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Prediction of Lateral Restraint Forces in Sloped Z-section Supported Roof Systems 
using the Component Stiffness Method 

Michael W. Seek 

(ABSTRACT) 
Z-sections are widely used as secondary members in metal building roof systems.  Lateral 

restraints are required to maintain the stability of a Z-section roof system and provide resistance 

to the lateral forces generated by the slope of the roof and the effects due to the rotation of the 

principal axes of the Z-section relative to the plane of the roof sheathing.  The behavior of Z-

sections in roof systems is complex as they act in conjunction with the roof sheathing as a system 

and as a light gage cold formed member, is subject to local cross section deformations. 

 The goal of this research program was to provide a means of predicting lateral restraint 

forces in Z-section supported roof systems.  The research program began with laboratory tests to 

measure lateral restraint forces in single and multiple span sloped roof systems.  A description of 

the test apparatus and procedure as well as the results of the 40 tests performed is provided in 

Appendix II. 

 To better understand the need for lateral restraints and to provide a means of testing 

different variables of the roof system, two types of finite element models were developed and are 

discussed in detail in appended Paper I.  The first finite element model is simplified model that 

uses frame stiffness elements to represent the purlin and sheathing.  This model has been used 

extensively by previous researchers and modifications were made to improve correlation with 

test results.  The second model is more rigorous and uses shell finite elements to represent the Z-

section and sheathing. 

 The shell finite element model was used to develop a calculation procedure referred to as 

the Component Stiffness Method for predicting the lateral restraint forces in Z-section roof 

systems.  The method uses flexural and torsional mechanics to describe the behavior of the Z-

section subject to uniform gravity loads.  The forces generated by the system of Z-sections are 

resisted by the “components” of the system: the lateral restraints, the sheathing and Z-section-to-

rafter connection.  The mechanics of purlin behavior providing the basis for this method are 

discussed in appended Paper II.  The development of the method and the application of the 

method to supports restraints and interior restraints are provided in appended papers III, IV and 

V. 
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Prediction of lateral restraint forces in sloped Z-section supported roof systems 

using the component stiffness method 

1. Introduction 

1.1 Overview 

The Component Stiffness Method was developed to predict lateral restraint forces in Z-

section supported roof systems.  The research program began with full scale roof system tests 

that measured lateral restraint forces on roofs with varying slopes.  These tests are briefly 

discussed in appended Paper I Computer Modeling of Sloped Z-Purlin Supported Roof Systems 

to Predict Lateral Restraint Force Requirements and more thoroughly reported in Appendix II 

Results of Laboratory Tests of Lateral Restraint Forces.  To better understand and build upon the 

test data, two types finite element models were developed based upon the laboratory tests.  These 

models are outlined in appended Paper I.  The flexural behavior of Z-sections and their 

interaction with roof sheathing that provides the basis for the Component Stiffness Method is 

presented in appended Paper II Mechanics of Lateral Brace Forces in Z-Purlin Roof Systems.  

The development of the Component Stiffness Method for roof systems with supports restraints 

and interior third points restraints is presented respectively in appended Paper III Component 

Stiffness Method to Predict Lateral Restraint Forces in End Restrained Single Span Z-Section 

Supported Roof Systems with One Flange Attached to Sheathing and appended Paper IV Lateral 

Brace Forces in Single Span Z-Section Roof Systems with Interior Restraints Using the 

Component Stiffness Method.  In appended Paper V, Prediction of Lateral Restraint Forces in 

Single Span Z-section Roof Systems with One Flange attached to Sheathing using the Component 

Stiffness Method, a concise summary with some practical applications of the method are 

provided. 

The main body of this dissertation is intended to guide the reader through the 

development of the Component Stiffness Method.  A review of the research related to the lateral 

brace forces in Z-section supported roof systems that contributed to the development of the 

component stiffness method is provided.  The main body follows the progression of the research 

from laboratory testing, to finite element modeling, to the development and application of the 
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prediction method.  A general discussion is provided in the main body and the reader is referred 

to the appended papers for more detailed discussions.    

1.2 Z-section Supported Roof Systems 

Over the past five decades, metal building systems have become increasingly popular.  

Most of their use has been in the manufacturing sector because the use of extremely efficient 

tapered girders coupled with lightweight Z-sections and sheathing allows for large floor spaces 

to be inexpensively placed under roof.  Recent advances in weatherproofing of standing seam 

systems in addition to increased variety in durable architectural finishes has seen metal building 

systems used in applications previously only considered for conventional building systems like 

churches, schools, and low rise commercial spaces. 

The Z-section is a major contributor to success of metal buildings.  As a roof framing 

member, it can efficiently span 20 to 35 feet.  The shape of the Z-section allows it to be nested 

for efficient handling and transportation.  Z-sections are typically cold-rolled from coil stock and 

due to recent advances in automation, they can be produced very rapidly.  Furthermore, the 

majority of steel used for the production of the Z-sections is recycled, which is important given 

the building industry’s recent emphasis on green engineering. 

 Despite their many advantages, Z-sections present significant challenges to designers.  

One aspect that has challenged designers is the need to provide lateral restraint for Z-section 

systems.  Due to the rotated principal axes of a Z-section, when loaded in the plane of its web, it 

has the tendency to deflect laterally in addition to its vertical deflection.  Load eccentricity on the 

top flange of the Z-section, attachment of the top flange to sheathing and second order effects 

cause the Z-section to twist.  To accommodate thermal expansion, a certain amount of flexibility 

is often designed into the connection between the Z-section and sheathing.   Because Z-sections 

are typically placed on top of the rafters, forces applied to the sheathing must be transferred 

through the Z-section to the rafters.  The transferred forces include effects due to the slope of the 

roof and effects of load applied eccentrically to the top flange of the Z-section.  To maintain 

stability, it is often necessary to provide external lateral restraint to a Z-section.  Given all of the 

factors involved, however, quantifying the amount of restraint required is a difficult undertaking. 
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1.3 Review of Existing Research 

1.3.1 Analytical Methods for Predicting Lateral Restraint Forces 

In their paper, “Unsymmetrical Bending of Beams with and without Lateral Bracing,” 

Zetlin and Winter (1955) provided a simplified means for calculating stresses and brace forces in 

beams loaded on axes rotated from their principal axes by introducing the concept of modified 

moments of inertia and a fictitious horizontal load.  A beam loaded on axes rotated from its 

principal axes will deflect laterally in addition to the deflection in the plane of the applied load.  

Using the modified moments of inertia and fictitious horizontal load, conventional constrained 

bending formulas can be used to determine the lateral deflection of a Z-section, which has 

principal axes rotated from the orthogonal planes of the web and flange.  Lateral brace forces are 

calculated by equating the deflection due to the real horizontal force with the deflection caused 

by the fictitious horizontal force.  In a case where the Z-section is restrained at each point at 

which load is applied, the lateral restraint force perpendicular to the web of the Z-section reduces 

to: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

X

XY

I
IUR                (1.1) 

where U is a transverse load applied in the plane of the web, IX is the moment of inertia of the 

full unreduced section about the centroidal axis perpendicular to the web, and IXY is the product 

of inertia of the full unreduced section about the centroidal axes parallel and perpendicular to the 

web. For this restraint force to hold true, the Z-section must be rotationally restrained at each 

brace point and at each end of the Z-section.  The formulation does not account for the effects of 

an eccentrically applied load or the attachment of one flange of the Z-section to sheathing.  

However, Zetlin and Winter’s formulation provides an excellent basis for the understanding of 

the behavior of brace forces for Z-section roof systems. 

 Because the majority of Z-section applications involve attachment of the top flange to 

sheathing, Needham (1981) set out to determine the forces in the sheathing in the absence of 

external restraints.  He developed a mathematical model that assumed simply supported Z-

sections, rigid panel diaphragm stiffness, no external lateral braces and allowed no translation 

between the Z-section and the panel.  The uniform load on the sheathing was thought to be 

transferred to the purlin at an eccentricity of b/6, where b is the flange width.  Using the restraint 
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force developed by Zetlin and Winter (R=U(IXY/IX)) and equilibrating the externally applied 

torques due to the eccentrically applied load and the eccentric application of the sheathing at a 

distance of d/2 from the shear center, Needham arrived at the following equation for total lateral 

brace force: 

( ) ⎥
⎦

⎤
⎢
⎣

⎡
+−−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

d3
bsin1cos

I
IWP

X

XY
L θθ             (1.2) 

where W is the total load applied in the plane of the web for a system of Z-sections, d is the 

depth of the Z-section, b is the width of the top flange of the Z-section, and θ is the roof slope -  

angle between the vertical and the web of the Z-section.  It should be noted that for small slopes, 

cosθ ≈ 1 and Equation (1.2) reduces to; 

⎥⎦
⎤

⎢⎣
⎡ −= θsin

d3
bWPL              (1.3) 

Needham found that Equation (1.2) correlated well with test results, although correlation was 

dependent upon the chosen eccentricity and the eccentricity did not always correspond to b/6. 

Ghazanfari and Murray (1983) attempted to predict restraint forces using an iterative 

mathematical model.  The model was based on a single purlin with the top flange attached to 

sheathing over a simple span subjected to three bracing configurations:  end torsional restraints, 

end torsional restraints with three interior restraints applied at quarter points, and interior 

restraints at quarter points without end torsional restraints.  In their formulation, translation 

between the purlin and sheathing was prevented.  The mathematical model assumed no panel 

rotational stiffness, a vertical load eccentricity of b/3, rigid braces, and the horizontal restraint 

provided by the sheathing, Wh to be uniformly distributed along the top flange of the purlin.  

Ghazanfari and Murray quantified the amount of lateral force by imposing displacement 

compatibility between the top flange of the purlin and the sheathing, that is 

phthndOrder2vtv uuuuuu ++=++            (1.4) 

where 

 uv  = the lateral displacement due to the uniformly applied vertical load 
uvt = lateral displacement due to the torque of the gravity load acting on the purlin 

top flange 
u2ndOrder = lateral displacement due to second order effects,  
uh  = lateral displacement due to the lateral restraining forces 
uht  = lateral displacement due to torque of eccentric lateral restraint 
up  = lateral displacement of the diaphragm 
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Due to the inclusion of second order effects, the force in the sheathing is dependent upon the 

deflection of the sheathing but the deflection of the sheathing cannot be determined without 

knowing the force in the sheathing.  The process is therefore iterative and a computer program 

was developed to arrive at a solution.  Through their analysis, Ghazanfari and Murray 

determined the most critical parameters for determining lateral brace forces to be purlin span, 

sheathing diaphragm stiffness, the eccentricity of the load applied to the top flange, and the 

location of the purlin principal axes.  They also determined that for systems with three 

intermediate braces, 2nd order effects were negligible.     

Using the frame analysis program, STRUDL, Elhouar and Murray (1985a; (1985b) were 

able to apply the principles developed by Ghazanfari and Murray (1983) and expand them to 

system models with multiple purlin lines over multiple spans.  Their models consisted of line 

elements with rotated principal axes representing the purlins placed in the model at the centroid 

of the purlin.  To give the model depth, at intervals of L/12, line elements of length d/2 

connected the purlin to the sheathing.  At each rafter location, an element of length d/2 connected 

the purlin line element to a fixed external restraint. The sheathing was modeled as a truss with 

chevron style diagonals.  The sheathing had no rotational stiffness and was modeled to have a 

diaphragm stiffness, G’, of 2500 lb/in.  The diaphragm stiffness was chosen as an upper bound 

above which increases in diaphragm stiffness had little effect on restraint forces based on the 

work of Ghazanfari and Murray (1983).   Included in the model was an assumed load 

eccentricity of b/3, applied as a torque in the model along the centroidal axis of the purlin.  The 

model was calibrated to the full scale laboratory test results of Curtis and Murray (1983) and 

quarter scale experimental test results of Seshappa and Murray (1985). 

Elhouar and Murray modeled three restraint configurations: end restraints, mid-span 

restraints and third point restraints.  Restraint was applied as a rigid restraint at the top of the 

purlin (in the plane of the sheathing).  A parametric study using the results of the models was 

performed and equations for end restraints, mid-span restraints and third-point restraints were 

developed for flat slope roofs.  The equations were corrected based on the results of Seshappa 

and Murray to include roof slope.  The single span equations developed are a function of the top 

flange width, b, the purlin depth, d, the purlin thickness, t, and the number of purlins restrained, 

np.  Multiple span systems were subject to the same parameters, but had the additional parameter 

of span length, L, included in the equation formulation.  A significant improvement over 
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previous prediction methods was introduced in the np parameter.  This parameter attempted to 

account for a system effect observed in laboratory tests whereby as the number of purlin lines 

increased, the restraint force per purlin decreased.  

The model developed by Elhouar and Murray was revisited by Danza and Murray (1998) 

to evaluate two additional restraint configurations: quarter points and third points + supports.  

Like the Elhouar and Murray study, the models investigated only represented a flat slope roof 

and a panel diaphragm stiffness of 2500 lb/in.  From the results of the models a parametric study 

was performed and equations similar to those developed by Elhouar and Murray were derived. 

Neubert and Murray (1998; (2000)) also used the Elhour and Murray frame element 

model to develop a series of prediction equations.  The research was focused upon developing 

equations based upon mechanics rather than heavy reliance upon parametric studies and included 

diaphragm stiffness in the formulation.  The finite element models used by Neubert and Murray 

assigned different properties to the elements connecting the purlin to the external supports, 

accounted for roof slope by varying the vertically and horizontally applied loads, and varied the 

diaphragm stiffness by adjusting the properties of the members representing the purlin sheathing.  

The analysis investigated the affects of the eccentricity of the gravity load acting through the top 

flange of the purlin by evaluating both a zero eccentricity load case and a load case with an 

applied eccentricity of b/3. 

The equation developed by Neubert and Murray was based on the theoretical work 

developed by Zetlin and Winter.  Using a free body diagram of a purlin with the horizontal brace 

force introduced by Zetlin and Winter acting at the centroid of the purlin.  The vertical 

component of the gravity load (parallel to the web of the purlin) is assumed to act at some 

eccentricity along the top flange of the purlin, δb, and the downslope component of the gravity 

load acts horizontally in the plane of the sheathing.  The free body diagram is shown in Figure 

(1.1). 

With the extermal restraint, P0, applied at the top flange, by summing moments about the 

base of the purlin and solving for P0, Neubert and Murray arrived at the basic equation for 

restraint force for a single purlin: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+= θθδ sincos

d
b

I2
I

WP
x

xy
0            (1.5) 

To account for the effects of bracing configuration, diaphragm stiffness, and system effects, the 



7  

Wcos θ(IXY/IX)

Wcos θ

P0

δb

Wsinθ

 
Figure 1.1 Free Body Diagram Neubert and Murray Equation 

restraint force for a single purlin is multiplied by several constants and multipliers developed 

from the analysis of the finite element models.  Recommendations were made for supports, 

midpoint, third point, quarter point and third point + supports restraint configurations over both 

single and multiple spans. 

 Hancock et al. (2002) used a finite element model that implemented the modifications 

introduced by Neubert and Murray to the Elhouar and Murray model.  They further modified the 

model by including the warping torsional restraint of the purlin and looked at the effects of using 

a bridging system which provides rotational restraint in addition to lateral restraint to the purlin.  

Tests were performed to validate the models and it was concluded that the mode used by Neubert 

and Murray with modifications could be used to predict bracing forces in systems where bridging 

provides rotational restraint. 

 Lucas et al. (1997a) developed a finite element model using the elasto-plastic finite 

element developed by Chin et al. (1994) to represent the purlin and through-fastened sheathing.  

Their model of a single purlin with two half spans of sheathing effectively represented the cross-

sectional distortion of the purlin section and the rotational and diaphragm restraint of the 

sheathing.  The model divided the purlin web into four elements, flanges into two elements, and 

flange lips into single elements.  Rib elements were included in the representation of the 

sheathing.  Gravity load was applied directly to the sheathing and attachment between the purlin 

and the sheathing was made at the node at the center of the top flange of the purlin, effectively 

creating an eccentricity of δ = 1/2 to the gravity load.  The model was compared to several tests 

and was able to predict within 5% the failure load of purlins subjected to uplift loading over 
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single, double and triple spans.  The failure mode in the tests and predicted by the models was by 

local buckling of the free flange. 

 To reduce the computational time of their finite element models, Lucas et al. (1997b) 

provided means to represent the sheathing as a series of rotational and translational springs 

applied at the middle nodes of the purlin top flange rather than as finite elements.  To determine 

the appropriate diaphragm stiffness of the springs, several “Double Beam Shear Tests” were 

performed on common sheathing profiles available in Australia.  It was determined that the finite 

element model was not sensitive to diaphragm stiffness values in the range of typical profiles so 

a “standard” diaphragm stiffness value of 1000 kN/rad (224 kips/rad) was adopted.  Rotational 

stiffness of the sheathing was determined from “Torsional Restraint Tests” performed on typical 

sheathing profiles.  Although the model was sensitive to the rotational restraint of the sheathing 

in the range of tested values, it was found that rotational stiffness was primarily a function of 

purlin thickness and depth and independent of the panel type.  Comparing this simplified model 

to laboratory test results, the researchers found that they could accurately predict within 10% the 

local buckling failure load of Z- and C- sections subjected to uplift loadings. 

 Using Generalized Beam Theory (GBT), Heinz (1994) developed differential equations 

to describe the flexural and torsional behavior of a Z-section considering the lateral and torsional 

resistance provided by the sheathing at the top flange of the Z-section.  His analysis considered 

the lateral restraint provided by the sheathing to be rigid but incorporated the finite stiffness of 

the torsional restraint provided by the sheathing.  He recognized that the flexibility of the Z-

section-to-sheathing connection was a function of the bending of the sheathing, local 

deformation of the sheathing screw, deformation of the insulation between the sheathing and Z-

section, and the local deformation of the top flange of the Z-section at the screw hole.  Heinz 

outlined a test procedure to quantify the torsional stiffness of the connection between the purlin 

and sheathing.  Using the finite difference method, Heinz solved the differential equations from 

GBT for uniformly loaded single and twin-span systems and provided solution curves of the 

maximum rotation and warping moment.  Based on the first order deformation of the Z-section, 

solution curves for second order magnifiers are provided.   



9  

1.3.2 Experimental Testing to Determine Lateral Restraint Forces 

Needham (1981), in support of his analytical developments, performed tests on a flat 

slope, single span system with two purlins spaced at 5 ft 0 in. and connected by sheathing panels.  

The purlins were restrained laterally at the supports and the restraint forces were measured to be 

approximately 10% of the applied gravity load.    

Tests performed by Ghazanfari and Murray (1982) showed negligible differences in 

restraint forces for diaphragm stiffness values greater than 1500 lb/in and that second order 

effects were negligible in cases where intermediate braces were applied.  They performed nine 

tests using a two purlin line setup over a single span.  Several bracing configurations and panel 

diaphragm stiffness values were investigated. 

Curtis and Muray (1983) investigated the difference in restraint forces with respect to the 

number of purlin lines by testing systems with two, six and seven purlin lines.  The tests were 

performed on flat slope, single spans with restraints applied at the ends (support restraints).  The 

results of the tests showed the existence of system effects, the phenomenon by which as the 

number of restrained purlins is increased, the restraint force per purlin decreases.   

 Seshappa and Murray (1985) developed quarter scale models to evaluate mid-points, 

third points and supports restraint configurations over single and multiple spans with multiple 

purlins.  A total of 28 tests were performed, with one series of tests investigating slopes between 

0:12 and 1.5:12.  Their tests showed that the difference in restraint force for sloped roofs could 

be accounted for by subtracting the downslope component of the gravity force from restraint 

force on a flat slope roof. 

Rivard and Murray (1986) tested supports, mid-points and third points restraints 

configurations using standing seam sheathing on systems of purlins over single and multiple 

spans.  The tests showed that the equations developed by Elhouar and Murray (1985b), though 

initially based upon through-fastened systems, could be applied to systems with standing seam 

sheathing.   

Lee and Murray (2001) performed full scale tests on two and four purlin line systems 

over single and multiple spans.  They investigated supports, midpoint, third point, quarter point 

and third point + support restraint configurations using both through-fastened and standing seam 

sheathing.  The specimens were tested on pitches ranging between 0:12 and 4:12.  The tests 

showed that the restraint force is linear with respect to the applied load.  When the test results 
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were compared to the prediction equations developed by Elhouar and Murray (1985b) and those 

of Danza and Murray (1998), the correlation was inconsistent.  Better correlation existed 

between the test results and the equations proposed by Neubert and Murray (1998).  The best 

correlation was realized for single span tests with through-fastened sheathing for supports, third 

points and midpoints restraints, although the correlation was dependent upon the chosen 

eccentricity of the load applied to the purlin top flange.  There were greater inconsistencies 

between the various prediction methods and the tests for standing seam systems and multi-span 

systems. 

1.3.3 Current Design Practice 

Section D3.2.1 of the North American Specification for the Design of Cold-Formed Steel 

Structural Members with Commentary (2001) provides recommendations for the bracing forces 

of C- and Z-sections with one flange attached to sheathing.  Provisions are provided for single 

and multiple-span roof systems with lateral restraints applied at the supports, third points or 

midspan of the purlin.  The prediction method is based on the work by Elhouar and Murray 

(1985b) in which a parametric study using finite element models was performed.  The restraint 

force for Z-sections is a function of the total gravity load between supports, W, purlin top flange 

width, b, depth of the section, d, thickness of the purlin, t, number or restrained purlins, np, and 

for multi-span systems, the span length, L.  For example, the lateral restraint force, PL of a single 

span purlin system with restraints at supports is 

Wsincos
tdn

b220.05.0P 33.090.072.0
p

22.1

L
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= θθ        (1.6) 

The equations were originally developed from tests and finite element models of flat slope roof 

systems.  Roof slope, θ, is accounted for by multiplying flat slope restraint force by cosθ and 

subtracting out the downslope component of the gravity load, Wsinθ.  A positive result from 

Equation 1.6 indicates needed resistance to upslope translation (at low roof slopes) while a 

negative result indicates needed resistance to downslope translation (higher roof slopes). 

1.4 Objectives and Methods 

The metal building industry is very competitive and the systems utilized are extremely 

efficient.  The current methods for predicting lateral restraint forces often predicted forces that 
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seemed unreasonable to the designer or equations were improperly applied.  The goal of this 

research was to develop an improved means of predicting lateral restraint forces in Z-section 

supported roof systems.  A greater understanding of Z-section behavior was sought so that the 

prediction method would have a greater foundation in mechanics. The many manufacturers have 

different philosophies about the most efficient roofing system configurations and are resistant to 

standardization.  Each manufacturer has different sheathing and means of connecting the 

sheathing, Z-section-to-rafter attachments, and lateral bracing mechanisms.  Substantial research 

and development has been invested in determining the most efficient configuration from both a 

structural and installation approach.  Each manufacturer has confidence and experience with its 

own roof system, so there is reluctance to change.  Consequently, the ultimate objective was to 

develop a method to accurately predict the lateral restraint forces in Z-section roof systems that 

is flexible enough to accommodate the wide variety of roof systems in use in industry today.  

The result is the Component Stiffness Method which provides the needed flexibility to a good 

degree of accuracy, but at the expense of simplicity of calculations. 

The research program began with full scale tests of sloped Z-section roof systems to 

supplement the limited number of tests of sloped systems, as the majority of tests had been 

performed on flat slope systems and only the tests by Lee and Murray (2001) had considered 

roof slope.  Tests were performed on single 20 ft span systems with two, four and six Z-section 

lines and continuous span systems with six purlin lines.  Both through-fastened sheathing and 

standing seam sheathing with an articulating clip were investigated.  The test program 

investigated five bracing configurations for each system:  supports, third points, midpoints, 

quarter points and third points plus supports.  In each test, measurements of the restraint force 

were taken at incremental roof pitches from 0:12 to 4:12 at a load level of approximately 20 psf.  

The specimens were tested in the elastic range and none were taken to failure load.  In all, 40 

tests were performed.  A more detailed description of the tests and a full summary of the results 

are provided in Seek and Murray (2004)and in Appendix II. 

 In the next phase of research, two finite element models were developed and compared to 

the laboratory test results as well as the tests performed by Lee and Murray (2001).  The first 

model was based on the Elhouar and Murray (1985) model including the modifications by 

Nuebert and Murray (1999).  Further modifications were made to the model to improve 

correlation with the laboratory test results.  Recommendations are made for use of this model for 
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predicting lateral restraint forces in appended Paper I.  A fairly simple model to construct, this 

frame finite element model provides a good means of predicting lateral restraint forces on simple 

roof systems for typical design practice. 

 The second finite element model was developed using the structural analysis software 

SAP 2000 Version 8.3 by Computers and Structures, Inc.  The first order linear elastic model 

utilizes shell elements to represent the purlin and sheathing with loads applied uniformly to the 

sheathing.  The model is a good representation of a Z-section roof system in the elastic range and 

provides an excellent means of predicting lateral restraint forces particularly for complex 

configurations and loadings.  Recommendations are made for the practical use of this model in 

design in appended Paper I, although due to its size and complexity, is more suited for research 

and development than typical design. 

 The final phase of the research involved the development of a calculation method for 

predicting lateral restraint forces.  To develop prediction equations, a database of models was 

developed to investigate the effects of different Z-section cross sectional properties, sheathing 

diaphragm stiffness, sheathing to Z-section connection rotational stiffness, span, and restraint 

height.  In addition to the restraint force, moments in the sheathing and rafter support as well as 

the lateral displacement of the system were extracted from each model.  Each of the extracted 

forces or moments and the corresponding displacement from each model was then used to 

develop equations for the stiffness of each of the components of the system.  The forces 

generated by the system are then distributed according to the relative stiffness of each of the 

components of the system, hence the Component Stiffness Method.         
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2. Component Stiffness Method 

The Component Stiffness Method uses a mechanics based approach to determine the lateral 

restraint forces in Z-section roof systems.  Solution of the problem begins with determining the 

flexural behavior of the Z-section with fully rigid lateral restraints.  The deformed shape of the 

Z-section is quantified accounting for the influence of the rotated principal axes of the Z-section 

and the effects of the diaphragm and rotational stiffness of the sheathing.  The restraint force 

determined considering rigid restraints provides an upper bound solution to the problem.  

However, all restraint configurations have some flexibility, allowing the lateral movement of the 

top flange of the Z-section at the restraint location.  A small amount of movement is permissible 

and in permitting movement, some of the force generated is distributed to the system due to the 

inherent resistance of the system.   The stiffness of the resisting components of the system must 

therefore be computed and compared to the stiffness of the restraint to determine the net restraint 

force. 

2.1 Flexural Behavior of Single Span End Restrained Z-section 

The flexural behavior of a Z-section in a roof system is complicated due to the interaction 

between the sheathing and Z-section and the fact that the principal axes of the section are rotated 

relative to the plane of the roof sheathing.  However, the interaction between the two can be 

reconciled by enforcing compatibility of the unrestrained lateral displacements of the section at 

midspan with the restoring displacements of the resisting sheathing.  The behavior of a Z-section 

with end restraints provides the basis for the Component Stiffness Method.  A detailed 

discussion of the basic flexural behavior is included in appended Paper II. 

2.1.1 Behavior Neglecting Sheathing Rotational Restraint 

In the analyses, loads are applied to a Z-section as shown in Figure 2.1.  To account for 

roof slope, θ, the uniformly applied gravity load, w, is divided into a vertical component, 

wLcosθ, acting parallel to the plane of the Z-section web and a downslope component, wLsinθ, 

that acts in the plane of the sheathing.  The vertical component of the gravity load is assumed to 

act at some eccentricity, δb, on the top flange of the Z-section as proposed by Ghazanfari and 

Murray (1983).  Considering the vertical component acting eccentrically on the top flange, the 

lateral displacement at the top flange of the Z-section (the sheathing elevation) is determined 
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initially by ignoring the resistance provided by the sheathing.  This “unrestrained” displacement 

is a combination of the horizontal deflection and rotation of the Z-section at mid-span.  The Z-

section deflects horizontally (perpendicular to the plane of the web) because the principal axes 

are rotated relative to the plane of the web.  Using the conventional constrained bending 

deflection formula for mid-span deflection, the modified moment of inertia and the fictitious 

horizontal force introduced by Zetlin and Winter (1955), the lateral deflection of the Z-section 

resulting from a uniformly applied load is calculated.  Using the torsional formulas of Carter and 

Seaburg (1997), the rotation of the section at mid-span due to the uniformly applied torque 

because of the top flange load eccentricity is determined.  Using a small angle approximation, 

the lateral displacement of the top flange of the Z-section relative to the shear center is the 

rotation of the section at mid span multiplied by one-half the depth of the section.  The net 

unrestrained displacement of the top flange is the sum of the horizontal displacement, Δx,cen, and 

the displacement due to rotation of the section, Δx,torsion, as shown in Figure 2.2. 

wLcosθ

δb wLsinθ

θ

h

R

 
Figure 2.1 External Forces Acting on Z-section 

In roof systems, uniform resistance to the lateral movement is provided by the sheathing.  

The diaphragm, perpendicular to the web of the purlin, will develop a uniform force, wrest, 

resisting this lateral movement.  Again, using the modified moments of inertia of Zetlin and 

Winter (1955), the lateral restoring displacement of the Z-section due to this uniform restraint 

force, Δx,restoring,center, in the sheathing can be quantified.  Because the sheathing applies the 

uniform restraining force at the top flange of the Z-section, it causes torsion of the Z-section.  
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The rotation of the Z-section and corresponding lateral deflection relative to the shear center at 

mid-span, Δx,restoring,torsion, are quantified in the same manner as the unrestrained displacement. 

Δx,restoring,center

Δx,restoring,torsion

Midspan
Unrestrained
Displacement

Δx,cen Δx,torsion

Δdiaphragm

 
Figure 2.2 Unrestrained and Restoring Displacement 

The uniform restraint force generated by the sheathing also causes deformation of the 

sheathing.  It is assumed that all of the deformation of the diaphragm is due to shear deformation 

and bending deformations are considered negligible.  For a sloped roof, the downslope 

component of the gravity load acting in the plane of the sheathing causes additional deformation 

of the diaphragm.  The net displacement of the diaphragm, Δdiaphragm, is the sum of these two 

deflections.  

Referring to Figure 2.2, by equating the unrestrained displacements with the restoring 

displacement due to sheathing resistance, the magnitude of the uniform restraint force in the 

sheathing is 

σ⋅= ww rest               (2.1) 

where 
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In the above equation, L is the span of the Z-section, E is the modulus of elasticity of the 

Z-section, ImY is the modified moment of inertia developed by Zetlin and Winter (1955), G is the 

shear modulus (11,200 ksi), J is the polar moment of inertial of the Z-section, G’ is the shear 

stiffness of the diaphragm and Width is the tributary width of the diaphragm perpendicular to the 

span of the Z-section.  Equations for the torsional terms, a, which accounts for the torsional 

warping stiffness of the Z-section, and β, which is a constant based on the torsional and span 

properties of the Z-section, are provided in the summary of nomenclature provided in Section 6 

of this document. The above equation, therefore gives the uniform force transferred from a 

uniformly loaded Z-section to the sheathing attached to its top flange taking into account roof 

slope, eccentric location of gravity force on top flange, and diaphragm stiffness.  The equation 

assumes that the end restraint is perfectly rigid, preventing movement of the top flange at the 

ends of the Z-section, and the equation ignores the rotational resistance provided by the 

sheathing.  For ease of calculations, it is convenient to define σ as the proportion of the 

uniformly applied vertical load transferred into uniform force in the sheathing.  The uniform 

restraint force, wrest, is resolved entirely within the sheathing and the restraint force that must be 

resisted externally may be found by summing moments due to the externally applied loads about 

the base of the Z-section, or 

)sindcosb(
h

wLR θ−θδ=             (2.3) 

where, w is the gravity load applied uniformly along the length of the Z-section, L is the span of 

the Z-section and h is the height along depth of the Z-section measured from the base at which 

the horizontal restraint is applied. 

2.1.2 Behavior Including Sheathing Rotational Restraint 

The above formulation neglects an important part of the purlin-sheathing system, the 

rotational resistance to Z-section torsion provided by the sheathing.  The rotational stiffness of 

the sheathing has a significant effect on the behavior of the Z-section, reducing the rotation of 

the Z-section through the development of moments along the length of the Z-section.  The 

moments developed in the sheathing, however, affect the amount of force that must be restrained 

by the external restraints.  The effect of the rotational stiffness of the sheathing is presented in 

detail in Paper III in the Appendix. 
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For a Z-section with end restraints, the rotation of a Z-section is restricted at its ends and 

increases to maximum at mid-span, Φ, as shown in Figure 2.3 (a).  The variation of the rotation 

is approximated as parabolic along the length of the Z-section.  The connection between the 

sheathing and the Z-section resists this rotation through the development of a moment along the 

length of the Z-section, Mtorsion, as shown in Figure 2.3 (b).  The moment in the sheathing is 

proportional to the rotation of the Z-section and the stiffness of the sheathing’s resistance to the 

rotation of the 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 rotation of the Z-section, ΦMtorsion, as shown in Figure 2.3 

(b).  The net rotation of the purlin, Φnet, 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 

wrest

Φ

Mtorsion

Φnet

ΦMtorsion

 
(a)  Rotation without Rotational Resistance      (b) Net Rotation with Rotational Resitance 

Figure 2.3 Rotation of Z-section at Midspan 
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Equation (2.4) is simplified to yield 
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An equation is provided in the nomenclature of Section 6 for the torsional term, κ, which is a 

constant based on the torsional and span properties of the Z-section. 
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The uniform restraint force equation (Equation (2.2)) is modified to account for this 

change in rotation by substituting in the torsional term τ in place of a2β/GJ.  Therefore, including 

the effects of the rotational stiffness of the sheathing, the proportion of the uniformly applied 

gravity load transferred to the uniform restraint force in the sheathing is 
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 Upon solving for the uniform restraint force provided by the sheathing, the moment 

generated in the sheathing due to the torsional rotation of the Z-section is determined.  This 

moment is determined by integrating the moments along the length of the Z-section assuming a 

parabolic distribution along the span of the Z-section.  The resulting moment, referred to as 

Mparabolic in appended Paper III and Mtorsion in appended Paper IV is equal to 
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dwLKM MClip3

2
Torsion            (2.8) 

A second moment is generated in the connection between the Z-section and sheathing 

due to local deformation of the top flange of the purlin.  This moment was accounted for by a 

multiplier in appended Paper III and later modified in appended Paper IV to equal 

locallocal kcosbwLM ⋅θδ⋅−=              (2.9) 

 where  
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In the above equation, E is the modulus of elasticity of the Z-section, t is the thickness of the Z-

section and d is the depth of the Z-section. 

