No. 2 Southern Pine chord braced by
n-Spruce-Pine-Fir CLB’s connected by 2-16d Common nail

connections.
Axial load in compression chord, Fc' (Ibs)
Length (ft) | 1721 3442 5163 6884 8604 10325 12046 13767 15488 17209
4 38.85(39.02 [ 77.35 | 77.69 | 1155 | 116 | 153.2| 154 |190.8 | 191.6 | 229 |228.9| 264.2 | 267.1| 299.8 | 302 | 334.5|337.3| 377.5 | 3717
6 23.84|23.84 | 47.69 | 47.64 | 71.46 | 71.41 | 95.21 | 95.16 | 118.9 | 118.9 | 142.7 | 142.6 | 166.3 | 166.2| 190 |189.9 | 213.6 | 213.4 | 237.2 | 237
2384|2384 | 47.69 | 47.64 | 71.46 | 71.41| 95.21 | 95.16 | 118.9 | 118.9 | 142.7 | 142.6 | 166.3 | 166.2 | 190 | 189.9 | 213.6 | 213.4 | 237.2 | 237
8 14.36 | 14.34 | 28.83 | 28.73 | 43.19 | 43.25 | 57.63 | 57.58 | 72.05 | 72.03 | 86.63 | 86.47 | 101.4 | 101.1 | 1155 | 115.9 | 130.1 | 129.9 | 144.8 | 144.6
20 |20.04|39.83|39.99|59.81|59.75| 79.65 | 79.75 | 99.49 | 99.55 | 119.1 | 119.4 | 1385 | 139 | 158.8 | 158.3| 178.3 | 178.7 | 198 |198.1
14.36 | 14.34 | 28.83 | 28.73 | 43.19 | 43.25 | 57.63 | 57.58 | 72.05 | 72.03 | 86.63 | 86.47 | 101.4 | 101.1 | 1155 | 115.9 | 130.1 | 129.9 | 144.8 | 144.6
12 6.88 | 6.88 [13.77| 13.8 | 20.7 | 20.68 | 27.58 | 27.63 | 34.53 | 34.54 | 41.44 | 41.53 | 48.45 | 48.53 | 55.46 | 55.43 | 62.35 | 62.25 | 69.17 | 69.32
12.04 | 12.04 | 24.08 | 24.05 | 36.07 | 36.12 | 48.16 | 48.1 | 60.11 | 60.16 | 72.19 | 72.16 | 84.19 | 84.01 | 96.02 | 96.12 | 108.1 | 108.3 | 120.3 | 120.2
13.77 | 13.77 | 27.54 | 27.56 | 41.34 | 41.27 | 55.03 | 55.08 | 68.84 | 68.76 | 82.52 | 82.48 | 96.23 | 96.44 | 110.2 | 110.1 | 123.8 | 123.6 | 137.4 | 137.5
12.04 | 12.04 | 24.08 | 24.05 | 36.07 | 36.12 | 48.16 | 48.1 | 60.11 | 60.16 | 72.19 | 72.16 | 84.19 | 84.01 | 96.02 | 96.12 | 108.1 | 108.3 | 120.3 | 120.2
6.88 | 6.88 | 13.77| 13.8 | 20.7 | 20.68 | 27.58 | 27.63 | 34.33 | 34.54 | 41.44 | 41.53 | 48.45 | 48.53 | 55.46 | 55.43 | 62.35 | 62.25 | 69.17 | 69.32
16 395 (395 789 | 7.89 | 11.84 | 11.82 | 15.76 | 15.75 | 19.69 | 19.75 | 23.7 | 23.76 | 27.72 | 27.66 | 31.61 | 31.67 | 35.63 | 35.65 | 39.61 | 39.71
7.45 | 7.45 (1491|1491 |22.36| 22.4 (29.87 | 29.87 | 37.33 | 37.27 | 44.73 | 44.66 | 52.11 | 52.23 | 59.69 | 59.63 | 67.08 | 67.07 | 7453 | 74.4
9.68 | 9.68 | 19.36 | 19.36 | 29.04 | 29.03 | 38.7 | 38.73 | 48.41 | 48.39 | 58.06 | 58.12 | 67.81 | 67.66 | 77.32 | 77.42| 87.1 | 87.06 | 96.74 | 96.88
10.47 | 10.47 | 20.94 [ 20.94 | 31.4 | 31.4 | 41.86 | 41.81 | 52.25 | 52.33 | 62.79 | 62.74 | 73.19 | 73.34 | 83.82 | 83.69 | 94.15 | 94.21 | 104.7 | 104.5
9.68 | 9.68 [ 19.36| 19.36 | 29.04 | 29.03 | 38.7 | 38.73 | 48.41 | 48.39 | 58.06 | 58.12 | 67.81 | 67.66 | 77.32 | 77.42| 87.1 | 87.06 | 96.74 | 96.88
7.45 | 7.45 | 14.91|14.91 | 22.36 | 22.4 | 20.87 | 29.87 | 37.33 | 37.27 | 44.73 | 44.66 | 52.11 | 52.23 | 59.69 | 59.63 | 67.08 | 67.07 | 74.53 | 74.4
395 (395|789 | 7.89 |11.84 | 11.82 | 15.76 | 15.75 | 19.69 | 19.75 | 23.7 | 23.76 | 27.72 | 27.66 | 31.61 | 31.67 | 35.63 | 35.65 | 39.61 | 39.71
20 265 | 265 | 529 | 529 | 794 | 7.94 | 10.58 | 10.57 | 13.21 | 13.24 | 15.89 | 1591 | 18.56 | 18.52 | 21.16 | 21.17 | 23.82 | 23.71 | 26.35 | 26.53
489 | 489 | 978 | 9.78 | 14.68 | 14.68 | 1957 | 19.6 | 24.49 | 24.44 | 20.33 [ 29.32 | 34.21 | 343 | 39.2 | 39.16 | 44.06 | 44.32 | 49.24 | 48.91
6.94 | 6.94 |13.87|13.87|20.81|20.81 (27.74|27.71 | 34.64 | 34.67 | 41.6 | 41.6 | 48.54 | 48.42 | 55.34 | 55.45 | 62.38 | 62.03 | 68.93 | 69.27
7.84 | 7.84 | 1567 | 15.67 | 23.51 | 23.51 | 31.34 | 31.36 | 39.2 | 39.22 | 47.07 | 47.06 | 54.91 | 55.05 | 62.92 | 62.73 | 70.57 | 70.87 | 78.74 | 78.52
