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“.. | wish to discuss the strength of hollow solids, which
are employed in art—and still oftener in nature—in a
thousand operations for the purpose of greatly increas-
ing strength without adding to weight; examples of these
are seen in the bones of birds and in many kinds of reeds
which are light and highly resistant both to bending and
breaking.”

Galileo Galilei

“Discorsi e dimostrazioni matematiche, intorno a due nuove scienze
attenenti alla meccanica e i movimenti locali”

Leiden, The Netherlands, 1638

Bamboo:

A naturally-occurring
Hollow Structural Section,
and still used in building

‘construction in parts of
the world today.
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PREFACE

This book, a compendium of current design information on the topic of
Hollow Structural Section (HSS) connections and trusses, is directed to
practising structural engineers. Connection strength frequently governs the
selection of HSS members in structural steelwork, and the impracticality of
providing internal reinforcement can pose concerns for the design engineer.
However, with some insight into the connection behaviour at the conceptual
design stage, subsequent connection reinforcement can frequently be
averted, and maximum economy gained from the use of HSS.

In preparing this volume, heavy reliance has been placed upon the
sponsored research work of CIDECT (Comité International pour le Dévelop-
pement et 'Etude de la Construction Tubulaire), plus its associated mono-
graphs and guides, as well as the design recommendations of the
Subcommission on Welded Joints in Tubular Structures of IIW (Interna-
tional Institute of Welding). The authors are also grateful to Stelco Inc. for
providing some material contained in a forerunner of the first edition of this
book, the Steleco “Hollow Structural Sections Design Manual for Connec-
tions” (2nd. edition, 1981). With encouragement of Canadian HSS produc-
ers, the publication of this book has been made possible by the financial
support of the Steel Structures Education Foundation, the Canadian Weld-
ing Bureau and the American Iron and Steel Institute.

Because of the proximity of the American market, all dimensional
properties provided in Chapter 1 are given in imperial as well as SI units.
It should be noted that the properties given pertain to HSS manufactured
in accordance with CAN/CSA-G40.20-M92. Hence, these engineering prop-
erties are not appropriate for HSS manufactured to ASTM A500, either in
the U.S.A. or in Canada. Wherever possible, formulae that are not dimen-
sion-dependant are used, but all design examples are performed in SI units.
Furthermore, the limit states design concept is followed throughout, in
conformity with CAN/CSA-S16.1-94.
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The information presented is primarily directed towards onshore build-
ing construction, and this is the basis for the load/resistance calibration.
However, sections of the book also lend themselves to other applications
(e.g., fatigue strength for the design of bridges, light and sign poles, and
crane booms). Complete design examples are performed for statically loaded
trusses fabricated from square HSS and from circular HSS, utilizing various
connection design aids. Included in the book are design aids in both graphical
and tabular formats, plus mention is made of appropriate computer-based
design packages where appropriate.

Users of this book will be aware that the design of HSS members is well
covered by CAN/CSA-S16.1-94 “Limit States Design of Steel Structures”,
Sections 13 and 18 (Concrete-filled HSS columns). Moreover, the Canadian
Institute of Steel Construction “Handbook of Steel Construction” provides
column resistance tables for both Class C and Class H HSS.

Since the first edition of “Design Guide for Hollow Structural Section
Connections” in 1992, the content has been revised to conform with all
current relevant specifications, and brought up-to-date with the latest
research on the topic. The scope has been increased by over 30% and the title
expanded to more accurately reflect the focus of the book.

The authors therefore hope that practising engineers will find this book
on HSS connections and trusses a practical reference manual for the design
of structures in HSS into the next millenium, thereby further increasing the
already popular use of this elegant structural material.

A Chinese version (with J.J. Cao) of the first edition of this Design Guide
was published, with permission, in Beijing, China in April of 1997.

Grateful acknowledgement is made for assistance received from many
during the preparation and review of both editions of this book.

J.A. Packer
June, 1997 J.E. Henderson



FOREWORD

The Canadian Institute of Steel Construction (CISC) is a national indus-
try organization representing the structural steel, open-web steel joist and
steel plate fabricating industries in Canada. Formed in 1930 and granted a
Federal charter in 1942, the CISC functions as a non-profit organization
promoting the efficient and economic use of fabricated steel in construction.

CISC is pleased to publish this design guide — an important part of a
continuing effort to provide current, practical information to assist design-
ers, fabricators, educators, and others interested in the use of steel in
construction.

The development of this guide nas been generously supported by the
Steel Structures Education Foundation (SSEF), the Canadian Welding
Bureau (CWB) and the American Iron and Steel Institute (AISD.

The SSEF was incorporated in 1985 to advance the application and use
of, and interest in, steel in structures, through education.

The CWB is a federally incorporated, not-for-profit, certification organi-
zation with responsibility for the administration of certification programs
associated with the welded fabrication, welding consumable, and inspection
industries. Certification programs are to various CSA standards such as
series W47, W48 and W178. The Bureau is accredited by the Standards
Council of Canada for W47.1 and W47.2, and has offices across Canada and
in Europe with a head office in Mississauga, Ontario.

The AISI is a non-profit association whose membership includes a broad
range of steel producing companies throughout the western hemisphere.
Institute activities embrace research and technology, engineering, collection
and dissemination of statistics, public distribution of information about the
industry and its products, public affairs, and discussion of industrial rela-
tions including health and safety.
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CISC works in close co-operation with the Steel Structures Education
Foundation to develop educational courses and programmes related to the
design and construction of steel structures, such as this design guide. The
CISC supports and actively participates in the work of the Standards
Council of Canada, the Canadian Standards Association, the Canadian
Commission on Building and Fire Codes and numerous other organizations,
in Canada and other countries, involved in research work and the prepara-
tion of codes and standards.

Preparation of engineering plans is not a function of the CISC. The
Institute does provide technical information through its professional engi-
neering staff, through the preparation and dissemination of publications,
through the medium of seminars, courses, meetings, video tapes, and com-
puter programs. Architects, engineers and others interested in steel con-
struction are encouraged to make use of CISC information services.

Although no effort has been spared in an attempt to ensure that all data
in this book is factual and that the numerical values are accurate to a degree
consistent with current structural design practice, the Canadian Institute
of Steel Construction does not assume responsibility for errors or oversights
resulting from the use of the information contained herein. Anyone making
use of the contents of this book assumes all liability arising from such use.
All suggestions for improvement of this book will be forwarded to the authors
for their consideration for future printings.

CISC is located at:

201 Consumers Road, Suite 300, Willowdale, Ontario, Canada, M2J 4G8

Telephone: +1-416-491-4552

Fax: +1-416-491-6461

Email: cisc_mike_gilmor@compuserve.com
Web site:  http://www.cisc-icca.ca
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1

INTRODUCTION

1.1 Building with Hollow Structural Sections

The use of hollow structural sections (HSS) in Canada has expanded
significantly over the years. Traditionally employed for aesthetic consid-
erations in exposed structures, HSS are now increasingly selected for
routine structural applications because of their other attributes. Such an
endorsement of HSS is a result of distinct advantages available to designers
who work with this versatile product.

Architects love the visual impact of HSS, and they regularly achieve
their aesthetic goals by creating elegant structures which incorporate
exposed steel. Atria, airport terminals, arenas and convention centres are
examples which quickly come to mind. Hollow structural sections are also
employed in all manner of other structures: schools, pavilions, telecommu-
nication towers, electricity transmission line towers, sign supports, pedes-
trian bridges and canopies, hospitals, industrial buildings, conveyor
galleries, highrise buildings and exhibition halls, to name just a few. Fig.
1.1 shows several examples.

The popularity of HSS construction results not just from aesthetic
considerations but also from solid economic advantages, even though unit
material costs are higher for HSS. The standard steel in Canada for HSS
is CAN/CSA-G40.21-M92, Grade 350W, which has a specified yield strength
of 350 MPa rather than the 300 MPa strength of Grade 300W steel, which
is used for general structural purposes. This strength and a large radius of
gyration about each axis provide superior column performance and dra-
matic weight savings. With this reduced weight come still other savings in
transportation and erection.
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(b) HSS bridge under construction

FIGURE 1.1
Examples of construction with HSS



(c) Atrium of Markham Suites Hotel, Ontario

(d) Roof of TGV railway station, Paris

FIGURE 1.1
Examples of construction with HSS




Columns made with HSS have a much lower material cost compared to
those made from open sections, as is clearly evident in the example in Table
1.1. Therein, a five metre effective length column is designed to resist a
factored compression load of 390 kN using a CAN/CSA-G40.21, Grade 300W
wide flange section, along with alternative columns using circular and
square Class C HSS from Grade 350W steel. This dramatically shows that
HSS are the less expensive choice for compression members.

Column Type Wide Flange Circular HSS Square HSS
Member W200x36 HSS168x4.8 HSS152x152x4.8
Material G40.21, 300W G40.21, 350W, Class C|G40.21, 350W, Class C

Compressive
resistance, C, 437 396 463
(kN)

Mass 35.6 19.3 21.7
(kg/m) (100%) (54%) (61%)
Surface area 1.05 0.529 0.593
(m?m) (100%) (50%) (56%)
Cost" $805 $904 $904
($/tonne) (100%) (112%) (112%)

Cost of 5 metre column $143 $87 $98
(100%) (61%) (69%)

*Steel prices for budgeting were supplied by Russel Drummond, Mississauga, based on stock lengths.

TABLE 1.1
Material cost comparison—wide flange vs. HSS columns

Further, square and rectangular sections have about two thirds the
surface area of similarly sized I-shaped members, and reduced surface area
means less expensive painting and fire proofing. Over the years, structural
steel designers have increasingly recognized the combined net saving from
all these factors.

Closed sections offer torsionally rigid members, providing degrees of
stiffness not readily available with open sections. Where cleanliness is a
requirement, as in chemical or food processing facilities, HSS construction
furnishes an environment relatively easy to clean, and free of protruding
ledges, connection details and other dust collecting areas. The same smooth
surface profiles cause lower aerodynamic loads on exposed structures
fabricated from HSS than are present on similar structures made from
conventional sections.

Hollow structural sections are particularly suitable for telescoping
applications such as crane booms, adjustable seating stands, trailer
hitches, jacks and scaffold legs. (In such applications, the removal of the
inside flash of the weld must be specified when placing the order.) They
have also been filled with concrete to enhance column strength and/or to
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(a) Filling HSS columns with concrete on site, Hamilton, Ontario

(b) Rebars inside an HSS truss chord member, awaiting concrete filling

FIGURE 1.2
Concrete filling of HSS



provide fire protection, as shown in Fig.1.2. Recently, research has been
completed on HSS members filled locally with concrete to enhance the
connection performance.

In this age of resource conservation, the total recyclability of steel is
demonstrated by the steel mills with their emphasis on gathering and
remelting used steel for new production. Recycling is a powerful energy
saver; it takes at least 60% less energy to produce steel from scrap than it
does from iron ore (International Iron and Steel Institute).

The connecting of HSS members has been perceived by some as burden-
some and expensive, and by others as both practical and economical. Much
depends on the manner of application and the degree of understanding by
practitioners. The large number of innovative HSS structures in Canada is
testimony to the ingenuity and competence of Canadian architects and
engineers. It is hoped that dissemination of the information in this hand-
book will promote their endeavours.

1.2 Historical Perspective on HSS Connection Design

After the advent of Hollow Structural Sections (HSS) in England,
experimental and theoretical studies on welded connections with square
and round members took place at Sheffield University, leading to the

1981

1980

FIGURE 1.3 (start..)
Progression of design publications for HSS



landmark design recommendations of Eastwood and Wood (1970a, 1970b).
These recommendations were quickly implemented in Canada and publi-
cized by Stelco (1971) in the world’s first HSS connections manual. East-
wood and Wood’s connection strength formulae were also included in the
Canadian Institute of Steel Construction’s Limit States Design Steel Man-
ual (CISC 1977), but have not appeared in later CISC publications.

A large amount of research and development work on HSS took place
internationally during the 1970s, particularly with regard to connection
behaviour and static strength. Much of this was co-ordinated by the Comité
International pour le Développement et 'Etude de la Construction Tubu-
laire (CIDECT), which is a group of HSS producers with the aim of collec-
tively developing the market for manufactured tubing. At present, the only
Canadian member is IPSCO Inc. of Regina, Saskatchewan. The CIDECT
Technical Secretariat is currently located in Paris, France.

Under preparation in 1980, CIDECT Monograph No. 6 (CIDECT 1986)
was regarded as a new “state-of-the-art” approach to welded HSS connec-
tion design. However since its publication was continually being deferred,
Stelco proceeded with its second connections manual (Stelco 1981). This
was the first English-language HSS design guide to be expressed in a limit
states format.

In early 1981, a new set of ultimate strength formulae for HSS welded
truss connections was published in Canada by Packer and Haleem (1981),

Tguc'ﬂoﬂ
CONSTRUS
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CTIONS

FIGURE 1.3 (... continued ...)
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applicable to trusses having square, rectangular or round web members but
only square or rectangular chord members. These formulae were based on
a wide range of European connection tests, but did not gain international
acceptance; yet they did serve to point out some of the limitations (as well
as areas of conservatism) of the Eastwood and Wood rules. As a result,
Stelco issued supplementary provisions to its 1981 connections manual
(Cran 1982), based on the Packer and Haleem (1981) recommendations.

The 1980s saw a period of consolidation of research knowledge and
experience commencing with the treatise by Wardenier (1982). “The
CIDECT book” (CIDECT 1984) on HSS design and construction, and
CIDECT Monograph No. 6 (CIDECT 1986) on welded connection static
design followed.

In 1983, a trans-Canada lecture tour, or “Canadian Symposium on HSS”
was undertaken with the sponsorship of CIDECT, the National Research
Council of Canada and the Canadian Steel Construction Council, to educate
structural engineers and promote the use of HSS in Canada.

The International Institute of Welding (IIW) is a learned group com-
prised of national welding societies from around the world with headquar-
ters also in Paris. It has played a major role in assessing and assimilating
HSS connection design knowledge into specification format. This function
is executed by volunteer members of IIW’s Subcommission XV-E on Welded

FIGURE 1.3 (... continued ...)
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Joints in Tubular Structures. Currently, IIW is approved as an official body
for drafting ISO standards, so Subcommission XV-E will likely play a key
role in influencing international standards relating to HSS connection
design.

To date, the two principal connection design documents that this sub-
commission has issued relate to static (IIW 1981, 1989) and fatigue (IIW
1985) design of welded, truss-type connections. Predominantly in English,
IIW documents can be obtained from Mr. M. Bramat, Secretary General,
International Institute of Welding, c/o Institut de Soudure, B.P. 50362,
F95942 Roissy CDG Cedex, France.

The IIW (1981) and Wardenier (1982) connection design recommenda-
tions were considerably more complicated than those originally used by
North American engineers (Stelco 1981), so it was decided that their
implementation in Canada would be facilitated by the production of design
aids. A series of explanatory articles, design charts and design procedures
was hence published by Packer (1983, 1985, 1986) and by Packer et al.
(1983, 1986).

The intention in writing this book is to present the current state of
learned opinion on as wide a range of HSS connection types as possible, in
a consistent manner compatible with Canadian design practice. A pictorial
progression of many of these HSS design publications is given in Fig. 1.3.

FIGURE 1.3 (... concluded)
Progression of design publications for HSS



1.3 Contemporary International Guides and Specifications
IIw

The current second edition design recommendations for statically-
loaded, welded, planar, truss-type, HSS connections (ITW 1989) achieved a
wide international consensus and have since been adopted worldwide by
all national or regional specifications and guides for square and rectangular
sections. For circular sections, the same is true except for the U.S. (AWS
1996). They are used in detailed CIDECT HSS design guides (Wardenier et
al. 1991, Packer et al. 1992) and other prominent treatises published in
German (Dutta and Wiirker 1988) and in Japanese (ALJ 1990).

The fatigue design recommendations (IIW 1985) are based on the
modern approach of using the hot-spot stress method rather than the
classification method, and are scheduled for updating in the near future
(1997/98). Another recent valuable [IW publication dealing with fatigue
definitions, analysis methods and recommendations (although not limited
solely to HSS connections) is the IIW special report edited by Niemi (1995).

CIDECT

In recent years, CIDECT has adopted the policy of promoting and
disseminating its wealth of accrued advice by publishing a series of design
guides on various aspects of HSS construction. These guides supersede all
previous CIDECT literature. To date the following have been published:

1. Design guide for circular hollow section (CHS) joints under
predominantly static loading (Wardenier et al. 1991)

2. Structural stability of hollow sections (Rondal et al. 1992)

3. Design guide for rectangular hollow section (RHS) joints under
predominantly static loading (Packer et al. 1992)

4. Design guide for structural hollow section columns exposed to
fire (Twilt et al. 1994 )

5. Design guide for concrete-filled hollow section columns
(Bergmann et al. 1995). (This is based on Eurocode 4 for Composite
Steel and Concrete Structures).

6. Design guide for structural hollow sections in mechanical appli-
cations (Wardenier et al. 1995).

These six guides (shown in Fig. 1.3) have been published in Germany
in separate English, French and German editions and can be purchased
either directly from the publisher (Verlag TUV Rheinland GmbH, Kéln,
Germany) or from Canadian CIDECT member, IPSCO Inc. of Regina,
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Saskatchewan. Spanish editions will also be forthcoming very soon. At least
two further design guides are planned for the near future:

7. Design guide for fabrication, assembly and erection of hollow
section structures.

8. Design guide for circular and rectangular hollow section joints
under fatigue loading.

Another recent initiative has been to produce a computer program for
performing checks on the LSD/LRFD resistance of planar, welded and
bolted, truss-type, statically-loaded, connections made from circular,
square or rectangular HSS. This program called CIDJOINT (Parik et al.
1994) follows the rules set out in the two relevant CIDECT design guides
above (Wardenier et al. 1991, Packer et al. 1992). Version 1.1 is available
for DOS and Windows 3.1, is in LSD/LRFD format, and has a choice of
section databases for different countries, including Canada.

Eurocode

Soon to be adopted throughout Western Europe, Eurocode 3 for steel
structures (European Committee for Standardization 1992a) will prove to
be a very influential force in international standardization. Like the
CIDECT design guides for statically-loaded, welded, connections (War-
denier et al. 1991, Packer et al. 1992), it conforms closely in Annex K to the
recommendations set out by IIW Subcommission XV-E (ITW 1989). On the
other hand, for fatigue design of HSS welded connections in the practical
wall thickness range up to 12.5mm, the current version of EC3 permits the
use of both the classification and the hot-spot stress methods. This gener-
ates some serious inconsistencies in the EC3 rules (van Wingerde et al.
1995), so this specification should be treated with caution for fatigue
design.

Research

Although not in the coherent form of a guide or specification, advice and
guidance resulting from new or innovative research in HSS construction
can be best found in the Proceedings of the International Symposia on
Tubular Structures. This series of symposia began in Boston, U.S.A. (1984)
and have since been held in Tokyo, Japan (1986), Lappeenranta, Finland
(1989), Delft, The Netherlands (1991), Nottingham, England (1993), Mel-
bourne, Australia (1994) and Miskolc, Hungary (1996), under the organiza-
tion of ITW Subcommission XV-E and the sponsorship of CIDECT.

The single-volume proceedings from each symposium acts as an excel-
lent collation of the latest leading-edge research on HSS worldwide. The
Proceedings of the 5th. Symposium (Nottingham) were published by E. &
F.N. Spon, London, England (ISBN 0 419 18770 7), the 6th. Symposium
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(Melbourne) by A.A. Balkema, Rotterdam, The Netherlands (ISBN 90 5410
520 8), and the 7th. Symposium (Miskolc), also by A.A. Balkema (ISBN 90
5410 828 2).

1.4 Contemporary National Guides and Specifications
U.S.A.

Considering the size of the market, there has been surprisingly little
direction given to designing onshore structures with HSS in the U.S., and
technical marketing and promotion have been very modest. At present, the
American Welding Society D1.1 code (AWS 1996) covers the static design
of welded truss-type connections—in both LRFD and ASD formats—be-
tween “box sections” (square and rectangular HSS) and tubular sections.
As mentioned previously, the connection static design rules for square and
rectangular HSS generally conform to ITW/CIDECT/EC3, but those for
circular HSS do not. Fatigue design is also covered, by both the hot-spot
stress and punching shear methods. But a recent comparison between these
two design methods in AWS D1.1 shows that connections can have very
different allowable force (or stress) ranges depending on which method is
used (van Wingerde et al. 1996).

The design of members, including ties, columns and beam-columns
(both unfilled and concrete-filled) is covered by the LRFD Specification for
Structural Steel Buildings by the American Institute of Steel Construction
(AISC 1993). AISC is now in the process of producing a separate LRFD
Specification for the Design of Steel Hollow Structural Sections, which
is being drafted by AISC Subcommittee 118. This will cover both member
and connection design, and will be available in 1997.

Some HSS promotional material, mainly consisting of safe-load tables
and case studies, has been published by the Pittsburgh-based American
Institute for Hollow Structural Sections (AIHSS). This Institute repre-
sented several American tube maufacturers but has now been closed. Its
role has been largely assumed by the Cleveland-based Steel Tube Institute
of North America (STI), which has the support of many tube manufacturers
across the U.S. and Canada. Structural design aids from STI have not yet
been generated but a connection design guide conforming to the pending
AISC LRFD Specification for the Design of Steel Hollow Structural
Sections will be available in 1997.

One should also be aware of ASTM Standard A500 (ASTM 1993), the
American specification regulating the geometric and mechanical properties
of cold-formed HSS used in the U.S. The range of HSS grades produced to
ASTM A500 has yield stresses from 228 to 317 MPa for round HSS and from
250 to 345 MPa for square and rectangular sections. ASTM A500 permits a
hollow section wall thickness to be as much as 10% below the nominal wall
thickness ¢ without specifying any mass (or weight or cross-sectional area)
tolerance. Consequently, most HSS manufacturers tend to produce under-
sized sections, but still within these excessively-generous ASTM tolerances.
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This can have a major negative effect on assumed (nominal) structural
properties (Packer 1993). Also impacted are connection resistances, which
are frequently a function of wall thickness squared.

In recognition of the serious degradation to safety indices (when HSS
wall thicknesses approach 0.90¢), reduced geometric properties based on
wall thicknesses of 0.93¢ have been recommended by AISC (U.S.) and have
been generated by the Steel Tube Institute for use with ASTM A500 sections
(STI 1996a). Alternatively, closer conformity to nominal member dimen-
sions can be ensured by adding supplementary requirements to contract
documents, such as a minimum mass of 96.5% of nominal mass (as per
Canadian specifications for HSS). Then the existing geometric properties
would be appropriate.

Japan

The design of tubular structures in Japan is regulated by the Architec-
tural Institute of Japan (AlJ 1990). It is notable that Japanese standards
for cold-formed HSS permit a wall thickness tolerance of —10%, for the
common range of thicknesses between 3mm and 12mm, with no
mass/weight/area tolerance (JIS 1988a, 1988b, JSSC 1988, ALJ 1991).

China

A Chinese translation of the first edition of this book, supplemented by
product information and engineering properties for European HSS, has
recently been published in Beijing (Packer et al. 1997) to address the Asian
market.

Germany

A prominent reference source has been the handbook by Dutta and
Wiirker (1988), although the recent CIDECT Guides (Wardenier et al. 1991,
Rondal et al. 1992, Packer et al. 1992, Twilt et al. 1994, Bergmann et al.
1995, Wardenier et al. 1995) have been very popular in Germany. There has
been a German standard for steel structures made from hollow sections but,
as in most other Western European countries, this is destined for replace-
ment by parts of Eurocode 3 (European Committee for Standardization
1992a).

Draft European standards are already in place for the manufacturing
requirements of hot-formed and cold-formed hollow sections (European
Committee for Standardization 1992b, 1992¢), and these allow for local
thickness tolerances of up to —10% (depending on size) but are accompanied
by a mass tolerance of -6%. Considering the broad influence that these
EuroNorms will have, this mass tolerance is still far too liberal, especially
in view of today’s modern manufacturing capabilities.
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Australia

The national limit states steel structures specification (SAA 1990)
prescribes the design of HSS members in addition to other structural
components. As an aid to HSS connection design, the Australian Institute
of Steel Construction (AISC) is currently in the process of producing a
“pre-engineered” connections manual. This will be published in two vol-
umes, the first dealing with “Design Models”, which is imminent (AISC
1997), and the second dealing with “Design Tables”.

Cold-formed HSS are produced in Australia to minimum specified yield
strengths of 250, 350 and 450 MPa, with a permitted local thickness
tolerance of —10% but accompanied by a mass tolerance of —4% (SAA 1991).
The 450 MPa yield strength is only available at present for square and
rectangular HSS with perimeters up to 400 mm. This grade (C450/C450L0)
is manufactured by Palmer Tube Mills and BHP Structural & Pipeline
Products, with the latter producing it by in-line galvanizing to a mechani-
cally (shot-blasted) and chemically-cleaned, bright metal (Tubemakers
1994). Innovative products such as this, combining high strength steels
with surface pre-treatment should quickly increase the popularity, market
share and export potential for Australian HSS.

South Africa

The South African structural steelwork specification (SABS 1993)
closely follows the Canadian standard for structural steelwork. Hence it
prescribes class categories for HSS based on wall slenderness and gives
member resistances for HSS columns and concrete-filled HSS columns.
However, HSS produced in South Africa are generally smaller and of lower
strength than those produced in Canada. Advice on HSS connection design
is provided by the South African Institute of Steel Construction (SAISC
1989).

1.5 Canadian HSS, Manufacturing Processes and Standards

The principal sources of HSS in Canada are Atlas Tube, Ipsco Inc.,
Sonco Steel Tube, Standard Tube Canada Inc., and Welded Tube of Canada
Ltd. Tubes are produced to CAN/CSA-G40.20-M92 Class C (cold-formed) or
Class H (either hot formed to final shape, or cold formed to final shape and
stress relieved). Residual stresses in the Class H product are relatively
small, which gives superior structural performance in compression. The
lower residual stresses in the corners of thick-walled Class H sections are
also reported to result in a product with enhanced ductility for local corner
strains.

Some producers in Canada also manufacture tubing in accordance with
ASTM A500 (1993), and users of this product in Canada should heed the

14



earlier warning about strength and dimensional tolerances (see Section 1.4

dealing with U.S.A.).

The full range of official (CAN/CSA-G312.3-M92) HSS sizes (rectangu-
lar, 51x25 mm to 305x204 mm; square, 25 mm to 305 mm; circular, 27 mm
to 406 mm) are presently produced in Canada. Rectangular HSS to 356x254
mm (Sonco) and circular HSS to 610 mm (Ipsco) are also available in
Canada. Custom made sections are manufactured in the U.S., up to 32

inches on a side.

METRIC
Minimum Tensile Minimum
Specification Grade Yield Strength | Elongation
Strength Percent
(MPa) (MPa) (50 mm)
CAN/CSA-G40.21-M92 300W 300 410-590 23
350W 350 450-620 22
380W 380 480-650 21
350WT 350 480-650 22
380WT 380 480-650 21
350A 350 480-650 21
350AT 350 480-650 21
IMPERIAL
Minimum Tensile Minimum
Specification Grade Yield Strength | Elongation
Strength Percent

(ksi) (ksi) (2 inches)
CAN/CSA-G40.21-92 44W 44 60-85 23
50W 50 65-90 22
55W 55 70-95 21
50WT 50 70-95 22
BE5WT 55 70-95 21
50A 50 70-95 21
50AT 50 70-95 21
ASTM A500-93 A 39 45 min 25
B 46 58 min 23
Square and rectangular HSS ] 50 62 min 21
D@ 36 58 min 23
A 33 45 min 25
Circular HSS B 42 58 min 23
C 46 62 min 21
D@ 36 58 min 23

(1) Varies with thickness for ASTM A500-93

(2) Must be stress relieved

TABLE 1.2

Metric and imperial properties of HSS
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Hollow structural sections can be specified in a wide variety of types
and grades in conformance with CAN/CSA-G40.20/G40.21-M92, CAN/CSA-
(G40.20/G40.21-92, or ASTM A500, as shown in Table 1.2.

In Canada, Type W steels “suitable for general welded construction
where notch toughness at low temperature is not a design requirement” are
the standard for HSS. These are normally produced as Grade 350W which
has a specified minimum yield strength of 350 MPa (50 ksi), and all design
examples given later use this standard grade.

Hollow structural sections can also be supplied with certified impact
properties for structures exposed to dynamic loadings at low temperature.
Type WT steels “suitable for welded construction where notch toughness at
low temperature is a design requirement” provide four categories of notch
toughness which meet specified Charpy V-Notch impact requirements at
temperatures ranging from 0°C to —45°C, plus a fifth category to be
negotiated between customer and supplier.

When structures are to be left unpainted, Type A steels that “display an
atmospheric corrosion resistance approximately four times that of plain
carbon steels” are available. They meet the chemical requirements of
specifications such as ASTM A588 Grade C (ASTM 1991), and are used for
applications similar to those for Type W steels.

Type AT steels are “suitable for welded construction where notch tough-
ness at low temperature and improved corrosion resistance are required”.
They correspond to Type WT steels, but for structures that are to be left
unpainted.

As the metric sizes produced in Canada are merely “soft conversions”
of imperial sizes, HSS may be ordered using either metric or imperial
dimensions. For example:

For Rectangular HSS

Metric: HSS 203x152x9.5 Class H (or Class C)
CAN/CSA-G40.21-M92 Grade 350W

Imperial: HSS 8x6x0.375 Class H (or Class C)
CAN/CSA-G40.21-92 Grade 50W.

The outside radius of rectangular HSS corners is generally taken as two
times the wall thickness for design considerations and for the calculation
of physical properties. Production corner radii may vary from this within
the CAN/CSA-G40.20-M92 tolerances shown in Table 1.3. The actual out-
side corner radius can become a practical consideration when details of
joint preparation for welding procedures are being developed for connec-
tions, as discussed in Section 8.2.4.
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Wall Thickness Maximum Qutside Corner Radii (mm)
(mm) Perimeter to 700 mm Perimeter over 700 mm
To 3 inclusive 6 —
Over 3 to 4 inclusive 8 —
Over 4 to 5 inclusive 15 —
Over 5 to 6 inclusive 18 18
Over 6 to 8 inclusive 21 24
Over 8 to 10 inclusive 27 30
Over 10 to 13 inclusive 36 39
Over 13 — 3 times wall thickness

TABLE 1.3

Maximum outside corner radii for rectangular sections
(CAN/CSA-G40.20-M92, Table 34)

Permissible variations for HSS mass, wall thickness, dimensions,
squareness, straightness, and length are also listed in CAN/CSA-G40.20-
M92. The tolerance for mass is —-3.5%to +10% (Table 31), while the tolerance
for wall thickness is —5% to +10% (Table 32). These are not contradictory,
since the local wall thickness is allowed to be a little less than the overall
restriction for mass.

In recent years, designs incorporating large size rounds (greater than
508 mm 0O.D.) have become increasingly popular. Strictly speaking, such
rounds are not HSS but they may be purchased in the form of pipe. Pipe is
produced to several ASTM and CSA Standards, and is available in a wide
range of sizes, wall thicknesses and grades.

Canadian manufacturers produce HSS by cold forming a continuous coil
of sheet or plate into a closed shape and then fusing the open seam by
electric resistance welding (ERW). If the seam weld is likely to be highly
stressed in a transverse direction, the presence of the seam should be
accounted for in design, as the mechanical properties across the seam may
not be equivalent to those of the parent material. In the U.S., particularly
for some very large HSS sizes, square and rectangular HSS may be manu-
factured from flat plate in a press brake to channel-shaped half sections,
then welded by submerged arc (SAW) to produce the final sections (STI
1996b).

1.6 Interpretation of Connection Resistance Expressions

Chapter 3 and succeeding chapters in this Design Guide contain a
considerable number of connection resistance formulae expressed in a
Limit States Design (LLSD) or a Load and Resistance Factor Design (LRFD)
format. It is important to note that all expressions are resistances, and the
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appropriate resistance factor (¢) is included in the resistance formulae
either explicitly or indirectly. As such, no addditional resistance factors
should be added.

Within reasonable engineering accuracy, the connection resistance for-
mulae in this Design Guide can also be used directly with the American
Institute of Steel Construction LRFD Specification for Structural Steel
Buildings (AISC 1993) to obtain design strengths. If Allowabe Stress De-
sign (ASD) is used, the connection resistance (design strength) expressions
should be divided by an appropriate load factor to obtain allowable connec-
tion resistances. In this case a load factor of 1.5 is recommended.

The nominal (or specified) values are to be used for mechanical or
geometric properties listed in the Symbols and Abbreviation (Section 1.9)
in limit states design equations, or in conjunction with design charts.

1.7 Seismic Applications

The design recommendations in this book are primarily directed at
structures that are predominantly statically loaded. An exception to this is
Chapter 12 where provisions for the design of fatigue-critical welded HSS
connections are given.

Under cyclic axial loading during earthquakes, HSS braces have been
known to fracture catastrophically. To avoid this result, the formation of
local buckles must be prevented and tests have shown that tight limits must
be placed on the tube wall slenderness (Lui and Goel 1987, Sherman 1996).
Recent AISC Seismic Provisions (AISC 1992) stipulate, for members in
axial compression in seismic zones, that the flat width-to-thickness ratio
for square or rectangular HSS be limited to

(b; - 4t)/t; and (h; - 4t)/t; < 0.646VE/F, = 289/VF,, with F, in MPa
This is considerably less than the CAN/CSA-S16.1-94 Class 1 limit of

Filling rectangular HSS members with concrete stiffens the tube walls
and also improves their performance under cyclic loading.

Fracture at a low number of cycles is also possible with cold-formed
circular HSS braces that form local buckles. This form of premature failure
is controlled (AISC 1992) by limiting the diameter-to-thickness ratio for
circular HSS, in axial compression or flexure in seismic zones, to

d;/t; < 0.0448E/F, = 8960/F, with F, in MPa
This is considerably less than the CAN/CSA-S16.1-94 Class 1 limit of
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1.8 Geometric Properties of HSS

The following pages list the designations, sizes and geometric proper-
ties of rectangular, square and circular HSS that are common to present
Canadian usage, manufactured in accordance with CAN/CSA-G40.20-M92.
Note that these engineering properties are not appropriate for HSS
manufactured to ASTM A500 (1993), as discussed in Section 1.4.