To include the moments generated in the sheathing, Mtorsion and Mlocal, the free body 

diagram of the Z-section changes as shown in Figure 2.4.  The total external restraint force is 

determined by summing moments about the base of the Z-section due to the externally applied 

forces and the internally generated Z-section-sheathing moments. 
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Mlocal
Mtorsion

wLcosθδb

wLsinθ

Rh

 
Figure 2.4 Free Body Diagram including Rotational Resistance of the Sheathing 
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Equation (2.11) provides the total upper bound restraint force for a single purlin with rigid 

restraints at each end.  Much of the restraint force is dependent upon the eccentricity of the 

gravity load on the top flange of the purlin.  As discussed in appended Paper IV, the eccentricity 

at which the gravity load acts appears to be a function of the torsional stiffness of the purlin – the 

greater the torsional stiffness of the Z-section the less the effective eccentricity – and the local 

deformation of the Z-section top flange.  Most analysis has been performed with an assumed 

eccentricity of δ= 1/3 which typically results in a good approximation of the restraint force.  For 

low slope roofs, it is conservative to assume a higher eccentricity while at higher slopes, a lower 

value of eccentricity results in a conservative estimate of restraint force.  A more detailed 

analysis of the interaction between the sheathing and Z-section is required to better understand 

this behavior.  

2.2 Flexural Behavior of Single Span Z-sections with Interior Restraints 

Conceptually, an end restrained Z-section poses less problems than one with internal 

restraints.  For an end-restrained Z-section, all boundary restraints (vertical, lateral and 

rotational) are applied at the end of the Z-section and it is free to deflect at midspan (although 

partially restrained by the sheathing).  In appended Paper II, some of the nuances of the behavior 

of a Z-section with interior restraints were introduced.  For example, a Z-section not attached to 

sheathing, supported vertically and horizontally at the bottom flange at each end, restrained 

laterally at mid-span at the top flange, and loaded uniformly in the plane of the web as shown in 

Figure 2.5, has the tendency to deflect laterally but movement of the top flange is prevented by 

the mid-span restraint.  To maintain equilibrium, the restraint force at the interior restraint must 
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be zero.  To maintain compatibility, the Z-section deforms at the ends and mid-span as shown in 

Figure 2.5. 

Prest = 0

Rxn = 0

ΔH

End

w

ΔV

Midspan

 
Figure 2.5 Displaced Shape of Z-section Restrained at Mid-Span 

The behavior of a Z-section with an interior restraint at first glance, appears to have 

behavior quite different from that of one with end restraints.  However with some modifications 

as discussed in appended Paper IV, the calculation of restraint forces for an interior restrained Z-

section is similar to that of a Z-section with end restraints.  Like the end restraint case, a uniform 

restraint force is generated in the diaphragm as it resists the lateral movement in the Z-section.  

In calculating this restraint force, there is a slight difference between an interior restraint case 

and supports restraint case.  First, for a supports case, displacement compatibility is determined 

at the mid-span of the member.  For an interior case, compatibility of the lateral displacements is 

taken at the restraint location, and the lateral movement of the top flange due to torsion of the 

section rotation is taken at mid-span for calculation simplicity.  Accounting for these differences, 

Equation (2.7) is modified for a third point restraint configuration to yield     
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To determine the magnitude of the restraint force generated, the rotation of the Z-section 

must be quantified.  Like the supports restraint case, the uniform restraint force at the top flange 

of the Z-section in addition to the vertical component of the gravity load applied eccentrically to 

the top flange of the Z-section cause torsional rotation.  This rotation, ΦTorsion in Figure 2.6, 

represents the rotation of the mid-span relative to the end of the Z-section and is the same as for 
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a supports restraint configuration.  Because restraint is applied at the interior of the Z-section and 

there is flexibility in the diaphragm, there is an additional rotation of the end of the Z-section, 

ΦEnd in Figure 2.6.  Using a small angle approximation, this rotation is the deflection of the 

diaphragm, Δdiaph in Figure 2.6, at the end of the Z-section divided by the depth of the Z-section 

and is constant along the length of the Z-section. The rotational stiffness of the sheathing resists 

the rotation of the Z-section and generates the moment 
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The first term in the brackets represents the moment due to the rotation of the midspan of the Z-

section relative to the end of the Z-section, ΦTorsion, and is identical to the moment generated for a 

supports restraint configuration.  The second term represents the moment generated due to the 

end rotation, ΦEnd, of the Z-section for a third points restraint configuration.  The overturning 

moment is the sum of the moments about the base of the Z-section due to the externally applied 

loads and the moment generated in the sheathing due to torsional effects and local deformation 

effects given by Equation (2.11). 

ΦMS
ΦEnd

Δdiaph

ΦTorsion

 
Figure 2.6 Rotation of Z-section with Interior Restraints 

2.3 General Procedure 

The restraint force from Equation (2.11) represents the force generated in an end restrained 

or interior restrained Z-section provided that the restraint rigidly restricts movement of the top 

flange of the Z-section at the restraint location.  It represents the effects of load eccentricity on 

the top flange of the purlin, the effect of the downslope component of the gravity load in the 

plane of the sheathing, and the effects of the rotational deformation of the Z-section and the 

resistance of the sheathing to this deformation.  This force is an upper bound restraint force 
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assuming a rigid restraint.  Real lateral restraints, however, have some flexibility.  As the 

restraint permits lateral deflection of the top flange at the restraint location, resistance is 

developed by the connection between the sheathing and the purlin and the rafter connection.  

This inherent resistance of the Z-section is referred to as a system effect which, through this 

inherent resistance of the Z-section, reduces the external restraint force. 

Mrafter

Δ

Mlocal

wLcosθ

wLsinθ

Mtorsion

δb

Msheathing

h R

 

(a) Generated Forces and Moments (b) Resisting Forces and Moments 

Figure 2.7 Free Body Diagram of Z-section 

2.3.1 Single Purlin with Flexible Restraints 

The restraint force given by Equation (2.11) is the upper bound restraint force 

considering the restraint to be rigid.  As flexibility is introduced at the restraint, the top flange of 

the Z-section moves laterally at the restraint location.  The Z-section is approximated to rotate 

about the support location and using a small angle approximation, the rotation of the Z-section is 

the lateral displacement of the top flange at the restraint divided by the depth of the Z-section.  

As the Z-section rotates, moments are developed in the connection between the Z-section and the 

sheathing and at the rafter location as shown in Figure 2.7.  Equilibrium of the Z-section is 

determined including these additional moments 
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The force at the restraint is related to the moments in the sheathing and rafter through the 

stiffness of each of these “components”.  The stiffness of the restraint, Krest, is defined as the 

force at the top flange of the Z-section per unit lateral displacement of the top flange of the Z-

section.  The sheathing moment stiffness, Kshtg, is defined as the total moment developed along 

the length of the Z-section per unit lateral displacement of the top flange of the Z-section.  The 

rafter moment stiffness, Krafter, is defined as the moment developed in the connection between the 
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rafter and Z-section per unit lateral displacement of the top flange of the Z-section at the support 

location.  By relating the sheathing and rafter moments to the restraint force through the relative 

stiffness of each of the components, the restraint force is 
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2.3.2 Multiple Purlin System 

In multiple purlin line systems, restraint is typically applied to only a few of the purlin 

lines in the system.  In development of the equations, it is assumed that there is some mechanism 

that transfers the restraint force from the system Z-sections, those Z-sections not directly 

restrained, to the external restraints.  In through-fastened sheathing systems, the sheathing 

transfers this force.  In standing seam systems where lateral movement between the sheathing 

and Z-section is permitted by flexible clips, some external mechanism such as strapping must be 

provided to help transfer the restraint force. 

To relate each purlin line, the system of purlins is approximated as a single degree of 

freedom system.  The mechanism that transfers the restraint force from the system purlins to the 

restraint is assumed to be rigid.  The displacement of the top flange of each purlin at the restraint 

location is therefore the same.  The force in each component of the system is related to the lateral 

deflection of the system at the restraint location through the stiffness of each component.  The 

total stiffness of the system then is the sum of the restraint stiffness, rafter stiffness, and 

sheathing stiffness for each purlin. 

2.3.3 Stiffness of Components 

A detailed discussion of the development of stiffness values for the restraints, the rafter 

connection and the sheathing is provided in appended Paper III. The stiffness values reported in 

appended Paper III are defined according to the force or moment in each component relative to 

the deflection at the restraint height, e.g. the distance from the base of the purlin to the elevation 

at which the restraint is applied.  With further developments in the Component Stiffness Method, 

it became apparent that it is more efficient to consider the stiffness as the force in each 

component relative to the deflection at the top flange of the purlin.  Changes made to the 

equations are provided herein. 
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Restraint Stiffness.  Restraints at the frame line are provided by either antiroll anchorage 

devices which resist the movement of the purlin with a stiffened plate as shown in Figure 2.8(a) 

or by a discrete brace which provides lateral resistance at a discrete location along the depth of 

the purlin and is typically used in conjunction with flange bolts as shown in Figure 2.8(b).   

R
R

 
(a) Anti-roll Anchorage  (b) Discrete Brace 

Figure 2.8 End Restraints 

The stiffness of each restraint is defined as the force developed at the top flange of the Z-section 

at the restraint per unit displacement of the top flange at the restraint location.  As shown in 

Figure 2.9, the deformation at the restraint is the combination of the deformation of the restraint 

device, Δdevice, and the deformation of the web of the purlin relative to the restraint, Δconfig.   

Δdevice

R

Δconfig

 
Figure 2.9 Deformation of Z-section at Support Restraint 

The total stiffness at the restraint, provided in Equation (2.15) is the combination of the stiffness 

of the device at the height at which the restraint is applied, and the stiffness of the web of the 

purlin as the force is transferred transverse to the web of the purlin from the top flange to the 

height of the restraint.  The development of stiffness values for each case is discussed in more 

detail in appended Paper III. 
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Equation 2.15 deviates from the equivalent equation in appended Paper III as it is multiplied by 

h/d.  It was found in subsequent analyses that it is more convenient to define the restraint 

stiffness at the top flange of the Z-section then at the height of the restraint.  Therefore, Equation 

2.15 provided here defines the restraint stiffness as the force at the top flange per unit 

displacement of the top flange whereas Equation (4) in appended Paper III defines the restraint 

stiffness as the force at the restraint height per unit displacement of the top flange of the purlin. 

 Appended Paper III provides a means of approximating the configuration stiffness, 

Kconfig, for two restraint configurations, an antiroll clip and a discrete brace.  The relationship for 

approximating the configuration stiffness for a discrete brace is based upon mechanics and 

modified based on the results of finite element analysis.  The equation will typically overestimate 

the stiffness of the restraint configuration, which will lead to a conservative approximation of 

restraint force but may underestimate the amount of deflection in the system.  Conversely, for an 

antiroll anchorage device, the relationship for approximating the configuration stiffness is based 

solely upon mechanics as no finite element analysis or tests were performed.  Antiroll anchorage 

devices typically posses greater strength than is required in most roof systems but, depending on 

the height of the antiroll anchorage device, may not have the necessary stiffness to laterally 

restrain the top flange of the Z-section.  Consequently, the prediction equation for the 

configuration stiffness of an antiroll anchorage device will typically underestimate the stiffness 

which will lead to a conservative approximation of lateral displacement but may underestimate 

the amount of force resisted by the antiroll anchorage device.  The original equation for the 

configuration stiffness of an antiroll anchorage device presented in Paper appended III (Equation 

6) for simplicity has been reduced to  
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Equation (2.16) may therefore be substituted for Equation (6) in appended Paper III.   

The restraint stiffness at the frame line may also be determined by a fairly simple test 

procedure outlined in detail in appended Paper V.  In this test procedure, load is applied laterally 

at the top flange of a short segment of Z-section representative of the restraint device at the 

rafter.  As load is applied, the lateral deflection of the top flange is measured.  The net restraint 

stiffness, that is, the combined configuration and device stiffness, for the particular device and 

purlin is determined as the load applied at the top flange per unit displacement at the top flange. 
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Restraint stiffness for an interior restraint configuration consists of only the device 

stiffness and the configuration stiffness is assumed to be rigid, i.e. there is no deformation of the 

Z-section top flange relative to the restraint.  The restraint is assumed to be applied at or as near 

as possible to the top flange of the Z-section (within 2 times the inside bend radius from the top 

flange).  In doing so, deformation of the web at the restraint relative to the top flange is 

eliminated and the assumption of the configuration stiffness as rigid is valid.  The restraint 

stiffness is therefore only a function of the device stiffness.  Providing lateral restraint at mid-bay 

requires transferring the restraint force from the interior of the bay to the frame lines, such as a 

horizontal truss.  The stiffness of the entire load path in transferring the load to the frame lines 

must be considered.  Balancing of restraint forces of opposing Z-sections across the ridge of a 

structure was not considered as an interior restraint as a part of this research. 

Rafter connection stiffness.  The connection between the Z-section and rafter can posses 

considerable stiffness and provide resistance to the lateral forces developed in Z-section roof 

systems.  In appended Paper III, for a supports restraint configuration, the rafter stiffness is 

categorized according to whether the Z-section is directly restrained or is a system Z-section.  

The restrained Z-section rafter stiffness is further subcategorized as either a discrete brace or 

antiroll anchorage.  The rafter connection for system Z-sections is subdivided according to 

whether the rafter connection is flange bolted or a web plate connection. 

Subsequent analysis has shown that solution of the problem may be simplified by 

eliminating the calculation of the rafter stiffness at the restrained purlin.  For systems with 

discrete braces, the rafter stiffness is negligible and therefore the increased simplification 

warrants the elimination.  For an antiroll anchorage configuration, the rafter stiffness is included 

in the modified configuration stiffness specified by Equation (2.16). 

For an interior restraint configuration the connection at the rafter is approximated to be 

pinned.  For a flange bolted connection configuration, this approximation is suitable and 

typically provides a conservative estimation of restraint force.  If a web plate connection is used 

along the frame lines as shown in Figure 2.10(b), the web plate can provide considerable 

stiffness and invalidates the assumption of a pinned end for which the equations were developed.  

The prediction equations for an interior restraint configuration will not adequately predict 

restraint force or deflection in this case.  The configuration should instead be considered a third 

points plus supports configuration.     



  27

Sheathing Stiffness.  The connection between the Z-section and the sheathing can provide 

considerable stiffness to the resistance of lateral restraint forces.  As the top flange of the Z-

section at the restraint moves laterally due to the flexibility of the restraint, each Z-section is 

approximated to rotate as a rigid body about its base at the frame line.  Through this rotation, a 

moment is developed in the connection between the Z-section and sheathing.  The moment due 

to the rigid body rotation is uniform along the length of the Z-section.  However, as was shown 

in Section 2.1.2, as the Z-section is subjected to a uniform torsional moment, the mid-span of the 

Z-section rotates relative to the ends, causing an additional moment with a parabolic distribution. 

 
(a) Flange Bolted   (b) Web Plate 

Figure 2.10 Rafter Connections 

Due to local deformation of the purlin, the moment is further modified from the results of finite 

element analysis..  The stiffness of the sheathing, Kshtg is defined as the total moment developed 

along the length of the purlin per unit lateral displacement of the purlin at the restraint location.   
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Because this moment varies with respect to the lateral deflection of the sheathing at the restraint, 

it is treated separately from the torsional moment developed in the sheathing.  A more detailed 

description of the differences between the torsional moment and the sheathing stiffness moment 

is provided in appended Paper III.      

In appended Paper III, a second equation for the sheathing stiffness is provided for a Z-

section that is directly restrained.  This equation takes into account the additional moment 

generated due to local deformation of the web at the restraint location.  This increased moment 

effectively increases the sheathing stiffness.  This additional effect is small and in the interest of 

simplicity of equations, Equation (2.17) can be used in lieu of Equation (23) provided in 

appended Paper III 
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2.3.4 Calculation of Restraint Forces 

The total lateral stiffness of the system of Z-sections is the sum at each purlin of the 

restraint stiffness,  the sheathing stiffness, and, for a supports restraint configuration only, the 

rafter stiffness, or 

d
KK

KK raftershtg
resttotal

∑+∑
+∑=

         (2.18) 

 
Note that this is a slight departure from Equation (2) in appended Paper III as the system 

sheathing and rafter moments are divided by depth, d, instead of restraint height, h, to normalize 

the stiffness at the sheathing level.  Also, for simplicity, the restrained purlin sheathing and rafter 

stiffness is eliminated.  For an interior restraint configuration, the connection between the rafter 

and the sheathing is assumed to be pinned so the rafter stiffness is eliminated and Equation 

(2.18) is reduced to Equation (9) as shown in appended Paper IV. 

The total lateral force generated by the system of Z-sections is the sum of the upper 

bound forces calculated from Equation (2.11) for each individual Z-section.  For a uniform 

system of purlins, that is the same purlin size with the magnitude of uniform load on each purlin 

the same, Equation (2.11) need only be calculated for a single purlin and multiplied by the 

number of purlins in the system.  If the magnitude of the uniform load or the purlin size varies 

within a bay, Equation (2.11) must be calculated for each different purlin and the summed for all 

of the purlins in the bay. 

To determine the total restraint force, the total lateral force in the system is multiplied by 

the ratio of the stiffness of the restraints to the total stiffness of the system, or 
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The difference between the total upper bound lateral force and the total restraint force is the 

amount of load distributed to the system due to the system effects of the rafter and sheathing 

stiffness.  To determine the distribution of forces between multiple restraints, the force in each 

individual restraint determined by multiplying the total restraint force by the ratio of the stiffness 

of the individual restraint to the total restraint stiffness. 
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2.3.5 System performance 

There are two other aspects that must be considered when determining the effectiveness 

of the restraint.  First, lateral deformation of the system must be considered.  Lateral deflection 

should be checked at the restraint location as excessive deformation could lead to failure.  In the 

event that adequate stiffness is not provided to limit deflection, the stiffness of the restraints can 

be increased by adding restraints or increasing the stiffness of the existing restraints.  Lateral 

deflection also needs to 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.  

Calculation of the lateral deflection of the mid-span of the system is provided in appended Paper 

III for a supports restraint configuration and the lateral deflection of the purlin ends for an 

interior restraint configuration is provided in appended Paper IV. 

 The second aspect critical to the performance of the restraints that must be considered is 

the force transferred from the sheathing to the purlin at the restraint location.  From the results of 

finite element models, the force in the sheathing is transferred out over a small distance along the 

length of the purlin and can be significant, even exceeding the restraint force for a supports 

restraint configuration.  This force must be determined to ensure that the fasteners between the 

sheathing and purlin have adequate capacity to transfer the restraint force. 
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3. Finite Element Model Analyses 

3.1 Development of Finite Element Models for Predicting Lateral Restraint Forces 

An existing finite element model was improved and a new model developed for 

predicting the lateral restraint forces in Z-section roof systems.  The finite element models, 

calibrated to test results, allowed for the limited number of laboratory tests to be expanded to 

investigate the different variables in the development of the equations.  The finite element 

models also provide a means of rational analysis to predict lateral restraint forces for more 

complex roof systems.   

Improvements were made to the frame finite element model developed by Elhouar and 

Murray (1985) and modified by Neubert and Murray (1998).  These improvements are discussed 

in detail in appended Paper I.  The model uses frame elements to represent the Z-section and a 

truss system to represent the diaphragm.  Modifications were made to the properties of Z-section 

elements and the diaphragm was redefined to make the properties more uniform.  These 

modifications improved the correlation of the finite element models with the test results. The 

advantage of this model is the simplicity in which it can be set up.  An engineering office with a 

basic frame analysis program can develop and analyze a roof system with this model.  An entire 

roof can easily be modeled and run in a timely manner.  The simplicity of the model has some 

disadvantages in that it approximates the behavior of the Z-section, particularly the end 

conditions.  It does not capture the local deformations at the restraint locations and at the support 

locations. 

A shell finite element model to predict lateral restraint forces that takes advantage of 

accessible finite element analysis programs available today was also developed.  The first order 

linear elastic model uses shell finite elements to represent the purlin and sheathing.  External 

restraints are modeled using frame finite elements and the connection between the purlin and 

sheathing is made by a spring element.  Gravity loads are directly applied to the sheathing as area 

loads.  A more detailed discussion of the development of the model is provided in appended 

Paper I.  The model provides a fairly accurate and detailed approximation of a purlin system to 

predict restraint forces.  Plots showing the correlation of the finite element model with the results 

of laboratory tests is presented in Appendix II “Results of Laboratory Tests of Lateral Restraint 

Forces”  The model accurately represents the flexibility introduced to the system at the restraint 

location and the system has the flexibility to model different restraint methods and 
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configurations (such as interior rotational restraints).  The complexity of the model limits its 

usefulness for day to day design use, however.  The shell finite element model is also limited in 

practicality based on the sheer size of the model.  A three span model with 10 purlin lines can 

have upwards of 100,000 elements and run times can be significant. 

 
Figure 3.1 Representation of Elements in Shell Finite Element Model 

3.2 Finite Element Model to Develop Prediction Equations 

To develop prediction equations, a database of finite element models was evaluated.  

Four database series of finite element models were investigated.  Upon completing each series, 

equations were developed and refined.  As knowledge was gained in previous rounds, 

refinements to both the finite element model and the analysis procedure were made. 

For the initial database of tests, a 10Z2.6 purlin (10 in. deep with a 2.6 in. wide flange) 

spanning 20 ft – 0 in. and spaced at 54 in. provided the basic purlin layout.  Most tests were 

performed with eight purlin lines, however some tests were performed with four purlin lines.  

For each purlin/sheathing combination, five restraint configurations were investigated – supports, 

midpoints, third points, quarter points and third points + supports.  The main variables 

influencing the restraint force are purlin thickness, rotational stiffness of the connection between 

the purlin and sheathing, and height of the external restraint relative to the web of the purlin.  

The purlin thicknesses were chosen to envelop the typical range of thicknesses used in the 

industry: 0.060 in., 0.097 in., and 0.135 in.  Four link (connection between purlin and sheathing) 

rotational stiffness values were investigated: 500 lb-in/rad, 1000 lb-in/rad, 5000 lb-in/rad, and 
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10,000 lb-in/rad.  Restraint was applied at three locations along the web of the purlin: at mid-

depth, at ¾ depth from the base of the purlin and at the top of the purlin.  Thus for each of the 

single span and multiple span systems, when looking at the five different restraint configurations 

the total number of models evaluated for both single span and three span through-fastened 

systems is 180 (five restraints times three purlin thicknesses times four link stiffness values times 

three restraint height locations = 180).      

For the initial series of tests, the diaphragm shear stiffness of the through-fastened models 

was maintained at 27,500 lb/in. for consistency with the modeling performed by Neubert and 

Murray (2000)  For most systems, a diaphragm stiffness above 10,000 lb/in is essentially rigid 

and it was found in preliminary tests of the finite element model that very little variation existed 

in restraint forces for diaphragms ranging in stiffness from 10,000 lb/in to 27,500 lb/in.  The 

bending thickness of the sheathing was maintained at 0.33 in. corresponding to a moment of 

inertia of 0.036 in4/ft width – typical for 26 ga. through-fastened panel with 1 1/4 in. ribs. 

The second database series of tests investigated the effects of purlin depth and span on 

restraint forces.  Two depths of purlins, 8 in. and 12 in, with a 2.6 in flange spanning 20ft – 0 in. 

and a 10 in. purlin with a 2.6 in flange spanning 30 ft – 0 in. were investigated.  The same 

sheathing properties, range of purlin thicknesses and purlin-sheathing connection stiffness values 

as the first database series were used for the second series.  The tests were only performed for a 

supports restraint configuration. 

The third database series investigated the effects of the stiffness of the diaphragm on the 

restraint forces.  All of the models utilized a 10Z2.6 purlin as was used for the first series of 

models.  The same range of purlin thickness and sheathing – purlin connection rotational 

stiffness values as the first series were used.  Diaphragm stiffness (G’) values of 250 lb/in, 1000 

lb/in, 2500 lb/in and 7500 lb/in were investigated. 

From each model, results were extracted and used to develop the Component Stiffness 

Method.  The lateral restraint force at each location, the moment in the connection between the 

purlin and the sheathing at one ft intervals along the span of each purlin, and the moment at the 

purlin to rafter connection were recorded.  In addition to these forces and moments, the lateral 

displacement of the top flange of the Z-section at the rafters, quarter points and third points was 

recorded.  By relating the forces and moments to lateral displacement of the top flange of the Z-

section at the restraint location, stiffness values for each of the components: restraints, rafter 
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connection and sheathing, were derived.   From each model, the restraint stiffness, the rafter 

connection stiffness of each purlin, and the sheathing stiffness of each purlin was assembled into 

a database.  Using SigmaPlot Ver 8.0, stiffness equations for each of the components derived 

from mechanics were modified to improve correlation with the database values.  The resulting 

equations are presented in appended Paper III.    
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4. Discussion, Conclusions and Future Work 

The Component Stiffness Method is a valuable tool for both predicting lateral restraint 

forces in Z-section roof systems and predicting the performance of the roof system.  The method 

has advanced the engineering community’s understanding of the flexural behavior of Z-sections 

and the interaction between the Z-section and the sheathing.  Because the method is based upon 

mechanics principles, it can be adapted to other bracing configurations not explicitly studied 

here. 

Two types of finite element models have been presented for predicting lateral restraint 

forces.  The first model, a frame finite element model, has been improved from the work of 

previous researchers.  The improvements made have been based upon the results of laboratory 

tests.  The simplicity of the model lends itself to day-to-day use in predicting lateral restraint 

forces for common bracing configurations.  The second model uses shell elements to model the 

purlin and sheathing in a roof system.  This model shows good correlation with test results and 

provides the most accurate representation of the roof system.  The model is a valuable tool for 

research and development of alternative bracing systems and complex purlin and bracing 

configurations, but the size of the model and the number of elements limits its usefulness for 

routine analysis of lateral restraint forces in Z-section roof systems.    

 Thus far, only equations for single span systems have been derived using the Component 

Stiffness Method.  The principles of the Component Stiffness Method apply to multiple span 

systems, however there are details of multiple span systems that must be worked out – 

particularly the effect of interaction of adjacent bays on the distribution of restraint forces.  There 

are also several other common restraint configurations that the derived equations could account 

for, namely supports plus interior lateral restraints and supports plus interior rotational restraints. 

There are several aspects of the finite element models that require further investigation.  

The interaction between the sheathing and the purlin in the generation of the effective load 

eccentricity requires further study.  Systems of purlins with standing seam sheathing that 

incorporates lateral movement in the clip should be modeled perhaps with a nonlinear spring to 

better capture the behavior of purlins incorporating this type of system.  Second order effects are 

considered negligible, but a more sophisticated finite element model would help to understand 

the second order behavior and help to discover cases where second order effects may pose 

problems. 
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b =  width of Z-section top flange (in)  (mm) 
Bay =  total width of diaphragm perpendicular to span (ft) (m) 
d =  depth of Z-section (in) (mm) 
E =  modulus of elasticity (29,500,000 psi) (203,400 MPa) 
G =  shear modulus (11,200,00 psi) (77,200 MPa) 
h =  height of applied restraint measured from base of Z-section 

    parallel to web (in) (mm) 
IX =  moment of inertia of full unreduced section about axis perpendicular to the plane of the 

    web (in4) (mm4) 
IXY =  product of inertia of full unreduced section about major and minor centroidal 

    axes (in4) (mm4)  
Kmclip =  combined rotational stiffness of sheathing and connection between the Z-section and 

    sheathing (lb-in/ft) (N-m/m) 
L =  span of Z-section (ft) (m) 
nP =  number of restrained purlins per anchorage device 
PL =  total overturning force generated per purlin (lb) (N) 
R =  lateral restraint force (per restraint) of a system of purlins (lb) (N) 
t =  thickness of Z-section (in) 
U =  applied loading (lb) 
w =  uniform loading on Z-section (lb/ft) (N/m) 
W =  total load between supports applied uniformly to a system of Z-Sections (lb) (N) 
Width =  tributary width of diaphragm (perpendicular to Z-Section Span) per 

     Z-section.(in) (mm) 
δ =  load eccentricity on Z-section top flange (1/3) 
θ =  angle between the vertical and the plane of the Z-section web (degrees) 
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Computer Modeling of Sloped Z-Purlin Supported Roof 
Systems to Predict Lateral Restraint Force 

Requirements 
 

Michael W Seek, PE1 and Thomas M Murray, Ph.D., PE2 

 
 

Abstract 
 
Lateral restraint or anchorage forces in Z-purlin supported through-
fastened and standing seam (concealed clip) roof systems have been 
studied using the finite element method.  Results from frame element 
models as well as full plate models are presented and compared to 
experimental results.  Single and three span continuous systems with 
five restraint configurations were examined at roof slopes varying from 
zero to eighteen degrees from the horizontal.  Recommendations for 
modification of existing anchorage force prediction equations are made. 
 
Introduction 
 
Z-Purlin supported roof systems have long been used by the metal 
building industry as a cost effective means of covering large roof 
systems.  The development of standing seam systems has solved the 
thermal expansion and sealing problem of through-fastened systems.  
Their suitability in these applications has resulted in increased use as 
roof systems for conventional structures. 
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As a flexural member, the Z-purlin presents significant challenges from 
an analysis perspective.  When an unrestrained Z-purlin is loaded in the 
plane of its web, it deflects laterally as well as vertically.  Torsion is 
induced as a result of second order effects of the lateral displacement.  
Its stability is contingent upon its attachment to the rafters, attachment 
to the roof sheathing and the application of external lateral restraint.  
Lateral restraint is typically applied in discrete locations along the 
length of a purlin.  
 
Due to the many variables involved, the behavior of Z-purlin supported 
roof systems is difficult to accurately predict.  A means of predicting 
lateral restraint forces is currently specified in the North American 
Specifications in Section D3.2.1 (AISI, 2003).  It has been found from 
tests performed by Lee and Murray (2001) and the authors that the 
AISI equations can be overly conservative for low slope roofs and 
unconservative for roofs with large slopes. 
 
In an effort to provide a reliable means of predicting lateral restraint, 
two computer models have been investigated.  The first model with 
frame type finite elements had been developed previously by Elhouar 
and Murray (1985) and modified by Neubert and Murray (1999).  It has 
been found that with further modifications to this model, good 
correlation to test results is realized.  A second finite element model 
utilizing shell elements to represent the purlin and sheathing was  also 
developed.  It too has been shown to have good correlation with test 
results.  The models will provide a means of modifying the lateral 
restraint force prediction equations proposed by Neubert and Murray 
(1999; Hancock, Murray, and Ellifritt, 2001) to allow for the direct 
calculation of lateral restraint forces. 
 
Frame Finite Element Model 
 
The frame element stiffness model used in the current analysis was first 
developed by Elhouar and Murray (1985).  This model was correlated 
to full scale and quarter scale test results.  Through regression analyses  
of the model results, a series of parametric prediction equations was 
proposed and adopted by AISI.  The equations, functions of purlin 
depth, thickness, flange width, and the number of purlins restrained, 
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provide the basis for the current lateral restraint provisions specified in 
Section D3.2.1 of the North American Specifications (AISI 2003). 
 
One important factor that the Elhouar and Murray (1985) study did not 
take into account is diaphragm stiffness.  The frame element model was 
revisited by Neubert and Murray (1999) and modified to include 
variation of diaphragm panel stiffness.  As a result of this work, a new 
methodology for the prediction of lateral restraint forces was proposed 
incorporating purlin cross sectional properties, diaphragm stiffness, and 
system effects.  This prediction method is referred to as the Neubert 
and Murray Method. 
 
The representation of the purlin used in these studies is shown in Figure 
1.  It is discretized into 12 segments along its length so that the third 
points, quarter points and midpoints all coincide with a node location.  
The purlin is comprised of Type A, B, C and F elements.   
 
The Type A elements are the main components representing the purlin.  
The local X axis of the Type A element is oriented along the global X 
axis, but the member is rotated such that the local z and y axes 
correspond to the principal Y2 and X2 axes respectively as defined in 
the AISI Cold-Formed Steel Design Manual (1996).  The section 
properties of the element correspond to the gross section properties of 
the purlin, i.e. Area = Area of the Purlin, Izz = Iy2, Iyy = Ix2.  To account 
for warping torsional stiffness and eliminate large torsional 
displacements, the torsional constant, J is set at an arbitrarily high value 
of 10 in4 (416 x 104 mm4). 

 
Figure 1.  Model of Purlin in Frame Finite Element Model 
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Table 1.  Frame Model Properties 
 

 
Type B and F elements connect the Type A element with the roof 
sheathing and have properties corresponding to L/12 and L/24 of the 
purlin respectively.  The local axes of these elements are denoted in 
Figure 1 by x′, y′ and z′.  The most important property of these 
elements is the moment of inertia about the local y′ axis, Iyy.  This 
property, in the case of the type B element, is the moment of inertia of a 
rectangular element with width equal to the tributary width of the 
element, L/12, and a height equal to the purlin thickness, t.  The 
remaining properties of the Type B and F elements are denoted in 
Table 1. 
 
