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Design Guide for Cold-Formed Steel Purlin Roof Framing Systems, 2009 Edition

PREFACE

The Design Guide for Cold-Formed Steel Purlin Roof Framing Systems provides information
for the designer of single span and continuous multiple span steel purlin-supported roof
systems with an emphasis on the design anchorage systems. The Design Guide is based on the
American Iron and Steel Institute (AISI) North American Specification for the Design of Cold-Formed
Steel Structural Members, 2007 Edition. Where the Specification is silent on design issues, the
procedures are based on published references and on the opinions of the authors.

The Design Guide was co-sponsored by the American Iron and Steel Institute (AISI) and
the Metal Building Manufacturers Association (MBMA).

AISI and MBMA acknowledge the efforts of Dr. Thomas M. Murray, P.E., Emeritus
Professor of Civil Engineering and Environmental Engineer, Virginia Tech; Dr. Michael W. Seek
P.E., Walter Seek Engineering, Johnson City, Tennessee; and Mr. Jeff Sears, P.E., Kirkpatrick
Forest Curtis PC, Oklahoma City, Oklahoma. The authors wish to acknowledge the financial
assistance of Virginia Tech and Star Building Systems, Oklahoma City, Oklahoma, in
sponsoring a large part of the background research for this Design Guide. The contributions of
Dennis Watson, P.E., BC Steel, Oklahoma City, are also acknowledged.
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DESIGN GUIDE FOR
COLD-FORMED STEEL PURLIN ROOF FRAMING SYSTEMS

CHAPTER 1 INTRODUCTION

A typical cold-formed steel purlin roof framing system consists of four primary
components: roof sheathing (panels), purlins, purlin braces, and system anchorage. Such
systems are truly structural systems: the roof sheathing supports both gravity and wind uplift
loading while providing lateral support to the purlins. In turn, the purlins support the roof
sheathing and provide lateral and, together with flange braces, flexural-torsional support to the
supporting building frame members. The system anchorage restrains displacements of the
purlin in the plane of the roof with the resulting forces resisted by anchorage devices (anti-roll
clips) at the building frames or by restraint braces within the purlin spans. Optional in-plane or
torsional braces provide lateral support to purlins at discrete locations. Some purlins, referred
to as strut purlins, are required to carry axial force from the building end walls to the
longitudinal bracing system. Figure 1.1 shows cold-formed steel roof framing for a typical
metal building.

Roof
panel
\é\al?llé| - Anchorage
device
Rigid
frame

Figure 1.1 Typical Metal Building Framing

Steel roof panels serve as an environmental barrier as well as providing restraint to the
supporting purlins. Roof panels are one of two basic types: through-fastened (sometimes
referred to as screw-fastened) and standing seam. Panel profiles are commonly referred to as
pan-type as shown in Figure 1.2(a), or rib-type as shown in Figure 1.2(b). Through-fastened
panels are attached directly to the supporting purlins using self-drilling or self-tapping screws
as shown in Figure 1.3(a). Where purlins are highly restrained, thermal movement of attached
panels can potentially enlarge the screw holes resulting in roof leaks.

Standing seam roofing provides a virtually penetration-free surface resulting in a water-
tight roof membrane. Except at the building eave or ridge and panel end laps, standing seam
panels are attached to the supporting purlins using concealed clips as shown in Figure 1.3(b).
The clips are attached to the purlin flange using self drilling screws, that combine drilling and
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Chapter 1, Introduction

tapping functions. The standing seam clips are specially designed connection elements that are
embedded in the seam of the standing seam roof panels during field assembly. There are two
basic clip types: fixed, Figure 1.4(a) and sliding or two-piece clip, Figure 1.4(b). Thermal
movement is accounted for by movement between the roof panel and the fixed clip, by bending
of the fixed clip, or by movement between the parts of the sliding clips. The lateral support
provided by standing seam panels and clips is highly dependent on the panel profile and clip
details. The design of standing seam roof panels is described in the American Iron and Steel
Institute publication, A Guide for Designing with Standing Seam Roof Panels (AISI 1997).

NN

(a) Pan-Type Panel Profile

. va

(b) Rib-Type Panel Profile

Figure 1.2 Panel Profiles

Sheet to sheet fastener

Sheet to structural fastener
/_\ 1 [ 1 /_\ ﬁa\ 1 [\
— f f
Z - purlin

(a) Through-Fastened Panel

Clip fastener iStanding seam clip

Z - purlin >

(b) Standing Seam Panel

Figure 1.3 Roof Panel Profiles
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<
-

(a) Fixed Clip (b) Sliding or Two-Piece Clip

Figure 1.4 Types of Standing Seam Clips

Cold-formed steel roof framing systems are commonly constructed using cold-formed C- or
Z-sections, referred to as purlins. Purlins are considered the primary load carrying components
of the roof system but are commonly called secondary members with respect to the entire
building system. Generally, purlins are lapped as shown in Figure 1.5 to provide continuity
and therefore greater efficiency. Z-section purlins are essentially point-symmetric; however,
some manufacturers produce Z-sections with slightly unequal width flanges to facilitate nesting
in the lapped region. The lap connection is usually made with at least two machine-grade bolts
through the webs of the lapped purlins near each end of the lap as shown in Figure 1.5. In
addition, the purlins are either flange bolted to the supporting rafter or connected as shown in
Figure 1.6.

The effective lateral support provided to purlins by the panel and the system anchorage is a
function of the purlin attachment and the system details as well as the loading direction.
Generally, through-fastened sheathing is assumed to provide full lateral and torsional restraint
for gravity loading in the positive moment region (the portion of the span where the panel is
attached to the purlin compression flange). Design assumptions for the negative moment
region (the portion of the span where the panel is attached to the purlin tension flange) vary
from unrestrained to fully restrained. A common assumption is that the purlin is unbraced
between the end of the lap and the adjacent inflection point (AISI 1997), but this assumption
may be unduly conservative as is discussed in Chapter 2.

For uplift loading, through-fastened sheathing provides lateral but not full torsional
restraint. Attempts have been made to develop test methods to determine the torsional
restraint provided by specific panel profile/screw combinations. However, the variability of
the methods and their complexity necessitated something simpler for routine use.
Consequently, the empirical R-factor method was developed for determining the flexural
strength of through-fastened roof purlins under uplift loading

The lateral and torsional restraint provided by standing seam roof systems varies
considerably depending on the panel profile and the clip details. Consequently, a generic
solution is not possible and the Base Test Method (AISI 2008) was therefore developed.
Alternatively, the purlins can be designed as unbraced beams between restraint or brace
locations.
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Building
rafter

(a) Lapped C-Purlins

Building
. rafter

(b) Lapped Z-Purlins

Figure 1.5 Purlin Continuity Laps

] uf}
] uE]
N N

Figure 1.6 Purlin-to-Rafter Connections
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Additional lateral restraint to the purlins is sometimes provided by discrete purlin braces.
These braces may be horizontal angles capable of resisting compression or tension, angle X-
braces, threaded rods, proprietary devices, or torsional braces. Examples of discrete and
torsional braces are shown in Figure 1.7. Lateral bracing forces that accumulate either in the
discrete braces or the diaphragm must be anchored to the primary lateral load resisting system;
external anchorage is not needed for torsional braces.

— —

C

Y —

—

Angle T Purlin —

(a) Discrete Brace

(b) Torsional Braces

Figure 1.7 Examples of Discrete and Torsional Braces for Purlin Stability

The use of C- or Z-section purlins leads to eccentric loading and bending oblique to the
principal axes of the purlins, which cause the purlins to tend to twist. Typical engineering
practice is to design the purlins for the component of the applied load normal to the plane of the
roof using the purlin section properties about the centroidal axes that are perpendicular (x-axis)
and parallel (y-axis) to the purlin web. This approach assumes that the purlin experiences fully
constrained bending due to the load component parallel to the web and that the lateral and
torsional effects due to any eccentricity and the down slope component are negligible or are
resisted by some other means. It is common practice to assume that the partial lateral and
torsional restraint provided by the roof sheathing is adequate to reduce the torsional effect to a
negligible level provided the lateral displacements are held within prescribed limits. The
torsional moments transferred into the sheathing tend to counteract and are resolved within the
roof sheathing, and therefore do not typically require special consideration. However, the
lateral forces will accumulate as a shear force in the plane of the diaphragm that must be
removed by an external anchorage system. The behavior of Z-sections in roof systems is very
complex and subject to many subtleties. On low slope roofs, Z-sections have the tendency to
translate “uphill” towards the ridge; whereas, on roofs with steeper slopes, a Z-section will
translate “downhill” towards the eave.

System anchorage is used to limit the lateral (uphill or downhill) displacement of the
purlins. The most common system anchorage consists of devices or braces attached to purlin
webs near the top flange and directly or indirectly connected to the primary structural framing
to limit the lateral displacement of the purlins. Anchorage is most often applied at the purlin
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Chapter 1, Introduction

supports because of the ease in which the force can be transferred out of the system. When
located at the frame lines, the anchorage devices (anti-roll clips) typically consist of either a web
wing plate, a multi-piece welded assembly that is attached to the purlin web and to the top
flange of the rafter, or a diagonal bent clip as shown in Figure 1.6. Or, discrete anchorage points
may be located at various locations along the purlin span, similar to lateral restraint braces
described above. Anchorage braces and lateral restraint braces may be the same unless the
latter are “floating” braces. For anchorage braces within the purlin span, special detailing
considerations need to be addressed with preferred details varying greatly.

The intent of this Design Guide is to provide a comprehensive review of C- or Z-purlin
supported cold-formed steel purlin roof framing systems with emphasis on the design of
anchorage. All design provisions are from the 2007 edition of the American Iron and Steel
Institute North American Specification for the Design of Cold-Formed Steel Structural Members - ANSI
5100 2007 (AISI 2007), referred to hereafter as the Specification. Chapter 2 is an overview of
design methods for cold-formed purlin supported roof systems. The design of continuous
purlin lines is discussed in Chapter 3, along with ASD and LRFD example calculations. The
system anchorage requirements in the Specification are discussed in Chapter 4, as well as,
simplified and matrix based solutions, along with an extensive set of ASD and LRFD examples.
Chapter 5 includes alternate methods (the component stiffness method, frame element stiffness
modeling, and finite element modeling) for analyzing complex anchorage systems

Anchorage configurations, applications, and the analysis procedures in order of increasing
complexity are listed in Table 1.1 with references to the applicable sections of this Design Guide.
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Table 1.1 Anchorage Analysis Procedures

Frame Finite
Anchorage Simplified | Main Spec. | Matrix | Component | Element | Element
Confi urafcgion Application | Solution | Procedure | Solution | Stiffness Stiffness | Stiffness
& (4.5.1) 4.2) (4.52) | (453&51)| Model Model
(5.2) (5.3)
Lateral Bracing
(a) X X X X X X
Supports, 1/3
Points or (b) X X X X X
Midpoint
X X X
1/4 Points or
1/3 Points + (®) X X X
Supports X X
Arb1t1.‘ary X X
Locations
Torsional Bracing
1/3 Points +
Supports () X X
Arbitrary
. X
Locations

(@)  Uniform Purlin Spaces, Uniform Load, Top Flanges Facing Upslope and Anchors Evenly Distributed

(b)  Any "Reversed" Purlins Evenly Distributed
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CHAPTER 2 DESIGN METHODS FOR PURLINS

Symbols and Definitions Used in Chapter 2

b
d
B

Mntmin
N[n’cma

Mnt

Flange width of the purlin

Depth of the purlin

Purlin spacing

= 8.3 from Specification Table D6.3.1-1

= 28 from Specification Table D6.3.1-1

Yield stress for design

Measured yield stress of tested purlin

Moment of inertia of full unreduced section about major centroidal axis
Product of inertia of full unreduced section about major and minor centroidal axes
Span of the purlins tested, center to center of the supports

Nominal flexural strength of a fully constrained beam, Ser

Average flexural strength of the thinnest sections tested

. Average flexural strength of the thickest sections tested

Flexural strength of a tested purlin, SetFyt

Failure moment for the single span purlins tested, wsL2/8

Weight of the specimen (force/area)

Failure load (force/area) of the single span system tested

Lateral anchorage force in accordance with Section D6.3.1 of the AISI 5100
Correction factor

Reduction factor computed for nominal purlin properties
Modification factor from test, Mg/ Mnt

Mean minus one standard deviation of the reduction factors of the three thinnest

purlins tested
Mean minus one standard deviation of the reduction factors of the three thickest

purlins tested

Tributary width of the purlins tested

Section modulus of the effective section

Section modulus of the effective section of the tested member using measured
dimensions and the measured yield stress

Purlin thickness

Thickness of uncompressed glass fiber blanket insulation

Failure load (force/length) of the single span purlins tested
Resistance factor

Safety factor
One standard deviation of the R¢ factors of the thickest purlin tested

One standard deviation of the R; factors of the thinnest purlin tested
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Chapter 2, Design Method for Purlins

2.1 General

The Specification provides an empirical based method for determining the uplift loading
strength of purlins in through-fastened panel roof systems (the R-Factor Method) and a test
based method for both the gravity and uplift loading purlin strength in standing seam panel
roof systems (the Base Test Method). Determination of the gravity loading strength of through-
fastened panel systems is not specified. The industry practice is to assume full lateral and
torsional support in the positive moment region and within the purlin lap, but no lateral
support between an inflection point and the end of the lap in the negative moment region.
However, recent testing (Bryant and Murray 2000) has shown that full lateral and torsional
support can also be assumed in this region. Lateral and torsional support for cantilevers is a
matter of engineering judgment.

Testing and rational engineering methods are permitted by the Specification for certain
circumstances. For instance in Specification Section D6.1.1, Flexural Members Having One
Flange Through-Fastened to Deck or Sheathing, it is stated that “if variables fall outside any of
the above stated limits, the user shall perform full scale tests ... or apply a rational engineering
analysis procedure.”

2.2 R-Factor Method for Purlins Supporting Through-Fastened Panel Systems with Uplift
Loading

The design procedure for purlins subject to uplift loading in Specification Section D6.1.1,
Flexural Members Having One Flange Through-Fastened to Deck or Sheathing, is based on the
use of reduction factors (R-factors) to account for the flexural, torsional or nonlinear distortional
behavior of purlins with through-fastened sheathing. The R-factors are based on tests
performed on simple span and continuous span systems using both C- and Z-sections. All tests
were conducted without intermediate lateral bracing.

The R-factor design method simply involves applying a reduction factor (R) to the full elastic
bending section strength (SeFy) as given by Specification Equation (D6.1.1-1) to give the nominal
member moment strength.
Mp = RSeFy (Eq. D6.1.1-1)
with
R = 0.6 for continuous span C-sections
= 0.7 for continuous span Z-sections

values from Specification Table D6.1.1-1 for simple span C- and Z-sections.

The restraint provided to the purlin is dependent on the behavior of the panel-to-purlin
connection, and the rotational stiffness of the connection is dependent on purlin thickness,
panel thickness, fastener type and location, and insulation. Therefore, the reduction factors
only apply for the range of sections, lap lengths, panel configurations, and fasteners tested as set
out in Specification Section D6.1.1. For continuous span purlins, compressed glass fiber blanket
insulation of thickness between zero and 6 in. does not measurably affect the purlin strength.
The effect is greater for simple span purlins requiring that the reduction factor (R) be further
reduced to rR, where

r =1.00 - 0.01t; (Eq. D6.1.1-2)
The resulting design strength moment (¢,M;,) or the allowable stress design moment

capacity (Mp/Qp) is compared with the maximum bending moment in the span determined
from an elastic analysis. The resistance factor (¢p) is 0.90 and the safety factor (Qp,) is 1.67.
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The Specification R-factor design method does not apply to the region of a continuous beam
between an inflection point and a support nor to cantilever beams. For these cases, the design
must explicitly consider lateral-torsional buckling.

If the section geometry, lap length, panel configuration, fastener or combinations thereof are
outside the Section D6.1.1 limits, full-scale tests or a rational engineering analysis may be used
to determine the design strength.

2.3 The Base Test Method for Standing Seam Panel Systems

The lateral and torsional restraint provided by standing seam sheathing and clips depends
on the panel profile and clip details. Lateral restraint is provided by both friction in the clip and
drape or hugging of the sheathing. Because of the wide range of panel profiles and clip details,
a generic solution for the restraint provided by the system is impossible. For this reason the
Base Test Method uses separate sets of simple span, two purlin line tests to establish the
nominal moment strength of the positive moment regions of gravity loaded systems and the
negative moment regions of uplift loaded systems. The results are then used to predict the
strength of multi-span, multi-line systems for either gravity or wind uplift loadings.

The nominal moment strength of the positive moment regions for gravity loading or the
negative moment regions for uplift loading is to be determined using Specification Equation
D6.1.2-1 given as

Mp = RSeFy (Eq. D6.1.2-1)

with R = the reduction factor determined in accordance with AISI S908 “Base Test Method

for Purlins Supporting a Standing Seam Roof System” (AISI 2008). The resistance factor (¢p) for
LRFD design is 0.90 and the factor of safety (Q,) for ASD design is 1.67.

To determine the relationship for R, six tests are required for each gravity or uplift load case
and for each combination of panel profile, clip configuration, and purlin profile, and lateral
bracing layout. A purlin profile is defined as a set of purlins with the same depth, flange width,
and edge stiffener angle, but with varying thickness and edge stiffener length. Three of the tests
are conducted using the thinnest material and three using the thickest material used by the
manufacturer for the purlin profile. All components used in the base tests must be nominally
identical to those used in the actual systems. The purlins must be oriented in the same direction
(purlin top flanges facing toward the building ridge or toward the building eave) as used in the
actual building.

Results from the six tests are then used in Equation (2.3.1) to determine an R-factor
relationship

Ry  -Ry _
R =| oM (M, =My )+ Ry, <10 (Eq. 2.3.1)

Ntmax Mntmin
The reduction factor for each test (Ry) is computed from
R¢=Mis / Mnt (Eq. 2.3.2)
Reported reduction factor values are generally between 0.40 and 0.98 for both gravity and
uplift loading depending on the panel profile and clip details. Gravity loading tends to increase
purlin rotation as shown in Figure 2.3.1(a), and uplift loading tends to decrease Z-purlin
rotation as shown in Figure 2.3.1(b). For some standing seam Z-purlin systems, sufficient
torsional restraint is provided by the panel/clip connection, so that a larger reduction factor
may be obtained for uplift loading than for gravity loading.
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Figure 2.3.1 Purlin Rotation due to Gravity and Uplift Loading

The maximum single span moment (My) is determined using the loading at failure
determined from
Wis = (Pts + Pd) s +2PL (d/B) (Eq. 2.3.3)
where
C2 Iyl 0.25bt
P =05 +C3 +
L £1ooo Id 2 (Pts +Pda)s
The expression 2P (d/B) in Equation (2.3.3) takes into account the effect of the overturning
moment on the system due to the anchorage forces applied at the top flange of the purlin by the
panel and resisted at the bottom flange of the purlin at the support. The expression 2Py (d/B) is
applied only to Z-sections under gravity loading when the purlin flanges are facing in the same
direction, but is not to be included when discrete point braces are used and the braces are
restrained from lateral movement. In addition, the expression 2Py (d/B) is not to be applied
unless the downslope (eave side) purlin is the first to fail.

The AISI Base Test procedure requires that the tests be conducted using a test chamber
capable of supporting a positive or negative internal pressure differential. Figure 2.3.2 shows a
typical chamber.

Construction of a test setup must match that of the field erection manuals of the standing
seam roof system manufacturer. The lateral bracing provided in the test must match the actual
field conditions. For example, if anchorage devices are installed at the rafter support of each
purlin in the test then anchorage devices must be provided at every purlin support location in
the actual roof. Likewise, if intermediate lateral support is provided in the test, the support
configuration is required in the actual roof. If anti-roll clips are used at the supports of only one
purlin in the test, the unrestrained purlin can be considered a “field” purlin as long as there is
no positive connection between the two purlins. That is, if standing seam panels or an end-
support angle is not screw-connected to both purlins, the actual “field” purlins need only be
attached to the primary support member.
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Figure 2.3.2 Base Test Chamber

Example 2.1. The R-value relationship for a set of gravity loading base test data is to be
determined. The tests were conducted using Z-sections with nominal thicknesses of 0.060
in. and 0.095 in. and a nominal yield stress of 55 ksi. The span length was 22 ft 9 in. and
intermediate lateral braces were installed at the one-third points. In the following, the total
supported load (wys) is equal to the sum of the applied load (w) and the weight of the

sheathing and purlins (wg). The maximum applied moment is M. The moment My is
calculated using an effective section modulus, Se;, determined using on the measured
thickness, t, and the measured yield stress, Ey. The reduction factor for each test, Ry, is from
Equation 2.3.2.

A. Summary of Test Loadings

Test Max. Applied Deck Purlin Weight | wy Total Load, Mg
Number Load Weight Wig
w (Ib/ft) (Ib/ ft) (Ib/ ft) (Ib/ ft) (Ib/ ft) (kip-in)
1 91.8 4.0 3.10 7.10 98.9 76.8
2 86.3 4.0 3.14 7.14 934 72.5
3 81.8 4.0 3.10 7.10 88.9 69.0
4 186.5 4.0 5.05 9.05 195.4 151.7
5 189.1 4.0 5.01 9.01 198.1 153.8
6 184.5 4.0 491 8.91 193.4 150.2
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B. Reduction Factor Data

Test t Setf Fy Mnt=8efny Mg R¢

Number (in.) (in.) (ksi) (kip-in) (kip-in)

1 0.059 1.88 60.0 112.8 76.8 0.681

2 0.059 1.90 59.2 112.5 725 0.645

3 0.060 1.92 57.3 110.0 69.0 0.628
Average 111.8 0.651

4 0.097 3.38 68.4 231.2 151.7 0.656

5 0.096 3.38 67.1 226.8 153.8 0.678

6 0.097 3.30 66.5 219.4 150.2 0.685
Average 225.8 0.673

Using the test data,

Omax = one standard deviation of the modification factors of the thickest purlins
tested = 0.0148
Omin = one standard deviation of the modification factors of the thinnest purlins

tested = 0.0271
R . =0.651-0.0271=0.624
min

R =0.673-0.0148 =0.658
max

Mnt,;,, =111.8kip—in
Mnt,,,, =225.8kip—in

C. Reduction Factor Relation

Using Equation (2.3.1):
Rtmax _Rtmin Vi
R=|= — Mp —Mp, . )+Ry <10 (Eq.2.3.1)
Mntmax a Mntmin
= (MJ(MH ~111.8)+0.624<1.0
225.8-111.8

=0.298(M,, —111.8)/1000+0.624 <1.0

The variation of R with purlin strength for the standing seam roof system tested is shown in
Figure 2.3.3. Figure 2.3.3 shows the R-value line with slope upward to the right. For some
standing seam roof systems, the line will slope downward to the right.

D. Application

For a purlin having the same nominal depth, flange width, edge stiffener slope, and material
specification as those used in the above and with a nominal flexural strength My, = SeFy = 135
in-kips, the reduction factor is

R =0.298 (135-111.8) /1000 + 0.624 = 0.631
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Figure 2.3.3 Reduction Factor versus Nominal Moment Strength

The positive moment design strength is then:

LRFD:

op = 0.90

OMp = ¢pRSeFy =0.90 x 0.631 x135 = 76.7 kip-in.
ASD:

Qp = 1.67

M = RScFy/Qp=0.631 x 135/1.67 = 51.0 kip-in.

The Base Test Method requires that a set of six base tests must be conducted for each
combination of purlin profile, deck panel profile, clip type, intermediate bracing configuration,
and loading. This requirement can result in a large number of tests for a given manufacturer.
For instance, if a manufacturer produces

e a Z-purlin profile with two flange widths,

e a standing seam deck profile with two thicknesses, and
o three clips types (low sliding, high sliding, and low fixed),

the required number of base tests is (2 x 2 x 3) times six base tests for each loading condition or
156 tests.

Trout and Murray (2000) found that, for a specific purlin depth, purlin flange width, clip
type, and roof panel thickness have an effect on the strength of standing seam roof systems. By
comparing the strength reduction factors obtained from tests using various roof components,
the following trends were found: a single clip type produced the lowest results when compared
to the other clips. Tests using purlins with a narrow flange width resulted in lower strengths
for both thin and thick purlins of the same nominal cross-section. And, roof panel thickness
was found to have no effect on the strength of systems constructed with 10 in. deep purlins but
did affect the strength when 8 in. deep purlins were used. Although none of the roof
components can be completely eliminated from a test matrix, by using trend relationships an
acceptable test protocol was developed for reducing the number of tests required for the Base
Test Method.

Assuming a manufacturer has three clip types, two flange widths for each purlin type of one
depth, and two nominally identical standing seam panel profiles rolled in two gages, the
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following procedure will result in a R-value relationship (Equation 2.3.1) for all combinations

with relatively few base tests. This procedure assumes that the combination of one panel

thickness, one clip type, and the purlin cross-section with the narrower flange width results in
the lowest R-value for all other combinations of parameters. The procedure is:

e The clip type, which is thought to result in the lowest Ri-value is selected. For illustration,
type C3 (tall sliding) is assumed.

e Using this clip type, the thinner panel, and the purlin with the narrow flange width, two
base tests are conducted for one depth purlin of the same nominal cross-section. One base
test is conducted with the thinnest purlin and one test with the thickest purlin in the
inventory.

e With the R¢-values from the two tests, a trend line is found as shown in Figure 2.3.4.
Depending on the details of the system, the trend line can have either positive or negative
slope as shown.

e To verify the choice of clip, two additional tests are conducted using the purlin thickness
that resulted in the lower Ri-value, one with each of the other two clip types C1 and C2. In
Figure 2.3.4, the thinner purlin controls for the solid trend line and the thicker purlin
controls for the dashed trend line.

e If the original clip type does result in the lowest Ri-value, as shown in Figure 2.3.5, the
choice of clip type is verified.

e If the original clip does not result in the lowest Ri-value, a test using the clip with the lowest
R¢-value and the other purlin thickness is conducted. Figure 2.3.6 shows the resulting data,
assuming clip type C2 is the controlling clip type.

Clip Type Trend
100.0 - Narrow Flange Width
90.0
X 80.0 - Cc3
o
S 700
< 60.0 - —
0» 500 - Tt ~— e
3 400 | Cs3 - @
L 300
o 200 & C3 Tall Sliding Clip
10.0 |
0.0 ; ; ; ‘
0.040 0.060 0.080 0.100 0.120
Purlin Thickness (in.)

Figure 2.3.4 Possible Clip Type Trend Relationships
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Clip Type Trend
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Figure 2.3.5 Confirmation of Initial Choice of Clip Type
Clip Type Trend
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Figure 2.3.6 Confirmation of Clip Type

¢ Knowing the controlling clip type, two additional tests are required to validate the
choice of panel thickness: one test is conducted using the controlling clip-type, the
thinner purlin, and the other panel thickness; the other test is conducted using the
controlling clip-type, the thicker purlin thickness and the other panel thickness.

e Using the combination of clip-type and panel thickness that resulted in the lowest
R¢-value for the two purlin thicknesses, the remaining four tests required for the
Base Test Method are then conducted and the R-value relationship is developed.
Figure 2.3.7 shows the completed test sequence and the final R-value line.
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Clip Type Trend
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Figure 2.3.7 Final Results

Using the reduction procedure and assuming only one purlin depth and one purlin cross-
section, the minimum required number of tests, for an inventory with three clip types, two
flange widths, and two panel thicknesses is:

e Two tests with the initial clip type assumption to determine slope of the trend line (one
thin and one thick purlin).

e Two tests to confirm initial clip-type selection (two remaining clip types).
¢ One test to determine panel thickness trend (with controlling clip type).
e Four tests required to meet the requirements of the Base Test Method.

Thatis, 2+ 2+ 1+ 4 or 9 tests. Thus, the required number of base tests for the loading condition
(gravity or uplift) being considered is reduced from 72 tests (see Section 1.1) to 9 tests in the
best-case scenario. The worst-case scenario requires 14 tests.

Example 2.2. This example demonstrates the above procedure using actual test data. The
following components were used in the tests:

e Three clip types: low sliding clip (C1), low fixed clip (C2), and tall sliding clip (C3).
e 8in. deep Z-purlins with two thicknesses, thinnest and thickest in the inventory.
e Two flange widths: 2-%2 in. and 3-%2 in.

R;-Values

100.0 7 22 Ga Panel, Narrow Flange

90.0 A

80.0 |
g 7001
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$ 5007 57.1% C3 tst 1
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2 00
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10.0 1

0.0 ; ; ; : : : : ‘
0.040 0.050 0.060 0.070 0.080 0.090 0.100 0.110 0.120
Purlin Thickness (in.)
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Figure 2.3.8 Initial test with Assumed Controlling Clip Type
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e 22 ga. and 24 ga. standing seam roof panel thicknesses having nominally identical profiles.
It was initially assumed that the tall sliding clip, C3, controls, and the initial two tests were
conducted using the thinnest and thickest 8 in. deep Z-purlins with 2-%2 in. flange width

(narrow flange) and the 22 ga. roof panel. The results of these tests are shown in Figure
2.3.8. The thinner purlin gives the lower Ri-value of 0.571 (57.1 percent).

Based on these results, tests were conducted using the other two clip types, low sliding, C1,
and low fixed, C2, and tested using the thinner purlin thickness, with all other roof
components remaining nominally the same. The resulting Ri-values for the tests are shown
in Figure 2.3.9. The R¢-values obtained where 60.2 percent (C1) and 61.4 percent (C3),
confirming that the high sliding clip controls. If the original clip selection did not result in
the lowest Ri-value, a test using the clip with the lowest R¢-value and the other purlin
thickness would be conducted.

R;-Values
100.0
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>
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0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Purlin Thickness (in.)
8" Z-Purlin
Figure 2.3.9 Controlling Clip Type Verification
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Figure 2.3.10 Roof Panel Trend Verification

After finding the controlling clip type and purlin thickness that results in the lowest R¢-
value, the next step was to validate the panel thickness assumption. To do this, a test
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constructed using the same clip type and purlin thickness with the other roof panel
thickness was conducted. From Figure 2.3.10, the high sliding clip, C3, and the thinner
purlin resulted in the lowest R¢-value. Therefore, a test was conducted using the same clip
type and purlin thickness but with 24 gage deck material. The resulting Ri-value is 64.8
percent, which is greater than the R-value of 57.1 percent when the 22-gage roof panel was
used as shown in Figure 2.3.10. Thus, the remaining tests were conducted using the 22-
gage panel.

Knowing the combination of clip-type and panel thickness, which results in the lowest R¢-

value for the two-purlin thicknesses, four additional tests were required to satisfy the
requirements of the Base Test Method. Figure 2.3.11 shows the results of the completed test
sequence.

From the test data generated, the expression for the reduction factor (Equation 2.3.1) is

R, Values
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Figure 2.3.11 Final Verification

developed as follows. From data in Table 2.3.1,
Rtmm =0.555-0.018 =0.537

Ry =0.751-0.019=0.732
max
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Table 2.3.1 Summary of Gravity Loading Base Test Results

Test No. Purlin Thickness Re-value Mnt=.StFy

(in.) (K-in.)

1 0.062 0.571 110.5

8 0.062 0.559 118.3

9 0.060 0.535 116.3

Average 0.555 115.0
Standard Deviation 0.018

2 0.105 0.770 215.3

6 0.105 0.751 218.3

7 0.106 0.733 219.7

Average 0.751 217.8
Standard Deviation 0.019
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Hntmin =115.0kip —in
M, =217.8kip—in

Thus, the reduction factor equation, in terms of the nominal flexural strength of the section,
My, for the tested purlins is:

R, -R;. _
R=|—max__min__ |\ M. )+R, . <10 (2.3.1)
M -M n Ntmin min
Ntmax Ntpmin
0.732-0.537
= =—=—=——"|M,, -115.0)+0.537 < 1.0
217.8-115.0
=1.897(M,, —115.0) /1000 +0.537 <1.0
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Figure 2.3.12 Roof Panel Thickness Trend
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Figure 2.3.13 Determination of Panel Thickness Trend

If the initial choice of roof panel thickness did not result in the lowest Ri-value, as shown in

Figure 2.3.10, three

additional tests are required to determine the controlling combination.

For example, suppose that the use of a 24-gage panel resulted in an R-value of 45 percent,
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as shown in Figure 2.3.12. A controlling purlin thickness, with the now controlling panel
thickness, would need to be determined. A test is constructed using the same clip type and
the now controlling panel thickness with the thicker purlin. With the Ri-values from the

two tests a trend line is found as shown in Figure 2.3.13. The thinner purlin gives the lower
R¢-value of 45.0 percent, meaning the thinner purlin is the controlling purlin thickness for
the roof system constructed with the 24-gage roof panel.

To verify the controlling clip, two additional tests are conducted using the purlin thickness,
which resulted in the lower Ri-value, one with each of the other two clip types (C1 and C2).

These two data points are plotted and used to verify that the initial controlling clip type
continues to give the lowest R¢- value. The resulting Ri-values for the test with the low fixed

and low sliding clip are shown in Figure 2.3.14. The R-values obtained were 55.0 percent
and 65.0 percent, confirming that the high sliding clip controls.

Knowing the combination of clip type and purlin thickness that result in the lowest R-value
for the 24-gage roof panel, the remaining four tests required by the Base Test Method are
conducted, and the R-value relationship, Equation 2.3.1, is developed as shown above.

For this testing scenario, the required number of base tests increases from 9 to 11, but is less
than the 72 tests required by the original test procedure 2, Component Stiffness Method.

Summary of R;Values
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Figure 2.3.14 Controlling Clip Type Verification
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CHAPTER 3 CONTINUOUS PURLIN DESIGN

Symbols and Definitions Used in Chapter 3

Ay
b

C
Cop
Ch
CN

zs e
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~<

T o
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~<

F‘KZ'\‘z\"

L5 F

=3l

Area of web

Flange width

Coefficient from Specification Table C3.4.1-3
Bending coefficient dependent on moment gradient
Web slenderness coefficient

Bearing length coefficient

Inside bend radius coefficient

Torsional warping constant of cross-section
Dead load

Depth of section

Modulus of elasticity of steel, 29,500 ksi
Elastic distortional buckling stress

Elastic buckling stress

Nominal shear stress

Yield stress

Shear modulus of steel, 11,300 ksi

Depth of flat portion of web measured along plane

Moment of inertia of full unreduced section about principal axis

Moment of inertia of compression portion of section about centroidal axis of entire
section parallel to web, using full unreduced section

Shear buckling coefficient

Effective length factor for buckling about y-axis

Span length

Roof live load

Unbraced length of compression member for bending about y-axis

Required allowable flexural strength, ASD

Required flexural strength at, or immediately adjacent to, the point of application of
the concentrated load or reaction, P

Required flexural strength [factored moment]

Dead load bending moment

Roof live load bending moment

Nominal flexural strength [resistance]

Sum of nominal flexural strength about the centroidal x-axis of each purlin at the
support determined in accordance with Specification Section C3.1.1

Required flexural strength for LRFD

Wind load bending moment

Actual length of bearing

Required allowable strength for concentrated load or reaction in presence of bending
moment

Required strength for concentrated load or reaction in presence of bending moment
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Pp
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Dead load reaction

Sum of nominal strength for concentrated load or reaction of each purlin at support in
absence of bending moment determined in accordance with Specification Section C3.4
Reduction factor determined in accordance with AISI S908

Reduction factor determined from uplift tests in accordance with AISI S908

Inside bend radius
Elastic section modulus of effective section calculated relative to extreme

compression or tension fiber at Fy

Elastic section modulus of full unreduced section relative to extreme compression fiber
Base steel thickness of any element or section

Required allowable shear strength for ASD

Required shear strength

Shear force due to deal load

Shear force due to roof live load

Nominal shear strength

Required shear strength for LRFD

Angle between web and bearing surface >45° but no more than 90°
Angle between vertical and plane of web of Z-section

Poisson’s ratio for steel, 0.30
Resistance factor for bending strength

Resistance factor for shear strength
Resistance factor for web crippling strength
Safety factor for bending strength

Safety factor for shear strength

Safety factor for web crippling strength

3.1 Design Assumptions

Because most Z-purlins are essentially point symmetric and the applied loading is generally
not parallel to a principal axis, the response to both gravity and wind uplift loading is complex.
The problem is somewhat less complex for continuous C-purlins since bending is about
principal axes. Design is further complicated when standing seam roof panels, which may
provide only partial lateral-torsional restraint, are used. In addition to Specification provisions a
number of design and analysis assumptions are needed. Commonly used assumptions are:

1. Constrained bending, that is bending is about an axis perpendicular to the web.

2. Full lateral support is provided by through-fastened roof sheathing in the positive
moment regions.

3. Partial lateral support is provided by standing seam roof sheathing in the positive
moment regions, or the purlins are laterally unrestrained between intermediate braces.
For the former assumption, the AISI Base Test Method is used to determine the level of
restraint. For the latter assumption, Specification lateral buckling equations are used to
determine the purlin strength.

4. An inflection point is a brace point.

5. For analysis, the purlin line is either considered prismatic, e.g. ignoring the increased
stiffness because of the two cross-sections within the lap, or the purlin line is considered
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non-prismatic, e.g. considering the increased stiffness within the lap.

6. Use of vertical short-slotted holes, which facilitate erection of the purlin lines, for the
bolted lap web-to-web connection does not affect the strength of continuous purlin lines.

7. The critical location for checking combined bending and shear is immediately adjacent to
the end of the lap in the single purlin.

Constrained bending implies that bending is about an axis perpendicular to the Z-purlin
web and that there is no purlin movement perpendicular to the web. That is, all movement is
constrained in a plane parallel to the web. Since a Z-purlin is point symmetric and because the
applied load vector is not generally parallel to a principal axis of the purlin, the purlin tends to
move out of the plane of the web and rotate. Constrained bending therefore is not the actual
behavior. However, it is a universally used assumption and its appropriateness is implied in
the Specification. For instance, in the nominal strength equations for Z-sections in Specification
Section C3.1.2.1 Lateral-Torsional Buckling Strength (Resistance) of the Specification, the “x-axis
shall be the centroidal axis perpendicular to the web.” All of the analyses referred to in this
Section are based on the constrained bending assumption.

It is also assumed that through-fastened roof sheathing provides full restraint support to the
purlin in the positive moment region. It is obvious that this assumption does not apply equally
to standing seam roof systems. The degree of restraint provided depends on the panel profile,
seaming method, and clip details. The restraint provided by the standing seam system consists
of panel drape (or hugging) and clip friction or lockup. Lower values are obtained when “snap-
together” (e.g. no field seaming) panels and two-piece (or sliding) clips are used. Higher values
are obtained when field seamed panels and fixed clips are used. However, exceptions apply to
both of these general statements.

Specification Appendix A Section D6.1.2 Flexural Members Having One flange Fastened to a
Standing Seam Roof System allows the designer to determine the design strength of C- and Z-
purlins using (1) the theoretical lateral-torsional buckling strength equations in Specification
Section C3.1.2, or (2) the Base Test Method as described in Section 2.3 of this Design Guide. The
Base Test Method indirectly establishes the lateral-torsional restraint provided by a standing
seam panel/clip/bracing combination.

If intermediate braces are not used, a lateral-torsional buckling analysis will predict an
equivalent R-value in the range 0.12-0.20 for typical depth-to-span ratios. The corresponding
Base Test generated R-value will tend to be three to five times larger, which clearly shows the
beneficial effects of panel drape and clip restraint. If intermediate bracing is used, Base Test
Method generated R-values will sometimes be less than that predicted by a lateral-torsional
analysis with the unbraced length equal to the distance between intermediate brace locations.
The latter results are somewhat disturbing in that panel/clip restraint is not considered in the
analytical solution, yet the resulting strength is greater than the experimentally determined
value. Possible explanations are that the intermediate brace anchorage in the base test is not as
rigid as assumed in the Specification equations, or distortional buckling contributes to the failure
mechanism. Also, the Commentary to Specification Section C3.1.2.1 states for Z-sections “a
conservative design approach has been and is being used in the Specification, in which the elastic
critical moment is taken to be one-half of that of for I-members” with no reference to test data
given.

One of two analysis assumptions are commonly made by designers of multiple span,
lapped, purlin lines: (1) prismatic (uniform) moment of inertia or (2) non-prismatic (non-
uniform) moment of inertia. For the prismatic assumption, the additional stiffness caused by
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the increased moment of inertia within the lap is ignored. For the non-prismatic assumption,
the additional stiffness is accounted for by using the sum of the moments of inertia of the
purlins forming the lap. Larger positive (mid-span) moments and smaller negative (end-region)
moments result when the first assumption is used with gravity loading. The reverse is true for
the second assumption. For uplift loading the same conclusions apply except that positive and
negative moment locations are reversed. It follows then that the prismatic assumption is more
conservative if the controlling strength location is within the span (the positive moment region)
and that the non-prismatic assumption is more conservative if the controlling strength location
is at the supports, i.e. within or near the lap (the negative moment region).

Since the purlins are not continuously connected within the lap, full continuity will not be
achieved, the degree of fixity is difficult to determine experimentally. However, experimental
evidence indicates that the non-prismatic assumption is the more accurate approach (Murray
and Elhouar 1994).

For many years it has been generally accepted that an inflection point is a brace point in a Z-
purlin line; however, it is not so stated in the Specification. The American Institute of Steel
Construction (AISC) Specification for Structural Steel Buildings (AISC 2005) states that an
inflection point is not a brace point. In the AISI Design Guide A Guide for Designing with
Standing Seam Roof Panels (AISI 1997) the inflection point is not considered as a brace point and
the bending coefficient Cy, is taken as 1.0. The inflection point has also been considered a brace

point with Cy, taken as 1.75 (CCFSS, 1992).

Because C- and Z-purlins tend to rotate or move in opposite directions on each side of an
inflection point, tests were conducted by Bryant and Murray (2000) to determine if an inflection
point can be safely assumed to behave as a brace point in continuous, gravity loaded, C- and Z-
purlin lines of both through-fastened and standing seam roof systems. In the study,
instrumentation was used to verify the actual location of the inflection point and the lateral
movement of the bottom flange of the purlins on each side of the inflection point, as well as
near the maximum moment location in an exterior span. The results were compared to
movement predicted by finite element models of two of the tests. Both the experimental and
analytical results showed that although lateral movement did occur at the inflection point, the
movement was considerably less than at other locations along the purlins. The bottom flanges
on both sides of the inflection point moved in the same direction and double curvature was not
apparent from either the experimental or finite element results. The lateral movement in the
tests using lapped C-purlins was larger than the movement in the Z-purlin tests, but was still
relatively small. From these results it would seem that an inflection point is not a brace point.

The predicted and experimental controlling limit state for the three tests using through-
fastened roof sheathing was shear plus bending failure immediately outside the lap in the
exterior test bay. The experiment failure loads were compared to predicted values using
provisions of the Specification and assuming (1) the inflection point is not a brace point, (2) the
inflection point is a brace point, and (3) the negative moment region strength is equal to the
effective yield moment, S¢Fy. All three analysis assumptions resulted in predicted failure loads
less than the experimental failure loads: up to 23% for assumption (1), up to 11% for assumption
(2), and approximately 8% for assumption (3). It is difficult to draw definite conclusions from
this data. However, it is clear that the bottom flange of a continuous purlin line moves laterally
in the same direction on both sides of an inflection point, but the movement is relatively small.
It appears that assuming full lateral-torsional restraint for through-fastened roof systems is
conservative.
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The web-to-web connection in lapped Z-purlin lines is generally made with two, %2 in.
diameter, machine bolts approximately 1%z in. from the end of the purlin as shown in Figure 1.5.
To facilitate erection, vertical slotted web holes are generally used, which may allow slip in the
lap invalidating the continuous purlin assumption. Murray and Elhouar (1994) analyzed 24
continuous span tests where vertical slotted holes were used in the lap connections. They found
no indication in the data that the use of slots in the web connections of lapped purlins has any
effect on the flexural strength of the purlins.

The moment gradient between the inflection point and rafter support of continuous purlin
lines is steep. As a result, the location where combined bending and shear is checked can be
critical. The industry practice is to assume the critical location is immediately outside of the
lapped portions of continuous Z-purlin systems, that is, in the single purlin, as opposed to at
the web bolt line. The rationale for the assumption is that for cold-formed Z-purlins, the limit
state of combined bending and shear is actually web buckling. Near the end of the lap and
especially at the web-to-web bolt line, out of plane movement is restricted by the non-stressed
purlin section, thus buckling cannot occur at this location. Figure 3.1.1 verifies this contention.
The corresponding assumption for C-purlin systems is that the shear plus bending limit state
occurs at the web-to-web vertical bolt line.

