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ABSTRACT

THE PERFORMANCE OF MEDIUM AND LONG SPAN TIMBER ROOF
STRUCTURES: A COMPARATIVE STUDY BETWEEN STRUCTURAL
TIMBER AND STEEL

ERTASTAN, Evren
M.S, in Building Science,

Department of Architecture

Supervisor: Assoc. Prof. Dr. Erciment ERMAN

December 2005, 174 pages

This thesis analyzes the performance of structimdder and steel in medium and
long span roof structures. A technical backgroumolé roof structures including
structural elements and roof structure types, sigéinitions, and classification of roof
structures are discussed. Roof structures ardetbtaith traditional and the
contemporary forms. The thesis comprises the casgabetween structural timber
and steel by using structural, constructional aatenal properties. Structural forms
and the performance of timber and steel are diedusshe research also includes the
roof structures built with structural timber in key, application, marketing and
examples in Turkey are indicated. In the conclugiart the performance criteria of
timber and steel are summarized, the researchgirbpared a table to compare the

performance of timber and steel.

Keywords: Timber, Steel, Roof, Structure, Span



Oz

ORTA VE GENS ACIKLIKLI AH SAP CATILARIN PERFORMANSI:
AHSAP VE CELIGIN KARSILASTIRMALI CALI SMASI

ERTASTAN, Evren
Yuksek Lisans, Yapi Bilimleri,

Mimarhk Bolumu

Supervisor: Assoc. Prof. Dr. Erciment ERMAN

Aralik 2005, 174 sayfa

Bu calsma struktirel agap ve celgin orta ve geniaciklikl catilarda
performanslarinin katastiriimasini kapsamaktadir. Cati sistemleri hakkinda
strukttirel elemanlari, cati gerini, aciklik tanimini ve ¢ati siniflandirmasin
kapsayan teknik bir 6zet tagimistir. Cati sistemleri geleneksel ve giincel
siniflandiriimalarla detayl anlatilgtir. Tez striktirel agap ve celii striktirel,
yapim ve malzeme performanslarina goraikatirmaktadir. Argtirma Tirkiye'de
struktiirel akap kullanilarak tasarlangme¢atilari Gretim, uygulama ve pazarlama
kriterlerine gore de kapsamaktadir. Sphiliminde agap ve ¢elin performans
kriterleri 6zetlenmy, sonug tablosunda performans kriterleiaghve celik igin

karsilastiriimistir.

Anahtar Kelimeler: Akap, Celik, Cati, Striktir, Aciklik
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CHAPTER |

INTRODUCTION

As the necessity for a clear and wide span in scture, various forms, span systems
and materials have been designed and developeadhiyests and engineers. Due to
technological development, cost rates and congideref aesthetic appeal, structural
timber is widely used for medium and long span siaficture purposes in Europe and
U.S., on the contrary, among many structural maltersteel is probably the most
widely used material in Turkey for similar needkislresearch comprises structural
timber and steel, their advantages and disadvastgecompared due to performance

criteria for medium and long span roof structures.

Deciding the accurate structural system for a canogon, depends not only on the
span or the ceiling height but also to the arctuiat form and image of the building.
Theoretically, many supporting systems can be a@b any length of the span. On
the contrary, when economy is taken into considamatf the span increases, the
structural system has to bear more loads. Eretitiog) transportation, material
strength, workmanship, avaibility of the materiayreffect on the decision of the

structural system.

Although there is a timber construction heritag&umkey’s architecture history, it is

not widely used in spanning of a roof structuree plossible reasons are considered as
the lack of technology in timber construction, higst rates, lack of high quality raw
material and workmanship. Due to preceeding reasvesl is the first choice in
construction of large span roof structures. Withartsidering if it is the appropriate
solution for the space or not, it is used at spmatts, swimming pools, market places,
super and gross markets, factories, ateliers,g#erasherever a medium or long span

structure is needed. However structural timbersiadl have different properties



when compared to each other, specifying the magmdhthe construction method

should be done by considering these properties.

Understanding the timber roof structures and itfopemances, may lead an increase in
the application of timber roof spanning in Turk&ie research is not prepared to
defence timber against steel, but a comparisonatraygt the attention of architecture
students and young architetcs, so that timberstattures for medium and long span

roof structures may be introduced and developddirkey’s architecture medium.

I.1 Definition of the Problem

Timber has a potential for designing a medium amg lspan roof structure. Although
timber is a stuctural material, its structural aapais not well known and steel is
prefererred when a medium or long span roof stredaineeded. Different forms and
systems have been developed in the western cajrftioerever in Turkey its potential
is not well known and not applicated due to varimasons such as cost, lack of
knowledge, lack of demand and production. Thispsadlem for architects and
architecture students, because whenever a medidroag span roof structure is
needed, steel has the priority in the first choides creates serious problems for
buildings, because the originality and appropriessmf the structural systems and
materials do not satisfy the designers. An architeccomposed of same repetitions of

standard steel roof forms is not satisfactory fafgssionals.