Type C elements provide connection between the Type A element and 
the rafter supports and have the same local axes as the type B and F 
elements.  A major departure from previous models is the treatment of 
the moment of inertia about the y-axis, Iyy.  To eliminate excessive 
deformation of the type C element, Elhouar and Murray (1985) 
increased its moment of inertia twelve fold from that equivalent to a 
tributary width of L/2 to a value of: 
 

2

3LtI yy =             (1) 

Element 
Type 

Model 
Area 

Model 
Iyy 

Model 
Izz 

Model 
J 

A Area of 
Purlin Ix2 Iy2 10 (416 x 104 mm4) 

B 
12
Lt  

144

3Lt  J Ix2 

C 
2
Lt  

24

3Lt  J Ix2 

F 
12
Lt  

288

3Lt  J Ix2 
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Neubert and Murray (1999) felt this value still resulted in excessive 
deflections and consequently underestimated restraint force results, so 
the value of Iyy was increased arbitrarily to 1 in4 (416 x 103 mm4) to 
eliminate all bending deformation about the y axis in the Type C 
element.  In the current study, it was found that results closer to test 
results are realized if this value is reduced back to a value equal to the 
tributary width of the Type C element of L/2.  The resulting value for 
the moment of inertia about the y-axis is then  

24

3LtI yy =             (2) 

     
Figure 2 Diaphragm Elements 

 
Figure 2 shows the “truss” diaphragm configuration used in this study.  
It follows the configuration used by both Elhouar and Murray (1985) 
and Neubert and Murray (1999) with some modification.  The 
diaphragm is attached to the purlin at the top of the Type B and Type F 
elements.  The diaphragm is comprised of type M, N, O and P 
elements, which are modeled as truss elements, i.e. bending stiffness 
about all axes is released and the element has only axial stiffness.  The 
properties of these elements are derived from two stiffness sub-models.  
The first model, shown in Figure 3(a), is used to determine the cross 
sectional area of the diagonal type O elements, AO, based on the desired 
diaphragm stiffness.  Once the area of the Type O element is known, 
the second stiffness model, shown in figure 3(b), is solved for the area 
of the type N, M, and P elements, AN, AM, and AP, respectively, to 
yield the true axial stiffness of the sheathing.  Analyses of the models 
yields: 
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Δ

Δ

 
(a) (b)  

Figure 3.  Cantilever Diaphragm Models  
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z

EA
K panel

axial =            (11) 

and  
z  = Purlin Spacing c. to c. (in.) (mm) 
L  = Purlin Span (in.) (mm) 
E  = Modulus of Elasticity (ksi) (MPa) 
G’  = Panel Diaphragm Stiffness (kip/in.) (N/mm) 
Apanel  = Panel Cross Sectional Area (in2/in panel width) 

    (mm2/mm width)    
Previous applications of the diaphragm model in the Figure 2 model 
have used rigid supports for the immediate lateral restraints as shown in 
Figure 4 (a).  In laboratory tests and actual field conditions, these 
restraints have a finite stiffness.  Through analysis of the finite element 
models, Watson and Sears, (2003) discovered that variation of the 
stiffness of the lateral restraint can have a large effect on the restraint 
force.  To simulate the stiffness of the restraints in laboratory tests, a 
beam of equal stiffness is modeled between rafter supports.  Lateral 
restraints are attached to the beam along the purlin span as shown in 
Figure 4 (b).  The connection between the diaphragm and beam is made 
by a type E element – a truss element with cross sectional area 
equivalent to a ½ in. (12.7 mm) diameter threaded rod as was used in 
the experimental tests. 

(a)

(b)

Figure 4.  Restraint Anchorage
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In many standing seam roof systems, the clip connection between the 
purlin and standing seam sheathing incorporates a slider tab that allows 
the sheathing to move relative to the purlin to accommodate thermal 
expansion of the roof.  To simulate this flexibility, the clip connection 
was modeled with a two node Link element.  A Link element allows 
the user to define translational and rotational spring stiffness values 
between two nodes.   The Link element is given a linear translational 
spring stiffness of 500 lb/in. (87.6 N/mm) in the direction parallel to the 
roof seams and perpendicular to the web of the purlin.  This value was 
chosen because it gave the best correlation with test results. 
 
Gravity loads are applied as uniformly distributed force along the Type 
A elements.  The gravity force is divided into vertical and horizontal 
components according to the roof slope.  The vertical force is w cos(θ) 
and the horizontal force is w sin(θ), where θ is the roof slope angle and 
w is the tributary linear load on each purlin.  Because the vertical 
component of the gravity load is thought to act at an eccentricity of 1/3 
the width of the top flange, an additional torque, T, is applied to the 
nodes at the top of the Type B and F elements, 

 

123)cos( LbwT ××= θ  
 

where b is the width of the purlin top flange.  
 
Shell Finite Element Model  
 
A plate element finite element model was developed using SAP 2000 
Nonlinear V8, which has nonlinear capabilities.  However, the analyses 
were restricted to linear, first order analyses.  The model is comprised 
of two types of shell elements to represent the purlin and deck.  The 
purlin is discretized into 2 in. (50.8 mm) segments along the length.  A 
representation of the purlin is shown in Figure 5.  The web is divided 
into four equal segments, the flange into three equal segments, and each 
edge  stiffener  into a single element.   The discretization was chosen so 
as to maintain a maximum four to one aspect ratio for all elements.  
Each element has a bending and membrane thickness equal to the 
purlin thickness. 
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The sheathing panel is modeled with 12 in. (305 mm) along the length 
of the purlin by 10.8 in. (274 mm) between purlin elements.  (10.8 in. x 
5 panels = 54 in. (1370 mm) purlin spacing).  The membrane thickness 
of these elements is equivalent to the nominal thickness of the 
sheathing panel.  To account for the bending stiffness provided by 
sheathing ribs, the bending stiffness of the element is equivalent to that 
of the deck, that is:   

3 12 I sheathingsheathingt =          (13) 
  
where Isheathing is the sheathing moment of inertia per unit of width. 
 
To provide for variable panel shear stiffness, an orthotropic material 
was used, which allowed the shear modulus to be entered explicitly.  
Using a small model similar to the Cantilever Test for Diaphragms 
(Cold-Formed 1996), the shear modulus was adjusted until the desired 
panel shear stiffness was reached.  Table 2 shows the panel diaphragm 
stiffness and respective shear modulus values used. 
 

Figure 5.  Shell Finite Element Model
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Table 2.  Shell Diaphragm Properties 
 
Panel Diaphragm Stiffness 

(lb/in) (N/mm) 
Shear Modulus (psi) (MPa) (Based On Panel 
Membrane Thickness = 0.0197 in.) (0.5 mm) 

500 (876) 25000 (172) 
1000 (175) 50000 (345) 
2500 (438) 115000 793) 
7500 (1313) 297000 (2048) 

12500 (2189) 442000 (3047) 
20000 (3502) 617000 (4254) 
27500 (4816) 775000 (5343) 

 
The attachment between the deck and the purlin is by a 2 node Link 
element.  For the through fastened system models, the link represents 
the semi-rigid moment connection between the deck and purlin.  Thus 
the link element has reduced stiffness for moment transfer between the 
purlin and deck about the Global X axis.  The link attachment matched 
the fastener spacing of the laboratory test, that is, 12 in. (305 mm)  For 
the standing seam models, the link element represented the standing 
seam clip attaching the sheathing to the purlin.  The clip does not 
completely restrain rotation between the panel and purlin and many 
systems incorporate slider tabs that allow displacement between the 
sheathing and purlin.  Therefore, for standing seam models, the link 
elements are spaced at 24 in. (610 mm) intervals to match clip spacing 
and are given translational spring stiffness in the global Y and 
rotational spring stiffness about the global X axis.  The link element 
attaches the sheathing to the purlin at a distance of 1/3 of the flange 
width. 
 
Load is applied directly to the sheathing as a uniformly distributed area 
load in both the global Y direction (gravity) and the global Z direction 
(downslope).  To account for roof slope, the load in the global Y 
direction is equal to U cos(θ) and in the global Z direction is equal to U 
sin (θ), where U is the uniformly distributed load and θ is the roof 
slope. 
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At each simulated rafter support location, the purlin is restrained 
against translation in the Global Y and Z directions as well as rotation 
about the Global X axis.  This restraint is applied at a discrete point at 
the centerline of the rafter support at the base of the purlin web. 
 
The lateral restraint is applied in a similar manner as the frame element 
models.  To match test specimens, the lateral restraints, modeled as a 
truss elements with the cross sectional area of a ½ in. (12.7 mm) 
diameter rod, are attached to the web of the purlin 2 ½ in. (63.5 mm) 
below the top of the purlin.  Rather than attaching these restraint rods to 
a rigid support, a beam representing the test specimen was modeled 
similar to Figure 4 (b). 
 
Comparison of Finite Element Models with Laboratory Test 
Results 
 
To test the validity of the anchorage force prediction current equations 
in Section D3.2.1 of the North American Specification, the method 
proposed by Neubert and Murray (1999), and the modified finite 
element models, a series of full scale laboratory tests was performed.  
The tests were performed using 10ZS2.6x0.097 purlins spaced at 54 in. 
(1372 mm) center to center.  The purlins spanned 20 ft (6096 mm) for 
the single span tests and three 20 ft (6069 mm) spans for the multiple 
span tests.  For the multiple span cases, the purlins were lapped a total 
of 6 ft (1829 mm) centered over the rafter.  The tests included 
combinations of two, four, and six purlins on single spans and six 
purlins lines over multiple spans.  Each of these combinations was 
tested using conventional through fastened sheathing and standing 
seam sheathing and clips with slider tabs.  The test apparatus permitted 
variation in slope from zero to a 4:12 pitch.  For each purlin 
arrangement and bracing configuration, the test specimen was loaded 
uniformly to approximately 20 psf. (958 Pa).  Six anchorage force 
measurements at incremental slopes between 0 and 4:12 were taken.  
Five different anchorage configurations were investigated:  Supports, 
3rd Points, Midpoints, Quarter Points and 3rd Points + Supports.  
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For virtually all combinations of purlins and restraint configurations, 
the North American specification equations give poor correlation with 
the test results.  The results are typically highly conservative for low 
slope roofs but tend to be unconservative for roof pitches above 2:12. 
 
The prediction method proposed by Neubert and Murray (1999) 
resulted in better correlation than the North American Specification 
method.  Considering the Supports, 3rd Points and Midpoint restraint 
configuration on single span systems, the Neubert and Murray method 
shows good correlation but deviates slightly with increasing number of 
purlin lines.  For Quarter points and 3rd Points + Supports 
configurations, the Neubert and Murray method does not very well 
correlate with the test results.  A similar trend is observed for the 
multiple span configurations. 
 
With the modifications made to the frame element models outlined in 
this article, improved correlation with the test results is realized.  The 
improvement is minor when considering Supports, 3rd points and 
midpoints restraints because the correlation with the Neubert and 
Murray method is already fairly good.  The improvement is particularly 
noticeable when considering the 3rd points + Supports and Quarter 
Points cases.  However, for the quarter points restraint using through 
fastened deck, the results begin to deviate quite dramatically as the 
number of purlin lines is increased. 
 
The correlation between the test results and the plate finite element 
models is very good for virtually all test cases.  The through fastened 
cases show the best correlation.  The standing seam models show some 
slight deviation from the test results but still provide a fairly accurate 
means of predicting restraint forces.  The plate finite element model 
seems to be very stable and less susceptible to slight changes in the 
model than the frame finite element model.  However for large systems 
of multiple spans with 6 or more purlin lines, run times with the plate 
finite element model approach 1 hour, while the run time for an 
equivalent frame finite element model is virtually instantaneous. 
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Conclusions 
 
Progress has been made towards better predicting the anchorage forces 
requirements in standing seam roof systems.  Modifications have been 
made to the frame finite element model that was used to develop both 
the equations in Section D3.2.1 of the North American specifications 
and the Neubert and Murray Method.  Modifications to this model have 
improved the correlation to test results.  Additionally a plate finite 
element model has been developed that too shows good correlation to 
test results.  It is felt that with improvement to the finite element 
models, improvements to the Neubert and Murray Method can be made 
to provide an accurate means of directly calculating the required 
restraint forces in Z-purlin supported roof systems. 
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Appendix – Notation 
 
 Apanel = Panel cross sectional area (in2/in panel width) (mm2/mm 

   panel width) 
AM  = Area of Type M element (in2) (mm2) 
AN  = Area of Type N element (in2) (mm2) 
AO  = Area of Type O element (in2) (mm2) 
AP  = Area of Type P element (in2) (mm2) 
E  = Modulus of elasticity (ksi) (MPa) 
G’  = Panel diaphragm stiffness (kip/in.) (N/mm) 
ISheathing = Moment of inertia of roof sheathing per unit width 

    (in4/in.)(mm4/mm) 
IX2  = Minor principal axis moment of inertia (in4) (mm4) 
IYY  = Moment of inertia about local y axis (in4) (mm4) 
IY2  = Major principal axis moment of inertia (in4) (mm4) 
IZZ  = Moment of inertia about local z axis (in4) (mm4) 
L  = Purlin span (in.) (mm) 
T  = Torque due to dccentric loading on purlin flange (lb-in) 

    (N/mm) 
tsheathing  = Equivalent bending thickness of roof sheathing (in.) (mm) 
U  = Total uniformly distributed gravity load (psf) (Pa) 
w  = Tributary line load on purlin (plf) (lb/in) (N/mm) 
z  = Purlin spacing center to center (in.) (mm) 
θ  = Roof slope angle (degrees) 
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MECHANICS OF LATERAL BRACE 
FORCES IN Z-PURLIN ROOF SYSTEMS 

 
Michael W Seek, PE1 and 

 Thomas M Murray, Ph.D, PE2 
 
 
 
Z-beams, or Z-purlins, have gained widespread use in both the metal 
building industry and more recently in conventional building structures 
because of their structural efficiency, transportability, and their low 
production costs from recycled materials.  Despite their popularity, the 
industry is still working to understand their behavior.  One aspect of 
that has eluded understanding is the mechanics that generate the need to 
provide lateral braces in Z-purlin roof systems.  This paper investigates 
the forces in lateral braces applied eccentrically from the shear center 
of a Z-purlin.  Equations have been developed that predict the 
restraining forces provided by a diaphragm attached to the top flange, 
taking into account roof slope, diaphragm stiffness and gravity load 
applied eccentrically to the top flange.  The equations are limited to 
single span roof systems and do not account for torsional restraint 
supplied by the supports and the bending stiffness of the sheathing.  
Despite the limitations, the equations developed still provide increased 
understanding of the behavior of Z-purlin roof systems that generates 
the need to provide lateral restraints. 
 

EQUATION DEVELOPMENT 
 

In their 1955 paper, Zetlin and Winter provided a simplified means of 
calculating stresses, deflections, and intermediate brace forces for Z-
beams.  Derived from moment-curvature relationships, their method 
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introduced modified moments of inertia and a fictitious horizontal load.  
The method allows a designer to use conventional formulas for 
symmetric (constrained) bending and apply them to the problem of 
unsymmetric bending.  The modified moments of inertia about the 
orthogonal X and Y axes are: 
      

Y

XYYX
mX I

III
I

2−
=   (1)  

X

XYYX
mY I

IIII
2−

=  (2) 

and fictitious horizontal load is:  
 

REAL
X

XY
FICT U

I
I

U =  (3) 

     Figure 1.  Purlin Axes 
 
To determine the vertical deflection of a Z-beam loaded in the plane of 
its web, the conventional deflection formula for symmetric bending for 
a specific load case and the modified X-axis moment of inertia, ImX, can 
be used.  The horizontal deflection can then be determined from the 
same formula for symmetric bending by using the fictitious horizontal 
force, Ufict, and the modified moment of inertia about the Y-axis, ImY. 
 
For example, the mid-span vertical deflection, ΔY, and the 
corresponding horizontal deflection, ΔX, for a uniformly loaded, single 
span, simply supported Z-beam are given by: 
 

mX
Y EI

wL
384
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=Δ                (4) 

 
and 
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⎛
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The Zetlin and Winter method ignores the second order torsion 
incurred due to the lateral displacement of the Z-beam, which in some 
cases can be quite large.  Horizontal braces can be used to mitigate 
horizontal deflection and consequently the second order moments.  The 
modified moments of inertia can again be used to calculate the 
magnitude of the brace force.  Referring to Figure 2(a), in the absence 
of the horizontal brace, the Z-purlin will deflect laterally according to 
the fictitious force U(IXY/IX).  The application of the horizontal brace 
applies a real force, R, which will restore the Z-purlin to its original 
horizontal position at the point of application of the brace, as shown in 
Figure 2(b). 

U

ΔX

ΔY

U

R

 
 

(a)  Unrestrained Dislacement (b)  Restrained Displacement 
 

Figure 2 
 
Using the previous example, but expanding it to include a horizontal 
brace force applied at the mid-span of the member, the horizontal 
deflection needed to restore the Z-purlin to its original horizontal 
position due to the applied restraint force, R,  is 
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3
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By setting the horizontal deflection due to the uniformly distributed 
vertical load equal to the restoring horizontal deflection of the restraint 
force, the restraint force is: 
 

L
Ix
Ixy

wR ⎟
⎠

⎞
⎜
⎝

⎛=
8
5                 (7) 

 
For this to hold true, the applied loads and restraints must act through 
the shear center of the Z-beam or torsional restraints must be applied.  
In the event that these conditions are not met, torsional effects must be 
considered.  This is often the case in conventional roof systems 
utilizing Z-purlins, where at the rafters the Z-purlin is supported by its 
bottom flange, load is applied to the top flange, and restraint is applied 
at or near the top flange. 
 
For cases in which torsion cannot be ignored, the method of Zetlin and 
Winter may be expanded by considering torsional effects as in Carter 
and Seaburg (1997).  When restraint is applied at locations other than 
the shear center of the purlin, Figure 3 (a), the restraint force is the 
force that restores the horizontal displacement at that particular 
location.  But to do so, it causes the purlin to twist.  The amount of 
twist can be quantified by resolving the restoring force into two 
components – a horizontal force applied at the shear center, R, and a 
couple, M = R*(d/2).  Referring to Figure 3(b), the restoring 
displacements are divided into two components: Δx,shearcenter, the 
restoring horizontal displacement due to the component of force 
applied at the shear center, and Δx,torsion, the displacement of the top 
flange relative to the shear center due to the torsion. Using small angle 
approximation, Δx,torsion is equal to Φ*d/2. 
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(a) Restraint at Top Flange       (b) Forces Resolved at Shear Center 
 

Figure 3.  Z-purlin Restrained at Top. 
 
Revisiting the previous example of a uniformly loaded Z-beam, but 
with horizontal restraint applied at the midspan of the purlin at the top 
flange, the equation for the unrestrained horizontal deflection due to an 
applied uniform load in the vertical direction, ΔX, is the same as before.  
The restoring horizontal deflection due to the restraint at the shear 
center, ΔX,shearcenter, is the same as ΔX,restraint from the previous example.  
From Carter and Seaburg (1997), the twist angle, Φ, for a beam that is 
warping free and torsionally restrained at the ends and subjected to a 
concentrated torque applied at mid-span is: 
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With M=R*(d/2) and using small angle approximation to obtain 
ΔX,torsion = Φ*d/2 yields 
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By equating the horizontal deflection due to the vertically applied load 
with the restoring horizontal deflection due to the applied brace, that is 
∆X = ∆X,shearcenter + ∆X,torsion , and solving for the restraint force yields 
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which is similar to that obtained when torsion is ignored.  If the purlin 
has a large torsional stiffness, the second term in the denominator 
approaches zero and the restraint force approaches that for a purlin 
restrained at its shear center, that is, R=5/8wL(IXY/IX).  If the purlin has 
a small torsional stiffness, the restraint force will approach zero. 
 
It is interesting to note the behavior of the purlin in the absence of 
torsional restraints at the ends.  If the purlin in the above example is 
supported at each end only by pinned restraints at the bottom flange, 
and the horizontal brace is applied to the top flange, then the restraint 
force will counterintuitively be zero.  In using the formulation of Zetlin 
and Winter, the force causing horizontal displacement is fictitious and 
therefore should not be included in equilibrium equations.  Therefore, if 
moment equilibrium is calculated by summing moments about the 
pinned supports at the base of the purlin, the restraint force at midspan 
must be zero.  The Z-purlin remains stable in this configuration, but 
will assume a deflected shape as shown in Figure 4 to satisfy 
compatibility. 
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(a) At End                         (b) At Midspan 

 
Figure 4.  Displaced Shape without End Torsional Restraint 

 
The majority of applications of Z-beams occurs in roof systems in 
which the top flange is attached to sheathing and the bottom flange is 
attached to rafter supports.  Through its diaphragm stiffness, the 
sheathing helps restrain the translation of the top flange of the purlin.  
By using modified moments of inertia and by including the torsional 
effects described herein, the extent to which the sheathing helps to 
brace a Z-purlin can be quantified.  However, in order to simplify the 
analysis, the bending stiffness of the sheathing and the rotational 
stiffness about the purlin longitudinal axis of the connection between 
the purlin and the rafter are ignored.   
 
Research by Ghazanfari and Murray (1983) has shown that gravity load 
transferred from sheathing to the top flange of a purlin acts 
eccentrically along the top flange of the purlin.  The closest estimates 
place this force as acting at an eccentricity of 1/3 times the flange 
width.  In the analytical model, this eccentricity is represented by δb, 
where b is the flange width and δ is the proportion of the flange width 
at which the force acts.  
 
To account for roof slope in the analytical model, the gravity load may 
be transposed onto the purlin orthogonal axes.  The vertical component 
of the gravity load acting along the purlin y-axis is equal to w*cosθ, 
where θ is the angle of the roof slope.  The component acting along the 
x-axis, referred to as the downslope component, is equal to w*sinθ.  
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The vertical component of the gravity load is transferred through the 
sheathing to the top flange of the purlin. The downslope component, 
however, has the tendency to remain in the diaphragm and therefore 
does not influence the purlin deformation.  A summary of the 
externally applied loads is shown in Figure 5 (a).  Resolving the 
vertical component of the eccentrically applied gravity load about the 
shear center of the purlin creates a torsional moment as shown in 
Figure 5 (b). 
 

w cos θ

w sin θ
δb

X

Y Y

m = w cosθ∗δb

w sin θ

w cos θ

X

 
                  (a)                                                       (b) 

 
Figure 5 Resolution of Forces to Shear Center 

 
The vertical component of a uniform gravity load causes deflection in 
the positive x direction by virtue of the fictitious force (w*cosθ(IXY/IX).  
The horizontal mid-span displacement at the shear center becomes: 
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The moment induced as a result of the eccentric application of the 
vertical component of gravity load causes the top flange to deflect 
horizontally relative to the shear center.  The displacement of the top 
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flange relative to the shear center can be calculated from the twist angle 
of a beam subjected to a uniform torsion: 
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Combining the translational and rotational deformation, the net 
horizontal unrestrained displacement of the top flange becomes: 
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Sheathing attached to the top flange of a Z-purlin provides continuous 
restraint to the purlin in the form of a uniformly applied force, wrestraint.  
Because this force acts at the top flange of the purlin and therefore at an 
eccentricity of d/2 from the shear center, the restraining force can be 
resolved into a uniformly applied force and torque applied at the purlin 
shear center.  The horizontal deflection, ∆X,restraint,cen, associated with the 
restoring force can be calculated from that of a beam subjected to a 
uniform loading using the modified moment of inertia as shown in 
Equation 14.  The additional deflection at the top flange due to the 
purlin torsion, ∆X,restraint,torsion, from the Carter and Seaburg (1997) 
equations is given in Equation 15.    
 

mY

restra
cenrestraX EI

Lw
384

5 4
int

int,, =Δ            (14) 

 
 
 
 



65 

 

β
λGJ

dwrestra
torsionrestraX 4

2
int

int,, =Δ   

 

where 1

2
cosh

1
8

22
−

⎟
⎠
⎞

⎜
⎝
⎛

+=
L

L
λ

λβ           (15) 

The diaphragm is subjected to uniform in-plane loads from both its 
tendency to restrain the purlin and the downslope component of the 
gravity loading.  Unless the diaphragm is perfectly rigid, it cannot 
completely restore the top flange to its original horizontal 
displacement.    The deformation due to the restraining force is in the 
positive X direction, while the downslope gravity load causes a 
negative X direction displacement.  The displacement of the top flange 
attributed to the stiffness of the diaphragm, Δdiaphragm, can be calculated 
from the shear deformation of a simply supported beam subjected to a 
uniform load distribution, where L is the purlin span, width is the 
dimension of the diaphragm perpendicular to the purlin span, and G’ is 
the panel diaphragm stiffness. 
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The sum of the midspan horizontal deflection of the purlin due to the 
applied gravity loading and the restoring displacement provided by the 
attachment to the sheathing will equal the net displacement of the 
diaphragm, that is Δdiaphragm = Δx - Δx,restraint,cen - Δx,restraint,torsion as shown 
in Figure 6. 
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Figure 6  Unrestrained and Restoring Displacements 
 
Solving the displacement equation for the uniform force in the 
diaphragm, wrestraint, yields 
 

( )

WidthG
L

GJ
d

EI
L

WidthG
L

GJ
db

EI

L
I
I

ww

mY

mY

X

XY

stra

'84384
5

'8
sin

2
cos

384

cos5

224

2
4

intRe

++

++
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=

β
λ

θβ
λ
θδ

θ

        (17) 

 
In summary, the above equation predicts the force transferred to 
sheathing as a result of the restraint provided by the sheathing for a 
single span Z-Purlin with its top flange attached to sheathing and 
subjected to uniform loading.  The equation accounts for purlin 
torsional stiffness, roof slope, eccentric load application at the top 
flange, and diaphragm stiffness.  Two important components of the 
behavior of Z-purlin roof systems that are not included are the torsional 
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restraint provided by the bending stiffness of the sheathing and the 
connection between the purlin and rafter.  Quantification of these 
components, from the standpoint of classical mechanics, was found to 
be difficult and are not included in the formulation. 
 

COMPARISON TO FINITE ELEMENT MODEL    
 

To verify the above formulation, results are compared to finite element 
models.  The finite element model used was a shell finite element 
model developed in accordance with Seek and Murray (2004).  The 
model consisted of two purlins spaced at 54 in. (1370mm) and 
spanning 20 ft (6.1m) and connected at the top flange by sheathing.  In 
the connection between the sheathing and purlin, the rotational stiffness 
about the global X axis was released.   The purlins were supported 
externally by pinned supports at the bottom flange at the junction of the 
web and flange.  Horizontal restraint in the global Z direction was 
applied to the top flange at each end of the eave purlin.  A cross section 
of the model is shown in Figure 7. 
 

Eave Ridge

Z

Y

X

 
 

Figure 7 Model Representative Cross Section 
 
The cross sectional properties of the purlins used are given in Appendix 
B.  The vertical component of the gravity load was applied directly to 
the top flange of the purlin as concentrated forces at 4 in. (100mm) 
intervals and the downslope component of the gravity load was applied 
to the sheathing as a uniformly applied area force.  The sheathing was 
given a large membrane thickness of 1 in. (25mm) to eliminate in plane 
bending of the sheathing.  The diaphragm shear stiffness of the model 
was defined by varying the material shear modulus according to 
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G=G’/t.  So that the purlin and the sheathing do not act as a composite 
section, the shear stiffness in the global X direction of the connection 
between the purlin and the sheathing was released. 
 
Case 1 
The first model was of a rigid diaphragm on a flat roof slope with the 
load acting directly over the web of the purlin.  Using Equation 17 with 
θ = 0˚, G’=∞, and the purlin properties in Appendix B, wrestraint = 
0.1524w, whereas the finite element model predicts wrestraint = 0.1558w.  
Plotting wrestraint with respect to position along the length of the purlin 
from the finite element model for an applied load of 85 lb/ft 
(1240N/m), Figure 8, shows that the force transfer between the purlin 
and sheathing is approximately uniform through the middle ¾ span.  
Interestingly, at the ends, the force reverses quite dramatically.  
Summing the forces along the length of the purlin, as listed in Table 1, 
the net force transferred between the purlin and diaphragm is zero. 
Thus, the restraint force provided by the sheathing to resist 
unsymmetric bending of the purlin is resolved entirely in the diaphragm 
and the force in the externally applied brace is zero.  
 

Load Transfer to Diaphragm
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Figure 8 Force Transfer Between Purlin and Sheathing – Case 1 
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Eave Ridge Eave Ridge Eave Ridge
0 -108.47 -108.45 -216.04 -77.79 282.24 -93.48
1 -11.92 -11.91 -4.76 12.6 43.34 -3.82
2 18.76 18.76 17.59 7.59 5.54 32.7
3 15.53 15.53 14.75 15.86 20.83 17.8
4 13.71 13.71 16.92 16.71 18.36 18.91
5 13.09 13.09 17.43 17.42 18.1 18.14
6 13.05 13.05 17.74 17.76 17.82 17.77
7 13.14 13.14 17.93 17.94 17.65 17.63
8 13.21 13.21 18.04 18.04 17.57 17.56
9 13.25 13.25 18.09 18.09 17.53 17.53
10 13.27 13.27 18.11 18.11 17.52 17.52
11 13.25 13.25 18.09 18.09 17.53 17.53
12 13.21 13.21 18.04 18.04 17.57 17.56
13 13.14 13.14 17.93 17.94 17.65 17.63
14 13.05 13.05 17.74 17.76 17.82 17.77
15 13.09 13.09 17.43 17.42 18.1 18.14
16 13.71 13.71 16.92 16.71 18.36 18.91
17 15.53 15.53 14.75 15.86 20.83 17.8
18 18.76 18.76 17.59 7.59 5.54 32.7
19 -11.92 -11.92 -4.76 12.6 43.34 -3.82
20 -108.47 -108.45 -216.04 -77.79 282.24 -93.48

Sum -0.03 0.02 -146.51 146.55 935.48 139.00

Position 
Along Purlin 

(ft)
Case 1 Case 2 Case 3

Force Transfer to Diaphragm (lb)

 
 

Table 1 Force Transfer to Sheathing along Purlin Length 
 
Case 2 
To better understand the source of restraint forces in Z-purlin roof 
systems, the next model investigated is again on a flat slope, but the 
load is taken to act at an eccentricity of 1/3 the flange width as shown 
in Figure 10.  A diaphragm with a stiffness of 2500 lb/in (440 kN/m) is 
also considered.  Using the properties given in Appendix B, the 
uniform restraint force in the sheathing from Equation 17 is 0.2070w, 
while finite element model analysis predicts a uniform restraint force of 
0.2084w. 
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Load Transfer to Diaphragm
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Figure 9 Force Transfer Between Purlin and Sheathing – Case 2 
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Figure 10  Free Body Diagram - Case 2 
 
By plotting the force transfer from the purlin to the sheathing along the 
length of the purlin (Figure 9), similarities between Case 1 and Case 2 
can be seen.  In both purlins, the restraint force is roughly uniform 
throughout the middle of the purlin then reverses itself at the ends.  
Unlike the Case 1, however, summation of the forces along the length 
of the ridge purlin does not equal zero (Table 1).  The net force is equal 
to wL(δb)/d, the amount of force necessary to equilibrate the torsional 
moment induced by the gravity load applied eccentrically to the top 
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flange.  This net force is transferred through the sheathing to the eave 
purlin.  The net force at the top of the eave purlin is equal and opposite 
to that of the ridge purlin so that the diaphragm remains in horizontal 
equilibrium. The net restraint force in the external brace applied at the 
ends of the eave purlin is 2wL(δb)/d, the summation of the overturning 
moments induced as a result of the gravity load applied eccentrically to 
the top flange of both purlins.  
 
Case 3 
The final case investigated is one in which the roof slope is taken at a 
4:12 pitch (18.43 degrees).  A vertical load eccentricity of 1/3 is 
applied (Figure 11) and a diaphragm stiffness, G’=2500 lb/in 
(440kN/m), is assigned.  From Equation 17, the restraint provided by 
the sheathing is 0.2062w while the finite element model predicts the 
restraint force to be 0.2100w.  For both the eave and ridge purlin, the 
force is approximately uniform along middle ¾ of the purlin span as 
shown in Figure 12.  Similar to the previous two cases, the force in the 
ridge purlin reverses at the ends and the sum of forces transferred from 
purlin to sheathing is wLcosθ(δb)/d.  This force helps to balance some 
of the downslope component of the gravity load (refer to Figure 11).  
However, most of the downslope gravity load is transferred out of the 
sheathing through the eave purlin.  The majority of this force is 
concentrated at the ends of the purlins where the external restraint is 
applied.  

δb
w Lcos θ

wLcosθ(δb/d)

δb
w Lcos θ

2w Lsinθ

wL(cosθ(δb/d)-2sinθ)
R = 2wL*
*(cosθ(δb/d)-sinθ)

 
 

Figure 11 Free Body Diagram - Case 3 
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Load Transfer to Diaphragm
Case 3
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Figure 12 Force Transfer Between Purlin and Sheathing – Case 3 
 

From the free body diagram in Figure 11, it is evident that the external 
brace lateral brace force is wL((cosθ(δb)/d)-sinθ).  The force is 
independent of the unsymmetric bending properties of the purlin and 
the diaphragm stiffness.  However, the simplified model from which 
this brace force is derived excludes the restraining moments applied by 
the rafter supports and the bending stiffness of the sheathing.  These 
moments, as shown in Figure 13, serve to reduce the force in the 
external lateral restraints.  At low slopes, the restraining moments, 
Mrafter and Msheathing, are counterclockwise and provide resistance to the 
clockwise overturning moment caused by the vertical component of the 
gravity load applied eccentrically to the top flange.  With increased 
roof slope, that is when sinθ > (δb/d)cos(θ), the restraining moments 
shift to counterclockwise and primarily provide resistance to the 
downslope component of the gravity load.  Because the restraining 
moments will always serve to reduce the external restraint force, R = 
wL((cosθ(δb)/d)-sinθ) will serve as an upperbound solution to the 
problem of restraint forces in Z-Purlin roof systems.  The moment 
restraints provided by the sheathing and rafter supports are dependent 
upon the purlin thickness, span, torsional properties, sheathing 
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diaphragm and bending stiffness, and the connection between the 
sheathing and purlin.  Consequently these moments are difficult to 
quantify from the standpoint of classical mechanics and require the 
implementation of the finite element method to resolve. 
 