859 | 859 |17.17|17.17 | 25.76 | 25.76 | 34.34 | 34.32 | 42.89 | 42.84 | 51.41 | 51.42 | 59.99 | 59.82 | 68.37 | 68.58 | 77.15 | 76.92 | 85.46 | 85.61
7.84 | 7.84 | 1567 | 15.67 | 23.51 | 23.51 | 31.34 | 31.36 | 39.2 | 39.22 | 47.07 | 47.06 | 54.91 | 55.05 | 62.92 | 62.73 | 70.57 | 70.87 | 78.74 | 78.52
6.94 | 6.94 |13.87|13.87|20.81|20.81 (27.74 | 27.71 | 34.64 | 34.67 | 41.6 | 41.6 | 4854 | 48.42 | 55.34 | 55.45 | 62.38 | 62.03 | 68.93 | 69.27
489 | 489 | 978 | 9.78 | 14.68 | 14.68 | 1957 | 19.6 | 24.49 | 24.44 | 20.33 | 29.32 | 34.21 | 34.3 | 39.2 | 39.16 | 44.06 | 44.32 | 49.24 | 48.91
265 | 265 | 529 | 529 | 7.94 | 7.94 (1058 | 10.57 | 13.21 | 13.24 | 15.89 | 1591 | 18.56 | 18.52 | 21.16 | 21.17 | 23.82 | 23.71 | 26.35 | 26.53
24 186 | 1.86 | 3.73 | 3.73 | 559 | 559 | 746 | 7.46 | 9.32 | 9.31 | 11.17 | 11.21 | 13.08 | 13.08 | 14.95 | 14.95 | 16.82 | 16.8 | 18.67 | 18.71
337|337 | 673|673 | 101 | 10.1 | 1346|1346 | 16.83 | 16.86 | 20.23 | 20.18 | 23.54 | 23.53 | 26.89 | 26.92 | 30.29 | 30.32 | 33.69 | 33.61
5.04 | 504 |10.07|10.07 | 15.11 | 15.11 | 20.15 | 20.15 | 25.18 | 25.15 | 30.19 | 30.23 | 35.27 | 35.3 | 40.35 | 40.29 | 45.32 | 45.3 | 50.34 | 50.43
6.42 | 6.42 |12.85|12.85|19.27 | 19.27 | 25.7 | 25.7 | 32.12 | 32.12 | 38.54 | 385 | 4492 | 4489 | 51.3 | 51.33| 57.75 | 57.74 | 64.16 | 64.1
6.49 | 6.49 | 12.97 | 12.97 | 19.46 | 19.46 | 25.94 | 25.94 | 32.42 | 32.45 | 38.94 | 38.99 | 45.49 | 45.47 | 51.97 | 52.02 | 58.52 | 58.54 | 65.05 | 65.04
714 | 7.14 (1428 | 14.28 | 21.42 | 21.42 | 28.56 | 28.56 | 35.7 | 35.66 | 42.8 | 42.73 | 49.85 | 49.9 | 57.03 | 56.94 | 64.06 | 64.03 | 71.14 | 71.19
6.49 | 6.49 |12.97|12.97 | 19.46 | 19.46 | 25.94 | 25.94 | 32.42 | 32.45 | 38.94 | 38.99 | 45.49 | 45.47 | 51.97 | 52.02 | 58.52 | 58.54 | 65.05 | 65.04
6.42 | 6.42 | 12.85|12.8519.27 | 19.27 | 25.7 | 25.7 | 32.12|32.12| 3854 | 385 | 44.92 | 44.89 | 51.3 |51.33| 57.75 [ 57.74 | 64.16 | 64.1
5.04 | 504 |10.07|10.07 | 15.11 | 15.11 | 20.15 | 20.15 | 25.18 | 25.15 | 30.19 | 30.23 | 35.27 | 35.3 | 40.35 | 40.29 | 45.32 | 45.3 | 50.34 | 50.43
337 | 337 | 673 | 6.73 | 10.1 | 10.1 | 13.46 | 13.46 | 16.83 | 16.86 | 20.23 | 20.18 | 23.54 | 23.53 | 26.89 | 26.92 | 30.29 | 30.32 | 33.69 | 33.61
186 | 1.86 | 373 | 373 | 559 | 559 | 746 | 746 | 9.32 | 931 | 11.17 | 11.21| 13.08 | 13.08 | 14.95 | 14.95| 16.82 | 16.8 | 18.67 | 18.71
28 135 | 135 | 271 | 271 | 406 | 406 | 542 | 542 | 6.77 | 6.76 | 811 | 811 | 946 | 9.44 | 10.79 | 10.77 | 12.12 | 12.11 | 13.45 | 13.45
246 | 246 | 492 | 492 | 7.38 | 7.38 | 9.84 | 9.84 | 1229 | 12.32 | 14.79 | 1479 | 17.26 | 17.31 | 19.78 | 19.81 | 22.29 | 22.31 | 24.79 | 24.79
435 | 435 | 869 | 869 |13.04|13.04|17.38|17.38 | 21.73 | 21.7 | 26.04 | 26.04 | 30.38 | 30.32 | 34.65 | 34.62 | 38.95 | 38.92 | 43.25 | 43.25
432 | 432 | 863 | 863 |[1295|12.95| 17.26 | 17.26 | 21.58 | 21.57 | 25.89 | 25.89 | 30.21 | 30.24 | 34.56 | 34.57 | 38.89 | 38.39 | 43.21 | 43.21
5.03 | 503 [10.07|10.07 | 15.1 | 15.1 | 20.14 | 20.14 | 25.17 | 25.24 | 30.29 | 30.29 | 35.34 | 35.33 | 40.37 | 40.37 | 45.41 | 45.48 | 50.53 | 50.53
6.42 | 6.42 | 12.83|12.83 | 19.25 | 19.25 | 25.67 | 25.67 | 32.08 | 31.96 | 38.35 | 38.35 | 44.74 | 44.74 | 51.13 | 51.15 | 57.54 | 57.41| 63.79 | 63.79
578 | 578 [ 11.56| 11.56 | 17.34 | 17.34 | 23.11 | 23.11 | 28.89 | 29.03 | 34.84 | 34.84 | 40.65 | 40.66 | 46.47 | 46.43 | 52.24 | 52.39 | 58.22 | 58.22
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Table B4 continued. Spring forces (Ibs) produced in the chord and CL B nail
connectionsin SAP2000 (CSl, 1995) for a 2x10 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by