There are a few firms that are specialized in stirat timber application and design,
especially for glued laminated timber, moreoverapplications are mainly for hotels
at touristic resorts for swimming pools. The uséimber has many advantages, of
this its warm appearence. Especially roof strustunade out of glulam elements is an
attraction point for people. Besides its aesthapbigeal, timber has a high performance

for medium and long span due to its structural samctional and material properties.

The research is needed because at the designostageoject, architects should be
very knowledgeable while deciding the structuraitegn. Generally the firms which

are the vendor of a foreign glulam firm, are knalgeable about the subject; at least



an ordinary architect or engineer should be abétgdethe preliminary projects and
conceptual drawings. Many of the architects dohaste the necassary knowledge on
the span and the choice of the structure. Duectodéinformation about the subject,
generally steel is the first choice for a roof sp@n the other hand, this may cause

some problems about the general view of the cities.

Some time later, the man made environment may bea@ny dull and unsatisfactory,
due to the repetitions of the same building techesgand materials without any or
less quality. Additionally this negatively effedtee culture of architecture due to the
same roof structures. Originality and locality msimportant factor for the culture and
civilization. When structural timber is studiedchitects may find out that they have a
different solution for spanning of a space whicH leiad alternative projects. For
some kinds of roofs such as swimming pools andfaed, structural timber gives
very satisfactory results, because it is resistamany of the chemicals and it is not

affected easly like steel.

When erection time, fire resistance, dead weigitalaility, transportation, heat
resistance and expansion, and cost are compangddretimber and steel, different
results can be acquired. Considering these resiuéishoice for the span system and
the material should be made. At different casesdififierent projects both steel and
timber may be the only best solution for the proj8ait in order to make the best

choice, potentials and performances of the two mads$eshould be well known.

[.2 Objective of the Research

Timber and steel are the two closest structuraénatalternatives for roof spanning
of a space. Both, the structures designed withmaterials are erected on site or can
be prefabricated. The objective of this research mompare the performances of
timber and steel thus, an architect, could be tablésualize the potential of timber.
The list of performances are selected regardingtifuetural, constructional and

material characteristics of these two elements.



Timber design considerations effect not only tmecttire; also the image of the
building. In timber designs, every detail effeat jbints and this results in the change
of the appearance. In timber design, the appr@psitictural system should be
carefully selected and the details should be atelyrdecided. Timber, as a structural

material allows us to design various roof forms wheed on the large spaces.

Thus, the main objective of the research is toteradasis and konowledge on the
characteristics and the potential of timber. Tret@yatic of the research is kept
general so that it may be extended in the futuretieer types of structural materials
for the construction of medium and long spansc@&wyparing the performances of
structural timber and steel, evaluation of the materials will be possible. At the end

of the research different results for both materiglacquiered.

I.3 Scope of the Research

The scope of the research for the examples anchis is limited with the
European countries, the U.S.A., Canada and Auatnaliere structural timber is
widely used for roof structures. In the technicatkground chapter, photographs and
drawings are used to visualize original projeatsritthese countries. The scope is
limited with the previously listed countries duehe technology and the knowledge
developed in the structural timber subject. Thdiegied projects from Turkey are
also given at the end of the research to have papson with foreign countries. The
projects are selected from the last 15 years dileetdevelopment in solid timber and

engineered wood products such as glued laminatdzbti

The research is limited with the performance dateamely: structural, constructional
and material characteristics of timber and sté@¢le research is enriched with
formulas, engineering data and tables. Data onrrabhbtharacteristics of timber and
steel is especially introduced in order to havemprasion in a scientific scope.
Various searchers have prepared pages of tables #ieostrength properties of
structural timber and steel, these kind of tecHnidarmation is especially not

included, in order to limit the framework of thesearch. The scope also includes the



contemporary situation for structural timber areektn Turkey, the problems in

production, erection, transportation, cost and taaience are also introduced.

|.4 Materials and the Method

The method is a comparative study for the roofcstme performance of timber and
steel. Literature survey is done to examine andtcoct a basis for the roof structures,
timber and steel. The method is a comparetive st&mhat the properties of timber
would be understood better. A direct comparisdimged in the research, because in

a test specimen timber or steel would have differesults; on the other hand a
structure is not only evaluated by unit strengtbperties. When a structure is assessed
in terms of strength efficiency, total load of gteucture, diagonal members,

connections, sections depths, volume all effecstrength properties.

The materials used in the research are composdacomments for visualization, tables
for technical data and figures for detailing, idwoed to construct a basis for the
subject. In order to provide reference, Code otfure, Britisih Standards, National
Design Specification ‘NDS’, Uniform Building Cod&/BC’, Timber Construction
Manual ‘TMC’ is used. Internet sources are accessedllect current information.
Contemporary buildings are selected for the exasngle that the technology and the
development in western countries are researchedefiare done to follow
contemporary events and facts in Turkey and theidarcountries. Structural timber

and steel producers, factories and the internetamedurveyed.