Msheathing

Mrafter Mrafter

Msheathing

R

 
 

Figure 13 Restraining Moments from Rafter and Sheathing 
 

SUMMARY 
 

A procedure is outlined that provides a means of quantifying the force 
in a lateral brace applied eccentrically to the shear center of a Z-purlin.  
The method is extended to determine the restraint force provided by 
sheathing in a simplified model of a Z-purlin roof system that accounts 
for loads eccentrically applied to the purlin top flange, sloped roofs and 
sheathing diaphragm stiffness.  The analytical model was verified using 
a shell finite element model which in turn provided valuable insight 
into the distribution of forces to externally applied braces.  The 
theoretical model is limited in that it does not account for the 
stabilizing restraint provided by rafter supports and bending stiffness of 
the sheathing.  Nevertheless, an upper bound solution for the force in 
an external lateral brace is found and progress is made towards a better 
understanding of the complex behavior of Z-purlins as used in roof 
systems. 
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APPENDIX B – PROPERTIES USED IN ANALYSIS 
 
Purlin Designation:  10ZS2.5X097 
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50.25°

0"
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w = 85 lb/ft (1240 N/m)  IX = 24.4 in4 (10.2x106 mm4) 
L = 20 ft  (6.1m)   IY = 2.72 in4 (1.13x106 mm4) 
d = 10.07 in. (256 mm)  IXY = 5.74 in4 (2.39x106 mm4) 
b = 2.604 in. (66 mm)  J = 5.19x10-3  in4 (2160 mm4) 
t = 0.097  in. (2.5 mm)  CW = 50.9 in6 (13.6x109 mm6) 
E = 29500 ksi (203 GPa) 
G = 11350 ksi (78 GPa) 
 
Diaphragm properties 
G’ = 2500 lb/in (440 N/m) 
Width = 54 in. (1370 mm) 
 
 
 
 
 



76 

Reference Location 
 
Carter and Seaburg (pg. 4) 
Ghazanfari and Murray (pg. 7)  
Seek and Murray (pg. 12) 
Zetlin and Winter (pg. 1) 
 
Keywords 
 
Purlin (pg.1) 
Z-Purlin (pg. 1) 
Purlin Horizontal Bracing (pg. 2) 
Roof System (pg. 1) 
Roof Diaphragm (pg. 1)  
Lateral Restraint Force (pg. 1) 
Metal Building (pg. 1) 



Seek, M. W., and Murray, T.M. (2006).  “Component Stiffness 
Method to Predict Lateral Restraint Forces in End Restrained 
Single Span Z-Section Supported Roof Systems With One Flange 
Attached To Sheathing.”  Conference Proceedings, 18th 
International Specialty Conference on Cold-Formed Steel 
Structures.  Department of Civil Engineering, University of 
Missouri, Rolla.  Rolla, Missouri. 

 
1Graduate Research Assistant, Virginia Tech, Blacksburg, VA, USA. 
2Montague Betts Professor of Structural Steel Design, Virginia Tech, 
Blacksburg, VA, USA. 

 
 
 
 
 
 

77 
 

 
 
 
 

Component Stiffness Method to Predict Lateral Restraint 
Forces in End Restrained Single Span Z-Section Supported 

Roof Systems with One Flange Attached to Sheathing 
 

Michael W. Seek, PE1 and Thomas M. Murray, PhD, PE2   
 

Abstract 
 
A method is proposed for the prediction of lateral restraint forces in Z-Section 
supported roof systems with restraints applied at the rafter location.  The method 
incorporates the complex flexural and torsional behavior of the Z-Section and its 
interaction with the sheathing.  The method has been modified using the Finite 
Element method to account for local deformations.  The method shows good 
correlation with the finite element model and test results. 
 
Introduction 
 
The behavior of Z-sections in roof systems is very complex and subject to many 
subtleties.  Z-sections are typically installed with the top flange attached to 
sheathing and the bottom flange located at the top of rafter elevation.  On low 
slope roofs, Z-sections have the tendency to roll “uphill” towards the ridge while 
on roofs with steeper slopes, a Z-section will roll “downhill” towards the eave.  
Restraints are typically installed at or near the top flange of the Z-section to 
resist this tendency to rotate.  Restraint anchorage is often applied at the 
supports location because of the ease in which the force can be transferred out of 
the system.   
 
The prediction of the restraint forces is complex because the principal axes of a 
Z-section are rotated from the orthogonal planes of loading and restraint.  As a 
result, they are subject to the nuances of unsymmetric bending in which an 
applied load in the plane of the web induces a lateral deflection.  The diaphragm 
action in the sheathing resists the tendency of the Z-section to deflect laterally,  
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 (a) Free Body Diagram  (b) Rafter and Sheathing Stiffness 

Figure 1 Forces Acting on Z-section  

but because it is attached to the top flange of the Z-section, it causes rotation of 
the Z-section.  The bending stiffness of the sheathing helps to resist the rotation 
of the Z-section but in the process affects the magnitude of the force in the 
external restraints.  The analysis is further complicated by local deformations of 
the Z-section where large concentrated transverse loads and moments are 
applied to the relatively thin material.  Despite the complexities in analysis, Z-
section supported roof systems remain popular due to their efficiency and 
economy. 

Methodology 
 
The magnitude of the  restraint force can be found from the free body diagram 
of the Z-section shown in Figure 1(a).  The vertical component of gravity load 
acts at an eccentricity, δ, along the width of the flange, b, causing a clockwise 
rotation of the Z-section.  This eccentricity is generally accepted to be 1/3 the 
width of the flange.  The downslope component of the gravity load, w·L·sinθ, 
acting in the plane of the sheathing causes a counter-clockwise rotation of the Z-
section.  Deformation of the Z-section generates moments at the connection 
between the Z-section and the rafter support (MRafter) and the connection 
between the Z-section and sheathing (MSheathing).  Summing moments about the 
base of the Z-section, the lateral restraint force becomes 

( )
h

MMdbwL
R RafterSheathing −−−
=

θθδ sincos
             (1) 

A positive restraint force signifies resistance to upslope translation while a 
negative restraint force signifies resistance to downslope translation. 
 
While the free body diagram is quite simple, determining the magnitude of the 
moments at the sheathing and rafter is not.  A stiffness approach is used to relate 
the restraint force to the rafter and sheathing moments.  Each component of the 
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system (restraint, rafter, sheathing) generates some force or moment relative to 
the displacement of the top flange at the restraint location.  The stiffness of the 
restraint, Krestraint, is the force in the restraint per unit displacement of the top 
flange.  The stiffness of the sheathing, Kshtg, and the stiffness of the rafter, Krafter, 
are the moments in the sheathing or rafter per unit displacement of the top 
flange.  The stiffness of both the sheathing connection and the rafter connection 
is dependent upon whether the Z-section is directly restrained (a “restrained” Z-
section) or restraint is provided indirectly through the sheathing (a “system” Z-
section).  Thus, there are five components that contribute to the total lateral 
stiffness of the system: Krestraint, Kshtg,rest, Kshtg,sys, Krafter,rest, Krafter,sys. 
    
The method assumes that the system of Z-sections has a single degree of 
freedom.  That is, there is some rigid connection linking the displacement at the 
top of each Z-section in the system.  For a through fastened system, this link is 
provided by the sheathing, while for a standing seam system that permits lateral 
slip between the sheathing and the Z-section, the rigid link must be provided by 
some external component such as strapping.   As a single degree of freedom, the 
total stiffness of the system, Ktotal, is the sum of the stiffness of the individual 
components, or  

( ) ( )

h

KKKK

KK sysrest

rest

n
sysshtgsysrafter

n
restrshtgrestrrafter

n
resttotal

∑∑
∑

+++

+=

,,,, 22

2   (2) 

where nrest is the number of restrained Z-sections and nsys is the number of 
system Z-sections.  The force generated at the restraint is determined from 
Equation (3) from the relative stiffness of the restraint to the total stiffnes of all 
of the components in  the system.  

total

rest

K
K

h
dbwLR

∑
⋅

−
=

)sincos( θθδ              (3) 

To develop equations for the stiffness of each of the components, a series of 
finite element models was performed.  The model used was a linear-elastic plate 
finite element model as described by Seek and Murray (2004a).  A total of 282 
models were analyzed with three data points taken from each model at roof 
pitches of 0:12, 3:12 and 6:12.  The range of parameters shown in Table 1 was 
investigated in an attempt to represent the most common systems in use today. 
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Table 1 Parameters Investigated in Finite Element Analysis 

 

Restraint Stiffness 
 
The stiffness of the restraint is the combination of two sources of deformation at 
the restraint.  The stiffness of the restraint device, Kdevice, is defined as the force 
at the restraint device relative to the displacement of the device at the height, h, 
at which the restraint is applied.   The configuration stiffness, Kconfig, accounts 
for the deformation of the Z-section top flange relative to the restraint device.  
The combination of the two results in the net stiffness of the restraint, Krest.   

configdeviced
h

configdeviced
h

rest KK

KK
K

+

⋅
=               (4) 

Two basic types of restraint configurations are considered – a discrete restraint 
and an antiroll device.  A discrete restraint is a lateral restraint applied at some 
discrete location along the height of the Z-section and typically accompanied by 
flange bolts as shown in Figure 2(a).  An antiroll device is considered a device 
in which the web of the Z-section is clamped to the device with bolts at multiple 
locations along the height of the Z-section.  Bottom flange bolts may or may not 
be incorporated into an anti-roll device. 
 
To determine the stiffness for a discrete restraint configuration, the web of the 
Z-section at the restraint was represented by a two dimensional beam model bent 
about the thickness of the web.  To account for the effective width of the web 
and sheathing in the model, the representative equation was modified based on  
finite element model results.  The resulting configuration stiffness for a discrete 
restraint per end of restrained Z-section is given in Equation (5). 

Parameter Values Tested 
Purlin Depth, in (mm) 8 (203), 10 (254), 12 (305) 
Purlin Thickness, in. (mm) 0.060 (1.52), 0.097 (2.46), 0.135 (3.43) 
Purlin Span, ft, (m) 20 (6.10), 30 (9.14) 
Rotational Stiffness of Sheathing 
Connection, lb-in/ft (N-m/m) 

500 (2223), 1000 (4445), 5000 
(22,225), 10,000 (44,450) 

Diaphragm Stiffness, lb/in (N,mm) 250 (43.8), 1000 (175), 2500 (438),  
7500 (1313), 27500 (4816) 

Restraint Height d, 3/4d, 1/2d 
Number of Purlins 4, 8 
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       (a) Discrete Restraint   (b) Antiroll Device 

 
Figure 2  Restraint Devices 
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An antiroll device is assumed to provide restraint at the location of the top bolt 
connecting the Z-section web to the antiroll device as shown in Figure 2(b).  The 
stiffness of the configuration for an antiroll device is based on a representative 
2- dimensional beam model with a fixed base located at the elevation of the top 
bolt and a rotational spring at the top flange of the Z-section.  This 
representation is accurate for the case where the antiroll device resists 
“downhill” displacement of the top flange.  For “uphill” displacement of the top 
flange, the extension of the top of the antiroll clip results in increase in stiffness 
relative to the downslope case.  Because antiroll devices were not included in 
the finite element analysis, the lower bound approximation considering the 
downslope case is used.  The effective width of the Z-section is assumed to be 
the width of the antiroll device and the effective width of the sheathing 
rotational stiffness is taken to be the same as for a discrete restraint.  The 
configuration stiffness for an antiroll device becomes 
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Restrained Rafter Stiffness 
 
As there were two restraint configuration stiffness equations to represent the 
differences between discrete braces and antiroll devices, there are two 
corresponding rafter stiffness values for each type of restraint.  The rafter 
stiffness for a discrete brace uses the same representative beam model as the 
discrete restraint configuration with the moment generated at the base of the Z-
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section.  Because of the nature of the displaced shape, an upslope displacement 
(positive) generates a negative moment at the rafter, consequently the rafter is 
assigned a negative stiffness, that is 

( ) dhd
hEtK restRafter ⋅−
⋅⋅−

=
3

,
09.0               (7) 

The rafter stiffness for an antiroll device is taken as the moment generated at the 
point at which the antiroll device is assumed to fix the web of the Z-section -  
the restraint height, h.  Because there is no finite element information or test 
information available for antiroll devices, it is desirable to underestimate the 
rafter stiffness.  The rotational stiffness of the connection between the Z-section 
and sheathing is ignored and the effective bending width of the Z-section is 
taken to be the width of the antiroll device.  The rafter stiffness, therefore, for a 
restrained Z-section at an antiroll device is 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+−

+−

−
=

3
3

1
80

3
6

1
80

2

3
2

1

,
)(

)(

tEbhdK

tEbhdK

hd

tEb
K

arMDeck
L

arMDeck
L

ar
restRafter             (8) 

 
System Rafter Stiffness 
 
Two system Z-section configurations are considered for rafter stiffness.  The 
first is the case for the bottom flange of the Z-section bolted to the top flange of 
the rafter support, referred to as a flange bolted connection.  The stiffness is 
derived from a 2 dimensional beam model fixed at the base and at the top.  The 
rafter stiffness, defined as the moment generated at the base of the Z-section 
relative to the top flange displacement, is given by 

d
EtK sysRafter 2

45.0
3

, =                 (9) 

The second type of system rafter configuration considered was that of a Z-
section with its web bolted to a rafter clip.  A rafter clip is considered a single 
plate extending from the rafter whether the plate is bolted or welded to the 
rafter.  A rafter clip is similar in behavior to an antiroll device although it is not 
explicitly considered a restraint device in this formulation.  The stiffness is 
defined as the moment at the base of the rafter clip relative to the top flange 
displacement.  The deformation is the combination of the lateral displacement of 
the rafter clip at the location of the top bolts and the deformation of the Z-
section above the rafter clip.  The combined stiffness is given by Equation 10. 
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Figure 3 Sheathing Moment – Rigid End Restraints 
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Sheathing Stiffness 
 
The moment generated in the sheathing is a function of many factors – the 
flexural and torsional properties of the Z-section and the diaphragm and bending 
stiffness of the sheathing.  The moment in the sheathing can be quantified using  
the concept of unrestrained and restoring displacements discussed by Seek and 
Murray (2005).  Considering a Z-section rigidly restrained at each end and 
ignoring the the bending stiffness of the sheathing, by equating the mid-span 
lateral unrestrained displacement of the Z-section due to applied forces with the 
horizontal restoring displacement provided by the sheathing, the uniform 
restraint provided by the sheathing, wRestraint, and the final midspan rotation, 
ΦMidSpan, can be calculated. by Equations (11) and (12), respectively. 
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In this formulation, the restraints applied at each end of the Z-section rigidly 
restrain the top flange of the purlin and thus the rotation at each end of the Z-
section is zero.  It is approximated to vary parabolically to the maximum at 
midspan.  If the bending stiffness of the sheathing is considered,  the moment in 
the sheathing is directly proportional to the rotation of the purlin.  The moment 
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in the sheathing therefore has a parabolic distribution.along the length of the Z-
section as shown in Figure 3.  The midspan rotation of a Z-section subjected to a 
parabolic moment distribution along the length is 

GJ
M Maxparabola

κφ =              (13) 

Mmax is the maximum moment at the peak of the parabola (at the Z-section 
midspan).  Because the moment in the sheathing is a function of the rotation, 

MidSpanMDeckMax KM φ⋅−=             (14) 

The net Mid Span rotation becomes 
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and the uniform restraint provided by the sheathing is 

( )

WidthG
Ld

EI
L

WidthG
Ldb

EI

L
I
I

ww

mY

mY

X

XY

stra

'84384
5

'8
sin

2
cos

384

cos5

224

2
4

intRe

++

++
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=

τ

θτθδ
θ

         (16) 

The total moment generated in the connection between the Z-section and 
sheathing for a Z-section rigidly restrained at each end is 

MidSpanMDeckShtg KLM φ⋅⋅−= 3
2             (17) 

The sheathing moment in Equation (17) is generated as a result of the 
unsymmetric bending properties of the Z-section.  Additional moments are 
generated if the rigid end restraints are replaced with restraints that permit lateral 
deflection of the top flange of the purlin at the restraint location.  As the restraint 
permits the lateral translation of the top flange, the Z-section rotates relative to 
the sheathing, generating a uniform moment in the sheathing as shown in Figure 
4(a).  Due to the torsional moments along the length of the purlin, there is some 
rotation of the midspan of the Z-section relative to the end rotation.  Similar to 
the case with rigid end restraints, the additional rotation generates a moment that 
varies parabolically along the length of the Z-section as shown in Figure 4(b).  
The resulting displaced shapes and sheathing moment distributions can be 
superposed as shown in the Figure 4(c).   
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Figure 4  Sheathing Moment - Z-section with Flexible End Restraints 

 
The magnitude of the uniform moment in the sheathing is equal to  
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Including the effects of the additional uniform moment to the midspan rotation 
given in Equation (18), the midspan rotation relative to the end rotation becomes 
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Equation (16) is used to approximate wrestraint for use in Equation (19).  A 
parameter study was performed comparing the exact solution for wrestraint 
considering the effects of the deformation at the restraint with the approximate 
solution of Equation (16).  The difference between the two equations was 
negligible, warranting the use of the simpler equation. The net moment in the 
sheathing due to the parabolic distribution becomes 

MSMDeckParabola KLM φ⋅⋅= 3
2             (20) 

Combining the uniform moment and parabolic distribution yields the total 
sheathing  moment 
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The first half of the sum is constant with respect to a given Z-section system 
while the second varies with respect to the displacement of the top flange of the 
Z-section.  The two components are separated, the former applied as constant 
moment to the restraint equation and the latter applied as a stiffness term.  
Considering the second term of Equation (21), the stiffness of the sheathing, 
defined as the total uniform moment developed in the sheathing per unit lateral 
displacement of the sheathing becomes 

 ( )τλ MDeck
MDeck

shtg K
d

KL
K 3

21−
⋅

=            (22) 

The above formulation is derived using the typical bending assumption that 
plane sections remain plane.  Because Z-sections are a relatively thin material, 
they undergo substantial local deformations as they undergo these rotations.  To 
account for these local deformations, the multiplier λ, derived from the results of 
finite element models, is applied.  

The sheathing stiffness for a restrained Z-section follows the same format, 
although the stiffness is increased slightly.  There is a local deformation in the 
region of the restraint that results in a large local rotation between the Z-section 
web and deck.  Consequently there is an increase in the moment in the sheathing 
near the restraint.  The restrained Z-section sheathing stiffness becomes 
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Restraint Force Equation 
 
To include the “constant” sheathing moment, the restraint force in Equation (3) 
is modified to 
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  (24) 

The result of Equation (24) is the force in an individual restraint in a system of 
purlins.  Any number of restraints can be incorporated for any number of 
purlins.  It is assumed that the restraint force between multiple restraints in a bay 
is distributed according to the relative stiffness of each restraint.  Combinations 
of different purlins with different end conditions can be used in the same bay 
with the component stiffness method. 
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A conservative approximation of restraint force for a single restraint in a system 
can be made by setting the ratio Krest/Ktotal equal to 0.5.  For multiple restraints in 
a homogenous system, the ratio Krest/Ktotal should be set to 0.5/nrest.  This 
approximation may be further simplified for low slope roofs where δb·cosθ > 
d·sinθ by approximating wrestraint ~ w·Ixy/2Ix.  For a restraint system that 
effectively restrains the top flange of the Z-section, these approximations will 
result in a slightly conservative result on the order of 10%-30%.  For a system 
with a fairly flexible restraint relative to the stiffness of the system, these 
approximations can lead to an overly conservative approximation of the restraint 
force greater than 100%. 
 
Several other important quantities may be extracted from this method.  The 
required force per unit length that must be transfered between the sheathing and 
the Z-section is wrestraint, given in Equation (16).  Along the length of the purlin, 
this force is nominal.  However, at the restraint location, a significant force must 
be transferred out of the sheathing, through the Z-section and into the restraint.  
The magnitude of this force is 

d
bwLLw

d
hRrceFastenerFo restra

θδ cos
2

45.0 int −+=          (25) 

Note that this fastener force can be significant and must be transferred over a 
small distance – a tributary panel width that this force can be expected to be 
transferred is approximately 12 in. (300 mm) either side of the restraint location. 
 
To check the effectiveness of a bracing system the deformation of the system 
can be calculated.  Based on this method, in general as a Z-section is allowed to 
displace, the calculated restraint force decreases.  The method does not account 
for any second order effects, therefore displacements should be minimized, 
particularly at the restraint location.  The lateral deflection of the top flange of 
the Z-section at the restraint location can be approximated by 
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With a flexible diaphragm, lateral deflection of the Z-section mid-span relative 
to the restraints is expected.  The midspan lateral deflection of the diaphragm 
can be approximated as 
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The midspan rotation, ΦMS, of the Z-section relative to the end rotation as shown 
in Figure 3(c) can be approximated by Equation (19).    
 
Comparison of Prediction Method with Tests and Finite Element Models 
 
In Figure 5, the restraint force predicted using the component stiffness method is 
plotted on the vertical axis relative to the restraint force from finite element 
model analysis plotted on the horizontal axis.  The solid diagonal line represents 
an exact 1 to 1 correlation between the prediction method and finite element 
model while each dashed line represents a 20% deviation from exact correlation.  
The data points represent all of the finite element models from which the 
method was derived as discussed in the methodology section.  
 
The equations are compared to full scale laboratory tests by Seek and Murray 
(2004b) in Figure 6 .  The testing program consisted of full scale tests of Z-
section roof systems with two, four and six Z-section lines with both through 
fastened and standing seam sheathing.  The Z-sections were tested on pitches  
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Figure 5 Comparison of Prediction Method with Finite Element Results 
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Laboratory Tests vs Prediction Equation
Through-Fastened Sheathing
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Laboratory Tests vs Prediction Equation
Standing Seam Sheathing
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     (a) Through Fastened Sheathing                  (b) Standing Seam Sheathing 

 
Figure 6 Comparison of Prediction Equation with Laboratory Tests 

 
ranging from 0:12 to 4:12.  Restraint was applied by a ½ in. diameter rod 
attached to the web at 2.25 in. from the top of the Z-section. 
 
The prediction method is compared to the results of the through fastened tests in 
Figure 6 (a).  The results of the two and four Z-section line tests correlate well 
with the prediction method, falling almost exactly on the predicted line.  For the 
six Z-section line tests, the force predicted by the equations is less than that of 
the test.  In the test, a backing plate was placed between the anchorage and the 
Z-section to reduce local deformations.  This backing plate effectively increases 
the stiffness of the restraint, which would lead to higher restraint forces than 
predicted.  In the case where an unconventional system such as the backing plate 
is used, a simple test of the configuration could be used to determine the actual 
stiffness of the configuration. 
 
Comparison of the prediction method with the results of the standing seam tests 
by Seek and Murray (2004b) are shown in Figure 6 (b).  The tests show greater 
deviation from the prediction equations although the deviation is consistently 
conservative.  Because a standing seam system with an articulating clip was 
used for the test,  1/2 in diameter rods connected each purlin at the restraint 
location provide a means to transfer the restraint force through the system,.  The 
prediction method assumes this system to be rigid when in reality it has some 
flexibility.  Consequently, the actual restraint stiffness of the test (or any real 
system) is less than rigid and the prediction method will always predict the 
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restraint force conservatively, although in this case the deformation will be 
underestimated.   
 
Conclusions 
 
The component stiffness method for the determination of lateral brace forces in 
single span Z-purlin roof systems outlined here is a complex solution to the 
complex problem of Z-purlin behavior.  The method approximates the behavior 
of Z-section roofs as a single degree of freedom system and attempts to quantify 
the contribution of all of the components of the system that resist the tendency 
of the Z-section to rotate and deflect laterally.  While complex, the methodology 
has the ultimate flexibility to accommodate a wide array of system 
configurations.  Because the method is based on stiffness principles, actual 
stiffness values of components not explicitly quantified herein may be 
determined from tests and substituted for the equations provided.  
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Appendix – Notation 
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b = width of Z-section top flange (in)  (mm) 
bar = width of anti-roll clip (in) (mm) 
bpl = width of single plate rafter clip (in) (mm) 
d = depth of Z-section (in) (mm) 
E = modulus of elasticity (29,500,000 psi) (203,400 MPa) 
G = shear modulus (11,200,00 psi) (77,200 MPa) 
h = height of applied restraint measured from base of Z-section parallel 

to web (in) 
KMDeck = combined rotational stiffness of sheathing and the connection  
               between the Z-section and sheathing (lb-in/ft) (N-m/m) 
L = span of Z-section (ft) (m) 
LFast = Spacing between fasteners connection  Z-section to Sheathing  
nsys = number of system Z-sections 
nrest = number of restrained Z-sections 
t = thickness of Z-section (in) 
tpl = thickness of single plate rafter clip (in) (mm) 
w = uniform loading on Z-section (lb/ft) (N/m) 
Width = Tributary width of diaphragm (perpendicular to Z-Section Span) per  
    Z-section.(in) (mm) 
δ = load eccentricity on Z-section top flange (1/3) 
θ = angle between the vertical and the plane of the web of the Z-section 
               (degrees) 
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LATERAL BRACE FORCES IN SINGLE 
SPAN Z-SECTION ROOF SYSTEMS WITH 

INTERIOR RESTRAINTS USING THE 
COMPONENT STIFFNESS METHOD 

 
Michael W Seek, PE1 and 

 Thomas M Murray, Ph.D, PE2 
 
 
There are many advantages to roof system utilizing Z-sections topped 
with metal sheathing. The system is structurally efficient, easy to 
install, and utilizes recyclable material.  Two of the greatest advantages 
of the Z-section is that its shape allows for nesting – which facilitates 
transportation and allows for lapping in multiple span systems.  For the 
Z-sections to be lapped, the bottom flange of the Z-section is placed at 
the top flange of the rafter and sheathing is attached to the top flange of 
the Z-section.  Consequently, loads applied at the sheathing elevation 
must be transferred over the depth of the Z-section to the rafter 
elevation.  To limit lateral movement of the system, lateral restraints 
must be applied.   
 
It is most common to provide lateral restraint along the frame lines, 
considered a supports lateral restraint configuration.  Forces are simply 
transferred from the sheathing elevation to the rafter elevation through 
the use of anti-roll anchorage devices.  For long span systems and 
systems with flexible diaphragms, large deformations can occur at the 
interior of the bay.  To prevent these deformations and the associated 
second order effects, lateral restraints can be applied at the interior of 
the bay. 
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Due to the interaction of the sheathing and Z-section, the mechanism 
generating the need for lateral restraint and the contributing resistance 
of the system make for a complex problem.  The component stiffness 
method discussed herein provides a means of determining the 
magnitude of restraint forces by determining the contributing stiffness 
of each of the components of the system to the overall resistance to 
lateral movement.  The method also provides a means of predicting the 
forces that must be transferred through the connection between the 
sheathing and Z-section.  Finally, the component stiffness method 
provides a means of approximating the lateral deformation of the 
system which is necessary to assess the effectiveness of a restraint 
configuration. 
 
COMPONENT STIFFNESS METHOD 
 
The component stiffness method was introduced by Seek and Murray 
(2006) as a method to predict lateral restraint forces in roof systems 
supported by Z-sections restrained along the frame lines.  The method 
approximates a bay of Z-sections as a single degree of freedom system 
and uses a stiffness formulation to determine the contribution of the 
different components in the system to the resistance of lateral 
movement.  A free body diagram of the forces acting on the system 
requiring the need for restraint is shown in Figure 1 (a).  Gravity loads 
are divided into a vertical component that acts in a plane parallel to the 
web of the purlin and a downslope component that acts in the plane of 
the sheathing.  The vertical component of the gravity load, w·cosθ, acts 
eccentrically on the top flange of the purlin creating an overturning 
moment.  This force causes deformation of the Z-section that is resisted 
through the development of shear forces in the diaphragm and a 
moment, Mtorsion, in the sheathing.  Local bending of the flange 
generates an additional moment in the sheathing, Mlocal.  The 
downslope component of the gravity load, w·sinθ, acts in the plane of 
the sheathing, creating an overturning moment about the base of the 
purlin. 
 
There are three “components” that provide resistance to the 
lateral/overturning forces as shown in Figure 1(b).   The majority of 
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θ

wLsinθ

Mtorsion

b

Msheathing

h RMlocal

 
 
      (a)  Loads   (b) Resistance 

Figure 1. Free body diagram of external forces and resistance 
 
resistance is provided by an external restraint, R.  However, as the 
stiffness of this external restraint is reduced, moments are developed in 
the sheathing, MSheathing, and at the connection between the Z-section 
and rafter, MRafter, that provide additional resistance to the overturning.  
Because the resistance is inherent in the system, the moments Mrafter 
and Msheathing are considered system effects.   Summing moments about 
the base of the purlin, the external restraint force, R, is 

( )
h

MMMMdbwL
R RafterSheathingLocalTorsion ++++−
=

θθδ sincos
 (1) 

The external forces cause lateral movement of the top flange of the 
purlin relative to the base.  Each of the purlins in the system is assumed 
to be rigidly linked together laterally by the sheathing or some 
mechanism that transfers force through the system to the restraints such 
as strapping.  This assumption allows the system to be represented by a 
single degree of freedom and the forces in the components can be 
related to each other.  The stiffness of the restraint is defined as the 
force developed in the restraint per unit of lateral deflection of the top 
flange of the purlin.  The sheathing and rafter stiffness is defined as the 
moment generated in each component per unit lateral displacement of 
the top flange at the restraint location.  The amount of the external 
forces distributed to each of the restraining components is determined 
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from the ratio of the stiffness of each component to the total stiffness of 
the system.  The force in the restraint therefore is 

total

restlocaltorsion

K
K

h
MMdbwL

R
∑
⋅

++−
=

)sincos( θθδ           (2) 

 
TORSIONAL MOMENT 
 
The torsional moment developed due to the interaction between the 
sheathing and Z-section is a result of the peculiar flexural 
characteristics of the Z-section.  The behavior of a Z-section with 
internal restraints is similar to one with restraints at supports with some 
subtle differences.  To understand these differences it is first necessary 
to review the flexural behavior of a single purlin with supports 
restraints as presented by Seek and Murray (2006).  The basic model 
considered is a Z-section with rotational restraints at the ends on a flat 
slope roof with a uniform load applied in the plane of the web.  The 
uniformly applied load causes the Z-section to deflect vertically, ΔV, 
and horizontally, ΔH, at mid-span as shown in Figure 2 (a).   

w
Prest = 0

Rxn = 0

ΔV

ΔH

Midspan

End Prest = 0

Rxn = 0

ΔH

End

w

ΔV

Midspan

 
 (a)  Supports Restraints  (b)  Midpoint Restraint 

Figure 2.  Displaced shape of Purlin 
 
The diaphragm attached to the top flange of the Z-section provides 
resistance to this lateral deformation.  This resistance is approximated 
as a uniformly applied lateral force, wrest, at the Z-section top flange.  
Because this force (or resistance) is applied eccentrically to the shear 
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center of the Z-section, the force causes rotation of the section, Φ, as 
shown in Figure 3 (a).  The rotational stiffness of the connection 
between the sheathing and the Z-section, kmclip, resists the rotation of 
the purlin through the generation of a torsional moment along the 
length of the purlin.  Because the moment is directly proportional to the 
rotation and the rotation varies from zero at the supports rotational 
restraints to maximum at mid-span, the moment in the sheathing is 
assumed to have a parabolic distribution.  The moment reduces the 
rotation of the purlin by ΦMtorsion, and the final midspan rotation is Φnet 
as shown in Figure 3 (b). 

wrest

Φ

Mtorsion

Φnet

ΦMtorsion

 
 
(a) due to diaphragm restraint     (b) due to sheathing rotational restraint 

Figure 3  Midspan rotation of a purlin with supports restraints 
 
It has been hypothesized that the uniform gravity load in the sheathing 
is transferred into the purlin at some eccentricity, δ, along the top 
flange (Ghazanfari and Murray, 1983).  This eccentrically applied load 
induces a torsion that results in rotation of the Z-section.  Because the 
sheathing will always attempt to resist rotation, additional moments are 
generated in the sheathing.  For a configuration with restraints only at 
the supports, the net torsional moment generated in the sheathing due to 
flexural effects is  

( ) τθδ ⎟
⎠
⎞

⎜
⎝
⎛ −⋅= cos

23
2 bwdwLKM restMClipTorsion

           (3) 
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Figure 4.  Overturning moment, Torsional Moment, and Combined 

                     Moment vs Load eccentricity on Z-section top flange. 
 
The magnitude of the Mtorsion is maximum for δ = 0 and decreases with 
increasing load eccentricity.  Of course, as the eccentricity increases, 
the overturning moment (wL·δb·cosθ) increases and there is a net 
increase in the combined moment that must be restrained.  The 
torsional moment, overturing moment and the combination of these two 
effects are plotted relative to the load eccentricity for a 10Z2.6x097 in 
Figure 4.   
 
It is believed that the load eccentricity on the top flange is a function of 
the purlin and sheathing section properties.  A Z-section with a low 
torsional stiffness relative to the sheathing rotational stiffness appears 
to have a larger eccentricity than a Z-section with a greater resistance to 
torsion.  Most of the test results investigated showed good correlation 
for an assumed eccentricity of one third of the Z-section flange width, 
however for some cases the best correlation was for assumed 
eccentricities of one half the flange width.  For a low slope roof (roof 
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slope < 1:12), it is typically conservative to overestimate eccentricity.  
For steeper slope roofs, underestimating eccentricity is conservative.  A 
more extensive investigation into the interaction between the purlin, 
connectors and sheathing is required to better understand this behavior.    

  
Z-SECTION WITH INTERIOR LATERAL RESTRAINTS 
 
The torsional behavior of a single purlin with interior restraints is 
similar to one with supports restraints.  Considering a single purlin with 
internal restraints at the top flange of the purlin and ignoring the 
contribution of the sheathing, the Z-section has the tendency to deflect 
laterally.  While the peak displacement of a supports configuration is at 
midspan, for an interior restraint configuration, the restraint at the top 
flange significantly reduces the deflection of the Z-section at mid-span.  
In order to maintain equilibrium this restraint force must be zero.  To 
maintain compatibility, the vertical and lateral displacements, ΔV and 
ΔV, must exist between the ends and midspan.  To accomplish this, the 
deflected shape of the Z-section is as shown in Figure 1 (b).   
 
Like the supports restraint configuration, if the diaphragm stiffness of 
the sheathing is considered, the lateral deformation is reduced through 
the development of an internal uniformly distributed force in the 
diaphragm.  This force is resolved entirely in the diaphragm and the 
restraint force remains zero.  The uniform force in the sheathing, 
however induces a torsion on the purlin causing rotation of the mid-
span relative to the ends, ΦTorsion, as shown in Figure 5. Because 
restraint is applied at the interior, an additional rotation occurs at each 
end as a result of diaphragm flexibility. The end rotation, ΦEnd, is 
approximated as the diaphragm deflection at the end of the purlin 
relative to the restraint location divided by depth.  As the diaphragm 
stiffness increases, the diaphragm displacement decreases.  For a rigid 
diaphragm, the end rotation is zero and the midspan rotation matches 
that for a supports restraint configuration with a rigid diaphragm.  
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Figure 5.  Torsional Rotation, End Rotation, and Net Rotation 

 
To determine the effect of the purlin rotation on the moments in the 
sheathing, the two rotations of the purlin, ΦTorsion, and ΦEnd, are 
considered separately.  Like the supports restraint configuration, a 
portion of the rotation of the purlin, ΦTorsion  varies from zero at the end 
to maximum at midspan and therefore is approximated as parabolic.  
By separating out the torsional rotation, the end rotation can be 
considered as uniform (rigid body rotation).  For a third points restraint 
configuration, the total moment in the sheathing due to these rotations 
is 
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The first part of the summation is the same as Equation (3) for a 
supports restraint configuration.  The second part of the summation 
accounts for the moment due to the end rotation.  It is assumed to be 
uniform but as was shown previously, a uniform moment causes 
additional rotations, so the moment is modified by the term (1-
2/3kmclipτ) to account for this rotation.  For systems with a diaphragm 
stiffness, G’, greater than 5000 lb/in, this effect is negligible.  For roofs 
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with pitches steeper than 1:12, it is conservative to eliminate this 
additional effect. 
 