2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) | 1721 3442 5163 6884 8604 10325 12046 13767 15488 17209

6.42 | 6.42 |12.83|12.83|19.25| 19.25 | 25.67 | 25.67 | 32.08 | 31.96 | 38.35 | 38.35 | 44.74 | 44.74 | 51.13 | 51.15 | 57.54 | 57.41 | 63.79 | 63.79
503 [ 503 [10.07|10.07| 15.1 | 15.1 | 20.14 | 20.14 | 25.17 | 25.24 | 30.29 | 30.29 | 35.34 | 35.33 | 40.37 | 40.37 | 45.41 | 45.48 | 50.53 | 50.53
432 | 432 | 863 | 863 | 1295|1295 17.26 | 17.26 | 21.58 | 21.57 | 25.89 | 25.89 [ 30.21 | 30.24 | 34.56 | 34.57 | 38.89 | 38.39 | 43.21 | 43.21
435 | 435 | 869 | 869 |13.04|13.04(17.38(17.38 | 21.73 | 21.7 | 26.04 | 26.04 [ 30.38 | 30.32 | 34.65 | 34.62 | 38.95 | 38.92 | 43.25 | 43.25
246 | 246 | 492 | 492 | 7.38 | 7.38 | 9.84 | 9.84 | 1229 | 12.32 | 14.79 | 1479 | 17.26 | 17.31 | 19.78 | 19.81 | 22.29 | 22.31 | 24.79 | 24.79
135 | 135 [ 271 | 271 | 406 | 406 | 542 | 542 | 6.77 | 6.76 | 811 | 811 | 9.46 | 9.44 | 10.79 | 10.77 | 12.12 | 12.11 | 13.45 | 13.45
32 107 | 1.07 | 213 | 213 | 3.2 32 [ 426 | 426 | 533 | 533 | 64 6.4 | 746 | 747 | 854 | 851 | 957 | 955 | 10.61 | 10.61
181 | 181 | 362 | 362 | 544 | 544 | 725 | 7.25 | 9.06 | 9.06 | 10.87 | 10.87 | 12.68 | 12.64 | 14.45 | 14.53 | 16.34 | 16.41 | 18.23 | 18.22
3.2 32 [ 639 | 639 | 959 | 959 | 1279|1279 | 15.98 | 15.98 | 19.18 | 19.18 | 22.38 | 22.47 | 25.68 | 25.56 | 28.76 | 28.68 | 31.86 | 31.9
3.63 | 3.63 | 7.26 | 7.26 | 10.89 | 10.89 | 14.52 | 14.52 | 18.15| 18.14 | 21.77 | 21.77| 25.4 [ 2529 28.9 |29.02 | 32.65 | 32.72 | 36.36 | 36.31
497 | 497 | 993 | 993 | 149 | 149 | 19.86 | 19.86 | 24.82 | 24.83 | 29.79 | 29.79 | 34.76 | 34.86 | 39.85 | 39.73 | 44.7 | 44.65| 49.61 | 49.66
435 | 435 | 869 | 869 |13.04|13.04(17.38(17.38 | 21.72 | 21.7 | 26.04 | 26.04 [ 30.38 | 30.29 | 34.62 | 34.72 | 39.06 | 39.11 | 43.46 | 43.4
5.01 | 5.01 |10.01 | 10.01 | 15.02 | 15.02 | 20.03 | 20.03 | 25.03 | 25.1 | 30.12 | 30.12 | 35.14 | 35.19 | 40.22 | 40.15 | 45.17 | 45.11 | 50.13 | 50.2
573 | 573 [11.47 | 1147 | 17.2 | 17.2 | 22.93 | 22.93 | 28.66 | 28.57 | 34.28 | 34.28 | 40 |39.96 | 45.67 | 45.72| 51.44 | 51.5 | 57.23 | 57.14
5.01 | 5.01 |10.01 | 10.01 | 15.02 | 15.02 | 20.03 | 20.03 | 25.03 | 25.1 | 30.12 | 30.12 | 35.14 | 35.19 | 40.22 | 40.15 | 45.17 | 45.11 | 50.13 | 50.2
435 | 435 | 869 | 869 |13.04|13.04(17.38(17.38 | 21.72 | 21.7 | 26.04 | 26.04 [ 30.38 | 30.29 | 34.62 | 34.72 | 39.06 | 39.11 | 43.45 | 43.4
497 | 497 | 993 | 993 | 149 | 149 | 19.86 | 19.86 | 24.82 | 24.83 | 29.79 | 29.79 | 34.76 | 34.86 | 39.85 | 39.73 | 44.7 | 44.65| 49.61 | 49.66
3.63 | 3.63 | 7.26 | 7.26 | 10.89 [ 10.89 | 14.52 | 14.52 | 18.15| 18.14 | 21.77 | 21.77| 25.4 [ 2529 28.9 |29.02 | 32.65 | 32.72 | 36.36 | 36.31
3.2 32 [ 639 639 | 959 | 959 | 1279|1279 | 15.98 | 15.98 | 19.18 | 19.18 | 22.38 | 22.47 | 25.68 | 25.56 | 28.76 | 28.68 | 31.86 | 31.9
181 | 181 | 362 | 362 | 544 | 544 | 725 | 7.25 | 9.06 | 9.06 | 10.87 | 10.87 | 12.68 | 12.64 | 14.45 | 14.53 | 16.34 | 16.41 | 18.23 | 18.22
107 | 1.07 | 213 | 213 | 3.2 32 [ 426 | 426 | 533 | 533 | 64 6.4 | 746 | 747 | 854 | 851 | 957 | 955 | 10.61 | 10.61
36(0.716 [ 0.716 | 1.43 | 1.43 | 215 | 215 | 2.86 | 2.86 | 3.58 | 358 | 4.3 43 | 501 | 501 | 573 [ 573 | 644 | 644 | 716 | 7.16
151 | 151 | 301 | 301 | 452 | 452 | 6.03 | 6.03 | 753 [ 753 | 9.04 | 9.04 | 10.55 [ 10.55 [ 12.05 | 12.05 | 13.56 | 13.56 | 15.07 | 15.07
215 | 215 | 43 43 | 6.46 | 6.46 | 861 | 8.61 [10.76 [ 10.76 | 12.91 | 12.91 | 15.06 | 15.06 | 17.22 | 17.22 | 19.37 | 19.37 | 21.52 | 21.5
2.86 | 2.86 | 573 | 573 | 859 | 859 |11.46(11.46|14.32|14.32 | 17.19 | 17.19| 20.05 | 20.05 [ 22.92 | 22.91 | 25.77 | 25.77 | 28.63 | 28.69
33 33 | 661 | 661 | 991 [ 991 |13.21|13.21| 16.51 | 16.51 | 19.82 | 19.82 | 23.12 | 23.12 | 26.42 | 26.45 | 29.75 | 29.75| 33.06 | 33
379 | 379 | 759 | 759 [11.38 | 11.38 | 15.18 | 15.18 | 18.97 | 18.97 | 22.77 | 22.77 | 26.56 | 26.56 | 30.36 | 30.32 | 34.11 | 34.11| 37.9 | 37.95
402 | 402 | 805 | 805 |12.07|12.07 | 16.09 | 16.09 | 20.11 | 20.11 | 24.14 | 24.14 | 28.16 | 28.16 | 32.18 | 32.22 | 36.25 | 36.25 | 40.28 | 40.25
437 | 437 | 873 | 873 | 131 | 131 | 17.46( 17.46 | 21.83 | 21.83 | 26.19 | 26.19 | 30.56 | 30.56 | 34.93 | 34.89 | 39.25 | 39.25 | 43.61 | 43.63
431 | 431 | 862 | 862 | 1293|1293 (17.24(17.24 | 21.55 | 21.55 | 25.86 | 25.86 | 30.17 | 30.17 | 34.48 | 34.51 | 38.83 | 38.83 | 43.14 | 43.13
437 | 437 | 873 | 873 | 131 | 131 | 17.46(17.46 | 21.83 | 21.83 | 26.19 | 26.19 [ 30.56 | 30.56 | 34.93 | 34.89 | 39.25 | 39.25 | 43.61 | 43.63
4.02 | 402 | 805 | 8.05 |12.07 | 12.07 | 16.09 | 16.09 | 20.11 | 20.11 | 24.14 | 24.14 | 28.16 | 28.16 | 32.18 | 32.22 | 36.25 | 36.25 | 40.28 | 40.25
379 | 379 | 759 | 759 [11.38 | 11.38 | 15.18 | 15.18 | 18.97 | 18.97 | 22.77 | 22.77 | 26.56 | 26.56 | 30.36 | 30.32 | 34.11 | 34.11 | 37.9 | 37.95
33 33 [ 661 | 661 | 991 | 991 | 1321|1321 | 1651|1651 | 19.82 | 19.82 | 23.12 | 23.12 | 26.42 | 26.45 | 29.75 [ 29.75 | 33.06 | 33
286 | 286 | 573 | 573 | 859 | 859 (1146 |11.46|14.32|14.32( 17.19 | 17.19 | 20.05 | 20.05 | 22.92 | 22.91 | 25.77 | 25.77 | 28.63 | 28.69
215 | 215 | 43 43 | 6.46 | 6.46 | 861 | 861 [10.76 [ 10.76 | 12.91 | 12.91 | 15.06 | 15.06 | 17.22 | 17.22 | 19.37 | 19.37 | 21.52 | 21.5
151 ( 151 | 301 | 301 | 452 | 452 | 6.03 | 6.03 | 753 | 7.53 | 9.04 | 9.04 | 10.55 | 10.55 | 12.05 | 12.05 | 13.56 | 13.56 | 15.07 | 15.07
0.716 | 0.716 | 1.43 | 143 | 215 | 215 | 286 | 286 | 358 | 358 | 43 43 | 501 | 501 | 573 | 573 | 644 | 644 | 7.16 | 7.16
40| 0573|0573 | 115 | 115 | 1.72 | 1.72 | 229 | 229 | 287 | 287 | 344 | 344 | 401 | 401 | 459 | 459 | 516 | 515 | 572 | 572
108 | 1.08 [ 215 | 215 | 323 | 323 | 43 43 | 537 | 537 | 645 | 645 | 752 | 7.52 | 86 86 | 9.68 | 9.69 | 10.77 | 10.77
158 | 158 | 316 | 316 | 474 | 474 | 632 | 632 | 79 79 | 948 | 948 | 11.06 | 11.06 | 12.64 | 12.64 | 14.22 | 14.21 | 15.79 | 15.79
215 | 215 | 429 | 429 | 644 | 644 | 858 | 858 | 10.73| 10.73 | 12.88 | 12.88 | 15.02 | 15.02 | 17.17 | 17.17 | 19.31 | 19.32 | 21.46 | 21.46
244 | 244 | 489 | 489 | 7.33 | 7.33 | 9.77 | 977 | 1221|1221 | 1466 | 1466 | 17.1 | 17.1 | 1954 | 1954 21.99 | 21.98 | 24.43 | 24.43
286 | 286 | 573 | 573 | 859 | 859 (1146 |11.46|14.32|14.32( 17.19 | 17.19 | 20.05 | 20.05 | 22.92 | 22.92 | 25.78 | 25.8 | 28.66 | 28.66
316 | 316 | 6.31 | 6.31 | 9.47 | 9.47 | 12.63 | 12.63| 15.79| 15.79 | 18.94 | 18.94| 22.1 | 22.1 | 25.26 | 25.26 | 28.42 | 28.4 | 31.56 | 31.56
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Table B4 continued. Spring forces (Ibs) produced in the chord and CL B nail
connectionsin SAP2000 (CSl, 1995) for a 2x10 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by