Data are first presented in metric units, then in imperial (inch-pound)
units. The metric designations and sizes are from CAN/CSA-G312.3-M92.
Properties are from the Handbook of Steel Construction (CISC 1995).
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1.9 Symbols and Abbreviations

A Area
Ag Gross area
A; Cross sectional area of member i
A, Area of fusion face
A, Net area;
Weld fusion area of base metal normal to a tensile load
A, Effective net area
A, Effective net area reduced for shear lag
Ay Effective shear area of the chord
A, Effective throat area of a weld
B Width;
width of a doubler plate
B, Factored bearing resistance of a member or component
C Coefficient used with 1 to determine SCF,, ., and SCF,, , for
square HSS
C, Euler buckling strength
Cr Compressive force in a member or component under factored loads
Cfi Compressive force in member { under factored loads

Cipbs Copp Uncorrected connection moment efficiencies (expressed as the con-
nection moment resistance divided by the plastic moment capacity
M,;) of a web member

Ck, Cp,Cx Uncorrected connection efficiencies (expressed as the connection
resistance divided by the yield load A; F;) of a web member

C. Factored compressive resistance

(O Factored compressive resistance of member i
C. Shear constant for hollow section member

Cy Axial compressive load at yield stress

E Elastic modulus of steel (200 000 MPa assumed)
F, Web buckling stress

F, Specified minimum tensile strength

F,; Specified minimum tensile strength of member i
F y Specified minimum yield stress

F ye Specified minimum yield stress of a column

F i Specified minimum yield stress of member i

w
DN



N

ri

%
N 0(ingap)

Nop

Q

Additional stress in a truss chord at a panel point, other than that
required to maintain equilibrium with web member forces (i.e., the
chord “prestress”);

Axial stress in a column above a beam connection

Shear modulus of steel (77 000 MPa assumed)
Moment of Inertia

St. Venant torsion constant

Effective length factor

Relative length factor used by AWS to compute the contact perimeter
of an inclined HSS web member

Length

Maximum unbraced length adjacent to a plastic hinge

Net length

Bending moment under factored loads

Bending moment under factored loads applied to member ¢

Bending moment, out of the plane of the structure, under factored
loads applied to member i

Factored moment connection resistance for member i, for bending
moments out of the plane of the structure

Plastic moment capacity of member i
Factored moment resistance of member i

Factored moment connection resistance for member i, for bending
moments in the plane of the structure

Yield moment of member ¢

Axial force (tension or compression) under factored loads in a mem-
ber;
Fatigue life (number of load cycles)

Axial force under factored loads applied to member i
Connection resistance, as an axial force in member i
Axial resistance of member i

Reduced axial load resistance due to shear in the cross section of the
chord at the gap

Additional axial force in a truss chord at a panel point, other than
that required to maintain equilibrium with web member forces (i.e.,
the “prestress” force);

Axial force in a column above a beam connection

Overlap, (0, = (g/p) x 100%)
Load '
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r b—nom-—ch

r b—-nom-w

S

Sr—nom
SCF
SCF,

r—h.s.

x—ch

SCF,

ax—w

SCFy_cp

SCF,_,

SCF*
SNCF

Vo Vi
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External factored tensile load applied to a bolt
Stress ratio

Size of a fillet weld

Elastic section modulus of member i (also S,, Sy)
Stress range

Nominal axial stress range

Nominal axial stress range factored to include effects of secon-
dary bending stresses

Nominal axial stress range in a web member factored to include
effects of secondary bending stresses

Nominal bending stress range in the chord member produced by
primary bending moments

Nominal bending stress range in the web (or branch) member
produced by primary bending moments

Hot spot stress range
Nominal stress range
Stress Concentration Factor

Stress concentration factor for an axial load in the web member
causing cracking in the chord member

Stress concentration factor for an axial load in the web member
causing cracking in the web member

Stress concentration factor for a primary in-plane bending mo-
ment in the web (or branch) member causing cracking in the
chord member

Stress concentration factor for a primary in-plane bending mo-
ment in the web (or branch) member causing cracking in the web
(or branch) member

Stress concentration factor for y=12.5and 1= 0.5
Strain Concentration Factor

Tensile force in a bolt under factored load

Tensile force in member i under factored loads
Factored tensile resistance

Ultimate tensile strength of a bolt

Factor to account for moment gradient and for second-order
effects of axial force acting on the deformed member

Shear force under factored loads
Shear force in member i under factored loads

Shear yield strength of a section, or of member ¢



f(n),f(n")

f(n)

fz (n)

Factored shear resistance
Ultimate strength of weld metal

Plastic section modulus of member i

Edge distance of plate from centre of bolt hole

Width of a compression element;
Distance from bolt line to the HSS face (Fig.7.1);
Subscript to denote a beam

b-d/2+t;
Effective width of a member

Effective width for overlapping member connected to overlapped
member

Effective punching shear width

External width of rectangular HSS member i
(90° to plane of the truss).

Effective width of the web of an I-shaped chord
Nominal diameter of bolt

Bolt hole diameter;
Hole diameter allowance used for net area when holes are punched

Transverse distance between outsides of adjacent braces in a multi-
planar connection

External diameter of circular HSS member ¢

Combined width of overlapping web members from 2 planes of a
multiplanar structure

Noding eccentricity at a truss panel point (positive towards the
outside of the truss)

Width of the weld fusion face
Specified 28-day crushing strength of concrete

Functions in connection resistance formulae that incorporate the
detrimental influence of compressive stresses in HSS chord or col-
umn members (applicable when n or n” is negative)
=13+ 04 n

B

(applied to axially-loaded T, Y, X, K and N connections between
square and rectangular HSS)
:1.2+g§n Wheren=i

B AgFyo
(applied to moment-loaded T and X connections (e.g., Vierendeel
trusses) between square and rectangular HSS)
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f3 (n)

f(n"

fy(n)

f3(n’)

0.52 0.69

N
= 1.0+0.06|-2|n - 002]|2]n2 where n = -
to to AgFy

(applied to transverse plate to square and rectangular HSS connec-
tions)

= 1.0+0.3n -0.3n?

(applied to:

axially-loaded T, Y, X, K and N connections between circular HSS;
moment-loaded T, Y and X connections between circular HSS;
longitudinal plate to square and rectangular HSS connections; and
“bird mouth” T and K connections between square HSS)

= 1.0+02n’
(applied to certain truss connections using circular HSS cropped or
flattened web members)

= f(n /) , OT

N,
= 1.0-n"2 B- Bz) 2 7)0'303 where n’ = —2_
(applied to wide flange beam to circular HSS column moment con-
nections)

Gap between web members at a truss panel point (ignoring welds)
on the chord face;
Transverse spacing between fastener gauge lines

Transverse gap between adjacent braces in a multiplanar connection
Gap divided by chord wall thickness
Clear height of web between flanges

Height of a beam between flange centres;
Distance between flange plate centres

External height of member i ' (in plane of the truss)
Depth of the web of an I-shaped chord, (hy, = hg—2 (ty+ry)

Subscript to denote member of the connection:

[ =0 designates chord,;

i =1 refers to a web member, either tension or compression, for
T, Y and X connections, or it refers to the compression mem-
ber for K, N and KT connections;

2 refers to the tension member for K, N and KT connections;

3 refers to the vertical for KT connections: i = i, refers to the
overlapping member for K and N connections.

Subscript to denote the overlapped member for K and N connec tions

Distance from outer face of member flange to web-toe of fillet
(k = tO + 7'0 )

NO N Mfo )
AgFug  SoFyp’
\ Lo



ro

Number of bolts;
Subscript used to denote a net, rather than a gross, amount

Nop N Mfo
AgFyy  SoFy

Number of applied load cycles at stress range i

Length of projected contact area between overlapping web member
and chord without presence of the overlapped web member;
Length of flange plate tributary to each bolt, or bolt pitch;
Subscript to denote a plate

Length of overlap of web members on the chord face
Radius of gyration (also ry, r, )
Flange/web radius of an I-shaped chord member

Centre-to-centre longitudinal spacing of any two successive fastener
holes (Fig. 7.17)

Thickness
Thickness of column flange

Thickness of wall of HSS member i;
Thickness of flange of I-shaped member ¢

Throat thickness of a weld

Width;
Thickness of web of an I-shaped member

Net width
Thickness of a column web
Exponents used to determine SCF,,_; for circular HSS

Ratio of the equilibrating moment per unit plate width at the bolt
line, to the flange moment at the inner plastic hinge;

Coefficient used to determine effective shear area of a chord member,
either rectangular HSS or I-shaped;

Stress reduction factor used for mitred knee connections;

Stiffness of supports to a long laterally unsupported compression
chord

Width or diameter ratio between web member(s) and chord

dl dl bl
B— do, bo’ bO (T’Y7X)
di+dy dy+dy by+bythy+hy
T 2d, T 2bg 4b,

X, N)
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dy+dy+dg dy+dy+dg by+byg+bg+hy+hy+hg

3d, 36, 66, D
Half width to thickness ratio of the chord,
doy by
Y = ‘2t—0 or Z—to

Web or branch member depth to chord width ratio,
h, h;

M M
n_bo dy

Included angle

Angle between the chord axis and the plane in which two adjacent
braces lie

Included angle between web member i (i = 1,2,3) and the chord

Ratio of the smaller factored moment to the larger, at opposite ends
of the unbraced length, positive for double curvature, negative for
single

Non dimensional slenderness ratio from CAN/CSA-S16.1-94, Clause
13.3

ratio of web wall thickness to chord wall thickness
Resistance factor

Resistance factor for concrete in béaring, taken as 0.60.
Resistance factor for weld metal, taken as 0.67

Angle between web planes in multiplanar strutures

Coefficient used to determine equivalent uniform bending effect in
beam-columns

American Welding Society

Comité International pour le Développement et 'Etude de la Con-
struction Tubulaire

Hollow Structural Section
International Institute of Welding
International Standards Organization

Connection involving two branch members on the same side of a main
member, with the force components from each branch normal to the
main member substantially balancing each other

Connection involving three branch members on the same side of a
main member

Megapascal (one newton per square millimetre)



TorY

Connection involving one branch member and a main member

Connection involving two or more branch members on opposite sides
of a main member, with force being transferred through the main

member
Kilonewton
Metre
Millimetre
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2

STANDARD TRUSS DESIGN

2.1 Practical Aspects and Costs

When framing trusses from hollow structural sections, the designer
needs to consider certain practical aspects which bear directly on the cost
of the structure. Some of these features relate to a comparison with alter-
native structural steel sections, and others relate to options within the
usage of HSS.

2.1.1 Costs Relative to Alternative Structural Steel Sections

Some of the factors which contribute to the total cost of a truss follow.

The material cost for hollow structural sections may be up to 25% higher
(Class H) than that for open rolled sections or plate, as is to be expected for
a secondary product manufactured from the primary plate. However, this
cost premium is frequently offset by the more efficient use of material to
provide a shape superior in compression and torsion. In-edditien;-the-350-
MPa standard yield strength-of HSS provides-a-17% advantage-over-the
300 MPa steel generally used for non-tubular seetions. This is well demon-
strated by the column design example in Table 1.1 of Chapter 1.

Fabrication costs are primarily a function of the labour hours required
to produce a given truss. These hours need not be greater with HSS designs
than with alternative designs, and can even be less, depending on connec-
tion configurations.

It is essential that the designer realize that the selection of HSS truss
components (chords and webs) determines the complexity of the joints at
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the panel points. One should not normally expect that members selected
for minimum mass can be connected for minimum labour time. This will
seldom be the case because the efficiency of HSS connections is a subtle
function of parameters whose values are determined by relative dimensions
of the connecting members. Some combinations of member sizes can be
connected directly, while other combinations carrying the same loads re-
quire expensive reinforcing detail material.

Since the cost of a fabrication hour is roughly equivalent to 50 kilograms
of HSS material, an apparent saving by virtue of minimum material used
may turn out to be a considerable cost penalty. It has been reported that
tonnages for different designs performing the same function usually vary
by only 20% to 30%, whereas fabrication costs can vary by a factor of three
or four (Firkins and Hemphill 1990).

Handling and erecting costs can be less for HSS trusses than for
alternative trusses. Their greater stiffness and lateral strength mean that
they are easier to pick up and more stable to erect. Furthermore, trusses
comprised of HSS are likely to be lighter than their counterparts fabricated
from non-tubular sections, as truss members are primarily axially loaded
and HSS represent the most efficient use of a steel cross-section in com-
pression.

Surface protection costs are appreciably lower for HSS trusses than for
other steel trusses. A square hollow section generally has less than two
thirds the surface area of the same capacity wide flange shape in compres-
sion. An example is a W200x36 with 1.05 m? of surface area per metre of
length compared with an HSS 152x152x4.8 with 0.593 m? per metre. The
absence of re-entrant corners makes the application of paint or fire protec-
tion easier. Rectangular HSS have only four surfaces to be painted, whereas
wide flange sections have eight flat surfaces. Thus HSS require both less
material and less labour in applylng surface coatings than do trusses from
other shapes.

Regardless of the type of shape used to design a truss, it is generally
false economy to attempt to minimize mass by selecting a multitude of sizes
for web members. The increased cost to source and to separately handle the
various shapes more than offsets the apparent savings in material. It is
therefore better to use the same section size for a group of web members.

2.1.2 Costs Among HSS Alternatives

The designer will also wish to bear in mind certain practical aspects
relating to hollow structural sections, as well as some detail considerations
which influence the costs of truss structures.

Circular HSS are more expensive to fabricate than rectangular (or
square) HSS. Connections of circular HSS require that the tube ends be
profile cut when the tubes are to be fitted directly together, unless the web
tubes are much smaller than the chords. More than that, the bevel of the
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end cut must generally be varied for welding access as one progresses
around the tube. Automated equipment for this purpose is not available in
most shops, and semi automatic or manual profile cutting is much more
expensive than straight bevel cuts on rectangular HSS.

Since circular HSS are used less frequently than rectangular HSS, both
producers and fabricators carry less inventory, with the result that procure-
ment may take longer. In structures where deck or panelling is laid directly
on the top chord of trusses, rectangular HSS offer superior surfaces for
attaching and supporting the deck. Fitting backing bars to rectangular HSS
for welding can be less onerous than with circular HSS. Still another aspect
to consider when choosing between circular and rectangular HSS is the
relative ease of handling and of stacking the latter, an important item
because material handling is said to be the highest cost in the shop (Jensen
and Busch 1989).

Joint configurations are increasingly expensive progressing from gap
to complete overlap to partial overlap as illustrated in Fig. 2.1. Gap joints
have the advantage of a single bevel cut, if the chord is a rectangular HSS,
and complete ease of fitting. Partial overlap joints have double cuts with
minimum flexibility in fitting (especially if both ends are partial overlaps).
Watson et al. (1996) note that the fabrication time (and hence cost) of a

(a) Gap connection noding (b) Gap connection with positive
e=0 eccentricity
e>0

A !
//\\ e< 0
__—_7__\__r_

(c) Partial overlap connection (d) Total overlap connection
with negative eccentricity with negative eccentricity
e<0 e<0

L) < 0.25

-055 = (&
(do or ho

FIGURE 2.1

Noding eccentricity, with permitted limits between which the resulting
moment on the connection can be ignored, for connection design
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circular HSS connection is approximately three times that for a rectangular
(or square) HSS connection. The former involves profiling the ends of the
web members, whereas the latter only involves straight cutting of the web
members.

These relative costs detract from the initial appeal of overlap connec-
tions, which the designer will come to recognize as usually having superior
static and fatigue connection strength compared to gap connections. Also,
when the concealed portion of an overlapped web member needs to be
welded, it must be done before the overlapping web member is fitted. This
condition prevents fitting and tack welding all members prior to final
structural welding, an economical sequence which is preferred by many
fabricators.

Welding costs are sensitive to joint geometry, weld type and weld size.
Fillet welds usually do not require the preparation of bevel surfaces that
is inherent in almost all partial or full penetration groove welds. A 90°
cross-section, 12 mm fillet weld has twice the resistance of a 6 mm fillet
weld; however, it has four times the volume. Therefore cost per unit
resistance is clearly lower with smaller size welds.

A rectangular HSS web member whose width is the same as a rectan-
gular HSS chord member presents a condition where the side walls of the
web line up with the round corners of the chord. Depending on the corner
radius and the wall thicknesses, at best there is a flare bevel joint (more
awkward than a fillet), or more likely a flare bevel joint with a gap which
requires custom fitted backing. Furthermore, flare bevel joints require
special qualification procedures. Thus, web members with widths slightly
less than the flat width of rectangular chords are the economical choice.
Weld selection and design are considered in detail in Chapter 8.

Connection pieces such as gusset plates obviously add material and
labour costs. Welding is essentially doubled because loads are transferred
twice, first from a member to the connecting piece, then from that piece to
another member. Watson ef al. (1996) claim that the fabrication cost of a
circular HSS truss K connection is greater when the web members are
slotted onto a gusset plate projecting from the chord than when the ends of
the tubular web members are profiled and welded directly to the chord.
Hence, direct connection of one HSS to another is preferred, even then.

Stiffeners and other reinforcement (which similarly increase costs of

material and labour) should always be kept to a minimum, and used only
when actually needed.

2.2 Determination of Truss Forces for Design

The remainder of this chapter deals with the design philosophy applic-
able to triangulated (e.g., Warren or Pratt) planar HSS trusses with web
members directly welded to single-section chord members.
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2.2.1 Truss Configurations

Some of the common truss types are shown in Fig. 2.2. Warren trusses
will generally provide the most economical solution, since their long com-
pression web members can take advantage of the fact that HSS are very
efficient in compression. They have about one half the number of web
members and one half the number of connections compared to Pratt trusses,
resulting in considerable labour and cost savings. The panel points of a
Warren truss can be located at the load application points on the chord, if
necessary with an irregular truss geometry. However, even if the chord is
loaded in bending, that disadvantage is usually less significant with HSS
chords than with alternatives. See example trusses in Chapter 13.

If support is required at all load points to a chord (for example, to reduce
the unbraced length), a modified Warren truss could be used rather than a
Pratt truss by adding vertical members as shown in Fig. 2.2(a).

Warren trusses provide greater opportunities to use gap joints, the
preferred arrangement at panel points. Also, when possible, a regular

7 ¢
|
(a) Warren truss
Modified Warren with verticals

(c) Fink truss

(b) Pratt truss
Shown with a sloped roof,
but may have parallel chords

FIGURE 2.2
Common planar triangulated HSS trusses
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Warren truss achieves a more “open” truss suitable for practical placement
of mechanical, electrical, and other services.

Truss depth is determined in relation to the span, loads, maximum
deflection, etc., with increased truss depth reducing the loads in the chords
and increasing the lengths of the web members. The ideal span to depth
ratio is usually found to be between 10 and 15 (CIDECT 1984).

2.2.2 Truss Analysis

Elastic analysis of HSS trusses is frequently performed by assuming
that all members are pin connected. Nodal eccentricities between the
centrelines of intersecting members at panel points should preferably be
kept within the limits shown in Fig. 2.1.

These eccentricities produce primary bending moments which, for a
pinned joint analysis, need only be taken into account in member design
when proportioning the compression chord, by treating it as a beam-col-
umn. This is done by distributing the panel point moment, (sum of the
horizontal components of the web member forces multiplied by the nodal
eccentricity), to the chord on the basis of relative chord stiffness either side
of the connection (i.e., in proportion to the values of moment of inertia
divided by chord length to the next panel point, on either side of the
connection). The eccentricity moments can be ignored for the design of the
tension chord and web members.

Eccentricity moments can be ignored for the design of the connections
provided that the eccentricities are within the limits shown in Fig. 2.1, If
these eccentricity limits are exceeded, the eccentricity moment may have
a detrimental effect on connection strength and the eccentricity moment
must be distributed among the members at a connection. If moments are
distributed to the web members, the connection capacity for each web
member must be checked for the interaction between axial load and bending
moment. This is discussed further in Chapter 3, Section 3.2.4.

A rigid joint frame analysis is not recommended for most planar,
triangulated, single-chord, directly-welded trusses, as the axial force dis-
tribution will still be similar to that for a pin-jointed analysis.

Computer plane frame programs are regularly used for truss analyses.
In this case the truss can be modelled by considering continuous chords
with web members pin connected to them at distances of +e or —e from
them (e being the distance from the chord centreline to the intersection of
the web member centrelines). The links to the pins are treated as being
extremely stiff as indicated in Fig. 2.3. The advantage of this model is that
a sensible distribution of bending moments is automatically generated
throughout the truss, for cases in which bending moments need to be taken
into account in the design of the chords.
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Extremely stiff Pin

members \&/

Noding condition —
for most overiap
connections

Noding condition
for many gap
connections

~N —
Extremely stiff

members

FIGURE 2.3

Plane frame connection modelling assumptions
to obtain realistic forces for member design

Transverse loads applied to either chord away from the panel points
produce primary moments which must always be taken into account when
designing the chords, and also the connections when the terms f(n) or
f(n’) apply (see Chapter 3, Tables 3.1, 3.2 and 3.3).

Secondary moments (resulting from end fixity of the web members to a
flexible chord wall) can generally be ignored for both members and connec-
tions, provided that there is deformation and rotation capacity adequate to
redistribute stresses after some local yielding at the connections. This is
the case when the prescribed geometric limits of validity for design formu-
lae given in the next chapter are followed.

Secondary moments due to connection flexibility can also only be ne-
glected providing the ratio of member length (between nodal intersection
points) to member depth (in the plane of the truss) is at least six (i.e., L/h;
> 6 for web members and for chord members). This limit was chosen by the
International Institute of Welding Subcommission XV-E (Doc. XV -E-93-
199) after Eurocode 3 decided to introduce a limit in Annex K (dealing with
HSS connections) to prevent the application of this waiver to very stocky
trusses. This relatively low limit of six was justified on the basis of
extensive experimental evidence behind the IIW design recommendations,
and was subsequently adopted by EC3. For the rare case where L/h; < 6,
it is recommended that the secondary moments be accomodated by using
plastic design (Class 1) sections and designing the welds to develop the full
capacity of the connected web member wall.
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Welds in particular need to have potential for adequate stress redistri-
bution without premature failure. To this end, Eurocode 3 (European
Committee for Standardization 1992) requires that fillet welds around web
members have a throat thickness at least 1.10 times the web member wall
thickness for 350 MPa material. Canadian Standard CAN/CSA-S16.1-94
introduced expressions for fillet weld resistances (CSA 1994) that are now
practically consistent with this generally conservative approach, if the full
capacity of the connected web member wall is to be developed. (See Section
8.2.4.2 in this Design Guide for details.)

The aim of this rule is to avoid any need to confirm the strength of
individual weld joints where weld effectiveness may change due to stiffness
variations. If welds are proportioned on the basis of particular web member
loads, the designer must recognize that less than the entire length of the
weld may be effective, and the model for the weld resistance must be
Justified in terms of strength and deformation capacity. Further guidance
on this is given in Chapter 8.

Table 2.1 summarizes when moments need to be considered for design-
ing an HSS truss.

Plastic design could be used to proportion the chords of a truss by
considering them as continuous beams with pin supports from the web
members. In such a design the plastically designed members must be
Class 1 sections and the welds must be sized to develop the capacity of the
connected web members.

TYPE AND ORIGIN OF MOMENT
PRIMARY - PRIMARY SECONDARY
DESIGN
of: Nodal Transverse Secondary Effects
Eccentricity Member Loading such as
Local Deformations
Compression chord Yes Yes No, provided
L/hy 2 6
Other members No Yes No, provided
L/h; 26
No, provided Yes, influences No, provided
Connections eccentricity limits f(n)andf(n") parametric limits
are not exceeded of validity are met
andL/h; > 6

TABLE 2.1
Moment considerations for design of HSS trusses
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2.3 Effective Lengths for Compression Members

To determine the effective length KL for a compression member in a
truss, the effective length factor K can always be conservatively taken as
1.0. However, considerable end restraint is generally present for compres-
sion members in an HSS truss, and it has been shown that K is generally
appreciably less than 1.0 (Mouty 1981).

This restraint offered by members framing into a connection could
disappear, or be greatly reduced, if all members were designed optimally
for minimum mass, thereby achieving ultimate capacity simultaneously
under static loading. This could be critical in a statically determinate
structure such as a triangulated truss (Galambos 1988). In practice, design
for optimal or minimum mass will rarely coincide with minimum cost; the
web members are usually standardized to a few selected dimensions (per-
haps even two), to minimize the number of section sizes for the truss.

CIDECT has sponsored and co-ordinated extensive research work to
specifically address the determination of effective lengths in HSS trusses.
Results are in reports from CIDECT Programs 3E-3G, Monograph No. 4,
and a recent CIDECT Design Guide (CIDECT 1980; Mouty 1981; Rondal et
al. 1992). Are-evaluation of all test results has been undertaken to produce
recommendations for Eurocode 3 (Sedlacek et al. 1989; Rondal 1988, 1989),
which has a member safety calibration level comparable to the Canadian
steel structures standard (CAN/CSA-S16.1-94). This has resulted in the
following effective length recommendations, which are implemented in the
design examples later in this book (Chapter 13).

2.3.1 Simplified Rules

For HSS chord members:

In the plane of the truss,
KL=09L [2.1]
where L is the distance between chord panel points.

In the plane perpendicular to the truss,

KL=09L [2.2]
where L is the distance between points of lateral support for the chord.

For HSS web members:

In either plane,

KL=0.75L [2.3]
where L is the panel point to panel point length of the member.
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These values of K are only valid for HSS members which are connected
around the full perimeter of the member, without cropping or flattening of
the members. The chord members should also be parallel, or approximately
parallel. In addition, the smaller dimension of the web member must be at
least one quarter of the chord width, and the wall thickness of the web
member 73 must not exceed that of the chord ¢3. Compliance with the
connection design requirements of Chapter 3 will likely place even more
restrictive control on the member dimensions.

For compresssion web members with 100% overlap end connections, it
is recommended that a value of KL equal to L still be used for such web
members, in the absence of experimental evidence (Rondal et al. 1992),

2.3.2 Empirical Method for HSS Web Members

For trusses with identical width top and bottom chords, compression web
member width to chord width ratio less than 0.6, and with a (Rondal et al.
1992):

circular web member welded to circular chords

K=2.2(d,%>/Ldp*? but < 0.75 [2.4]
circular web member welded to rectangular chords
K=2.35(d%2/Lby))®* but < 0.75 [2.5]

rectangular web member welded to rectangular chords
K=2.3(0b.2/Lb)**® but <0.75 [2.6]

where L is again the panel point to panel point length of the web member and
“rectangular” includes “square”.

CIDECT Monograph No. 4 (Mouty 1981) presented a method for deter-
mining a web member effective length in trusses which had different width
or section shape members for the top and bottom chords. This has not been
addressed in the latest provisions for Eurocode 3 (Sedlacek et al. 1989), so
it is recommended that the effective length factor K be calculated for the
connection condition at each end of the web member, and the higher value
be used. Another conservative rider from CIDECT Monograph No. 4, which
impacts upon [2.5] and [2.6] above, should also be added to the above
recommendations:

For rectangular chord members, b is replaced by hy when hg < by,

For rectangular web members, b is replaced by A; when h; > b;.
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2.3.3 Long Laterally Unsupported Compression Chords

Long, laterally unsupported compression chords can exist in pedestrian
bridges, and in roof trusses subjected to large wind uplift (the bottom
chord), as illustrated in Fig. 2.4. A pedestrian pony truss bridge is shown
in Fig. 2.5.

The effective length of such laterally unsupported truss chords can be
considerably less than the unsupported length. For example, the actual
effective length of a bottom chord, loaded in compression by uplift (Fig.
2.4(b)), depends on the loading in the chord, the stiffness of the web
members, the torsional rigidity of the tension chord, the purlin to truss

=)
=/

@)

b [
4

i et

(a) Pony truss (b) Roof truss
Cross-section Wind uplift at roof purlin locations

FIGURE 2.4
Cases of long, laterally unsupported truss compression chords

FIGURE 2.5

Pony truss for pedestrians, a frequent use for HSS
(Niagara, Ontario) 1
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connections and the bending stiffness of the purlins. The web members act
as local elastic supports at each panel point. When the stiffness of these
elastic supports is known, the effective length of the compression chord can
be calculated. Although other methods are in use (Herth 1994), a detailed
method for effective length factor calculation has been given by CIDECT
(Mouty 1981), and a summary of this procedure for a pedestrian bridge
follows (see Fig. 2.6).

ar Cor g, Cre 1 Coi

I C/Umax Olmax  Olmin

G C L Case Cﬂ)au (o 70 Olgy

C 2, Omke 105 1.0 09
av =7 i Const. to to to Const.

m 1.20 110 1.0

2, o Const. 1.05 1.0 03
ocau=‘=’1n 2 x to to to —

Ca 1.20 150 0.9

Const. 1.05 1.0 09
3 % to to to Const.

Cﬁ 1.20 110 1.0

1.0 \

0.9
0.8 \\
0.7 \
0.6
Kref \

0.5 N

N
0.4
0.3 > ~
0.2
0.1
O | | L IIIIIII21 J\]IIII:3 i \\JJII4 1 l\ll\ll5
0 10 10 10 10 10
L3Z 0.5
i=1
El,
FIGURE 2.6

Pedestrian bridge (pony truss) example for chord effective length calculation
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The formulae used are based on simplifying assumptions:
Stiffnesses of the elastic supports are independent of each other.

Torsional rigidity of the web members and the influence of axial forces
on their bending stiffness may be neglected.

Web members are assumed to be pin connected to the compression
chord, and completely fixed to the tension chord.

The stiffness of each individual elastic support is determined by using the
following elements:

bending stiffness of the floor beam, o
torsional stiffness of the tension chord, o,

stiffness of the web members at the connection, o,,.

At the tension chord, the first two are added to give the stiffness of the
tension chord, o,.

That is, o, =0p+ 0y, [2.7]

At the elastic support, the flexibility of the tension chord 1/0; and the
flexibility of the web members at the connection 1/, are added.

Thatis, L=-Lt+-L
(04 (Xt (Xw
1 1 1
or —=——+—
[0 (Xb + (Xtor Otw

Hence, the general formula of the lateral support stiffness o is

S S [2.8]
1 1

Op + Ogor Oy

The value of each element of the general formula for o can be calculated by
using [2.9], [2.10] and [2.11].

2EI, [2.9]

(Xb =
u ht2

provided that floor beams are located only at each panel point between
the two trusses
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where
u = distance between trusses

height of the truss at the connection considered

>
o~
It

moment of inertia of the floor beam

~
o
1

—CoOsS——

2GJ, [1 nLt] [2.10]
L

@
[

shear modulus of steel (77 000 MPa)

torsional moment of inertia of the tension chord

-~
I

L, = distance between connections on the tension chord
L = length of compression chord.

If the chords are not parallel, o, is taken to be = 0.

J 3EI,; [2.11]

3
i=1 Lwi

o, =

where

number of web members ending at the panel point being
considered

J

moment of inertia of the ith web member about the weak axis
of the truss

L,,;= length of the i** web member.

Iwi

Equation 2.8 gives the total stiffness at each panel point. These stiffnesses
(a;) are then added in the following manner to find the dimensionless parame-

ter:

m [2.12]
L3 o
i=1
EI,
where
m = number of elastic supports (panel points on the compression
chord)
n
'ZII i ch
=
I, = L
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where

I,, = average moment of inertia of the compression chord about the
weak axis of the truss

n = number of panel lengths of compression chord

I; = moment of enertia of the ith length of the chord

L,; = length, between panel points, of the ith length of chord.

The dimensionless parameter from [2.12] is used for the graph in Fig.
2.5 to determine K,.f, a reference effective length factor.

Once K,¢f is known, the compression chord can be checked. Since the
force in the chord varies, and the chord section itself may vary, it is
necessary to consider the condition which exists in each individual length
of chord L, between panel points. Effective lengths (KL); for the compres-
sion chord are calculated with the following equation by using the force and
the moment of inertia of each length of chord in turn.

Croan I
(L), = KyorL N [2.13]
f0i “av

where

Canv = weighted average compressive axial force (factored) in the
chord

=

Croi Lei
=1
L

15

CfOi = compressive axial force (factored) in the individual chord
length being considered.

The KL thus produced for each length of chord is used for the design
of that length of the compression chord. Effective lengths of 0.3 times the
total chord length are quite feasible.

In the case of a KT connection, the vertical member should be ignored.

The graph curve in Fig. 2.5 gives conservative solutions for the three
listed cases which were developed for the web member layout illustrated.
Solutions will be precise only if the truss to be designed corresponds to the
model in all respects; however, an adequate approximation will be obtained
for any layout of web members for which

Cmeax Omax %min
O , , and o
fOav o

av aav

I
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fall within the limits of one of the cases shown in the figure.

2.4 Truss Deflections

For the purpose of checking the serviceability condition of overall truss
deflection under specified (unfactored) loads, an analysis with all members
being pin-jointed will provide a conservative (over) estimate of truss deflec-
tions when all the connections are overlapped (Coutie et al. 1987; Phili-
astides 1988). A better assumption for overlap conditions is to assume
continuous chord members and pin-jointed web members.

However, for gap-connected trusses, a pin-jointed analysis still gener-
ally under estimates overall truss deflections, because of the flexibility of
the connections (Czechowski et al. 1984; Coutie et al. 1987; Philiastides
1988; Frater and Packer 1992). At the service load level, gap-connected
rectangular HSS truss deflections have been under estimated by around 12
to 15% (Philiastides 1988; Frater and Packer 1992). Thus, a conservative
approach for gap-connected HSS trusses is to estimate the maximum truss
deflection as 1.15 times that calculated from a pin-jointed analysis.

2.5 Critical Considerations for Static Strength

As discussed at the beginning of this chapter, it is essential that the
designer have an appreciation of factors which make it possible for HSS
members to be connected together at truss panel points without extensive
(and expensive) reinforcement. Apparent economies from minimum-mass
member selection will quickly vanish at the connections if a designer does
not have a knowledge of the critical considerations which influence connec-
tion efficiency.

2.5.1 General Considerations

1. Chords should generally have thick walls rather than thin walls.
The stiffer walls resist loads from the web members more effec-
tively, and the connection resistance thereby increases as width (or
diameter) to thickness ratio of the chord decreases. For the com-
pression chord, however, a large thin section is more efficient in
providing buckling resistance, so for this member the final HSS
wall slenderness will be a compromise between connection
strength and buckling strength, and relatively stocky sections will
usually be chosen.

2. Web members should have thin walls rather than thick walls, as
connection resistance increases as the ratio of chord wall thickness
to web wall thickness increases. In addition, thin web walls will
require smaller fillet welds for a full strength joint.
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2.5.2

Web compression members should have diameter to thickness
ratios, or “width of flat” to thickness ratios for rectangular HSS,
which satisfy CAN/CSA-S16.1-94 requirements for Class 1 or Class
2 members for gap connections, but Class 1 requirements for
overlap connections.

Ideally, rectangular (or square) or circular HSS web members
should not be the same width as rectangular HSS chord members,
as this presents an awkward flare bevel weld situation (possibly
with backing bars) for the joint at the corner of the chord section.
A preferred arrangement is web members just sufficiently nar-
rower than the chord to permit the web member and some of the
fillet weld to sit on the “flat” of the rectangular HSS chord member.
The outside corner radius of a North American cold-formed rectan-
gular HSS member is generally taken as 2¢, although Standard
CAN/CSA-G40.20-M92 (Table 34) allows 3t for some of the HSS
sizes listed in the tables in Section 1.7 of this Design Guide. See
Table 1.2 for details.

Gap connections (for K and N situations) are preferred to overlap
connections because the members are easier to prepare, fit and
weld.

When overlap connections are used, at least a quarter of the height
(dimension k; in the plane of the truss) of the overlapping member
needs to be engaged in the overlap.

An angle of less than 30° between a web member and a chord

creates significant welding difficulties, and is not covered by the
scope of these recommendations.

Specific Considerations

The next chapter outlines the behaviour of standard HSS truss connec-
tions. Internationally accepted design formulae are presented for connec-
tion factored resistances along with value ranges of dimensional
parameters for which the formulae are valid.

Simplified graphical connection design charts and connection resis-
tance tables are also given for easy sizing of truss members for economical
connections.
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2.6 Truss Design Procedure

In summary, the design of an HSS truss should be approached in the
following way to obtain an efficient and economical structure:

1.

7.5 2
. 3.
4.

-
5.
6.
7.

/-
8.

/
9.
70
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Determine the truss layout, span, depth, panel lengths, truss
spacing and bracing by the usual methods, but keep the number of
connections to a minimum.

Determine loads at connections and on members; simplify these to
equivalent loads at the panel points.

Determine axial forces in all members by assuming that Jomts are
pinned and that all member centrelines are concentric. ’ ’

Determine chord member sizes by considering axial loading, corro-
sion protection and tube wall slenderness. (Usual diameter to
thickness ratios are 15 to 30, and width to thickness ratios are 15
to 25.) An effective length factor of K = 0.9 can be used for the
design of the compression chord. (See Section 2.3.1.)

Determine web member sizes based on axial loading, preferably
with thicknesses smaller than the chord thickness. The effective
length factor for the web members can initially be assumed to be
0.75. (See Section 2.3.1.)

Standardize the web members to a few selected dimensions (per-
haps even two) to minimize the number of section sizes for the
structure. Consider availability of all sections when making mem-
ber selections. For aesthetic reasons, a constant outside member
width (or diameter) may be preferred for all web members, with
wall thicknesses varying; but this may require special quality
control procedures in the fabrication shop to ensure correct sizes
at intended locations.

Layout the connections, trying gap connections first. Check that
the connection geometry and member dimensions satisfy the valid-
ity ranges for the dimensional parameters given in Chapter 3, with
particular attention to the eccentricity limits. Consider the fabri-
cation procedure when deciding on a connection layout.

Check the connection efficiencies with the charts given in Chap-
ter 3. In some instances (e.g., when using rectangular rather than
square HSS members, or when greater precision is needed), direct
use of the connection factored resistance equations given in Chap-
ter 3 may be required.

If the connection resistances (efficiencies) are not adequate, modify
the connection layout (for example, overlap rather than gap), or
modify the web or chord members as appropriate, and recheck the



;o
L
¢

10.

11.

12.

connection capacities. Generally, only a few connections will need
checking.

Check the effect of primary moments on the design of the chords.
For example, use the proper load positions rather than equivalent
panel point loading. Determine the bending moments in the chords
by assuming either: a) pinned joints everywhere or b) continuous
chords with pin-ended web members. For the compression chord,
also determine the bending moments produced by any noding
eccentricities, by using either of the above analysis assumptions.
Then check that the factored resistance of all chord members is still
adequate, under the influence of both axial loads and primary
bending moments.

Check truss deflections (see Section 2.4) at the specified (unfac-
tored) load level, using the proper load positions.

