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Abstract

Recent research has identified that current code level seismic demands used for
diaphragm design are considerably lower than demands in real structures during a seismic event.
However, historical data has shown that steel deck diaphragms, common to steel framed
buildings, perform exceptionally well during earthquake events. A new alternative diaphragm
design procedure in ASCE 7-16 increases diaphragm seismic demand to better represent
expected demands. The resulting elastic design forces from this method are reduced by a
diaphragm design force reduction factor, R;, to account for the ductility of the diaphragm system.
Currently, there exist no provisions for R; factors for steel deck diaphragms. This research was
therefore initiated to understand inelastic steel deck diaphragm behavior and calculate R; factors.

A review of the literature showed that a large number of experimental programs have
been performed to obtain the in-plane load-deformation behavior of steel deck diaphragms. To
unify review of these diaphragm tests and their relevant results, a database of over 750 tested
specimens was created. A subset of 108 specimens with post-peak, inelastic behavior was
identified for the characterization of diaphragm behavior and ductility. A new recommended
method for predicting shear strength and stiffness for steel deck diaphragms with structural
concrete fill is proposed along with an appropriate resistance factor. Diaphragm system level
ductility and overstrength are estimated based on subassemblage test results and R; factors are
then calculated based on these parameters. The effects of certain variables such as deck thickness

and fastener spacing on diaphragm ductility are explored.
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1 INTRODUCTION

1.1 Background

Floor and roof systems in a building play several key roles that contribute to a structure’s
ability to resist both gravity and lateral loads, as shown in Figure 1-1. When considering lateral
loads, these systems function as critical force transfer elements that allow for continuous load path
to the vertical elements of a building’s lateral force resisting system (LFRS), and are referred to as

diaphragms.

Lateral loads

Diaphragm
Gravity framing i\
Structural braced frame —\

Transfer (podium) slab

Moment-resisting frame

Inclined column

Basement wall -

Below grade soil pressure

Figure 1-1 Roles of Floor and Roof Systems [from Sabelli et al. (2010)]

Steel deck diaphragms, with or without concrete fill, are the most common for roof and
floor systems in structural steel buildings. Steel deck roof diaphragms consist of corrugated sheets,
which when fastened to each other and the structural building frame, are able to resist significant
in-plane forces. When concrete fill is placed on the steel deck for flooring systems, lateral load

resistance considerably increases. Since the 1960’s, there has been a substantial amount of research



investigating steel deck diaphragm behavior. Initial steel deck diaphragm research focused on
characterizing diaphragm strength and stiffness, with the intent of the diaphragm to be utilized as
a force transfer element. Recent earthquake reconnaissance, experimental and analytical research
provide strong evidence that diaphragms designed for current design seismic diaphragm loads
prescribed by U.S. building codes (ASCE, 2010) will experience inelastic deformations. As a
result, experimental programs began to shift focus to characterizing the inelastic, post-peak
behavior of diaphragms and their ability to dissipate energy.

During the 1994 Northridge Earthquake, the collapse of concrete parking garages due to
poorly confined gravity columns were linked to significant precast concrete diaphragm inelastic
deformations (EERI, 1996). Shake table tests and analytical investigations further demonstrated
that diaphragm demands developed during real seismic events may be larger than code level forces
(Rodriguez et al., 2007; Fleishcman and Farrow, 2001).

Despite observations that seismic design loads may not accurately represent actual elastic
diaphragm demands during real events, the majority of steel deck diaphragm systems have a
history of exceptional performance (i.e. almost no reports of damage during earthquakes). This is
likely due to a steel deck diaphragm’s available reserve capacity with respect to either strength or
inelastic deformations. Some researchers believe that the balance between diaphragm demand and
capacity is adequate and no major modifications to the ASCE 7 provisions are needed (NEHRP,
2015). Others suggest adjustments to increase the seismic demands, but utilize the ductility and
reserve strengths of diaphragms through a diaphragm design force reduction factor, Ry (NEHRP,
2015). These R; factors are analogous to response modification factors, R, used in ASCE 7-10 and

are further elaborated on in Section 2.1.



1.2 Research Motivation

The behavior of real three-dimensional buildings during earthquakes is complex, especially
if the vertical LFRS and the horizontal LFRS (diaphragms) are both experiencing inelastic
deformations. To understand the seismic performance of buildings including the interaction of
vertical LFRS and horizontal LFRS inelasticities, it is crucial to have a clear understanding and
characterization of diaphragm behavior. As a result, an academic-industry partnership, known as
the Steel Deck Innovation Initiative (SDII), was formed between researchers at Johns Hopkins
University, Virginia Tech, Northeastern University and Walter P Moore, as well as several
industry sponsors. SDII’s objective is to advance building performance in steel framed buildings
with steel deck floor and roof diaphragms through better understanding of diaphragm-structure
interaction, new design approaches, and three-dimensional modeling tools, with a primary focus
on seismic design applications (Schafer, 2016).

As part of SDII, the objective for this study concentrates on the evaluation of steel deck
diaphragm system inelastic behavior and the calculation of diaphragm design force reduction
factors based on previous test results. There currently exist no diaphragm design force reduction
factors available for steel deck diaphragms in the alternate diaphragm design provisions of ASCE
7-16 (ASCE, 2016). Because no failures in steel deck diaphragms have been observed in past
earthquake events, an effort to understand the successful seismic performance of this system is
needed. To calculate R; factors for steel deck diaphragms, both the inelastic deformation capacity
and reserve strength capacity of a diaphragm must be considered. An extensive review of tested

diaphragm specimens, with special attention to post peak-strength behavior, is therefore warranted.



1.3 Scope and Objective

A substantial amount of data exists from previous experimental programs. While initial
programs typically only include load-deformation data up to the ultimate strength of a test
specimen, post-peak data is available from more recent research programs. Valuable information
about diaphragm ductility and post-peak behavior is extracted from these resources and evaluated
in an effort to characterize steel deck diaphragm behavior. The objective of this research is to
improve understanding of steel deck diaphragm behavior, with an emphasis on post-peak inelastic
behavior which is not yet well understood, through analysis of previously tested steel deck
diaphragm subassemblage experiments. Furthermore, this research recommends new design
provisions for steel deck diaphragms with structural concrete fill and ultimately calculates
diaphragm design force reduction factors, Ry, for application in seismic design. In pursuit of this

mission, the current research specifically does the following:

1) Investigates previous steel deck diaphragm experimental programs and consolidates their
relevant experimental data, such as test setup variables, test results, calculated values and
more into a comprehensive database

2) Examines the ductility and post-peak behavior of previously tested diaphragms

3) Evaluates current equations and proposes new equations for strength, resistance factors,
and stiffness of steel deck diaphragms with concrete fill. The proposed equations are shown
to better agree with available test data than the prediction equations described in the Steel
Deck Institute Diaphragm Design Manual, 4™ edition

4) Characterizes the inelastic behavior of steel deck diaphragms by examining the influence
of several test variables on ductility

5) Classifies diaphragm system ductility and calculates Ry factors for different steel deck

diaphragm configurations



1.4 Organization of Thesis

This thesis document is organized in the following manner:

e Chapter 1 — introduces motivation for this research and defines the scope of this work

e Chapter 2 — reviews fundamental earthquake engineering principles for the development
of force modification factors and explores literature on past experimental programs

e Chapter 3 — discusses information logged into an experimental diaphragm database

e Chapter 4 — presents methodology used for the calculation of diaphragm force modification
factors, R

e Chapter 5 — discusses current strength and stiffness prediction methods for steel deck
diaphragms with and without concrete fill, as well as recommends new strength and
stiffness prediction equations for steel deck diaphragms with structural concrete fill

e Chapter 6 — discusses results of experimental tests and characterizes steel deck diaphragm
behavior

e Chapter 7 — summarizes the conclusions reached throughout in this research and

recommends future work



2 LITERATURE REVIEW

2.1 Force Modification Factors

A fundamental concept in seismic design involves the reduction of elastic design forces to
account for a structural system’s ability to deform in a ductile manner. In ASCE 7-10, the reduction
of elastic forces is implemented through the use of a system dependent response modification
coefficient, R. Elastic response spectra are developed for a site based on seismic hazard analysis
and represent anticipated elastic earthquake forces for the design basis earthquake level (ASCE,
2010).

In earthquake engineering, designing for these elastic forces, Fe, is highly uneconomical
and inefficient for strong ground motions. Instead, ductile behavior is relied upon to dissipate
seismic energy and accommodate earthquake displacement demands. Through proper detailing of
the LFRS, ductile behavior can be achieved and accounted for using a design force, Fy, equal to
the elastic force divided by the response modification coefficient, R. The prescribed R factor
assumes that forces less than the design force, F, exhibit elastic behavior on the LFRS (See Figure
2-1). At increasing deformations, strain hardening of plasticized sections result in higher strengths
(NEHRP, 2015). The maximum strength, F., is related to the design force through an
overstrength factor, Qp. Maximum inelastic deflection, di,, is considered by the inelastic
amplification factor, C4s (ASCE, 2010). Figure 2-1 demonstrates the applications of R, 2y, and Cy

on a LFRS’s elastic and inelastic design curves.
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Figure 2-1 Load-Deformation Relationship for Seismic Performance Factors

Codified response modification coefficients, R, for different seismic resisting systems are
available for seismic design in ASCE 7-10, along with overstrength factors Qy, and inelastic
deflection amplification factors, Cq. All available design coefficients and factors apply only to
vertical LFRSs. This means that design forces, which are dependent on R factors that have been
specifically calibrated to the vertical LFRS, do not represent the ductility or overstrength that the
diaphragm may exhibit.

Currently, ASCE 7-10 prescribes a method to calculate seismic diaphragm demands.
However, several research programs indicate that code level diaphragm demands grossly
underestimate elastic or near elastic diaphragm demands experienced in real earthquake events
(NEHRP, 2015). Rodriguez et al. (2007) measured diaphragm accelerations for four small scale

reinforced concrete structures through shake table tests, and concluded that building code



diaphragm loads for rigid diaphragms were non-conservative. This conclusion can be extrapolated
to other building types (Rodriguez et al., 2007). Computational simulations for flexible diaphragms
performed in Fleischman and Farrow (2001) produced similar conclusions that diaphragm demand
predictive procedures are non-conservative and require revision. For a very limited number of
diaphragm systems (e.g. precast concrete diaphragms), catastrophic failures such as collapse were
observed during the 1994, Northridge Earthquake (EERI, 1996). These revelations about
diaphragm demands catalyzed research efforts to better understand diaphragm behavior, such as
the Diaphragm Seismic Design Methodology Project (Fleischman et al., 2005; Schoettler et al.,
2009), a joint effort to investigate precast concrete diaphragm behavior from research teams at
University of Arizona, University of California, San Diego, Lehigh University and a panel of
precast, prestressed concrete industry experts. For the vast majority of diaphragm systems,
earthquake performance was exceptional, recognizing a diaphragm system’s reserve capacity
through either overstrength, ductile behavior or both. This prompted a division in the research
community — whether to continue to implement the current standards for diaphragm design which
have largely proven adequate, or to take a more rational design approach that acknowledges the
likelihood that seismic diaphragm forces will exceed current code level demands.

NEHRPS’s 2015 Seismic Provisions presents an alternative method for diaphragm design
that is mandated for structural systems that exhibited poor performance in past earthquake events,
but recommended for all diaphragm systems, assuming adequate research is completed to
characterize behavior for that specific diaphragm system. This alternative method will increase
demands to be representative of real earthquake events, but will utilize diaphragm inelastic
behavior through a diaphragm design force reduction factor, R, analogous to the response

modification coefficient, R, used in ASCE 7-10 for the vertical LFRS.



Currently, there exist several methods to develop seismic force reduction factors. An
approach consistent with the procedures outlined in NEHRP’s 2015 Seismic Provisions
Commentary, as used in this research to develop Ry factors for steel deck diaphragms, is ATC-19
(Applied Technology Council, 1995). ATC-19 is an empirically based, test dependent method and
is further described in detail in Section 4.1. However, several other methods are available for
developing seismic performance factors such as R, 2y, and Cs. One such methodology becoming
increasingly used, due to its rigorous statistical approach to controlling collapse probability, is
FEMA P695 (FEMA, 2009) .

Prior to the ATC-19, a shortcoming commonly noted in the development of system
dependent seismic performance factors is that past, commonly used methodologies relied upon
limited experimental data, linear analysis procedures and comparisons to similar systems using
engineering judgement (Kircher and Heintz, 2008). ATC-19 offered a viable method for
developing R factors when a sizable population of test data is available. ATC-19 presents some
challenges however, namely that subassemblage performance does not always directly translate
into performance of the full scale building (e.g. interaction between diaphragm and vertical LFRS
not available from subassemblage tests, ductility of subassemblage tests not always indicative of
diaphragm system ductility, failure of subassemblage test may not translate to system collapse).

FEMA P695 offers a robust alternative that attempts to directly investigate collapse. The
primary goal of the FEMA P695 method is to limit probability of collapse at the maximum
considered earthquake level. To do so, a series of steps are outlined by this probabilistic method.
A detailed design procedure, specific to the type of LFRS, is developed and applied to a series of
archetypical structural models intended to encompass the variety of building types and sizes
commonly found in the field. R, Qo, and Cq values are assumed for design. Nonlinear time history

analyses for the archetype building models is conducted for a specific ground motion. The ground
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motion is scaled up until collapse occurs. This analysis, known as incremental dynamic analysis
(IDA), is performed for a suite of ground motions for the group of archetype buildings. Ground
motion intensity measures (e.g. spectral acceleration, S,) for each IDA are scaled up until 50% of
the ground motions cause collapse. A collapse margin ratio (CMR) is defined as the median ground
motion intensity measure that causes collapse divided by the maximum considered earthquake
ground motion intensity measure (Kircher and Heintz, 2008).

The CMR is compared to a specified acceptable probability of collapse. If the CMR does
not pass the prescribed limit, then new R, Qp, and Cy factors are selected for the LFRS type and
the entire process is performed again. A FEMA P695 type of analysis is being conducted by others
on the SDII team for the development of seismic performance factors for steel deck diaphragms.
The goal of this study is to leverage existing test data to characterize steel deck diaphragm
behavior. FEMA P695 does not provide a method for calculating R factors based solely on test
data. However, the ATC-19 method does, and is therefore used in this work. While several
methods are recognized for the calculation of R factors, it is outside the scope of this work to
scientifically compare the reliability of each method, nor endorse one method over another. The
ATC-19 method used in this research for developing diaphragm design force reduction factors is

further described in Section 4.1.

2.2 Diaphragm Components

Due to the reliance on available test data in this study, and in an effort to understand the
complex behavior of steel deck diaphragms, a steel deck diaphragm database of past experimental
tests was compiled. Prior to examining previous diaphragm experimental programs, it is necessary

to recognize the basic structural components that comprise a steel deck diaphragm and the common
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mechanics simplification for idealized behavior. These components are shown in Figure 2-2 as
part of the diaphragm system in a one story, braced frame building. For practical analysis,
diaphragms are often idealized as a horizontal deep beam, with tension and compression chords
acting as the flanges resisting flexural forces, and the diaphragm field (e.g. steel deck or composite
slab) acting as the web to transfer shear loads either to collector beams or directly to the vertical
LFRS. Collector beams drag the horizontal force into the vertical LFRSs when the LFRS does not

extend the full frame.
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— | \ :

\ ~ i

E ‘

a.) Single Story Braced Frame Building b.) Diaphragm Components (plan view)

Figure 2-2 Diaphragm Components

To obtain sufficient shear resistance in a steel deck diaphragm, the deck must be adequately
fastened to the structural framing. Various fastener types and structural components of a typical
floor diaphragm in a steel framed building are shown in Figure 2-3. Steel deck panels are
corrugated to their flexural resistance to vertical loads and are fastened to the steel framing at the
bottom of their corrugations using welds, power actuated fasteners, self-drilling screws and when
concrete fill is placed on the deck, steel headed stud anchors, hereby referred to as shear studs.

These deck to structural steel frame fasteners will hereby be referenced as structural fasteners.
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Steel deck panels are fastened to the adjacent, overlapping panels through sidelap fastening.
Sidelap fastener types include welds, screws and mechanical crimping. Mechanical crimping (e.g.
button punching) is common when the steel deck panel used has a standing seam sidelap condition.
Diaphragms typically require interior supports to shorten the span lengths of the deck. Steel deck
panel ends can either be butted against each other or overlapped to cover longer lengths. For the
overlapped condition (commonly referred to as an endlap), fasteners are applied through both

sheets and into the structural frame.
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Figure 2-3 Concrete Filled Diaphragm Components

2.3 Experimental Programs
2.3.1 General

A large portion of the historical testing of diaphragms were conducted by and/or sponsored
directly by deck manufacturers. Due to the proprietary nature of these tests, not all data was

published and made available to the public. Only major experimental programs with significant
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findings are discussed in this section. For a more comprehensive list of previous programs included
in the diaphragm database, see Table 3-1. It is also noted that earlier research programs described
in this section focused on characterizing strength and stiffness, and thus only obtained behavior up
to the tested ultimate strength. Later programs interested in diaphragm energy dissipation analyzed
post peak-strength load-deformation behavior and included a more complete range of
deformations.

The findings of several of these research programs led to the development of design guides
as used in this research for calculating diaphragm design strength. The Steel Deck Institute’s
Diaphragm Design Manual, 4" edition (Luttrell et al., 2015), widely considered as the principal
document for diaphragm design in North America and hereby referred to as DDM04. The Seismic
Design for Buildings Manual, commonly referred to as the Tri-Services Manual, is a less utilized
design guide that also incorporates findings from earlier experimental research (Army, Navy and
Air Force, 1982). The American Iron and Steel Institute (AISI) produced a consensus document
summarizing these design recommendations into AISI S310-16, North American Standard for the

Design of Profiled Steel Diaphragm Panels (AISI, 2016b), hereby referred to as AISI S310.

2.3.2 Steel Deck Diaphragms with no Concrete Fill

There exists a substantial amount of diaphragm research on light gauge steel decking,
dating back to the 1950’s. Steel deck is largely used for its many advantages, including light
weight, low cost, and ease of installation, among others. The initial use of steel deck was to resist
vertical loads. In doing so, fasteners were designed to secure the deck to the frame and resist uplift
when necessary. Researchers noted that the deck and fasteners could be designed for in-plane shear

loads, reducing the need for lateral bracing elsewhere in the structural system (Nilson, 1960).
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The first widely recognized experimental research program was led by Arthur Nilson at
Cornell University under the administration of George Winter (Nilson, 1960). From 1955 to 1960,
approximately 40 static shear diaphragm tests were conducted. Welding techniques that allowed
for adequate shear transfer from light gauge deck to structural steel framing were investigated and
soon were established as standard industry practice. Only welded structural fastener types were
investigated, as mechanical fasteners such as powder actuated fasteners and self-drilling screws
were not yet commonly used in diaphragm construction.

Nilson’s experimental test setup included a simply supported diaphragm specimen loaded
at third points. Due to the high cost of these large experiments, a second phase of this research
program initiated smaller scale cantilever tests loaded at the free end. Plan dimensions of the
cantilever tests were equivalent to the shear span dimensions of the larger tests (i.e. dimension
between the end and loading point). Nilson concluded that cantilever tests yielded extraordinarily
similar results as the larger, simply supported tests. Shear deformations in diaphragm testing
typically dominate over flexural deformations. For the simply supported tests, the span between
third point loads will experience moment but negligible shear, and thus negligible deformations,
while diaphragm shear spans experienced constant shear loads. Nilson concluded that a cantilever
test setup can effectively reproduce strength and stiffness test results of a similar test specimen in
a simply supported configuration.

While this method is reliable for capturing diaphragm strength and stiffness, it does not
represent the distributed inertial loading expected in real diaphragms subjected to earthquakes.
Cantilever tests have uniform shear throughout the diaphragm and will have inelasticities spread
throughout the diaphragm. Conversely, a diaphragm with a uniform load along its span will have
highest shear demands at its ends and lowest near midspan, with inelasticities localizing at span

ends. This creates a challenge in using cantilever test data to characterize inelastic diaphragm
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behavior, as further elaborated on in Section 4.3.2. Nonetheless, the cantilevered diaphragm test
method was deemed adequate to determine strength and stiffness, and became the standard for
shear diaphragm testing in North American (AISI, 2013a).

Luttrell followed Nilson’s work at Cornell, and characterized the effects of different
diaphragm structural components on the load-deformation behavior through a series of several
tests (Luttrell and Winter, 1965; Luttrell, 1967). Types of fasteners implemented in these tests
included welds, screws, lock rivets, and backed-up fasteners. Panels of different shapes were
fastened to a “heavy” and “light” structural frame. Luttrell concluded that the flexural resistance
of'the test frame has a moderate influence on the ultimate strength of a diaphragm — a 98% decrease
in the weak axis moment of inertia for the structural members of the test frame developed a 17%
reduction of ultimate strength (Luttrell, 1967). Material strength was also observed to have
moderate influence in diaphragm behavior. Luttrell noted that a 40% increase in yield strength of
the deck provided approximately 10% increase in strength and stiffness (Luttrell, 1967). Luttrell
also observed that cyclic and reversed cyclic loading protocols contributed to ultimate strength
degradations as high as 30% when compared to diaphragms subject to monotonic loading
protocols. Strength degradation of like diaphragms subject to cyclic and monotonic loading
protocols was dependent on number of cycles and whether the loading direction was reversed or
not.

A major finding from this series of tests was the panel length’s influence on a diaphragm’s
shear stiffness. Luttrell observed that as the panel length of a diaphragm increased, the ultimate
strength of that diaphragm remained relatively unchanged. The in-plane stiffness, however, was
highly sensitive to the length of the panel. This is because only a finite length of a steel deck
panel’s corrugations at panel ends is vulnerable to warping distortions (accordion like warping and

lateral racking) when the deck is subjected to shear which effectively decreases the stiffness.

15



Therefore, a single, continuous steel deck panel (i.e. no endlaps) with larger length had a smaller
percentage of diaphragm area subject to warping and resulted in increased stiffness. Fasteners at
panel ends also significantly restrained the deck and increased stiffness. This warping effect and
panel length influence is discussed in detail in SDI’s Diaphragm Design Manual 1% Edition
(Luttrell, 1981a).

Under the direction of Luttrell, a major experimental program with over 100 full-scale
experimental tests was initiated at West Virginia University (Ellifritt and Luttrell, 1971). Narrow
rib, intermediate rib and wide rib panel corrugations with panel widths of 18 in., 24 in., 30 in. and
36 1in. and a 1.5 in. depth were investigated, as they were determined to be popular in construction.
Wide rib profiles resulted in higher shear strength than the other two deck types. Panel width
influence was not conclusively assessed, but the experimental data suggested that increasing the
panel width increased the strength and stiffness, a finding consistent with Luttrell’s work at Cornell
(Luttrell, 1967). The increase in strength and stiffness from increased panel widths was likely due
to the reduction of fasteners needed for a given diaphragm area.

Major variables affecting diaphragm shear strength were fastener type and spacing, interior
member/purlin spacing and deck thickness, as identified by Ellifritt and Luttrell (1971). The
relationship between deck thickness and shear strength was conservatively assumed to be linear.
A reduction of purlin spacing further restrained out of plane deformations, and subsequently
increased the strength and stiffness of the diaphragm. Ellifritt’s findings were used to produce a
semi-empirical design procedure, including generic design tables for common fastener
configurations, deck profiles and deck thicknesses examined in this investigation.

Pinkham (1999), of S.B. Barnes and Associates, tested a series of 20 cantilevered
specimens that were identified as having relevant post-peak load-deformation behavior. This

marks the first set of test data for steel deck diaphragms without concrete fill used in this work for
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characterizing inelastic diaphragm behavior and calculating R; factors, as shown in Chapter 6. All
20 tests included Wheeling high strength deck with welded structural fasteners. Fastener spacing
for both sidelap and structural fasteners were varied. Different sidelap connection types were also
investigated (i.e. button punch, top seam weld, filled weld and screw). Ductility values were the
lowest for specimens including button punch sidelaps. Shear strengths reported were as high as
6.68 kip/ft, with the majority of specimens resulting in strength between 1.50 to 3.50 kip/ft.

Twenty diaphragm tests with deck depths ranging from 3 in. to 7.5 in. with or without a
flat sheet attached to the bottom of the panels were reported in (Bagwell and Easterling, 2008).
Deep decks are utilized for longer span lengths, while decks with flat plates attached to the panels
(commonly referred to as cellular deck) can significantly increase in-plane stiffness. Bagwell
concluded that SDI shear strength prediction equations in the Diaphragm Design Manual, 3™
Edition (Luttrell et al., 2006) produced larger values than experimental strengths. Shear limitations
placed on fastener strengths were recommended. Stiffness for non-cellular, deep deck diaphragms
were much lower than more typical 1.5 in. deep deck. SDI stiffness predictions and experimental
stiffness comparisons were inconclusive.

A multi-phase research program from researchers at McGill University and Ecole
Polytechnique de Montréal investigated behavior of roof deck diaphragms, with a focus on energy
dissipation and ductility characteristics in correlation with different fastener types, spacings, deck
types and loading protocols. The general objective of this research was to understand seismic
behavior of and improve design procedures for steel deck diaphragms including using the
diaphragm as the energy-dissipating element in a building, reducing design requirements for the
deck as an elastic transfer element, and possibly eliminating ductility requirements for vertical
LFRSs. The first phase of tested diaphragms included cantilever specimens subjected to static and

dynamic loads with both monotonic and reversed cyclic loading protocols. Essa et al. (2003) tested
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18 diaphragm specimens with welds, welds with washer, screws and powder actuated fasteners as
structural fasteners in combination with welds, screws or button punch sidelap fasteners. Both
monotonic and cyclic loading protocols were used. Welded diaphragms exhibited limited ductility
when compared to diaphragms with mechanical fasteners or welds with washers. The most ductile
diaphragm configuration included powder actuated structural fasteners and screwed sidelaps (Essa
et al., 2003).

Martin (2002) expanded the scope of this program to include dynamic loads typical to one
story buildings in different Canadian geographic regions with the objective being to simulate real
seismic events. Deck profiles and fastener configurations were similar to those used in Essa et al.
(2003). Findings were consistent with Essa et al. (2003), where behavior was dictated by the
fastener combination type of structural fasteners and sidelap fasteners. Diaphragm tests with
welded structural fasteners and button-punched sidelaps exhibited poor ductility. The powder
actuated structural fastener and screwed sidelap configuration demonstrated a ductile, but pinched,
hysteretic response, due to screw tilting at sidelaps and deck slotting at the nails (Martin, 2002).
No mass was added to the relatively light-weight experimental diaphragms, and load was
introduced to the system through the cantilever test frame at the free end using a displacement
history through an actuator with dynamic capability. Since mass was not added to the diaphragm,
inertial forces primarily originated from the mass of the supporting test frame. While these tests
captured fast loading and related strain-rate effects, inertial forces were not truly represented of
seismic loads since the test was cantilevered (uniform shear throughout the diaphragm) and no
mass was added to the diaphragm to account for additional sources of seismic weight.

Yang (2003) investigated the influence of longitudinal overlap of panels at panel ends, or
end laps, and non-structural components of diaphragms such as roofing membranes and gypsum

boards through a series of 12 tests. End laps had negligible effects on diaphragm strength, but
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decreased the stiffness due to the potential for warping at panel ends. Nonstructural components,
particularly the gypsum board, increased diaphragm strength by as high as 24%, and should be
explicitly considered when designing roof deck diaphragms as the ductile element of a LFRS
(Yang, 2003).

The second phase of research included a larger, simply supported diaphragm test setup with
displacement histories introduced at each end of the diaphragm to simulate dynamic loads from
ground motions (Franquet, 2009). Since roof diaphragms are proposed as a ductile fuse, Franquet
investigated repair strategies for diaphragms through the testing of 12 specimens. Mass was added
to the steel deck to drive deformations into the inelastic range. Franquet concluded that 22 gauge
deck using mechanical fasteners demonstrated satisfactory ductile behavior, while thicker gauge
deck and weld with button punch configurations did not (Franquet, 2009).

Massarelli (2010) complimented Franquet’s work with a series of 9 dynamically tested
specimens. Each underwent ambient vibrations, medium and large amplitude displacement cycles
to cover a range of loading conditions. Repair and retrofit strategies were implemented for 8 of the
9 specimens. SDI stiffness predictions showed good agreement with experimental results for
diaphragms tested only at low level, elastic displacements. However, stiffness at displacements
corresponding to 40% of ultimate strength exhibited only 67% of the stiffness predicted using
SDI’s method (Massarelli, 2010). Ductility assessment for the different test configurations proved
consistent with Franquet’s conclusions.

Ongoing research sponsored by Hilti further examines diaphragm behavior with
mechanical fasteners. Through 9 tests, the method of end lap fastening (screws vs. powder actuated
fasteners) for typical 22 gauge deck was determined to have very little effect on diaphragm
performance (Beck, 2008). Foster (2008) tested a series of 62 full scale cantilever specimens to

further investigate diaphragm strength and stiffness when using Hilti fasteners. All specimens used
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Hilti structural fasteners and sidelap screws with typical 1.5 B steel deck. Verco and Vulcraft
decking included nominal 33 ksi yield material, while high strength Wheeling Deck specified a
nominal 80 ksi yield strength. Post-peak behavior for the specimens in this reference is available.
However, the SDII team recently received this proprietary data, and therefore was not able to
include it in the analyses for this document in quantifying ductile diaphragm behavior. Further
research conducted by the SDII group will consider this data in future work.

Researchers at Hilti then tested 6 mechanically fastened diaphragms to prove that adequate
ductility is achievable for mechanically fastened steel deck diaphragms with thicker decks of up
to 16 gauge (Beck, 2013a). Hilti developed a powder actuated fastener, X-HSN 24, with a knurled
point to better resist tension pullout, which proved to increase the ductility of diaphragms,
especially for thicker decks at the endlap/sidelap intersections where the nail must penetrate
through four layers of deck and the support member. Four tests were run on 18 and 20 gauge deck,
with high ductility for 18 gauge Grade 33 deck. 20 gauge deck, however, experienced brittle
fracture of the deck at panel ends which was attributed to the high strength Grade 80 deck and not

the fastener type (Beck, 2013b).

2.3.3 Steel Deck Diaphragms with Concrete Fill

Floor systems in steel framed buildings often have steel deck diaphragms with concrete fill
placed on top for the floor slab. Initial use of steel deck in concrete slab systems was primarily as
economical permanent formwork, with reinforcing steel added for flexural resistance where
necessary. Steel deck’s mechanical bond through the deck-concrete interface, in combination with
headed shear studs, allows for a composite system, with the deck acting as flexural tension

reinforcement, negating the need for reinforcing bars. Research initially focused on this system
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with respect to vertical loads before examining the in-plane resistance these diaphragms may
exhibit. Due to the proprietary nature of diaphragm testing and the extensive cost and time needed
to construct, disassemble, and reconstruct concrete filled steel deck diaphragms, only a very
limited amount of experimental research is available on this type of system.

A series of proprietary diaphragm tests that included structural concrete fill was performed
by S. B. Barnes and Associates in the 1950s and 1960s (S. B. Barnes and Associates 1957, 1961,
1962, 1966, 1967). These static, monotonic tests were conducted in the simply supported condition
with applied loads at third points and did not include shear studs. The S.B. Barnes and Associates
test data, not available in the public domain, represents a significant portion of the experimental
research on this type of system.

A series of 11 monotonic cantilever tests, nine with insulating concrete fill utilizing welded
structural fasteners, was carried out by Luttrell (1971) to investigate the effects of insulting
concrete fill on steel deck. Concrete compressive strengths ranged from 110 — 171 psi. The
concrete fill notably increased diaphragm stiffness due to the steel deck panels being restrained
from out-of-plane movements. Ultimate experimental shear strengths ranged from 0.6 —2.11 kip/ft
with shear stiffness values ranging from 38 — 1056 kip/in. for the nine specimens with concrete
fill.

Four full scale, monotonic, cantilever tests were performed by Davies and Fisher (1979)
on steel deck diaphragms with structural concrete fills. Three of these specimens incorporated re-
entrant profile steel deck types, with the final specimen using the more traditional trapezoidal steel
deck profile. Structural fasteners were self-drilling, self-tapping screws. The nominal 28-day
compressive strength of the concrete fill was approximately 3600 psi. Failure modes for three of

the four tests were due to failure of the structural fasteners. The failure mode for the remaining test
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was concluded to be non-representative of real diaphragm systems and therefore not practical for
design considerations. Ultimate diaphragm shear strengths ranged from approximately 1 — 2 kip/ft.

A series of 14 diaphragm tests were performed by ABK (1981). Of the 14 specimens, only
three used typical steel deck on structural steel frame. Furthermore, one of these three specimens
included structural concrete fill, with a nominal 28-day concrete compressive strength of 3000 psi.
The specimen was tested in a three span, simply supported condition with welded structural
supports and subjected to displacement histories at a dynamic rate. The specimen, however, was
not loaded to failure; the maximum recorded shear strength was 2.85 kip/ft.

Fukuda et al. (1991) investigated the effects of bottomless trench ducts through a series of
6 cantilever tests. These bottomless trench ducts, or large sections of the diaphragm where no
concrete fill is present, were present in 2 of 6 tests. Two diaphragm specimens were constructed
without bottomless trench ducts, while the remaining 2 diaphragm specimens did not include
concrete fill. Cellular deck was used for the 4 specimens with concrete fill. Specimens ranged from
approximately 9 ft x 10 ft to 9 ft x 7 ft in plan dimensions and were subjected to static, reversed
cyclic loading. No shear studs were used and the non-conventional failure modes of the deck and
concrete debonding or concrete cracking parallel to panel corrugations were observed.

All previously mentioned programs that investigated the effects of concrete on steel deck
diaphragms included conditions that dismissed further evaluation by this research for strength,

stiffness, or ductility characterization. These conditions include:

1. Data being private and proprietary (S.B. Barnes and Associates 1957, 1961, 1962, 1966,
1967),

2. Use of insulating concrete fill with low compressive strengths (Luttrell, 1971),

3. Irregular deck types and structural fasteners (Davies and Fisher, 1979)

4. Specimen not loaded to failure (ABK, 1981)
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5. Absence of concrete fill over large portions of specimen plan dimensions (Fukuda et al.,

1991)

2.3.4 TIowa State Testing Program

A landmark study on steel deck diaphragms with concrete fill was performed at [owa State
University (ISU) in the 1970s and 1980s. This experimental research program is used to evaluate
current strength and stiffness prediction equations and calibrate new prediction equations, as
recommended by this research, as described further in Chapter 5. The ISU program is described in
detail in this section.

A series of 32 full scale steel deck diaphragm with structural concrete fill specimens,
hereby referred to as “SDDCEF” specimens, were tested at lowa State University’s (ISU) Structural
Engineering Research Laboratory as reported in numerous research documents (Porter and
Greimann, 1980; Porter and Greimann, 1982; Neilson, 1984; Easterling, 1987; Easterling and
Porter 1988; Porter and Easterling 1988; Easterling and Porter, 1994a; Easterling and Porter,
1994b; Prins, 1985).

This research program consisted of two phases. The first phase tested specimens 1 — 9,
reported by Porter and Greimann (1980), and identified a need for further testing. The second
phase included specimens 10 — 32 and are reported in Porter and Easterling (1988). Figure 2-4
shows a schematic of the diaphragm test frame setup. Table 2-1 gives general information about
each test specimen. Six specimens in the second phase included a combination of in-plane and
vertical loads. All specimens were cantilever specimens subjected to a reversed cyclic loading
protocol applied at a static rate. Plan dimensions of specimens 1 - 21 were 15 ft x 15 ft. Specimens

22 — 32 plan dimensions were 12 ft x 15 ft. The 12 ft dimension was the span dimension, oriented
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perpendicular to the applied load. For the fixed reaction support of the cantilever diaphragm test
setup, a reinforced concrete reaction block, post-tensioned with anchor rods to the strong floor,
was constructed. To fasten the steel deck to the test frame, a steel plate was embedded in the
concrete reaction block. Shored construction negated the need for intermediate support test frame
members. All specimens used arc spot welds, shear studs, or a combination of both as structural
fasteners. Normal weight structural concrete fill was placed on top of steel deck for all specimens
except specimen 26, which used lightweight concrete. Measured compressive strengths ranged
from 2400 psi to 6200 psi. Steel deck profile dimension details for the different deck types can be
found in Porter and Easterling (1988).

The reversed cyclic loading protocol specified increasing displacement steps after a
minimum of three cycles. Due to cyclic strength degradation, loads at a specific displacement step
dropped for successive cycles. A second criteria for progressing to the next displacement step was
for the peak load of a cycles to stabilize within a 5% difference from the previous cycle. The test
results and research conclusions from this program are used in the recommended strength and
stiffness equations proposed in this research, as well as for quantifying SDDCF ductility and are

discussed in detail in Chapters 5 and 6.
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Table 2-1 Iowa State University Test Setup Variables [from Porter and Easterling (1988)]

Spec. Measured Steel Deck Properties Measured Conc. Properties Connections
ID Thickness (in)  F, (ksi)  F, (ksi) Thickness' (in) £ (psi) per side
1 0.034 41.7 53.4 5.38 5634 30 studs
2 0.034 41.7 53.4 5.50 5250 30 studs
3 0.034 41.7 53.4 5.65 4068 60 welds
4 0.034 41.7 53.4 5.28 3849 60 welds
5 0.062 48.2 60.7 3.53 2966 30 welds
6 0.062 48.2 60.7 7.44 4549 60 welds
7 0.058 49.7 61.1 5.40 5435 60 welds
8 0.035 41.7 53.4 5.47 3345 4 studs (N,S)
6 studs (E,W)
9? 0.058/0.057 51.8/52.4 63.2/64.9 5.48 5412 60 welds
10 0.062 40.4 53.2 5.53 3311 60 welds
11 0.047 89.7 93.7 5.72 3533 60 welds
123 0.062 40.4 53.2 5.59 3412 60 welds
13%3 0.058 51.8/52.4 63.2/64.9 5.53 6187 60 welds
143 0.062 40.4 53.4 8.20 3699 60 welds
15 0.047 89.7 93.6 421 2844 60 welds
16 0.047 89.7 93.6 4.18 2952 60 welds
173 0.062 46.0 54.4 7.44 4261 60 welds
183 0.062 40.4 53.4 5.55 3052 60 welds
19 0.062 49.4 55.5 5.75 2681 60 welds
20 0.037 48.6 56.2 5.55 3973 40 welds
21 0.062 40.4 53.4 5.67 3638 15 welds
22 0.062 40.4 53.4 5.68 3301 60 welds (N,S)
48 welds (E,W)
23 0.037 48.6 56.2 5.75 3496 40 welds (N,S)
34 welds (E,W)
24 0.062 49.4 55.5 5.63 4047 48 welds
25 0.062 40.4 53.4 5.69 4672 16 studs (N,S)
8 studs (E,W)
26 0.036 92.8 93.6 4.72 3462 8 studs 15 welds (N,S)
7 studs (W) 11 studs (E)
27 0.037 48.6 56.2 5.66 2883 8 studs 15 welds (N,S)
9 welds (E,W)
28 0.037 48.6 56.2 5.60 3611 8 studs 15 welds (N,S)
6 studs (E,W)
29 0.035 86.9 89.8 5.55 2887 16 studs (N,S)
11 studs (E,W)
30 0.035 86.9 89.8 5.68 3565 12 studs 4 welds (N,S)
7 studs (E,W)
31 0.035 86.9 89.8 5.75 3336 23 welds (N,S)
13 welds (E,W)
32 0.035 86.9 89.8 5.66 2452 30 welds (N,S)

23 welds (E,W)

! = thickness measured from top of concrete fill to bottom of steel deck panel
2 = cellular deck; steel deck properties reported for flat sheet / corrugated sheet
combination of gravity and in-plane loads

E
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3 DIAPHRAGM DATABASE

An effort was made to consolidate all relevant and available test information from all
available sources into a single, comprehensive experimental diaphragm database. Information
about a specimen or testing program was deemed relevant if it was considered to influence a
diaphragm’s load-deformation behavior. The objective of this database is to allow for comparisons
of different diaphragm test groups across several experimental research programs, rather than
analyzing specimens individually within the scope of a single program. The following sections

provide:

1. An overview of the experimental research programs included in the diaphragm database

2. A discussion of critical experimental parameters logged in the diaphragm database

Due to the large amount of information captured in the database, only a list of each
specimen and a list of the different database fields is reproduced (see Tables 3-2 and 3-3,

respectively). Data for each record and field is available in the database itself.

3.1 Overview of Experimental Research Programs

An extensive number of steel deck diaphragm experimental research programs were
identified and cataloged into the diaphragm database. The information recorded in the database is
diverse and includes several international programs to. A total of 753 specimens from 47 primary
references across 14 research programs currently populate the database, as summarized in Table
3-1. Table 3-2 lists each specimen included in the database. To understand and characterize the
ductile behavior of steel deck diaphragms, test specimens that included post peak-strength
behavior were identified. Of the 753 specimens, a total of 108 were identified to have complete

load-deformation behavior, all of which were tested in a cantilevered fashion. This subset of data,
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used for diaphragm ductility and inelastic behavior characterization, is described further in Chapter
6. Additionally, several of these 108 specimens included test setup and results that are outside the
scope of this work (e.g. cellular deck, irregular fastener configurations and non-conventional
failure modes). The resulting subset of widely applicable configurations and complete inelastic

load-deformation data comprised of 95 total specimens, and are discussed in detail in Chapter 6.