Figure 3.1.1 Photograph of Failed Purlin at End of Lap

3.2 Four Span Continuous Z-Purlins Attached to Standing Seam Panels Desigh Example (Gravity
and Uplift Loads) -- ASD

Given:
1. Four span Z-purlin system using laps at interior support points to create continuity.
2. Roof covering is attached with standing seam panel clips along the entire length of the
purlins.
Twelve purlin lines.
Fy = 55 ksi
Roof Slope = 0.5:12.
The top flange of each purlin is facing upslope except the purlin closest to the eave,
which has its top flange facing downslope.

oG W
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7. There are no discrete braces; anti-roll clips are provided at each support of every fourth
purlin line.
8. Purlin flanges are bolted to a %4-in. thick support member with a bearing length of 5 in.
9. Tested R-values using the AISI Base Test Method:
For gravity loads:
R = 0.85 for the 0.085 in. thick purlin.
R =0.90 for the 0.059 in. thick purlin.
For uplift load:
R =0.70 for the 0.085 in thick purlin.
R =0.70 for the 0.059 in. thick purlin.

10. The loads shown are parallel to the purlin webs.
Dead Load = 15plf, Live Load = 100plf, Wind Uplift = 115plf
. 25'-0" 25'-0" 25'-0" 25'-0" ,
‘ 2-0" | 3-6" 10" 1o 36" | 2-0" ‘
| T Bl | |
8ZS2.75x085 87S2.75x059 8ZS2.75x059 8ZS2.75x085
4& & & 4&
Dead Live Wind
o o o
. 0.44 0.34 2.92 2.25 -3.36 -2.59
Reaction | 0.14 0.95 -1.09
(kips)
0.95 1.3f 1.02
Shear | 014 021 | o1 155 1174 1.18 | [1.30
(kips)
0.20] 10.23 0.15 |]0.17
1.35] J1.58 1.03 ||1.13 1.09 1.58 117
4.98' )
596 7.43' 453 8.5 5.02
' 1.98
Moment 068 0.3 5.25) 277 3.78
(kip-ft)
0.69 {72040 049 [Joss 457 3.28 320 557
.44 - 4.37 5.1
Notes: 1) Moments and forces are from unfactored nominal loads
2) Lap dimensions are shown to connection points of purlins
Figure 3.2.1 Shear and Moment Diagrams
Required:
1. Check the design using ASD with ASCE/SEI 7-05 (ASCE 2005) load combinations for
Gravity Loads.
2. Check the design for uplift loads using ASD with ASCE/SEI 7-05 load combinations for
Wind Uplift Loads.
Solutions:

Note: The equations referenced in the example refer to the Specification equation numbers.
Design Manual refers to the Cold Formed Steel Design Manual (AISI 2008a).
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1. Assumptions for Analysis and Application of the Specification Provisions

The Specification does not define the methods of analysis to be used; these judgments are the
responsibility of the designer. The following assumptions are considered good practice but are
not intended to prohibit other approaches:

a.

b.

The purlins are connected within the lapped portions in a manner that achieves full
continuity between the individual purlin members.

The continuous beam analysis to establish the shear and moment diagrams assumes
continuous non-prismatic members between supports in which I, within the lapped
portions is the sum of the individual members. Gross values of I are used for the
beam analysis.

. The strength within the lapped portions is assumed to be the sum of the strengths of

the individual members.

. For gravity loads, the region at and near the interior supports is assumed to be not

subject to lateral-torsional or distortional buckling between the support and the ends of
the laps.

. Under uniform gravity loading, the negative moment region between the end of the lap

and the inflection point is assumed to have an unbraced length for lateral-torsional and
distortional buckling equal to the distance from the end of the lap to the inflection
point.

Since the loading, geometry and materials are symmetrical; only the first two spans are
checked.

2. Section Properties

The following sections properties are from the Design Manual Table 1-4 and Table II-4.

Interior Bays End Bays

For: 8752.75x059 For: 8752.75x085
t = 0.059in. t = 0.085in.
I, = 8.69in4 I, = 1240in4
S¢= 2.17in3 S = 3.11in3
Se= 1.81in3 Se = 284in3
Iy = 1.72in# Iy = 251in#

Both sections have inside bend radius, R = 0.1875 in. and flange width, b =2.75 in.

3. Check Gravity Loads

a. Strength for Bending Only (Specification Section D6.1)

Required Strength
ASD load combinations considered:

D

D+L;
By inspection, D + L, controls:
M =Mp + My,
End Span, from left to right:
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Maximum positive moment: M =0.68 + 4.53 = 5.21 kip-ft.
Negative moment at end of right lap: M =0.69 + 4.57 = 5.26 kip-ft.
Negative moment at support: M =1.12 + 7.46 = 8.58 kip-ft.
Interior span, from left to right:
Negative moment at end of left lap: M =0.49 + 3.28 = 3.77 kip-ft.
Maximum positive moment: M =0.30 + 1.98 = 2.28 kip-ft.
Negative moment at end of right lap: M =0.49 + 3.29 = 3.78 kip-ft.
Negative moment at center support: M = 0.66 + 4.37 = 5.03 kip-ft.

Allowable Design Flexural Strength
End Span:
At the location of maximum positive moment:

At the location of maximum positive moment, the section is assumed to be braced by the
standing seam panel. The ability of the panel to brace the purlin has been quantified by the
AISI Base Test Method (R = 0.85).

For the end span purlin, t = 0.085 in.

My = RSFy = (0.85)(2.84)(55) = 132.77 kip-in. = 11.06 kip-ft. (Eq. D6.1.2-1)
Mn = 1106 _ 6 63 kip-ft. > 5.21 kip-ft. OK (Eq. A4.1.1-1)
Q, 167

In the region of negative moment between the end of the lap and the inflection point:

Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.(b).

Ly= 5.96 - 2.00 =3.96 ft. = 47.5 in.

I, 251

Lo = L =277 =1255in.4
2 2

yc

Ky =10

Cp = 1.67 (Conservatively assumes linear moment diagram in this region).
2

ConEdlye _ (1.67)n*(29500)(8.0)(1.255)

2S¢(KyLy)? (2)(3.11)(47.5)?

2.78Fy = (2.78)(55) = 153 ksi.

Since Fe > 2.78Fy,

The design flexural strength [moment resistance] shall be determined in accordance with
Specification Section C3.1.1(a).

= 347.9 ksi. (Eq. C3.1.2.1-15)

My, = SeFy = (2.84)(55) = 156.2 kip-in. (Eq. C3.1.1-1)
% = % = 93.5 kip-in. = 7.79 kip-ft. > 5.26 kip-ft. OK (Eq. A4.1.1-1)
b .

At the negative moment at the support, the section is assumed to be fully braced:

Using allowable moments based on initiation of yielding per Specification Section C3.1.1(a),
and summing the strength of the two overlapped purlins:

For the exterior purlin, t = 0.085 in.
Mpn = SeFy = (2.84)(55) = 156.2 kip-in. or 13.02 kip-ft. (Eq. C3.1.1-1)
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For the interior purlin, t = 0.059 in.

Mpn = SeFy = (1.81)(55) = 99.6 kip-in. or 8.30 kip-ft. (Eq. C3.1.1-1)

Combined strength of purlins

M, _ 13.02+8.30
Q, 167

= 12.77 kip-ft. > 8.58 kip-ft. OK (Eq. A4.1.1-1)

Interior Span:

In the region of negative moment between the end of the left lap and the inflection point:
Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.1(b) with Cp =1.67

Ly = 7.43-3.50 =3.93 ft. or 47.2 in.

Ky = 1.0

Iy 172 :
Iy = % ==~ =086in!

2
F, = (L.67)n (29500)(8'0;(0‘86) = 346 ksi (Eq. C3.1.2.1-15)
(2)(2.17)(47.2)

Since Fe > 2.78Fy,
Mn = SeFy = (1.81)(55) = 99.6 kip-in. or 8.30 kip-ft. (Eq. C3.1.1-1)
My _ 830 _ 4 97 kip-ft. > 3.77 kip-ft. OK (Eq. A4.1.1-1)
Q, 167

At the location of maximum positive moment, the section is assumed to be braced by the
standing seam panel. The ability of the panel to brace the purlin has been quantified by the
AISI Base Test Method (R = 0.90).

My = RScFy = (0.90)(1.81)(55) = 89.60 kip-in. or 7.47 kip-ft. (Eq. D6.1.2-1)
Mn = 747 _ 4 47 kip-ft. > 228 kip-ft. OK (Eq. Ad.1.1-1)
Q, 167

In the region of negative moment between the right lap and the inflection point:
Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.1(b).

Ly= 4.98-1.00 = 3.98 ft. or 47.8 in.

By inspection, the strength check for right lap will be satisfied, since the unbraced length
and the required strength is about the same as those at the left support. Therefore the
section is OK

At the negative moment at the center support, the section is assumed to be fully braced:

Use allowable moments based on initiation of yielding per Specification Section C3.1.1(a),

summing the strength of the two overlapped purlins:

Combined strength of purlins

M, 8.30 +8.30

= = 9.94 kip-ft. > 5.03 kip-ft. OK Eq. A4.1.1-1
O s, ip ip (Eq )
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b. Strength for Shear Only (Specification Section C3.2)

Required Strength:

By inspection, the load combination D + L, controls:

V= Vp+ Vi

End Span, from left to right:
At left support: V=0.14+0.95=1.09 kip
At end of right lap: V =0.20 + 1.35 = 1.55 kip
At first interior support: V =0.23 +1.55 =1.78 kip

Interior Span, from left to right:
At first interior support: V =0.21 +1.37 = 1.58 kip
At end of left lap: V=0.15+1.02=1.17 kip
At end of right lap: V=0.15+1.03 =1.18 kip
At center support: V=017 +1.13 =1.30 kip

Allowable Design Strength

End Span:

At the left support and right lap, t = 0.085 in. By inspection the end of the right lap controls.
For t = 0.085 in. and h = 7.455 in.

h _ _ _
T 877 > 151 [Ek, /F, = 1.51,/(29500)(5.34)/55 = 80.8

2 2
- mh . (229500)(5'34) 5 = 1851 ksi (Eq. C3.2.1-4a)
21— ) h/?  12(1-0.3%)(7.455/0.085)
Vi = AwFy = (7.455)(0.085)(18.51) = 11.73 kip (Eq. C3.2.1-1)
v, 1173 . .
Yo o W7 5 asip>155kip OK Eq. A4.1.1-1
Q, 160 P P (Fq )

\Y%
At the first interior support, sum the strength of the two overlapped purlins:

For t =0.059 in. and h = 7.507 in., h/t = 127.2
h
_t =127.2> 1.51,/Ek, /Fy = 1.51\/(29500)(5.34)/55 =80.8

2
F,= T (22500)(5‘34) 5 =879ksi (Eq. C3.2.1-4a)
12(1-0.32 |7.507/0.059)
Vi = AwFy = (7.507)(0.059)(8.79) = 3.89 kip (Eq. C3.2.1-1)

For the combined section:
Vi 3.89+13.15

Yn o 27T 1065 kip>1.78 kip OK Eq. A4.1.1-1
Q, 1.60 P P (Fa )

Interior span:

By inspection of the left and right laps, the right lap controls

\Y 3.89 . .

L = —— =243kip>1.18kip OK Eq. A4.1.1-1
o, 160 ip ip (Eq )

At the center support, sum the strength of the two overlapped purlins:
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For the combined section:
3.89+3.89

Vy . :
n = =486 kip >1.30 kip OK Eq. A4.1.1-1
a, 160 p p (Eq )

c. Strength for Combined Bending and Shear (Specification Section C3.3)

End Span:
2 2
\/( M J + [QVVJ <1.0 (Eq. C3.3.1-1)
MI‘IXO VI’I
where

Mnxo = My, calculated on the initiation of yielding per Specification Section C3.1.1
Qb = 1.67

Q, = 1.60
At start of lap, t = 0.085 in.
2 2
(L2, (LSS 071210 0K (Bq. C33.1-1)
13.02 11.73
At interior support,
2 2
( (1'67)(8'58)j + ( (1'60)(1'78)j =0.70<1.0 OK (Eq. C3.3.1-1)
13.02+8.30 11.73+3.89

Interior Span:
Atend of laps, t = 0.059 in. Left lap controls by inspection.

\/( (1'6;)3(3'78)j2 + ((1'62_)55;18))2 =0.90<1.0 OK (Eq. C33.1-1)

At center support,

\/((1.67)(5.03))2+((1.60)(1.30)J2 C057<10 OK (Eq. C3.3.1-1)

8.30+8.30 3.89+3.89
d. Web Crippling Strength (Specification Section C3.4.1)

Required Strength

By inspection, load combination D + L, controls:

P=Pp+PLr

Supports, from left to right:

At left support: P =0.14 + 0.95 =1.09 kip
At first interior support: P =0.44 +2.92 =3.36 kip
At center support: P =0.34 +2.25 =259 kip

Allowable Design Strength:
The bearing length is 5 inches.
At outside supports use Eq. C3.4.1-1 of the Specification.
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P, = Ct2F, sin 9(1 - CREJ(l + CN\E ][1 - ch\Ej (Eq. C3.4.1-1)

where

Fy, = 55 ksi.

0 =90 degrees

R =0.1875 in.

N =5.0 in.

h =7.455 in.

t=0.085 in.

From Table C3.4.1-3, using the coefficients for the case of:
Fastened to Support/One-Flange Loading or Reaction/End
C=4
Cr=0.14
Cn=035
Cp=0.02
Qw =175

Check Limits: R/t =0.1875/0.085 = 2.21 <9 OK

h/t=7.455/0.085 = 87.7 < 200 OK
N/t=5.0/0.085 =58.8<2100K
N/h=5.0/7.455 =0.67<2.00K

Po= (4)0.0852(55)sin90| 1-0.14. /2257 11 4035 |29 11002 |72 | (gq. c3.4.1-1)
0.085 0.085 0.085

=3.77 kip
Po o 377 5 15kip>1.09kip OK (Eq. Ad.1.1-1)
Q, 175
At interior supports use Eq. C3.4.1-1 of the Specification. For webs consisting of two or more
sheets, the nominal strength is calculated for each individual sheet and the results are added

to obtain the nominal strength of the full section.

Py= Ct’Fsin e£1 - CREJ[l +CN EJ(I - ch\E] (Eq. C3.4.1-1)

where
Fy =55 ksi.
0 = 90 degrees
R=0.1875in.
N = bearing length = 5.0 in.
Exterior span: Interior Span
h =7.455 in. h =7.507 in.
t =0.085 in. t=0.059 in.
From Table C3.4.1-3, using the coefficients for the case of:
Fastened to Support//One-Flange Loading or Reaction/Interior
C=13

Page 38



AISI Design Guide for Cold-Formed Steel Purlin Roof Framing Systems, 2009 Edition

Cr=0.23
Cn=0.14
Cnh=0.01
Qw =165
Check Limits:

Exterior Span t = 0.085 in.
R/t=10.1875/0.085 = 2.21 <9 OK
h/t=7.455/0.085 =87.7 <200 OK

Interior Span t = 0.059 in.
R/t=0.1875/0.059 = 3.18 <9 OK
h/t=7.507/0.059 =127 <200 OK

N/t=5.0/0.085 =58.8 <210 OK
N/h=5.0/7.455 =0.67<200K
Exterior Span t = 0.085 in.

Po= (13)0.085(55)sin90] 1-0.23 [ 2257° 114014 |29 11001722 | (EBq. C3.4.1-1)
0.085 0.085 0.085

= 6.39 kip
For t=0.059 in.,
7.507

Po= (13)0.05972(55)sin90] 1-0.23, 12157 114014 |29 1 1-001.|7°% | (Bq. C3.4.1-1)
0.059 0.059 0.059

= 2.98 kip
At first interior support,
P, 6.39 +2.98

N/t=5.0/0.059 =847 <2100K
N/h=5.0/7.507 = 0.67<2.0 OK

= ————=>5.68 kip >3.36 kip OK Eq. A4.1.1-1
Q, 165 P P (Eq )
At center support,
P = 2984298 _ 3 61 kip>259kip OK (Eq. Ad.1.1-1)
Q, 1.65
e. Combined Bending and Web Crippling (Specification Section C3.5)
0.86(£J +( M J < 165 (Eq. C3.5.1-3)
Pn MHXO Q

Q =170
Ends of laps of each section are to be connected by a minimum of two 1/2 in. diameter A307
bolts through the web, the combined section is to be connected to the support by a
minimum of two 1/2 in. diameter A307 bolts through the flanges, and the webs must be in
contact. (Note: If the purlin webs are connected to a welded wing plate as shown in Figure
1.6, the limit state of combined bending and web crippling does not apply.)

Check Limits:

Fy, = 55 ksi. <70 ksi.

tenick _ 0.085

tihin 0.059
In this case, the strength of thicker purlin may be determined using a maximum thickness of

(1.3)(0.059) = 0.076 or conservatively the strength of the combined section may be
determined using the strength of the thinner purlin for both sections.

=1.44>1.3 NG
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Exterior Span t = 0.085 in. Interior Span t = 0.059 in.

R/t=0.1875/0.085 = 2.21 < 5.5 OK R/t=10.1875/0.059 = 3.18 < 5.5 OK
h/t=7.455/0.085 =87.7 <150 OK h/t=7.507/0.059 =127 <150 OK
N/t=5.0/0.085 =58.8<140 OK N/t=5.0/0.059 =84.7<140 OK

At the first interior support, because the ratio of thickness of the thicker purlin to the thinner
purlin, exceeds 1.3, the strength of the combined section is conservatively determined as
two times the strength of the thinner purlin.

86( 336 )-ﬁ-( 8.58 j =1.00~1.65/1.70 = 0.97 OK (Eq. C3.5.1-3)
2.98+2.98 8.30+8.30
At second interior support
86( 259 )-ﬁ-[ >.03 j =0.68 <1.65/1.70 =0.97 OK (Eq. C3.5.1-3)
2.98+2.98 8.30+8.30

4. Check Uplift Loads
a. Strength for Bending Only (Specification Section C3.1.4)

Required Strength:
By inspection, ASD load combination 0.6Mp + My controls.
M= (0.6Mp + My,)
End Span:
Moment near center of span: M = [(0.6)(0.68) - 5.21] = -4.80 kip-ft.

Interior Span:
Moment near center of span: M = [(0.6)(0.30) - 2.27] = -2.09 kip-ft.

Allowable Design Strength:
Mp = RSeFy (Eq. D6.1.2-1)
R = 0.70 for both purlin thicknesses

End Span:

For t = 0.085 in.

My = (0.70)(2.84)(55) = 109.3 kip-in. or 9.11 kip-ft. (Eq. D6.1.2-1)
Mo = 911 _ 5 45 kip-ft. > 4.80 kip-ft. OK (Eq. A4.1.1-1)
Q, 167

Interior Span:
For t = 0.059 in.

My = (0.70)(1.81)(55) = 69.7 kip-in. or 5.81 kip-ft. (Eq. D6.1.2-1)
Mo = 581 _ 5 48 kip-ft. > 2.09 kip-ft. OK (Eq. A4.1.1-1)
Q, 167
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b. Other Comments

Since the magnitude of the shears, moments and reactions are approximately 65 percent of
those of the gravity case, it can be concluded that the design satisfies the Specification criteria
for uplift.

3. System Anchorage
System anchorage is checked in Example 4.3.
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3.3 Four Span Continuous C-Purlins Attached to Standing Seam Panels Design Example (Gravity
and Uplift Loads) - LRFD

Given:
1. Four span C-purlin system using laps at interior support points to create continuity.
2. Roof covering is attached with standing seam panel clips along the entire length of the
purlins.
. Ten purlin lines.
. By =55 ksi
. Roof Slope = 0.25:12.
. Purlins are lapped back-to-back over interior supports but all face in the same direction
in a given bay. The purlins in the left exterior bay face downslope.
7. There are no discrete braces; anti-roll clips are provided at each support of every fourth
purlin line.
. Purlin flanges are bolted to a %4-in. thick support member with a bearing length of 5 in.
9. Tested R-values using the AISI Base Test Method:
For gravity loads:
R =0.90 for the 0.070 in. thick purlin.
R =0.95 for the 0.059 in. thick purlin.
For uplift load:
R = 0.75 for the 0.070 in thick purlin.
R =0.75 for the 0.059 in. thick purlin.
10. The loads shown are parallel to the purlin webs.

N O1 = W

Qo

Dead Load = 15plf, Live Load = 90plf, Wind Uplift = 75plf

IR RN R R R R

| 25'-0" 250" 25'-0" 25'-0" ‘
‘ 20" | 36" o |, 1o 36" | 20 ‘
4& 9CS2.50x070 A 9CS2.50x059 A 9CS2.50x059 A 9CS2.50x070 4&
Dead Live Wind
03 03 03
) 0.44 0.34 2.63 2.03 2.19 1.68
Reaction | 0.14 0.86 0.72
(kips)
0.86 1.23 0.92
1.01} |1 .14
- 0.77 1]0.85
Shear | 014 021 | 015
(kips)
0.2010.23 0.15 110.17
1201140 0.93 !]1.02 0.72 1.08 0.77
498
5.96' 7.43' 560
- ) : 3.27
4.08
1.78
0. 2.47
Moment &8 o 34 3.42 2.46
(ip-ft)
049  0.49 o.66 2.95
069 ¥ 1 411 2.96 Y3.03 1.48
6.72 3.40

Notes: 1) Moments and forces are from unfactored nominal loads
2) Lap dimensions are shown to connection points of purlins

Figure 3.3.1 Shear and Moment Diagrams
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Required:

Check the design using LRFD with the ASCE/SEI 7-05 (ASCE 2005) load combinations for:
a. Gravity Loads
b. Uplift Loads

Solution:

Note: The equations referenced in the example refer to the Specification equation numbers.

Design Manual refers to the Cold Formed Steel Design Manual (AISI 2008a).
1. Assumptions for Analysis and Application of the Specification Provisions

The Specification does not define the methods of analysis to be used; these judgments are the
responsibility of the designer. The following assumptions are considered good practice but are
not intended to prohibit other approaches:

a. The purlins are connected within the lapped portions in a manner that achieves full
continuity between the individual purlin members.

b. The continuous beam analysis to establish the shear and moment diagrams assumes
continuous non-prismatic members between supports in which I, within the lapped
portions is the sum of the individual members. Gross values of I are used for the
beam analysis.

c. The strength within the lapped portions is assumed to be the sum of the strengths of
the individual members.

d. For gravity loads, the region at and near the interior supports is assumed to be not
subject to lateral-torsional or distortional buckling between the support and the ends of
the laps.

e. Under uniform gravity loading, the negative moment region between the end of the lap
and the inflection point is assumed to have an unbraced length for lateral-torsional and
distortional buckling equal to the distance from the end of the lap to the inflection
point.

f. Since the loading, geometry and materials are symmetrical; only the first two spans are
checked.

2. Section Properties

The following sections properties are from the Design Manual Table I-1 and Table II-1.

Interior Bays End Bays

For: 9CS2.5x059 For: 9CS2.5x070
t = 0.059in. t = 0.070in.
I, = 10.31in4 I, = 1220in4
Sg= 229in3 S = 271in3
Se= 1.89in.3 Se = 247in3
Iy = 0.698in+# Iy = 0828in#
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3. Check Gravity Loads
a. Strength for Bending Only (Specification Section D6.1)

Required Strength
LRFD load combinations considered
14D
12D + 1.6 L;
By inspection, 1.2D + 1.6 L; controls:
My =1.2Mp + 1.6My
End Span, from left to right:
Maximum positive moment: My = (1.2)(0.68) + (1.6)(4.08) = 7.34 kip-ft.
Negative moment at end of right lap: My = (1.2)(0.69) + (1.6)(4.11) = 7.40 kip-ft.
M

Negative moment at support: u = (1.2)(1.12) + (1.6)(6.72) = 12.1 kip-ft.

Interior span, from left to right:

Negative moment at end of left lap: M, = (1.2)(0.49) + (1.6)(2.95) = 5.31 kip-ft.
Maximum positive moment: My = (1.2)(0.30) + (1.6)(1.78) = 3.21 kip-ft.
Negative moment at end of right lap: M, = (1.2)(0.49) + (1.6)(2.96) = 5.32 kip-ft.
Negative moment at center support: M, = (1.2)(0.66) + (1.6)(3.93) = 7.08 kip-ft.

Design Flexural Strength

End span:
At the location of maximum positive moment:

At the location of maximum positive moment, the section is assumed to be braced by the
standing seam panel. The ability of the panel to brace the purlin has been quantified by the
AISI Base Test Method (R = 0.90).

For the end span purlin, t = 0.070 in.

Mn = RSeFy = (0.90)(2.47)(55) = 122.3 kip-in. = 10.2 kip-ft. (Eq. D6.1.2-1)
dpMp, = (0.90)(10.2) = 9.16 kip-ft > 7.34 kip-ft OK (Eq. A5.1.1-1)
In the region of negative moment between the end of the lap and the inflection point:

Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.(b).

Ly= 5.96 -2.00 = 3.96 ft. = 47.5 in.

I
lye = 2=252 _ 0 414in
2 2
Ky =10
Cp = 1.67 (Conservatively assumes linear moment diagram in this region).

_ CpnEdly, _ (1.67)n%(29500)(9.0)(0.414)

= 296 ksiL. Eq. C3.1.2.1-14
©Si(KyLy)? (2.71)(47.5) (Eq )
2.78F, = (2.78)(55) = 153 ksi.
Since Fe > 2.78Fy,
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The design flexural strength [moment resistance] shall be determined in accordance with
Specification Section C3.1.1(a).

Mn = SeFy = (2.47)(55) = 135.9 kip-in. = 11.3 k-ft (Eq. C3.1.1-1)
dpMp, = (0.90)(11.3) = 10.2 kip-ft > 7.40 kip-ft OK (Eq. A5.1.1-1)
At the negative moment at the support, the section is assumed to be fully braced:

Using allowable moments based on initiation of yielding per Specification Section C3.1.1(a),
and summing the strength of the two overlapped purlins:

For the exterior purlin, t = 0.070 in.

Mpn = SeFy = (2.47)(55) = 135.9 kip-in. or 11.3 kip-ft. (Eq. C3.1.1-1)
For the interior purlin, t = 0.059 in.

Mpn = SeFy = (1.89)(55) = 103.9 kip-in. or 8.66 kip-ft. (Eq. C3.1.1-1)
Combined strength of purlins

dpMp = (0.90)(11.3+8.66) = 18.0 kip-ft > 12.1 kip-ft OK (Eq. A5.1.1-1)

Interior Span:

In the region of negative moment between the end of the left lap and the inflection point:
Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.1(b) with Cp =1.67

Ly = 7.43-3.50 =3.93 ft. or 47.2 in.

Ky = 1.0
Iy 0.698 .

lye = ==~ =0349in

C,n2Edl 2
o =2 == (L.67)r (29500)(9'2)(0'698) = 598 ksi. (Eq. C3.1.2.1-14)

S¢(KyLy) (2.29)(47.2)

Since Fe > 2.78Fy,

Mn = SeFy = (1.89)(55) = 104.0 kip-in. or 8.66 kip-ft. (Eq. C3.1.1-1)

dpM , = (0.90)(8.66) = 7.80 kip-ft > 5.31 kip-ft OK (Eq. A5.1.1-1)

At the location of maximum positive moment, the section is assumed to be braced by the
standing seam panel. The ability of the panel to brace the purlin has been quantified by the
AISI Base Test Method (R = 0.95).

Mn = RScFy = (0.95)(1.89)(55) = 98.75 kip-in. or 8.23 kip-ft. (Eq. D6.1.2-1)
dpMp, = (0.90)(8.23) = 7.41 kip-ft > 3.22 kip-ft OK (Eq. A5.1.1-1)
In the region of negative moment between the right lap and the inflection point:

Determine the allowable moment using the distance from the inflection point to the lap as
the unbraced length per Specification Section C3.1.2.1(b).
L = 4.98-1.00 =3.98 ft. or 47.8 in.
By inspection, the strength check for right lap will be satisfied, since the unbraced length
and the required strength is about the same as those at the left support. Therefore the
section is OK

At the negative moment at the center support, the section is assumed to be fully braced:

Use allowable moments based on initiation of yielding per Specification Section C3.1.1(a),
summing the strength of the two overlapped purlins:
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Combined strength of purlins
dpMy, = (0.90)(8.66+8.66) = 15.6 kip-ft > 7.08 kip-ft OK (Eq. A5.1.1-1)

b. Strength for Shear Only (Specification Section C3.2)

Required Strength:

By inspection, the load combination 1.2 D + 1.6 L, controls:

V= Vp+ VL,

End Span, from left to right:
At left support: Vu = (1.2)(0.14) + (1.6)(0.86) = 1.54 kip
At end of right lap: Vu = (1.2)(0.20) + (1.6)(1.22) = 2.19 kip
At first interior support: Vu = (1.2)(0.23) + (1.6)(1.40) = 2.52 kip

Interior Span, from left to right:

At first interior support: Vu = (1.2)(0.21) + (1.6)(1.23) = 2.22 kip
At end of left lap: Vu = (1.2)(0.15) + (1.6)(0.92) = 1.65 kip
At end of right lap: Vu = (1.2)(0.15) + (1.6)(0.93) = 1.67 kip
At center support: Vu = (1.2)(0.17) + (1.6)(1.02) = 1.84 kip
Design Strength
End Span:

At the left support and right lap, t = 0.070 in. By inspection the end of the right lap controls.
For t = 0.070 in. and h = 8.485 in.

h
+ = 121> 151 [Ek, /F, = 151,(29500)(5.34)/55 = 80.8
2 2
F, = il E2kv S = T (229500)(5'34) = 9.69 ksi (Eq. C3.2.1-4a)
12(1 - pu?)(h/t) 12(1 - 0.3%)(8.485/0.070)?
Vi = Ay F, = (8.485)(0.070)(9.69) = 5.76 kip (Eq. C3.2.1-1)
0, V,, = (0.95)(5.76) =5.47 kip > 2.19 kip OK (Eq. A5.1.1-1)

At the first interior support, sum the strength of the two overlapped purlins:
For t =0.059 in. and h =8.507 in., h/t = 144

% =144 > 151 [Ek, /F, = 1.51,/(29500)(5.34)/55 =80.8
F, = “2(229 500)5.34) = 6.85 ksi (Eq. C3.2.1-4a)
12(1 - 0.3%)(8.507/0.059 )
Vi = AywFy = (8.507)(0.059)(6.85) = 3.44 kip (Eq. C3.2.1-1)
For the combined section:
oV, = (0.95)5.76 +3.44) = 8.74 kip > 2.52 kip OK (Eq. A5.1.1-1)

Interior span:
The required strength is the same at both the right and left laps.
oy Vy = (0.95)3.44) =3.27 kip 2 1.67 kip OK (Eq. A5.1.1-1)
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At the center support, sum the strength of the two overlapped purlins:
For the combined section:
0y Vy = (0.95)(3.44+3.44) = 6.54 kip > 1.84 kip OK (Eq. A5.1.1-1)

c. Strength for Combined Bending and Shear (Specification Section C3.3)
End Span:

— 2 — 2
(L] +( v j <1.0 (Eq. C3.3.2-1)
¢anxo q)vvn

where

Mnxo = Mj, calculated on the initiation of yielding per Specification Section C3.1.1
¢p =0.95

¢, =0.95

At start of lap, t = 0.070 in.

\/(( o )J2+[( o )J2=0.79s1.0 OK (Eq. C3.3.2-1)

0.95)(11.3 0.95)(5.76

At interior support,

(12.1) ? (2.52) S
\/( (0.95)(11.3 + 8.66)J " ((0.95)(5.76 + 3.44)J =0.70<10 OK (Eq. C3.3.2-1)

Interior Span:
Atend of laps, t =0.059 in. Left lap controls by inspection.

(531) Y [ (165) Y _oeor.
\/( (0.95)(8.66)J +[(0.95)(3.44)} =082<1.0 OK (Eq. C3.3.2-1)
At center support,
(708) Y (188 V...
\/( (0.95)8.66 + 8.66)] ’ [(0.95)(3.44 + 3.44)) =0S1<10 OK (Eq. C3.3.2-1)

d. Web Crippling Strength (Specification Section C3.4.1)

Required Strength

By inspection, load combination 1.2D + 1.6L, controls:

Py, =1.2Pp + 1.6P,;

Supports, from left to right:

uw=(1.2)(0.14) + (1.6)(0.86) = 1.54 kip

« = (1.2)(0.44) + (1.6)(2.63) = 4.74 kip
(1.2)(0.34) + (1.6)(2.03) = 3.66 kip

At left support: P
P

At first interior support:

At center support: Py
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Design Strength:
At outside supports use Eq. C3.4.1-1 of the Specification.

P, = Ct’Fy sin 9(1 - CREJ(l +CN \EJ@ - Ch\@ (Eq. C3.4.1-1)

where

Fy =55 ksi.

0 = 90 degrees

R =0.1875in.

N = bearing length = 5.0 in.

h =8.485 in.

t=0.070 in.

From Table C3.4.1-2, using the coefficients for the case of:
Fastened to Support/One-Flange Loading or Reaction/End
C =4
Cr =014
Cn=0.35
Ch =0.02
dw =0.85

Check Limits: R/t =0.1875/0.070 = 2.7 <9 OK

h/t =8.485/0.070 =121 <200 OK
N/t =5.0/0.070 =71.4<2100K
N/h=50/8488 =0.59<2.00K

Py =(4)(0.070)2(55)sin 90| 1-0.14,1 257> | 14035 |20 |1 002 (248 | (g c3.4.1-1)
0.070 0.070 0.070

= 2.57 kip
dwPn =(0.85)(2.57) = 219 kip > 1.54 kip OK (Eq. A5.1.1-1)
At interior supports use Eq. C3.4.1-1 of the Specification. For webs consisting of two or more

sheets, the nominal strength is calculated for each individual sheet and the results are added
to obtain the nominal strength of the full section.

Py= Ct%F, sin 9[1 ~Cg \E][l + CNE J{l - ch\/g J (Eq. C3.5.2-1)

where

Fy =55 ksi.

0 =90 degrees
R =0.1875in.

N = bearing length = 5.0 in.

Exterior span: Interior Span
h =8.485in. h =8.507 in.
t =0.070 in. t=0.059 in.

From Table C3.4.1-3, using the coefficients for the case of:
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Fastened to Support/One-Flange Loading or Reaction/Interior
C =13
Cr =023
Cn=0.14
Cn =0.01
by =0.90
Check Limits:
Exterior Span t = 0.070 in. Interior Span t = 0.059 in.
R/t =0.1875/0.070 = 2.68 <9 OK R/t=0.1875/0.059=3.18 < 9 OK
h/t =8.485/0.070 =121<2000K  h/t=8.507/0.059 =144 <200 OK
N/t =5.0/0.070 =714<2100K N/t=5.0/0.059 =84.7<2100K
N/h=5.0/8485 =0.59<2.00K N/h=5.0/8507 =0.59<2.00K
Exterior Span t = 0.070 in.

Po=(13)(0.07012(55)sin 90| 1-0.23, /22872 11 4 014, |29 11 _001,/848 | (gq. c35.211)
0.070 0.070 0.070

=4.25 kip
For t = 0.059 in.

P,,=(13)(0.059)?(55)sin 90(1 ~0.23 061875 J(1 +0.14, /%J@ ~0.01 @J (Eq. C3.5.2-1)

059 0.059
= 2.96 kip
At first interior support,
dwPn =(0.90)(4.25+2.96) = 6.49 kip > 4.74 kip OK (Eq. A5.1.1-1)
At center support,
dwPn =(0.90)(2.96+2.96) = 5.33 kip > 3.66 kip OK (Eq. A5.1.1-1)
e. Combined Bending and Web Crippling (Specification Section C3.5)
0.91££J +{ M ] <1.33¢ (Eq. C3.5.2-1)
Pn nxo
$=0.90
At the first interior support,
91( 4.74 )+( 12.1 )= 1.20 < (1.33)(0.90) = 1.20 OK (Eq. C3.5.1-1)
4.25+2.96 11.3+8.66
At second interior support
91( 366 j+( 7.08 j= 0.97 < (1.33)(0.90) =1.20 OK (Eq. C3.5.1-1)
2.96 +2.96 8.66 + 8.66

4. Check Uplift Loads

a. Strength for Bending Only (Specification Section D6.1)
Required Strength:
By inspection, LRFD load combination 0.9Mp + 1.6My controls.

My = 0.9Mp + 1.6My,
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End Span:

Moment near center of span: M = (0.9)(0.68)+(1.6)(-3.40) = -4.83 kip-ft.
Interior Span:

Moment near center of span: M = (0.9)(0.30)+(1.6)(-1.48) = -2.10 kip-ft.
Design Strength:

Mn = RSeFy (Eq. D6.1.2-1)

R = 0.75 for both purlin thicknesses

End Span:

For t = 0.070 in.

My, = (0.75)(2.47)(55) = 101.9 kip-in. or 8.49 kip-ft.

dpM,, = (0.90)(8.49) = 7.64 kip-ft > 4.83 kip-ft OK (Eq. A4.1.1-1)

Interior Span:

For t =0.059 in.

M, = (0.75)(1.89)(55) = 78.0 kip-in. or 6.50 kip-ft.
dpM,, = (0.90)(6.50) = 5.85 kip-ft > 2.10 kip-ft OK

b. Other Comments

(Eq. D6.1.2-1)
(Eq. A5.1.1-1)

(Eq. D6.1.2-1)
(Eq. A5.1.1-1)

Since the magnitude of the shears, moments and reactions are less than the gravity case
and the compression flange in all other regions is braced by the sheathing, it can be

concluded that the design satisfies the Specification criteria for uplift.

Note: Continuous purlin design examples using through-fastened panels are found in the

AISI Cold-Formed Steel Design Manual (AISI 2008a).
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CHAPTER 4 SYSTEM ANCHORAGE REQUIREMENTS

Symbols and Definitions Used in Chapter 4

Gross cross-sectional area of roof panel per unit width

Flange width of the purlin

In-plane depth of diaphragm

Width of roof plane

Coefficients tabulated in Specification Tables D6.3.1-1 to D6.3.1-3

Dead load
Depth of section

Distance along roof slope between the ith purlin line and the jth anchorage
device
Distance along roof slope between the ridge and the jth anchorage device

Distance along roof slope between the ith purlin line and the ridge

Modulus of elasticity of steel, 29,500 ksi (203,000 MPa, or 2,070,000 kg/cm?)
Shear stiffness of the diaphragm

Moment of inertia of full unreduced section about major centroidal axis
Product of inertia of full unreduced section about major and minor centroidal
axes

Index of each purlin line

Index for each anchorage device

Index for each purlin spacing

Lateral stiffness of anchorage device

Required lateral stiffness of anchorage device

Stiffness of spring modeling connection between purlin k and k+1

Effective lateral stiffness of jth anchorage device with respect to ith purlin

Required stiffness
Lateral stiffness of roof system, neglecting anchorage devices
Lateral stiffness of spring modeling inherent restraint at one purlin

Effective lateral stiffness of all elements resisting force P;
Span length

Span of diaphragm between lines of anchorage

Distance from shear center to mid-plane of web
Number of anchorage devices along a line of anchorage
Number of purlin lines on roof slope

Lateral force introduced into the system at the ith purlin
Lateral force resisted by the anchorage system

Lateral force to be resisted by the jth anchorage device

Lateral force to be resisted by each anchorage device
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q Design load in plane of web
qdrift Design drift snow load
S Typical purlin spacing
S Snow load
Sk Distance between purlin k+1 and k
t Base steel thickness of purlin
te Base steel thickness of eave member
Wi Total required vertical load supported by ith purlin in a single bay
W Total required vertical load supported by all purlins in a single bay
Wdiaph Distributed in-plane load on roof diaphragm
wi Required distributed gravity load supported by the ith purlin per unit length
o Coefficient for purlin directions
Adiaph In-plane deflection of roof diaphragm
Ag Simplified approximation of purlin deflection along line of anchorage
Ay Allowable deflection of purlin along line of anchorage
Y Ratio of lateral anchorage force to the applied gravity load
0 Angle between vertical and plane of web of Z-section
) Resistance factor
Q Safety factor

4.1 Introduction

The design of purlins, as presented in the Specification and illustrated in the previous
chapters of this Design Guide, neglects any torsional stresses in the members due to loading
that is oblique to the principal axes or eccentric to the shear center. Typically in metal building
roof systems, the roof sheathing provides sufficient lateral and some torsional restraint to the
purlins to justify the use of the provisions within the Specification. The lateral support provided
to the purlins produces lateral forces perpendicular to the web of the purlins. These lateral
forces accumulate as a shear force across the roof diaphragm that must be transferred from the
plane of the sheathing into the primary lateral resistance system, or to a point where it is
counteracted by an opposing force.

This Chapter presents background information on the research behind and the development
of the provisions presented in the Specification, as well as guidance on the application of the
provisions to several commonly encountered special conditions. These special procedures are
introduced and illustrated with examples. Also both a simplified and a more thorough solution
procedure are presented.

In metal building roofs, the anchorage force is commonly transferred to the main frames
through clips, typically referred to as anti-roll clips, which prevent the torsional rotation of the
purlin at the rafters. This technique requires few additional parts and does not rely on the
presence of counteracting forces. Also, lateral braces may be provided at discrete locations
along a purlin span. These discrete braces must either be arranged so the anchorage forces
counteract or they must be tied to the building’s lateral load resisting system. Resisting the
anchorage forces with opposing forces is frequently not practical due to asymmetric geometry
or loading, such as unbalanced snow loads. The transfer of the anchorage forces from the lines
of anchorage to the lateral load resisting system can be accomplished through the addition of
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diagonal bracing or by connecting the braces to a collector element, such as a spandrel beam.
During the development of the latest anchorage provisions it was found that the flexibility of
these collector elements can greatly influence the forces and displacements within the system
anchorage.

It is important to recognize that a typical metal building structure consists of several
interrelated load resisting systems, and that the same mechanisms that provide lateral support
to the purlins under flexural loads will also resist lateral movement under other loading
conditions. For example, the thermal movement of the roof sheathing relative to the primary
framing below will create differential movement between the top and bottom flanges of the
purlins. The forces that develop in the system due to this movement can be avoided by
concentrating the lateral resistance at a single location and allowing the roof to expand away
from this point. However, due to the flexibility of the roof system, this may not provide
adequate support for the purlins most remote from this anchorage device. Another approach is
to provide several points of anchorage distributed throughout the roof plan, each with enough
stiffness to adequately support the purlins, but also flexible enough to allow the roof system to
expand and contract under thermal changes without generating excessive lateral forces. Also,
in metal building roof systems, it is common to rely on the diaphragm action of the roof
sheathing to transfer the longitudinal wind and seismic loads on the building to the sidewalls.
Depending on the details used, this diaphragm shear may also be resisted by the purlin system
anchorage and must also be addressed.

Alternatively, torsional braces may be used to directly resist the torsional moments
developed within the roof system. These will typically take the form of diaphragm members,
such as cold formed channels, that connect to the purlin webs. When these braces are used, the
roof system may deflect significantly in the plane of the roof sheathing, but since the purlins
cannot rotate, they still achieve their full design strength.

4.2 Development of Design Provisions

The provisions presented in Specification Section D6.3 Roof System Bracing and Anchorage
draw heavily on the testing performed at Virginia Tech by Lee and Murray (2001), and Seek and
Murray (2004a), as well as the experience of the members of the AISI Task Group on Anchorage
and Bracing. The knowledge base upon which the provisions are built was expanded by the
analytical work of Sears (2007), Seek (2007), Sears and Murray (2007), and Seek and Murray
(2007), which culminated in the development of the design provisions and analysis models
presented in the Specification and in this Design Guide.

4.2.1 Provisions of Specification Section D6.3.1 Anchorage of Bracing for Purlin Roof Systems
under Gravity Load with Top Flange Connected to Sheathing

The provisions presented in the Specification have two parts: a semi-empirical force
calculation and a simplified relative stiffness analysis. The provisions replicate the results of the
3D computer stiffness model presented in Section 5.2 of this Design Guide. The computer
model was developed and validated using the results of laboratory testing, and allowed for the
analysis of systems that were not tested. A large matrix of test models was analyzed and the
results were used to develop the provisions in the Specification.

Modeling Basics

In both the computer model and the manual calculation procedure, uniform roof loads are

resolved as line loads at each purlin based on the tributary area. In the physical roof system
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these loads are transferred from the sheathing to the purlin through bearing on the top flange.
This bearing produces an uneven force distribution across the width of the purlin flange that is
not well defined. It was found during the development of the computer stiffness model, that
the effects of this eccentric load can be approximated by applying the line load at a distance
equal to one-fourth of the flange width from the mid-plane of the purlin web.