2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) | 1721 3442 5163 6884 8604 10325 12046 13767 15488 17209
337 | 337 | 674 | 6.74 | 10.1 | 10.1 | 13.47 | 13.47 | 16.84 | 16.84 | 20.21 | 20.21 | 23.57 | 23.57 | 26.94 | 26.94 | 30.31 | 30.31 | 33.67 | 33.67
345 | 345 | 6.89 | 6.89 (10.34 | 10.34 | 13.78 | 13.78 | 17.23 | 17.23 | 20.67 | 20.67 | 24.12 | 24.12 | 27.56 | 27.56 | 31.01 | 31.01 | 34.46 | 34.46
358 | 358 | 716 | 7.16 | 10.74 | 10.74 | 14.33 | 14.33 | 17.9 | 17.9 | 21.49 | 21.49 | 25.07 | 25.07 | 28.65 | 28.65 | 32.23 | 32.22 | 358 | 35.8
345 | 345 | 6.89 | 6.89 (10.34 | 10.34 | 13.78 | 13.78 | 17.23 | 17.23 | 20.67 | 20.67 | 24.12 | 24.12 | 27.56 | 27.56 | 31.01 | 31.01 | 34.46 | 34.46
337 | 337 | 674 | 6.74 | 10.1 | 10.1 | 13.47 | 13.47| 16.84 | 16.84 | 20.21 | 20.21 | 23.57 | 23.57 | 26.94 | 26.94 | 30.31 | 30.31 | 33.67 | 33.67
316 | 3.16 | 6.31 | 6.31 | 947 | 9.47 (1263|1263 | 1579 | 15.79( 1894 | 1894 22.1 | 22.1 | 25.26 | 25.26 | 28.42 | 28.4 | 31.56 | 31.56
286 | 2.86 | 573 | 573 | 859 | 859 |11.46(11.46|14.32|14.32 | 17.19 | 17.19| 20.05 | 20.05 [ 22.92 | 22.92 | 25.78 | 25.8 | 28.66 | 28.66
244 | 244 | 489 | 489 | 7.33 | 7.33 | 9.77 | 977 | 1221|1221 | 1466 | 1466 | 17.1 | 17.1 | 1954 | 1954 21.99 | 21.98 | 24.43 | 24.43
215 215 | 429 | 429 | 644 | 6.44 | 858 | 858 | 10.73 | 10.73 | 12.88 | 12.88 | 15.02 | 15.02 | 17.17 | 17.17 | 19.31 | 19.32 | 21.46 | 21.46
158 [ 158 [ 316 | 316 | 474 | 474 | 632 | 632 | 7.9 79 | 948 | 948 | 11.06 | 11.06 | 12.64 | 12.64 | 14.22 | 14.21 | 15.79 | 15.79
108 | 1.08 [ 215 | 215 | 323 | 323 | 43 43 | 537 | 537 | 645 | 645 | 752 | 7.52 | 86 86 | 9.68 | 9.69 | 10.77 | 10.77
0573|0573 115 | 115 | 1.72 | 1.72 | 229 | 229 | 287 | 287 | 3.44 | 344 | 401 | 401 | 459 | 459 | 516 | 515 | 572 | 572
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Table B5.

Spring forces (Ibs) produced in the chord and CL B nail connectionsin
SAP2000 (CSl, 1995) for a 2x12 No. 2 Southern Pine chord braced by
n-Spruce-Pine-Fir CLB’s connected by 2-16d Common nail