I.5 Terms and Definitions

Terms and definitions depend on the country andiggahical condition for structural
timber and steel. The terms ‘log’, ‘timber’, ‘woodumber’, ‘board’ may change by
the cultures. Generally in the American sourceddhm lumber is used, but the
British refer it is as rough timber. The term timiseused for solid timber pieces
which have dimensions more than 10 cm in the Araargources. Some researchers
defined timber as structural lumber. When consioads suggested timber,

additionally when production or the raw materiatlgimed, wood is used. Engineered



products are defined as wood products. The reseraddiined and used ‘wood’ as the
main substance of the tree, ‘timber’ as the gerierai of the wood products, ‘log’ as
the trunk of the tree cleaned from branches, ‘lurmiie the rectangular cut pieces of

the logs.

In the further chapters the terms about wood'scttine and strength are used. Further
information about the wood’s structure and strenmgitfiven in the Appendix part.
While using the terms the researcher was sengitiveot to use detailed definitions
and information. The general content is on theguerénce of timber and steel on roof
structure, in order to be close to the subjecteuaasary terms and definitions about
timber and steel are not indicated. Terms relatiga performance criteria such as
moisture content, strength, stress, erection, aicsushemical properties are indicated

in the related chapters and the glossary.



CHAPTER Il

TECHNICAL BACKGROUND

In order to compare the performance of timber d@edlsa technical background is
necessary for roof structures and structural elésn®&asicly roof structures is
summarized in terms of structural elements, spdassification of roof structures and

structural systems for roofs.

1.1 Structural Elements for Timber and Steel

Structural timber is produced from lumber, whichiea by the given species, grade,
cross-sectional size, and length; additionallyiffeds in one country from another.
Different searchers defined and classified lumbed sizes in various kinds. The
designer should contact a local lumber suppliedetermine what kind of lumber is
commonly stocked or produced (Fig.ll.1). In ordeuse lumber commercially,
moisture content shall be reduced by kiln dryinguodrying. According to Olin,
(1990:201.18) drying the lumber increases stremngtiiices shrinkage and fungus
attack, moreover improves the capacity to receresqure preservative treatment.
Kiln drying is a more effective method to reduce thoisture content and mostly used

for structural products.

a) Common boards  b) Sawn lumber  ¢) Round end d)End boards e)Round end boards,
unedged in spaced stacks  boards edged

Figure Il. 1  Five cutting ways of sawn lumber (Gdétzal, 1989:21).

Theoretically, lumber is cut from a log in two @t ways: a) tangentially to the

annual growth ring, called plain sawed in hardwodlds grained in softwoods;



b) radially to the rings, called quarter sawedandwoods, edge grained in softwoods
(Olin, 1990:201.22). Plain sawed lumber is lesseagpve, requires less labor and
waste; shrinking and swelling is less in thicknegserally has a less weaking effect
(Fig. 11.2). Quarter sawed lumber is more costlptoduce, shrinking and swelling is

less in width; it tends to wear more evenly becdlbisgadial surface is more uniform.

a) Lumber cut tangent to the annual ring b) Lumber cut radially to the annual ring

Figure Il. 2 Lumber is cut tangent or radially to the annuag ((@lin, 1990:201.22).

Sizes and types of lumber differ in various paftdhe world. Faherty, stated the
standards and types in America; G6tz, Hoor, Mohlet Natterer considered the
standards and applications in Germany. Terms ‘daioery, ‘timber’ and ‘boards’ are
used to define a specific type of lumber. Accordimgraherty (1989:21-25) structural
elements for structural timber are in three bage¢ and this classification is mainly

used in North America:

1. Sawn Lumber: a) Boards: Less than 5 cm in nolhthizkness; b) Dimension:
From 5 cm to 10 cm in nominal thickness; ¢) ‘TinibBlominal thickness of 10 cm or
more. 2. Structural Composite Lumber (SCL): Striatt€omposite Lumber (SCL)
core is manufactured with a network of lumber siglaminated together with a
waterproof adhesive to form a single, solid, staloiee reducing the risk of warp.

Industry standards for SCL are still under develept. SCL is avaible as in both

! The term nominal is derived from the dimension ktésyfrom the rough sawing of unseasoned (green)
lumber. Planing or seasoning results in a prodistraller cross section, but the nominal dimengon
applied. A nominal 5x10 cm stud is 3.8x8.9 cm ia thlly dried and planed state (Faherty, 1989:22).