Table 3-1 Overview of Experimental Research Programs

. . Number of
Testing Program Primary Reference Specimens
Cornell University Nilson 1960, Nilson 1969 40
S. B. Barnes and S. B. Barnes and Associates 1957, 1961, 1962,
: 38
Associates 1966
Luttrell 1967, Ellifritt and Luttrell 1971,
.. . .. Luttrell 1971, Luttrell 1979a, Luttrell 19790,
West Virginia UNIVerSity | ell 1981a, Luttrell 1981b, Luttrell 1984, 246
Luttrell 1985, Ameen 1989
Development Laboratory
of Inland Ryerson Co. Lacap 1971 !
University of Salford Bryan 1975, Davies and Fisher 1979 5
ABK, A Joint Venture =~ ABK 1981 3
Porter and Greimann 1980, Porter and
Iowa State University Easterling 1988, Easterling and Porter 1994a, 32

Easterling and Porter 1994b
Earls and Murray 1991, Pugh and Murray

Virginia Tech 1991, Hankins et al. 1992, Rodkey and Murray 67
1993, Bagwell and Easterling 2008

Technical Research

Laboratory, Kobe, Japan Fukuda et al. 1991 6

Nucor — Vulcraft/Verco Pinkham 1997, Pinkham 1999, Pinkham 120

Group 2008a, Pinkham 2008b

University of Montreal, Martin 2002, Essa et al. 2003, Yang 2003, %2

McGill University Franquet 2009, Masseralli 2010

Tongji University Liu et al. 2007 6
s . Beck 2008, Foster 2008, Beck 2013a, Beck

Hilti Corporation 2013b, Foster 2013, Foster 2014 92

Tokyo Institute of Tech. Shimizu et al. 2013 15

Total = 753
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Table 3-2 Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
1 S. B. Barnes and Assoc. 1957 1 67 S.B. Barnes and Assoc. 1962 A4(IDP
2 S. B. Barnes and Assoc. 1957 2 68 S.B. Barnes and Assoc. 1962 BI(II)P
3 S. B. Barnes and Assoc. 1957 3 69 S.B. Barnes and Assoc. 1962 B2(ID)P
4 S. B. Barnes and Assoc. 1957 4 70 S.B. Barnes and Assoc. 1962 B3(ID)P
5 S. B. Barnes and Assoc. 1957 5 71 S.B. Barnes and Assoc. 1962 A2(1IN)P
6 S. B. Barnes and Assoc. 1957 6 72 S.B. Barnes and Assoc. 1962 A2(IIHV
7 S. B. Barnes and Assoc. 1957 7 73 S.B. Barnes and Assoc. 1962 A3(1IDP
8 S. B. Barnes and Assoc. 1957 8 74 S.B. Barnes and Assoc. 1962 A3V
9 S. B. Barnes and Assoc. 1957 9 75 S.B. Barnes and Assoc. 1966 H-1
10 S. B. Barnes and Assoc. 1957 10 76 S.B. Barnes and Assoc. 1966 H-2
11 S. B. Barnes and Assoc. 1957 11 77 S.B. Barnes and Assoc. 1966 66-2
12 Nilson, A., 1960 2a 78 Luttrell, L., 1967 1
13 Nilson, A., 1960 57-3 79 Luttrell, L., 1967 2
14 Nilson, A., 1960 57-5 80 Luttrell, L., 1967 1-B
15 Nilson, A., 1960 5 81 Luttrell, L., 1967 2-B
16 Nilson, A., 1960 58-3 82 Luttrell, L., 1967 A3
17 Nilson, A., 1960 11 83 Luttrell, L., 1967 A4
18 Nilson, A., 1960 59-5 84 Luttrell, L., 1967 A5
19 Nilson, A., 1960 58-7 85 Luttrell, L., 1967 A6

20 Nilson, A., 1960 59-3 86 Luttrell, L., 1967 A7
21 Nilson, A., 1960 59-1 87 Luttrell, L., 1967 A8
22 Nilson, A., 1960 lc 88 Luttrell, L., 1967 A9
23 Nilson, A., 1960 572 89 Luttrell, L., 1967 Al10
24 Nilson, A., 1960 58-8 90 Luttrell, L., 1967 All
25 Nilson, A., 1960 58-5 91 Luttrell, L., 1967 Al2
26 Nilson, A., 1960 58-6 92 Luttrell, L., 1967 Al3
27 Nilson, A., 1960 59-4 93 Luttrell, L., 1967 Al5
28 Nilson, A., 1960 58-4 94 Luttrell, L., 1967 Al6
29 Nilson, A., 1960 58-2 95 Luttrell, L., 1967 Al7
30 Nilson, A., 1960 5802a 96 Luttrell, L., 1967 4B
31 Nilson, A., 1960 9 97 Luttrell, L., 1967 5
32 Nilson, A., 1960 59-2 98 Luttrell, L., 1967 4p
33 Nilson, A., 1960 4c 99 Luttrell, L., 1967 4R
34 Nilson, A., 1960 3d 100 Luttrell, L., 1967 4R-2
35 Nilson, A., 1960 12 101 Luttrell, L., 1967 4AP
36 Nilson, A., 1960 10 102 Luttrell, L., 1967 4AP2
37 Nilson, A., 1960 58-1 103 Luttrell, L., 1967 4AP3
38 Nilson, A., 1960 5802 104 Luttrell, L., 1967 5P
39 Nilson, A., 1960 58-3 105 Luttrell, L., 1967 5Z
40 Nilson, A., 1960 58-4 106 Luttrell, L., 1967 SR
41 Nilson, A., 1960 58-5b 107 Luttrell, L., 1967 5R2
42 Nilson, A., 1960 58-5¢ 108 Luttrell, L., 1967 5R3
43 Nilson, A., 1960 59-6 109 Luttrell, L., 1967 5R4
44 Nilson, A., 1960 59-7 110 Luttrell, L., 1967 5R5
45 Nilson, A., 1960 59-8 111 Luttrell, L., 1967 5R6
46 Nilson, A., 1960 59-10 112 Luttrell, L., 1967 S5PA
47 Nilson, A., 1960 59-11 113 Luttrell, L., 1967 SPAR
48 Nilson, A., 1960 59-9a 114 Luttrell, L., 1967 4A
49 Nilson, A., 1960 59-12 115 Luttrell, L., 1967 28
50 Nilson, A., 1960 59-13 116 Luttrell, L., 1967 28R
51 S. B. Barnes and Assoc. 1961 4 117 Luttrell, L., 1967 30
52 S. B. Barnes and Assoc. 1961 R1 118 Luttrell, L., 1967 30R
53 S. B. Barnes and Assoc. 1961 R2 119 Luttrell, L., 1967 6AP
54 S. B. Barnes and Assoc. 1961 R3 120 Luttrell, L., 1967 6AP2
55 S. B. Barnes and Assoc. 1961 R4 121 Luttrell, L., 1967 SC1
56 S. B. Barnes and Assoc. 1961 R7 122 Luttrell, L., 1967 SC2
57 S. B. Barnes and Assoc. 1962 A1)V 123 Luttrell, L., 1967 SC3
58 S. B. Barnes and Assoc. 1962 A2()V 124 Luttrell, L., 1967 TA
59 S. B. Barnes and Assoc. 1962 A3V 125 Luttrell, L., 1967 8
60 S. B. Barnes and Assoc. 1962 A4V 126 Luttrell, L., 1967 7P
61 S. B. Barnes and Assoc. 1962 BI(I)V 127 Luttrell, L., 1967 7R
62 S. B. Barnes and Assoc. 1962 B2(I)V 128 Luttrell, L., 1967 7R2
63 S. B. Barnes and Assoc. 1962 B3(I)V 129 Luttrell, L., 1967 8P
64 S. B. Barnes and Assoc. 1962 Al1(IDP 130 Luttrell, L., 1967 8R
65 S. B. Barnes and Assoc. 1962 A2(IDP 131 Luttrell, L., 1967 3
66 S. B. Barnes and Assoc. 1962 A3(IDP 132 Luttrell, L., 1967 3A
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Table 3-2 (b) Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
133 Luttrell, L., 1967 24 199 Ellifritt and Luttrell, 1971 WB-11
134 Luttrell, L., 1967 24R 200 Ellifritt and Luttrell, 1971 WB - 12
135 Luttrell, L., 1967 26 201 Ellifritt and Luttrell, 1971 WB -13
136 Luttrell, L., 1967 26R 202 Ellifritt and Luttrell, 1971 WB - 14
137 Luttrell, L., 1967 9 203 Ellifritt and Luttrell, 1971 WB - 15
138 Luttrell, L., 1967 10 204 Ellifritt and Luttrell, 1971 WB - 16
139 Luttrell, L., 1967 13 205 Ellifritt and Luttrell, 1971 WB -17
140 Luttrell, L., 1967 14 206 Ellifritt and Luttrell, 1971 WB -18
141 Luttrell, L., 1967 20 207 Ellifritt and Luttrell, 1971 WB -19
142 Luttrell, L., 1967 20R 208 Ellifritt and Luttrell, 1971 WB -20
143 Luttrell, L., 1967 22 209 Ellifritt and Luttrell, 1971 WB -21
144 Luttrell, L., 1967 22R 210 Ellifritt and Luttrell, 1971 WB -22
145 Luttrell, L., 1967 11 211 Ellifritt and Luttrell, 1971 WB -23
146 Luttrell, L., 1967 12 212 Ellifritt and Luttrell, 1971 WB -24
147 Luttrell, L., 1967 11P 213 Ellifritt and Luttrell, 1971 WB -25
148 Luttrell, L., 1967 11L 214 Ellifritt and Luttrell, 1971 WB -26
149 Luttrell, L., 1967 12L 215 Ellifritt and Luttrell, 1971 WB -27
150 Luttrell, L., 1967 12P 216 Ellifritt and Luttrell, 1971 WB -28
151 Luttrell, L., 1967 12R 217 Ellifritt and Luttrell, 1971 WB -29
152 Luttrell, L., 1967 3B01 218 Ellifritt and Luttrell, 1971 WB -30
153 Luttrell, L., 1967 3B02 219 Ellifritt and Luttrell, 1971 WB -31
154 Luttrell, L., 1967 3BI11 220 Ellifritt and Luttrell, 1971 WB -32
155 Luttrell, L., 1967 2B01 221 Ellifritt and Luttrell, 1971 WB -33
156 Luttrell, L., 1967 2BI11 222 Ellifritt and Luttrell, 1971 WB - 34
157 Luttrell, L., 1967 1BO1 223 Ellifritt and Luttrell, 1971 WB -35
158 Luttrell, L., 1967 1BI11 224 Ellifritt and Luttrell, 1971 WB -36
159 Luttrell, L., 1967 3C01 225 Ellifritt and Luttrell, 1971 WB -37
160 Luttrell, L., 1967 3C02 226 Ellifritt and Luttrell, 1971 WB -38
161 Luttrell, L., 1967 3CI11 227 Ellifritt and Luttrell, 1971 WB -39
162 Luttrell, L., 1967 2C01 228 Ellifritt and Luttrell, 1971 WB -40
163 Luttrell, L., 1967 2CI11 229 Ellifritt and Luttrell, 1971 WB -41
164 Luttrell, L., 1967 1C01 230 Ellifritt and Luttrell, 1971 A-1
165 Luttrell, L., 1967 1C11 231 Ellifritt and Luttrell, 1971 A-2
166 Nilson, A., 1969 69-2 232 Ellifritt and Luttrell, 1971 A-3
167 Ellifritt and Luttrell, 1971 W-1 233 Ellifritt and Luttrell, 1971 A-4
168 Ellifritt and Luttrell, 1971 Ww-2 234 Ellifritt and Luttrell, 1971 A-5
169 Ellifritt and Luttrell, 1971 Ww-3 235 Ellifritt and Luttrell, 1971 A-6
170 Ellifritt and Luttrell, 1971 w4 236 Ellifritt and Luttrell, 1971 A-7
171 Ellifritt and Luttrell, 1971 W-5 237 Ellifritt and Luttrell, 1971 A-8
172 Ellifritt and Luttrell, 1971 W-6 238 Ellifritt and Luttrell, 1971 A-9
173 Ellifritt and Luttrell, 1971 Ww-7 239 Ellifritt and Luttrell, 1971 A-10
174 Ellifritt and Luttrell, 1971 W-8 240 Ellifritt and Luttrell, 1971 A-11
175 Ellifritt and Luttrell, 1971 Ww-9 241 Ellifritt and Luttrell, 1971 A-12
176 Ellifritt and Luttrell, 1971 W-10 242 Ellifritt and Luttrell, 1971 A-13
177 Ellifritt and Luttrell, 1971 W-11 243 Ellifritt and Luttrell, 1971 A-14
178 Ellifritt and Luttrell, 1971 W-12 244 Ellifritt and Luttrell, 1971 A-15
179 Ellifritt and Luttrell, 1971 W-13 245 Ellifritt and Luttrell, 1971 A-16
180 Ellifritt and Luttrell, 1971 W-14 246 Ellifritt and Luttrell, 1971 A-17
181 Ellifritt and Luttrell, 1971 W-15 247 Ellifritt and Luttrell, 1971 A-18
182 Ellifritt and Luttrell, 1971 W-16 248 Ellifritt and Luttrell, 1971 A-19
183 Ellifritt and Luttrell, 1971 W-17 249 Ellifritt and Luttrell, 1971 A-20
184 Ellifritt and Luttrell, 1971 W-18 250 Ellifritt and Luttrell, 1971 A-21
185 Ellifritt and Luttrell, 1971 W-19 251 Ellifritt and Luttrell, 1971 A-22
186 Ellifritt and Luttrell, 1971 W-20 252 Ellifritt and Luttrell, 1971 A-23
187 Ellifritt and Luttrell, 1971 W-21 253 Ellifritt and Luttrell, 1971 A-24
188 Ellifritt and Luttrell, 1971 Ww-22 254 Ellifritt and Luttrell, 1971 A-25
189 Ellifritt and Luttrell, 1971 WB -1 255 Ellifritt and Luttrell, 1971 A-26
190 Ellifritt and Luttrell, 1971 WB -2 256 Ellifritt and Luttrell, 1971 A-27
191 Ellifritt and Luttrell, 1971 WB -3 257 Ellifritt and Luttrell, 1971 A-28
192 Ellifritt and Luttrell, 1971 WB -4 258 Ellifritt and Luttrell, 1971 A-29
193 Ellifritt and Luttrell, 1971 WB -5 259 Ellifritt and Luttrell, 1971 A-30
194 Ellifritt and Luttrell, 1971 WB -6 260 Ellifritt and Luttrell, 1971 A-31
195 Ellifritt and Luttrell, 1971 WB -7 261 Ellifritt and Luttrell, 1971 A-32
196 Ellifritt and Luttrell, 1971 WB -8 262 Ellifritt and Luttrell, 1971 A-33
197 Ellifritt and Luttrell, 1971 WB -9 263 Ellifritt and Luttrell, 1971 I-1
198 Ellifritt and Luttrell, 1971 WB - 10 264 Ellifritt and Luttrell, 1971 1-2
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Table 3-2 (¢) Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
265 Ellifritt and Luttrell, 1971 1-3 331 Porter and Easterling, 1988 3
266 Ellifritt and Luttrell, 1971 14 332 Porter and Easterling, 1988 4
267 Ellifritt and Luttrell, 1971 1-5 333 Porter and Easterling, 1988 5
268 Ellifritt and Luttrell, 1971 1-6 334 Porter and Easterling, 1988 6
269 Ellifritt and Luttrell, 1971 1-7 335 Porter and Easterling, 1988 7
270 Ellifritt and Luttrell, 1971 1-8 336 Porter and Easterling, 1988 8
271 Ellifritt and Luttrell, 1971 1-9 337 Porter and Easterling, 1988 9
272 Ellifritt and Luttrell, 1971 1-10 338 Porter and Easterling, 1988 10
273 Ellifritt and Luttrell, 1971 1 339 Porter and Easterling, 1988 11
274 Ellifritt and Luttrell, 1971 2 340 Porter and Easterling, 1988 12
275 Ellifritt and Luttrell, 1971 3 341 Porter and Easterling, 1988 13
276 Lacap, D., 1971 1 342 Porter and Easterling, 1988 14
277 Luttrell, L., 1971 Cl-1 343 Porter and Easterling, 1988 15
278 Luttrell, L., 1971 C3-2 344 Porter and Easterling, 1988 16
279 Luttrell, L., 1971 P1-1 345 Porter and Easterling, 1988 17
280 Luttrell, L., 1971 P3-2 346 Porter and Easterling, 1988 18
281 Luttrell, L., 1971 P3-3 347 Porter and Easterling, 1988 19
282 Luttrell, L., 1971 P34 348 Porter and Easterling, 1988 20
283 Luttrell, L., 1971 P3-5 349 Porter and Easterling, 1988 21
284 Luttrell, L., 1971 P3-6 350 Porter and Easterling, 1988 22
285 Luttrell, L., 1971 P3-7 351 Porter and Easterling, 1988 23
286 Luttrell, L., 1971 Cl-1A 352 Porter and Easterling, 1988 24
287 Luttrell, L., 1971 C3-2A 353 Porter and Easterling, 1988 25
288 Bryan, E., 1975 1 354 Porter and Easterling, 1988 26
289 Luttrell, L., 1979a 2-1 355 Porter and Easterling, 1988 27
290 Luttrell, L., 1979a 2-2 356 Porter and Easterling, 1988 28
291 Luttrell, L., 1979a 2-3 357 Porter and Easterling, 1988 29
292 Luttrell, L., 1979b 1 358 Porter and Easterling, 1988 30
293 Luttrell, L., 1979b 2 359 Porter and Easterling, 1988 31
294 Luttrell, L., 1979b 3 360 Porter and Easterling, 1988 32
295 Luttrell, L., 1979b 4 361 Ameen, A., 1989 1
296 Luttrell, L., 1979b 5 362 Ameen, A., 1989 2
297 Luttrell, L., 1979b 6 363 Ameen, A., 1989 3
298 Luttrell, L., 1979b 7 364 Ameen, A., 1989 4
299 Luttrell, L., 1979b 8 365 Ameen, A., 1989 5
300 Luttrell, L., 1979b 9 366 Earls and Murray, 1991 B-1
301 Luttrell, L., 1979b 10 367 Earls and Murray, 1991 B-2
302 Luttrell, L., 1979b 11 368 Earls and Murray, 1991 B-3
303 Luttrell, L., 1979b 12 369 Earls and Murray, 1991 C-1
304 Luttrell, L., 1979b 13 370 Earls and Murray, 1991 C-2
305 Luttrell, L., 1979b 14 371 Earls and Murray, 1991 C3
306 Davies and Fisher, 1979 1 372 Earls and Murray, 1991 D-1
307 Davies and Fisher, 1979 2 373 Earls and Murray, 1991 D-2
308 Davies and Fisher, 1979 3 374 Earls and Murray, 1991 E-1
309 Davies. and Fisher, 1979 4 375 Earls and Murray, 1991 E-2
310 ABK, A Joint Venture, 1981 Q 376 Earls and Murray, 1991 E-3
311 ABK, A Joint Venture, 1981 R 377 Earls and Murray, 1991 F-1
312 ABK, A Joint Venture, 1981 S 378 Earls and Murray, 1991 F-2
313 Luttrell, L., 1981a 1 379 Earls and Murray, 1991 F-3
314 Luttrell, L., 1981a 2 380 Fukuda et al., 1991 CD-1
315 Luttrell, L., 1981a 3 381 Fukuda et al., 1991 CD-2
316 Luttrell, L., 1981a 4 382 Fukuda et al., 1991 C-1
317 Luttrell, L., 1981a 5 383 Fukuda et al., 1991 C-2
318 Luttrell, L., 1981b 1 384 Fukuda et al., 1991 S-1
319 Luttrell, L., 1984 1 385 Fukuda et al., 1991 S-2
320 Luttrell, L., 1984 2 386 Pugh and Murray, 1991 B-1
321 Luttrell, L., 1984 3 387 Pugh and Murray, 1991 B-2
322 Luttrell, L., 1984 4 388 Pugh and Murray, 1991 B-3
323 Luttrell, L., 1984 5 389 Pugh and Murray, 1991 C-1
324 Luttrell, L., 1984 6 390 Pugh and Murray, 1991 C-2
325 Luttrell, L., 1984 7 391 Pugh and Murray, 1991 C3
326 Luttrell, L., 1985 1 392 Pugh and Murray, 1991 D-1
327 Luttrell, L., 1985 2 393 Pugh and Murray, 1991 D-2
328 Luttrell, L., 1985 3 394 Pugh and Murray, 1991 D-3
329 Porter and Easterling, 1988 1 395 Hankins et al., 1992 1
330 Porter and Easterling, 1988 2 396 Hankins et al., 1992 2
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Table 3-2 (d) Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
397 Hankins et al., 1992 3 463 Pinkham C., 1999 98-51
398 Hankins et al., 1992 4 464 Pinkham C., 1999 98-52
399 Hankins et al., 1992 5 465 Pinkham C., 1999 98-53
400 Hankins et al., 1992 6 466 Pinkham C., 1999 98-54
401 Hankins et al., 1992 7 467 Pinkham C., 1999 R98-54
402 Hankins et al., 1992 8 468 Pinkham C., 1999 99-1
403 Hankins et al., 1992 9 469 Pinkham C., 1999 99-2A
404 Hankins et al., 1992 10 470 Pinkham C., 1999 99-2B
405 Hankins et al., 1992 11 471 Pinkham C., 1999 99-3
406 Hankins et al., 1992 12 472 Pinkham C., 1999 99-4
407 Hankins et al., 1992 13 473 Pinkham C., 1999 99-5
408 Hankins et al., 1992 14 474 Pinkham C., 1999 99-6
409 Hankins et al., 1992 15 475 Pinkham C., 1999 99-7
410 Hankins et al., 1992 16 476 Pinkham C., 1999 99-8
411 Hankins et al., 1992 17 477 Pinkham C., 1999 99-9
412 Hankins et al., 1992 18 478 Pinkham C., 1999 99-10
413 Rodkey and Murray, 1993 1 479 Pinkham C., 1999 99-11
414 Rodkey and Murray, 1993 2 480 Pinkham C., 1999 99-12
415 Rodkey and Murray, 1993 3 481 Martin, E., 2002 19
416 Rodkey and Murray, 1993 4 482 Martin, E., 2002 20
417 Rodkey and Murray, 1993 5 483 Martin, E., 2002 21
418 Rodkey and Murray, 1993 6 484 Martin, E., 2002 22
419 Pinkham C., 1997 Hilti 97-5 485 Martin, E., 2002 23
420 Pinkham C., 1997 Hilti 98-19 486 Martin, E., 2002 24
421 Pinkham C., 1997 Hilti 98-20 487 Martin, E., 2002 25
422 Pinkham C., 1997 Hilti 98-21 488 Martin, E., 2002 26
423 Pinkham C., 1997 Hilti 98-21A 489 Martin, E., 2002 27
424 Pinkham C., 1997 Hilti 98-22 490 Martin, E., 2002 28
425 Pinkham C., 1997 Hilti 98-23 491 Martin, E., 2002 29
426 Pinkham C., 1997 Hilti 98-24 492 Martin, E., 2002 30
427 Pinkham C., 1997 Hilti 98-25 493 Martin, E., 2002 31
428 Pinkham C., 1997 Hilti 98-26 494 Martin, E., 2002 32
429 Pinkham C., 1997 Hilti 98-27 495 Martin, E., 2002 33
430 Pinkham C., 1997 Hilti 98-28 496 Martin, E., 2002 34
431 Pinkham C., 1997 Hilti 98-29 497 Martin, E., 2002 35
432 Pinkham C., 1997 Hilti 98-29A 498 Martin, E., 2002 36
433 Pinkham C., 1997 Hilti 98-30 499 Martin, E., 2002 37
434 Pinkham C., 1997 Hilti 98-30A 500 Essa et al., 2003 1
435 Pinkham C., 1997 Hilti 99-1 501 Essa et al., 2003 2
436 Pinkham C., 1997 Hilti 99-2 502 Essa et al., 2003 3
437 Pinkham C., 1997 Hilti 99-5 503 Essa et al., 2003 4
438 Pinkham C., 1997 Hilti 99-6 504 Essa et al., 2003 5
439 Pinkham C., 1997 Hilti 99-7 505 Essa et al., 2003 6
440 Pinkham C., 1997 Hilti 99-8 506 Essa et al., 2003 7
441 Pinkham C., 1997 Hilti 00-8 507 Essa et al., 2003 8
442 Pinkham C., 1997 Hilti 00-9 508 Essa et al., 2003 9
443 Pinkham C., 1997 Hilti 00-10 509 Essa et al., 2003 10
444 Pinkham C., 1997 Hilti 00-11 510 Essa et al., 2003 11
445 Pinkham C., 1997 Hilti 00-12 511 Essa et al., 2003 12
446 Pinkham C., 1997 Hilti 00-13 512 Essa et al., 2003 13
447 Pinkham C., 1997 Hilti 00-14 513 Essa et al., 2003 14
448 Pinkham C., 1999 98-31 514 Essa et al., 2003 15
449 Pinkham C., 1999 98-32 515 Essa et al., 2003 16
450 Pinkham C., 1999 98-33 516 Essa et al., 2003 17
451 Pinkham C., 1999 98-34 517 Essa et al., 2003 18
452 Pinkham C., 1999 98-35 518 Yang, W., 2003 38
453 Pinkham C., 1999 98-36 519 Yang, W., 2003 39
454 Pinkham C., 1999 98-37 520 Yang, W., 2003 40
455 Pinkham C., 1999 98-38 521 Yang, W., 2003 41
456 Pinkham C., 1999 98-39 522 Yang, W., 2003 42
457 Pinkham C., 1999 98-40 523 Yang, W., 2003 43
458 Pinkham C., 1999 98-41 524 Yang, W., 2003 44
459 Pinkham C., 1999 98-42 525 Yang, W., 2003 47
460 Pinkham C., 1999 98-43 526 Yang, W., 2003 48
461 Pinkham C., 1999 98-44 527 Yang, W., 2003 49
462 Pinkham C., 1999 98-50 528 Bagwell and Easterling, 2008 1
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Table 3-2 (e) Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
529 Bagwell and Easterling, 2008 2 595 Foster, T., 2008 33
530 Bagwell and Easterling, 2008 3 596 Foster, T., 2008 34
531 Bagwell and Easterling, 2008 4 597 Foster, T., 2008 35
532 Bagwell and Easterling, 2008 5 598 Foster, T., 2008 36
533 Bagwell and Easterling, 2008 6 599 Foster, T., 2008 37
534 Bagwell and Easterling, 2008 7 600 Foster, T., 2008 38
535 Bagwell and Easterling, 2008 8 601 Foster, T., 2008 39
536 Bagwell and Easterling, 2008 9 602 Foster, T., 2008 40
537 Bagwell and Easterling, 2008 10 603 Foster, T., 2008 41
538 Bagwell and Easterling, 2008 11 604 Foster, T., 2008 42
539 Bagwell and Easterling, 2008 12 605 Foster, T., 2008 43
540 Bagwell and Easterling, 2008 13 606 Foster, T., 2008 44
541 Bagwell and Easterling, 2008 14 607 Foster, T., 2008 45
542 Bagwell and Easterling, 2008 15 608 Foster, T., 2008 46
543 Bagwell and Easterling, 2008 16 609 Foster, T., 2008 47
544 Bagwell and Easterling, 2008 17 610 Foster, T., 2008 48
545 Bagwell and Easterling, 2008 18 611 Foster, T., 2008 49
546 Bagwell and Easterling, 2008 19 612 Foster, T., 2008 50
547 Bagwell and Easterling, 2008 20 613 Foster, T., 2008 51
548 Liu et al., 2007 SJ1-1 614 Foster, T., 2008 52
549 Liu et al., 2007 SJ1-2 615 Foster, T., 2008 53
550 Liu et al., 2007 SJ2 616 Foster, T., 2008 54
551 Liu et al., 2007 SJ3-1 617 Foster, T., 2008 55
552 Liu et al., 2007 SJ3-2 618 Foster, T., 2008 56
553 Liu et al., 2007 SJ-4 619 Foster, T., 2008 57
554 Beck, H., 2008 S03 620 Foster, T., 2008 58
555 Beck, H., 2008 S 04 621 Foster, T., 2008 59
556 Beck, H., 2008 S05 622 Foster, T., 2008 60
557 Beck, H., 2008 S 06 623 Foster, T., 2008 61
558 Beck, H., 2008 S 07 624 Foster, T., 2008 62
559 Beck, H., 2008 S 08 625 Pinkham C., 2008a 06-1
560 Beck, H., 2008 63 626 Pinkham C., 2008a 06-2
561 Beck, H., 2008 64 627 Pinkham C., 2008a 06-3
562 Beck, H., 2008 65 628 Pinkham C., 2008a 06-4
563 Foster, T., 2008 1 629 Pinkham C., 2008a 06-5
564 Foster, T., 2008 2 630 Pinkham C., 2008a 06-5
565 Foster, T., 2008 3 631 Pinkham C., 2008a 06-6
566 Foster, T., 2008 4 632 Pinkham C., 2008a 06-7
567 Foster, T., 2008 5 633 Pinkham C., 2008a 06-8
568 Foster, T., 2008 6 634 Pinkham C., 2008a 06-9
569 Foster, T., 2008 7 635 Pinkham C., 2008a 06-11
570 Foster, T., 2008 8 636 Pinkham C., 2008a 06-13
571 Foster, T., 2008 9 637 Pinkham C., 2008a 06-14
572 Foster, T., 2008 10 638 Pinkham C., 2008a 06-15
573 Foster, T., 2008 11 639 Pinkham C., 2008a 06-16
574 Foster, T., 2008 12 640 Pinkham C., 2008a 06-17
575 Foster, T., 2008 13 641 Pinkham C., 2008a 06-18
576 Foster, T., 2008 14 642 Pinkham C., 2008a 06-19
577 Foster, T., 2008 15 643 Pinkham C., 2008a 06-20
578 Foster, T., 2008 16 644 Pinkham C., 2008a 06-21
579 Foster, T., 2008 17 645 Pinkham C., 2008a 06-22
580 Foster, T., 2008 18 646 Pinkham C., 2008a 06-23
581 Foster, T., 2008 19 647 Pinkham C., 2008a 06-24
582 Foster, T., 2008 20 648 Pinkham C., 2008a 06-25
583 Foster, T., 2008 21 649 Pinkham C., 2008a 06-26
584 Foster, T., 2008 22 650 Pinkham C., 2008a 06-27
585 Foster, T., 2008 23 651 Pinkham C., 2008a 06-28
586 Foster, T., 2008 24 652 Pinkham C., 2008b 06-29
587 Foster, T., 2008 25 653 Pinkham C., 2008b 06-30
588 Foster, T., 2008 26 654 Pinkham C., 2008b 06-31
589 Foster, T., 2008 27 655 Pinkham C., 2008b 06-32
590 Foster, T., 2008 28 656 Pinkham C., 2008b 06-33
591 Foster, T., 2008 29 657 Pinkham C., 2008b 06-34
592 Foster, T., 2008 30 658 Pinkham C., 2008b 06-35
593 Foster, T., 2008 31 659 Pinkham C., 2008b 06-36
594 Foster, T., 2008 32 660 Pinkham C., 2008b 06-37
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Table 3-2 (f) Database Test Specimens

Index No. Reference Specimen ID Index No. Reference Specimen ID
661 Pinkham C., 2008b 06-38 727 Beck, H., 2013b S-03-cycl
662 Pinkham C., 2008b 06-29b 728 Foster, T., 2013 E-01
663 Pinkham C., 2008b 06-30b 729 Foster, T., 2013 E-02
664 Pinkham C., 2008b 06-31b 730 Foster, T., 2013 E-03
665 Pinkham C., 2008b 06-32b 731 Foster, T., 2013 E-04
666 Pinkham C., 2008b 06-32bb 732 Foster, T., 2013 E-05
667 Pinkham C., 2008b 06-33b 733 Foster, T., 2013 E-06
668 Pinkham C., 2008b 06-33bb 734 Foster, T., 2013 E-07
669 Pinkham C., 2008b 06-34b 735 Shimizu et al., 2013 t04 - h20 - f40
670 Pinkham C., 2008b 06-35b 736 Shimizu et al., 2013 t04 - h20 - f25
671 Pinkham C., 2008b 06-36b 737 Shimizu et al., 2013 t04 - h20 - f15
672 Pinkham C., 2008b 06-37b 738 Shimizu et al., 2013 t04 - h20 - f0
673 Pinkham C., 2008b 06-39b 739 Shimizu et al., 2013 t04 - h30 - 25
674 Pinkham C., 2008b 06-29¢ 740 Shimizu et al., 2013 t04 - h40 - f25
675 Pinkham C., 2008b 06-30c 741 Shimizu et al., 2013 t06 - h20 - f25
676 Pinkham C., 2008b 06-31c¢ 742 Shimizu et al., 2013 t08 - h20 - f25
677 Pinkham C., 2008b 06-32¢ 743 Shimizu et al., 2013 t04 - h20 - f32
678 Pinkham C., 2008b 06-33c¢ 744 Shimizu et al., 2013 t04 - h20 - f32J
679 Pinkham C., 2008b 06-34c¢ 745 Shimizu et al., 2013 t06 - h20 - 40 - M
680 Pinkham C., 2008b 06-35¢ 746 Shimizu et al., 2013 t06 - h20 - f40 - C
681 Pinkham C., 2008b 06-36¢ 747 Shimizu et al., 2013 t06 - h20 - f25 - M
682 Pinkham C., 2008b 06-37¢ 748 Shimizu et al., 2013 t06 - h20 - 25 - C
683 Franquet, J., 2009 DIA-1 749 Shimizu et al., 2013 t06 - h15 - 140 - C
684 Franquet, J., 2009 DIA-1R 750 Foster, T., 2014 S-01
685 Franquet, J., 2009 DIA-2 751 Foster, T., 2014 S-04
686 Franquet, J., 2009 DIA-3 752 Foster, T., 2014 S-05
687 Franquet, J., 2009 DIA-3R 753 Foster, T., 2014 S-06
688 Franquet, J., 2009 DIA-4
689 Franquet, J., 2009 DIA-4R
690 Franquet, J., 2009 DIA-5
691 Franquet, J., 2009 DIA-5R
692 Franquet, J., 2009 DIA-6
693 Franquet, J., 2009 DIA-6R
694 Franquet, J., 2009 DIA-7
695 Franquet, J., 2009 DIA-7R
696 Franquet, J., 2009 DIA-8
697 Franquet, J., 2009 DIA-8R
698 Franquet, J., 2009 DIA-9
699 Franquet, J., 2009 DIA-9R
700 Franquet, J., 2009 DIA-10
701 Franquet, J., 2009 DIA-10R
702 Massarelli, R., 2010 DIA-11
703 Massarelli, R., 2010 DIA-12
704 Massarelli, R., 2010 DIA-12R
705 Massarelli, R., 2010 DIA-13
706 Massarelli, R., 2010 DIA-13R
707 Massarelli, R., 2010 DIA-14
708 Massarelli, R., 2010 DIA-15
709 Massarelli, R., 2010 DIA-15R
710 Massarelli, R., 2010 DIAl6
711 Massarelli, R., 2010 DIA-16R
712 Massarelli, R., 2010 DIA-17
713 Massarelli, R., 2010 DIA-17R
714 Massarelli, R., 2010 DIA-18
715 Massarelli, R., 2010 DIA-18R
716 Massarelli, R., 2010 DIA-19
717 Massarelli, R., 2010 DIA-19R
718 Beck, H., 2013a MOl
719 Beck, H., 2013a Cco1
720 Beck, H., 2013a M 02
721 Beck, H., 2013a Cco02
722 Beck, H., 2013a M 03
723 Beck, H., 2013a C03
724 Beck, H., 2013b S-02
725 Beck, H., 2013b S-02-cycl
726 Beck, H., 2013b S-03
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3.2 Test Setup Experimental Parameters

cases, incomplete data was published, and the database contains only the available information.
For some programs, test variables were concluded to have negligible effect on experimental
results. In other programs, that same variable may have played a significant role in the diaphragm
behavior. For completeness, database fields identified to have influence in only a few programs
were logged for all programs. Different test setup fields, test result fields, and calculated fields
included in the database are summarized in Table 3-3. Note that currently, only the test setup fields
for all 753 specimens are included in the database. Test result fields and calculated fields are

currently only included for the specimens analyzed for ductility with post-peak load-deformation

Several variables were identified as having the potential to influence test results. In many

data available.

Table 3-3 Database Test Fields

Load Type Steel deck thickness
Load protocol Measured deck yield strength
Setup configuration (cantilever vs simply Measured deck percent elongation
@ supported) Type of structural fastener
> Plan dimensions Size of structural fastener
= Span dimension Spacing of structural fastener
g- Depth dimension Type of sidelap fastener
S Deck span direction (with respect to direction Size of sidelap fastener
Z) of loading) Spacing of Sidelap Fastener
3 Deck span length Endlap location
= Test frame support member sizes Concrete unit weight
Test frame interior support member sizes Measured concrete fill thickness
Steel deck profile dimensions 28 day concrete compressive strength
Steel deck manufacturer Type of concrete reinforcement
+ w« | Ultimate shear strength Shear angle at 80% strength degradation
== . . .
© @ "g | Shear stiffness Load-deformation data points
-0 .2
& =
Predicted structural support fastener strength Strength Factors, Ro
g - Predicted sidelap fastener strength Subassemblage Ductility
=S Predicted diaphragm strength System Ductility
5.2 Predicted structural support fastener flexibility =~ Ductility Factor (medium and long period), R,
8 Predicted sidelap fastener flexibility Diaphragm Design Force Reduction Factor
Predicted diaphragm stiffness (medium and long period), R
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An example of test setup fields playing a role in only a select number of programs was the
framing members used to support deck connections. In many cases, large test framing members
were utilized. Since these framing members may not be representative of real steel-framed
buildings, lighter sections were often connected to the frame to provide a more typical connection
between steel deck and structural support. In the majority of the test programs, prior to placement
of steel decking, the structural frame was displaced with relatively negligible force, and deemed
to have little to no impact on the test results. Regardless of influence, section sizes of the structural
frame are included in the database along with overall plan dimensions of the frame.

Loading protocol also has a significant impact in the testing results. Diaphragm
subassemblies may be subject to either monotonic or reversed cyclic displacement protocols.
Cyclic tests generally result in lower strengths at certain displacements due to the effects of cyclic
degradation, especially in the inelastic range when compared to their monotonically tested
counterpart. Of the 753 specimens currently included in the database, 609 were subjected to
monotonic loading with the remaining 104 subjected to cyclic loads. Loading rates are identified
as either static or dynamic. Dynamic load rates are more representative of seismic ground motions
and may influence diaphragm behavior through strain rate effects and were thus recorded. Fifty-
five monotonic curves and 53 cyclic hystereses were digitized. Backbone curves for cyclic tests
were traced from one peak cycle to the next. For loading protocols with large displacement steps
between cycles, a backbone envelope rather than the traditional peak to peak backbone curve was
identified to better capture the load-deformation behavior as shown in Figure 3-1 and therefore

used for subsequent analyses.
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Figure 3-1 Example of Obtaining a Cyclic Envelope

Diaphragms with steel deck depths greater than 3 in., or deep deck diaphragms, are utilized
for their increased ability to resist vertical loads for longer deck spans. However, deep deck
diaphragms without concrete fill are more prone to warping, resulting in decreased stiffnesses and
strengths than decks with depths of 3 in. or less. Steel panel profile geometry for every type of
deck tested in the database is therefore documented. Deck thickness ranged from 16 gauge to 26
gauge steel. Deck panel widths range from 12 inches to 40 inches, with depths ranging from 1 in.
to 7.5 in. Steel deck material properties, such as nominal and measured yield strengths and ultimate
strengths have been shown to impact the performance of a diaphragm, and were thus recorded.
Two general types of steel material were identified: 1.) normal yield/ultimate strength steel with
nominal values of 33/45 ksirespectively and 2.) high strength steel with nominal yield and ultimate
strength values greater than 50 ksi. While high strength steel decks developed larger values for

strength and stiffness, energy dissipating capabilities were sometimes compromised (Beck,
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2013b). For experimental tests with concrete fill, material properties such as unit weight and
compressive strength were recorded.

Historically, diaphragm tests have two basic setup configurations. The first is a simply
supported system, consisting of a single bay or multiple bays. This system has considerable
advantages, including a more comparable construction setup to diaphragms in the field and a
realistic shear demand distribution for dynamically tested specimens with added mass. However,
the majority of diaphragm tests have been tested through a cantilevered setup, since it is more
economical than a simply supported test setup and still results in reliable strength and stiffness
values (Nilson, 1960). Whether a diaphragm test was simply supported or cantilevered is identified
for each specimen in the database. Figure 3-2 shows a schematic for a typical cantilevered steel
deck diaphragm test setup often idealized as a cantilever deep beam, with the free end on the North

side of the diaphragm.

% | b = Depth |

Sidelap Fastener

: Exterior Support
Structural Fasteners

Interior Support
Structural Fasteners

a = Span

Edge Support
Structural Fasteners

® Structural Fastener
O Sidelap Fastener

Figure 3-2 Cantilevered Diaphragm Test Setup
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The method of fastening the deck to the structural frame plays a crucial role in the tested
diaphragm behavior, since different fastener types exhibit different failure modes. The two major
categories of fastener location types identified are structural fasteners (deck to support) and sidelap
fasteners (panel to panel connections). The database further subcategorizes structural fasteners into
whether they are on the perimeter framing members, or whether they are along interior members.
Locations of structural fasteners and sidelap fasteners are demonstrated in Figure 3-2.

Four main structural fasteners in the diaphragm database: Power actuated fasteners, self-
drilling screws, welds and headed shear studs. Power actuated fasteners, hereby referred to as
PAFs, are fasteners that utilize either a pneumatic tool (typically compressed air) or an explosive
powder to fire off a hardened steel nail through steel deck and into a structural steel support. The
latter is more common (referred to as powder actuated fasteners) since no air compressor is
necessary and the fastening system works independently from other equipment. Self-drilling
screws include a screw bit (prior to threads and screw head) and do not require a drilled hole before
installation. PAFs and self-drilling screws are often referred to as mechanical fasteners.
Advantages of mechanical fasteners include ease of use, light mechanical equipment, fast
construction time and low variability in strength values. Figure 3-3 shows Hilti PAF fastener X-

ENP-19 L15 pre and post installation and Hilti’s PAF stand up fastening tool DX 860-ENP.
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a.) Hilti PAF Before & After Installation b.) Hilti PAF Fastening Tool

Figure 3-3 Hilti PAF and Fastening Tool [from Beck (2013a)]

Arc spot welds in steel deck diaphragms simultaneously burn a hole through the deck and
fuse the deck to the support with weld wire material in a single process. Although these welds are
detailed as circular with a nominal diameter, it is common to see welds that vary in size and shape.
Since no two welds are identical, size and shape inconsistencies should be considered in the design
process. AISI S310 specifies arc spot welds to have an effective diameter relative to the visible
diameter and sheet thickness, as shown in Figure 3-4 . This effective diameter gives an area of the
weld in the maximum shear transfer plane that is active in resisting shear forces (see Figure 3-4).
Arc spot weld diameters recorded in the database correspond to specified nominal visible
diameters. Arc spot weld diameters for a few testing programs, particularly those from the West
Coast of the United States (i.e. references from Pinkham 1997, 1999, 2008a, 2008b), used specified
American Welding Society procedures that at the time allowed for visible diameters to be less than
effective diameters (Martin, 2017). The diameters recorded in the database for these specimens are

visible diameters that would correspond to an effective diameter as currently specified by AISI
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S310 and shown in Figure 3-4 where d. = effective diameter, d = visible diameter, and ¢ = sheet(s)

thickness.
¢ t
1
Li__ T ‘L/ glﬁnerci_era)f(imum
SR e
. ¥§\ NN
NHMMIMIININ
de=0.7d - 1.5t < 0.55d <—de—>
da=d-t fe———d

Figure 3-4 Arc Spot Weld Diameters [from AISI (2016a)]

When a steel deck diaphragm has concrete fill placed on top, methods to fasten the deck to
support often utilize headed shear studs. These studs protrude into the concrete slab and allow the
structural steel support, steel deck and concrete slab to act as a composite system.

Sidelap fasteners may also be welded, although it is difficult to obtain a reliable weld
through two light gauge metal sheets without burning through both layers. Sidelap screws offer a
more reliable alternative and are constructed similar to self-drilling structural screws. Mechanical
crimping devices can join two adjacent decks that have standing edges. The most common sidelap
mechanical crimping method is called button punch, although other crimping methods are
available. The main advantage of a button punch sidelap connection is that no fastener is necessary.
However, button punch connections primarily rely on friction forces and do not offer a significant
amount of strength. Strength of button punches are subject to the crimping device and force exerted
by the construction worker and offer less reliability than screws. Each type and size of structural
and sidelap fastener is recorded in the diaphragm database. Table 3-4 lists the frequency of the
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different types of structural or sidelap fasteners for each tested specimen in the database. Note that
a large number of diaphragms had incomplete information or alternative fastener types outside the

scope of this research.

Table 3-4 Number of Experimental Tests with Fastener Types

Deck to Frame Fasteners Sidelap Fasteners
Welds 339 Welds 112
Screws 92 Screws 115
PAF 240 BP 282
Studs 9 Other/Unavailable 244
Other/Unavailable 73

The spacing of structural and sidelap fasteners may also dictate diaphragm behavior.
Fasteners with an excessive amount of fasteners may have the steel deck failure mechanism
control, rather than the fastener failure mode control. This will exhibit different behavior than if
few fasteners are used and the fastener failure mode controlled. The spacing and location of
structural and sidelap fasteners are therefore recorded in the database.

A diaphragm’s behavior may be characterized by several test result fields. Test result were
recorded only for the subset of data that included post peak-strength load-deformation behavior
and used to support diaphragm ductility and behavior characterization. Recorded results in the
database include shear stiffness, peak load, yield deformation, deformations at post-peak loads and
more. Failure modes that initiated yielding, strength degradation and other notable changes in the
load-deformation behavior are described in the database. A detailed discussion of these

experimental results and differing failure modes are discussed in Chapters 5 and 6.

42



4 DIAPHRAGM DESIGN FORCE REDUCTION FACTORS

This chapter describes the methodology used in this research to develop diaphragm design
force reduction factors, R;. These factors are intended for use in diaphragm design when rational
lateral demands representative of real earthquake events have been calculated, for instance in
accordance with NEHRP’s 2015 Seismic Provisions, Section 12.10.3 - Alternative Provisions for
Diaphragms Including Chords and Collectors (NEHRP, 2015). The diaphragm design force
reduction factor derivation used in this research largely follows the procedure established in
Applied Technology Council 19 (ATC-19), an accepted method utilizing force displacement
response of structural systems to develop seismic performance factors (Applied Technology
Council, 1995). A FEMA P695 analysis for steel deck diaphragms in steel framed buildings does
not provide a method for calculating R factors based solely on test data, and is therefore outside
the scope of this work. This type of study will be performed by others. This research does not aim
to comment on the accuracy or reliability of the different methods for calculating R factors, neither
does it endorse one method over another. Please see Section 2.1 for more details on these different

methods.

4.1 Applied Technology Council - 19 Approach

ATC-19 calculates Ry as the product of four variables (Eq. 4.1) defined by a system’s load
— deformation response (Applied Technology Council, 1995). Note that the symbols denoting each
variable may have been changed to stay consistent with this text.

Ry = RoR,RRR; (Eq. 4.1)

R, = Strength Factor

R, = Ductility Factor
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Rr = Redundancy Factor

R; = Damping factor

The redundancy factor, Rr is accounted for in seismic design through ASCE 7-10’s
redundancy factor, p (ASCE, 2010). The damping factor, Re, accounts for a building’s viscous
damping devices and is not applicable to the development of R, factors for the experimental
subassembly tests examined in this research. Thus, the resulting force modification factor is the

product of the strength and ductility factors (Eq. 4.2):

Rs = RgR, (Eq. 4.2)
Simax (Eq. 4.3)
R_Q =
Sa

The strength factor, Rq, is a measure of maximum tested strength, Syax, to calculated design
strength using nominal geometric and material properties, Sz (Eq. 4.3). The ductility factor, R,, is
dependent on the system ductility, 4, and period, 7, of the system. The ductility for a system is
defined as an ultimate deformation, A., divided by the yield deformation, A,, (Eq. 4.6). Newmark
and Rosenbleuth (1971) performed time history analyses on elastic perfectly plastic and elastic
systems and established the following “equal energy” and “equal displacements” rules. These rules
allowed for the development of ductility factors in relation to building period and ductility (Figure

4-1b) and are used in ATC - 19.

1. Equal displacements rule - R, for long period structures (T > 1.0 sec) is equivalent to the
ductility of that system
R, =pforT > 1.0sec (long period) (Eq. 4.4)
2. Equal energy rule - R, for medium period structures (0.12 sec < T < 0.5 sec) is a square

root function of the ductility
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R, =/2u—1 for0.12sec <T < 0.5sec (medium period) (Eq. 4.5)

R, for short period structures (T < 0.03 sec) is equal to 1.0 (this is not used in the ATC-19

methodology and is included only for completeness)

Ault

A,

(Eq. 4.6)

Figure 4-1 graphically demonstrates ATC-19’s method to develop factors necessary for R

calculations. Strength and deformation parameters in relation to steel deck diaphragms used in Ro

and R, calculations are further defined in Sections 4.2 and 4.3.

Strength Measure, S
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b.) R, , T, n Relationship from ATC (1995)

Figure 4-1 ATC-19 Methodology for R, and Rq Factors

4.2 Diaphragm Strength Factor, Ra

To calculate the strength factor, Ro, for the 95 experimental test specimens with relevant

post peak-strength data available, a design strength must be calculated. The method used to

calculate the predicted design strength for these 95 specimens conforms to the widely accepted

design procedure set in SDI’s Diaphragm Design Manual 4" edition, or DDMO04 (Luttrell et al.,
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2015) and AISI’s North American Standard for the Design of Profiled Steel Diaphragm Panels, or
AISI S310 (AISI, 2016b). The procedure for calculating the design strength of these tested
specimens depends on whether or not concrete fill is placed on top of the steel deck, among other
factors. The design process used in DDMO04 and AISI S310 for steel deck diaphragms both with
and without concrete fill is outlined in the Chapter 5. A proposed equation for predicting the shear
strengths of steel deck diaphragms with concrete fill is also discussed in the following chapter and
used in calculating the strength factor where applicable. Furthermore, strength factor calculations
with and without resistance factors for predicted design strengths are included in the results of this

study.

4.3 Ductility Factor, R,

The ductility factor, R,, in (Eq. 4.2), is dependent on a diaphragm system’s ductility, u,
which is a measure of an ultimate deformation to a yield deformation (Eq. 4.6). A diaphragm,
when idealized as a simply supported deep beam subject to uniform shear along its span, will have
a ductility equivalent to the ratio of midspan ultimate to yield displacements, as later defined by
this research. The data used in this research derives from past subassemblage cantilevered test
specimens with shear demands that are not representative of full diaphragm systems undergoing
seismic loading. A methodology is presented to derive full diaphragm system ductility from
cantilevered diaphragm ductility in Section 4.3.2. The relevant experimental parameters from the

subassemblage cantilever tests necessary for R, calculations is discussed in Section 4.3.1.
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4.3.1 Subassemblage Ductility, g

The test specimens used in calculating diaphragm design force reduction factors were all
tested in a cantilever test configuration. The load-deformation parameters of cantilevered
subassemblage tests are shown in Figure 4-2. The demands for these diaphragms were introduced
as point loads at the diaphragm’s free end, creating uniform shear throughout the entire diaphragm
span. This loading condition results in a uniform shear angle, assuming negligible flexural
deformations from the chords. The shear angle, y, gives the slope of the deflected shape and is
defined as the diaphragm’s displacement, J, at the free end divided by the span of the diaphragm,
a. Shear angle calculations assume small angles. The unit strength of the diaphragm is the applied
load, P, divided by the diaphragm depth dimension, b, with the maximum strength, Sy,
corresponding to the maximum applied load. Experimental shear stiffness, G, is defined as the
secant stiffness through the first load-deformation data point at 40% Sy« The yield shear angle,

Yy, is then defined as Smax / G'. The subassemblage ductility, sus, is the ratio between the ultimate

shear angle, y,,;¢, defined as the shear angle when the specimen strength degrades to 80% of Syax,

to the yield shear angle. FEMA P695 describes non-linear static analysis procedures where a
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a.) Subassemblage Test Schematic b.) Load-deformation data
g

Figure 4-2 Cantilever Test Shear Strength and Shear Angle
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system’s ultimate deformation is defined at 20% strength loss from ultimate strength (FEMA,
2009), consistent with the definition for y,,;; defined in this work. This ultimate deformation value

is considered a conservative estimate of the ultimate deformation capacity (FEMA, 2009).

4.3.2 Converting Subassemblage Ductility to System Level Diaphragm Ductility
Diaphragms subject to seismic loading, as idealized by a uniformly distributed load along
the span of a diaphragm, will have greatest shear demands at its ends. As a result, inelastic
deformations tend to localize at diaphragm ends (Tremblay et al, 2004). Cantilevered
subassemblage diaphragms as discussed in Section 4.3.1 are assumed to have a constant shear
angle with inelastic behavior spread throughout the entire specimen. Subassemblage ductility
values, ug», are therefore not indicative of full-scale diaphragm system ductility, x. Figure 4-3
illustrates the inconsistencies in shear demands between a cantilevered diaphragm and simply
supported diaphragm. Diaphragm system ductility is defined in this research as the ratio of
midspan ultimate to yield displacements. The process used and assumptions made to arrive at these

two displacement steps are described in this section.

48



Load Uniformly Distributed Load
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Inelasticity Note: inertial body forces

| Zones ~_ characteristic of seismic loading
e [~ are idealized as uniformly
distributed loads along span of
simply supported diaphragm
models

Uniform Shear Variable Shear
A\ A\

a.) Cantilevered Diaphragm b.) Simply Supported Diaphragm

Figure 4-3 Cantilevered vs. Simply Supported Diaphragm Inelasticity

To get the elastic midspan deflection of a diaphragm, 6,,;, shear and strength expressions
along a diaphragms span are necessary (Eq. 4.8). Figure 4-4 shows a simply supported diaphragm’s
deflected shape due to either elastic or inelastic deformations. Noting the relationship between
strength, shear stiffness, and shear angle, and acknowledging that shear angle is the slope of a
diaphragm’s deflected shape (Figure 4-4), an integral expression is derived to calculate elastic
diaphragm displacement along a diaphragm’s length (Eq. 4.9). An expression for midspan yield
displacement is shown in (Eq. 4.10).This expression, however, has not yet identified the shear
load, ¢, associated with the diaphragm shear strength. From the subassemblage cantilever tests, we
are able to correlate the yield shear angle and maximum strength through the diaphragm shear
stiffness, G’ (see Figure 4-2). Syax is therefore used to define the yield shear load, ¢ (Eq. 4.11).
Combining (Eq. 4.10) and (Eq. 4.11) gives an expression for elastic displacement at a simply

supported diaphragm’s midspan (Eq. 4.12) for a given length, L.
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Uniformly Distributed Load, q
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To calculate inelastic midspan deflections of a diaphragm, 6;,,, a constant inelastic shear
angle, y;,, is assumed over a fixed length, L,, at diaphragm ends. The inelastic shear angle, as
obtained from subassemblage tests, is the difference between the ultimate shear angle at 80%
strength degradation, y,,;;, and the yield shear angle. The total inelastic deflection is the product
of'the length of this zone of inelasticity, L,, and the inelastic shear angle, y;,, (Eq. 4.14). A notable
assumption is that the inelastic shear angle is presumed constant along L,, regardless of cantilever
test specimen size. Also note that the inelastic shear angle is solely dependent on subassemblage
cantilever test data, and assumed to be independent of the simply supported diaphragm’s span, L.