Design welded connections (see Chapter 8).
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3

STANDARD TRUSS WELDED CONNECTIONS

3.1 Terminology and Eccentricity

This book uses terminology adopted by CIDECT (Comité International
pour le Développement et 'Etude de la Construction Tubulaire) and IIW
(International Institute of Welding) which has been widely accepted by the
international community, slightly modified for conformance with tradi-
tional Canadian symbols. Fig. 3.1 illustrates its application to typical gap
and overlap K connections in a Warren truss.

Eccentricity is positive when measured towards the outside of a chord,
and negative towards the inside. The gap or overlap, g or q, may be
represented by x in the following equations, which are useful for calculating
eccentricities, gaps and overlaps.

1
xzez,D—(A+B) [3.11
e=CA+B+x)-D [3.2]

where

x =g when there is a gap, and x = —q when there is an overlap

hl or d1 h2 or dz
T2 sin6y T2 sinBy

sin®, sin6y hgord

sin@; + 9y) 2
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These equations also apply for panel points which have a stiffening
plate on the surface of the chord. Then,
hgord,
= +

D = — t, where ¢, is the stiffening plate thickness.

3.2 Trusses with HSS Chords and HSS Web Members

Three classifications of HSS connections are discussed in the following
sections, namely: Kand N, T, Y and X, and TK.

XN, Ni¥

N /
\\ // §
i\\‘\\\ //’/J- i =1 or 2 (overlapping member)
NN ///’/ j = overlapped member
\ 2

P Overlap = g x 100%

Limits of eccentricity for design formulae are —0.55< hio anddio <0.25

FIGURE 3.1
Standard terminology for gap and overlap HSS K connections
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3.2.1 Kand N Connections

The majority of HSS truss connections have one compression web
member and one tension web member welded to the chord as shown in Fig.
3.1. The Warren arrangement is commonly referred to as a K connection
and the Pratt as an N connection. The latter is basically a particular case
of the former: both can be either gap type or overlap type connections as
can be seen in Fig. 3.2.

Classification as a K (or N) connection is contingent upon the normal
component from one web member force being primarily balanced by the
similar component from the other web member force. Thus for example, if
a connection had a K configuration (with two web members on one side of
a chord coming to the same node), but with the forces acting in the same
sense balanced by one or more members on the other side of the chord, it
would be classified as an X connection because the mechanism of force
transfer would be through the chord member.

FIGURE 3.2
Typical HSS K (gap) and N (overlap) connections
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3.2.1.1 Failure Modes for K and N Connections

Experimental research (for example by Wardenier and Stark 1978,
Kurobane et al. 1980, and Kurobane 1981) on HSS welded truss connections
has shown that different failure modes can exist depending on the type of
joint, loading conditions, and various geometric parameters. Failure modes

Mode B: Punching shear failure
of the chord face

Mode A: Plastic failure of
the chord face

Mode D: Local buckling of
the web membvr

A 4

Mode C: Tension failure of
the web member

Mode F: Local buckling of
the chord walls

Mode E: Overall shear failure
of the chord

Mode G: Local buckling of
the chord face

FIGURE 3.3
Failure modes for K and N rectangular HSS truss connections
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FIGURE 3.4

Section view of a plastic
failure of the chord face
in a gap connection
(Mode A)

FIGURE 3.5

Local buckling of com-
pression web member in
an overlap connection
(Mode D)

FIGURE 3.6

Local buckling of the
chord face in an
overlap connection
(Mode G)
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have been described (Wardenier 1982) for square and rectangular hollow
sections as illustrated in Fig. 3.3:

Mode A Plastic failure of the chord face (one web member pushing the
face in and the other pulling it out)

Mode B Punching shear of the chord face around a web member (either
compression or tension)

Mode C Rupture of the tension member or its weld
Mode D Local buckling of the compression web member
Mode E Shear failure of the chord member in the gap

Mode F Chord wall bearing or local buckling under the compression web
member

Mode G Local buckling of the chord face behind the heel of the tension
web member.

Failure in test specimens has also been observed to be a combination of more
than one failure mode.

It should be noted here that Modes C and D are generally lumped
together under the term “effective width failures” (or “uneven load distri-
butions”) and are treated identically, since the connection resistance in both
cases is determined by the effective cross section of the critical web member,
with some web member walls possibly being only partially effective.

Plastic failure of the chord face (Mode A) is the most common failure
mode for gap connections with small to medium ratios of web member
widths to chord width. This is illustrated in Fig. 3.4 which shows a longi-
tudinal cross section through a gap connection. For medium width ratios
(B=0.61t00.8), this mode generally occurs together with tearing in the chord
(Mode B) or the tension web member (Mode C), although the latter only
occurs in connections with relatively thin walled web members. Mode D,
involving local buckling of the compression web member, is the most
common failure mode for overlap connections. This is shown in Fig. 3.5 for
a Pratt truss overlap connection. Shear failure of the entire chord section
(Mode E) is observed in gap connections where the width (or diameter) of
the web members is close to that of the chord (B = 1.0). Local buckling
-failure (Modes F and G) occurs occasionally in square and rectangular HSS
connections with high chord width (or depth) to thickness ratios (bg/tg or

holto).
It has been found that in some cases one or two governing modes can

be used to predict connection resistance (Wardenier 1982). For example,
Mode G failure, shown in Fig. 3.6, is excluded from the design expressions
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in Section 3.2.1.2 by restrictions on the range permitted for geometric
parameters.

For circular HSS K and N connections, the predominant failure mode
is chord plastification (Kurobane et al. 1980, Kurobane 1981), similar to
Fig. 3.3 Mode A, although premature local buckling of the compression web
member is also a possibility (see Fig. 3.7).

3.2.1.2 Design Formulae for K and N Connections

Various formulae exist for the connection failure modes described in
Section 3.2.1.1. Some have been derived theoretically, while others are
primarily empirical. The general criterion for design is ultimate resistance,
but the recommendations presented herein (and their limits of validity)
have been set so that a limit state for deformation is not exceeded at
specified (service) loads.

In accordance with IIW (1989), Wardenier et al. (1991) and Packer et
al. (1992), limit states design recommendations are summarized in Tables
3.1 and 3.1(a) (for circular chords), Tables 3.2 and 3.2(a) (for square chords),
and Tables 3.3 and 3.3(a) (for rectangular chords). Anumber of observations
for K and N connections can be made from an examination of these tables:

FIGURE 3.7

Local buckling of compression web member in a circular HSS connection
(Photograph courtesy of Professor Y. Kurobane, Kumamoto Institute of Technology, Japan)
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A common design criterion for all K and N gap connections is Mode A,
plastic failure of the chord face. The constants in the resistance equa-
tions are derived from extensive experimental data. Other terms re-
flect ultimate strength parameters such as plastic moment capacity of

the chord face per unit length (F t02f4), web to chord width ratio B,
chord wall slenderness vy, (which considerably affects the amount of
post-yield membrane action that can be generated in the chord), and
the term f (n’) or f (n), which accounts for the influence of compression
chord longitudinal stresses.

The terms f (n’) for circular HSS, and f (n) for square and rectangular
HSS, are similar, except that f(n’) does not include the longitudinal
forces introduced into the chord by the web members at the connection
under consideration. In other words, only the “preload” in the chord is
used with f (n") for circular HSS.

Tables 3.2 and 3.3 show that the resistance of a gap K or N connection
with a square or rectangular HSS chord is largely independent of the
gap size (no gap size parameter) whereas Table 3.1 shows that a
continuous function covers the range of both gap and overlap circular
HSS K and N connections.

Table 3.2 which is restricted to square HSS chords was derived from
the more general Table 3.3, and uses more confined geometric parame-
ters. The result is that gap K and N connections with square HSS need
only be examined for failure Mode A, whereas those with rectangular
HSS must be considered for failure Modes B, C or D, and E as well.
This approach has allowed the creation of helpful graphical design
charts which are presented later for connections between square HSS.

FIGURE 3.8

Shear area (Ay) of the chord in the gap region
of a rectangular HSS K or N connection



In Table 3.3, the Mode E check for chord shear in the gap of K and N
connections involves dividing the chord cross section into two portions.
The first is a shear area Ay comprising the side walls plus part of the
top flange, shown in Fig. 3.8, which can carry both shear and axial
loads interactively. The second is the remaining area, Ap— Ay, which
is effective in carrying axial forces but not shear.

Overlap K and N connections are presented differently in Table 3.1 for
circular HSS than in Tables 3.2 and 3.3 for square and rectangular
HSS. The work of Kurobane and associates in Japan forms the basis
of Table 3.1 where a continuous expression gives increasing resistance
for the full range of gap to overlap configurations. Tables 3.2 and 3.3
present a range of resistances based on the concept of effective width
for square and rectangular HSS overlap connections, starting with
25% overlap, which is the minimum to ensure overlap behaviour. The
resistance increases linearly with overlap from 25% to 50%, is constant
from 50% to 80%, then is constant above 80% at a higher level. Fig. 3.9
illustrates the physical interpretation of the expressions for effective
width given in the tables.

FIGURE 3.9

Physical interpretation of effective width terms
(see Table 3.3 for definitions of be, bery) and bep)
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3.2.2 T,Y and X Connections

In the same way that an N connection can be considered a particular
case of the general K connection, the T connection is a particular case of
the Y connection. The basic difference between the two types is that the
component of load normal to the chord in T and Y connections is resisted
by shear and bending in the chord, whereas with K or N connections the
normal component from one web member force is balanced primarily by the
similar component in the other.

For X connections, the web member force normal component(s) on one
side of the chord are primarily balanced by the web member force compo-
nent(s) normal to the chord on the other side of the chord member.

3.2.2.1 Design Formulae for T, Y and X Connections

The ITW (1989) limit states design recommendations for HSS T, Y and
X connections are summarized in Tables 3.1 and 3.1(a) (for circular chords),
Tables 3.2 and 3.2(a) (for square chords), and Tables 3.3 and 3.3(a) (for
rectangular chords). As with K and N connections, various observations can
be made from the Tables:

Resistance equations in Table 3.1 for circular HSS T, Y and X connec-
tions are primarily empirically derived. On the other hand, those in
Tables 3.2 and 3.3, for § < 0.85, are based on a yield line mechanism in
the relatively more flexible square and rectangular HSS chord face. By
limiting connection design capacity under factored loads to the connec-
tion yield load, one ensures that deformations will be acceptable at
specified (service) load levels.

For full width (B=1.0) rectangular HSS T, Y and X connections,
flexibility is no longer a problem, and resistance is based on either the
tension capacity or the compression instability of the chord side walls,
for web tension and compression members respectively.

Compression loaded, full-width X connections for rectangular HSS are
differentiated from T or Y connections as their side walls exhibit
greater deformation than T connections. Accordingly, the value of F},
in the resistance equation is reduced to 0.8 sin6q of the value that is
used for T or Y situations. In both instances, a linear progression is
followed for resistances from values for § = 0.85(where flexure of chord
face governs) to values for = 1.0 (where chord side wall failure gov-
erns).

All rectangular HSS T, Y and X connections with high web width to
chord width ratios (> 0.85) are also checked for the “effective width”
failure modes, and for punching shear of the chord face. For this range
of connection width ratios, much of the web member load is carried by
the web member side walls parallel to the chord, while the web member
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walls transverse to the chord have a reduced effectiveness. The expres-
sions for the effective width terms b, and b,, at the bottom of Table
3.3 are actually derived from plate to rectangular HSS connections,
and the coefficients in the expressions have been chosen to provide
suitable connection resistances for limit states design.

The upper limit of B=1-1/y for checking punching shear is deter-
mined by the physical possibility of such a failure, when one considers
that the shear has to be between the outer limits of the web width and
the inner face of the chord wall.

3.2.3 KT Connections

As shown in Fig. 3.10, KT connections occur in some trusses, and the
strength of gap connections can be related to K and N connections by
replacing

dl/d() in Table 3.1 with (d]_ + d2 + d3)/3d0
(bl + b2)/2b0 in Table 3.2 with (bl -+ b2 + b3)/3b0
(b + bg+ hy+ hy) /4by in Table 3.3 with (by + bg + bg + hy+ hg + h3)/6b,,.

\l/ N\
\ Cross-chord /T

loading

() (d)

FIGURE 3.10
Four KT connections
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In gap KT connections the gap should be taken as the gap between two
web members having significant forces acting in the opposite sense.

In the case of KT connections with gap, the force components, normal
to the chord, of the two members acting in the same sense are added
together to represent the load. The connection resistance component, nor-

mal to the chord, of the remaining diagonal is then required to exceed that
load. For the examples shown in Fig. 3.10,

NgsinBy > Nysin6;+Nysin®;  (Fig.3.10(a)) (3.3

N;sin®; > Nysinfy+ Nysinf;  (Fig. 3.10(b)) (3.4]
where Ny is calculated from Tables 3.1, 3.2 or 3.3 in which
N, siny = Ny'sing;.

When there is a cross-chord load, (for instance, from a purlin or hanger)
which acts in the same direction as the load components that were com-
bined above, the connection resistance of the remaining diagonal needs to
be examined directly. For the examples shown in Fig. 3.10,

Ny sin8y = N, sin6y (Fig. 3.10(c)) [3.5]

N{'sin@; > N, sin6 (Fig. 3.10(d)) (3.6]
again,where N. 1* is calculated from Tables 3.1, 3.2 or 3.3 in which

N, sinf, = N;sin6.

If the vertical web member in the gap KT connection shown in Fig. 3.10
had no force in it, the gap should be taken as the distance between the toes
of members 1 and 2, and the connection treated as a K connection with

B:(b1+b2+h1+h2)/4b0 or d]_/do.

For overlap KT connections, which are actually more likely to occur,
the resistance of a rectangular HSS connection can be determined by
checking each overlapping web member and ensuring that N; (from Table

3.2) 2 N;. (Overlapped web members would also have a restriction on their
connection efficiency as noted at the bottom of Table 3.2.) For the web
member effective width terms, care should be taken to ensure that the
member sequence of overlapping is properly accounted for. For overlap KT
connections between circular HSS members, the K and N connection chord
plastification check in Table 3.1 can be used with di/dg replaced by (d1 +
do + d3)/ 3dg, and g’ estimated in a conservative manner.
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Tests have shown that the resistance of a K (or N) connection in the
presence of a minor cross-chord loading (i.e., X connection loading) is
similar to that given by the resistance formulae for K and N connections.
The same is true for a KT connection, providing the force being transferred
through the chord member is minor relative to the K (or N) web force
components normal to the chord that balance each other. If all the web
forces on one side of a connection act in the same sense, or if only one web
member is carrying load, the connection should be checked as an X connec-
tion using an equivalent web member size.

3.3 Trusses with Wide Flange Chords and HSS Web Members

Some truss configurations use HSS members for the web components
of the structure combined with wide flange shapes for the chords. Expres-
sions for the resistance of K, N, T, Y and X connections are related to those
presented earlier for trusses with rectangular HSS chords. The IIW (1989)
design recommendations are summarized in Table 3.4 and the related
limits of validity are listed in Table 3.4(a).

Gap K and N connections are to be checked for chord web stability, chord
shear, and web member effective width, whereas overlap connections need
only be examined for the effective width of the web.

3.4 Overlapped “Hidden Toe” Welding and Connection Sequence

Welding of the toe of the overlapped member to the chord is particularly
important for 100% overlap situations. For partial overlaps, the toe of the
overlapped member need not be welded, providing the components (normal
to the chord) of the web member forces do not differ by more than about
20% of the lesser one. When these force components do not balance within
that limit, the more heavily loaded web member should be the “through
member” and its full circumference should be welded to the chord.

Generally, if overlapping HSS members have different widths, the
narrower member should land on the wider member. If overlapping HSS
members are the same width, the weaker member (defined by wall thick-
ness times yield strength) should be attached to the stronger member,
regardless of the load type.
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3.5 Bending Moments combined with Axial Forces in Web Members

A comprehensive examination of moment connections is presented in
Chapter 6.

Primary bending moments will be produced at the ends of web members
(in addition to axial forces) if a rigid-jointed truss analysis is performed,
with or without external loads applied to the web members, but such an
analysis is generally not recommended. Web member primary bending
moments can be avoided at the connections if pin-ended web conditions (as
described in Section 2.2.2) are used for the analysis of trusses, even when
external off-node chord loads are present. In such cases, all primary mo-
ments produced by both transverse chord loads and noding eccentricities
will be distributed to the chord members.

Design recommendations given herein are applicable only within the
eccentricity limits in Fig. 3.1, and within these limits primary bending
moments from the nodal eccentricity can be ignored when computing
connection resistances. If the eccentricity limits are exceeded, the resulting
primary bending moment at the node must be taken into account. Since the
connection eccentricity then exceeds the range that has been justified by
experimental and analytical research, the connection capacity should be
verified by laboratory proof tests and/or careful finite element analysis.

If a web member transmits both a bending moment and an axial force,
the following conservative interaction formula is recommended:

* 3.7
My 13.7]

S.

2

+

>|Z
> 2

where M, is the bending moment to be transmitted by the web member at
the connection. In addition, the bending stress produced in the web member
must not exceed the axial stress

(3.8]

2

A.

i

Mip
Si

IN.
<

Secondary bending moments resulting from induced deformations in
the structural system do not influence connection strengths (as mentioned
in Chapter 2), if the connections have sufficient deformation capacity. That
will be the case for connections conforming to the validity ranges in Tables
3.1(a), 3.2(a), 3.3(a) and 3.4(a).

3.6 Limits of Validity

The expressions for resistances in Tables 3.1 to 3.4 are valid only within
specific ranges of various dimensional parameters for the connected mem-
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bers. Such ranges have been published by IIW (1989), and are expressed in
the tables in mathematical terms. For convenience, they are presented in
writing in the following sections.

3.6.1

Circular HSS Chords and Web Members

The parameters and their ranges of validity for circular member HSS
connections (Table 3.1a) follow.

»

»

»

3.6.2

Diameter of web members must be between 0.2 and 1.0 times the
chord diameter.

Diameter to wall thickness ratio of a member must not exceed 50 (40
for chord members in X connections).

Wall thickness of the overlapping member must not exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rials).

Nodal eccentricity limits are — 0.55 and + 0.25 of the chord diame-
ter. ,

Minimum overlap is 25%.

Minimum gap is the sum of the wall thicknesses of the members on
either side of the gap.

With increasing diameter to wall thickness ratio of a web compres-
sion member (beyond 28 for 350 MPa yield material), there is an
increasing reduction in the permitted connection resistance relative
to the yield of the member.

Square HSS Chords with Square or Circular HSS Web
Members

The parameters and their ranges of validity for square member HSS K
and N connections, gap and overlap (Table 3.2a) are given below.

For gap connections:

»

»

»

Average width of the two web members must be at least 0.35 times
the chord width.

Width of the web members, relative to the chord width, must be at
least a hundredth of the chord width-to-thickness ratio, plus 0.1.

Compression web members must be either CAN/CSA-516.1-94 Class
1 or Class 2 sections.

Width to thickness ratio of tension web members must not exceed
35.

Width to thickness ratio of the chord must be between 15 and 35.
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»

»

Width of the smaller web member must be at least 0.63 times the
width of the other web member (otherwise resort to the more general
rectangular HSS Table 3.3).

A limit for minimum gap is defined as a function of chord and web
member widths. If the maximum gap for a K or N connection (as
allowed by the eccentricity limit) is exceeded, one should treat it as
a pair of T /Y connections.

Absolute minimum gap is the sum of the wall thicknesses of the two
web members.

Nodal eccentricity limits are — 0.55 and + 0.25 of the chord height.

For overlap connections:

»

Width of the web members must be at least 0.25 times the chord
width.

Compression web members must be CAN/CSA-516.1-94 Class 1
sections.

Width to thickness ratio of tension web members must not exceed
35.

Width to thickness ratio of the chord must not exceed 40.

Wall thickness of the overlapping member must not exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rialg).

Width of the overlapping web member must be at least 0.75 times
the width of the overlapped web member.

Minimum overlap is 25%.

Nodal eccentricity limits are the same as for gap connections.

The parameters and their ranges of validity for square member HSS T, Y and
X connections are as follows.

»

»

»

»

Width of web members must be between 0.25 and 0.85 times the
width of the chord (otherwise, resort to the more general rectangular
HSS Table 3.3).

Compression web members must be either CAN/CSA-S16.1-94 Class
1 or Class 2 sections.

Width to thickness ratio of tension web members must not exceed
35.

Width to thickness ratio of the chord must be between 10 and 35.

When circular HSS members are welded to a square HSS chord, the following
constraints apply to the circular web members.

»

94

Diameter of web members must be between 0.4 and 0.8 times the
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»

3.6.3

Compression web members must be CAN/CSA-516.1-94 Class 1
sections.

Diameter to thickness ratio of tension web members must not exceed
50.

For K or N gap connections, diameter of the smaller web member
must be at least 0.63 times the diameter of the other web member
(otherwise resort to the more general rectangular HSS Table 3.3).

For K and N gap connections, a limit for minimum gap is defined as
a function of chord and web member widths. (If the maximum gap
for a K or N connection is exceeded, as allowed by the eccentricity
limit, one should treat it as a pair of T/Y connections.)

Absolute minimum gap for K and N connections is the sum of the
wall thicknesses of the two web members.

Wall thickness of the overlapping member cannot exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rials).

Diameter of the overlapping web member must be at least 0.75 times
the diameter of the overlapped web member (K or N overlap connec-
tions).

Minimum overlap is 25%.

Rectangular HSS Chords with Rectangular, Square
or Circular HSS Web Members

The parameters and their ranges of validity, for rectangular HSS chords
with rectangular or square HSS web member K and N connections, gap and
overlap, (Table 3.3a) are given below.

For gap connections:

»

»

»

Average of the widths plus the heights of the two web members (four
dimensions) must be at least 0.35 times the chord width.

Width or height of web members, relative to the chord width, must
be at least a hundredth of the chord width-to-thickness ratio, plus
0.1.

Compression web members must be either CAN/CSA-S16.1-94 Class
1 or Class 2 sections.

Width to thickness ratio and height to thickness ratio of tension web
members must not exceed 35.

Height to width ratio of all members must be between 0.5 and 2.0.

Width to thickness ratio, and the height to thickness ratio, of the
chord must not exceed 35.
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A limit for minimum gap is defined as a function of web member
widths and heights, and chord width. If the maximum gap for a K or
N connection (as allowed by the eccentricity limit) is exceeded, one
should treat it as a pair of T /Y connections.

Absolute minimum gap is the sum of the wall thicknesses of the two
web members.

Nodal eccentricity limits are —0.55 and +0.25 of the chord height.

For overlap connections:

»

»

»

Width and height of web members must be at least 0.25 times the
chord width.

Compression web members must be CAN/CSA-S16.1-94 Class 1
sections.

Width to thickness ratio, and the height to thickness ratio, of tension
web members must not exceed 35.

Height to width ratio of all members must be between 0.5 and 2.0.

Width to thickness ratio and height to thickness ratio of the chord
must not exceed 40.

Wall thickness of the overlapping member must not exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rials).

Width of the overlapping web member must be at least 0.75 times
the width of the overlapped web member.

Minimum overlap is 25%.

Nodal eccentricity limits are the same as for gap connections.

The parameters and their ranges of validity for rectangular HSS chords with
rectangular or square HSS web member T, Y and X connections are as follows.

»

»

»

»

»

Width and height of the web members must be at least 0.25 times
the chord width.

Compression web members must be either CAN/CSA-S16.1-94 Class
1 or Class 2 sections.

width to thickness ratio and height to thickness ratio of tension web
members must not exceed 35.

Height to width ratio of all members must be between 0.5 and 2.0.

Width to thickness ratio and height to thickness ratio of the chord
must be not exceed 35.

When circular HSS members are welded to a rectangular HSS chord, the
following constraints apply to the circular web members.
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»

3.6.4

Diameter of web members must be between 0.4 and 0.8 times the
width of the chord.

Compression web members must be CAN/CSA-516.1-94 Class 1
sections.

Diameter to thickness ratio of tension web members must not exceed
50.

For K and N gap connections, a limit for minimum gap is defined as
a function of chord and web member widths. (If the maximum gap
for a K or N connection is exceeded, as allowed by the eccentricity
limit, one should treat it as a pair of T /Y connections.)

Absolute minimum gap is the sum of the wall thicknesses of the two
web members.

Diameter of the overlapping web member must be at least 0.75 times
the diameter of the overlapped web member (K or N overlap connec-
tions).

Wall thickness of the overlapping member must not exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rials). :

Minimum overlap is 25%.

Wide Flange Chords with Rectangular, Square or Circular
HSS Web Members

The parameters and their ranges of validity for wide flange chords with
rectangular, square or circular web member K and N connections, gap and
overlap (Table 3.4a) are given below.

For gap connections:

»

»

»

»

Height (between root fillets) to thickness ratio of chord webs must
not exceed 671/VF,q .

Web heights between root fillets must not exceed 400 mm.
Full width to thickness ratio of chord flanges must not exceed 20.
Web members may be the full width of the chord.

Compression web members must be CAN/CSA-S16.1-94 Class 1
sections.

Width to thickness ratio of tension web members must not exceed 35
(50 if circular).

Web members must be either square or circular sections.
Nodal eccentricity limits are —0.55 and +0.25 of the chord height.

Absolute minimum gap is the sum of the wall thicknesses of the two
web members.
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For overlap connections:

»  Parameters and validity ranges are the same as for gap connections
except that rectangular web sections are permitted, provided height
to width ratios are between 0.5 and 2.0.

»  Width of the overlapping web member must be at least 0.75 times
the width of the overlapped web member.

»  Wall thickness of the overlapping member cannot exceed the wall
thickness of the overlapped member (for equal yield strength mate-
rials).

»  Minimum overlap is 25%.
»  Nodal eccentricity limits are the same as for gap connections.
The parameters and their ranges of validity for wide flange chords with

rectangular, square or circular web member T, Y and X connections are as
follows.

»  Height (between root fillets) to thickness ratio of chord webs must
not exceed 671/VF,o (T and Y connections).

»  Height (between root fillets) to thickness ratio of chord webs must
not exceed 537/VF,o (X connections).

»  Web heights between root fillets must not exceed 400 mm.
»  Full width to thickness ratio of chord flanges must not exceed 20.
»  Web members may be the full width of the chord.

»  Compression web members must be CAN/CSA-S16.1-94 Class 1
sections.

»  Width to thickness ratio of tension web members must not exceed 35
(50 if circular).

»  Height to width ratio of rectangular web members must be between
0.5 and 2.0.

3.7 Design Charts and Tables

Several series of design charts have been developed to facilitate the
application of formulations published by CIDECT, AWS (American Welding
Society) and ITW.

Packer (1986) presented Fig. 3.11 which allows a quick evaluation of
whether a K or N gap connection can be configured from proposed square
web sections on a rectangular or square chord section. The chart indicates
the maximum value of P (average width of web members relative to the
chord width) which can be accommodated while remaining within the
allowable bounds of nodal eccentricity. Input parameters are chord to web
angle and chord aspect ratio hg/bg on the horizontal axis. If the intersection
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FIGURE 3.11

Maximum [ based on allowable eccentricity limits,
chord aspect ratio and inclination of web members

of these two parameters lies above the graph, the maximum allowable § is
1.0.

3.7.1 Design Charts

Reusink and Wardenier (1989a and 1989b) have produced sets of con-
sistent design charts for the preliminary design of K, N, T, Y, and X
connections which are based on IIW (1989) and therefore Eurocode 3 Annex
K (European Committee for Standardization 1992) recommendations. The
first set (Figs. 3.12 to 3.18) are for circular HSS and are derived from the
formulae presented in Table 3.1. The second set (Figs. 3.19 to 3.26) are for
square HSS, and they relate to formulae in Table 3.2.

The concept of “connection efficiency” (defined as the connection fac-
tored resistance divided by the full section yield load of the particular web
member) is employed for these charts. That is, connection efficiency is equal
to Ni*/ (A; F);). The efficiencies given by the charts for all but the overlapped
K connections (and the T, Y, X connection effective width checks) are termed
Ck, Cr or Cx depending on the type of connection. These efficiencies need
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to be multiplied by three factors to obtain the final connection efficiency in
each case.

The first factor which corrects for different strengths between the chord
and the web member is

FyO to

Ft

In Canada, however, all HSS is generally ordered to the requirements of
CAN/CSA-G40.21, Grade 350W which has a specified minimum yield strength
of 350 MPa; therefore, this factor reduces to tg/ ¢;.

10 :I L T 1171 |—l I*I T | TTTT | T T T I LI | TT 1T I TTTT | [ L) |:
09k N, = Cp FyO to .1 f(n") ]
: Aq Fyl Fyl t1 sinBq ]
0.8 jfg/to
0.7L ///
S 06f f .
S osf \ ,//
[0)] B i
s N _—— 20
= 04F A T
0.3f \ 30
0.2f | — 50
0.1F |
0 :I [ [ | 1111 Lt 11 || | | L1 i1 | | | I:
0 0.2 0.4 0.6 0.8 1.0
dqldg
FIGURE 3.12

Branch member efficiency for circular HSS T and Y connections
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The second factor which adjusts for the angle between the web member
and the chord is 1/sin®; for both circular HSS and square HSS connec-
tions. For overlap square HSS connections it is 1.0.

The third factor which corrects for the influence of compression chord
longitudinal stresses on the connection efficiency is f (n’) for circular HSS
or f (n) for square HSS. The function f (n’) is defined in Table 3.1 and plotted
in Fig. 3.18, while f (n) is defined in Table 3.2 and plotted in Fig. 3.24. The
function f (n) is 1.0 for overlap square HSS connections.

In the design charts a lower bound of the various failure modes was
generally drawn to result in Cg, Cr and Cx functions which depend only
on the type of connection. Simplifying conservative assumptions, and nar-

1_0 :l LRI TV 11 | i |*| T I L | T 11 | L | TTUT1 l [ | 'TT1 LI
0.9 i Ny - C FyO to '1 £f(n') ]
: Ay Fyl Fyl t1 sin6; f
0.8 |- / .
07F .
bt C ]

O 0.6 g
3 osf \ — /i
s f \ &

2 04Ff ~—
03 \\ T /
02 C NG I /'.
L \\ e // ]
0.1f ]
L ]
0 Ll 1] L1 g1 L1l 1 111 || L1 11 J | || i1l J i
0 0.2 04 0.6 0.8 1

dq/dy
FIGURE 3.13

Branch member efficiency for circular HSS X connections

do/to
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15

20

30
40
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rower parameter ranges of validity were sometimes necessary in the proc-
ess. One should be aware that these design charts can be very conservative
for web members having a low value of the angle 0.

Comparing the formulae for connection resistance from Tables 3.1 and
3.2 with the related design charts can be interesting. Expressions from the
tables are formulated to give connection resistance directly, while the
charts are structured to give connection efficiency which can be converted
into connection resistance by multiplying that efficiency by A; F;. The
formulae from the tables generally do not include cross sectional area terms
for the members since the connection resistances are basically a function

1.0 :I LI LI BLIL I LI | LI I 11 I LR | i I LR I LI LI I:
- * F 1 ]
0.9Ff NE o Bl 1 gy .
- Aq Fyl Fyl t1 sinB; N
0.8 — .
s gap g'= 2 ]
0.7F .
< - 1dofto
0.6 —
O B < 510
S 05f \‘\\\ :
o \ ~—— 15
:g 04F \\\\ — N
= \\\ [—— | 30
0.3F —— 130
- 150
0.2f -
0.1} ]
O :l J i1 1] i1 4} Ll L Lt 1 1111 | L L1 11 11 Lt ! l:
0 0.2 0.4 0.6 0.8 1.0
d4/dy
FIGURE 3.14

Web member efficiency for circular HSS
K and N connections with gap g'=2
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of their relative geometries and their wall thicknesses, whereas the charts
specifically use cross sectional areas when converting from efficiencies to

resistances.

A particular situation arises regarding gap K or N connections for
circular and square HSS. The formulae in Tables 3.1 and 3.2 provide
connection resistances that are the same for both compression and tension
web members (for equal 0’s) since the action is basically a push-pull
combination of loads. In the event of a cross-chord load at the K or N
connection, one web member may be considerably lighter than the other,
and the calculated connection resistance for that member may exceed the

1.0 :I TTT LI | 1 l*l 1 l TT 1T I LI I T 1TTT ! TTTT | LI I LI LI I:
0.9 C N, _ FyO to 1 f(n") N
. E Ay Fyl Fyl t1 sin6y E
0.8 [ — -
- gap g'= 6 1
0.7 ]
E 06L 1dofto
B N 310
> B N ]
Q 0.5 3
o u N T ———] ]
O 5 m
G— 0.4 ™ \ B 15
L n \ ——— P
0.3 \\ —— ]
0.2 F — 440
B B 50
0.1F .
O :I L1 1 Ll 1] I | [ Ll 1 | 111 ] | L1l | | 1Lt |:
0 0.2 04 0.6 0.8 1.0
d1/do
FIGURE 3.15

Web member efficiency for circular HSS

K and N connections with gap g’=6
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resistance of the member itself. In other words, the member governs, not
the connection.

The corresponding design chart for square HSS (Fig. 3.23) can be used
to calculate the connection resistances of the two web members inde-
pendently, and it will tend to give the same value to both (within the
accuracy of graphical aids). This means that it too may give connection
resistances for some web members which exceed the resistance of the
member itself. Again, the member governs rather than the connection.

1_0 :I LI L | 1 I*I 1 | LR | LI | T TT1 I rrri ] L | LR R T1T1 |:
" N Fot 1 , ]
0.9 L = o 200 __ f(n")
B Ay Fyl Fyl t1 sinf; ]
0.8 . . :
C gap g'= 10 ]
0.7L ]
= 0.6 i ] dn/t
D - o —— 7 0/t0
= I AN 10
o 05 S~
c B M~ N
G_J - [ —— h
o - N , I .
= 0.4 - \\ 315
L N e ———— ]
0.3} ~—] - 20
- >~ T — ]
B \\‘ 30
- 150
0.1F ]
o _I | 1111 [ .| | | L1 11 L1 1] |41 1 11 Lt 1 i L1 | l_
0 0.2 0.4 0.6 0.8 1.0
d1/d0
FIGURE 3.16

Web member efficiency for circular HSS
K and N connections with gap g’= 10
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The charts for circular HSS, Figs. 3.12 to 3.17, are entered along the
horizontal d1/d axis, read up to the appropriate d¢/tg curve, then across to
the vertical axis to obtain the uncorrected connection efficiency. The final
efficiency is then determined by the equation on the chart, with f(n")
obtained from Fig. 3.18. The full parameter range of validity given in Table
3.1(a) applies. Discontinuities in the curves for do/tgp = 10 are due to the
upper boundary limit for punching shear of B=1-1/y.

Figures 3.14, 3.15 and 3.16, for gap K and N connections, provide
efficiency values which can be linearly interpolated over a wide range of

1_0 _I T 11 LI 7Tl LI L TTT71 LI L LB LI I_
0.9f[ \ .
B \\ g= 0.05d, .
0.8+ AN (overlap) .
o7k \ N .
E \ \\\ E do/to
X 06E \ \\ ———T—10
N N T z
C o [——
g 04 ™ \V§\\ ]
T S SSuum = 39
0.3F 150
0.2 - ]
o1l N1 _ o, Fnto .1 £(n") .
"t Aq Fyl Fyl t1 sin6y :
:I (] Ll 11 | I | | L 111 l | | l P11 | L1 11 | L1 11 | [ 111 P11 I:
0
0 0.2 0.4 0.6 0.8 1.0
d1/do
FIGURE 3.17

Web member efficiency for circular HSS K and N overlap connections
with overlap g at least 5% of the chord diameter
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gaps. Fig. 3.17 does the same for all overlapped connections within the
validity limit of O, > 25%.

The charts for square HSS, Figs. 3.19 to 3.26, are used in a similar
manner. Four charts are presented for T, Y and X connections (Figs. 3.19 to
3.22). The first applies to all three types of connection when they are loaded
in tension; the second applies to T and Y connections, when loaded in
compression; the third to X connections, when loaded in compression; and
the fourth is an effective width failure mode check, necessary only when
exceeds 0.85. The first three charts are identical for B values up to 0.85.
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FIGURE 3.18

Function f(n") which describes the influence of chord “prestress”
on the total efficiency of circular HSS connections
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When [ exceeds 0.85 the behaviour of the chord side walls is different for
the three situations, and three charts become necessary. They show linear
interpolations between known resistance values at 3 = 0.85 and at B = 1.0.