‘boards’ and ‘dimensions’, and produced in dimensiessentially compatible with
sawn lumber sizes. It can be obtained in widthgpoto 60 cm net on order. 3. Glued
Laminated Timber: Structural timber, componenttaaje sizes and complex shapes
can be fabricated from smaller sawn sections (lates) by the process of glued
lamination, known as ‘glulam’ (Fig. II.3). Gluednténated timber is mainly used for
flexural members, columns, arches, truss membetslacking. Because a degree of
homogenization is achieved, glulam structural masbed products have higher
allowable stresses and more reliable stiffness sham timber. Glulam is produced of
kiln-dried lumber and do not have the problemshoin&kage and secondary stress

generation.

Figure Il. 3  Typical sections of glued laminated structuresaid rectangular section, b) ‘I section
with a plywood web, c) ‘I’ section with a corrugdtereb, d) reinforced section, €) box
shaped section, f) box shaped corrugated sectiarisgh, 1989:377).

Halperin (1994:2) stated the sizes of structurabtr according to thickness, width
and grading (Table 11.1). Go&t al. (1989:19), classified lumber into five types and
defined the sizes and standards referring to Geapphcation: a) Strips: Timber
having a cross section of up to 32 cm? and a watitass than 8 cm. b) Boards:

Lumber having a thickness of 0.8 cm minimum andncaximum, and a minimum



width of 8 cm. ¢) Planks: Lumber having a minimunckness of 4 cm. The larger
side of the cross section is at least twice alasggthe smaller side. d) Dimension
lumber: Lumber with a square or rectangular crestien having a relation of side
widths of up to 1:3. Minimum side width is 6 cm. Téinbers: Lumber where the

width of its larger side is greater than or eqoa® cm.

Table ll. 1 Size classification and grades of structural tin{btaiperin, 1994:2).

Category Thickness (cm) |  Width (cm) Grades
Dimensional lumber 5-10 Any width
Structural light framing 5-10 5-10 Select structural Nos, 1,2,3
Light framing 5-10 5-10 Construction utility
Stud 5-10 5-15 Select structural Nos, 1,2,3
Joists and planks 5-10 10 and wider Select structural Nos, 1,2,B
Beams and stringers 10 and thicker Widths more than 5

greater than thickness
Posts and timbers 10 and thicker 10 and wider Select structural Ni¢B,3

In the U.S.A. practice, softwood is sawed into ¢hibeoad classes of lumber: a) Yard;
b) Factory and shop; c) Structural lumber. Yarddemis used for light construction
and finish work. Factory and shop lumber is usedléor, sash, cabinet and other
millwork elements. It may contain defects such ast& and defects which may be
disregarded. Structural lumber is intended for eanstruction and it is 5 cm thick
or greater (Karlsen, 1989:34).

Structural timber is classified by a grading systeotording to the type and size of
the defects; moreover gradings are given due tsttieagth properties of the selected
specie (Fig. 11.4). This permits dealers to provndgterials which are uniformly
suitable for their intended uses, it is an advantag both the dealer and the user
(Oberg, 1963:84). DIN 4074 establishes three grpsgiyistems:

a) Grade 1: Lumber with especially high structsta¢éngth;

b) Grade 2: Lumber with ordinary strength;

c) Grade 3: Lumber with lesser structural strerf@ititzet al.,1989:16).

2 For the grading system, the growth rings shouldoeomore than 5 mm wide and should contain at
least 20% latewood and no pith areas are allowgdaide 1 and 2 to be used in the outer tension zone
(Karlsen, 1989:34).
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Wayne, (1991:78) stated that glulam is not onlgddbr stress but also for
appearence: industrial, architectural and premiLime three differ in the visible
defects such as knots, knot holes, knot size, yaigsas of insufficient surfacing,

color, grain laminations and eased corners.

ensibe strengih, |

f 3

Femstle sirength, T I

Foa irss
timber

|- bisir

L aanpressaon

memibers

Miodulus of clastrcity | Masdhulus of elastiony |

aConventional grading svstem by Product-related classification

Figure Il. 4  Mechanical properties of timber products requirgeébd users (Kliger, 2000,
document on-line).

According to The Engineered Wood Association, ABAgineered wood products are
classified as a) Glulam, b) Structural compositeldar: laminated veneer lumber,

parallel strand lumber, oriented strand lumber.

a) Glulam: Glulam is an engineered stress-ratedymtocreated by bonding together
individual pieces of lumber having a thickness @i or less. Glulam is
manufactured from laminatesf sawn timber, planed to a smooth surface, before
being glued together with the grain in the lamisatenning essentially parallel.