The anchorage devices are represented by spring restraints at the top of the anchored
purlins. The stiffness of the springs must be quantified by testing or detailed analysis. When
establishing both the strength and stiffness of the anchorage devices it is important to recognize
that the Specification provisions assume the anchorage device is connected at the purlin-to-
sheathing interface. Since most anchorage devices will connect to the purlin web, the
appropriate adjustments must be made to the results of the tests or analyses to yield values for
an equivalent anchor at the purlin-to-sheathing interface.

In the computer stiffness model, the purlin-to-rafter and the purlin-to-sheathing connections
are modeled as rotational springs. For the manual calculation procedure there is no need to
quantify the stiffness of these springs, as this spring stiffness is not explicitly used.

Model Simplifications

Since the intent of these design provisions is to address the lateral behavior, the design
model is simplified to a one-dimensional system with only lateral degrees of freedom. The
lateral effect of the gravity load is found from the semi-empirical equation for P;, the lateral
force introduced into the system at the ith purlin,

I L
P, =Cl-W,, - €2 Dy~ 3. mHOBD o Ca-sing (Eq. D6.3.1-2)
i || 1000 T.d 42

This equation includes three primary parts, where the first represents the effect of the load
being applied oblique to the principal axes, the second models the load application eccentric to
the shear center while the third applies the downslope component of the applied load. The
form of this equation was derived from a combination of basic mechanics and statistical
analysis of the results of the computer stiffness model. The force, P;, represents the anchorage
force at a given purlin if every purlin is anchored with a rigid anchorage device.

In this one-dimensional model, the rotational degrees of freedom are not included, so the
rotational restraint provided at the purlin to sheathing connections must be replaced with
equivalent lateral restraints. The mechanisms involved that contribute to the behavior of this
spring are the rotation of the connections and the out of plane bending of the purlin web. It was
found, through statistical analysis of the computer stiffness model results, which the stiffness of
these lateral springs is found from

+  C5 ELt?

sys — m d—2

The purlins are linked together by the roof sheathing, which will carry an axial load. The
behavior of the sheathing is modeled as axial springs with a stiffness of

C6-LALE
",
At this point the model can be solved with matrix methods. The applicable solution is
presented in Section 4.5.2.

(4.2.1)

Kp, (4.2.2)

Page 54



AISI Design Guide for Cold-Formed Steel Purlin Roof Framing Systems, 2009 Edition

However, there was a desire to simplify the procedure so that it is practical to carry out the
calculations with basic algebraic calculations. The model was simplified slightly by grouping
the stiffness of all the K'sys springs into one, globally acting, spring with a stiffness of

c5 ELt>
Says =000 N T2
This may be done without substantially affecting the results because the stiffness of the Kgys

springs is relatively small compared to the axial behavior of the roof sheathing and the
sheathing behaves approximately as a rigid strut.

(Eq. D6.3.1-6)

The forces in the multi-degree-of-freedom system may be found without the use of matrix
methods by considering each purlin separately and the elements of the model that contribute to
its stability. At each purlin, the force, P;, is distributed to each of the anchorage devices and to

the Kgys spring, based on the relative stiffness of each of the elements. Since the anchorage

devices are in series with the axial behavior of the roof sheathing, the stiffness of the anchorage
devices is effectively reduced due to the axial flexibility of the sheathing. This reduced stiffness
is found from

1 Ay T
1,j
Keff, . =| 7+ (Eq. D6.3.1-4)
Wi | K, C6-LALE

With the stiffness of each supporting element defined, the force, P;, is distributed to each of
these elements based upon their relative stiffness.

This pseudo-single-degree-of-freedom procedure provides nearly the same force, P, as the
matrix solution. However, the procedure does not provide the lateral displacements of the
purlins. To develop an estimate of the lateral deflections, two special cases were considered.

1) For a roof system with anchorage only at one purlin line, the deflection at the anchorage
device is the anchorage force divided by the device stiffness, P /K,. The deflection at
other purlins is larger due to the flexibility of the sheathing. This increase mimics the
decrease in the value of Kqff and indicates that the stiffness reduction included in K¢
should be included in the deflection calculation.

2) For a roof system with an anchorage device at every purlin, the deflection at each purlin
is again the anchorage force divided by the device stiffness, Pr/K,. Multiplying the
numerator and denominator by the number of purlins, Ny, produces an equivalent
expression, NpPr/(NpKy). If the system stiffness is neglected, and the purlins are
uniformly spaced, the anchorage force is simply P; and the numerator of the previous
expression is equal to the sum of all P; terms. If the flexibility of the sheathing is
neglected, Keff equals K;, and the denominator becomes the summation of Kegf, or Kiotal.
Making these substitutions results in A; = sum(P;) / Kotal.

This approximation works well when anchorage devices are relatively stiff and reasonably
spaced. As the distance between anchorage points increases, the approximation will tend to
over-predict the displacement.

For the anchorage devices to perform properly they must possess adequate strength and
stiffness. Based on the observations of past purlin tests by members of the AISI Task Group on
Anchorage and Bracing, a lateral displacement limit of the purlin depth divided by 20 has been
established as the critical point where an anchorage device becomes ineffective and the purlin is
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at risk of a global stability failure. For convenience, this displacement limit has been
reformulated as a critical stiffness limit for use in the Specification.

For multi-span systems with anchorage at the supports, the anchorage force is transferred
partially from each of the adjacent bays. If these two bays have different span lengths or purlin
sizes, the following procedure is used to average the effect from each bay.

1) The forces, P;, are calculated independently using the properties of each of the two bays
separately. The resulting force is then averaged for each purlin line.

2) The system stiffness, Kgys, is calculated by evaluating the equation with L, t, and d taken
as the average of the values from the two bays.

3) The effective lateral stiffness of the anchor, K, is calculated using the average of the two
span lengths.

This procedure is illustrated in Example 3, in Section 4.4.

For multi-span systems with restraints at 1/3 points or midpoints, analysis of computer

stiffness models has shown that the anchorage forces can be reasonably estimated by calculating

an average force in a manner similar to that outlined above for restraints at the supports, except
the procedure considers three bays: the current bay and one to each side of the current bay.

During the verification of the model and the calibration of the coefficients in the calculation
procedure, significant scatter was observed in the results at the end anchor in multi-span
systems. This is most likely due to the difference in the lateral stiffness of the purlins at the end
frame line and the first interior frame line and how this affects the distribution of the forces
between the first few lines of anchorage. To account for this scatter and minimize the chance of
calculating significantly unconservative forces, the provisions require that the line of anchorage
nearest the end of a multi-span system be designed for the larger of the forces calculated for the
line of anchorage, and 80% of the value found using the coefficients C2, C3 and C4 for the
typical interior case.

4.2.2 Provisions of Specification Section D6.3.2 Alternate Lateral and Stability Bracing for Purlin
Roof Systems

The provisions of the Specification Section D6.3.2 are intended to cover torsional braces along
the span of a C- or Z-section that only resist torsion of the purlin and do not resist the lateral
movement of the section. When used in conjunction with lateral restraints at the frame lines,
the torsional brace restraints are effective in stabilizing the purlin even as it is permitted to
move laterally. For this reason, a more relaxed requirement for the lateral displacement of the
C-section or Z-section at midspan is permitted.

Analysis of torsional braces can be first order because if the lateral deflection criteria are
met, second order effects should be minimal and easily absorbed by the torsional braces. An
analysis of torsional braces should consider the forces generated due to eccentricity of applied
loads and the effects of the interaction of the diaphragm restraint with the purlin. Analysis
should also include the effects the torsional braces have on the lateral restraints applied at the
frame line. The component stiffness method presented in detail in Section 5.1 of this Design
Guide provides a method for evaluating torsional braces at one-third points. Torsional braces
may also be evaluated using the finite element analysis models outlined in Section 5.3.
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4.3 Applications of the Specification Provisions

The provisions of Specification Section D6.3 provide design criteria and analysis procedures
for the required restraint of purlin systems so that the torsional stresses in the members are
negligible and the purlin design provisions in Specification Section D6.1 may be utilized. The
provisions of Specification Section D6.3.1 are applicable to restraint systems that resist the
movement of purlins within the plane of the roof sheathing, thus indirectly minimizing the
member torsion. Specification Section D6.3.2 provides general guidance for the design of systems
where lateral displacements are not restrained, but the torsional moments are resisted directly
by braces attached to the purlins.

ASD vs. LRFD

Since the procedures are used to calculate forces and/or moments within the bracing
systems rather than the resistance provided by an anchorage device, they are equally applicable
to ASD and LRFD design methodologies. The only distinction required is the use of nominal
loads for ASD and factored loads for LRFD when calculating the force distributed to the
anchorage devices. However, for the stability check within the provisions an adjustment is
required. The displacement limit of d/20 in the Specification was established based on
observations of tests. Therefore, the limit is based on the deflection under ultimate loads.
However, in this formulation no adjustment has been made in either equation for the likely
variability in the provided stiffness. To make this adjustment a resistance factor, ¢, or the safety
factor, Q, is included in the deflection and/or minimum stiffness limits.

Load Cases and Pattern Loading

It is generally accepted that the lateral effects in metal building roof systems are only of
concern for downward loading on the roof, due to the destabilizing effect of the top flange
gravity loading. Generally the anchorage force and stiffness requirements need only be checked
under the controlling gravity load combination, typically a combination of dead load and roof
live or snow load. Since the lateral effects are primarily induced by the application of the load,
and not the flexural behavior of the purlin, the effects of pattern loading only need to be
considered when the forces tend to counteract, such as back-to-back C-sections with restraints at
the supports.

4.3.1 Discrete Bracing

When lateral restraints resist the movement of the purlins within the plane of the roof
sheathing and transfer the resulting force to an element of the lateral load resisting system, the
provisions of Specification Section D6.3.1 provide a means of predicting the forces in the
anchorage devices and verifying stability of the purlin system. As presented in the Specification,
the provisions address the requirements for the majority of metal building roof systems.
Various conditions exist where the applicability of the provisions is not perfectly clear. The
following provides the authors’ recommendations for applying the provisions to several of
these conditions.

Non-Uniform Loading

The general presentation of the Specification provisions is based on the application of
uniform loads. The provisions can be directly applied to systems where the gravity load varies
from the eave to ridge (for example, snow drift at the high side) by using the appropriate line
load, Wp, at each purlin. However, when the loads vary along the length of the purlin
(e.g., snow drift at the end wall) a special approach is needed.
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In the Specification procedure the force Wy, is equal to wL, or twice the simple span end
reaction. When the load is non-uniform the force Wy, should be taken as twice the end reaction
of a simple span beam with the same bay span and loading as the purlin under consideration.
Cantilevers

For purlin spans that cantilever over an end support, the value of Wy, when analyzing the
line of anchorage nearest the cantilevered end is taken as twice the end reaction for a simple
span beam with the same back span, cantilever and loading. Also, the value of L used to
calculate Kgys and Keff is the back span length. At other lines of anchorage, the effect of the
cantilever is neglected. This procedure is illustrated in Example 5.

Flush Mounted Purlins

Where purlins are flush mounted to the web of the supporting rafter, each connection must
be designed to resist the moment caused by the force P; applied at the purlin-to-sheathing
interface. This moment will typically be equal to P;(d/2).

Purlin-to-Rafter Connections

The provisions in the Specification are based on tests of purlins where the bottom flanges
were bolted directly to the rafter flange. However, it is also common for purlins to be attached
through the web to wing plates that are welded to the rafter as shown in Figure 1.6.

If all purlins are connected with identical wing plates, the attachment may simply be
designed for the force P; as described above for flush mounted purlins. If the typical connection
does not provide adequate strength or stiffness, then selected locations may be stiffened. For
this condition, it is recommended that the provisions be applied by either treating the stiffened
connections as anchorage points and assuming the behavior of the other purlins is the same as
that for the flange bolted condition, or by treating all of the connections as anchorage points
with the appropriate stiffness values, K, used at each purlin. In this second condition Kgys
should be conservatively taken as zero.

Lines of Anchorage Not At Exact 1/3 Points

Where two lines of anchorage are installed at points somewhere between the 1/3 points and
the midpoint, the anchorage devices should conservatively be designed for the larger of the
forces found for 1/3 point restraints or half the value for midpoint restraints. Using two lines of
anchorage outboard of the 1/3 points is not recommended.

Non-Parallel Rafters

In cases where building rafters are not parallel (hips, valleys, skewed end walls etc.) the
force Pj is to be calculated using the appropriate span length for each purlin. The values of Kgys
and Keff may be calculated using the average purlin span.

Eave Struts

When the deflection and rotation of the building eave member is continuously supported by
the wall system, the member may be neglected in the anchorage calculations. However, if this
is not the case (open sidewall) the eave member needs to be considered.
Opposing Purlins

For low sloped roofs, where the anchorage force is positive, a portion of the purlins can be
turned with the top flange facing downslope to counteract the tendency of the roof system to
displace upslope. To model this condition, the term o in Specification Equation D6.3.1-2 is taken
as +1 for those purlins that face upslope and -1 for those that face downslope. If the reversed
purlins are not evenly distributed throughout the roof plane, the Specification provisions will not
adequately address the minimum stiffness requirements. If the reversed purlins are grouped
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into one area, the matrix solution presented in Section 4.5.2 of this Design Guide is
recommended to more completely address the displacement of the purlins.
Diaphragm Load

To ensure that the roof sheathing provides adequate support to the purlins to justify the
design of the purlins without considering torsional stresses, the Specification limits the lateral
deflection of the diaphragm to L/360, at service level loads. The Specification is silent as to the
force to be used for this check, and the work by Sears and Murray (2007), upon which the
Specification provisions are based, did not directly address this requirement. However, the
component stiffness method (Seek and Murray 2006) does provide a method to check this
displacement. By starting with the provisions of the component stiffness method, and
identifying those terms that have the greatest influence on the diaphragm load, it can be shown
that the line load applied to the diaphragm is very reasonably approximated as follows.

I
W diaph = 2 ﬂ(ﬂ cos 0 —sin GJ (4.3.1)
L I, .
With this value the diaphragm deflection is found from,
2
_ VvdiaphL
Adiaph = gmp (4.3.2)

4.3.2 Torsional Bracing

Torsional bracing (Figure 1.7(a)) can be evaluated using the component stiffness method
(Seek and Murray 2006). The components of gravity load normal and parallel to the plane of
sheathing on a sloped roof cause torsional moments of a purlin that must be resisted by the
torsional restraints. Diaphragm forces generated in the sheathing as a purlin is loaded and
deflects laterally produce additional torsional moments. It is typically assumed that torsional
restraints completely restrict rotation of the purlin at the restraint because most torsional
restraints, if properly connected near the top and bottom flanges, possess considerably more
stiffness than the torsional stiffness of a cold-formed purlin. However, the behavior of these
systems is very sensitive to the connection details, and typically the behavior of these systems
should be verified by tests. The magnitude of the moments at the internal torsional restraints
affects the lateral forces anchored at each frame line.

Systems of purlins with torsional braces can be evaluated in pairs. At each end of the
torsional brace, a moment is generated. Equilibrium of the brace is maintained through the
development of opposing shear forces at each end of the brace applying uplift forces to one
purlin and downward forces to the other. These forces should be considered when evaluating
the flexural strength of the purlin.

4.4 Examples

In the following examples Eq. numbers referenced are from Specification and Design Manual
refers to the AISI Cold-Formed Steel Design Manual (AISI 2008a).
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4.4.1 Example 1: Single Bay Z-Purlin Attached to Through-Fastened Panels with One-Third Points
Anchorage at Low Eave Purlin - LRFD

Determine the anchorage force, using LRFD, for a single bay roof with four parallel
107S53.25x105 purlin lines spaced at 5 ft-0 in. on center, top purlin flange facing in up-slope
direction, a slope of V4 in. per ft, and a factored uniform load of 44 psf. The roof sheathing is a
through-fastened panel with a cross-sectional area of 0.18in?/ft and shear stiffness of
9000 Ib/in. The system is anchored at one-third points of the low eave purlin, and the
anchorage devices have a stiffness of 15 kip/in.

S ©

10XS3.25-105 (typ)

THROUGH FASTENED DECK
: Ap = 0.18 IN*/FT
o
A .
Ie]
- %N 1.2D+1.6S = 44PSF
I —
. IS
T ! Ka = 15 K/IN
in
©
M
AV AV
6'-8 6’8" 6'-8
20'-0"

System Configuration:

Np = 4

N, =1

Ka = 15kip/in.

Ap = 0.18in?/ft.

G = 90001b/in

0 = arctan(0.25/12) = 1.194 degrees

10ZS3.25x105 Purlin Properties from Design Manual Table 1-4

d = 10in.

b = 325in.
t = 0.105 in.
I, = 284int
Ly = 841int
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Coefficients from Specification Table D6.3.1-3

Cl1 = 05
c2 =178
C3 = 42
C4 = 098
¢ = 039
Co = 040

Purlin 1 is the eave (anchored) purlin and Purlin 4 is the ridge purlin.
The gravity load tributary to each purlin is:
Wy, =W, =(2.5)(44)(20) =22001b

Wi, =W, =(5)(44)(20) = 4400 Ib

To verify whether the diaphragm provides the required stiffness, the diaphragm deflection
is checked. Since this check is performed at the service load level, the loads found above are
divided by 1.5 to adjust the forces to approximately the unfactored level

wy (1
W diaph = Z{Tp[%cose—sin GH (4.3.1)
i

X

_[,(2200 + 4400) /15
20

(2'841 cos(1.194) - sin(1.194)ﬂ 1211 plf

With this value the in-plane diaphragm deflection at each frame line is found by treating
one-third of the span as a cantilever.

W diaph L diaph”
2G'B
_ (12LD(0/ 3 =0.020in <L /360 =(20x12 /3) /360 =0.22in OK
2(9000)(15)
The in-plane deflection at the midpoint of bay is one fourth of this value.
Specification Equation D6.3.1-2 is used to calculate the lateral load introduced into the system
at each purlin:

Acliaph = (4-3 -2)

I L
P =CLW, || S22 o3 (MAOBB, (o0 Ca.sino (Eq. D6.3.1-2)
i 111000 I.d d2
P, =P, =0.5(2200) [ 25 (B:4D@X12) ), (0+0.253-29)(0-105) | 1) (1 194) — (0.98) sin(1.194)
1000 (28.4)(10) 102
=781b
Then P and Pj3 is found by scaling the result by the Wy, terms,

P, =P; =78 2290 _ 1561
2200

The system stiffness is found from Specification Equation D6.3.1-6:

C5 ELt2

Keys =000 e 42

(Eq. D6.3.1-6)
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0.39 (29500)(20x12)(0.1052) kip
= (4 =122 4
1000 @ 102 41
The effective stiffness of the anchorage device, relative to each purlin is found from
Specification Equation D6.3.1-4,

d -1
Pi,j

K R L‘F—
i) 71K, " C6-LALE

-1
1 ki

- -1

(Eq. D6.3.1-4)

1 (5x12) Vos(1.194) kip
Kefi21) =| 15 510 —14.69 P/
40(20x12)(0.18 / 12)(29500)
- -1
1 (10x12) Vos1.100) kip
Keff(3,1) =1 15+ 010 —14.39Mp/
40(20x12)(0.18 /12)(29500)
a -1
1 (15x12) Vo5(1.194) kip
Kefi(a1) =| g+ — 14105/
15 0.40(20x12)(0.18 / 12)(29500)

The total stiffness at each purlin is calculated from the results above and Specification
Equation D6.3.1-5.
Na
Ktotal(i) = Z(Keffi,j)"' I<sys (Eq. D6.3.1-5)

j=1
Kotal(n) = 15+1.22 = 16228/
Kiotal(2) = 14.69 +1.22 =15.91 kip/
Kpotal(3) = 14.39+1.22 = 15.61 kip/

K total(4) = 14.10+1.22 = 15.32 kip/

The smallest of these stiffness values, which is the stiffness provided to the most remote
purlin, is compared to the required minimum stiffness from Specification Equation D6.3.1-8b

N

jae)

20-

1
Kreq = 5

g/

1]
1

(Eq. D6.3.1-8b)

1 20(2-0.078+2-0.156)
0.75 10
Finally the force at an anchorage device is found from the basic design Specification,
Equation D6.3.1-1,

ki ki
—1.25Kp/ < K total(4) = 15.32 P/ OK
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N

p K ff. .
P =3 (pi ¢ 1"} (Eq. D6.3.1-1)
i=1 totalj

=78 15 +156 14.69 +156 14.39 +78 14.10 4311b

16.22 15.91 15.61 15.32
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4.4.2 Example 2: Single Bay Z-Purlin Attached to Through-Fastened Panels with One-Third
Points Anchorage at Low and Ridge Purlins - LRFD

Repeat Example 1, but add anchorage devices to the ridge purlin.

© ®

10XS3.25-105 (typ)
\vi AV

THROUGH FASTENED DECK
. — 2
5 Ap = 0.18 IN*/FT
| -
S .
- %JN 1.2D+1.6S = 44PSF
Il -
: 7zl
S 1 Ka = 15 K/IN
0
©
r
AV V4
6'-8 6'-8" 6'-8
20!_0})

The following values from Example 1 are also applicable to this example:
P1=P4=78 b
Py=P3=156 1b
Keys =122 kip/in
Kreq =1.25kip/in

Keff(1,1) = 15 kip/in
Keff(2,1) = 14.69 kip/in
Keff(3,1) = 14.39 kip/in
Keff(,1) = 14.10 kip/in

By inspection the effective stiffness values for the second anchor are simply the reverse of
those for the first anchorage device.

Keff( 2) = 14.10 kip/in
Keff(22) = 14.39 kip/in
Keff(32) = 14.69 kip/in

Keff,2) = 15 kip/in

The total stiffness at each purlin is calculated from the results above and the Specification
Equation D6.3.1-5,

Na
Kiotal; = ,zl(Keffi,j)"' Keys (Eq. D6.3.1-5)
]:
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Kotat(r) = 15+14.10+1.22 = 30.32 B/
Kotal(2) = 14.69 +14.39 +1.22 = 30.30 P/
Kotal(3) = 14.39 +14.69 +1.22 = 30.30 4B/
Kotal(a) = 1410 +15+1.22 = 30.32 1/

The smallest of these stiffness values is compared to the required minimum stiffness from
Specification Equation D6.3.1-8b, which yields the same value as in Example 1.

Kreq = 1.25kip/in < Kiotal(2) = 30.30 kip/in OK

Finally the anchorage force is found from the Specification Equation D6.3.1-1.
N Ko
P ff
PLi=Y|P— (Eq. D6.3.1-1)
i=1 Ktotali

P, =78 15 +15614'69 15614.39 7814'10:224_1b

+ +
1 30.32 30.30 30.30 30.32

P, =78 14.10 +156 14.39 +156 14.69 +78 L __ 2241b
2 30.32 30.30 30.30 30.32

Note that the anchorage forces from this example are slightly greater than half of that found
from Example 1. This occurs because as additional stiffness is introduced into the system, less
force is taken by the “system effect”.
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4.4.3 Example 3: Four Span Continuous Z-Purlin Attached to Standing Seam Panels - ASD

Evaluate the anchorage system for the four continuous spans, standing seam roof system
shown. The system consists of twelve parallel Z-purlin lines, with the first purlin reversed (top
flange facing downslope) and anchorage devices at the support points of the first, fifth, and
ninth purlins. The anchorage devices provide a lateral stiffness of 40 kip/in and the roof
sheathing has a cross-sectional area of 0.20 in2/ft and a shear stiffness value of 1200 Ib/in. The
roof slope is %2 in. per ft and the dead plus snow service level roof load is 23 psf.

. 8752.75-085 8752.75-059 8752.75-059 8752.75-085
-
—
g
0 o o~
8 o
]
] LN 83
=
'l
ul
®
Ly 75 -0 . 50 n =0 m 25 -0 L
;I, - 100°=0" " ;I,
™~ T I I N T I I A I
System Properties:
Np = 12
Ap = 020in2/ft.

0 arctan(0.5/12) = 2.39 degrees
Ka 40 kip/in
G 1200 Ib/in.

Purlin Properties from AISI Design Manual Table 1-4

End Bays
8752.75x085

d = 8in.

b = 275in.
t = 0.085in.
Iy, = 124int
Iy =411in*
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Interior Bays
8752.75x059
81in.

2.751n.

0.059 in.

8.69 in*

2.851in*

STANDING SEAM DECK

Ap

D+s

Ka

0.20 IN*/FT

= 23PSF

40 K/IN
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Coefficients from Specification Table D6.3.1-1
Frame Line1 Frame Line2  Frame Line 3

Cl1 = 05 1.0 1.0
2 =13 1.7 43
G =11 69 55
C4 = 035 0.77 0.71
C5 = 24 1.6 1.4
Co = 025 0.13 0.17

Purlin Layout and Loading

Purlin Number 1 2 3 4 5 6 7 8 9 10 11| 12
Location (ft) 0 5 10 15 20 25 30 35 40 45 50| 55
Dist From Anch A (ft) | 0.00] 5.00|10.01|15.01|20.02|25.02|30.03 | 35.03 | 40.03 | 45.04 | 50.04 |55.05
Dist From Anch B (ft) |20.02|15.01{10.01| 5.00( 0.00| 5.00|10.01|15.01|20.02|25.02|30.03|35.03
Dist From Anch C (ft) |40.03|35.03|30.03|25.02|20.02|{15.01|10.01| 5.00| 0.00| 5.00|10.01]15.01

Purlin Number, i 1 2] 3] 4] 5 6 7] 8 9| 10] 11] 12
Tributary Width (ft) 25| 5/ 5| 5/ 5/ 5 5 5 5 5 5] 25
Wp1 (Ib) 1438 | 2875| 2875| 2875 | 2875 | 2875| 2875| 2875| 2875| 2875 | 2875| 1438
Purlin Orientation, o -1 1 1 1 1 1 1 1 1 1 1 1

Frame Line 1 Calculations
Find system stiffness from Specification Equation D6.3.1-6
_ G5y ELt?

S 1000 P g2

2.4 (29500)(25x12)(0.0857) kip
1000 (12) 82 41

K (Eq. D3.2.1-6)

The effective stiffness values for each anchor, with respect to each purlin, are calculated
from Specification Equation D6.3.1-4
-1

1 dp; ;
Keff, . =|—+——1 (Eq. D6.3.1-4)
ii |K, C6-LAE
-1
1 dpy

=|—+
40 0.25(25x12)(0.20 /12)(29500)
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Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12

Kerr,a (kip/in) 400 | 376 | 354 | 335| 31.7| 302 | 288 | 275 263 | 252 | 242 | 233

Kefr (kip/in) 317 | 335| 354 | 376 | 40.0| 376 | 354 | 335 31.7 | 302 | 288 | 27.5

Kefr,c (kip/in) 263 | 275| 288 | 302 | 31.7| 335| 354 | 376 40.0 | 376 | 354 | 33.5

Sum (kip/in) 98.0| 985 | 995|101.2 | 1035 |101.2 | 995 | 985 98.0| 929 | 884 | 842

Ktotal=8um+KsyS

ot . 126.8 | 127.3 | 128.3 | 130.0 | 132.2 | 130.0 | 128.3 | 1273 | 126.8 | 121.7 | 117.1 | 113.0
(kip/in)

Force distribution factors are calculated by finding the stiffness ratio in Specification
Equation D6.3.1-1 and dividing the K¢ values above by the corresponding Kiotal.

Purlin

Number 1 2 3 4 5 6 7 8 9 10 11 12
DF A 0.315 | 0295 | 0.276 | 0.257 | 0.240 | 0.232 | 0.224 | 0.216 | 0.207 | 0.207 | 0.207 | 0.206
DF B 0.250 | 0.263 | 0.276 | 0.289 | 0.302 | 0.289 | 0.276 | 0.263 | 0.250 | 0.248 | 0.246 | 0.243
DF C 0.207 | 0.216 | 0.224 | 0.232 | 0.240 | 0.257 | 0.276 | 0.295 | 0.315 | 0.309 | 0.302 | 0.296

The individual purlin forces are calculated from Specification Equation D6.3.1-2

I L
p=c1ow, || -C2 .29 3. MO o Ca-sing (Eq. D6.3.1-2)
! Pi 111000 I,d d?

13 (411)(25x12) . (0+0.25(2.75))(0.085)
1000  (12.4)(8) 2

P, = 0.5(1438)|I (~1)cos(2.39) (0.35)sin(2.39)} =-133.7Ib

Pz to Pll = 05(2875)|:(

P, =P, /2=112.8lb

13 (411)(25x12) . (0+ 0.25(2.275))(0.085)j

00 (12400 (1)cos(2.39) - (0.35)5111(2.39)} =225.6lb

These values must not be taken as less than 80% of that found using “All Other Locations”
coefficients.

P, = (080)05(1 438)[( 43 (411)(25x12) o (O+O.25(2.ZS))(0.085)]

1000 (12.4)(8)

P, to Py = (0.80)0.5(2875)|:[ 43 (41)(25412) | o5 (0+ 0‘25(2'75))(0'085)](1)cos(z.39) —(0.71) sin(2.39)} =85.11b

(~1)cos(2.39) - (0.71) sin(2.39):l =-76.61b

1000 (12.4)(8) g2
P, =P, /2=426lb

These forces are then distributed to each anchorage device with the distribution factors
found above.

Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12
P (Ib) -133.7 | 225.6 | 2256 | 225.6 | 225.6 | 2256 | 2256 | 225.6 | 225.6 | 2256 | 225.6 | 112.8

P to Anch A (Ib) -42.2 | 66.6 62.2 58.1 54.1 524 50.6 48.7 46.8 46.7 | 46.6 23.3
P to Anch B (Ib) -335 | 593 62.2 65.2 68.2 65.2 62.2 59.3 56.4 55.9 55.4 274
P to Anch C (Ib) -27.7 | 487 50.6 524 54.1 58.1 62.2 66.6 71.2 69.6 68.1 33.4
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Then taking the summation across each row yields the final anchorage forces.

PLa (Ib) 514
Pys (Ib) 603
Pic (Ib) 607

The stiffness of the system is checked using Specification Equation D6.3.1-8a

Kiotal = Kireq (Eq. D6.3.1-7)
Np
20| 3P,
=
Kreq = QlT (Eq. D6.3.1-8a)
20(~0.1337 +10-0.2256 + 0.1128 ki ki
202 ) 2112 B <Kioi12) = 113597, OK

8

Frame Line 2 Calculations
The system stiffness is found from
C5 ELt?
Keys =T000 Np 2
1.6 (29500)(25x12)((0.085+ 0.059) / 2)2 kip
1000 (12) 82 41

(Eq. D6.3.1-6)

The effective stiffness values and distribution factors for each anchor, with respect to each
purlin, are calculated from Specification Equation D6.3.1-4

-1
1 dPi, j
Keff . =| —+—— — (Eq. D6.3.1-4)
il | K, C6-LALE
-1
|1, I
40 ' 0.13(25x12)(0.20 /12)(29500)
Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12
Ketr,a (kip/in) 400 | 358 | 325 | 297 | 273 | 253 | 236 | 220 | 207 | 195 | 185 | 175
Kete s (kip/in) 273 | 29.7 | 325 | 358 | 400 | 358 | 325 | 297 | 273 | 253 | 236 | 220
Ketr,c (kip/in) 207 | 22.0| 236| 253 | 273 | 297 | 325 | 358 | 40.0| 358 | 325 | 29.7
Sum (kip/in) 880 | 875 | 885 | 908 | 946 | 908 | 885 | 875 | 88.0| 807 | 745 | 692
Kiotar=Sum+Ksys(kip/in) | 101.8 | 101.3 | 102.2 | 104.5 | 108.4 | 104.5 | 102.2 | 101.3 | 101.8 | 944 | 883 | 83.0
DF A 0.393 | 0.354 | 0.317 | 0.284 | 0.252 | 0.242 | 0.230 | 0.218 | 0.204 | 0.207 | 0.209 | 0.211
DF B 0.268 | 0.293 | 0.317 | 0.343 | 0.369 | 0.343 | 0.317 | 0.293 | 0.268 | 0.268 | 0.267 | 0.266
DF C 0.204 | 0.218 | 0.230 | 0.242 | 0.252 | 0.284 | 0.317 | 0.354 | 0.393 | 0.379 | 0.368 | 0.357

The individual purlin forces are calculated from Specification Equation D6.3.1-2 using the
properties of the first bay, then the interior bay and the resulting forces are averaged.
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I,L
P =C1W, || S 29 3. MAOBD o Causing (Eq. D6.3.1-2)
! Pi 111000 I,d d?

17 (411)(25x12) o (0+0.25(2.75))(0.085)
1000  (12.4)(8) g2

Pipeft = 1-0(1438){( ](—1) c0s(2.39)— (O.77)sir1(2.39)} =-167.51b

Py L =10 2875){( 12.50 (4.(1112)‘(42)5(2)12) L g0, 0+ 0.25(2.;5))(0.085)}

Py Left =Pp /2=742b

(1)cos(2.39) - (0.77) sin(2.39):| =148.31b

Py rugn: = 10(1438) [ 17 (285)(25x12) o (0+0.25(2.75))(0.059)

000 G0 o2 J(—1) c0s(2.39) —(O.77)sin(2.39)} =-139.5lb

P)_Right =1.0(2875)

(1.7 (2.85)(25x12) + 9. (0+025(2.75))(0.059)
111000 (8.69)(8) g2

Piy_Right =P2/2=46.2lb

J(l)cos(2.39) - (O.77)sin(2.39)} =92.31b

These forces are then distributed to each anchorage device with the distribution factors
found above.

Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12
P Left (Ib) -167.5| 148.3 | 148.3 | 148.3 | 148.3 | 148.3 | 148.3 | 148.3 | 148.3 | 1483 | 1483 | 74.2
P Right (Ib) -139.5( 923 | 923 | 923 | 923 | 923 | 923 | 923 | 923 | 923 | 923 | 46.2
P (Ib) -153.5] 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 120.3 | 60.2

Forceto Anch A (Ib) | -60.3] 426 | 382 | 341 | 303 | 291 | 277 | 262 | 245 | 249 | 252|127
Force to Anch B (Ib) -412| 352 | 382 | 412 | 444 | 412 | 382 | 352 | 323 | 322 | 321 | 16.0

P

Forceto AnchC (lb) | -313] 262 | 277 | 291 | 303 | 341 | 382 | 426 | 473 | 457 | 442|215
Pra (Ib) 255
Pg (Ib) 345
Prc (Ib) 356
Np
201> P
i=1
Kpoq = Q——1 (Eq. D6.3.1-4)

20(-0.1535+10-0.1203 + 0.0602)
8

=20

ki ki
= 558B/ < Kotal(12) = 83 P/ OK

Frame Line 3 Calculations
The forces along frame line 3 are found by applying the procedure using the properties of
the interior bays. For brevity, the calculations are presented only in tabular form.

y
Keys = 8095/
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Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12
Kest,a (kip/in) 40.0| 36.5| 33.6| 31.1| 289| 27.0| 254| 239| 226/ 215/ 204 195
Kest,s (kip/in) 289| 31.1| 33.6| 36.5| 40.0| 365 336 31.1| 289| 270/ 254| 239
Ketr,c (kip/in) 22.6| 239 254| 270| 289| 31.1| 33.6| 365| 40.0| 365 33.6| 31.1
Sum (kip/in) 91.6| 915 925 946 978 946| 925 915 91.6| 850 794| 745
Kiotar=Sum+Ksys (kip/in) 99.7| 99.6| 100.6| 102.7| 105.9| 102.7| 100.6| 99.6| 99.7| 93.1| 875| 826
DF A 0.401(0.366| 0.334| 0.303| 0.273| 0.263| 0.252| 0.240| 0.227| 0.231| 0.234| 0.236
DF B 0.290(0.312| 0.334| 0.355| 0.378| 0.355| 0.334| 0.312| 0.290| 0.290| 0.290( 0.290
DF C 0.227(0.240| 0.252| 0.263| 0.273| 0.303| 0.334| 0.366| 0.401| 0.392| 0.384| 0.376
P (Ib) -168.5|167.1| 167.1| 167.1| 167.1| 167.1| 167.1| 167.1| 167.1| 167.1| 167.1| 835
Force to Anch A (Ib) -67.6| 612| 55.7| 505| 45.6| 44.0| 422 402| 380 385 39.0| 197
Force to Anch B (Ib) -489| 52.1| 55.7| 59.4| 63.1| 594| 55.7| 521| 485| 485 485 242
Force to Anch B (Ib) -38.3| 40.2| 422| 440| 456| 505| 557 61.2| 67.1| 655 641 314
Pra (Ib) 407

Py (Ib) 518

Prc (Ib) 529

ki ki
Kyeq =7.9"/ <8268/ OK

Finally the diaphragm deflection is checked. Since the loads and spans are the same for all
bays, the bay with the largest Iy /Iy ratio will control. If all other dimensions are equal, this will
be the thicker purlin.

wy (1
W diaph = Z{Tp(%a cos 6 —sin Gﬂ (4.3.1)
i

X

1438+ 10(2875) + 1438 4.
{ * ;5 )* Gzlicos(2.39)—sin(2.39)ﬂ=333p1f

With this value the diaphragm deflection is found from,

2
WdiaphL diaph
8G'B

(333)(25)?

=R - 0.394in < L /360 = (25x12) /360 = 0.83in OK
8(1200)(55)

Adiaph = (4.3.2)
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4.4.4 Example 4: Three Span Continuous C-Purlins Supporting Standing Seam Panels - LRFD

Evaluate the interior frame lines of the three span, standing seam roof system shown and
determine whether anchorage devices are needed. The system consists of seven parallel lines of
C-shaped purlins. The purlins in the end bays are oriented with the flanges facing upslope,
while the center bay has flanges facing downslope, except the low eave members, which are
simple span and all three bays are oriented with flanges facing upslope. No external anchorage
devices are provided at the interior frame lines. The roof sheathing is a standing seam panel
with a cross-sectional area of 0.33 in2/ft and the roof slope is 1 in./ft. The purlins are 8C2.5x070.
The roof load consists of a uniform dead load (panel and purlin self weight) of 3 psf and roof
snow load of 21 psf. Use LRFD.

@ NO DECK SUPPORT
S CP ® AT HIGH SIDE © ©
. , STANDING SEAM DECK
] Ap = 0.33 IN*/FT
. i G' = 1500 LB/IN
A
©
T w 1.20+1.65 = 37.2 PSF
= ) 3 S
| ] pour |
0 =+ bl Ka = 10 K/IN
o )
e
)
s 8CS2.5-070 (typ) 8CS2.5-070 (typ) 8CS2.5-070 (typ)
o ™
e
' f BES2.5-070 BES2.5-070 BES2.5-070
20'-0" 24'-0" | 20'-0"
64'-0"

System Properties

Ap = 033in?/ft.
0 = arctan(1/12) =4.76 degrees

q 1.2D+1.65 = 1.2(3)+1.6(21)=37.2 psf

Purlin Properties from AISI Design Manual Table I-4

d = 8in
b = 25in.
t = 0.070 in.
m = 1.09in.

Coefficients from Specification Table D6.3.1-1

Cl1 =10
22 =17
C3 = 69
Cc4 = 077
G5 = 1.6
C6 = 013
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The system stiffness is found from Specification Equation D6.3.1-6:
_ G5y ELt?
¥$ 1000 P g2

_ 16 . (29500)((20+24)/2)(12)(0.070%) __  kip
=2505°7) 7 =6.68 41

K

(Eq. D6.3.1-6)

The purlin arrangement and tributary widths are as follows where purlins are numbered
from the low eave and only the first interior frame line is considered.

Purlin

Number 1 2 3 4 5 6 7
Location (ft) 0| 3.625 725 | 11.25 | 1525 | 19.25 | 23.25
o End Bay 1.00 | 1.00 1.00 | 1.00| 1.00 | 1.00| 1.00
o Interior Bay 1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00
Tributary

Width (ft) 1.8125 | 3.625 | 3.8125 4.0 4.0 40| 3.75

Specification Equation D6.3.1-2 is used to calculate the load introduced into the system at
each purlin. All terms except Wp,; are dependent only on the purlin section and span, not the

load or location within the roof plane. By recognizing this, a purlin load ratio, y = Pi/ Wy, can
be calculated for each purlin section.

Purlin Load Ratios:

I,L
y=c1l| £2. 29~ 03 (mAODD 6 Ca.sino (Eq. D6.3.1-2)
1000 I.d d2
1.09 +0.25(2.5))(0.070 .
Y(a=1) = 1.0{(0 +69.4 8(2 N )j(l) cos(4.76) - 0.77 - sm(4.76)} = —0.0650

(1.09 +0.25(2.5))(0.070)
82

Y(wer1) = 1.0{(0 +69- j(—1) cos(4.76) - 0.77 - sin(4.76)} =-0.1929

Since the loads will be partially counteracting at the frame lines, the three possible cases for
pattern snow loading must be considered.
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Load Case 1: Full Snow on End Bay, Half on Interior Bay

Since Kgys is greater than Kreq, these calculations indicate that the system is adequate
without the addition of discrete points of anchorage. It must also be shown that each purlin to
rafter connection is capable of resisting the lateral force P;; in this case the maximum P; is 294 1b.
Also, it should be noted that there remains a significant amount of uncertainty in the behavior
of purlin anchorage systems, especially in terms of lateral stiffness and displacements.
Therefore this technique of eliminating external anchorage requirements should be used with

caution.
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Purlin Number 1 2 3 4 5 6 7
W, Left (Ib) 1348.5 2697.0 2836.5 2976.0 2976.0 2976.0 2790.0
P Left (Ib) 87.7 1754 184.5 193.5 193.5 193.5 181.5
W, Right (Ib) 887.4 1774.8 1866.6 19584 19584 19584 1836.0
P Right (Ib) 57.7 -342.4 -360.1 -377.8 -377.8 -377.8 -354.2
P (Ib) 72.7 -83.5 -87.8 -92.1 -92.1 -92.1 -86.4
Kireq 1.54

Kreq/Ksys 23%

Load Case 2: Full Snow on Interior Bay, Half on End Bay

Purlin Number 1 2 3 4 5 6 7
W, Left (Ib) 739.5 1479.0 1555.5 1632.0 1632.0 1632.0 1530.0
P Left (Ib) 481 96.2 101.2 106.1 106.1 106.1 99.5
W,, Right (Ib) 1373.2 3236.4 3403.8 3571.2 3571.2 3571.2 3348.0
P Right (Ib) 89.3 -624.4 -656.7 -689.0 -689.0 -689.0 -645.9
P (Ib) 68.7 -264.1 -277.8 -291.4 -291.4 -291.4 -273.2
Kireq 5.40

Kreq/Ksys 81%

Load Case 3: Full Snow on Both Bays

Purlin Number 1 2 3 4 5 6 7
Wp Left (Ib) 1348.5 2697.0 2836.5 2976.0 2976.0 2976.0 2790.0
P Left (Ib) 87.7 1754 184.5 193.5 193.5 193.5 181.5
Wp Right (Ib) 1373.2 3236.4 3403.8 3571.2 3571.2 3571.2 3348.0
P Right (Ib) 89.3 -624.4 -656.7 -689.0 -689.0 -689.0 -645.9
P (Ib) 88.5 -224.5 -236.1 -247.7 -247.7 -247.7 -232.2
Kreq 4.49

Kreq/ Ksys 67%
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4.4.5 Example 5: Cantilever Z-Purlin System - ASD

Evaluate the roof system with the snow drift and end cantilevers shown. The system
consists of seven parallel purlin lines on each side of the ridge, but no continuity is provided
between the opposing slopes. The purlins have a 19 ft main span with 1 ft left cantilever (frame
setback) and a 5 ft right overhang (gable overhang). Anchorage devices are provided at the
supports at the 4th and 7th purlin lines. The roof sheathing is standing seam panels with a
cross-sectional area of 0.38 in2/ft and the roof slope is 4 in./ft. The purlins are 10252.75x085
and 105 (eave). The roof loading consists of a uniform dead load of 2 psf, a uniform snow load
of 13.6 psf, and a snow drift against the adjacent structure. The snow drift load tapers from 47
psf over a distance of 11 ft - 10 3/16 in. Use ASD

ki
_';-41.
Avi hvi .
7
=
)
Wy
9‘_ k]
n ]
v v e
1
= = 'n-lm*
W - ~ STANDING SEAM DECK
ST — Ap = 0.38 IN*/FT
" e
1)
° DL = 2 PSF
o SNOW AS SHOWN
Fay FaY
Ka = 10 K/IN
10252.75-085 (t
(typ) ’
10ES2.75-105 |

11'=10%s"

7 .
15'6 LSF

1.[_9. 19'—0" L 5'-0" |

System Properties:

=7

=2

Ka = 20kip/in.

Ap = 0.38in?/ft.