Figure 3.23 gives values of the efficiency coefficient Cg for gap K and
N connections. Values of Cg need to be multiplied by the same three factors
discussed for Figs. 3.12 to 3.17 in order to obtain the connection efficiency
which can then be converted to connection resistance as mentioned pre-
viously. The third of these factors f (n) is provided in Fig. 3.24 as a function
of B and n.
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FIGURE 3.19

Branch member efficiency for square HSS T, Y and X connections
with the branch member loaded in tension

107



The range of overlap for square K and N connections is from 50% to
100% rather than from 25% as in Table 3.2. This avoids the more complex
lower range where resistance varies constantly with amount of overlap. In
the 100% overlap chart, Fig. 3.26, the subscript j applies to the overlapped
member while subscript i refers to the overlapping member. Unlike circu-
lar HSS overlapped connections, only the overlapping member need be
checked for square HSS connections; however, there is a check on the
connection efficiency for the overlapped web members, as noted in Table
3.2.
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FIGURE 3.20

Branch member efficiency for square HSS T and Y connections
with the branch member loaded in compression
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Figure 3.25 for partially overlapped connections requires entering
twice, once for the overlap on the chord (when 0 and i terms are used) and
a second time for the overlap on the other web member (when jand iterms
are used). The two part-efficiencies are then added together for the total
efficiency. Validity ranges are the same as for Table 3.2 except that overlap
starts at 50%. It can be seen from the charts that efficiencies of K and N
overlap connections always exceed 0.8 for full overlap (Fig. 3.26) and 0.6
for partial overlap (Fig. 3.25). Therefore, fully overlapped connections are
usually stronger than partially overlapped ones.
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FIGURE 3.21

Branch member efficiency for square HSS X connections
with the branch member loaded in compression
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3.7.2 Design Tables

Another alternative is to make use of “pre-engineered” connection
tables. The factored resistances of some popular, standard, welded truss
connections are given in Tables 3.5 to 3.10 (Packer et al. 1996). Three
connection shapes are covered: 90° T connections, K gap connections and
K 100% overlap connections, with the members subjected to predominantly
axial loads. These three connection configurations have resistances tabu-
lated for round-to-round members and square-to-square members. The
steel grade assumed is 350W, with a minimum guaranteed yield strength
of 350 MPa.
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FIGURE 3.22

Total efficiency check for effective width, square HSS T, Y and X connections
(for use when p > 0.85)
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The K connections are for a specific web member angle (45°) and a
particular gap size ( g) or amount of overlap (O,), whereas in practice a
huge number of possible parameter combinations is possible. These tables,
however, will enable the designer

(i) to get a very quick estimate of a connection factored resistance,

even for a slightly different connection, and

(ii) to confirm that manual or computer-coded calculations for connec-
tion resistance formulae are being performed correctly.

Blank spaces in these tables indicate that either
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Web member efficiency for square HSS K and N gap connections
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(i) a particular combination of members is outside the range of valid-
ity of the design formulae available, or

(i) the connection is impractical (for example the web member width
is greater than the chord width), or

(iii) the connection is not recommended (for example web member
widths equal to the chord member width, for square and rectangu-
lar HSS connections).

Where such blank spaces arise the combination of members may still
be possible, and recourse to the more definitive Tables 3.1, 3.2 and 3.3 in
this Chapter is recommended. In some tables, for instance those for K gap
connections, one should realize that the use of a particular parameter size

1.0|l;\|§|||/|llyIIII/II/I)/IIIlIIIlIII
0.9F—? 7
/ /|
a4

11 1.1

P
A\Y

L1 11

0.8

T T 11T

0.7

N

0.6

s \\ \\
N

= 06— -
Dl / S o ]
c 057 Y 3 ]
0O - & i
S - Q/ .
c 04 /

= - -
VAV :
0.3 : 7 ]
02f / 1
4 z
0.1F |
0 L1 | | L1 4. | | 111 || (| L1 11 [ | [ |_
-1.0 -0.8 -0.6 -0.4 -0.2 0

n

FIGURE 3.24

Function f(n) which describes the influence of chord stress
on the total efficiency of square HSS T, Y, X, K and N gap connections
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(such as g = 30 mm) has severely restricted the number of possible connec-
tion combinations.

The connection factored resistances tabulated usually need to be re-

duced by a correction factor f(n’) or f(n)if the chord member is loaded in

compression.
For circular HSS: f(»n’) = 1+0.32"-0.3 n’2 but £ 1.0
0.4

For square HSS: f(n) = 1.3+—B—n but < 1.0
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FIGURE 3.25

Web member efficiency for square HSS K and N overlap connections
having 50% < O, < 80%
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For axial compression load in the chord, n and n’ will be negative
numbers. The variable n is the axial force in the chord (the larger for either
side of the connection) divided by the chord member squash load (area times
yield strength), and n’ is the additional axial force in a truss chord at a
panel point, other than that required to maintain equilibrium with web
member forces (or the “prestress force”), divided by the chord member
squash load.

Another valuable design aid is the computer program CIDJOINT (Parik
et al. 1994). This Windows program performs factored resistance checks for
planar, welded and bolted, truss-type, statically-loaded connections made
from circular, square and rectangular HSS members, and even has a
member database of sections produced in accordance with CAN/CSA-
G40.21-M92. (CSA 1992).
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Web member efficiency for square HSS K and N overlap connections
having 80% < 0, < 100%
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Factored Connection Resistances (V) in kN for Web Width (d, in mm) of:

Chord
dy (mm) | ¢, (mm) 60 89 114 168 219 273 324 406 508 610

60 32 94
60 3.8 131 |
60 4.8 183
60 6.4 243 :
89 38 78 141
89 48 17 212 j
89 6.4 194 354 ___‘
89 8.0 291 449 —y— T

114 48 89 150 223 |

114 6.4 148 250 372

14 8.0 222 375 558

168 4.8 66 96 132 241

168 6.4 110 160 221 402

168 8.0 164 240 331 603

168 9.5 227 333 459 835

219 4.8 58 77 99 167 254

219 6.4 97 128 166 278 424

219 8.0 145 192 248 417 635

219 9.5 201 266 344 578 881

219 1 264 350 453 760 1160

273 6.4 9 112 138 213 31 443

273 8.0 136 168 206 319 466 664

273 9.5 189 233 286 443 646 920

273 1 249 307 376 583 850 1210

273 13 317 391 479 742 1080 1540

324 8.0 156 184 268 375 521 687

324 9.5 217 255 an 520 722 952

324 1 285 336 488 685 950 1250

324 13 363 428 622 872 1210 1600

406 95 204 230 307 406 540 694 996

406 1 268 302 403 535 71 913 1310

406 13 342 385 514 681 906 1160 1670

508 1 284 351 439 557 692 957 1370

508 13 361 447 559 709 881 1220 1750

610 13 413 494 602 726 969 1350 1810

CORRECTION FACTORS:

1. If there is compressive load in chord, multiply by reduction factor f(n’)
2. If the web member is in compression, the maximum permitted connection resistance, N,*, is limited to:

For d,/t, of:
Ny* max. (kN):

30
0.3434,

35
0.3084,

40
0.2084,

45
02734,

where A, is the web member cross-sectional area in mm2.

TABLE 3.5
Factored resistances for T connections between circular HSS

(F, = 350 MPa)

50
0.266 A,
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Chord Factored Connection Resistances (V,* or N,,"} in kN for Web Width (d, in mm) of:
dy (mm) | 5 (mm) 60 89 14 168 219 273 324 406 508 610

60 3.2 128
60 3.8 168
60 4.8 239
60 6.4 378 :
89 3.8 149 205 P
89 48 208 286 ]
89 6.4 320 441 L
89 8.0 458 630 .

114 4.8 196 266 327 |

14 6.4 297 403 496

114 8.0 419 568 699

168 4.8 192 252 306 421

168 6.4 280 369 447 615

168 8.0 385 507 615 846

168 95 503 663 804 110

219 4.8 198 255 305 413 515

219 6.4 281 363 434 588 733

219 8.0 379 489 586 793 988

219 9.5 489 631 755 1020 1270

219 1 609 787 942 1280 1590

273 6.4 292 369 436 581 719 864

273 8.0 387 489 578 771 953 1150

273 9.5 491 621 735 980 "1210 1460

273 11 606 767 908 1210 1500 1800

273 13 734 929 1100 1470 1810 2180

324 8.0 498 583 767 941 1130 1300

324 9.5 626 734 965 1180 1420 1630

324 Lk 766 898 1180 1450 1730 2000

324 13 921 1080 1420 1740 2080 2410

406 95 649 751 969 1180 1390 1600 1930

406 1 785 908 1170 1420 1690 1940 2340

406 13 934 1080 1400 1700 2010 2300 2780

508 1 945 1200 1430 1680 1920 2300 2770

508 13 1110 1410 1690 1980 2260 2710 3270

610 13 1450 1720 2000 2270 2700 3240 3780

CORRECTION FACTORS: 1. !f there is compressive load in chord, multiply by reduction factor f(n")

2. For the compression web member, the maximum permitted connection resistance, N,*, is limited to:

For d,it, of: 30 35 40 45 50
Ny max. (kN): 03434, 0308A, 0298A, 02734, 02664,

where A, is the web member cross-sectional area in mm?.
NOTE: The thickness ratio between web members is limited as follows: t/t; 1.0, where ‘j" refers to the overlapped member.

TABLE 3.6

Factored resistances for K overlap connections between circular HSS
0, =100%, and 64 =605 =45°
(Fy = 350 MPa)
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Chord Factored Connection Resistances (N,* or N,*) in kN for Web Width {(d, in mm) of:
dgy(mm) | ¢, (mm) 60 89 114 168 219 273 324 406 508 610

60 3.2
60 38
60 48 - |
60 6.4 ]
89 3.8 ]
89 4.8 ]
89 6.4 T
89 8.0 :

14 4.8 142 Ldo.l |

14 6.4 242

114 8.0 365

168 48 121 160 193

168 6.4 208 274 332

168 8.0 314 414 502

168 9.5 434 572 693

219 48 112 144 172 233

219 6.4 194 250 299 405

219 8.0 293 378 452 612

219 9.5 404 521 624 844

219 1 526 679 812 1100

273 6.4 236 279 372 460

273 8.0 358 423 564 698

273 9.5 493 583 777 961

273 " 640 757 1010 1250

273 13 804 951 1270 1570

324 8.0 348 408 537 659

324 9.5 479 562 739 906

324 1 621 728 958 1180

324 13 778 912 1200 1470

406 9.5 547 706 856 1020 1170

406 1" 706 a1 1110 1310 1510

406 13 881 1140 1380 1640 1880

508 1" 890 1070 1250 1430 1710

508 13 1110 1320 1560 1770 2130

610 13 1310 1520 1720 2050 2460

CORRECTION FACTORS: 1. If there is compressive load in chord, multiply by reduction factor f(r')

2. For the compression web member, the maximum permitted connection resistance, N,*, is limited to:

Fordt,of: 30 35 40 45 50
N," max. (kN 0.343A, 03084, 02984, 02734, 02664,

where A, is the web member cross-sectional area in mm2,

TABLE 3.7

Factored resistances for K gap connections between circular HSS

£=30mm and 64 =05=45°
(F, = 350 MPa)

117



Chord Factored Connection Resistances (N,*) in kN for Web Width (b, in mm) of.
bu (mm) to (mm) 51 64 76 89 102 127 152 203 254 305

51 3.2
51 3.8 |
51 48 t, 5 .
64 3.2 60 |
64 38 86 |
64 4.8 136 |
64 64 239 : w |
76 3.2 39 70 % ----- —_———— e ]
76 3.8 56 101 = = bo L
76 4.8 87 158
76 6.4 154 279
89 3.2 31 44
89 3.8 45 63
89 4.8 70 100
89 6.4 124 176

102 3.2 27 35 49

102 3.8 39 50 70

102 4.8 61 78 111

102 6.4 108 138 196

102 8.0 169 217 307

102 9.5 243 312 441

127 4.8 52 61 75 96 137

127 6.4 92 108 132 169 242

127 8.0 144 169 206 265 380

127 9.5 207 243 296 380 546

152 4.8 47 53 61 72 88 160

152 6.4 83 94 108 127 156 283

152 8.0 131 148 170 200 | 245 443

152 9.5 188 212 244 287 351 636

152 13 333 377 433 510 624 1130

203 6.4 75 81 88 97 109 139 197

203 8.0 117 127 139 152 170 219 308

203 9.5 168 182 199 219 244 314 443

203 13 298 324 354 389 434 558 787

254 8.0 117 125 134 144 169 206 374

254 9.5 168 179 192 207 243 295 537

254 13 298 318 341 368 432 525 953

305 9.5 168 177 188 212 243 346 628

305 13 298 315 334 376 431 615 1120 J

CORRECTION FACTOR:  If there is compressive load in chord, multiply by reduction factor f{n)
NOTE: The width to thickness ratio for web members must be <35
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Factored resistances for T connections between square HSS
(Fy = 350 MPa)



Webs Factored Connection Resistance
(N{" or N,*) inkN
by, by (mm) | ¢, ¢, (mm)
51 3.2 191
51 3.8 234
51 4.8 303
64 3.2 233
64 3.8 285
64 4.8 367
64 6.4 508
76 3.2 276
76 3.8 335
76 4.8 430
76 6.4 593
89 3.2 318
89 38 386
89 4.8 494
89 6.4 677
102 3.2 362
102 3.8 439
102 48 560
102 6.4 765
102 8.0 984
102 9.5 1210
127 48 685
127 6.4 931
127 8.0 1190
127 85 1460
152 4.8 811
162 6.4 1100
152 8.0 1400
152 9.5 1710
152 13 2370
203 6.4 1440
203 8.0 1830
203 9.5 2220
203 13 3050
254 8.0 2250
254 9.5 2730
254 13 3730
305 9.5 3240
305 13 4410

- R

NOTES: (1) The width to thickness ratio for web members
must be < 35. Also, compression webs must
be CSA-S16.1 Class 1 (plastic design) sections.
{2) The width to thickness ratio for the chord
member must be < 40.
(3) The width ratio between web members and
chord must be 2 0.25.

TABLE 3.9
Factored resistances for K overlap connections between square HSS
Ov =100% and 01 =0>= 45°

(Fy = 350 MPa)
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Chord Factored Connection Resistances (N, * or N,*) in kN for Web Width (b4 in mm) of:
by (mm) | £, (mm) 51 64 76 89 102 127 152 203 254 305

51 32
64 3.2 |
64 3.8 |
76 38 103 L
76 3.8 135 ] |
76 48 189 P
89 3.2 95 119 ;%77 Lo
89 3.8 125 156 —»—-—-——\z— ]
89 4.8 175 219

102 3.2 89 1 133 Lb"-l :

102 3.8 17 146 174

102 48 164 205 245

102 6.4 251 313 375

127 4.8 220 257 293

127 6.4 336 394 449

127 8.0 471 551 629

152 4.8 268 335

152 6.4 410 513

152 8.0 575 719

152 9.5 754 944

203 6.4 533

203 8.0 747

203 95 981

203 13 1510

254 8.0 889

254 9.5 1170

254 13 1800

305 9.5 1330

305 13 2050

CORRECTION FACTOR:
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If there is compressive load in chord, multiply by reduction factor f(r)
NOTE: The width to thickness ratio for web members must be < 35

£=30mm and 64 =0, =45°
(F) = 350 MPa)

TABLE 3.10
Factored resistances for K gap connections between square HSS




3.8 Chord Splices

If chord splices are required, conventional practice is to use welding in
the shops when fabricating assemblies for shipping. Field connections are
usually high strength bolted, rather than welded, the former being easier
to control in varying construction environments. For welded splices, fabri-
cators generally make either full penetration welds onto backing bars tack
welded against the back side of the joint, or partial penetration welds
without the use of backing bars. The former can develop the full strength
of structural sections, while the latter develop less strength, depending on
the size of the deposited weld. Welding processes and techniques are
presented in more detail in Chapter 8 and bolted splices are discussed in
Chapter 7.

3.9 Design of Reinforced Connections

Instances may occur when a truss connection has inadequate resis-
tance, and a designer must resort to some form of connection reinforcement.
Such a situation can arise when HSS members are ordered on the basis of
minimum mass, without connection resistance being confirmed. Labour
costs associated with connection reinforcement are significant, and the
resulting structure may lose its aesthetic appeal.

A detailed structural steelwork costing survey by Watson et al. (1996)
has highlighted the higher number of labour hours, per connection, for
cutting, handling, fitting and welding operations when connection plates
are used rather than tube-to-tube direct connections. However, if only one
or a few connections of a truss are inadequate, the reinforcement of these
connections may be an acceptable solution.

3.9.1 With Stiffening Plates

The most common method of strengthening HSS connections is to weld
a stiffening plate or plates to the HSS chord or “through” member. It is
particularly applicable to gap K connections with rectangular chord mem-
bers, although an unstiffened overlap connection is generally preferable
from the viewpoints of economy and fatigue. However, a gap connection
with a stiffening plate eliminates the necessity for double cuts on the web
members, and may prove more attractive to the fabricator. The addition of
a flat plate welded to the connecting face of the chord member greatly
reduces local deformations of the connection, and consequently the overall
truss deformation is lessened. It also permits a more uniform stress distri-
bution in the web members.

121



3.9.1.1 K and N Connections with Rectangular (or Square)
HSS Chords

The type of reinforcement required depends upon the governing failure
mode that causes the inadequate connection capacity. Two types of plate
reinforcement are shown in Fig. 3.27: (a) welded to the chord connecting
face, and (b) welded to the chord side walls. Both would be applicable to
connections with rectangular HSS chord members and either circular or
rectangular HSS web members. An alternative to stiffening a connection
with plates is to insert a length of chord with thicker walls at the connec-
tion, the length of which would be the same as L, given below. (This is
equivalent to the use of a “joint can” in offshore steel structures.)

The capacity of rectangular HSS gap K connections is typically control-
led by the criteria for either chord face plastification or chord shear, as
summarized in Tables 3.2 and 3.3. When chord face plastification controls,
the connection capacity can be increased by using flange plate reinforce-
ment as shown in Fig. 3.27(a). This will usually occur when f§ < 1.0 and the

(b) Side plate reinforcement

FIGURE 3.27
Pratt truss connections with plate stiffening
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members are square. When chord shear controls, the connection capacity
can be increased by reinforcing with a pair of side plates as shown in Fig.
3.27(b). This failure mode will usually govern when B=1.0 and hg< by,

Design guidance for K connections stiffened with a flange plate, as
shown in Fig. 3.27(a), was first given by Shinouda (1967). However, this
method was based on an elastic deformation requirement of the connection
plate under specified (service) loads. A more logical limit states approach
recommended for calculating the necessary stiffening plate thickness for
gap K connections is to use the connection resistance expressions in Table
3.2 (for square or circular web members to square chord members), and
Table 3.3 (for rectangular members) by considering £, as the chord face
thickness and neglecting o (Wardenier 1982). The plate yield stress should
be used.

It is suggested that proportioning of the stiffening plate be based on the
principle of developing the capacity of the web members (A; F);). Dutta and
Wirker (1988) consider that this will be achieved providing
t, > 2t1 and 2¢. Careful attention should be paid to the stiffening plate-to-
chord welds which should have a weld throat size at least equal to the wall
thickness of the adjacent web member (Dutta and Wiirker 1988). The
stiffening plate should have a minimum length L, (see Fig. 3.27(a)), such

that
L[ hy [3.9]
p = Sinel 8T Slnez

A minimum gap between the web members, just sufficient to permit
welding of the web members independently to the plate is suggested (Stelco
1981). All-round welding is generally required to connect the stiffening
plate to the chord member, and to prevent corrosion on the two inner
surfaces. It may also be advisable to drill a small hole in the stiffening plate
under a web member to allow entrapped air to escape prior to closing the
weld. This will prevent the expanding heated air from causing voids in the
closing weld (Stelco 1981).

If the capacity of a gap K connection is inadequate and chord shear is
the governing failure mode, then as mentioned before one should stiffen
with side plate reinforcement, as shown in Fig. 3.27(b). A recommended
procedure for calculating the necessary stiffening plate thickness is to use
the chord shear resistance expression in Table 3.3, by calculating Ay as 2hg
(to +tp). The stiffening plates should again have a minimum length L, (see
Fig. 3.27(b)), given by [3.9] and have the same depth as the chord member.

In order to avoid partial overlapping of one web member onto another
in a K connection, fabricators may elect to weld each web member to a
vertical stiffener as shown in Fig. 3.28(a). Another variation of this concept
is to use the reinforcement shown in Fig. 3.28(b). For both of these connec-
tions, t, > 2¢1 and 2¢2 is recommended (Dutta and Wiirker 1988). The K
connection shown in Fig. 3.28(c) is not acceptable, as it does not develop
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(c) Not Acceptable

FIGURE 3.28
Some acceptable and unacceptable non-standard K connections

the strength of an overlapped K connection where one web member is
welded only to the chord face. Also, it is difficult to create and ensure an
effective saddle weld between the two web members.

3.9.1.2 K and KK Connections with Circular HSS Chords

For circular-to-circular HSS K connections, stiffening plates shaped to
saddle the chord member have been used, particularly where cross-chord
external loads are applied (Fig. 3.29), but no design guidelines exist. The
authors tentatively suggest that the connection resistance expression for a
K connection in Table 3.1 be used, by again considering ¢, as the chord wall
thickness and neglecting t(. As before, a reasonable check would be to
ensure that ¢, > 2t and 2¢5.

There are benefits to using circular HSS members with relatively large
diameter-to-thickness ratios in three dimensional truss systems, but this
may produce relatively weak multiplanar (or KK) gap connections. It is

124



For purlins
m /

FIGURE 3.29
Circular HSS K connection with saddle reinforcement

extremely difficult to fabricate three dimensional circular HSS overlap KK
connections, so a preferable way of increasing the strength of gap KK
connections is to use diaphragm stiffeners. Makino et al. (1993) have
performed tests on KK connections stiffened by

(a) cutting the chord through the longitudinal gap and weldlng each chord to
this circular plate stiffener, and

(b) using the above stiffener plus two further internal ring stiffeners located
beneath the “footprint” of a pair of braces.

The ultimate capacity of the stiffened KK connections with one dia-
phragm was found to be predictable by utilizing modified ultimate capacity
equations for unstiffened KK connections. The only modification required
was to reduce the longitudinal gap dimension g in the direction of the chord
to the distance between the diaphragm and the compression brace. Presum-
ably, as this design technique has been verified for multiplanar gap KK
stiffened connections, this reduction in the longitudinal gap could also be
applied to predicting the capacities of planar, gap, stiffened K connections.

3.9.1.3 T,Y and X Connections with Rectangular (or Square)
HSS Chords

Under tension or compression web loading, the capacity of a rectangular
HSS T, Y or X connection is typically controlled by either chord face
yielding or chord side wall failure, as summarized in Tables 3.2 and 3.3.
When chord face yielding controls, the connection capacity can be increased
by using flange plate reinforcement similar to the connection shown in Fig.
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3.27(a). This will usually occur when [3<0.85. When chord side wall failure
controls, the connection capacity can be increased by reinforcing with a pair
of side plates similar to the connection shown in Fig. 3.27(b). This failure
mode will usually govern when = 1.0.

For T, Y or X connections stiffened with side plate reinforcement, a
recommended procedure for calculating the necessary stiffening plate
thickness is to use the chord side wall resistance expression in Table 3.3,
by replacing fg with (¢g + £p) for the side walls. The stiffening plates should
have a length L,, (see Fig. 3.27(b)), such that for T and Y connections

For T, Y and X connections stiffened with a flange plate there is a
difference in behaviour of the stiffening plate depending on the sense of the
load in the web member. With a tension load in the web member, the plate
tends to lift off the chord member and behave as a plate clamped (welded)
along its four edges. The strength of the connection depends on the plate
geometry and properties, and not on the chord connecting face. Thus, for
tension web loading, if one applies yield line theory to the plate-reinforced
rectangular HSS T, Y or X connection, the connection factored resistance
can be reasonably estimated by:

2
N Fyptp 2np

' (1-B,) sin®; |sin6;

+4(1- 5},)0‘5} forp,<0.85  [3.11]

where
t, = thickness of the stiffening plate
F yp = yield strength of the stiffening plate
B, = width ratio of branch member to plate = b,/B,
n, = branch member depth to plate width ratio = hl/Bp
Bp = width of plate.

The similarity between [3.11] and the factored resistance of unstiffened
T, Y and X connections, based on chord face yielding as given by Table 3.3,
is clearly evident. In order to develop the yield line pattern in the stiffening
plate implicit in [3.11], the length of the plate L, should be at least

(3.12]

hq
—
0 + \JBp (Bp b))

> —
b sin

Also, the plate width Bj, should be such that a good transfer of loading
to the side walls is achieved, i.e., B, should be nearly equal to the flat width
of the chord face (see Fig. 3.27(a)).
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For T, Y and X connections stiffened with a flange plate, and under
compression web loading, the plate and connecting chord face can be
expected to act integrally with each other. This type of connection has been
studied by Korol et al. (1982), also using yield line theory. Hence for
B, < 0.85, (a reasonable upper limit for application of yield line analysis also
employed for unreinforced connections), the following plate design recom-
mendations are made to obtain a full strength connection:

1. Bp = nearly the flat width of the chord face

2. Lp = 2b, (Increase proportionately if 81 = 90° to allow for greater
web member “footprint”.)

3. tp 2 4t;—t,

The application of these guidelines for compression-loaded T, Y and X
connections should ensure that the connection capacity exceeds the web
member capacity, provided chord side wall failure by web crippling is
avoided (Korol et al. 1982).

3.9.2 With Concrete Filling

A less visible alternative to adding stiffening plates to the exterior of
an HSS is for the fabricator to fill a length of the critical chord member (or
members) with concrete or grout. With short span trusses, all of the chord
member could be filled, but with long span trusses, which can be assembled
with bolted flange plates in the chord to facilitate transportation and
erection, only a part of the chord needs to be filled with concrete or grout,
as shown in Fig. 3.30.

Filling the chord members of a truss has two main disadvantages: (1)
the concrete increases the dead weight of the structure; and (2) it involves
a secondary material with associated costs. On the other hand, the strength

of certain connections is likely to increase, and if the members are com-
pletely filled there are further benefits of enhanced member capacity (due

N T S N
{7 AVAVAVAVAVAN

Regions of concrete filling up to bolted flange plates

|

\VaY

O Critical connections that benefit from reinforcement by concrete filling

FIGURE 3.30
Partial filling of HSS chord members in critical connection regions
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to composite action), increased truss stiffness, and improved fire endur-
ance.

Packer (1995) has performed experimental research on a variety of
concrete-filled rectangular HSS connections, resulting in the design recom-
mendations below. In particular, concrete filling of hollow sections greatly
enhances their performance under transverse compression. The hollow
section provides confinement for the concrete, which allows it to reach
bearing capacities greater than its crushing strength as determined by
cylinder compression tests (Packer and Fear 1991). Examples of connec-
tions under transverse compression, and hence that are likely to particu-
larly benefit from concrete filling, include: truss reaction points, truss
connections at which there is a significant external concentrated load, and
beam-to-column moment connections, as illustrated in Fig. 3.31.

For the connection resistances recommended (Packer 1995), only the
chord (or “through” member) must be filled with concrete or grout.

3.9.2.1 Compression-Loaded Rectangular (or Square) HSS
X Connections

The resistance of this connection type is limited by the bearing strength
of the concrete in confined compression and can be taken as:

FIGURE 3.31

Instances where concrete filling may significantly
improve connection resistance
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. A A, [3.13]
M= 0l Gne, VA,

where

¢, = resistance factor for concrete in bearing = 0.6

f.” = 28 day crushing strength of concrete by cylinder tests

A = bearing area over which the transverse load is applied

A, = dispersed bearing area.
Here, Ay should be determined by dispersion of the bearing load at a
slope of 2:1 longitudinally along the chord member, as shown in Fig.

3.32. The value of A9 may be limited by the length of concrete, and
VAg/A; cannot be taken greater than 3.3. The following are also

recommended for general design applications:

h
b_o <1.4 (limit of experimental verification)
0
hl
e 2 ———+2h
sin6y

where L, = length of concrete in HSS chord member.

Ar=h1b1
As=(h1+2wy) b1

FIGURE 3.32

Applied load area (A1) and dispersed load area (Ag),
for a concrete-filled rectangular HSS in transverse compression
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3.9.2.2 Compression-Loaded Rectangular (or Square) HSS
T and Y Connections

Since the load in this case is being resisted by shear forces in the chord
rather than being transferred through the chord, the dispersed bearing
area Ag should in this case be calculated assuming a stress distribution
longitudinally at a slope of 2:1 through the entire depth of the chord, rather
than to an (Ag /Aj) limit. Thus, with respect to Fig. 3.32, the dispersed
bearing area (Ag) would be adjusted (for an inclined branch) to the follow-
ing:

hy

Similarly the limit of validity for L. would need to be adjusted to the following:

hy
sin6,

>
c 2

+4 hy

The resistance for these connections can then be calculated using [3.13].

3.9.2.3 Tension-Loaded Rectangular (or Square) HSS
T, Y and X Connections

In tests, none of the concrete-filled connections exhibited a decrease in
connection yield or ultimate strength, relative to their unfilled counter-
parts, by more than a few percent. The concrete-filled connections still had
large connection deformations, so their design should also be based on the
connection yield load. Thus it is recommended that the design capacity of
these connections be calculated using existing design rules for unfilled
rectangular HSS connections (see Tables 3.2 and 3.3).

3.9.2.4 Gap K Connections with Rectangular (or Square) HSS

For the range of connection parameters studied experimentally (Packer
1995), gap K connections with concrete-filled chords were found to have
superior connection yield strengths and ultimate strengths relative to their
unfilled counterparts. Also, concrete filling of such connections has been
found to produce a significant change in connection failure mode. This is
shown in Fig. 3.33. It was also found that the strength of a gap K connection
with concrete in the chord is unaffected by a moderate amount of shrinkage
of the concrete away from the chord walls, thereby making this filling
procedure an option for any fabricator.

It is recommended that the connection resistance be calculated sepa-
rately for the compression web member and the tension web member. For
the compression web member, which presses on a relatively rigid founda-
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FIGURE 3.33

Failure modes for gap
K connections with the
chord unfilled (K3)and
filled (K3C) with
concrete

tion of concrete, the connection strength would appear to be limited by
bearing failure of the concrete. Hence, calculations should be performed as
for a compression-loaded Y connection (see Section 3.9.2.2). For the tension
web member, the concrete filling only permits two possible failure modes,
which must be checked: (i) “effective width” or premature failure of one of
the web members, and (ii) “punching shear” of the chord face around one of
the web members. These are a subset of the four possible failure modes
experienced with unfilled gap K connections (Table 3.3), as presented in
Table 3.11.
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K and N Gap Connections
Basis: EFFECTIVE WIDTH
€ t, X,
1 ] 2 A "
NN, N @ Ny = Fyg ty (2hg — 4ty +by +b,)
t b
1 NIN’- 2t
A\ v
0, \\\\\\ /1// 0 o o B<1-1/H Basis: PUNCHING SHEAR
X[
______________ o o Pyt [ 2R
=1 by = 2 V3 sin0, |sind, 27 Vep
FUNCTIONS
10 Fyoto _ 10
- b <b b, =-——1b, <b
¢ bolty Fyptg 2772 P bylty 2 TP
TABLE 3.11

Failure mode checks for the tension web member in concrete-filled gap
K connections between rectangular HSS (a subset of Table 3.3)

3.9.2.5 Design Example

Check that the square HSS gap K connection shown in Fig. 3.34 is
adequate under the forces shown. The bending moments shown are primary
moments produced by transverse loads on the chord between panel points,
and these do have an effect on connection resistance. The primary moments
produced in the chord member due to noding eccentricity are not shown as
they are already considered in the connection resistance expressions (pro-
vided the noding eccentricity falls within specified limits of validity).

Select a gap g of 25 mm.

The square HSS members chosen (in CAN/CSA-G40.21, Grade 350W) are:
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Chord member (member 0):
Compression web member (member 1):

Tension web member (member 2):

bl + b2
25,

HSS 152x152x6.4
HSS 127x127x4.8 (Class 2)
HSS 102x102x4.8.

, since the members are square

= (127+102) / 2 (152) = 0.753



FIGURE 3.34
Forces acting on a square HSS gap K connection for the design example

Check as an Unreinforced Connection

First check that the connection parameters fall within the acceptable
range of validity, as given by Table 3.2(a). It will be found that all parame-
ters are OK. Calculate the noding eccentricity e, as shown in Section 3.1,
which is +36.0 mm.

Maximum allowed positive e i 0.25h(=38.0mm >36.0 .. OK

According to Table 3.2, for square HSS connections with < 1.0, which
we have in this case, the connection only needs to be checked for the failure
mode of “Chord Face Plastification”. First, calculate the reduction factor
f(n).

Ny M,
= +
AOFyO SOFyO

n

= —-855/(3 610(0.350)) — 2.3/(166 (0.350))
=-0.716

Note: The moment of 2.3 kN-m was taken as negative as it causes compres-
sion on the connecting face of the chord.

133



f(n) = 1.3+ [%Jn

=1.3+(0.4/0.753) (-0.716)
=0.920

Now, since 01 =09 = 53.1°, the connection factored resistance from Table
3.2 1s

N{,Ny = 8.9 =~

0.5

=89 ] 0.920

0.350(6.352 127+102 ( 152
0.8 2(152) |2 (6.35)

376 kN <525 and 425 .. nogood
The connection resistance of both web members is inadequate. It is

interesting to note that the next chord size up (HSS 152x152x8.0 with a
23% greater mass) would prove adequate.

Check as a Concrete-filled Connection

Now the chord member only will be filled with a 40 MPa concrete or
grout.

Check connection resistance of compression web member:

. A, L[A
N = o, f) — \/A—2 (13.13))

sin91 1

127

L L _ 2
Sin 53 1° 127 = 20 170 mm

A1=

Ay = 2T, 4(152)|127 = 97 390 mm?
sin53.1°

=
Il

0.6(0.040) (20 170/0.80) 2.20

1330kN >> 525 .. OK
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Check connection resistance of tension web member:

For the “effective width” failure mode from Table 3.11,
Ny = Fyaty (2hg - 4ty + by + b,)

10 Fyoty
¢ bylty Fugt

(10/(152/6.35)) (6.35/4.78) 102 = 56.6 mm

1\92*
I

0.350(4.78) (204 -19.1+ 102+ 56.6)

575kN = 425 - OK

For the chord “punching shear” failure mode from Table 3.11,

Confirm applicability

1 1

=0. <l--=1-—+—"—""""——= 0. licabl
B=0.75 Y 1 152/(2 (6.35)) 92 applicable

Foty [ 2h
* y0 “0 2
- b
N2 = 5 sine, [sin92+ 2”’91’]
10
bep = BTty 22

1

(10/(152/6.35)) 102 = 42.6 mm

. Nj =

0.350(6.35) (2 (102)
1.732(0.8) 0.8

+102 + 42.6]

641kN > 425 . OK

Therefore, the connection is now acceptable once the chord is filled with
concrete, and a much thicker chord member has been avoided.

3.10 Cranked Chord Connections

Although not a reinforced truss connection, “cranked-chord” K connec-
tions arise in certain Pratt or Warren trusses such as the one shown in Fig.
3.35, and are characterized by a change in direction of the chord member
at the connection noding point. The crank is achieved by cutting and groove
welding two common sections together at the appropriate angle. Intersec-
tion of the three member centrelines is usually made coincident. The
uniqueness of this cranked-chord K connection lies both in its lack of a
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Same member size

FIGURE 3.35
Example of a cranked-chord K connection in a Pratt truss

Imaginary extension
of chord

FIGURE 3.36
Cranked-chord connection represented as an overlapped K or N connection

straight chord member and the role of the chord member as an “equal width
branch member”.

An experimental research program with square and rectangular mem-
bers has revealed that unstiffened, welded, cranked-chord HSS connections
behave generally in a manner dissimilar to HSS T or Y connections, despite
their similar appearance. (They all have a single branch member welded
to a uniform-size chord member). Rather, cranked-chord HSS connections
have been shown to behave as overlapped K or N connections, and their
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capacity can be predicted using the recommendations given in Table 3.2,
subject to the limits of application in Table 3.2(a) (Packer 1991).