Gliller, (2001:151) claimed that for curved membansinates with 2.54 cm (1 inch)
width are used, for linear or slightly curved memsblaminates with 5.08 cm width

are used. Basicly, glulam is not stronger than lemsince gluing has no effect on
strength, nonetheless by wisely selected laminatiba bending strength exceeds that

of lumber. Virtually any size of cross section dangth of component can be

3 Individual laminates can be end-jointed by the pascof finger jointing to produce long lengths.
Beams wider than the normal commercially availddneinates can be manufactured by edge-gluing
after finger jointing. The lay-up of these wide laates is arranged so that both edge and fingetsjoi
are staggered.
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produced from glulam (Fig.Il.5). The constrainte Hrose imposed by transportation
and individual manufacturer’s facilities. Span#t6fm and depths of 2 m have been
produced, but spans up to about 30 m are more.usttale USA, highly competitive

domed structures spanning 150 m have been builgyggulam ribs.

b) Structural composite lumber: It is the combioatof wood veneers, veneer strands

are bonded together with adhesives. It is classdie

1) Laminated veneer lumber (LVL): It is producedldmnding thin wood veneers
together in a large billet. The grain of all verseisrparallel to the long direction. The
LVL billet is then sawn to desired dimensions dapeg on the construction
application. Guller, (2001:151) suggested that eemahich are bounded parallel or
vertical to each other, have 3.2 cm width, gredi@ensions are used in glulam

manufacturing.

2) Parallel strand lumber (PSL): PSL consists n§laeneer strands laid in parallel
formation and bonded together with an adhesivenm the finished structural
section. Like LVL and glulams, this product is usedbeam and header applications
where high bending strength is needed. Veneersaava from lumber, pieces with 18
cm width and 20.32 cm length are produced. In tinhér step these pieces are
pressed with adhesives and necassary dimensiotisefonarket are produced
(Guller:2001:151).

3) Oriented strand lumber (OSL): Similar to PSliepted strand lumber is made from
flaked wood strands that have a high length tcttess ratio. Combined with an
adhesive, the strands are oriented and formedaitdagye mat or billet and pressed

(The Engineered Wood Association, document on-line)

Hornbostel and Hornung, suggested that for sparns @81 m solid timbers are
generally cheaper than laminated sections excepterdxiremely heavy loads are
implied. Beyond this limit glulam beams or otheustural systems should be used
(1982:180). Erdgan, (2002:114) claimed that glulam is more expentian solid
wood due to the need of more materials, high faling costs and the difficulties in
transporting large members. However glulam giveeedom in design, ease of

installation, durability and efficient utilizatiolccording to Desch, (1996:200) the
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most favourable property of glulam is, its stengtlveigth ratio and high flexural
rigidity compared with other materials. It givegr@at degree of freedom in design

when compared to solid timber.

Timber is kiln-dried to a moisture
content of 12% + 2% for maximum
bond strength and glulam stability.

= Finger joints are machined and bonded
:_;%'i_’, to the appropriate strength length.
=

Figure Il. 5  Production of glulam is composed of drying andtjomn periods of laminates (Glued
Laminated Timber Association, Glulam Specifiersdgjidocument on-line).

In steel construction, structural steels are idiestiby the ASTM designation number

that specifies the steel (Table 11.2). The most mmmly used steel is graded as A 36
steel. There are several steels that have moreiwtabiabilities and that are known as
high strength steel. ASTM 588 is intended primaidyuse in welded bridges and
buildings where decreased weight of steel, impralgdbility and weather resistance
is required (Ellison, 1987:198). Steel is also piest in different forms and
techniques. Parker, (1994:263) summarized the ptomutechniques of steel as:

a) Rolled shapes; b) Wire; c) Extrusion; d) Caste)g-orging.

a) Rolled shapes: The process of rolling is usem@duce a variety of linear elements
including rods, bars and plates. b) Wire: Thisoisrfed by pulling the steel through a
small opening. c¢) Extrusion: This is similar townag, although the sections produced
are other than simple round shapes. d) Casting: i§ldone by pouring the molten
steel in to a form. e) Forging: This consists afipding the softened steel into a mold

until it takes the shape of the mold.
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Table Il. 2 Types of structural steel is graded with a designg(Callender, 1982:2.77).

ASTM Primary Use in Construction

Designation

Carbon Steel

A36 All purpose carbon grade steel used for constnu of buildings and bridges.

High Strength Low Alloy Steel

A242 For exceptionally high corrosion resistancererexpensive, suitable for use in uncoatefl
condition.
A440 Riveted or bolted structures where weightrgpis important , corrosion resistance twicp

that of carbon steel, not recommended for welding.

A441 Welded structures where weigth saving is ingy corrosion resistance twice that of

carbon steel.

A572 Excellent formability and weldability, econaral where strength and light weight are vifal

design objectives.