The approximations for the torsional moment given in Equation (4) 
assume that plane sections always remain plane.  Because Z-sections 
can be made of rather thin material, the purlin cross section can deform 
without fully transferring the moments predicted in Equation (4).  
Consequently, a modification is made to the sheathing moment based 
upon finite element model results that attempts to account for this local 
deformation.  The sheathing moment including the local deformation 
moment is 

d
EtK

K
bwLM

MClip

MClip
local

3

cos 3

+
⋅⋅−= θδ              (5) 

The treatment of local deformations here is slightly different than that 
presented by Seek and Murray (2006) but results in a better 
approximation of behavior.  Like the torsional moments, local 
deformations are believed to have some effect on the effective 
eccentricity.  A thinner purlin has less resistance to this local 
deformation and effectively reduces the eccentricity, δ, at which the 
load is transferred to the flange of the purlin.  A more rigorous 
investigation of the interaction between the sheathing and Z-section is 
required to better understand this behavior.    
 
PROBLEM SOLUTION 
 
There are three steps to determining the lateral restraint forces using the 
component stiffness method.  The first step is to determine the uniform 
restraint force provided by the sheathing, wrest.  For a uniform system, 
this is a single calculation.  For a system with different loadings, 
spacing, or section properties, the force must be calculated for each 
different Z-section in the system.  Upon calculating the uniform 
restraint in the sheathing, the total lateral force that must be restrained 
is found using Equation (2).  Stiffness values for each of the 
components of the system must be calculated.  To determine the 
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restraint force, the total force in the system is multiplied by the relative 
stiffness of the restraint to the total restraint of the system. 
 
Fundamental to the problem is the solution of the uniform restraint 
force in the sheathing.  The formulation presented applies to a third 
points restraint configuration, but the methodology could be applied to 
any restraint configuration symmetric about the midspan within the 
middle third of the Z-section span.  By enforcing compatibility of the 
purlin and diaphragm utilizing the concept of unrestrained and restoring 
displacements as outlined by Seek and Murray (2005), the uniform 
restraint force in the sheathing is 

σ⋅= wwrest                (6) 
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Lateral deflections are taken at the third points along the span while the 
rotations are taken at the mid-span for simplicity of calculations.  For 
an exact solution, lateral displacement and rotational compatibility 
should be satisfied at the same location.  However, this approximation 
results in negligible error in the final results. 
 
There are two components that are considered to contribute to the 
lateral stiffness of the system, the external restraint and the stiffness of 
the sheathing.  The stiffness of the connection between the rafter and Z-
section is considered to be negligible and therefore is not included in 
the formulation.  The restraint is considered to be rigidly attached to the 
top flange of the purlin, i.e. there is no deformation in the purlin in 
transferring force out to the sheathing and into the restraint.  Flexibility 
is assumed to be introduced through the deformation of the anchorage 
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of the restraint.  For example, if the third point is restrained by 
strapping anchored by an eave strut, the restraint stiffness is the 
bending stiffness of the eave strut at the third point location.  
Alternatively, the restraint stiffness may be determined by test.  In lieu 
of calculating restraint stiffness, it may be assumed to be rigid, i.e. all 
the external force is distributed to the restraint.  This will always lead to 
a conservative approximation of restraint force.  This approximation 
will however lead to unconservative approximations of lateral 
deflection. 
 
Determination of the sheathing stiffness for an interior restraint 
configuration is the same as was introduced by Seek and Murray 
(2006).  As the external restraint permits lateral movement of the top 
flange of the Z-section, Δrestraint, it is assumed to rotate as a rigid body 
about the base of the purlin and the rotation is approximated as 
Δrestraint/d.  This uniform rotation generates a uniform moment in the 
sheathing.  The uniform moment causes additional rotation of the 
midspan relative to the ends that is assumed to have a parabolic 
distribution.  Consequently, the moment is reduced for this effect of 
this additional rotation by the term (1-2/3Kmclipτ).  Local deformations 
again come into play, so the stiffness is further modified based upon the 
results of finite element modeling, to yield 
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In Seek and Murray (2006), purlins are categorized as to whether they 
are directly restrained or considered system purlins in which restraint is 
applied indirectly through the sheathing.  The stiffness of a directly 
restrained purlin is slightly larger than that of an unrestrained purlin 
because local deformations of the purlin at the restraint location 
increase the moments per unit displacement.  One of the assumptions in 
the formulation of the interior restraint case is that local deformation is 
at the restraint is ignored.  Therefore, all of the purlins can be treated as 
system purlins.  This approximation results in a conservative 
approximation of restraint force. 
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The total stiffness of system is the combination of the stiffness of each 
of the restraints and the stiffness of the sheathing for each of the purlins 
in the system, 

d
K

KK shtg
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∑
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The lateral restraint force, PL, is determined by multiplying the sum of 
the forces in the system by the ratio of the restraint stiffness to the total 
stiffness of the system. 
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Equation (10) allows for variation of the restraint height although it is  
assumed that the height of the restraint is as close as possible to the top 
of the purlin.  Lowering the restraint height in the calculations will 
typically lead to a conservative approximation of the restraint force.  
However, locating the restraint lower than two times the web-flange 
radius introduces additional flexibility into the system and reduces the 
effectiveness of the restraint.  Unless this flexibility is accounted for in 
the stiffness of the restraint, Equation (10) will conservatively predict 
the restraint force but will underestimate the amount of deformation of 
the system. 
 
In this formulation for third points restraints, it is assumed that that the 
connection between the rafter and purlins is rotationally pinned.  For a 
Z-section flange-to-rafter bolted connection, this will typically result in 
a conservative restraint force.  If the end connection significantly 
restrains the displacement of the top flange of the purlin (as in a web 
plate), the restraint force can be significantly different that calculated 
by Equation (10).  In any case where the connection between the rafter 
and Z-section provides significant restraint, the restraint configuration 
should be considered a third points plus supports configuration rather 
than a purely third points configuration. 
 
As important as the restraint force is the force in the connection 
between the purlin and sheathing at the restraint.  This force is 
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significant and must be transferred to the sheathing over a distance of 
approximately 12 in. (30 cm) to either side of the restraint.  
Conservatively, the fastener force can be assumed to equal the restraint 
force.  A reduction in this force can typically be achieved using 
Equation (11). 
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To ensure effectiveness of the lateral restraints, the deformation of the 
system should be checked.  There are two locations where the 
deformation is important: deformation at the restraint location and 
deformation at the frame line.  The deflection at the restraint is  
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Additional deformation of the system occurs along the frame lines.  
Using the shear forces developed in the diaphragm, the lateral 
displacement of the top flange of the purlin at the frame lines relative to 
the restraint location is  
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In Equations (12) and (13), a positive deflection indicates upslope 
translation.  The net displacement of the top flange of the purlin relative 
to its initial position is the sum of Δrest and Δdiaph.  The deflection of the 
restraint calculated at factored load levels should be limited to 

20
d

rest φ≤Δ              (14) 

The maximum lateral deflection of the top flange of the purlin along 
the purlin span relative to the restraint calculated at nominal load levels 
should be limited to the L/360.  
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CONCLUSIONS 
 
Though originally developed for roof systems with lateral restraints at 
the support location, the component stiffness method can also be 
applied to single span Z-section roof systems with interior restraints.  
The method accounts for the effects that variations in the flexural and 
torsional properties of the Z-section and diaphragm and rotational 
stiffness properties of sheathing have on the lateral restraint forces.  
The method has the flexibility to incorporate systems with different 
purlins sizes or applied uniform loads.  Just as important as the restraint 
forces, the method also predicts the lateral displacement of system, 
providing a means to determine the effectiveness of the lateral 
restraints. 
 
Though the equations presented are applicable only to a third point 
restraint configuration, the equations require only slight modification 
for any interior bracing configuration symmetric about the mid-span 
within the middle third of the purlin span.  Because the method is 
developed from mechanics principles familiar to engineers, it helps 
improve the understanding of the complex behavior of Z-section roof 
systems.  The component stiffness method provides a rational means of 
predicting lateral restraint forces, ensuring that increasingly popular Z-
section roof systems can be safely and efficiently designed.  
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APPENDIX – NOTATION 
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b = width of Z-section top flange (in)  (mm) 
Bay = total width of diaphragm perpendicular to span (ft) (m) 
d = depth of Z-section (in) (mm) 
E = modulus of elasticity (29,500,000 psi) (203,400 MPa) 
G = shear modulus (11,200,00 psi) (77,200 MPa) 
h = height of applied restraint measured from base of Z-section 

    parallel to web (in) 
Kmclip = combined rotational stiffness of sheathing and connection 

    between the Z-section and sheathing (lb-in/ft) (N-m/m) 
L = span of Z-section (ft) (m) 
t = thickness of Z-section (in) 
w = uniform loading on Z-section (lb/ft) (N/m) 
Width = Tributary width of diaphragm (perpendicular to Z-Section 

    Span) per Z-section.(in) (mm) 
δ = load eccentricity on Z-section top flange (1/3) 
θ = angle between the vertical and the plane of the Z-section  

   web (degrees) 
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Prediction of Lateral Restraint Forces in Single Span Z-section Roof Systems with One 
Flange attached to Sheathing using the Component Stiffness Method 

 
Michael W. Seek, P.E. 

Thomas M. Murray, Ph.D., P.E.  
 
Abstract 

The Component Stiffness Method is a method to predict lateral restraint forces in roof systems 

supported by Z-sections.  The method approximates a bay of Z-sections as a single degree of 

freedom system and uses a stiffness formulation to determine the contribution of the different 

components in the system to the resistance of lateral movement.  The forces generated by the 

roof system requiring restraint are derived from mechanics and supported through the results of 

finite element model analyses.   

Introduction 

 In typical metal building roof systems, a Z-section is installed with the bottom flange 

attached to the top of the supporting rafter and the top flange is attached to sheathing as shown in 

Figure 1.  This configuration allows for simple connections to the rafters and permits the Z-

section to be installed as a continuous member.  However, forces applied to the top flange of the 

Z-section must be transferred over the depth of the Z-section to the top of rafter elevation.  

Vertical loads, V, are transferred directly through the Z-section web.  Overturning of the Z-

section about its base must be resisted by the application of external restraints, R.  Overturning 

forces result from the eccentricity of the applied loads relative to the base and internal forces 

developed from interaction between the Z-section and sheathing.   
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Figure 1. Forces on a sloped Z-section Roof System 

 

The component stiffness method uses a stiffness approach to determine the external 

restraint forces.  The externally applied restraint provides most of the resistance to overturning.   

However, the roof system has some inherent resistance to the overturning forces through the 

connection of the Z-section with the sheathing and the connection of the Z-section to the rafter.   

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 rafter.    

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 Z-section 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 Z-section 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/Z-section interaction to the 
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lateral force in the system is determined.  These sheathing/Z-section interaction forces are 

dependent upon the restraint configuration and therefore will vary slightly for each restraint 

configuration. 

 Once the forces generated by the system have been determined, the next step in the 

Component Stiffness Method is to determine the stiffness of the system and distribute forces 

through the system according to the stiffness of each of the omponents.  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-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 final step in the Component Stiffness Method is to evaluate the effectiveness of the 

bracing configuration by checking the forces in the sheathing and the deformation of the system.  

As the system of purlins generates restraint forces, the diaphragm is relied upon to help transfer 

and distribute forces throughout the system.  These forces must be transferred out of the 

diaphragm and into the purlins.  At the restraint location, these forces can be significant – even 
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exceeding the restraint force.  The component stiffness method provides a means of calculating 

the diaphragm shear forces transferred between the purlin and sheathing. 

 Deformation of the system must also be considered.  Because the lateral bracing is 

provided to maintain stability of the roof system, it is important that the system be prevented 

from excessive deformations and the second order effects that accompany these deformations.  

Equations are provided that predict the lateral displacement of the roof system at the restraint 

location and the deformation of the diaphragm relative to the restraint location. 

Forces Generated in Z-Section supported Roof Systems 

The Component Stiffness Method is based upon the free body diagrams shown in Figures 

2(a) and 2(b).  Figure 2(a) displays the loads developed in the roof system requiring lateral 

restraints and Figure 2(b) shows the forces restraining the system.  The gravity loads applied to 

the top flange of the Z-section as shown in Figure 2(a) are divided into a vertical component, 

w·L·cosθ, parallel to the plane of the web and a downslope component, w·L·sinθ in the plane of 

the sheathing, where w is the uniformly applied gravity load along the span of the Z-section, L is 

the span of the Z-section and θ is the angle of the roof plane relative to the horizontal.  The 

vertical component of the gravity load is approximated to act at some eccentricity, δb, along the 

top flange of the Z-section.  As the gravity loads are applied to the Z-section, deformation of the 

Z-section is restrained through the development of diaphragm forces in the sheathing.   Torsion 

of the Z-section and local rotations are resisted by the moments developed in the connection to 

the sheathing, Mtorsion and Mlocal respectively. The forces shown in Figure 2(a) have a net 

overturning effect on the Z-section its base at the rafter location.  To determine these forces, the 

Z-section is considered rigidly restrained at the restraint location.   
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   (a) Forces Generated  (b) Resisting Forces 

Figure 2 Free Body Diagram of Forces Acting on Z-section 

Figure 2(b) shows the resistance of the system of Z-sections to these overturning forces.  

The majority of the resistance to the overturning forces is provided by the external restraint, R.  

However the restraints have a finite stiffness, and as the restraint permits displacement of the top 

flange, additional resistance is provided by the inherent lateral stiffness of the system.  As the top 

of the Z-section moves laterally relative to the base, the Z-section rotates about the longitudinal 

axis relative to the sheathing and a resisting moment is developed in the sheathing, Mshtg.  

Similarly, the connection between the rafter and the Z-section resists the rotation of the Z-section 

through the development of a moment at the connection.  Summing moments about the base of 

the Z-section, the restraint force is determined from 

h
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The forces resisted by each “component”, the external restraint, the sheathing, and the 

connection of the Z-section to the rafter, are directly related to the displacement of the top flange 

at the restraint.  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 Z-section at the restraint.  Therefore, the restraint stiffness, Krest, is the force in the 

restraint at the top flange of the sheathing relative to the displacement of the top flange at the 
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restraint.  The sheathing stiffness, Kshtg, is the moment generated in the connection between the 

purlin and the sheathing per unit displacement of the Z-section top flange at the restraint.  

Similarly, the rafter stiffness is the moment generated at the rafter location per unit displacement 

of the top flange at the restraint location.  By defining the stiffness of each of the components 

relative to the displacement of the top flange of the Z-section, the Z-setion is treated as a single 

degree of freedom system.  The force resisted by the external restraint is the product of the total 

forces in the system and the relative stiffness of the restraint to the total stiffness of the system, 

or 
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  Torsional Moment 

The torsional moment developed due to the interaction between the sheathing and Z-

section is a result of the peculiar flexural characteristics of the Z-section.  To determine the 

torsional moment, the Z-section, subjected to a uniform gravity load, is rigidly restrained at the 

top flange at the restraint location, but is permitted to deflect laterally and vertically.  The 

deformation of the Z-section is restrained by the sheathing through the development of shear 

forces through diaphragm action and moments due to the torsional restraint of the sheathing.  

Compatibility between the displaced shape of the Z-section and the sheathing is used to 

determine the restraining forces in the sheathing.  Because the displaced shape of the Z-section is 

dependent upon the restraint location, an individual set of equations must be derived for each 

restraint configuration.  Two of the more common configurations, a support restraint 

configuration and a third-points configuration are presented in this paper. 
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Torsional Moment - Supports Restraint Configuration. 

 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 rafter support 

location and subjected to external gravity loads applied to the top flange.  Allowing the Z-section 

to deform freely and neglecting second order effects, as the vertical component of the gravity 

load, w·L·cosθ, acts at an eccentricity, δb, on the top flange of the Z-section, as shown in Figure 

2(a), the Z-section will deflect laterally (Δx,cen) and twist clockwise about its longitudinal axis 

(Δx,torsion) as shown in Figure 3.  The 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, wrest, as shown in Figure 4.  Application of this uniform force to the top flange of the 

Z-section results in a restoring lateral deflection (Δx,restoring,center) and a counterclockwise twist of 

the Z-section (Δx,restoring,torsion).  The uniform restraint force in the sheathing, wrest, and the 

downslope component of the gravity load, w·L·sinθ, 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 

σ⋅= ww rest                            (3) 

where 
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Figure 3. Midspan Displacement Compatibility 

 For definitions of the terms used in Equation (4) refer to the nomenclature in the 

Appendix.  The term σ is used for convenience of calculation and is considered the proportion of 

the uniformly applied vertical force transferred to a horizontal force in the sheathing.  This 

proportion can typically be approximated as σ ≈ IXY/IX.  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, σ will reduce to IXY/IX.  For low slope roofs, reducing the 

diaphragm stiffness will reduce the uniform restraint force in the sheathing which will result in σ 

< IXY/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 σ > IXY/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 σ. 
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Figure 4. Uniform Restraint Force in Sheathing 

Once the uniform restraint force in the sheathing has been determined, the midspan 

torsional rotation of the Z-section and corresponding moment generated in the sheathing is 

determined.  For a Z-section with end restraints, the rotation of a Z-section about its longitudinal 

axis is restricted at its ends and increases to maximum at mid-span, Φ, as shown in Figure 5(a).  

The variation of the torsional rotation is approximated as 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, Mtorsion, as shown in Figure 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, ΦMtorsion, as shown in Figure 5(b).  The net torsional rotation of the Z-

section at midspan, Φnet, 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 
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(a)  Rotation without Rotational Resistance      (b) Net Rotation with Rotational Resitance 

Figure 5  Rotation of Z-section at Midspan 
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Equation (5) is simplified to yield 
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The net torsional rotation of the Z-section provided by equation (6) at mid-span is the peak 

rotation in the parabolic distribution.  Relating the moment in the sheathing to the rotation by 

M=Φnet·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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As the Z-section is shown in Figure 5, 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 negeative moment is developed.  

 The torsional moment, Mtorsion; overturing moment, w·L·δb·cosθ; and the combination of 

these two effects are plotted relative to the load eccentricity in Figure 6 for a particular Z-section 

and panel combination.  The magnitude of the Mtorsion is maximum for δ = 0 and decreases with 

increasing load eccentricity.  For an approximate load eccentricity δ = 0.45, the twist angle Φ 

and corresponding torsional moment equal zero.  As the eccentricity increases, the overturning 

moment (wL·δb·cosθ) increases and there is a net increase in the combined moment that must be 

restrained. 
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Figure 6.  Overturning moment, Torsional Moment, and Combined 
     Moment vs Load Eccentricity on Z-section Top Flange 

It is believed that the load eccentricity on the top flange is a function of the Z-section and 

sheathing section properties.  As a Z-section has the greater tendency to twist, the line of action 

of the vertical component of the gravity load becomes more eccentric to counter the tendency to 

twist.  Ghazanfari and Murray (1983) proposed that the vertical component of the gravity load 
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acts at an eccentricity of δb = 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, however for some cases the best correlation was 

observed for an eccentricity as much as one-half the flange width. For a low slope roof (roof 

slope < 1:12), it is typically conservative to overestimate eccentricity.  For steeper slope roofs, 

underestimating eccentricity is conservative.  A more extensive investigation into the interaction 

between the Z-section, connectors and sheathing is required to better understand this behavior. 

Torsional Moment – Interior Restraint Configuration. 

The torsional behavior of a single Z-section with interior restraints is similar to one with 

supports restraints.  Considering a single Z-section with internal restraints at the top flange and 

ignoring the contribution of the sheathing, when loaded in the plane of the web, the Z-section has 

the tendency to deflect laterally.  While the peak displacement of a supports configuration is at 

mid-span, for an interior restraint configuration, the restraint at the top flange prevents the 

deflection of the Z-section at mid-span.  To maintain equilibrium this restraint force must be 

zero.  To maintain compatibility, the vertical and lateral displacements, ΔV and ΔH, must exist 

between the ends and mid-span.  To accomplish this, the deflected shape of the Z-section is as 

shown in Figure 7.   

R = 0

Rxn = 0

ΔH

End

w

ΔV

Midspan

 

Figure 7  Displacement of Z-section Restrained at Mid-span 
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Like the supports restraint configuration, if the diaphragm stiffness of the sheathing is 

considered, the lateral deformation is reduced through the development of an internal uniformly 

distributed force in the diaphragm.  This uniform force in the sheathing induces torsional rotation 

of the mid-span relative to the ends, ΦTorsion, as shown in Figure 8. Because restraint is applied at 

the interior, an additional longitudinal axis rotation occurs at each end as a result of diaphragm 

flexibility. The end rotation, ΦEnd, is approximated as the diaphragm deflection at the end of the 

purlin relative to the restraint location divided by depth.  The net torsional rotation of the Z-

section, ΦEnd, is the sum of ΦTorsion and ΦEnd.  As the diaphragm stiffness increases, the 

diaphragm displacement at the end decreases.  For a rigid diaphragm, the end rotation is zero and 

the midspan rotation matches that for a supports restraint configuration with a rigid diaphragm.  

ΦMS
ΦEnd

Δdiaph

ΦTorsion

 

Figure 8.  Interior Restraint Configuration: Torsional Rotation, End Rotation, and Net Rotation 

To determine the magnitude of the moments in the sheathing due to the rotation of the Z-

section about its longitudinal axis, the rotations of the Z-section, ΦTorsion, and ΦEnd, are treated 

indepenedently.  The first portion of the rotation, ΦTorsion varies from zero at the end to maximum 

at midspan and therefore is approximated as parabolic, the same as for a supports restraint 

configuration.  By separating out the torsional rotation, the end rotation, ΦEnd, can be considered 

as uniform along the length of the Z-section.  Using small angle approximation, this uniform 

rotation of the Z-section relative to the sheathing is ΦEnd = Δdiaph/d.  The shear forces in the 
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diaphragm for a third points restraint configuration are distributed along the span of the Z-section 

as shown in Figure 9.  The vertical load effects are shown in Figure 9(a) and the load effects for 

the downslope component are shown in Figure 9(b).  The deformation of the diaphragm is 

determined at the end of the Z-section relative to the third point by integrating the shear force 

from the end of the Z-section to the third point (shaded region in Figure 9) and superimposing 

the vertical load effects and downslope load effects.  The approximate restraint force considering 

only the overturning force, R0, is required to approximate the forces in the diaphragm.  The 

deflection of the diaphragm at the end of the Z-section relative to the third point is 
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Relating the rotation of the Z-section about its longitudinal axis to the moment in the 

sheathing through the stiffness of the sheathing-to-Z-section connection, Kmclip, and accounting 

for the fact that a uniformly applied torque causes additional torsional rotations distributed 

parabolically as shown previously, the moment in the sheathing due to the end rotation, ΦEnd, is 
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Combining the end moment with the torsional moment developed previously for the supports 

restraint configuration, the total moment in the sheathing for a third point restraint configuration 

is 
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For systems with a diaphragm stiffness, G’, greater than 5000 lb/in, the additional end rotation 

moment, Mend, is typically negligible.  For roofs with pitches steeper than 1:12, it is conservative 

to eliminate Mend. 
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  (a)  Vertical Load Effects  (b)  Downslope Load Effects 

Figure 9  Diaphragm Forces for a Third Points Restraint Configuration 

Local Bending Moment 

The approximations for the torsional moment given in Equations 8 and 11 assume that 

plane sections always remain plane.  Because Z-sections are manufactured from relatively thin 

material, the Z-section cross section can deform without fully transferring the moments predicted 

in Equations 8 and 11.  An attempt to capture this additional deformation is made with the model 

shown in Figure 10.  As the vertical component of the gravity load acts eccentrically on the top 

flange of the Z-section, the flange deflects causing a local rotation of the Z-section relative to the 

sheathing.  Due to the rotational resistance of the connection between the Z-section and 

sheathing, a moment is developed in the sheathing.  The magnitude of this moment, referred to 

as the local bending moment, is 
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 Figure 10 Local deformation of Z-section 

Stiffness of Components 

Restraint Stiffness 

For the purposes of determining the restraint stiffness, restraints are divided into two 

categories:  support restraint and interior restraint.  A restraint is considered a “support” restraint 

for lateral restraint applied along the frame line and an interior restraint is for restraints applied 

along the interior of the span.   

Restraint Stiffness – Support Restraint 

The stiffness of each restraint is defined as the force developed at the top flange of the Z-

section at the restraint per unit displacement of the top flange at the restraint location.  As shown 

in Figure 11, the deformation at the restraint is the combination of the deformation of the 

restraint device, Δdevice, and the deformation of the web of the purlin relative to the restraint, 

Δconfig.  The total stiffness at the restraint, Krest, provided in Equation 13 is the combination of the 

stiffness of the device at the height at which the restraint is applied, Kdevice, and the stiffness of 

the web of the purlin as the force is transferred transverse to the web of the purlin from the top 

flange to the height of the restraint, Kconfig.  The net stiffness of the restraint is defined as the 

restraint as the force at the top flange of the Z-section per unit displacement of the top flange. 
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For a support restraint 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 

restraint stiffness and can be considered rigid in many cases.  For determination of the restraint 

force, this approximation will be conservative, although the predicted deformation of the system 

will be unconservative. 

Δdevice

R

Δconfig

 

Figure 11 Combined Displacement of Device and Configuration 

Support restraints are divided into two categories – discrete anchorage devices and  

antiroll anchorage devices.  A discrete anchorage device provides lateral resistance at a discrete 

location along the height of the Z-section as shown in Figure 12(b) while an antiroll anchorage 

device clamps to the web of the Z-section at multiple locations along the depth as shown in 

Figure 12(a).  The antiroll anchorage device prevents deformation of the Z-section web below 

the restraint location while a discrete restraint 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. 
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(a)  Anti-roll Anchorage Device (b) Discrete Anchorage Device 

Figure 12 Supports Restraint Configurations 

The equation to predict the configuration stiffness of a discrete restraint configuration is 

based on a two dimensional beam model bent about the thickness of the web as shown in Figure 

13.  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 restraint is 
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where d is the depth of the section, h is the height of the restraint, L is the span length of the Z-

section and kmclip is the rotational stiffness of the connection between the purlin and sheathing. 
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Figure 13 Stiffness Model – Discrete Restraint 
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For an antiroll anchorage device, the configuration stiffness is based upon the two-

dimensional line element model shown in Figure 14.  The model assumes that restraint is applied 

at the top row of bolts and the web of the Z-section is rotationally fixed at this point.  The 

effective width of the web is assumed to be the width of the antiroll clip, bar and the top of the 

purlin is assumed to be fixed to the sheathing.  The configuration stiffness equation given by 

Equation 15 is the familiar formula for a fixed-fixed cantilever beam multiplied by d/h to transfer 

the stiffness to the restraint height h.    
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Figure 14 Stiffness Model – Antiroll Anchorage Device 

A type of anti-roll anchorage device is a single web plate, sometimes referred to as a 

rafter clip.  The device stiffness and the configuration stiffness of the web plate is calculated 

directly by modeling the web plate and Z-section web as a two dimensional cantilever beam 

model as shown in Figure 15.  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 has a thickness equal to that of the web plate.  Above the top row of bolts the beam model 

has the thickness equal to Z-section web thickness.  The model incorporates both the device and 

configuration stiffness, and the resulting restraint stiffness for a web bolted rafter plate is 
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Figure 15 Stiffness Model – Rafter Plate 
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The provided equations for the configuration stiffness for a discrete anchorage device 

will typically overestimate the stiffness of the restraint configuration, which will lead to a 

conservative approximation of restraint force but may underestimate the amount of deflection in 

the system.  Conversely, for an antiroll anchorage device, the provided equation will typically 

underestimate the stiffness which will result in an overestimation of deformation at the restraint 

location.  Most antiroll 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 antiroll anchorage devices, it is conservative to underestimate the stiffness 

of the anti-roll anchorage device. 

The restraint stiffness at the frame line may also be determined by a fairly simple test 

procedure with the apparatus shown in Figure 16.  The apparatus consists of a segment of Z-

section approximately 2 ft. long anchored in the manner representing the 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 
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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, Δ1, and if it is desirable to 

capture the relative slip between the Z-section and sheathing, the deflection of the sheathing, Δ2.   

The sheathing is permitted to move laterally but prevented from moving vertically at a distance 

of span/2 from the Z-section where span is the Z-section spacing.   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-Z-section connection as 

well.  Alternatively, the horizontal load, PAlt, can be applied directly to the top flange of the Z-

section 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, Δ1.  For a non-linear relationship between displacement and applied load, a criterion 

for determining the nominal stiffness similar to that of AISI Test TS-1-02 in the Cold-Formed 

Steel Design Manual (2002) 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. 

P
PAlt

Δ1
Δ2

 

Figure 16 Test to Determine Stiffness of Support Restraint 
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Restraint Stiffness - Interior Restraints 

For interior lateral restraints, the restraint is considered to be attached to the top flange of the Z-

section in such a way that there is no deformation of the Z-section web as the restraint force is 

transferred out of the sheathing and into the restraint.  Flexibility, therefore is introduced only 

through the deformation of the anchorage of the restraint.  From Equation (13), the configuration 

stiffness is considered infinite and the restraint stiffness reduces to 

( ) device
2

d
h

rest KK =               (17) 

For example, consider third point restraints anchored by strapping attached to the eave strut.  The 

device stiffness in this case is the weak axis bending stiffness of the eave strut.  The bending 

stiffness is the deflection at the third point due to a concentrated load at the third point.  From 

flexural mechanics, the restraint stiffness is 
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where IY is the weak axis moment of inertia of the eave strut and L is the span of the eave strut. 

Alternatively, in lieu of calculating restraint stiffness, it may be assumed to be rigid, i.e. all the 

external force is distributed to the restraint.  This will always lead to a conservative 

approximation of the restraint force, however this approximation will result in an unconservative 

approximation of lateral deflection at the restraint. 

Stiffness of System 

The system of purlins has an inherent resistance to lateral forces through the connection of the Z-

section to the rafter and through the connection of the sheathing to the Z-section, referred to as 

the rafter stiffness, Krafter and sheathing stiffness, Kshtg, respectively.  For determining both lateral 

restraint forces and the deformation of the system, it is conservative to underestimate the rafter 

and sheathing stiffnesses.  A low estimate of the rafter and sheathing stiffnesses will result in the 
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prediction of larger restraint force than actual and will result in a larger calculation of system 

displacement.  For simplicity, the rafter and sheathing stiffnesses can conservatively be 

eliminated.  However, the contribution of the sheathing and the rafter connection to the 

resistance of lateral forces can be significant and economically advantageous to include. 

Rafter Stiffness 

The connection of the Z-section to the rafter provides resistance to lateral forces through 

the development of a moment at the base of the Z-section.  The rafter stiffness is defined as the 

moment generated at the base of the Z-section per unit lateral displacement of the top flange of 

the Z-section.  Two basic connection configurations are considered, a flange-bolted connection, 

shown in Figure 17(a) and a web bolted rafter plate connection, shown in Figure 17(b).  In a 

flange-bolted configuration, the bottom flange of the Z-section is through-bolted to the top flange 

of the rafter with two bolts in line with the web of the Z-section.  The clamping action of the 

bolts permits the development of a moment, Mrafter, of the base of the Z-section as the top flange 

of the Z–Section moves laterally.  The stiffness of a flange bolted 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 

d2
Et45.0K

3

Rafter =               (19) 

Where E is the modulus of elasticity of the Z-section, t is the thickness of the Z-section and d is 

the depth of the Z-section. 

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 Z-

section.  Like the flange bolted connection, as the top flange of Z-section moves laterally, a 

moment is generated at the base of the Z-section to resist this movement.  Because of the added 
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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 (20) is the same as Equation (16) for a supports restraint except the stiffness is 

multiplied by the depth of the Z-section, d, to convert it to moment at the base of the Z-section 

per unit displacement of the top of the Z-section.   
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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. 

MrafterMrafter  

(a) Flange Bolted  (b) Web Bolted Rafter Plate 

Figure 17 Typical rafter to Purlin Connections 

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 Z-section moves 

laterally, the Z-section is approximated to rotate about its base as shown in Figure 18.  As the Z-

section rotates relative to the plane of the sheathing, a moment is developed in the connection 
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between the sheathing and Z-section.  The rotation of the Z-section about its base is 

approximated to be uniform and thus generates a uniform moment in the connection between the 

Z-section and sheathing along the length of the Z-section.  As the uniform moment is applied to 

the Z-section, additional torsional rotations are generated in the Z-section.  These torsional 

rotations are approximated to vary parabolically along the length of the Z-section and are 

accounted for by the (1-2/3Kmclipτ ) term in equation (21).  The theoretical equation for the 

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 
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Where L is the Z-section span, d is the depth of the Z-section, t is the thickness of the Z-section, 

Kmclip is the rotational stiffness of the connection between the purlin and the sheathing and τ is 

the torsional term defined by Equation 7. 

 

Figure 18 Sheathing Moment Stiffness 

The rotational stiffness of the connection between the purlin and the sheathing is defined 

as the moment generated per unit rotation of the Z-section per unit length of the Z-section.  The 

moment in the connection between the Z-section and the sheathing is developed as a result of 

prying action.  For a through fastened system, the connection is made with a single screw placed 

Kmclip

d Mshtg
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near a rib of the sheathing and into the top flange of the Z-section.  As the Z-section 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 Z-section 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 posses considerable stiffness.  For a standing seam system, 

the stiffness of the sheathing-to-Z-section connection is a function of the clip material and 

geometry, the “tightness” of clip tab in the panel seam, the Z-section thickness and the presence 

of insulation. 

With so many factors involved, the stiffness of the connection between the Z-section and  

sheathing, Kmclip, cannot easily be determined analytically but can be readily determined by test.  