connections.
Axial load in compression chord, Fc' (Ibs)
Length (ft) | 2054 4108 6162 8216 10270 12323 14377 16431 18485 20539
4 46.36 | 46.04 | 92.72 | 91.98 | 138 |137.1| 182.8 | 181.9 | 227.4 | 2255 | 270.6 | 268.8 | 313.6 | 310.9 | 355.4 | 352.4 | 396.5 | 391.3 | 429.3 | 419.1
6 28.42 | 28.42 | 56.84 | 56.79 | 85.19 | 85.11 | 113.5| 113.4 | 141.7 | 141.6 | 169.9 | 169.8 | 198.1 | 197.9| 226.2 | 226 | 254.3 | 254 | 282.2 | 281.8
28.42 | 28.42 | 56.84 | 56.79 | 85.19 | 85.11 | 113.5 | 113.4 | 141.7 | 1416 | 169.9 | 169.8 | 198.1 | 197.9| 226.2 | 226 | 254.3 | 254 | 282.2 | 2818
8 17.11|17.11 | 34.23 [ 34.21 | 51.32 | 51.6 | 68.81 | 69.08 | 86.35 | 85.8 | 103 | 103.5( 120.8 | 120.8 | 138.1 | 138.4 | 155.7 | 156.1 | 173.5 | 173.7
2391|2391 |47.81|47.79|71.69 | 71.26 | 95.02 | 9459 | 118.2 | 119 | 142.8 | 141.9| 1655 | 165.4| 189 |188.4 | 212 |(211.4| 2349 | 2345
17.11|17.11|34.23|34.21 | 51.32 | 51.6 | 68.81|69.08 | 86.35 | 85.8 | 103 | 1035 120.8 | 120.8| 138.1 | 138.4 | 155.7 | 156.1 | 173.5 | 173.7
12 822 | 822 1643 | 16.44 | 24.66 | 24.69 | 32.91 | 33.02 | 41.28 | 41.37 | 49.64 | 49.66 | 57.93 | 58.04 | 66.33 | 66.18 | 74.45 | 74.8 | 83.11 | 82.75
14.37 | 14.37 | 28.73| 28.76 | 43.14 | 43.12 | 57.5 | 57.39 | 71.73 | 71.69 | 86.03 | 85.99 | 100.3 | 100.2 | 114.5 | 114.9 | 129.2 | 128.7 | 143 | 1435
16.43 | 16.43 | 32.87 | 32.82 | 49.23 | 49.22 | 65.63 | 65.71 | 82.13 | 82.1 | 9851 [ 9854 | 115 | 1151 1315 | 1311 | 1475 | 147.9 | 164.4 | 163.9
14.37 | 14.37 | 28.73| 28.76 | 43.14 | 43.12 | 57.5 | 57.39 | 71.73 | 71.69 | 86.03 | 85.99 | 100.3 | 100.2 | 114.5 | 114.9 | 129.2 | 128.7 | 143 | 1435
822 | 822 (1643 | 16.44 | 24.66 | 24.69 | 32.91 | 33.02 | 41.28 | 41.37 | 49.64 | 49.66 | 57.93 | 58.04 | 66.33 | 66.18 | 74.45 | 74.8 | 83.11 | 82.75
16 471 | 471 | 942 | 94 | 141 | 1418 18.9 | 18.84 | 2355 | 23.67 | 28.41 | 28.36 | 33.09 | 33.08 | 37.8 | 37.86 | 42.59 | 42.68 | 47.43 | 47.43
89 89 | 17.79| 17.84 | 26.76 | 26.66 | 35.55 | 35.66 | 44.57 | 44.39 | 53.26 | 53.35 | 62.24 | 62.32 | 71.23 | 71.15| 80.04 | 79.89 | 88.77 | 88.77
11.55| 11.55 | 23.11 | 23.06 | 34.59 | 34.66 | 46.21 | 46.13 | 57.66 | 57.83 | 69.39 | 69.31 | 80.86 | 80.75 | 92.29 | 92.35 | 103.9 | 104.1 | 115.7 | 115.7
1249 | 12.49 | 24.99 | 25.02 | 37.53 | 37.49 | 49.99 | 50.04 | 62.54 | 62.39 | 74.86 | 74.92 | 87.41 | 87.49| 99.99 | 99.94 | 1124 | 112.2 | 124.7 | 124.7
11.55| 11.55 | 23.11 | 23.06 | 34.59 | 34.66 | 46.21 | 46.13 | 57.66 | 57.83 | 69.39 | 69.31 | 80.86 | 80.75 | 92.29 | 92.35 | 103.9 | 104.1 | 115.7 | 115.7
89 89 | 17.79| 17.84 | 26.76 | 26.66 | 35.55 | 35.66 | 44.57 | 44.39 | 53.26 | 53.35 | 62.24 | 62.32 | 71.23 | 71.15| 80.04 | 79.89 | 88.77 | 88.77
471 | 471 | 942 | 94 | 141 | 1418 189 | 18.84 | 2355 | 23.67 | 28.41 | 28.36 | 33.09 | 33.08 | 37.8 | 37.86 | 42.59 | 42.68 | 47.43 | 47.43
20 315 315 | 631 | 6.31 | 946 | 9.46 (1261 | 12.61| 1577 | 1581 | 1897 | 19 | 22.17 [ 22.08| 25.23 | 25.29 | 2845 | 28.4 | 31.56 | 31.61
584 | 584 (11.69|11.69 | 17.53 | 17.54 | 23.39 | 23.38 | 29.23 | 29.18 | 35.02 | 34.98 | 40.31 | 40.98 | 46.83 | 46.73 | 52.58 [ 52.68 | 58.54 | 58.55
827 | 827 | 16.54 | 16.54 | 24.81 | 24.81 | 33.09 | 33.07 | 41.34 | 41.37 | 49.64 | 49.67 | 57.94 | 57.76 | 66.02 | 66.13 | 74.4 | 74.3 | 82,55 | 82.42