A588 The atmospheric corrosion resistance of tieisl $s 4-6 times that of carbon steel, if
unpainted, for uses where weight reduction, weliyalsind maintanence costs are

considerations.
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Figure Il. 6 Typical hot rolled steel sections (Foster, 1983)143

Continuous casting, which is used to transform emoliteel into finished forms is, the
most widely used method of steel production. Rgtietiucts can be divided into
sections and plates. Sections can be hot rolledldrrolled, that hot rolling must be

done in red hot state, whereas cold rolling is dan®om temperature (Fig. 11.6,
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Fig. 11.7). Steel trusses are commonly producethfreelded hot rolled shapes, using
‘T" sections as top and bottom chords and anglesaggponal members or entirely
composed of welded tubular sections (Egeeal.,1995:37-38).

Sie f“"L ~
) 3

Figure Il. 7 Typical cold rolled steel sections (Owens, 1992)429

§

e

According to lllingworth, (1993:278-279) the availity of steel sections in variety
of dimensional changes provides designer with @&watiety of options. The addition
of hollow sections widens more the scope of stekére the hollow section is strong

but light means of construction.

Table Il. 3 Identification of structural steel shapes (MertR82:8.2).

Section Symbol

Wide flange shapes W

Standard | shapes S

Bearing-pile shapes HP

Similar shapes that cannot be grouped in W, S or HP M

Structural tees cut from W,S or M shapes WT, ST, MT
American standard channels Cc

All other channel shapes MC

Angles L

Hot rolled shapes include bars, plates and angtegsarily to withstand tension
forces. Steel shapes like ‘W’, 'S” and ‘M’ are dgsed for compression and bending,

such as in columns and beams. Merrit, (1982:8dineld that shapes are identified by
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their cross-sectional characteristics: angles, mblanbeams, columns, tees, pipe,
tubing and piles. Structural shapes are simplytifled by letter symbols (Table 11.3).
The shapes are delivered in standard lengths Inutlsa be produced in custom-cut
dimensions. Plate products are classified as: &kiT& mm or more; b) Medium, 3-5
mm; ¢) Thin, under 3 mm. Built up steel beams amdlpcts are designed for different
and specific structural purposes. They can be apenilered and delivered in a short

time. Welded plate girders are generally used ithgier construction.

Castellated beams are made by cutting a ‘W’ beai8’dream longitudinally along
the web in a straight or curved zigzag shape (ER). The two halves of the beam
seperated, displaced and later welded togethéhasdoearing capacity of the beam
increases by 100% without any increase in weigtibular steel is produced in
circular or rectangular sections, withstand tordmwes. Corrugated steel sheets are
produced from cold milled sheets and generallyembatith zinc, aluminium, or both.
Corrugated steel is frequently used as siding aiing of light prefabricated
buildings, industrial sheds and the like (Eggéal.,1995:40).

Carbon greatly effects the physical properties@éls The amount of carbon may vary
between 0 to 1.5%. Increasing the carbon contecteases the strength, hardness and
brittleness of steel but decreases its ductilitis@n, (1987:196) classified the steel
according to carbon content as: a) Low-carbon stebla carbon content between
0.06% and 0.30%, b) Medium carbon steel with a@adontent between 0.30% and
0.50%, c) High carbon steel with a carbon contetivben 0.50% and 0.80%. The
steel production starts with combining togetheeghprinciple raw materials: iron ore,
coal and limestone. Various alloying elements at@duced into steel to change the
properties in order to increase strength and essistto rust. These elements are
silicon, manganese, copper, nickel, chromium, ttergsnolybdenum and vanadium.

Such steels are called alloy steels.

Owens stated that steel is graded in the Eurocod@8& 4360 specification for the
weldable structural steels, notch ductility reqoients are specified by grades A to F.
According to these requirements steel should shovinanum of 27 J energy

absorption corresponding to the letter grade. Grade requirement, grade B +20°C,
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grade C at 0°C, grade D at -20°C, grade E at -&68(yrade F at -60°C (1992:215).
The European based standard, BS EN 10 025 have/¢rsteel strength grades 43
and 50 having the yield strengths 275 N/mm2 and¥$am?2 (Owens,1992:224).

Figure 1. 8  Production of castellated beams with the help gitali blow torches at Westok
Structural Services Ltd., Wakfield, England (Eggéal.,1995:39).

The researcher claimed that both structural tiralmer steel are graded with special
designations depending on the region of the praolucthis grading system is
necassary for a uniform construction, to simpli@occlations and site applicaitons.
Manufacturers produce the raw material accordirtpése specifications, so that
faults are decreased during application period.e@gly accepted gradings are
inserted in the Chapter Il.1. Unfortunately in Teykhere is not a specific grading
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system for structural timber. Raw lumber is grade@rade 1, 2 and 3; but for

structural purposes there is not an establishadmsy® simplify stress calculations.

1.2 Roof Structures

The basic function of a roof is to enclose a sakprotect it from outer conditions.
A roof structure should satisfy the requirementshsas strength and stability, weather
resistance, thermal insulation, fire resistancesamohd insulation (Foster, 1983:162).
According to Ambrose, (1990:66) designing a roaicure requires to deal with two
major functional problems: the generation of theggal roof construction, form,
structure, and the development of the means foingake roof watertight.
Vandenberg, (1974:191) denoted that a roof streatust keep out water, has to give
protection against sun, resist the destructivecesfef radiation and alternate exposure

to heat and cold, moderate heat losses to accepiatits.