Vin = yy(ysub — 1) from cantilevered tests, see Figure 4-2 (Eq. 4.13)

Sin = Yinlp (Eq. 4.14)

Expressions for the ultimate mid span displacement and diaphragm system ductility are
given in Eq. 4.15 and 4.16, respectively. The ductility of a simply supported diaphragm includes
variables y, and y;, which are available from cantilever test data (Eq. 4.16). The ratio, L,/ L, will

be explored in the following paragraphs.

YyL (Eq. 4.15)
6ult = 661 + 5in = }jT + yian a
u= Oute _ 1+ MJ(&’) (Eq. 4.16)
661 yy L

Because the cantilevered test setup for diaphragm testing has been prevalent in past
experimental research where inelastic behavior spreads throughout the diaphragm span, limited
experimental data on the distribution of inelastic deformations for a simply supported diaphragm
exists. Often, diaphragms that were tested in a simply supported setup introduced lateral loads at

third points along the diaphragm span rather than having a uniformly distributed load, giving shear
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demands not representative of seismic demands. This makes the determination of the L, / L ratio
directly from experimental data difficult to assess.

One such data point that is available comes from Franquet (2009). Franquet tested 22 gauge
1.5 B deck diaphragms without concrete fill using mechanical fasteners (PAF structural fasteners
and screwed sidelap fasteners) with added mass subjected to dynamic loads, as described in
Chapter 2. The added mass, when subjected to accelerations from ground displacements from
actuators at diaphragm ends (see Figure 4-6), induced inertial forces on the diaphragm. These
forces provided a distributed load along the diaphragm span representative of seismic loading. The
span, L, was 69 ft. Fasteners that failed, as determined through post-test visual inspection, were
reported to concentrate at extreme thirds of the diaphragm span. However, the distribution of failed
fasteners along a diaphragm span was dependent on the type of fastener inspected. Sidelap
fasteners proved to consistently fail with approximate L, = L/3. The distribution of failed structural
fasteners, however, varied dependent on fastener spacing. Fastener spacings are shown in Figure
4-5. Figure 4-6 shows the distribution of failed fasteners along a joist line for diaphragms 1 (top
left), 4 (top right) and 5 (bottom), which had different fastener spacings. Joist lines are
perpendicular to the diaphragm span with 12 equal spacings of 5.75 ft. It is observed for the heavier
fastener patterns (36/9 and 36/7), the majority of failed structural fasteners accumulate within joist
lines 0, 1, 11, and 12, where L, = 11.5 ft or L / 6. For the light fastener pattern (36/4), this

distribution is approximately L / 3 for both structural and sidelap fasteners.
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Figure 4-6 Distribution of Failed Fasteners along Diaphragm Span [from Franquet (2009)]

To investigate the effects of deck orientation on roof diaphragm inelastic behavior, 9
specimens were dynamically tested, similar to Franquet (2009) and on the same test frame as
previously shown in Figure 4-6 (Massarelli, 2010; Massarelli et al., 2012). Massarelli (2010)
reports locations of fasteners failing for each specimen. Figure 4-7 gives the percentage of

fasteners that experienced failure along the depth of the diaphragm with respect to the diaphragm
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span. All specimens shown in Figure 4-7 used PAF structural fasteners and sidelap screws as
connectors for typical 1.5 B deck. DIA 12 and DIA 16 used a 36/7 structural fastener spacing
configuration, while DIA 14 and DIA 17 used 36/9 (see Figure 4-5). The most notable effect on
the distribution of fasteners failing along a diaphragm span (i.e. L, / L) was the direction of deck.
DIA 12 and DIA 14 had the steel deck oriented perpendicular to the loading, and resulted in lower
ductility and a shorter percentage of diaphragm span ends exhibiting damage. In contrasts, DIA 16
and DIA 17, which had deck oriented parallel to loading, experienced higher ductility and
percentage of fasteners failing. Damage at diaphragm ends were not symmetric and, with the
exception of DIA 12 which was symmetric, the left end consistently experienced more damage
than the right end. This may have been the result of torsion, added mass dislodging during the
induced ground motions, and more. The majority of damage reported was consistently within 10%

and 20% of the diaphragm span at diaphragm ends, giving valuable insight for L, / L ratios.
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Figure 4-7 Distribution of Failed Fasteners along Diaphragm Span
[adapted from Massarelli (2010)]
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Cohen et al. (2004) conducted shake table tests on two half-scale low rise reinforced
masonry buildings, only one of which included steel deck attached to steel supports. Tests were
conducted on the Tri-axial Earthquake and Shock Simulator (TESS) at the United States Army
Construction Engineering Research Laboratory in Champaign, Illinois. No mass was added to the
system due to cost inefficiencies. Instead, the large accelerations from TESS were assumed to
induce damage to the specimens similar to what they would withstand if mass were added. The
diaphragm was 22 ft in length and 4 ft in depth. A combination of a 12 in. wide and 36 in. wide
Vulcraft 1.5 B deck was used to cover the 4 ft dimension, as shown in Figure 4-8. Welded structural
fasteners were used in a 36/3 fastener configuration for the 36 in. wide panel (i.e. 18 in. fastener
spacing o.c.). The progression of weld fractures with respect to increasing diaphragm drift ratios
(DDR) and their location is reported in Figure 4-8. The diaphragm drift ratio is the in-plane
diaphragm displacement divided by midspan length. Similar to Franquet (2009) and Massarelli
(2010), it is observed that the majority of damage observed occurred in the outermost quarters of
the diaphragm span. Note that a diaphragm drift ratio of approximately 1% corresponds to the
ultimate induced force on the diaphragm. Therefore, damage reported for DDR = 1.52% and 2.27%

as shown in Figure 4-8 correspond to post-peak deformations.
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Figure 4-8 Distribution of Failed Fasteners along Diaphragm Span
[adapted from Cohen et al. (2004)]
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A limitation of using this observed data for determining L, / L ratios is that the L, used for
the inelastic midspan displacement equation (Eq. 4.14) corresponds to deformations at a post-peak
strength degradation of 80% of the ultimate diaphragm strength. However, the damage distribution
L, from Franquet (2009) and Massarelli (2010) is observed after the tests are concluded, where
deformations likely exceeded this post-peak limit, resulting in a higher observed L,. Cohen et al.
(2004) addresses this concern by reporting damage with respect to increasing diaphragm
displacements.

Due to the limited data for this type of test available in the literature, another method for
determining L, from cantilever test data is described below. The available strength vs. shear angle
relationship of a cantilevered diaphragm test is idealized as bilinear (see Figure 4-9). The first line
will follow G’ up to an approximated yield point at a force equal to aS,,,,. The second line
continues from this point to the intersection of y,, and Sy.x. Variables y,,, Snax and G are all defined
in the previous Section 4.3.1. This bilinear curve is then used to find L, / L for a simply supported

diaphragm model as shown in Figure 4-10 and (Eq. 4.17).
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Based on equivalent triangles for the strength distribution along the diaphragm span shown
in Figure 4-10, an expression is derived for the L, / L ratio as given in (Eq. 4.17).
Smax _ aSmax L l1-«a (Eq 417)

p
= - = =
Ly Hp-1, L2

The approximation of a allows for a direct calculation of the L, / L ratio, as shown in the

derivation above. Using lower values for a will give larger L, / L ratios and subsequently higher
diaphragm ductilities: « = 0.7 gives L, / L = 0.15; a = 0.9 gives L, / L = 0.05. The experimental
cantilever test data for all 108 specimens with post peak data were reviewed and an approximated,
upper bound, and thus conservative @ = 0.85 and a = 0.75 for steel deck diaphragms with and
without concrete fill, respectively, was deemed most appropriate. The corresponding value of L, /
L 15 0.10. Calibration techniques for aS,,,, are offered as future work in Chapter 7.

It is also worth noting that diaphragms designed in practice can include zones with
variables fastener spacing along diaphragm spans, meaning lighter fastener spacing configurations
can be used towards the diaphragm midspan, where the shear demand is less, and heavier spacing
configurations can be used towards diaphragm ends, where shear demand is greatest. This can
cause increased inelastic deformation distributions along the diaphragm span giving a larger L,
and diaphragm ductility. Fastener spacings for this model are conservatively assumed constant
along the diaphragm span.

All variables for the system ductility calculation are now defined (Eq. 4.16), and diaphragm
system ductility, x«, and period dependent ductility factors, R,, using (Eq. 4.4) and (Eq. 4.5), are

calculated for each of the 95 specimens. These values are made available in Chapter 6.
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4.4 Summary

A method for calculating diaphragm design force reduction factors, Ry, using the ATC-19
method was described in this chapter. Equation 4.2 gives Ry as the product of a strength factor, Ro,
and a ductility factor, R,. The strength factor, Ro, is calculated as the maximum experimental
strength divided by a calculated design strength (Eq. 4.3). DDMO04 and AISI S310 give design
procedures used for the calculation of diaphragm design strength.

A method to convert subassemblage ductility, u.s, available from past cantilever tests, to
system ductility, x, for simply supported diaphragm models is described in Section 4.3.2. An
equation for diaphragm system ductility was derived and is given in (Eq. 4.16). Diaphragm system
ductility was shown to be dependent on variables defined from cantilever testing and the ratio of
the length of inelastic deformation distributions, L,, to diaphragm span, L (see Figure 4-4).
Considering both past experimental research (Cohen et al. 2004, Franquet 2009, Massarelli 2010)
and a bilinear approximation method, L,/ L was determined to be 10% for steel deck diaphragms
with and without concrete fill. Thus, equations for system ductility, ductility factors (Eqgs. 4.5 and
4.6), and subsequently diaphragm design force reduction factors (Eq. 4.2) are completely defined.
Chapter 6 reports these values for the 95 specimens identified with inelastic post-peak load-

deformation data available.
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S DIAPHRAGM STRENGTH AND STIFFNESS PREDICTIONS

Strength prediction equations available in DDMO04 and AISI S310 necessary for the
calculation of strength factors and subsequently diaphragm design force reduction factors are
described in this chapter. A strength prediction equation for steel deck diaphragms with concrete
fill, as proposed by Porter and Easterling (1988), is described in this chapter and recommended for
future use. An alternative stiffness equation to the current DDMO04 equation for steel deck
diaphragms with concrete fill is also proposed. The DDM04 and proposed equations are compared
to experimental results from an extensive experimental research program executed in the 1970s
and 1980s at Iowa State University, as discussed in Section 2.3.4. Diaphragm design resistance
and safety factors are also presented in this chapter. Although stiffness prediction equations are
not necessary for the calculation of R factors, they are included in this chapter nonetheless for

completeness.

5.1 Steel Deck Diaphragms without Concrete Fill — Shear Strength

DDMO04 identifies four limit states for steel deck diaphragms without concrete fill subject
to in-plane shear loads: edge fastener limit, interior panel fastener limit, corner fastener limit, and
stability limit. The first three of these limit states are controlled by either the deck bearing against
the fastener (e.g. yielding or slotting) or fastener failure (e.g. shear rupture or pull out). The less
common fourth limit state (stability limit) applies when plate-like shear buckling behavior occurs.
The minimum of these limit states is taken as a diaphragm’s nominal shear strength, expressed in
force/unit length. Note that shear strength limit expressions in DDMO04 are identical to those found
in AISI S310-13, despite slightly different notation. These limit states and nominal fastener

capacities are discussed in this section.
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5.1.1 Shear Strength Limit States

The edge fastener limit state described in DDMO04 refers to the steel deck diaphragm edge
panels, that is, the panel parallel and adjacent to a diaphragm’s perimeter framing members along
the span (i.e. length) of the steel deck panel. Edge panels will have structural fasteners along its
length on one edge of the panel and sidelap fasteners along its other edge. Structural fasteners are
also used at the ends of the panel. By taking a section of the edge most half of the edge panel, a
statics-based expression for nominal edge panel diaphragm strength per unit length dependent on

fastener strength and location, S., is derived as shown in Figure 5-1.
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Figure 5-1 Edge Panel Limit State Forces
P, Eq. 5.1
Sne = Cay + nya, + ne)%f (Eq )

X . . .
LXe , summation across entire panel width
w

O(1=

x, = distance from structural fastener at exterior support to panel centerline

w = panel width

n, = number of interior supports between panel ends
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Yx . . .
a, = =2, summation across entire panel width
w

xp = distance from structural fastener at interior supports to panel centerline
n, = number of structural fasteners along panel edge not into interior or exterior supports
P, s = structural fastener shear strength

[ = panel length (parallel to panel span between adjacent exterior supports)

Brittle behavior is assumed for diaphragm strength equations and the strength contribution
in the fasteners towards the panel centerline is scaled down proportional to the distance between
the fastener and the panel centerline (i.e. Py = Puf/Xer/(W/2)] in Figure 5-1). DDMO04 and AISI
S310 does however acknowledge that the progression of yielding for a panel in shear, assuming
adequate ductility, can allow for fasteners towards the panel width centerline to approach their full
capacity, P,. Distribution scale factors, a1 and ap, apply the scaled force assumption to the
structural fasteners along interior and exterior supports, respectively.

The interior panel fastener limit state, expressed as a nominal shear strength per unit
length, S, considers the nominal shear strength of an interior panel or edge panel controlled by
sidelap fastener nominal strengths. Figure 5-2 shows a free body diagram of an interior panel
subjected to shear forces. For the edge panel to control over the interior panel, the structural
fasteners at a panel’s longitudinal edge must have a total shear strength capacity less than that of
the sidelap fasteners. Because this condition rarely controls and is not indicative of common
construction practice, this limit state will be examined within the context of interior panels, and

not edge panels. By taking rotational equilibrium about the panel centerline, (Eq. 5.2) is derived.
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(Eq. 5.2)

= number of sidelap connections along panel span not into interior or exterior supports

The term B, is a factor that considers a total number of equivalent structural fasteners that

are effectively resisting shear force. Because of the tendency for a steel deck to locally buckle at

the panel’s corner fasteners, a corner fastener strength reduction factor, A, is applied as shown in

Figure 5-2. A further developed interior panel fastener shear strength per unit length expression is

then available:

Pnf
Sw = 24— 1) + B1 =
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A =number of fasteners in a single corrugation at a panel’s edge and into an exterior

support

_ _ DglLy
A=1 EYPW: > 0.7

D, = panel depth, in., see Figure 5-3

L,, = deck panel span between supports, ft. (L, =/ for spans with no interior supports)

t = deck thickness, in.

The corner fastener limit state considers shear forces in two, orthogonal directions at the
edge of an interior or edge panel at the panel’s end. Note that the corner fastener strength reduction
factor used in the interior panel fastener limit state addresses local buckling dependent on deck
geometries, and is separate from this corner fastener limit state. Instead, this limit state develops
an expression for the resultant force of a corner fastener undergoing shear load in two directions,
and allows for that resultant force to approach the corner fastener’s nominal strength. The resulting
expression yields (Eq. 5.4).

(Eq. 5.4)

N2p2
Snc = Pny I2NZ + B2

N = number of structural fasteners per unit width at a panel’s end

A stability limit defines the maximum shear strength a panel can obtain before undergoing
out of plane, flat plate-like shear buckling. This behavior mostly occurs when a panel with long
spans, L,, shallow depth, D4, and deck thickness, ¢, of gauges 26 and higher, using closely spaced
fasteners are used (Luttrell et al., 2015). Since this behavior only occurs for such specific
conditions atypical to most diaphragm construction, the stability limit generally represents an

upper bound steel deck strength capacity that rarely governs.
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7890 (13t3d\"*° (Eq. 5.5)
b = 2 ,kip/ft
v

s
L, , t as previously defined, ft.
I = panel moment of inertia per unit width, in.*/ft.

d = panel corrugation pitch, in. (see Figure 5-3)

s = panel corrugation developed width, in. (see Figure 5-3)

f\|<_ S d = width of single corrugation
We Magnified Az s = developed flute width of
¥\ Corrugation v single corrugation
—>| e |l —| e |<_ = 2e+w)+f
I d »|

Figure 5-3 Panel Profile with Corrugation Dimensions

It is worth noting that the condition of overlapping panels at panel ends (i.e. endlap), is not
considered in these limit states. No distinction is made in DDMO04 between fasteners going through
multiple sheets at exterior supports due to endlaps. Instead, a negligible difference between
nominal structural fastener capacity with or without the endlap condition is assumed for diaphragm

strength calculations.

65



5.1.2 Fastener Shear Strengths

AISI S310 provides several equations for nominal fastener strengths for many different
types of structural and sidelap fasteners and also includes a provision that allows for empirical
expressions developed from significant testing to govern fastener strength predictions. As such,
DDMO04 offers several alternative equations to AISI S310’s fastener strength equations. Since
SDI’s several editions of Diaphragm Design Manuals have been widely adopted and used prior to
the development of AISI S310, and because DDMO04 conforms to AISI S310 (AISI, 2013b), a
judgment was made to utilize the alternative fastener strength equations in DDMO04 where
available for diaphragm strength predictions used herein for Ry analyses. This section provides
fastener strength equations for the major types of structural fasteners (weld, weld with washer and
power actuated fastener) and sidelap fasteners (weld, screw, and button punch) used in the
calculation of predicted diaphragm strengths for the 95 diaphragm specimens of interest with post
peak behavior.

Arc spot welds as structural fasteners can be limited by the strength of either the sheet or
the deck. AISI S310 offers equations for the several different conditions that may control nominal
fastener strength for arc spot welds. The weld strength will not govern for welds with visible
nominal diameters of less than half an inch (assuming 60 ksi electrode strength classification), or
with sheet thicknesses outside of 24 guage to 16 gauge. Instead, sheet failure will govern. This
condition applies to the vast majority of welds used in steel deck diaphragms and all of the welds
included in diaphragm design within this research. The resulting governing equation for nominal
weld shear strength is (Eq. 5.6):

Structural fastener - arc spot weld:

Ppr = 2.2tF,(d —t) (Eq. 5.6)

t = base metal thickness (2*sheet thickness for overlapped sheets)
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d = visisble diameter of weld

F, = tensile strength of sheet

Welds with washers can be used as structural fasteners, especially when burning through
thinner sheets without properly attaching the deck to the steel support is of concern. AISI S310
specifies welds with washers to not be permitted as sidelap faster type. Nominal strength
predictions for welds with washers as structural fasteners is presented below.

Structural fastener — weld with washer:

Py = 99t(1.33d, + 0.3Ft) (Eq.5.7)

t = base metal thickness (2*sheet thickness for overlapped sheets), in.

d, = washer inner hole diameter, in.

F,, = weld tensile strength electrode classification, ksi

Power actuated fasteners offer several considerable construction and performance benefits
in comparisons to welds, as described in Section 3.2 and are only used as structural fasteners.
Because PAF strengths are dependent on the manufacturer’s fastener designs, there exists a
multitude of nominal PAF shear strength equations as outlined in DDMO04. The most common
PAF types used in diaphragm design for this research were the Hilti X-EDNK-22 and Hilti X-
ENP-19 L15 fasteners. The empirical expressions for these fasteners are (Eq. 5.8) and (Eq. 5.9),
respectively, with thickness ¢ in in.

Structural fasteners — PAF:

For support steel thickness between 1/8 in. and 3/8 in:

Pps = 52t(1 —t) , kip; for Hilti X-EDNK-22 fastener (Eq. 5.8)

For support thickness > 7 in. and sheet thickness, ¢, between 0.028 in. and 0.060 in.:

Pps = 56t(1 —1t), kip; for Hilti X-ENP-19 L15 fastener (Eq. 5.9)
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Sidelap screws are often used in conjunction with PAFs. This combination allows for a
diaphragm fastener system to be entirely comprised of mechanical fasteners, a desirable
construction feature for ease of labor and production speed. Because sidelap screws are often self-
drilling, no pre-drilled hole is necessary (this fastener type is often referred to as a self-tapping,
self-drilling screw). Softening behavior of sidelap screws occurs as the screw approaches its
capacity, and the overlapped sheets begin to separate as the screw starts to tilt. Sheet failure and
shear fracture of sidelap screws for thicker sheets is possible. AISI S310 captures these different
limits in a series of capacity equations. DDMO04 offers a simplified, empirical alternative equation
(Eq. 5.10) to AISI S310. While welds may offer higher strength, mechanical fasteners are desirable
for ease of construction purposes, and higher confidence in shear capacity. Button punches are
possible when panels include an interlocking geometry and are also implemented for their ease of
construction, but offer very limited strength as given in (Eq. 5.11). In fact, DDM04 supports the
conservative assumption to neglect a button punch’s shear strength.

Sidelap fastener — screw:

P,s = 115dt , kip (Eq. 5.10)

d = screw diameter, in.

t = base metal thickness of a single sheet, in.

Sidelap connection — button punch:

P,y = 240t*, kip (Eq.5.11)

t = base metal thickness of a single sheet, in.
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5.2 Steel Deck Diaphragms with Concrete Fill — Shear Strength

The information presented in Section 5.1 provided the basis for diaphragm strength design
of steel deck diaphragms without concrete fill, typical to roofing systems in steel framed buildings.
Limit states and strength prediction equations prescribed by AISI S310 and DDMO04 for steel deck
diaphragms with concrete fill (SDDCFs), characteristic of floor systems found in steel framed
buildings, are described in this section. Current assumptions made in predicting SDDCF shear
strength, a proposed alternative design method, and comparisons of predicted strengths to
experimental strengths are also discussed here. The experimental strength values are available
from the landmark Iowa State University testing program on SDDCFs (Porter and Easterling,

1988).

5.2.1 Shear Strength Limit States

When concrete is placed on top of a steel deck diaphragm, a number of positive influences
affect shear strength. Namely, steel deck out of plane deformations are restrained and diaphragm
strength capacity dramatically increases due to the concrete’s strength contribution, often times by
an order of magnitude. For this reason, the stability limit and the corner fastener strength reduction
factor, A, in the interior panel fastener limit state are no longer relevant. Instead, three major failure
mechanisms characterizing SDDCF strength are identified: diagonal tension failure, perimeter
fastener failure and shear transfer failure (Porter and Easterling, 1988).

Shear transfer failure is the least probable of the three limit states, as a set of unusual
construction conditions must apply. Shear transfer failure describes the failure of a SDDCF due to
separation of the concrete from steel deck. To create strong composite action, embossments are

rolled into the steel deck. Additionally, shear studs are the standard fasteners used in this system,

69



and allow for a direct load path between the structural frame and concrete, promoting composite
behavior at composite beam locations. Aside from these mechanical bonds, the chemical bond
between the concrete and deck allows for additional shear transfer strength.

For this failure mode to occur, an unusually large amount of structural fasteners must be
used without any shear studs, or other structural fasteners that allow for a direct mechanical
connection between steel frame and concrete fill (e.g. standoff screws). This ensures a strong
connection between deck and frame, but a weaker connection between deck and concrete. Test
setup configurations likely to exhibit this failure mode included specimens with 13 welds/m.
Specimens also subjected to gravity loads were less likely to fail in this fashion, due to normal
loads imposing additional shear resistance from increased deck-concrete friction (Neilsen, 1984).
Although this failure mode was investigated in the ISU program, it does not represent practical
construction and is excluded from the limit state equations of a SDDCF further examined in this
paper.

Perimeter fastener failure occurs when there is a fracture of structural fasteners that
transfer forces between the structural frame and the deck-concrete system. This failure results in
relative motion between the steel deck-concrete and the supporting steel beams. Steel deck sidelap
connection strength is of little importance since the majority of the shear is transferred through the
concrete and the deck-concrete bond prevents slip at sidelaps. The ISU program identifies a
diaphragm ‘edge zone’ over which shear forces are transferred to and from the steel frame (Porter
and Easterling, 1988). Structural fasteners to intermediate beams oriented perpendicular to
collectors can lie within this edge zone and contribute to the collector’s perimeter fastener shear
strength. The effects of connector force distributions at SDDCF perimeters are further analyzed in

Widjaja (1993). For the ISU program, which did not employ intermediate supports, perimeter
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fastener limit shear strength is calculated by summing the total strength of the structural fasteners
in both the depth and span dimension of the SDDCF, with the lesser value controlling.

Diagonal tension failure of a SDDCF occurs when the concrete placed on the steel deck
behaves as a deep concrete beam and fails through shear cracking. Adequate concrete cover must
be be provided to eliminate possible longitudinal cracks. Fire ratings typically govern the
minimum depth of the concrete and provide enough concrete cover to alleviate this concern.
Failure of the concrete will occur at a 45° angle to the diaphragm edge, initiating a diagonal crack.
This behavior is analogous to shear failure of concrete beams. Although steel reinforcement (e.g.
welded wire fabric for shrinkage and thermal effects) in the slab may impact shear strength, it is

not explicitly considered in strength predictions for SDDCFs.

5.2.2 Current Strength Equation
AISI S310 and DDMO04 provide a strength equation for SDDCFs, as shown in (Eq. 5.12).
The diaphragm shear strength, S, ppamos, is the summation of a steel deck connector contribution

and concrete fill contribution.

P.  kbd./f (Eq. 5.12)
Sn_ppmos = ki s + VAP ,Kip/ft.
- L 1000

[ = as previously defined in interior panel fastener limit state (Section 5.1.1)
P, s = shear strength of structural fastener, kip

L = panel length (between exterior supports), ft.

W1.5

585

, concrete strength factor

w = concrete unit weight, pcf

b = unit width, 12 in.
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d. = thickness of concrete slab above top deck corrugation, in.

f'. = concrete compressive strength, psi

The first term on the right hand side of (Eq. 5.12) represents the strength contribution from
the steel deck, as discussed for (Eq. 5.2), and is limited to 25% of the total strength. AISI S310’s
commentary mentions “a rational limit of 25%” is applied to account for concrete’s semi-brittle
failure which can limit deck strength contribution and avoid overstating the steel deck contribution
of SDDCEF strength (AISI, 2013b). The second term gives the concrete’s strength contribution
above the top flute of the deck. The product of unit width, b, and concrete cover, d., represents the
concrete cross sectional area per unit width subject to shear, with specified concrete compressive
strength, f’.. The structural concrete strength factor, &, is dependent on the unit weight of the
concrete mix. A second limit is described in DDMO04 that ensures acceptable available shear
strength from perimeter structural fasteners to develop the full strength, S, ppmos, as discussed in
the perimeter fastener failure mode. AISI S310 includes a user note that if headed shear studs are
used, then structural fastener strength, P, used in (Eq. 5.12) is to be calculated as an arc spot weld.
When checking the second limit of perimeter fastener failure, the shear strength of headed shear

studs is to be calculated as prescribed by AISC 360 (AISC, 2010).

5.2.3 Proposed Shear Strength Equation

The method described in Section 5.2.2 uses the same approach to calculate diaphragm
strength for SDDCFs as bare deck diaphragms. However, this implies assumptions that don’t
accurately represent the mechanics of shear load resistance in a SDDCF. The strength contribution

from the deck for a SDDCEF is dependent on the deck thickness and interfacial deck-concrete area
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available for shear transfer, and is not dependent on fastener strength. Thus, fastener strengths need
only to be calculated when checking the perimeter fastener failure mode. The concrete strength
contribution in (Eq. 5.12) characterizes the shear strength of the concrete placed above the top
flute. However, diagonal tensions cracks can pass through the concrete in the flutes therefore
contributing towards diaphragm strength, especially when deeper panels with gradual changes in
panel profile dimensions between top and bottom flutes are used.

To address these issues, a method for predicting SDDCF strength limited by diagonal
tension failure, as proposed in Porter and Easterling (1988), is recommended here. ACI 318-14
(Section 22.5.5.1; ACL,2014) defines a range of concrete shear strengths for beams without axial
force, as shown in (Eq. 5.13). The product of beam width, b, and depth, d, in (Eq. 5.13) represents

the beam cross sectional shear area, with 4 serving as a lightweight concrete factor.

Akb,,d f’C . (Eq. 5.13)
Ve acrsis = W:klp

k = concrete strength factor, ranging from 2 to 3.5

A = lightweight concrete factor

f'. = as previously defined in (Eq. 5.12)

b,, = beam width, in.

d = distance between compression face and centroid of reinforcing steel, in.

Porter and Easterling (1988) take a similar approach by idealizing a SDDCF as a deep,
horizontal beam and calculating an equivalent cross sectional shear area. The proposed SDDCF
shear strength equation, as reported by Porter and Easterling (1988), is given below (Eq. 5.14). A
semi-empirical value of 3.2 is given for the concrete strength factor, & (Porter and Easterling,

1988). The product of the average concrete thickness, z., and diaphragm width, b, represents the
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cross sectional area of the SDDCF subject to shear forces, as defined in the following. Note that

using a unit width (i.e. b = 12 in.) will result in SDDCF shear strength per unit length.

¢ Akt [f7, . (Eq. 5.14)
n_Proposed — 1000 ) lp/ .

k = concrete strength factor, 3.2

te = t. + tg: , equivalent total transformed thickness of concrete, in.

t, = Dd/ o+ d. , average concrete thickness (see Figure 5-4) with Dy and de previously
defined, in.

tar = Ngctea % , transformed thickness of composite deck with d and s as previously defined
in (Eq. 5.5), in.

E. .
Nge = E—S , shear modular ratio of steel deck to concrete
c

E, = elastic modulus of composite steel deck
E_. = elastic modulus of concrete fill
t.q = thickness of composite deck, in.

b, f', as previously defined in (Eq. 5.12)

Concrete Embossments| de 1

Note: average concrete fill
thickness, t., assumes area of
concrete fill in flute is equal to
area in adjacent ‘empty’
corrugation such that A; = A,

Figure 5-4 Steel Deck Panel Profile with Concrete Fill
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An equivalent average concrete thickness, f., is defined as the summation of the average
depth of concrete, #. (as shown in Figure 5-4), and an equivalent transformed concrete thickness,
tar, for the steel deck. The steel deck’s shear strength contribution is accounted for by converting
the composite steel deck thickness, 7.4, into an equivalent concrete thickness through a shear
modular ratio, ns.. The d /s term is a ratio that reduces the shear strength of a panel the more its
profile geometry diverges from its equivalent flat plate-like condition. Note that the S, proposed 1S

completely independent of fastener strengths.

5.2.4 Test to Predicted Comparisons

SDDCF predicted and experimental shear strengths for the specimens tested in the ISU
testing program that failed in diagonal tension cracking are evaluated in this section. Table 5-1
compares test and predicted strength values for the ISU SDDCF specimens that failed in diagonal
tensions cracking using the DDM04 equation (Eq. 5.12) and proposed equation (Eq. 5.14). Test-
to-predicted ratios are calculated by dividing the maximum experimental shear strength by the
predicted strength and are also given in Table 5-1 for both equations. Specimens are grouped by
whether studs were included. Average values are given for both groups individually, and a total
average for all specimens, regardless of fastener type, is presented at the bottom of Table 5-1.

Tabulated test and predicted strengths are graphically presented in Figure 5-5.
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Table 5-1 Test and Predicted Shear Strengths for ISU SDDCF Specimens
with Diagonal Tension Cracking Failure

Sest Predicted (kip/ft) Test / Predicted
Spec. ID i ‘;Sﬂ
( 1p ) SnﬁDDM04 SnﬁProposed SnﬁDDM04 SnﬁProposed
Welded
5 7.73 5.28 6.72 1.46 1.15
9 14.7 8.71 13.2 1.68 1.11
10 10.7 6.13 9.45 1.75 1.14
12 12.0 6.39 9.71 1.88 1.24
13 16.7 9.50 14.2 1.75 1.18
16 8.27 6.95 7.84 1.19 1.05
18 10.7 5.94 9.15 1.81 1.17
19 9.80 6.80 9.35 1.44 1.05
22 11.3 6.53 9.76 1.73 1.15
24 11.2 7.99 11.0 1.40 1.02
Average 11.3 7.02 10.0 1.61 1.13
Std. dev 2.56 1.25 2.14 0.21 0.06
Welds with Headed Shear Studs

1 11.2 8.28 11.7 1.35 0.96
2 12.4 8.37 11.6 1.48 1.07
25 12.0 7.80 11.5 1.54 1.05
26" 5.80 4.60 7.19 1.26 0.81
29 9.13 6.54 8.9 1.40 1.03
Avg. 10.1 7.12 10.2 1.41 0.98
Std. Dev. 2.43 1.42 1.83 0.10 0.09
Avg. Total 10.9 7.05 10.1 1.54 1.08
Std. Dev. Total 2.58 1.31 2.04 0.20 0.10

!Prediction calculated using lightweight concrete reduction factor of A = 0.75
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Figure 5-5 Test and Predicted Strengths for ISU SDDCF Specimens
with Diagonal Tension Cracking Failure

Strength predictions for SDDCFs using DDMO04 equations can give overly conservative
values, as shown in Table 5-1. Average test to predicted ratios for specimens without and with
studs using the DDMO04 method yield values of 1.61 and 1.41 respectively. In contrast, these
average ratios reduce to more accurate values of 1.13 and 0.98 respectively, if S, proposea i used
for prediction calculations. DDMO04 prediction equations can give overly conservative values, as
shown by an average test to predicted ratio for of 1.54 for all specimens. This ratio reduces to a
more accurate value of 1.08 when using eq. (6), marking a 46% improvement over the DDM04
prediction methods. It is also worth noting the standard deviation drops from 0.20 to 0.10 for all
specimens when using the proposed equation over the DDMO04 equation. Test to predicted ratios
approaching unity in combination with lower standard deviations indicate a more reliable
prediction method than DDMO04’s procedure. It is worth noting that the proposed equation is
validated for SDDCF’s with concrete compressive strengths ranging from 2400 to 6200 psi, with

the majority of specimens testing around 3800 psi.
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5.3 Steel Deck Diaphragms without Concrete Fill — Shear Stiffness

The shear stiffness term, G, of a steel deck diaphragm is an indicator of how much in-
plane deflection occurs when shear forces are applied. A process to predict shear stiffness of a
steel deck diaphragm is presented in both AISI S310 and DDM04. These documents introduce
three major sources of flexibility in a diaphragm: in-plane shear, warping of deck, and slip of
fasteners as represented by the first, second and third terms in (Eq. 5.15)’s denominator,
respectively. Note that the different sources of flexibility are assumed to be independent of each
other - an assumption not truly representative of the interdependent behavior of flexibility sources
exhibited in real steel deck shear deformation. This interdependency is being investigated by the
SDII Group and is outside the scope of this work.

~ Et (Eq. 5.15)
2(1+U)%+DH+C

Gl

E = Modulus of elasticity

t = sheet thickness

v = Poisson’s ratio

d = pitch of a single panel corrugation

s = developed flute width of a single panel corrugation

D,, = warping coefficient

C = fastener slip coefficient

Flat plate shear stiffness with a uniform thickness is defined by the classical mechanics
equation (Eq. 5.16) and expressed in force per unit displacement. Because a steel deck diaphragm
is not a continuous flat plate, (Eq. 5.16) must be modified. Steel deck diaphragm shear stiffness is
often an order of magnitude less than of continuous flat plates with the same thickness (Luttrell et
al., 2015). DDMO04 introduces the factor d /s (corrugation pitch divided by developed flute width
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as previously defined) that reduces the shear stiffness of a corrugated panel. If the deck has rigid
fasteners and only pure shear deformations are imposed (i.e. no deck warping), shear stiffness can

be expressed as (Eq. 5.17).

, Et (Eq. 5.16)
G =——
2(1+v)
o= Et d (Eq. 5.17)
T 2(1+v) s

E,t,v,d,s = As defined in (Eq. 5.15)

The warping coefficient, D,, reflects a steel deck panel’s tendency to relax in shear and
distort at panel ends. The warping action occurs through lateral displacement of a panel’s upper
flat (corresponding to dimension f'in Figure 5-3) and is referred to as lateral racking. When a panel
is not securely fastened at every corrugation, a panel can also undergo accordion like warping,
where the panel’s bottom flats no longer stay in-plane. The warping coefficient was developed by
Luttrell and included in the Steel Deck Institute’s Diaphragm Design Manual 1% Edition (DDMO1)
(Luttrell, 1981). The warping factor, D,, is related to D as shown in (Eq. 5.18) and is the result of
a fourth order differential equation accounting for the several possible degrees of freedom at a
panel’s end when subject to shear warping. The warping factor calculation is dependent on panel
profile geometry and the restraint conditions from the panel end structural fasteners. Because
warping assumes a fixed length of a panel’s end, longer deck panels will have less of a warping
contribution in the shear stiffness equation than its shorter equivalent panel as demonstrated by
(Eq. 5.18). Note that the warping constant has no units and requires that D and L be in the same
units. The support factor, p, accounts for the additional warping restraint that interior supports may
provide, effectively reducing the warping contribution accordingly. DDMO04 provides tables for p

and D for common panel types and fastening configurations. When unique fastener configurations
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or deck panels were used in the tested steel deck diaphragms used in this research, warping
constants were calculated as described in AISI S310 Appendix 1 (AISI, 2016b).

_pD (Eq. 5.18)
L

Dy

p = support factor

D = warping factor

L = total panel length (i.e. between exterior supports)

The slip coefficient, C, introduces another source of flexibility and reflects the stiffness
contributions of imperfect structural and sidelap fasteners. When a steel deck panel undergoes
shear, slip at sidelap fasteners or structural fasteners between the deck and supporting steel frame
can occur. The flexibility of the sidelap fasteners, Ss, and structural fasteners, Sy, is mostly
dependent on the fastener type and sheet thickness (flexibility for top arc seam side-lap welds
includes an additional term, L., to account for the length of the weld). AISI S310 provides
flexibility calculations for common fastener types, while DDMO04 provides flexibility calculations

for common proprietary fasteners.

(Eq. 5.19)

c (Et) 2L s
W 204 + npa, + ZnSS—f
S

w = panel width

Sy = structural fastener flexibility

Ss = sidelap fastener flexibility

L = total panel length (i.e. between exterior supports)
E, t as described in (Eq. 5.15)

a4, 0y, Ny, Ng as described in (Eq. 5.1)

pl
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5.4 Steel Deck Diaphragms with Concrete Fill — Shear Stiffness
5.4.1 Current Shear Stiffness Equation

Similar to DDM04’s SDDCF strength equation, AISI S310’s shear stiffness equation is the
summation of a steel deck term and concrete term, as shown in (Eq. 5.20). Although DDM04
directs its readers to AISI S310 for this equation, to stay consistent with previous text for SDDCF
strength equations, this shear stiffness equation will be referred to as the DDMO04 shear stiffness

equation, G ppumo4.

Et
2(1+u)%+c

Ks = 3.5d.(f' )", kip/in.

f' . dc as described in (Eq. 5.12)

t,s,and d as described in (Eq. 5.5), in.

E elastic modulus of steel deck, ksi

v, C as described in (Eq. 5.15)

The steel deck term (first term of summation in (Eq. 5.20)) is identical to the shear stiffness
equation for steel deck diaphragms without concrete fill (Eq. 5.15), except that the warping
coefficient, Dy, no longer applies, since the concrete placed on top of the deck restrains out of
plane deck deformations. The concrete’s shear stiffness contribution is reflected by the K term in
(Eq. 5.20). In (Eq. 5.20), K3 only considers the stiffness contribution of the concrete above the
flute of the steel panels with thickness d.. The concrete term follows classical mechanics stiffness
derivations for concrete material in shear and is a semi-empirical expression adjusted to fit test

data, hence the exponent value of 0.7 and the coefficient value of 3.5 (Mattingly, 2017).
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5.4.2 Proposed Shear Stiffness Equation

A few proposed modifications to the current G’ equation are discussed here. There are
several sources of flexibility that may contribute to an SDDCF’s shear stiffness. First, flexural
stiffness of the diaphragm chords and parallel structural members may contribute to G’, but the
effects are often considered negligible. In experiments, support movement of the test frame may
also contribute to flexibility, but published load-deformation data is often corrected to account for
these movements. The most significant contribution to G’ is due to the composite deck/concrete
system. There is also the potential for slip between the deck and the supporting steel frame due to
the structural fasteners’ flexibility, as captured in the fastener slip term, C. This effect may be more
prevalent for SDDCFs utilizing a light structural fastening configuration (not studs). The sidelap
fastener flexibility, however, will not contribute to slip between the deck and steel supports,
assuming adequate mechanical and chemical bonds of the deck to concrete. As such, a
modification to C to exclude sidelap flexibility term is suggested, as shown in (Eq. 5.21). A less
usual source of flexibility may occur from the deck-concrete interface de-bonding at a diaphragm’s
‘edge zone’. This behavior is only observed for diaphragms with an unusually large amount of
structural fasteners, not including shear studs as common to most SDDCFs, and is therefore not
considered further.

The concrete term in the DDMO04 equation, K3, only considers the concrete cover, d..
Instead, an average concrete thickness including a transformed thickness for the steel deck
contribution, z., as previously defined for the recommended SDDCEF strength equation, is used to
account for the shear stiffness contribution of the concrete and steel deck. The coefficient and
exponent in the modified concrete term, Ky, is calibrated to give best fit predictions to experimental

results from the ISU testing program. Because the steel deck contribution is now considered in Ky,
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it is no longer considered in the first term on the right hand side of the shear stiffness prediction

equation. The resulting proposed shear stiffness expression, G proposed, 1 shown below.

(Eq. 5.21)

, Et
Propsed — C_Z + K4

c _(Et) 2L s
27 \w 204 + npa; !

K, = 4.8te(f’c)0'5 , kip/in
E,t,w,L,aq,np, aq, S5 as defined in (Eq. 5.19)

te, f', as defined in (Eq. 5.20)

5.4.3 Test to Predicted Comparisons

Shear stiffness test and predicted values for all 32 SDDCF specimens tested in the ISU
program, regardless of failure mode or test setup configuration, are presented in Table 5-2.
Prediction values are reported using both the DDM04 and proposed equations and are graphically
presented in Figure 5-6. The coefficient and exponent in the concrete term was calibrated to give
best fit predictions to experimental results, as shown in Table 5-2, by an average test/predicted
ratio of 1.02 for all 32 specimens, in comparison to DDM04’s average value of 0.46, giving a 52%

more accurate prediction.
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Table 5-2 Test and Predicted Shear Stiffness for ISU SDDCF Specimens

G’ Test! Predicted (kip/in.) Test / Predicted
Spec. ID .
(klp/ln') G’DDM04 G’Proposed G’DDM04 G’Proposed
1 1520 3663 1547 0.42 0.98
2 1961 3662 1540 0.54 1.27
3 1131 3282 1505 0.34 0.75
4 1348 2745 1360 0.49 0.99
5 1708 2125 927 0.80 1.84
6 1891 7797 2452 0.24 0.77
7 1336 3706 1711 0.36 0.78
8 674 2665 1200 0.25 0.56
9 1345 3811 1877 0.35 0.72
10 1609 2525 1412 0.64 1.14
11 1770 3108 1490 0.57 1.19
12 1712 2636 1445 0.65 1.18
13 2021 4240 1993 0.48 1.01
14 1838 5647 2252 0.33 0.82
15 1132 2677 1123 0.42 1.01
16 921 2714 1131 0.34 0.81
17 1595 7458 2383 0.21 0.67
18 1582 2418 1374 0.65 1.15
19 930 2674 1400 0.35 0.66
20 1302 3678 1463 0.35 0.89
21 868 2776 1331 0.31 0.65
22 1654 2701 1509 0.61 1.10
23 1368 3569 1404 0.38 0.97
24 1657 3353 1585 0.49 1.05
25 1726 3323 1507 0.52 1.15
26 1592 3178 1295 0.50 1.23
27 1751 3051 1263 0.57 1.39
28 1582 3485 1382 0.45 1.15
29 1887 2509 1162 0.75 1.62
30 1535 3024 1316 0.51 1.17
31 1347 2944 1300 0.46 1.04
32 917 2325 1115 0.39 0.82
Avg. 1475 3421 1492 0.46 1.02
Std. Dev. 343 1274 350 0.14 0.28

!Taken as the secant stiffness at 40% of the maximum strength (see Figure 4-4)
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Figure 5-6 Test and Predicted Shear Stiffness for ISU SDDCF Specimens

Tested shear stiffness values ranged from approximately 600 to 2000 kip/in, with an
average value for all specimens equal to 1475 kip/in. The standard deviation for this group was
343 kip/in. When using the shear stiffness equation as prescribed by DDMO04, the average standard
deviation more than doubles. Using the DDMO04 shear stiffness equation for SDDCFs may then
understate in-plane diaphragm deflections when used in design. Using the proposed equation gives
more accurate test-to-predicted shear stiffness values, as shown by an average value of 1.02.
However, both the DDMO04 and proposed equations give significant scatter for test to predicted
ratios. This may be due to the difficulty of taking reliable measurement readings at small
displacements during testing.

Tested shear stiffness values are taken as the secant stiffness of the strength vs. shear angle
curve through a shear angle corresponding to 40% of the ultimate strength (see Figure 4-4). This
method, as prescribed by AISI testing procedures (AISI, 2013a), assumes that tested stiffness value
obtained falls within the elastic range of an experimental diaphragm specimen. As such,
measurement readings typically fall within very small displacements where readings may be less

reliable due to noise, instrumentation reliability, and more. It is common to see considerable
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variation in the test values for shear stiffness, making calibration of stiffness equations challenging.

Further testing of SDDCFs to investigate shear stiffness predictions equations is recommended.

5.5 Resistance Factors

Resistance factors for diaphragm design are presented in this section. The methodology used
to derive resistance factors and assumptions made are briefly discussed. This methodology,
outlined in AIST S310 and AISI S100, is followed to calculate resistance factors for the proposed
SDDCEF strength equation for the diagonal tension cracking failure mode using both prescribed
calibration factors and test data available from the ISU program. These calibration factors are
discussed and in many cases, concluded to be conservative. As such, they are slightly modified

and a second resistance factor for this failure mode is calculated.

5.5.1 Current Resistance Factors

Resistance factors, ¢, for steel deck diaphragms are specified in AISI S310, as summarized
in Table 5-3. Note that the recently published AISI S310 (AISI, 2016b) includes updated resistance
factors to those found in DDMO04. Resistance factors are prescribed dependent on loading type,
diaphragm type (concrete fill vs. no concrete fill) and fastener type. For diaphragms without
concrete fill, the governing resistance factor is further subcategorized as connection related, as
described by limit states Spe, Sui and Sy, or stability related, as described by limit state Sy
(discussion of these limit states is provided in Section 5.1.1). For diaphragms utilizing multiple
types of fasteners, the lower resistance factor for the different fastener types is to be used. Table

5-3 does not specify factors for mechanical fasteners other than screws. Instead, AISI S310 allows
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the resistance factor for PAFs and other mechanical fasteners to be no greater than that of screws.
Due to this note and the reliability of shear strength prediction equations for PAFs, an upper limit
of ¢ = 0.70 for steel deck diaphragm strength limited by PAF failure is used. For SDDCFs, a
resistance factor of 0.50 is set, regardless of loading type, connection type or governing limit state.

Other types of concrete fill (e.g. insulating fill) are outside the scope of this work.

Table 5-3 AISI S310 Resistance Factors for Steel Deck Diaphragms (LRFD)

Load Type Connection ¢, No Concrete ¢, No Concrete ¢, Concrete Fill

Type Sne, Sni, Snc Sllb
Weld 0.55
Earthquake 0.80 0.50
and Others Screw 0.70
] Weld 0.75
Wind 0.80 0.50
Screw 0.80

Resistance factors for Load and Resistance Factored Design (LRFD) are traditionally
specified for the failure mode of a specific structural component (e.g. ¢ = 0.9 for tension yielding
on gross sections of structural steel members per AISC 360). A limitation when prescribing
diaphragm ¢ dependent solely on fastener type and load type is that it does not distinguish between
the different failure modes that a fastener may fail in. For example, AISI S100, North American
Specification for the Design of Cold-Formed Steel Structural Members, gives ¢ = 0.60 for a
welded structural fastener controlled by failure of the weld, as is common for thicker decks with
smaller sized welds (AISI, 2016a). Conversely, a welded structural fastener with a thinner deck
and larger weld area may have steel deck buckling or tearing as the controlling failure mode, in
which case ¢ = 0.70 or 0.55 is used. Furthermore, several resistance factors for different weld

types can be employed in steel deck diaphragms, such as welds with washers or seam welds as
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structural fasteners, fillet welds or top seam welds as sidelap fasteners, and more. This emphasizes
that the generalized diaphragm resistance factors in Table 5-3 may be conservative.