0 = arctan(4/12) = 18.43 degrees

NP
N

o]
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Purlin Properties from AISI Design Manual Table I-4

d = 10in.

b = 275in.

t = 0.085 in.
I, = 21.0in4

Iyy = 520in*

Eave Member Properties from AISI Design Manual Table 1-4

d =10in.

b = 25in.

t = 0.105 in.
I, = 233in4
Iy = 0.098in*
m = 1.56in.

Coefficients from Specification Table D6.3.1-1

Cl =05
C2 =283
C3 =128
C4 = 0.61
G5 =029
Cé6 = 0.051

To calculate the system stiffness Specification Equation D6.3.1-6 is modified slightly to
account for the difference in thickness of the eave strut and the typical purlins. Also, L is taken
as the length of the main span without the cantilevers.

C5 ELt

Kovs = 7000 NP T2

~0.29(29500)(19x12
1000(102)

(Eq. D6.3.1-6)

). [(6)(0.085)2 +(1)(0.105)% |=1.06kip /in

The effective stiffness of each anchorage device, relative to each purlin is calculated from
Specification Eq. D6.3.1-4. The Equation is evaluated in the table below for each combination of
purlin and anchor. The only changing variable is the distance between the purlin and the
anchorage device, dp(ij). Also in this table is the total stiffness supporting each purlin, Kiotal(i).

1 dp' i -
i,j
Ketf, . =| —+ =7 =% (Eq. D6.3.1-4)
YKy C6-LALE
Na
Ktotali = .zl(Keffi,j)"' I<sys (Eq. D6.3.1-5)
]:
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Purlin Number 1 2 3 4 5 6 7
Location (ft) 0 2.75 6.75 | 10.75 | 14.75 | 18.75 | 22.75
Dist From Anch A (ft) 11.33 8.43 4.22 0.00 4.22 8.43 | 12.65
Dist From Anch B (ft) 2398 | 21.08 | 16.87 | 12.65 8.43 4.22 0.00
Ketr,a (kip/in) 16.0 16.9 18.3 20.0 183 16.9 15.6
Kest,s (kip/in) 13.1 13.6 14.6 15.6 16.9 18.3 20.0
Sum (kip/in) 29.1 30.5 329 35.6 35.2 35.2 35.6
Kiota=Sum+Ksys (kip/in) 30.1 31.6 33.9 36.7 36.2 36.2 36.7

With these values the stiffness ratio in Specification Equation D6.3.1-1 is evaluated to find a
distribution factor representing the portion of the load introduced at each purlin that is
distributed to each anchorage device. The sum of the distribution factors at each purlin is less
than unity due to the portion of the load that is resisted by the system effect.

Purlin Number 1 2 3 4 5 6 7
DF A 0.531 | 0534 | 0539 | 0.545 | 0.505 | 0.466 | 0.426
DF B 0434 | 0432 | 0429 | 0.426 | 0.466 | 0.505 | 0.545

To address the effects of the snow drift and the cantilever, the load on each frame is
calculated taking into account the snow drift and the adjacent cantilever, but neglecting the
other cantilever.

By taking moments about frame line 2, the load on frame line 1 is:
. 0.5(47)(11.85)(20 - 11:854 )+ 15.6(20)(10)
1 =
19

=399 4plf

For the load on frame line 2 the snow drift is truncated at frame line 1.

. 10.85
oo =47 ———=43.03psf
Jdrift 11.85 P

Then taking moments about frame line 1 yields the load on frame line 2 of:
. 0.5(43.03)(10.85)(10-85 ) 15.6(24)(12)
2 —
19

= 280.9plf

Specification Equation D6.3.1-2 is used to calculate the load introduced into the system at
each purlin. All terms except Wp,; are dependent only on the purlin section and span, not the

load or location within the roof plane. By recognizing this, a purlin load ratio, y = Pi/ Wy, can
be calculated for each purlin section.

Purlin Load Ratios:

IL
y=C1 €2y +C3- (m+0.25b)t o-cosf—-C4-sin6 (From Eq. D6.3.1-2)
1000 I.d d2
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10.25(2.75)(0.085)

- 0‘5{( 83 (52)(19x12)

1000

(21)(10)

102

(1.56 +0.25(2.5))(0.105)

- 0‘5{( 83 (0.098)(19x12) |

1000 (23.3)(10)

102
These load ratios are then multiplied by the force Wp, which due to the cantilevers and non-

uniform load, is taken as two times the frame loads above times the tributary width at each
purlin. Then the forces P; are multiplied by the distribution factors found above to find the

force distributed to each anchorage device.

For anchorage along frame line 1:

J1 -c0s(18.43) — 0.61- sin(18.43)} = —0.0656

J1 -c0s(18.43)— 0.61 - sin(18.43):| =—0.0665

Purlin Number 1 2 3 4 5 6 7
Tributary Width (ft) 1.375 3.375 4 4 4 4 3.25
Load Factor -0.0656 | -0.0665 | -0.0665 | -0.0665 | -0.0665 | -0.0665 | -0.0665
W (Ib) 10985 | 26963 | 3195.6 | 3195.6 | 3195.6 | 31956 | 2596.4
P, (Ib) -72.1 -179.2 -212.4 -212.4 -212.4 -212.4 -172.6
Load to Anch A (Ib) -38.3 957 -114.5 -115.8 -107.3 -98.9 -735
Load to Anch B (Ib) -31.3 775 91.2 -90.5 -98.9 -107.3 941
Load to System Effect (Ib) -24 -5.6 -6.2 -5.7 -5.8 -5.8 -4.6
For anchorage along frame line 2:
Purlin Number 1 2 3 4 5 6 7
Wi (Ib) 772.5 1896.1 22472 | 22472 | 22472 | 22472 | 18259
P, (Ib) -50.7 -126.0 -149.4 -149.4 -149.4 -149.4 -121.3
Load to Anch A (Ib) -26.9 -67.3 -80.5 -81.4 -75.5 -69.5 -51.7
Load to Anch B (Ib) -22.0 -54.5 -64.1 -63.6 -69.5 -75.5 -66.1
Load to System Effect (Ib) -1.7 -3.9 -4.3 -4.0 -4.1 -4.1 -3.3

The summation in Specification Equation D6.3.1-1 is carried out by taking the sum of the
values in the rows in the tables above. This yields the anchorage force at each purlin. The
portion of the force carried by the system effect is also calculated in a similar fashion.

FL1 FL 2
Ppa (Ib) -644 -453
Pig (Ib) -591 -415
P System (Ib) -36 -25
Sum -1271 -894

The “Sum” values in the table above are the total of all the anchorage forces along each
frame line, and are equivalent to the sum of the P; values. Therefore these values are used in

Specification D6.3.1-8a for the calculation of the required minimum effective stiffness.

Np
20| 3P,

i=1
Kreg =Q-

g =0 g

=20
10
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4.4.6 Example 6: Single Span Z-Purlin Attached to Through-Fastened Panels with One-Third
Points Anchorage - ASD

The system shown consists of 17 parallel purlin lines on each side of the ridge, and
continuity is provided between the opposing slopes. Anchorage devices are provided at the
one-third points at the 3rd and 10th purlin lines on each side of the ridge and have a lateral
stiffness of 10 kip/in. The roof sheathing is a through-fastened panel with a cross-sectional area
of 0.21 in2/ft and the roof slope is %2 in./ft. The purlins are 10252.5x085 and the strut purlins
are 10Z52.5x105. Evaluate the anchorage system for a dead load of 4 psf and the effects of a
30 psf ground snow load.

o @ [ o
2 g 2. 2
2= 2 2 2°
=< < THROUGH FASTEMED DECK < <
Ap = 0.21 INV/FT
15'=0" 3-8", | 300" LG T kil 30'-0" 3=9", 15'=0"
!
3 . _sope | |stbed_ e
= o 12 =
o 2 B & b2 % fa [y
= o o
58 23 .
N o
5 2 gl
=3 =
=&l B f “ (8-
S 5]
DL = 4 PSF

GROUND SNOW = 30 PSF

27 PSF

UNBALLANCED SNOW PER ASCE7-05

| |
l

| I 1]

c © f L OSFSFFSSSFSSIILIMMMNMIL L 1 g

6.3 PSF

21 F‘fF

System Properties

N, = 4

Ko =10kip/in.

Ap = 0.21in?/ft.

0 = arctan(0.5/12) = 2.39 degrees

Purlin Properties from Design Manual Table 1-4

d = 10in.

b = 2.75in.
t = 0.085 in.
I, = 21.0in?
Ly =520int

Eave Strut Properties from Design Manual Table 1-4
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d = 10in.
b = 25in.
t = 0.105 in.
I, = 233in4
Iy  =0.098 in
m = 1.56in.

Coefficients from Specification Table D6.3.1-3

Cl = 05
2 =78
C3 = 42
C4 = 098
c5 = 039
C6 = 040

To calculate the system stiffness Specification Equation D6.3.1-6 is modified to account for the
difference in thickness of the eave strut and the typical purlins and the reduced effectiveness of
elements on the far side of the ridge.

C5 ELt? | (ELt?
Keys = m'{(Npl —1{ d; J{ - ﬂ [+ (cos(20))? ] (44.1)
_ fo?z)% .[((295001)(()20X 12))((17 ~1)0.0852 +o.1052)} [1+ (cos2239)P )= 105",

The effective stiffness of each anchorage device, relative to each purlin is calculated from
Specification Equation D6.3.1-5. The Equation is evaluated in the table below for each
combination of purlin and anchor with the only changing variable being the distance between
the purlin and the anchorage device, dpij). Also in this table is the total stiffness supporting

each purlin, Kiotal()-

If purlin “i” and anchor “j” are on the same side of the ridge then:
— d _1
1 Pi, j
Kef . =| —+—""""— (Eq. D6.3.1-4)
Y| Ky C6-LALE

/ey V7av

If purlin “i” and anchor “j” are on the opposite sides of the ridge then:
-1

(4.4.2)

1 9p,; 1 dp; ,
et =1 K, "o LALE | cos?(20)

' a ‘LALE Jcos®(20) C6-LALE
Where dp, is the distance from the ridge to the anchor, and dp; o is the distance from the purlin
to the ridge.

Na

Ktotali = .zl(Keffi,j)"' I<sys (Eq. D6.3.1-5)
]:
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Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Location (ft) 0 5 10 15 | 18.75 | 21.25 | 23.75 | 26.25 | 28.75 | 31.25 | 33.75 | 36.25 | 38.75 | 41.25 | 43.75 | 46.25 | 48.75
Dist From Anch A (ft) | 10.01 | 5.00 | 0.00 | 5.00 | 8.76 | 11.26 | 13.76 | 16.26 | 18.77 | 21.27 | 23.77 | 26.27 | 28.77 | 31.28 | 33.78 | 36.28 | 38.78
Dist From Anch B (ft) 31.28 | 26.27 | 21.27 | 1626 | 1251 | 10.01 | 751 | 5.00| 250 | 0.00 | 250 | 5.00 | 751 |10.01 | 12,51 | 15.01 | 17.52
Dist From Anch C (ft 68.81 | 63.81 | 58.80 | 53.80 | 50.04 | 47.54 | 45.04 | 42.54 | 40.03 | 37.53 | 35.03 | 32.53 | 30.03 | 27.52 | 25.02 | 22.52 | 20.02
Dist From Anch D (ft) | 90.08 | 85.07 | 80.07 | 75.07 | 71.31 | 68.81 | 66.31 | 63.81 | 61.30 | 58.80 | 56.30 | 53.80 | 51.29 | 48.79 | 46.29 | 43.79 | 41.29
Alpha 1.00| 100| 1.00| 1.00| 100| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00| 1.00] 1.00 | 1.00 | 1.00 | 1.00
Ketr,a (kip/in) 9.81 | 990 |10.00 | 99 | 983 | 979 | 974 | 970 | 9.65| 9.60 | 956 | 952 | 947 | 943 | 939 | 934 | 930
Ketr,5 (kip/in) 943 | 952 | 960 | 970 | 976 | 981 | 986 | 990 | 995|10.00 | 995 | 990 | 986 | 981 | 976 | 9.72 | 9.67
Ketr,c (kip/in) 877 | 884 | 892 | 9.00| 906 | 910| 914 | 918 | 922 | 926 | 930 | 934 | 939 | 943 | 947 | 952 | 956
Ket,p (kip/in) 846 | 853 | 860 | 867 | 873 | 877 | 880 | 884 | 888 | 892| 89 | 9.00| 9.03| 9.07| 911 | 916 | 9.20
Sum (kip/in) 365 | 368 | 371 | 373 | 374| 375 | 375 | 376 | 377 | 378 | 378 | 378 | 377 | 377 | 377 | 377 | 377
Kiota=Sum+Ksys (kip/in)| 452 | 455 | 458 | 460 | 461 | 462 | 462 | 463 | 464 | 465 | 465 | 465 | 465 | 465 | 464 | 464 | 464
Purlin Number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Location (ft) 51.25 | 53.75 | 56.25 | 58.75 | 61.25 | 63.75 | 66.25 | 68.75 | 71.25 | 73.75 | 76.25 | 78.75 | 81.25 85 90 95 100
Dist From Anch A (ft) | 41.29 | 43.79 | 46.29 | 48.79 | 51.29 | 53.80 | 56.30 | 58.80 | 61.30 | 63.81 | 66.31 | 68.81 | 71.31 | 75.07 | 80.07 | 85.07 | 90.08
Dist From Anch B (ft) 20.02 | 22,52 | 25.02 | 27.52 | 30.03 | 32.53 | 35.03 | 37.53 | 40.03 | 42.54 | 45.04 | 47.54 | 50.04 | 53.80 | 58.80 | 63.81 | 68.81
Dist From Anch C (ft 1752 | 1501 | 1251 | 1001 | 751 | 5.00 | 250 | 0.00 | 250 | 5.00| 751 |10.01 | 1251 | 16.26 | 21.27 | 26.27 | 31.28
Dist From Anch D (ft) | 38.78 | 36.28 | 33.78 | 31.28 | 28.77 | 26.27 | 23.77 | 21.27 | 18.77 | 16.26 | 13.76 | 11.26 | 8.76 | 5.00 | 0.00 | 5.00 | 10.01
Alpha -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00 | -1.00
Ketr,a (kip/in) 920 | 916 | 911 | 9.07| 9.03| 9.00| 896 | 892 | 888 | 884 | 880 | 877 | 873 | 867 | 860 | 853 | 8.46
Kett,5 (kip/in) 956 | 952 | 947 | 943 | 939 | 934 | 930 | 926 | 922 | 918 | 914 | 910 | 9.06 | 9.00 | 892 | 884 | 877
Ketr,c (kip/in) 967 | 972 | 976 | 981 | 986 | 990 | 995 | 1000 | 995| 990 | 986 | 981 | 976 | 970 | 9.60 | 952 | 9.43
Ket,p (kip/in) 930 | 934 | 939 | 943 | 947 | 952 | 956 | 960 | 965| 970 | 974 | 979 | 9.83| 990 | 10.00 | 990 | 9.81
Sum (kip/in) 377 | 377 | 377 | 377 | 377 | 378 | 378 | 378 | 377 | 376 | 375 | 375| 374 | 373 | 371 | 368 | 365
Kiota=Sum+Ksys (kip/in)| 46.4 | 464 | 464 | 465 | 465 | 465 | 465 | 465 | 464 | 463 | 462 | 462 | 461 | 46.0| 458 | 455 | 452
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With these values the stiffness ratio in Specification D6.3.1-1 is evaluated to find a
distribution factor representing the portion of the load introduced at each purlin that is
distributed to each anchorage device.

Purlin
Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

DF A 022 1022]022]022]021]021]021]021]021]021]021]020]0.20]0.20]0.20]0.20]0.20
DF B 021 1021]021]021]021]021]021]021]021]022]021]021]021]021]021]0.21]0.21
DF C 0.19 10.1910.19]0.20 | 0.20 ] 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.21
DF D 019 10191019]0.19(019]019]0.19(019]0.19]0.19 | 019 ] 0.19 | 0.19 | 0.20 | 0.20 | 0.20 | 0.20
DF Sys 019 1019019]0.19]019]0.19]0.19|019]0.19 | 0.19 | 019 ] 0.19 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19

Purlin
Number | 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

DF A 0.20 10.200.200.20{0.19]019]0.190.19]0.19]0.19 |0.19]0.19 | 0.19 | 019 | 0.19 | 0.19 | 0.19
DF B 0.21 10.20|0.20 | 0.20 | 0.20 ] 0.20 | 0.20 | 0.20 ] 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.19 | 0.19 | 0.19
DF C 021 1021]021]021]021]021]021]022]021]021]021]021]021]021]021]0.21]0.21
DF D 0.20 1020020 0.20]0.20]0.20]0.21 021 0.21]021]021]021]021]022]|022]022]0.22
DF Sys 019 1019]019]019]019]019]019]0.19]0.19]0.19]0.19]0.19]0.19]0.19]0.19]0.19 | 0.19

Specification Equation D6.3.1-2 is used to calculate the load introduced into the system at
each purlin. All terms except Wy, are dependent only on the purlin section and span, not the

load or location within the roof plane. By recognizing this, a purlin load ratio, y = Pi/ Wy, can be
calculated for each purlin section.

Purlin Load Ratios:
I L
y=C1 €2y +C3- (m+0.25b)t o-cosf—C4-sin6 (D6.3.1-2)
1000 I,.d d2

v = 0‘5[[ 78 (5:2)(19x12) ,, 0.25(2.75)(0.085)

1000 (21)(10) 102 Jl -c0s(2.39)-0.98 - sin(2.39)} =0.0208

e= 0.5“ 78 (0098)(A9x12) ), (1.56+0.25(2.5))(0.105 )]1 -0s(2.39) - 0.98 - sin(2.39)} =0.0282
1000  (23.3)(10) 102

These load factors are then multiplied by the force Wy, and the direction factor . Then the

force P is multiplied by the distribution factors found above to find the force distributed to each
anchorage device.
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Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Tributary

Width (ft) 2.5 5 5| 4.375| 3.125 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Load Factor 0.0282| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208
Wo1 (Ib) 1312.5| 2625.0| 2625.0| 2437.5| 3187.5| 3000.0{ 3000.0| 3000.0| 3000.0| 3000.0{ 3000.0{ 3000.0{ 3000.0| 3000.0| 3000.0| 3000.0| 3000.0
P (Ib) 37.1 54.6 54.6 50.7 66.3 62.4 62.4 62.4 62.4 62.4 62.4 62.4 62.4 62.4 624 624 624
Load to

IAnch A (Ib) 8.0 11.9 11.9 10.9 14.1 13.2 13.1 13.1 13.0 129 12.8 12.8 12.7 12.7 12.6 12.6 125
Load to

\Anch B (Ib) 7.7 11.4 11.4 10.7 14.0 13.3 13.3 13.3 13.4 134 134 13.3 13.2 13.2 13.1 13.1 13.0
Load to

IAnch C (Ib) 7.2 10.6 10.6 9.9 13.0 12.3 12.3 12.4 12.4 124 12.5 12.6 12.6 12.7 12.7 12.8 129
Load to

IAnch D (1b) 6.9 10.2 10.3 9.6 12.6 11.9 11.9 11.9 11.9 12.0 12.0 12.1 12.1 12.2 12.2 12.3 12.4
Load to System

Effect (Ib) 7.1 10.5 10.4 9.6 125 11.8 11.8 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7
Purlin Number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Tributary

Width (ft) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 25| 3.125| 4.375 5 5 2.5
ILoad Factor 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0208| 0.0282
Wo1 (Ib) 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 393.8| 492.2| 689.1| 7875| 787.5| 393.8
P (Ib) -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2 -8.2| -102| -143| -164| -164| -11.1
Load to

IAnch A (Ib) -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.9 -2.7 -3.1 -3.1 2.1
Load to

\Anch B (Ib) -1.7 -1.7 -1.7 -1.7 -1.7 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -2.0 -2.8 -3.2 -3.2 2.2
Load to

IAnch C (Ib) -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.8 -1.8 -1.8 -1.8 -1.7 -1.7 2.2 -3.0 -3.4 -3.4 -2.3
Load to

IAnch D (lb) -1.6 -1.6 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 -1.7 2.2 -3.1 -3.6 -3.6 24
Load to System

Effect (Ib) -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.9 -2.7 -3.1 -3.1 2.1
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The summation in Specification Equation D6.3.1-1 is carried out by taking the sum of the values in the rows in the tables above.
This yields the anchorage force at each purlin. Also, the portion of the force carried by the system effect is calculated in a similar
fashion.

Pra (Ib) 179
Pi3 (Ib) 181
Prc (Ib) 167
Prp (Ib) 159
P System (Ib) 159
Sum 846

The resulting forces indicate that the entire roof system translates in the upwind direction (to the right in the figure above). With
anchorage points at one-third points it is common that the anchorage system can only resist forces in one direction. If this is the case,
then the anchorage points on the windward side of the roof (C&D) will be ineffective. Therefore the system would need to be
reanalyzed neglecting the ineffective anchors. For this analysis, most of the values above are still applicable. The total stiffness is
computed neglecting the two ineffective anchors, and different distribution factors are calculated and applied to the purlin forces.

Purlin Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Ket,a (kip/in) 9.8 99| 10.0 9.9 9.8 9.8 9.7 9.7 9.6 9.6 9.6 9.5 9.5 9.4 9.4 9.3 9.3
Ket,s (kip/in) 9.4 9.5 9.6 9.7 9.8 9.8 9.9 99| 100 | 10.0 | 10.0 9.9 9.9 9.8 9.8 9.7 9.7
Sum (kip/in) 192 | 194 | 196 | 196 | 196 | 196 | 196 | 196 | 196 | 196 | 195| 194 | 193 | 192 | 191 | 191 | 19.0

Kiotai=Sum+Kys (kip/in) 279 | 281 | 283 | 283 | 283 | 283 | 283 | 283 | 283 | 283 | 282 | 281 | 28.0 | 279 | 279 | 278 | 277

DF A 0.351 | 0.352 | 0.353 | 0.350 | 0.347 | 0.346 | 0.344 | 0.342 | 0.341 | 0.339 | 0.339 | 0.338 | 0.338 | 0.337 | 0.337 | 0.336 | 0.336
DF B 0.337 | 0.338 | 0.339 | 0.342 | 0.345 | 0.347 | 0.348 | 0.350 | 0.352 | 0.353 | 0.353 | 0.352 | 0.352 | 0.351 | 0.350 | 0.350 | 0.349
DF Sys 0.312 | 0.310 | 0.308 | 0.308 | 0.308 | 0.308 | 0.308 | 0.308 | 0.308 | 0.308 | 0.309 | 0.310 | 0.311 | 0.312 | 0.313 | 0.314 | 0.315
Load to Anch A (Ib) 13.0 | 192 193 | 177 | 230 | 216 | 215 | 214 | 213 | 212 | 211 | 211 | 211 | 211 | 21.0| 21.0]| 21.0
Load to Anch B (Ib) 125 | 185 | 185 | 174 | 229 | 216 | 21.7 | 218 | 219 | 220 | 220 | 220| 219 | 219 | 219 | 218 | 218

Load to System Effect (Ib) 115 | 169 | 168 | 156 | 204 | 192 | 192 | 192 | 192 | 192 | 193 | 193 | 194 | 195| 195 | 196 | 19.6
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Purlin Number 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Kef,a (kip/in) 9.2 9.2 9.1 9.1 9.0 9.0 9.0 8.9 8.9 8.8 8.8 8.8 8.7 8.7 8.6 8.5 8.5
Kett,p (kip/in) 9.6 9.5 9.5 9.4 9.4 9.3 9.3 9.3 9.2 9.2 9.1 9.1 9.1 9.0 8.9 8.8 8.8
Sum (kip/in) 188 | 187 | 186 | 185 | 184 | 183 | 183 | 182 | 181 | 180 | 179 | 179 | 178 | 177 | 175 | 174 | 172
Kiota=Sum+Ksys (kip/in) 275 | 274 | 273 | 272 | 271 | 270 | 270 | 269 | 268 | 267 | 267 | 266 | 265 | 264 | 262 | 261 | 259
DF A 0.335 ] 0.334 | 0.334 | 0.333 | 0.333 | 0.333 | 0.332 | 0.332 | 0.331 | 0.331 | 0.330 | 0.330 | 0.329 | 0.329 | 0.328 | 0.327 | 0.326
DF B 0.348 | 0.348 | 0.347 | 0.346 | 0.346 | 0.345 | 0.345 | 0.344 | 0.344 | 0.343 | 0.343 | 0.342 | 0.342 | 0.341 | 0.340 | 0.339 | 0.338
DF Sys 0.317 | 0.318 | 0.319 | 0.320 | 0.321 | 0.322 | 0.323 | 0.324 | 0.325 | 0.326 | 0.327 | 0.328 | 0.329 | 0.330 | 0.332 | 0.334 | 0.336
Load to Anch A (Ib) 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 27| 34| 47| 54| 54| -36
Load to Anch B (Ib) 29| -28| 28| -28| -28| -28| 28| -28| -28| 28| -28| -28| 35| 49| 56| -56| -38
Load to System Effect (Ib) 26| 26| 26| 26| 26| 26| 26| 27| 27| 27| 27| 27| 34| 47| -54| -55| -37

Pra (Ib) 292
Prg (Ib) 295
P System (Ib) 259
Sum 846
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The simplified model that forms the basis for the minimum stiffness requirement in
Specification Equation D6.3.1-8 does not correctly represent a system where large groups of
purlins have opposing flanges. This can be seen in the special case of a flat roof where all
purlins top flanges are oriented toward the centerline. Specification Equation D6.3.1-8 would
yield a required stiffness of zero (also implying zero lateral displacement) since the forces P;
cancel out.

For this example the stiffness requirement can be conservatively evaluated by taking only
the leeward side of the roof alone.

20 %P
i=1 '
Kreq _0. - (Eq. D3.2.1-8a)
. 2.0—20(11'813) = 405", <Kiorai17) = 259", OK

4.5 Alternate Solution Procedures

4.5.1 Simplified Procedure

The solution procedure in the Specification can be conservatively simplified if the roof
system under consideration has nominally uniform purlin spaces, uniform loads,
approximately uniformly distributed anchorage devices, and the majority of the purlin top
flanges facing upslope. For this simplification the total load supported by all the purlins within
a bay is found.

W, =qLB (4.5.1)
The approximate and conservative anchorage force, P, is then found from a modified form of
Specification Equation D3.6.2-2:

i IyL
P, =Cl- €2 Dy g MAOBDR o csging | Ve 4.5.2)
1000 1I,d d2 N,
Or the equation may be simplified even further and more conservatively to:
(1
p_ =Cl.|| 2 m+02D) | 01 We | o1 sing) Ve (4.5.3)
21, d N, N,

For the stiffness requirement, one may either compare the estimated purlin deflection to the
allowable, or the minimum required anchor stiffness to the actual stiffness. The purlin
deflection is conservatively estimated from:

N, -N,)S
Ag =Pp_g 1 + u (4.5.4)
Ka  C6-LALE
The resulting estimated deflection is then compared to the allowable deflection:
Ay = d or d)i (Eq. D6.3.1-9)

2020 20
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Alternatively the required anchor stiffness, K,, can be found from one of the following;:

y 20-C6-LALEP,

a_req — 1 , for ASD (4.5.5a)

o C6-LALEd -20P, _(S(N, —N,)

K 20-C6-LALEP
-1 C6- LApEd —20P_;S(Np, —N,)
Unlike Specification Equation D6.3.1-8, this yields the required anchor stiffness directly, not
the required total effective stiffness. The solution of this equation can result in negative values,
meaning that the stiffness criteria, as evaluated with the simplified procedure, can not be

satisfied with the current number of anchorage devices. It is noted that this stiffness evaluation
can be very conservative, especially for large roof systems.

, for LRFD or LSD (4.5.5b)

4.5.2 Matrix-Based Solution

The design procedure presented in the Specification utilizes a relative stiffness technique to
distribute anchorage forces. To develop the manual procedure, the stiffness analysis was
simplified slightly and presented in a revised, single-degree-of-freedom format. The same
underlying stiffness model can also be solved using matrix methods. This allows for the direct
calculation of the displacements and potentially a better evaluation of the minimum stiffness
requirements.

To formulate the stiffness model, the forces P; are applied to nodes representing each purlin.
Linear springs connect each adjacent node and model the axial behavior of the roof sheathing.
The stiffness of these springs is related to Kegf and is found from,

C6-LAE
Kp, s

where k varies from one to the number of purlin spaces and Sy is the panel span between purlin
k and k+1. To simplify the calculations in the manual procedure, the stiffness of all the purlins
in the absence of the anchorage devices was collected into a single term Kgys. For the matrix

(4.2.2)

solution Kgys is found for each purlin individually and applied as a spring support at the

corresponding node. The stiffness of the spring is found by removing the number of purlins,
Np, from Specification Equation D6.3.1-6, yielding

« _ C5 EL¥
81000 g2

The resulting one-dimensional model can be solved with a relatively simple system of
equations as shown in Example 7.

(4.2.1)
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4.5.3 Example 7: Example 3 Using the Simplified Method and Matrix-Based Solution

Re-solve the frame line 3 case from Example 3 using the simplified method and the matrix
based solution. Note the diaphragm deflection check is the same as that shown in Example 3.

Simplified Method
W, =qLB 4.5.1)
W, = (23psf)(55ft)(25ft) = 31.625kip
I,L
P =Cl1. €2 D9z 3. mHOBD) (o casing | W (4.5.2)
1000 I,d d2 N,
P ~10. 43 (285)(25x12) . (0+0.25(275))(0.059)) (239)— 0.715in(2.39) 31625 _ oy
(1000 (8.69)(8) 82 3
S =5ft
I N, -N,)S
Ag =Pp_g 1 + u (4.5.4)
K, C6-LALE
_0.612| = + (12 =3)(5x12) = 0.028in
40 0.17(25x12)(0.20 / 12)(29500)
P (Eq. D6.3.1-9a)
a Q.20 q- .
= 8 =0.2in
2(20)
20-C6-LA EP| _
Ka req= P s (4.5.5a)
5 C6LAREd —20P_;S(N}, ~N,)
- 20(0.17)(25x12)(0.2 / 12)(29500)(0.612) _30kip/
50 (0:17)(25x12)(02 /12)(29500)(8) - 20(0.612)(5x12)(12 - 3)
Matrix Solution
C6-LALE
Kpg=—— P~ (4.2.2)
Sk
. 0.17(25)(0.20)(29500) _ .., 6/
(5x12) / cos(2.39)
« __C5 ELY @2)
Y5 1000 g2 .

.14 (29500)(25x12)(0.059%) _ 4ip
Kiye =0 - —0.674 P/
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Stiffness Matrix Representing System with No Anchorage Devices:

418  -418 0 0 0 0 0 0 0 0 0 0
-418 835 418 0 0 0 0 0 0 0 0 0
0 -418 835 418 0 0 0 0 0 0 0 0
0 0 -418 835 418 0 0 0 0 0 0 0
0 0 0 -418 835 418 0 0 0 0 0 0
K 0 0 0 0 -418 835 418 0 0 0 0 0
1710 0 0 0 0 -418 835 418 0 0 0 0
0 0 0 0 0 0 -418 835 418 0 0 0
0 0 0 0 0 0 0 -418 835 418 0 0
0 0 0 0 0 0 0 0 -418 835 418 0
0 0 0 0 0 0 0 0 0 -418 835 418
0 0 0 0 0 0 0 0 0 0 -418 418
Stiffness Matrix Representing System Effect:
0.674 0 0 0 0 0 0 0 0 0 0 0
0 0.674 0 0 0 0 0 0 0 0 0 0
0 0 0.674 0 0 0 0 0 0 0 0 0
0 0 0 0.674 0 0 0 0 0 0 0 0
0 0 0 0 0.674 0 0 0 0 0 0 0
Ky = 0 0 0 0 0 0.674 0 0 0 0 0 0
2710 0 0 0 0 0 0.674 0 0 0 0 0
0 0 0 0 0 0 0 0.674 0 0 0 0
0 0 0 0 0 0 0 0 0.674 0 0 0
0 0 0 0 0 0 0 0 0 0.674 0 0
0 0 0 0 0 0 0 0 0 0 0.674 0
0 0 0 0 0 0 0 0 0 0 0 0.674
Stiffness Matrix Representing Anchorage Devices:
40 0 0 0 O O O O O 0 0 O
o 0 0 0 o0 O o0 0O O 0 0 O
o 0 0 0o o0 O O O O 0 0 O
o o0 0 0o o 0 0O O O 0 0 O
0 0 0 0O 40 0 O O O O 0 O
K.z/0 0 0 0 0 0 0 0 0 0 0 0
3|0 0 0 0 O O O O O 0 0 O
o 0 0 0 o0 0 O 0O 0O 0 0 O
o 0 0 0 O O O O 40 0 0 O
o 0 o0 0 O O O O O o0 0 O
o o0 o0 0 O O O O O O0 0 O
o o0 o0 o0 O O O 0 O O0 o0 o0
Complete Stiffness Matrix, K=K +Ky+Kas:
458  —418 0 0 0 0 0 0 0 0 0 0
-418 836 -418 0 0 0 0 0 0 0 0 0
0 -418 836  —418 0 0 0 0 0 0 0 0
0 0 -418 836 —418 0 0 0 0 0 0 0
0 0 0 -418 876  —418 0 0 0 0 0 0
K = 0 0 0 0 -418 836  —418 0 0 0 0 0
-1 0 0 0 0 0 -418 836  —-418 0 0 0 0
0 0 0 0 0 0 -418 836  —418 0 0 0
0 0 0 0 0 0 0 -418 876 -418 0 0
0 0 0 0 0 0 0 0 -418 836  -418 0
0 0 0 0 0 0 0 0 0 -418 836  —418
0 0 0 0 0 0 0 0 0 0 -418 418
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Applied Force Vector:
P ={-169 167 167 167 167 167 167 167 167 167 167 74}

Solve for Nodal Displacements:

A=K'P= {9.611.011.912.512.713.7 14.4 14.7 14.6 15.5 16.0 16.2} x 103in. (4.5.5)

Solve for Anchorage Forces:
Pp =K3A=1{385000508 00058300 0} (4.5.6)

Comparison of Methods

The anchorage force from the three solution methods are presented below. It can be seen
that the main Specification method and the matrix solution method provide similar results. As
discussed above the Simplified Procedure provides conservative forces as long as the anchorage
devices are evenly distributed along the roof slope.

Method Pralb | Prg b | Prc Ib
Main Specification 407 518 529
Simplified

Procedure 612 612 612
Matrix Based

Method 385 508 583

4.5.4 Component Stiffness Method

The component stiffness method is an alternative approach to the provisions set forth in the
Specification. It is based upon the same principles as the provisions. The component stiffness
method takes a more in depth approach to determine the forces generated by the system of
purlins and the lateral stiffness of the system, but then uses a more simplified approach to the
distribution of the forces between anchorage devices.

The roof system is therefore divided into three types of “components”: the external restraint,
the connection between the purlin and rafter, and the connection between the sheathing and
purlin. The roof system is treated as a single degree of freedom system and the contributions of
each component are related by stiffness. The stiffness of each of the components is defined as
the force or moment developed in the component per unit lateral displacement of the top flange
at the restraint.

There are three main steps to determining the restraint forces in a purlin supported roof
system using the component stiffness method. First it is necessary to determine the forces
generated in the roof system. The lateral forces generated are primarily a function of the
geometry of the system, but the purlin also interacts with the sheathing to contribute to the
lateral forces that must be restrained. Using a displacement compatibility approach and
assuming rigid restraints, the additional contribution of the sheathing/purlin interaction to the
lateral force in the system is determined. These sheathing/purlin interaction forces are
dependent upon the restraint configuration.

Similar to the provisions of the Specification, once the forces generated by the system have
been determined, the stiffness of the system is determined and forces are distributed through

Page 90



AISI Design Guide for Cold-Formed Steel Purlin Roof Framing Systems, 2009 Edition

the system according to the stiffness of each of the components. Each purlin in the bay
contributes a rafter stiffness and a sheathing stiffness to the overall stiffness of the system. The
rafter stiffness is defined as the moment developed in the connection between the purlin and
the rafter per unit displacement of the top flange of the Z- or C- section at the rafter. The
sheathing stiffness is defined as the total moment generated between the purlin and sheathing
along the span of the purlin per unit lateral displacement of the top flange. The final
component contributing to the stiffness of the system is the restraint. The restraint stiffness is
the force resisted at the top of the purlin at the restraint per unit displacement of the top flange
of the purlin at the restraint. The total stiffness of the bay of purlins then is the sum of the
stiffness of each of the components: the sum of the sheathing and rafter stiffness for each purlin
and the sum of each restraint applied in the bay. Once the total stiffness of the system has been
determined, the force in each component of the system is determined by distributing the total
force developed by the system of purlins according to the relative stiffness of the components.

The component stiffness method is presented in detail in Chapter 5. Equations are provided
to predict anchorage forces for supports, third points, supports plus third point lateral restraints
and supports plus third point torsional restraints.
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CHAPTER 5 ALTERNATE ANALYSIS PROCEDURES

Symbols and Definitions used in Section 5.1.
Note: Other variables in this Chapter have been defined as they are introduced.

kmclip

Ksrd
Kconfig
Kdevice

Krafter
Krest
Kshtg
I<Spt

Kiotal
Krib

Full unreduced cross-sectional area of member (in.2) (mm?)

Torsional constant EC—W

Width of C- or Z-section top flange (in.) (mm)

Width of anti-roll anchorage device or web bolted rafter plate (in.) (mm)

Total width of diaphragm perpendicular to span (ft) (m)

Torsional warping constant of cross-section (in.¢) (mmo®)

Flexural deflection constant

Depth of C- or Z-section (in.) (mm)

Modulus of elasticity (29,500,000 psi) (203,400 MPa)

Shear modulus (11,300,00 psi) (78,000 MPa)

Diaphragm shear stiffness. Ratio of shear per foot to the deflection per unit width of

diaphragm assembly. (Ib/in.) (N/m)

Height of applied restraint measured from base of purlin parallel to web (in.) (mm)
2

Modified moment of inertia M

X

Moment of inertia of full unreduced section about axis perpendicular to the plane

of the web (in.4) (mm?)
Product of inertia of full unreduced section about major and minor centroidal

axes (in.4) (mm?)

Gross moment of inertia of sheathing panel

Saint-Venant torsion constant (in.4) (mm?)

Rotational stiffness of connection between the purlin and sheathing per unit length
along span of purlin (Ib-in./ft) (N-m/m)

Combined rotational stiffness of sheathing and connection between the purlin and
sheathing per unit length along span of purlin (Ib-in./ft) (N-m/m)

Total stiffness of anchors at third point (Ib/in.) (N/m)

Stiffness of anchorage configuration (Ib/in.) (N/m)

Stiffness of anchorage device at height along the web of purlin restraint is

applied (Ib/in.) (N/m)

Moment developed in connection between purlin and rafter per unit lateral
displacement of top flange of purlin at restraint (Ib-in./in.) (N-m/m)

Force restrained at top flange of purlin per unit lateral displacement of top flange

at restraint location (Ib/in.) (N/m)
Moment developed in connection between purlin and sheathing per unit lateral

displacement of top flange of purlin at restraint (Ib-in./in.) (N-m/m)

Combined anchor and rafter stiffness at the frame line (Ib/in.) (N/m)

Total stiffness of system at anchor location.

Combined anchor and rafter stiffness at frame line tributary to half span (Ib/in.) (N/m)
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Mshtg

Mtorsion

Pn
P;
Pr,

Span of purlin (ft) (m)

Purlin segment length for test for determining rotational stiffness of connection
between purlin and sheathing (ft) (m)

Horizontal distance from shear center of C-section to mid-plane of web

(m = 0 for Z-sections) (in.) (mm)

Moment in third point torsional brace (Ib-in.) (IN-m)

Moment developed in sheathing due to cross sectional deformation of

purlin (Ib-in.) (N-m)

Moment developed in connection between rafter and purlin due to lateral movement
of top flange relative to base (Ib-in.) (N-m)

Moment developed in sheathing along the span of the purlin due to lateral movement
of top flange relative to base (Ib-in.) (N-m)

Moment developed in sheathing due to twist of purlin relative to

sheathing (Ib-in.) (N-m)

Anchorage force per anchorage device at height of restraint (Ib) (N)

Overturning force generated per purlin per half span (Ib) (N)

Anchorage force per anchorage device at top of purlin (Ib) (N)

Nominal test load for determining rotational stiffness of connection between purlin
and sheathing.

Shear force in connection between purlin and sheathing at anchorage location (Ib) (N)
Number of anchors at a particular restraint location

Ndownslope Number of purlins with flanges facing down slope in a bay

NP
Nyupslope
Riocal
Rsys
span

t

tlap

tpl

w

Wrest

Width

B3rd

Acliaph
Ares’c
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Number of purlins in a bay

Number of purlins with flanges facing up slope in a bay
Coefficient to account for purlin cross sectional deformations
Reduction factor to account for sheathing system effects
Span of sheathing panels between adjacent purlins (ft) (m)

Thickness of C- or Z-section (in.) (mm)

Effective plate bending thickness of purlins at lap (in.) (mm)

Thickness of web bolted rafter plate (in.) (mm)

Uniform loading on purlin (Ib/ft) (N/m)

Uniform diaphragm restraint force provided by sheathing (Ib/ft) (N/m)
Tributary width of diaphragm (perpendicular to purlin span) per purlin (in.) (mm)
Coefficient for purlin direction

Torsional constant for beam subjected to uniform torsion (rad.)

Torsional constant for beam subjected to concentrated torque at third

points (rad/1b/in.) (rad/N/m)

Coefficient for determining load eccentricity on purlin top flange (1/3)
Horizontal deflection of the diaphragm (in.) (mm)

Horizontal deflection of the top flange of purlin at restraint (in.) (mm)
Number of up slope facing purlins minus the number of down slope facing
purlins (nupslope - rlclownslope)

Torsional constant for beam subjected to parabolically varying
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torsion (rad-in.?) (rad-mm?)

c Proportion of uniformly applied load transferred to a uniform restraint force in
the sheathing

0 Angle between the vertical and the plane of the purlin web (degrees)

T Torsional constant for beam subjected to uniform torsion with uniformly distributed
rotational springs resistance (rad/lb) (rad/N)

() Rotation of Z purlin at mid-span without torsional resistance (rad.)

Dpet Rotation of Z purlin at mid-span with torsional restraint from sheathing (rad.)
Dptorsion Rotation of purlin at mid-span due to torsional restraint from sheathing (rad.)
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5. Alternate Analysis Procedures

The Specification allows for rational analysis to predict anchorage forces to be used in lieu of
the prediction method outlined in Section D6.3.1. In the following section, three alternative
analysis procedures are presented: the component stiffness method, a frame element finite
element model and a shell element finite element model.

5.1 Component Stiffness Method

The component stiffness method is an alternative manual calculation procedure to Section
D6.3.1 in the Specification. The two procedures are based on the same principal - forces
generated by a system of purlins are distributed to the external anchorage devices according to
relative stiffness. In each procedure, however, the forces generated by the system of purlins
and the distribution of the forces are calculated differently. The component stiffness method
can be used to determine anchorage forces for supports, third points, midpoints, supports plus
third point torsional brace and supports plus third point lateral bracing configurations.

Gravity loads that are applied to the sheathing of a roof system must be transferred through
the purlins to the rafters and out of the system. Because the plane of the sheathing is typically
separated from the rafters by the depth of the purlin to facilitate lapping and form a continuous
system, as the gravity forces are transferred through the purlin, overturning moments are
developed. To maintain stability of the roof system and restrict lateral movement of the top
flange of the purlin, external anchors are required.

A three step process is used to determine the magnitude of the anchorage force using the
component stiffness method. First, the magnitude of the overturning force, P;, generated by
each purlin as the purlin transfers the gravity loads from the sheathing to the frame lines is
determined. Calculations of the overturning force consider the eccentricity of the applied loads
and the effects of the resistance provided by the sheathing. Next, the resistance of the system to
the overturning forces is determined. The anchorage device provides most of the resistance to
the overturning forces, however the system of purlins has some inherent resistance to the
overturning forces in the connection between the purlin and the frame line and the connection
between the purlin and sheathing. The stiffness of each “component” of the system, the
anchorage device, the purlin-rafter connection and the purlin-sheathing connection, is
calculated. In the third step, the stiffness of each “component” is compared to determine the
distribution of the overturning force between the anchorage device, the purlin-rafter connection
and purlin-sheathing connection. The anchorage force, Pr, is magnitude of the overturning
force distributed to each anchorage device.

5.1.1 General Method

The basis for the component stiffness method is discussed in the following section.
Solutions to different bracing configurations are discussed in Section 5.1.4 and equations
specific to the different bracing configurations are presented in Section 5.1.6.