Every building contains one or more structural eeta and the overall structural
system is composed of the combination of theseesiesrwhich generally consists of
the main framework, secondary members roofingesidrs, and foundations. Once
the layout, the interior space, the span of a Inglis determined, the structural
design starts with the computation of the roofed®ining to insulate the roof or not,

the kind of the material of roofing can effect thagth and appearance.

These complex and many sided considerations malk#dult to choose the
appropriate structural system and material. Suokiderations need a three
dimensional visualisation of the flow of forces.tBtructural optimisation is not the
only criteria in the choice of the system and i tomparison of the alternatives. The
arrangement depend also on the other functionalsneach as heating, ventilating,
sprinklers due to trussed members, lightning gawgrthe structural plan, or loud
speakers moreover lighting can provide additiooatll These considerations and the
architectural form influence the choice of the stwal system. According to
Toydemir, roof structures design parameters depearttie roof structures’ bearing
system, insulation for heat, light, sound and watesign and architectural concept

(2004:18). The most appropriate form of the ronicure is decided due to the type
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of the building, foundation conditions, spans tacbeered, nature and magnitude of
the loads, lighting requirements, accomodatiors@wices, the possibility of the

future alteration, speed of erection, and aestloetsiderations (Foster, 1983:339).

Ambrose, (1990:67) suggested that the selectidheobasic roof structure and the
general roof construction must respond to varisases including: a) The materials
and basic construction of the rest of the buildin)gThe dimension of required
horizontal clear span; ¢) Special needs for a@adi geometric form; d) The form
and the layout of the supports; e) Penetratiorikeofoof for vents, elevators,
skylights, and so on; f) Acceptable range for defations; g) General architectural
impact of the roof in terms of its form, visibilif the top surface, and the possible

exposure of the underside structure.

The researcher claimed that a roof structure isposed of series of elements:

a) Structural members like beams, ‘I’ joists, puslistruts, rafters; b) Lighting
fixtures, c) Ventilating elements like air duct$;@bvering materials for insulation,
acoustics and decking purposes. If the structuegpesed, these elements are
designed harmonious with the form; on the contifatye structural elements are
hidden, secondary members may pass over the siegpeaiing level. A roof
composed of structural members, these memberbeae, truss, frame ‘I’ joist,
shaped lineer elements to construct a dome or aheélshaped ribs to form a plate or
frame. Further information about main structurehetnts are indicated in Chapter
I.5.

Roof structures is summarized in terms of classiie and span. Firstly,
classification of roof structures will be done; sedly, span definition, the lengths to
discuss medium and long span will be defined ard tength of simple, medium and
long span will be discussed. Type of the roof stmecand span length is related to
each other; one type of roof structure may be gpate in medium span but

inefficient in long span.
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11.2.1 Structural Members in a Roof Construction:

Structural members that span the distance betweemetements, hold insulation,
cladding, lighting and ventilation, moreover ttenstitude three dimensional
stiffness. Structural elements (Fig. 11.9) that pase a timber roof structure are:

a) Ratfter (hertel; b) Purlin @sik); c) Strut ((kme); d) Diagonal §ogtislemé;

e) Collar kusaklam3; f) Siding fyanlamg; h) Tension beangérgi kirisi); i) Cladding
board kaplama tahta3i

ridge purlin —————

collar —

eave purlin
1

..................
,,,,,,,,,

/////

Figure 1. 9  Structural members in a hip roof construction (Tayit, 2004:40).

Rafter, is the construction element that trangfeedoads from under cover plank to
purlins. Rafters are placed for 2.75-3.00 m spah 45-55 cm axial dimensions, and

have section dimensions 5x10 cm or 6x12 cm.

Purlin, in a roof is the element that transmitsribaf loads from rafters to struts.
Purlins are perpendicular to the slope of the rBaflins are generally have the
dimensions of 10x14 cm, 10x16 cm or 12x16 cm. Rsirdire placed in a

3.75-4.00 m span. The span length may be incrdagsdthgonals. If the purlin is
placed over the rafter it is named as rafter puwlinen it is placed at the edge of the

rafter it is called edge purlin.

Struts, are the vertical elements that transmitahds from rafters and purlins to a

floor or buildings load bearing system. In the topfs, struts transmit the loads to
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floor or walls. In the hung roofs the name of thistical member is king. Struts
generally have the dimensions about 10x10 cm orlP2cm. Struts are bounded to
floor, reinforcement or structural system by cuskiahat have the dimensions about

4x12 cm or 5x12 cm.