The resistance factors presented in Table 5-3 are derived using (Eq. 5.22). The calibration
factors used in determining diaphragm resistance factors are available in Table 5-4. The
professional factor, Py, is calibrated to full scale diaphragm test data available from Luttrell
(1967), Luttrell (1981), Ellifritt and Luttrell (1971), Luttrell (2004) and Bagwell (2008) (AISI,
2016b). The calibration factor, Co, and the coefficient of variation of load effect, Vp, are dependent

on dead load (D) to live load (L) ratios assumed for a specific load case.

_ 2 2 2. 2 (Eq. 5.22)
¢ = C¢(MmFum)e Bo\/VM‘FVF +CpVp+Vj

= R

bn = ZRH- /n
‘ n,i
=1

R, ; = tested diaphragm strength

(Eq. 5.23)

R, ; = predicted diaphragm strength

Vp = Sc / p_ where s is the standard deviation of Ry; divided by R, for
m

all the test results

Cp = (1+1/n)m/(m-2) forn 24, withm=n - 1

Table 5-4 AISI S310 Calibration Factors for Steel Deck Diaphragms (LRFD)

g;arlf(ﬁ?ogﬁ Co Vo Mm Vm Fm VF Vp n Cr Pm
Welds 0.10 . 0.10 | 0.188 | 88 1.035 | 1.008
Screws 1.6 0.25 | 1.10 | 0.08 0.05 | 0.145 | o6l 1.051 | 1.162
SDDCF 0.10 | 0.90 | 0.10 | U/A? | U/A* | U/A? | U/A?

"Welds, screws refer to fastener type for diaphragms without concrete fill
2U/A = unavailable
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The mean value of material factor, M,,, and coefficient of variation of material factor, Vi,
represent uncertainties and variations for materials used in construction. The mean value of
fabrication factor, F,,, and coefficient of variation of fabrication factor, VF, are analogous to M,
and ¥V, and correspond to uncertainties in the construction process in contrast to the ‘as-designed’
condition. Note that F;, < 1.0 is unusual, and suggests that SDDCFs are systematically constructed
in a manner that does not meet specified design requirements (Schafer, 2017). The correction
factor, C,, amplifies the coefficient of variation of test results, V», and serves to encourage
manufacturers to increase number of tests.

The target reliability index, B, = 3.5, is used for all resistance factors in Table 5-3 except
for diaphragm conditions controlled by connections subject to wind loading, in which case £, =
2.5 was used (AISI, 2013b). S, = 3.5 is typically used for cold-formed steel connections, giving
lower ¢ values than if 5, = 2.5, typical to cold-formed steel structural members, were used. AISI
S310-16 commentary describes the derivation of resistance factors to be controlled by the
dominant limit state which is connection related (with the exception being the buckling, or stability
limit state, Sy», for steel diaphragms without concrete fill). This implies that procedures to develop
¢ factors for diaphragm strength, and subsequently the calibration factors, treat the diaphragm as
a connection (Schafer, 2017). This is conservative in nature, as the redundancy from multiple
connections and the potential for load redistribution for ductile diaphragm behavior may allow for
a load-sharing network.

Chatterrjee (2016) investigates the contrasts between single component reliability (e.g.
single fastener in a diaphragm) and network level reliability (e.g. diaphragm system composed of
several fasteners), and emphasizes the conservative nature of resistance factor derivations as
embodied in high target reliability indices. Capturing whether a system will fail due to component

failure, as often idealized as a ‘weak-link’ system, or if the system has adequate redundancy,
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ductility and redistribution capabilities for multiple load paths, can be difficult to capture in design,
especially for larger diaphragms with several components (Chatterrjee, 2016). Galambos (1990)
gives several reasons as to why the current approach for calculating resistance factors may be

conservative, including:

1. Connection reliability may be an order of magnitude larger than for members
2. Added strength of non-structural components contribute to system
3. Overdesign as a consequence of material availability, conservative modeling,

conservative load assignments, and more

As such, reliability studies accounting for conservative design considerations and the
redundancy of multiple connections in steel deck diaphragms are recommended, similar to

Chatterjee’s (2016) investigation of an oriented strand board (OSB) sheathed diaphragm.

5.5.2 Resistance Factor for Steel Deck Diaphragms with Concrete Fill

AISI S310 allows for calibration of safety factors in accordance with AISI S100, either
through small scale individual fastener tests or full scale diaphragm tests, as described in the
previous section, providing sufficient data is considered. These procedures were followed to
calculate a resistance factor for SDDCFs controlled by diagonal tension cracking using the
proposed equation, S, Proposed, and the ISU test data for the 15 test specimens failing in the diagonal
tension failure mode. Note that if a diaphragm is controlled by the perimeter fastener limit state,
an appropriate resistance factor for the shear strength of the connection should be used (e.g.
SDDCFs limited by perimeter fastener failure of steel headed stud anchors subjected to shear in

should use ¢ = 0.65, as specified in ASIC 360, Eq. (I8-3) (AISC, 2010). A few calibration factors
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are modified from those given in AISI S310, and an ‘adapted’ resistance factor is calculated, as
shown in Table 5-5.

Because calibration factors considered for SDDCFs are limited by both the fasteners and
the concrete slab, a worst case target reliability index, B, = 3.5, is assigned to the current resistance
factor in AISI S310. However, for the proposed shear strength equation constrained to the diagonal
tension failure mode, concrete failure will be the limiting condition. Therefore, §, = 3.5 may no
longer be appropriate. Instead, diagonal tension failure is treated as a member limit state rather

than a connection limit state. As such, AISI S100 specifies a §, = 2.5 (AISI, 2016a).

Table 5-5 SDDCF Calibration and Resistance Factors for Diagonal
Tension Cracking Failure Limit State (LRFD)

Calibration
Method C@ VQ Mm VM Fm VF VPl nl (:P1 Pm1 2 ﬁO (D
AISI S310 3.5 1 0.58
1.6 | 0.25 | 1.10 | 0.10 | 0.90 | 0.10 | 0.095 | 15 | 1.24 | 1.08
Adapted 2.5 10.79
'Using ISU test data

2Using Su_proposea for predicted diaphragm strength

The resulting calculated resistance factors using ISU test data for the AISI S310 and
adapted AISI S310 method yields values of 0.58 and 0.79 respectively. The corresponding safety
factors are Q =2.74 and Q = 2.01, respectively. This is considerably higher than the generalized ¢
=0.50 for all SDDCFs (AISI, 2016b). It is worth noting that AISI S310 limits calculated resistance
factors to ACI 318 values, where ¢ = 0.75 and ¢ = 0.60 for concrete diaphragms with and without
supplemental reinforcement, respectively. Considering this limitation and assuming concrete
diagonal tension cracking failure to be a member limit state (i.e. f, = 2.5), tentative resistance

factors for SDDCFs are selected as given in Table 5-6. Further reliability studies are recommended
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to evaluate whether calibration factors as given by AISI S310 are appropriate, before conclusively

proposing resistance factors for SDDCFs.

Table 5-6 Resistance Factors for Diagonal Tension Cracking and
Perimeter Fastener Limit States (LRFD)

. - .. | Resistance
Reference Diaphragm Condition Limit State Fasian &
AISC 360 Shear studs at p 0.65
(AISC, 2010) composite beams '
ACI 318-14 Without supplemental
(ACI, 2014) reinforcement DT 0.65
ACI 318-14 With supplemental
(ACI, 2014) reinforcement DT 0.75

P = perimeter fastener limit state, DT = diagonal tension cracking limit state
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6 DIAPHRAGM BEHAVIOR CHARACTERIZATION AND Rs FACTORS

Diaphragm load-deformation behavior for several past experimental subassemblage tests
is discussed in this chapter, with special attention to inelastic post-peak deformations. Available
load-deformation plots from the literature were digitized to allow unification of units, comparison
between groups of specimens, and further analysis. A subset of 108 cantilever tests for which post-
peak data was available is presented in the following section. These subassemblage tests are
indicative of diaphragm behavior, and provide key parameters necessary for system ductility
calculations, and subsequently diaphragm design force reduction factors, R,. Subassemblage
diaphragm test results are presented, and the influence of certain test variables on the load-
deformation behavior is discussed. Finally, diaphragm design force reduction factors, calculated
using the procedure outlined in Chapter 4, are presented. Appendix A contains summary sheets
with general information of test setups, calculated design strengths, and test results for all

specimens used to calculate R; factors.

6.1 Test Results of Subassemblage Tests
6.1.1 Specimens without Concrete Fill

While behavior of diaphragms can be influenced by a multitude of variables, four major
groups were identified for diaphragm specimens without concrete fill, dependent on the
combination of structural fastener type and sidelap fastener type used. Table 6-1 presents the
results for steel deck diaphragm subassemblage tests subjected to monotonic loading as grouped
by the structural fastener type / sidelap fastener type combination. Figure 6-1 shows plots of the
associated data. Note that vertical lines towards toward maximum reported shear angles in the

load-deformation curves correspond to unloading curves and not necessarily brittle failure.
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Methods for determining test results reported for subassemblage tests were defined in Section 4.3.1
(see Figure 4-2).

The unit shear strength of the diaphragm specimens, Syax, were mostly in the range of 0.75
k/ft to 2.5 k/ft. Three research programs tested higher capacity diaphragms (Pinkham 1999; Martin
2002; and Beck 2008, 2013a, 2013b) which included specimens with unit shear capacity as large
as 6.68 k/ft. Strength and stiffness of diaphragms is highly dependent on the fastener spacing and
deck type. However, it is not the intent of this research to study strength and stiffness of steel deck
diaphragms without concrete fill which have been previously characterized (Luttrell et al., 2015).

Instead, this research focuses on quantifying the ductile behavior of these specimens.

1 1
Martin 2002
0.8[ Wt 0.8r
in 200
0.61 1
0.61 o
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E “ ]
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0.2 . h Essa et al. 2003
\V/\4/ Essa et al. 2003
Beck 2013b ol

/
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4 5 6

3
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c.) Structural Fastener: Weld, Sidelap Fastener: Screw d.) Structural Fastener: Weld, Sidelap Fastener: Weld

Figure 6-1 Subassemblage Behavior of Monotonically Loaded Steel Deck Diaphragms
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Table 6-1 Test Results for Specimens Tested Monotonically and Grouped

by Structural Fastener Type / Sidelap Fastener Type

Reference Spec. G’ Smax Yy Yuit Subassemblage
ID k/in k/ft Rad*1000  Rad*1000  Ductility, psuw

PAF / Screw; n' =22

Martin 2002 19 24.2 1.14 3.93 14.8 3.76
Martin 2002 30 99.4 1.60 1.34 13.0 9.68
Martin 2002 32 130 2.36 1.51 10.7 7.12
Essa et al. 2003 5 15.7 0.76 4.02 12.5 3.11
Essa et al. 2003 17 22.9 0.99 3.61 11.6 3.22
Yang 2003 39 12.0 0.77 5.37 18.5 3.44
Yang 2003 43 15.4 0.92 4.94 15.8 3.20
Yang 2003 44 14.9 0.72 4.01 13.1 3.25
Bagwell 2007 7 12.0 0.49 3.42 10.2 2.98
Bagwell 2007 8 13.5 0.53 3.29 5.14 1.56
Bagwell 2007 9 3.05 0.40 10.8 33.2 3.06
Bagwell 2007 10 35.5 0.49 1.16 16.8 14.5
Bagwell 2007 11 44.7 0.45 0.83 12.3 14.8
Bagwell 2007 17 89.2 2.50 2.34 4.19 1.79
Beck 2008 63 60.7 2.04 2.80 12.3 4.39
Beck 2008 64 67.8 3.06 3.76 12.1 3.20
Beck 2008 65 85.2 3.95 3.87 11.3 2.93
Beck 2013a M 01 70.1 4.05 4.81 15.2 3.16
Beck 2013a M 02 70.4 3.81 4.51 14.4 3.20
Beck 2013a M 03 54.9 6.07 9.21 20.5 2.22
Beck 2013b S 02 61.1 3.45 4.70 13.7 2.91
Beck 2013b S 03 51.4 4.05 6.57 14.8 2.25
Average 47.9 2.03 4.13 13.9 4.53
Std. dev. 33.5 1.58 2.35 5.52 3.62
Weld / BP*; n' = 8

Pinkham 1999 32 75.7 3.15 3.47 10.3 2.96
Pinkham 1999 34 11.0 1.43 10.8 29.9 2.76
Pinkham 1999 36 16.4 2.45 12.4 28.3 2.28
Martin 2002 37 24.9 0.86 2.87 8.06 2.81
Essa et al. 2003 1 11.8 0.54 3.82 7.49 1.96
Yang 2003 41 10.5 0.63 4.96 15.0 3.02
Yang 2003 47 5.24 0.50 7.88 17.6 2.23
Yang 2003 49 7.07 0.58 6.89 17.8 2.58
Average 20.3 1.27 6.65 16.8 2.58
Std. dev. 21.7 0.94 3.31 8.02 0.36

'n = number of tests in respective group
2“BP”for button punch
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Table 6-1 (b) Test Results for Specimens Tested Monotonically and Grouped
by Structural Fastener Type / Sidelap Fastener Type

Reference Spec. G ’ Smax Yy Yuit Subas.s.ernblage
ID k/in K/ft rad*1000  rad*1000  Ductility, psu

Weld / Screw; n' =11

Pinkham 1999 50 167 6.19 3.09 10.7 3.46
Pinkham 1999 51 81.5 3.00 3.07 16.7 543
Pinkham 1999 52 12.4 0.95 6.40 21.1 3.30
Pinkham 1999 53 55.6 1.58 2.37 11.5 4.85
Pinkham 1999 54 48.6 1.90 3.25 11.2 343
Pinkham 1999 R54 34.9 2.12 5.06 16.0 3.16
Essa et al. 2003 11 19.1 1.23 5.35 12.4 2.33
Essa et al. 2003 15 22.0 1.30 493 18.8 3.81
Bagwell 2007 12 10.3 1.41 11.4 14.7 1.29
Bagwell 2007 13 57.4 1.05 1.52 N/A? N/A?
Bagwell 2007 14 32.3 1.88 4.86 8.95 1.84
Average 49.2 2.05 4.66 14.2 3.29
Std. dev. 42.6 1.42 2.54 3.71 1.20
Weld / Weld; n' = 14

Pinkham 1999 31 119 4.83 3.37 12.6 3.74
Pinkham 1999 33 120 4.82 3.34 15.2 4.54
Pinkham 1999 35 80.1 3.60 3.75 154 4.12
Pinkham 1999 37 127 2.82 1.85 10.5 5.70
Pinkham 1999 38 14.8 1.62 9.10 29.3 3.22
Pinkham 1999 39 81.4 3.32 3.40 9.54 2.81
Pinkham 1999 40 167 6.68 3.33 14.2 4.27
Pinkham 1999 41 80.5 3.22 3.33 16.1 4.83
Pinkham 1999 42 13.3 1.51 9.46 21.3 2.26
Pinkham 1999 43 70.0 2.42 2.88 7.04 2.45
Pinkham 1999 44 31.5 3.13 8.28 16.4 1.98
Martin 2002 22 27.0 2.20 6.79 12.2 1.79
Essa et al. 2003 9 13.1 0.81 5.16 15.5 2.99
Essa et al. 2003 10 13.1 0.98 6.27 12.6 2.01
Average 68.5 3.00 5.02 14.9 3.34
Std. dev. 493 1.57 2.42 5.22 1.17

! n = number of tests in respective group
2Post peak-force deformations did not reach strength degradation 80% of Smax

There is a marked difference in ductility between specimens with mechanical structural
fasteners as compared to specimens with welds to the support. Figure 6-la shows load-
deformation behavior of diaphragm specimens with PAF structural fasteners. The average
subassemblage ductility for this group was 4.53. Groups employing welded structural fasteners

had lesser average subassemblage ductilities of 2.58, 3.29 and 3.34 for button punch, screw and
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welded sidelap types, respectively. This suggests that the diaphragm ductility is considerably more
sensitive to the type of structural fastener used (PAF vs. weld) than the type of sidelap fastener
used. The variation was especially large for specimens with PAF structural fasteners, as
demonstrated by the scatter in Figure 6-1a and a standard deviation of 3.62. There are several
sources that may contribute to the highly variable subassemblage ductilities for these grouped
specimens, including deck thickness, deck geometry, fastener failure mechanisms and more. These
sources, their effect on diaphragm ductility and the associated diaphragm behavior are further
examined in Section 6.2.

Figure 6-2 and Table 6-2 show data from similar specimens as the monotonically tested
groups, but subjected to cyclic loading. The curves in Figure 6-2 represent the backbone curves
specific to the quadrant of the hysteretic data where the peak strength was reached. Because cyclic
degradation typically reduces the peak strength reached in the reversed cycle, backbone curves
normally correspond to the first quadrant. The average ductility value for the PAF/Screw and
Weld/BP groups reduced by 39% and 41% to 2.75 and 1.53, respectively. Strength degradation
associated with cyclic loading causes a reduction in the available ductility of the diaphragm
system. However, the trends described above are still applicable in that specimens with

mechanical structural fasteners demonstrate more ductility than specimens with welds.
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Table 6-2 Test Results for Specimens Tested Cyclically and Grouped
by Structural Fastener Type/Sidelap Fastener Type

Spec. G’ Stnax Yy Yult Subassemblage

Reference 1D kip/in kip/ft  Rad*1000  Rad*1000  Ductility, pan
PAF/Screw; n' =21
Martin 2002 28 12.1 0.96 6.62 13.1 1.97
Martin 2002 29 15.3 0.92 5.02 6.54 1.30
Martin 2002 31 65.3 1.81 2.31 10.1 4.37
Martin 2002 33 114 2.40 1.75 9.89 5.66
Martin 2002 34 24.7 1.16 3.90 11.9 3.04
Martin 2002 35 26.5 1.18 3.71 5.90 1.59
Essa et al. 2003 8 16.2 0.85 4.38 13.1 2.98
Essa et al. 2003 18 26.3 1.07 3.39 13.5 4.00
Yang 2003 38 23.1 1.03 3.73 13.1 3.50
Yang 2003 40 10.6 0.88 6.95 15.2 2.19
Beck 2008 S 03 72.3 3.96 4.56 14.6 3.20
Beck 2008 S 04 44.9 3.43 6.37 15.3 2.41
Beck 2008 S 05 46.1 3.48 6.29 14.2 2.26
Beck 2008 S 06 73.5 4.33 4.92 13.6 2.76
Beck 2008 S 07 59.6 2.08 2.90 11.0 3.79
Beck 2008 S 08 45.6 1.93 3.53 5.80 1.64
Beck 2013a C ol 48.7 4.11 7.03 13.3 1.88
Beck 2013a co02 61.6 3.93 5.31 12.9 2.42
Beck 2013a co3 57.2 5.77 8.42 20.2 2.40
Beck 2013b S 02C 58.4 3.47 4.95 12.4 2.50
Beck 2013b S 03C 49.5 4.09 6.88 14.3 2.08
Average 45.3 2.52 4.90 12.4 2.76
Std. dev. 25.1 1.47 1.71 3.30 1.02
Weld/BP*; n' = 6
Martin 2002 20 16.8 0.67 3.33 5.04 1.51
Martin 2002 21 15.2 0.93 5.11 6.51 1.27
Martin 2002 36 14.0 0.67 3.99 5.82 1.46
Essa et al. 2003 2 12.3 0.52 3.50 5.06 1.44
Yang 2003 42 11.2 0.70 5.18 12.2 2.36
Yang 2003 48 4.20 0.48 9.47 10.9 1.15
Average 12.3 0.66 5.10 7.60 1.53
Std. dev. 4.06 0.15 2.08 2.88 0.39
Weld/Screw n' =2
Essa et al. 2003 14 | 18.3 0.884 4.02 8.04 2.00
Essa et al. 2003 16 16.0 1.30 6.77 12.6 1.86
Weld/Weld; n' = 4
Martin 2002 23 33.0 2.35 5.94 13.1 2.20
Martin 2002 24 26.7 2.27 7.09 10.0 1.40
Essa et al. 2003 12 14.0 0.71 4.25 11.1 2.62
Essa et al. 2003 13 11.2 0.89 6.58 13.1 2.00
Average 21.2 1.55 5.97 11.8 2.06
Std. dev. 8.94 0.76 1.07 1.35 0.44

! n = number of tests in respective group
2”BP” for button punch
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Figure 6-2 Subassemblage Behavior of Cyclically Loaded Steel Deck Diaphragms

6.1.2 Specimens with Concrete Fill

A very limited amount of experimental research is available for SDDCFs, in comparison
to specimens without concrete. Considering this research’s interest in post-peak behavior, the data
set of interest for SDDCFs is even more limited, as many programs only tested up to the ultimate
diaphragm strength. The ISU research program includes 32 specimens with concrete fill subjected

to post-peak deformations (Porter and Easterling, 1988), and is identified as the benchmark
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program for this study on SDDCF ductility behavior characterization. Of the 32 tests, 20 complete
load-deformation hystereses were obtained and digitized (specimens 11-30).

Note that the loading protocol for these specimens included large post-peak displacement
steps (Porter and Easterling, 1988). A cyclic envelope rather than the traditional peak-to-peak
backbone would better capture the shape and behavior of the hysteretic curve, and was therefore
used. Figure 6-3 gives normalized cyclic envelopes corresponding to the quadrant in which peak
strength was obtained, which was the 1% quadrant for all specimens analyzed. SDDCF specimens
were grouped as to whether studs were used. If shear studs were not used, arc spot welds fastened
the deck to support, often in a very heavy fastener configuration where up to four welded structural
fasteners were in a single flute. This is atypical of construction practices and often resulted in the
impractical shear transfer mechanism failure mode.

Table 6-3 and Figure 6-3 presents the test results. The three limit states as described in
Section 5.2.1 are included in Table 6-3 for comparison. Specimens 11 through 24 shown below
did not include headed shear studs and were reported to experience all three limit states. In several
cases, this group reported multiple failure modes for a single specimen, usually a combination of
the shear transfer failure and perimeter fastener failure modes. Slip between the deck and concrete,
or ‘interfacial’ slip, characteristic of shear transfer failure is prevalent for both of these limit states.
That is, specimens classified with perimeter fastener failure can have interfacial slip not limiting
the maximum tested strength. Diaphragms without studs failing in the perimeter fastener mode
were inspected post-test to observe the condition of the welds (Porter & Easterling, 1988). If no
weld failure was observed, such as weld rupture or deck bearing on weld, then the shear transfer
mechanism was conclusive. However, for specimens with a considerable amount of welds failing,
a combination of perimeter fastener and shear transfer failure modes were determined. That is due

to the possibility of welds failing in the post-peak deformation range where the shear transfer
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Table 6-3 Subassemblage Steel Deck Diaphragms with Concrete Fill
Grouped by Structural Fastener Type (Porter and Easterling, 1988)

< . Failure G’ Snax Yy Vuit Subassemblage
pee Mod' Kip/in Kip/ft Rad*1000  Rad*1000  Ductility, paw
Welded; n' = 14
11 S 1770 6.34 0.30 2.25 7.53
12 DT 1710 12.1 0.59 2.30 3.92
13 DT 2020 16.8 0.69 2.23 3.23
14 S 1840 14.0 0.64 5.64 8.85
15 S/DT 1130 6.84 0.50 2.41 4.78
16 DT 920 8.01 0.73 2.39 3.29
17 S 1600 9.70 0.51 5.61 11.1
18 DT 1580 10.7 0.56 2.27 4.03
19 DT 1820 16.5 0.76 1.06 1.40
20 S/P 1300 6.21 0.40 2.25 5.65
21 S/P 870 8.16 0.78 2.56 3.27
22 DT 1650 10.5 0.53 2.09 3.95
23 S/P 1370 7.09 0.43 5.29 12.3
24 DT 1330 11.2 0.71 2.96 4.20
Average 1490 10.3 0.58 2.95 5.53
Std. dev. 338 3.44 0.14 1.39 3.08
Welds with Headed Shear Studs; n' = 6
25 DT 1730 12.0 0.58 2.26 3.92
26 DT 1590 5.80 0.30 1.35 4.45
27 P 1751 6.07 0.29 1.38 4.76
28 P 1580 7.98 0.42 1.41 3.37
29 DT 1890 9.00 0.40 1.24 3.13
30 P 1530 7.69 0.42 1.37 3.27
Average 1670 8.09 0.40 1.50 3.82
Std. dev 131 2.06 0.09 0.34 0.62

!DT = Diagonal tension cracking, P = Perimeter fastener failure, S = Shear transfer mechanism failure

S
/Smax

0 0
0 5 10 15 20 0 5 10 15 20 25
y/ Yy A//Wy
a.) Structural Fastener: Weld b.) Structural Fastener: Headed Shear Stud & Weld
Figure 6-3 Subassemblage Behavior of Cyclically Loaded Steel Deck Diaphragms with
Concrete Fill
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failure mode already limited the peak strength, proving assessment of a single failure mode to be
not possible.

Shear studs ensure a strong composite connection between supporting steel frame and
concrete fill which makes the shear transfer mechanism failure mode inapplicable. SDDCFs
including shear studs (specimens 25, 26, 27, 28, 29, 30) failed either in diagonal tension cracking
(specimens 25, 26, 29) or perimeter fastener failure (specimens 27, 28, 30), although the difference
in terms of ductility was not substantial. Specimens reported as failing due to the shear transfer
mode (e.g. 11, 14, 17) exhibited some of the largest ductilities. Conversely, specimens reported as
experiencing diagonal tension cracking exhibited some of the smallest ductilities (e.g. 12, 13, 16,
18, 19, 24).

The average shear stiffness reported for SDDCFs with headed shear studs is 1670 kip/in.
This marks an increase of approximately 7500% in shear stiffness compared to the weld/weld
group cyclically tested without concrete fill, demonstrating the dramatic increase in shear stiffness
due to the concrete fill. Average shear strengths and ductilities are also considerably larger for
SDDCFs than their steel deck without concrete fill counterparts. For example, the SDDCFs with
headed shear studs had an average ductility smaller than the specimens with no studs, but still
exhibited an average subassemblage ductility of 3.82. This accounts for 38% increase in ductility
from the group with the highest average ductility of the cyclically tested groups (i.e. PAF structural
fasteners / screwed sidelap). A more in depth examination of the influence of several tests

parameters on diaphragm behavior is available in the following section.
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6.2 Effects of Certain Test Variables

General discussion on behavior was provided to compare the different classified groups to
each other. While the combination of structural and sidelap fastener type was identified as the
major classification for diaphragms without concrete fill, there are numerous variables that could
have effected a specimen’s behavior. This notion also applies to SDDCFs grouped on whether or
not shear studs were used. This section intends to discuss the sources for such varied results of the
previously classified groups, as shown by high standard deviations in Tables 6-1, 6-2 and 6-3.
Variables identified to have a significant influence on a specimen’s load-deformation results, with

a focus on post-peak behavior and ductility, are specifically discussed here.

6.2.1 Power Actuated Fasteners and Arc Spot Welds

Two common deck to support fastener types include arc spot welds and power actuated
fasteners. While PAFs typically offer less shear strength in comparison to an arc spot weld, the
failure mechanisms for a PAF can allow for more ductile diaphragm behavior. Often, softening at
sidelap connections allow for a redistribution of shear loads throughout the diaphragm, effectively
increasing the demand on the structural fasteners. When PAFs are used, deck slotting can occur,
especially for thinner deck. This will result in more ductile behavior than if the connections were
to abruptly fracture, a failure mechanism more common to welded structural fasteners.

PAFs are commonly used in combination with sidelap screws, where screw tilting can
occur. Sidelap screw tilting and deck slotting contribute to the ductile, yet pinched, hysteretic
behavior for this type of system (for example, see Figure 6-4). For thicker decks, when tension
pullout does not control, it is possible to see brittle fracture of the sidelap screws or PAFs control
the ultimate strength, giving behavior with reduced ductility. For example, Beck (2008) Specimen

65 used 18 gauge deck and failed due to PAF shear fractures at endlaps (i.e. two overlapping
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sheets, four at corners). However, at increasing post-peak shear angles, the activation of further
sidelap screw tilting/opening and deck slotting still provided for a subassemblage ductility of z¢us

= 2.93 (Beck, 2008).
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Figure 6-4 PAF and Sidelap Screw Specimen [adapted from Beck (2008]

Figure 6-4a gives the load-deformation behavior for Beck 2008 Specimen S-07, where
screw sidelap softening occurred prior to reaching the ultimate load limited by deck slotting of the
22 gauge deck against the PAF. Post-peak deformations were controlled mostly by excessive
sidelap opening and PAF slotting, giving a subassemblage ductility usu.s = 3.79 (Beck, 2008).
Figure 6-4b shows deck slotting, sidelap opening, and even tearing of the PAF through the edge
of the sheet at an overlapped structural fastener for the same specimen. When fastening multiple
sheet overlaps into the steel support with a PAF, shear forces can cause edge tearing or tension

pullout of fasteners.
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Specimens with welds to the supports experienced limit states such as fracture and sheet
tearing at welded connections, and slip at the sidelaps. Diaphragms with structural welds often
used button punch sidelap connection that rely only on friction of the mechanical crimp. Due to
the mechanical nature for this type of connection, there is no post-failure activation that may
contribute towards ductile diaphragm behavior, contrasting diaphragms that use sidelap screws.
Once failure of the structural welds occurred, often in rapid succession causing an ‘unzipping’
effect, there was a steep loss of load carrying capacity. It is shown, therefore, that ductility for
welded diaphragms is not as sensitive to the type of sidelap fastener used. Although there are slight
gains in ductility with mechanical sidelap fasteners, once failure occurs at support welds, sidelap
fasteners are often not as relevant.

In an effort to isolate the effect of fastener type on ductility, a subset of 15 specimens was
identified where the only major variable was the type of structural fastener used. All 15 specimens
in this group included typical 1.5B roof deck with thicknesses 0f 20 or 22 gauge, deck span lengths
between structural supports (L,) of 5 ft, 36/4 structural fastener spacing configuration (i.e. 12 in.
spacing o.c.), and monotonic loading. Table 6-4 gives the ductility for each specimen, grouped by
structural fastener type (weld vs. PAF). Each specimen is given an index number, and the

ductilities are graphically depicted in Figure 6-5.
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Table 6-4 Ductility Comparison — Power Actuated Fasteners and Welds

Reference Spec. Index Sub. Ductility, Reference Spec. Index Subassemblage
ID No. Wsub ID No. Ductility, tsus
Power Actuated Fastener' Arc Spot Weld'
Martin 2002 19 1 3.76 Pinkham 1999 36 7 2.28
Essa et al. 2003 5 2 3.11 Martin 2002 37 8 2.81
Essaetal. 2003 17 3 3.22 Essa et al. 2003 1 9 1.96
Yang 2003 39 4 3.44 Essa et al. 2003 9 10 2.99
Yang 2003 43 5 3.20 Essaetal. 2003 10 11 2.01
Yang 2003 44 6 3.25 Essaetal. 2003 11 12 2.33
Yang 2003 41 13 3.02
Yang 2003 47 14 2.23
Yang 2003 49 15 2.58
Average 3.33 2.47
Std. Dev. 0.22 0.44

Structural fastener type

— Avg. Usup = 2.47 B PAF
B Weld

Subassemblage Ductility, 4.

Index No.

Figure 6-5 Ductility Comparison of Structural Fastener Types

The 9 specimens using arc spot welds as structural support fasteners had an average
subassemblage ductility s = 2.47 with a standard deviation ¢ = 0.44. When PAF structural
fasteners were used, ductility for the 6 grouped specimens increased by 35% to a value of ps» =

3.33. This is consistent with the trends observed in previous discussion, where ductility increases
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when PAFs are used instead of welds. The low standard deviation for this group of ¢ = 0.22

reinforces the notion that diaphragms using mechanical fasteners result in consistent behavior.

6.2.2 Deck Thickness, Profile Geometry and Fastener Spacing

Selecting a thicker gauge steel will typically give higher shear strengths for steel deck
diaphragms. Exceptions include diaphragms with fasteners that are not properly fastened through
the thicker material at overlapping sheets. Welds through multiple sheets can have reduced
effective weld diameters if the welding procedure is not adjusted to account for thicker sheets.
This is especially true for endlaps, since the same welding procedure for a single sheet thickness
is commonly used for the entire diaphragm. Similarly, for PAFs, fastener pullout may apply when
multiple sheets are fastened by a single fastener.

For example, Pinkham (1999) Specimen 54 included 10 ft long panels, connected at
endlaps to cover a length of 20 ft (Figure 6-6a). Thicker sheet material (r = 0.0480 in.) was used
with structural weld fasteners that lacked proper penetration to the supports, most likely at the
endlap, resulting in a steep drop in load at the peak strength and a subassemblage ductility of uus
= 3.43 (Martin, 2017). The same specimen was rewelded and tested as specimen R54, yielding a
subassemblage ductility of 3.16. Because of adequate weld penetration, deck deformations allowed
for more gradual post-peak strength degradation. Note that the decrease in ductility for specimen
R54 with adequate weld penetration is a result of a smaller yield shear angle from the less stiff,
retested specimen and is not necessarily characterized by the post-peak deformations alone, as

shown in Figure 6-6b.
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a.) Load-Deformation data for Pinkham 1999 Spec. 54 b.) Load-Deformation data for Pinkham 1999 Spec. R54

Figure 6-6 Effect of Inadequate Weld Penetration on Thicker Decks

The effects of different deck thicknesses and fastener spacings on ductility warrants a
separate discussion. To isolate deck thickness as a variable, a group of specimens were identified
with 1.5B deck, deck span length L, = 5 ft, and monotonic loading as constants. To observe the
influence of fastener spacing on ductility, this group was further subcategorized dependent on a
36/7 (10 specimens) or 36/4 (14 specimens) structural fastener spacing configurations. Whether
welds or PAFs were used as structural fasteners is also noted. Deck thickness, fastener spacing and
ductility for each of these specimens is reported in Table 6-5. Plots of the associated data are

available in Figure 6-7.

108



Table 6-5 Ductility Comparison - Deck Thicknesses and Fastener Spacing

Reference Spec. t Usub Reference Spec. ¢ Usub
1D (in.) 1D (in.)

Power Actuated Fastener’ Arc Spot Weld®
by | Martin 2002 30 0.0276 9.68 Pinkham 1999 35 0.031 4.12
é Martin 2002 32 0.0346 7.12 Pinkham 1999 51 0.031 5.43
;5} Beck 2013b S-03  0.0350 2.25 Pinkham 1999 31 0.036 3.74
o~ | Beck 2013 M-01 0.0465 3.16 Pinkham 1999 32 0.036 2.96
& Pinkham 1999 33 0.036 4.54
Pinkham 1999 50 0.048 3.46

Power Actuated Fastener’ Arc Spot Weld®
Yang 2003 39  0.0276 3.44 Yang 2003 41  0.0280 3.02
Yang 2003 43 0.0283 3.20 Yang 2003 47  0.0291 2.23
%o | Yang 2003 44 0.0283 3.25 Essa et al. 2003 1 0.0300 1.96
'§ Essa et al. 2003 5 0.0300 3.11 Essa et al. 2003 9 0.0300 2.99
& | Martin 2002 19  0.0346 3.76 Essa et al. 2003 10 0.0300 2.01
< | Essaet al. 2003 17 0.0360 3.22 Essa et al. 2003 11 0.0300 2.33
i Essa et al. 2003 15 0.0300  3.81
Martin 2002 37  0.0339 2.81
Yang 2003 49  0.0343 2.58
Pinkham 1999 36  0.0360 2.28

ISteel deck thickness; specimens arranged in order of increasing deck thickness for each group
2Structural fastener spacing configuration
3Structural fastener type

Ductility vs. Deck Thickness Ductility vs. Deck Thickness
10 A

3 4 A PAF 5 ¢ A

3 . < A, R
S8t Weld 5

2 2 . 4
g A g’ .,

Q Q

5 6 F =
A’ . 8 S : S

[ * [
=2t . 4 = A PAF
£ . TN £

3 | N 51 ¢ weld

g S
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Deck Thickness (in.) Deck Thickness (in.)

a.) Specimens with 36/7 structural fastener spacing b.) Specimens with 36/4 structural fastener spacing

Figure 6-7 Ductility Comparison — Deck Thicknesses and Fastener Spacing

Specimens with thinner decks using a stronger fastener spacing configuration (e.g. 36/7
instead of 36/4) exhibited larger ductilities, likely due to ductile deck deformations contributing
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more towards diaphragm behavior than fastener failure. This is especially true for specimens using
PAFs. For example, Martin 2002 Specimens 30 and 32 used 20 and 22 gauge decks with a 36/7
PAF structural fastener configuration and experienced some of the largest ductilities (usu» = 9.68
and uqp = 7.12, respectively). Conversely, specimens in this group with thicker deck experienced
lower ductilities.

When considering the lighter 36/4 fastener configuration, deck thickness did not noticeably
influence diaphragm ductility, since fastener failure is more likely to contribute to diaphragm
behavior than ductile deck deformations (Figure 6-7b). Because of this and the scatter of the
limited data points, no conclusive relationship was determined between deck thickness and
ductility for the lighter 36/4 fastener configuration. It is shown that a definitive range of ductilities
between 1.96 and 3.81 is defined for 36/4 fastener spacings (Figure 6-7a). This range of
subassemblage ductilities increases between 2.25 and 9.68 when considering the 36/7 fastener
spacing suggesting increased ductility for diaphragms with smaller fastener spacings (this is most
notable for thinner decks, as previously discussed and shown in Figure 6-7a). It is particularly
noted that trends for higher ductilities when using PAF structural fasteners are consistent in these
groups.

Deck profile geometry can also influence the warping of panels at panel ends. Deep deck
profiles are used for the increased flexural resistance to gravity loads and often cover large spans.
This increased flexural resistance often comes at a cost of in-plane shear stiffness, because deeper
decks are more prone to lateral racking and shear distortions from in plane forces. The use of deep
deck cellular profiles, where a flat sheet is attached to the bottom of the corrugated section, can
increase the steel deck shear stiffness. Bagwell and Easterling (2008) studied deep deck and
cellular deck wherein specimens 10 and 11 were 7.5 in. deep. Although these are not typical deck

sections, they demonstrate that cellular deck can have large subassemblage ductility (uss = 13.6
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and 13.8) because they mitigate limit states associated with deck warping and buckling in favor of
deformations at the support fasteners. In contrast, Bagwell and Easterling (2008) Specimen 9 used

a similar deck without a flat sheet attached to the panel, resulting in a 77% decrease in ductility

(lUsub = 3.06).

6.2.3 Shear Studs

The inclusion of shear studs as a structural fastener for SDDCFs can dramatically influence
diaphragm behavior. Shear studs provide a direct load path to and from the concrete and supporting
steel frame and promote strong composite behavior. Perhaps the most influential aspect of using
shear studs is the mitigation of the shear transfer failure mode, as previously discussed. SDDCFs
with shear studs are therefore limited to perimeter fastener failure and diagonal tension cracking.
Two distinct ranges of ductility are observed for SDDCFs dependent of failure mode and are

depicted in Figure 6-8.

— AVE. jty = 7.63 m DT or P Failure

M Including S Failure
(multiple failure
modes possible)

/— Avg. g, =3.61

*Specimens 25 — 30
include shear studs

DT = Diagonal tension cracking
N - a—— P = perimeter fastener
S = shear transfer mechanism

Subassemblage Ductility, ..,

12 13 16 18 19 22 24 25 26 27 28 29 30 11 14 15 17 20 21 23
Specimen ID

Figure 6-8 SDDCF Ductility Comparison — Failure Modes
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Specimens failing in either diagonal tension (DT) cracking or perimeter fastener failure
mode (P) had an average subassemblage ductility of 3.61 with a standard deviation of 0.80.
Specimens 25 — 30 included shear studs. However, the influence of the shear studs on ductility is
not clear, as ductility trends for specimens failing in either DT or P are consistent regardless if
shear studs were used. For specimens failing in the shear transfer failure mode (S), there was a
moderate drop in post-peak strength and subsequently higher ductilities. This is due to gradual
deterioration and slip of the deck-concrete interfacial layer at increasing displacements, in contrast
to sudden drops in load characteristic of diagonal tension cracking and perimeter fastener failure.
Specimens reported to have failed only in the shear transfer failure mode (Specimens 11, 14, 17)
experienced the largest subassemblage ductilities (7.53, 8.85, 11.1). As discussed earlier, this
failure mode is not practical for design applications, and R, values are calculated only for the
specimens not failing in shear transfer.

Oher test variables are known to influence the strength and stiffness of SDDCFs, namely
concrete compressive strength and concrete fill thickness. No conclusive trends between ductility
and these variables were observed. Considering the shear transfer failure mode to be impractical,
a well-defined range of subassemblage ductility between 3.13 and 4.76 is acknowledged for
SDDCFs regardless of fastener types used. The sample size for SDDCFs that failed in diagonal
tension that included headed studs is five specimens, only three of which were found to include
complete load-deformation behavior. For this reason, further experimental research for this system

utilizing studs is recommended.
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6.3 Diaphragm Design Force Reduction Factors

Diaphragm design strengths are calculated in accordance with AISI S310 and DDM04, and
allow for comparison to experimental strengths through the R factor needed for Ry calculations.
Appendix A includes summary sheets of all the relevant input needed for the calculation of design
strengths, as well as the corresponding subassemblage load-deformation data. The results in this
section are grouped in the same manner as presented in Section 6.1. Note that the subset of 108
specimens with post-peak deformation data previously analyzed is reduced to 95 specimens. This
reduction in data set is due to a number of specimens having irregularities not typical to
conventional diaphragm construction. These irregular diaphragms include cellular deck
diaphragms without concrete fill (Bagwell 2008, Specimens 10, 11, 13, 14, and 17), a retested
specimen (Pinkham 1999, Specimen R54) and SDDCFs with failure modes including the shear
transfer failure modes (Porter and Easterling 1988, Specimens 11, 14, 15, 17, 20, 21, and 23).

Table 6-6 and Table 6-7 present strength factors Ro, system ductilities x, ductility factors
R, and finally diaphragm design force reduction factors, R,, for monotonic and cyclic loading
respectively. The method used for calculating these variables is presented in Chapter 4. R;
calculations assume inelastic deformations concentrate at diaphragm ends equivalent to 10% of
the span (i.e. L, /L =0.10) for steel deck diaphragms with and without concrete fill.

Essa et al. (2003) specimens 9, 10, 12 and 13 and Pinkham (1999) specimens 31-39 all
include longitudinal standing seam sidelap welds that give relatively high sidelap fastener shear
strength predictions with poor experimental diaphragm strength correlation; R for the majority of
these specimens were comparatively low. There are a number of fabrication and construction
considerations that draw to question the quality of these types of welds. Consider a welder standing
over the standing seam of a sidelap connection. For this type of weld to reach its predicted values,

a close interlock between the overlapping sheets is assumed. When the welder stands over the
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sidelap seam, the interlocking panels undergo flexure and tend to separate, making quality
assurance difficult. Deck fabrication widths must also be fabricated carefully such that the
terminating, male edge of the deck profile is tall enough to properly fit within the interlocking,
female edge of the adjacent deck to allow for a reliable weld (see dimension Ay in Figure 6-9).
Martin (2002) specimens 22, 23 and 24 all include sidelap welds that utilize washers. This type of
connection is now specified by AISI S310 to only be included in diaphragm construction as

structural fasteners.

SIS
St

S
=

>

Cross Section
Vertical Leg

Figure 6-9 Standing Seam Sidelap Weld (AISI, 2016a)

Essa et al. (2003) specimens 15 and 16 included welds with washers as the structural
fastener type. Specimens 11 and 14 included arc spot welds as structural fasteners. All four
specimens had the same deck thickness, fastener spacings and sidelap connection types. Ro factors
for specimens 15 and 16 were both 0.84, while specimens 11 and 14 were 1.36 and 0.98. This
could suggest that the fastener nominal strengths for welds with washers are high or that the
reliability of making a proper weld for this type of connection is low. Lower R, values for weld

with washer structural fasteners are consistent with lower Rq trends. R values for mechanically
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fastened diaphragms trend in the same direction as previously discussed, with higher average

values for ductility, ductility factor, and Ry then the remaining groups.