9.36 | 9.36 |18.72| 18.72 | 28.08 | 28.06 | 37.41 | 37.48 | 46.85 | 46.81 | 56.17 | 56.2 | 65.56 | 65.67 | 75.06 | 74.98 | 84.35 [ 84.38 | 93.75 | 93.91
10.24 | 10.24 | 20.48 | 20.48 | 30.72 | 30.73 | 40.98 | 40.87 | 51.09 | 51.15 | 61.38 | 61.31 | 71.52 | 71.47 | 81.68 | 81.71 | 91.93 | 91.95 | 102.2 | 102
9.36 | 9.36 | 18.72| 18.72 | 28.08 | 28.06 | 37.41 | 37.48 | 46.85 | 46.81 | 56.17 | 56.2 | 65.56 | 65.67 | 75.06 | 74.98 | 84.35 | 84.38 | 93.75 | 93.91
8.27 | 827 (1654 | 16.54 | 24.81 | 24.81 | 33.09 | 33.07 | 41.34 | 41.37 | 49.64 | 49.67 | 57.94 | 57.76 | 66.02 | 66.13 | 74.4 | 743 | 8255 | 82.42
5.84 | 584 |11.69 | 11.69 | 17.53 | 17.54 | 23.39 [ 23.38 | 29.23 | 29.18 | 35.02 | 34.98 | 40.31 | 40.98 | 46.83 | 46.73 | 52.58 | 52.68 | 58.54 | 58.55
315|315 | 631 | 631 | 946 | 946 | 1261|1261 | 1577 | 1581 1897 | 19 | 22.17 | 22.08| 25.23 | 25.29 | 28.45 | 28.4 | 31.56 | 31.61
24 223 | 223 | 445 | 445 | 668 | 6.68 | 89 89 | 11.13 [ 11.09 | 13.31 | 13.36 | 15.58 | 15.58 | 17.81 | 17.83 | 20.06 | 20.02 | 22.24 | 22.2
402 | 402 | 803 | 8.03 1205 12.05| 16.06 | 16.06 | 20.08 | 20.16 | 24.19 | 24.1 | 28.12 | 28.15 | 32.17 | 32.15 | 36.16 | 36.25 | 40.28 | 40.31
6.01 | 6.01 |12.03 | 12.03 | 18.04 | 18.04 | 24.06 | 24.07 | 30.08 | 30 36 |36.12| 4214 | 42.09| 481 |48.12| 54.14 | 54.07 | 60.07 | 60.07
7.66 | 7.66 |15.32|15.32|22.98 | 22.98 | 30.64 | 30.61 | 38.26 | 38.31 | 45.97 | 45.87 | 53.52 | 53.51 | 61.15 | 61.16 | 68.81 | 68.83 | 76.48 | 76.43
7.75 | 7.75 | 15.49 | 15.49 | 23.24 | 23.24 | 30.99 | 31.09 | 38.86 | 38.81 | 46.57 | 46.59 | 54.36 | 54.48 | 62.25 | 62.19 | 69.97 | 69.96 | 77.73 | 77.83
851 | 851 |17.03 | 17.03 | 25.54 | 25.54 | 34.06 | 33.93 | 42.41 | 42.47 | 50.95 | 50.97 | 59.46 | 59.28 | 67.75 | 67.86 | 76.34 | 76.36 | 84.84 | 84.71
7.75 | 7.75 [ 1549 | 15.49 | 23.24 | 23.24 | 30.99 | 31.09 | 38.86 | 38.81 | 46.57 | 46.59 | 54.36 | 54.48 | 62.25 | 62.19 | 69.97 [ 69.96 | 77.73 | 77.83
7.66 | 7.66 | 15.32| 15.32 | 22.98 | 22.98 | 30.64 | 30.61 | 38.26 | 38.31 | 45.97 | 45.87 | 53.52 | 53.51 | 61.15 | 61.16 | 68.81 | 68.83 | 76.48 | 76.43
6.01 | 6.01 |12.03 | 12.03 | 18.04 | 18.04 | 24.06 | 24.07 | 30.08 | 30 36 |36.12| 4214 | 42.09| 481 |48.12| 54.14 | 54.07 | 60.07 | 60.07
402 | 402 | 803 | 8.03 |12.05| 12.05 | 16.06 | 16.06 | 20.08 | 20.16 | 24.19 | 24.1 | 28.12 | 28.15 | 32.17 | 32.15 | 36.16 | 36.25 | 40.28 | 40.31
223 | 223|445 | 445 | 668 | 6.68 | 89 | 89 | 11.13|11.09 | 13.31 | 13.36 | 15.58 | 15.58 | 17.81 | 17.83 | 20.06 | 20.02 | 22.24 | 22.2
28 161 | 161 | 322 | 322|483 | 483 | 645 | 645 | 806 | 804 | 965 | 962 | 11.22 | 112 | 128 | 12.78| 14.38 | 14.36 | 15.96 | 16.09
294 | 294 | 589 | 589 | 883 | 883 (1177 |11.77| 1471 | 1476 | 17.71 | 17.77 | 20.73 | 20.77 | 23.74 | 23.79 | 26.76 | 26.8 | 29.78 | 29.6
5.18 | 5.18 | 10.36 | 10.36 | 15.54 | 15.54 | 20.72 [ 20.72 | 25.9 | 25.86 | 31.02 | 30.96 | 36.12 | 36.07 | 41.23 | 41.19 | 46.34 | 46.27 | 51.41 | 51.51
5.15 | 5.15 | 10.31[10.31 | 15.46 | 15.46 | 20.62 | 20.62 | 25.77 | 25.77 | 30.92 | 30.94 | 36.09 | 36.13 | 41.29 | 41.24 | 46.39 | 46.51 | 51.67 | 51.72
6.81 | 6.81 |12.02|12.02 | 18.04 | 18.04 | 24.05 | 24.05 | 30.06 | 30.15 | 36.17 | 36.23 | 42.27 | 42.22 | 48.26 | 48.44 | 545 [54.36 | 60.4 | 60.25
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TableB5 continued. Spring forces (Ibs) produced in the chord and CL B nail