Generation of Overturning Moments. The component stiffness method is based upon the free
body diagrams shown in Figures 5.1.1(a) and 5.1.2(a). Figure 5.1.1(a) displays the overturning
forces and moments developed in the roof system and Figure 5.1.2(a) shows the forces
restraining the system. The gravity load applied to the top flange of the purlin as shown in
Figure 5.1.1(a) is divided into a normal component, w-L-cos, perpendicular to the plane of the
sheathing and a down slope component, w-Lsin6, in the plane of the sheathing, where w is the
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uniformly applied gravity load along the span of the purlin, L is the span of the purlin and 0 is
the angle of the roof plane relative to the horizontal. The normal component of the gravity load
is approximated to act at some eccentricity, 6b, along the top flange of the purlin.

As the gravity loads are applied, lateral deformation of the purlin is restrained through the
development of diaphragm forces in the sheathing. Moments are developed in the connection
between the purlin and sheathing as the sheathing resists the torsion of the purlin and the local
rotation of the top flange of the purlin. Twisting of the purlin results from the gravity load
applied eccentrically to the shear center of the purlin and the eccentricity of the diaphragm
restraint provided by the sheathing. The sheathing resists the torsional rotations through the
development of moment, Myrsion. Additional moments in the sheathing, Mjca1, are developed
by the resistance of the sheathing to cross sectional deformation of the purlin. The forces and
moments shown in Figure 5.1.1(a) have a net overturning effect on the purlin about its base at
the rafter location , P;"d, shown in Figure 5.1.1(b) .

Y MBase = Pid = wL(8b cos 0—d sin 0)+M iqrsion + Miocal (5.1.1)
Sb wLcose
wLsine P
Miorsi
orsion ;
=)
Miocal
(a) Forces Generated (b) Net Overturning

Figure 5.1.1 Free Body Diagram of Forces Generated

The overturning moment due to the normal component of gravity load, the torsional
moment and the local bending moment are all a function of the eccentricity of the gravity load,
db. Ghazanfari and Murray (1983) proposed that the normal component of the gravity load acts
at an eccentricity of &b = b/3. Comparison of the component stiffness method to test results by
Lee and Murray (2001) and Seek and Murray (2004) show good correlation for an eccentricity of
one third of the flange width so it is recommended that this value be used. Generally, for a low
slope roof (roof slope < 1:12), it is typically conservative to overestimate eccentricity while for
steeper slope roofs, underestimating eccentricity is conservative.

Resistance to Overturning Moments. Figure 5.1.2 (a) shows the resistance of the system of
purlins to these overturning moments. The majority of the resistance is provided by the
external anchorage, P;. However an anchorage device has a finite stiffness, and as the
anchorage device permits displacement of the top flange, additional resistance is provided by
the inherent lateral stiffness of the system, “system effects”. As the top of the purlin moves
laterally relative to the base, the purlin rotates about the longitudinal axis relative to the
sheathing and a resisting moment is developed in the sheathing, Mghtg. Similarly, the
connection between the rafter and the purlin resists the rotation of the purlin through the
development of a moment at the connection. Summing moments about the base of the purlin,
the anchorage force, P, at the top of the purlin is
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Mshtg +Miafter

P =P+ 51.2
L i d ( )
A A
—— — e
P — P
P
© - h
M rafter M rafter
(a) Anchorage At Top Flange (b) Anchorage at Web

Figure 5.1.2 Free Body Diagram of Resisting Forces

Note that in Figure 5.1.2, P, P, Mshtg, and Mrafter, and A are shown in the positive direction.
For a positive applied force, P;, the anchorage force, Py, and the lateral displacement will be
positive while the resisting moments of the sheathing and rafter, Mghtg, and Mrafter respectively,
will be negative.

The forces resisted by each “component”, the external anchorage device, the sheathing, and
the connection of the purlin to the rafter, are directly related to the displacement of the top
flange at the anchor. The component stiffness method defines the stiffness of each of these
components as the force or moment generated in the component per unit displacement of the
top flange of the purlin at the anchor location. Therefore, the anchorage stiffness, Kyest, is the
force in the anchorage device at the top flange of the sheathing relative to the displacement of
the top flange at the anchor location. The sheathing stiffness, Kqhtg, is the moment generated in
the connection between the purlin and the sheathing per unit displacement of the purlin top
flange at the anchor location. Similarly, the rafter stiffness, Kyafter, is the moment generated at
the rafter location per unit displacement of the top flange at the anchor location. By defining
the stiffness of each of the components relative to the displacement of the top flange of the
purlin at the anchorage device, the purlin is treated as a single degree of freedom system. The
force resisted by the anchorage device is the product of the net overturning forces in the system
and the relative stiffness of the restraint to the total stiffness of the system, or

K
P =P;- rest (5.1.3)
Krest + Kshtg + Krafter

Locating the anchor below the top flange of the purlin will reduce the anchor stiffness
because of the additional flexibility introduced through the bending of the web, and increase
the anchorage force because of the reduced moment arm, h, as shown in Figure 5.1.2 (b). The
reduced stiffness is accounted for in equations for the anchorage stiffness. The increase in the
anchorage force is calculated
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Py, =Py % (5.1.4)

Note the difference between the moments developed in the sheathing. The torsional
moment, Miorsion, and the local bending moment, Mjyc,), are generated along the span of the
purlin as the top flange of the purlin is rigidly restrained at the anchor location. Therefore, the
torsional moment and local bending moment are considered part of the overturning forces that
must be restrained and are embedded in the overturning force equation, P;. As the flexibility of
the anchorage device allows lateral displacement of the top flange, the sheathing moment,
Mshtg is developed to resist this lateral movement. It is dependent upon the lateral
displacement of the top flange at the anchorage device and therefore is considered part of the
stiffness of the system.

Torsional Moment-General. The torsional moment is developed from the resistance applied
by the sheathing to the torsion of the purlin along its span. To determine the torsional moment,
the purlin, subjected to a uniform gravity load, is rigidly restrained at the top flange at the
anchorage location. The lateral deflection and rotation of the purlin along its span is restrained
by the sheathing through the development of shear forces in the diaphragm and moments due
to the torsional resistance of the sheathing. Compatibility between the displaced shape of the
purlin and the sheathing is used to determine the restraining forces in the sheathing. Because
the displaced shape of the purlin is dependent upon the anchor location, an individual set of
equations must be derived for each anchorage configuration. To illustrate how the torsional
moment and diaphragm forces are determined, the two quantities will be derived for a supports
configuration for both a Z-section and a C-section.

Torsional Moment - Z-sections. To determine the interacting forces between the purlin and
the sheathing for a supports configuration, compatibility of the displaced shape is determined
at the mid-span of a single span Z-section. The Z-section is restrained laterally at the top and
bottom flanges at the frame line and subjected to external gravity loads applied to the top
flange. In the absence of sheathing and neglecting second order effects, as the component of the
gravity load normal to the plane of the sheathing, w-L-cosb, acts at an eccentricity, &b, on the
top flange of the Z-section, as shown in Figure 5.1.1(a), the Z-section will deflect laterally
(Ax,cen) and twist clockwise about its longitudinal axis (A torsion) @s shown in Figure 5.1.3.
Sheathing attached to the top flange of the Z-section resists this deformation through the
development of a uniform horizontal force along the length of the Z-section, wyegt, as shown in
Figure 5.1.4. Application of this uniform force to the top flange of the Z-section results in a
restoring lateral deflection (A restoringcenter) and a counterclockwise twist of the Z-section
(Ax restoring torsion)- The uniform restraint force in the sheathing, wyest, and the down slope
component of the gravity load, w'L-sin0, result in additional deformation of the top flange of
the Z-section at mid-span due to the diaphragm flexibility of the sheathing. Equating the
unrestrained displacements to the restoring displacements, the uniform restraint force in the
sheathing is determined by

Wrest =W: O (5.1.5)
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where
I
5 Y cos® 15 5
Iy N [(8b+m)cos6]d - L sin®
384‘Elmy 2 8G'Width
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Figure 5.1.3 Midspan Displacement Compatibility

For definitions of the terms used in Equation (5.1.6) refer to the nomenclature in the
beginning of this chapter. The distance from the shear center to the center of the web, m, is zero
for Z-sections. The term o is used for convenience of calculation and is the proportion of the
uniformly applied vertical force, w, transferred to a horizontal force in the sheathing, wyest.
This proportion can typically be approximated as o ~ lyy/Ix for Z-sections. As the combined
torsional stiffness of the Z-section and sheathing increases, the second terms in the numerator
and denominator will approach zero. Similarly, as the diaphragm stiffness increases, the third
terms in the numerator and denominator will approach zero. Therefore, for a perfectly rigid
diaphragm and torsionally rigid Z-section-sheathing connection, constrained bending is
achieved and o will reduce to Iyy/Ix. For low slope roofs, reducing the diaphragm stiffness will
reduce the uniform restraint force in the sheathing which will result in 0 < I,y /Ix. For roofs
with steeper slopes (typically greater than a 1:12 pitch) reducing the diaphragm stiffness will
increase the uniform restraint force in the sheathing relative to the rigid case, or 0 > Lyy/Ix.
Unlike with the diaphragm stiffness, no simple trend was observed with respect to the torsional
stiffness of the Z-section but in general, the torsional stiffness has a small effect on o.
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Figure 5.1.4 Uniform Restraint Force in Sheathing

Once the uniform restraint force in the sheathing has been determined, the mid-span
torsional rotation of the Z-section and corresponding moment generated in the sheathing is
determined. For a Z-section with anchorage at the supports, the rotation of a Z-section about its
longitudinal axis is restricted at its ends and increases to maximum at mid-span, ®, as shown in
Figure 5.1.5(a). The variation of the torsional rotation is approximately parabolic along the
length of the Z-section. The connection between the sheathing and the Z-section resists this
torsion through the development of a moment along the length of the Z-section, Miyrsion, as
shown in Figure 5.1.5(b). The moment in the sheathing is proportional to the rotation of the Z-
section about its longitudinal axis. The stiffness of the connection between the sheathing and Z-
section, kmclip, is defined as the moment developed in the connection per unit rotation of the Z-
section per unit length along the span. The moment caused by the resistance of the sheathing
results in an additional torsional rotation of the Z-section, ®@ptorsion, @s shown in Figure 5.1.5(b).
The net torsional rotation of the Z-section at mid-span, ®pe, is the sum of the rotation caused by
the eccentrically applied gravity load, the rotation caused by the uniform lateral resistance of
the sheathing at the top flange, and the rotation due to the sheathing moment, or

chet = (W((Sb + m)cos 9)— Wrest gjﬁ - ¢net ) kmcli — (5'1'7)
2)GJ Pl Q]

Equation (5.1.7) is simplified to yield

D et =W(8bcose—cgjr (5.1.8)
where

a’p
e LK (5.1.9)
1+ kmclip E]

The net torsional rotation of the Z-section in Equation (5.1.8) at mid-span is the peak
rotation in the parabolic distribution. Relating the moment in the sheathing to the rotation by
M=0rpet'kmclip and integrating along the length of the Z-section, the total moment in the
connection between the sheathing and Z-section generated along the length of the Z-section for
a supports restraint configuration is
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d
Mtorsion = % kmclip : WL(GE - ((Sb)COS 9)}5 (5-1-103)

For C-Section purlins, with consideration of the shear center location, Miyrsion can be
expressed as

d
Miorsion = %kmchp : WL(GE —((8b+m)cos 9))1 (5.1.10b)

As the Z-section is oriented in Figure 5.1.6, with the top flange facing to the right, the
positive direction for the torsional rotation and the torsional moment is clockwise. Therefore,
as the Z-section undergoes positive torsion, a negative moment is developed in the sheathing.

M

r\ torsion
Wrest

D et
() o

Mtorsion

(a) Rotation without Torsional Resistance (b) Net Rotation with Torsional Resistance

Figure 5.1.5 Rotation of Z-Section at Mid-Span

Torsional Moment - C-sections. For determining anchorage forces, Z-sections and C-sections
have two main differences. First, Z-sections have principal axes that are oblique to the
centroidal axes while, for a C-section, the principal axes correspond with the centroidal axes. A
C-section does not deflect laterally when subjected to loads in the plane of the purlin web as a
Z-section does. As a result, the uniform restraint force in the sheathing is much less for a C-
section than for a similar configuration with a Z-section. Secondly, the shear center of a C-
section is located at some distance, m, from the web while for a Z-section, m = 0. Because of this
additional eccentricity, torsion of the C-section plays a larger role in the development of the
torsional moment.

Like for a Z-section, the first step in determining the anchorage forces for a C-section is to
calculate the uniform restraint force in the sheathing. For a single span C-section with supports
anchorage, Equation 5.1.6 is used to calculate the uniform restraint force in the sheathing. In the
numerator of the equation to calculate the uniform restraint force, the term including lyy is
eliminated and the eccentricity of the shear center, m, is included in the torsional term. The
equation reduces to

((8b+m)cos6)d - a-Np ‘L?sin@
2 8G'Width
oL 2 o2 (5.1.11)
384El,, 4 8G'Width

The uniform restraint force along the length of the purlin is small and will typically be on the
order of 1% to 5% of the applied uniform load.
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(a) Moment due to Applied Gravity Load (b) Torsional Moment

Figure 5.1.6. Moments Acting on C-Section

The torsional moment is calculated by Equation 5.1.10. Because the uniform restraint force
in the sheathing is relatively small, the torsion of the C-section is dominated by the overturning
caused by the component of gravity load normal to the sheathing (Refer to Figure 5.1.6). This
torsion results in a positive (clockwise) rotation of the C-section about its longitudinal axis. The
sheathing resists this positive rotation with the development of a negative torsional moment.

It is important to note that vertical reaction at the base of the purlin is assumed to act in the
plane of the web (refer to Figure 5.1.6(a)). Thus for a C-section, the overturning moment due to
the normal component of the gravity load (wL-6bcosb) is independent of the location of the
shear center. The location of the shear center only affects the torsion of the C-section along its
span (and the corresponding torsional moment). As a result, for a flat slope roof, the negative
torsional moment can exceed the positive gravity moment, resulting in a negative net
overturning moment.

Local Bending Moment. The equations for the torsional moment assume that plane sections
always remain plane. Because purlins are manufactured from relatively thin material, the
purlin cross section can deform without fully transferring the moments predicted in the torsion
moment equations (Equation 5.1.10). This additional deformation is approximated by the
model shown in Figure 5.1.7. As the component of the gravity load normal to the plane of the
sheathing acts eccentrically on the top flange of the purlin, the flange deflects causing a local
rotation of the purlin relative to the sheathing. Due to the rotational resistance of the
connection between the purlin and sheathing, a moment is developed in the sheathing. The
magnitude of this moment, referred to as the local bending moment, is

k mclip

Et’
mclip + ﬁ

Migcal =—WL-3bcos6-
k

(5.1.12)

In the component stiffness method, the local bending moment is incorporated into the equations
as a reduction factor, Rjyca1, where

k

mclip

Et’
mclip + ﬁ

Riocal = (5.1.13)

k

Page 103



Chapter 5, Alternate Analysis Procedures

The overturning force due to the eccentricity of the normal component of the gravity load is
reduced by a factor of (1-Rjpcal)

Sb wLcose

|

(Dlocal

N

T

Figure 5.1.7 Local Deformation of Z-Section

5.1.2 Stiffness of Components

Anchor Stiffness. For the purposes of determining stiffness, anchors are divided into two
categories: support and interior. A support anchor is applied along the frame line while an
interior anchor is applied along the interior of the span.

Adevice,  Aconfig
)
-
N

Figure 5.1.8 Combined Displacement of Device and Configuration

Anchor Stiffness - Support Anchor. The stiffness of each anchor is defined as the force
developed at the top flange of the purlin at the anchor per unit displacement of the top flange at
the anchor location. As shown in Figure 5.1.8, the deformation at the anchor is the combination
of the deformation of the anchorage device, Agevices and the deformation of the web of the
purlin relative to the height the applied restraint, Aconfig. The total stiffness at the anchor, Kyes,

provided in Equation 5.1.14 is the combination of the stiffness of the device at the height at
which the restraint is applied, Kgevice, and the stiffness of the web of the purlin as the force is

transferred from the top flange of the purlin to the height of the anchor, Keonfig. The net
stiffness of the anchor, K4, is defined as the anchorage force at the top flange of the purlin per
unit displacement of the top flange.
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h 2
(E) I<device 'Kconﬁg

K h
d Kdevice T K

(5.1.14)

rest =
config

For a support configuration, the stiffness of the device is generally very high relative to the
configuration stiffness. The device stiffness will typically have a negligible effect on the anchor
stiffness and can be considered rigid in many cases. For determination of the anchorage force,
this approximation will be conservative, although the predicted deformation of the system will
be unconservative.

Q Sheathing %Sheathing
Z-section

Z-section = <
I:)h i Ph .
=g Anti-roll Discrete
i} Anchorage Anchorage
Rafter T - Rafter
(a) Anti-roll Anchorage Device (b) Discrete Anchorage Device

Figure 5.1.9 Supports Anchorage Configurations

Support anchors are divided into two categories - discrete and anti-roll anchorage devices.
A discrete anchorage device provides lateral resistance at a discrete location along the height of
the purlin as shown in Figure 5.1.9(b) while an anti-roll anchorage device clamps to the web of
the purlin at multiple locations along the depth as shown in Figure 5.1.9(a). The anti-roll
anchorage device prevents deformation of the purlin web below the anchorage location while a
discrete anchor permits some deformation, resulting in a variation in stiffness. An equation to
predict the stiffness of each type of configuration is provided due to this variation in stiffness.

A

e

Py kmclip

Figure 5.1.10 Stiffness Model - Discrete Anchorage

The equation to predict the configuration stiffness of a discrete anchorage configuration is
based on a two dimensional beam model bent about the thickness of the web as shown in
Figure 5.1.10. To account for the third dimension, the effective width of the web and sheathing,
the representative equation was calibrated to the results of finite element models as described
by Seek and Murray (2004). The resulting configuration stiffness for a discrete anchor is
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(5.1.15)

config =

h(d-h)? | 15d-Bt>(4d—h)+Lg)-Kpaip -d(d-h)

where d is the depth of the section, h is the height of the applied restraint, L is the span length
of the purlin and kpjip is the rotational stiffness of the connection between the purlin and

Aﬂf p
Ph

— e — ——-——

1/.d-(3Et°) %5d-2Et3(3dh)+L80-kmChp.d(3dzh)]

sheathing.

= s

Figure 5.1.11 Stiffness Model - Anti-Roll Anchorage Device

For an anti-roll anchorage device, the configuration stiffness is based upon the two-
dimensional line element model shown in Figure 5.1.11. The model assumes that restraint is
applied at the top row of bolts and the web of the purlin is rotationally fixed at this point. The
effective width of the web is assumed to be the width of the anti-roll clip, by and the top of the
purlin is assumed to be fixed to the sheathing. The configuration stiffness equation given by
Equation 5.1.16 is the familiar formula for a fixed-fixed cantilever beam multiplied by d/h to
transfer the stiffness to the restraint height, h.

Ebt>
B pl d

Figure 5.1.12 Stiffness Model - Rafter Plate

A type of anti-roll anchorage device is a single web plate, sometimes referred to as a wing
plate. The device stiffness and the configuration stiffness of the web plate is calculated directly
by modeling the web plate and purlin web as a two dimensional cantilever beam model as
shown in Figure 5.1.12. The beam, modeled as a prismatic section, has a width equal to width
of the web plate. For a distance from the top of rafter elevation to the top row of bolts, the beam
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has a thickness equal to that of the web plate. Above the top row of bolts the beam model has
the thickness equal to purlin web thickness. The model incorporates both the device and
configuration stiffness, and the resulting net stiffness of the anchor for a web bolted rafter plate
is

K

E-by -t 2 - 2{tPh+t3(d—h)
rest,webplate = ( EP ( P ) (56.1.17)

t3h? —tf,l(d—h)z)2 +4t%t;°d*h(d - h)

The provided equations for the configuration stiffness for a discrete anchorage device will
typically overestimate the stiffness of the configuration, which will lead to a conservative
approximation of anchorage force but may underestimate the amount of deflection in the
system. Conversely, for an anti-roll anchorage device, the provided equation will typically
underestimate the stiffness which will result in an overestimation of deformation at the anchor
location. Most anti-roll anchorage devices have substantial strength and the design of such
systems will typically be deflection controlled. Because no testing or finite element modeling
was performed with anti-roll anchorage devices, it is conservative to underestimate the stiffness
of the anti-roll anchorage device.

Anchor Stiffness - Interior Anchor. Interior anchors are considered to be attached as close as
possible to the top flange of the purlin to minimize the deformation of the purlin web as the
anchorage force is transferred out of the sheathing and into the anchor. Flexibility therefore is
introduced only through the deformation of the anchorage. From Equation 5.1.14, the
configuration stiffness is considered infinite and the net anchor stiffness reduces to

h

2
_j Kdevice (5-1-18)

Kyest = (d

Stiffness of System. The system of purlins has an inherent resistance to lateral forces
through the connection of the purlin to the rafter and through the connection of the sheathing to
the purlin, referred to as the rafter stiffness, Krafter and sheathing stiffness, Kshtg, respectively.
For determining both anchorage forces and the deformation of the system, it is conservative to
underestimate the rafter stiffness and sheathing stiffness. A low estimate of the rafter stiffness
and sheathing stiffness will result in the prediction of a larger anchorage force than actual and
will result in a larger displacement. For simplicity, the rafter stiffness and sheathing stiffness
can conservatively be eliminated. However, the contribution of the sheathing and the rafter
connection to the resistance of overturning forces can be significant and economically
advantageous to include.

Stiffness of System - Rafter Stiffness. The connection of the purlin to the rafter provides
resistance to overturning forces through the development of a moment at the base of the purlin.
The rafter stiffness is defined as the moment generated at the base of the purlin per unit lateral
displacement of the top flange of the purlin. Two basic connection configurations are
considered, a flange-bolted connection, shown in Figure 5.1.13(a) and a web bolted rafter plate
connection, shown in Figure 5.1.13(b). In a flange-bolted configuration, the bottom flange of the
purlin is through-bolted to the top flange of the rafter with two bolts in line with the web of the
purlin. The clamping action of the bolts permits the development of a moment, Myafter, of the

base of the purlin as the top flange of the purlin moves laterally. The stiffness of a flange bolted
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connection, derived from two dimensional beam element model and calibrated to the results of
finite element models as described in Seek and Murray (2006), is

Et3

=045— (5.1.19)

Krafter 2d

where E is the modulus of elasticity of the purlin, t is the thickness of the purlin and d is the

depth of the purlin.

of

f ]

M rafter > M rafter
(a) Flange Bolted (b) Web Bolted Rafter Plate

Figure 5.1.13 Typical Rafter to Purlin Connections

The second rafter connection configuration considered is a web bolted rafter plate. In this
connection configuration, a plate, typically welded to the rafter, is bolted to the web of the
purlin. Like the flange bolted connection, as the top flange of purlin moves laterally, a moment
is generated at the base of the purlin to resist this movement. Because of the added stiffness of
the rafter plate, the web-bolted rafter plate configuration has considerably more stiffness than
the flange bolted configuration. The rafter stiffness for a web plate shown in Equation 5.1.20 is
the same as Equation 5.1.17 for a supports restraint except the stiffness is multiplied by the
depth of the purlin, d, to convert it to moment at the base of the purlin per unit displacement of
the top of the purlin.

E-by -ty £ (h+ £ (d-h))-d
rafter =
(t3h2 —t) (d—h)z)z +4t%t,°d*h(d - h)

It is important not to count the stiffness of a rafter plate twice when using the component
stiffness method. When considered a restraint, the stiffness of the rafter plate should only be
considered in the restraint stiffness. When the rafter plate is considered a typical rafter
connection and used in conjunction with stiffer anti-roll anchorage devices, the stiffness of the
rafter plate should be considered part of the rafter stiffness.

Stiffness of System - Sheathing Stiffness. The second inherent contribution of the system to
the lateral resistance comes from the connection between the purlin and the sheathing. As the
top flange of the purlin moves laterally, the purlin is approximated to rotate about its base as
shown in Figure 5.1.14. As the purlin rotates relative to the plane of the sheathing, a moment is
developed in the connection between the sheathing and purlin. The rotation of the purlin about
its base is approximated to be uniform and thus generates a uniform moment in the connection
between the purlin and sheathing along the length of the purlin. As the uniform moment is
applied to the purlin, additional torsional rotations are generated in the purlin. These torsional
rotations are approximated to vary parabolically along the length of the purlin and are
accounted for by the (1-2/3kmclipT) term in Equation (5.1.21). The theoretical equation for the

K (5.1.20)
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sheathing stiffness was further modified through comparison of the equation to the results of
finite element models as described in Seek and Murray (2004; 2006). The resulting equation for
the stiffness of the sheathing is

k

Kehtg == & - (124K metip?) (5.1.21)

Where L is the purlin span, d is the depth of the purlin, t is the thickness of the purlin, kmclip is

the rotational stiffness of the connection between the purlin and the sheathing and t is the
torsional term defined by Equation 5.1.9.

kmclip

I\/Ishtg

Figure 5.1.14 Sheathing Moment Stiffness

5.1.3 Anchorage Effectiveness

System Deformation. Lateral deflection should be checked at the anchor location as excessive
deformation undermines the intent of anchors to prevent overturning of the purlin. In the event
that adequate stiffness is not provided to limit deflection, the stiffness of the anchors can be
increased by adding anchors or increasing the stiffness of the existing anchors. Lateral
deflection also should be checked at the extremes of the system to ensure that the diaphragm
has sufficient stiffness to transfer the forces along the length of the purlin to the restraints. The
lateral deflection of the top flange of the purlin at the anchor location can be approximated by
PL

rest —
K rest

A (5.1.22)

In general, as a purlin is allowed to deflect laterally, the calculated anchorage force
decreases. The method does not account for any second order effects, therefore displacements
should be minimized, particularly at the anchor location. The Specification limits the lateral
displacement of the top flange of the purlin, A, calculated at factored load levels for LRFD and
at nominal load levels for ASD to a deflection

1d

Ay <—— (ASD D6.3.1-9
<55 (ASD) ( a)
Atfsq)zio (LRFD) (D6.3.1-9b)

With a flexible diaphragm, lateral deflection of the purlin mid-span relative to the anchors is
expected. For a supports anchorage and supports plus third points torsion restraint
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configuration, the lateral displacement of the diaphragm at the mid-span of the purlin relative
to the anchor location is

L2
A g = —sin0)), —— 5.1.23
diaph 1\%:(VV(QG L ))1 8G'Bay ( )
P
For a third points configuration, the deformation of the diaphragm at the frame line relative to
the third points is

K 2
Adiaph = Z{— w(% ~ain o =Krest B L + ZFLL (5.1.24)
N, Kiotal . 9G'Bay 3G'Bay

For a midpoint anchorage configuration, the diaphragm displacement at the frame line relative
to the midpoint is

2
A diaph = > [— W(OLG —sin® ZKKreSt J] 8GITB + > I,)LL (5.1.25)
Np total J J; ay 4G'Bay
In the above equations, a positive deflection indicates upslope translation.

Shear Transfer from Sheathing to Purlin. An aspect critical to the performance of the
restraints that must be considered is the shear force transferred from the sheathing to the purlin
at the anchor location, Ps.. This force can be significant and must be transferred over a small
width of panel approximately 12 in. (300 mm) to either side of the anchor location along the
length of the purlin. For configurations with anchors at the frame lines, the magnitude of the
shear force transferred from the sheathing to the purlin may actually exceed the anchorage force
and is calculated by

Py, =P, +WTL(O.9GOL—Sil’1 0)-P; (5.1.26)

For a midpoint or third point configuration, the shear force between the purlin and sheathing
may be conservatively approximated as the anchorage force. A reduction in this force can
typically be achieved using Equation (5.1.27).

P,. =P, +V;—(])“(— 09c + 6bcos6ja

(5.1.27)

5.1.4 Anchorage Configurations

The component stiffness method has been applied to five anchorage configurations:
supports, third points, midpoint, support plus third point torsion braces, and supports plus
third point lateral anchors. In the following section, a brief summary of each configuration is
given. A summary of equations applicable to each configuration is given in Section 5.1.6.

To determine anchorage forces for all configurations except midpoints, roof systems are
evaluated per half span (from the frame line to the center of the span). A single span system has
two half spans but because of symmetry, only one half span must be evaluated. In multiple
span systems, each half span must be evaluated separately although symmetry and repetition
are used wherever possible. For midpoint configurations, each span is evaluated individually.

The overturning force, P;, for each purlin must be determined. Fundamental to the
overturning force is the uniform restraint force, wyest = w0, in the sheathing due to diaphragm
action in the sheathing. Both P; and o must be calculated for each purlin in the half span. For
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repetitive members, wyest and P; will be proportional to the applied load and only need to be
recalculated for varying cross sections and orientations.

After the overturning forces are determined, they are distributed according to relative
stiffness of each of the components. The stiffness of each anchor is calculated and the total
stiffness at an anchor location is the sum of the individual stiffness of each anchor. The stiffness
of the system is the inherent resistance of the system to lateral movement. Each purlin
contributes a rafter and sheathing stiffness to the system stiffness. The sheathing stiffness for
the half-bay is one half the stiffness of the full span. The rafter stiffness is dependent upon the
connection between the rafter and the purlin at the frame line. The total stiffness is the sum of
the anchor stiffness and the system stiffness. The force in each component is the sum of the all
of the overturning forces in the half span multiplied by the stiffness of the component relative to
the total stiffness of the half span. Supports Anchorage. A supports anchorage configuration is
the most common anchorage configuration and fortunately the simplest. As the purlin is
supported vertically and anchored laterally at the frame lines, maximum vertical and lateral
displacements as well as torsional rotations occur at the mid-span (or close to the mid-span for
the exterior span of a multi-span system) relative to a fixed location at the frame lines.

Supports Anchorage - Single Span. A single span system is evaluated for the half-span from
the frame line to the center of the span. The uniform restraint force in the sheathing (Equation
(56.1.51)) and the overturning force, P; (Equation (5.1.49)), are calculated for each purlin in the
bay. Note that for repetitive members, the overturning force is proportional to the applied load
which simplifies calculations. The total overturning force is the sum of overturning forces for
each individual purlin. The total stiffness, Kiota] (Equation (5.1.48)), is the sum of the stiffness of
the half span: all of the anchors along the frame line, K;cst (Equations (5.1.30), (5.1.33)), the
rafter stiffness of all of the purlins without anchors, Krafter (Equations (5.1.35), (5.1.36)), and the
sheathing stiffness of each purlin in the bay, Kshtg (Equation (5.1.37)). The force at each anchor
location at the top of the purlin, Pp, (Equation (5.1.46)), is determined by multiplying the total
overturning force by the ratio of the stiffness of the anchor to the total stiffness of the half span.
If the anchorage device provides restraint at a height below the top of the purlin, the force at the
height anchorage is provided, Py, is calculated by (Equation (5.1.47)).

Supports Anchorage - Multiple Span Systems. Multiple span systems are categorized whether
it is an exterior or interior frame line. The exterior frame line for a multiple span system is
treated similar to a single span system. The total force is the sum of the overturning forces for
each purlin, P; (Equation (5.1.49)), for the half span adjacent to the exterior frame line. The total
stiffness, Kiotal (Equation (5.1.48)), is the sum of the anchor stiffness along the exterior frame
line, Kyest (Equations (5.1.30) and (5.1.33)), the rafter stiffness of the purlins not directly
anchored along the exterior frame line, Krafter (Equations (5.1.35), (5.1.36)), and the sheathing
stiffness, Kshtg (Equation (5.1.37)), of the half span adjacent to the exterior frame line. The force
at each anchor location at the top of the purlin, Py, (Equation (5.1.46)), is the total force
multiplied by the proportion of the stiffness of the anchor to the total stiffness.

At an interior frame line, the anchorage force must consider the effects of both half spans
adjacent to the frame line. The overturning forces, P; (Equation (5.1.49)), must be determined
for both half spans adjacent to the frame line taking into account the torsional and flexural
differences whether the adjoining bay is a typical interior or exterior bay. The total overturning
force along the frame line is the sum of overturning forces for all purlins along the frame line for
both half spans adjacent to the frame line. The total stiffness, Kiotal (Equation (5.1.48)), is the
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stiffness of all of the anchors along the frame line, K;c5¢ (Equations (5.1.30), (5.1.33)), the rafter
stiffness of each purlin not directly attached to an anchor, Kgrafter (Equations (5.1.35), (5.1.36)),
and the sheathing stiffness, Kqhtg (Equation (5.1.37)), of each purlin for both half spans adjacent
to the frame line. The anchorage force at the top of the purlin for an individual anchor, Pr,
(Equation (5.1.46)), is the total overturning force multiplied by the proportion of the stiffness of
the anchor to the total stiffness.

Supports Anchorage - Deflection and Sheathing Connection Shear. Displacement of the top
flange of the purlin at the frame lines is checked to ensure that the anchor has sufficient
stiffness. The displacement of the mid-span of the purlin relative to the frame line, Agjaph
(Equation (5.1.53)), is checked from the displacement of the diaphragm. The mid-span
diaphragm displacement is compared to the lateral deflection limits of the Specification.

For a supports anchorage configuration, the force transfer between the sheathing and
purlin, Ps. (Equation (5.1.54)), is significant along the frame lines. The connection between the
purlin and sheathing should be checked at each restraint as the shear force in the connection
will typically exceed the anchorage force. For an exterior frame line, the force in the connection
between the sheathing and purlin includes the restraint force and the uniform restraint force in
the sheathing for half the span. At an interior frame line, it is important to include the restraint
force in the sheathing from both half spans adjacent to the interior frame line.

Third Point Anchorage. For both single and multiple span systems, each half span between
the centerline of the span and the frame line is analyzed independently. The total stiffness,
Kiotal (Equation (5.1.57)) is the sum of anchor stiffness of all third point anchors, Kyest (Equation
(5.1.34)), and the sheathing stiffness (Kshtg Equation (5.1.37)) of all of the purlins in the half
span. The stiffness of the rafter connection is assumed to be small and is ignored in the
development of equations for third point anchors. If the connection between the rafter and
purlin has considerable stiffness such as a welded web plate, the bracing configuration should
be considered as support plus third point anchorage configuration. For single span and
multiple span interior systems, the anchorage force at both third points will be equal. For the
exterior span of multiple span system, the third point force for each half span must be
calculated separately. The forces are then summed and distributed to both third points in the
exterior span according to the relative stiffness of each anchorage device.

For a third point configuration, the deformation of the system must be checked at the third
points, Arest (Equation (5.1.61)) and along the frame lines, Adgiaph (Equation (5.1.62)). At the
anchor points, the displacement is compared to the ¢d/20 (LRFD) or d/(20Q2) (ASD) limits
specified in the Specification. The difference in the displacement between the third points and
the frame lines is compared to the L/360 limit in the Specification. For a low slope roof, it is
common to get a negative (down slope) displacement of the top flange of the purlin at the frame
line.

Midpoint Anchorage. For a midpoint anchorage configuration, overturning forces for each
purlin, P; (Equation (5.1.67)), are determined for a full span. The total stiffness, Kiota) (Equation
(5.1.66)) is the sum of anchor stiffness, Kyest (Equation (5.1.34)), of all midpoint anchors along
the line of anchorage and the sheathing stiffness, Kqhtg (Equation (5.1.37)), of all of the purlins in
the bay. Like for a third point configuration, the stiffness of the rafter connection is assumed to
be small (as for a flange bolted configuration) and is ignored. For a rafter connection that has
considerable stiffness (as with a web plate) the equations provided are invalid.
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The deformation of the system must be checked at the midpoints, Arest (Equation (5.1.70))
and along the frame lines, Agiaph (Equation (5.1.71)). At the anchor points, the displacement is
compared to the ¢d/20 (LRFD) or d/(20€2) (ASD) limits specified in the Specification. The
displacement of the diaphragm between the midpoint and the frame lines is compared to the
L/360 limit in the Specification. For a low slope roof, it is common to get a negative (down
slope) displacement of the top flange of the purlin at the frame line.

Supports Plus Third Point Torsion Restraints. For a supports plus third point torsion restraint
configuration, lateral anchorage is provided along the frame lines and torsional restraints that
resist rotation of the purlin are connected at third points between pairs of purlins. The behavior
of a third point plus torsional restraint configuration is similar to that of a supports anchorage
configuration. For a supports configuration, as the purlin twists, moments are developed in
sheathing to resist this torsion. For a third point torsional restraint, the torsional restraints resist
the twisting through the development of moments at each end of the torsional brace. The
braces are considered to have a much greater torsional stiffness than the sheathing, so all of the
torsion is resisted by the third point braces. This approximation will lead to conservative
anchorage forces.

Some moment is developed in the sheathing near the frame lines as the supports anchors
allow the top flange of the purlin to move laterally, causing rotation of the purlin. The inherent
stiffness of the system, therefore, is a combination of this moment in the sheathing near the
frame lines and the moments developed in the third point torsion braces. These system effects
are included in the calculation of the moments at the third point torsion braces, M3;q, and the
overturning forces at the frame line, Pj, so there is no need to further reduce the anchorage
forces for system effects.

The system of purlins is evaluated per half span from the frame line to the centerline of the
span. The first thing that must be determined is the stiffness along the frame line tributary to
the half span analyzed, K. Because the sheathing stiffness is embedded in the equations, the
total stiffness of the system, Kota1 (Equation (5.1.76)), is the sum the stiffness of all the anchors
and the connections of the purlin to the rafter for all purlins not directly restrained along the
frame line. At an interior frame line, the tributary stiffness to each of the half spans adjacent to
the frame line is half of the total stiffness. At an exterior frame line or for a single span system,
the tributary stiffness is the total stiffness along the frame line. Next, for each purlin along the
length of the bay, the uniform restraint force is calculated. Once the uniform restraint force is
calculated, the moment in the third point torsion brace, Mayq (Equation (5.1.73)), and the
overturning force at the frame line, P; (Equation (5.1.77)), is calculated for each purlin. The
anchorage force at the top of the purlin at each anchor along the frame line, P1, (Equation
(5.1.74)) is determined by summing the overturning forces for all purlins and multiplying by the
proportion of the anchor stiffness to the total stiffness along the frame line.

Lateral deflection of the system is checked at the frame lines, Arest (Equation (5.1.81)) and at
the mid-span of the bay, Adiaph (Equation (5.1.82)). The lateral displacement of the top flange at
the frame line is limited to ¢d/20 (LRFD) or d/(20€2) (ASD) as specified in Section D6.3.2 in the
Specification. The mid-span displacement is calculated from the deformation of the diaphragm
from the uniform restraint force in the sheathing. For an exterior span in a multiple span
system, the average uniform restraint force for each half span in the exterior bay is used to
determine the deformation of the diaphragm. The mid-span deflection is compared to the
L/180 limit specified in Section D6.3.2 of the Specification. This limit is less stringent than the
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limit for other restraint configurations because the Specification recognizes that as the purlins
deflect laterally, torsional rotation is limited by the torsional restraints allowing the purlins to
maintain their strength. Second order overturning moments are also easily absorbed by the
torsional braces.

Like a supports anchorage configuration, the force in the connection between the sheathing
and purlin, Ps. (Equation (5.1.83)), is critical along the frame lines. At an exterior frame line at
an anchor, Py includes the anchorage force and the uniform restraint force from the half span.
At an interior frame line, Py includes the anchorage force and the uniform restraint force in the
sheathing for both spans adjacent to the frame line.

Supports Plus Third Points Lateral Anchorage. The supports plus third points lateral
anchorage configuration is solved in a slightly different manner than the other anchorage
configurations. Because the system is restrained at the frame lines and at the interior, both the
anchors and the diaphragm restrain movement of the purlin relative to the frame lines. The
distribution of anchorage forces between the third points and supports is a function of the
relative stiffness of the restraints to the stiffness of the diaphragm. For a stiff diaphragm and
flexible restraints, most of the mid-span lateral deflection of the purlin is restrained by
diaphragm action in the sheathing and a large uniform restraint force is developed in the
sheathing. Most of the overturning force is resisted by the anchors along the frame line. As the
stiffness of the diaphragm decreases relative to the stiffness of the restraints, the uniform
restraint force in the sheathing decreases and more of the overturning force is resisted by the
third point anchors. The net restraint force, the sum of forces between the supports and third
point anchors, will remain relatively constant as the relative stiffness between the diaphragm
and anchors changes. Only the distribution of forces between the third points and supports
changes significantly.

The first step is to calculate the stiffness of the anchors at each anchorage location. At the
frame line, the total stiffness, Kspt (Equation (5.1.88)) is the sum of the anchorage stiffness,
(Krest)spt (Equations (5.1.30), (5.1.33)), and the stiffness of the purlin to rafter connection, Krafter
(Equations (5.1.35), (5.1.36)), for the purlins not directly connected to an anchor. For an interior
frame line, the tributary stiffness, Kiip, to each half span adjacent to the frame line is half the
total stiffness at the frame line. At an exterior frame line or in a single span configuration, the
tributary stiffness to the half span adjacent to the frame line is the total stiffness. The total
stiffness at the third point, K34 (Equation (5.1.87)) is the sum of the stiffness of all the anchors
along the line of anchorage (Kyest)3rd (Equation (5.1.34).

The equation for the uniform restraint force in the sheathing for a supports plus third points
configuration is based on the equation for a third points configuration with additional factors
applied to account for the stiffness of the anchors, local bending effects and system effects. The
uniform restraint force in the sheathing for a supports plus third points configuration should
always be less than the same system with a third point only anchorage configuration.

The system of purlins is divided into half spans. For each purlin, the ratio of uniform
restraint force in the sheathing to the uniformly applied load, o (Equation (5.1.93)), is calculated.
The overturning forces at the third point, (P3;4); ( Equation (5.1.89)), and the frame line, (Pspt);
(Equation (5.1.90)) are calculated directly for each purlin. Purlin system effects are included in
the calculation for (P3rq); and (Pspt)i. The anchorage force for each anchor at the top of the
purlin, (PL)3rd (Equation (5.1.84)) or ((Pr)spt Equation (5.1.85)) is the sum of all the overturning
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forces at that location, ((Pspt); or (P3rq);), multiplied by the ratio of the stiffness of the individual
anchor, (Krest), to the total stiffness at the location, (Kgpt or K3rq)-

For supports plus third points anchorage configuration, lateral displacements tend to be
small. Lateral displacement, Ayest (Equation (5.1.104)), is checked at the frame line and third
points and compared to the allowable anchor deflection in the Specification. Because there is
little diaphragm displacement between the third points, the deflection of the interior of the span
is approximated as the displacement at the third points. The difference between the third point
and support displacement at service load levels is compared to the limit of L/360 in the
Specification.

Forces in the connection between the purlin and the sheathing at the anchorage location, Ps,
are calculated the same as for a supports anchorage configuration for anchors along the frame
line (Equation (5.1.105)) and for a third points configuration for the anchors at the third points
(Equation (5.1.106)). Because the uniform restraint force in the sheathing is typically less for a
supports plus third points configuration relative to a supports configuration, the uniform
restraint force along the frame line will typically be less for a supports plus third points
configuration than a similar system with supports only anchors. Conversely, the force in the
connection between the sheathing and purlin will typically be larger at the third points in a
supports plus third points configuration than a similar system with only third point restraints.

5.1.5 Tests to Determine Stiffness of Components

Anchor stiffness. The anchor stiffness at the frame line may also be determined by a simple
test procedure with the apparatus shown in Figure 5.1.15. The apparatus consists of a segment
of purlin approximately 2 ft. long anchored in the manner representing the typical anchorage
device connection. For a typical through fastened rib style sheathing, a total of 3 fasteners at 12
in. intervals should be used to connect the purlin to the sheathing, with the center fastener
located directly over the centerline of the restraint. For a standing seam profile deck, the seam
of the deck with a single clip should be centered directly over the restraint. The stiffness of the
sheathing connection is affected by the presence of insulation so if insulation is to be
incorporated into the actual roof system, it should be included in the test as well. Displacement
should be recorded as close as possible to the top flange of the purlin, A, and if it is desirable to
capture the relative slip between the Z-section and sheathing, the deflection of the sheathing,
Ay. The sheathing is permitted to move laterally but prevented from moving vertically at a
distance of span/2 from the purlin where “span” is the purlin spacing.

span/2 span/2
P
Q %:n: P -
~ j Alt

=

A

Figure 5.1.15 Test to Determine Stiffness of Support Restraint

Page 115



Chapter 5, Alternate Analysis Procedures

Horizontal load, P, is applied through the sheathing parallel to the original plane of the
sheathing. Applying the load through the sheathing provides verification of the strength of the
sheathing-to-purlin connection as well. Alternatively, the horizontal load, Paj, can be applied
directly to the top flange of the purlin if the connection between the purlin and sheathing
possesses considerable slip. The restraint stiffness is defined as the load applied at the top
flange, P, per unit displacement at the top flange, Aj. For a non-linear relationship between
displacement and applied load, a criterion for determining the nominal stiffness similar to that
of AISI Test S901 in the Cold-Formed Steel Design Manual (2008a) should be used. This test
procedure captures the net restraint stiffness, that is, the combined effect of the device stiffness
and the configuration stiffness. =~ The component stiffness method does not make
accommodations for slip between the Z-section and sheathing so if excessive slip between the
Z-section and sheathing is observed through this test procedure, some mechanism for
transferring forces through the system of Z-sections should be considered.