The test procedure is outlined in the Cold-Formed Steel Design Manual (2002): AISI TS-1-02 

Rotational Lateral Test Method for Beam-to-Panel Assemblies.  The basic test assembly is 

shown in Figure 19.  A panel segment with a span representative of the Z-section spacing in a 

roof system is attached to a segment of Z-section and a load is applied to the free flange of the Z-

section.  As the lateral load, P, is applied to the free flange of the Z-section, the lateral 

displacement, Δ, of the free 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-Z-section 

connection, Kmclip. 
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ΔP

 

Figure 19 Test Set-up for Determining Stiffness of Sheathing Z-section Connection 

The displacement of the free flange measured by test TS-1-02 is the combined 

displacement of the flexure in the web of the Z-section and the rotation of the sheathing-to-Z-

section connection.  Provided the apparatus is set up as prescribed in TS-1-02, additional 

deformation due to flexure of the sheathing is eliminated.  To determine the sheathing-to-Z-

section 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 Z-section web as fixed-free cantilever beam element, and the resulting 

stiffness of the connection between the sheathing and the deck is 
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where PN is the nominal test load, ΔN is the nominal test displacement, LB is the Z-section length, 

d is the depth of the Z-section, and t is the thickness of the Z-section.  Equation 22 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 Z-section.  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-Z-section 

connection and the net stiffness of the purlin-sheathing connection is 



 

 135  

  
Deckconn

connDeck
mclip IE12kspa

kIE12
k

⋅+⋅
⋅⋅

=             (23) 

Where IDeck is the moment of inertia of the sheathing and span is the distance between the 

centerline of each span of the sheathing as shown in Figure 20.   

CLCL

 

Figure 20 Flexibility of Sheathing included in Stiffness of Sheathing-toZ-section Connection  

Application to Multiple Purlin Line Systems 

In multiple purlin line systems, restraint is typically applied to only a few of the purlin 

lines in the system.  In development of the equations, it is assumed that there is some mechanism 

that that transfers the restraint force from the system Z-sections, those Z-sections not directly 

restrained, to the external restraints.  In through-fastened sheathing systems, the sheathing 

efficiently transfers this force.  In standing seam systems where lateral movement between the 

sheathing and Z-section is permitted by articulating clips, some external mechanism such as 

strapping must be provided to help transfer the restraint force. 

To relate each purlin line, the system of purlins is approximated as a single degree of 

freedom system.  The mechanism that transfers the restraint force from the system purlins to the 

restraint is assumed to be rigid.  The displacement of the top flange of each purlin at the restraint 

location is therefore the same.  The force in each component of the system is related to the lateral 

deflection of the system at the restraint location through the stiffness of each component.  The 
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total stiffness of the system then is the sum of the restraint stiffness, rafter stiffness, and 

sheathing stiffness for each purlin. 
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Note that for an interior restraint configuration, the connection between the rafter and the 

Z-section is assumed to be pinned.  Consequently, when considering an interior restraint 

configuration, the rafter stiffness should not be included in the total stiffness of the system.  

Typically, the stiffness of a flange bolted rafter connection is minimal and this approximation 

results in a conservative approximation of the restraint force and system deformation.  When the 

connection to the rafter has considerable stiffness such as with a rafter web plate, the added 

stiffness of the web plate changes the distribution of forces in the sheathing and invalidates the 

equations provided for the interior third points restraint configuration.  In the case of a stiff rafter 

connection in conjunction with an interior third point restraint, the restraint configuration is 

considered a third point plus support configuration and is beyond the scope of this paper.     

The total lateral force generated by the system of Z-sections is the sum of the forces 

generated by each individual Z-section.  To determine the total restraint force, the total lateral 

force generated by the system is multiplied by the ratio of the stiffness of the restraints to the 

total stiffness of the system, or 
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To determine the distribution of forces between multiple restraints, the force in each 

individual restraint determined by multiplying the total restraint force by the ratio of the stiffness 

of the individual restraint to the total restraint stiffness. 
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Transfer of Forces From Sheathing to Z-section 

An aspect critical to the performance of the restraints that must be considered is the 

fastener force: the force transferred from the sheathing to the purlin at the restraint location.  This 

force can be significant and must be transferred over a small width of panel approximately 12 in. 

(300 mm) either side of the restraint location.  For a supports restraint configuration, the 

magnitude of the fastener force may actually exceed the restraint force and is calculated by. 
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For a third points restraint configuration, the fastener force at each third point location may 

conservatively approximated as the restraint force.  A reduction in this force can typically be 

achieved using Equation (27). 
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Deformation of System 

Lateral deflection should be checked at the restraint location as excessive deformation 

undermines the intent of external restraints to prevent overturning of the Z-section.  In the event 

that adequate stiffness is not provided to limit deflection, the stiffness of the restraints can be 

increased by adding restraints or increasing the stiffness of the existing restraints.  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.  Based on 

this method, in general as a Z-section is allowed to displace, the calculated restraint force 

decreases.  The method does not account for any second order effects, therefore displacements 

should be minimized, particularly at the restraint location.  The lateral deflection of the top 

flange of the Z-section at the restraint location can be approximated by 
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With a flexible diaphragm, lateral deflection of the Z-section mid-span relative to the 

restraints is expected.  For a supports restraint configuration, the lateral displacement of the 

diaphragm at the midspan of the Z-section relative to the restraint location is 
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For a third points restraint configuration, the deformation of the diaphragm at the frame 

line relative to the third points is  
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In Equations 28, 29 and 30, a positive deflection indicates upslope translation.  For a supports 

restraint configuration, the total mid-span lateral displacement of the Z-section top flange is the 

sum of the restraint displacement and diaphragm displacement.  Likewise, for a third points 

configuration, the netl lateral displacement of the top flange at the frame line is the sum of the 

restraint displacement and the diaphragm displacement. 

Conclusions 

The Component Stiffness Method provides a means of calculating restraint forces in 

single-span Z-section supported roof systems in which the top flange is attached to sheathing.  

The method has three major steps to determine the restraint forces in external restraints.  In the 

first step, the overturning moment generated by the system of Z-sections is determined.  Some of 

the moment is a result of the overturning effects of the external gravity loads applied eccentric to 

the base of the Z-section.  The remainder of the overturning moment results from torsional and 

local bending moments generated in the connection between the Z-section and sheathing.  The 
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torsional moment is developed as the Z-section twists under applied load and is determined from 

displacement compatibility of the Z-section.  The local bending moment captures the local 

deformations of the top flange of the Z-section relative to the sheathing. 

 In the second step of the Component Stiffness Method, the stiffness of the “components” 

of the roof system in resisting the overturning moment is determined.  Most of the resistance is 

provided by the external restraint, but the system has some inherent resistance in the connection 

between the Z-section and sheathing and in the connection between the Z-section and the rafter.  

Equations for the stiffness of each of the components that are based on mechanics and modified 

using the results of finite element models are provided.  By comparing the relative stiffness of 

each of the components of the system, the overturning forces are distributed to each of the 

components. 

 In the final step of the Component Stiffness Method, the effectiveness of the restraints is 

determined by considering the lateral deformation of the system.  Equations for predicting the 

lateral deflection of the top flange of the Z-section at the restraint location, at the mid-span for a 

support restraint configuration, and at the frame line for a third point configuration are provided.  

Equations are also provided to calculate the required shear capacity of the connection between 

the Z-section and sheathing at the restraint location necessary to transfer forces out of the 

sheathing and into the restraint. 
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Appendix - Nomenclature 
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b =  width of Z-section top flange (in)  (mm) 
bar =  width of antiroll anchorage device or web bolted rafter plate 
Bay =  total width of diaphragm perpendicular to span (ft) (m) 
d =  depth of Z-section (in) (mm) 
E =  modulus of elasticity (29,500,000 psi) (203,400 MPa) 
G =  shear modulus (11,200,00 psi) (77,200 MPa) 
h =  height of applied restraint measured from base of Z-section parallel to web (in) (mm) 
IX =  moment of inertia of full unreduced section about axis perpendicular to the plane of the 

    web (in4) (mm4) 
IXY =  product of inertia of full unreduced section about major and minor centroidal 

    axes (in4) (mm4) 
IDeck =  Gross moment of inertia of sheathing  
Kmclip =  combined rotational stiffness of sheathing and connection between the Z-section and 

    sheathing (lb-in/ft) (N-m/m) 
Krafter =  Moment developed in connection between Z-section and rafter per unit lateral 

    displacement of top flange of Z-section at restraint 
Krest =  Force restrained at top flange of Z-section per unit lateral displacement of top flange 
     at restraint location 
Kshtg =  Moment developed in connection between Z-section and sheathing per unit lateral 

    displacement of top flange of Z-section at restraint 
L =  span of Z-section (ft) (m) 
Mlocal =  Moment developed in sheathing due to local deformation of top flange 
Mrafter =  Moment developed in connection between rafter and Z-section due to lateral 

     movement of top flange relative to base 
Mshtg =  Moment developed in sheathing due to lateral movement of top flange relative to base 
Mtorsion =  Moment developed in sheathing due to twist of Z-section relative to sheathing 
nP =  number of restrained purlins per anchorage device 
t =  thickness of Z-section (in) 
tpl =  thickness of web bolted rafter plate 
w =  uniform loading on Z-section (lb/ft) (N/m) 
Width =  tributary width of diaphragm (perpendicular to Z-Section Span) per  

     Z-section.(in) (mm) 
δ =  load eccentricity on Z-section top flange (1/3) 
θ =  angle between the vertical and the plane of the Z-section web (degrees)
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APPENDIX II 

RESULTS OF LABORATORY TESTS OF LATERAL RESTRAINT FORCES 
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II.1 Introduction 

 In an effort to better understand the lateral force bracing requirements of Z-purlin 

supported roof systems, a series of tests was performed on full scale roof specimens.  All 

specimens utilized 10ZS2.6x0.097 purlins spanning 20 ft.  The tests were performed on two, four 

and six purlin lines in a single span configuration and six purlin lines in a 3-span configuration.  

Each specimen was loaded to approximately 20 psf and the restraint forces were measured at 

incremental pitches between between 0:12 and 4:12.  Supports, Third Points, Midpoints, Quarter 

Points and Third Points + Supports bracing configurations were investigated.  The test results are 

compared to results from shell finite element models. 

II.2 Testing Program 

 Forty tests were performed as a part of this research program.  The tests are divided into 

eight series with five tests each.  The series are divided according to number of purlins, sheathing 

type, and number of spans.  Series 1 through 3 implemented two, four and six purlin lines 

respectively over a single 20 ft span with through fastened sheathing.  Series 4, 5 and 6 similarly 

had two, four and six purlin lines respectively over a single 20 ft span but utilized standing seam 

sheathing with sliding clips.  Series 7 was a multiple span system with six purlin lines over three 

20 ft spans with through fastened sheathing.  Series 8 used the same purlin layout as Series 7 

only with standing seam sheathing.  Within each series, five bracing configurations were 

investigated: Supports, third points, midpoints, quarter points, and third points + supports.  For 

each individual test, the roof pitch was varied at slopes between 0:12 and 4:12 with data points 

taken at 0:12, ½:12, 1:12, 2:12, 3:12, and 4:12.  A summary test matrix is shown in Table II.1 

II.3 Test Assembly 

II.3.1 Test Frame 

A cross section of the test frame utilized in this project is shown in Figure II.1.  The test 

frame was similar to the frame used by Lee and Murray (2001) with modifications.  The “rafter” 

used to support the purlins was a W14x22 beam that was hinged on the eave side and supported 

by shoring at the ridge side.  The hinge was created by a 1 ¼ inch diameter threaded rod in 

double shear between plates welded to the rafter and welded to an anchor beam which in turn 
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was anchored to the floor.  Roof slope was simulated by raising the ridge side of the specimen 

with 5 ton capacity bridge cranes. 

Table II.1 

Test Series Number of Purlins Sheathing Type Number of 
Spans 

Series 1 2 Through-Fastened One 

Series 2 4 Through-Fastened One 

Series 3 6 Through-Fastened One 

Series 4 2 Standing Seam One 

Series 5 4 Standing Seam One 

Series 6 6 Standing Seam One 

Series 7 6 Through-Fastened Three 

Series 8 6 Standing Seam Three 

   

  A beam was bolted to the eave and ridge edges of the rafter that connected each rafter.  

This beam helped stabilize the rafters and provided anchorage for the purlin braces.  A W8x48 

beam was used on the eave and a W6x25 at the ridge (refer to Figures II.2 and II.3).  The 

anchorage beams were attached to the rafters with two 1 in. diameter threaded rods through the 

web of the anchor beam and flanges of the rafter.  Steel plate was used as spacers between the 

anchor beam and rafter to correctly set the elevation of the anchor beam.  For the multiple span 

tests, the anchor beams were spliced with an eight ft long section of W8x48 at the eave and 

W8x24 at the ridge as shown in the plan view of the multiple span test frame in Figure II.3. 

II.3.2 Purlins 

 The purlins used in all tests were 10Z2.60x0.097.  The measured cross sectional 

dimensions and calculated properties for each purlin used are shown in Table II.3.  The purlins 

spanned 20 ft and were spaced at 54 in. for all tests.  The bottom flange of each purlin was 

attached to the top flange of the rafter with two ½ in. diameter A307 bolts as shown in Figure 

II.4.  The bolts were on a  2 ½ in. gage and located at 1 ½ in. from the purlin web. 
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Figure II.1 Cross Section of Test Frame
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Figure II.2 Plan of Single Span Test Frame 
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Figure II.3 Plan of Multiple Span Test Frame 
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For the multiple span tests (Series 7 and 8), the purlins were lapped over the two interior 

rafters.  The lap length measured 3 ft to either side of the rafter with (two) ½ in. diameter 

A307 bolts at the end of each lap through the purlin web as shown in Figure II.5.  For test 

Series 3, the lap portion of the purlin extended beyond the test specimen as shown in 

Figure II.6, while this portion was removed for Series 1,2, 4,5 and 6. 

II.3.3 Through-fastened Sheathing  

 The sheathing used for the through-fastened tests was Nucor Type “R” 26 Ga. 

sheathing.  The sheathing has a 36 in. coverage with 1 ¼ in. ribs at 12 in. intervals.  The 

sheathing was fastened to each purlin with 12-14x1 ¼ in. self drilling screws with sealing 

washers at 12 in. intervals.  For each test specimen, the sheathing extended the length of 

the specimen, that is, there were no end laps.  Along the panel side laps, 1/4-14x3/4 in. 

self drilling screws with sealing washers were installed at 36 in. intervals. For the 20 ft 

single span tests, because the sheathing had a coverage width of 36 in., seven panels 

resulted in a coverage of 21 ft.  Rather than remove the excess sheathing, the extra 12 in. 

of sheathing was left in place at the north end of the specimen, but no fasteners were 

installed beyond 20 ft. 

II.3.4 Standing Seam Sheathing 

 The standing seam sheathing used for test Series 4, 5, 6 and 8 was a “CFR” type 

panel provided by Nucor Building Systems.  Each panel had a coverage of 24 in.  The 

specimen utilized a short sliding clip, Nucor type MPS 602 shown in Figure II.7, to 

provide connection between the purlin and sheathing.  The clip was fastened to the purlin 

with (two) ¼-14x1 ¼ in. self drilling screws per clip.  The screws were located in the first 

two holes from the left side of the clip as viewed in Figure II.7, which resulted in a 1 ¼ 

in. spacing.  The top portion of the clip was sandwiched between the male and female 

portions of the seam.  At the eave, the seam was hand crimped for 12 in. and 

mechanically seamed the remaining length, forming what is referred to as a “Power Lock 

Seam” by Nucor Building Systems.  The sheathing was fastened directly to the purlin 

closest to the eave edge with 12-14x1 ¼ in. self drilling screws with sealing washer at 12 

in. intervals to avoid a “floating” sheathing condition. 
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Figure II.4  Purlin to Rafter Connection 

 

Figure II.5  Typical Purlin Lap 
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Figure II.6.  Purlin Layout For Single Span Tests 

 

 

 

Figure II.7 Standing Seam Clip 
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II.3.5 Bracing Anchorage 

Five bracing configurations were used: supports, third points, midpoints quarter 

points and third points plus supports.  Restraint was applied via a ½ in. diameter threaded 

rod attached at 7-½ in. from the bottom of the purlin and secured by an A307 nut as 

shown in Figures II.8 and II.12.  At the eave side, the restraint rods were attached to the 

flange of a W8x48 anchor beam at 3 in. from the centerline of web and at the ridge at 1- 

7/8 in. from the centerline of a W6x25 anchor beam.  Due to the high brace forces and 

concern that purlins might sustain permanent local deformation at the anchor zones, for 

the six purlin through fastened tests (Series 3 and 7), a backing plate 3/16x6 ¾x4¼  as 

shown in Figure II.11 was used in the anchorage zones to help distribute the large forces. 

 For the standing seam test series, a 5 ft long  ½ in. diameter rod was used to help 

transfer the bracing force through each purlin.  The layout of the bracing rods is shown in 

Figure II.9 and the typical location along the depth of the purlin is shown in Figure II.12. 

 The braces were set up in each test series in five different configurations: supports 

restraint, third point restrain, midpoint Restraint, quarter point restraint, and third points 

plus support restraint.  The layout of each multiple span restraint configuration along with 

the corresponding brace location nomenclature is shown in Figure II.10. 

II.3.6  Instrumentation 

The ½ in. diameter brace rods at the eave and ridge were instrumented each with 

four strain gages located radially at 90 degrees to remove any errors in bending.  The net 

strain in the brace rod was calculated as the average of the four strains and the brace force 

was in turn directly calculated.  Additionally, several S-shaped strain gage based load 

cells were used to measure the brace force in place of the instrumented rods.  These 

included two 2000 lb capacity cells manufactured by Hottinger Baldwin, two 10,000 lb 

cells manufactured by Hottinger Baldwin and two 10,000 lb models manufactured by 

Sentran.  Due to the symmetry of the test specimens, the S-shaped load cells provided a 

means of checking the results of the instrumented rods. 



 
152 

 

Figure II.8 Typical Cross Section – Through Fastened Tests 
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Figure II.9 Typical Cross Section – Standing Seam Tests 
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Figure II.10 Multiple Span Bracing Configurations 
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Figure II.10 (Continued) Multiple Span Bracing Configurations
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Figure II.11 Backing Plate Used for Series 3 and Series 7 

 

Figure II.12 Typical Brace Locations 

The roof slope was measured by a four ft long digital level.  The level measures slope to 

a precision of 0.1 degrees.  The level was placed on the bottom flange of one the rafter beam 

near the ridge side and was monitored to set the test specimen at the desired slope.  Once the 

specimen was in position, the level was moved to the other rafters to ensure that each rafter was 

within 0.1 degrees of the desired slope. 

II.4 Loading 

The test specimens were loaded with 1 in. diameter steel round stock.  The rounds were 

cut to lengths of 8 ft 0 in., 17ft 6 in., and 24 ft 6 in. corresponding to the lengths of the sheathing 

for each test series and welded together in groups of eight.  Lifting lugs were welded to each set 

of rounds to facilitate placing them between the ribs of the sheathing with overhead bridge 

cranes.  The specimen was loaded symmetrically, starting at the rafter supports and moving 
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inwards toward the middle of the span.  By the end of the testing, more than half a million 

pounds had been applied to the various test specimens. 

 

II.5  Test Procedure 

At the beginning of each test, the braces were installed at both the eave and ridge 

according to the bracing configuration investigated.  For the standing seam tests, the bracing rods 

between each purlin were tightened finger tight.  The eave bracing was pretensioned by hand.  

The pretension forces ranged from 20 lb to 60 lb and were recorded for most of the tests.  The 

ridge restraints were left slack at the beginning of the test. 

The test specimen was loaded to approximately 20 psf and the restraint forces were 

recorded at the zero slope condition.  The crane was attached to the ridge and the specimen was 

lifted to a slope of one degree to ensure that the crane was centered.  If uneven, the specimen was 

lowered and the crane repositioned.  When the crane was found to be satisfactorily centered, the 

test proceeded to a pitch of ½:12 (2.4 degrees).  The restraint forces at each brace location were 

denoted, and the specimen was then raised incremently to pitches of 1:12, 2:12, 3:12, 4:12.  At 

each incremental slope, the slope at each rafter was checked to insure that the specimen was 

raised evenly.  When each eave restraint approached zero force, the roof angle was denoted and 

the corresponding ridge restraint was pretensioned to a force ranging from 20 to 60 lb.  No 

adjustments were made to the eave restraints at this point.  After the specimen reached a pitch of 

4:12 (18.4 degrees), it was returned to a zero slope and the restraint forces at the eave were once 

again recorded.  A tensile force in the eave restraint is considered a positive bracing force 

(resistance to upslope translation) while a tensile force at the ridge restraint is considered a 

negative force (resistance to downslope translation).   

II.6 Test Series Summary 

The results of each test are shown on data sheets at the end of this appendix sequentially 

from test Series 1 through Series 8.  The numerical values of roof slope and corresponding 

bracing restraint force are tabulated in addition to the restraint forces as predicted by the shell 

finite element model.  A second table lists the eave and ridge restraint pretensions as well as the 

roof slope at which the restraint force shifts from the eave to the ridge (the zero-force roof slope).  

A brief summary and notes on  each test series is provided in the following sections. 
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II.6.1 Test Series 1 

 Test Series 1 was a two purlin system on a single span with through-fastened sheathing.  

The specimens were loaded with 3400 lb that was distributed uniformly.  For a tributary width of 

54 in. for each purlin, the equivalent uniform loading is 18.9 psf.   

II.6.2 Test Series 2 

Test Series 2 was a single span, four purlin system with through fastened sheathing.  

7150 lbs was applied uniformly to the specimen, which for a 54 in. tributary width on each purlin 

yields and equivalent load of 19.9 psf.  Tests of two bracing configurations, supports and 

midpoints, were performed both with and without the same backing plate used for test Series 3 

and 7.  The difference between the two tests was on the order of 10 percent and since permanent 

deformation of the purlins was unlikely given the magnitude of the brace forces, the remaining 

tests were performed without the backing plate.  Figure II.13 shows the difference in purlin local 

deformation with and without the backing plate.  For comparison purposes, the results of the 

supports and midpoints restraint cases with and without backing plates are provided.   

            

           (a) Without backing plate            (b) With Backing Plate 

Figure II.13 Purlin Local Deformation 
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II.6.3 Test Series 3 

Test Series 3 was the first test series performed and consequently the one in which many 

of the nuances of the testing procedure were discovered.  The test series consisted of six single 

span purlins with through fastened sheathing.  Initial tests showed large local deformation in the 

purlins at bracing locations due to the large restraint forces.  To prevent permanent deformation 

of the purlins, a PL3/16x4 ¼x6¾ was placed between the web of the purlin and brace rod nut as 

shown in Figures II.11 and II.13(b) to help distribute the brace force.  It is felt that this results in 

conservative brace forces results when compared to actual field conditions in which would not 

utilize such a reinforcing plate.  Large pretensions on the order of 50-60lbs were applied to the 

restraint rods, however the actual pretension force was not recorded.  The specimen was loaded 

with a total gravity load of 10,460 lb, which distributed uniformly over a tributary width of 54 in. 

for each purlin yields a uniform load of 19.4 psf. 

II.6.4 Test Series 4 

Test Series 4 was a single span test with two purlins decked with standing seam 

sheathing.  The clips and sheathing used for test Series 4 was the same sheathing used previously 

in test Series 8, 6 and 5.  Consequently, the sheathing had been through at least fifteen test cycles 

prior to its use in Series 4.  Similar to test Series 1, the total load applied to the specimen was 

3400 lb, which, uniformly distributed over a tributary width of 54 in. for each purlin equates to a 

uniform load of 18.9 psf. 

II.6.5  Test Series 5 

Test Series 5 utilized four single span purlins with standing seam sheathing.  The Series 5 

specimen utilized the same specimen as Series 6, with the two purlins closest to the ridge taken 

out and the standing seam sheathing cut to the proper length.  Thus the clips and sheathing had 

been through at least ten test cycles prior to the Series 5 tests.  A total of 7150 lb was applied 

uniformly to the test specimen. Considering a tributary width of 54 in on each purlin, the 

equivalent uniform load is equal to 19.9 psf.  Large pretensions were applied to the ridge 

restraint rods to take out as much sag as possible because they spanned the entire10 ft 4 in. 

distance between the anchor beam and purlin closest to the ridge.  This need for large 
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pretensioning was remedied in subsequent tests (Series 4, 2 and 1) by providing a bolster for the 

brace at the mid-span of the rod.  

II.6.6  Test Series 6 

Test Series 6 was a six pulin system with standing seam sheathing spanning a single 20 ft 

span.  The total load applied to the specimen was 10,460 lb.  With a tributary width of 54 in. for 

each purlin, the equivalent uniform load is 19.4 psf.  The clips, purlins and sheathing utilized in 

the south span of test Series 8 was reused for Test Series 6, thus the components had been 

through at least five prior test cycles. 

II.6.7 Test Series 7 

Test Series 7 was a three span system with six purlin lines covered by through fastened 

sheathing.  The total load applied per span was 10,460 lb.  Divided evenly over the 54 in. 

tributary width of each purlin equates to a uniform load of 19.4 psf.  The specimen was expanded 

from test Series 6, thus the south span utilized the same fasteners and sheathing. 

II.6.8 Test Series 8 

Test Series 8 utilized the same six purlin line, three span system as Test Series 7, but was 

decked with standing seam sheathing.  With a total load of 10,460 lb per span and a tributary 

width of 54 in. per purlin, the equivalent uniform load was 19.4 psf.  The tests in Series 8 were 

stopped before reaching a 4:12 pitch because, due to the coating on the decking, the rods 

simulating the gravity load began to slip.  Thus the specimens were brought to the point of 

incipient slippage (about 17.5 degrees), and the slope and corresponding brace restraint force 

were recorded. 

II.7 Finite Element Comparison with Test Results 

 In the following sections, the results of the laboratory tests are compared to the shell 

element finite element model.  A summary of the properties of the elements used in the finite 

element model is provided.  Discussion of the models is divided according to the type of 

sheathing (through-fastened or standing seam) and the span condition (single or multiple span).   

A plot is provided for each restraint configuration comparing the results of the finite element 

model to the laboratory test results.  The plots show the measured restraint force on the ordinate 
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axis versus the roof slope on the abscissa.  Each data point from the test result is shown as the 

average of the restraint forces at a particular location, symmetric about the center of the system.   

II.7.1 Finite Element Model Compared  to Single Span Through-fastened Tests 

In comparing the finite element models to the single span through-fastened tests, that is 

Series 1-3, a panel diaphragm stiffness of 27500 lb/in was used.  The gross moment of inertia of 

the panel was calculated to be 0.0385 in4/ft, and thus an equivalent bending thickness of 0.33 in. 

was used to represent the panel in the finite element model.  Best correlation was found when the 

rotational stiffness of the connection between the panel and sheathing was 1000 lb-in./rad.  To 

simulate laboratory conditions, frame elements representing the anchor rods were anchored in 

the strong axis direction to a W8x48 spanning between the rafters. 

In Figures II.14(a-g), the finite element results are compared to the test results for each 

restraint configuration with results for two, four and six purlin line tests shown on the same plot.  

Figure II.14(a) shows the excellent correlation between the finite element model and the test 

result for the supports restraint configuration.  Figures II.14(b) and II.14(c) show the midpoints 

and third points restraint configurations, respectively.  Correlation is good with both restraint 

configurations although at larger slopes there is slight deviation on the unconservative side.  The 

next two figures show the quarter points restraint configuration with the quarter span restraint 

shown in Figure II.14(d) and the mid-span restraint shown in Figure II.14(e).  Correlation at the 

quarter span location is good but only fair at the midspan location due to fairly large 

unconservative deviations at small slopes.  It is believed that this is a result of the sensitivity of 

the test to the initial pretension of the restraint rods.  Good correlation is realized with the third 

points + supports restraint configuration, shown in Figure II.14(f) (supports restraint) and Figure 

II.14(g) (third point restraint). 
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Through-Fastened FE Model Comparison
Support Restraint
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(a)  Support Restraint 

Through-Fastened FE Model Comparison
Midpoint Restraint
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(b) Midpoint Restraint 

Figure II.14 Comparison of Finite Element Model with Through Fastened Tests 



 
163 

Through-Fastened FE Model Comparison
Third Point Restraint
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(c) Third Point Restraint 

Figure II.14 Comparison of Finite Element Model with Through Fastened Tests, Continued.
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Through-Fastened FE Model Comparison
Quarter Point Restraint - 1/4 Span
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(d)  Quarter Point Restraint – ¼ Span 

Through-Fastened FE Model Comparison
Quarter Point Restraint - Mid Span
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(e)  Quarter Point Restraint – Midspan 

Figure II.14 Comparison of Finite Element Model with Through Fastened Tests, Continued. 
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Through-Fastened FE Model Comparison
Third Points + Supports - Supports
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(f)  Third Points + Supports Restraint - Supports 

Through-Fastened FE Model Comparison
Third Points + Supports - Third Points
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(g)  Third Points + Supports Restraint, Third Points 

Figure II.14 Comparison of Finite Element Model  with Through Fastened Tests, Continued. 
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II.7.2  Comparison of Finite Element Model to Single Span Standing Seam Tests 

For the single span standing seam tests, Series 4-6, to match the panel clip spacing at 2 ft 

0 in., the sheathing was attached to the panel with link elements spaced at 2 ft 0 in intervals.  The 

“link” elements were assigned a rotational stiffness of 4000 lb-in/rad..  Due to this increase in 

spacing, the net rotational stiffness of the purlin-sheathing connection is 2000 lb-in/rad-ft.  The 

link elements were assigned a translational stiffness of 1000 lb/in (equivalent to 500 lb/in/ft) to 

account for the slip between the purlin and sheathing inherent in the clip.  Assigning a panel 

diaphragm stiffness value of 10,000 lb/in to the sheathing, the combined diaphragm stiffness of 

the panel and sheathing-purlin link connection was calculated to be 900 lb/in.  To prevent a 

floating system in the laboratory tests, the panel was fastened to the purlin with three screws in 

each panel pan at the eave of the system.  In the finite element model, the link connection 

between the eave purlin and the sheathing was assigned a translational stiffness of 1x106 lb/in to 

account for the stiffness of the added screws.  The panel had a calculated gross moment of inertia 

of 0.422 in4/ft and the corresponding bending thickness of the panel in the finite element model 

was found to be 0.75 in. 

The stiffness of the connection of the through rods was conservatively assumed to be 

5000 lb/in.  Due to the flexibility of the through-rods and the rigid attachment of the sheathing to 

the purlin at the eave, the models gave different restraint forces depending upon whether restraint 

was applied at the eave or ridge.   The finite element model result therefore is the combination of 

the eave restraint at low slopes (positive restraint force) and ridge restraint at steeper slopes 

(negative restraint force). 

The finite element results are compared to the laboratory test results in Figures II.15(a-g).  

With a few exceptions, the finite element models show good correlation with the test results.  

The best correlation is observed for the supports restraint configuration, shown in Figure II.15(a).  

For the third points and midpoints configurations shown in Figures II.15(b) and II.15(c) 

respectively, good correlation is seen although some deviation is observed for Series 6 (six purlin 

lines).  Similar to the through fastened cases, it is believed that the quarter points tests are 

sensitive to the pretension of the anchor rod.  Despite this sensitivity, good correlation is 

observed in Figure II.15(d) (quarter span restraints) and Figure II.15(e) (mid-span restraint) for 

two and four purlin lines with fair correlation of the 6 purlin line test (Series 6) due to the large 

pretensions used in the Series 6 tests.  Good correlation is observed for the third points + 
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supports configuration, which has proven difficult with previous finite element models and 

prediction methods. 
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(a)  Support Restraint 

Figure II.15 Comparison of Finite Element Model  with Standing Seam Tests 
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Standing Seam FE Model Comparison
Third Point Restraint
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(b) Third Point Restraint 

Standing Seam FE Model Comparison
Midpoint Restraint
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(c) Midpoint Restraint 

Figure II.15 Comparison of Finite Element Model  with Standing Seam Tests, Continued 
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Standing Seam FE Model Comparison
Quarter Point Restraint - 1/4 Span
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(d)  Quarter Point Restraint – ¼ Span 

Standing Seam FE Model Comparison
Quarter Point Restraint - Mid Span
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(e)  Quarter Point Restraint – Midspan 

Figure II.15 Comparison of Finite Element Model  with Standing Seam Tests, Continued 
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Standing Seam FE Model Comparison
Third Points + Supports - Supports Restraint
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(f)  Third Points + Supports Restraint - Supports 

Standing Seam FE Model Comparison
Thirdpoints + Supports - Third Points Restraint
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(g)  Third Points + Supports Restraint, Third Points 

Figure II.15 Comparison of Finite Element Model with Standing Seam Tests, Continued 
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II.7.3  Comparison of Finite Element Model to Multiple Span Through-fastened Tests 

The finite element model used to evaluate the single span through-fastened models was 

expanded to the multi-span models.  A panel diaphragm stiffness of 27500 lb/in and a link 

rotational stiffness of 1000lb-in/rad yielded the best correlation with the test results.  The purlin 

is assigned “lapped” section properties extending 3 ft 0 in. to both sides of each interior rafter to 

match the layout of the laboratory tests. 

The results of the comparison between the finite element model and the multiple span 

through-fastened tests are shown in Figures II.16(a-n.) and overall correlation is good.  In Figure 

II.16(a), both the exterior and interior support restraints are shown on the same plot and excellent 

correlation is realized at both locations.  The midpoints restraint configuration is compared in 

Figure II.16(b) showing good correlation with test results at both the interior and exterior 

midpoint restraint locations.  The third point restraint configuration is divided into Figures 

II.16(c), II.16(d) and II.16(e) showing the exterior span outside third point, exterior span inside 

third point, and the interior span third point respectively.  Good correlation is realized though 

slightly unconservative for the exterior span outside third point.   

The quarter point restraint configuration is shown in Figures II.16(f) to II.16(i).  The 

quarter span restraints show good correlation with the test results as each quarter span location is 

shown in individual plots, Figures II.16(f), II.16(g) and II.16(h).  There is some deviation at 

larger roof pitches for the exterior span outside quarter point as shown in Figure II.16(f).  At the 

midspan locations, with both the exterior and interior span restraints shown in Figure II.16(i), 

good correlation is realized at steeper roof slopes, with fair correlation at lower slopes.  Due to 

the nonlinear nature of the test results at low slopes, it is believed that discrepancies between the 

finite element model and the test result from poor test data as the restraint forces are very 

sensitive to the restraint pretension for quarter point configurations. 