Figure 3.36 illustrates a cranked-chord connection interpreted as an
overlapped K connection, wherein the chord member is given an imaginary
extension and the cranked-chord member is considered to be the over-
lapped web member.
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4

NON-STANDARD TRUSS DESIGN

4.1 Trusses with Double HSS Chords

Chapter 1 included a discussion of the aesthetic and economic advan-
tages available to the designer who builds with Hollow Structural Sections.
These advantages include the greater visual appeal of clear uncluttered
structures, the structural efficiencies and increased torsional stiffness of
closed compression members, and the lower finishing costs resulting from
reduced surface areas. Unfortunately, since the largest available section in
Canada has been an HSS 305x305x13, spans of HSS roof trusses have been
restricted to about 30 or 40 metres. The need for buildings such as auditoria
and sports complexes with clear spans of 60 metres or more has generated
interest in HSS trusses which employ two sections for each chord.

Immediate advantages of double chord HSS trusses include not only
their greater capacity, but also more efficient and stiffer connections com-
pared to some single chord trusses. Enhanced lateral stiffness can reduce
bracing requirements and also facilitate handling and erection of the
trusses.

41.1 Types of Double Chord Trusses

A number of arrangements are possible for framing webs with double
chords. Principal configurations are illustrated in Fig. 4.1 where (a) and (b)
show connections for welded and bolted versions of trusses with double
chords separated so that web members fit between them. This configuration
requires that ail web members have the same width, but variation in size
is possible by changing the wall thickness or the member depth. A separated
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(a)
Separated
- (welded)

(b)
Separated
(bolted)

Tie plates

For gap connection Full overlap connection

(c) Stiffening

Back-to-back -/ /. plate
AN

Gap connection

FIGURE 4.1
Types of HSS double chord truss connections

double chord truss and connection are shown in Fig. 4.2. Back-to-back
chords (i.e., twin HSS sections in full contact), with the web members
centred on them, are illustrated in Fig. 4.1(c). The first detail is a 100%
overlap connection and the second is a gap connection on a stiffener plate.
As might be expected, these alternatives have various advantages and
disadvantages.

142



Welded separated chords provide easy and economical fabrication,
along with enhanced lateral stability. But the effectiveness of vertical shear
transfer from one diagonal to the other at panel points may be limited to
the shear capacity of the inner walls of the HSS chord members.

Bolted separated chords, necessary for trusses too large to ship as a
single unit, give superior structural performance but are the most expen-
sive type.

Back-to-back chords with overlap connections produce stiff, efficient
trusses, but are more expensive than the welded separated type.Gapped
connections for back-to-back chords provide easier fitting and welding, but
the trusses are less stiff and more expensive (because of the stiffener plate
employed with this gap arrangement) than those with overlap connections.

Luft et al. (1991) reported the results of a comparative analysis regard-
ing the relative material and fabrication costs of single chord, back-to-back
double chord and separated double chord trusses. Nineteen configurations
of rectangular HSS Warren trusses were attempted for each of the three
truss types, with spans of 20 m, 40 m and 60 m, with light, medium and
heavy loads, with span to depth ratios of 10, 16, 20, 24, 27, 32 and 40, and
with web member slopes from 32° to 63°. Connection arrangements were
limited to gapped or stiffened-gapped for single chord, and stiffened-gapped
for back-to-back double chord trusses.

Not all configurations were feasible for all three truss types. Viable
single chord trusses could only be established for shorter, more lightly
loaded, deeper spans, while the separated double chord trusses had the
greatest applicability of the three types.

Single chord trusses were the most economical and sometimes the
lightest for the short spans, and they were generally between the two types
of double chord trusses in both cost and mass for medium spans. Back-to-
back double chord trusses were often the heaviest and always the most
expensive for all spans. However, they were feasible for almost the complete
range of truss configurations. (One needs to keep in mind that back-to-back
double chord trusses having overlap web connections are both more eco-
nomical and somewhat stiffer than the gap type with stiffener plate consid-
ered in this study.) Separated double chord trusses were the heaviest, but
not the most expensive, for most short spans. They were usually both the
lightest and the least expensive for medium, and particularly for long
spans.

The cost studies indicated that, for short spans, single chord trusses
were around 20% less expensive than back-to-back double chord trusses,
and for long spans separated double chord trusses were about 10% more
economical than the back-to-back type considered.
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FIGURE 4.2
Separated double chord truss, Hamilton Convention Centre, Ontario

FIGURE 4.3

Back-to-back double chord trusses with overlap connections
for Ballantyne Pier Warehouse, Vancouver, B.C.
(Photograph courtesy of J.A. Rapson, P.Eng., Sandwell Inc., Vancouver)



4.1.2 Experimental Studies on Double Chord Trusses

Research on double chord trusses is limited. Korol and Chidiac (1980)
investigated a range of isolated K connections using HSS 152x152x6.4
chord and HSS 127x127 web sections to confirm the most viable options.
Subsequently, Korol et al. (1983) tested five double chord Warren trusses,
each 15 metres long and 1.7 metres deep, fabricated from the same section
sizes used for the isolated connections.

Figure 4.1 shows the connection arrangements selected, and Fig. 4.4
illustrates the truss geometry. All trusses had web members inclined at 63°
to the chords. Two trusses employed welded separated chords, one with
square cut web members and the other with web members cut at a slight
bevel (40° from vertical, as fitted) to permit reduced eccentricity upon
assembly. All trusses were uniformly loaded at their top panel points until
they failed.

4.1.3 Design Guidance for Double Chord Trusses

Much of the following information is derived from Korol’s summary
(1983) of research referred to in the previous section.

Korol recommends that double chord truss analysis be performed on the
assumption of pin jointed behaviour, and that 0.9 be used for K factors with
the compression chord. Avalue of 0.75 may be used for K with web members,
as for single chord trusses. Axial and shear forces generated from the
analysis may then be used for connection design.

1 3 5 7 ¢T

N 4 ___________________________________________ 7‘
1 |

1830 2 |
1678 |
J 0 2 4 63.4° 6 8

X | ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

230\ [ 8 at 1830 = 14640 !

(e T

NOTE: 1) Chords were HSS152x152; webs were H35127x127
2) Thickness of chord members: =6.4mm
Thickness of web members: 0-1 =9.5mm
1-2t04-5 =6.4mm
5-6t0 7-8 =4.8mm

FIGURE 4.4
Dimensions of load-tested double chord trusses
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4.1.3.1 Welded Separated Double Chord Trusses

The truss ultimate capacity can depend upon the chord resistance in
shear between the web members at outer panel points of the truss. If the
chords end near a panel point, that chord resistance is improved by capping
the chord sections to provide greater restraint against distortion of the
chord cross sections.

At a panel point of a tested truss, shear resistance of the four webs of
the square HSS chord sections was only 72% of their theoretical plastic
shear resistance. This can be stated as the inner webs being 100% effective
in shear while the outer webs were only 44% effective. In general, it would
seem prudent to count on the outer webs of square HSS being no more than
30% effective in shear. This is equivalent to considering that the four webs
of the two chord sections are 65% effective in resisting shear. Korol (1983)
believes that the outer webs of rectangular HSS will be close to 100%
effective in shear if the sections are oriented so that hg = 2by.

Strength of the panel points is not highly sensitive to eccentricity of the
member noding. It seems that a larger connection gap results in increased
transfer of shear loads from the inner to the outer webs of the chord
members, which is an advantage. However, this benefit is offset by the
greater local moment resulting from the increased eccentricity.

Studies by Lau and Dawe (1982) report that if the web member ends
are cut on a bevel so that the ends are closer to being perpendicular to the
chord, a more uniform stress pattern (caused by the transfer of load
between web members) is produced along the inner webs of the chord
members. This also reduces the connection eccentricity, which should pro-
vide a truss with less deflection. An optimum arrangement may be ends
bevel cut and a gap sufficiently large to ensure good access for sound
welding.

4.1.3.2 Bolted Separated Double Chord Trusses

The bolted separated double chord truss performed well in tests, exhib-
iting high stiffness and strength.

Tie plates between the chord HSS sections on the side of the connection
opposite to the web members (see Fig. 4.1) significantly increase the
stiffness of the truss by maintaining alignment of the sections, with one tie
acting in compression and the other in tension. However, connections
without tie plates were almost as strong, just more flexible than those with
them.
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4.1.3.3 Back-to-Back Double Chord Trusses

T or Y Connections

It is suggested by the authors that guidance for T or Y connections on
a back-to-back double chord can be obtained from Table 3.4 for HSS web
members used with an I-shaped chord. Structurally, there would seem to
be similar stiffness provided by the web of an I-shaped chord and the central
side walls of the double HSS chord. If the flare bevel recess between the
chord sections is welded flush in the vicinity of the T or Y connection, the
web member can be welded across the top face of the chord. (Stiffnesses
offered by the I-shaped chord and the double HSS chord do differ of course
at locations other than the central region of the chords—the tips of the
I-shaped chord are free, but the outer walls of the double HSS chord provide
restraint.) Reinforcing plates on the top surface of the chord will likely be
necessary for large web loads, particularly tension.

Overlap K or N Connections

Back-to-back double chord trusses with overlap connections are some-
what stiffer than those with gap connections.

The use of 100% overlap connections avoids additional effective width
complexities which would result from partially overlapping web members’
landing on the surface of a double chord with, in effect, a middle longitudi-
nal stiffener.

Gap K or N Connections

Stiffening plates on the surface of the chord sections are necessary. A
plate thickness of about three times the chord wall thickness was necessary
in tests for the connection strength to develop the web member strength.

4.1.4 Connection Design for Separated Double Chord Trusses

The resistance of HSS sections in the gap region of separated double
chord truss connections results from a complex interplay of forces and
geometry, with numerous variables to consider. A number of researchers
suggested analytical approaches to the problem during the 1980s, but a
satisfactory definitive solution for design office use was not produced.

Early formulations accommodated axial, shear and moment forces in
an interactive format that utilized different portions of the cross section for
different types of force. They assumed that inner and outer webs of the
chord members were equally effective for shear, at least for square sections
and those whose depth exceeded their width. Results of the full scale testing
described above prompted new testing and analytical work (Korol and Mitri
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1985) that incorporated varying chord wall effectiveness, but apparently
did not account for bending moments acting in the connections.

Complex formulations that considered all the forces along with a vary-
ing degree of chord outer wall effectiveness were derived in the early 1990s.
These were incorporated in a computer program named DCTRUSS devel-
oped for CIDECT as project #5AT, which may still be available. The pro-
gram is an interactive package intended to aid the practising engineer in
the analysis and design of separated double chord rectangular HSS Warren
trusses (Luft 1991).

To manually calculate the resistance of separated double chord K
connections at this time, it is suggested that the equations for factored
resistance based on chord shear from Table 3.3 for K connections be
adjusted to reflect the fact that the outer webs of the chord sections are not
always fully effective in shear. To the extent that the relatively thin-walled
square chord members of the trusses tested by Korol (1983) represent low
outer sidewall participation, while thicker-walled rectangular (with height
greater than width) members represent more outer sidewall participation,
then the 65% effectiveness suggested in Section 4.1.3.1. approaches a lower
bound. It is therefore suggested that the term Ay in the chord shear
equations be conservatively defined (with a = 0) for this application as

AV = 4 (0.65 hO to).

The equations in question are

NS= __li‘lg_é_v_ [4.1]
[ . .
\/—3_s1n6i
and
Notingap) S @Aq—Ay) Fyo+ Ay Fyq [1- (Vi V,)*1% [4.2]
where
o _ Fody
p V3

Values of ¢ are built into [4.1] and [4.2].

Welds need to be proportioned for the web member loads.

4.2 Trusses with Cropped or Flattened Web Members

Statically loaded trusses of moderate size are sometimes constructed
with circular HSS web members whose ends have been cropped or flattened
as shown in Fig. 4.5. Web slenderness ratios should be calculated with K =
1.0. In the case of full or partial flattening, Wardenier et al. (1991) recom-
mend that the length of flattened tube be minimized and the taper not be
shorter than 1:4. Flattening will reduce the compressive strength of the
tube if the ratio of diameter to thickness is more than 25. Combining the
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Cropping (A) Full flattening (B,C) Partial flattening (D

FIGURE 4.5
Various types of flattening for circular HSS web and bracing members

flattening operation with shearing the member to length can provide some
savings in fabrication.

421 Circular HSS Chords

Wardenier et al. (1991) published connection resistance formulations
with graphical assistance for cropped overlapped N connections (as shown
in Fig. 4.6) for a limited range of tube sizes:

Dimensions tested Parameters tested

114 < dy < 169 14 < dy/ty < 57

42 < dy < 90 0.35 < dy/dy < 0.8

3<t,; <8 di/dy = 1.0 and t;/ty = 1.0
3 <t <46 8;=90° and 6, =45°

Fy < 400 MPa overlap £ 75%.

Connection resistance is given by

I i\ to
N = 0.8 |10.5+40.6|— | - 172|5~
L dy dy

1 (t,\(do
2 ’

|
|
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where

f;(n")=1.0 when the chord is in tension or

fy(n") =1+0.2n" when the chord is in compression (n’ is negative), and
0=>n" >-08.

Morris (1985) reported that cropped web N connections on circular HSS
chords are approximately 12% stronger and 45% as flexible as connections
with similar size members using square HSS chords.

An alternative to full flattening of the web member ends is partial
flattening, as shown in Fig. 4.7. The resistance of such connections can be
determined by using the formulae in Table 3.1 with the following revisions
(Wardenier et al. 1991):

. di\? toyy 21 do | 2 ,
Ny = 08[10.5 +406(7) - 172(g)] g 5ot Fro tn))
with f(r) = 1.0 for n’ 2 0
30 f(n’y =1+ 02n" for 0 > n" 2 -0.8 ;
)
25 / )
/ /
/////////
Il S / /7
e /!
ik /1)
— |5
15 /
Y
‘/
10 // /
25 ////
5 /)
5 17| 7
14
0
0 0.2 0.4 4 0.6 0.8 1.0
dy
FIGURE 4.6

Design recommendations for cropped end connections to circular HSS chords
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FIGURE 4.7
Web members with semi-flattened ends connected to a circular HSS chord

For T and X connections in compression,

use dq,,;, ratherthand;

For gapped K connections,
use (dy+dq,,;,) /2 rather than d;.
The 0.8 factor at the beginning of [4.3] is the appropriate value of ¢.

4.2.2 Square HSS Chords

Pratt Connections

Morris (1985) reported the results of an experimental program which
included cropped web members framing into square HSS chord sections in
the form of N connections as shown in Fig. 4.8.

Dimensions tested Parameters tested

102 < by < 152 13 < by/ty < 32

42 < d; < 73 0.32 < dy/by < 0.72

5<t, <8 dy/dy = 1.0 and ¢;/t; = 1.0
3<t; <6 8, =90° and 6,=45°

F, < 400 MPa overlap < 75%.
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(b) Square chord transverse cropping

FIGURE 4.8
Web members with cropped ends connected to a square HSS chord

Connection resistance is given by

2
[ dy di) [ to)] )
Ny = 0.8]0.504+6.10(5~| -43.3| = | | -~ | tobo Fyy fon) [4.4]
l_ 0 0 0 _J

where f5(n’) is the same as for circular HSS chords.

It was reported that, based upon limited experimental evidence, the
direction of web cropping, parallel to the chord or perpendicular to it,
appears to make little difference to the ultimate strength of the connection,
nor does the amount of overlap (Morris 1985). The contribution of joint
deformation to truss deflection at specified loads is up to 15% of that due
to member deformation, provided by/¢j is less than 20. Hence, service load
truss deflections can be estimated by 1.15 times that predicted by a pin-
jointed analysis.

The crane boom shown in Fig. 4.9 incorporates end-flattened circular
HSS web members framing to both circular and square HSS chords.
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FIGURE 4.9

Example of triangular Pratt truss with end-flattened circular HSS
web members framing to both circular and square HSS chords

FIGURE 4.10
Zero gap K connection with cropped-end web members
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Warren Connections

Figure 4.10 illustrates a Warren connection formed from identical
cropped circular HSS web members and a square HSS chord. Toes of the
web members touch so that there is no gap or overlap. Lau et al. (1985)
conducted an experimental program on 45 such specimens to determine
yield and ultimate strengths. Morris and Packer (1988) have published an
analysis based on yield line theory, augmented by membrane considera-
tions, to arrive at an ultimate strength expression for the same connections.
Agreement is good since the expression was calibrated to produce a mean
ratio of measured to predicted strengths of 1.00, with a coefficient of
variation of the ratios of 13.0%.

Dimensions tested

Parameters tested

102 < by < 152 12 < byl/ty < 32

42 < dy < 102 0.32 < dy/by < 0.88

4 <ty <13 di/dg = 1.0 and ¢;/ty = 1.0
3<t¢ <6 0; = 6y = 60°

F, < 400 MPa overlap= gap = 0.

Connection resistance is given by

by

to by

d
Ny = 0.4N,, [1 + 0.021—] {1 +1.71 —1] [4.5]
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2 ’ 7 .
to> F by +2h N .
_to fyo ng bl, b,1+ 1.32 Fﬂtanelbotl £(n) [4.6]
0~ %1

y1

il

I

s1n91 tO 0

bo—to
width of flattened web member

With full cropping and flattening, this can be assumed to be 2¢;.

If fillet welding is used, this effective contact width can be in-
creased to include the fillet weld leg dimensions.

T (dl - tl) + tl
2 sin 91
slope of the web member face at the cropped end, relative to the chord

(see Fig. 4.10)

Since 8] varies with the cropping geometry, it may not be accu-
rately known at the design stage. Bearing in mind that tan 67 is



sensitive to the value of 87, one can always conservatively use 64
in place of 07.

The term f(n) is the same reduction factor (to allow for axial loads in
compression chords) as is usually used for rectangular HSS chords (see
Table 3.2). Section 1.9 contains the definition.

Equations 4.5 and 4.6 apply to symmetrical connections where
01=09, di=dg, t1=ty, d1/bp = 0.3 and bol/ty < 32.

The 0.8 factor at the beginning of [4.4] is the appropriate value of ¢.
Equation 4.5 has the value of ¢ built in.

4.3 Trusses with Web Members Framing onto Chord Corners

It is possible to have truss web members frame onto the corner of square
HSS chord members, as shown in Fig. 4.11. This necessitates very careful
profiling of the web member ends, particularly where corner radii are large,
into so-called “bird mouth” or “bill-shaped” connections.

Such a member arrangement has been used occasionally in North
America, for example in the Minneapolis Convention Center roof, and in
the Minneapolis / St. Paul Twin Cities Airport skyway. It has also been used
in Japan, where a robot was developed to profile the ends of the web
members. By framing onto the corners of the square HSS chord member a
high connection strength and stiffness is achieved, regardless of the web to
chord member width ratio.

FIGURE 4.11
Square HSS "bird mouth" T and K connections
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Onoet al. (1991) have undertaken an experimental study of such square
HSS T and K connections. They found that these connections are not only
much stronger than their conventional square HSS counterparts, but are
also generally stronger than equivalent circular HSS connections with
members having the same cross-sectional area as in the test specimens.
The cases in which equivalent circular HSS connections are stronger are
likely to occur for high web member to chord width ratios and low bqg/¢g

ratios.

A finite element study of bird mouth T connections by Owen et al. (1996)
has also confirmed the superior performance of this connection type over
equivalent circular HSS connections. They also found that bird mouth T
connections between square HSS were stronger than their conventional
square HSS counterparts, provided the length of the chord (between inflec-
tion points) was not greater than 18by.

All of the T connections (25) tested by Ono et al. (1991) had the web
member loaded in compression, and the K connections (16) had all web
members inclined at 45° to the chord. The orientations of the web and chord
members are shown in Fig. 4.11, and one should note that the chord and
web members are all rotated by 45° about their longitudinal axis. Ono et
al. (1991) concluded that the connection ultimate strengths could be given
as follows:

For T Connections

0

Ny, = t,°F f(n’
L = 0 %50\ 5911 0.147 (b1 /bg) T 1.794-0.942 (b1 /bg) | ")

For K connections

2 [4.8]
t“ F b
Ny, = 00 g |2 f(n")
N .2 t
1+2sin”0; 0

where the effective area coefficient o is given for 45° K connections in
Fig. 4.12. The function f(n") is the same as that used for circular HSS
connections to allow for the influence of compression chord axial
stresses not needed for equilibrium at the connection (in effect, the
chord “preload”), and is given by Wardenier et al. (1991):

fny =1+03n -0.3 n'?2 for n’<0 (compression) [4.9]
f(ny = 1.0 for n’>0 (tension) [4.9a]
where n’ = NOp/(AO FyO) [4.9b]
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FIGURE 4.12

Effective area coefficient o for "bird mouth” 45° K connections

As these equations are based on a regression analysis of the test data,
one should be careful to ensure that they are only applied within the
approximate bounds of parameter ranges examined in the tests:

For T connections

16 < by/ty < 42 0.3 < by/by < 1.0

For K connections

16 < bo/to < 44 02 < bl/b() < 0.7 6 = 450
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For.example, the angle function in [4.8] is rather complex considering
that the web member angle was not a test variable. Resistance factors are
necessary for application of [4.7] and [4.8] to limit states design. The
resulting factored resistance expressions are as follows:

For T connections

0

Ny = 0.9¢t°F f(nf
1 0 7501 0.21-0.15 (b, /by) T 1.79-0.94 (b,/by) )

For K connections

2
L2 F b [4.11]
Ni= 09— 40| )

Vi+2sin%0, (o

with o given by Fig. 4.12.

It is noted that a slightly more accurate version of [4.8], but far more
complex, has been produced by Ishida et al. (1993) using a regression
analysis fit to the test data.

4.4 Joists Fabricated from HSS Sections

A frequent configuration for floor and roof joists is the use of HSS chord
sections with a pair of angles for each web member. The web angles are
placed on the outer faces of the chords, one on each side, with routine fillet
welds used to connect them to the chords. On a larger scale, the same
concept applies readily to full size trusses. The pairs of web angles can be
joined together with batten plates at suitable intervals if required. Figure
4.13 illustrates a typical example of such a truss. Conventional analysis
and design procedures with K = 1.0 can be applied to member selection.

Connection design should incorporate a check for the chord shear
failure mode (assuming that a “gapped connection” with positive eccentric-
ity would typically be made). Equation 4.1 with Ay = 2hgtg is applicable
for the chord shear capacity. Also, the axial force in the “gap region” of the
connection is limited by

2 170.5
[ v, 1
NoGin gap) < (AO_AV)FyO+AVFy0:_1_{V J
P

F.A
h V. = —y0°V
whnere P \/g
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FIGURE 4.13
Trusses with HSS chords and angle web members

Downsized separated double chord HSS trusses are also used for joists.
They are particularly suitable where long spans must be constructed with
shallow joist depths. Connection considerations are similar to those for full
size separated double chord HSS trusses discussed in Section 4.1.

Another common joist configuration is the use of HSS for web members
between conventional double angle chords. Sometimes tension web mem-
bers are double angles which are placed on the outside of the chord angles;
this avoids nodal eccentricity since the compression web (HSS) can be
“overlapped” with the tension web (double angles) on either side of the
chord angles. Figure 4.14 shows examples.
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Joists consisting of: (a) Angle chords with HSS web members
(b) Angle chords and tension web members,
with HSS compression web members
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MULTIPLANAR WELDED CONNECTIONS

5.1 Introduction

Even though structures built from HSS often incorporate multiplanar
connection nodes (as shown in Fig. 5.1), there is much less design informa-
tion available than for planar connections. This chapter relies on the
summaries provided by the CIDECT Design Guides (Wardenier et al. 1991
and Packeret al. 1992), the American Welding Society (1996) and Kurobane
(1995). The scope of the chapter is limited to predominantly static, axial
loading on the braces.

Design criteria have not yet been established for multiplanar connec-
tions under in-plane or out-of-plane moment loading on the members, but
most space frames are designed as pin-connected systems, which results in
member axial forces only. Connection noding eccentricities induce primary,
in-plane bending moments, but the effect of these on connection resistances
is already incorporated in the connection resistance formulae, providing
these eccentricities are within certain limits. These in-plane eccentricity
moments should still be taken into account when designing the members.
Hence struts will need to be treated as beam-columns. It is thus best to
minimize connection noding eccentricities whenever possible.

5.2 Connections between Circular HSS

Basic multiplanar connections in which the braces are welded directly
to main “through” members may be classified into four large groups as
shown in Fig. 5.2. From the behaviour of these connections in the four
groups, one can generalize about interactions between loads in different
planes (Kurobane 1995). The resistances of multiplanar connections can
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FIGURE 5.1

Canada Trust tower finial, Toronto, Ontario
with complex multiplanar circular HSS connections
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FIGURE 5.2
Basic types of multiplanar connections (Kurobane 1995)
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Correction Factors to

Type of Connection Planar Connection
Resistances

from Table 3.1

TT 1.0

140332
35

" R 03
- — e —lf— - L e s - e — - -

Ny N, - Take account of the sign

‘ [ of Ny and N,

le f (N 2 Ng)

0.9

TABLE 5.1

Correction factors for circular HSS multiplanar connection resistances
60° < ¢ < 120

best be predicted by resistances of corresponding uniplanar connections (for
which reliable resistance prediction equations are available), multiplied by
correction factors. The simplified correction terms for the TT, XX and KK
(“symmetrically-loaded”) connections are summarized in Table 5.1. Al-
though the correction terms given in Table 5.1 are less accurate than more
recent and complex versions (Kurobane 1995), they roughly correspond to
the average values of those given by the more complex (and more accurate)
prediction methods below.

5.2.1 XX Connections

If an XX connection has a pair of braces loaded in compression (due to
load N1 as shown in Table 5.1), then as the loads N9 increase in compres-
sion, the connection resistance—expressed in terms of Ny*—also increases,
because the chord wall deflection (often called the chord ovalization) is
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supressed. On the other hand, tension Ny out-of-plane loads have an
adverse effect (for compression N1), as they exacerbate the chord ovaliza-
tion, and hence the connection resistance decreases. Similarly, if the in-
plane braces are loaded in tension, then tensile loads in the out-of-plane
braces have a beneficial effect on connection resistance, while compressive
loads in the out-of-plane braces would decrease connection resistance.

The formula given in Table 5.1 roughly captures these multiplanar
effects. Note that V1 is the numerically larger pair of forces, and due
regard is given to the sign of the forces (i.e., compression is negative and
tension positive) (Kurobane 1995). More accurately (Kurobane 1995 and
van der Vegte 1995), this multiplanar correction factor for XX connections
can be expressed as

-1

F
Cxx = |L1-(1.65— 1.2p2 )%%1.53-2.5 B2 )%ﬂ J|

N
within the range of validity, —-0.6< F2 <1.0
1

Design Example

Assume the main (or “through”) member is an HSS 324x13 and four
HSS 168x8 members are welded orthogonally to it, all in Grade 350W. One
pair of opposite branches carries a 360 kN compression load and the other
pair a 200 kN tension load. Let the main (chord) member be in tension.
From Table 3.1(a), the members are within the validity range, so for the
planar X connection the connection resistance (Table 3.1) is given by

F,, t2 5.9
N* _ y0 “0 . fn’) -
1 = sine, (1—0.81[&] )

[0.350 (12.72 )/1.0] [5.2/(1 - 0.81(168/324))] 1.0
56.5(8.97) = 506 kN

This connection resistance now needs to be reduced to allow for multiplanar
effects.

Nj=-360 kN; Ng=+200kN; No/N1=-0.556; B=0.519
From Table 5.1 (simple approach), Cxx =1 + 0.33 (-0.556) = 0.817

Using the “accurate” approach, Cxx = (1.0 + 0.282 + 0.032) = 0.761
(only 7% lower)

Connection resistance of the multiplanar XX connection is therefore

0.761 (506) = 385 kN > 360 - OK
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5.2.2 TX (XT) Connections

These connections (Fig. 5.2) can act predominantly as a T connection
(with the connection resistance being affected by the X connection action
in the other plane), or predominantly as an X connection (with the connec-
tion resistance being affected by the T connection action in the other plane)
(Kurobane 1995 and van der Vegte 1995). The correction factor to be ap-
plied to the connection resistance of the planar T connection (Table 3.1) is
2 77!

| N, N,
— 2772 2\['2
CTX_|L1—1.9{3 Nl—(0.5—3.5[3+3.7[3 ){NIJ J|

The corresponding correction factor to be applied to the connection resistance
of the planar X connection (Table 3.1) is

N1t
Cxr = {1—(0.23%0.4[32)?;}

Both of these correction factors CTXVand Cxr are subject to the validity range

-0.6< _If <1.0
< <1.
‘ 1

Design Example

Assume a TX connection is loaded by forces as shown in Fig. 5.3, with
the chord (or “through”) member loaded in tension. All the member sizes
will be the same as in the previous example, so all parameters are within
the range of validity. The connection resistance as a planar T connection
(Table 3.1) is given by

F,, t
NS =200 (2.8+ 14.2 52) Y2 £(n)
sin 6;

0.350(12.72%) 1687 |( 324 2
= =220 el ) 1984142
1.0 (324] [2 (12.7)}

56.5(6.62) 1.66 = 622kN

This must now be corrected for multiplanar effects by the factor Cry.
Crx=(1+0.285+0.099)" = 0.723
Connection resistance of the multiplanar TX connection is therefore

0.723 (622) = 450 kN 2 360 - OK
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FIGURE 5.3
Loading for example TX connection (kN)

(a) Type 1 failure (b) Type 2 failure

FIGURE 5.4

Failure modes for circular HSS KK connections under symmetrical axial loads
(Photographs courtesy of Professor Y. Kurobane, Kumamoto Institute of Technology, Japan)
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The connection resistance as a planar X connection was calculated for the
previous XX connection design example and is 506 kN. This must now be
corrected for multiplanar effects by the factor Cxr.

Cxr=(1+0.409) = 0.710
Connection resistance of the multiplanar XT connection is therefore

0.710 (506) = 359 kN =200 - OK

5.2.3 TT and Gap KK Connections under Symmetrical Loading

Both TT connections and gap KK connections can exhibit two possible
failure modes, as shown in Fig. 5.4. The first mode, called Type 1 in Fig.
5.4(a), occurs when a pair of neighbouring braces, loaded in the same sense,
collectively pushes the chord wall in or pulls it out. These neighbouring
braces seem to act as one member to penetrate the chord wall together, and
there is no distortion of the chord wall befween these neighbouring braces.

The second mode, called Type 2 in Fig. 5.4(b), shows a radial deforma-
tion of the chord wall in the region between neighbouring braces, creating
a pinching or fold between these braces. The Type 1 failure mode occurs
when the transverse gap g; or the angle ¢ is small (Fig. 5.5). As g; or ¢
increases, Type 2 failure mode appears (Kurobane 1995).

FIGURE 5.5
lllustration of parameters for gap KK connections
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When a Type 1 failure occurs, the ultimate resistance of the TT or KK
connection is best represented by the resultant of axial loads in the two
compression braces. The connection resistance is thus computed by the
product of a multiplanar correction factor and the planar connection resis-
tance, with the latter computed on the basis of the “combined footprint”.
The design equations are empirical ones reported by Paul et al. (1994).

Thus, for TT connections failing by the Type 1 mode, the multiplanar
connection resistance is

d
0.747 [1 +0.586 d—lj (planar capacity of T connection [Table 3.1]).
0

Note:

When using the planar formula (Table 3.1), B should be calculated as
di/dy where dj is the transverse distance between outsides of the
braces, as shown on Fig. 5.5. Also, the angle 01 (Table 3.1) should be
modified to 67, which is the angle between the chord axis and the plane
in which two adjacent braces lie.

0] = tan* (tan 01 - cos %j (Kurobane 1995)

For KK connections failing by the Type 1 mode, the multiplanar con-
nection resistance is

d
0.746|1+ 0.693—1 1+ 0.741di - (planar capacity of K connection
dy 0 [Table 3.1]).

Note:

When using the planar formula (Table 3.1), d1 should be based on di
(Fig. 5.5). Also, the angle 01 (Table 3.1) should be modified to 0;.

For both TT and KK connections failing by the Type I mode, the
connection resistance is given as the resultant force in a pair of adjacent
braces. Thus, this connection resistance should be greater than the com-
bined resultant force acting in these two adjacent braces.

When a Type 2 failure occurs, the two planes of braces behave more
independently. The ultimate connection resistance of the TT or KK connec-
tion is best predicted simply by using multiplanar correction terms to the
planar T and K connection resistance. The design equations given are again
the empirical ones by Paul et al. (1994).
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Thus, for TT connections failing by the Type 2 mode, the multiplanar
connection resistance is

g .

1.33 [1 -0.336 d—t] (planar capacity of T connection [Table 1]).
0

For KK connections failing by the Type 2 mode, the multiplanar con-
nection resistance is

0.798(1+0.808B)|1-0.410 % 1+0.423 ZZ& - (planar capacity of K
0 0 connection [Table 1]).

For both TT and KK connections failing by the Type 2 mode, the
connection resistance is given as the limiting load in one brace; (one
compression brace for KK connections). Thus, connection resistance of a
single brace should be greater than the factored load in that brace.

5.2.4 Gap KK Connections under Non-Symmetrical Loading

“Triangular trusses”, such as that shown in Fig. 5.6, are popular for
relatively long spans, offering excellent stability, torsional stiffness and
pleasing aesthetics. They can provide uncluttered clearances where lateral
bracing systems are not desired or are not feasible. An array of these trusses
can create the appearance of a space frame roof structure without the full
expense of one. The triangular (or delta) truss typically has two compres-
sion chord members. The previous treatment of KK connections assumed

¢
_____ il______
N\ ! /
\ | /
P2 O,
\\ /
H
Q ®
1%
FIGURE 5.6

Triangular circular HSS truss under general loading direction
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“symmetrical loading” on the two planes of web members; i.e., the loading
was in the direction of V in Fig. 5.6.

Under horizontal loading (H in Fig. 5.6), the KK connection sustains
axial brace loads that are anti-symmetrical about the vertical system plane
shown in Fig. 5.6. In the KK connection under anti-symmetrical brace
loads, diagonally opposite braces are loaded in the same force sense. Each
pair of K connections behaves rather independently, and no Type 1 failure
mode appears. The connection resistance of KK connections under anti-
symmetrical loads can simply be predicted by the connection resistance
equation for planar K connections (Table 3.1) with the following correction
multipliers (Kurobane 1995):

g
Cxx = 0.858 when d—t20.16, and
0
g g
Cxx = |1.36 -3.17 —‘W when —F<0.16.
do | dg

Under general loading in the direction @ (Fig. 5.6) at an angle to the
vertical of w, the connection resistance of KK connections can be deter-
mined using the following interpolation technique (Kurobane 1995). When
® = @/2, the braces in one plane carry all the load so the connection
resistance is that of a planar K connection. The resistance of KK connec-

1.8 ]

10 Y ¢ =120°
1.4 \\ 4 |
< 1.20qr /,A@=90°
;é 1.0 «&ﬁﬁ—l
. 08 — \\\\-o (pl=60°
@g 0.6: \\- ¢ =30°
0.4
0.2
0.0

0 20 40 60 80 100
w (degrees)

FIGURE 5.7
Connection resistance of KK connections under various load directions
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tions under general load direction can be surmised by drawing straight
lines linking the points at ® = 0 (symmetrical loading), ® = ¢/2 (uniplanar
K connection) and ® = 90° (anti-symmetrical loading), as shown in Fig. 5.7.
In this figure the vertical axis shows the KK connection resistance non-di-

mensionalized by the planar K connection resistance, expressed in terms
of the load Q.

The American Welding Society D1.1 (AWS 1996) is one prominent
specification that also covers multiplanar circular HSS connections. It
gives general design criteria for all non-overlapping, multiplanar tubular
connections, without a need for connection classifications. However, the
AWS approach should be treated with caution as it has been shown to be
fairly inaccurate against a large database of tests. Although they exhibit a
wide scatter, the AWS predictions have a tendency to become unsafe as dg/tg
decreases (i.e., the chord becomes stocky). This has been attributed by
Kurobane (1995) to the “thickness squared” strength formulation in the
AWS equation, whereas strength appears to vary with the 1.7 to 1.8 power
of thickness.

Figure 5.8 shows the correlation with test results of the AWS method
and of the method given in Table 3.1 (from Kurobane), for planar gap K
connections. The AWS equation gives a lower bound and contains a built-in
resistance factor of 0.74, so the AWS predicted strengths should be com-
pared with the 1/0.74 line. It can be seen that the scatter is wide, and
predictions err on the unsafe side for stocky chords. On the other hand,
connection strengths predicted by the Kurobane approach (used throughout

45 r *
40t
AWS
35t . .*
*
3.0t > Y 4
o, .

257t :
201

1.5

TEST/ PREDICTION

1.0

L 4
>
O
o]

/,.