Table 6-6 System Ductilities, Strength Factors, Ductility Factors and R, for Monotonically
Loaded Steel Deck Diaphragm Specimens

Reference Spec. Yy Yin M Ra R, R, R; Rs
D rad*1000 rtad*1000 LongT Med. T LongT Med T
PAF/Screw; n' =19
Martin 2002 19 3.93 10.9 2.10  1.15 2.10 1.79 2.42 2.06
Martin 2002 30 1.34 11.6 447 1.00 447 2.82 4.46 2.81
Martin 2002 32 1.51 9.22 345 1.23 3.45 2.43 4.25 2.99
Essa et al. 2003 5 4.02 8.48 1.84  0.95 1.84 1.64 1.74 1.55
Essa et al. 2003 17 3.61 8.00 1.89 1.01 1.89 1.67 1.90 1.68
Yang 2003 39 5.37 13.1 1.98  0.88 1.98 1.72 1.73 1.50
Yang 2003 43 4.94 10.8 1.88 1.10 1.88 1.66 2.06 1.82
Yang 2003 44 4.01 9.04 1.90  0.86 1.90 1.67 1.63 1.44
Bagwell 2007 7 3.42 6.79 1.79 1.34 1.79 1.61 2.41 2.16
Bagwell 2007 8 3.29 1.85 1.23  0.88 1.23 1.20 1.08 1.06
Bagwell 2007 9 10.8 223 1.82  0.82 1.82 1.63 1.50 1.33
Bagwell 2007 10 | Cellular deck
Bagwell 2007 11 | Cellular deck
Bagwell 2007 17 | Cellular deck
Beck 2008 63 2.80 9.49 236 133 2.36 1.93 3.13 2.56
Beck 2008 64 3.76 8.29 1.88  1.65 1.88 1.66 3.10 2.74
Beck 2008 65 3.87 7.45 1.77  1.61 1.77 1.59 2.85 2.56
Beck 2013a M 01 4.81 10.4 1.86  1.47 1.86 1.65 2.74 2.43
Beck 2013a M 02 4.51 9.93 1.88 1.34 1.88 1.66 2.53 2.23
Beck 2013a M 03 9.21 11.2 1.49  0.99 1.49 1.41 1.48 1.40
Beck 2013b S 02 4.70 8.98 1.76  1.13 1.76 1.59 1.99 1.79
Beck 2013b S 03 6.57 8.20 1.50 1.41 1.50 1.41 2.12 2.00
Average 4.55 9.80 205 117  2.05 1.72 2.37 2.01
Std. dev. 2.23 3.73 0.72  0.25 0.72 0.35 0.87 0.55
Weld/BP*; n' = 8
Pinkham 1999 32 3.47 6.81 1.78  1.35 1.78 1.60 2.42 2.17
Pinkham 1999 34 10.8 19.1 1.70  1.02 1.70 1.55 1.74 1.59
Pinkham 1999 36 12.4 15.9 1.51 1.43 1.51 1.42 2.16 2.04
Martin 2002 37 2.87 5.19 1.72  1.09 1.72 1.56 1.88 1.71
Essa et al. 2003 1 3.82 3.67 1.38  0.87 1.38 1.33 1.21 1.16
Yang 2003 41 4.96 10.1 1.81  0.90 1.81 1.62 1.62 1.45
Yang 2003 47 7.88 9.72 1.49  0.89 1.49 1.41 1.32 1.25
Yang 2003 49 6.89 10.9 1.63  0.83 1.63 1.51 1.35 1.25
Average 6.65 10.2 1.63  1.05 1.63 1.50 1.71 1.58
Std. dev. 3.31 4.89 0.14 0.22 0.14 0.10 0.40 0.35

'n = number of tests in respective group
2“BP”for button punch
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Table 6-6 (b) System Ductilities, Strength Factors, Ductility Factors and R Factors for
Monotonically Loaded Steel Deck Diaphragm Specimens

Reference pEC w Vi s s R, R, i i
D rad*1000 rtad*1000 LongT Med. T LongT Med T

Weld/Screw; n' = 8
Pinkham 1999 50 3.09 7.61 1.98 1.27 1.98 1.72 2.52 2.19
Pinkham 1999 51 3.07 13.6 277 094 277 2.13 2.61 2.01
Pinkham 1999 52 6.40 14.7 1.92  0.69 1.92 1.68 1.33 1.17
Pinkham 1999 53 2.37 9.13 254 089 254 2.02 2.27 1.80
Pinkham 1999 54 3.25 7.92 1.97 091 1.97 1.72 1.79 1.55
Pinkham 1999 54R | Retested specimen
Essa et al. 2003 11 5.35 7.08 1.53  1.36 1.53 1.44 2.08 1.95
Essa et al. 2003 15 4.93 13.8 212 084 2.2 1.80 1.79 1.52
Bagwell 2007 12 11.4 3.27 .11 0.99 1.11 1.11 1.10 1.10
Bagwell 2007 13 | Cellular deck
Bagwell 2007 14  Cellular deck
Average 4.98 9.64 1.99  0.99 1.99 1.70 1.94 1.66
Std. dev. 2.94 4.03 052  0.22 0.52 0.32 0.54 0.40
Weld/Weld; n' = 14
Pinkham 1999 31 3.37 9.24 2.10 1.01 2.10 1.79 2.13 1.81
Pinkham 1999 33 3.34 11.8 242  1.01 2.42 1.96 2.44 1.98
Pinkham 1999 35 3.75 11.7 225 089 225 1.87 2.01 1.67
Pinkham 1999 37 1.85 8.67 288 077  2.88 2.18 2.20 1.67
Pinkham 1999 38 9.10 20.2 1.89  0.65 1.89 1.67 1.23 1.09
Pinkham 1999 39 3.40 6.14 .72 0.72 1.72 1.56 1.23 1.12
Pinkham 1999 40 3.33 10.9 231 136 231 1.90 3.13 2.58
Pinkham 1999 41 3.33 12.8 253 1.00 2.53 2.01 2.53 2.02
Pinkham 1999 42 9.46 11.9 1.50 0.83 1.50 1.42 1.25 1.17
Pinkham 1999 43 2.88 4.16 1.58  0.68 1.58 1.47 1.08 1.00
Pinkham 1999 44 8.28 8.08 1.39  1.12 1.39 1.33 1.56 1.50
Martin 2002 22 6.79 5.36 .32 1.03 1.32 1.28 1.35 1.31
Essa et al. 2003 9 5.16 10.3 1.80  0.56 1.80 1.61 1.01 0.90
Essa et al. 2003 10 6.27 6.34 1.40 041 1.40 1.34 0.58 0.56
Average 5.02 9.83 1.93  0.86 1.93 1.67 1.70 1.46
Std. dev. 242 3.90 047 0.24 0.47 0.28 0.69 0.52

'n = number of tests in respective group

The average strength factor for the PAF/Screw monotonic group was 1.17, while the
remaining groups with structural welds had lower values of 1.05, 0.99 and 0.86. This indicates that
strength predictions for diaphragms using mechanical fasteners are conservative in comparison to
diaphragms utilizing structural welds. The average strength factor value of 0.86 corresponds to
diaphragms with welded sidelaps, where the sidelap predicted strengths may be overstated, as

previously discussed.
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Table 6-7 System Ductilities, Strength Factors, Ductility Factors and R, Factors for Steel
Deck Diaphragm Specimens — Cyclically Loaded

Reference Spec. Yy Yin H Ro Ry Ry R, R,
D rad*1000 rad*1000 Long T Med. T Long T Med. T
PAF/Screw; n' =21
Martin 2002 28 6.62 6.43 1.39 1.16 1.39 1.33 1.60 1.54
Martin 2002 29 5.02 1.52 .12 1.11 1.12 1.11 1.25 1.24
Martin 2002 31 2.31 7.79 235 1.3 2.35 1.92 2.65 2.17
Martin 2002 33 1.75 8.14 2.86 1.26 2.86 2.17 3.61 2.74
Martin 2002 34 3.90 7.96 1.82  1.17 1.82 1.62 2.13 1.90
Martin 2002 35 3.71 2.18 1.24 1.19 1.24 1.21 1.47 1.45
Essa et al. 2003 8 4.38 8.67 1.79  1.01 1.79 1.61 1.81 1.63
Essa et al. 2003 18 3.39 10.2 220 1.14 2.20 1.84 2.50 2.10
Yang 2003 38 3.73 9.32 2.00 1.03 2.00 1.73 2.06 1.79
Yang 2003 40 6.95 8.30 1.48 0.98 1.48 1.40 1.45 1.38
Beck 2008 S 03 4.56 10.0 1.88  1.30 1.88 1.66 2.44 2.16
Beck 2008 S 04 6.37 8.97 1.56 1.48 1.56 1.46 2.32 2.16
Beck 2008 S 05 6.29 7.95 1.51 1.50 1.51 1.42 2.26 2.13
Beck 2008 S 06 4.92 8.64 1.70 141 1.70 1.55 2.41 2.19
Beck 2008 S 07 2.90 8.11 212 1.35 2.12 1.80 2.85 2.42
Beck 2008 S 08 3.53 2.27 1.26 1.26 1.26 1.23 1.58 1.55
Beck 2013a co1 7.03 6.22 1.35 149 1.35 1.31 2.02 1.95
Beck 2013a co02 5.31 7.55 1.57 1.39 1.57 1.46 2.18 2.03
Beck 2013a co3 8.42 11.8 1.56 0.94 1.56 1.46 1.47 1.37
Beck 2013b S 02C 4.95 7.43 1.60 1.14 1.60 1.48 1.82 1.69

Beck 2013b S 03C 6.88 7.40 143 1.43 1.43 1.36 2.04 1.95

Average 4.90 7.47 1.70  1.23 1.70 1.53 2.09 1.88
Std. dev. 1.71 2.54 041 0.17 0.41 0.25 0.54 0.38
Weld/BP*; n' = 6

Martin 2002 20 3.33 1.71 1.21  1.06 1.21 1.19 1.28 1.26
Martin 2002 21 5.11 1.40 .11 1.19 1.11 1.10 1.33 1.32
Martin 2002 36 3.99 1.82 1.18  0.63 1.18 1.17 0.74 0.73
Essa et al. 2003 2 3.50 1.56 1.18  0.82 1.18 1.16 0.96 0.95
Yang 2003 42 5.18 7.06 1.54 1.01 1.54 1.45 1.56 1.46
Yang 2003 48 9.47 1.46 1.06  0.86 1.06 1.06 0.91 0.91
Average 5.10 2.50 1.21  0.93 1.21 1.19 1.13 1.11
Std. dev. 2.08 2.04 0.16 0.18 0.16 0.12 0.28 0.26
Weld/Screw; n' =2

Essa et al. 2003 14 | 402 4.02 1.40 0.98 1.40 1.34 1.37 1.31
Essa et al. 2003 16 6.77 5.81 1.34  0.84 1.34 1.30 1.12 1.09
Weld/Weld; n' = 4

Martin 2002 23 5.94 7.15 148 1.11 1.48 1.40 1.64 1.55
Martin 2002 24 7.09 2.87 1.16 1.06 1.16 1.15 1.23 1.22
Essa et al. 2003 12 4.25 6.89 1.65 0.53 1.65 1.52 0.87 0.80
Essa et al. 2003 13 6.58 6.56 1.40 0.37 1.40 1.34 0.52 0.50
Average 5.97 5.87 142  0.77 1.42 1.35 1.07 1.02
Std. dev. 1.07 1.74 0.18 0.32 0.18 0.13 0.42 0.40

'n = number of tests in respective group
2“BP”for button punch
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Average R, values (medium period) for cyclically tested diaphragms without concrete were
1.88, 1.11 and 1.02 for the PAF/Screw, Weld/BP and Weld/Weld groups respectively. This is
consistent with monotonically tested diaphragms and further reiterates the positive influence on

ductile diaphragm performance when mechanical fasteners are used.

Table 6-8 Strength, Ductility and Rs Factors for Specimens with Concrete Fill using
DDM04 Strength Equation

Spec. Failure Yy Yin H Ro’ Ry Ry R, R,
1D Mode!  rad*1000 rad*1000 LongT Med. T LongT Med. T
Welds; n’ =7
12 DT 0.59 1.71 2.17  2.09 2.17 1.83 4.52 3.81
13 DT 0.69 1.54 1.89  2.55 1.89 1.67 4.82 4.25
16 DT 0.73 1.66 1.92 1.26 1.92 1.68 2.42 2.13
18 DT 0.56 1.71 2.21 1.87 2.21 1.85 4.13 3.45
19 DT 0.76 0.30 1.16 1.50 1.16 1.15 1.74 1.72
22 DT 0.53 1.56 2.18 1.96 2.18 1.83 4.27 3.59
24 DT 0.71 2.26 228 1.71 2.28 1.89 3.90 3.23
Average 0.65 1.53 1.97 1.85 1.97 1.70 3.69 3.17
Std. Dev. 0.08 0.55 0.36  0.39 0.36 0.238 1.07 0.85
Welds with Headed Shear Studs; n=6
25 DT 0.58 1.69 2.17  2.09 2.17 1.83 4.52 3.81
26 DT 0.30 1.05 238 1.26 2.38 1.94 3.00 2.44
27 P 0.29 1.09 2.51  3.10 2.51 2.00 7.76 6.20
28 P 0.42 0.99 1.95 0.75 1.95 1.70 1.47 1.28
29 DT 0.40 0.85 1.85 1.40 1.85 1.64 2.58 2.29
30 P 0.42 0.95 1.91 0.62 1.91 1.68 1.19 1.05
Average 0.40 1.10 213  1.54 2.13 1.80 3.42 2.85
Std. Dev. 0.09 0.27 0.25 0.84 0.25 0.14 2.22 1.75
Total Average 0.54 1.33 2.04 1.70 2.04 1.75 3.56 3.02
Total Std. Dev. 0.15 0.49 0.32 0.66 0.32 0.20 1.71 1.35

!DT = Diagonal Tension Cracking, P = Perimeter Fastener Failure
’Nominal compressive strength f’c = 3000 psi assumed
3n = number of tests in respective group

Table 6-8 gives results for the SDDCF specimens tested in Porter and Easterling (1988)
not failing in the shear transfer failure mode. Specimens are grouped according to whether headed
shear studs were used. Note that strength factors in this table use the prescribed DDMO04 design

strength equations and not the recommended prediction equation as described in Section 5.2.3.
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While there was considerable scatter in the concrete compressive strengths between specimens
(2681 psi to 6187 psi), a nominal value of 3000 psi was assumed for the calculation of predicted
nominal strengths. This caused higher standard deviations for Ro than if measured properties were
used. Average R values of 1.85 and 1.54 and average R, values (medium period) of 3.17 and 2.85
are given for SDDCFs without and with headed shear studs respectively. It is then observed that
R, factors for SDDCFs are considerably larger than diaphragms with no concrete fill from the

strength factors alone.

Table 6-9 Strength, Ductility and R; Factors for Specimens with Diagonal Tension
Cracking Failure using Proposed Strength Equation

Spec.  Failure Yy Yin H Rq’ R, R, Rs Rs
1D Mode!  rad*1000 rad*1000 LongT Med. T LongT Med T
Welds; n’ =7
12 DT 0.59 1.71 2.17  1.34 2.17 1.83 2.90 2.44
13 DT 0.69 1.54 1.89  1.60 1.89 1.67 3.03 2.67
16 DT 0.73 1.66 1.92 1.10 1.92 1.68 2.10 1.85
18 DT 0.56 1.71 221 1.20 2.21 1.85 2.65 2.21
19 DT 0.76 0.30 .16  1.05 1.16 1.15 1.22 1.21
22 DT 0.53 1.56 2.18 1.26 2.18 1.83 2.74 2.30
24 DT 0.71 2.26 228 1.20 2.28 1.89 2.74 2.27
Average 0.65 1.53 1.97 1.25 1.97 1.70 2.48 2.14
Std. Dev. 0.08 0.55 036 0.17 0.36 0.238 0.58 0.44
Welds with Headed Shear Studs; n=6
25 DT 0.58 1.69 2.17  1.34 2.17 1.83 2.90 2.44
26* DT 0.30 1.05 2.38 091 2.38 1.94 2.16 1.76
27 P 0.29 1.09 2,51 3.10 2.51 2.00 7.76 6.20
28 P 0.42 0.99 1.95 0.75 1.95 1.70 1.47 1.28
29 DT 0.40 0.85 1.85 1.02 1.85 1.64 1.90 1.68
30 P 0.42 0.95 1.91 0.62 1.91 1.68 1.19 1.05
Average 0.40 1.10 213 1.29 2.13 1.80 2.89 2.40
Std. Dev. 0.09 0.27 025 0.84 0.25 0.14 2.24 1.75
Total Average 0.54 1.33 2.04 1.27 2.04 1.75 2.67 2.26
Total Std. Dev. 0.15 0.49 0.32 0.58 0.32 0.20 1.59 1.24

!DT = Diagonal Tension Cracking, P = Perimeter Fastener Failure
’Nominal compressive strength f’c = 3000 psi assumed

3n = number of tests in respective group

“Strength prediction calculated with lightweight factor A = 0.75

119



Table 6-9 provides alternative R, values and subsequently R, values for the same
specimens designed with the recommended design equation that failed in the diagonal tension
cracking mode. Note that diaphragms that failed in the perimeter fastener failure mode do not have
alternative design equations; values for these specimens remain unaltered. Average Ro value of
1.20 (not shown in Table 6-9) for SDDCFs with diagonal tension cracking demonstrate much
better agreement than the current SDI DDMO04 designed specimens with Ro = 1.77 (not shown).
While using more accurate prediction equations result in decreased Ry values, a more rational
approach is gained and the resulting factors better represent the observed behavior of SDDCFs.

Table 6-10 provides a similar table as Table 6-8 and Table 6-9, except measured values for
strength calculations are used. The primary difference in using measured values for prediction
calculations is that measured concrete compressive strengths, rather than an assumed nominal 3000
psi concrete, is used. Measured fill thicknesses vs. nominal also contributed to this difference, but
the effect is less. Because the yield shear angle, inelastic shear angle, and ductility do not change
from previous tables, they are excluded in Table 6-10. Instead, Table 6-10 provides Ro, R, and R
factors for SDDCFs using measured predicted strengths calculated per the DDM04 method and

the recommended strength equation.
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Table 6-10 Diaphragm Design Force Reduction Factors using Measured Input for Strength

Calculations
Using DDMO04 Strength Equation Using Proposed Strength Equation
Spec. Failure R2Z R R R R R.2 R R R R
ID Mode! a ! " ) ) a ! ! ) °
LongT Med. T LongT Med. T LongT Med T LongT Med T
Welds; n’ =7
12 DT 1.88 2.17 1.83 4.07 343 1.24 217 1.83 2.68 2.26
13 DT .75 1.89 1.67 332 292 1.18 1.89 1.67 2.23 1.96
16 DT 1.19 192 1.68 228 2.00 1.05 1.92 1.68 2.02 1.77
18 DT 1.81 221 1.85 4.00 3.35 1.17  2.21 1.85 2.60  2.17
19 DT 1.44 1.16 1.15 1.67 1.66 1.05 1.16 1.15 1.22 1.20
22 DT .73 2,18 1.83 3.76 3.16 .15 2.18 1.83 252 212
24 DT 1.40 228 1.89 319 2.64 1.02  2.28 1.89  2.32 1.92
Average .60 197 1.70 3.19 274 1.12 1.97 .70  2.23 1.92
Std. Dev. 0.24 036 0.238 0.84 0.63 0.08 0.36 0.238 0.46 0.33
Welds with Headed Shear Studs; n=6
25 DT 1.54 2.17 1.83 333 281 1.05  2.17 1.83 2.27 1.91
26* DT 1.26 238 194 3.00 244 0.81  2.38 1.94 1.92 1.56
27 P 248 251 2.00 6.21 497 248  2.51 2.00 6.21 4.97
28 P 0.74 195 170 143 1.25 0.74 1.95 1.70 1.43 1.25
29 DT 1.40 185 1.64 258 229 1.03 1.85 1.64 1.91 1.69
30 P 0.61 191 1.68 1.16 1.02 0.61 1.91 1.68 1.16 1.02
Average 1.34 213 1.80 295 246 .12 2.13 1.80  2.48 2.07
Std. Dev. 0.61 025 0.14 1.65 1.29 0.63  0.25 0.14 1.71 1.33
Total Average 1.48 2.04 1.75 3.08 2.61 .12 2.04 1.75 2.34 1.99
Total Std. Dev. 0.47 032 020 129 1.00 0.43  0.32 0.20 1.21 0.94

!DT = Diagonal Tension Cracking, P = Perimeter Fastener Failure
’Nominal compressive strength f’c = 3000 psi assumed

3n = number of tests in respective group

*Proposed strength prediction calculated with lightweight factor A = 0.75

Table 6-11 is a summary table for the 95 specimens with post-peak data and gives average
R, values for each group as reported in this section. Strength factors were calculated with and
without resistance factors given in Section 5.5. Note that including the resistance factor in the
design strength will increase Re and subsequently R, values. SDDCFs are further subcategorized
on whether or not they were designed using the DDMO04 or recommended strength equation, as
well as if measured or nominal input was used for strength predictions. SDDCFs failing in shear
transfer are not considered. Since only average values are reported and in an effort to avoid

generalizing variable diaphragm behavior, only groups with four or more specimens are reported.
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Table 6-11 Summary of Average R, Values for all Groups

Computed Rs values given as average values (std. dev.)

Not including resistance factors

Including resistance factors'

Monotonic Cvelic Loadin Monotonic Cyclic
Loading J g Loading Loading
Diaphragm 2 Long Med 2 Long Med | Long Med | Long Med
Condition T T T T T T T T
_ 237  2.01 209 188 | 3.39 287 | 299 2.69
= PAF/Screw | 19 (0.87) (0.55) 21 (0.54) (0.38) | (1.25) (0.78) | (0.78) (0.54)
Q
° 1.71  1.58 .13 1.11 | 3.12 287 | 2.06 2.0l
g Weld/BP 8 (0.40) (0.35) 6 (0.28) (0.26) | (0.72) (0.64) | (0.51) (0.47)
o 1.94 1.66 6 3.52 3.02 6
é Weld/Screw | 8 (0.54) (0.40) U/A (0.98) (0.72) U/A
= 1.70  1.46 1.07 1.02 | 3.08 2.65 | 1.94 1.85
= | Weld/Weld | 14 (0.69) (0.52) 4 (0.42) (0.40) | (1.26) (0.94) | (0.76) (0.73)
DDMO04 6 3.56  3.02 6 8.56 7.26
.mE Nominal® NA (1.71) (1.35) NA (2.39) (1.77)
o | DDM04 6 3.08 2.61 6 726  6.17
& | Measured* NA 13 (1.29) (1.00) NA (1.77) (1.29)
=
S | Proposed 6 2.67 2.26 6 6
< | Nominal’ N/A (1.59) (1.24) N/A U/A
= | Proposed 6 234 199 6 6
Measured* N/A (1.21) (0.94) N/A UA

!Resistance factors for PAF structural fasteners = 0.70, for welded structural fasteners = 0.55, for SDDCFs = (.50
’Number of specimens in respective groups
3Predicted strengths calculated using nominal values

‘Predicted strengths calculated using measured values
SSDDCEF predicted strength calculated using either DDMO04 strength equation or proposed strength equation
6“U/A” = unavailable, “N/A” = not applicable
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7 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 Summary

The work described in this research is an important step toward characterizing inelastic
behavior of steel deck diaphragms, with and without concrete fill. As our design methods evolve
to better predict diaphragm demands during seismic events, it is increasingly important to
understand the full load-deformation behavior of steel deck diaphragms. This understanding is also
critical for accurate assessment of building behavior and associated performance based earthquake
engineering. An alternate provision for diaphragm design in ASCE 7-16 permits inelastic
deformations to occur in a building’s diaphragm system through the use of a system specific
diaphragm design force reduction factor, R,. Yang (2003) notes that if diaphragms are designed as
a ductile element of a LFRS (i.e. R, values are used), then nonstructural components, especially
gypsum boards for steel deck roof diaphragms, should be considered when determining forces
transferred from the diaphragm.

In an effort to better understand steel deck diaphragm behavior, a database of 753 steel
deck diaphragm test specimens was built. All information that may influence the load-deformation
behavior of a test specimen, where available, was logged into the database. Furthermore, 108 of
these specimens contained relevant post-peak load-deformation data to this study. As such, these
curves were digitized and calculations were made to assess ductility and diaphragm behavior. Test
result fields and calculated results are included in the database for the specimens with post-peak
load-deformation behavior.

The current strength and stiffness prediction equations as available in DDMO04 and AISI
S310 were examined in Chapter 5. While predictions equations are well characterized for steel
deck diaphragms without concrete fill, the more recent strength and stiffness equations for

SDDCFs were closely examined. It was found that current strength predictions equations may be
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overly conservative for SDDCFs failing in the diagonal tension mode, as given by a test-to-
predicted ratio of 1.54. A strength equation for SDDCFs failing in diagonal tension cracking was
proposed that more accurately represents the load resistance in a composite steel-deck diaphragm,
and gave a test-to predicted ratio of 1.08. Test-to-predicted ratios are calculated for specimens
failing in diagonal tension cracking from the landmark Iowa State Testing Program (Porter &
Easterling, 1988). An alternative proposed stiffness equation to DDMO04’s stiffness equation was
also derived. The proposed shear stiffness equation was calibrated to test results from all 32 ISU
SDDCEF specimens, as shown by an average test-to-predicted shear stiffness value of 1.02. Average
shear stiffness test to predicted values using the DDMO04/AISI S310 gave a value of 0.46. It is
shown that the proposed equations result in a 46% and 52% improvement in predicting
experimental strength and stiffness, respectively. Reduced variability when using the
recommended prediction equations is noted. Resistance factors for the proposed strength equation
for SDDCFs were also investigated.

A method was developed in Chapter 4 to use load-deformation behavior from the cantilever
tested specimens with post-peak data to calculate diaphragm design force reduction factors, Ry. A
system ductility expression was derived and was shown to be dependent on cantilever test data
(Smax, G’, ¥,) and the ratio of L, / L (with L being the diaphragm span dimension). A simply
supported diaphragm model, where diaphragm inelastic deformations concentrate at span ends
over length L,, was developed to convert diaphragm subassemblage ductility to diaphragm system
ductility. After reviewing load-deformation data and considering experimental results that reported
metrics for L, /L (Cohen et al., 2004; Franquet, 2009; Massarelli, 2010), L, / L was taken as 10%
for diaphragms with and without concrete fill. System ductility was therefore completely defined,

allowing for calculation of R, factors.
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Subassemblage test results, with a focus on ductility are presented and discussed in Chapter
6. Several test variables were discussed with respect to inelastic load-deformation behavior. Using
results from subassemblage tests, R, values were calculated. Of the 108 specimens identified with
post-peak load-deformation behavior, 15 specimens were deemed impractical due to construction
irregularities outside the scope of this research. As such, a subset of 95 specimens were used for

the calculation of R factors.

7.2 Conclusions

A conclusive observation was that diaphragms without concrete fill using PAF structural
fasteners in combination with sidelap screws resulted in consistently higher ductilities than if
welded structural fasteners were used. This is especially true for diaphragms using thinner gauge
decks with small fastener spacings, as ductile deck deformations (such as deck slotting) at the
PAFs and sidelap softening (due to screw tilting) can contribute to higher ductilities. The effect of
fastener spacing on ductility was less conclusive, although it was shown that fasteners with smaller
spacings could have a larger range of ductility, dependent on the deck thinness used.

No correlation between structural fasteners and ductility was found for SDDCFs. Instead,
the type of limit state exhibited by the SDDCF influenced ductility, with SDDCFs failing in
diagonal tension cracking or perimeter fastener failure have average subassemblage ductility of
3.61. SDDCFs failing in the shear transfer limit state had higher ductilities (avg. psu» = 7.63).
However, the shear transfer failure mode was deemed impractical, as a set of specific and highly
atypical construction conditions must apply. It is noted, however, that shear studs will dismiss the
possibility of shear transfer failure, and thus ensured subassemblage ductilities values conforming
to ranges found from the perimeter and diagonal tension failure modes (usus = 3.13 to 4.76).

Previously discussed trends were consistent with R, calculations, in that diaphragms

utilizing PAFs and screws exhibited the highest R values of 2.01 and 1.88 (medium period) for
125



the monotonically and cyclically tested groups, respectively. When using welded structural
fasteners, these values dropped to as low as 1.02. This reiterates a diaphragm with mechanical
fasteners can exhibit more ductile behavior than a welded diaphragm. Furthermore, when concrete
fill was placed on top, Ry values mostly ranged from 2 to 4, dependent on the method used to
calculate SDDCF design strength.

It is imperative to understand the ductile behavior of steel deck diaphragms to ensure
efficient and safe seismic design for steel framed building. Diaphragm design force reduction
factors offer key insight as to how a diaphragm may behave in a seismic event. R, values for steel
deck diaphragms with and without concrete fill larger than 1 demonstrate a diaphragm’s ability to
either exceed its design strength and exhibit ductile deformations, or both. This could be a very
important factor as to why steel framed buildings with these types of diaphragms survived large

earthquakes without the types of collapses observed in precast concrete diaphragms.

7.3 Recommendations

The following numbered items recommend future research to better understand the
behavior of steel deck diaphragms, as mentioned throughout this research.

1.) Steel deck diaphragms with concrete fill literature is limited. Furthermore, several
past experiments remain proprietary. While the lowa State University testing program examined
the effects of certain test variables on diaphragm strength and stiffness, a large amount of resources
was spent on understanding the shear transfer limit state, which was later concluded to be
impractical for the overwhelming majority of composite diaphragm systems in use today. Only 8
of the 32 specimens included headed shear studs, often implemented in irregular spacing patterns.
It is therefore recommended that tests on SDDCFs utilizing regular fastener patterns including

shear studs be further examined.
126



2) In the past, the majority of diaphragm testing has used a cantilever set up. While
this may be adequate for characterizing strength and stiffness, it presents its own challenges when
examining ductile diaphragm behavior. Namely, cantilevered diaphragms will have inelastic
deformations distributed throughout the field of the diaphragm. In a real diaphragm system,
inelastic deformations localize at span ends. Cantilever diaphragm tests, therefore, make it difficult
to determine the zone of inelasticity, characterized as L, in this research, for realistic diaphragm
systems. As such, further testing is recommended utilizing simply supported setups on either shake
tables or with ground motion excitations applied at diaphragm ends. Adding mass to the system
will results in dynamic loads characteristic of seismic demands and allow for better quantification
for L, / L. The effects of diaphragm geometry, such as varying aspect ratios and irregularities is
also recommended to be studied, as this may have an impact on diaphragm ductility.

3) A method was described in Section 4.3.2 using cantilever diaphragm load-
deformation behavior to determine an L, / L ratio. If this method is to be further pursued, an ‘equal
energy’ calibration technique for the variable a is shown below in Figure 7-1, such that 4; and 4>
are equal. This method can be repeated for all load-deformation curves in an attempt to define L,
/ L. Note that using this method will redefine the yield shear angle and inelastic shear angle used

in the system ductility equation (Eq. 4.16).
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4.) Welded sidelap connections, when constructed correctly, can offer significant
strength in comparison other sidelap connection types. This may lead a designer to choose sidelap
welds over sidelap screws or button punch connections. Test to predicted diaphragm shear strength
for diaphragms using top seam welds as sidelap connections have considerably high variability.
Often, the predicted strength is less than 50% of the tested strength. This may be due to improper
contact between male and female edges of a standing seam deck, as discussed in Section 6.3.
Therefore, connection tests simulating ‘in the field” conditions and a reevaluation of prediction
equations for this type of connection is recommended.

5) AISI S310 offers a method to calculate resistance factors for diaphragms given
adequate test data is available. For these calculations, AISI S310 prescribes calibration factors for
SDDCFs that may be more appropriate to connection related limit states, rather than the proposed
diagonal tensions cracking limit state which can be thought of as a member limit state. Reliability
studies as discussed in Section 5.5.2 are recommended to evaluate whether these calibration values

are appropriate for SDDCFs limited by failure of concrete in diagonal tension cracking.
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The following notes and assumptions are applicable to all following summary sheets,

unless otherwise noted:

1. 60 ksi electrode classification is used for all weld strengths
2. Backbone curve extracted from hysteretic data corresponds to quadrant of load-
deformation plot with the peak strength
a. Load-deformation plots reaching peak strengths in the reversed cyclic
direction are formatted so that backbone curves appear in the first quadrant
3. Hystereses with a large displacement step between consecutive cycles will use a
backbone envelope instead of a traditional, peak-to-peak backbone curve
4. There are slight inaccuracies that result from digitized load-deformation curves,
especially for references reported with low resolution figures or noisy data. For Ro
calculations reported in Chapter 6, the published experimental peak strength from past
literature was used. However, summary sheets in this appendix report experimental
results from the digitized data
a. Difference is noted for specimens where error between digitized vs.
reported peak strengths are larger than 2.5%

5. AISI S310 and DDMO04 both report methods for calculated predicted fastener shear
strengths. When these two methods differ, unless otherwise noted, DDM04 expressions
are used in prediction calculations

6. Endlaps shown are overlapped and not butted

7. Modulus of elasticity used for steel sheets is 29,500 ksi

8. Poisson’s ratio for steel deck is 0.3
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Easterling (1987) - Specimen 12

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 15 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 13 -
interior panel length, n
No. of structural fasteners along one edge panel 60 -
No. of structural fasteners along one depth 60 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 40.4
Ultimate strength of deck, F',, (ksi) 45 53.2
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3412
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.59
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.22 4.99
Sidelap fastener strength, P, (kip) 5.75 6.48
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 16.4 16.0
Structural fastener distribution factor at 2.05 -
panel ends, o,
Transformed total thickness with deck 4.27 4.33
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 8.76
Developed flute width, s (in.) 15.8 -
Fastener slip coefficient, C 3.59 -
Fastener slip coefficient w/o sidelap flexibility, C , 7.92 -
DDMO04 stiffness contribution of concrete 2091 2382
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1121 1214
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 16.9 20.0
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 5.75 6.39
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 8.97 9.71
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2345 2636
Shear stiffhess per proposed eq., G' (kip/in.) 1352 1445

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed
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Four structural fasteners per rib across 36 in. wide panel
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Input

Easterling (1987) - Specimen 13

Structural Fastener Type

Sidelap Fastener Type

Deck thickness, ¢ (in.)

Panel Length, / (ft.)

Panel Span, /, (ft.)

No. of sidelap connections per one edge of
interior panel length, n

No. of structural fasteners along one edge panel
No. of structural fasteners along one depth
perimeter member (b dimension)

No. of interior supports per panel length, 7,
Yield strength of deck, 7, (ksi)

Ultimate strength of deck, F',, (ksi)

Diamter of arc spot weld (in.)

Concrete compressive strength f* . (psi)

Unit weight of concrete, w, (pcf)

Slab thickness bottom steel flute to top of fill, (in.)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip)
Sidelap fastener strength, P, (kip)
Structural fastener flexibility, S, (in/kip)
Sidelap fastener flexibility, S, (in/kip)

Calculated Strength Equations Variables

Structural concrete strength factor per DDMO04, &

Interior panel fastener contribution factor, {3
Structural fastener distribution factor at

panel ends, o,

Transformed total thickness with deck
contribution, ¢, (in.)

Shear modular ratio of steel deck to concrete, n
Developed flute width, s (in.)

Fastener slip coefficient, C

Fastener slip coefficient w/o sidelap flexibility, C ,
DDMO04 stiffness contribution of concrete

fill, & ; (kip/in)

Stiffness contribution of concrete fill for proposed
eq., k, (kip/in)

Predicted Shear Strength and Stiffness

Lesser shear strength of perimeter structural
fasteners in either orthogonal direction, (kip/ft)
Shear strength of composite diaphragm excluding
perimeter fastener limit per DDMO04, S, (kip/ft)
Shear strength of composite diaphragm using
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.)

Shear stiffhess per proposed eq., G' (kip/in.)

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Nominal Measured
Arc Spot Weld - Four structural fasteners per rib across 36 in. wide panel
Seam Weld -
0.058 - Dy (in) 3
15 - d (in.) 12.2
15 -
6 -
5 EMBOSSMENTS
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D|lS8 .QS}"? x
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0 _ £ ‘03““ a.75°
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33 51.8
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0.75 - Figure from Porter and Easterling (1988)
3000 6187 ‘ b - ‘
145 145 >
5.5 5.53 4
Concrete
Nominal Measured N Fill
3.97 5.58 a Deck
5.27 6.32 pan
0.0048 -
0.0047 -
\/
Nominal Measured
0.0030 - Loading Type: Cyclic
16.2 15.0 Load Rate: Static
2.05 - a=15'
b=15'
4.94 4.69
20 r
o
9.35 6.51 E
- =3
16.2 = 16 F
3.47 - Py
7.66 - =
S
2377 3992 0
)
S
L]
1523 1769 -y
o
<
L]
Nominal Measured =20 . - . . . !
15.9 223 -0.006 -0.004 -0.002 O 0.002 0.004 0.006
8hear Angle, v (rad)
6.54 9.50 Eperimental Max Strength (kip/ft.) 16.8
Experimental Shear Stifthess (kip/in) 2021
10.4 142 Ultimate Shear Angle, g0, (rad*1000) 2.23
Failure Mode Diag. Tension Cracking
2624 4240
1523 1993

Cellular deck used; 0.058" thick flat sheet with 0.057" thick corrugated sheet
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Easterling (1987) - Specimen 16

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.047 -
Panel Length, / (ft.) 15 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 60 -
No. of structural fasteners along one depth 60 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 80 89.7
Ultimate strength of deck, F',, (ksi) 82 93.6
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 2952
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 4 4.18
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 5.96 6.80
Sidelap fastener strength, P, (kip) 4.76 5.59
Structural fastener flexibility, S, (in/kip) 0.0053 -
Sidelap fastener flexibility, S, (in/kip) 0.0052 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 11.0 11.2
Structural fastener distribution factor at 1.56 -
panel ends, o,
Transformed total thickness with deck 3.58 3.76
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 9.42
Developed flute width, s (in.) 8.05 -
Fastener slip coefficient, C 3.62 -
Fastener slip coefficient w/o sidelap flexibility, C , 9.19 -
DDMO04 stiffness contribution of concrete 2377 2519
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 941 981
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 23.8 27.2
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 6.54 6.95
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 7.52 7.84
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2572 2714
Shear stiffhess per proposed eq., G' (kip/in.) 1091 1131

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Reported shear strength = 8.27 kip/ft (Porter and Easterling, 1980)
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Easterling (1987) - Specimen 18

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 15 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 60 -
No. of structural fasteners along one depth 60 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 40.4
Ultimate strength of deck, F',, (ksi) 45 534
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3052
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.55
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.22 5.01
Sidelap fastener strength, P, (kip) 5.75 6.54
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 16.4 16.0
Structural fastener distribution factor at 2.05 -
panel ends, o,
Transformed total thickness with deck 4.27 431
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 9.27
Developed flute width, s (in.) 15.8 -
Fastener slip coefficient, C 3.59 -
Fastener slip coefficient w/o sidelap flexibility, C , 7.92 -
DDMO04 stiffness contribution of concrete 2092 2165
fill, & 5 (kip/in)
Stiffness contribution of concrete fill for proposed 1121 1143
eq., k 4 (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 16.9 20.0
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 5.75 5.94
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 8.97 9.15
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2345 2418
Shear stiffhess per proposed eq., G' (kip/in.) 1352 1374

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed
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Four structural fasteners per rib across 36 in. wide panel
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Easterling (1987) - Specimen 19

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 15 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 60 -
No. of structural fasteners along one depth 60 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 49.4
Ultimate strength of deck, F',, (ksi) 45 55.5
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 2681
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.75
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 5.21 5.21
Sidelap fastener strength, P, (kip) 5.36 5.36
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 16.3 14.3
Structural fastener distribution factor at 2.04 -
panel ends, o,
Transformed total thickness with deck 4.43 4.70
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 9.89
Developed flute width, s (in.) 16.3 -
Fastener slip coefficient, C 3.59 -
Fastener slip coefficient w/o sidelap flexibility, C , 7.92 -
DDMO04 stiffness contribution of concrete 2377 2416
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1164 1169
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 16.9 20.8
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 6.54 6.80
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 9.31 9.35
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2634 2674
Shear stiffhess per proposed eq., G' (kip/in.) 1395 1400

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed
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Easterling (1987) - Specimen 22

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 60 -
No. of structural fasteners along one depth 48 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 40.4
Ultimate strength of deck, F',, (ksi) 45 534
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3301
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.68
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.22 5.01
Sidelap fastener strength, P, (kip) 5.75 6.54
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, f3 16.4 16.0
Structural fastener distribution factor at 2.05 -
panel ends, o,
Transformed total thickness with deck 4.27 4.43
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 8.91
Developed flute width, s (in.) 15.8 -
Fastener slip coefficient, C 2.87 -
Fastener slip coefficient w/o sidelap flexibility, C , 6.34 -
DDMO04 stiffness contribution of concrete 2092 2419
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1121 1221
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 16.9 20.0
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 5.75 6.53
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 8.97 9.76
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2373 2701
Shear stiffhess per proposed eq., G' (kip/in.) 1410 1509

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Reported shear strength = 11.3 kip/ft (Porter and Easterling, 1980)
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Four structural fasteners per rib across 36 in. wide panel

D, (in.) 33
d (in)) 114

EMBOSSMENTS
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Figure from Porter and Easterling (1988)

[

«— b —

Concrete

¥ Fill
¢

Deck
Span

Loading Type: Cyclic
Load Rate: Static

a=12'
b=15'
151
10 F

(5]
T

Shear Strength, S (kip/ft.y
o

15 . L L . . . L '
-0.008 -0.006 -0.004 -0.002 0O 0.002 0.004 0.006 0.008
ShearAngle, v (rad)

Eperimental Max Strength (kip/ft.) 10.5
Experimental Shear Stifthess (kip/in) 1654
Ultimate Shear Angle, g0, (rad*1000) 2.09

Failure Mode Diag. Tension Cracking



Easterling (1987) - Specimen 24

Input Nominal Measured
Structural Fastener Type Arc Spot Weld -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 48 -
No. of structural fasteners along one depth 48 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 49.4
Ultimate strength of deck, F',, (ksi) 45 55.5
Diamter of arc spot weld (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 4047
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.63
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.22 5.21
Sidelap fastener strength, P, (kip) 5.75 5.40
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 14.1 12.1
Structural fastener distribution factor at 1.47 -
panel ends, o,
Transformed total thickness with deck 4.43 4.50
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 8.05
Developed flute width, s (in.) 16.3 -
Fastener slip coefficient, C 3.26 -
Fastener slip coefficient w/o sidelap flexibility, C , 8.65 -
DDMO04 stiffness contribution of concrete 2377 3083
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1164 1374
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 13.5 16.7
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 6.54 7.99
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 9.31 11.0
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2646 3353
Shear stiffhess per proposed eq., G' (kip/in.) 1376 1585

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed
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Three structural fasteners per rib across 36 in. wide panel assumed
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Easterling (1987) - Specimen 25

Input Nominal Measured
Structural Fastener Type Mix -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.062 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 8 Studs -
No. of structural fasteners along one depth 16 Welds -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 40.4
Ultimate strength of deck, F',, (ksi) 45 534
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 4672
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.69
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.22 5.01
Sidelap fastener strength, P, (kip) 5.75 6.54
Structural fastener flexibility, S, (in/kip) 0.0046 -
Sidelap fastener flexibility, S, (in/kip) 0.0045 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 10.4 10.1
Structural fastener distribution factor at 0.56 -
panel ends, o,
Transformed total thickness with deck 4.27 4.37
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 7.49
Developed flute width, s (in.) 15.8 -
Fastener slip coefficient, C 4.51 -
Fastener slip coefficient w/o sidelap flexibility, C , 253 -
DDMO04 stiffness contribution of concrete 2092 3098
fill, & 5 (kip/in)
Stiffness contribution of concrete fill for proposed 1121 1435
eq., k 4 (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 4.50 53
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 5.75 7.80
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 8.97 11.5
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2316 3323
Shear stiffhess per proposed eq., G' (kip/in.) 1194 1507

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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36 in. wide panel
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Figure from Porter and Easterling (1988)
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Failure Mode Diag. Tension Cracking

P¢ reported refers to 0.75 in. arc spot weld



Easterling (1987) - Specimen 26

Input Nominal Measured
Structural Fastener Type Mix -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.036 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 7 Welds -
No. of structural fasteners along one depth 8 Studs +15Welds -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 80 92.8
Ultimate strength of deck, F',, (ksi) 82 93.6
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3462
Unit weight of concrete, w, (pcf) 100 100
Slab thickness bottom steel flute to top of fill, (in.) 4.5 4.72
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.64 5.29
Sidelap fastener strength, P, (kip) 3.34 3.71
Structural fastener flexibility, S, (in/kip) 0.0061 -
Sidelap fastener flexibility, S, (in/kip) 0.0059 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0017 -
Interior panel fastener contribution factor, {3 9.25 9.12
Structural fastener distribution factor at 1.06 -
panel ends, o,
Transformed total thickness with deck 4.06 4.24
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 16.3 15.2
Developed flute width, s (in.) 14.4 -
Fastener slip coefficient, C 3.03 -
Fastener slip coefficient w/o sidelap flexibility, C , 11.0 -
DDMO04 stiffness contribution of concrete 2510 3006
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1067 1199
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 2.70 3.09
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 3.95 4.60
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 6.40 7.19
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2682 3178
Shear stiffhess per proposed eq., G' (kip/in.) 1163 1295

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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36 in. wide panel
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Figure from Porter and Easterling (1988)
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A= 0.75 lightweigth factor used for proposed strength equation
P¢ reported refers to 0.75 in. arc spot weld
Fastener type and frequency changes on span (a) perimeter beam,

controlling fastener type is reported



Easterling (1987) - Specimen 27

Input Nominal Measured
Structural Fastener Type Mix -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.037 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 9 Welds -
No. of structural fasteners along one depth 8 Studs +15Welds -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 48.6
Ultimate strength of deck, F',, (ksi) 45 56.2
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 2883
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.66
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 2.61 3.26
Sidelap fastener strength, P, (kip) 2.90 2.85
Structural fastener flexibility, S, (in/kip) 0.0060 -
Sidelap fastener flexibility, S, (in/kip) 0.0058 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 10.9 9.47
Structural fastener distribution factor at 1.06 -
panel ends, o,
Transformed total thickness with deck 4.49 4.65
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 9.54
Developed flute width, s (in.) 11.8 -
Fastener slip coefficient, C 4.61 -
Fastener slip coefficient w/o sidelap flexibility, C , 16.8 -
DDMO04 stiffness contribution of concrete 2852 2922
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1179 1198
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 1.96 245
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 7.85 8.10
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using N/A N/A
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2982 3051
Shear stiffhess per proposed eq., G' (kip/in.) 1244 1263

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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24 in. wide panel (assumed)
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Figure from Porter and Easterling (1988)
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Perimeter Fastener



Easterling (1987) - Specimen 28

Input Nominal Measured
Structural Fastener Type Mix -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.037 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 6 Studs -
No. of structural fasteners along one depth 8 Studs +15Welds -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 33 48.6
Ultimate strength of deck, F',, (ksi) 45 56.2
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3611
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.60
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 2.61 3.26
Sidelap fastener strength, P, (kip) 2.90 2.85
Structural fastener flexibility, S, (in/kip) 0.0060 -
Sidelap fastener flexibility, S, (in/kip) 0.0058 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 10.9 9.47
Structural fastener distribution factor at 1.06 -
panel ends, o,
Transformed total thickness with deck 4.49 4.56
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 8.52
Developed flute width, s (in.) 11.8 -
Fastener slip coefficient, C 4.61 -
Fastener slip coefficient w/o sidelap flexibility, C , 16.8 -
DDMO04 stiffness contribution of concrete 2852 3356
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1179 1317
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 10.5 10.8
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 7.85 8.90
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using N/A N/A
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2982 3485
Shear stiffhess per proposed eq., G' (kip/in.) 1244 1382

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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24 in. wide panel (assumed)
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Figure from Porter and Easterling (1988)
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Failure Mode

P¢ reported refers to 0.75 in. arc spot weld

Proposed equation not applicable to perimeter fastener failure

Perimeter Fastener



Easterling (1987) - Specimen 29

Input Nominal Measured
Structural Fastener Type Shear Studs -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.035 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 16 -
No. of structural fasteners along one depth 11 -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 80 86.9
Ultimate strength of deck, F',, (ksi) 82 89.8
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 2887
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.55
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 3.88 4.67
Sidelap fastener strength, P, (kip) 3.21 4.54
Structural fastener flexibility, S, (in/kip) 0.0061 -
Sidelap fastener flexibility, S, (in/kip) 0.0060 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 7.20 8.06
Structural fastener distribution factor at 0.56 -
panel ends, o,
Transformed total thickness with deck 4.24 4.30
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 9.53
Developed flute width, s (in.) 16.3 -
Fastener slip coefficient, C 3.39 -
Fastener slip coefficient w/o sidelap flexibility, C , 19.0 -
DDMO04 stiffness contribution of concrete 2377 2360
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1115 1162
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 18.4 18.4
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 6.54 6.54
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using 8.92 8.86
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2526 2509
Shear stiffhess per proposed eq., G' (kip/in.) 1169 1162

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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P¢ reported refers to 1.00 in. arc spot weld



Easterling (1987) - Specimen 30

Input Nominal Measured
Structural Fastener Type Mix -
Sidelap Fastener Type Seam Weld -
Deck thickness, ¢ (in.) 0.035 -
Panel Length, / (ft.) 12 -
Panel Span, /, (ft.) 15 -
No. of sidelap connections per one edge of 6 -
interior panel length, n
No. of structural fasteners along one edge panel 7 Studs -
No. of structural fasteners along one depth 12Studs + 4Welds -
perimeter member (b dimension)
No. of interior supports per panel length, 7, 0 -
Yield strength of deck, 7, (ksi) 80 86.9
Ultimate strength of deck, F',, (ksi) 82 89.8
Diameter of arc spot weld and shear stud (in.) 0.75 -
Concrete compressive strength f* . (psi) 3000 3565
Unit weight of concrete, w, (pcf) 145 145
Slab thickness bottom steel flute to top of fill, (in.) 55 5.68
Fastener Strengths and Flexibilities Nominal Measured
Structural fastener strength, P, (kip) 4.51 4.94
Sidelap fastener strength, P, (kip) 3.21 3.57
Structural fastener flexibility, S, (in/kip) 0.0061 -
Sidelap fastener flexibility, S, (in/kip) 0.0060 -
Calculated Strength Equations Variables Nominal Measured
Structural concrete strength factor per DDMO04, & 0.0030 -
Interior panel fastener contribution factor, {3 7.20 7.26
Structural fastener distribution factor at 0.56 -
panel ends, o,
Transformed total thickness with deck 4.24 4.40
contribution, ¢, (in.)
Shear modular ratio of steel deck to concrete, n 9.35 8.57
Developed flute width, s (in.) 16.3 -
Fastener slip coefficient, C 3.39 -
Fastener slip coefficient w/o sidelap flexibility, C , 19.0 -
DDMO04 stiffness contribution of concrete 2377 2875
fill, & ; (kip/in)
Stiffness contribution of concrete fill for proposed 1115 1261
eq., k, (kip/in)

Predicted Shear Strength and Stiffness Nominal Measured
Lesser shear strength of perimeter structural 12.3 12.6
fasteners in either orthogonal direction, (kip/ft)

Shear strength of composite diaphragm excluding 6.54 7.64
perimeter fastener limit per DDMO04, S, (kip/ft)

Shear strength of composite diaphragm using N/A N/A
proposed strength eq., S, (kip/ft)

Shear stiffhess per DDM04, G’ (kip/in.) 2526 3024
Shear stiffhess per proposed eq., G' (kip/in.) 1169 1316

Notes
Six 1.50 in. seam welds assumed per panel length

Compressive strength . = 3000 psi assumed

Studs treated as 1.00 in. diameter spot welds for application into DDM04 equation
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Pinkham (1999) - Specimen 31

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0360
Panel Length, / (ft.) 10
Panel Span, /,, (ft.) 5
No. of sidelap connections per one edge of 12
interior panel length, 7
No. of edge structural connections not in line 16
with int. or ext. supports, 7 ,
No. of interior supports per panel length, n » 2
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.5
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Diameter of structural weld, (in.) 0.875
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.65
Sidelap fastener strength, P, (kip) 3.70
Structural fastener flexibility, S, (in/kip) 0.0061
Sidelap fastener flexibility, S, (in/kip) 0.0059
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, {3 18.4
Structural fastener distribution factor at 0.778
panel ends, o,
Structural fastener distribution factor at 0.778
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 1.31
Warping factor, D,, (in.) 4.64
Warping support factor, p 0.90
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 6.60
Edge panel shear strength, S ,,, (kip/ft.) 8.77

Panel shear strength limited by corner

fastener, S . (kip/ft.)
Panel buckling shear strength, S, (kip/ft.)