The results of the comparison of the third points plus supports restraint configuration is 

shown in Figures II.16(j) to II.16(n).  The supports restraints are shown on the same plot (Figure 

II.16(j)) and give excellent correlation with the test results.  The third point restraints are shown 

on separate plots, each showing good correlation with the test results.  The exterior span inside 

third point (Figure II.16(m)) and interior third point (Figure II.16(n)) both give conservative 

results while the exterior span outside third point (Figure II.16(k)) gives slightly unconservative 

results.      
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(a)  Support Restraint 

Through-Fastened FE Model Comparison
3-Span - Midpoint Restraint
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(b) Midpoint Restraint 
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Figure II.16 Comparison of Finite Element Model with Three-Span Through-Fastened Tests 

Through-Fastened FE Model Comparison
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(c)  Third Point Restraint – Exterior Span Outside Third Point 
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(d) Third Point Restraint – Exterior Span Inside Third Point 
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(e) Third Point Restraint – Interior Span Third Point 
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Figure II.16 Comparison of Finite Element  with Three-Span Through-Fastened Tests, Cont. 

3-Span Through-Fastened FE Model Comparison
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(f) Quarter Point Restraints – Exterior Span Outside ¼ Span 
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(g) Quarter Point Restraints – Exterior Span Inside ¼ Span 
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(h) Quarter Point Restraints – Interior Span ¼ Span 
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Figure II.16 Comparison of Finite Element  with Three-Span Through-Fastened Tests, Cont. 

3-Span Through-Fastened FE Model Comparison
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(i) Quarter Point Restraints – Midspan 

Through-Fastened FE Model Comparison
Third Points + Supports - Supports
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(j)  Third Points + Supports Restraints - Supports 
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Figure II.16 Comparison of Finite Element Model Three-Span Through-Fastened Tests, Cont 
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(k) Third Points + Supports – Exterior Span Outside Third Point 
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(m) Third Points + Supports – Exterior Span Inside Third Point 
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FigureII.16 Comparison of Finite Element with Three-Span Through-Fastened Tests, Cont. 

II.7.4  Comparison of Finite Element Model to Multiple Span Standing Seam Tests 

A finite element model with the same parameters as the single span standing seam model 

was used to evaluate the multiple span standing seam tests.  A panel diaphragm stiffness of 

10000 lb/in was combined with a link translational stiffness of 1000 lb/in to yield a net 

diaphragm stiffness of 900 lb/in.  Links connecting the purlin to the sheathing are spaced at 2 ft 0 

in. to match the laboratory tests.  Best correlation was found with a rotational link stiffness of 

4,000 lb-in/rad.  Purlins are given “lapped” section properties 3 ft 0 in. to each side of the interior 

rafters.  Restraint beams spanned between the rafters and were modeled as continuous across the 

interior supports. 

Figures II.17(a) to II.17(n) show the comparison between the multiple span standing 

seam model and laboratory tests.  Both the exterior and interior supports of the supports restraint 

configuration are shown in Figure II.17(a).  Correlation with test results is good, though the finite 

element model slightly underestimates restraint force of the exterior support and at low slopes 

and the interior support at large slopes.  The midpoints restraint configuration, shown in Figure 

II.17(b), correlates fairly well with the test results although the exterior midpoint is slightly 

unconservative at low slopes while the interior midpoint is slightly conservative at all slopes.  

The results of the third point restraint configuration are shown in Figures II.17(c) to II.17(e) with 

each restraint location shown on a separate plot.  Good correlation is realized at all third point 

locations 

The quarter points restraint configuration is compared to laboratory test results in Figures 

II.17(f) to II.17(i).  Each quarter span restraint location is shown on a separate plot (Figures 

II.17(f) to II.17(h)) and each shows good correlation with the test results, with the exception of 

the interior span quarter point which deviates slightly at steeper slopes.  Both the exterior and 

interior midspan restraints are shown in Figure II.17(i).  Correlation is fair although 

unconservative for the exterior midspan restraint at small slopes. 

Figures II.17(j) to II.17(n) display the comparison of the finite element model to test 

results for the third points plus supports restraint configuration.  The supports restraints are both 

shown in Figure II.17(j).  Correlation is fair although there is some offset between the trendlines.  

Each third point location is shown in an individual plot.  Correlation is fair for the exterior span 
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outside third point (Figure II.17(k)) and the interior span third point (Figure II.17(n)) and 

excellent for the exterior span inside third point (Figure II.17(m)). 
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(a)  Support Restraint 

Through-Fastened FE Model Comparison
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(b) Midpoint Restraint 

Figure II.17 Comparison of Finite Element Model with Three-Span Standing Seam Tests 

Through-Fastened FE Model Comparison
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(c) Third Point Restraint – Exterior Span Outside Third Point 
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(d) Third Point Restraint – Exterior Span Inside Third Point 
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(e) Third Point Restraint – Interior Span Third Point 

FigureII.17 Comparison of Finite Element Model with Three-Span Standing Seam Tests,Cont 

3-Span Through-Fastened FE Model Comparison
Quarter Points - 1/4 Span Restraints
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(f) Quarter Point Restraints – Exterior Span Outside ¼ Span 
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(g) Quarter Point Restraints – Exterior Span Inside ¼ Span 
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(h) Quarter Point Restraints – Interior Span ¼ Span 

FigureII.17 Comparison of Finite Element Model with Three-Span Standing Seam Tests,Con. 
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(i) Quarter Point Restraints – Midspan 

Through-Fastened FE Model Comparison
Third Points + Supports - Supports
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(j)  Third Points + Supports Restraints - Supports 

FigureII.17 Comparison of Finite Element Model with Three-Span Standing Seam Tests,Cont 

Through-Fastened FE Model Comparison
Third Points + Supports - Third Points
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(k) Third Points + Supports – Exterior Span Outside Third Point 

Through-Fastened FE Model Comparison
Third Points + Supports - Third Points

-600

-500

-400

-300

-200

-100

0

100

200

300

0 2 4 6 8 10 12 14 16 18 20

Slope (degrees)

Re
st

ra
in

t F
or

ce
 (l

bs
)

Test Ext. Span Inside 3rd

FE Ext. Span Inside 3rd

 
(m) Third Points + Supports – Exterior Span Inside Third Point 

Through-Fastened FE Model Comparison
Third Points + Supports - Third Points

-800

-600

-400

-200

0

200

400

0 5 10 15 20

Slope (degrees)

Re
st

ra
in

t F
or

ce
 (l

bs
)

Test Interior Span 3rd

FE Interior Span 3rd

 



 
183 

(n) Third Points + Supports – Interior Span Third Point 

FigureII.17 Comparison of Finite Element Model with Three-Span Standing Seam Tests,Cont 

II.7.5  Summary of Comparison between Test and Finite Element Models 

 Overall correlation between the finite element models and laboratory tests is good.  Best 

correlation is realized for the single span, through fastened tests.  Correlation is good for the 

single span standing seam cases, although some deviation from the test data is seen due to the 

inherent variability of standing seam systems.  Correlation with the 3-span through fastened tests 

is good, although it is believed that some deviation from the tests is due to test errors resulting 

primarily from the sheer size of the test specimen relative to the forces being measured.  Similar 

scale issues cause the deviation of the 3-span standing seam models from the tests results but are 

compounded by the flexibility of the standing seam system. 

 Throughout the different test series, the best correlation is realized for the supports 

restraint case and it has historically been the simplest case to predict.  Midpoints and third points 

cases typically give good correlation although some deviation is due to variables introduced 

because (1) restraint anchorage is provided by a flexible beam and (2) unlike the support restraint 

case, the bottom flange is free to rotate and translate at the restraint location, adding flexibility.  

The quarter points and third points plus supports are the most complex cases and consequently 

provide the greatest challenges to predict.  Previous attempts to model these restraint cases have 

proven difficult.  In addition to the variables inherent in the third points and midpoints cases, the 

distribution of forces in quarter point and third point plus supports cases are extremely sensitive 

to diaphragm stiffness and the initial pretensions placed on the restraining rods in the laboratory 

tests. 

As the size of the system evaluated grows and as the bracing configurations become more 

complex, that is, more braces per span are added, some deviation between the test results and the 

finite element models is observed.  It is believed that much of this deviation is due primarily to 

the inherent variability of the tests.  Taking these variations into account, the finite element 

models provide a satisfactory means of representing the laboratory tests.  Furthermore, the 

models take into account many parameters that have not been  previously considered – rotational 

restraint provided by the bending stiffness of the sheathing, height of restraint along purlin web,  

and translational stiffness of the connection between the purlin and sheathing. 
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Table II.2  Purlin Average Properties Used for Prediction of Restraint Forces  
 

Average Properties 
d B T Ag IX IY IXY θ Test Purlins 

(in) (in) (in) (in2) (in4) (in4) (in4) (deg)
Series 1 
Series 4 

Purlin 1-3 (Eave) to 
Purlin 1-4 (Ridge) 10.07 2.60 0.096 1.60 23.04 2.56 5.46 14.0 

Series 2 
Series 5 

Purlin 1-1 (Eave) to 
Purlin 1-4 (Ridge) 10.07 2.60 0.096 1.60 23.11 2.57 5.48 14.0 

Series 3 
Series 6 

Purlin 1-1 (Eave) to 
Purlin 1-6 (Ridge) 10.07 2.60 0.097 1.61 23.23 2.57 5.49 14.0 

          
South Span 
Purlin 1-1 (Eave) to 
Purlin 1-4 (Ridge) 

10.07 2.60 0.097 1.61 23.23 2.57 5.49 14.0 

Middle Span 
Purlin 2-1 (Eave) to 
Purlin 2-6 (Ridge) 

10.07 2.60 0.097 1.61 23.23 2.62 5.56 14.2 Series 7 
Series 8 

North Span 
Purlin 3-1 (Eave) to 
Purlin 3-6 (Ridge) 

10.07 2.61 0.097 1.63 23.33 2.63 5.58 14.2 

 
 

 
 

 
 

Figure II.18  Purlin Measured Properties
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Table II.3  Measured and Calculated Properties of Test Purlins 
 
Purlin 
Designatio
n 

Purlin Measured Properties Derived Properties 

 A b C d E f g h k m n P A IX IY IXY ΘP 
 (in) (in) (in) (in) (in) (in) (in) (in) (in) (deg) (deg) (in) (in2) (in4) (in4) (in4) deg 

Purlin 1-1 10.069 2.600 2.589 0.097 0.90 21/64 5/16 0.90 0.970 50.5 50.7 0.760 1.61 23.30 2.70 5.64 14.4 

Purlin 1-2 10.075 2.600 2.500 0.097 0.95 21/64 21/64 0.90 0.844 50.7 50.0 0.745 1.60 23.07 2.70 5.35 13.7 

Purlin 1-3 10.065 2.607 2.560 0.096 0.80 23/64 5/16 0.90 0.890 49.7 50.0 0.735 1.60 23.06 2.58 5.49 14.1 

Purlin 1-4 10.070 2.589 2.509 0.096 0.89 21/64 5/16 0.90 0.890 48.9 50.2 0.750 1.60 23.01 2.54 5.43 14.0 

Purlin 1-5 10.080 2.617 2.520 0.097 0.80 21/64 5/16 0.90 0.898 50.8 50.7 0.750 1.61 23.30 2.56 5.49 13.9 

Purlin 1-6 10.075 2.610 2.530 0.099 0.80 21/64 5/16 0.90 0.869 51.0 49.8 0.720 1.64 23.14 2.55 5.51 13.8 

Purlin 2-1 10.060 2.612 2.512 0.095 0.84 21/64 21/64 0.95 0.891 50.9 48.0 0.780 1.58 22.84 2.57 5.46 14.2 

Purlin 2-2 10.070 2.583 2.513 0.097 0.95 3/8 5/16 0.95 0.812 50.6 47.5 0.813 1.61 23.18 2.55 5.47 14.0 

Purlin 2-3 10.070 2.605 2.468 0.097 0.95 23/64 21/64 0.95 0.860 49.0 49.0 0.845 1.62 23.30 2.63 5.57 14.2 

Purlin 2-4 10.045 2.571 2.480 0.097 0.84 21/64 5/16 0.95 0.882 50.0 48.0 0.818 1.61 23.17 2.60 5.52 14.1 

Purlin 2-5 10.080 2.635 2.523 0.097 0.84 21/64 5/16 0.95 0.865 50.0 47.5 0.824 1.63 23.62 2.72 5.72 14.3 

Purlin 2-6 10.040 2.607 2.550 0.097 0.84 21/64 5/16 0.84 0.905 50.5 48.5 0.760 1.62 23.28 2.65 5.60 14.2 

Purlin 3-1 10.085 2.609 2.502 0.097 0.84 11/32 5/16 0.84 0.890 50.0 48.0 0.835 1.63 23.59 2.71 5.69 14.3 

Purlin 3-2 10.075 2.600 2.541 0.097 0.84 21/64 5/16 0.84 0.895 50.0 50.0 0.912 1.64 23.71 2.80 5.81 14.5 

Purlin 3-3 10.067 2.600 2.50 0.097 0.84 21/64 5/16 0.84 0.89 48.5 48.0 0.828 1.63 23.53 2.72 5.70 14.4 

Purlin 3-4 10.079 2.600 2.528 0.097 0.84 21/64 5/16 0.84 0.903 50.0 50.0 0.805 1.62 23.48 2.66 5.62 14.2 

Purlin 3-5 10.070 2.640 2.552 0.097 0.84 23/64 5/16 0.84 0.895 50.0 47.0 0.792 1.63 23.65 2.78 5.79 14.5 

Purlin 3-6 10.060 2.580 2.515 0.097 0.83 11/32 19/64 0.84 0.898 51 49.0 0.792 1.62 23.26 2.59 5.52 14.1 
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Test Summary  
Test Series 1       Test Date:  8/29/03 
Bracing Configuration: Supports    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 
 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 177 157 167 186
2.4 82 80 81 100
4.8 10 17 14 14
9.5 -158 -145 -152 -155
14.0 -326 -293 -310 -319
18.4 -463 -440 -452 -475
0.0 171 160 166

Test Series 1 - 10Z-0.097 - 2 - TF
Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 24.5 5.1 22
North Support 21.7 5.1 20

Restraint Pretension 

 
 
 

Test Summary 
Test Series 1       Test Date:  9/1/03 
Bracing Configuration: 3rd Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft  
 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 130 125 128 153
2.4 55 55 55 88
4.8 -45 13 -16 23
9.5 -178 -100 -139 -104
14.0 -332 -213 -273 -227
18.4 -467 -298 -383 -345
0.0 138 125 132

Test Series 1 - 10Z-0.097 - 2 - TF
3rd Point Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 20 4 22
North 3rd Point 20 5.3 22

Restraint Pretension 
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Test Summary 
Test Series 1       Test Date:  9/02/03 
Bracing Configuration: Mid Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 218 275
2.4 85 159
4.8 -43 44
9.5 -270 -184
14.0 -503 -404
18.4 -720 -614
0.0 205

Test Series 1 - 10Z-0.097 - 2 - TF
Midpoint Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Midpoint 23.3 4.2 23

Restraint Pretension 

 
 
 
 
 
 
 
 
 
 
 



Test Series 1 
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Test Summary 
Test Series 1       Test Date:  9/02/03 
Bracing Configuration: Quarter Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element 
0.0 80 58 69 135
2.4 50 18 34 80
4.8 13 -35 -11 25
9.5 -88 -113 -101 -83
14.0 -194 -230 -212 -188
18.4 -303 -325 -314 -287
0.0 118 38 78

Test Series 1 - 10Z-0.097 - 2 - TF
Quarter Point Restraints - Exterior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Qtr Point 16.6 5.1 21
North Qtr Point 16.7 3.4 20

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 1       Test Date:  9/02/03 
Bracing Configuration: Quarter Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 

Slope (deg) Interior Qtr Point Finite Element
0.0 128 49.0
2.4 63 20.0
4.8 15 -8.0
9.5 -78 -63.0
14.0 -132 -117.0
18.4 -185 -168.0
0.0 108

Test Series 1 - 10Z-0.097 - 2 - TF
Qtr Point Restraints - Interior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Qtr Point 20 5.1 22

Restraint Pretension 
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Test Summary 
Test Series 1       Test Date:  9/01/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 136 113 125 130
2.4 78 73 76 82
4.8 40 50 45 34
9.5 -41 -35 -38 -61
14.0 -126 -100 -113 -153
18.4 -228 -177 -203 -241
0.0 134 117 126

Test Series 1 - 10Z-0.097 - 2 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 18.5 8 19
North Support 23 8 23

Restraint Pretension 

 
 
 

Test Summary 
Test Series 1       Test Date:  9/01/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 60 60 60 38
2.4 23 14 19 2
4.8 -37 -37 -37 -34
9.5 -125 -124 -125 -105
14.0 -198 -188 -193 -174
18.4 -267 -243 -255 -239
0.0 48 72 60

Test Series 1 - 10Z-0.097 - 2 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 20 3.3 22
North 3rd Point 24 3.5 23

Restraint Pretension 

 



Test Series 2 
190 

Test Summary 
Test Series 2       Test Date:  8/22/03 
Bracing Configuration: Supports (without Backing Plate) Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 395 292 344 344
2.4 211 150 181 187
4.8 36 22 29 31
9.5 -277 -260 -269 -278
14.0 -555 -540 -548 -577
18.4 -880 -778 -829 -861
0.0 390 255 323

Test Series 2 - 10Z-0.097 - 4 - TF
Support Restraints Without Backing Plate

 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 24 5.3 23
North Support 27 5.3 25

Restraint Pretension 

 
 

Test Summary 
Test Series 2       Test Date:  8/25/03 
Bracing Configuration: Supports (with Backing Plate) Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 379 375 377 N/A
2.4 213 198 206 N/A
4.8 33 42 38 N/A
9.5 -309 -280 -295 N/A
14.0 -662 -605 -634 N/A
18.4 -990 -886 -938 N/A
0.0 380 348 364

Test Series 2 - 10Z-0.097 - 4 - TF
Support Restraints with Backing Plate

 
 
 
 
 
 
 
 
 



Test Series 2 
191 

Test Summary 
Test Series 2       Test Date:  8/26/03 
Bracing Configuration: 3rd Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 
 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 275 253 264 264
2.4 110 140 125 150
4.8 0 0 0 36
9.5 -293 -202 -248 -189
14.0 -550 -413 -482 -406
18.4 -822 -616 -719 -613
0.0 262 255 259

3rd Point Restraints
Test Series 2 - 10Z-0.097 - 4 - TF

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 20 4.8 23
North 3rd Point 23 4.8 20

Restraint Pretension 

 
  
 
 
 



Test Series 2 
192 

Test Summary 
Test Series 2       Test Date:  8/27/03 
Bracing Configuration: Mid Point (without Backing Plate) Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 445 446
2.4 207 254
4.8 0 63
9.5 -395 -316
14.0 -802 -682
18.4 -1215 -1031
0.0 420

Midpoint Restraints without Backing Plate
Test Series 2 - 10Z-0.097 - 4 - TF

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Midpoint 27 4.8 23

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 2       Test Date:  8/27/03 
Bracing Configuration: Mid Point (with Backing Plate) Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 441 N/A
2.4 220 N/A
4.8 0 N/A
9.5 -433 N/A
14.0 -888 N/A
18.4 -1308 N/A
0.0 429

Midpoint Restraints with Backing Plate
Test Series 2 - 10Z-0.097 - 4 - TF

 
  



Test Series 2 
193 

Test Summary 
Test Series 2       Test Date:  8/27/03 
Bracing Configuration: Quarter Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft  

 
 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element
0.0 224 208 216 236
2.4 97 130 114 137
4.8 -26 35 5 38
9.5 -231 -150 -191 -158
14.0 -451 -333 -392 -347
18.4 -680 -517 -599 -527
0.0 215 202 209

Quarter Point Restraints - Exterior
Test Series 2 - 10Z-0.097 - 4 - TF

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Qtr Point 18.5 4.5 17
North Qtr Point 20 5.5 20

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 2       Test Date:  8/27/03 
Bracing Configuration: Quarter Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) Interior Qtr Point Finite Element
0.0 162 99
2.4 85 47
4.8 20 -5
9.5 -125 -108
14.0 -237 -207
18.4 -342 -302
0.0 160

Test Series 2 - 10Z-0.097 - 4 - TF
Qtr Point Restraints - Interior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Qtr Point 22 5.3 22

Restraint Pretension 

 
 



Test Series 2 
194 

Test Summary 
Test Series 2      Test Date:  8/25/03 
Bracing Configuration: 3rd Point + Support  Total Weight: 7150 lbs 
Number of Purlins:  4     Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened   Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 314 192 253 241
2.4 217 117 167 146
4.8 123 52 88 52
9.5 -83 -135 -109 -135
14.0 -265 -308 -287 -315
18.4 -452 -478 -465 -487
0.0 320 193 257

Test Series 2 - 10Z-0.097 - 4 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 23.5 7.5 23
North Support 23 6.1 18

Restraint Pretension 

 
 
 

Test Summary 
Test Series 2      Test Date:  8/25/03 
Bracing Configuration: 3rd Point + Support  Total Weight: 7150 lbs 
Number of Purlins:  4     Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened   Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 127 100 114 105
2.4 65 45 55 37
4.8 -18 -42 -30 -30
9.5 -123 -187 -155 -164
14.0 -255 -327 -291 -292
18.4 -372 -452 -412 -414
0.0 116 82 99

Test Series 2 - 10Z-0.097 - 4 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 25 4.6 20
North 3rd Point 20 3.9 20

Restraint Pretension 

 
 



Test Series 3 
195 

Test Summary 
Test Series 3       Test Date:  8/30/02 
Bracing Configuration: Supports    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 

Slope (deg) South Support North Support Support Average Finite Element
0.0 429 440 435 509
2.4 215 152 184 277
4.8 -59 -60 -60 46
9.5 -498 -400 -449 -412
14.0 -971 -811 -891 -855
18.4 -1387 -1035 -1211 -1275
0.0 478 353 416

Test Series 3 - 10Z-0.097 - 6 - TF
Support Restraints

 
 
 
 
 

Test Summary 
Test Series 3       Test Date:  9/04/02 
Bracing Configuration: 3rd Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 343 422 383 359
2.4 202 216 209 205
4.8 23 52 38 51
9.5 -303 -313 -308 -253
14.0 -640 -580 -610 -547
18.4 -1080 -733 -907 -826
0.0 258 440 349

Test Series 3 - 10Z-0.097 - 6 - TF
3rd Point Restraints

 
 
 



Test Series 3 
196 

Test Summary 
Test Series 3       Test Date:  9/13/02 
Bracing Configuration: Mid Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 

Slope (deg) Midpoint Finite Element
0.0 604 610.0
2.4 289 350.0
4.8 -61.3 90.0
9.5 -595 -424.0
14.0 -1121 -922.0
18.4 -1632 -1395.0
0.0 528

Midpoint Restraints
Test Series 3 - 10Z-0.097 - 6 - TF

 
 



Test Series 3 
197 

Test Summary 
Test Series 3       Test Date:  9/16/02 
Bracing Configuration: Quarter Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element
0.0 306 357 332 386
2.4 96 230 163 228
4.8 -123 163 20 71
9.5 -464 -239 -352 -239
14.0 -837 -502 -670 -539
18.4 -1207 -707 -957 -825
0.0 297 506 402

Test Series 3 - 10Z-0.097 - 6 - TF
Quarter Point Restraints - Exterior

 
 
 
 
 
 

Test Summary 
Test Series 3       Test Date:  9/16/02 
Bracing Configuration: Quarter Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  20 ft 

 
 
 

Slope (deg) Interior Qtr Point Finite Element
0.0 161 20
2.4 85 -12
4.8 33 -44
9.5 -100 -106
14.0 -148 -166
18.4 -202 -223
0.0 177

Test Series 3 - 10Z-0.097 - 6 - TF
Qtr Point Restraints - Interior

 
 
 
 
 



Test Series 3 
198 

Test Summary 
Test Series 3      Test Date:  9/24/02 
Bracing Configuration: 3rd Point + Support  Total Weight: 10460 lbs 
Number of Purlins:  6     Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened   Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 356 355 356 338
2.4 193 136 165 197
4.8 43 51 47 55
9.5 -324 -230 -277 -260
14.0 -715 -558 -637 -570
18.4 -1102 -872 -987 -867
0.0 419 336 378

Test Series 3 - 10Z-0.097 - 6 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 40 3.7 60.3
North Support 47.2 7.5 50.6

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 3      Test Date:  9/24/02 
Bracing Configuration: 3rd Point + Support  Total Weight: 10460 lbs 
Number of Purlins:  6     Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened   Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 99 184 142 181
2.4 49 100 75 73
4.8 -75 10 -33 -25
9.5 -211 -141 -176 -178
14.0 -346 -238 -292 -324
18.4 -456 -309 -383 -464
0.0 118 147 133

Test Series 3 - 10Z-0.097 - 6 - TF
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 49 3.7 25.8
North 3rd Point 44.7 7 50

Restraint Pretension 

 



Test Series 4 
199 

Test Summary 
Test Series 4       Test Date:  8/18/03 
Bracing Configuration: Supports    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 137 118 128 164
2.4 38 45 42 85
4.8 -42 -33 -38 5
9.5 -153 -132 -143 -150
14.0 -268 -252 -260 -299
18.4 -385 -311 -348 -441
0.0 140 108 124

Test Series 4 - 10Z-0.097 - 2 - SS
Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 30 3.7 19
North Support 30 4 23

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 4       Test Date:  8/18/03 
Bracing Configuration: 3rd Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 122 92 107 154
2.4 42 67 55 91
4.8 -23 -28 -26 28
9.5 -97 -132 -115 -89
14.0 -223 -230 -227 -198
18.4 -338 -328 -333 -303
0.0 128 115 122

Test Series 4 - 10Z-0.097 - 2 - SS
3rd Point Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 28 4.4 19.5
North 3rd Point 27 4.4 27

Restraint Pretension 

 
 



Test Series 4 
200 

Test Summary 
Test Series 4       Test Date:  8/19/03 
Bracing Configuration: Mid Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 200 271
2.4 103 160
4.8 0 49
9.5 -177 -151
14.0 -360 -337
18.4 -537 -516
0.0 210

Test Series 4 - 10Z-0.097 - 2 - SS
Midpoint Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Midpoint 35 4.8 25

Restraint Pretension 

 
 
 
 



Test Series 4 
201 

Test Summary 
Test Series 4       Test Date:  8/19/03 
Bracing Configuration: Quarter Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element
0.0 77 78 78 112
2.4 24 45 35 66
4.8 -32 0 -16 20
9.5 -103 -73 -88 -70
14.0 -210 -160 -185 -156
18.4 -320 -235 -278 -238
0.0 80 63 72

Test Series 4 - 10Z-0.097 - 2 - SS
Quarter Point Restraints - Exterior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Qtr Point 27.4 3.3 16.2
North Qtr Point 28.3 4.8 23

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 4       Test Date:  8/19/03 
Bracing Configuration: Quarter Point    Total Weight: 3400 lbs 
Number of Purlins:  2      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Interior Qtr Point Finite Element
0.0 120 99
2.4 83 62
4.8 38 25
9.5 -63 -56
14.0 -112 -121
18.4 -162 -182
0.0 122

Test Series 4 - 10Z-0.097 - 2 - SS
Qtr Point Restraints - Interior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Qtr Point 28.3 5.3 28

Restraint Pretension 

 



Test Series 4 
202 

Test Summary 
Test Series 4      Test Date:  8/18/03 
Bracing Configuration: 3rd Point + Support  Total Weight: 3400 lbs 
Number of Purlins:  2     Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam    Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 77 55 66 56
2.4 18.2 28 23 17
4.8 -52 -40 -46 -21
9.5 -123 -82 -103 -100
14.0 -192 -142 -167 -175
18.4 -257 -197 -227 -246
0.0 63 55 59

Test Series 4 - 10Z-0.097 - 2 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 22 3 21
North Support 28 3.5 27

Restraint Pretension 

 
 
 
 

Test Summary 
Test Series 4      Test Date:  8/18/03 
Bracing Configuration: 3rd Point + Support  Total Weight: 3400 lbs 
Number of Purlins:  2     Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam    Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 83 101 92 85
2.4 62 60 61 48
4.8 10 14 12 11
9.5 -55 -68 -62 -63
14.0 -115 -134 -125 -133
18.4 -207 -210 -209 -199
0.0 58 130 94

Test Series 4 - 10Z-0.097 - 2 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 32 6.1 22
North 3rd Point 21 5.3 29

Restraint Pretension 

 



Test Series 5 
203 

Test Summary 
Test Series 5       Test Date:  8/12/03 
Bracing Configuration: Supports    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 
 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 199 248 224 286
2.4 123 117 120 150
4.8 47 13 30 13
9.5 -155 -128 -142 -202
14.0 -338 -256 -297 -406
18.4 -491 -360 -426 -601
0.0 212 235 224

Test Series 5 - 10Z-0.097 - 4 - SS
Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 24.5 5.8 45
North Support 23.3 4.8 41

Restraint Pretension 

 
 
 

Test Summary 
Test Series 5       Test Date:  8/12/03 
Bracing Configuration: 3rd Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 
 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 179 217 198 285
2.4 109 93 101 170
4.8 50 -52 -1 55
9.5 -140 -165 -153 -153
14.0 -345 -291 -318 -347
18.4 -547 -408 -478 -533
0.0 172 197 185

Test Series 5 - 10Z-0.097 - 4 - SS
3rd Point Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 20 5.9 51
North 3rd Point 22 4.5 49

Restraint Pretension 

 
 



Test Series 5 
204 

Test Summary 
Test Series 5       Test Date:  8/13/03 
Bracing Configuration: Mid Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 420 468
2.4 230 279
4.8 32 91
9.5 -285 -247
14.0 -642 -560
18.4 -980 -860
0.0 397

Test Series 5 - 10Z-0.097 - 4 - SS
Midpoint Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Midpoint 20 5 43

Restraint Pretension 

 
 
 



Test Series 5 
205 

Test Summary 
Test Series 5       Test Date:  8/13/03 
Bracing Configuration: Quarter Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element
0.0 115 145 130 211
2.4 70 65 68 125
4.8 23 -43 -10 39
9.5 -95 -126 -111 -123
14.0 -264 -230 -247 -277
18.4 -441 -331 -386 -424
0.0 103 132 118

Test Series 5 - 10Z-0.097 - 4 - SS
Quarter Point Restraints - Exterior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Qtr Point 16 5.1 42
North Qtr Point 18 4.2 36

Restraint Pretension 

 
 
 

Test Summary 
Test Series 5       Test Date:  8/13/03 
Bracing Configuration: Quarter Point    Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Interior Qtr Point Finite Element
0.0 128 197
2.4 84 127
4.8 42 58
9.5 -97 -99
14.0 -195 -219
18.4 -293 -334
0.0 140

Test Series 5 - 10Z-0.097 - 4 - SS
Qtr Point Restraints - Interior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Qtr Point 17 6.3 50

Restraint Pretension 

 
 
 



Test Series 5 
206 

Test Summary 
Test Series 5       Test Date:  8/12/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 

Slope (deg) South Support North Support Support Average Finite element
0.0 114 110 112 129
2.4 82 43 63 52
4.8 38 -40 -1 -25
9.5 -106 -83 -95 -157
14.0 -219 -188 -204 -286
18.4 -326 -335 -331 -409
0.0 142 92 117

Test Series 5 - 10Z-0.097 - 4 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 19.2 5.6 48
North Support 23.3 5.6 36

Restraint Pretension 

 
 
 

Test Summary 
Test Series 5       Test Date:  8/12/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 7150 lbs 
Number of Purlins:  4      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 103 220 162 179
2.4 65 121 93 111
4.8 24 50 37 43
9.5 -125 -85 -105 -98
14.0 -277 -149 -213 -221
18.4 -428 -209 -319 -339
0.0 100 175 138

Test Series 5 - 10Z-0.097 - 4 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 18 5.6 48
North 3rd Point 31.2 5.6 53

Restraint Pretension 

 
 
 



Test Series 6 
207 

Test Summary 
Test Series 6       Test Date:  7/11/03  
Bracing Configuration: Supports    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 258 223 241 343
2.4 117 120 119 181
4.8 21 28 25 19
9.5 -265 -305 -285 -252
14.0 -455 -552 -504 -510
18.4 -606 -747 -677 -698
0.0 183 227 205

Test Series 6 - 10Z-0.097 - 6 - SS
Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 28 5 21
North Support 30 5 15

Restraint Pretension 

 
 
 

Test Summary 
Test Series 6       Test Date:  7/15/03 
Bracing Configuration: 3rd Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 173 327 250 357
2.4 100 126 113 211
4.8 0 -43 -22 66
9.5 -282 -305 -294 -189
14.0 -567 -538 -553 -424
18.4 -812 -745 -779 -649
0.0 202 250 226

Test Series 6 - 10Z-0.097 - 6 - SS
3rd Point Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 21 4.8 22.8
North 3rd Point 21.7 4.5 25

Restraint Pretension 

 
 



Test Series 6 
208 

Test Summary 
Test Series 6       Test Date:  7/15/03 
Bracing Configuration: Mid Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Midpoint Finite Element
0.0 356 568
2.4 199 339
4.8 49 111
9.5 -259 -294
14.0 -526 -668
18.4 -788 -1026
0.0 255

Test Series 6 - 10Z-0.097 - 6 - SS
Midpoint Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Midpoint 21 5.6 22

Restraint Pretension 

 
 
 



Test Series 6 
209 

Test Summary 
Test Series 6       Test Date:  7/21/03 
Bracing Configuration: Quarter Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South Qtr Point North Qtr Point Qtr Point Average Finite Element
0.0 159 163 161 276
2.4 78 71 75 165
4.8 0 -67 -34 53
9.5 -226 -277 -252 -155
14.0 -485 -497 -491 -351
18.4 -703 -717 -710 -538
0.0 143 138 141

Test Series 6 - 10Z-0.097 - 6 - SS
Quarter Point Restraints - Exterior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Qtr Point 18.2 4.8 16
North Qtr Point 20 3.8 22

Restraint Pretension 

 
 
 

Test Summary 
Test Series 6       Test Date:  7/21/03 
Bracing Configuration: Quarter Point    Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) Interior Qtr Point Finite Element
0.0 179 263
2.4 115 173
4.8 58 83
9.5 -68 -122
14.0 -154 -276
18.4 -226 -424
0.0 179