Stiffness of purlin - sheathing connection. The rotational stiffness of the connection between
the purlin and the sheathing, kmlip, is defined as the moment generated per unit rotation of the
purlin per unit length of the purlin. This moment is developed as a result of prying action. For
a through fastened system, the connection is made with a single screw placed near a rib of the
sheathing and into the top flange of the purlin. As the purlin rotates, a compressive force is
developed between the sheathing and the tip of the flange, and tension is developed in the
fastener. The stiffness of the connection is a function of many factors: the purlin thickness,
flange width and spacing, the deck thickness and moment of inertia, the fastener spacing,
position of the fastener relative to the web of the purlin and relative to the sheathing rib and the
presence of insulation.

For a standing seam clip, as the purlin rotates, compression is developed in the shoulders of
the clip and tension is developed in the tab as it pulls from the seam. Because it is connected
directly to the seam it can possess considerable stiffness. For a standing seam system, the
stiffness of the sheathing-to-purlin connection is a function of the clip material and geometry,
the “tightness” of clip tab in the panel seam, the purlin thickness and the presence of insulation.

P A

—————————

Figure 5.1.16 Test Set-up for Determining Stiffness of Sheathing Z-Section Connection

With so many factors involved, the stiffness of the connection between the purlin and
sheathing, kclip, cannot easily be determined analytically but can be readily determined by
test. The test procedure is outlined in the Cold-Formed Steel Design Manual (2008a): AISI S901-
Rotational Lateral Test Method for Beam-to-Panel Assemblies. The basic test assembly is shown in
Figure 5.1.16. A panel segment with a span representative of the purlin spacing in a roof system
is attached to a segment of purlin and a load is applied to the free flange of the purlin. As the
lateral load, P, is applied to the free flange of the purlin, the lateral displacement, A, of the free
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flange is measured. By relating the displacement to the applied load the rotational-lateral
stiffness is determined. Some modifications to the results of the test procedure are required to
determine the rotational stiffness of the sheathing-to-purlin connection, kmcip-

The displacement of the free flange measured according to AISI S901 is the combined
displacement of the flexure in the web of the purlin and the rotation of the sheathing-to-purlin
connection. Provided the apparatus is set up as prescribed in AISI S901, additional deformation
due to flexure of the sheathing is eliminated. To determine the sheathing-to-purlin connection
stiffness, kmclip, the displacement due to the flexibility of the purlin web must be eliminated as
described by Heinz (1994). The displacement of the web is approximated from theory by
treating the purlin web as fixed-free cantilever beam element, and the resulting stiffness of the
connection between the sheathing and the deck is

2
Keopy = 2N9 L (5.1.28)
LB 4PNd
AN — 3
ELgt

where Py is the nominal test load, Ay is the nominal test displacement, Lp is the purlin length,
d is the depth of the purlin, and t is the thickness of the purlin. Equation 5.1.28 thus provides
the stiffness of the connection between the purlin and the sheathing in terms of moment per
unit displacement of the free flange per unit length of the purlin. The net rotational stiffness,
Kmclip, must also include the rotational flexibility of the sheathing spanning between purlin
lines. This flexibility, derived from theory, is added to the flexibility of the sheathing-to-purlin
connection and the net stiffness of the purlin-sheathing connection is

12E-1
span-K.onn +12E- Lpanel

panel * Keconn

k

(5.1.29)

mclip =

where Ipane] = the moment of inertia of the sheathing panel; and span = the distance between
the centerline of each span of the sheathing.
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5.1.6 Equation Summary

Summary of Stiffness Equations
Restraint Stiffness - Support Restraints

h
_ (E)z Kdevice 'Kconfig

Krest = (5.1.30)

%Kdevice + Kconfig
with
Kdevice = stiffness of anchorage device at height along web of purlin restraint is applied
(Ib/in)
Keonfig = stiffness of anchorage configuration (Ib/in)
Discrete Brace

s d(3Et?) {%5 d-2Et3(3d—h) + Lo Kmdlip - d(3d - 2h)

. . (5.1.31)
h(d-h)* | Y5d-Et>(4d-h)+Lg ke -d(d—h)

config =

Anti-roll Clip
Eb,,t°
_ pl d
K config = m(g) (5.1.32)
Total Stiffness of rafter web plate (welded wing plate)
_ Ebyty? .t3(t3h +t(d- h))
rest,webplate ~
(t3h2 —t(d- h)2)2 +4t%,°d*h(d - h)
Restraint Stiffness - Interior Restraint
Krest = (%)2 Kdevice (5'1'34)
with
Kdevice = stiffness of restraining device at restraint height (Ib/in)

K (5.1.33)

Rafter Stiffness
Web Bolted to Rafter Clip
E-by -ty -
2%(n2(3d - h))+ 4t (d ~h)
Flange Bolted
Et®

KRafter =045~ (5.1.36)

Sheathing Stiffness

t3

KRafter = (5'1 '35)

K _ kmclipL % Et3
shtg d

™ (1 - %kmcnpf) (5.1.37)

0.38k d+0.717

mclip
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Summary of Torsion Equations

a— |ECw (5.1.38)
GJ

a’p
=Y (5.1.39)
1+ kmclip
GJ
Single span and multi-span exterior half span adjacent to exterior frame line
(Warping “Free”) From Seaburg and Carter (1997).
2
B+ 1L 1 (5.1.40)
8a cosh(j
2a
L
4 cosh(j -1 )
k=2 ZaL LN (5.1.41)
L COSh(j 48
2a
L
sinh()
L|1 a 3a
=—|————< 5.1.42
P3rd GJ|3 L ( L ) ( )
cosh| —
2a
Multi-span interior and multi-span exterior half span adjacent to interior frame line
(Warping “Fixed”) From Seaburg and Carter (1997)
L
) 1- cosh[)
N L2a (5.1.43)
8a” 2a sinh(j
2a
L
3y 1- COSh[j D)
K= [ﬂ _4a J L2a + 5L _ a2 (5.1.44)
3 L si nh() 48
2a
Ll (1 - Cosh(;n[l - cosh(zLD L
Barg = —| =+ a a —sinh(—j (5.1.45)
GJ|3 L i nh(Lj 3a
2a
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Supports Anchorage Configuration

Anchorage force per anchorage device

rest

PL=>D Krest (force at top of purlin)
Ny total

P, =P % (force at height of anchor)

Where
2 Kshtg + 2 Kiafter
Np Np-N,

d

Ktotal = % I<rest +

a
with
Krest = stiffness of externally applied restraint (Ib/in)
Krafter = rotational stiffness of the purlin to rafter connection (Ib-in/in)

Kshtg = rotational stiffness provided by the sheathing (Ib-in/in)

Total force generated per purlin per half span
P, = VZV_CT; . [(Sb cos0(1 —Rygeqp )+ %kmclip(c’% —(8b+m)cos Gjtja —dsin 6}

k

mclip

Et®
mclip * ﬁ

Rlocal =
k

Xy 4
(COSQJL 5 .
I o-n,-L7sin®
11X +((8b+m)cos@)dt+ p

Elpny 2 8G'Bay

" ! d*  amnl?
C1 + & 20
Elyhy 4 8G'Bay

where C1 = 5/384 Single Span

= 1/185 Multi-Span Exterior

= 1/384 Multi-Span Interior

Single Span

(5.1.46)

(5.1.47)

(5.1.48)

(5.1.49)

(5.1.50)

(5.1.51)

Total stiffness is the sum of restraints at the frame line, sum of rafter stiffness at the frame

line and sum of half the sheathing stiffness for all purlins in the bay.
Total force is sum of P; for all purlins in the bay.

Multi-Span Half Span Adjacent to Exterior Frame Line

Total stiffness is the sum of restraints at the exterior frame line, sum of rafter stiffness at

exterior frame line and half the sum of sheathing stiffness for purlins in exterior bay.
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Total force is sum of P; for all purlins for the half bay closest to the exterior frame line.

Multi-Span Interior

Total stiffness is the sum of restraints at the interior frame line, sum of rafter stiffness at the
frame line, half the sum of sheathing stiffness for purlins in each bay adjacent to the frame
line.

Total force is sum of P; for all purlins in each half bay adjacent to the frame line.

Lateral Displacement of top flange of purlin at frame line.
P

Arest =—— 5.1.52
rest Krest ( )
Deformation of diaphragm at mid-span relative to restraint
. L2
Adlaph . I\%} (W((XG —Sin 9))1 m (5153)
Shear force in purlin sheathing connection at restraint
P =P + WTL(O.%a +5in0)-P, (5.1.54)
Third Point Anchorage
Anchorage force per anchorage device
PL=>DP Krest (force at top of purlin) (5.1.55)
Ny total
P, = PL% (force at height of anchor) (5.1.56)
where
2Ky
Kiotal = ZKrest + — (5.1.57)
with
Krest = stiffness of externally applied restraint (Ib/in)
Kshtg = rotational stiffness provided by the sheathing (Ib-in/in)
Total overturning force generated per purlin per half span
d .
(Sb c0s0(1—Rjoea1 )+ %kmclip(GE ~(8b+m)cos GJTJOL —dsin6
WL (5.1.58)
"Tod | Lk a
+

mcli no Npsin®  1.8bcosd
P (1_%kmclipI_+ P -

3G'Bay-d 3 6 2d
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K et
Rigcal = LpEtg (5-1'59)
kmclip + a

(YCOSQJL4 5 .
c1 Iy N ((8b+m)cos0)d o o-ny, -L7sin®

El 2 18G'Ba
= = ; > > Y (5.1.60)
C1 L + a T+ 1? L
Elny 4 9G'Bay
where C1 = 11/972 Single Span

5/972 Multi-Span Exterior - outer half span
7/1944 Multi-Span Exterior - inner half span
1/486 Multi-Span Interior

Distribution of Forces - all conditions (single and multiple span)

Total stiffness is the sum of restraints along third point and half the sum of the sheathing
stiffness for all purlins in the bay

Total force is the sum of P; for each half span for all purlins in the bay.

Lateral Displacement of top flange of purlin at frame line.

Py
rest —
Krest

A (5.1.61)

Deformation of diaphragm at frame lines relative to restraint
2
Adiaph = 2 | =W 06— sin 0 = rest L, 2hL (5.1.62)
N, Kiotal . 9G'Bay 3G'Bay

Shear force in purlin - sheathing connection at restraint
wL

P, =D + —(— 0.9 + 2008 ejoc (5.1.63)
20

Midpoint Point Anchorage
Anchorage force per anchorage device

PL=Y P Krest. (force at top of purlin) (5.1.64)

Ny total

P, = PL% (force at height of anchor) (5.1.65)

where
2K
Kiotal = XK est + d £ (5.1.66)
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with
Krest = stiffness of externally applied restraint (Ib/in)
Kshtg = rotational stiffness provided by the sheathing (Ib-in/in)

Total overturning force generated per purlin per span

[Sb c080(1 —Rjoea) )+ %kmdip (0% ~(8b+m)cos Ojrjoc —dsin®

LN D _ (5.1.67)
d N LK melip (1—2/k . £+Np51n9_n-8bcosﬁ
4G'Bay-d /3 melip] 2 d
Koo
Rjocal = th}gﬁ (5.1.68)
1<mclip +ﬁ
I
(IXYCOSOJL4 N 12 sin®
a-N, -L sin
c1 XEI N ((6b+mz)cose)dt_ 81:C>;'B
a
o= =Y - - : Y (5.1.69)
C1 L +d— oL
El,y, 4 8G'Bay
where C1 = 5/384 Single Span

1/185 Multi-Span Exterior
1/384 Multi-Span Interior

Distribution of Forces - all conditions (single and multiple span)

Total stiffness is the sum of restraints along midpoint and the sum of the sheathing stiffness
for all purlins in the bay

Total force is the sum of P; for all purlins in the bay.

Lateral Displacement of top flange of purlin at frame line.

_ P
rest K

A (5.1.70)

rest
Deformation of diaphragm at frame lines relative to restraint

2
Adiaph = 2. (— WEocc—sine 2 rest D L + ZI,)LL (5.1.71)
Ny Kiotal . 8G'Bay 4G'Bay

Shear force in purlin - sheathing connection at restraint
8b cos 9)
a

wL
P =P +—| -09c+
sc L 20( G

(5.1.72)
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Supports Plus Third Point Torsional Restraint

Moment in each third point torsion restraint

2 .
Mjzq=w OL(Gé ~(8b+m)cos Gjﬂ g2 Kb Ekmdi +(dsin® — (a)5b cos O(1 — Rygeay ))E g
2 G n, 9 MF 2
(5.1.73)
Anchorage force per anchor along frame line (at the top of the purlin)
Pp=>D Krest. (force at top of purlin) (5.1.74)
Np total
P, = PL% (force at height of anchor) (5.1.75)
where
> Krafter
np-ny
Kiotal = 2 Krest +T (5.1.76)
Na
with

Krest = stiffness of externally applied restraint (Ib/in)
Kshtg = rotational stiffness provided by the sheathing (Ib-in/in)
Kiib = stiffness at frame line tributary to each half span

= C3 Kiotal

C3 =1.0single span and multi-span exterior frame line
= 0.5 multi-span interior frame line

Overturning force generated per purlin

d a’p Pardl | ; Kb
P =w a(ca—(8b+m)c059j?}+(dsin@—(oc)ébcos@(l—Rlocal)) r2 d- Nﬂ ¢ (5.1.77)

p
Where
- - 1L (5.1.78)
1+ [dz —tmb . kmclip]B&’rd
n, 9
with
K el
Riocal = LPEt?’ (5.1.79)
1<mclip + g
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IXY 4
—2cos0 |L 5 ) .
c1ih 4 (Bbrm)cosoMd(a® L o I c-npLisind
El g 2 g 2 "o 8G'Bay
°= 1 5 5 (5.1.80)
L d” a”p o-nL

C1

+ E+
Elp,y, 4 GJ 8G'Bay

where C1 = 5/384 Single Span
= 1/185 Multi-Span Exterior
= 1/384 Multi-Span Interior

Single Span

Total stiffness is the sum of restraints at one frame line, sum of rafter stiffness at one frame
line and sum of half the sheathing stiffness for all purlins in the bay.

Total force is sum of P; for all purlins in the bay.

Multi-Span Half Span Adjacent to Exterior Frame Line

Total stiffness is the sum of restraints at the exterior frame line, sum of rafter stiffness at
exterior frame line and half the sum of sheathing stiffness for purlins in exterior bay.

Total force is sum of P; for all purlins for the half span closest to the exterior frame line.

Multi-Span Interior

Total stiffness is the sum of restraints at the interior frame line, sum of rafter stiffness at the
frame line, half the sum of sheathing stiffness for purlins in each half span adjacent to the
frame line.

Total force is sum of P; for all purlins in each half span adjacent to the frame line.

Lateral Displacement of top flange of purlin at frame line.

P
Aest = K—L (5.1.81)
rest
Deformation of diaphragm at mid-span relative to restraint
L2
Adiaph = 2 (W(oo —sin6)); ———— 5.1.82
diaph Np( (ac ))1 8G'Bay ( )
Shear force in purlin - sheathing connection at restraint
P =P + WTL(O.%a +sinB)—P; (5.1.83)
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Supports Plus Third Point Lateral Anchorage

Anchorage force per anchorage device

(PL )3r 4= Z P; - KreSt (force at top of purlin at 3rd point anchor) (5.1.84)

3rd
(P )spt Z P; - Krest (force at top of purlin at frame line anchor) (5.1.85)

p spt
P, = PL% (force at height of anchor) (5.1.86)

where
Kz = 1\% (Krest )3rd (5.1.87)
a
x I<rafter

N_

Kspt = % (Krest )spt (5.1.88)

a

d

with
(Krest)3ra = stiffness of anchor at purlin third point (Ib/in)

(Krest)spt = stiffness of anchor at frame line (Ib/in)

Krafter = rotational stiffness of the Z-section to rafter connection (lb-in/in)
Ktrib = stiffness at frame line tributary to each half span
=C3 Kspt
C3 = 1.0 single span and multi-span exterior frame line

= 0.5 multi-span interior frame line

Total force generated per purlin per half span distributed between third point and frame line
anchors

(Sbcose(l—Rl 1)+lk li (G_MCOSGJTJ{ 2d2Ktrib }Vu
oca 3 S mclip 5
(P3rd )i = WTL ) d 2 d 2d K yp + npkmclipLRsys (5189)
2K ip0L .
+ﬁ\ya —dsin®Dg.4
dbcosO c (Bb+m 2d%K,;
( d (1 —Riocal )+ %kmcljp [2 - ( d ) cos Gj‘fj 5 trib (x(l + F)
(P ) _ Wk 2d"K i +npKmclip LR sy
PET 2 gk el
+ﬁaF ~dsin 6Dy
ay
(5.1.90)
where
1 Et?
Reys = 4 1= 24 Kmclip® (5.1.91)
e {0.38kmchpd +0.71, Bt ]( 73 Kmelip )
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K mdli
Rigcal = LPE? (5.1.92)
kmclip + ﬁ

Lxy 4
1, sk N, oL? sin 6
(04 s
C1L X +A.((8b)cos@)dT+B‘ p

El 18G'Ba
c= = Y (5.1.93)
L d? nocL
C1 +C-——1+ (1+Kgipul)
El oy 4 9G'Bay
where C1 = 11/972 Single Span
= 5/972 Multi-Span Exterior - outer half span
= 7/1944 Multi-Span Exterior - inner half span
= 1/486 Multi-Span Interior
1 2
(3G BayKs;g {1 + kmchp GJ J(N 1<mchp sys t 2d Ktrib)
V= (5.1.94)
X1+X2
2
X1= (3G BayKyip + LK yibKsrg {1 + kmchp GJ j(N kmchp sys T 2d Ktrib) (5.1.95)
X2 =(3G'BayK )(2d21< |1k, - Pard 2 (5.1.96)
- Y®3rd trib mclip GJ 4 3 mclip -
d2
al3 a— B3rd N,-L
r=|C2——+ - 3G{’B (5.1.97)
K a
m [1 + kmclip G]j Y
where C2 = 5/162 Single Span
= 31/1458 Multi-Span Exterior - outer half span
= 15/1458 Multi-Span Exterior - inner half span
= 1/162 Multi-Span Interior
— 2 .
:(Sb+m)+na%(%kmmp(6b+m)_ (1 RLocal)] i 2d K ip .
Sb d Sb T 2d"Kyp + NpkmclipLRsys
(5.1.98)
_ (2Ktrib — K3I‘d )3G'Bay (5199)
LK 4ibK3rq + 3G‘BaY(Ktrib + K3rd)
2k . L 21
C=ltand22) 2d Kyrip Ty (5.1.100)
d 2d K yp + NpkmclipLRsys
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1 2
Dy = K3,4(9G'Bay + 2LK yp, ) 2d* (Kyip +Ksrg) (51.101)
r , 1.
3[LKtribK3rd +3G BaY(Ktrib +Kgpq )] 2d2 (Ktrib +Ks3.4 )+ NpkmclipLRsys
K, (9G'Bay +LK3,4) 2d?(Kpip + K3rg)
Dspt = trib ' 3rd 5 trib 3rd (5'1.102)
B[LK 4ipKar + 3G Bay(Kisip +Kara )] 242 (Kigip +Kapg )+ N pKmelipLRys
Psrd 2 K
F ( 4r 3 Kmelipl = 1+ Kmelp aJ { 2d*K yip (5.1.103)
— \j 1.
2
(1 + kmclip éj 2d Ky + NpkmclipLRsys
J
Single Span

Total force at each frame line is the sum of (Pspt); for the half span adjacent to the frame line
for all purlins in the bay. Total force at each third point is the sum of (P3q); for the half span

containing the third point for all purlins in the bay. Forces must be distributed along each
anchor point (support or third point) according to the relative stiffness of all of the anchors
at all purlins at that point.

Multi-Span Half Span Adjacent to Exterior Frame Line
Total force at exterior frame line is the sum of (Pgpy); for the half span adjacent to the frame
line for all purlins in the bay. Total force at the exterior third point is the sum of (P3.q); for

the half span containing the third point for all purlins in the bay. Forces must be distributed
along each anchor point (support or third point) according to the relative stiffness of all of
the anchors at all purlins at that point.

Multi-Span Interior
Total force at interior frame line is the sum of (Pgpy); for each half span adjacent to the frame
line for all purlins in the bay. Total force at the exterior third point is the sum of (P3.q); for

the half span containing the third point for all purlins in the bay. Forces must be distributed
along each anchor point (support or third point) according to the relative stiffness of all of
the anchors at all purlins at that point.

Lateral displacement of top flange of purlin at frame line or third point anchor.
Pp

Arest = @ (5.1.104)
Shear force in purlin - sheathing connection at support anchor

P =Pp + WTL(OQGOL +sin0)-P; (5.1.105)
Shear force in purlin - sheathing connection at third point anchor

P, =D + "2“—5(— 0.9 + 2008 Gja (5.1.106)
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5.1.7 Z-Section Examples

Four examples using the component stiffness method to predict anchorage forces are
provided based on the roof system from the continuous purlin design example in Section 3.2.
The roof system has four 25 ft spans with purlins lapped over the interior supports. The purlins
in the exterior spans are 822.75x085 and the interior spans are 822.75x059. There are a total of
12 purlin lines spaced at 5 ft-0 in. on center with the top flange of the purlin closest to the eave
turned down slope while the top flanges of the remaining purlins face upslope. Roof slope is a
Y2 on 12 pitch and the gravity loads are 3 psf dead and 20 psf live. Roof covering is attached
with standing seam panel clips along entire length of purlins. The sheathing has a diaphragm
stiffness G’ = 1000 Ib/in. and the rotational stiffness of the standing seam panel clips, kmclip =
2500 Ib-in./ (rad.-ft).

In example 8, the anchorage forces are calculated for the anti-roll anchorage devices applied
along the frame line at every fourth purlin. In the second example, anti-roll anchorage devices
are replaced by anchorage applied at the third points of each span. The third example
demonstrates anchorage forces for lateral restraint applied along the frame line in conjunction
with torsional restraints applied at the third point of each purlin. In the fourth example, third
point anchorage devices are combined with anchorage along the frame lines in the form of wing
plates (bp=5 in.) attached to the rafters.

\/ N N

25'-0" 25'-0" 25'-0" 25'-0"
Symmetric
2'-0" , 36" 100 | = 1-0" 3-6" L 2-0"
| || | |
74%
5| 1
I
ol @
n
& ©
| ®
& @
5l ®
2 87S2.75x085 8752.75x059 87252.75x059 8752.75x085
T

Figure 5.1.17 Roof Layout for Anchorage Examples
The following properties are used in each example.

System Properties

L = 25ft
Bay = 55ft
Np = 12
n = TNypslope ~ Ndownslope = 11 -1 =10
Uniform load
Dead =3 psf
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Live =20 psf
=(3+20)psf - 5ft =115plf
Roof Slope, 6 = 2.4 degrees (1/2:12)

G =1000 1b/in

Kmclip = 2500 Ib-in/rad/ft
E = 29500000 psi

G = 11300000 psi

Section Properties

The following sections properties are used for the two Z-sections:

INTERIOR BAYS END BAYS

For: 8752.75x059 For: 8752.75x085
t = 0.059in. t = 0.085 in.

d = 8.0in. d = 8.0in.

b = 275in. b = 2.75in.

I, = 8.69in4 I, = 12.40in4

Iy, =172 in4 Iy =251 in4

Iy = 2.85 in4 Ly = 411 in4

J = 0.00102 in.4 J = 0.00306 in.4
Cw = 19.3in.6 Cw = 28.0in.6

2 2
- Dy —Ixy 0.79 in.4 Ly = Ixly —Ixy _ 1.15 in.4
Ix Ix
Purlin Torsional Properties

Imy

Exterior Span 8Z52.75x085. Outside half span torsionally approximated with both ends
“warping free”

/ECW y E-280n° 0 cin (5.1.38)
GJ G-0.00306in*

__(300in}> L 1_0132rad (5.1.40)
COSh( j 1546111) cosh &
2a 2.154.6in
L
st Cosh( j (5.1.41)
_sa 1
L cosh L
2
300in j
8(154.6in 2 154.6in 5(300in)* —(154.6in)? = 2582 rad -in>
3001n Cosh 300in )
2 154.6in
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a’p (154.6 in }? -0.132rad
-4
e Ty 151&0030@ ~0.0055 —rfbd (5.1.39)
1+-0CMP gy 22 Jradft o589 - in?
GJ G-0.00306in
L . 300in
sinh| — . . St P —
L1l a (3aJ (300in) |1 154.6in (3.154.6 1nJ
GJ|3 L _ [ L)l G-0.00306in|3  300in 300in
72 cosh ————
2.154.61in

(5.1.42)

Exterior Span 87252.75x085. Inside half span torsionally approximated with both ends “warping
fixed”

. 1 6
az [Fow _ | EBSON 5464, (5.1.38)
Gl VG-0.00306in
L

1-cosh] — 1-cosh _30in_
> L 2a (300in )? 300in 2.154.6in
B= 5t T = —+ - 3001 =0.033 rad
8a 2a smh() 8. (]5461n) (2)(15461n) sinh( 1n' )
2a 2-154.6in
(5.1.43)
L
3y 1- cosh(j 2
o (% _ 43 J 2a)|, 5" 2 (5.1.44)

1 Cosh( 300in j
. . - \3 - A1EA 2o\ . 2
K:((154.6m)(300m)_ 4(154.6in) J 2(15.4.61n) , 5(300in.) _(154.6in)? = 693.6 rad -in?
3 300in . 300in 48
sinh| ———
(2(154.61n)J
a’p (154.6in)? -0.0033rad
-4
. 25001&;;-00306111 =0.0045% (5.1.39)
1o TP g 28 Jradft 603 rad-in?
GJ G-0.00306in
Ll [1—cosh(;jj[l—cosh(2LD L
a a a
_Ljl a _sinh| — 5.1.45
Pard = 57| 37 . (Lj st (Baj (51.45)
sinh 5
a
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1_Cosh( 300in j 1_Cosh( 300in j |
3-154.6in 2-154.6in
Bara = (300in) 1, >4on sinh(goom.) =0.000231 %4, ;..
G-0.00306in* | 3 300in 2-154.6in
_Sinh[;j
3-154.6in |

Interior Span 8752.75x059. Torsionally approximated with both ends “warping fixed”

.6
a= |ECw = E-19.3in £ =2223in (5.1.38)
GJ G-0.00102in

1 - cosh| L 1-cosh _ 300in__
> L 2a (300in )? 300in 2.2223in
P=—mt - = — + : : =0.0081 rad
8a’ 2a Smh(L) 8-(222.3in)*  (2)(2223in) nh( 300in )
2a 2-2223in
(5.1.43)
L
3 1—cosh() 2
o {%_ 4; J 2a) |, 57 2 (5.1.44)

sinh(Lj 48
2a

1- cosh[ 300in J
. . . \3 71799 2 i) . \2
o [(222.3m) (300in) 4(222.3. in) J 22223in) ) | 5(300in) _ (2223 in) 3509 rad.-in?
3 300 in . 300 in
sinh| ———
(2(222.3 in)]
a’p (222.3in)? -0.0081 rad
4
1+th1< 1+—rad'f4’f-350.9rad-in2
GJ G-0.00102in
Ll (1 - cosh(;D(l - cosh(zLD L
a a a
=—|—4+—= —sinh| — 5.1.45
Pard GJ|3 L . (Lj (Ba) ( )
sinh| —
2a
(1 - cosh(?’oom. D(l - cosh(300m. D
3-222.3in 2-222.3in
(300in) 1 2223in . ( 300in )
= = nh| ——— =0.000351/ .
Pard = = 00102 | 3 T 300in S 222231 b-in
- sinh(;)
| 3.222 3in |
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Example 8: Anchorage Forces for Anti-Roll Anchorage Device

Given:

No discrete bracing lines; anti-roll clips provided at each support at every fourth purlin line
(lines 1, 5 and 9 from the eave). Each anti-roll anchorage device is attached to the web of the
Z-section with two rows of two V2 in. diameter A307 bolts. The bottom row of bolts is 3 in.
from the bottom flange and the top row is 6 in. from the bottom flange. The stiffness of each
anti-roll anchorage device, Kgevice = 40 k/in. The width of the anti-roll anchorage device is
bpr = 5.0 in.

2. Purlin flanges are bolted to the support member with two %2 in. diameter A307 bolts through
the bottom flange.

Required:

1. Compute the anchorage forces along each frame line due to gravity loads.

2. Compute the lateral deflection of the top flange of the Z-section along each frame line and at
the purlin mid-span.

3. Compute the shear force in the standing seam panel clips at each anchorage device.

Solutions:

Assumptions for Analysis

1. Since the loading, geometry and materials are symmetric, check the first two spans only.

2. Each restraint location is considered to have a single degree of freedom along the run of
purlins. It is assumed that there is some mechanism to rigidly transfer forces from the
remote purlins to the anchorage device. The sheathing provides the mechanism to transfer
the force as long as the connection between the purlin and sheathing has sufficient strength
and stiffness to transfer the force.

3. Itis assumed that the total stiffness of adjacent frame lines is approximately the same

Procedure

1. Calculate uniform restraint provided by sheathing, wyest, expressed as a proportion of the

applied uniform load.
Wrest =W- O

where

I
(Iy cos OJLLL a-n,-L?sin0
11X N ((8b+m)cosG)dT+ p

EI 2 8G'Ba

o= my S S Y (5.1.51)
C1 L + - T4 L

Elyn, 4 8GBay

The uniform restraint force provided by the sheathing must be calculated separately for the up
slope and down slope facing purlins.
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a. Exterior Span - half span adjacent to frame line 1 (approximated as a simple-fixed beam
with warping free ends).

Down slope facing purlin. C1=1/185 a =-1

4.11in* cos(2.4° .
(12-4in4 2 )J(goo : +((@+0)Cos(2-4°))8-01r1 rad _(~1)(12)300in) sin(2.4°)

3
0.0055 -~ +
_ 185-E-1.15in* 2 Ib 8-(10001% )660in)
a - \é - 2 _ 2
(300in) +(8.01n) 0.0055 724 | ( 1)(10)(3001n).
185-E-1.15in* 4 Ib ~ 8-(10001 J660in)

c =0.363

Up slope facing purlin. All terms same as above except with a =1
c=0.294

b. Exterior Span - half span adjacent to frame line 2 (approximated as a simple-fixed beam
with warping fixed ends).

Down slope facing purlin. C1=1/185 a=-1

411in® (5 49) (300!
12.4in* .\ (@ COS(2.4°))8~Oin rad  (~1)(12)(300in)? sin(2.4°)

3
0.0045°-= + :
185-E-1.15in* 2 Ib 8-(100015¢_)660in)

- 4 - \2 - \2
(300in) N (8.0in) 0.0045724 | (- 1)(10)(300111).
185-E-1.15in* 4 Ib  8-(1000'b¢ )660in)

6 =0.365

Up slope facing purlin. All terms same as above except with o =1
c=0.295

c. Interior Span
Interior Span approximated as a fixed-fixed beam with warping restrained at each end.

Down slope facing purlin. C1=1/384 o =-1

2.85in*
8.69in" N 27510 ¢05(2.4°)B.0in 0.00ag ™24, (£1)(12)(300in)? sin(2.4°)
384-E-0.79in" 2 T b 8-(10001b4_)660in)
. V4 - \2 B -2
(300in) +(8.01n) 0.0048 724 | ( 1)(10)(300111)'
384-E-0.79in* 4 Ib  8-(10001 f660in)

cos(2.4°)J(3oom)4 (2_7

6 =0.376

Up slope facing purlin all terms same as above except with a =1
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c=0.28

2. Calculate the overturning forces generated by each purlin

a. Exterior Span - half-span adjacent to frame line 1 (torsionally approximated as each end
warping free)

Local deformation reduction factor

kmclip _ 2500 lb.i%ad-ft

Riocal = =0.216 (5.1.50)

Et° . E-(0.085in) (. ..
Purlin 1 w=575plf a=-1

P, = V;’—L‘ : [(Sb 05 0(1- R a1 )+ %kmdip(c% —8bcos Gjrjoc —dsin e} (5.1.49)
270 o5(2.4°)(1-0.216)+ 2 (2500 lb-i%ad,ﬂ{(o.%e.) S'gin _275in Cos(2.4°)jx

b, _ (57.5plf)25(t) . (-1)

17 (2)8in) (0'0055Ej

—(8.0in)sin(2.4°)

P, =-1321b

Purlins 2-11 w=115plf a=1

Py 11 =106 1b
Purlin 12 w=575plf a=1
P, =531b

b. Exterior Span - half-span adjacent to frame line 2 (torsionally approximated as each end
warping fixed)

Local deformation reduction factor
Riocal =0.216

Purlin 1 w=575plf a=-1
273N (2.4°)1-0.216)+ %(25001b~i%ad.ﬂ((0.365)8'(;“ - 2'735“‘ cos(2.4°))x
_ (57.5plf(25ft) . (-1)
LT 28in). (0.0045Ej
—(8.0in)sin(2.4°)
P, =-1321b

Purlins 2-11 w=115plf a=1
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Py 11 =991b
Purlin 12 w=575plf a=1
P, =501b

b. Interior Span
Local deformation reduction factor

Ko 2500 1b-in,
Rjoca) =——2__ Dfacf . = 0.45 (5.1.50)
kmclip + 2500 / dft™ 3.8.0in 12 ft)
Purlin 1 w=575plf a=-1
27 os(24°)1 - 0.45) + 22500107/ ft( (0. 376)8 din _2. 7351“ s(2.4°))x
b, _ (67.5plE)256) ) (-1)
LT (2)@8in) (0.00485]
—(8.0in)sin(2.4°)
P, =-1101b
Purlins 2-11 w=115plf a=1
Purlin 12 w=575plf a=1
Py, =281b

3. Calculate the stiffness of the restraints.
The stiffness of each restraint device is

»
Kdevice =40 1%

The net stiffness of the restraint must include the configuration stiffness which accounts for the
flexibility of the web of the purlin between the top of the restraint and the top flange of the
purlin.

a. Frame line 1
Configuration stiffness

Ebt° 3
pit” d_E(5in)0.085in)” 8in _ 15, 11<1}7

Keonfie = = 5.1.32
config (d-h) h (8in — 6in ) “6in ( )
Net restraint stiffness
2 . N\2
h 6in ki ki
(dj KdeviceKconﬁg (j (40 I%Xlil 11:/) k1p
Krest = h = 6in ( Kip ) Kip / (5.1.30)
aKdeVice + Kconﬁg 8in 40 / +15.1 /

b. Frame line 2
To account for the purlins at the lap, the combined purlins are given an equivalent thickness.
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tap = %/ ] +1 = %/(0~085in)3 +(0.059in)> = 0.094in

Configuration stiffness

(5.1.32)

Kconﬁg

Ebpt’ 3
~d _E(5in)(0.094in)” 8in _ 0. 11(1;/
(d- h) h (8in —6in)? 6in

Net restraint stiffness

o
K yest =9.05B/

c. Frame line 3
Equivalent thickness at lap

tiap =383 + 83 =3(0.059in)? + (0.059in)* = 0.074in
Configuration stiffness

Eb., > 3

pit” d _E(5in)0.074in)” 8in _ _10. 1k1}7
(d-h) h (8in —6in)? “6in
Net restraint Stiffness

o
K et =579/

4. Calculate the stiffness of the system

(5.1.32)

config =

a. Calculate the stiffness of the sheathing.

KmelipL yEt3
Ko =0 : L= 73K meip® 5.1.37
shtg d 0'38kmclipd+0-71%Et3 ( A mclip ) ( )

i. Exterior Span. It is conservative to use the torsional coefficient, T, for a warping free ends.

q 2 \3
25001b1%ad.ﬂ25ft[ 1,E(0.085in) ][ 2 2500bin | 0 0055@}

Kshtg = - b4 ; 1 - \3
8.0in 0.38-25001b-in/ . . -8.0in +0.71- 14 E(0.085in)

Kghtg = 21171010/
ii. Interior Span, t = 0.059 in. t=0.0048 rad/Ib
Khtg = 23171010/

b. Calculate stiffness of connection between rafter and Z-section (flange bolted connection)

Et3
Krafter = OASE (5.1.36)
Exterior Frame Line
E(0.085in)? .
K =045 _ 5101biny
rafter 2 X 8i1’1 Kn

At the interior frame lines, the equivalent thickness of the laps is used.
First Interior Frame Line
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E(0.094in)? .
K 0.45—=———" =6801bin/

-8in
Second Interior Frame Line

)3
= 045% =341 1b-iy%rl
-8In

rafter =

K

rafter

o

Calculate the total stiffness of the system attributed to each restraint location (frame line)

Z(Kshtg + Krafter )

d
a. At frame line 1, the stiffness includes three anchorage devices, the rafter stiffness of nine
purlins flange bolted to the rafters and the sheathing stiffness of half of the exterior bay for
twelve purlins.
ki 5101b'ir% 21171b Hy ki
K =375/ ]+ 9 m ., 12 n _ 24 8<'P
total ( 41) 8.0in (2)(8in) Vo
b. At frame line 2, the stiffness includes three anchorage devices, the rafter stiffness of nine

purlins flange bolted to the rafter, and the sheathing stiffness of half of the exterior bay and
half of the interior bay for twelve purlins

” 6801b-in/ 21171bing/ 23171bin/ K
K =3(9.0%/ |+ 9 m 12 m ., 12 m_311%P
total ( 41) 8.0in (2)(8in) (2)(8in) Vi
c. At frame line 3, the stiffness includes three anchorage devices, the rafter stiffness of nine

purlins flange bolted to the rafter, and two times the sheathing stiffness of half of the
interior bay for twelve purlins

680 1bin 2317 lbin
K total = 30,0987 J+9 80m/ +12 s i o, 3kps

6. Distribute forces to each restraint

Kiotal = 2 Krest + (5.1.48)

a. Frame line 1
The total load generated by the exterior half span adjacent to frame line 1 is
3P, =(P; +10Py_11 + Pp)=(~1321b)+10(106 1b) + 53 1b = 981 1b

N
p
Distribution to each anti-roll anchorage device along frame line 1
klp
PL=YP- Krest. =(9811b) ké =2971b (5.1.46)
N, Kotal 24.8%P/
Anchorage force at the height of restraint
P, =P L= (29716) 31 ~ 3061b (5.1.47)
h 6in

b. Frame line 2
The total load generated by each half span adjacent to frame line 2 is

% P; = (P +10Py 17 +Prg )y e +(P1 +10P2 17 + P12 Jpign
P
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Y P, =(~1321b)+10(99 1b)+ (50 1b)+((- 110 Ib) + 10(55 Ib) + (28 Ib)) = 1376 Ib

N
P
Distribution to each anti-roll anchorage device along frame line 2
9 kl]y
PL=YP- Krest. = (1376 1b) Kip n_=3971b (5.1.46)
N, Kiotal 31.2 /
Anchorage force at the height of restraint
P, =P, % _ (397162 ~529 11 (5.1.47)
in

c. Frame line 3

At frame line 3, it is assumed that half of the force generated at each bay adjacent to the frame
line is distributed to the interior frame line.

> P, = 2((Py +10Py_11 + Pip)y, )= 2((- 110 1b)+10(55 Ib) + (28 1b)) = 936 Ib

N
p
Distribution to each anti-roll anchorage device along frame line 3
ki
5.7 <P
P = 3 P, .Srest _ (936 p) Ib) ké ~2521b (5.1.46)
Np Kiotal /

Anchorage force at the height of restraint

P, =P, L= (25216) 3™ — 336 1b (5.1.47)

h 6in

7. Check deformation of the system and compare to limits specified in Section D6.3.1
a. Lateral displacement of purlin top flange
Allowable deflection limit (ASD)

A<= L o L4500 (D63.1-92)
Q20 2.00 20
Frame Line 1
Arest = PL (29k71 Ib) =0.040 in < 0.20in OK (5.1.52)
rest 7.5 %
Frame Line 2
Arest = —L— = (39;2’) =0.044in <0.20in OK (5.1.52)
Krest 9.0 41
Frame Line 3
A b _ (2521b) 0.044in <0.20in OK (5.1.52)

rest = = :
Krest 5.7 kl%l

b. Mid-span displacement of diaphragm relative to restraint
Allowable deflection limit
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L :25ft(12%)_

Ao < =0.83in
mS = 360 360
L2
Adiaph = Z(W(U,G — S e))i 8G'Bay

Exterior Span
Use average uniform diaphragm force between the two half spans.

51 = 15(0.363+0.365) = 0.364
G212 = ¥4(0.294 +0.295) = 0.295

Adiaph = [57.5plf((—1)0.364 — sin(2.4°)) + (10.5)(115plf {(1)0.295 — sin(2.4°))] 8(10()(33215%)

Adiaph =040in<£0.83in OK

Interior Span

Adiaph = [57.5plf((-1)0.376 - sin(2.4°))+ (10.5)(115plf {(1)0.28 - sin(2.4°))] 5 (100(53;);5%)

Adiaph =0375in <0.83in OK

8. Calculate force in connection between the sheathing and purlin at anchor location.
Frame line 1

P, =D + WTL(OQGOL +5in0)-P;

Down slope purlin 1

Py. =297 1b + M(w(a%@(— 1) - sin(2.4°)) - (- 1321b) =163 Ib
Up slope purlin 5, 9
P,. =297 1b + M(o%a.z%)@) —sin(2.4°)) - (1061b) =512 1b

Frame line 2
Down slope purlin 1

(57.7plf )(25ft)
2

P, =4171b+ (0.9(0.365)(- 1) - sin(2.4°)) - (- 132 1b)

, B7.7pli)258) (0.9(0.376)(~1)-sin(2.4°))—(~1111b)=1201b

Up slope purlin 5, 9
P —4171b+ (115p1£)(25ft)

s (115plf )\ 25ft)
2

(0.9(0.295)(1) - sin(2.4°)) - (99 1b)

(0.9(0.28)(1) - sin(2.4°)) - (551b) =888 Ib

Frame line 3
Down slope purlin 1
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[(57.7plf (25ft)

P, =2481b+2- (0.9(0.376)(- 1) - sin(2.4°)) - (- 110 lb)} =-781b

Up slope purlin 5, 9

P, =2481b+2. —(115101; f25t)

(0.9(0.28)(1) - sin(2.4°)) - (55 lb)} =744 1b
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Example 9: Third Points Anchorage

Given:

1. From the previous example, the anti-roll anchorage devices are replaced by third point
anchors along the eave of the system (at purlin line 1). Each third point brace is attached to
the top flange and has a stiffness of 15 k/in.

2. Purlin flanges are bolted to the support member with two %2 in. diameter A307 bolts
through the bottom flange.

Required:
1. Compute the anchorage forces at each third point restraint due to gravity loads.

2. Compute the lateral deflection of the top flange of the Z-section at each third point and
along each frame line.

3. Compute the shear force in the standing seam panel clips at each anchorage device.
Solutions:
Assumptions for Analysis

a. Since the loading, geometry and materials are symmetric, check the first two spans only.

b. Each restraint location is considered to have a single degree of freedom along the run of
purlins. It is assumed that there is some mechanism to rigidly transfer forces from the
remote purlins to the anchorage device. The sheathing provides the mechanism to transfer
the force as long as the connection between the purlin and sheathing has sufficient strength
and stiffness to transfer the force.

c. Itis assumed that the total stiffness of the system in each bay is approximately the same.

Procedure

1. Calculate uniform restraint provided by sheathing, wyest, expressed as a proportion of the
applied uniform load.
Wrest =W* O

where
I
(Ixy Ccos 9]L4 12 sin®
o-n,-L°sin
Cc1 X N ((8b+m)cos6)d o p
Elny 2 18G'Bay

o L d? o-n: L?
C1 Tt —

Eln, 4 9G'Bay

(5.1.60)

The uniform restraint force in the sheathing must be calculated separately for the up slope and
down slope facing purlins.
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Exterior Span - half span adjacent to frame line 1.