Shear stiffness, G (kip/in)

Notes

Specimens 31 and 33 have identical test setups.
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Pinkham (1999) - Specimen 32

Input

Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0360
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 12
interior panel length, 7
No. of edge structural connections not in line 11
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.65
Sidelap fastener strength, P, (kip) 0.31
Structural fastener flexibility, S, (in/kip) 0.0061
Sidelap fastener flexibility, S, (in/kip) 0.0059

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, {3 7.24
Structural fastener distribution factor at 0.778

panel ends, o,
Structural fastener distribution factor at 0.778

interior supports, o,
Number of structural fasteners at panel ends 2.33

per unit width, N

Fastener slip coefficient, C 481
Warping factor, D,, (in.) 4.64
Warping support factor, p 0.90

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 2.53
Edge panel shear strength, S ,,, (kip/ft.) 6.94

Panel shear strength limited by corner

fastener, S . (kip/ft.) 6.92

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

36/7 fastener pattern at interior and exterior supports

\ w = 36 in. \
S NS NS NS NS NS\
e (11?.) 0.75 /\‘ ; 2 -
W, (in.) 1.68 " : "
f(in.) 3.00 i CMagmffd D
d (in.) 6.00 4,‘ e l— orruga lona e ‘H
s (in.) 7.85 d
Dy(in)  1.50 s = 2+w)tf
P b -
—>
A
I N \______
a Endlap
Yy
Pas
Loading Type: Monotonic
Load Rate: Static
a=15"
b=15'
35
=~
£ 3
e
X 25
[ 2]
£ 2
2
o 15
@ 1
©
2 0.5
S50
o]
0 0.005 0.01 0.015
Shear Angle, v (rad)
Eperimental Max Strength (kip/ft.) 3.15
Experimental Shear Stiffness (kip/in) 75.7
Ultimate Shear Angle, vg, (rad*1000) 10.3
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Pinkham (1999) - Specimen 33

Input

Structural Fastener Type Arc Spot Weld 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld

w = 36 in. \

Deck thickness,  (in.) 0.0360 L/ V. N/ N/ N N/ \»

Panel Length, / (ft.) 10

Panel Span, /, (ft.) 5 e (in.) 0.75 ‘ f |
No. of sidelap connections per one edge of 12 W, (in.) 1.68 W/‘\ ] \ +
interior panel length, 7 f (in.) 3.00 . Magnified Dy

=/ Corrugation

No. of edge structural connections not in line 16 d (in.) 6.00 ﬁ‘ ol e ‘_7
with int. or ext. supports, 7, s (in.) 7.85 d ‘
No. of interior supports per panel length, 1, 2 Dy (in.) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 ‘ B b _ ‘
Ultimate strength of deck, F,, (ksi) 55 — h -
Length of sidelap weld, L ,, (in.) 1.5 A
Moment of inertia of fully effective panel per unit 0.1865 [ N |
width, I, (in*)
Diameter of structural weld, (in.) 0.875 A N
a Endlap

Fastener Strengths and Flexibilities FE=—=———=mfr=———=———=———===
Structural fastener strength, P, (kip) 3.65
Sidelap fastener strength, P, (kip) 3.70 I
Structural fastener flexibility, S, (in/kip) 0.0061 \
Sidelap fastener flexibility, S, (in/kip) 0.0059 AN

Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static

Corner fastener reduction factor, A 0.835 a=15"
Interior panel fastener contribution factor, {3 18.4 b=15'
Structural fastener distribution factor at 0.778

5 m
panel ends, o,
Structural fastener distribution factor at 0.778

.

interior supports, o,
Number of structural fasteners at panel ends 2.33

w

per unit width, N

Shear Strength, S (kip/ft.)

Fastener slip coefficient, C 1.31 2t
Warping factor, D,, (in.) 4.64
Warping support factor, p 0.90 1k

Predicted Shear Strength and Stiffness 0 L L 1
Interior panel shear strength, S ,,; (kip/ft.) 6.60 0 0.005 0.01 0.015 0.02
Edge panel shear strength, S ,,, (kip/ft.) 8.77 Shear Angle, - (rad)
Panel shear strength limited by corner Eperimental Max Strength (kip/ft.) 4.81
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 120
Panel buckling shear strength, S ,,, (kip/ft.) 6.92 Ultimate Shear Angle, gy, (rad*1000) 152

Shear stiffness, G (kip/in)

Notes
Specimens 31 and 33 have identical test setups.
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Pinkham (1999) - Specimen 34

Input

Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 8
Panel Span, /, (ft.) 8
No. of sidelap connections per one edge of 14
interior panel length, 7
No. of edge structural connections not in line 14
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.17
Sidelap fastener strength, P, (kip) 0.23
Structural fastener flexibility, S, (in/kip) 0.0065
Sidelap fastener flexibility, S, (in/kip) 0.1704

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.716
Interior panel fastener contribution factor, {3 4.35
Structural fastener distribution factor at 0.556

panel ends, o,
Structural fastener distribution factor at 0.556

interior supports, o,

Number of structural fasteners at panel ends 1.33
per unit width, N

Fastener slip coefficient, C 6.28
Warping factor, D, (in.) 78.1
Warping support factor, p 1.00

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) | 1450|

Edge panel shear strength, S ,,, (kip/ft.) 7.12
Panel shear strength limited by corner 1.60
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 2.03

Shear stiffness, G (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

| w = 36 in. |
o NS NS NS NS N \r
e (11?.) 0.75 /\‘ ; 2 -
w, (in.) 1.68 w ] D
f(in.) 3.00 i CMagmffd D
. orrugation
d(in.) 6.00 H‘ ol & e ‘H
s (in.) 7.85 d w
Dy(in) 150 s =2 tw)+f
- b -
—>
A
a _—_—
Endlap
4
AN AN
Loading Type: Monotonic
Load Rate: Static
a=18
b=16'
157
-
s
=3
o 17
£
o)
c
o
n 057
o
o
<
1]
0
0 0.01 0.02 0.03 0.04
Shear Angle, «y (rad)
Eperimental Max Strength (kip/ft.) 1.43
Experimental Shear Stifthess (kip/in) 11.0
Ultimate Shear Angle, vg, (rad*1000) 19.5
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Pinkham (1999) - Specimen 35

Input

Structural Fastener Type Arc Spot Weld 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld

w = 36 in. \

Deck thickness,  (in.) 0.0310 L/ V. N/ N/ N N/ \»

Panel Length, / (ft.) 10

Panel Span, /, (ft.) 5 e (in.) 0.75 ‘ f |
No. of sidelap connections per one edge of 12 W, (in.) 1.68 W/‘\ ] \ +
interior panel length, 7 f (in.) 3.00 . Magnified Dy

=/ Corrugation

No. of edge structural connections not in line 16 d (in.) 6.00 ﬁ‘ ol e ‘H
with int. or ext. supports, 7 , s (in.) 7.85 d |
No. of interior supports per panel length, 1, 2 Dy (in) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 ‘ B b _ ‘
Ultimate strength of deck, F,, (ksi) 55 — h -
Length of sidelap weld, L ,, (in.) 1.50 A
Moment of inertia of fully effective panel per unit 0.1481 1 I | I | I
width, I, (in*)
Diameter of structural weld, (in.) 0.875 A N
a Endlap
Fastener Strengths and Flexibilities FE=—=———=mfr=———=———=———===
Structural fastener strength, P, (kip) 3.17
Sidelap fastener strength, P, (kip) 3.04 I
Structural fastener flexibility, S, (in/kip) 0.0065 \
Sidelap fastener flexibility, S, (in/kip) 0.0064 AN
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.823 a=15"
Interior panel fastener contribution factor, {3 17.7 b=15'
Structural fastener distribution factor at 0.778 ar
panel ends, o, -
Structural fastener distribution factor at 0.778 EQ_
interior supports, o, =3
Number of structural fasteners at panel ends 233 9
per unit width, N ":"c, >k
Fastener slip coefficient, C 1.22 @
Warping factor, D,, (in.) 5.81 §
Warping support factor, p 0.90 § B
L%
Predicted Shear Strength and Stiffness 0
Interior panel shear strength, S ,; (kip/ft.) 5.50 0 OOSCLS 0.01 0.015 002
» O i ear Angle, ~ {rad)
Edge panel shear strength, S ,,, (kip/ft.) 7.60
Panel shear strength limited by corner Eperimental Max Strength (kip/ft.) 3.60
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 80.1
Panel buckling shear strength, S ,,, (kip/ft.) 5.20 Ultimate Shear Angle, gy, (rad*1000) 15.4

Shear stiffness, G (kip/in)

Notes
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Pinkham (1999) - Specimen 36

Input
Structural Fastener Type Arc Spot Weld 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Button Punch | w = 36in. |
Deck thickness, ¢ (in.) 0.0360 S /S \_ /[ /) \_ /[ \ /[ _\p
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5 e (in.) 0.75 e f—
No. of sidelap connections per one edge of 12 w, (in.) 1.68 # \ t
interior panel length, 7 f(in.) 3.00 }/VC Magniﬁc.ad Da
. - . — Corrugation
No. of edge structural connections not in line 14 d (in.) 6.00 4»‘ o l— e ‘_7
with int. or ext. supports, 7 , s (in.) 7.85 d I
No. of interior supports per panel length, 7, 2 Dy (in.) 1.50 s =2 tw)+f
Yield strength of deck, F", (ksi) 38 ‘ B b _ ‘
Ultimate strength of deck, F,, (ksi) 55 — h -
Moment of inertia of fully effective panel per unit 0.1865 A
width, I, (in) S| S
Diameter of structural weld, (in.) 0.875
| — N
a Endlap

Fastener Strengths and Flexibilities FE=—=———=mfr=———=———=———===
Structural fastener strength, P, (kip) 3.65
Sidelap fastener strength, P, (kip) 0.31 I
Structural fastener flexibility, S, (in/kip) 0.0061 \
Sidelap fastener flexibility, S, (in/kip) 0.1581 AN

Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static

Corner fastener reduction factor, A 0.835 a=15"
Interior panel fastener contribution factor, {3 5.47 b=15'
Structural fastener distribution factor at 0.556

panel ends, o,
Structural fastener distribution factor at 0.556

interior supports, o,
Number of structural fasteners at panel ends 1.33

N
5

per unit width, N

Shear Strength, S (kip/ft.)

Fastener slip coefficient, C 6.86 1
Warping factor, D,, (in.) 50.1
Warping support factor, p 0.90 05

Predicted Shear Strength and Stiffness 0 . . . . .
Interior panel shear strength, S,; (kip/ft.) 1.88 0 0005 001 0015 002 0.025 0.03
Edge panel shear strength, S, (kip/ft.) 7.07 Shear Angle, ~ (rad)
Panel shear strength limited by corner Eperimental Max Strength (kip/ft.) 2.45
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 16.4
Panel buckling shear strength, S ,,, (kip/ft.) 6.92 Ultimate Shear Angle, gy, (rad*1000) 28.3

Shear stiffness, G (kip/in)

Notes
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Pinkham (1999) - Specimen 37

Input

Structural Fastener Type Arc Spot Weld 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld

w = 36 in. \

Deck thickness,  (in.) 0.0360 L/ V. N/ N/ N N/ \»

Panel Length, / (ft.) 10

Panel Span, /, (ft.) 10 e (in.) 0.75 ‘ f |
No. of sidelap connections per one edge of 8 w, (in.) 1.68 W/‘\ . T
interior panel length, 7 f (in.) 3.00 . Magnified Dy

=/ Corrugation

No. of edge structural connections not in line 12 d (in.) 6.00 ﬁ‘ ol e ‘H
with int. or ext. supports, 7 , s (in.) 7.85 d |
No. of interior supports per panel length, 1, 1 Dy (in.) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 ‘ b ‘
Ultimate strength of deck, F',, (ksi) 55 o
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Diameter of structural weld, (in.) 0.875
a Endlap
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.65
Sidelap fastener strength, P, (kip) 3.70
Structural fastener flexibility, S, (in/kip) 0.0061 d
Sidelap fastener flexibility, S, (in/kip) 0.0059 >
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.700 a=21'
Interior panel fastener contribution factor, {3 12.8 b=20'
Structural fastener distribution factor at 0.778

3 ]
panel ends, o,
Structural fastener distribution factor at 0.778

N>
5

interior supports, o,
Number of structural fasteners at panel ends 2.33

N>

per unit width, N

Shear Strength, S (kip/ft.»
(6]

Fastener slip coefficient, C 1.91
Warping factor, D,, (in.) 4.64 1r
Warping support factor, p 1.00 05

Predicted Shear Strength and Stiffness 0 L L L L !
Interior panel shear strength, S ,,; (kip/ft.) 4.45 0 0002 0.004 0.006 0.008 0.01 0.012
Edge panel shear strength, S ,,, (kip/ft.) 8.77 Shear Angle, - {rad)
Panel shear strength limited by corner 4.09 Eperimental Max Strength (kip/ft.) 2.82
fastener, S . (kip/ft.) Experimental Shear Stiffness (kip/in) 127
Panel buckling shear strength, S ,,, (kip/ft.) 1.73 Ultimate Shear Angle, gy, (rad*1000) 10.5
Shear stiffness, G (kip/in) 107
Notes
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Pinkham (1999) - Specimen 38

Input

Structural Fastener Type

Arc Spot Weld

Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0360
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, n » 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.23
Sidelap fastener strength, P, (kip) 3.13
Structural fastener flexibility, S, (in/kip) 0.0065
Sidelap fastener flexibility, S, (in/kip) 0.0063
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.700
Interior panel fastener contribution factor, {3 11.0
Structural fastener distribution factor at 0.556
panel ends, o,
Structural fastener distribution factor at 0.556
interior supports, o,
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 1.97
Warping factor, D,, (in.) 60.4
Warping support factor, p 1.00
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.39
Edge panel shear strength, S ,,, (kip/ft.) 7.12
Panel shear strength limited by corner 2.75
fastener, S . (kip/ft.)
Panel buckling shear strength, S, (kip/ft.) 1.32
Shear stiffness, G (kip/in) 14.2

Notes

36/4 fastener pattern at interior and exterior supports

\ w = 36 in.
o NS NS NS NS NS\
e (in.) 0.75
, ] / |
w, (in.) 1.68 W/‘ i
f(in.) 3.00 /\ Magnified '\ ».
dGn) 600 o Corrugation | el
s (in.) 7.85 ‘ d |
Dy (in.) 1.50 s =20e+w)+f
\ b |
—>
A
a Endlap
v
P
Loading Type: Monotonic
Load Rate: Static
a=21'
b=20"
2
s
= 15
1]
=
o 1
c
o
]
& 05
o
<
1]
0 1 1 1 )
0 0.01 0.02 0.03 0.04
Shear Angle, « {rad)
Eperimental Max Strength (kip/ft.) 1.62
Experimental Shear Stifthess (kip/in) 14.8
Ultimate Shear Angle, vg, (rad*1000) 29.3
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Pinkham (1999) - Specimen 39

Input
Structural Fastener Type Arc Spot Weld 36/7 fastener pattern at interior and exterior supports

. . \ w =36 in. \
Deck thickness, ¢ (in.) 0.0310 'o[ 7777777 \.O_/, 7777777 \.o./, 7777777 \..o_/, 7777777 \J 7"""\-0-/7 7777777 \J‘

Panel Length, / (ft.) 8

Sidelap Fastener Type Top Seam Weld

Panel Span, /,, (ft.) 8 e (in.) 0.75 e f—
No. of sidelap connections per one edge of 14 w, (in.) 1.68 W/‘ ) i \
interior panel length, 7 f(in.) 3.00 /\L Cl\g?ﬁlnlii?d Da
No. of edge structural connections not in line 18 d (in.) 6.00 ol ga lonﬁ o ‘H
with int. or ext. supports, 7 , s (in.) 7.85 ‘ d |
No. of interior supports per panel length, 1, 1 Dy (in) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 P b -
Ultimate strength of deck, F',, (ksi) 55 T»
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875 a
Endlap
Fastener Strengths and Flexibilites | =000
Structural fastener strength, P of (kip) 3.17 . i _
Sidelap fastener strength, P, (kip) 3.04 '
Structural fastener flexibility, S, (in/kip) 0.0065 AN AN
Sidelap fastener flexibility, S, (in/kip) 0.0064
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.716 a=18'
Interior panel fastener contribution factor, {3 18.1 b=16'
Structural fastener distribution factor at 0.778 A5r
panel ends, o, _ -
Structural fastener distribution factor at 0.778 %_ 3T
interior supports, o, Z25¢F
Number of structural fasteners at panel ends 2.33 «“ I
per unit width, N F{,’, 2
Fastener slip coefficient, C 0.92 E 15}
Warping factor, D, (in.) 7.23 ?/): 1
Warping support factor, p 1.00 ®
505
Predicted Shear Strength and Stiffness 0
i i 0 0.005 0.01 0.015
Interior panel shear strength, S ,,; (kip/ft.) 6.93 Shear Angle, + {rad)
Edge panel shear strength, S ,,, (kip/ft.) 9.50
Panel shear strength limited by corner 5.14 Eperimental Max Strength (kip/ft.) 3.32
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 81.4
Panel buckling shear strength, S ,,, (kip/ft.) 2.03 Ultimate Shear Angle, gy, (rad*1000) 9.54
Shear stiffness, G (kip/in) 79.0
Notes
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Pinkham (1999) - Specimen 40

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Fillet Weld
Deck thickness, ¢ (in.) 0.0480
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 12
interior panel length, 7
No. of edge structural connections not in line 14
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.2920
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 4.80

Sidelap fastener strength, P, (kip) 2.97

Structural fastener flexibility, S, (in/kip) 0.0052

Sidelap fastener flexibility, S, (in/kip) 0.0057
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.857

Interior panel fastener contribution factor, {3 13.6

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.00

per unit width, N

Fastener slip coefficient, C 1.65

Warping factor, D,, (in.) 3.02

Warping support factor, p 0.90

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 6.42
Edge panel shear strength, S ,,, (kip/ft.) 10.60

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

12.0

36/7 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
Lo NS NN N NN
e (in.) 0.75
, e —
w, (in.) 1.68 Wf i \
f(in.) 3.00 /\c Magnlﬁc.ad [z‘,
d (in.) 600 . Cormgatlona . ‘H
s (in.) 7.85 ‘ d |
Dy (in.) 1.50 s =20e+w)+f
- b -
—>
A
e — I
a Endlap
Y
Pas
Loading Type: Monotonic
Load Rate: Static
a=10'
b=15'
7 m
-
g£or
[}
5t
L2
c4r
§’
g3
Pt
©
3.1
L2
0 1 L )
0 0.005 0.01 0.015 0.02
Shear Angle, v (rad)
Eperimental Max Strength (kip/ft.) 6.68
Experimental Shear Stifthess (kip/in) 167
Ultimate Shear Angle, vg, (rad*1000) 14.2
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Pinkham (1999) - Specimen 41

Input
Structural Fastener Type Arc Spot Weld 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Fillet Weld w=36in.
Deck thickness, ¢ (in.) 0.0310 L \_/ \_/ \_/ \_/ \_/ \i
Panel Length, / (ft.) 10
Panel Span, /,, (ft.) 5 e (in.) 0.75 e f—
No. of sidelap connections per one edge of 12 w, (in.) 1.68 W/‘ ) i \
interior panel length, 7 f(in.) 3.00 /\L / Cl\g?ﬁlnlii?d \ [i"
No. of edge structural connections not in line 12 d (in.) 6.00 ol ga lonﬁ o ‘H
with int. or ext. supports, 7 , s (in.) 7.85 ‘ d |
No. of interior supports per panel length, 1, 2 Dy (in) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 ‘ - b . ‘
Ultimate strength of deck, F',, (ksi) 55 .
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1481 [ —
width, I, (in*) S
Diameter of structural weld, (in.) 0.875 HEEEEEES IEEEEESS EEEEESS,
a Endlap
Fastener Strengths and Flexibilities i
Structural fastener strength, P, (kip) 3.17
Sidelap fastener strength, P, (kip) 1.92 e
Structural fastener flexibility, S, (in/kip) 0.0065
Sidelap fastener flexibility, S, (in/kip) 0.0071 A
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.823 a=10"
Interior panel fastener contribution factor, {3 13.5 b=15'
Structural fastener distribution factor at 0.778 35
panel ends, o, -
Structural fastener distribution factor at 0.778 EQ_ 3r
interior supports, o, X 55t
Number of structural fasteners at panel ends 2.00 @
per unit width, N <'c-m 2r
Fastener slip coefficient, C 1.32 § 15¢
Warping factor, D,, (in.) 3.02 § it
Warping support factor, p 0.90 3
f, 05
Predicted Shear Strength and Stiffness 0 . . . '
Interior panel shear strength, S ,,; (kip/ft.) 4.16 0 0.005 0.01 0.015 0.02
Edge panel shear strength, S ,,, (kip/ft.) 6.33 Shear Angle, « (rad)
Panel shear strength limited by corner Eperimental Max Strength (kip/ft.) 3.22
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 80.5
Panel buckling shear strength, S ,,, (kip/ft.) 5.20 Ultimate Shear Angle, gy, (rad*1000) 16.1

Shear stiffness, G (kip/in)

Notes
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Pinkham (1999) - Specimen 42

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Fillet Weld
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.17

Sidelap fastener strength, P, (kip) 1.92

Structural fastener flexibility, S, (in/kip) 0.0065

Sidelap fastener flexibility, S, (in/kip) 0.0071
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.700

Interior panel fastener contribution factor, {3 8.18

Structural fastener distribution factor at 0.556

panel ends, o,

Structural fastener distribution factor at 0.556

interior supports, o,

Number of structural fasteners at panel ends 1.00

per unit width, N

Fastener slip coefficient, C 2.13

Warping factor, D,, (in.) 62.5

Warping support factor, p 1.00

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 2.40

Edge panel shear strength, S ,,, (kip/ft.) 6.96

Panel shear strength limited by corner 2.00

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 1.30

Shear stiffness, G (kip/in) 13.5

Notes

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
1 W W W W WA U
e (in) 0.75 —
we(in)  1.68 Wf\‘ : ‘ﬁ
f(in.) 3.00 /\‘ Magmﬁ?d [z‘,
d (in.) 600 ‘HCOrmgatlonﬁ : ‘ﬁ
s (in.) 7.85 ‘ d ‘
Dy (in.) 1.50 s=2(+w)+f
\ b |

—>

A

a Endlap

4

Z>

Loading Type: Monotonic
Load Rate: Static

a=21"
b=20"
2-

~
5

Shear Strength, S (kip/ft.)
[=]
Y -

o . . : . .
0 0005 0.01 0015 002 0.025
Shear Angle, v {rad)

Eperimental Max Strength (kip/ft.) 1.51
Experimental Shear Stifthess (kip/in) 13.3
Ultimate Shear Angle, vg, (rad*1000) 21.3
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Pinkham (1999) - Specimen 43

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Fillet Weld
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 18
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.17

Sidelap fastener strength, P, (kip) 1.92

Structural fastener flexibility, S, (in/kip) 0.0065

Sidelap fastener flexibility, S, (in/kip) 0.0071
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.700

Interior panel fastener contribution factor, {3 15.6

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.00

per unit width, N

Fastener slip coefficient, C 1.02

Warping factor, D,, (in.) 5.81

Warping support factor, p 1.00

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 4.74

Edge panel shear strength, S ,,, (kip/ft.) 7.60

Panel shear strength limited by corner 3.89

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 1.30

Shear stiffness, G (kip/in) 89.4

Notes

36/7 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NSNS N
e (in) 0.75 —
we(in)  1.68 Wf\‘ : ‘ﬁ
f(in.) 3.00 /\‘ Magmﬁ?d [z‘,
d (in.) 600 ‘HCOrmgatlonﬁ : ‘ﬁ
s (in.) 7.85 ‘ d ‘
Dy (in.) 1.50 s=2(+w)+f
\ b |

—>

A

a Endlap

4

Z>

Loading Type: Monotonic
Load Rate: Static

a=21'

b=20"

N
o

N>

.
()]

-

&
o

Shear Strength, S (kip/ft.»

0 . . . . . .
0 0002 0.004 0006 0.008 001 0.012
Shear Angle,  (rad)

Eperimental Max Strength (kip/ft.) 242
Experimental Shear Stifthess (kip/in) 70
Ultimate Shear Angle, gy, (rad*1000) 7.04
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Pinkham (1999) - Specimen 44

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Fillet Weld
Deck thickness, ¢ (in.) 0.0480
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 23
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Length of sidelap weld, L ,, (in.) 1.50
Moment of inertia of fully effective panel per unit 0.2920
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 4.80

Sidelap fastener strength, P, (kip) 2.97

Structural fastener flexibility, S, (in/kip) 0.0052

Sidelap fastener flexibility, S, (in/kip) 0.0057
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.715

Interior panel fastener contribution factor, {3 8.28

Structural fastener distribution factor at 0.556

panel ends, o,

Structural fastener distribution factor at 0.556

interior supports, o,

Number of structural fasteners at panel ends 1.00

per unit width, N

Fastener slip coefficient, C 2.65

Warping factor, D,, (in.) 324

Warping support factor, p 1.00

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 3.70

Edge panel shear strength, S ,,, (kip/ft.) 13.0

Panel shear strength limited by corner 3.06

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 3.00

Shear stiffness, G (kip/in) 36.8

Notes

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
A NN N N N\
e (in.) 0.75 . f |
w, (in.) 1.68 Wf . 7§
f(in.) 3.00 /\c Magnlﬁc.ad [z‘,
d (in.) 600 . Cormgatlona . ‘H
s (in.) 7.85 ‘ d |
Dy (in.) 1.50 s =20e+w)+f
\ b |
—>
A
a Endlap
v
P
Loading Type: Monotonic
Load Rate: Static
a=21'
b=20"
3571
g af
2
X251
1]
£ 2|
2
2 157
«
g 05}
50
0 . f . .
0 0.005 0.01 0.015 0.02
Shear Angle,  {(rad)
Eperimental Max Strength (kip/ft.) 3.13
Experimental Shear Stifthess (kip/in) 31.4
Ultimate Shear Angle, vg, (rad*1000) 16.4
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Pinkham (1999) - Specimen 50

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0480
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Diameter of sidelap screw (in.) 0.211
Moment of inertia of fully effective panel per unit 0.2920
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 4.80

Sidelap fastener strength, P, (kip) 1.17

Structural fastener flexibility, S, (in/kip) 0.0052

Sidelap fastener flexibility, S, (in/kip) 0.0137
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.857

Interior panel fastener contribution factor, {3 12.8

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.00

per unit width, N

Fastener slip coefficient, C 1.73

Warping factor, D,, (in.) 3.02

Warping support factor, p 0.90

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 6.00
Edge panel shear strength, S ,,, (kip/ft.) 12.50

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

12.0

36/7 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
Lo NS NS N NS N\
e (in.) 0.75
, ] / |
w, (in.) 1.68 Wf i \
f(in.) 3.00 4 Magnified v
d(in.) 600 T Comlgatlonﬁ o
s (in.) 7.85 ‘ d |
Dy (in.) 1.50 s =20e+w)+f
P b -
—>
,,,,,,,,,,,,,,,,,, N
a Endlap
A
Loading Type: Monotonic
Load Rate: Static
a=10'
b=15'
7 -
-
E 6
8
E5¢
L%
<47
k=)
5ot
22t
[
2.1
L%
0 . . .
0 0.005 0.01 0.015 0.02
Shear Angle, -y (rad)
Eperimental Max Strength (kip/ft.) 6.19
Experimental Shear Stifthess (kip/in) 167
Ultimate Shear Angle, gy, (rad*1000) 10.7
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Pinkham (1999) - Specimen 51

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Diameter of sidelap screw (in.) 0.211
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.17

Sidelap fastener strength, P, (kip) 0.75

Structural fastener flexibility, S, (in/kip) 0.0065

Sidelap fastener flexibility, S, (in/kip) 0.0170
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.823

Interior panel fastener contribution factor, {3 12.6

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.00

per unit width, N

Fastener slip coefficient, C 1.39

Warping factor, D,, (in.) 5.81

Warping support factor, p 0.90

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.89
Edge panel shear strength, S ,,, (kip/ft.) 8.23

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

5.20

36/7 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
Lo NS NS N NS N\
e (in.) 0.75
, ] / |
w, (in.) 1.68 Wf i \
f(in.) 3.00 4 Magnified v
d(in.) 600 ‘HCOHugatlonﬁ o
s (in.) 7.85 ‘ d |
Dy (in.) 1.50 s =20e+w)+f
P b -
—>
,,,,,,,,,,,,,,,,,, N
a Endlap
A
Loading Type: Monotonic
Load Rate: Static
a=10'
b=15'
3 [
-
£ o5r
(%
£
o 27
£
@ 15
c
o
& 1t
3
< 05r
1]
0 . . . .
0 0.005 0.01 0.015 0.02
Shear Angle, v (rad)
Eperimental Max Strength (kip/ft.) 3.00
Experimental Shear Stifthess (kip/in) 81.5
Ultimate Shear Angle, gy, (rad*1000) 16.7
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Pinkham (1999) - Specimen 52

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Diameter of sidelap screw (in.) 0.211
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.17

Sidelap fastener strength, P, (kip) 0.75

Structural fastener flexibility, S, (in/kip) 0.0065

Sidelap fastener flexibility, S, (in/kip) 0.0170
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.700

Interior panel fastener contribution factor, {3 5.24

Structural fastener distribution factor at 0.556

panel ends, o,

Structural fastener distribution factor at 0.556

interior supports, o,

Number of structural fasteners at panel ends 1.00

per unit width, N

Fastener slip coefficient, C 3.93

Warping factor, D,, (in.) 62.5

Warping support factor, p 1.00

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 1.47

Edge panel shear strength, S ,,, (kip/ft.) 6.96

Panel shear strength limited by corner 1.47

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 1.30

Shear stiffness, G (kip/in) 13.1

Notes

36/4 fastener pattern at interior and exterior supports

‘ w=36in. ‘
VAN NN NN
e (in) 0.75 —
we(in)  1.68 Wf\‘ : ‘ﬁ
f(in.) 3.00 /\‘ Magmﬁ?d [z‘,
d (in.) 600 ‘HCOrmgatlonﬁ : ‘ﬁ
s (in.) 7.85 ‘ d ‘
Dy (in.) 1.50 s=2(+w)+f
\ b |

—

A

a Endlap

4

>

Loading Type: Monotonic
Load Rate: Static

a=21"
b=20"
1-

e o o
IS o o

Shear Strength, S (kip/ft.)
(=]
NS

0
0 0.005 0.01 0015 002 0.025
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.951
Experimental Shear Stifthess (kip/in) 12.4
Ultimate Shear Angle, vg, (rad*1000) 21.2
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Pinkham (1999) - Specimen 53

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0310
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 38
Ultimate strength of deck, F',, (ksi) 55
Diameter of sidelap screw (in.) 0.211
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Diameter of structural weld, (in.) 0.875

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.17

Sidelap fastener strength, P, (kip) 0.75

Structural fastener flexibility, S, (in/kip) 0.0065

Sidelap fastener flexibility, S, (in/kip) 0.0170
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.700

Interior panel fastener contribution factor, {3 6.57

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.00

per unit width, N

Fastener slip coefficient, C 3.28

Warping factor, D,, (in.) 5.81

Warping support factor, p 1.00

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.89
Edge panel shear strength, S ,,, (kip/ft.) 7.60

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

1.30

36/7 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NSNS N
e (in) 0.75 —
we(in)  1.68 Wf\‘ : ‘ﬁ
f(in.) 3.00 /\‘ Magmﬁ?d [z‘,
d (in.) 600 ‘HCOrmgatlonﬁ : ‘ﬁ
s (in.) 7.85 ‘ d ‘
Dy (in.) 1.50 s=2(+w)+f
\ b |

—>

A

a Endlap

4

Z>

Loading Type: Monotonic
Load Rate: Static

a=21"
b=20"
2-

N
5

Shear Strength, S (kip/ft.»
[=]
o -

o . . . . . .
0 0002 0004 0006 0008 001 0.012
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 1.58
Experimental Shear Stifthess (kip/in) 55.6
Ultimate Shear Angle, vg, (rad*1000) 11.5
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Pinkham (1999) - Specimen 54

Input
Structural Fastener Type Arc Spot Weld 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Screw w = 36 in.
Deck thickness, ¢ (in.) 0.0480 L/ \_/ \_/ \_/ \_/ \_/ \l
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 10 e (in.) 0.75 e f—
No. of sidelap connections per one edge of 8 w, (in.) 1.68 W/‘ ) i \
interior panel length, 7 f(in.) 3.00 /\L / Cl\g?ﬁlnlii?d \ [i"
No. of edge structural connections not in line 18 d (in.) 6.00 ol ga lonﬁ o ‘H
with int. or ext. supports, 7 , s (in.) 7.85 ‘ d |
No. of interior supports per panel length, 1, 1 Dy (in) 1.50 s =20e+w)+f
Yield strength of deck, F", (ksi) 38 ‘ b ‘
Ultimate strength of deck, F',, (ksi) 55 TV
Diameter of sidelap screw (in.) 0.211
Moment of inertia of fully effective panel per unit 0.2920
width, I, (in*)
Diameter of structural weld, (in.) 0.875
a Endlap
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 4.80
Sidelap fastener strength, P, (kip) 1.17
Structural fastener flexibility, S, (in/kip) 0.0052 Y
Sidelap fastener flexibility, S, (in/kip) 0.0137 F
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.715 a=21'
Interior panel fastener contribution factor, {3 5.27 b=20'
Structural fastener distribution factor at 0.556

2 m
panel ends, o,
Structural fastener distribution factor at 0.556

N
5

interior supports, o,
Number of structural fasteners at panel ends 1.00

per unit width, N

Fastener slip coefficient, C 4.89
Warping factor, D,, (in.) 324
Warping support factor, p 1.00 05

Shear Strength, S (kip/ft.»

Predicted Shear Strength and Stiffness 0 : : + !
Interior panel shear strength, S ,,; (kip/ft.) 2.26 0 0.005 001 0015 002
) Shear Angle, v (rad)
Edge panel shear strength, S ,,, (kip/ft.) 10.6
Panel shear strength limited by corner Eperimental Max Strength (kip/ft.) 1.90
fastener, S . (kip/ft.) Experimental Shear Stifthess (kip/in) 48.6
Panel buckling shear strength, S ,,, (kip/ft.) 3.00 Ultimate Shear Angle, gy, (rad*1000) 11.1

Shear stiffness, G (kip/in)

Notes
Test 54 did not have adequate weld penetration. Retested as specimen 54R
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Martin (2002) - Specimen 19

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.65
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.16
Edge panel shear strength, S, (kip/ft.) 2.03

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.994

6.83

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
we(in) 158 ~ : —
. We Magnified D,
f(in. 3.50 ‘
(l.n ) J\ Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f
‘ - b =‘
T
a __________ e e =

Loading Type: Monotonic
Load Rate: Static

a=12"

b=20'

2 = = =
~ or @ - [N

Shear Strength, S (kip/ft.}
j=]
o

[=]

0.005 0.01 0.015

Shear Angle, « (rad)

1.15
24.2
14.8

Eperimental Max Strength (kip/ft.)
Experimental Shear Stiffness (kip/in)
Ultimate Shear Angle, g0, (rad*1000)

Specimens 19, 34 and 35 have identical test setups with varying loading protocols.
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Martin (2002) - Specimen 20

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc Spot Weld diameter (in.) 0.625
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.216
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 7.51
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 9.93
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

| 04632|

Interior panel shear strength, S ,; (kip/ft.)

Edge panel shear strength, S, (kip/ft.) 2.00
Panel shear strength limited by corner 0.639
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 5.03

Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading

a=12'
b =20
os8r

a6
a4 r
0.2

0
02F
-04F
06|

Shear Strength, S (kip/ft.)

08 ' . . ' . !
-0.015 -0.01 -0.005 0O 0.005 0.01 0.015

Shear Angle, « {rad)
Eperimental Max Strength (kip/ft.) 0.672
Experimental Shear Stiffness (kip/in) 16.8
Ultimate Shear Angle, g0, (rad*1000) 5.04

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Specimens 20 and 36 have identical test setups with varying loading protocols.

Structural welds on both sides of interlocking sidelap seam.
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Martin (2002) - Specimen 21

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc Spot Weld diameter (in.) 0.625
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.09
Sidelap fastener strength, P ,; (kip) 0.308
Structural fastener flexibility, S (in/kip) 0.0061
Sidelap fastener flexibility, S (in/kip) 0.159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 7.91
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 10.8
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,; (kip/ft.)

| 04792|

Edge panel shear strength, S, (kip/ft.) 2.37
Panel shear strength limited by corner 0.792
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 6.83

Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(l.n ) 330 £ Corrugation
d (in)) 6.00 H‘ el —l e
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

| - b >|
T
a ,,,,,,,,,, e e e

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

o
o

Shear Strength, S (kip/ft.}
& o

A

-0.01 -0.005 0 0.005 0.01

Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.932
Experimental Shear Stiffness (kip/in) 15.2
Ultimate Shear Angle, g0, (rad*1000) 6.51

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Specimens 21 and 37 have identical test setups with varying loading protocols.

Structural welds on both sides of interlocking sidelap seam.
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Martin (2002) - Specimen 22

Input
Structural Fastener Type WWW
Sidelap Fastener Type WWW
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Inside (hole) diameter of weld washer (in.) 0.551
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.25
Sidelap fastener strength, P ,; (kip) 2.43
Structural fastener flexibility, S (in/kip) 0.0061
Sidelap fastener flexibility, S (in/kip) 0.0059
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 17.6
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 2.17
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 2.80
Edge panel shear strength, S, (kip/ft.) 3.68

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

6.83

36/4 fastener pattern at interior and exterior supports

w = 361in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : —F
c Magnified D,
f(l.n ) 330 £ Corrugation
d (in.) 6.00 —| e l— —l e |—
s (in.) 8.16 —d ‘
Dy (in.) 1.50 s =2e+w)+f
‘ - b =‘
T
a ,,,,,,,,,, e e e
Loading Type: Monotonic
Load Rate: Static
a=12"
b=20'
257
=
&
S 2f
3
w o
=15
=
D
c
£ 1
7]
o
o 0.5
=
[72]
0 . . .
0 0.005 0.01 0.015
Shear Angle, -y (rad)
Eperimental Max Strength (kip/ft.) 2.20
Experimental Shear Stiffness (kip/in) 27.0

Ultimate Shear Angle, g0, (rad*1000) 12.2

WWW = weld with washer. Sidelap welds with washers prohibited in current design standards.

Specimens 22, 23 and 24 have identical test setups with varying loading protocols.



Martin (2002) - Specimen 23

Input
Structural Fastener Type WWW
Sidelap Fastener Type WWW
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Inside (hole) diameter of weld washer (in.) 0.551
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.25
Sidelap fastener strength, P ,; (kip) 2.43
Structural fastener flexibility, S (in/kip) 0.0061
Sidelap fastener flexibility, S (in/kip) 0.0059
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 17.6
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 2.17
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 2.80
Edge panel shear strength, S, (kip/ft.) 3.70

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

6.83

36/4 fastener pattern at interior and exterior supports

w = 361in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i
c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf
‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

[+

=

317 ISR
Y A—
7

Shear Strength, S (kip/ft.y
N =}

'
N

-0.015-0.01-0.005 0 0.005 0.01 0.015
Shear Angle, ~ (rad)

Eperimental Max Strength (kip/ft.) 2.35
Experimental Shear Stiffness (kip/in) 33.0
Ultimate Shear Angle, g0, (rad*1000) 13.1

WWW = weld with washer. Sidelap welds with washers prohibited in current design standards.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Specimens 22, 23 and 24 have identical test setups with varying loading protocols.



Martin (2002) - Specimen 24

Input
Structural Fastener Type WWW
Sidelap Fastener Type WWW
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Inside (hole) diameter of weld washer (in.) 0.551
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.25
Sidelap fastener strength, P ,; (kip) 2.43
Structural fastener flexibility, S (in/kip) 0.0061
Sidelap fastener flexibility, S (in/kip) 0.0059
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.84
Interior panel fastener contribution factor, p 17.6
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 2.17
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 2.80
Edge panel shear strength, S, (kip/ft.) 3.70

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

6.83

36/4 fastener pattern at interior and exterior supports

w = 361in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

2571
2F
1571
1F
05r
OF
05T
1
157
2F

25 . . . . . )
-0.015 -0.01 -0.005 ¢ 0.005 0.01 0.015

Shear Angle, « (rad)

Shear Strength, S (kip/ft.y

Eperimental Max Strength (kip/ft.) 2.27
Experimental Shear Stiffness (kip/in) 26.7
Ultimate Shear Angle, g0, (rad*1000) 9.96

WWW = weld with washer. Sidelap welds with washers prohibited in current design standards.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Specimens 22, 23 and 24 have identical test setups with varying loading protocols.
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Martin (2002) - Specimen 28

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0072
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.26
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 0.976
Edge panel shear strength, S, (kip/ft.) 1.72

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.836

5.03

36/4 fastener pattern at interior and exterior supports

w = 36 in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

05T

Shear Strength, S (kip/ft.}
<

-1 . L . L |
-0.01  -0.005 0 0.005 0.01 0015
Shear Angle, « (rad)
Eperimental Max Strength (kip/ft.) 0.959
Experimental Shear Stiffness (kip/in) 12.1
Ultimate Shear Angle, g0, (rad*1000) 13.1

Specimens 28 and 29 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Martin (2002) - Specimen 29

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0072
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.26
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 0.976
Edge panel shear strength, S, (kip/ft.) 1.72

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.836

5.03

36/4 fastener pattern at interior and exterior supports

w = 36 in.

e (in.)
W, (in.)
f(in.)
d (in.)
s (in.)
Dy (in.)

0.75
1.58
3.50
6.00
8.16
1.50

e
*
ﬁ Magnified D,
Corrugation

—»‘e\«— —»\e

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

05T

Shear Strength, S (kip/ft.y
[ ]

-0.005 4] 0.005
Shear Angle, v (rad)

0.01

Eperimental Max Strength (kip/ft.) 0.919
Experimental Shear Stiffness (kip/in) 15.3
Ultimate Shear Angle, g0, (rad*1000) 6.54

Specimens 28 and 29 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Martin (2002) - Specimen 30

Input
Structural Fastener Type X-EDNK22 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300 ‘ w = 36 in.
Panel Length, / (ft.) 20 -j \./ \:':‘P':/:::::: \./ \./ R \./ o \a
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 36 e (in.) 0.75 | e
interior panel length, n W, (in.) 1.58 w/‘. - \ §
No. of edge structural connections not in line 36 f(in.) 3.50 J\L Cl\Aagn1f1§d Dy
with int. or ext. supports, 7, d (in.) 6.00 —| e |l orries lon—»\ e |«—
No. of interior supports per panel length, n, 3 s (in.) 8.16 d !
Yield strength of deck, F', (ksi) 33 Dy(in)  1.50 §=20Ctw)tf
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111 ‘ - b - ‘
Moment of inertia of fully effective panel per unit 0.1481 —
width, I, (in*) T
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51 a = b o i
Sidelap fastener strength, P ,; (kip) 0.728 | 1 1 I
Structural fastener flexibility, S (in/kip) 0.0072
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables Loading Type: Monotonic
Corner fastener reduction factor, A 0.820 Load Rate: Static
Interior panel fastener contribution factor, p 25.1 a=12'
Structural fastener distribution factor at 0.778 b=20"
panel ends, otez o
Structural fastener distribution factor at 0.778 -
interior supports, otpz EQ_
Number of structural fasteners at panel ends 2 = 15f
per unit width, N 0
Fastener slip coefficient, C 2.13 '-ng 1l
Warping factor, D,, (in.) 4.75 §
Warping support factor, p 0.8 b7
& 05

Predicted Shear Strength and Stiffness %
Interior panel shear strength, S ,; (kip/ft.) 1.87 0 . . . |
Edge panel shear strength, S, (kip/ft.) 3.48 0 0.005 0.01 0.015 0.02
Panel shear strength limited by corner Shear Angle, v (rad)
fastener, S, (kip/ft.)
Panel buckling shear strength, S, (kip/ft.) 5.03 Eperimental Max Strength (kip/ft.) 1.60

Shear stiffness, G’ (kip/in) Experimental Shear Stiffness (kip/in) 99.4
Ultimate Shear Angle, g0, (rad*1000) 13.00

Notes

Specimens 30 and 31 have identical test setups with varying loading protocols.
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Martin (2002) - Specimen 31

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 36
interior panel length, n ¢
No. of edge structural connections not in line 36
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0072
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 25.1
Structural fastener distribution factor at 0.778
panel ends, a,’
Structural fastener distribution factor at 0.778
interior supports, otpz
Number of structural fasteners at panel ends 2
per unit width, N
Fastener slip coefficient, C 2.13
Warping factor, D, (in.) 4.75
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.87
Edge panel shear strength, S, (kip/ft.) 3.48

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

5.03

36/7 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
17 VO VO W WY WY \y
e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i
. c Magnified D,
f(l.n ) 330 £ Corrugation
d (IIL) 6.00 —»‘ e \«— d —»‘ e ‘«—
s (in.) 8.16 ‘
Dy (in.) 1.50 s = 2+w)+f

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"

b=20'

2 -

Shear Strength, S (kip/ft.y

2 1 1 1 1
-0.005 0 0.005 0.01 0.015

Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 1.81
Experimental Shear Stiffness (kip/in) 65.3
Ultimate Shear Angle, g0, (rad*1000) 10.10

Specimens 30 and 31 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.



Martin (2002) - Specimen 32

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 36
interior panel length, n ¢
No. of edge structural connections not in line 36
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 25.2
Structural fastener distribution factor at 0.778
panel ends, a,’
Structural fastener distribution factor at 0.778
interior supports, otpz
Number of structural fasteners at panel ends 2
per unit width, N
Fastener slip coefficient, C 2.33
Warping factor, D, (in.) 3.64
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 2.23
Edge panel shear strength, S, (kip/ft.) 4.13

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

36/7 fastener pattern at interior and exterior supports

w = 36 in. ‘

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : F

. c Magnified D,
f(in) 3.0 £ Corrugation
s (in.) 8.16 —d ‘
Dy (in.) 1.50 s =2e+w)+f

‘ - b =‘

T

a ,,,,,,,,,, e e e
Loading Type: Monotonic
Load Rate: Static
a=12"
b=20'

25r

oy

£

g 27

3

w

f: 1.5

(=2}

c

g 1t

=

[}

)

go05

<

[}

0 . . . .
0 0.005 0.01 0.015 0.02
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 2.36
Experimental Shear Stiffness (kip/in) 130

Ultimate Shear Angle, g0, (rad*1000) 10.7

Specimens 32 and 33 have identical test setups with varying loading protocols.



Martin (2002) - Specimen 33

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 36
interior panel length, n ¢
No. of edge structural connections not in line 36
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 25.2
Structural fastener distribution factor at 0.778
panel ends, a,’
Structural fastener distribution factor at 0.778
interior supports, otpz
Number of structural fasteners at panel ends 2
per unit width, N
Fastener slip coefficient, C 2.33
Warping factor, D, (in.) 3.64
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 2.23
Edge panel shear strength, S, (kip/ft.) 4.13

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

36/7 fastener pattern at interior and exterior supports

w = 36 in.

0.75
1.58
3.50
6.00
8.16
1.50

e
*
ﬁ Magnified D,
Corrugation

H‘e\k H\e‘

Loading Type: Cyclic
Load Rate: Fast-loading
a=12"
b=20'
A

e N

Shear Strength, S (kip/ft.)
(=]

-0.005 0 0.005 0.01
Shear Angle, v {rad)

Eperimental Max Strength (kip/ft.) 2.40
Experimental Shear Stiffness (kip/in) 114
Ultimate Shear Angle, g0, (rad*1000) 9.89

Specimens 32 and 33 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Martin (2002) - Specimen 34

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.65
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.16
Edge panel shear strength, S, (kip/ft.) 2.03

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.994

6.83

36/4 fastener pattern at interior and exterior supports

w = 36 in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading

a=12'
b=20'
157p
g /)
£ 1t By
[
yy
= ;;9/1,//4/
5 of 'VZIA.‘/
b P e——
g Z—
& 05t
&
£ 4
[2]

1.5 : ' ' : '
.01 -0.005 0  0.005 001 0015

Shear Angle, v {rad)

Eperimental Max Strength (kip/ft.) 1.16
Experimental Shear Stiffness (kip/in) 24.7
Ultimate Shear Angle, g0, (rad*1000) 11.9

Specimens 19, 34 and 35 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Martin (2002) - Specimen 35

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.65
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.16
Edge panel shear strength, S, (kip/ft.) 2.03

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.994

6.83

36/4 fastener pattern at interior and exterior supports

w = 36 in.