Test Series 6 - 10Z-0.097 - 6 - SS
Qtr Point Restraints - Interior

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Qtr Point 19 6.5 20

Restraint Pretension 

 
 
 



Test Series 6 
210 

Test Summary 
Test Series 6       Test Date:  7/22/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South Support North Support Support Average Finite Element
0.0 120 238 179 187
2.4 47 178 113 88
4.8 -53 110 29 -12
9.5 -250 -58 -154 -183
14.0 -423 -213 -318 -347
18.4 -543 -352 -448 -505
0.0 131 260 196

Test Series 6 - 10Z-0.097 - 6 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South Support 19.2 3.9 21
North Support 25 8.4 24.4

Restraint Pretension 

 
 
 

Test Summary 
Test Series 6       Test Date:  7/22/03 
Bracing Configuration: 3rd Point + Support   Total Weight: 10460 lbs 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  20 ft 

 
 

Slope (deg) South 3rd Point North 3rd Point 3rd Point Average Finite Element
0.0 126 262 194 235
2.4 61 157 109 148
4.8 -19 53 17 62
9.5 -114 -127 -121 -121
14.0 -233 -278 -256 -277
18.4 -372 -440 -406 -426
0.0 127 257 192

Test Series 6 - 10Z-0.097 - 6 - SS
3rd Point + Support Restraints

 
 
 

Eave Pretension Zero Angle Ridge Pretension
South 3rd Point 23 4.5 14
North 3rd Point 26 6.1 16.7

Restraint Pretension 

 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  11/08/02 
Bracing Configuration:  Supports    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Exterior South 

Support
Exterior North 

Support
Exterior Support 

Average Finite Element
0.0 581 451 516 549
2.4 413 404 408 283
4.8 37 116 77 17
9.5 -552 -195 -374 -507
14.0 -1137 -535 -836 -1014
18.4 -1691 -848 -1270 -1495
0.0 431 447 439

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Support Restraints - Exterior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Support 37 4.8 39
Ext. North Support 35 7.6 47

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  11/08/02 
Bracing Configuration:  Supports    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 
 

 

Slope (deg)
Interior South 

Support
Interior North 

Support
Interior Support 

Average Finite Element
0.0 628 1029 829 912
2.4 101 351 226 448
4.8 -50 -50 -50 -15
9.5 -749 -858 -804 -930
14.0 -1482 -1798 -1640 -1815
18.4 -2296 -2586 -2441 -2655
0.0 520 971 746

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Support Restraints - Interior

 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South Support 30 4.8 31
Int. North Support 45 4.8 42

Restraint Pretension 

 
 



Test Series 7 
212 

Test Summary 
Test Series 7       Test Date:  11/21/02 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Outside South 

3rd Point
Outside North 

3rd Point
Ext. Outside 3rd 
Point Average Finite Element

0.0 435 295 365 280
2.4 319 286 303 147
4.8 127 60 94 13
9.5 -248 -291 -270 -250
14.0 -583 -635 -609 -505
18.4 -874 -952 -913 -746
0.0 445 354 400

Multi-Span 3rd Point Restraints - Exterior Span Outside 3rd Points
Test Series 7 - 10Z-0.097 - 6 - TF - MS

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 3rd Point 6.9 63.4
Ext. Outside North 3rd Point 5.9 33.7

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  11/21/02 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Ext. Span Inside 
South 3rd Point

Ext. Span Inside 
North 3rd Point

Ext. Inside 3rd 
Point Average Finite Element

0.0 441 251 346 371
2.4 175 39 107 175
4.8 24 -96 -36 -22
9.5 -383 -406 -395 -409
14.0 -768 -715 -742 -783
18.4 -1126 -886 -1006 -1139
0.0 413 333 373

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point Restraints - Exterior Span Inside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 3rd Point 5.4 48.9
Ext. Inside North 3rd Point 4 42.2

Restraint Pretension 

 
 



Test Series 7 
213 

 
Test Summary 

Test Series 7       Test Date:  11/21/02 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior South   

3rd Point
Interior North   

3rd Point
Interior 3rd Point 

Average Finite Element
0.0 222 405 314 493
2.4 43 8 26 268
4.8 -136 -136 -136 44
9.5 -525 -488 -507 -400
14.0 -970 -829 -900 -830
18.4 -1371 -1135 -1253 -1237
0.0 225 387 306

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point Restraints - Interior 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South 3rd Point 3.1 44.7
Int. North 3rd Point 3.1 44.4

Restraint Pretension 

 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  11/12/02 
Bracing Configuration:  Midpoints    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Exterior South 

Midpoint
Exterior North 

Midpoint
Exterior Midpoint 

Average Finite Element
0.0 429 546 488 537
2.4 227 299 263 266
4.8 0 0 0 -4
9.5 -581 -518 -550 -539
14.0 -1219 -1056 -1138 -1055
18.4 -1851 -1635 -1743 -1545
0.0 374 506 440

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Midpoint Restraints - Exterior

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Midpoint 54.5 4.8 39.1
Ext. North Midpoint 41.3 4.8 41.4

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  11/12/02 
Bracing Configuration:  Midpoints    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg) Interior Midpoint Finite Element
0.0 514 762
2.4 72 420
4.8 -202 77
9.5 -768 -598
14.0 -1355 -1252
18.4 -1936 -1874
0.0 581

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Midpoint Restraints - Interior

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Midpoint 45.9 3.3 51

Restraint Pretension 

 
 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/11/02 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Outside South 

1/4 Span
Outside North 1/4 

Span
Ext. Span Outside 
1/4 Span Average Finite Element

0.0 225 171 198 250
2.4 240 127 184 141
4.8 100 50 75 33
9.5 -204 -278 -241 -181
14.0 -502 -595 -549 -388
18.4 -824 -904 -864 -584
0.0 264 150 207

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Quarter Point Restraints - Exterior Span Outside 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 1/4 Span 47.3 7 72
Ext. Outside North 1/4 Span 27 6 61

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  12/11/02 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Ext. Span Inside 
South 1/4 Span

Ext. Span Inside 
North 1/4 Span

Ext. Span Inside   
1/4 Span Average Finite Element

0.0 277 379 328 354
2.4 98 57 78 166
4.8 -49 -91 -70 -21
9.5 -383 -307 -345 -391
14.0 -727 -578 -653 -748
18.4 -1043 -842 -943 -1087
0.0 264 456 360

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Quarter Point Restraints - Exterior Span Inside 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 1/4 Span 42.6 4.8 56
Ext. Inside North 1/4 Span 53.1 3.8 69

Restraint Pretension 

 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/11/02 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior Span 

South 1/4 Span
Interior Span 

North 1/4 Span
Interior Span 1/4 
Span Average Finite Element

0.0 215 282 249 425
2.4 32 17 25 226
4.8 -41 -60 -51 27
9.5 -380 -383 -382 -365
14.0 -729 -705 -717 -745
18.4 -1048 -988 -1018 -1106
0.0 283 273 278

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Quarter Point Restraints - Interior Span 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Span South 1/4 Spa 50.6 2.7 38
Interior Span North 1/4 Span 42 2.7 49

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  12/11/02 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior Span 

South 1/2 Span
Exterior Span 

North 1/2 Span
Exterior Span 1/2 

Span Average Finite Element
0.0 230 140 185 107
2.4 188 63 126 38
4.8 90 -60 15 -31
9.5 -130 -207 -169 -166
14.0 -254 -342 -298 -297
18.4 -351 -455 -403 -421
0.0 249 142 196

Multi-Span Quarter Point Restraints - Exterior Span 1/2 Span
Test Series 7 - 10Z-0.097 - 6 - TF - MS

 
 

Eave Pretension Zero Angle Ridge Pretension
Exterior South 1/2 Span 48.8 6.5 57
Exterior North 1/2 Span 30.4 4.3 50

Restraint Pretension 

 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/11/02 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior Span     

1/2 Span Finite Element
0.0 243 260
2.4 46 146
4.8 -36 33
9.5 -193 -192
14.0 -362 -409
18.4 -536 -616
0.0 277

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span Quarter Point Restraints - Interior 

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Span 1/2 Span 67.5 3.3 37

Restraint Pretension 

 
 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/18/02 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior South 

Support
Exterior North 

Support
Exterior Support 

Average Finite Element
0.0 343 144 244 227
2.4 250 135 193 114
4.8 65 83 74 1
9.5 -187 0 -94 -223
14.0 -505 -135 -320 -439
18.4 -868 -243 -556 -644
0.0 343 124 234

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point + Support Restraints - Exterior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Support 38 7.5 47
Ext. North Support 29 9.5 23

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  12/18/02 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior South 

Support
Interior North 

Support
Interior Support 

Average Finite Element
0.0 370 500 435 527
2.4 120 123 122 255
4.8 0 -47 -24 -16
9.5 -489 -572 -531 -551
14.0 -1011 -1138 -1075 -1068
18.4 -1336 -1694 -1515 -1559
0.0 337 501 419

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point + Support Restraints - Interior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South Support 28 4.8 43
Int. North Support 28 4.2 34

Restraint Pretension 

 
 
 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/18/02 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 
 

Slope (deg)
Outside South 

3rd Point
Outside North 

3rd Point
Ext. Outside 3rd 
Point Average Finite Element

0.0 210 287 249 168
2.4 130 200 165 68
4.8 38 30 34 -31
9.5 -207 -261 -234 -227
14.0 -407 -531 -469 -416
18.4 -554 -772 -663 -595
0.0 222 284 253

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point + Support Restraints - Exterior Span Outside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 3rd Poin 45 5.4 25
Ext. Outside North 3rd Point 49 5.4 49

Restraint Pretension 

 
 
 

Test Summary 
Test Series 7       Test Date:  12/18/02 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Ext. Span Inside 
South 3rd Point

Ext. Span Inside 
North 3rd Point

Ext. Inside 3rd 
Point Average Finite Element

0.0 221 191 206 223
2.4 93 55 74 101
4.8 19 0 10 -21
9.5 -163 -173 -168 -261
14.0 -351 -294 -323 -493
18.4 -485 -503 -494 -713
0.0 210 190 200

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point + Support Restraints - Exterior Span Inside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 3rd Point 45 5.4 37
Ext. Inside North 3rd Point 33 4.8 38

Restraint Pretension 

 



Test Series 7 
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Test Summary 
Test Series 7       Test Date:  12/18/02 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Through Fastened    Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior South   

3rd Point
Interior North   

3rd Point
Interior 3rd Point 

Average Finite Element
0.0 160 201 181 328
2.4 19 26 23 190
4.8 -97 -61 -79 53
9.5 -233 -263 -248 -218
14.0 -369 -475 -422 -480
18.4 -469 -696 -583 -730
0.0 189 220 205

Test Series 7 - 10Z-0.097 - 6 - TF - MS
Multi-Span 3rd Point + Support Restraints - Interior 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior South 3rd Point 51 2.8 25
Interior North 3rd Point 33 2.8 32

Restraint Pretension 

 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  3/5/03 
Bracing Configuration:  Supports    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior South 

Support
Exterior North 

Support
Exterior Support 

Average Finite Element
0.0 428 249 339 298
2.4 347 197 272 136
4.8 78 71 75 -18
9.5 -260 -160 -210 -246
14.0 -441 -300 -371 -464
17.3 -619 -372 -496 -624
0.0 193 170 182

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Support Restraints - Exterior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Support 43 6 30
Ext. North Support 27 6 36

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  3/5/03 
Bracing Configuration:  Supports    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 
 

Slope (deg)
Interior South 

Support
Interior North 

Support
Interior Support 

Average Finite Element
0.0 347 493 420 423
2.4 40 48 44 195
4.8 -99 -142 -121 -29
9.5 -414 -680 -547 -414
14.0 -735 -1203 -969 -782
17.3 -896 -1596 -1246 -1052
0.0 221 358 290

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Support Restraints - Interior

 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South Support 50 3.4 28
Int. North Support 42 3.4 39

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/28/03 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Outside South 

3rd Point
Outside North 

3rd Point
Ext. Outside 3rd 
Point Average Finite Element

0.0 414 260 337 298
2.4 329 232 281 159
4.8 141 120 131 19
9.5 -210 -88 -149 -201
14.0 -435 -228 -332 -408
18.0 -619 -351 -485 -606
0.0 244 192 218

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point Restraints - Exterior Span Outside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 3rd Point 29 6.6 32
Ext. Outside North 3rd Point 24 7.5 30

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  2/28/03 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Ext. Span Inside 
South 3rd Point

Ext. Span Inside 
North 3rd Point

Ext. Inside 3rd 
Point Average Finite Element

0.0 282 289 286 280
2.4 70 139 105 139
4.8 -102 -31 -67 -2
9.5 -347 -294 -321 -231
14.0 -568 -518 -543 -451
18.0 -797 -716 -757 -661
0.0 223 372 298

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point Restraints - Exterior Span Inside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 3rd Point 40 3.5 35
Ext. Inside North 3rd Point 28 4 31

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/28/03 
Bracing Configuration:  3rd Points    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Interior South   

3rd Point
Interior North   

3rd Point
Interior 3rd Point 

Average Finite Element
0.0 185 203 194 294
2.4 57 71 64 145
4.8 -113 -72 -93 -3
9.5 -228 -360 -294 -258
14.0 -350 -583 -467 -501
18.0 -454 -789 -622 -734
0.0 238 215 227

Multi-Span 3rd Point Restraints - Interior 3rd Points
Test Series 8 - 10Z-0.097 - 6 - SS - MS

 
 
 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South 3rd Point 25  22
Int. North 3rd Point 22  30

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/20/03 
Bracing Configuration:  Midpoints    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior South 

Midpoint
Exterior North 

Midpoint
Exterior Midpoint 

Average Finite Element
0.0 503 356 430 438
2.4 588 113 351 224
4.8 307 -47 130 9
9.5 -206 -294 -250 -313
14.0 -634 -488 -561 -618
17.5 -907 -637 -772 -856
0.0 640 220 430

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Midpoint Restraints - Exterior

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Midpoint 37 7.5 35
Ext. North Midpoint 33 4.2 28

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  2/20/03 
Bracing Configuration:  Midpoints    Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg) Interior Midpoint Finite Element
0.0 330 443
2.4 45 221
4.8 -93 0
9.5 -311 -343
14.0 -505 -672
17.5 -647 -928
0.0 345

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Midpoint Restraints - Interior

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Midpoint 28 3 27

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/26/03 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Outside South 

1/4 Span
Outside North 1/4 

Span
Ext. Span Outside 
1/4 Span Average Finite Element

0.0 268 172 220 229
2.4 325 106 216 125
4.8 161 0 81 21
9.5 -102 -153 -128 -155
14.0 -285 -262 -274 -320
18.0 -418 -371 -395 -466
0.0 132 43 88

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Quarter Point Restraints - Exterior Span Outside 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 1/4 Span 47.3 7 72
Ext. Outside North 1/4 Span 27 6 61

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  2/26/03 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Ext. Span Inside 
South 1/4 Span

Ext. Span Inside 
North 1/4 Span

Ext. Span Inside   
1/4 Span Average Finite Element

0.0 160 188 174 204
2.4 17 16 17 97
4.8 -88 -132 -110 -9
9.5 -298 -342 -320 -203
14.0 -533 -614 -574 -388
18.0 -780 -819 -800 -552
0.0 102 263 183

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Quarter Point Restraints - Exterior Span Inside 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 1/4 Span 42.6 4.8 56
Ext. Inside North 1/4 Span 53.1 3.8 69

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/26/03 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior Span 

South 1/4 Span
Interior Span 

North 1/4 Span
Interior Span 1/4 
Span Average Finite Element

0.0 123 142 133 238
2.4 -44 -45 -45 118
4.8 -68 -113 -91 -2
9.5 -187 -376 -282 -213
14.0 -313 -614 -464 -415
18.0 -418 -848 -633 -594
0.0 61 145 103

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Quarter Point Restraints - Interior Span 1/4 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Span South 1/4 Spa 50.6 2.7 38
Interior Span North 1/4 Span 42 2.7 49

Restraint Pretension 

 
 
 



Test Series 8 
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Test Summary 
Test Series 8       Test Date:  2/26/03 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior Span 

South 1/2 Span
Exterior Span 

North 1/2 Span
Exterior Span 1/2 

Span Average Finite Element
0.0 309 235 272 220
2.4 315 124 220 112
4.8 188 0 94 4
9.5 -67 -197 -132 -154
14.0 -247 -273 -260 -305
18.0 -350 -378 -364 -439
0.0 391 297 344

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Quarter Point Restraints - Exterior Span 1/2 Span

 
 

Eave Pretension Zero Angle Ridge Pretension
Exterior South 1/2 Span 48.8 6.5 57
Exterior North 1/2 Span 30.4 4.3 50

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  2/26/03 
Bracing Configuration:  Quarter Points   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 
 

Slope (deg)
Interior Span     

1/2 Span Finite Element
0.0 200 238
2.4 35 118
4.8 -38 -1
9.5 -202 -196
14.0 -289 -383
18.0 -390 -549
0.0 250

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span Quarter Point Restraints - Interior 

 
 
 

Eave Pretension Zero Angle Ridge Pretension
Interior Span 1/2 Span 67.5 3.3 37

Restraint Pretension 
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Test Summary 
Test Series 8       Test Date:  3/03/03 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Exterior South 

Support
Exterior North 

Support
Exterior Support 

Average Finite Element
0.0 255 144 200 156
2.4 217 129 173 63
4.8 45 55 50 -31
9.5 -162 -85 -124 -178
14.0 -306 -178 -242 -323
18.0 -423 -261 -342 -453
0.0 33 72 53

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point + Support Restraints - Exterior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. South Support 59 6.3 33
Ext. North Support 38 6.3 32

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  3/03/03 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior South 

Support
Interior North 

Support
Interior Support 

Average Finite Element
0.0 46 183 115 215
2.4 -57 -66 -62 85
4.8 -168 -147 -158 -44
9.5 -283 -423 -353 -289
14.0 -471 -742 -607 -524
18.0 -625 -939 -782 -733
0.0 16 173 95

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point + Support Restraints - Interior Supports

 
 

Eave Pretension Zero Angle Ridge Pretension
Int. South Support 40 1.6 20
Int. North Support 58 1.6 30

Restraint Pretension 
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Test Summary 
Test Series 8       Test Date:  3/03/03 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft  
  

 

Slope (deg)
Outside South 

3rd Point
Outside North 

3rd Point
Ext. Outside 3rd 
Point Average Finite Element

0.0 249 244 247 221
2.4 233 340 287 124
4.8 134 181 158 27
9.5 -111 -106 -109 -146
14.0 -360 -364 -362 -309
18.0 -527 -588 -558 -454
0.0 240 399 320

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point + Support Restraints - Exterior Span Outside 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Outside South 3rd Poin 42 7.6 28
Ext. Outside North 3rd Point 42 7.6 36

Restraint Pretension 

 
 
 

Test Summary 
Test Series 8       Test Date:  3/03/03 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Ext. Span Inside 
South 3rd Point

Ext. Span Inside 
North 3rd Point

Ext. Inside 3rd 
Point Average Finite Element

0.0 283 188 236 208
2.4 155 98 127 108
4.8 75 55 65 8
9.5 -160 -164 -162 -166
14.0 -378 -359 -369 -332
18.0 -600 -495 -548 -479
0.0 267 172 220

Multi-Span 3rd Point + Support Restraints - Exterior Span Inside 3rd Points
Test Series 8 - 10Z-0.097 - 6 - SS - MS

 
 

Eave Pretension Zero Angle Ridge Pretension
Ext. Inside South 3rd Point 68 6.3 43
Ext. Inside North 3rd Point 70 6.3 38

Restraint Pretension 
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Test Summary 
Test Series 8       Test Date:  3/03/03 
Bracing Configuration: 3rd Points + Supports   Weight: 10460 lbs per span 
Number of Purlins:  6      Purlin Designation: 10Z0.097 
Deck Type:  Standing Seam     Span Length:  3 @ 20 ft 

 

Slope (deg)
Interior South   

3rd Point
Interior North   

3rd Point
Interior 3rd Point 

Average Finite Element
0.0 212 141 177 223
2.4 -17 -6 -12 117
4.8 -113 -160 -137 10
9.5 -250 -387 -319 -185
14.0 -417 -697 -557 -371
18.4 -555 -899 -727 -537
0.0 256 220 238

Test Series 8 - 10Z-0.097 - 6 - SS - MS
Multi-Span 3rd Point + Support Restraints - Interior 3rd Points

 
 

Eave Pretension Zero Angle Ridge Pretension
Interior South 3rd Point 49 1.6 29
Interior North 3rd Point 46 1.6 29

Restraint Pretension 
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Supports Restraint Configuration – Single Span 
Restraint Force Per anchorage device 

total

rest
L K

K
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Where 
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               (2) 
with

 

Krest   = stiffness of externally applied restraint (lb/in) 
Krafter  = rotational stiffness of the Z-section to rafter connection (lb-in/in)   
Kshtg    = rotational stiffness provided by the sheathing (lb-in/in) 
 
Total overturning force generated per purlin 
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Restraint Stiffness 
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with 
Kdevice  = stiffness of restraining device at restraint height (lb/in) 

Kconfig  = stiffness of restraint configuration (lb/in) 
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Antiroll Clip 
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 Web Bolted Plate 
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Rafter Stiffness 
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Deformation of System 
 
Deflection at restraint (Frame Line) 
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rest K

R
=Δ                 (14) 

Deflection of diaphragm relative to restraint 
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Total mid-span deflection 
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Fastener force at restraint 
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Third Points Restraint Configuration – Single Span 
Restraint Force Per anchorage device 

total

rest
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Where 
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              (19) 
with

 

Krest   = stiffness of externally applied restraint (lb/in) 
Kshtg    = rotational stiffness provided by the sheathing (lb-in/in) 
 
Total overturning force generated per purlin 
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Restraint Stiffness 
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with 
Kdevice  = stiffness of restraining device at restraint height (lb/in) 
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Deformation of System 
Deflection at restraint 

rest
rest K

R
=Δ                            (26) 

Deflection of diaphragm at ends (frame line) relative to restraint 
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Total deflection at frame line 
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Fastener force at restraint 
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Nomenclature 
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b =  width of Z-section top flange (in)  (mm) 
bar =  width of antiroll anchorage device or web bolted rafter plate 
Bay =  total width of diaphragm perpendicular to span (ft) (m) 
d =  depth of Z-section (in) (mm) 
E =  modulus of elasticity (29,500,000 psi) (203,400 MPa) 
G =  shear modulus (11,200,00 psi) (77,200 MPa) 
h =  height of applied restraint measured from base of Z-section parallel to web (in) (mm) 
IX =  moment of inertia of full unreduced section about axis perpendicular to the plane of the 

    web (in4) (mm4) 
IXY =  product of inertia of full unreduced section about major and minor centroidal 

    axes (in4) (mm4) 
IDeck =  Gross moment of inertia of sheathing  
Kmclip =  combined rotational stiffness of sheathing and connection between the Z-section and 

    sheathing (lb-in/ft) (N-m/m) 
Krafter =  Moment developed in connection between Z-section and rafter per unit lateral 

    displacement of top flange of Z-section at restraint 
Krest =  Force restrained at top flange of Z-section per unit lateral displacement of top flange 
     at restraint location 
Kshtg =  Moment developed in connection between Z-section and sheathing per unit lateral 

    displacement of top flange of Z-section at restraint 
L =  span of Z-section (ft) (m) 
Mlocal =  Moment developed in sheathing due to local deformation of top flange 
Mrafter =  Moment developed in connection between rafter and Z-section due to lateral 

     movement of top flange relative to base 
Mshtg =  Moment developed in sheathing due to lateral movement of top flange relative to base 
Mtorsion =  Moment developed in sheathing due to twist of Z-section relative to sheathing 
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nP =  number of restrained purlins per anchorage device 
t =  thickness of Z-section (in) 
tpl =  thickness of web bolted rafter plate 
w =  uniform loading on Z-section (lb/ft) (N/m) 
Width =  tributary width of diaphragm (perpendicular to Z-Section Span) per  

     Z-section.(in) (mm) 
δ =  load eccentricity on Z-section top flange (1/3) 
θ =  angle between the vertical and the plane of the Z-section web (degrees) 
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Example 1.  Supports Restraint Configuration (Antiroll Anchorage Device) 
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Figure III.1  Roof Layout Example 1 

Determine the lateral restraint forces for a single span bay with Z-sections spanning 20 ft and an 
eave to ridge distance of 101 ft subjected to a nominal 20 psf uniform loading.  The roof pitch is 
½ in. on 12 in.  There is an eave strut at the eave and Z-sections are spaced at 5 ft for a total of 20 
Z-section lines.  The distance from the last Z-section (#20) to the ridge is 1 ft.    At the eave, Z-
sections #1 and #2 are 10Z2.6x097 and the remaining Z-sections are 10Z2.6x060.  Antiroll 
anchorage devices labeled Anchor 1 and Anchor 10 are applied at Z-section #1 and Z-section 
#10, respectively.  The tested stiffness of Anchor 1 is 4000 lb/in and the stiffness of Anchor 10 is 
3000 lb/in.  These stiffness values were measured at the top of the sheathing.  The sheathing is a 
standing seam system with a diaphragm stiffness of 1000 lb/in.  Lateral slip between the purlin 
and the sheathing is prevented by the clip connection between the sheathing and purlin.  The 
connection between the sheathing and the Z-section has a rotational stiffness of 1000 lb-
in./rad./ft.  The Z-sections are attached to the rafters with a flange bolted connection. 
 
System Properties 
L   = 20 ft 
Bay  = 101 ft 
Width  = 101 ft/20 purlins = 60.6 in 
Uniform load  = 20 psf 
Roof Slope, θ  = 2.4 degrees (1/2:12) 
G’  =1000 lb/in 
KMClip   = 1000 lb-in/rad/ft 
E  = 29,500,000 psi 
G  = 11,200,000 psi 
 
Purlin Section Properties 
Z-section 1 – 2 
d  = 10.07 in. 
b  = 2.56 in. 
t  = 0.097 in. 
δ  = 1/3 
IX  = 24.31 in4 
IY  = 2.69 in4 

( )( ) ( ) 4
4

2444

X

2
XYYX

MY in35.1
in31.24

in70.5in69.2in31.24
I

IIII =
−

=
−

=

in9.159
in005191.0G

in48.50E
GJ

ECa 4

6
W =

⋅
⋅

==



 239 

IXY  = 5.70 in4 
J = 0.005191 in4 
CW  = 50.48 in6 
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Z-section 3 – 20 
d = 10.07 in. 
b = 2.56 in. 
t = 0.060 in. 
δ = 1/3 
IX = 15.29 in4 
IY = 1.72 in4 
IXY = 3.61 in4 
J = 0.00124 in4 
CW = 32.41 in6 
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Procedure 
1.  Calculate uniform restraint provided by sheathing, wrest, expressed as a proportion of 
the applied uniform load. 

σ⋅= wwrest  
where 
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Purlins 3-20 
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2.  Calculate Mtorsion, the moment generated in the connection to the sheathing due to the 
bending effects of the Z-section and Mlocal, the local bending moment 
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Z-section 1-2 
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3.  Calculate the total force per Z-section generated requiring restraint 
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Z-section 3-19 
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Total Force in System 
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4.  Calculate the stiffness of the sheathing. 
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5.  Calculate stiffness of connection between rafter and Z-section (flange bolted connection) 
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6.  Calculate the total stiffness of the system and the force in each Anchorage Device 
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        Figure III.2 Restraint Forces 
               
7.  Calculate the deformation of the system at a) Restraint, b) deflection of diaphragm 
relative to restraint and b) total deflection at Mid-span 

a)  Deflection at restraint (Frame Line) 
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Figure III.3 System Displacement 
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8)  Calculate fastener force at restraint 

At Restraint 
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Fastener Force at Z-section 1 (Anchor #1) 

( )
in07.102

inlb147inlb197
in07.10

4.2cos208.09.0
2

ft20plf100
in07.10
in07.10lb329rceFastenerFo 3

in56.2

⋅
⋅−⋅

−⎟
⎠
⎞

⎜
⎝
⎛ °

−⋅⋅
⋅

+=  

lb430rceFastenerFo =  
 

Fastener Force at Z-section 10 (Anchor #10) 
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        (a) Z-section 1                           (b) Z-section 10 

Figure III.4 Forces in connection between sheathing and Z-section along length of Z-section 
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Example 2.  Supports Restraint Configuration (Z-section web plate connection) 
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Figure III.5  Z-section Layout Example 2. 

  
Using the same bay configuration as Example 1, calculate the 
restraint force if the antiroll anchorage devices are removed 
and the Z-section to rafter connection changed to a web plate 
connection for all Z-sections.  The web plate is a PL 3/16x4x8 
with the top bolts of located at 7 in. above the rafter as shown 
in Figure 6. 
  
Web Plate Properties       Figure 6. Web plate detail 
tpl  = 3/16 in. 
bpl  = 4 in. 
h  = 7 in. 
 
Proceedure 

1.  The force generated per purlin is calculated per parts 1-3 of Example 1. 
Z-section 1-2  P1-2  = 90 lb 
Z-section 3-19 P3-19  = 66lb 
Z-section 20  P20  = 46lb 
 
2.  The sheathing stiffness is calculated per part 4 of Example 1  
Z-section 1-2  KShtg = 1300 lb·in/in 
Z-section 3-20 KShtg = 862 lb·in/in  
 
3.  Calculate the stiffness of the rafter connection 

In this case, the rafter connection is considered to be an anchorage device, so Equation (10) is 
used  
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Z-section 1-2 
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4.  Calculate the total stiffness of the system and the force in each web plate 
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The moment at the base of the web plate is           Figure III.7 Web Plate Forces Z-Section 1-2 
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Z-section 3-20 
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The moment at the base of the web plate is 
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7.  Calculate the deformation of the system at a) Restraint, b) deflection of diaphragm 
relative to restraint and b) total deflection at Mid-span 
 
a)  Deflection at restraint 
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b) Deflection of diaphragm relative to restraint 

in210.0diaph =Δ  (same as Example 1) 

c) Total mid-span deflection 
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8)  Calculate fastener forces 
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Example 3  Third Point Restraint Configuration  
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Figure III.8  Z-Section Layout Example 3 
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Figure III.9 3rd Point Restraint Layout Example 3 

 
Using the same Z-section configuration as Example 1, antiroll anchorage devices at Z-section 1 
and 10 are replaced by a third point restraint as shown in Figure 9.  All Z-sections have a flange 
bolted connection to the rafter.  Restraint is applied by 2 in. wide 12 gage strapping which is 
anchored to top of the eave strut at the frame lines and attached to the top flange of Z-section 2 at 
the third points.  The connection to the top of the eave strut has a tested stiffness of 5000 lb/in.   
 
1.  Calculate uniform restraint provided by sheathing expressed as a proportion of the 
applied uniform load. 

σ⋅= wwrest  

Where 



 249 

( )

Width'G9
L

4
d

EI972
L11

Width'G18
sinL

2
dcosb

EI972

Lcos
I
I11

22

mY

4

2

mY

4

X

XY

+τ+

θ
−τ

θδ
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
θ

=σ  

Z-sections 1-2 

 

( ) ( )
( )( ) ( ) ( )

( )( )
( ) ( ) ( )

( )( )in6.6010009
in240

lb
rad0091.0

rad4
in07.10

in354.1E972
in24011

in6.60100018
4.2sinin240

lb
rad0091.0

rad2
in07.104.2cos

in354.1E972

in2404.2cos
in31.24
in70.511

in
lb

22

4

4
in

lb

2
3

in56.2

4

4
4

4

⋅
+

⋅
+

⋅⋅

⋅
°

−
⋅
°

+
⋅⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
°

=σ  

201.0=σ  

Z-sections 3-20 

( ) ( )
( )( ) ( ) ( )

( )( )
( ) ( ) ( )

( )( )in6.6010009
in240

lb
rad011.0

rad4
in07.10

in868.0E972
in24011

in6.60100018
4.2sinin240

lb
rad011.0

rad2
in07.104.2cos

in868.0E972

in2404.2cos
in29.15
in61.311

in
lb

22

4

4
in

lb

2
3

in56.2

4

4
4

4

⋅
+

⋅
+

⋅⋅

⋅
°

−
⋅
°

+
⋅⋅

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
°

=σ  

211.0=σ  
 
2.  Calculate Mtorsion, the moment generated in the connection to the sheathing due to 
torsional effects of the Z-section. 
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Z-sections 3-19 
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3.  Calculate the total force per Z-section generated requiring restraint 
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Z-sections 3-19 
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Z-section 20  

lb47
plf100
plf70lb67P20 =⋅=  

Total Force in System 
lb1554lb47lb6717lb922PL ⋅=+⋅+⋅=∑  

 
4.  The sheathing stiffness is calculated per part 4 of Example 1  
Z-section 1-2  KShtg = 1300 lb·in/in 
Z-section 3-20 KShtg = 862 lb·in/in 
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5.  Calculate the total stiffness of the system and the force in the third point brace 
( )

d
KK

KK raftershtg
resttotal

+∑
+∑=

 
( )

in07.10
862181300250002K in

inlb
in

inlb

in
lb

total ⋅
⋅+⋅

+⋅=
−⋅

 
in

lb
total 11800K =

 
Third Point Brace Force 

∑ ⋅=
np total

rest
L K

KPR  

lb658
11800
5000lb1554R

in
lb
in

lb
=⋅=      

             Figure III.10 3rd Point Brace Forces 
 
6.  Calculate a) the lateral deflection of the system at restraint, b) deflection of diaphragm 
relative to restraint and c) total deflection at 
rafter 

a)  Deflection at restraint 

in13.0
5000

lb658
K

R
in

inlb
rest

rest ===Δ
⋅

 

b) Deflection of diaphragm relative to restraint 

 

Bay'G3
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K
Ksinww

Bay'G9
L d

h
L

total

rest
4

7
2

diaph +⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∑
θ∑+σ∑−=Δ     Figure III.11  System Deformation 

( ) ( )( ) ( )

( )
ft10110003

ft20
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in19.0diaph −=Δ  

c) Total deflection at rafter 
in06.0in19.0in13.0diaphrestMS −=−=Δ+Δ=Δ  

 
8)  Calculate fastener forces at restraint 

⎟
⎠
⎞

⎜
⎝
⎛ σ−

θδ
+= 9.0

d
cosb

20
wL

d
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