The exterior span is approximated as a simple-fixed beam with warping free ends. Lateral

displacements are considered at each third points while torsion is considered at mid-span for
simplicity

Purlin1l C1=5/972 a=-1

5(4'1““4 cos(2.4°)](300ir1)4 (

12.4in* . 27510 co5(2.47)B.0in 0005524 _ (- 1)(12)(300in)? sin(2.4°)
972 -E-1.15in* 2-rad Ib  18-(10001% J660in)
o=
5(300in)* (8.0in)? rad  (-1)(10)300in)?
+ 0.0055—— + -
972.E-115in* 4-rad b 9-(100015/ )660in)

o =0.370

Purlins 2-12 same as above except with o =1

o =0.288
b. Exterior Span - half span adjacent to frame line 2.

Purlin1l C1=7/1944 a=-1
o =0.391

Purlins 2-12C1=7/1944 a=1
o =0.275

c. Interior span. Approximated as a fixed-fixed beam with warping restrained at each end.

Purlin1l C1=1/486 a=-1
o =0.399

Purlins 2-12 C1=1/486 a=1
o =0.263

2. Calculate the overturning forces generated by each purlin

a. Exterior Span - half span adjacent to frame line 1
Riocal = 0.216 (from previous example)

Purlin1 w=575plf a=-1
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(Sb cos0(1 - Ry )+ %kmclip (G% —3dbcos GJrja —dsin®

wL
oW 5 ‘
1 2d N L kmchp (1_yk . n_G—I—NpSlne_n.Sbcose
3G'Bay-d = /3 miP| 3 6 2d
(5.1.58)
279N 6(2.4°)1-0216) + %(25001b<i%adﬂ((0.363)8'(;“ - 2'7351“ cos(2.4°)j(0.0055%)}(7 1)
| = 7(57'(?)’(1;_)(2)5&). —(8.0in)sin(2.4°)
1n
(25t 25001bn/ o i 1)) (10)0.363) 12sin(2.4°) (10)(2.75in)cos(2.4°)
i 3(10001%1)(55&)(101;1)(172/32500lb 4“‘“[0'0055%)][ 35 6 (203)6n) j
P, = -1151b

Purlins 2-11 w=115plf a =1
Py 41 =1251b

Purlin 12
Since the load on purlin 12 is half that of purlins 2-11, the overturning force is half that of

purlins 2-12, or
Py, =631b

b. Exterior Span - half span adjacent to frame line 2
Riocal = 0.216 (from previous example)

Purlin1 w=575plf a=-1
P; =-981b

Purlins 2-11 w=115plf a =1
Py 11 =1241b

Purlin 12
P15 =62-1b (half of purlins 2-11)

c. Interior Span
Rjpcal = 0.45 (from previous example)

Purlin1 w=575plf a=-1
P; =-861b
Purlins 2-11 w=115plf a =1
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Purlin 12
P15 =331b (half of purlins 2-11)

3. Calculate the stiffness of the restraints
The stiffness of each restraint device is given

ki
KDeVice =15 %1
The restraint is applied to the top of the Z-section and it is assumed that this connection is rigid,
i.e., the configuration stiffness is essentially rigid. Therefore, the restraint stiffness becomes

2
h 8in k Ki
Krest :(Ej Kevice = [ - ] 15 11:% 15 1% (5:1.34)

4. Calculate the stiffness of the system

a. Sheathing stiffness
The sheathing stiffness is the same as was calculated in the previous example

Exterior Span Kgp; g = 21171b-ir%n
Interior Span Kgpy = 23171b-in/

b. Rafter connection stiffness

The connection between the rafter and the Z-section is a flange bolted connection. Because the
stiffness of this connection is relatively small, it is ignored for a third points restraint
configuration. If the connection between the Z-section and rafter has significant stiffness, such
as with a rafter web plate (wing plate), the restraint configuration must be considered a third
points plus supports configuration (see the fourth example).

5. Calculate the total stiffness of the system attributed to each restraint location

Z(K shtg + Krafter )
d

a. Exterior bay. The total stiffness attributed to each restraint is the stiffness of the restraint
plus one half of the sheathing stiffness of the exterior bay for 12 purlins.

Ki 2117 1b-in, K
K otal = 15"/ +12. (2)(8m/ n_ 1665/

b. Interior bay. The total stiffness attributed to each restraint is the stiffness of the restraint
plus one half of the sheathing stiffness of the interior bay for 12 purlins.

. 23171b: ny ki
K 15<'P 12- n_16.7%P
total = / (2 81n /

Ktotal = ZKrest +

(5.1.57)

6. Distribute forces to each restraint
The total load generated by the half the span (tributary to each restraint) is
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> P =(Py +10Py_11 +Ppp)
Np
a. Exterior Span - half span adjacent to frame line 1

3 P; =(-1151b)+10(1251b)+ (63 1b) = 1198 Ib
N

p
Force in each anchor closest to frame line 1
z Krest ( ) 15 kip in
P = > P, - ———=(11981b)———="-=1083 Ib (5.1.55)
N Keotal 16,64/

b. Exterior Span - half span adjacent to frame line 2
3 P; =(-981b)+10(124 Ib)+ (62 1b)=1204 1b
N

p
Force in each anchor closest to frame line 2
ki
K 158
P =P et - (120411:))741 =10881b
Ny Keotal 16.6%0/

c. Interior Span
3 P; =(-861b)+10(66 1b)+ (33 1b) = 607 Ib
N

P
Force in each anchor closest to frame line
ki
15 1P/
P =YP; Krest _ (607 Ib) — 1" = 5451b
N, Kiotal 16.7 l%

7. Check deformation of the system and compare to the limits specified in Section D6.3.1

a. Lateral displacement of purlin top flange at anchor
Allowable deflection limit (ASD)

~1d_ 1 8in

Q20 200 20

Exterior third point adjacent to frame line 1
_ P (10831b)

rest Krest 15 ki%

Exterior third point adjacent to frame line 2

10881
A P _(1088 b)=0.073 in <0.20in OK (5.1.61)

rest = = :
K rest 15 kl%l
Interior third points

A P _(5451b) 0.036in <0.20in OK (5.1.61)

rest — = ;
Krest 15 kl%l

Ay =0.20in (D6.3.1-9a)

A

=0.072in<0.20in OK (5.1.61)
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b. Displacement of diaphragm relative to restraint (displacement along frame lines)
Allowable deflection limit

25ft 12in,
A < L _ it =0.83in
360 360

2
Adiaph = 2| —W| ac —sin 0 Krest L + 2D L (5.1.62)
P Kiotal : 9G'Bay 3G'Bay

Exterior Span - half span adjacent to frame line 1

kip,
- 57.5plf{(— 1)0.370 - sin(2.4°)TmJ
16.6B7, (25ft)?

+
ki 9(10001¢ ¥55ft)
15k, ) |9
—(10.5)(115plf (1)0.288—sin(2.4°)TA‘ "
16.65P¢

Adiaph =

(11201b)(25ft)
3(10001b / in )(55ft)
Adiaph =—-0.22in <0.83in OK

=-0.221in

Exterior Span - half span adjacent to frame line 2
Adiaph =—0.20in<0.83in OK

Interior Span
Agiaph =—0.26in<0.83in OK

8. Calculate shear force in connection between the sheathing and purlin at anchor location.

wL 8bcos eJoc (5.1.63)

Po.=Pp +——| -09c+
sc =1L 20( G

At exterior third point adjacent to frame line 1
P, = 1119 + %g)(zm)(_ 0.9(0.370) + (275 cos(2.4 )J(_ 1)=1116 Ib

(3)(8.0in)
At exterior third point adjacent to frame line 2

B (57.7plf ) 25ft) (2.75in)cos(2.4°) ~
P, =1135+ p—o( 56.0m) j(— 1)=1121 Ib

~0.9(0.391) +

At Interior third Points

P, =592 + WLE)(%&)(— 0.9(0.399) + (2'7f31r)‘(§(‘)’is$'40))(— 1)=5741b
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Example 10: Supports Plus Third Point Torsional Bracing

Given:
1. Four span continuous Z-purlin system from Example in Section 5.1.7.

2. Torsional braces are applied at the third points of purlins. Each purlin is attached to rafters
with rafter web plates (wing plates). Web plates are ¥4 in. thick by 5 in. wide (bp]) by 7 in.
tall. Web plates are attached to the web of the Z-section with two rows of two %2 in.
diameter A307 bolts. The bottom row of bolts is 3 in. from the bottom flange and the top
row is 6 in. from the bottom flange.

Required:

1. Compute the anchorage forces along each frame line due to gravity loads.

2. Compute the end moments of the torsional braces.

3. Compute the lateral deflection of the top flange of the Z-section along each frame line and at
the purlin mid-span.

4. Compute the shear force in the standing seam panel clips at each anchorage device.

Solutions:

Assumptions for Analysis
a. Since the loading, geometry and materials are symmetrical, check the first two spans only.
b. For simplicity, each half span of the continuous system of purlins is analyzed individually.
c. Itis assumed that the stiffness of adjacent frame lines is approximately the same.

Procedure:

—_

. Calculate the restraint stiffness of the rafter web plates.

E-b-ty2 - t3(t°h+t2(d-h)
K est = ( b~_P ( P ) (5.1.33)

2% —t2)(d - h)z)2 +4t%t,°d*h(d - h)

a. Frame line 1

E - 5in - (0.25in)3(0.085in)? ((0.085in)36.0in + (0.25in)?(8.0in — 6.0in))
((0.085111)3 (6.0in)? - (0.25in)?(8.0in — 6.Oin)2)2 +4(0.085in)>(0.25in)>(8.0in )2 6.0in(8.0in — 6.0in)
Kyest = 15891b/in

Krest =

Total stiffness along exterior frame line

K .
Kiotal = 2 Krest + % — (12)(15891/ )=19.07 B/ (5.1.76)

b. Frame Line 2
Equivalent purlin thickness at the lap
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tiap = %/ ]+ = %/ (0.085in)? +(0.059in > = 0.094in
Kyest =1690 ll%n

K .
Kiotal = X Krest + % = (12)(1690 l%n)z 20.28 kl% (5.1.76)

c. Frame line 3
Equivalent purlin thickness at the lap

tap = %/ B+1t3 = %/(0-059in)3 +(0.059in)? = 0.074in
Krest =1451 H%n

K .
Kiotal = = Kyest + % — (12)(14511t/ )=17.41}B/ (5.1.76)

2. Calculate moments generated in each third point torsional restraint and the overturning
force along the frame line. Analyze each half span individually

a. Exterior span - half span adjacent to frame line 1.

Calculate uniform restraint provided by sheathing, wyest, expressed as a proportion of the
applied uniform load.

Wiest =W:* O
where
IX
Yy 4
—2cos0 |L '
1 ( I J N (8bcos0)d a2[3 L B n (oc)(Np )Lz sin©
Elpy 2 Gj 2 ¥ 8G'Bay
c= (5.1.80)

C1

L, 2%, (o))’
Elhy 4 GJ 8G'Bay
The uniform restraint force provide by the sheathing must be calculated separately for the
up slope and down slope facing purlins.

Exterior frame line Ky, = 1.0Kota1 = 19.07 kip/in = 1907 1b/in.

- 1 (5.1.78)
2 K, L
1+(d ;;fb‘*‘gkmclipJBBrd
p
1
£= =0.011
190717 251t ;
- \2 .
Lo | @i 2 s 2500/, 0.000841 i

Page 149



Chapter 5, Alternate Analysis Procedures

Purlin1 o=-1
[((411in% . |
cos(2.4°) |(300in .
[12.4in4 ( )]( ) (275" cos(2.4%)B.0in [ (154.6in 20.132rad _ 300in -0.000841 by i ) 0
185-E-1.148in* 2-rad G-0.00306in* 2 '

LG 1)(12)(300in)? sin(2.4°)
8- (1000154 )660in)
(300in)*  (80in) [(154.6in)20.132rad]0 011, (- 1M10)(300in)?
185-E-1.148in*  4-rad | G-0.00306in* ) 8-(100017 X660in)

c =0.367

Purlins 2-12. Same as above except a=1
6 =0.294

Calculate the moment generated at each torsional restraint

2 .
MSrd = W[OL(G% —dbcos ej%[dz % + %kmclipJ + (d sinf - (O(‘)Sb cos 6(1 - Rlocal ))% g
P
(5.1.73)
where

koo 2500 1b-in

Rjoca) =——H0__ — fadf - =0216 (5.1.79)
mclip © 39 radft ™ 3.80in
Purlin 1. o =-1 and w =57.5plf
. s \2
(_ 1{0.367 8.0in 2150 cos(2, 40)] (154.6in) o.1§2£ad
2 G-0.00306in

Mg,q = 57.5plf [(za.om)2 %20% + 2%“ 2500 'b%d_ﬁj : % 0.011

+(8.0in-sin(2.4°) — (1) 2251 cos(2.4°) 1 0.216))¥
Mj,q =—2811b-in
Calculate overturning force at frame line 1

2 .

P =w a(cg —8bcos ejﬂ +(dsin 6 —(0)8b cos 0(1 - Rjgea ) Paral |g. Kurib (5.1.77)

2 GJ 2 n,,

: 8.0IN 575 o)) (154.6inf0.132rad 1t
P, = 57.5plf ( 1{0'367 2 coslz 4 )j G-0.00306in®  12in (8.0in)(19‘()m'%‘j(0.011)
' 10.000841%; . - 25ft 12

+(8.0in-sin(2.4°) - (- 1)228" cos(2.4°)1- 0.216))

2
P, =-1211b

Purlins 2-11. Same as Purlin 1 except a =1 w =115plf ©=0.294
Mj,.q4 =2661b-in
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P;=961b

Upslope facing Purlin 12. Same as Purlins 2-11 except w = 57.5plf
Mj3.q4 =133lb-in

P; =481b

b. Exterior span - half span adjacent to frame line 2
Kirib = 0.5 Kyoqa = 0.5(20.28%8/ )= 10,144/
£=0.066
Down slope facing purlin 1
c=0.363
Up slope facing purlins 2-12
c=0.292

Calculate the moment generated at each torsional restraint
Purlin 1. a=-1 and w =57.5plf

Mj,q =194 1b-in

Calculate overturning force at frame line 2
P; =-1051b

Upslope facing Purlins 2-11. =1 w=115plf ¢=0.292
Mj3,q4 =1901b - in

P; =821b

Purlins 12. (half of Purlins 2-11)

Mj.q =951b-in

P; =411b

c. Interior span - half span adjacent to frame line 2.

Same as previous section only half of the total stiffness along the frame line is considered
tributary to each half span adjacent to the frame line.

ki ki
Kb =0.5Kiotal = 0.5(20.28 1%): 10.14 l%
£=0.045

Down slope facing purlin1 o =-1
c=0375

Up slope facing purlins 2-12 . =1
c=0.275

Moment generated at each torsional restraint
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Purlin 1. oo =-1 and w =57.5plf
Mg, =—2441b-in

Overturning force at frame line 2
P; =-941b

Upslope facing purlins 2-11 oo =1 w=115plf ©=0.275
Mj.q =1591b-in

P; =451b

Purlin 12. (half of purlins 2-11)

Mj.q =801b-in

P;=221b

d. Interior span - half span adjacent to frame line 3.
ki ki
Kiip =0.5Kota1 = 0.5(17.41 1%): 18.70 1%

€=0.051
Uniform restraint force, o, is calculated the same as previous except § = 0.051

Down-slope facing purlin 1, a. = -1
c=0.373

Up slope facing purlins 2-12, a=1
6=0.275

Moment generated at each torsional restraint
Purlin1. o =-1 and w =57.5plf

M3, 4 =-2201b-in
Overturning force at frame line 3.
P;=-911b

Upslope facing Purlins 2-11. Same as Purlin 1 except a=1 w =115plf ©=0.274
Mj,q4 =1221b-in

P; =431b

Purlin 12. Same as Purlins 2-12 except w =57.5 plf

Mj.q =611b-in

P =221b
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3. Calculate anchorage forces along each frame line.
The forces, P;, calculated above include system effects (the inherent stiffness of the system of
purlins), therefore it is not necessary to reduce for system effects.

a. Frame line 1
The total force generated along frame line 1 is the sum of forces at each purlin.
ZPi = Pl + 10]?2,11 + P12 =-1211b+ (10)96 Ib+481b =887 1b
N
p
The force along the frame line is distributed according to relative stiffness of each restraint
along the frame line.

1. klp
P = ¥ P Lrest _(gg71b) 127 in _p41p (5.1.74)

Np I<total 19.1 kip /

b. Frame line 2.
The total force generated is the sum of forces at each purlin in each half span adjacent to the
frame line.
NZ Py = (Py +10Py 17 +P1p )y ogy +(Pp +10P2 11 +P1a Jpigne
p
Y P, =(-1051b+(10)82 Ib+ 41 1b)+ (- 93 Ib+(10)451b + 23 1b)=1136 Ib
N
P
The force along the frame line is distributed according to relative stiffness of each restraint
along the frame line.

ki
1.69%P
P, = Y P,.rest - (1136 10) " Vi 9511 (5.1.74)
L 3kip
Np I<total /

c. Frame line 3 Since the system is symmetric, the total force is two times the sum of forces for
one half bay.
> =2(Py +10P, 11 +Pyp)
Np
Y P, =2(P; +10P,_11 + Pj5)=2(-93 b+ (10)451b+ 23 1b)=760 1b
N
P
The force along the frame line is distributed according to relative stiffness of each restraint
along the frame line.

kip
P, = 3 P, -—rest _ (740 DES 145 ké —631b (5.1.74)
Np Ktotal /

4. Check deformation of the system and compare to the limits specified in Section D6.3.2
a. Lateral displacement of purlin top flange
Allowable deflection limit (ASD)
1d 1 8in

Ay =——=——>—=020in (D6.3.1-9a)
Q20 200 20
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Frame line 1
P (74 1b)

A = = —_=0.046 in <0.20 in OK (5.1.81)
rest Krest 1.59 1(1%
Frame line 2
Arest = P = (951(11]0) =0.056in £0.20 in OK (5.1.81)
I<res’c 1.69 %
Frame line 3
A b __(631b) _ 0.043in < 0.20 in OK (5.1.81)

t — = :
e Krest 1.45 kl%l

b. Mid-span displacement of diaphragm relative to restraint
Allowable deflection limit

_ L _ 25f(12ing)

A< —1.67]
ms =7g0 180 m
L2
Adiaph = Y(w(ao -sind)); m (5.1.82)

Exterior Span

The uniform restraint force for each half span in the bay is averaged. Typically, there
should not but substantial difference between the two.

(61),e = 5(0.367 +0.363) = 0.365
(6212 )ave = ¥5(0.294+0.292)=0.293

2
) _ . e o o o] (25ft) _ .
Adiaph = [57.5plf((—1)0.365 - sin(2.4°)) + (10.5)(115plf {(1)0.293 - sin(2.4 ))18(10001%1 IEOR 0.40in
Adiaph =040in <1.67in  OK
Interior Span
(01)ye = %4(0.375+0.373) = 0.374
(02-12)ye = ¥(0.274+0.275) = 0.275
Adiaph = [57.5pIf((~ 1)0.374 - sin(2.4°)) + (10.5(115plf | (1)0.275 — sin(2.4°))] (zift)z =037 in
8(10001/ )55ft)

Adiaph =040in <1.66in OK
5. Calculate shear force in connection between sheathing and purlin at anchor location

P =P + Z(WTL (0.960 +sin ) — Pi) (5.1.83)
a. Frame line 1 - typical purlin

(115plf )(25ft)
2

P, =741b+ (0.9(0.294)(1) + sin(2.4°))— (961b) = 419 Ib

b. Frame line 2 - typical purlin
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(115plf }(25ft)
2
. (115plf {25ft )
2

P, =95+ (0.9(0.292)(1) + sin(2.4°))- 82 1b

(0.9(0.275)(1)+ sin(2.4°))— 45 1b = 822 b

c. Frame line 3 - typical purlin

115plf }(25ft) (
2

P, =63+2- [( 0.9(0.274)(1) + sin(2.4°))— 43 lb} =566 Ib
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Example 11: Supports Plus Third Point Lateral Anchorage

—_

N

(€]

—_

Given:
Four span continuous Z-purlin system from Example in Section 5.1.7.

Third point braces are applied at the third points of the eave purlin (Purlin 1). Each lateral
brace is applied at the purlin top flange and has a stiffness of 15.0 kip/in.

Each purlin is attached to rafters with rafter web plates (wing plates). Web plates are %4 in.
thick by 5 in. wide (bp] = 5 in.) by 7 in. tall. Web plates are attached to the web of the Z-
section with two rows of two %2 in. diameter A307 bolts. The bottom row of bolts is 3 in.
from the bottom flange and the top row is 6 in. from the bottom flange.

Required:

. Compute the anchorage forces along each frame line and each third point due to gravity

loads.

. Compute the lateral deflection of the top flange of the Z-section along each frame line and at

the purlin third points.

. Compute the shear force in the standing seam panel clips at the frame line for a typical

upslope facing purlin and at the third points at the restrained purlin.

Solutions:

Assumptions for Analysis

Since the loading, geometry and materials are symmetrical, check the first two spans only.
For simplicity, each half span of the continuous system of purlins is analyzed individually.

It is assumed that the stiffness of adjacent frame lines is approximately the same, i.e., at an
interior frame line, half of the total stiffness along the frame line is considered tributary to
each adjacent bay.

Procedure:

. Calculate the restraint stiffness of the rafter web plates.

From previous example

. Frame line 1

Stiffness of web bolted plate connection K oq; = 15891%n
Total stiffness along frame line 1

2 Krafter
N..—

N .
Kgpt = %(Krest)spﬁ% — (12)(158915/ )=19.075%/ (5.1.89)

a

. Frame line 2

Equivalent purlin thickness at the lap t;,, =0.094in

Stiffness of web bolted plate connection K oq; = 16901%n
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Total stiffness along frame line 2

2 Krafter
N,-N i
spt = 1\% (Krest )spt + % - (12)(1690 H%n): 20.28 kl% (5'1'88)

a

K

c. Frame line 3

Equivalent purlin thickness at the lap t;,, =0.074in

Stiffness of web bolted plate connection K g =1451 n%n

Total stiffness along frame line 3

X Krafter
Np -N,

L |=(2)us11,)=17.40 ]

Kspt = % (Krest )spt +

a

2. Calculate overturning forces and distribute between third points and frame lines.

a. Exterior span - half span adjacent to frame line 1

Kiip = C3(Kspt )= 1.0(19.07 ki%)z 19.1%/
Kspq = 15010/

Reduction factor to account for sheathing system effects

| =

1/ B3
e =3 /4 — -2k netipt) (5.1.91)
038K metipd + 071 -

Exterior Span

(0.085in ) .
Reys = /4 E(0.085in) (1 —2425001biny .0, 0055@) 0.135
038-25001bin, -8 .0in +0.71- 1 E(0.085in)° Ib

Reduction to account for local deformation

k ; 2500 1b-in
Rlocal _ mcllp 5= _ / d-ft 3 — 0216 (5192)
Et , E-(0.085in)
K el + 25001biny 4= OO
melip 5.8 0in

Calculate uniform restraint force in sheathing. wyes; =W -0

| 2
(3G BayKs;g {1 + kmchp GJ J(N 1<mchp sys t 2d Ktrib)

= 5.1.94
v X1+X2 6159
Where
2
X1= (3G BayKyip + LK yibKsrg {1 + kmchp qJ j(N kmchp sys T 2d I<trib) (5.1.95)
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| 2 K B
X2 = (3G'BayK 3, J2d K i I1 oncip & 559 2L ) (5.1.96)

3(1000 1%)(6601@(19.1 ki%)+ (3001n)(19.1 ki%Xﬁ ki%)]x

25001b-in a2
X1 = (1+ Vrad._2582rad-in ]x =5.247-.10181p°
(

12 G-0.00306in*
_><(12)(25001b in/_ 1 «300in)(0.135)+ (2 )(Sin)2(19.1ki%))

(1000157, Y660in 1558/ |[(2)8in)2 (19.1%/ )

= i : _ 1017 133
X2 = ) 1+25001b in/ qf 2582rad-in? _0'000841ra%b-ing.25001b.ny st =5.752-10""1b
12in4  G-0.00306in* 4 3 rad-ft
i . 1b-i .
(3(1000”% )(660in)(15kily) 1, 2500110 . 2582rad -in? (12)(2500 l%gd-ft)(300m)(0~135)+
- N 1 120 G-0.00306in* | (2)8in)2(19.1 kl%) -
o 5.247-10181b° +5.752 .10 1b> e
42
3 Gfﬁs d N.. L
1 L r
N e (5.1.97)
Np EImy (1 N kmclip (;j 3G'Bay

(8.0in)?

_ d
51(-1)300in)® Y 0.00084172 4., (12)25ft 1 -
s bin o Yosm | 15 = 0001634
1458-E-1.148in* 2500 0/t 2582rad.in?  3(1000157 Y55¢t) | 12
1204 G-0.00306in*

2
A=(6b+m)+na L (gk ) (6b+mj_(1—RLocal)] 2d " Kip Fy
7| 3 “mcli )
&b d P &b T 2d Ktrib+NpkmclipLRsys

(5.1.98)

ok s om0 G

s \2 kip,
< . 2(8.0in) 19.1 4’ (- 0.00163in4, Y0.217)
2(8.0in)219.18P/ 1 (12)(25001bin/_ - X25)(0.135)

_ (2K i, — K3r4 J3G'Bay
LKtribKSrd + 3G'BaY(Ktr1b + K3rd)

2-19.189/ _15%P/ k10001 .55t 030
~25{19.15%/ 15 kl%)+ 3(10001b Y556t)19.1%%B/ +15%P/ |

2 2k L .
C=ltand2R2) 24K Ty (5.1.100)
d 2d I<trib + NpkmclipLRsys

A=1+ =0.96

(5.1.99)
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=14 (10) 1%(2500 lbin/ . 1300in 2(8.0in)219.1 8/
} (8.0in)? 2(8.0in)?19.1%P/ +(12)(250011n/ | - X25¢t)(0. 135) ]
x(0.00163 14, )0.217)

C=321

(Iy cos GJL4 12 sin 6
n,o sin
civtx ) (Bb)cost)d g T

~ Elpy 2 18G'Bay 193
o L4 d2 al? (51.29)
C1 +C Sy (1+ K ipwI)
EImy 4 9G'Bay
411in* -
cos(2.4°) ((300in .
[12.41114 ( )}( : (27511 cos(2.4°)B.0in rad (12)(- 1)(300in )2 sin(2.4°)
+(0.96) 0.005525 + (0.30) = ,
o 972 -E-1.15in* 2-rad Ib 18- (100014 X660in) 0179
5(300in * (8.0in)? rad __(10)-1)300in)> . ki '
(321 1+(-0.00163in/ Y0.217)(19.1%/
972 .E-1.15in% HOA) T 4.rad 0.0095 o (1000”%DX660in)( +( 0.00163 Kbxo )( 9 /n))

Wiest =W-0=575plf-0.179 =10.3 plf

Distribution of down slope force between third point and frame line restraint

| 2
D _ K3I‘d (9G Bay + 2LKtrlb) 2d (Ktrib + K3I‘d) 5 1 101
31 7 3[LK ripK3rq + 3G Bay(K i, + Karq )]| 2d2 (5.1.100)
trib®™3rd *+ ayRuib +Kard I| 2d (Ktrib + K3rd)+ npkmclipLRsys
2
Dg Kyrin (9G'Bay + LK 3,4 ) 2d* (Kyip +Ksrq) (5.1.102)
opt 3[LKtrleSrd +3G' BaY(Ktrlb +K3rd )] 2d2 (Ktrib +Ksrq )+ NpkmclipLRsys

15"p, ( (100014 )55ft)+ 2(19 11“%)25&)
3l50(19.15%, 1151“?/ J+ 310001, Y5560(19.15% + 155 ]|

2(8.0in)2(19.157/ + 154/ )
“ 280in)2(19.15%7 <155, T (12)25000n, Y25 ). X0.135) )|
19.1%iP; ( (100014 )55ft)+ (15k1pm)25ft)
3|2560(19.15, Xls kb, 31000107 (55£e)19.15P; + 155 |
2(8.0in)2(19.1%%/ + 154/ | ]

_X [2(8 0in)2(19.1%/ +15KB/ ) (12)(25001bin/ . . Y256t)0.135)

Dj.g = =055

spt = =042

8bcos0

2 d

o (8b+ m)cos 9}}[ ZdZKtrib

(1 —Riocal )+ %kmclip ( - 5 Yo
(PSrd i~ 2d°K trib T 1 pk mclip LR sys (51 89)

), = WL, (
2
2K yip oL

o —sin6D
9G'Bay | 3rd
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2.75in o 2.75in o
cos(2.4 2500 cos(2.4
37()(1 0. 216)— 2 /ad ft 3 ( ) 0 179 00055ra%b %
8.0in 121%t 8.0in 2
(57.5plf)25t) 2(8.0in) (19 kb, )
(Parg )y = " (-1)(0.217)
2 “| 2@.0in {19159/ ]+ (12)(25001b in/ e X25t)(0.135)
ki
19.1%/ }0.179)(- 25¢
NG 219147, Joa79.25 t 1)(0.217) - sin(2.4°)(0.55)
9(1000%)(55&)

(P?)rd )1 =-811b

Pard 2 K
( 4r §kmclipL -1+ kmclip E] 2d2K

F= K lt;lb v (5.1.103)

(1 + kmclip (];]] trib + N mchp sys

0.000841 %4 41 » 2 (2500 bin,)25ft)- , 2500 lbin/ 14 2582rad-in?
4 d-ft 12ing G-0.00306in*
- X
- 1+ 2500 lbil%ad.ft 2582rad - in? 010
- 12ing  G.0.00306in* e
) 2(8.0in ) (19 1“17) 0217)
2(8.0in)2(19.1XP/ )+ (12)(2500 i/ - 256t(0.135) |
2 .

(—Sbcose(l - Rlocal )+ kmChp( — (Sb * m)COSGJ’Cj 5 2d Ktnb Ot(l + F)

(Pspt ) :W_L. d 2 d 2d Kirib +NpkmclipLRsys
P2
Z;Ef—lb‘iom ~sin6D,
Bay
(5.1.90)
2.75in o in 2.75in o
3 cos(2.4 )(1_0 216)—3250011) 0/ st 25 cos(2.4 )_0.179 000559, |
8.0in ' 3 12iny 8.0in 2 o
(P ) (57. 5p1f)(25ft 2(8.0in)? (19 1k1%1) (-1)(1+(~0.10))
Pt 2 in)2(19.1%P/ )+ (12)(25001bin/ - Y25ft)0.1 '
2(8.0in)?(19. 5001bin, . (25ft)(0.135)

(-1)2) (19.1k1%1k0.179 (-25ft)
" 9(10001b7, X55ft)

(Pepe), =-321b

Up slope Purlins 2-11 a=1 w=1151b
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v =0.217 (same as purlin 1)
I =0.0011110,

A =0.967

B=0.299 (same as purlin 1)
C=2380

c=0.174

Dj.q =0.55 (same as purlin 1)
Dgpt =0.42 (same as purlin 1)

Forces generated

(P3rd)y 1 =921b
F=-0.10 (same as purlin 1)

(Pepe),_,, =121b

Purlin 12 (since the uniform loading is half that of purlins 2-11, the brace forces are half that
for purlins 2-11.

(P3rd);p = 461b
(Pepe ), =610

b. Exterior span - half span adjacent to frame line 2.

Half of the stiffness along interior frame line is considered tributary to each adjacent half
span.

Kisib = C3(Kgpe )= 05202187 )= 10.1 488/

K
Krq =15.08P¢
Reduction factor to account for sheathing system effects

RSys =0.222
Reduction to account for local deformation.
Riocal =0.216 (same as previous)

Calculate uniform restraint force in sheathing. w .t =w-o
X1=5.02-10"7 1b?
X2=1.085-10"7 Ib°

v =0372

I =-0.000894 i,
A =050

B=0.30

C=292
5=0.205
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West =W -G =57.5plf-0.205 = 11.8 plf

Distribution of down slope force between third point and frame line restraint
D3.q =0.60
Dgpy =0.35
(PSrd )1 =-941b

F=-0.18
(Pepe ), =—271b

Upslope Purlins 2-11 a=-1 w=1151b
y =0.372 (same as purlin 1)
I =0.00059 1,

A =0.67

B=0.11 (same as purlin 1)
C=227

c=0.196

Dj.q =0.60 (same as purlin 1)

D 0.35 (same as purlin 1)

spt =
Restraint Forces
(P3rq)y_q7 =1091b

F=-0.10 (same as purlin 1)
(Pypt )2_ L, =11b

Purlin 12 (since the uniform loading is half that of purlins 2-11, the forces generated are half
that for purlins 2-11.

(P3rq);p =551b
(Pepe ), =610

c. Interior span - half span adjacent to frame line 2.

Half of the stiffness along interior frame line is considered tributary to each adjacent half
span.

Kuip = 05(Kope )= 0.5(202%87 )= 10,18/

i
Krq =15.049/
Reduction factor to account for sheathing system effects

Rgys =0.148

Reduction to account for local deformation
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R jocal = 0.452

Calculate uniform restraint force in sheathing. w.st =w-c

X1=6.85-10 b3

X2 =1.447 10" 13

v =0.373

I =-0.000814 g,

A=1322

B=0.11

C=282

5=0.207

Wiest =W -0 =57.5plf-0.207 =11.9plf

Distribution of down slope force between third point and frame line restraint

Dj,q = 0.61
Dgpt =0.36
(P3rq); =—891b

F=-0.17
(Pepe), =-141b

Upslope Purlins 2-11 a=-1 w=1151b
v =0.373 (same as purlin 1)
I =0.0005110,

A=1.20

B=0.11 (same as purlin 1)
C=214

c=0.194

Dj.q =0.61 (same as purlin 1)

Dgpt =0.36 (same as purlin 1)
Restraint Forces

(P3rd)y 19 =951b

F=-0.17 (same as purlin 1)

(Ppt ), =—151b

Purlin 12 (since the uniform loading is half that of purlins 2-11, the brace forces are half that

for purlins 2-11.
(P3rq), =481b

(Pep ), =-81b
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d. Interior span - half span adjacent to frame line 3.

The stiffness of the restraints along frame line 3 is slightly less than along frame line 2. In
lieu of performing additional calculations, the restraint forces determined above can be
conservatively used for the half span adjacent to frame line 3.

Restraint Stiffness
Kirip = 0.5(Kyp )=0.5(17.458/ ) 8.78p/

N
Kspq =15.05/

Downslope Purlin 1
(PSrd )1 =-891b

(Ppe ), =-141b

Upslope Purlins 2-11 a=-1 w=1151b
Forces Generated
(P3rd)y 11 =951b
(Pept), ,, =-151b

Upslope Purlin 12
(P3rd )12 =481b

(Pep ), =-81b

4. Calculate forces in anchors along each frame line.

The forces, P;, calculated above include system effects (the inherent stiffness of the system of
purlins), therefore it is not necessary to reduce for system effects.

The total force generated along the exterior frame line is the sum of forces at each purlin.
> P, =P; +10P,_11 +Pp =-321b+(10)12.31b+61b=97 b
N
p

The force along the frame line is distributed according to relative stiffness of each restraint
along the frame line.

1.59K
(PL)spt = ZP Kie: (971b)191k? ~81b (5.1.85)

At the flrst interior frame line, the total force generated is the sum of forces at each purlin in
each half span adjacent to the frame line.

% Pi = (Pl + 10P2_11 + P12 )Left + (Pl + 10P2_11 + P12 )Right
P
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Y P, =(-271b+(10)10.91b+5.51b)+(~141b+(10)(- 15.4 1b)+ (-8 1b))= -89 Ib
N
p
The force along the frame line is distributed according to relative stiffness of each restraint
along the frame line.

1.69 kl}y
P, rest 1 1 .
( )spt Z Kspt ( 89 b) k / 81b (5.1.85)

At the mlddle frame line, because the system is symmetric, the total force is two times the
sum of forces for one half bay.
Y P, =2(P; +10P,_q7 +Pjp)=2(-141b+(10)(~14.6 Ib)+ (-8 1b))= -336 Ib
N
p
The force along the frame line is distributed according to relative stiffness of each restraint

along the frame line.
kip
(PL)spt = zP Krest (3361b)145 Ui

Kept 17.405B/

5. Forces at third point anchorages

The forces generated in each span are averaged (assuming that both third points have
approximately equivalent stiffness).

=-281b (5.1.85)

a. Exterior Span

1
NZ P = E[(Pl +10P)_11 +P12 ) yiside + (P1 +10P> 17 + P12)inside]

P = %[(— 811b+(10)91.6 1b+46 1b)+ (- 94 Ib+(10)109 Ib + 55 Ib)| = 966 1b
Np

k1p
(Pl = ¥ P, Srest _ (966 1)1

N, K 154 /

Interior Span

=966 1b (5.1.84)

> P =%[2-(P1 +10Py_17 +Pjp)=2-(-891b+(10)(95.11b)+ 48 1b)|= 910 Ib
N
p

kip
(PL )3 = zP Krest (9101b)15 i =9101b (5.1.84)

K3rd 5k /

6. Check deformation of the system and compare to limits specified in Section D6.3.1

a. Lateral displacement of purlin top flange at frame line
Allowable deflection limit (ASD)
1d 1 8in

Ayf =——=———2-020in (D6.3.1-9a)
Q20 2.00 20

Page 165



Chapter 5, Alternate Analysis Procedures

Frame Line 1
_ (8:1b)
Krest - 1.59 ki%
Frame Line 2
P, (-8b)
spt2 - I<rest 1.69 kl}y
Frame Line 3
Pp (-28Ib)
Krest 1.45 kl}y

Avest = = 0.005in < 0.20in OK

A =-0.005in <£0.20in OK

=-0.019in <£0.20in OK

AsptS =

b. Deformation of the interior of the span is checked at the third points.

deformation between anchorage locations is typically minimal.
Allowable deflection limit

L 25ft12in/
7360 360
Exterior Span
PL (966 Ib)

rest 15 klIy

Interior Span
PL _(910-1b)

rest 15 klly

A =0.83in

AgrdBxt = ~0.064in<0.83in OK

=0.061in <0.83 in OK

A 3rdInt —

(5.1.104)

(5.1.104)

(5.1.104)

Diaphragm

(5.1.104)

(5.1.104)

7. Calculate force in connection between the sheathing and purlin at anchor locations.

a. At frame line
Py =P + WTL(OQO'OL +sin0)—

Frame line 1 - typical purlin

(115 pIf 25 ft)
2

P, =81b+ (0.9(0.174)(1) + sin(2.4°)) - (12 Ib) = 281 Ib

Frame line 2 - typical purlin

(115 pif )25 ft)
2

P, =-8+ (0.9(0.196)(1) +sin(2.4°))-111b

N (115 plf )25 ft)
2
Frame line 3 - typical purlin

P, =-28+2- [M (0.9(0.193)(1)+ sin(2.4°)) - 15 lb} =562 1b

(0.9(0.194)(1) + sin(2.4°)) - (- 15) = 621 1b
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b. Third point restraints

wL
Py . =P, +—| -09c+
sc L 20( G

8bcos eja (5.1.106)

Exterior 34 Points

=966 + %(— 0.9(0.205) + (2'7?3“)‘(5;%'40)](— 1)=9711b

PS

At Interior 3t Points

L=910+ %[— 0.9(0.207) + (272%?853.40)}_ 1)=9151b

I)S
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5.1.8 C-Section Example

An example using the component stiffness method to predict anchorage forces is provided

based on the roof system from the continuous purlin design example in Section 3.3.

Given:

1. The roof system has four 25 ft spans with purlins lapped over the interior supports. The
purlins in the exterior spans are 9CS2.5x070 and the interior spans are 9CS52.5x059. There is
a total of 12 purlin lines spaced at 5 ft-0 in. on center. To facilitate lapping of the purlins,
webs of purlins in adjacent spans are placed back to back. Referring to the roof plan below
in Figure 5.1.18, the top flanges of the purlins in the exterior span on the left are facing
downslope. The direction of the top flanges of the purlins alternate moving from left to
right on the plan. Roof slope is a %2 on 12 pitch.

2. Gravity loads are 3 psf dead and 20 psf live.

3. Roof covering is attached with through fasteners along entire length of the purlins. The
sheathing has a diaphragm stiffness G’ = 2500 1b/in. and the rotational stiffness of the panel
to purlin connection is kylip = 3600 Ib-in./rad. /ft.

4. No discrete bracing lines; anti-roll clips are provided at each support at every fifth purlin
line. Each anti-roll anchorage device is attached to the web of the C-section with two rows
of two %2 in. diameter A307 bolts. The bottom row of bolts is 3 in. from the bottom flange
and the top row is 7 in. from the bottom flange. The stiffness of each anti-roll anchorage
device, kdevice = 40 k/in. The width of the anti-roll anchorage device is bp] = 5.0 in.

5. Purlin flanges are bolted to the support member with two %2 in. diameter A307 bolts through
the bottom flange.

Required:

1. Compute the anchorage forces along each frame line due to gravity loads.

2. Compute the lateral deflection of the top flange of the C-section along each frame line and at
the purlin mid-span.

3. Compute the shear force in the standing seam panel clips at each anchorage device.

Solutions:

Assumptions for Analysis

1.

Because the direction of the top flanges of the C-sections alternates, symmetry cannot be
used.

Each anchor location is considered to have a single degree of freedom along line of
anchorage. It is assumed that there is some mechanism to rigidly transfer forces from the
remote purlins to the anchorage device. The sheathing provides the mechanism to transfer
the force as long as the connection between the purlin and sheathing has sufficient strength
and stiffness to transfer the force.

It is assumed that the stiffness of adjacent frame lines is approximately the same.
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Figure 5.1.18 Roof Layout for Anchorage Examples

System Properties

L =25 ft
Bay =55 ft
Width =55 ft/12 purlins = 55.0 in
Uniform load
Dead =3 psf
Live =20 psf
Roof Slope, 0 = 2.4 degrees (1/2:12)
G =25001b/in
Kmclip = 3600 Ib-in/rad/ft
E = 29500000 psi
G = 11300000 psi

Section Properties

The following sections properties are used for the two C-sections:

INTERIOR BAYS END BAYS

For: 9C52.5x059 For: 9C52.5x070
t = 0.059in. t = 0.0701in.
d =9.0in. d =9.0in.

b = 250in. b = 250in.
Iy =10.3in4 I, = 1220in4
Iy = 0.698 in.4 Iy = 0.890in.*
Ity = 0.0ins# Ity = 0.0ins#
m = 1.05in. m = 1.05in.
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J = 0.00102 in.* ] = 0.00171 in.4
Cw= 119in.¢ Cw= 14.21in.¢
— IXIY I§(Y — — IXIY I§(Y —
Imy = BT =0.698 in.4 Imy = B =0.89in.4
X X

Torsional Properties

Exterior Span 9CS2.5x070. Outside half span torsionally approximated with both ends
“warping free”

/ECW y E-142in° o0 (5.1.38)
GI G-0.00171in*

+ _q-(Go0n)® L ~1=0.158 rad (5.1.40)

= 2 .
8a Cosh( L) 8. (147 21r1) Cosh( ~300in j
a 2.147.2in

~a (5.1.41)

cosh 300in )
8(147.2in )* 2.147.2in . 5(300in )?

K= : —(147.2in)? = 2785rad - in2
(300in ) Cosh( 300in j ( )
2.147.2in
a’p (147.2in)? -0.158rad
__ g _ G-0.00171in* rad
L e LS i =0.0040 e (5.1.39)
14 P 14 —dft 2785rad - m
GJ G-0.00171in*

Exterior Span 9CS2.5x070. Inside half span torsionally approximated with both ends “warping
fixed”

1 - cosh| L 1 - cosh _ 300in

> L 2a (300in )? 300in 2.147.2in
B=—5+— = —+ - . =0.041rad (5.1.43)
8a2 2a sinh(Lj 8-(147.2in)?>  (2)(147.2in) Smh( 300in )
2a 2-147.2in
L
1- cosh[j
3 2
_ (% _ 43 J 2a) | SL7 (5.1.44)
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1 Cosh( 300in j
. . . \3 - . . \2
o (147.21n)(300m)_4(147.2.1n) 2(147.2in) +5(300m.) _(1472in)?
3 300in . 300in 48
Sll’lh —
2(147.2in)
K =763.9 rad - in2
0 =0.0036. 124
b

Interior Span 9CS2.5x059 Torsionally approximated with both ends “warping fixed”
a=174.5in

B =0.021rad
K =558.9 rad-in?

c=0.0036 124

Ib
Procedure

1. Calculate uniform restraint provided by sheathing, wyest, expressed as a proportion of the
applied uniform load.
Wrest =W O

where

I
[IxycosO]L4 b i
c1 XEI N (s +mz)cose)
o= = — > (5.1.51)
L d o-n-L
T+
Elny 4 8G'Bay

Since Ixy = 0, for C-sections, the above equation reduces to

N oc-Np-L2 sin®
8G'Bay

C1

((3b+m)cos6)d N oc-Np-L2 sin®

2 8G'Bay

c= T 2 onll (5.1.11)
+—T+ 111

Elhy, 4  8GBay

C1

a. Left Exterior Span - half span adjacent to frame line 1 (approximated as a simple-fixed beam
with warping free ends).