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(1‘n<) 3.30 J\ Corrugation
d (IIL) 6.00 —»‘ e |— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

‘ - b =‘
T
a ,,,,,,,,,, e e He————————

Loading Type: Cyclic
Load Rate: Fast-loading

a=12'
b =20
157

=y

0.5

Shear Strength, S (kip/ft.}
<

1.5 : . . . . '
-0.006 -0.004 -0.002 O 0002 0.004 0.006

Shear Angle, ~ (rad)

Eperimental Max Strength (kip/ft.) 1.18
Experimental Shear Stiffness (kip/in) 26.5
Ultimate Shear Angle, g0, (rad*1000) 5.90

Specimens 19, 34 and 35 have identical test setups with varying loading protocols.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Martin (2002) - Specimen 36

Input

Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢

No. of edge structural connections not in line 16
with int. or ext. supports, 7,

No. of interior supports per panel length, 7, 3
Yield strength of deck, F', (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc Spot Weld diameter (in.) 0.625
Moment of inertia of fully effective panel per unit 0.1481

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.216
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.173

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 7.51
Structural fastener distribution factor at 0.556

2
panel ends, o,
Structural fastener distribution factor at 0.556

Lo 2
nterior supports, o,
Number of structural fasteners at panel ends 1.33

per unit width, N

Fastener slip coefficient, C 9.93
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

| 04632|

Interior panel shear strength, S ,; (kip/ft.)

Edge panel shear strength, S, (kip/ft.) 2.00
Panel shear strength limited by corner 0.639
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 5.03

Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : i

. c Magnified D,
f(l.n ) 330 £ Corrugation
d (IIL) 6.00 —»‘ e \«— —»‘ e ‘«—
s (in.) 8.16 , ‘i L
Dy(in)  1.50 s = 2etw) tf

Loading Type: Cyclic
Load Rate: Fast-loading

>
>

S
~

a=12'
b=20'
08
o~
£ 06f
=g
= 04F
@ 7
= 02} /4
5 8 AN
g =
2 T
/2]
}
53
[}
=
/2]

0015 001 -0.005 0 0.005 0.01
Shear Angle, -y {rad}

Eperimental Max Strength (kip/ft.) 0.672
Experimental Shear Stiffness (kip/in) 14.0
Ultimate Shear Angle, g0, (rad*1000) 5.82

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Specimens 20 and 36 have identical test setups with varying loading protocols.

202 static cycles at lower displacment displacement step before fast-loaded displacement history is applied. 202 cycles are meant to

simulate wind fatigue at service loads.

Structural welds on both sides of interlocking sidelap seam.



Martin (2002) - Specimen 37

Input

Structural Fastener Type Arc Spot Weld

Sidelap Fastener Type Button Punch

Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc Spot Weld diameter (in.) 0.625
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 2.09
Sidelap fastener strength, P ,; (kip) 0.308
Structural fastener flexibility, S (in/kip) 0.0061
Sidelap fastener flexibility, S (in/kip) 0.159

Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 791
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 10.8
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

| 04792|

Interior panel shear strength, S ,; (kip/ft.)

Edge panel shear strength, S, (kip/ft.) 2.37
Panel shear strength limited by corner 0.792
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 6.83

Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
w(in) 158 Wf\ : F
. c Magnified D,
f(in) 3:50 £ Corrugation
s (in.) 8.16 —d ‘
Dy (in.) 1.50 s =2e+w)+f
‘ - b =‘
T
a ,,,,,,,,,, e e e

Loading Type: Monotonic

Load Rate: Static

a=12"

b=20'
1

© < <
EN or o

Shear Strength, S (kip/ft.}
<
[N

-—

0.005 0.01
$Shear Angle, -y (rad)

0.858
24.9
8.06

Eperimental Max Strength (kip/ft.)

Experimental Shear Stiffness (kip/in)
Ultimate Shear Angle, g0, (rad*1000)

Specimens 21 and 37 have identical test setups with varying loading protocols.

Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 1

Input

Arc Spot Weld
Button Punch

Structural Fastener Type
Sidelap Fastener Type

Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter, (in) 0.625
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.216
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.1732

Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 7.51
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 9.93
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

| 04632|

Interior panel shear strength, S ,; (kip/ft.)

Edge panel shear strength, S, (kip/ft.) 2.00
Panel shear strength limited by corner 0.639
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 5.03

Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
wo(in)  1.58 ™~ . —F
. We Magnified D,
f(in. 3.50 ‘
(l.n ) J\ Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f
| - b -
—>
a ,,,,,,,,,, e e H—————————x
Loading Type: Monotonic
Load Rate: Static
a=12"
b= 20"
oér
-
f: =
3
o 04
£
D031
c
g
& 02}t
e
©
201
[72]
b . . . .
o] 0.005 0.01 0.015 0.02

Shear Angle, +y (rad)

Eperimental Max Strength (kip/ft.) 0.542
Experimental Shear Stiffness (kip/in) 11.8
Ultimate Shear Angle, g0, (rad*1000) 7.49

Specimens 1 and 2 have identical test setups with varying loading protocols.

Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 2

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter, (in) 0.625
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.216
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.1732
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 7.51
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1.33
per unit width, N
Fastener slip coefficient, C 9.93
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8

Predicted Shear Strength and Stiffness

| 04632|

Interior panel shear strength, S ,; (kip/ft.)

Edge panel shear strength, S, (kip/ft.) 2.00
Panel shear strength limited by corner 0.639
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 5.03

Shear stiffness, G’ (kip/in)

Notes

Specimens 1 and 2 have identical test setups with varying loading protocols.

Structural welds on both sides of interlocking sidelap seam.
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36/4 fastener pattern at interior and exterior supports

e (in.) 0.75 ‘ f |
we(in) 158 ~ : 7

. We Magnified D,
f(in. 3.50 ‘

(l.n ) J\ Corrugation
d (in)) 6.00 H‘ e lar e ‘k
s (in.) 8.16 —d !
Dy (in.) 150 s =2e+w)+f

| - b -

—

a __________ e e e =

Loading Type: Cyclic
Load Rate: Quasistatic

a=12'
b =20
06T

<
~

o
(M)

S
&

Shear Strength, S (kip/ft.}
¥ o

0.6 ' ' : — '
-0.015 0,01 -0.005 O 0005 001 0015

Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.517
Experimental Shear Stiffness (kip/in) 12.3
Ultimate Shear Angle, g0, (rad*1000) 5.06



Essa (2003) - Specimen 5

Input
Structural Fastener Type Buildex BX-12
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diamete (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0144
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 5.11
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 0.973
Edge panel shear strength, S, (kip/ft.) 1.71

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.833

5.03

36/4 fastener pattern at interior and exterior supports

‘ w = 36 in.
7 N W W W s W V!
e (in.) 0.75 ‘ f |
wo(in)  1.58 ™~ . —F
. We Magnified Dy
f(l.n ) 330 J\ Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f

A === e Hee—e=e==x He————e=== 5

Loading Type: Monotonic
Load Rate: Static

a=12'
b =20
0sr

©
o

©
)

Shear Strength, S (kip/ft.}
o]
.

0 , X X . . .
0 0.005 0.01 0.015 0.02 0.025 0.03
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.759
Experimental Shear Stiffness (kip/in) 15.7
Ultimate Shear Angle, g0, (rad*1000) 12.5

Specimens 5 and 8 have identical test setups with varying loading protocols.
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Essa (2003) - Specimen 8

Input

Structural Fastener Type

Buildex BX-12

Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diamete (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0144
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 5.11
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 0.973
Edge panel shear strength, S, (kip/ft.) 1.71

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.833

5.03

36/4 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
7 W W W s W s W i W
e (in.) 0.75 ‘ f |
we(in) 158 ~ : —
. We Magnified D,
f(l.n ) 330 J\ Corrugation
d (in.) 6.00 —»‘ el p —le ‘k
s (in.) 8.16 '
Dy (in.) 150 s =2e+w)+f

A
o

A === e Hee—e=e==x e 5

Loading Type: Cyclic
Load Rate: Quasistatic
a=12'

b= 120"

Shear Strength, S (kip/ft.)

-1
-0.02 -0.01 0 0.01
Shear Angle, « (rad)
Eperimental Max Strength (kip/ft.) 0.850
Experimental Shear Stiffness (kip/in) 16.2
Ultimate Shear Angle, g0, (rad*1000) 13.1

Specimens 5 and 8 have identical test setups with varying loading protocols.
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Essa (2003) - Specimen 9

Input
Structural Fastener Type Arc Spot Weld 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0300 w = 36 in.

Panel Length, / (ft.) 20 L[ 7777777 \/ \_O_/, ,,,,,,, \_/ ,,,,,,,\.O./,,,,,,,,\_/, ,,,,,,, \A‘

Panel Span, /,, (ft.) s

No. of sidelap connections per one edge of 16 e (in.) 0.75 -
interior panel length, n W, (in.) 1.58 f\‘ f ‘j
No. of edge structural connections not in line 16 f (in.) 3.50 Jvﬁ Magnlﬁf:d Dy
with int. or ext. supports, 7, d (in.) 6.00 _,|¢ ‘FCOrrugatlona‘ e |-—
No. of interior supports per panel length, n, 3 s (in.) 8.16 d |
Yield strength of deck, F, (ksi) 33 Dy(in) 150 s = 2etw)tf
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625 ‘ - b - ‘
Length of sidelap weld (in.) 1.38 —
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities a T T Tttt 1
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 2.07 [ A I m
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0063
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.820 a=12"'
Interior panel fastener contribution factor, p 243 b=20"
Structural fastener distribution factor at 0.556 T
panel ends, a,’ -
Structural fastener distribution factor at 0.556 %_ 08
interior supports, otpz = -
Number of structural fasteners at panel ends 1.33 %)
per unit width, N E: 0.6 ¢
Fastener slip coefficient, C 1.95 g 04l
Warping factor, D,, (in.) 41.5 % :
Warping support factor, p 0.8 5
o 02t
Predicted Shear Strength and Stiffness @
Interior panel shear strength, S ,; (kip/ft.) 1.87 00 0.0 0.02 0.03 .04
Edge panel shear strength, S, (kip/ft.) 2.00 Shear Angle, v (rad)
Panel shear strength limited by corner
fastener, S, (kip/ft.) Eperimental Max Strength (kip/ft.) 0.811
Panel buckling shear strength, S, (kip/ft.) 5.03 Experimental Shear Stiffness (kip/in) 13.1

Shear stiffness, G' (kip/in) Ultimate Shear Angle, g0, (rad*1000) 15.5

Notes
Specimens 9 and 12 have identical test setups with varying loading protocols.

Sidelap fastener strength equations for longitudinal top seam welds may be non-conservative.
Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 10

Input
Structural Fastener Type Mix 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0300 w = 36 in. [

Panel Length, / (ft.) 20 L[ 7777777 \/ \_O_/, ,,,,,,, \_/ ,,,,,,,\.O./,,,,,,,,\_/, ,,,,,,, \A‘

Panel Span, /,, (ft.) 5

No. of sidelap connections per one edge of 16 e (in.) 0.75 -

interior panel length, n ¢ w,(in.) 1.58 f\‘ f ‘7?
No. of edge structural connections not in line 16 f (in.) 3.50 Jvﬁ Cl\gﬁlrirgeﬁ?gn Dy
with int. or ext. supports, 7, d (in.) 6.00 | ¢ ler o |
No. of interior supports per panel length, 7, 3 s (in.) 8.16 d '
Yield strength of deck, ', (ksi) 33 Dy(in) 150 s = 2etw) tf
Ultimate strength of deck, F',, (ksi) 45

Inside (hole) diameter of washer (in.) 0.59 ‘ - b > ‘
Length of sidelap weld (in.) 1.38 —

Moment of inertia of fully effective panel per unit 0.1481

width, I, (in*)

Fastener Strengths and Flexibilities a = T Tttt Nttt 1
Structural fastener strength, P, (kip) 3.93
Sidelap fastener strength, P ,; (kip) 2.07 [ A I m
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0063
Loading Type: Monotonic
Calculated Strength Equations Variables Load Rate: Static
Corner fastener reduction factor, A 0.820 a=12'
Interior panel fastener contribution factor, p 243 b=20"
Structural fastener distribution factor at 0.556
2 T
panel ends, o, -
Structural fastener distribution factor at 0.556 =
B508r
interior supports, otpz 5
Number of structural fasteners at panel ends 1.33 ;;
o ~ 06
per unit width, N £
Fastener slip coefficient, C 1.95 g
Warping factor, D, (in.) 41.5 % 04t
Warping support factor, p 0.8 .
g 02
<
Predicted Shear Strength and Stiffness «w
Interior panel shear strength, S ,; (kip/ft.) 2.68 0
Ed I sh trenath. S (kip/ft 446 0 0.005 001 0015 0.02 0.025 0.03
£ panct sicar SUCHEL, © ne (kip/ft.) - Shear Angle, v {rad)
Panel shear strength limited by corner
fastener, S, (kip/ft.) Eperimental Max Strength (kip/ft.) 0.985
Panel buckling shear strength, S, (kip/ft.) 5.03 Experimental Shear Stiffness (kip/in) 13.1

Shear stiffness, G' (kip/in) Ultimate Shear Angle, g0, (rad*1000) 12.6

Notes

Specimens 10 and 13 have identical test setups with varying loading protocols.

Mix of welds with and without washers as structural fasteners used. Standing seam at panel edge did not allow clearance to use welds
with washers. For predicted strength, only weld with washer fastener strength used - gives overestimated diaphragm strength prediction.
Sidelap fastener strength equations for longitudinal top seam welds may be non-conservative.

Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 11

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 12.2
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.14
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.04
Edge panel shear strength, S, (kip/ft.) 2.00

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.917

5.03

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NS NS\
e (in.) 0.75 ‘ f |
wo(in)  1.58 ™~ . —F
We :

£(in.) 350 Magmﬁ.ed Dy

. Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f

- b -

—>

a __________ e Moo e ]

Loading Type: Monotonic
Load Rate: Static

a=12"

b=20'

14r

e o © =
N o o oo N

Shear Strength, S (kip/ft.)
o
o

[«

0.01 0.02
Shear Angle, v (rad)

[=]

Eperimental Max Strength (kip/ft.) 1.23
Experimental Shear Stiffness (kip/in) 19.1
Ultimate Shear Angle, g0, (rad*1000) 12.4

Specimens 11 and 14 have identical test setups with varying loading protocols.
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Essa (2003) - Specimen 12

Input
Structural Fastener Type Arc Spot Weld 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0300 w = 36 in.

Panel Length, / (ft.) 20 L[ 7777777 \/ \_O_/, ,,,,,,, \_/ ,,,,,,,\.O./,,,,,,,,\_/, ,,,,,,, \A‘

Panel Span, /,, (ft.) s

No. of sidelap connections per one edge of 16 e (in.) 0.75 -

interior panel length, n ¢ w,(in.) 1.58 f\‘ f ‘7?
No. of edge structural connections not in line 16 f (in.) 3.50 Jvﬁ Cl\gﬁlrirgeﬁ?gn Dy
with int. or ext. supports, 7, d (in.) 6.00 4‘ e le— —»le ‘.7
No. of interior supports per panel length, 7, 3 s (in.) 8.16 d '
Yield strength of deck, ', (ksi) 33 Dy(in) 150 s = 2etw) tf
Ultimate strength of deck, F',, (ksi) 45

Arc spot weld diameter (in.) 0.625 ‘ - b - ‘
Length of sidelap weld (in.) 1.38 —

Moment of inertia of fully effective panel per unit 0.1481

width, I, (in*)

Fastener Strengths and Flexibilities a T T T 7
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 2.07 [ A I m
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0063
Loading Type: Cyclic
Calculated Strength Equations Variables Load Rate: Quasistatic
Corner fastener reduction factor, A 0.820 a=12"'
Interior panel fastener contribution factor, p 243 b=20"
Structural fastener distribution factor at 0.556 .

2
panel ends, o,
Structural fastener distribution factor at 0.556

s 2
nterior supports, o,
Number of structural fasteners at panel ends 1.33

per unit width, N

N
IS R N )

Fastener slip coefficient, C 1.95

Warping factor, D, (in.) 41.5 02r

Warping support factor, p 0.8 04}
06

Shear Strength, S (kip/ft.y

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,; ?kip/fti) 1.87 ‘0;%03 _0_'02 —0;01 i') 0_;.)1 0_;.)2 0_63
Edge panel shear strength, S, (kip/ft.) 2.00 Shear Angle, « (rad)

Panel shear strength limited by corner

fastener, S, (kip/ft.) Eperimental Max Strength (kip/ft.) 0.712

Panel buckling shear strength, S, (kip/ft.) 5.03 Experimental Shear Stiffness (kip/in) 14.0

Shear stiffness, G' (kip/in) Ultimate Shear Angle, g0, (rad*1000) 11.1

Notes

Specimens 9 and 12 have identical test setups with varying loading protocols.

Sidelap fastener strength equations for longitudinal top seam welds may be non-conservative.

Peak strength varries from published value of Smax of 0.781 kip/ft to digitized Smax = 0.712 kip/ft.
Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 13

Input
Structural Fastener Type Mix 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Top Seam Weld
Deck thickness, ¢ (in.) 0.0300 w = 36 in.

Panel Length, / (ft.) 20 L[ 7777777 \/ \_O_/, ,,,,,,, \_/ ,,,,,,,\.O./,,,,,,,,\_/, ,,,,,,, \A‘

Panel Span, /,, (ft.) s

No. of sidelap connections per one edge of 16 e (in.) 0.75 -

interior panel length, n ¢ w,(in.) 1.58 f\‘ f ‘7?
No. of edge structural connections not in line 16 f (in.) 3.50 Jvﬁ Cl\gﬁlrirgeﬁfgn Dy
with int. or ext. supports, 7, d (in.) 6.00 4‘ e le— —»le ‘.7
No. of interior supports per panel length, 7, 3 s (in.) 8.16 d '
Yield strength of deck, ', (ksi) 33 Dy(in) 150 s = 2etw) tf
Ultimate strength of deck, F',, (ksi) 45

Inside (hole) diameter of washer (in.) 0.59 ‘ - b > ‘
Length of sidelap weld (in.) 1.38 .

Moment of inertia of fully effective panel per unit 0.1481

width, I, (in*)

Fastener Strengths and Flexibilities a T T T 7
Structural fastener strength, P, (kip) 3.93
Sidelap fastener strength, P ,; (kip) 2.07 [ A I m
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0063
Loading Type: Cyclic

Calculated Strength Equations Variables Load Rate: Quasitatic
Corner fastener reduction factor, A 0.820 a=12"'
Interior panel fastener contribution factor, p 243 b=20"
Structural fastener distribution factor at 0.556 .

2
panel ends, o,
Structural fastener distribution factor at 0.556

interior supports, otpz 05t
Number of structural fasteners at panel ends 1.33

per unit width, N

Fastener slip coefficient, C 1.95
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8 05F

Shear Strength, S (kip/ft.}
o

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,; (kip/ft.) 2.68 -1 ' * ' '
Ed I shear strength, S, (kip/ft.) 4.46 00z 0o 0 oo 002
e panel shear stren, ip/ft. . ‘
gep ngth, $ e (kip Shear Angle, ~y (rad)
Panel shear strength limited by corner
fastener, S, (kip/ft.) Eperimental Max Strength (kip/ft.) 0.881
Panel buckling shear strength, S, (kip/ft.) 5.03 Experimental Shear Stiffness (kip/in) 11.2

Shear stiffness, G' (kip/in) Ultimate Shear Angle, g0, (rad*1000) 13.1

Notes

Specimens 10 and 13 have identical test setups with varying loading protocols.

Mix of welds with and without washers as structural fasteners used. Standing seam at panel edge did not allow clearance to use welds
with washers. For predicted strength, only weld with washer fastener strength used - gives overestimated diaphragm strength prediction.
Sidelap fastener strength equations for longitudinal top seam welds may be non-conservative.

Structural welds on both sides of interlocking sidelap seam.
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Essa (2003) - Specimen 14

Input
Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 12.2
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.14
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.04
Edge panel shear strength, S, (kip/ft.) 2.00

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.917

5.03

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NS N\
e (in.) 0.75 ‘ f |
we(in) 158 ~ : 7
We :

£(in.) 350 Magnlﬁ§d Dy

. Corrugation
d (in)) 6.00 H‘ e lar e ‘k
s (in.) 8.16 d !
Dy (in.) 1.50 s =2e+w)+f

| - b -

—>

a __________ e Moo e ]

Loading Type: Cyclic
Load Rate: Quasistatic
a=12'

b= 120"

o
(5]

Shear Strength, S (kip/ft.}
o

-0.01 0 0.01
Shear Angle, « {rad)

Eperimental Max Strength (kip/ft.) 0.884
Experimental Shear Stiffness (kip/in) 18.3
Ultimate Shear Angle, g0, (rad*1000) 8.04

Specimens 11 and 14 have identical test setups with varying loading protocols.
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Essa (2003) - Specimen 15

Input
Structural Fastener Type WWW
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Inside (hole) diameter of weld washer (in.) 0.59
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.93
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 8.52
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.14
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.60
Edge panel shear strength, S, (kip/ft.) 4.46

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

5.03

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NS NS\
e (in.) 0.75 ‘ f |
w.(in) 1.8 ™~ : 7
. We Magnified Dy
f(l.n ) 330 J\ Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f

A === e Hee—e=e==x He————e=== 5

Loading Type: Monotonic
Load Rate: Static

a=12"

b=20'

1471

e o © =
N ® N

Shear Strength, S (kip/ft.}
o
o

0 . ) . ) L ,
0 0005 001 0015 002 0025 003

Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 1.30
Experimental Shear Stiffness (kip/in) 22.0
Ultimate Shear Angle, g0, (rad*1000) 18.8

Specimens 15 and 16 have identical test setups with varying loading protocols.



Essa (2003) - Specimen 16

Input
Structural Fastener Type WWW
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Inside (hole) diameter of weld washer (in.) 0.59
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 3.93
Sidelap fastener strength, P ,; (kip) 0.728
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, p 8.52
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.14
Warping factor, D, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.60
Edge panel shear strength, S, (kip/ft.) 4.46

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

36/4 fastener pattern at interior and exterior supports

‘ w =36 in. ‘
S NS NS NS NS NS\
e (in.) 0.75 ‘ f |
we(in) 158 ~ — 7
f(in.) 3.50 J/ Magnified 1 p,
. Corrugation
d (in)) 6.00 H‘ e lar e ‘k
s (in.) 8.16 d !
Dy (in.) 150 s =2e+w)+f

A === e Hee—e=e==x He————e=== 5

Loading Type: Cyclic
Load Rate: Quasistatic

a=12'
b =20
1571

=

o
o

Shear Strength, S (kip/ft.)
(=g

-0.5
A F
-1.5 - - + !
-0.02 -0.01 0 0.01 0.02
Shear Angle, « (rad)
Eperimental Max Strength (kip/ft.) 1.30
Experimental Shear Stiffness (kip/in) 16.0

Ultimate Shear Angle, g0, (rad*1000) 12.6

Specimens 15 and 16 have identical test setups with varying loading protocols.



Essa (2003) - Specimen 17

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diamete (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.65
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.16
Edge panel shear strength, S, (kip/ft.) 2.03

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.994

6.83

36/4 fastener pattern at interior and exterior supports

‘ w = 36 in. ‘
1 ZAR OV ¥ ¥/ AN ¥ VAN S A ¥
e (in.) 0.75 ‘ f |
wo(in)  1.58 ™~ . —F

. We Magnified D,
f . ) d

(l,n) 3.0 J\ Corrugation
d (in)) 600 | ole— P
s (in.) 8.16 d !
Dy (in.) 1.50 s =2e+w)+f

| - b -

—>

a __________ e e e =

Loading Type: Monotonic
Load Rate: Static

a=12"

b=20'

1r

° & o
~ o -]

Shear Strength, S (kip/ft.y
o
v

o . . . . . .
0 0.005 0.01 0015 0.02 0.025 003
Shear Angle, -y (rad)

Eperimental Max Strength (kip/ft.) 0.991
Experimental Shear Stiffness (kip/in) 22.9
Ultimate Shear Angle, g0, (rad*1000) 11.6

Specimens 17 and 18 have identical test setups with varying loading protocols.
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Essa (2003) - Specimen 18

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, n ¢
No. of edge structural connections not in line 16
with int. or ext. supports, 7,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F,, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diamete (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1865
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P ,; (kip) 0.869
Structural fastener flexibility, S (in/kip) 0.0066
Sidelap fastener flexibility, S (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, p 13.3
Structural fastener distribution factor at 0.556
panel ends, a,’
Structural fastener distribution factor at 0.556
interior supports, otpz
Number of structural fasteners at panel ends 1
per unit width, N
Fastener slip coefficient, C 4.65
Warping factor, D, (in.) 31.8
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,; (kip/ft.) 1.16
Edge panel shear strength, S, (kip/ft.) 2.03

Panel shear strength limited by corner
fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G’ (kip/in)

Notes

0.994

6.83

36/4 fastener pattern at interior and exterior supports

‘ w = 36 in.
7 N W W W s W V!
e (in.) 0.75 ‘ f |
we(in) 158 ~ : 7

. We Magnified Dy
f(l.n ) 330 J\ Corrugation
d (in)) 6.00 H‘ e lar ) e ‘k
s (in.) 8.16 '
Dy (in.) 150 s =2e+w)+f

| - b -

—»

a __________ e e S}

Loading Type: Cyclic
Load Rate: Qausistatic

a=12"
b=20'

1571
g
2
=
w 95T
£
o 0f
c
[
s
n 05T
S
©
g 4}
(7}

-15

-0.02 -0.01 0 0.01 0.02
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 1.07
Experimental Shear Stiffness (kip/in) 26.3
Ultimate Shear Angle, g0, (rad*1000) 13.5

Specimens 17 and 18 have identical test setups with varying loading protocols.
Peak strength varries from published value of Smax = 1.13 kip/ft to digitized Smax = 1.07 kip/ft.
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Yang (2003) - Specimen 38

Input
Structural Fastener Type Buildex BX-14 36/4 fastener pattern at interior and exterior supports
Sideia;})l Fell(stener T(ypj OS(:;G;\(J\)/ w = 36 in.
Deck thickness, ¢ (in. .
Panel Length, / (ft.) 20 \/ A/ \/ A/ \/
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16 e (in.) 0.75 — [«— f —
interior panel length, 7 w, (in.) 1.58 W, Magnified Df‘,
No. of edge structural connections not in line 16 f(in.) 3.50 Ny Corrugation
with int. or ext. supports, 7 , d (in.) 6.00 —»‘ el —le ‘4—
No. of interior supports per panel length, 7, 3 s (in.) 8.16 ' d '
Yield strength of deck, F, (ksi) 33 Dy(in)  1.50 s = 2etw)tf
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111 ‘ - b - ‘
Moment of inertia of fully effective panel per unit 0.1865 R

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 1.85 A TR TR T i

Sidelap fastener strength, P, (kip) 0.874

Structural fastener flexibility, S, (in/kip) 0.0132 [ L L L

Sidelap fastener flexibility, S, (in/kip) 0.0158

Calculated Strength Equations Variables Loading Type: Cylic

Corner fastener reduction factor, A 0.835 Load Rate: Fast-loading

Interior panel fastener contribution factor, 13.1 a=12"

Structural fastener distribution factor at 0.556 b=20'

panel ends, o, 15,

Structural fastener distribution factor at 0.556 ’

interior supports, %2 g 1|

Number of structural fasteners at panel ends 1.0 xg-

per unit width, N B: 05t

Fastener slip coefficient, C 5.60 <

Warping factor, D,, (in.) 31.5 ok

Warping support factor, p 0.8 g
§ 05

Predicted Shear Strength and Stiffness g

Interior panel shear strength, S ,,; (kip/ft.) 1.18 y

Edge panel shear strength, S, (kip/ft.) 2.09 001 -0005 O 0.005 001 0.015

Panel shear strength limited by corner Shear Angle, - (rad)

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 6.85 Eperimental Max Strength (kip/ft.) 1.03

Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 23.1
Ultimate Shear Angle, g0, (rad*1000) 13.1

Notes

Same load protocol as Martin (2002) - Specimen 34.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Yang (2003) - Specimen 39

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 8
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P, (kip) 0.728
Structural fastener flexibility, S, (in/kip) 0.0072
Sidelap fastener flexibility, S, (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, 7.18
Structural fastener distribution factor at 0.556
panel ends, o,
Structural fastener distribution factor at 0.556
interior supports, %2
Number of structural fasteners at panel ends 1.0
per unit width, N
Fastener slip coefficient, C 3.99
Warping factor, D,, (in.) 82.9
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.03
Edge panel shear strength, S ,,, (kip/ft.) 1.74

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Specimens 39 and 40 have identical test setups with varying loading protocols.

0.883

5.03

36/4 fa

stener pattern at interior and exterior supports

w = 36 in.

| N W A W A v A W

e (in.) 0.75 "
we (in.) 1.58 We Magnified Dt;
f(in.) 3.50 — Corrugation
dn) 600 ¢l el
s (in.) 8.16 ‘ d ‘
Dy(in) 150 s = 2etw)tf

| - b ~|
—»

a

Loading Type: Monotonic
Load Rate: Static

a=12"
b=20"
08

©
or

Shear Strength, S (kip/ft.)
o [=]
N> N

0
0 0.005 0.01

0015 002 0025 003
Shear Angle, -y (rad)

Eperimental Max Strength (kip/ft.) 0.774
Experimental Shear Stifthess (kip/in) 12.0
Ultimate Shear Angle, g0, (rad*1000) 18.5

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.

Edge panels do not control predictions.
Endlap at 10 ft.
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Yang (2003) - Specimen 40

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 8
interior panel length, 7
No. of edge structural connections not in line 8
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, 7, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P, (kip) 0.728
Structural fastener flexibility, S, (in/kip) 0.0072
Sidelap fastener flexibility, S, (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, 7.18
Structural fastener distribution factor at 0.556
panel ends, o,
Structural fastener distribution factor at 0.556
interior supports, %2
Number of structural fasteners at panel ends 1.0
per unit width, N
Fastener slip coefficient, C 3.99
Warping factor, D,, (in.) 82.9
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.03
Edge panel shear strength, S ,,, (kip/ft.) 1.74

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Specimens 39 and 40 have identical test setups with varying loading protocols.

0.883

5.03

36/4 fastener pattern at interior and exterior supports
w = 36 in.

| N W A W A v A W

e (in.) 0.75 /‘\‘47 f—

W°. (in) 1.58 We Magnified Df‘,
f(in.) 3.50 =/ Corrugation

d (in.) 6.00 4‘ el —l e ‘k
s (in.) 8.16 ! d !
Dy (in.) 1.50 s = 2(e+w)+f

Loading Type: Cyclic
Load Rate: Fast-loading
a=12'

b=20"

1 "

©
3

o
o

Shear Strength, S (Kip/ft.)
o

-0.01 -0.005 0 0.005 0.01 0.015 0.02
Shear Angle, (rad)

Eperimental Max Strength (kip/ft.) 0.884
Experimental Shear Stifthess (kip/in) 10.6
Ultimate Shear Angle, g0, (rad*1000) 15.2

No mass added to represent seismic weight for inertial forces for a truly dynamic test.

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.

Edge panels do not control predictions.
Endlap at 10 ft.

Unloading curve of last cycle partially traced for backbone in order to get shear angle at 80% strength degredation value.
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Yang (2003) - Specimen 41

Input

Structural Fastener Type Arc Spot Weld
Sidelap Fastener Type Button Punch
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 8
interior panel length, 7

No. of edge structural connections not in line 8
with int. or ext. supports, 7 ,

No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625
Moment of inertia of fully effective panel per unit 0.1481

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 1.77
Sidelap fastener strength, P, (kip) 0.216
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.1732

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, 431
Structural fastener distribution factor at 0.556

panel ends, o,
Structural fastener distribution factor at 0.556

interior supports, %2
Number of structural fasteners at panel ends 1.33

per unit width, N

Fastener slip coefficient, C 8.49
Warping factor, D,, (in.) 82.9
Warping support factor, p 1.0

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) | 04698|

Edge panel shear strength, S ,,, (kip/ft.) 2.03
Panel shear strength limited by corner 0.725
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 5.03

Shear stiffness, G (kip/in)

Notes

Specimens 41 and 42 have identical test setups with varying loading protocols.

36/4 fastener pattern at interior and exterior supports

\ w = 36 in.

o NS NS NS NS N

e (in.) 0.75 "

we (in.) 1.58 We Magnified Dt;
f(in.) 3.50 — Corrugation

dn) 600 ¢l el
s (in.) 8.16 ‘ d ‘

Dy (in.) 1.50 s = 2(6‘ + WL) +f

Loading Type: Monotonic
Load Rate: Static

a=12"
b=20"
07r

Shear Strength, S (kip/ft.)
o o o o o
N> wr N [é; ] (o]

o
=

0
0 0.005 0.01 0.015 0.02 0.025
Shear Angle, ~ (rad)

Eperimental Max Strength (kip/ft.) 0.627
Experimental Shear Stifthess (kip/in) 10.5
Ultimate Shear Angle, g0, (rad*1000) 8.06

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.

Structural welds on both sides of interlocking sidelap seam.
Edge panels do not control predictions.
Endlap at 10 ft.
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Yang (2003) - Specimen 42

Input

Structural Fastener Type Arc Spot Weld 36/4 fastener pattern at interior and exterior supports

Sidelap Fastener Type Button Punch ‘ w = 36 in. ‘

Deck thickness, ¢ (in.) 0.0300 L/ \_/ \_J \
Panel Length, / (ft.) 10 ] .\

Panel Span, /, (ft.) 5

No. of sidelap connections per one edge of 8 e (in.) 0.75 — [«— f —

interior panel length, 7 w, (in.) 1.58 W Magnified Df‘,

No. of edge structural connections not in line 8 f(in.) 3.50 Ny Corrugation

with int. or ext. supports, 7 , d (in.) 6.00 4‘ e l— —l e ‘F
No. of interior supports per panel length, 7, 1 s (in.) 8.16 ' d '
Yield strength of deck, F, (ksi) 33 Dy(in)  1.50 s = 2etw)tf
Ultimate strength of deck, F',, (ksi) 45

Arc spot weld diameter (in.) 0.625 ‘ - b - ‘
Moment of inertia of fully effective panel per unit 0.1481 —

width, I, (in) . I — I |

Fastener Strengths and Flexibilities === i pem==——e i

Structural fastener strength, P, (kip) 1.77 a
Sidelap fastener strengt.h,. P s (klp‘) . 0.216 [ R t;]:j’la’r; T 1
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.1732 I I T
> s
Calculated Strength Equations Variables Loading Type: Cyclic
Corner fastener reduction factor, A 0.820 Load Rate: Fast-loading
Interior panel fastener contribution factor, 431 a=12"
Structural fastener distribution factor at 0.556 b=20'
panel ends, o, 048
Structural fastener distribution factor at 0.556 ’
interior supports, o, g 06T
Number of structural fasteners at panel ends 1.33 g 04l
per unit width, N )
Fastener slip coefficient, C 8.49 £ 02r
Warping factor, D, (in.) 82.9 ot
. s
Warping support factor, p 1.0 § osl
3
Predicted Shear Strength and Stiffness g 04F
Interior panel shear strength, S ,,; (kip/ft.) | 04698| ,
Edge panel shear strength, S ,,, (kip/ft.) 2.03 i 001 -0.005 0 0.005 0.01 0.015
Panel shear strength limited by corner 0.725 Shear Angle, - (rad)
fastener, S . (kip/ft.)
Panel buckling shear strength, S, (kip/ft.) 5.03 Eperimental Max Strength (kip/ft.) 0.696
Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 11.1
Ultimate Shear Angle, g0, (rad*1000) 12.2
Notes

Specimens 41 and 42 have identical test setups with varying loading protocols.

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.
Structural welds on both sides of interlocking sidelap seam.

Edge panels do not control predictions.

Endlap at 10 ft.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Yang (2003) - Specimen 43

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16
interior panel length, 7
No. of edge structural connections not in line 16
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 3
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.1481
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.51
Sidelap fastener strength, P, (kip) 0.728
Structural fastener flexibility, S, (in/kip) 0.0072
Sidelap fastener flexibility, S, (in/kip) 0.0173
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.820
Interior panel fastener contribution factor, 13.3
Structural fastener distribution factor at 0.556
panel ends, o,
Structural fastener distribution factor at 0.556
interior supports, %2
Number of structural fasteners at panel ends 1.0
per unit width, N
Fastener slip coefficient, C 4.26
Warping factor, D,, (in.) 41.5
Warping support factor, p 0.8
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 0.975
Edge panel shear strength, S ,,, (kip/ft.) 1.65

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Specimens 43 and 44 have identical test setups with varying loading protocols.

0.836

5.03

36/4 fastener pattern at interior and exterior supports

w = 36 in.

| N W A W A v A W

e (in.) 0.75 "
we (in.) 1.58 We Magnified Dt;
f(in.) 3.50 — Corrugation
dn) 600 ¢l el
s (in.) 8.16 ‘ d ‘
Dy(in) 150 s = 2etw)tf
- b >
T
a

Loading Type: Monotonic
Load Rate: Static

a=12"
b=20"
1.

08r

© ©
IN o

Shear Strength, S (Kip/ft.)
o
(S

0 . . . . .
0 0.005 0.01 0.015 0.02 0.025
Shear Angle, -+ (rad)

Eperimental Max Strength (kip/ft.) 0.915
Experimental Shear Stifthess (kip/in) 15.4
Ultimate Shear Angle, g0, (rad*1000) 15.8

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.

Edge panels do not control predictions.
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Yang (2003) - Specimen 44

Input

Structural Fastener Type X-EDNK22 36/4 fastener pattern at interior and exterior supports
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0300 ‘ w = 36 in ————
Panel Length, / (ft.) 20 A N A A r
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 16 e (in.) 0.75 — [«— f —
interior panel length, 7 w, (in.) 1.58 W Magnified Dt,
No. of edge structural connections not in line 16 f(in.) 3.50 Ny Corrugation
with int. or ext. supports, 7 , d (in.) 6.00 4‘ e l— —l e ‘F
No. of interior supports per panel length, 7, 3 s (in.) 8.16 ' d '
Yield strength of deck, F, (ksi) 33 Dy(in)  1.50 s = 2etw)tf
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111 ‘ - b - ‘
Moment of inertia of fully effective panel per unit 0.1481 —
width, I (in®) T I TR e e

Fastener Strengths and Flexibilities [ b = n
Structural fastener strength, P, (kip) 1.51 a
Sidelap fastener strength, P, (kip) 0.728 T o i T
Structural fastener flexibility, S, (in/kip) 0.0072 N E— T —— E—
Sidelap fastener flexibility, S, (in/kip) 0.0173

Calculated Strength Equations Variables Loading Type: Cyclic + Monotonic

Corner fastener reduction factor, A 0.820 Load Rate: Static
Interior panel fastener contribution factor, 13.3 a=12"
Structural fastener distribution factor at 0.556 b=20'
panel ends, o, 0.8
Structural fastener distribution factor at 0.556 '

interior supports, %2
Number of structural fasteners at panel ends 1.0

©
o

per unit width, N

Shear Strength, S (Kip/ft.)
o
N

Fastener slip coefficient, C 4.26
Warping factor, D,, (in.) 41.5
Warping support factor, p 0.8
0.2
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 0.975 . ) ) .
Edge panel shear strength, S ,,, (kip/ft.) 1.65 00 0.005 0.01 0.015 0.02
Panel shear strength limited by corner Shear Angle, + (rad)
fastener, S . (kip/ft.)
Panel buckling shear strength, S, (kip/ft.) 5.03 Eperimental Max Strength (kip/ft.) 0.718
Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 14.9
Ultimate Shear Angle, g0, (rad*1000) 13.1
Notes

Specimens 43 and 44 have identical test setups with varying loading protocols.

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.
Edge panels do not control predictions.

200 cycles mostly in linear range (60% Smax) before pushed monotonically to failure.
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Yang (2003) - Specimen 47

o
=

Input
Structural Fastener Type Arc Spot Weld 24/3 fastener pattern at interior and exterior supports
Sidelap ‘Fastener T}‘/pe Button Punch w=24in.
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20 b/ \—/ \a/ \—/ \J
Panel Span, /, (ft.) 5 oA A
No. of sidelap connections per one edge of 16 e (in.) 0.75
interior panel length, 7 w, (in.) 3.04
No. of edge structural connections not in line 16 f(in.) 3.50
with int. or ext. supports, 7 , d (in.) 6.00
No. of interior supports per panel length, 7, 3 s (in.) 11.1
Yield strength of deck, F", (ksi) 33 Dy (in.) 3.00
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625 . b _
Moment of inertia of fully effective panel per unit 0.7369 —_— _ —
width, I, Geh ~r g T 0
Fastener Strengths and Flexibilities I — 1 B 1
Structural fastener strength, P, (kip) 1.77 a | 1 W I
Sidelap fastener strength, P, (kip) 0.216
Structural fastener flexibility, S ; (in/kip) 0.0066 I 0 - I
Sidelap fastener flexibility, S, (in/kip) 0.1732 [ 1 1 ——— 1 ——
Calculated Strength Equations Variables Loading Type: Monotonic
Corner fastener reduction factor, A 0.700 Load Rate: Static
Interior panel fastener contribution factor, 6.96 a=12"
Structural fastener distribution factor at 0.500 b=20'
panel ends, o, 05+
Structural fastener distribution factor at 0.500 - ’
interior supports, o, %_ 04t
Number of structural fasteners at panel ends 1.5 e~
per unit width, N (7;
Fastener slip coefficient, C 18.9 é 0.3
Warping factor, D, (in.) 127 0
Warping support factor, p 0.8 % '
5
»

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) | 04562|

Edge panel shear strength, §, (kip/ft) 1.86 %0 0005 001 0015 002 0025 0.03

Panel shear strength limited by corner 0.599 Shear Angle, + (rad)

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 15.5 Eperimental Max Strength (kip/ft.) 0.496

Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 5.24
Ultimate Shear Angle, yggo, (rad*1000) 17.6

Notes

Specimens 47 and 48 have identical test setups with varying loading protocols.
Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.
Structural welds on both sides of interlocking sidelap seam.

Edge panels do not control predictions.
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Yang (2003) - Specimen 48

Input
Structural Fastener Type Arc Spot Weld 24/3 fastener pattern at interior and exterior supports
Sidelap ‘Fastener T}‘/pe Button Punch w=24in.
Deck thickness, ¢ (in.) 0.0300
Panel Length, / (ft.) 20 J \—/ \J \—/ \J
Panel Span, /, (ft.) 5 oA A
No. of sidelap connections per one edge of 16 e (in.) 0.75
interior panel length, 7 w, (in.) 3.04
No. of edge structural connections not in line 16 f(in.) 3.50
with int. or ext. supports, 7 , d (in.) 6.00
No. of interior supports per panel length, 7, 3 s (in.) 11.1
Yield strength of deck, 7, (ksi) 33 Dy (in.) 3.00
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625 ‘ - b -
Moment of inertia of fully effective panel per unit 0.7369 —
width, I, (in*) T ********** R i i
Fastener Strengths and Flexibilities b I - I
Structural fastener strength, P, (kip) 1.77 a
Sidelap fastener strength, P, (kip) 0216 | [ T T T
Structural fastener flexibility, S, (in/kip) 0.0066 [ | I I
Sidelap fastener flexibility, S, (in/kip) 0.1732 i e e e
Calculated Strength Equations Variables Loading Type: Cyclic
Corner fastener reduction factor, A 0.700 Load Rate: Fast-loading
Interior panel fastener contribution factor, 6.96 a=12"
Structural fastener distribution factor at 0.500 b=20'
panel ends, o, 05 r
Structural fastener distribution factor at 0.500 ’

s 2
nterior supports, o,

Number of structural fasteners at panel ends 1.5
per unit width, N

Fastener slip coefficient, C 18.9
Warping factor, D, (in.) 127
Warping support factor, p 0.8

Shear Strength, S (Kip/ft.)
o

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) | 04562|

Edge panel shear strength, S, (kip/t.) 1.86 _0'-56.02 -0.01 0 001 002 003

Panel shear strength limited by corner 0.599 Shear Angle, - {(rad)

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 15.5 Eperimental Max Strength (kip/ft.) 0.477

Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 4.20
Ultimate Shear Angle, g0, (rad*1000) 10.9

Notes

Specimens 47 and 48 have identical test setups with varying loading protocols.

Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.
Structural welds on both sides of interlocking sidelap seam.

Edge panels do not control predictions.

No mass added to represent seismic weight for inertial forces for a truly dynamic test.
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Yang (2003) - Specimen 49

o
o

Input
Structural Fastener Type Arc Spot Weld 24/3 fastener pattern at interior and exterior supports
Sidelap ‘Fastener T}‘/pe Button Punch w=24in.
Deck thickness, ¢ (in.) 0.0360
Panel Length, / (ft.) 20 b/ \—/ \a/ \—/ \J
Panel Span, /, (ft.) 5 oA A
No. of sidelap connections per one edge of 16 e (in.) 0.75
interior panel length, 7 w, (in.) 3.04
No. of edge structural connections not in line 16 f(in.) 3.50
with int. or ext. supports, 7 , d (in.) 6.00
No. of interior supports per panel length, 7, 3 s (in.) 11.1
Yield strength of deck, F", (ksi) 33 Dy (in.) 3.00
Ultimate strength of deck, F',, (ksi) 45
Arc spot weld diameter (in.) 0.625 ‘ - b -
Moment of inertia of fully effective panel per unit 0.7369 —
width, I, (in*) T ********** R i i
Fastener Strengths and Flexibilities L ) | S d
Structural fastener strength, P, (kip) 2.10 a
Sidelap fastener strength, P, (kip) 0311 | [ T T T
Structural fastener flexibility, S, (in/kip) 0.0061 [ | I I
Sidelap fastener flexibility, S, (in/kip) 0.1581 i e e e
Calculated Strength Equations Variables Loading Type: Monotonic
Corner fastener reduction factor, A 0.700 Load Rate: Static
Interior panel fastener contribution factor, 737 a=12"
Structural fastener distribution factor at 0.500 b=20'
panel ends, o, 06
Structural fastener distribution factor at 0.500 ’
interior supports, o, g 05}
Number of structural fasteners at panel ends 1.5 xg-
per unit width, N ; 04y
Fastener slip coefficient, C 20.7 03
Warping factor, D,, (in.) 96.4 <
Warping support factor, p 0.8 g 02
5
»

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) | 0.711 |

Edge panel shear strength, S, (kip/ft.) 220 0o 0005 001 0015 002 0025

Panel shear strength limited by corner 0.751 Shear Angle, -y (rad)

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 21.1 Eperimental Max Strength (kip/ft.) 0.585

Shear stiffness, G (kip/in) Experimental Shear Stifthess (kip/in) 7.07
Ultimate Shear Angle, yggo, (rad*1000) 17.8

Notes

Specimens 47 and 49 have identical test setups with varying deck thicknesses.
Half width panels at edge of diaphragm to minimize influence of test frame on sidelap slip. Drawback is possible decrease in strength and stiffness.
Structural welds on both sides of interlocking sidelap seam.