connectionsin SAP2000 (CSl, 1995) for a 2x12 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by
2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) | 2054 4108 6162 8216 10270 12323 14377 16431 18485 20539
765 | 765 | 153 | 153 | 2295|2295 30.6 | 30.6 | 38.25 | 38.11 | 45.73 | 45.61 | 53.21 | 53.28 | 60.89 | 60.62 | 68.19 [ 68.32 | 75.92 | 76.11
6.91 [ 6.91 |13.81)|13.81|20.72|20.72 | 27.63 | 27.63 | 3453 | 34.7 | 41.63 | 41.77 | 48.73 | 48.64 | 55.59 | 55.9 | 62.88 | 62.76 | 69.74 | 69.53
765 | 7.65 | 153 | 153 (2295|2295 30.6 | 30.6 | 38.25 | 38.11 | 45.73 | 45.61 | 53.21 | 53.28 | 60.89 | 60.62 | 68.19 | 68.32 | 75.92 | 76.11
6.81 | 6.81 | 12.02 | 12.02 | 18.04 | 18.04 | 24.05 | 24.05 | 30.06 | 30.15 | 36.17 | 36.23 | 42.27 | 42.22 | 48.26 | 48.44| 545 [54.36 | 60.4 | 60.25
515 | 515 [ 10.31| 10.31 | 15.46 | 15.46 | 20.62 | 20.62 | 25.77 | 25.77 | 30.92 | 30.94 | 36.09 | 36.13 | 41.29 | 41.24 | 46.39 | 46.51 | 51.67 | 51.72
5.18 | 5.18 | 10.36 | 10.36 | 15.54 [ 15.54 | 20.72 | 20.72 | 25.9 | 25.86 | 31.02 | 30.96 | 36.12 | 36.07 | 41.23 | 41.19 | 46.34 | 46.27 | 51.41 | 51.51
294 | 294 | 589 | 589 | 883 | 883 |11.77 | 11.77| 1471 | 14.76 | 17.71 | 17.77 | 20.73 | 20.77 | 23.74 | 23.79 | 26.76 | 26.8 | 29.78 | 29.6
161 | 161 | 322 | 322 | 483 | 483 | 645 | 645 | 806 | 804 | 965 | 962 | 11.22 | 11.2 | 128 | 12.78 | 14.38 | 14.36 | 15.96 | 16.09
32 127 | 127 | 254 | 254 | 381 | 381 | 508 | 508 | 635 | 636 | 763 [ 763 | 89 | 885 | 10.12 | 101 | 11.36 | 11.37 | 12.63 | 12.6
217 | 217 | 433 | 433 | 65 65 | 866 | 8.66 | 10.83 | 10.81 | 12.98 | 12.95| 1511 | 15.25| 17.42 | 17.46 | 19.65 | 19.62 | 21.8 | 21.88
381 ( 381 | 763 | 7.63 | 11.44 | 11.44 | 15.26 | 15.26 | 19.07 | 19.09 | 22.9 [22.95| 26.77 | 26.59 | 30.39 | 30.34 | 34.13 | 34.18 | 37.98 | 37.84
433 | 433 | 865 | 865 |1298|1298(17.31(17.31 | 21.63 | 21.66 | 25.99 | 25.94 | 30.27 | 30.42 | 34.76 | 34.82 | 39.18 | 39.13 | 43.48 | 43.66
594 | 594 |11.88(11.88(17.82|17.82 | 23.75 | 23.75| 29.69 | 29.62 | 35.54 | 35.55 | 41.48 | 41.39 | 47.31 | 47.24 | 53.15 | 53.16 | 59.07 | 58.89
517 | 517 [10.33]|10.33 | 155 | 155 | 20.67 | 20.67 | 25.83 | 25.92 | 31.1 | 31.1 | 36.28 | 36.32 | 41.51 | 41.55| 46.75 | 46.74 | 51.93 | 52.07
6 6 |12.01(1201(18.01|18.01 | 24.01 | 24.01 | 30.01 | 29.94 | 35.93 | 35.94 | 41.93 | 41.93 | 47.92 | 47.94 | 53.93 [ 53.96 | 59.95 | 59.87
6.81 | 6.81 | 13.62 | 13.62 | 20.43 [ 20.43 | 27.24 | 27.24 | 34.05 | 34.11 | 40.93 | 40.92 | 47.74 | 47.71 | 54.53 | 54.48 | 61.29 | 61.25 | 68.06 | 68.12
6 6 (1201|1201 |18.01|18.01 | 24.01 | 24.01 | 30.01 | 29.94 | 35.93 | 35.94 | 41.93 | 41.93 | 47.92 | 47.94 | 53.93 [ 53.96 | 59.95 | 59.87
517 | 517 |10.33(10.33 | 155 [ 155 | 20.67 | 20.67 | 25.83 [ 25.92 | 31.1 | 31.1 | 36.28 | 36.32 | 41.51 | 41.55| 46.75 | 46.74 | 51.93 | 52.07
594 | 594 |11.88(11.88(17.82 | 17.82 | 23.75 | 23.75| 29.69 | 29.62 | 35.54 | 35.55 | 41.48 | 41.39 | 47.31 | 47.24 | 53.15 | 53.16 | 59.07 | 58.89
433 | 433 | 865 | 8.65 1298|1298 | 17.31 | 17.31 | 21.63 | 21.66 | 25.99 | 25.94 | 30.27 | 30.42 | 34.76 | 34.82 | 39.18 | 39.13 | 43.48 | 43.66
381 | 381 | 763 | 7.63 [11.44(11.44|15.26 | 15.26 | 19.07 | 19.09 [ 22.9 |22.95( 26.77 | 26.59 | 30.39 | 30.34 | 34.13 | 34.18 | 37.98 | 37.84
217 | 217 | 433 | 433 | 65 65 | 866 | 8.66 | 10.83 | 10.81 | 12.98 | 12.95| 1511 | 15.25| 17.42 | 17.46 | 19.65 | 19.62 | 21.8 | 21.88
127 | 127 | 254 | 254 | 381 | 381 | 508 | 508 | 635 | 6.36 | 763 | 763 | 89 | 885 | 10.12 | 10.1 | 11.36 | 11.37 | 12.63 | 12.6
36 0.855 (0855 1.71 | 1.71 | 256 | 256 | 342 | 342 | 427 | 427 | 513 [ 513 | 598 | 598 | 684 | 6.84 | 769 | 7.7 | 855 | 855
18 18 3.6 3.6 54 54 7.2 72 | 899 | 899 | 10.79 | 10.79 | 12,59 | 12.59 | 14.39 | 14.39 | 16.19 | 16.16 | 17.96 | 17.94
257 | 257 | 514 | 514 | 7.71 | 7.71 | 10.27 | 10.27 | 12.84 | 12.84 | 15.41 | 15.41| 17.98 | 17.98 | 20.55 | 20.55 | 23.12 | 23.18 | 25.76 | 25.78
342 | 342 | 684 | 6.84 [10.26 | 10.26 | 13.67 | 13.67 | 17.09 | 17.09 [ 20.51 | 20.51 | 23.93 | 23.92 | 27.34 | 27.34| 30.76 | 30.68 | 34.09 | 34.08
394 | 394 | 789 | 7.89 (11.8311.83|15.77 | 15.77 | 19.72 | 19.72 | 23.66 | 23.66 | 27.6 | 27.61 | 31.56 | 31.56 | 355 [ 35.58 | 39.53 | 39.51
453 | 453 | 9.06 | 9.06 | 13.58 | 13.58 | 18.11 | 18.11 | 22.64 | 22.64 | 27.16 | 27.16 | 31.69 | 31.67 | 36.19 | 36.19 | 40.72 | 40.66 | 45.18 | 45.2
4.8 48 | 961 | 9.61 |14.41(14.41|19.21|19.21| 24.01 | 24.01 | 28.82 | 28.82 | 33.62 | 33.65 | 38.46 | 38.46 | 43.27 [ 43.31 | 48.12 | 48.12
521 | 521 |10.42 | 10.42 | 15.63 | 15.63 | 20.84 | 20.84 | 26.05 | 26.05 | 31.25 | 31.25 | 36.46 | 36.42 | 41.63 | 41.63 | 46.83 | 46.81 | 52.01 | 52
515 | 515 [10.29 | 10.29 | 15.44 | 15.44 | 20.58 | 20.58 | 25.73 | 25.73 | 30.87 | 30.87 | 36.02 | 36.06 | 41.21 | 41.21 | 46.36 | 46.38 | 51.53 | 51.54
521 | 521 |10.42 | 10.42 | 15.63 | 15.63 | 20.84 | 20.84 | 26.05 | 26.05 | 31.25 | 31.25 | 36.46 | 36.42 | 41.63 | 41.63 | 46.83 | 46.81 | 52.01 | 52
4.8 48 | 961 | 9.61 |14.41(14.41|19.21|19.21| 24.01 | 24.01 | 28.82 | 28.82 | 33.62 | 33.65 | 38.46 | 38.46 | 43.27 [ 43.31 | 48.12 | 48.12
453 | 453 | 9.06 | 9.06 | 13.58 | 13.58 | 18.11 | 18.11 | 22.64 | 22.64 | 27.16 | 27.16 | 31.69 | 31.67 | 36.19 | 36.19 | 40.72 | 40.66 | 45.18 | 45.2
394 | 394 | 789 | 7.89 |11.8311.83|15.77 | 15.77 | 19.72 | 19.72 | 23.66 | 23.66 | 27.6 | 27.61 | 31.56 | 31.56 | 355 | 35.58 | 39.53 | 39.51
342 | 342 | 684 | 6.84 [10.26 | 10.26 | 13.67 | 13.67 | 17.09 | 17.09 [ 20.51 | 20.51 | 23.93 | 23.92 | 27.34 | 27.34| 30.76 | 30.68 | 34.09 | 34.08
257 | 257 | 514 | 514 | 7.71 | 7.71 | 10.27 | 10.27 | 12.84 | 12.84 | 15.41 | 15.41| 17.98 | 17.98 | 20.55 | 20.55 | 23.12 | 23.18 | 25.76 | 25.78
18 18 3.6 3.6 54 54 7.2 72 | 899 | 899 | 10.79 | 10.79 | 12,59 | 12.59 | 14.39 | 14.39 | 16.19 | 16.16 | 17.46 | 17.94
0.855 (0855 1.71 | 1.71 | 256 | 256 | 342 | 342 | 427 | 427 | 513 [ 513 | 598 | 598 | 684 | 6.84 | 769 | 7.7 | 855 | 855
40 0.683|0.683| 1.37 | 1.37 | 205 | 205 | 273 | 273 | 341 | 341 | 41 41 | 478 | 478 | 546 | 546 | 6.14 | 6.15 | 6.83 | 6.83
129 | 1.29 [ 257 | 257 | 386 | 386 | 514 | 514 | 643 | 643 | 7.71 | 7.71 9 9 10.28 | 10.28 | 11.57 | 11.57 | 12.85 | 12.86
188 | 1.88 | 3.77 | 3.77 | 565 | 565 | 7.54 | 754 | 942 | 942 | 11.31 [ 11.31| 13.19 [ 13.19 | 15.08 | 15.08 | 16.96 | 16.97 | 18.85 | 18.82
256 | 256 | 512 | 512 | 768 | 7.68 | 10.24 | 10.24 | 12.8 | 12.8 | 15.36 | 15.36 | 17.93 | 17.93 | 20.49 | 20.49 | 23.05 [ 23.02 | 25.58 | 25.65
292 | 292 | 583 | 583 | 875 | 875 | 11.67 | 11.67 | 1459 | 1459 17.5 | 175 | 20.42 | 20.42 | 23.34 | 23.34| 26.25 | 26.31 | 29.24 | 29.15
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TableB5 continued. Spring forces (Ibs) produced in the chord and CL B nail