0.5
Kurobane
0‘0 A L 1 b A A J
0 20 40 60 80 100 120
do/ty
FIGURE 5.8

Ultimate strength predictions for planar K connections (Kurobane 1995)

173



this Design Guide) cluster closely about the 1.0 prediction line over the
whole range of do/tg, with a coefficient of variation of 9.4% (Kurobane 1995).

5.2.5 Fabrication Aspects

To avoid overlapping the branch members from one side plane onto
those of the other, it may be necessary to introduce an offset perpendicular
to the chord axis, as shown in Fig. 5.9. If the offset is less than 25% of the
chord diameter it may be ignored when designing the connections, branch
members and tension chord. However, moments due to the offset have to
be distributed into a compression chord and considered in the chord design,
(as for planar noding eccentricity moments).

Figure 5.10 (Wardenier et al. 1991) illustrates some geometric consid-
erations. If the offset option is selected, the transverse gap g; will be
increased. If a single working point is chosen for the four branch members,
the gap along the chord g will also increase with a larger g;. The effects of
g¢and g will be reflected in the connection resistance equations for the Type
1 and Type 2 failure modes. For the example in Fig. 5.10(b), the 50 mm
offset perpendicular to the chord axis results in a 43 mm eccentricity in
each of the planes of the web members.

If the two compression web members overlap each other and the two
tension web members overlap each other, as shown in Fig. 5.10(a), but there
is still a gap g along the chord between the tension and compression web
members (under symmetrical loading), then the combined “footprint” can
be treated as one unit and the KK connection checked for the Type 1 failure
mode (see Section 5.2.3). As noted there, this entails using the transverse

distance d] and the modified angle 67. The Type 2 failure mode (pinching

between a pair of braces loaded in the same sense) clearly can not occur
with an overlap as shown in Fig. 5.10(a).

5.3 Connections between Rectangular HSS

Less attention has been given to multiplanar rectangular (and square)
HSS connections than to multiplanar circular HSS connections, although
the former are now under study both experimentally and theoretically in a
European research program. As little test evidence exists for axial loading
on the branches, and even less for moment loading on them, the recommen-
dations below are confined to axially-loaded members only (as for multipla-
nar circular HSS connections).

5.3.1 XX, TX and TT Connections

Davies and Morita (1991) initially showed by yield line modelling that
little difference existed between the connection resistances of X and XX
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_— offset <0.25d,,

FIGURE 5.9
Transverse gap and offset for a KK connection

(b) e = 50

FIGURE 5.10
Geometry aspects of circular HSS KK connections
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connections, and similarly between the connection resistances of 90° T and
TT connections, with loads in the same sense. Strength enhancement was
very modest, unlike XX connections of circular HSS. This difference from
circular HSS connections can likely be attributed to the four flat rectangu-
lar HSS faces behaving somewhat more independently than the closed ring
shape of the circular HSS.

Subsequent experiments on XX connections (Liu et al. 1993) and TX
connections (Davies et al. 1993, Davies and Crockett 1996) have found that
loads in the same sense do produce a small connection strength increase,
while those in the opposite sense do cause a small connection strength
decrease (relative to the planar case), but the range of connection parame-
ters investigated is still limited. The act of welding brace members on in
the out-of-plane direction serves to stiffen and strengthen the rectangular
HSS side walls, merely by their physical presence regardlesss of the load

Type of Connection Correction Factor to Planar Connection Resistances
from Table 3.2 or Table 3.3

0.9

KK Also, for gap KK connections, check that:

2 2
Nogan | (Y < 1.0.
AO FyO AO Fyo/\/g

(V¢ is the total shear in the chord from both planes)

1.0 when Ny/N;<0 and By, pigne) > 0.85

XX, TX and TT 0.9 when Ny/N;<0 and B piane) < 0.85
1.0 when N2/N1 >0
(See Table 5.1 for Njand Ny)
Range of Validity
60° < ¢ < 90°

and b;/bg, h;/by (Tables 3.2(a) and 3.3(a)) 2 (0.1 + 0.015 by/ty)

TABLE 5.2

Correction factors for rectangular (and square) HSS
multiplanar connection resistances
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sense, particularly for larger B values (Liu et al. 1993, Davies et al. 1993,
and Davies and Crockett 1993, 1996).

Evidence at present suggests that no adjustment be made to the planar
connection resistance for multiplanar XX, TX and TT connections when all
the brace loads act in the same sense. For brace loads acting in the opposite
sense (i.e., No /N7 in Table 5.1 being negative), a multiplanar reduction
factor of at least 0.9 would be prudent for B, piane) <0.85 (Davies and
Crockett 1996). These factors are shown in Table 5.2.

5.3.2 KK Connections

Triangular trusses are frequently arranged in the form of a V that
combines one bottom chord with two top chords, as seen in Fig. 5.11. Square
chords have been used with web members framing on to the chord corners
by shaping the web member ends, as for the Minneapolis Convention
Center roof and the Minneapolis / St. Paul Twin Cities Airport skyway,
discussed in Section 4.3. However, it is less expensive to rotate the bottom
chord and to bevel cut the web ends so they land on the chord faces (Figs.
5.12 and 5.13). Purlins may not be necessary, as the top chords can be
spaced at a suitable distance for the roof deck, which can be fastened
directly to the flat surface of the chords. Incorporating diagonal members

KK-Connection

FIGURE 5.11
HSS triangular truss with two compression chords
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FIGURE 5.12
End view of KK connection to triangular truss tension chord

in the top plane of the triangular truss will increase torsional rigidity and
lateral strength.

Initial tests by Coutie et al. (1983) found slight decreases in chord face
strength for KK connections compared to planar K connections. Bauer and
Redwood (1988) tested low to medium width ratio (f) KK connections like
those in Fig. 5.12. They found that symmetrical loading (same sense) on
adjacent walls of the chord produceéd little interactive effect. Indeed, in
cases where the angle between web member planes (¢ in Fig. 5.12) was less
than 90° (leading to an increase in the effective value of B at the chord face),
and when the web members were attached to the chord face off-centre (as
drawn in Fig. 5.12), the strength of a triangular truss tension chord face
was greater than that of a planar truss chord face with the same size of
members.

Due to concern over the limited number of connection parameters
tested, it was recently suggested (Packer ef al. 1992) that a reduction factor
of 0.9 be applied to the uniplanar K connection design formulae (Tables 3.2
and 3.3) to account for multiplanar action under symmetrical load condi-
tions. Since then a further nine tests on rectangular HSS gap KK connec-
tions with @ = 90° have been performed by British Steel (Yeomans 1993)
and these have justified the reduction factor of 0.9, with the provision that
small braces (low ) are not used with thin chord members.

To avoid the latter situation, it was recommended that the lower limit
for the web to chord member width ratio be tightened from (0.1 + 0.01 bg/tg)
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FIGURE 5.13
Triangular truss KK connection with square HSS

to (0.1 + 0.015 bg/tp). In addition, Eurocode 3 (European Committee for
Standardization 1992) suggests that one always perform a chord shear
check for gap KK connections, even for square HSS members. These recom-
mendations are incorporated in Table 5.2.
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6

HSS TO HSS MOMENT CONNECTIONS

6.1 Vierendeel Connections between Square or Rectangular HSS

In this section, the behaviour, strength and flexibility of Vierendeel
connections are examined. In addition, an example truss is presented with
the members selected first with plastic design, and then with elastic design.

6.1.1 Introduction to Vierendeel Trusses

Arthur Vierendeel first proposed Vierendeel trusses in 1896. They are
comprised of chord members connected to web members which are nearly
always at 90° to the chords, as shown in Fig. 6.1. The typical design premise
with Vierendeel trusses has been to assume full connection rigidity, but this
is very rarely the case with HSS to HSS Vierendeel connections. Unlike
triangulated Warren or Pratt trusses, in which the connections approach a
pinned condition at their ultimate limit state and cause the branch mem-
bers to be loaded by predominantly axial forces, Vierendeel connections
have branch (web) members subjected to substantial bending moments as
well as axial and shear forces.

Until very recently, most of the testing performed on Vierendeel con-
nections has been on isolated connection specimens with a lateral load
applied to the vertical branch member while the connection is in an
inverted T position, as shown in Fig. 6.2. Thus, the connection strength and
moment-rotation behaviour have been assessed mainly by researchers
under moment plus shear loading.

Square and rectangular HSS single chord connections loaded by in-
plane bending moments have been studied by Duff (1963), Redwood (1965),
Cute et al. (1968), Mehrotra and Redwood (1970), Lazar and Fang (1971),
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FIGURE 6.1
Rectangular HSS Vierendeel trusses, Scotiabank building, Toronto, Ontario
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FIGURE 6.2

HSS Vierendeel connection types tested by Korol et al. (1977)
(Comments on reinforced types are in Section 6.4)

(a) Unreinforced
(b) With branch plate stiffeners (d) With haunch stiffeners
(c) With chord plate stiffener (e) With truncated pyramid stiffeners

Mehrotra and Govil (1972), Staples and Harrison (undated), Brockenbough
(1972), Korol et al. (1977), Korol and Mansour (1979), Giddings (1980),
Kanatani et al. (1980), Korol et al. (1982), Korol and Mirza (1982), Mang
et al. (1983), Davies and Panjeh Shahi (1984), Szlendak and Brodka (1985,
1986a, 1986b), Szlendak (1986) and Kanatani et al. (1986).

Researchers concur that both the strength and flexural rigidity of an
unstiffened connection decrease as the chord slenderness ratio bg/#g in-
creases, and as the branch to chord width ratio b1/¢¢ (or B) decreases.
Connections with = 1.0 and a low bg/¢g value approach full rigidity, but
all other unstiffened connections can be classed as semi-rigid.

185



6.1.2 Connection Behaviour and Strength

The connection ultimate moment capacity in tests is typically recorded,
and Korol et al. (1977) even develop an empirical formula for estimating
the maximum connection moment, but this moment typically occurs at
excessively large connection deformations. Thus, for all practical design
purposes, the moment capacity of a connection can be determined in a
manner similar to that used for axially-loaded HSS T connections,
whereby the strength is characterized by an ultimate bearing capacity or
by a deformation or rotation limit (Wardenier 1982). This design approach
is more apparent if one considers the possible failure modes for such
connections, which are shown in Fig. 6.3.

The failure modes represented in Fig. 6.3 presume that neither the
welds nor the members themselves are critical (e.g., local buckling of the

FIGURE 6.3

Possible failure modes for HSS connections loaded by
in-plane bending moments (Wardenier 1982)

(a) Chord face yielding (b) Cracking in chord
(c) Cracking in branch member (d) Crippling of the chord side walls
(e) Chord shear failure
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FIGURE 6.4

Yield line mechanism for chord face yielding under in-plane bending
(failure Mode (a))

branch is precluded). Cracking in the chord (chord punching shear) has not
actually been observed in any tests, and chord shear failure is strictly a
member failure, so analytical solutions for failure Modes (b) and (e) are not
considered herein.

For Mode (a), the moment capacity of connections with low to moderate
values can be determined by the yield line model in Fig. 6.4. Neglecting the
influence of membrane effects and strain hardening, the moment capacity
for a Y connection where 67 # 90° is given by Wardenier (1982):

4hy/b, 2(hy /by
N +
sin®vI-B  sin®e, (1-B)

MY = 0.5F nta2bg|1+ £,(n) [6.1]
rl y0to 90 2

for B<0.85.

The term fy(n) is a function to allow for the reduction in connection

moment capacity in the presence of large compression chord forces. Accord-
ing to de Koning and Wardenier (1985):

fo(n) = 1.2+[%Jn, but # 1.0

[6.1a]
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where n is negative and is the axial compression load in the chord expressed
as a fraction of the chord yield load, i.e.,

n = Ny/(4, FyO)' (The bending moment in the branch will be automat-
ically distributed to the chord member, on either side of
the connection, for equilibrium.)

For tension chords, f(n) = 1.0. Equation 6.1a is shown graphically in Fig. 6.5.

Nearly all Vierendeel connections have the branch to chord angle equal
to 90°, which simplifies [6.1] to

[6.2]

. 9 1 2 hq/by
My = Fyty" by [2h o(n)

+ +
/b N1-B (1-P)
for B <0.85.

For Mode (¢), an effective width approach is used to relate the reduced
capacity of the branch member (considered to be the same on the tension
and compression flanges of the branch member) to the applied branch
moment as follows (Wardenier 1982):

. b
M) = F, [zl - [1 - 53] bty (hy - tl)] [6.3]
1
1.0
A9 /
0.8 N
/06
%/
0.6
fa(n) x
%//
0.4
fy(n) =12+ (OTE’) n
0.2
0
-1.0 -0.8 -0.6 -0.4 -0.2 0
n
FIGURE 6.5

Connection strength reduction factor fy () as a function of the compressive load
in the chord expressed as a fraction of the chord yield load (n = No/Ag Fyo).
For chord tension loading, fy(n) = 1.0.
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The term b, in [6.3] is the effective width of the branch member flange,
and is given by

10 Fyto
¢ = bolty Fph

For Mode (d), a chord side wall bearing or buckling capacity can
conservatively be given by [6.5] (Wardenier 1982), which is illustrated in
Fig. 6.6:

M7 = 0.5F, ty(hy +5t)° [6.5]

This moment is derived from stress blocks of twice (two walls)
Fpto (h1/2 + 2.5tp) acting as a couple at centres of hy/2+2.51¢.

F}, is the buckling stress of the chord side walls, but since the compres-
sion is very localized, tests (de Koning and Wardenier 1985) have shown
that buckling is less critical for moment-loaded T connections than for
axially-loaded T connections. Hence, within the parameter range of validity
given later, the chord yield stress can be used instead of the buckling stress
for T connections. The fact that bearing rather than buckling will control
is also supported by Davies and Packer (1987), since the ratio of bearing
length (h1/2 + 2.5¢tg) to chord height (hg) is low. For X connections, Fyq is
reduced by 20% to be consistent with Table 3.3.

hy+5t,
R y
e -
> A

FIGURE 6.6

Chord side wall bearing or buckling failure model under in-plane bending
(failure Mode (d))
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Thus, for design purposes an estimate of the connection moment capac-
ity can be obtained from the lower of the M, values obtained from [6.2],
[6.3], and [6.5]. It can be seen that the moment capacity predicted by [6.2]
tends towards infinity as B tends towards unity, and so this failure mode
(which corresponds to a state of complete connection plastification and
hence high joint deformations) is not critical in the high B range. This
accounts for the B < 0.85limit attached to [6.2] and, for high B values, the
web crippling failure criterion expressed by [6.5] will likely govern.

From the above expressions for M,7 it can be seen that full width
(B = 1.0) unstiffened HSS Vierendeel connections are capable of developing
the full moment capacity of the branch member, providing bg/#g is suffi-
ciently low. For hg=bg=h1=>5b1 and hg/ty <16, the chord side wall web

crippling capacity is given by Wardenier (1982) for hot and cold formed
sections:

* 2
Mrl = 12Fy0t0 hl' [66]

For Class C or Class H material and hg/#g = 12, for example:

M} = 0.5F,ty (hy + 5ty)° (16.5])
05F - h 5hy ’ . ho hy
= 0.5F,qto|hq + 13 (smceto—lz—lz)
2
= Fytyhy

* 2
. Mrl = 12Fy0t0 hl

Since the plastic moment capacity of a square HSS branch member is
given approximately by

M, = 15b,°t, F, [6.7]
then,

M _ 8 Ftb 6.8]

My, " bolty Fyit

Therefore, for the same steel grades used throughout a truss and
B = 1.0, dimensional ratios of by/¢o =16 and ty/¢t; =2 will produce a connec-
tion with a moment capacity approximately equal to the plastic moment
capacity of the branch (Wardenier 1982). In this case the branch member
cross-section is fully effective (b, = b1 in [6.3] and [6.4]). The above is similar
to the recommendation by Korol et al. (1977) for Class H sections that
bo/ty be less than 16 with B =1 for full moment transfer to be assumed at
the connection.

190



Where necessary, the resistance factor ¢ is already included in the above
resistance expressions of M, for their use in a Canadian limit states design
format. Even though a rigorous evaluation of the proposed equations
against all available experimental data has not yet been performed, expe-

rience suggests that these proposed equations will prove to be practical
lower bounds on the connection moment capacity.

The expressions for M,] also have a limited range of validity which
corresponds to the limits of the test data against which the equations have
been checked. This validity range is

bolty <35
holty <35
6, =90°

F,; <355MPa

and the compression branch member is restricted to Class 1 sections.

The welds in HSS moment connections are loaded in a highly non-uni-
form manner, and should be capable of sustaining significant connection
rotations. To enable adequate load redistribution to take place, the size of
a fillet weld should be at least as large as that now specified for axially-
loaded connections to develop the capacity of a branch member, as per
CAN/CSA-S16.1-94, Clause 13.13.2.2. Under these provisions, with the
branch member at 90° to the chord, the weld throat thickness ¢,, amounts
to 1.10 times the branch wall thickness. (It is assumed that the HSS
material has a specified ultimate stress of 450 MPa, as has CAN/CSA-
G40.21, Grade 350W (CSA 1992).) Such fillet weld sizes are listed in Table
3-46 in the sixth edition of the CISC Handbook (CISC 1995). The reader is
referred to Section 8.2.4.2.1 for an in-depth discussion of fillet weld use on
HSS.

The previous expressions for moment capacity are based on moment
loading only, whereas in Vierendeel trusses significant axial loads may also
exist in the branch members. The effect of the axial load on the connection
moment capacity depends on the critical failure mode, and so a complex set
of interactions is developed. Consequently, Wardenier (1982) has conserva-
tively proposed that a linear interaction relationship be used to reduce the
in-plane moment capacity of a Vierendeel connection as follows:

ll* + A’I% < 1.0 [6.9]

Nl Mrl

N1and Mgy are the applied axial load and bending moment respectively

in the branch member, M,] is the lower of the values obtained from [6.2],

[6.3] and [6.5], and Ny is the connection resistance with only an axial load
applied to the branch member.
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The resistance of an HSS T connection under branch member axial load
is given and discussed in Chapter 3, but is reproduced below for the most
relevant case of B~ 1.0. There are two failure modes to be checked. Web
crippling of the chord member side walls is again the likely governing
failure mode, and can be estimated by (IIW 1989):

where Fp, is determined as in Table 3.3. The value for Fy in [6.10] assumes
that the branch member is in compression; if the branch is in axial tension,
F}, =F,, which corresponds to chord wall tensile yielding. The other failure
mode to check, for an HSS T connection with B = 1.0, is premature failure of
the branch member. This is also termed an “effective width” check on the
branch member, and is expressed by (IIW 1989):

Ny = Fy t1(2h - 4t1+2b,) [6.11]

where b, is given by [6.4]. Thus the connection resistance as an axially-loaded

HSS T connection, for p ~ 1.0, will be given by the lower of the N; values from
[6.10] and [6.11].

6.1.3 Connection Flexibility

In the foregoing, it was shown that unstiffened HSS connections with
B=1.0 and certain bg/ty and #y/¢; values could achieve the full moment
capacity of the branch member, but it should be remembered that any

connection moment resistance calculated (M,;) must be reduced to take
account of the influence of axial load in the branch member (see [6.9]). Such
connections which still develop a moment resistance which exceeds the
moment capacity of the branch member can be considered as fully rigid for
the purpose of analysis of the Vierendeel truss. All other connections,
should be considered as semi-rigid.

To analyze a frame which is connected by semi-rigid connections, one
needs the load-deformation characteristics of the connections being used.
These can be obtained from finite element analysis, laboratory tests or
published databases.

6.1.4 Design Example

The Vierendeel truss shown in Fig. 6.7 is to be designed for a factored
panel point load P of 17 kN. All the connection points are laterally braced,
perpendicular to the truss, by secondary members. The top and bottom
chord members will be the same, and one section size will be used for all
web members. All steel used has a yield stress Fy of 350 MPa. A statically
admissible set of moments and shears follows in Fig. 6.8.
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6.1.4.1 Plastic Design of Members

All members are loaded in double curvature, and plastic hinges will
occur at the connections. Thus, the maximum unbraced length for chord
members is 3 000 mm, and for web members 2 500 mm. By CAN/CSA-516.1-
94 the maximum unbraced length from a braced hinge location is given by
Clause 13.7

980r
L, = —qiil for x > 0.5 [6.12]
where ¥ is the ratio of the smaller factored moment to the larger factored
moment at opposite ends of the unbraced length, and is positive for double

curvature. Hence, x = +1.0 for all members, and L., is given by [6.12].

However, it should be noted that this restriction is not intended for
application to square and circular sections, nor for rectangular sections
bent about their minor axis, as lateral-torsional buckling of these flexural
members need not be considered. Some steelwork design specifications (for
example, AISC (1993) LRFD Clause F1) specifically point out this exclusion
for these particular cross-sections.

Try HSS 152x152x9.5 for the chords
(Note that bg/tg = 152/9.563 = 15.9 < 16.)

Check that this section is Class 1 (suitable for plastic design) at the
worst axial load condition of Cr =5.1P =86.7kN, using CAN/CSA-
S16.1-94, Clause 11.3.

P P P P P

0.5P 0.5P

\ 4 \ 4 VL \ 4 4 \ 4 A
B c E G [ K M |

2500
A D F H J L N l
A A
6 x 3000
3P 3P
FIGURE 6.7

Example Vierendeel truss
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1 0.5P 1 P P 1 P
- A -15P H39P \#'5”’ 4]
\ - I
1.25P 0. 75P 0. 25P 0.25P
-1.75P -0.5P -0.5P -0.5P
1.25P 0.75P 0.25P 0.25P
_ (h1sPy \#391’ \#52 _
N

AN o
Z t
SP? |

P kN
Member axial forces and chord shear forces

¢

1.875P 1.875P 1.125P 1.125P 0.375P 0.375P ' 0.375P
\ 4 \ 4 \ 4 ' »
1875p[ 7 \ y X y \ i
i 1" 3p ~1"1.5P
— |~ 15P — ™~ 24P —{~ 12p —~ 0
e . I . B
P 3P A1~ 1.5P a1~
1.875P \ 4 \ 4 \ 4 Y
y \ y \ y \ /
1.875P 1.875P 1.125P 1.125P 0.375P 0.375P 0.375P

M :kKN'm
Bending moments and web member shear forces

FIGURE 6.8

Forces and moments within Vierendeel truss
(shown applied to nodes)
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For Class 1:

420 420
b/t £ —= === =224
VF,  ~N350

where b = flat width of the tube flange.
Assume an outside corner radius of 2¢.

b/t = (152-4(9.563))/9.53 =12.0 <224 . OK

Also for Class 1:

5
hiw < 2290 [1—0.39{—’”]}
Cy

86.7
(1 - 0.39 [5 210 (0.350)]] =577

e

110

<

g

where

h = clear height of the web between flanges of the member
w = web thickness (= %)

sohlw =(152-2(9.53))/9.563 =140 <57.7 ..0OK

Further,

maximum Mfo =1.875P =1.875(17) =31.9 kN-m.
M, =62, FyO =0.9(275)0.350 =86.6 kN-m >319 .OK

Therefore, HSS 152x152x9.5 is Class 1, and is suitable for the chords.

Try HSS 152x152x6.4 for the web members

(Note that p = 1.0.)

b/t=(152~4(6.35))/6.35 =20.0 <224 . OK
Maximum Cfl =1.75P =29.8kN

1100 29.8
hiw < 1-039 —=2°___ | _583
W= 350 [ 3610 (0.350)]

hlw = (152-2(6.35))/6.35 =22.0 <583 . OK
Maximum Mfl =3P =317 =51.0kN-m
M,=02 Fyl =0.9(195)0.350 =61.4kN-m =251.0 ..OK
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Therefore, HSS 152x152x6.4 is Class 1, and is suitable for the webs.

Reductions in plastic moment capacity due to axial force or shear force
can be shown to be negligible (Horne and Morris 1985).

Plastic collapse mechanism

Figure 6.9 illustrates the collapse mechanism. Let A" be the additional
multiplication factor by which the already factored loads have to be
increased to cause plastic collapse. By the principle of Virtual Work,

17X (36 +66 + 60 + 60+ 36) = 86.6(46)+61.4(86)
and A =2.05.

Therefore, adequate reserve capacity exists for ultimate strength, as
A= 1.0.

Connection capacity check
As B is 1.0, the moment resistance of the connection could be limited
by Mode (¢), cracking in the branch member, or Mode (d), chord side
wall buckling.

Mode (c)

., b,
M:l = Fyl |:Z1 - [1 - B—J bl tl(hl - tl)‘| ([6.3])
1

o D
an}
]
S
D
D D

FIGURE 6.9
Plastic collapse mechanism
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10 ‘%o

10 9.53
~ 152/9.53 [6.35J 162.4 =143 mm
. 3 143 3
o M)y = 0.350| 195 (10%) - | 1 - 755|152 (6.35) (152~ 6.35) | /10
— (0.350 kN/mm?) (186 mm?m)
= 65.1kNm >51.0 . OK
Mode (d)

For Class C or Class H,
MY = 0.5(0.350)9.53 (152 + 5 (9.53))%/10°
66.7kN-m >51.0 . OK

Therefore, the limiting connection moment resistance would be deter-
mined by failure Mode (¢) and is 65.1 kN-m. However, this connection
resistance is greater than the resistance of the member itself (61.4
kN-m), so the connection moment resistance would be limited to

M)} = 61.4 kN-m.

Now check that the moment and axial force interaction is satisfied
according to

N, M
—Li—L<10 (6.9
Nl Mrl

1t will be assumed that Class C sections are chosen.

Fp, the buckling stress of the chord side walls is required in order to
evaluate N1, and this can be determined by considering each chord side

wall to be a pin-ended strut of length (hg — 2¢¢) and having a radius of
gyration of ty/3.46 (Packer 1984). Thus, assuming that a Grade 350W

Class 1, 2 or 3 HSS section is being used, Fj can be determined from
CAN/CSA-S16.1-94, Clause 13.3.1 (with coefficient n = 1.34 for HSS
manufactured to Class C requirements) as follows:
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0.5
r o [ | KL
kan r

B ( 350 ]0'5 3.46 (hy - 2tg)

3.142 (200) 10® t
~ 152-2(9.53)
= 0.0461——— = = 0.643
_l/n
F, =C/0A =F (1+x2")
k r y0
_1/ 3
= 350 (1+0.6432(1'34)) e
= 287 MPa
Ny = 2F to(hy+5tp) ([6.10))
= 2(0.287)9.53 (152 + 5 (9.53)) = 1090kN
or
Ny = F, t,(2h; - 4t,+2b,) ([6.11])
[4
b, = 10 “ b; =143 mm, as before
by/ty t

~ N{ = 0.350 (6.35) (2 (152) - 4 (6.35) + 2 (143))
= 1260 kN )
Therefore, governing value of N 1* = 1090 kN.
Hence, one should check the connections to the outside posts
(maximum axial compression force of 1.75P =29.8kN), and the
connections to the most critical interior vertical (having a maxi-
mum moment of 3P =51kN-m).
For outside posts:
(29.8/1090) + (31.9/61.4) = 0.03 + 0.52
=055 <10 .~ OK
For interior verticals:
(8.5/1090)+ (51.0/61.4) = 0.01+0.83
=084 <10 . OK

Therefore, connection resistance is adequate; the truss is satisfactory.
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6.1.4.2 Elastic Design of Members

Use CAN/CSA-S16.1-94, Clause 13.8.1 to check the top chord as a
beam-column.

Axial force plus bending combination is

o UnMp _
CrO MrO

Check overall member strength of length in end panel

Cpy =1.5P =1.5(17) = 25.5 kN
C,, =1290kN (K =1.0 for 816.1, Clause 13.8.1(b), and L = 3 000)

®
U = — (816.1, Clause 13.8.3)

Since there are no transverse loads between panel points,

o; = 06-04x =04 (S16.1, Clause 13.8.4(a))

= 06-04(+1.0) = 02 . 0=04
c, - n2£271
L
= 3.14% (200) 17.3(10°)/3000% = 3 790 kN
- Uy = 0.4/(1-(25.5/3790)) = 0.403

Mg, = 1.875P =1.875 (17) =31.9 kN-m

My =02ZyF,, =86.6 kN'm, as earlier
C UM

Therefore, combination _fo 1770
CrO MrO

(25.5/1290)+ (0.403 (31.9)/86.6)
0.020+0.148 =0.17 <1.0 . OK

Check cross section strength of length in end panel

Cro = 0AgF,y = 0.9(5210)0.350 = 1640kN
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U, =10 (S16.1, Clause 13.8.1(a))
Mfo = 31.9kN-m and M, = 86.6kN-m
. combination = (25.5/1640)+ (1.0 (31.9)/86.6)
= 0.016+0.368 = 0.38 <10 ..OK

Therefore, bottom chord will also be adequate.

Use S16.1, Clause 13.8.1 to check vertical web members as beam-columns.

Check overall member strength of first vertical from end

Cro = 0.5P = 0.5(17) = 8.5kN
C., = 984kN (L =2500)

0y
Ul =

%o

1-T

e

n’El
L2

3.142 (200) 12.6 (10°)/2500% = 3 980kN

o U; = 0.4/(1-(8.5/3980)) =0.401

My, = 3P = 3(17) = 51.0kN'-m
M,y = ¢ ZyF)y = 61.4kN-m, as earlier

CrO M r0

Therefore, combination

(8.5/984) + (0.401 (51.0)/61.4)
0.009+0.333 =034 <10 . OK

Check cross section strength of first vertical from end

Crp = 0AgF,g = 0.9(3610)0.350 = 1140kN
Ul = 1.0

Mfo = 51.0kNm and M,; =61.4kNm
.. combination = (8.5/1140)+ (1.0 (51.0)/61.4)
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= 0.007+0.831 =0.84 <1.0 .. OK

Hence, the members would also be suitable by elastic design proce-
dures. By either design method, the chord thickness is still enhanced to
provide adequate connection strength. The end connections (at A, B, M and
N) can be made by welding the vertical posts to the chords to form T
connections, and then adding capping plates to the ends of the chord
sections.

6.2 Knee Connections

Research on mitred square and rectangular HSS knee connections (such
as those in Fig. 6.10) has been performed by Mang et al. (1980) at the
University of Karlsruhe and subsequently incorporated into the German
standard DIN 18 808 (1984). Their recommendations have also been re-
ported by Wardenier (1982), CIDECT (1984), and Dutta and Wiirker (1988).
They cover both stiffened and unstiffened knee connections, and are in-
tended for use in corner connections of rigid frames.

The original test results and moment vs. rotation diagrams are not
widely available, but DIN 18 808 makes its design recommendations appli-
cable for “flexurally rigid frame corners”. However, it could be expected that
the rotation capacity of some unstiffened connections might be low, and in
structures in which reasonable rotational capacity is required, a stiffened
knee connection should be used (Wardenier 1982). In the Karlsruhe tests,
simple unstiffened knee connections tended to fail by excessive deformation
of the lateral HSS cross-wall in compression.On the other hand, for connec-
tions with a stiffening plate, excessive deformations appeared only for very
thin walled members.

For thicker hollow sections, complete plastification was reached in the
course of the tests (CIDECT 1984). Table 6.1 (adapted from DIN 18 808)
gives the limiting HSS member dimensions which are permitted. In view
of the uncertain moment vs. rotation properties, it would seem prudent to
use, for unstiffened connections, only compact HSS members which satisfy
plastic design requirements for rigid frames (i.e., Class 1 sections).

Analysis of the test results showed that, for design purposes, it was
possible to estimate the total flexural and axial load capacity of the connec-
tion by applying a reduction factor to the material yield stress. Thus,
adequate connection strength will be obtained for both stiffened and un-
stiffened 90° mitre connections providing [6.13] and [6.14] are satisfied
(DIN 18 808 1984; Eurocode Committee for Standardization (1992a).

< o fori=1and2 (see Fig. 6.10) [6.13]

St
+
El=
/\N H
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(a) Unstiffened (b) With a transverse stiffening plate

FIGURE 6.10

Details of square and rectangular HSS knee connections
(from DIN 18 808, 1984)

A

b;, h; < 400 mm, if stiffening plate is used (Fig. 6.10(b))

b;, hi < 300 mm, if stiffening plate is not used (Fig. 6.10(a))
0.33 < h;/b; < 3.5

2.5 mm < ¢; < 25 mm, for Grade 350 HSS

b;/t;, hilt; < 36, for Grade 350 HSS, if stiffening plate is used

b;/t;, h;/t; to meet Class 1 requirements if stiffening plate is not used

TABLE 6.1

Ranges of validity for HSS member dimensions in 90° mitred knee connections
(adapted from DIN 18 808, 1984)
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N,; is the axial yield resistance ¢ A; F,; of member i, and M,; is the

factored moment resistance of member i. The term « is a stress reduction
factor which can be taken as 1.0 for mitre connections with stiffening
plates. For mitre connections without stiffening plates, o is a function of
the cross-sectional dimensions and is given in Figs. 6.11 and 6.12. Also for
connections without stiffening plates, N; should not exceed 0.2N,; (Euro-
pean Committee for Standardization (1992)). The shear force acting at the
connection Vy; should also meet the requirement (European Committee for
Standardization (1992)):

‘—/& < 0.5 [6.14]

Vo
where V), is the shear yield resistance in the member under consideration.
This can be taken as F,,/ V3 multiplied by the cross-sectional area of the HSS
webs (2 h; t;). If [6.14] is not satisfied, the connection strength could still be
deemed adequate, providing the combined stress does not produce failure
according to the Von Mises failure criterion; in doing this check, the normal
stresses (axial and bending) should be increased by a factor of 1/0.

For stiffened knee connections, the plate size should comply with the
European Committee for Standardization (1992):

t, 2 1.5¢; (i=1lor2),and t, 2 10 mm. [6.15]

35
0=1.0[09 on

|

‘
\it72

N srs
=

15
195
1.0 // A/
5 10 15 20 25 30
b/t
FIGURE 6.11

Stress reduction factors o, for rectangular HSS subjected to bending about the
Major Axis in 90° unstiffened mitred knee connections (DIN 18 808 1984)
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The fabrication details shown in Fig. 6.10 should be followed, with ¢,
being the weld throat thickness. According to DIN 18 808, the welds can be
considered a “pre-approved” size when the throat thickness is equal to the
connected wall thickness, plus the factor o (for unstiffened knee connec-
tions) is £ 0.71 for Grade 350 HSS. (According to CAN/CSA-S16.1-94, the
pre-approved fillet weld throat size would be 1.10 times the HSS wall
thickness, for Grade 350 HSS, as discussed in Section 6.1.2.)

Since obtuse-angle (i.e., 8 > 90° in Fig. 6.10) knee connections behave
more favourably than right-angle connections, the same design checks can
be undertaken for them as for right-angle knees (CIDECT 1984). For
unstiffened knee connections with 90° < 6 < 180° this strength enhance-
ment can be used to advantage in [6.13] by increasing the value of o as
follows:

0
o=1- (\/5 cos -2—] (1 - oc9=90) [6.16]
Olg-gg is the value obtained from Figs. 6.11 and 6.12.

An alternative form of connection reinforcement (other than a trans-
verse stiffening plate) is a haunch on the inside of the knee. This haunch
piece needs to be the same width as the two main members, and can easily
be provided by taking a cutting from one of the HSS sections. Provided the
haunch length is sufficient to ensure that the bending moment does not
exceed the section yield moment (S; Fy;) in either main member, the con-
nection resistance will be adequate and does not require checking (CIDECT
1984).

"THITTTT] b

1
2.5 068 I

|
A

—
o

1.5

5 10 15 20 25 30 35 40 45
b/t

FIGURE 6.12

Stress reduction factors o for rectangular HSS subjected to bending about the
Minor Axis in 90° unstiffened mitred knee connections (DIN 18 808 1984)
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6.3 In-Plane and Out-of-Plane Moments for T and X Connections

Bending moments in the plane of the structure, and out of the plane of
the structure are considered in the following sections.

6.3.1 In-Plane Bending Moments for Rectangular HSS
T Connections

The design criteria for square and rectangular HSS 7T connections with
the branch member subjected to an in-plane bending moment My; are

described in Section 6.1.2 under the topic of Vierendeel connections. To
summarize, the moment resistances can be calculated as follows:

(a) For B < 0.85, design is governed by chord face yielding, with the

connection moment of resistance given by:

* 1 2 hy/bg
M) =F,t.2h + +
rl y0*0 1 (2h1/bo 1-B8 B (- B)

J fo(n) (I6.2])

where fy(n) is given by [6.1a].

(b) For 0.85 < B < 1.0, design is governed by the more critical fail-
ure mode between 1) the reduced branch member capacity (an
“effective width” failure mode) and 2) the chord side wall bearing
or buckling capacity.