Edge panels do not control predictions.
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Bagwell (2007) - Specimen 7

Input
Structural Fastener Type X-ENP19 L15 24/3 fastener pattern at exterior supports
Sidelap Fastener Type Screw w =24 in.
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 24
Panel Span, /,, (ft.) 24 I EPA SR
No. of sidelap connections per one edge of 7
interior panel length, n e (in.) 1.5 — [«— f—
No. of edge structural connections not in line 23 W, (in.) 4.5 W, Magnified L;,
with int. or ext. supports, 7, f(in.) 9.0 <z Corrugation
No. of interior supports per panel length, 7, 0 d (in.) 12.0 —»‘ el —l e ‘4—
Yield strength of deck, F', (ksi) 80 s (in.) 21.0 d ‘
Ultimate strength of deck, 7, (ksi) 82 Dy(in) 450 s = 2etw) +f
Sidelap screw diameter (in.) 0.2111
\ b \
Fastener Strengths and Flexibilities T’
Structural fastener strength, P, (kip) 1933 | [ )
Sidelap fastener strength, P, (kip) 089 | I )
Structural fastener flexibility, S, (in/kip) 0.0066 _ _
Sidelap fastener flexibility, S (in/kip) 0.01s | " _
N R
Calculated Strength Equations Variabless | = =
Corner fastener reduction factor, A 0.700 = =
Interior panel fastener contribution factor, p ss T )
Structural fastener distribution factor at 0.500 - )
panel ends, a,’ A ]
Structural fastener distribution factor at 0.500 > A
interior supports, (lpz Loading Type: Monotonic
Number of structural fasteners at panel ends 1.0 Load Rate: Static
per unit width, N a=24'
Fastener slip coefficient, C 21.40 b =24
Warping factor, D,, (in.) 79.8 05
Warping support factor, p 1.0 -
g 04
Predicted Shear Strength and Stiffness %
Interior panel shear strength, S,; (kip/ft.) | 0A366| =03
Edge panel shear strength, S, (kip/ft.) 2.01 ?
Panel shear strength limited by corner 0.405 % 02
fastener, S, (kip/ft.) § oA
Panel buckling shear strength, S, (kip/ft.) Not Applicable &

Shear stiffness, G’ (kip/in)

0
0 0.002 0.004 0.006 0.008 0.01 0012
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.492
Experimental Shear Stiffness (kip/in) 12.0
Ultimate Shear Angle, ygg0, (rad*1000) 10.2

Notes

Deck manufacturer information not available. W, = D4 assumed

Measured Fy = 108 ksi. Nominal Fy = 60 ksi assumed

Measured F, = 110 ksi. Nominal F, = 75 ksi assumed

Both diagonal and corner displacements measured. To stay consistent with this work, corner displacements are used in analysis

Specimens 7 and 8 had identical set ups with varying deck thickness.
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Bagwell (2007) - Specimen 8

Input
Structural Fastener Type X-ENP19 L15 24/3 fastener pattern at exterior supports
Sidelap Fastener Type Screw w =24 in.
Deck thickness, ¢ (in.) 0.0598
Panel Length, / (ft.) 24
Panel Span, /,, (ft.) 24 N I _
No. of sidelap connections per one edge of 7
interior panel length, n e (in.) 1.5 — [«— f—
No. of edge structural connections not in line 23 W, (in.) 4.5 W, Magnified L;,
with int. or ext. supports, 7, f(in.) 9.0 <z Corrugation
No. of interior supports per panel length, 7, 0 d (in.) 12.0 —»‘ el —l e ‘4—
Yield strength of deck, F', (ksi) 80 s (in.) 21.0 d ‘
Ultimate strength of deck, 7, (ksi) 82 Dy(in) 450 s = 2etw) +f
Sidelap screw diameter (in.) 0.2111
\ b \
Fastener Strengths and Flexibilities e
Structural fastener strength, P, (kip) 315 [
Sidelap fastener strength, P, (kip) 1.45 -
Structural fastener flexibility, S, (in/kip) 0.0051 WW: 777777 :
Sidelap fastener flexibility, S (in/kip) 0.0123 | L
R

Calculated Strength Equations Variables | p=rmree
Corner fastener reduction factor, A 0.700 e =
Interior panel fastener contribution factor, p 523 T
Structural fastener distribution factor at 0500 |
panel ends, otez v
Structural fastener distribution factor at 0.500
interior supports, (lpz Loading Type: Monotonic
Number of structural fasteners at panel ends 1.0 Load Rate: Static
per unit width, N a=24'
Fastener slip coefficient, C 27.6 b =24
Warping factor, D,, (in.) 37.0 0.6
Warping support factor, p 1.0

&
8]

Predicted Shear Strength and Stiffness
Interior panel shear strength, S,; (kip/ft.) | 0A607|

o
~

Shear Strength, S (kip/ft.}
o
(5]

Edge panel shear strength, S, (kip/ft.) 3.28

Panel shear strength limited by corner 0.670 0.2

fastener, S, (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) Not Applicable 01

Shear stiffness, G’ (kip/in) o

0 0.002 0.004 0.008 0.008
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.533
Experimental Shear Stiffness (kip/in) 13.5
Ultimate Shear Angle, ygg0, (rad*1000) 5.14

Notes

Deck manufacturer information not available. W, = D4 assumed

Measured Fy = 108 ksi. Nominal Fy = 60 ksi assumed

Measured F, = 110 ksi. Nominal F, = 75 ksi assumed

Both diagonal and corner displacements measured. To stay consistent with this work, corner displacements are used in analysis

Specimens 7 and 8 had identical set ups with varying deck thickness.
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Bagwell (2007) - Specimen 9

Input
Structural Fastener Type X-ENP19 L15 12/2 fastener pattern at exterior supports
Sidelap Fastener Type Screw — w=12in. —
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 24
Panel Span, /, (ft.) 24
No. of sidelap connections per one edge of 7
interior panel length, n e (in.) 1.5 — [«— f—
No. of edge structural connections not in line 23 W, (in.) 7.5 We Magnified L;,
with int. or ext. supports, 7, f(in.) 9.0 <z Corrugation
No. of interior supports per panel length, 7, 0 d (in.) 12.0 —»‘ el —l e ‘4—
Yield strength of deck, F', (ksi) 33 s (in.) 27.0 d ‘
Ultimate strength of deck, 7, (ksi) 45 Dy(in)  7.50 s = 2(etw)tf
Sidelap screw diameter (in.) 0.2111
\ b \
Fastener Strengths and Flexibilities —
Structural fastener strength, P, (kip) 2.53
Sidelap fastener strength, P, (kip) 1.15
Structural fastener flexibility, S, (in/kip) 0.0057
Sidelap fastener flexibility, S (in/kip) 0.0138
S
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.700
Interior panel fastener contribution factor, p 5.19
Structural fastener distribution factor at 0.500
panel ends, otez v
Structural fastener distribution factor at 0.500
interior supports, (lpz Loading Type: Monotonic
Number of structural fasteners at panel ends 1.0 Load Rate: Static
per unit width, N a=24'
Fastener slip coefficient, C 49.20 b =24
Warping factor, D,, (in.) 52.4 04t
Warping support factor, p 1.0 .

5

Predicted Shear Strength and Stiffness % 03r
Interior panel shear strength, S,; (kip/ft.) | 0A483| =
Edge panel shear strength, S, (kip/ft.) 2.63 §’ 0z2r
Panel shear strength limited by corner 0.534 %
fastener, S, (kip/ft.) s 01
Panel buckling shear strength, S, (kip/ft.) Not Applicable %
Shear stiffness, G’ (kip/in) )
0 0.01 0.02 0.03 0.04
Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 0.396

Experimental Shear Stiffness (kip/in) 3.05

Ultimate Shear Angle, ygg0, (rad*1000) 332

Notes
Deck manufacturer information not available. W, = D4 assumed

Both diagonal and corner displacements measured. To stay consistent with this work, corner displacements are used in analysis
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Bagwell (2007) - Specimen 12

Input
Structural Fastener Type Arc Spot Weld 24/3 fastener pattern at exterior supports
Sidelap Fastener Type Button Punch w=24in.
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 24
Panel Span, /, (ft.) 24 ot ]
No. of sidelap connections per one edge of 23
interior panel length, n g e (in.) 1.5 — s f—
. . . . K f
No. of edge structural connections not in line 23 W, (in.) 4.5 We Magnified D,
with int. or ext. supports, 7, f(in.) 9.0 Ry Corrugation
No. of interior supports per panel length, 7, 0 d (in.) 12.0 —>‘ el —l e ‘ﬁ
Yield strength of deck, F', (ksi) 80 s (in.) 21.0 d ‘
. ’ . . s =2(+w)+f
Ultimate strength of deck, F',, (ksi) 82 Dy (in.) 4.50
Weld diameter (in.) 0.75
\ b \
Fastener Strengths and Flexibilities >
Structural fastener strength, P, (kip) 550 | [
Sidelap fastener strength, P, (kip) 1.15 - ”7:::::
Structural fastener flexibility, S, (in/kip) 0.0053 _ _
Sidelap fastener flexibility, S (in/kip) oorg | B
R
Calculated Strength Equations Variables | p=rmree
Corner fastener reduction factor, A 0.700 e =
Interior panel fastener contribution factor, p 682 |
Structural fastener distribution factor at 0500 |
2
panel ends, o,
Structural fastener distribution factor at 0.500
interior supports, (lpz Loading Type: Monotonic
Number of structural fasteners at panel ends 1.0 Load Rate: Static
per unit width, N a=24'
Fastener slip coefficient, C 9.03 b =24
Warping factor, D,, (in.) 52.4 i5r
Warping support factor, p 1.0 .
&
=3
Predicted Shear Strength and Stiffness = ik
Interior panel shear strength, S,; (kip/ft.) | 1442| 2
Edge panel shear strength, S, (kip/ft.) 1.50 E’
Panel shear strength limited by corner 5.720 % 05
fastener, S, (kip/ft.) E‘;
Panel buckling shear strength, S, (kip/ft.) Not Applicable S
Shear stiffness, G’ (kip/in) 0
0 0.005 0.01 0.015 0.02
Shear Angle, v (rad)
Eperimental Max Strength (kip/ft.) 1.41
Experimental Shear Stiffness (kip/in) 10.3
Ultimate Shear Angle, vggo, (rad*1000) 14.7

Notes

Deck manufacturer information not available. W, = D4 assumed

Measured Fy = 108 ksi. Nominal Fy = 60 ksi assumed

Measured F, = 110 ksi. Nominal F, = 75 ksi assumed

Both diagonal and corner displacements measured. To stay consistent with this work, corner displacements are used in analysis

Actual sidelap strength for thicker gauge panels using button punches may not reach DDM04 predicted shear strength.

214



Beck (2008) - Specimen 63

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0295
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 7.5
No. of sidelap connections per one edge of 28
interior panel length, 7
No. of edge structural connections not in line 28
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.169
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.49
Sidelap fastener strength, P, (kip) 0.716
Structural fastener flexibility, S, (in/kip) 0.0073
Sidelap fastener flexibility, S, (in/kip) 0.0175
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.727
Interior panel fastener contribution factor, {3 18.1
Structural fastener distribution factor at 0.778
panel ends, o,
Structural fastener distribution factor at 0.778
interior supports, o,
Number of structural fasteners at panel ends 2.0
per unit width, N
Fastener slip coefficient, C 2.16
Warping factor, D, (in.) 6.87
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.75
Edge panel shear strength, S ,,, (kip/ft.) 3.37
Panel shear strength limited by corner
fastener, S . (kip/ft.)
Panel buckling shear strength, S, (kip/ft.) 2.44

Shear stiffness, G (kip/in)

Notes
Monotonic reference for specimens 7 and 8

36/7 fastener pattern at interior and exterior supports

w = 36 in.

ISYARNAS YA YA S YA ¢ ¥

e (in.) 0.75 . .
we(in)  1.58 Wf\‘ v f‘ﬁ 1 ‘ f

. c agnifie D,
f(l.n ) 330 =/ Corrugation :
d (in.) 6.00 4,‘ el e ‘.f
s (in.) 8.16 d !
Dy (in.) 1.50 s =2e+w)+f

| = b -
'y
a
Endlap

J

Loading Type: Monotonic
Load Rate: Static

a=24'
b=30'
257¢

-
P
s 2f
=3
(2]

157
S
c
s 1
(2]
=
S o5¢
=
(2]

0 . . . . . .
0 0.005 0.01 0.015 0.02 0.025 0.03
8hear Angle, + (rad)

Eperimental Max Strength (kip/ft.) 2.04
Experimental Shear Stifthess (kip/in) 60.7
Ultimate Shear Angle, vg, (rad*1000) 12.3
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Input

Beck (2008) - Specimen 64

Structural Fastener Type

Sidelap Fastener Type

Deck thickness, ¢ (in.)

Panel Length, / (ft.)

Panel Span, /, (ft.)

No. of sidelap connections per one edge of
interior panel length, 7

No. of edge structural connections not in line
with int. or ext. supports, 7 ,

No. of interior supports per panel length, 7,
Yield strength of deck, F", (ksi)

Ultimate strength of deck, F',, (ksi)

Sidelap screw diameter (in.)

Moment of inertia of fully effective panel per unit

width, I, (in*)

Fastener Strengths and Flexibilities

X-EDNK22 36/7 fastener pattern at interior and exterior supports
Serew ‘ w = 36 in. ‘
S W/ W W A W W
7.5
28 e (in.) 0.75 |« 7 -
w, (in.) 1.58 /

ZVC Magnified Df‘,

Structural fastener strength, P, (kip)
Sidelap fastener strength, P, (kip)
Structural fastener flexibility, S, (in/kip)
Sidelap fastener flexibility, S, (in/kip)

Calculated Strength Equations Variables

Corner fastener reduction factor, A
Interior panel fastener contribution factor, {3
Structural fastener distribution factor at

2
panel ends, o,
Structural fastener distribution factor at

interior supports, o,

Number of structural fasteners at panel ends
per unit width, N

Fastener slip coefficient, C

Warping factor, D,, (in.)

Warping support factor, p

Predicted Shear Strength and Stiffne

Interior panel shear strength, S ,,; (kip/ft.)
Edge panel shear strength, S ,,, (kip/ft.)
Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Monotonic reference for specimens 4 and 5

28 f(n) 330 =/ Corrugation
d (in.) 6.00 4,‘ ol e ‘_f
1 s (in.) 8.16 d !
33 Dy(in) 150 s =2 +w)+f
45 | b -
02111 -
0.212
a A\
1.80 Endiap
0.869
0.0066
0.0159
J
0.752 Loading Type: Monotonic
18.2 Load Rate: Static
0.778 a=24'
b=30'
0.778
35r
2.0 £ 3f
=
x25
2.34 P
5.14 s 2?2
10 51.5 :
(2]
sS E 1
2.12 205l
4.07 @

0
0 0.005 0.01 0.015 0.02

Shear Angle, ~ (rad)

3.34
Eperimental Max Strength (kip/ft.) 3.06
Experimental Shear Stifthess (kip/in) 67.8
Ultimate Shear Angle, vg, (rad*1000) 12.1
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Input

Beck (2008) - Specimen 65

Structural Fastener Type

Sidelap Fastener Type

Deck thickness, ¢ (in.)

Panel Length, / (ft.)

Panel Span, /, (ft.)

No. of sidelap connections per one edge of
interior panel length, 7

No. of edge structural connections not in line
with int. or ext. supports, 7 ,

No. of interior supports per panel length, 7,
Yield strength of deck, F", (ksi)

Ultimate strength of deck, F',, (ksi)

Sidelap screw diameter (in.)

Moment of inertia of fully effective panel per unit

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip)
Sidelap fastener strength, P, (kip)
Structural fastener flexibility, S, (in/kip)
Sidelap fastener flexibility, S, (in/kip)

Calculated Strength Equations Variables

Corner fastener reduction factor, A
Interior panel fastener contribution factor, {3
Structural fastener distribution factor at

2
panel ends, o,
Structural fastener distribution factor at

interior supports, o,

Number of structural fasteners at panel ends
per unit width, N

Fastener slip coefficient, C

Warping factor, D,, (in.)

Warping support factor, p

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.)
Edge panel shear strength, S ,,, (kip/ft.)
Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Monotonic reference for specimens 3 and 6

X-EDNK22 36/7 fastener pattern at interior and exterior supports
Serew ‘ w = 36 in. ‘
LSV W/ VW WY W
7.5
28 e (in.) 0.75 |« 7 -
. T _
w, (in.) 1.58 W" - f
28 f(in)) 3.50 'y CMagmffd P
d(in) 6.00 H‘ . orruga lon% » ‘ﬁ
1 s (in.) 8.16 d !
33 Dy(in) 150 s = 2(e+w)tf
45 = b .|
02111 \
0.292
a A\
235 Endlap
1.15
0.0057
0.0138
J
0.785 Loading Type: Monotonic
18.4 Load Rate: Static
0.778 a=24'
b=30"
0.778
4
2.0 £
[}
= 3f
2.74 L)
3.37 = 5
1.0 c
£
L2
51
2.81 £
L2
5.32

0 , . , )
0 0.005 0.01 0.015 0.02

Shear Angle, ~ (rad)

5.24
145.0 Eperimental Max Strength (kip/ft.) 3.95
Experimental Shear Stifthess (kip/in) 85.2
Ultimate Shear Angle, vg, (rad*1000) 11.3
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Beck (2008) - Specimen 3

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 5.0
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 27
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, 7, (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.35
Sidelap fastener strength, P, (kip) 1.15
Structural fastener flexibility, S, (in/kip) 0.0057
Sidelap fastener flexibility, S, (in/kip) 0.0138
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.785
Interior panel fastener contribution factor, {3 18.4
Structural fastener distribution factor at 1.23
panel ends, o,
Structural fastener distribution factor at 1.23
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.74
Warping factor, D, (in.) 3.37
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.58
Edge panel shear strength, S ,,, (kip/ft.) 6.11

Panel shear strength limited by corner

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 11.8

Shear stiffness, G (kip/in)

Notes

36/9 fastener pattern at interior and exterior supports

w = 36 in.

|

L/ VY A /A VAN VA Y A .
e (in.) 0.75 e

w, (in.) 1.58 /

ZVC Magnified Df‘,

f(in.) 3.50 /e i
d(in) 6.00 H‘ . orruga lon% » ‘ﬁ
s (in.) 8.16 d w
Dy(in) 150 s = 2(e+w)+f
| - b >
\
a
Endlap.

J

Loading Type: Cylic
Load Rate: Static

a=24'
b=20'
4r

N>

Shear Strength, S (kip/ft.}
(o]

2F
_4 1 1 1 1
-0.02 -0.01 0 0.01 0.02
8hear Angle, v {(rad)
Eperimental Max Strength (kip/ft.) 3.96
Experimental Shear Stifthess (kip/in) 72.3
Ultimate Shear Angle, vg, (rad*1000) 14.6

Specimens 3 and 6 were identical, except specimen 6 used screw endlaps and specimen 3 used pinned endlap

Panel lengths were 5 ft or 15 ft.

Predictions use 3 span panel.

Hilti reported Smax does not match load-deformation data (Appendix 4 of Beck 2008). Smax from data & used in analysis

Hilti reported Smax = 4.49 kip/ft
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Beck (2008) - Specimen 4

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 5.0
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 27
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.212
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P, (kip) 0.869
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, {3 233
Structural fastener distribution factor at 1.23
panel ends, o,
Structural fastener distribution factor at 1.23
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.02
Warping factor, D,, (in.) 5.14
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 2.71
Edge panel shear strength, S ,,, (kip/ft.) 4.67

Panel shear strength limited by corner

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 7.51

Shear stiffness, G (kip/in)

Notes

36/9 fastener pattern at interior and exterior supports
w = 36 in. |

\
.40 V2 W2 W 2 W4 W A :

(S (IH) 0.75 ‘ « f » ‘
we(n) 158 Wf\ . T
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b >|
A
a
Endlap

Y

Loading Type: Cylic
Load Rate: Static

a=24'
b=20'
4r

N>

'
N>

Shear Strength, S (kip/ft.)
o

-4 . L L ]
-0.02 -0.01 0 0.01 0.02
Shear Angle, - (rad)

Eperimental Max Strength (kip/ft.) 3.43
Experimental Shear Stifthess (kip/in) 44.9
Ultimate Shear Angle, vg, (rad*1000) 15.3

Specimens 4 and 5 were identical, except specimen 4 used screw endlaps and specimen 5 used pinned endlap

Panel lengths were 5 ft or 15 ft.

Predictions use 3 span panel and Hilti pins at endlap.

S-MD 12-24x1 1/4" HWH #5 Screws used for endlap structural fasteners.
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Beck (2008) - Specimen 5

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0358
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 5.0
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 27
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.212
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.80
Sidelap fastener strength, P, (kip) 0.869
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.0159
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.835
Interior panel fastener contribution factor, {3 233
Structural fastener distribution factor at 1.23
panel ends, o,
Structural fastener distribution factor at 1.23
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.02
Warping factor, D,, (in.) 5.14
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 2.71
Edge panel shear strength, S ,,, (kip/ft.) 4.67

Panel shear strength limited by corner

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 7.51

Shear stiffness, G (kip/in)

Notes

36/9 fastener pattern at interior and exterior supports
w = 36 in. |

\
.40 V2 W2 W 2 W4 W A :

(S (IH) 0.75 ‘ « f » ‘
we(n) 158 Wf\ . T
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b >|
A
a
Endlap

Y

Loading Type: Cylic
Load Rate: Static

a=24"
b=20'
4r

N>
T

'
N>
T

Shear Strength, S (kip/ft.)
(o]

-4
-0.02 -0.01 0 0.01 0.02
8hear Angle, + {rad)

Eperimental Max Strength (kip/ft.) 3.48
Experimental Shear Stifthess (kip/in) 46.0
Ultimate Shear Angle, vg, (rad*1000) 14.2

Specimens 4 and 5 were identical, except specimen 4 used screw endlaps and specimen 5 used pinned endlap

Panel lengths were 5 ft or 15 ft.

Predictions use 3 span panel.
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Beck (2008) - Specimen 6

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 5.0
No. of sidelap connections per one edge of 27
interior panel length, 7
No. of edge structural connections not in line 27
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 2
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.35
Sidelap fastener strength, P, (kip) 1.15
Structural fastener flexibility, S, (in/kip) 0.0057
Sidelap fastener flexibility, S, (in/kip) 0.0138
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.785
Interior panel fastener contribution factor, {3 18.4
Structural fastener distribution factor at 1.23
panel ends, o,
Structural fastener distribution factor at 1.23
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.74
Warping factor, D, (in.) 3.37
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.58
Edge panel shear strength, S ,,, (kip/ft.) 6.11

Panel shear strength limited by corner

fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.) 11.8

Shear stiffness, G (kip/in)

Notes

36/9 fastener pattern at interior and exterior supports
w = 36 in. |

\
.40 V2 W2 W 2 W4 W A :

(S (IH) 0.75 ‘ « f » ‘
we(n) 158 Wf\ . T
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b >|
A
a
Endlap

Y

Loading Type: Cylic
Load Rate: Static

a=24"
b=20"
5r

Shear Strength, S (kip/ft.}
(o]

5 - - '
-0.02 -0.01 0 0.01 0.02

Shear Angle, + (rad)

Eperimental Max Strength (kip/ft.) 4.33
Experimental Shear Stifthess (kip/in) 73.5
Ultimate Shear Angle, vg, (rad*1000) 13.6

Specimens 3 and 6 were identical, except specimen 6 used screw endlaps and specimen 3 used pinned endlap

Panel lengths were 5 ft or 15 ft.

Predictions use 3 span panel and Hilti pins at endlap.

S-MD 12-24x1 1/4" HWH #5 Screws used for endlap structural fasteners.

221



Beck (2008) - Specimen 7

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0295
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 7.5
No. of sidelap connections per one edge of 28
interior panel length, 7
No. of edge structural connections not in line 28
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.169
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.49
Sidelap fastener strength, P, (kip) 0.716
Structural fastener flexibility, S, (in/kip) 0.0073
Sidelap fastener flexibility, S, (in/kip) 0.0175
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.727
Interior panel fastener contribution factor, {3 18.1
Structural fastener distribution factor at 0.778
panel ends, o,
Structural fastener distribution factor at 0.778
interior supports, o,
Number of structural fasteners at panel ends 2.0
per unit width, N
Fastener slip coefficient, C 2.16
Warping factor, D, (in.) 6.87
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.75
Edge panel shear strength, S ,,, (kip/ft.) 3.37

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

2.44

36/7 fastener pattern at interior and exterior supports

w = 36 in.

VW W W e WA .

e (in.) 0.75 e f—
w, (in.) 1.58 ch Moanifiod "
f(in.) 3.50 4 Co?irgai?on Da
d (in.) 6.00 4,‘ ol e ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f

|« b >|
-

a A
Endlap,

Y

Loading Type: Cyclic
Load Rate: Static

a=24"
b=30"
3 r

N>

=

Shear Strength, S (kip/ft.)
(=]

Ar

2t

_3 1 1 1

-0.02 -0.01 0 0.01

Shear Angle, ~ (rad)

Eperimental Max Strength (kip/ft.) 2.08
Experimental Shear Stifthess (kip/in) 59.6
Ultimate Shear Angle, vg, (rad*1000) 11.0

Specimens 63, 7 and 8 had identical test setups with exception to endlap fastener type used.

Specimen 8 used screw endlaps.

Specimens 63 and 7 used pinned endlaps.
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Beck (2008) - Specimen 8

Input
Structural Fastener Type X-EDNK22
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0295
Panel Length, / (ft.) 15
Panel Span, /, (ft.) 7.5
No. of sidelap connections per one edge of 28
interior panel length, 7
No. of edge structural connections not in line 28
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.2111
Moment of inertia of fully effective panel per unit 0.169
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 1.49
Sidelap fastener strength, P, (kip) 0.716
Structural fastener flexibility, S, (in/kip) 0.0073
Sidelap fastener flexibility, S, (in/kip) 0.0175
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.727
Interior panel fastener contribution factor, {3 18.1
Structural fastener distribution factor at 0.778
panel ends, o,
Structural fastener distribution factor at 0.778
interior supports, o,
Number of structural fasteners at panel ends 2.0
per unit width, N
Fastener slip coefficient, C 2.16
Warping factor, D, (in.) 6.87
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 1.75
Edge panel shear strength, S ,,, (kip/ft.) 3.37

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

2.44

36/7 fastener pattern at interior and exterior supports

w = 36 in.

VW W W e WA .

e (in.) 0.75 e f—
w, (in.) 1.58 ch Moanifiod "
f(in.) 3.50 4 Co?irgai?on Da
d (in.) 6.00 4,‘ ol e ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f

|« b >|
-

a A
Endlap,

Y

Loading Type: Cyclic
Load Rate: Static

a=24"
b=30"
Sr

-

Shear Strength, S (Kip/ft.»
(o]

-0.02 -0.01 0 0.01
Shear Angle, + (rad)

Eperimental Max Strength (kip/ft.) 1.93
Experimental Shear Stifthess (kip/in) 45.6
Ultimate Shear Angle, vg, (rad*1000) 5.80

Specimens 63, 7 and 8 had identical test setups with exception to endlap fastener type used.

Specimens 63 and 7 used pinned endlaps.

S-MD 12-24x1 1/4" HWH #5 Screws used for endlap structural fasteners.
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Beck (2013) - Specimen M-1

w = 36 in.

36/7 fastener pattern at interior and exterior supports

ISYARNAS YA YA S YA ¢ ¥

—~

el

*
We Magnified Dy

.S

Corrugation

A‘e\k

d

el
|

s =2e+w)+f

b |

Input
Structural Fastener Type X-ENP19 L15
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 18 e (in.) 0.75
interior panel length, 7 w, (in.) 1.58
No. of edge structural connections not in line 18 f(in.) 3.50
with int. or ext. supports, 7 , d (in.) 6.00
No. of interior supports per panel length, 7, 1 s (in.) 8.16
Yield strength of deck, F", (ksi) 33 Dy (in.) 1.50
Ultimate strength of deck, F',, (ksi) 45 \
Sidelap screw diameter (in.) 0.216 -
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)
Fastener Strengths and Flexibilities a
Structural fastener strength, P, (kip) 2.53 Endlap
Sidelap fastener strength, P, (kip) 1.18
Structural fastener flexibility, S, (in/kip) 0.0034
Sidelap fastener flexibility, S, (in/kip) 0.0138
J

Calculated Strength Equations Variables

Corner fastener reduction factor, A
Interior panel fastener contribution factor, {3
Structural fastener distribution factor at

2
panel ends, o,
Structural fastener distribution factor at

interior supports, o,

Number of structural fasteners at panel ends
per unit width, N

Fastener slip coefficient, C

Warping factor, D,, (in.)

Warping support factor, p

Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.)
Edge panel shear strength, S ,,, (kip/ft.)
Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

0.01 0.015
8hear Angle, + {rad)

0.856 Loading Type: Monotonic
13.1 Load Rate: Static
0.778 a=24"
b=20'
0.778
5 -
2.0 )
. e
sS4t
=3
2.14 » N
5.06 =
=
1.0
g2f
7]
=
323 3 1
: =
6.07 «
otb—
0 0.005
11.8

Eperimental Max Strength (kip/ft.)
Experimental Shear Stifthess (kip/in)

0.02

4.05

70.1

Ultimate Shear Angle, vg, (rad*1000)

Specimens M-01 and C-01 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used
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Beck (2013) - Specimen C-1

Input

Structural Fastener Type X-ENP19 L15
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 18
interior panel length, 7

No. of edge structural connections not in line 18
with int. or ext. supports, 7 ,

No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.216
Moment of inertia of fully effective panel per unit 0.292

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 2.53

Sidelap fastener strength, P, (kip) 1.18

Structural fastener flexibility, S, (in/kip) 0.0034

Sidelap fastener flexibility, S, (in/kip) 0.0138
Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.856

Interior panel fastener contribution factor, {3 13.1

Structural fastener distribution factor at 0.778

panel ends, o,

Structural fastener distribution factor at 0.778

interior supports, o,

Number of structural fasteners at panel ends 2.0

per unit width, N

Fastener slip coefficient, C 2.14

Warping factor, D,, (in.) 5.06

Warping support factor, p 1.0

Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.23
Edge panel shear strength, S ,,, (kip/ft.) 6.07

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

11.8

36/7 fastener pattern at interior and exterior supports

w = 36 in.

VW W W e WA .

€ (IH) 0.75 ‘ « f » ‘
we(in) 158 Ny —\
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b -|
g
a /
Endlap.

Y

Loading Type: Cyclic
Load Rate: Static

a=24"
b=20"
5r

/)///////’/ ’ ’A

Shear Strength, S (kip/ft.)
(=]

5 . . . .
-0.02 -0.01 0 0.01 0.02
Shear Angle, v (rad)
Eperimental Max Strength (kip/ft.) 4.11
Experimental Shear Stifthess (kip/in) 48.7
Ultimate Shear Angle, vg, (rad*1000) 13.3

Specimens M-01 and C-01 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used
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Beck (2013) - Specimen M-2

Input

Structural Fastener Type X-ENP19 L15
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 11
interior panel length, 7
No. of edge structural connections not in line 11
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.216
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)

Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.53
Sidelap fastener strength, P, (kip) 1.18
Structural fastener flexibility, S, (in/kip) 0.0034
Sidelap fastener flexibility, S, (in/kip) 0.0138

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.856

Interior panel fastener contribution factor, {3 12.8

Structural fastener distribution factor at 1.23

panel ends, o,

Structural fastener distribution factor at 1.23

interior supports, o,

Number of structural fasteners at panel ends 2.33

per unit width, N

Fastener slip coefficient, C 2.22

Warping factor, D,, (in.) 5.06

Warping support factor, p 1.0
Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 3.09

Edge panel shear strength, S ,,, (kip/ft.) 5.06

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

36/9 fastener pattern at interior and exterior supports
w = 36 in. [

\
. VO W VY W i WY V.

€ (IH) 0.75 ‘ « f » ‘
we(in) 158 Ny —\
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b -|
g
a /
Endlap.

Y

Loading Type: Monotonic
Load Rate: Static

a=24"
b=20"
4r

(O]

Shear Strength, S (kip/ft.)
N NS

0 L L 1 1
0 0.005 0.01 0.015 0.02 0.025
Shear Angle, + (rad)
Eperimental Max Strength (kip/ft.) 3.81
Experimental Shear Stifthess (kip/in) 70.4
Ultimate Shear Angle, vg, (rad*1000) 14.4

Specimens M-02 and C-02 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used
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Beck (2013) - Specimen C-2

Input

Structural Fastener Type X-ENP19 L15
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 11
interior panel length, 7
No. of edge structural connections not in line 11
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.216
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)

Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.53
Sidelap fastener strength, P, (kip) 1.18
Structural fastener flexibility, S, (in/kip) 0.0034
Sidelap fastener flexibility, S, (in/kip) 0.0138

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.856

Interior panel fastener contribution factor, {3 12.8

Structural fastener distribution factor at 1.23

panel ends, o,

Structural fastener distribution factor at 1.23

interior supports, o,

Number of structural fasteners at panel ends 2.33

per unit width, N

Fastener slip coefficient, C 2.22

Warping factor, D,, (in.) 5.06

Warping support factor, p 1.0
Predicted Shear Strength and Stiffness

Interior panel shear strength, S ,,; (kip/ft.) 3.09

Edge panel shear strength, S ,,, (kip/ft.) 5.06

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

11.8

129.0

36/9 fastener pattern at interior and exterior supports

€ (IH) 0.75 ‘ « f » ‘
we(in) 158 Ny —\
d (in.) 6.00 4,‘ ol el ‘_f
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
| = b -|
g
a /
Endlap.

Y

Loading Type: Cyclic
Load Rate: Static

a=24"
b=20'
4r

N>
T

Shear Strength, S (kip/ft.)
(o]

2F
-4
-0.02 -0.01 0 0.01 0.02
8hear Angle, + {rad)
Eperimental Max Strength (kip/ft.) 3.93
Experimental Shear Stifthess (kip/in) 61.6
Ultimate Shear Angle, vg, (rad*1000) 12.9

Specimens M-02 and C-02 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used
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Beck (2013) - Specimen M-3

Input
Structural Fastener Type X-ENP19 L15 36/11 fastener pattern at exterior supports
Sidelap Fastener Type Screw 36/7 fastener pattern at endlap
Deck thickness, ¢ (in.) 0.0598 .
Panel Length, / (ft.) 10 ‘ w =36 in. |
Panel Span, /, (ft.) 5 y:::::::\,-,.-:-,/:::::\,-,-p-,/::::\,‘,-p-,/::::::,,\-p-,/:::::l;.,/::::;\.}
No. of sidelap connections per one edge of 38 e (in.) 0.75 e
interior panel length, 7 w, (in.) 1.58 W" ) - E
No. of edge structural connections not in line 38 f(in.) 3.50 /€ Magnlﬁc.ad Da
with int. or ext. supports, 7 , d (in.) 6.00 —>\e e Cormgatlon% e ‘_7
No. of interior supports per panel length, 7, 1 s (in.) 8.16 ‘ d I
Yield strength of deck, F, (ksi) 33 Dy(in)  1.50 s = 2et+w)+f
Ultimate strength of deck, F',, (ksi) 45 |«——b—>
Sidelap screw diameter (in.) 0.216 -
Moment of inertia of fully effective panel per unit 0.373
width, I, (in*)
Fastener Strengths and Flexibilities a
Structural fastener strength, P, (kip) 3.15 +Endlap
Sidelap fastener strength, P, (kip) 1.49
Structural fastener flexibility, S, (in/kip) 0.0031 =
Sidelap fastener flexibility, S, (in/kip) 0.0123
J

Calculated Strength Equations Variables

Corner fastener reduction factor, A 0.872 Loading Type: Monotonic
Interior panel fastener contribution factor, {3 25.5 Load Rate: Static
Structural fastener distribution factor at 1.50 a=24"

panel ends, o, b=10'

Structural fastener distribution factor at 0.778 .

interior supports, «,” (at endlap)

Number of structural fasteners at panel ends 3.0 g 8

per unit width, N xg- s
Fastener slip coefficient, C 1.27 ;;

Warping factor, D,, (in.) 3.58 = 4

Warping support factor, p 1.0 5
=

Predicted Shear Strength and Stiffness ? 2

Interior panel shear strength, S ,,; (kip/ft.) 7.86 § 1
Edge panel shear strength, S ,,, (kip/ft.) 14.9 (2]

Panel shear strength limited by corner

0
fastener, S, (kip/fL) 0 0005 001 0015 002 0025

8hear Angle, + {rad)

Panel buckling shear strength, S, (kip/ft.) 16.9

Shear stiffness, G' (kip/in) Eperimental Max Strength (kip/ft.) 6.07
Experimental Shear Stifthess (kip/in) 54.9
Ultimate Shear Angle, vg, (rad*1000) 20.5

Notes

Specimens M-01 and C-01 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used

Strong structural fastener configurations (36/11) used in combination with a weaker endlap configuration (36/7).
Fastener configuration forced failure at endlap

Strength predictions made using 2 span condition.
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Beck (2013) - Specimen C-3

Input
Structural Fastener Type X-ENP19 L15 36/11 fastener pattern at exterior supports
Sidelap Fastener Type Screw 36/7 fastener pattern at endlap
Deck thickness, ¢ (in.) 0.0598 .
| w = 36 in. ‘
Panel Length, / (ft.) 10 T T T T
Pancl Span, 1, (1) 5 LU V/RNA V¥R G VNN GV AR ¢ VAR
No. of sidelap connections per one edge of 38 e (in.) 0.75 - 2 -
interior panel length, 7 w, (in.) 1.58 W" - f
No. of edge structural connections not in line 38 f(in.) 3.50 . Magnlﬁc.ad Da
oy . —/ Corrugation
with int. or ext. supports, 7 , d (in.) 6.00 4»‘ o l— e ‘_7
No. of interior supports per panel length, 7, 1 s (in.) 8.16 d I
Yield strength of deck, F, (ksi) 33 Dy (in.) 1.50 s = 2et+w)+f
Ultimate strength of deck, F',, (ksi) 45 |[«——b—
Sidelap screw diameter (in.) 0.216 \
Moment of inertia of fully effective panel per unit 0.373

width, I, (in*)

Fastener Strengths and Flexibilities

Structural fastener strength, P, (kip) 3.15 | - Endlap
Sidelap fastener strength, P, (kip) 1.49
Structural fastener flexibility, S, (in/kip) 0.0031 —
Sidelap fastener flexibility, S, (in/kip) 0.0123
v

Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.872 Loading Type: Cyclic
Interior panel fastener contribution factor, {3 25.5 Load Rate: Static
Structural fastener distribution factor at 1.50 a=24"
panel ends, o, b=10'
Structural fastener distribution factor at 0.778 ot

interior supports, «,” (at endlap)
Number of structural fasteners at panel ends 3.0

37

I

S

N

N
R

N
=
_)7

X

per unit width, N

=

-
S
=
3 7/
i i 12 =t /i
Fasterller slip coefﬁ(n‘ent, C 7 » 2 ?1”4/’7 ///
Warping factor, D,, (in.) 3.58 = V)
=
Warping support factor, p 1.0 or
o
= st
Predicted Shear Strength and Stiffness ?
Interior panel shear strength, S ,,; (kip/ft.) 7.86 § 4t
Edge panel shear strength, S ,,, (kip/ft.) 14.9 (2]

Panel shear strength limited by corner

6
fastener, S, (kip/fL) 003 002 001 0 001 002 0.0

8hear Angle, + {rad)

Panel buckling shear strength, S, (kip/ft.) 16.9

Shear stiffness, G' (kip/in) Eperimental Max Strength (kip/ft.) 5.77
Experimental Shear Stifthess (kip/in) 57.2
Ultimate Shear Angle, vg, (rad*1000) 20.2

Notes

Specimens M-01 and C-01 had identical test setups, with different load protocols.

S-SLC 02 M HWH 6 sidelap screws used

Strong structural fastener configurations (36/11) used in combination with a weaker endlap configuration (36/7).
Fastener configuration forced failure at endlap

Strength predictions made using 2 span condition.
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Beck (2013b) - Specimen M-2

Input
Structural Fastener Type X-HSN24
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 14
interior panel length, 7
No. of edge structural connections not in line 14
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.216
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.53
Sidelap fastener strength, P, (kip) 1.18
Structural fastener flexibility, S, (in/kip) 0.0057
Sidelap fastener flexibility, S, (in/kip) 0.0138
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.856
Interior panel fastener contribution factor, {3 14.2
Structural fastener distribution factor at 1.28
panel ends, o,
Structural fastener distribution factor at 1.28
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.59
Warping factor, D,, (in.) 5.06
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.44
Edge panel shear strength, S ,,, (kip/ft.) 5.82

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Identical tes setup for specimens M-2 and C-2 with different loading protocols

S-SLC-02 M HWH sidelap screws used

11.7

36/9 fastener pattern at interior and exterior supports
w = 36 in. |

\
LI/ VA VS A VS A VAV AN W A 0|

elin) 0T e
w, (in.) 1.58 W i D
f(in) 150 c Magni gd Dy
. = Corrugation
d (in.) 6.00 4,‘ el e ‘.f
s (in.) 8.16 d !
Dy (in.) 1.50 s =2e+w)+f
|« b >|
\
a
Endlap

J
Loading Type: Monotonic
Load Rate: Static
a=24'
b=20"

357

-
£ 37
8
X257t
(2]
£ 2

o 157}
]
(2]

= 17

©
£ 05
S0

0 . . . .
0 0.005 0.01 0.015 0.02
Shear Angle, + (rad)

Eperimental Max Strength (kip/ft.) 3.45
Experimental Shear Stifthess (kip/in) 61.1
Ultimate Shear Angle, gy, (rad*1000) 13.7
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Beck (2013b) - Specimen C-2

Input
Structural Fastener Type X-HSN24
Sidelap Fastener Type Screw
Deck thickness, ¢ (in.) 0.0474
Panel Length, / (ft.) 10
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 14
interior panel length, 7
No. of edge structural connections not in line 14
with int. or ext. supports, 7 ,
No. of interior supports per panel length, 7, 1
Yield strength of deck, F", (ksi) 33
Ultimate strength of deck, F',, (ksi) 45
Sidelap screw diameter (in.) 0.216
Moment of inertia of fully effective panel per unit 0.292
width, I, (in*)
Fastener Strengths and Flexibilities
Structural fastener strength, P, (kip) 2.53
Sidelap fastener strength, P, (kip) 1.18
Structural fastener flexibility, S, (in/kip) 0.0057
Sidelap fastener flexibility, S, (in/kip) 0.0138
Calculated Strength Equations Variables
Corner fastener reduction factor, A 0.856
Interior panel fastener contribution factor, {3 14.2
Structural fastener distribution factor at 1.28
panel ends, o,
Structural fastener distribution factor at 1.28
interior supports, o,
Number of structural fasteners at panel ends 2.33
per unit width, N
Fastener slip coefficient, C 2.59
Warping factor, D,, (in.) 5.06
Warping support factor, p 1.0
Predicted Shear Strength and Stiffness
Interior panel shear strength, S ,,; (kip/ft.) 3.44
Edge panel shear strength, S ,,, (kip/ft.) 5.82

Panel shear strength limited by corner
fastener, S . (kip/ft.)

Panel buckling shear strength, S, (kip/ft.)
Shear stiffness, G (kip/in)

Notes

Identical tes setup for specimens M-2 and C-2 with different loading protocols

S-SLC-02 M HWH sidelap screws used

11.7

36/9 fastener pattern at interior and exterior supports
‘ w = 36 in. |
LI/ VAN VS VAN VA VS A 0.

e (in.) 0.75 ) .
, | / |
w, (in.) 1.58 W" - f
f(in.) 3.50 'y CMagmffd D
d(in) 6.00 H‘ . orruga lon% » ‘ﬁ
s (in.) 8.16 d w
Dy(in) 150 s = 2et+w)+f
|« b >|
\
a
Endlap.

Y

Loading Type: Cyclic
Load Rate: Static

a=24'
b=20'
4r

N>

'
N

Shear Strength, S (kip/ft.)
(o]

_4 1 1 1
-0.02 -0.01 0 0.01 0.02

Shear Angle, v (rad)

Eperimental Max Strength (kip/ft.) 3.47
Experimental Shear Stifthess (kip/in) 58.4
Ultimate Shear Angle, vg, (rad*1000) 12.4
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Beck (2013b) - Specimen M-3

Input
Structural Fastener Type X-HSN24 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Screw w = 36 in.
Deck thickness, ¢ (in.) 0.0358 _‘J \_/ \_/ \_/ \_/ \_/ ‘
Panel Length, / (ft.) 15 ' i i ' ' ' '
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 38 e (in.) 0.75 e f—
interior panel length, 7 w, (in.) 1.58 W" ) - E
No. of edge structural connections not in line 38 f(in.) 3.50 /¢ Magnlﬁc.ad Da
oy . —/ Corrugation
with int. or ext. supports, 7 , d (in.) 6.00 4»‘ o l— e ‘_7
No. of interior supports per panel length, 7, 1 s (in.) 8.16 d I
Yield strength of deck, F, (ksi) 80 Dy(in)  1.50 s = 2et+w)+f
Ultimate strength of deck, F',, (ksi) 82 E b -
Sidelap screw diameter (in.) 0.216 _‘>
Moment of inertia of fully effective panel per unit 0.212
width, I, (in*)
Fastener Strengths and Flexibilities a
Structural fastener strength, P, (kip) 1.93 T
Sidelap fastener strength, P, (kip) 0.889
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.0159
Calculated Strength Equations Variables X
Corner fastener reduction factor, A 0.835 Loading Type: Monotonic
Interior panel fastener contribution factor, {3 222 Load Rate: Static
Structural fastener distribution factor at 0.778 a=24"
panel ends, o, b=20'
Structural fastener distribution factor at 0.778 .
interior supports, o, -
Number of structural fasteners at panel ends 2.0 E
per unit width, N xg- 4
Fastener slip coefficient, C 1.24 ;;
Warping factor, D, (in.) 7.71 = 31
Warping support factor, p 1.0
520
Predicted Shear Strength and Stiffness 2
Interior panel shear strength, S ,,; (kip/ft.) 4.22 § 1
Edge panel shear strength, S ,,, (kip/ft.) 8.51 (2

Panel shear strength limited by corner

0
fastener, S, (kip/ft.) 0 0.005 0.01 0.015 0.02

Shear Angle, + (rad)

Panel buckling shear strength, S, (kip/ft.) 7.47

Shear stiffness, G' (kip/in) Eperimental Max Strength (kip/ft.) 4.05
Experimental Shear Stifthess (kip/in) 51.4
Ultimate Shear Angle, vg, (rad*1000) 14.8

Notes

Identical tes setup for specimens M-3 and C-3 with different loading protocols
S-SLC-01 M HWH sidelap screws used.
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Beck (2013b) - Specimen C-3

Input
Structural Fastener Type X-HSN24 36/7 fastener pattern at interior and exterior supports
Sidelap Fastener Type Screw w = 36 in.
Deck thickness, ¢ (in.) 0.0358 _‘J \_/ \_/ \_/ \_/ \_/ ‘
Panel Length, / (ft.) 15 ' i i ' ' ' '
Panel Span, /, (ft.) 5
No. of sidelap connections per one edge of 38 e (in.) 0.75 e f—
interior panel length, 7 w, (in.) 1.58 W" ) - E
No. of edge structural connections not in line 38 f(in.) 3.50 /¢ Magnlﬁc.ad Da
oy . —/ Corrugation
with int. or ext. supports, 7 , d (in.) 6.00 4»‘ o l— e ‘_7
No. of interior supports per panel length, 7, 1 s (in.) 8.16 d I
Yield strength of deck, F, (ksi) 80 Dy(in)  1.50 s = 2et+w)+f
Ultimate strength of deck, F',, (ksi) 82 E b -
Sidelap screw diameter (in.) 0.216 _‘>
Moment of inertia of fully effective panel per unit 0.212
width, I, (in*)
Fastener Strengths and Flexibilities a
Structural fastener strength, P, (kip) 1.93 T
Sidelap fastener strength, P, (kip) 0.889
Structural fastener flexibility, S, (in/kip) 0.0066
Sidelap fastener flexibility, S, (in/kip) 0.0159
Calculated Strength Equations Variables X
Corner fastener reduction factor, A 0.835 Loading Type: Cyclic
Interior panel fastener contribution factor, {3 222 Load Rate: Static
Structural fastener distribution factor at 0.778 a=24"
panel ends, o, b=20'
Structural fastener distribution factor at 0.778 5.
interior supports, o, -
Number of structural fasteners at panel ends 2.0 E
per unit width, N _% 35 p
Fastener slip coefficient, C 1.24 ;;
Warping factor, D, (in.) 7.71 5"
Warping support factor, p 1.0 0
S
Predicted Shear Strength and Stiffness ?’E 25
Interior panel shear strength, S ,,; (kip/ft.) 4.22 2
Edge panel shear strength, S ,,, (kip/ft.) 8.51 «
Panel shear strength limited by corner -5 * ; X : : !
. -0.03 -0.02 001 O 0.01 0.02 0.03
fastener, S . (kip/ft.) Shear Angle, - (rad)
Panel buckling shear strength, S, (kip/ft.) 7.47 ’
Shear stiffness, G (kip/in) Eperimental Max Strength (kip/ft.) 4.09
Experimental Shear Stifthess (kip/in) 49.5
Ultimate Shear Angle, vg, (rad*1000) 14.3
Notes

Identical tes setup for specimens M-3 and C-3 with different loading protocols
S-SLC-01 M HWH sidelap screws used.
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