connectionsin SAP2000 (CSl, 1995) for a 2x12 No. 2 Southern
Pine chord braced by n-Spruce-Pine-Fir CLB’s connected by
2-16d Common nail connections.

Axial load in compression chord, Fc' (Ibs)

Length (ft) | 2054 4108 6162 8216 10270 12323 14377 16431 18485 20539
342 | 342 | 6.84 | 6.84 | 10.25| 10.25 | 13.67 | 13.67 | 17.09 | 17.09 | 20.51 | 20.51 | 23.93 | 23.93 | 27.34 | 27.34 | 30.76 | 30.7 | 34.11 | 34.19
377 | 377 | 754 | 754 (11.31(11.31 | 15.08 | 15.08 | 18.84 | 18.84 | 22.61 | 22.61 | 26.38 | 26.38 | 30.15 | 30.15| 33.92 | 33.96 | 37.73 | 37.68
4.02 | 402 | 8.04 | 8.04 |12.06 | 12.06 | 16.07 | 16.07 | 20.09 | 20.09 | 24.11 | 24.11 | 28.13 | 28.13 | 32.15 | 32.15 | 36.17 | 36.14 | 40.16 | 40.18
411 | 411 | 823 | 823 | 12.34| 1234 | 16.45 | 16.45 | 20.57 | 20.57 | 24.68 | 24.68 | 28.79 | 28.79| 329 | 329 [ 37.02 | 37.03 | 41.15 | 41.14
427 | 427 | 855 | 855 |12.82|12.82(17.09(17.09 [ 21.36 | 21.36 | 25.64 | 25.64 | 29.91 | 29.91 | 34.18 | 34.18 | 38.45 | 38.44 | 42.72 | 42.71
411 | 411 | 823 | 823 |12.34| 12.34 | 16.45 | 16.45 | 20.57 | 20.57 | 24.68 | 24.68 | 28.79 | 28.79 | 329 | 329 | 37.02 | 37.03 | 41.15 | 41.14
402 | 402 | 804 | 804 | 12.06 | 12.06 | 16.07 | 16.07 [ 20.09 | 20.09 | 24.11 | 24.11 | 28.13 | 28.13 | 32.15 | 32.15 | 36.17 | 36.14 | 40.16 | 40.18
377 | 377 | 754 | 754 (11.31(11.31 | 15.08 | 15.08 | 18.84 | 18.84 | 22.61 | 22.61 | 26.38 | 26.38 | 30.15 | 30.15| 33.92 | 33.96 | 37.73 | 37.68
342 | 342 | 6.84 | 6.84 | 10.25| 10.25 | 13.67 | 13.67 | 17.09 | 17.09 | 20.51 | 20.51 | 23.93 | 23.93 | 27.34 | 27.34 | 30.76 | 30.7 | 34.11 | 34.19
292 | 292 | 583 | 583 | 875 | 875 | 11.67 | 11.67 | 1459 | 1459 175 | 17.5 | 20.42 | 20.42 | 23.34 | 23.34 | 26.25 | 26.31 | 29.24 | 29.15
256 | 256 | 512 | 512 | 768 | 7.68 | 10.24 | 10.24 | 12.8 | 12.8 | 15.36 | 15.36 | 17.93 | 17.93 | 20.49 | 20.49 | 23.05 | 23.02 | 25.58 | 25.65
188 | 1.88 | 3.77 | 3.77 | 565 | 565 | 7.54 | 754 | 942 | 942 | 11.31 [ 11.31| 13.19 [ 13.19 | 15.08 | 15.08 | 16.96 | 16.97 | 18.85 | 18.82
129 | 1.29 [ 257 | 257 | 386 | 386 | 514 | 514 | 643 | 643 | 7.71 | 7.71 9 9 10.28 | 10.28 | 11.57 [ 11.57 | 12.85 | 12.86
0.683|0.683| 1.37 | 1.37 | 205 | 205 | 273 | 273 | 341 | 341 | 41 41 | 478 | 478 | 546 | 546 | 6.14 | 6.15 | 6.83 | 6.83
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Appendix C

Spring forces produced in the chord and diagonal nail connectionsfor a
system analysisin SAP2000 (CSI, 1995) for Southern Pine Chords braced
by n-Spruce-Pine-Fir webs and one or two Spruce-Pine-Fir diagonals

TableC1. X-components of joint forces (Ibs) produced in the SAP2000 (CSl,
1995) analysis of j-truss chords braced by multiple CLB’sand one or
two diagonals.

J 5-8 ft. chords, 3CLB’s, 1 6-20 ft. chords, 9 CLB'’s, 2 11-20 ft. chords, 9
diagonal diagonals CLB’s, 2 diagonals
10% to 50% of the allowable load level 10% to 50% of the allowable load level 10% to 50% of the allowable
(Ibs)* (Ibs)* load level (Ibs)*

684 1368 | 2053 | 2737 | 3421 684 1368 | 2053 2737 3421 684 1368 2053 2737 | 3421
-38 | -43 -31 | -0.5 44 62 124 183 243 301 110 217 319 412 491
-29 -58 -87 | -116 | -145 -2 -2 0.09 3 9 2 12 30 62 117
-41 -83 | -125 | -167 | -209 | -14 | -29 -45 -62 -79 -28 -58 -90 -127 | -167
-21 -41 -60 | -79 -99 -17 -34 -52 -70 -88 -33 -66 -102 | -139 | -180
129 | 225 | 303 | 363 408 -22 -43 -63 -83 -103 | -37 -73 -106 | -139 | -174
-15 -23 -32 -40 -15 -32 -50 -69 -87
-7 -15 -23 -32 -40 -15 -32 -50 -69 -87
-22 -43 -63 -83 -103 | -38 -73 -106 | -139 | -174
-17 -34 -52 -70 -88 -32 -66 -102 | -139 | -180
-14 | -29 -45 -62 -79 -28 -58 -90 -127 | -167
-2 -2 0.09 3 9 2 12 30 62 117
62 124 183 243 301 110 217 319 412 491

X |a|—|Z|O|Mm|[O|O|w| >
~

* Allowable load level was based on 2x4 No. 2 Southern Pine and an |J/d of 16.
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