For “effective width” failure:

b
M = Fy, {Zl‘(l—b_e]bltl (h1—t1)} (16.3D)
1

In [6.3], Z1 is the plastic section modulus about the correct axis of
bending. The term b, is defined by [6.4].

For chord side wall failure:
M} = 0.5F, iy (hy +5t9)°  ([6.5))
where I}, = FyO

X Connections

The design criteria for square and rectangular HSS X connections
subjected to equal and opposite (self-equilibrating) in-plane bending mo-
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ments (Mg) applied to the branch members are the same as those given
above for T connections, with one exception. The difference is that the
buckling stress for the chord side wall failure mode Fj, should be reduced
to 0.8 Fyp .

In-plane bending plus axial loading

For rectangular HSS connections loaded by a combination of in-plane
bending moments plus axial loads, one should check the adequacy of the
connections using [6.9].

6.3.2 In-Plane Bending Moments for Circular HSS
T, Y and X Connections

The design criterion for circular HSS 7, Y and X connections with the
branch member subjected to an in-plane bending moment My is chord
plastification according to [6.17] below, but also subject to a general punch-
ing shear check according to [6.18] (Wardenier et al. 1991):

f(n)

® 2.05
My = 4.85Fte" Y *Bdy o [6.17]

where f(n’) is given by Table 3.1.

Punching shear check, for d; < dg— 2¢;:

u _Fy g [1+3sind;

= thd? |———— [6.18]
1 V3 0t \ 4sin261)

In a manner similar to axially loaded connections (Chapter 3), the above
connection moment resistance expressions can be presented as the effi-
ciency design chart given in Fig. 6.13 (Wardenier et al. 1991).

Figure 6.13 gives the uncorrected connection moment efficiency C;pp
which must be adjusted as shown on the figure to obtain Mr*llMpl the

connection moment resistance divided by the plastic moment capacity of
the branch member.

If rigid connections are required, such as for Vierendeel trusses and
portal frames, it is recommended that 3 be approximately 1.0 or that low
do/ty ratios be used in combination with high ¢g/¢; ratios. Connections
which do not meet these criteria would be classified as semi-rigid and the
connection rotational stiffness may have a considerable influence on the
moment distribution in a statically indeterminate structural system (War-
denier et al. 1991).
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FIGURE 6.13

Efficiency of circular HSS T, Y and X connections under in-plane bending

6.3.3 Out-of-Plane Bending Moments for Rectangular HSS

T Connections

For square and rectangular HSS T connections with the branch mem-
ber subjected to an out-of-plane bending moment (M,;), such as shown in
Fig. 6.14, there is very little test evidence available to support any design
models. However, one can postulate analogous failure modes to those
described before for in-plane moment loading, which has been done by the
European Committee for Standardization (1992) and AWS (1996).

(@) For B < 0.85,design would likely be governed by chord face yield-
ing as shown in Fig. 6.14. For this yield line mechanism

. 2(h1 1+ . [Zob; (1+B))
Moprl = Fyo to k 2 (1—B) + 1—B ) fz(n) [619]

where fy(n) is given by [6.1a].

(b) For 0.85 < B < 1.0,design would likely be governed by the more
critical failure mode between 1) the reduced branch member capac-
ity (an “effective width” failure mode) and 2) the chord side wall
bearing or buckling capacity (see Fig. 6.15), providing rhomboidal
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~ --:‘-’ﬁ:"'——.b Mopi
—— Hogging vyield lines
------ Sagging vyield lines

FIGURE 6.14

T Connection subject to an out-of-plane bending moment
showing chord face yielding failure mode for p < 0.85

FIGURE 6.15

T Connection subject to an out-of-plane bending moment showing the
basis of design models for: (a) effective width failure mode
(b) chord side wall failure mode
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distortion of the chord section is prevented (possibly by the use of
diaphragm stiffening).

For “effective width” failure:

My = Fyy (Zy-0.5t)(by - b)) [6.20]
In [6.20], Zq is the plastic section modulus about the correct axis

of bending and Class 1 sections should be selected for the branch
member. The term b, is defined by [6.4].

For chord side wall failure:

My, = Fjtg (R +5tg) (g~ t) [6.21]
The term F}, is the compression buckling stress of the chord side

walls for T connections, as determined from the Functions portion
of Table 3.3.

X Connections:

One could speculate that the design criteria for square and rectangular
HSS X connections subjected to equal and opposite (self-equilibrating)
out-of-plane bending moments (M,,;) applied to the branch members are
again the same as those given above for T connections, with one exception.
The difference is that the buckling stress for the chord side wall failure
mode F should be the reduced value for X connections specified in the
Functions portion of Table 3.3.

6.3.4 Out-of-Plane Bending Moments for Circular HSS

T, Y and X Connections

The design criterion for circular HSS 7, Y and X connections with the
branch member subjected to an out-of-plane bending moment M,; is chord
plastification according to [6.22] below, but also subject to a general punch-
ing shear check according to [6.23] (Wardenier et al. 1991):

M} | = F gt .
opr1 = Fy0%0 [1 ~0.81 B] sin®; 1 [6.22]
where (') is given by Table 3.1.
Punching shear check, for d; < dg—2¢:
F 0 3 + sin 91
MY =Lt d?|—— .
oprl = 3 "0 ™1 [4 sin 6, ] [6.23]
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In a manner similar to axially loaded connections (Chapter 3), the above
connection moment resistance expressions can be presented as the effi-
ciency design chart given in Fig. 6.16 (Wardenier et al. 1991).

Figure 6.16 gives the uncorrected connection moment efficiency Copp
which must be adjusted as shown on the figure to obtain Mo*p,.l/Mpl the
connection moment resistance divided by the plastic moment capacity of
the branch member. '

A comparison of Fig. 6.16 with Fig. 6.13 shows that in most cases the
in-plane bending moment resistance is considerably better than the out-of-
plane bending moment resistance for circular HSS connections.

Combinations of bending moment plus axial loading

In some structures, connections may be loaded by combinations of axial
loads and bending moments. Several investigations have been carried out
to study this problem and as a result many interaction formulae exist. All
investigations have shown that in-plane bending is less severe than out-of-
plane bending and a reasonable simplified lower bound interaction function
for circular HSS is given by (Sedlacek et al. 1989, Wardenier et al. 1991):

1.0 15
09 dy/tg
0.8
. , 20
07 Moprl - s F&O o t(®) /
. ) My P Kyt sin
: 25
& 06 \ < /
>
© o5 N / » 30
o NN\ % / w0
2 0.4 AN \\\\ ]
= 50
- \\\\\ 7
0.2
0.1
0
0 01 02 03 04 05 06 07 08 09 10
B
FIGURE 6.16

Efficiency for circular HSS T, Y and X connections under out-of-plane bending
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2
N, (M M,
L (—f—q + (—"‘i) < 1.0 [6.24]

* *

]\'71’k kMrlj k oprl)

6.4 Reinforced Connections between Rectangular/Square HSS

In Section 6.1.1 it is noted that Vierendeel-type connections subjected
to in-plane moment loading approach full connection ridigity when B = 1.0
and by/ty has a low value. Furthermore, in Section 6.1.2 it is shown that
connections with B=1.0, by/tg=16 and ty/{; =2 will develop a moment
resistance approximately equal to the plastic moment capacity of the
branch. Unstiffened connections which do not meet the criteria of B~ 1.0
and bg/ty < 16 can be classified as semi-rigid. For such semi-rigid connec-
tions, Figs. 6.2(b) to (e) illustrate various stiffening methods which have
been used to achieve full rigidity. From these alternatives, Figs. 6.2(c) and
(d) are recommended since the resistance of Fig. 6.2(b) is limited by the
“effective width” criterion and Fig. 6.2(e) is rather expensive to fabricate.
Design recommendations for connection types illustrated by Figs. 6.2(c)
and (d) are given in Chapter 9, Section 9.2.3.
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7

BOLTED HSS CONNECTIONS

7.1 Circular HSS Flange-Plate Connections

Tubular flange-plate connections under tensile loading as shown in Fig.
7.1 have been studied by a number of HSS researchers since Rockey and
Griffiths (1970), and many of these investigations are cited elsewhere
(Stelco 1981, Dutta and Wiirker 1988, and Packer et al. 1989). Early
structural design methods attempted to reduce prying forces at the flange
extremity to zero by providing the connection with thick rigid flange plates,
as was the procedure for mechanical pipe flanges. More economical struc-
tural connections can be obtained if prying action is permitted at the
ultimate limit state with the connection proportioned on the basis of a
failure mechanism involving yielding of the flange plates.

a
_ M b
d;
<4 - - - - —bN
N; ] N i
tiT
L
t t,
] | et
FIGURE 7.1

Bolted circular HSS flange-plate connection
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Such an analysis has been performed by Igarashi et al. (1985) in Japan,
on both reinforced and unreinforced flange-plate connections in conjunction
with experimental verification. However, the addition of welded rib plates
in an attempt to decrease the required flange plate thickness is not recom-
mended, as such reinforcing adversely induces local bending in the tube
walls at the top of the ribs. This movement of the rib plates can be prevented
by a further stiffener ring around the tube at the end of the ribs, but such
a highly fabricated connection will be quite expensive.

Flange plate thickness for unreinforced flanges is given by Igarashi et
al. as
2N;
t,> \————
g OF,m fs
where ¢ = 0.9, and the connection geometry parameter f3 is given in
Fig. 7.2. More exactly, f3 is defined by

fy = 1 (ks \RE =4k, ) [7.2]
2k,

[7.1]

*

r

where £, = In [r—zj (In = natural logarithm)
3

r2:E+b r3=T and k3=k1+2.

The dimension b (Fig. 7.1) should always be kept as low as possible
(around 1.5d to 2.0d), but the clearance between the nut face and the weld
should not be less than 5 mm.
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FIGURE 7.2
Parameter f3 for use in equations 7.1 and 7.3
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Equation 7.1 will result in flange plate thicknesses considerably less
than those recommended earlier by Timoshenko and Woinowsky-Krieger’s
(1959) elastic analysis.

Igarashi et al. provide a method compatible with [7.1] for determining
the required number of fasteners:

pe iy L, 1 (7.3]

where

In = natural logarithm
d; d;

a=> (see Fig. 7.1) and ¢ = 0.90.

This method presumes that the flange is continuous, the bolts are
arranged symmetrically and the connection is predominantly statically
loaded.

Equations 7.1 and 7.3 have been used to design a series of optimized
flange connections, with 300 MPa plates, which will develop the tensile
resistance of circular HSS sections. Results are shown in Tables 7.1(a) and
7.1(b) for A325M and A490M bolts respectively. CAN/CSA-S16.1-94 defines
in Clause 22.5 that minimum bolt spacing be 2.7 times the bolt diameter.
Implicit in these connection details is an allowance for prying forces
amounting to 1/3 the total bolt force at the ultimate limit state, and the
assumption that the tube yield strength is fully developed by the welds.

A worked example is presented in Section 13.3.8.
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Flange and bolt details for circular HSS flange connections to develop
section capacities for HSS F, = 350 MPa and plate F,, = 300 MPa

218

HSS PLATE BOLT No. of |EDGE HSS PLATE BOLT No. of |EDGE
SECTION| THICK |DIAMETER| BOLTS| a=b || SECTION | THICK |DIAMETER{ BOLTS|a=b
27x25 8 16 4 25 168 x 4.8 18 20 10 30

x3.2 10 16 4 25 x 6.4 22 20 13 40
x 8.0 25 24 12 40
33x25 10 16 4 25 x9.5 28 27 1 45
x 3.2 10 16 4 25
219x 4.8 18 20 13 30
42x25 10 16 4 25 x 6.4 25 22 15 40
x 3.2 10 16 4 25 x 8.0 28 24 15 45
x 9.5 30 30 12 45
48x2.8 10 16 4 25 x 11 35 36" 9 55
x 3.2 12 16 4 25 x13 40 36* 10 70
x 3.8 12 16 4 25
x4.8 14 16 4 30 273x 6.4 22 22 18 35
x8.0 28 27 15 45
60 x 3.2 12 16 4 25 x9.5 35 30 14 60
x3.8 12 16 5 25 x 11 35 36" 12 55
x 4.8 14 16 6 25 x 13 40 36" 13 65
x6.4 16 16 7 25
324x6.4 25 24 18 40
73x3.2 12 16 5 25 x 8.0 28 27 18 45
x 3.8 14 16 6 25 x9.5 35 30 17 55
x4.8 14 16 7 25 x 11 35 36* 14 55
x 6.4 18 16 9 25 x 13 45 36* 16 70
89x3.8 14 16 7 25 356 x 6.4 25 24 20 40
x4.8 16 16 8 25 x 8.0 30 27 20 50
x6.4 18 20 7 30 x9.5 35 36" 13 55
x 8.0 22 20 8 40 x 11 38 36" 15 60
x 13 45 36" 17 70
102x 3.8 14 16 8 25
x 4.8 16 16 9 30 406 x 6.4 25 24 23 40
x 6.4 20 20 8 30 x 8.0 28 30 18 45
x 8.0 22 22 8 35 x 9.5 35 36* 15 55
x 11 40 36" 18 70
114 x4.8 16 16 11 25 x13 45 36* 20 70
x 6.4 20 20 9 30
x 8.0 22 22 9 35
141 x4.38 16 16 13 25
X 6.4 20 20 11 30 * Confirm availability of
x8.0 25 24 10 40 Eggtsei?ndgfssstlr?él'ggtor.
x9.5 28 27 9 45
TABLE 7.1(a): A325M Bolts




HSS PLATE BOLT No. of |EDGE HSS PLATE BOLT No. of |[EDGE
SECTION| THICK |DIAMETER|BOLTS | a=b | SECTION | THICK |DIAMETER| BOLTS|a="b
27x25 8 16 4 25 168 x 4.8 16 16 13 25

x 3.2 10 16 4 25 x 6.4 20 20 11 30
x 8.0 25 20 13 35
33x2.5 10 16 4 25 x 9.5 28 22 13 40
x 3.2 10 16 4 25
219x4.8 18 16 17 25
42x2.5 10 16 4 25 x 6.4 20 20 14 30
x 3.2 10 16 4 25 x 8.0 25 22 15 35
x 9.5 30 24 15 45
48 x 2.8 10 16 4 25 x 11 32 27 13 45
x 3.2 12 16 4 25 x 13 35 30" 12 50
x 3.8 12 16 4 25
x 4.8 14 16 4 25 273x6.4 22 20 18 30
x 8.0 25 22 18 35
60 x 3.2 12 16 4 25 x 9.5 32 27 14 50
x 3.8 12 16 4 25 x 11 35 30" 14 50
x 4.8 14 16 5 25 x 13 38 30" 15 60
x 6.4 16 16 6 25
324 x6.4 22 22 17 35
73x3.2 12 16 4 25 x 8.0 28 24 18 40
x 3.8 14 16 5 25 x9.5 30 27 17 45
x 4.8 14 16 6 25 x 11 35 30* 16 50
x 6.4 18 16 7 25 x 13 38 36" 13 55
89 x 3.8 14 16 6 25 356 x 6.4 25 22 19 35
x 4.8 16 16 7 25 x 8.0 28 24 20 40
x 6.4 18 16 9 25 x 9.5 32 27 19 45
x 8.0 20 16 11 30 x 11 38 30" 18 60
x13| 38 36* 14 55
102 x 3.8 14 16 6 25
x 4.8 16 16 8 25 406 x 6.4 25 22 22 35
x 6.4 18 16 10 25 x80| 28 24 23 45
x 8.0 22 20 8 30 x 9.5 35 30* 17 60
x 11 38 36 14 55
114x4.8 16 16 9 25 x 13 40 36" 16 55
x 6.4 18 16 11 25
x 8.0 22 20 9 30
141 x 4.8 16 16 11 25
X 6.4 18 16 14 25 * Confirm availability of
ol = | om || ety o
x 9.5 25 22 11 35 |
TABLE 7.1(b): A490M Bolts

Flange and bolt details for circular HSS flange connections to develop
section capacities for HSS F, = 350 MPa and plate F, = 300 MPa
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7.2 Rectangular HSS Flange-Plate Connections

Rectangular (including square) flange-plate connections have generally
been bolted along all four sides of the HSS; however, the option of bolting
along only two sides as seen in Fig. 7.3 has been investigated during the
1980’s, and shown to be effective.

7.2.1 Connections Bolted along Two Sides of the HSS

Preliminary tests on flange-plate connections bolted along two sides of
the HSS as drawn in Fig. 7.4 were performed by Mang (1980) and Kato and
Mukai (1985), followed by a more extensive study by Packer et al. (1989).
The latter showed that, by selecting specific connection parameters, one
could fully develop the tensile resistance of the member by bolting along
only two sides of the tube. This form of connection lends itself to analysis
as a 2-dimensional prying problem, but the application of traditional prying
models developed for T-stubs was found to correlate poorly with the test
results. One reason for this was the location of the hogging plastic hinge
lines, which tended to form within the width of the tube as shown on Fig.
7.4.

FIGURE 7.3

Panel point with flange-plate HSS splices
— some bolted along only two sides of the HSS members
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FIGURE 7.4

Flange-plate connection with bolts along two sides of rectangular HSS

A modified T-stub design procedure was consequently proposed
(Birkemoe and Packer 1986) and verified against a set of possible failure
mechanisms based on the observed failure modes. The design procedure
involves a redefinition of various parameters in the T-stub design method
of Struik and de Back (1969) currently adopted by many structural steel-
work codes. To reflect the observed location of the inner (hogging) plastic
hinge line, and also represent the connection behaviour illustrated by the
more complex analytical models, the distance b was adjusted to b’ as shown
on Fig. 7.4, where

b’=b—%+§ | [7.4]

The term o has been used in Struik and de Back’s T-stub prying model
to represent the ratio of the bending moment per unit plate width at the
bolt line to the bending moment per unit plate width at the inner (hogging)
plastic hinge. For the limiting case of a rigid plate a =0, and for the
limiting case of a flexible plate in double curvature with plastic hinges
occurring both at the bolt line and the edge of the T-stub web o =1.0.
Hence, the term o in Struik and de Back’s model was restricted to the range
0<a<1.0.

For bolted HSS flange-plate connections, this range of validity for o was
changed to simply o> 0. This implies that the sagging moment per unit
width at the bolt line is allowed to exceed the hogging moment per unit
width, which is proposed because the HSS member tends to yield adjacent
to the hogging plastic hinge and participate in the general failure mecha-
nism. This behaviour is confirmed by the inward movement of the hogging
plastic hinge line (Figs. 7.4 and 7.5).
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FIGURE 7.5
Location of plastic hinges in flange plates (University of Toronto)

Thus, a suitable design method for this connection is as follows:

1.

Estimate the number, grade and size of bolts required, knowing
the applied tensile force N; and allowing for some amount of
prying. In general, the applied external load per bolt should be only
60% to 80% of the bolt tensile resistance in anticipation of bolt load
amplification due to prying. Hence, determine a suitable connec-
tion arrangement. The bolt pitch p should generally be about 4 to
5 bolt diameters (although closer pitches are physically possible if
required), and the edge distance a about 1.25 b, which is the
maximum allowed in calculations. Prying decreases as a is in-
creased up to 1.25 b, beyond which there is no advantage. Then
determine

6= 1-— [7.5]
p

where
d’ = bolt hole diameter, and
p =length of flange plate tributary to each bolt, or bolt pitch.

Also determine a trial flange plate thickness tp from:

KP
peiall N
126 St, S NKP; [7.6]



N.
where Py = #, the external factored tensile load on one bolt, and
4p” 103

K=—7—— (F. . in MPa) [7.7]
0p Fyp P P

where 0, = flange plate resistance factor =0.9.

2. With the number, size and grade of bolts preselected, plus a trial
flange plate thickness, calculate the ratio o necessary for equilib-

rium by
_ KT, a+(d/2)
“= [ tp2 _1J[8(a+b+ti)J [7.8]

T, = factored tensile resistance of one bolt

3. Calculate the connection factored resistance N;* by using o from
[7.8], except set aa=0 ifo<O0.

2 .
t“(1+d)n
N'= fp dromn [7.9]

L K
where 7 is the number of bolts. N, must be >N;.

The actual total bolt tension, including prying, can usefully be exam-

ined by
b da
szpf[1+a’[1+8uj] [7.10]
where

Tf = the total bolt tension,

a’ = “effective a” plus d/2, and

KP
o = f——2f— J % (becomes [7.6] for o =0 or o = 1.0).

L7 )

“Effective a” is simply the “a” dimension (see Fig. 7.4) up to a
maximum of 1.255.

Note that this value of o is not necessarily the same as that from [7.8]
which was premised on the bolts being loaded to their full tensile resis-
tance.

This design method should be restricted to the range of flange plate
thicknesses over which it has been validated experimentally and analyti-
cally (Packer et al. 1989; Birkemoe and Packer 1986), namely 12 to 26 mm.
It should be borne in mind that when a connection with bolts in tension is
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subject to repeated loads, the flange must be made thick enough and stiff
enough so that deformation of the flange is virtually eliminated (a < 0).

A worked example is presented in Section 13.2.7.

Canadian standard CAN/CSA-S16.1-94 requires that bolts with tensile
loads be pretensioned, an essential requirement for fatigue situations.
Spacers placed between the plates in line with the HSS webs parallel to the
bolt lines can preclude prying action and improve fatigue performance.

7.2.2 Connections Bolted along Four Sides of the HSS

CIDECT research programs on flange-plate connections bolted along all
four sides of the HSS (as in Fig. 7.6) have been undertaken by Mang (1980)
and Kato and Mukai (1982), but a reliable connection design procedure has
not yet evolved. Kato and Mukai proposed a complex model based on yield
line theory with an estimate of the prying force. Depending on the relative
strengths of the flange plate to the bolts, the ultimate strength of the
connection was determined by one of six failure modes.

Failure modes 1 to 3 involved failure of the flange plates, while modes
4 to 6 involved bolt failure. However, two recent connection tests of this
type (Caravaggio 1988) have indicated that the model overestimated the
strength of the connections by about 25%, so further investigation of this
connection is still warranted.

For connections on 150 and 200 mm square HSS, Kato and Mukai
summarized that the flange plate thickness should not be less than the bolt
diameter for connections with four bolts, nor less than the bolt diameter
plus 3 mm for connections having eight bolts. They used 16, 20 and 24 mm
diameter bolts equivalent in strength to ASTM A490 bolts, and suggested
that the “yield load” of the connection is 0.8 times the sum of the original
tensions in the bolts.

FIGURE 7.6
Four and eight bolt configurations for bolting on all sides of a rectangular HSS
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When ¢ = 0.91s applied to this yield load in order to obtain the factored
resistance of the connection, and since initial tension in a bolt is 0.70 times
its ultimate strength 7', (CAN/CSA-S16.1-94, Clause 23.4.1), the connec-
tion resistance (per bolt) is 0.9(0.8)0.7T, = 0.507,. The tensile resis-
tance T, of a bolt is 0.67 T, (since ¢p = 0.67). Therefore, Kato and Mukai
recommended that the external load per bolt be kept to no more than
0.50/0.67 = 75% of the bolt’s factored resistance 7. (Clause 13.11.3 of
CAN/CSA-S16.1-94 (T, = 0.75 ¢p Ap F',) reduces to T,.=0.67T,, because
the factor 0.75 defines the stress area of the bolt (ASTM A325, Table 4)).

Kato and Mukai’s method for proportioning flange plate thickness does
not consider the plate yield strength. This fact and the evidence that some
connection strengths are overestimated suggest that a more conservative
approach be taken pending additional experimental work and comprehen-
sive recommendations.

7.3 Other Bolted Splice Connections

Various alternative splices may be used when flange-plate connections
are not desired.

Figure 7.7 shows a separated double chord truss with chords that are
spliced with the use of interior splice plates for the top and bottom surfaces
of each chord section. The side wall hand hole for bolting had not been
closed when the photo was taken.

7
N4

FIGURE 7.7

Separated double chord truss with two interior splice plates
in each section of the chord
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Interior splice plates with bolts in double
shear possible if sealing (cap plates) is not necessary

)

Access hole

li |
Sealing cap plates (to be closed & sealed)

(a) Splice plates on large rectangular HSS

Cap plates A ‘T

Az :
80 DR (% .@ﬁé%?ﬁ

Section A-A

(b) Splice plates on circular HSS

B - Shop welded gussets

=== AN U

[¢ 444+ ¢ 4o o] H

Splice plates
Section B-B

{(c) Splice plates on rectangular HSS

FIGURE 7.8
Examples of bolted HSS splices
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Large rectangular sections can be spliced with conventional splice plates as
indicated in Fig. 7.8(a), but sealing considerations may complicate details.
Cap plates on the HSS sections, exterior splice plates only,and sealing of the
hand holes will be necessary if the sections must be closed. However, both
interior and exterior plates may be used with the bolts in double shear when
sealing is not required.

Configurations using gussets with external splice bars have been sug-
gested as shown in Fig. 7.8(b) for circular HSS, and Fig. 7.8(c) for rectan-
gular HSS (Stelco 1981). Both permit sealing with cap plates on the
sections.

7.4 Blind Bolting into HSS Sections

The lack of access to the interior of HSS (other than near their ends)
has limited the scope for bolting connecting plates or other sections to HSS
members. Creating (and plugging when necessary) access holes in order to
install bolts can be economically and aesthetically unattractive.

Henderson (1996) described some recent initiatives that may provide
solutions for this problem. Two of them follow:

7.4.1 Huck Ultra-Twist Blind Bolts

Huck International, Inc., headquartered in Ogden, Utah, has developed
and is now marketing blind bolts (Sadri, 1994) that have tensile strengths
and installed tensions meeting those specified for A325 bolts. Known as
Ultra-Twist fasteners, they are available in sizes equivalent to %4 78 and 1

FIGURE 7.9
Exploded view of Huck Ultra-Twist fastener
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inch diameter A325 bolts. Figure 7.9 shows an exploded view of an Ultra-
Twist fastener, and Fig. 7.10 illustrates the installation sequence.

Installation is by the use of an electric bolting wrench (as for twist-off
type bolts), rather than by the use of the hydraulic wrench that was
required for an earlier Huck high strength blind bolt (the HSBB). Also, the
Ultra-Twist fasteners are used in holes ¥¢ inch larger than the outer
diameter of the units, which provides conventional clearances for fit-up. It
is expected that erectors will find them a more attractive product than the
original Huck HSBB because of these features.

4

Continued torquing of the unit
develops the required clamp
and the torque pintail shears
off, completing the installa-
tion. Using a standard S60EZ
shear wrench, installation
time for a % in. fastener is ap-
proximately 30 seconds.

3

As the installation load in-
creases, a special internal
washer shears, allowing the
backside bulb to come into
contact with the work surface
and for all clamp load to go
into the work structure.

2

The backside bulb is fully
formed in the air to a uniform
diameter regardless of the grip

1
The Ultra-Twist blind bolt is in-
stalled from one side of the
structure by a single operator.
The installation tool is the
standard electric shear
wrench tooling used for instal-
lation of Twist-Off Control (T-
C) type fasteners. The
fastener is inserted and the
tool engaged.

FIGURE 7.10
Installation sequence of a Huck Ultra-Twist fastener
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7.4.2 Flowdrilling

The Flowdrill method of creating holes in steel involves the use of a
tungsten carbide smooth-sided drilling bit that tapers from a point to a
diameter the size of the intended hole. Contact of the high speed rotating
bit against the HSS face generates heat to soften the metal so that it
extrudes to form a protruding “sleeve” fused to the inside surface of the
tube as the bit is forced through the wall. The hole in the wall and its sleeve
are then threaded with a rolling Flowtap tapping tool, without removal of
material, to accept a conventional high strength bolt as shown in Fig. 7.11.
In effect, the hole and sleeve are a nut for the bolt.

The Flowdrill bit in cross section is actually not perfectly round, but
somewhat flattened on four sides to produce four lobes as indicated in Fig.
7.12, a shape that aids the extrusion process as the metal of the hole is
displaced. A slight upset or boss is created on the outside surface of the
material, but that is removed as part of the drilling operation, while the
metal is still soft, by the use of a bit incorporating a milling collar.
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FIGURE 7.11
Samples of bolts in Flowdrilled holes
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The Flowdrill system was originally developed in the Netherlands
(Dekkers 1993) for light manufacturing, but has been examined for struc-
tural HSS applications in the USA (Sherman 1989, 1995), in England
(Banks 1993, Yeomans 1996), and in Italy (Ballerini et al. 1995a, 1995b).

Sherman’s work of 1989 (reported more publicly in 1995) concluded that
Flowdrilling has potential for blind bolting to HSS columns. He pointed out
that the fabricator would need drilling equipment with suitable rotational
speed, torque and thrust, but the system permits field bolt installation with
conventional tools.

Banks (1993) determined that threads produced by the Flowtap tool are
metallurgically sound with good toughness. A substantial increase in the
strength of material around Flowdrilled holes resulted from partial refin-
ing of the microstructure in the threaded area due to heat generated by the
process (approaching 800°C). Thickness of the parent metal had little effect
on the length of the extruded “sleeve”, which was generally 11 to 13 mm
long. Rather, the increased amount of displaced metal from thicker mate-
rial produced sleeves with thicker walls.

Ballerini et al. (1995a, 1995b) established that the average length of
effective thread in 6, 8 and 10 mm material was 12.4, 15.3 and 17.5 mm

shank

collar

1757\ [~
polygon-shaped
straight body

polygon-shaped cone

point

O

FIGURE 7.12
Flowdrill drilling bit
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respectively and was only slightly sensitive to the diameter of the holes.
Flatness of 6 mm walls in 140 mm square HSS was not affected, even when
Flowdrilling for M20 bolts.

They determined that Flowdrilled holes in HSS with a wall thickness
> 0.4 times the hole diameter do not fail by thread stripping, but by bolt
(A325 equivalent) rupture. However in those tests, the HSS wall was
supported against distortion. In testing where a single bolt was located in
the middle of the wall of a 140 mm square HSS and loaded in tension, the
t/d ratio had to be 2 0.67 to avoid bolt pullout from the deformed hole in
the distorted HSS face. In practical connections limited to a serviceability
wall distortion of 1%, the bolts in Flowdrilled holes always developed the
capacity of the HSS wall.

Yeomans (1996) has reported that Flowdrilling produces sound
threaded holes in both hot and cold-formed HSS, on or off the welded seam,
in thicknesses from 5 to 12.5 mm, for M16 to M24 bolts. He suggests that
optimum drilling speeds are in the range of 500 to 1100 r.p.m. for M24 to
M16 bolts, with a spindle feed rate of 0.1 to 0.15 mm/rev., resulting in rapid
hole drilling. The minimum required drill rating is 2.5 and 4.5 kW for M 16
and M24 bolts respectively. Shear eonnections were investigated and can
be designed using normal practice.

Flowdrilling provides somewhat less tolerance for field assembly than
conventional bolting since the bolt has clearance on only one ply of material,
not two. However, the Flowdrill system is now regarded as suitable for the
production of threaded holes in HSS for structural use.

7.4.3 Connection Failure Modes with Blind Bolts

Comparative tests (Korol et al. 1993) on bolted, extended end-plate
moment connections between wide flange beams and square HSS columns
have been performed using both regular ASTM A325 bolts and the Huck
HSBB. The connection performance in terms of stiffness, moment capacity
and ductility was found to be similar for the two types of bolts, and the
authors of this Design Guide believe that the Huck Ultra-Twist blind bolt
would produce similar results.

If Huck HSBB (or presumably Huck Ultra-Twist fasteners) are used in
a rectangular or square HSS column face and are loaded in tension, a
potential failure mode is punching shear of the fastener through the column
face, in which case the column thickness becomes a critical parameter
(Korol et al. 1993). To avoid this failure mode, the factored resistance of the
blind bolt in tension should be less than the factored resistance of the
column face in punching shear. Hence:

T, < 0.6¢,nd} tF, [7.11]
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where
T. = tension resistance of the fastener
¢p = 0.67

dr = diameter of the HSBB primary sleeve after installation,
or diameter of the Ultra-Twist fastener + 6 mm (estimated
effective bulb diameter)

I

t = wall thickness of hollow section
F, = specified minimum tensile strength of the HSS material.
Thus, ¢ > 0.79—2
> 0.
us, 4T,

Another critical failure mode for an unstiffened HSS column face loaded
by point tension loads at the fastener positions is yielding of the HSS
connecting face. This failure mechanism can occur due to the flexibility of
the column face at medium to large wall slenderness ratios. The resistance
for this failure mode can be calculated by assuming that the column wall
is loaded like a 90° T-connection with the web member in tension. (See
“Chord face yielding” failure mode in Table 3.2, which is based on a yield
line mechanism.) In this case, the “web member” can be assumed, for two
bolts in tension, to be of width (w + d}) and depth df, where w = distance
across the HSS column face between the bolt hole centres. .

If either of these failure modes (punching shear or column face yielding)
produces an inadequate resistance for the HSS column face in the connec-
tion tension region, the column face will need to be reinforced. This is best
achieved by welding on a doubler plate to the column face. Unfortunately,
column reinforcement will nearly always be necessary for practical moment
connections, as discussed in Chapter 9, but may not be needed for simple
shear connections. ‘

The problem of requiring a very thick column wall to achieve an
unreinforced moment connection is recognized in Japan where recent re-
search has focused on developing a method for increasing the column
thickness just in the connection region, by using an induction heating
device and jack (Tanaka et al. 1996).
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7.5 Rectangular HSS to Gusset-Plate Connections

Rectangular HSS web or bracing members can be field bolted to gusset
plates which have been shop welded to rectangular HSS chord members,
thus producing bolted shear connections as shown in Fig. 7.13. Such
configurations are regularly used when shipping constraints compel field
connections, and bolting has been selected.

facilitate
bolting

™ Shim, if

required

(b) Modified shear splice

FIGURE 7.13
Bolted rectangular HSS gusset-plate connections
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FIGURE 7.14
Compound HSS column with bracing members bolted to a gusset plate

In dynamic load environments, bolted gusset-plate connections may
have an advantage over bolted flange-plate connections for member splices
because flange plates must be proportioned to eliminate all prying if fatigue
loads are present. Generally, however, the gusset-plate connection is con-
sidered less desirable aesthetically, and may be more expensive than the
flange-plate alternative.

An important limitation to the use of rectangular HSS gusset-plate
connections is the need to have closely matching member widths. Equal
width members are connected directly as in Fig. 7.13(a), either with or
without clip angles depending on the geometry of the connection. The
gussets often need to be spread slightly by jacking after welding is complete
in order to allow field assembly (since welding contraction tends to pull the
gussets inwards). Small width differences can be adjusted by the use of
filler plates welded to the sides of the branch member. Larger differences
allow the option of using bolting plates (Fig. 7.13(b)) which can be more
convenient in the field.

Single gusset plate connections for bracing members are shown in the
photos used for Figs. 7.14 and 7.15.
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FIGURE 7.15
Three examples of bolted bracing connections
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7.5.1 Net Area, Effective Net Area and Reduced Effective Net Area

Standard CAN/CSA-S16.1-94, Clause 13.2(a) uses the concepts of gross
area, net area, effective net area and reduced effective net area to describe
various failure modes for a tension member with holes or openings. The
three basic checks are

T, = ¢Ag Fy (vielding on gross area) [7.12]
T, = 0850A,F, (rupture on effective net area) [7.13]
T.=0850A,F, (rupture on effective net area,
reduced for shear lag) [7.14]
where ¢ = 0.9.

The 0.85 factor represents a minimum margin between factored loads
and the factored ultimate resistance for failure modes involving fracture of
the tension members.

Effective Net Area

The effective net area A,, (CAN/CSA-S16.1-94, Clause 12.3) is the
sum of individual net areas A, along a potential critical section of the
member. Such a critical section may comprise net area segments loaded in
tension, segments loaded in shear and segments with a combination of the
two loads. This method provides a means of checking against “block shear”
failures, whereby a chunk of material tears away from the piece by a
combination of shear and tension ruptures. An illustrative example that
includes all three types of net area segments is the gusset plate in Fig. 7.16.

The tension segment perpendicular to the load has
Ay =wyt = (g—-d/2)¢
Shear segments parallel to the load have
A, =06L,t=06(L-25d)t
The 0.6 factor relates shear strength to tensile strength.
Each inclined segment has
2 2

s g S
An3 = (wn3+4g)t = (gz—d )t+4g2t

The effective net area A, of the gusset plate for the potential critical
section being examined is the sum of the net area segments above,

Apg+Apg + 24,3
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For the calculation of w, and L,, it should be noted that CAN/CSA-
S16.1-94, Clause 12.3.2 requires that the width of bolt holes be taken as 2
mm larger than the specified hole diameter unless it is known that the holes
will be drilled. This is an allowance for the rough edges of punched holes.
As per CAN/CSA-S16.1-94, Clause 23.3.2, the diameter of bolt holes is
generally 2 mm larger than the bolt diameter, so calculations are normally
based on bolt holes either 2 mm or 4 mm (drilled or punched) larger than
the bolt diameters.