C1=1/185, a =-1,n=-12 (purlins facing downslope)
(25 +1.05in )cos(2.4°)p.0in

- \2 . °
0.0040 rad . (=1)(12)(300in) sm.(2.4 )
2-rad b~ 8-(25001 )660in) 0017
°= SRV - )2 AV - \2 =y
(300in) o+ (9.0in) 0.0040™24 | (=1)(-12)(300in)
185-E-0.89in 4-rad b

8-(25001b/_)660in)
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b. Left Exterior Span - half span adjacent to frame line 2 (approximated as a simple-fixed beam
with warping fixed ends).
C1=1/185, a =-1, n = -12 (purlins facing down slope)

((25% + 1.051n)cos(2.4°))9.0in rad ( 1)(12)(3001r1)2 sin(2.4°)

0.0036
2-rad b~ 8-(25001b )660in) 0015
c= =0.
(300in )* +(9.oin)2 0.00362d , 1 12)(300in)?
185-E-089in® ~ 4rad — Ib 8250015/ J660in)

c. Interior Span - between frame lines 2 and 3
Interior Span approximated as a fixed-fixed beam with warping restrained at each end.
C1=1/384, a =1, =12 (purlins facing upslope)

1n JCoS mn ra 1 in ) sin(2.4°
(25 +1.05inJeos(2.4)p.0in | rad _(1)12)300in ) sin(24°)
2-rad b~ 8-(25001% )660in) 0.029
c= =0.
(300in )* (9.0in)? rad  (1)(12)(300in)?
it 0.0036 + -
384-E-0.70in*  4-rad Ib ~ 8-(2500b¢ J660in)

d. Interior Span - between frame lines 3 and 4
C1=1/384 o =-1,n=-12 (purlins facing downslope)
c=0.023

e. Right Exterior Span - half span adjacent to frame line 4 (approximated as a simple-fixed
beam with warping fixed ends).
C1=1/185 a =1, n =12 (purlins facing up slope)
c=0.018

f. Right Exterior Span - half span adjacent to frame line 5 (approximated as a simple-fixed
beam with warping free ends).
C1=1/185 a =1 (purlins facing up slope)
0=0.02

N

Calculate the overturning forces generated by each purlin
Exterior Span - half-span adjacent to frame line 1 (torsionally approximated as each end
warping free)

Local deformation reduction factor

p

K el 36001b-in
Rjocal =P Dfadit - =0.445 (5.1.50)
Kelip + 5 3600 in/ st YT 12in,

Typical purlins (purlins 2-11) o = -1 and w = 115 plf
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11:%%Lﬁ&mmﬁa—wag+%hmm{c%—®b+mymuﬂqa—dgnﬂ (5.1.49)
250 o(0.4°)(1 - 0.445)
(115plf (25ft) , , (-1)
Py 1= ; 9.0in (2.5in . o 1
2-11 (2)Oin) + %(360011) l%ad-ft{(o'ow) > —( 3t 1.051n)cos(2.4 )j(0.00401b)
—(9.0in)sin(2.4°)
P, 11 =1781b

Purlins 1 and 12. The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

P, 1, =89 1b

b. Exterior Span - half-span adjacent to frame line 2 (torsionally approximated as each end
warping fixed)

Local deformation reduction factor
Riocal =0.445

Purlins 2-11 o = -1 and w = 115 plf

25in cos(2.4°)(1 - 0.445)

_ (115pIf(25ft)
1 i) ||+ 36600ing o 0015)

—(9.0in)sin(2.4°)

- 1)
9.0in (2.5111 . 1_051n)cos(2.4°) (0_00361j
> 3 Ib

P, 11 =1321b

Purlins 1 and 12.  The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

c. Interior Span between frame lines 2 and 3

Local deformation reduction factor
Rjocal =0.572

Purlins 2-11 o =1 and w =115 plf
Py_11=-3731b

Purlins 1 and 12. The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

P; 15 =187 b
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d. Interior span between frame lines 3 and 4
Local deformation reduction factor
Riocal =0.572

Purlins 2-11 o =-1and w =115 plf
Py 11 =160 1b

Purlins 1 and 12. The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

e. Exterior span - half span closest to frame line 4

Local deformation reduction factor
Rjocal = 0.445

Purlins 2-11 o =1 and w =115 plf
Py_11 =-3461b

Purlins 1 and 12. The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

P10 =-173 Ib
f. Exterior span - half span closest to frame line 5

Local deformation reduction factor
Rjocal = 0.445

Purlins 2-11 o =1 and w =115 plf
P, 11=-3921b

Purlins 1 and 12. The load on purlins 1 and 12 is half that of purlins 2-11, the overturning force
is half that of purlins 2-12, or

3. Calculate the stiffness of the restraints.
The stiffness of each restraint device is
ki
Kdevice =40 %
The net stiffness of the restraint must include the configuration stiffness which accounts for the

flexibility of the web of the purlin between the top of the restraint and the top flange of the
purlin.
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a. Frame line 1
Configuration stiffness

Ebyt’ d _B(5in)0.070in)’ 9in _ _g1kin/
(d-hy h (9in-7in)? 7in
Net restraint stiffness

2 71 2 . .
(2) KdeviceKconﬁg (mJ (401(1%1X8'1k1%1)

config =

9in ki
Krest = = : =5.0 1}:%
h 7in{(, ki ki m
aKdevice + Kconﬁg 9in (40 1%1)+ 8.1 1%1

b. Frame line 2

(5.1.32)

(5.1.30)

To account for the purlins at the lap, the combined purlins are given an equivalent thickness.

tap = %/ £ +8 =3(0.070in)® +(0.059 in)® =0.082 in

Configuration stiffness

E(5in)0.082in)> 9in ki
K. ¢ = . =13.0%/
config (9 in_7 in)3 7in 41

Net restraint stiffness

(7“‘] (4okl%X13 oklly)

9in ki
Krest =777 —7.1kp/
5 E ( okl%)+ 13.04p/

c. Frame line 3.
Equivalent thickness at lap

tap = 183 + 13 =3(0.059n)? +(0.059in)® = 0.074in

Configuration stiffness

E(5in)0.074in)> 9in i
Keonfie = =9.7%"P
config @in-7inp  7in =9. /

Net restraint Stiffness

(o b prn)

K 9in g kip
rest — 75 in
5 E (4ok1%)+ 9.7Kp/

4. Calculate the stiffness of the system
a. Calculate the stiffness of the sheathing.
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k li L 1 Et3
Kshtg: mzllp A Ee (1_%kmclipt) (5.1.37)

i. Exterior Span. Itis conservative to use the torsional coefficient, T, for a warping free ends.

. _36001ing 251t 1, E(0.070 in ® N
shtg 9.0in 0.38-3600101/ . . .9.0in +0.71-1, E(0.070in

: rad
(1 ~24360010in/ . . -0.0040 Fj

Kgntg = 17911004
ii. Interior Span

. _36001bing 4 251t 1/, E(0.059 in ® N
shtg 9.0in 0.38-36001>/ . . -9.0in +0.71-1, E(0.059in

; rad
(1 ~24360010in/ . . -0.0036 Fj

Kghtg = 2019 Ibing

b. Calculate stiffness of connection between rafter and Z-section (flange bolted connection)

Et3
rafer 045% (5.1.36)
Exterior Frame Line
)3
Kiafter = 0.45% =253 lb-i%n
in

At the interior frame lines, the equivalent thickness of the laps is used.
First Interior Frame Line
E(0.082 in }? .

K =045 2"———7 = 4041biny

rafter 2.9in Kn
Second Interior Frame Line
E(0.074 in)? .
—in =3031b 1%1’1
5. Calculate the total stiffness of the system attributed to each restraint location (frame line)

Krafter =045

Z(Ksht +Krafter)
Kiotal = 2 Krest + gd (5.1.48)

a. At frame line 1, the stiffness includes three restraints, the rafter stiffness of nine purlins and
the sheathing stiffness of half of the exterior bay for twelve purlins.

Ki .2531b-in/ 1791 1b-in/ ki
Kol = 3(5.0 ‘%)+ 950 in%n +12. BICE rgn —17.0%B/
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b. At frame line 2, the stiffness includes three restraints, the rafter stiffness of nine purlins, and
the sheathing stiffness of half of the exterior bay and half of the interior bay for twelve
purlins

Ki -404 lb'ir% 1791 lb‘if% 2019Ib lr/ ki
K =371/ ]+ 9 m,12. mn n _ 24 9<P
total ( A‘) 9in (2)9in) (2)91n) 78
At frame line 3, the stiffness includes three restraints, the rafter stiffness of nine purlins, and
two times the sheathing stiffness of half of the interior bay for twelve purlins

. . Ib-in// Ib-in// .
Kiotal :3(5.8k1%)+9 503 lr%n+12-2019, lr%1:2041“%

9in 9in

6. Distribute forces to each restraint

a. Frame line 1

The total load generated by the exterior half span adjacent to frame line 1 is
Y P, =(P; +10Py_11 + P15)=(891b)+10(178 Ib)+ (89 1b) = 1958 1b

N
P
Distribution to each anti-roll anchorage device along frame line 1
5 0 klp
PL=YP- Krest. = (1958 lb) o¥ip =5761b (5.1.46)
Ny Kiotal /
Anchorage force at the he1ght of restraint
P, =P & = (576 1b) 2™ = 740 Tb (5.1.47)
h 71in

b. Frame line 2
The total load generated by each half span adjacent to frame line 2 is
NZ Py = (Py +10Py 13 + P12 )y o +(P1 +10Py-11 + P12 Jpighe
P
> P, = (66 1b)+10(132 Ib)+ (66 Ib)+((~ 187 1b)+ 10(~ 373 1b)+ (~ 187 Ib)) = —2652 Ib
N
P
Distribution to each anti-roll anchorage device along frame line 2

kl]:/
PL=YP- Krest. =(~26521b) in___7561b (5.1.46)

Np I<total 24 9k /

Anchorage force at the height of restraint

d )91r1

P, =P, —=(-7561b =-9721b
h 7 in

c. Frame line 3

The total load generated by each half span adjacent to frame line 3 is
Y P, =((~187 1b)+10(- 373 1b)+ (- 187 Ib))+ (80 Ib) + 10(160 1b)+ (80 1b) = —2344 1b
N

Distribution to each anti-roll anchorage device along frame line 3
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k1
5.8 “P
P = Y P .rest _ (L2344 Io) k/ — _6661b (5.1.46)
Np Kiotal A
Anchorage force at the height of restraint
P, =P, L= (— 666 b) 2 — 857 Ib (5.1.47)
h 7in

d. Frame line 4
The total load generated by each half span adjacent to frame line 4 is
P, =((801b)+10(160 1b)+ (80 Ib))+ (- 173 Ib)+ 10(~ 346 Ib) + (- 173 Ib)) = —2046 1b

N
P
Distribution to each anti-roll anchorage device along frame line 4
k1p
P = ¥ P.rest _ (L2046 Io)_ k/ _5831b (5.1.46)
Ny Kiotal A

Anchorage force at the height of restraint

P, =D, % = (-5831b) - oI _ 750 1b (5.1.47)

in

e. Frame line 5
The total load generated by the exterior half span adjacent to frame line 5 is
P, =(~196 1b)+10(- 392 Ib)+ (- 196 Ib) = 4312 Ib

Np
Distribution to each anti-roll anchorage device along frame line 5
50 klp
PL=YP- Krest _ (-4312 lb) N ~1268 1b (5.1.46)
Np Kiotal /
Anchorage force at the height of restraint
P, =P, &= (~12681b)21% = 1630 Ib (5.1.47)
h 7in

7. Check deformation of the system and compare to limits specified in Section D6.3.1
a. Lateral displacement of purlin top flange
Allowable deflection limit (ASD)

Ag=d o1 9654, (D6.3.1-9a)
Q20 2.00 20
Frame Line 1
P 576 1b

A

_ =227 _012in<0.23in OK (5.1.52)
rest Krest 5.01(1%1

Frame Line 2
PL _(=7561b) _

rest 7.1 qu

Avest = -0.11in<0.23in OK (5.1.52)
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Frame Line 3
P, (-6661b)

Arest = = —7—_0.11in <0.23in OK (5.1.52)
e Krest 5.8 kl%
Frame Line 4
L A Si?plb) =-0.08in<0.23in OK (5.1.52)
Krest 7.1 41
Frame Line 5
A PL_ (-12681b) =-0.25in>0.23in N.G. (5.1.52)

rest — :
Krest 5.0 kl%l

The top flange deflection at frame line 5 exceeds the allowable deflection. Displacement of
the top flange may be reduced by adding an additional anchorage device at frame line 5.

b. Mid-Span displacement of diaphragm relative to frame line
Allowable deflection limit

L _ 25ft12ing

Ao < =0.831
™S =360 360 n
L2
Adiaph = Z(W((XG —Sin 9))1 m (5153)

Exterior Span (between frame line 1 and 2)
Use average uniform diaphragm force between the two half spans.

5 =14(0.017 +0.015)=0.016

: 25 ft ) . :
Adiaph = [(11)(115 plf}(~1)0.016 - sin(2.4°))] 8(250(0 b ))(55 ) -0.04in <0.83in OK
m
Interior Span (between frame line 2 and 3)
Adiaon = [(11)(115 plIf )(1)0.029 — sin(2.4°))] (25 )" =-0.01in <0.83in OK
ap 8(25001b¢ )55 ft)
Interior Span (between frame line 3 and 4)
2
Agiaph = [(11)(115 plf }(= 1)0.023 — sin(2.4°))] (25 £t) =-0.05in <0.83in OK
diaph P T8(2500157 )55 ft)

Exterior Span (between frame line 4 and 5)
Use average uniform diaphragm force between the two half spans.

5 =14(0.018+0.020)=0.019

. 25 ft)? . .
Adiaph = (11115 pIf{(1)0.019 - sin(2.4°))] 8(250(0 o/ ))(55 - ~0.02in < 0.83in OK
n

8. Calculate shear force in connection between the sheathing and purlin at anchor location.
At frame line 1

P, =P + WTL(O.gGOL +sin0)-P; (5.1.54)
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(115 plf )25 ft)

P, =576+ (0.9(0.017)—1)+sin(2.4°)) - (1781b) = 436 1b

At frame line 2

P, =756+ %(0.9(0.015)(— 1) +sin(2.4°)) - (1321b)

+ w (0.9(0.029)(1) + sin(2.4°)) - (- 3731b) = -376 Ib
At frame line 3
P, =666+ M(w(aom)@) +sin(2.4°))— (- 3731b)

+ (15plf)25 ) (0.9(0.023)(— 1) + sin(2.4°)) - (1601b) = -3251b

At frame line 4

115 plf (25 ft)

P, =583+ ( (0.9(0.023)(— 1)+ sin(2.4°)) - (1601b)

4 (U15pIf)25£t) (0.9(0.018)(1) + sin(2.4°)) - (- 347 Ib) = —2821b

At frame line 5

115 plf (25 ft)

P, =-1268+ ( (0.9(0.02)(1) + sin(2.4°)) - (- 3921b) = ~7901b

5.2 Frame Element Stiffness Model

The computer model presented here was used to develop and calibrate the calculation
procedure presented in the Specification. It can be used to analyze conditions that are beyond the
scope of the available manual procedures or when a better understanding of the behavior is
needed. The stiffness mode replicates the physical geometry of the roof system with simple
frame elements and has been validated by comparing the resulting forces to test results.

5.2.1 Source of Test Data

The computer model was built in a way that closely mimics the physical properties of the
actual system, so it was expected that the model behavior should mimic the behavior of the
physical system. To verify the model results and to calibrate some of the model properties, the
model results were compared to the available test results. Previously proposed calculation
procedures were calibrated to tests of flat roof systems performed at the University of
Oklahoma by Curtis and Murray (1983) and Seshappa and Murray (1985). Since the
development of the previously proposed procedures, additional tests including sloped roofs
have been performed at Virginia Tech by Lee and Murray (2001) and Seek and Murray (2004a).
These later tests were used as the primary source of data when verifying the calculation
procedure.

5.2.2 Selection of Computer Model

The work by Elhouar and Murray (1985), which formed the basis of the procedure in
previous editions of the Specification, utilized a first order elastic stiffness model with a
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combination of frame and truss elements to model the roof system. This model was later
modified slightly by Neubert and Murray (2000) and was further updated as part of recent
research at Virginia Tech (Seek 2007 and Sears 2007). Seek also developed a separate computer
model that utilizes finite elements and agrees very well with the results of tests, this model is
summarized in section 5.3.

5.2.3 Development of Stiffness Model

The computer stiffness model utilizes linear frame elements to model the purlins and a
combination of frame and truss elements to model the sheathing. The material properties of all
elements in the model is taken as isotropic steel with a modulus of elasticity of 29,500 ksi. Shear
deformations and the effects of warping under torsion are neglected. The analysis solution is
strictly linear-elastic and neglects all material and geometric non-linearity.

5.2.3.1 Local and Global Axes

For defining the attributes of the model, a global coordinate system is defined, and a local
system of axes is defined for each element type. The global Y-axis is aligned normal to the plane
of the roof sheathing, the global Z-axis parallel to the purlin span, and the global X-axis up the
slope of the roof, perpendicular to the purlin web. The local axes of each element are oriented so
that the local x-axis lies along the length of the element. The y axis and z axis are as shown in
Figure 5.2.1.

Y
X
Global Axes VA
X
) y4
Type-B, C&F Type-A &P \ Type-M, N & O
Elements Elements X Elements

Figure 5.2.1 Local and Global Axes Orientations

5.2.3.2 Modeling of Purlins

In the computer model, the purlins are represented by a series of frame elements along the
axis of the purlin in the plane of the web. The length of the purlin is divided into twelve equal
segments to provide nodes for discretizing the roof diaphragm and for providing nodes at one-
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third points or one-quarter points for the attachment of anchorage devices. The geometry of a
purlin is represented by four element types as shown in Figure 5.2.2.

Type F Type B
\/ I \/ I
WJ;\Type C \Type A

Figure 5.2.2 Purling Frame Elements

The longitudinal, Type A, elements are assigned the gross area and principal bending
moments of inertia of the purlin section being modeled. Table 5.2.1 shows how the purlin
properties given in the Cold Formed Steel Design Manual (2008a) correlate to the properties used
in the stiffness model. Also the axes of the Type A elements are rotated by the principal axis
angle, 6p. The torsional constant, ], is assigned an arbitrarily high value of 10 in.# because the
torsional flexibility of the purlin is modeled by the Type B, Type C and Type F elements.
Because the purlin cross-section may vary between bays, the element property input must
typically include a definition for each bay (e.g. A1, A2, A3...).

Table 5.2.1 Type A Element Properties

Stiffness Model Property | Purlin Property Assigned
to Type A Element
Area Area
Iyy Lo
I, Iy»
J 10 in*
x-axis rotation 0

For roof systems with multiple spans, the purlins from adjacent bays are typically lapped.
To simplify the modeling and the user input, the lapped sections are assumed to extend into
each bay for one-twelfth of the bay span. Within this region the area and the moments of inertia
of the Type A elements are taken as the sum of the values for the two adjacent bays. The
principal axis angle, 0, is taken as the average of the two values.

The Type B and Type F elements are included to provide the link between the plane of the
roof sheathing and the neutral axis of the purlin and to model the deformations of the purlin
web. A moment release for the moments about the y-y axis is added to the element end at the
connection between the Type A elements and the vertical elements. This eliminates the
Vierendeel truss action that would artificially stiffen the system. The properties of the Type B
elements are assigned to be consistent with a flat plate with a width equal to one-twelfth of the
span and a thickness equal to the purlin thickness (see Table 5.2.2). For simple span purlins and
end bays, the Type F elements have properties equal to one-half of the Type B elements. At
interior supports in multi-span systems, the purlins are assumed to extend into the adjacent
bays. Therefore the properties of the Type F elements are found by the same principles as the
Type B elements with the two purlins assumed to act as two non-composite sections. The
resulting properties are summarized in Table 5.2.3.
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Table 5.2.2 Type B Element Properties

Stiffness Model Property Purlin Property Assigned to
Type B Element
Area L/12xt
Ly 0.0001
L, (L/12x13)/12
] IxZ
x-axis rotation Zero

Table 5.2.3 Type F Element Properties

Stiffness Model Property Purlin Property Assigned to Purlin Property Assigned to
Type F Element at Ends Type F Element at Laps
Area L/24 x t (Li+L2) /12 x (t1 + t2)
Tyy 0.0001 0.0001
I, (L/24 x13)/12 (Li+La) /12 x (t3+t%)) /12
J Lo (Lo)1 + (Ix2)2
x-axis rotation Zero Zero

At the purlin end, the Type C elements provided the connection to the support and modeled
the behavior of the lower half of the purlin web in the vicinity of the support. A moment release
is assigned to the end of the element at the connection to the Type A and Type F elements to
eliminate bending in the plane of the purlin web (M,,-moment). The properties of the Type C
elements are formulated in a similar fashion as the Type F elements and have properties
associated with the end one-twelfth of the span. The resulting properties for the Type C

elements are summarized in Table 5.2.4.

Table 5.2.4 Type C Element Properties

Stiffness Model Property Purlin Property Assigned to Purlin Property Assigned to
Type C Element at Ends Type C Element at Laps
Area L/24xt (L1+L2) /12 x (1 + t2)
Tyy 0.0001 0.0001
I, (L/24x13)/12 (Li+La) /12 x (t3+t%)) /12
J Lo (Lo)1 + (Ix2)2
x-axis rotation Zero Zero
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5.2.3.3 Modeling of Roof Sheathing

Figure 5.2.3 Panel Truss Elements

The model developed by Seek (2007), which accurately models the axial, shear and flexural
stiffness of the roof diaphragm, is used to model the roof sheathing. This formulation, shown in
Figure 5.2.3, uses four element types. The diagonal Type O members are modeled with pinned
end truss elements which provide the shear stiffness of the diaphragm. The cross sectional area
of the Type O elements is taken as

_G'z(e® + '
2Ea?

where G’ is the shear stiffness of the sheathing, z is the purlin spacing and a is the module

aspect ratio, z/(L/12). The “posts” of the truss are modeled with Type M and Type N elements.

The cross sectional area of these elements is calculated to yield the appropriate axial stiffness
using the following.

\/b2 +4ac—-b

Ao (5.2.1)

Ay = (5.2.2)
2a
Ay =2AN (5.2.3)
where
a=2zEa(a? +1)1° (5.2.4)
b=2A0zE(a* +1) - K, iqz2a(a? + 1)1 (5.2.5)
=K igAoz? (5.2.6)
ApE
Kaxial = , (5.2.7)

and Ay is the cross sectional area of the roof sheathing per unit width. To model the bending
stiffness of the sheathing, the Type M and Type N elements are assigned a moment of inertia,
I,,, equal to the moment of inertia of the sheathing within the width tributary to the element.
Moment releases are added at both ends of the Type M and Type N to eliminate bending about
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the y-y axis and torsion. The longitudinal Type P “chords” of the truss are modeled as axial
only truss elements with a cross sectional area of,

Ap =aAy (5.2.8)

The above formulation works well for systems with through-fastened sheathing. The test
results (Lee and Murray 2001; Seek and Murray 2004) for standing seam systems show a
significant reduction in anchorage force when compared to through-fastened systems. This
reduction is not seen in the computer model using the above diaphragm model. The transfer of
shear forces in a standing seam system is fundamentally different from that of a through
fastened system due to slip between the individual panels. To represent this in the model, a
hybrid treatment of the panel truss is used. For the effects of the load that acts in the plane of
the purlin web, the sheathing is modeled as described above. Then a separate analysis is
executed with the Type O elements removed and the torsional and down slope loads applied.
The results of these two analyses are then superimposed.

5.2.3.4 Modeling of Loads

The loads applied to the model are calculated based an input uniform total roof load
distributed with a tributary area approach. In the physical roof system, the gravity loads are
applied to the roof sheathing. In the computer stiffness model, the loads are represented by a
series of distributed line loads and torsional moments. Typically, the roof system will have
some slope; however, the geometry in the computer model is constructed with the plane of the
roof parallel to the X-Z plane. To account for the slope, the applied gravity load is separated
into vector components acting normal to and in the plane of the roof sheathing, resulting in

W hormal = W €0Os 0 (5.2.9)

W4s =Wsin0 (5.2.10)

The load in the plane of the sheathing, wys, is applied as a uniform line load in the acting in
the negative X direction along the Type P elements.

T .\ Was

o=

W;
\N

®
FIGURE 5.2.4 Summary of Loads

The component of the load that acts normal to the sheathing acts in a plane eccentric to the
shear center of the purlin and causes torsion in the purlin. The gravity loads are transferred
from the sheathing to the purlin by bearing on the purlin top flange. The true load distribution
across the width of the flange is not known. Previous models have assumed a triangular
distribution, and therefore a resultant force a distance of b/3 from the purlin web, where b is
the width of the purlin flange. The latest research in the application of this model (Sears 2007)
found that an eccentricity of b/4 agreed better with tests. For sections, such as channels, where
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the shear center is not located in the plane of the purlin web, the eccentricity is m+b/4, where m
is the distance between the shear center and the plane of the web. To model this torsion in the
computer stiffness model a uniform torsion is applied along the length of the Type P elements.
The magnitude of this moment is taken as,

T =W ormal E For Z-Section purlins (5.2.11a)

= wnormal(m + Ej For C-Section purlins (5.2.11b)

For Z-sections the principal axes are inclined with respect to the geometric axes. Therefore,
the applied load must be translated into vector components that act in the planes of the
principal axes.

Wy = Wnormal €080 (5.212)

y
Wz =W normal SIN0p (5.2.13)

5.2.3.5 Modeling of the Purlin-to-Sheathing Connection

With the direct consideration of the axial and flexural stiffness of the sheathing included in
the model, it is also important to represent the connection between the sheathing and the purlin.
Therefore, linear springs in the local y-axis at the top of the Type B and Type F elements are
added and assigned a stiffness of 5000 Ib/in. for standing seam systems and 100,000 Ib/in. for
through-fastened systems. Rotational springs are placed at the ends of the Type M and Type N
elements and have a stiffness of 1500 in.-lIb/radian per foot of width for both roofing systems.

5.2.3.6 Modeling of Anchorage Devices

Spring supports are used at the top of the Type B or Type F elements at user selected
locations in the model. By using spring supports, the finite stiffness of various anchorage
devices can be accurately represented. Due to the indeterminate nature of the roof system,
reduction in device stiffness can greatly affect the predicted anchorage forces. Modeling the
points of anchorage with discrete nodal supports accurately represents typical construction
details for anchorage devices at the frame lines, and for certain cases when anchorage devices
are located along the purlin span. If lines of anchorage are constructed, such as ¥4 point anchors
connected to a beam at the eave, so that displacement at a line of anchorage is coupled with the
displacement of other lines of anchorage, this method of modeling may not correctly represent
the constructed system.

5.3 Shell Finite Element Models to Predict Anchorage Forces
5.3.1 Components of Finite Element Model

A finite element model was developed for the prediction of anchorage forces. The model is
the most complete representation of a purlin supported roof system for the prediction of
anchorage forces. The model has been validated by comparisons to the test results of Lee and
Murray (2001) and Seek and Murray (2004) and was used in the development of the component
stiffness method.

The model is composed of four basic elements. Shell elements are used to represent the
purlin and the sheathing. Frame elements are used to represent the anchorage devices and
strap bracing. Connection between the sheathing and the purlin is made using a two node link
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element. A representation of the elements comprising the model and the global axes are shown
in Figure 5.3.1.

Figure 5.3.1 Representative elements of Finite Element Model

5.3.1.1 Finite Element Representation of Purlin

To represent the purlin as finite elements, the web is discretized into four elements, the
flanges into three elements, and the lips into single elements. Discretization along the length of
the purlin should be chosen to maintain a maximum aspect ratio of 4:1.

The elements representing the purlins are assigned a membrane thickness and a bending
thickness equal to the nominal thickness of the purlin. In the case of a multi-span system in
which the purlins are lapped, the modeled purlin is given a membrane thickness equivalent to
the sum of the thicknesses of the two purlins at the lap. The bending thickness of the element at
the lap is equivalent to the combined moment of inertia of the two purlins comprising the lap.
That is,

3,.3
tlap,bending = 3V t1 +1t3 (5.3.1)

where t; and t are the thicknesses of each purlin at the lap.

5.3.1.2 Finite Element Representation of Sheathing

The sheathing is represented in the finite element model by a shell element discretized into
12 in. segments along the length of the purlin and divided into five equal segments between the
purlins. The elements representing the sheathing are given a membrane thickness equal to the
material thickness of the sheathing. To account for the bending stiffness provided by the
sheathing ribs, the bending thickness of the element equivalent to the gross moment of inertia of
the deck is calculated by:

tsheathing, bending = 5/ 12 *Ipanel 5.3.2)

To allow for variations in sheathing diaphragm stiffness, the sheathing elements are
designated as orthotropic material and the shear modulus is adjusted. For the two material
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directions in the plane of the sheathing, the panel shear modulus, G, for a desired diaphragm
shear stiffness, G, is

G= GT (5.3.3)
For the material direction perpendicular to the plane of the sheathing, the shear modulus of

steel (11,300 ksi) is used.

5.3.1.3 Link Connection Between Sheathing and Purlin

The connection between the sheathing and purlin is made by a 2-node link element at 1 ft.
intervals along the length of the purlin and at an eccentricity of 1/3 of the flange width. The
link element allows for the translational and rotational stiffness between two joints to be
defined about three axes. The link element also provides an efficient means to track forces
transferred between the sheathing and purlin. Because there is some rotational flexibility in the
connection between the purlin and sheathing about the axis parallel to the length of the purlin,
the link rotational stiffness about this axis will typically range between 500 lb-in./radian and
10000 Ib-in./radian. To prevent the purlin and sheathing from behaving like a composite
section, the translational stiffness of the link element about the axis parallel to the length of the
purlin is released.

In standing seam systems, the connection between the purlin and sheathing is made by a
clip screwed to the purlin and sandwiched in the seam between two adjacent panels. There is
some translational slip in this connection parallel to the seam, whether it is intentional in a
sliding clip or inadvertent due to a loose seam. Although the stiffness of this connection is
nonlinear, it can be approximated by assigning the link element a linear stiffness in the axis
perpendicular to the web of the purlin. The stiffness of this connection is assumed to range
between 250 1b/in. and 5000 lb/in for most standing seam systems. The flexibility of this
connection has the effect of reducing the diaphragm stiffness of the system.

5.3.1.4 External Restraints

An external restraint representing the connection to the rafter is applied at a single node at
the base of the purlin at the intersection between the web and bottom flange of the purlin.
Translational restraint is applied in the global Y and Z directions and rotational restraint is
applied about the global X axis.

External anchors are modeled as axial loaded frame elements between the web of the purlin
and an external support. The location of the anchor along the height of the web should reflect
the actual anchor modeled. The stiffness of the anchor is the combined stiffness of the
anchorage device and the stiffness of the web transferring this force to the anchor. The stiffness
of the anchor can be modeled in one of two ways. The first is to model the anchor with the
combined device and configuration stiffness. Using the stiffness derived from the test in Section
5.3.1, restraint is applied at the top flange of the purlin and assigned the linear spring stiffness
of the test specimen. If test data is unavailable, the configuration and device stiffness are
treated separately. The restraint is applied in the model at the same height along the web as the
actual specimen. For example, the top row of bolts in an anti roll anchorage device is
considered the anchor height. The restraint is assigned a linear spring stiffness equivalent to
that of the device. The flexibility of the web between the top of the restraint and the top flange
of the purlin when modeled in this way will typically underestimate the configuration stiffness.
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5.3.2 Model Loading

Load is applied directly to the sheathing in the model as a uniformly applied area loading.
To account for roof slope, a uniform load is applied both normal and parallel to the sheathing
(downslope). The vertical gravity load, W, is then divided into normal, Wyormal, and
downslope, Wdownslope, cOmponents according to roof slope, or:

Whormal = W cos0 (5.3.4)
Wdownslope =Wsin (5.3.5)

where 0 is the angle of the roof with respect to the horizontal.

5.3.3 Finite Element Model Example

The following example shows the development of a shell finite element model to predict
anchorage forces based on the roof system of Example 3.2.

v 25'-0" v 25'-0" v 25'-0" 25'-0"

Symmetric
290" 36" 10" | | 10" 36" 2w
| | BE \ |
,%
5 1
L ©
!
o
4+
S ®
@
(e}
& @
= ®
) 87S2.75x085 82S2.75x059 87S2.75x059 8252.75x085

1

Figure 5.3.2 Roof Layout For Finite Element Model
Given:

1. Twelve purlin lines spaced at 5 feet. The top flange of the first purlin closest to the eave faces
down slope. The top flanges of the remaining purlins face upslope. Roof slope is a %2 on 12
pitch and the gravity loads are 3 psf dead and 20 psf live.

2. The system of purlins is a four span continuous system symmetric about the center frame
line. Each span is 25 ft. In the exterior bays, the purlins are 8252.75x085. In the interior bays
the purlins are 8Z52.75x059. Laps are as shown in Figure 5.3.2.

3. Roof covering is attached with standing seam panel clips along entire length of purlins. The
panel is a 26 gage (0.0179 in.) rib type panel profile with fixed clips and a mechanical seam.
The gross moment of inertia of the panel is 0.254 in*/ft. The sheathing has a diaphragm
stiffness G" = 1000 1b/in. and the rotational stiffness of the standing seam panel clips, kmclip
= 2500 Ib-in./ (rad.-ft).
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4. No discrete bracing lines; anti-roll clips provided at each support at every fourth purlin line.
Each anti-roll anchorage device is attached to the web of the Z-section with two rows of two
Y4 in. diameter A307 bolts. The bottom row of bolts is 3 in. from the bottom flange and the
top row is 6 in. from the bottom flange. The stiffness of each anti-roll anchorage device,

Kdevice = 40 k/in. The width of the anti-roll anchorage device is by = 5.0 in.

5. Purlin flanges are bolted to the support member with two %2 in. diameter A307 bolts

through the bottom flange.

Required:

1. Anchorage forces along each frame line due to gravity loads at the top of the anchorage

device.

2. Lateral deflection of the top flange of the Z-section along each frame line and at the purlin

mid-span.

3. Shear force in the standing seam panel clips at each anchorage device.

Solutions:

Assumptions for Analysis
a. The model is first order linear elastic.

b. Purlin and sheathing are modeled as shell elements with thin plate behavior. Purlins are

modeled with a zero bend radius.

c. Connection between the sheathing and purlin is made through a single spring connection
Connections to rafters are made at a single node at the junction of the purlin web and

bottom flange.

1. Model Properties:

Global Y
0.93"
2 75 \7 (4.00, 0.91) (4.00, 1.82)
— /4\ (4.00, 0.00) (4.00, 2.73)
Q 50° (3.33, 3.29)
0.059" 0.875" (2:00, 0.00)
0.085" " =)
0.875" ®
(-2.00, 0.00)
(-3.33,-3.29) ‘ (-4.00, 0.00)
(-4.00, -2.73)
0.93" (-4.00,-1.82) (-4.00,-0.91)
a) Cross Section Dimensions b) FE Model Discretization

Figure 5.3.3 Purlin Cross Section
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a. Purlins

The purlin cross section is discretized as shown in Figure 5.3.3 b). Along the span of the
purlin, the purlin is discretized in 2 in. increments. The purlin is modeled as a shell element
with thin plate behavior. Along the interior of the span, the nominal thickness of the purlin is
assigned to the membrane and bending thickness of the elements. At the lap, a single element is
used to approximate the two purlins in the lapped region. In the lapped region, the membrane
thickness is the sum of the thicknesses of the two purlins, and the bending thickness is
equivalent thickness such that the single plate thickness has the same moment of inertia of the
sum of the moments of inertia of the individual plate thicknesses.

Exterior span

tmembrane = 0.085 in.

First interior lap
tmembrane = 0.085 in. + 0.059 in. = 0.144 in.

thending = 3(0.085in)® +(0.059in)? = 0.094 in.

Interior span
tmembrane = 0.059 in.
tbending = 0059 In

Second interior lap
tmembrane = 0.059 in. + 0.059 in. = 0.118 in.

thending = 3(0.059%n)? +(0.059in)? = 0.074 in.

b. Diaphragm Elements

The diaphragm is discretized into 12 in. by 12 in. elements. Each element is modeled as a
shell element with thin plate behavior. The membrane thickness of the panel elements is the
nominal thickness of the panel (26 ga. panel, t = 0.0179 in.). To account for the diaphragm
stiffness, the shear modulus of the material is adjusted.

tmembrane = 0.0179 in.

" 10001b/
= E = —Kn = 55,866 psi.
t 0.179in

The panel has a gross moment of inertia of Ipanel = 0.254 in*/ft. The bending thickness of the
sheathing is adjusted to give an equivalent moment of inertia.

tbending = 312 panel = 3\/12(0.254 i/ I%j = 0.634 in.

c. Link Elements
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The diaphragm is located 0.1 in. above the top flange of the purlin. Link elements provide
the connection between the panel elements and purlin elements at 12 in. increments along the
length of the purlin at the panel element joints. The link elements are attached to the purlin at
the node at 1/3 the distance from the purlin web to model the eccentricity of the gravity loads
acting on the purlin top flange. Link elements are convenient because they allow for the
stiffness of the connection between the purlin and sheathing to be specified directly and quickly
adjusted. The link element local axes are shown in Figure 5.3.4. The rotational stiffness of the
connection between the sheathing and purlin is assigned to the no. 3 axis. The connection is
considered translationally rigid in the 1 and 2 directions and rotationally rigid about the 2 axis.
To prevent the purlin from acting like a composite member, translational stiffness in the 3
direction is reduced to a negligible value. Rotational stiffness about the 1 axis is also reduced to
a negligible value. The link stiffness values are tabulated below. Because the links are located
at 12 in intervals along the span of the purlin, tabulated stiffness values are considered per foot
along the length of the purlin

Figure 5.3.4 Link Element Local Axes

Summary of link element properties.

Translation Rotation
Ul = 1x107Ib/in R1 = 1.0 Ib-in/rad
U2 = 1x1071b/in R2 = 1x107 Ib-in/rad

U3

0.11b/in R3 = 2500 Ib-in/rad

d. Connection to the rafter

The connection to the rafter is modeled as a single node joint restraint at the junction of the
bottom flange and web at the centerline of the frame line. The joint is restrained from
translation in the global Y and Z axes (refer to Figure 5.3.4) and restrained from rotation about
the global X axis. The remaining degrees of freedom are released.

e. Anchorage Device
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The anchorage device has a stiffness of 40 kip/in. This stiffness is considered at the top row
of bolts of the anchorage device (6 in. from the bottom flange). Therefore, a spring restraint
with a stiffness of 40 kip/in in the global Z direction is applied to a node at 6 in. from the base
of the purlin. To account for the width of the anchorage device and the stiffening effect it has
on the purlin web, frame elements were added to the web of the purlin as shown in Figure 5.3.5.
Frame 1 was modeled as a bar 1/2 in. x 4 in and frame 2 was modeled as a bar 1/4 x 2 in. The
thickness of the elements was oriented in the same direction as the thickness of the purlin. To
prevent moment transfer at the base of the purlin, the rotational stiffness of the frame elements
was released at the connection at the base of the purlin web.

Note, if the stiffness of the anchorage device includes the deformation of the purlin web, as
can be determined by the test discussed in Section 5.1.6, a spring restraint with the stiffness
determined from the test should be applied at the top flange of the purlin.

Spring restraint (40 kip/in) Frame 1
applied at this node Web Elements

7

Rotational stiffness of Frame 2

frame 2 released at this node Connection to Rafter

Figure 5.3.5 Frame elements to represent anti-roll anchorage

2. Loading

Gravity loads are applied as uniform area loads on the sheathing. The total gravity load,
dead plus live, is 23 psf. To account for the slope of the roof, the gravity load is broken into
components normal to the sheathing and in the plane of the sheathing.

Unormal = U cos0 = (23 psf) cos(2.4°) = 22.98 psf
Udownslope = U sinf = (23 psf) sin(2.4°) = 0.958 psf

3. Model Solution

a. Anchorage Forces
Frame Line 1
Purlin4 Py =4321b
Purlin8 Py =4101b
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Purlin12 Py, =4061b

Frame Line 2
Purlin4 Py =4151b
Purlin8 Py =3911b
Purlin12 Py =4311b

Frame Line 3
Purlin4 Py, =3801b
Purlin8 Py, =23671b
Purlin12 P =4351b

b. Displacement of Z-section
Positive values indicate upslope translation.
Lateral displacements extracted from Purlin 4 from model.

Top flange at Frame Line 1 A=0.1111n.
e 1d 1 8in _ . .
Specification limit Ay =——=———=020in>0.14 in OK

Q20 2.00 20
Top flange at centerline of exterior span A=0.3821in.
Bottom flange at centerline of exterior span A=0.629 in.
25ft 12in
Specification limit Ams < L _ i 0.83 in > 0.382 in. OK
360 360
Approximate rotation at centerline of exterior span ® ~ (0.382in-0.629in) /8in = -0.031
Top flange at Frame Line 2 A=0.141n.
o 1d 1 8in _ . .
Specification limit Ay =——=—-—=020in>0.14 in OK
Q20 200 20
Top flange at centerline of interior span A=0.3101in.
Bottom flange at centerline of interior span A =0.649 in.
25ft 12in
Specification limit Ams < L _ i 0.83 in > 0.310 in. OK
360 360
Approximate rotation at centerline of exterior span ® ~ (0.310in-0.649in) / 8in = -0.042
Top flange at Frame Line 3 A=0.1101in.
Specification limit Ag = 1d__1 8in_ 0.20in > 0.110 in OK
Q20 200 20

Vertical displacements extracted from Purlin 4 from model.
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Top flange at centerline of exterior span A=-1.189in.
Top flange at centerline of interior span A=-0.515in.

c. Shear Forces in the purlin to sheathing connection

The shear forces in the link connection are plotted in Figure 5.3.6 from the exterior frame
line to the centerline of the system (frame line 3) for both purlin 3 and purlin 4. The spikes in
fastener forces occur at the frame lines. For comparison to the calculation in the component
stiffness method of the shear force in the purlin to sheathing connection, Py, the total fastener

force is the sum of the forces at 12 in to either side of the frame line. This total fastener force can
be considered to be distributed evenly between each of the fasteners within 12 in. of the frame
line. The forces along the length of the span represent the uniform restraint force in the
sheathing, wyest, calculated in the component stiffness method.

Fastener forces for purlin 3 (typical purlin).

Frame Line1 Pg.=1481b+ (-19.01b) =129 1b
Frame Line2 Py =68.61b+93.01b + 69.9 1b = 232 1b
Frame Line 2 Pg.=55.51b+58.21b +55.51b =169 1b

Along the interior of the span, the uniform restraint force in the sheathing is the average of
forces along the length.

Exterior span wyegt = 29.6 1b/ft
Interior span  Wyegt = 25.2 1b/ft

Fastener forces for purlin 4 (directly anchored).

Frame Line1 Pg.=4531b+44.01b =497 Ib
Frame Line 2 Py =1301b + 305 1b + 131 1b = 566 1b
Frame Line 2 Pg. =107 1b + 270 1b + 107 1b = 484 1b

Along the interior of the span, the uniform restraint force in the sheathing is the average of
forces along the length.

Exterior span wyegt = 29.1 1b/ft
Interior span  Wyegt = 24.4 1b/ft
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Chapter 5, Alternate Analysis Procedures

—e— Fast Force Purlin 3
—a— Fast Force Purlin 4

Fast Force (Ib)

Location (ft)

Figure 5.3.6 Shear Force Transfer Between Purlin and Sheathing

d. Sheathing Moment

The total moment in the connection between the sheathing and the purlin is plotted from
frame line 1 to the centerline of the system (frame line 3) for purlins 3 and 4 in Figure 5.3.7. This
total moment includes the parabolic moment in the sheathing due to torsion effects, Miorsion,
the moment due to local deformations, Mjyc;1, and the moments due to the deformation of the
anchorage, Mghtg.
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Figure 5.3.7 Moments in Connection Between Purlin and Sheathing
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