Tension segment
Allowance for hole

diameter =d’

Inclined

men
segments Shear segments

Effective net area A,, for critical section A-A is the sum of
A, for individual segments:

A, for tension segment is w, ¢t = (g;-d’/2)¢
A, for shear segments is 0.6L,¢ = 0.6 (L —2.5d")¢

2 2
A, 5 for each inclined segment is |w, 3+ Ll - (8o—d)t+ 2|t
4g 45,

FIGURE 7.16
Calculation of effective net area 4,,, for a gusset plate
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Effective Net Area Reduced for Shear Lag

The effective net area reduced for shear lag A;,.is the effective net area
A;. multiplied by a shear lag factor as per CAN/CSA-S16.1-94, Clause
12.3.83, (A, = A,. X shear lag factor). This factor comes into play when a
member is connected by some but not all of its cross-sectional elements, if
the critical net section includes elements which are not connected. The
critical net section in such an instance may include net area segments A,
that are perpendicular to the load or inclined to it, but not those that are
parallel to it. (This is not a check against block shear tear out.) The shear
lag factor with which one multiplies A, in order to obtain A;, is

0.90 for shapes like wide flange sections (or tees cut from them) that
are connected only by their flanges with at least three transverse
rows of fasteners (flange width at least two thirds the depth)

0.85 for all other structural shapes connected with three or more
transverse rows of fasteners (except angles connected by only one
leg)

0.80 for angles connected by only one leg with four or more transverse
lines of fasteners

0.75 for all members connected with two transverse rows of fasteners
(except angles connected by only one leg)

0.70 for angles connected by only one leg with fewer than four trans-
verse lines of fasteners.

Effective net area reduced for shear lag A,, also applies to welded

connections if an element is connected along its edge(s) by welds parallel
to the direction of load (e.g., the HSS web member in Fig. 7.13(b) welded
to the bolting plates). The factor applied to wt of each element of a member
to determine its effective net area A, is

»  For an element that is connected by welds along two parallel edges,

1.00 when the average weld length is at least twice the distance
between the welds

0.87 when the average weld length is from one and a half times to less
than twice the distance between them

0.75 when the average weld length is from one to less than one and a
half times the distance between them

»  For an element that is connected by a single line of weld,

where x is the eccentricity of the weld with respect to the cen-
troid of the element and L is the weld length. (The outstanding
leg of an angle would be considered as being connected by the line
of weld along its heel.)

n il

1-
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FIGURE 7.17
Whitmore criterion for gusset plate yielding or buckling
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If transverse welds are used to transmit load to some elements of a
member, the effective net area is taken as the area of the connected
elements.

The effective net area reduced for shear lag A;,, of the member is then
taken as the sum of the effective net areas A,, of all the elements.

Another failure mode which must be checked for gusset plates is
yielding across an effective dispersion width of the plate, which can be
calculated using the Whitmore (1952) effective width concept illustrated in
Fig. 7.17. For this failure mode, (for two gusset plates),

N '= 20F,,t,(g+1.153p) [7.15]

This check applies to the tension load case. The term Y p represents the
sum of the bolt pitches in a bolted connection or the length of the weld in
a welded connection.

If the member is in compression, buckling of the gusset plate must also
be prevented. A suitable method for checking this is given by Thornton
(1984). The gusset plate compressive resistance is the column resistance
given by CAN/CSA-S16.1-94 for a column having a width of (g + 1.15%p), a
depth of 5, a length equal to the minimum of L1, Lg and L3, and an effective
length factor of 0.65.

239



240

FIGURE 7.18
Complex node at a wheel bogie of the SkyDome roof, Toronto, Ontario

(b) (d)

FIGURE 7.19
Examples of bolted end connections for HSS members



7.6 Other Bolted Connections

Many configurations for other bolted connections are feasible with HSS
construction. Most use bolts in shear and the considerations already dis-
cussed are applicable. The following examples illustrate the range of pos-
sibilities. As a matter of interest, an extremely complex HSS node from the
Toronto SkyDome roof is shown in Fig. 7.18.

End Connections with Welded Attachments

Five different end attachments welded to HSS sections are shown in
Fig. 7.19. All function with either rectangular or circular sections.

One needs to keep in mind that the flange of the tee in Fig. 7.19(d) must
be sufficiently thick to distribute the load effectively to all portions of the
HSS cross section (if the load requires the involvement of all portions). A
conservative distribution angle can be assumed as 2.5 to 1 from each face
of the tee’s web, as illustrated in Fig. 7.20 (Wardenier et al. 1991, Ki-
tipornchai and Traves 1989). Resistance of the connection is thus:

N= 205, +t,)F, tygs [7.16]

for both circular and square/rectangular HSS and where ¢ = 0.9. In this
expression, the size of the weld legs has been conservatively ignored. If the
weld leg size is know, it is acceptable to assume load dispersion from the toes
of the welds.

\
7
-

FIGURE 7.20
Load dispersion for tee connection on end of HSS member
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If a heavily loaded plate is slotted into an HSS as in Fig. 7.19(e), there
is a possibility that shear lag requirements may govern the capacity of the
welded connection. (Effective net area reduced for shear lag was discussed
in Section 7.5.) A worked example which shows shear lag in this situation
is presented in Section 7.7.2.

Connections for Continuous Members (purlins)
Continuous members such as purlins may be connected directly by

means of threaded studs that have been welded to the HSS member, or by
connecting plates or clips. Figure 7.21 shows both approaches.

WF purlin

y N stud - --f -

!
|
|
|
\ "
T
Welded |
t
|

T
. N 1
s O plale  § !

FIGURE 7.21
Examples of bolted purlin connections
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End Flattened Connections

The flattening of HSS ends in order to make bolted or welded connec-
tions is discussed in Section 8.1.1. Some general arrangements for their use
are depicted in Fig. 7.22.

FIGURE 7.22
Examples of end-flattened HSS connections
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7.7 Design Examples

Design examples of bolted flange-plate connections for square and
circular HSS are provided in Sections 13.2.7 and 13.3.8 respectively.

7.7.1 Bolted Gusset-Plate Connection

Select an HSS tension member to carry a factored load of 800 kN, and
design a compact tension connection to bolt one end between a pair of gusset
plates as shown in Fig. 7.23. Use the provisions of CAN/CSA-S16.1-94.

Select Trial Section

In anticipation that the connection efficiency will be only about 70%

(50% to 80% is typical), the required gross area can be approximated
by

T, = 0856 (0.7A) F, (from [7.13])

Tr
WA, = e
2" 060F,
800

=" =329 2
0.6(0.9)0.450 0 mm

Try an HSS 127x127x8.0. A = 3 620 mm?

T. =9¢ Ag Fy (yielding on gross section, [7.12])

0.9(3620)0.350 = 1140kN =800 ..OK

Il

Since a physically compact connection is required, bolt two faces of the
HSS directly to the gusset plates. Assume that an end cut out will be
needed in one of the other faces for bolting access.

Consider M20 A325M High Strength Bolts

In single shear, with threads intercepted, resistance = 73.5 kN per bolt.
Number = 800/73.5 = 10.9 bolts.
Therefore, use 12 bolts for 2-face symmetry.
Bolt bearing on HSS:
B, =3¢,tdnF, (CAN/CSA-S16.1-94, Clause 13.10.(c))
3(0.67) 7.95(20) 0.450 = 144 kN perbolt 2735 .. OK

One may wonder whether bolts that are less than three bolt diameters
from material edges can develop the full bearing value just calculated.
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FIGURE 7.23
Design example for a bolted HSS connection

Actually, such bolts do have less than the calculated bearing resistance, but
the failure mode becomes one of material tearing, which involves more bolts
than just those near the edge. The design check is then for block tear-out,
based on effective net area, not bearing.

See Fig. 7.23 for the trial arrangement.
Effective Net Area

One possible critical section is shown in Fig. 7.24(a), a tearing out of
the bolt hole patterns on the two bolted faces of the HSS.

Hole allowance is 22 mm (drilled for M20 bolt).

For tension segment (one face):

Anl = wnlt
= (65-22)7.95 = 342 mm®

For shear segments (one face):

An2 = O.6Lnt
= 0.62((70+70+40)-5(22))7.95 =1190 mm?

Therefore, this total net area is 2 (342+1190) = 3 060 mm?.
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Another possible critical section, Fig. 7.24(b), is the tearing away of
the hole patterns over to the bolting access cut out on the third face of
the HSS.

For tension segment (one face):
A =w, t =342 mm?, as previously -

For shear segments (one face):

A, =06L, ¢

0.6 (180 — 2.5(22)) 7.95 = 596 mm?>

For inclined segment (one face), the net width can be arrived at by
considering one quarter the perimeter, minus half the access open-
ing width, minus half the distance between the bolt lines, minus
half a hole diameter:

w 3620 80_65_22 _ 30.3 mm
n3 " 4795 2 2 2

2
S
An3=wn3t+Et
= 30.3(7.95) + 70° 7.95 = 477 mm?
T 4413 77

Therefore, this total net area is 2 (342+ 596+ 477) = 2 830 mm?>.

If there had been two bolting access cut outs (one each, on opposite
faces) another possible critical section including both cut outs (Fig.
7.24(c)) would have governed, with a net area:

2 (477 + 342+ 477) = 2 590 mm?
Therefore, consider that A,, = 2590 mm?,

T

r

0850A,,F,  ([7.13])
0.85(0.90) 2 590 (0.450) = 892kN >800 .. OK

Examine Shear Lag
Consider the net section through the uppermost row of four holes.
A,, = 3620-4(22)7.95 = 2920 mm®
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AI

0.85A4,, (HSS with 3 rows of bolts on 2 faces)
0.85(2 920) = 2 480 mm?

ne

~
[

0.850A, F,  ([7.14)
0.85(0.90) 2 480 (0.450) = 854kN >800 .. OK

Therefore, the HSS member is satisfactory.

Gusset Plates

Try 10 mm thickness. (F,, = 300 MPa)

Two possible critical sections are apparent:

1.
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The first is similar to the bolt pattern tear out examined for the
HSS member, and is not expected to be critical with gusset plates
which are 25% thicker than the HSS wall (both materials have Fy
= 450 MPa), and need not be evaluated here.

Figure 7.24(d) illustrates the second section, which consists of a
tear from the top edge of the gusset through the two end bolts to
the side of the gusset. If 6 =45° and the hole edge distances are 35
mm, the resistance of this section is as follows.

Hole allowance is 24 mm. (22 mm punched for M20 bolts)

For tension segment (one gusset):
A = w, t = (65-24)10 = 410 mm®

For each inclined segment (one gusset), the net width can be
arrived at by calculating g in Fig. 7.24(d) and deducting half a
hole diameter.

g = [((T0+70)0.707) + 35] 0.707 = 94.7mm

Therefore, w,3 = 94.7-24/2 = 82.7mm.

s =g (from 45° symmetry)

2
S
An3 = wn3t+zgt
94.7
= 82.7(10.0) + —"—10.0
100+ o4

1060mm?  (one inclined segment on one gusset)

Therefore, this total net area is 2 (2 (1060)+410) = 5060 mm?,



~
i

08504, F,  ([7.13])
0.85(0.9) 5 060 (0.450) = 1 740kN >800 .. OK

Check for gusset plate yielding according to [7.15].

N,"= 20F,,t,(g+115%p)

= 0.9(0.300) 2 (10) (65 + 1.15(140))
=1220kN =800 .. OK

Therefore, the gusset plates also are satisfactory.

7.7.2 Connection with Plate Slotted into End of HSS

Figure 7.24 illustrates a plate of 300W steel for a bolted HSS connec-
tion. It is welded into longitudinal slots in the short faces at the end of an
HSS 203x152x6.4 member (A = 4 250 mm?). Confirm that the connection
meets the requirements of CAN/CSA-S16.1-94 for the factored tension load
of 560 kN.

Holes: 24 mm dia. for

Framing between M22 A325M bolts
two plates, (drilled)
thus double

shear for bolts
4 locations
517

30
¢ I\I LEY [
X =L '.\ 152

1 L 1

3at75 i T ) 560 kN

=225 R Vo r"”@ \ e
] I EEEEEEEE SR 203
N . X

301\ | HSS 203x152x6.4
|
(@ PL 285x12x320

45 75| 200

FIGURE 7.25
Connection with plate slotted into end of HSS
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Bolts

CISC Handbook (Table 3—4) lists the factored shear resistance of an
M22 A325M bolt (threads intercepted) as 88.9 kN.

Resistance of 4 bolts in double shear is
4(2)88.9 = 711kN =560 - OK

Bolt tear-out

Bolt tear-out (a form of block tear-out) becomes a consideration when
the edge distance is less than 3d. It can be conservatively treated as a
pair of material shear failures in line with the sides of a bolt for a
length equal to the clear distance from the bolt (centred in the hole) to
the edge of the material, and is expressed thus:

T

r

it

0.850A,,F, per bolt ([7.13D)
0.85(0.9 2 (0.6) (45-11) 12 (0.450) = 169kN
Bearing load per boltis 560/4 = 140kN <169 .. OK

Yield on Gross Area of Plate (section 1-1 of Fig. 7.25)

T, = ¢Ag Fy (CAN/CSA-S16.1-94, Clause 13.2(a) (i)
and [7.12] in this book)

Plate is 12x 285 mm .. Ag = 3420 mm?
T, = 0.9(3420)0.300 = 923kN 2560 .. OK

Fracture on Effective Net Area of Plate (section 2-2 of Fig. 7.25)

T, =0850A,,F, (CAN/CSA-516.1-94, Clause 13.2(a) (ii)
and [7.13] in this book)

If holes are known to be drilled rather than punched, the specified hole
diameter can be used for the net section. (CAN/CSA-S16.1-94,
Clause 12.3.2, plus Clause 23.3.2 for specified size of hole)

Then A,, = 12 (285 — (4 x 24)) = 2 270 mm®
T, = 0.85(0.9) 2270 (0.450) = 781kN >560 .. OK

Welds

CISC Handbook (Table 3—-24) shows that the fillet weld factored resis-
tance (E480XX electrodes) is 0.152 kN per mm of weld leg size.

250



Use weld length L =200 mm. (nominal size of HSS)

Required fillet weld size is 560/(4 (200) 0.152) = 4.6 mm

Since there could be a cutting gap of 1 mm to bridge, use 6 mm fillet welds.
Shear Lag Fracture in the Plate (section 3-3 of Fig. 7.25)

Clause 12.3.3.4 in CAN/CSA-516.1-94 provides for shear lag in plates

that are connected by a pair of welds parallel to the load, and the length

of the welds L should generally not be less than the distance w

between them. The effective net area is reduced if the length of the

welds is less than 2w.

Distance between welds w = 203 mm

For portion of plate between welds

’
Ane

shear lag factor x A, (CAN/CSA-S16.1-94,
Clause 12.3.3.3(b))

0.75(203) 12 = 1830mm?>

The portion of the plate that is beyond the welds is (285-203)/2
=41 mm on each side of the HSS member. Since the length of the weld
is more than 4 times this plate dimension, it is suggested that this
width is fully effective. This is consistent with CAN/CSA-S516.1-94,
Clause 12.3.3.3 where plate is taken as fully effective when the weld
length is at least 2 times the width of plate between the welds.
Therefore, plate may be taken as fully effective out to a distance from
the weld of 1/4 the weld length.

Area beyond HSS = (285-203)12 = 984 mm?. (all effective)
Therefore, total A;, = 1830+984 = 2810 mm?

Resistance of the plate at the welds (section 3-3)

T. = 08504, F, (CAN/CSA-S16.1-94, Clause 13.2(a) (iii)

and [7.14] in this book)

0.85(0.9) 2 810(0.450) = 967kN 2560 .. OK

Shear Lag Fracture in the HSS (section 4 of Fig. 7.25)

Shear lag requirements apply only when unconnected elements of a
shape must be included in the critical cross section for strength pur-
poses (Clause 12.3.3.2 in CAN/CSA-S16.1-94). The principle applies to
elements connected either by welding or by bolting.
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In this example, the connected elements (the top and bottom walls of
the HSS member) alone have sufficient “fracture on net area” resis-
tance by [7.13] (as seen below) for the 560 kN load. Therefore, the
unconnected side walls are not required for connection resistance, and
shear lag is not a consideration.

T =0850A,,F, ([7.13])

152
152+ 203

(if one assumes 14 mm wide slots for the 12 mm plate)

A, = 4250 ~ 2(14)6.35 = 1640mm>

~ T, =0.85(0.9)1640 (0.4500 = 565kN >560 .. OK

Therefore the connection meets the requirements of CAN/CSA-S16.1-
94.

If the load were 650 kN, the unconnected side walls of the HSS would
be needed for strength and shear lag would become a consideration.
The distance between the welds measured along the developed perime-
ter of the HSS member can be taken as 69+ 203+ 69 = 341 mm com-

pared with a weld length of 200 mm. That gives a L/w ratio of 0.59,
which is less than the lowest value of 1.0 used in CAN/CSA-516.1-94,
Clause 12.3.3.3 for identifying shear lag factors.

Experimental work by Korol et al. (1994) confirmed that a shear lag
factor of 0.62 as proposed by the authors of this Guide may be used for
values of L/w less than 1.0. The work of Korol et al. also showed that
when L/w is less than about 0.6, the failure mode shifts from shear
lag-induced tension rupture to either weld failure or shear rupture of
the material along the welds.

Let us look at the current example from both perspectives:

Shear lag,
A;, =0.62(4250-(2(14)6.35) = 2 530 mm?

T, = 0.85(0.9)2580 (0.450) = 871kN >650 .. OK

Tube material shear at welds,
\% 050L,tF, (CAN/CSA-S516.1-94, Clause 13.4.4)

r

0.5(0.9) (4 (200 % 6.35)) 0.450 = 1 030kN

Shear lag governs, but a shorter weld length (i.e., smaller L/w)
would result in material shear governing.



Of course other elements of the connection would need to be resized
for the 650 kN load.

An examination of the interface between shear lag tension failures and
base metal shear failure along the welds is shown in Fig. 7.26. The
transition from the former to the latter occurs when the ratio L/w is
between 0.6 and 0.7 in this presentation.

Shear resistance (CAN/CSA-S16.1-94, Clause 13.4.4)
of base material along weldis V,=05¢ L, tF,

Therefore, shear strengthis V,=05L tF, w >
=05(2Lt F))
When L/w = 0.5, shear strength = 0.5 w (t F,))
i.e., coefficient for w is 0.5, as plotted below L
o \
3 S 29
‘S Q;a S \(\e‘a(\
NIES ©
S A& @ g’\‘(\
&L 5 we®
7] R &SP S @ L
<>Q®§ PS £0¢ 1.0~
S g @ “ec'\\\le
o et 0.87 *
0.8 |— S0P '
0.75*
06 I— 0.62 1

*=816.1-94, Clause 12.3.3.3

Coefficient to obtain effective w for A",

t = Projected
l

04 |— i
02 |— 5
0 | | |
0 05 1.0 15 2.0
L/w
FIGURE 7.26

Examination of shear lag for L /w ratios less than 1.0

(An alternative label for the vertical axis would be,
“"Coefficient by which to multiply net area (A,,) to get effective net area (4",,)")
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8

FABRICATION, WELDING AND INSPECTION

8.1 Fabrication

Generally the fabrication of structures from HSS requires only conven-
tional shop practices, but with a few special considerations. Holes in HSS
must be drilled, since physical constraints preclude punching them. Weld-
ing is done with traditional procedures for CAN/CSA-G40.21-M92 Grade
350W material. Burning, sawing, milling and other operations are applica-
ble. Special profiling of weld preparations (particularly for connections
involving circular HSS) is discussed in Section 8.2.

Section identification may require extra care (e.g., the use of temporary
labelling or colour coding) since wall thicknesses cannot be measured with
a tape once the sections are permanently closed. However, ultrasonics can
be used if necessary. Table 8.1 shows the colour code developed by the
Canadian Steel Service Centre Institute (CSSCI) for HSS wall thicknesses.

WALL THICKNESS (mm) COLOUR WALL THICKNESS (mm) COLOUR
2.54 Pink 5.84 Dark Green
2.79 Yellow 6.35 White
3.18 Dark Blue 7.95 Brown
3.40 Gold 9.53 Red
3.81 Silver 111 Light Blue
4.78 Orange 12.7 Pink
TABLE 8.1

CSSCI standard colour coding for HSS wall thickness
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8.1.1 Flattening the Ends of HSS Members

The use of HSS for bracing members offers visually pleasing compo-
nents which are efficient, since HSS have a high degree of stiffness about
all axes. End-flattened HSS are frequently used for light bracing or even
for lightly loaded primary members. They have been used successfully
connected to round, square or rectangular hollow sections and to other
structural shapes. Connections can be welded or they can be bolted by
following normal bolting practices.

Section 4.2 describes welded flattened connections, while Section 7.5
illustrates typical bolted flattened connections.

8.1.1.1 Flattening Procedures

Stelco (1981) suggested that the HSS ends be preheated prior to flat-
tening. Cold flattening is possible, though the results are less predictable.

Preheating to a dark red temperature (540°C — 650°C) and immediately
flattening with a high speed press gives the best results. Small cracks that
may develop along the edges or on the flattened portion are structurally
acceptable provided they do not extend beyond the last line of fasteners.
However, the cracks should be welded closed, as shown in Fig. 8.1. If the
HSS is to be used outside or in a corrosive atmosphere, the flattened end
should be seal welded to prevent internal corrosion or the entry of water.

Generally, flattening is most successful with sections that have a large
ratio of outside dimension to wall thickness, but HSS with ratios over 25

Edge crack
(closed by welding)

Flat face crack
(closed by welding)

Last line of fasteners

FIGURE 8.1
Possible cracking in end-flattened HSS
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have reduced compressive strength (Wardenier et al. 1991). The slope of the
taper should not be greater than 1:4 for maximum structural performance

(Wardenier et al. 1991), but may be as much as 1:2 for secondary members
(Stelco 1981).

8.1.2 Simplified End Cuts for Circular HSS Connections

Complexities regarding circular HSS connections are discussed in Sec-
tion 8.2.4.1 under Partial joint penetration groove welds—circular HSS.
However, in some instances simpler preparations are feasible:

Chord d
(mm)
73
89
102
114
141
Y,
168 42 ' ; :
82 | l \ &
219 48 ¢ 1 ) I
Al
273 48 Ldp Feasible if:
324 60 ] I 1
| ' g3 mm
356 60 D e <ty
406 60 | t <t
(b) Maximum size web with a single- (c) Feasibility criteria for single-cut ends
cut end on a given chord size
FIGURE 8.2

Simplified end cutting for circular HSS connections
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Figure 8.2 provides information from Wardenier et al. (1991) pertaining to
end preparations on web members that consist of one, two or three straight
cuts as a function of the relative dimensions of the web and chord sections.
The connection design engineer still needs to define the weld preparation
and sizes.

8.1.3 Bending HSS Members

Hollow structural sections can be bent or rolled into curved lengths
using either cold or hot processes. Cold working is relatively inexpensive,
but smaller radii are obtainable with hot bending techniques.

8.1.3.1 Cold Bending HSS Members

Kennedy (1988) examined the limits of HSS cold rolling for CIDECT by
using three-roller machines (Fig. 8.3(a)) to cold curve 27 different HSS sizes
to four radii each. Deformations were measured on the resulting 108
samples and the results used to calibrate the machines in terms of HSS
sectional dimensions and radius of curvature. These calibrations were then
used to calculate deformations for all ISO (International Standards Organi-
zation) HSS sizes at various radii.

Two distinct forms of deformation were observed. The first was an
inward bowing of the compression face of the section along its length, and
the second was an outward bulging of a side face of the section (typically
the side away from the supporting surface). Representative “before” and
“after” cross sections are shown in Fig. 8.3(b). Deformations can be ex-
pressed as percentages:

. . h—hy
compression face bowing, P, = 100%

. . bg-b
side face bulging, P, = T 100%

As the curvature is increased, either form of deformation may develop
and limit the curvature obtainable without excessive distortion. Relatively
thin wall sections exhibit early compression face bowing, while thicker wall
sections tend towards earlier side wall bulging.

Arbitrary values of maximum Pj and Pj, of 1% and 2% have been used
to select the calculated data in Tables 8.2 and 8.3 for square and rectangu-
lar sections. The listings are minimum radii that result in either Py or Pp,
whichever governs, reaching the distortion values in the headings. Only
radii less than 100 metres are listed. As shown in Fig. 8.4, 1% is just
noticeable, while 2% is becoming pronounced. A wall deformation of 1% is
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(a) Typical rolling arrangement for 3-roll cold bending

S h
(ZTZZTTITZN Tk TZZZRD,
ty h ha
Rezzzzrrr/ v s e/
Before bending After bending

(b} Typical HSS sections

FIGURE 8.3
Cold rolling of HSS to obtain curved members
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commonly used by CIDECT as an acceptable level of distortion at connec-
tions under specified (service) load levels.

Some cautions need to be stated at this point. The experimental pro-
gram employed ISO hot-formed HSS sections of 350 MPa specified mini-
mum yield strength; many CSA sizes are close equivalents, some are not.
Kennedy emphasized that the results showed some dependence upon both
the rolling machines used and the actions of the operator. Even so, the data
presented gives a general overview of the range of cold-rolled HSS curva-
tures obtainable by non-specialty fabricators.

/ 1% outward bulge
|

1% inward bow

/ 2% outward buige

2% inward bow

FIGURE 8.4
lllustration of distortions (1% and 2%)
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MINIMUM RADIUS (Metres) MINIMUM RADIUS(Metres)
HSS FOR PERCENT DISTORTION HSS FOR PERCENT DISTORTION
SECTION 1% 5% SECTION 1% 2%
Py, | P, | Py | Py Py | Pp | Pp | Py
30x30x2.0 | 0.71 <0.22 120 x 120 x 3.2 55.8
x2.6 | 0.66 <0.22 x 4.0 80.6 30.0
x3.2 | 063 <0.22 X 5.0 43.3 16.1
x6.3 | 387 12.0
40x40x2.6 | 1.61 0.50 x8.0 | 36.4 11.3
x32 | 153 0.47 x10.0 | 34.4 10.7
x4.0 | 1.44 0.45
140 x 140 x 5.0 433
50x50x3.2 | 3.05 0.95 x6.3 | 62.4 227
x4.0 | 2.88 0.90 x8.0 | 58.8 18.3
x5.0 | 272 0.85 x10.0 | 55.5 17.3
60x60x3.2 | 5.36 1.67 150 x 150 X 5.0 67.3
x4.0 | 5.07 1.57 X 6.3 95.2 35.4
x50 | 4.79 1.49 x8.0 | 72.8 22.6
x10.0 | 68.8 21.4
70x70x3.2 | 8.65 2.69
x3.6 | 839 2.61 160 x 160 x 6.3 58.9
x4.0 | 817 2.54 x 8.0 97.5 29.5
x50 | 7.72 2.40 x 10.0 51.1 15.5
80x80x3.2 | 13.1 414 || 180x 180 x 6.3 76.2
x3.6 | 127 3.94 x 8.0 38.2
x4.0 | 12.4 3.84 x10.0 66.1 20.0
x50 | 117 3.63
x6.3 | 11.0 3.42 200 x 200 x 6.3 95.9
x 8.0 48.0
90 x90 x 3.2 23.7 8.82 x 10.0 83.1 25.2
x3.6 | 18.3 6.35
x4.0 | 17.8 5.53 220 x 220 x 8.0 59.1
x50 | 16.8 5.23 x 10.0 31.0
x6.3 | 15.9 4.93
x8.0 | 149 4.64 250 x 250 x 8.0 78.2
x 10.0 425
100 x 100 x 3.2 46.6 17.3
x 4.0 25.1 9.31 || 260 x 260 x 8.0 85.2
x50 | 23.3 7.25 x 10.0 485
x6.3 | 220 6.83
x80 | 107 6.43 300 x 300 x 10.0 78.8
x10.0 | 19.6 6.08
TABLE 8.2

Minimum cold-rolled radii for square HSS members

(using conventional practice)
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Minimum cold-rolled radii for rectangular HSS members

MINIMUM RADIUS (Metres) MINIMUM RADIUS (Metres)
HSS FOR PERCENT DISTORTION HSS FOR PERCENT DISTORTION
SECTION 1% 0% SECTION 1% 2%
Py, | P, | Pp | Py P, | P, | P, | Pp
50 x 30 X 2.6 0.87 032 || 120x80x8.0 13.9 4.86
x32 | 072 <0.22 x 10.0 | 8.58 2.67
x4.0 | 0.68 <0.22
140 x 80 x 4.0 64.5
60 x 40 x 3.2 1.97 0.73 X 5.0 93.2 34.6
x4.0 | 1.26 0.39 X 6.3 49.0 18.2
x50 | 1.19 0.37 x 8.0 25.2 9.36
x 10.0 135 5.03
70 x 40 x 3.2 3.79 1.41
X 4.0 2.04 0.76 || 150 x 100 x 5.0 75.3
x5.0 | 177 0.55 X 6.3 40.0
X 8.0 54.7 20.3
80 x 40 x 3.2 6.69 2.49 x 10.0 29.4 10.9
X 4.0 3.59 1.34
x5.0 | 2.49 0.77 160 x 80 x 4.0 73.9
X 5.0 38.8
90 x 50 x 3.2 17.9 6.65 X 6.3 65.6 19.9
X 3.6 12.9 4.79 X 8.0 32.8 9.94
X 4.0 9.61 3.57 X 10.0 17.2 5.21
X 5.0 5.16 1.92
180 x 100 x 5.0 70.9
100 x 50 x 3.2 28.0 10.4 X 6.3 36.3
X 3.6 20.1 7.49 X 8.0 60.1 18.2
X 4.0 15.0 5.58 x 10.0 315 9.53
X 5.0 8.07 3.00
200 x 100 x 5.0 63.1
100 x 60 x 3.2 415 15.4 X 6.3 32:3
X 3.6 29.9 111 X 8.0 535 16.2
X 4.0 22.3 8.29 x 10.0 28.0 8.48
X 5.0 11.9 4.45
X 6.3 6.30 234 |[200x 120 x 6.3 58.9
x 8.0 97.4 29.5
120 x 60 x 3.2 90.0 335 200 x 120 x 51.1 155
10.0
x 3.6 64.8 24.1
X 4.0 48.4 18.0 || 220 x 140 x 6.3 88.0
X 5.0 26.0 9.66 x 8.0 44.1
X6.3 137 5.07 x 10.0 76.3 23.1
x8.0 | 7.76 261
250 x 150 x 6.3 95.9
120 x 80 x 3.2 62.4 x 8.0 48.0
x 4.0 90.1 335 x 10.0 83.1 25.2
X 5.0 48.4 18.0
X 6.3 255 9.46 300 x 200 x 10.0 53.0
TABLE 8.3

for bending about the major axis (using conventional practice)
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Some firms that specialize in cold shaping HSS have developed tech-
niques and equipment to better support the walls during bending, thus
reducing deformation and achieving much smaller radii than those re-
ported by Kennedy. Examples recently reported to the authors are listed in

Table 8.4.
BENDING HOLLOW STRUCTURAL SECTIONS
SECTION RADIUS| PROCESS SECTION RADIUS| PROCESS
(m) (m)

ROUND HSS RECTANGULAR HSS (bent about y-y axis)
60 x 4.8 04 Rolling 152 x 51 x 6.4 1.8 Mechanical
114 x 6.4 0.7 Rolling 152x 102 x 6.4 21 Mechanical
168 x 9.5 0.9 Rolling 203x51x6.4 3.1 Mechanical
219x 13 1.1 Rolling 203 x102x6.4 24 Mechanical

254 x102x9.5 2.4 Mechanical

SQUARE HSS 305x102x9.5 24 Mechanical
50x50x5 0.6 Rolling 406 x102x 9.5 3.7 Mechanical
76 x 76 x 6.4 1.2 Rolling 406 x 203x 9.5 10.4 | Mechanical
100 x 100 x 6.3 1.1 Rolling
102 x 102 x 6.4 1.8 | Mechanical RECTANGULAR HSS (bent about x-x axis)
102 x 102 x 9.5 1.5 Rolling 102 x51x6.4 1.8 Mechanical
102x102x9.5 2.8 Mechanical 152 x 51 x6.4 1.8 Mechanical
127 x 127 x 9.5 1.8 Rolling 152 x 102 x 9.5 1.8 Mechanical
152 x 152 x 9.5 2.0 Mechanical 203x51x6.4 2.4 Mechanical
152 x 152 x 9.5 2.1 Rolling 203 x 152 x 6.4 2.3 Mechanical
150 x 150 x 10 1.4 | Rolling 203x152x 9.5 2.9 Mechanical
150 x 150 x 12.5| 3.0 Rolling 254 x51x6.4 3.1 Mechanical
152 x 152 x 12.7| 12.1 | Mechanical 254 x 150 x 13 9.0 Rolling
203 x 203 x 6.4 4.9 Mechanical 254 x102x9.5 3.8 Mechanical
203 x203x9.5 3.1 Mechanical 254 x 203 x 9.5 7.5 Mechanical
203x203x9.5 4.9 Rolling 305x102x9.5 3.5 Mechanical
200x200x 12.5| 2.0 Rolling 305x203x9.5 4.9 Mechanical
203 x 203 x 13 3.7 | Rolling 305x203x 13 9.2 Rolling
254 x 254 x 9.5 7.0 Mechanical 406 x 102x 9.5 8.6 Mechanical
254 x 254 x 9.5 15.3 | Rolling 406 x 203 x 13 19.9 | Rolling
254 x 254 x 13 9.2 Rolling
305x305x 13 12.2 | Rolling
356 x 356 x 9.5 23.5 | Mechanical

TABLE 8.4

Some representative radii of curvature for cold-bent HSS
(using specialized techniques and equipment)
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Processes such as draw bending (the HSS is forced around a mandrel),
ram bending (hydraulic jack with die pushes the HSS against preset stops),
and other jacking arrangements are all used in addition to roll bending for
cold shaping HSS. The member is deformed through the yield point and
becomes work hardened so that the material is somewhat less ductile and
has lower toughness. That however is not usually a problem for most
applications, and the stress-strain relationship is not altered in the elastic
range.

Riviezzi (1984) suggests that the reduction in notch ductility becomes
significant only when the amount of cold working produces a strain exceed-
ing about 5% in the outermost fibres (when the radius is around 10 times
the member depth). For fatigue or impact situations, he recommends stress
relieving at 650°C for approximately 15 minutes when the strain is
greater than about 2%. Galvanizing after cold bending is not advised
unless the material has been stress relieved.

Depending on wall thickness, circular HSS can be rolled to a radius of
about six times the outside diameter D, and draw bent to about three D,
but stress relieving becomes increasingly desirable with very small radii.
As with square and rectangular HSS, the thicker the wall, the smaller the
achievable radius.

8.1.3.2 Hot Bending HSS Members

The most common method of hot curving HSS involves the use of
induction heating by specialty firms. The process is particularly advanta-
geous in applications where the use of heavy sections, tight radii or close
geometrical tolerances are beyond the scope of cold bending. Bends are
produced at over 820°C and water quenched, so that the radius is well
“set” in the member. Precise. control of temperature helps to assure
accuracy and dimensional stability, with minimum risk of major metal-
lurgical changes. Tensile strength, yield strength and toughness values
are generally enhanced during the process (Riviezzi 1984).

The method uses an induction coil to apply a localized heat band in the
material as the member is slowly pushed through the equipment, and
hydraulic rams on a bend arm force the emerging section into the desired
curvature. The bending takes place progressively in the heat band width,
which is controlled by the water quench jets. This enables the temperature
of the heat band to be at red heat while the adjacent zones are close to
ambient temperature. Because of this precise heat control, the process is
suitable for either light or heavy sections.

Industrial equipment varies from region to region, and designers would

be well advised to confirm local capabilities when planning to use curved
HSS.
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8.1.4 Power Nailing HSS Connections

Circular HSS can be nailed together, as an alternative to bolting or
welding, to form reliable structural connections (Packer and Krutzler
1994). At present, the method has been verified only for splices between
two co-axial tubes where one tube is fitted reasonably snugly into the other.
Nails are then driven through the two wall thicknesses and arranged
symmetrically around the tube perimeter.

The nailing process itself is quick