Diagonal, is the member that is placed between atrd purlin with 45° and acquire
the the stability of strut and purlin. Diagonale ptaced to double sides of the struts,
and should be connected by bolts. Diagonals gdpdrabe the dimensions of 8x8 cm
or 10x10 cm.

Collar, is the element in the roof that connecesdtiuts horizontally and vertical to
the purlins. Collars are generally horizontal iseaurlins are not at the same level,
collar angle may change. Collars are generallyiegigld double and continuous. The
connection between collars and struts must be valts, but nails to connection the

collars with rafters is enough.

Siding, is an element of hung roof. The verticalda@wome from purlins to struts are
transmitted through siding slope. Sidings are ataiegular section and have the
dimensions 10x10 cm, 12x12 cm or 14x14 cm. If dewditlings are placed, section

dimensions are more than the half of the necasiargnsion.

Cladding board, is below the roof tile or metal @oin order to have a flat surface.
Under cladding board are generally in the dimersa2.5 by 20-25 cm sections for
roof tile cladding; however if metal cover is usadgder cladding boards have the
same dimensions but a tongue and groove ghiotld be added. Under cladding plank
transfers the roof loads like roof tile or snowadters. Over the under cladding tile, a

membrane must be set in order to prevent watertjzios.

If it is assumed that roofing material and thetlag prevent water penetration from
exterior, and then any potential problem is likelybe caused by the penetration of
water vapour from inside of the building. The acalation of water vapour in roof

spaces must be prevented by the provision of adedgeatilation. In BS 5250, it is
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paraphrased as a) A 10 mm gap continuously alociy €de of a roof pitch over 15°,

b) A 25 mm gap continuously along each side ofod woth a pitch under 15°.

According to Burchell and Sunter, (1987:27) vetitiia should be done by ridge
vents, gable end vents or individual eaves ventsold flat roof construction a vapour
barrier must be installed between the insulatich@ailing lining. It must be specially

cared that installation of insulation does not kltiee passage of ventilation.

Figure 1. 10 Roof decking arrangements are: a) Fabric or plastiton braced beams, b) Tongue or
groove planking or splined boards, ¢) Compositeenls, d) Wood chipboards,
plywood or furniture panels, e) Diagonal plankifig?anel elements of timber slats or
sheating, g) Trapezoidal sheet metal (Gittal.,1989:127).

Decking is the material to enclose the space betweeload bearing ribs (Fig. 11.10).
Decking can be decided according to the unit weiglihe material, architectural
image if exposed, span length between the mainaibsunt of secondary members.
Some decking systems can support itself withoutiptasecondary supports, of

course structural form should be appropriate fohssystem.
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11.2.2 Classification of Roof Structures

During the research, it is observed that diffessarchers classified roofs due to their
point of interest. Roof structures are classifiedoading to the structural system, span
and form. According to Binan, classification of f@tructures are: a) Hippésik cati);

b) Ridge kirma); c) Mansard; d) One way slope; e) Cross fornT;eiit and flat
(1990:3-7). When the structural system is consiieB@an classified the timber roofs
as hip 6turtma), hung Gsma and mix systems (1990:57). Ozdemir (2003:89),
classified roof structures as: a) Leandor{durmg; b) Hip; c) Ridge; d) Mansard,;

e) Tower; f) Monitor fenerli cat); g) Shed; h) Combined (Fig. 11.11).

a) Lean to b) Saddle ¢) Four way slope d) Mansard

e) Tower f) Monitor g) Shed h) Combined

Figure Il. 11 Classification of roof forms (Ozdemir, 2003:90-91).

Ambrose (1990:66), sorted out the roof structucenaling to their forms: a) Flat
with overhang; b) Flat with parapet; c) Shed; d);Hi) Gambrel; f) Mansard;

g) Simple gable; h) Compound gable; i) Gable rawhtkr; j) Skylight; k) Monitor;

[) Sawtooth. If the angle or the slope of the reafface is considered Ambrose
(1990:72), categorized the roof structures asaaj #raining, from 3:12 slope and
over; b) Intermediate, from 1:12 slope to 3:12 elap Slow draining, from 0 to 1:12
slope. Foster (1983:164), stated that roof strestshould be classified under 3 basic
types: 1) The plane of the outer surface: a) Hotiap b) Sloping. 2) Structural
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principles on which their design based, that ismia@ner in which the forces set by

external loads are resolved within the structurthefroof. 3) Span.

Tiarkel (2000:217-220), categorized the roof stmegwaccording to: 1) Geometry:
a) One way slope, b) Saddle, c¢) Folded, d) Lean)t§hed, f) Mace, g) Mansard,

h) Butterfly, i) Cross, j) Apex; 2) Amount of slop&) Flat, b) Sloped; 3) Structural
material: a) Timber, b) Reinforced concrete, c) &llel) Stone; 4) Insulation: a) Flat,
b) Converted.

Toydemir (2004:24-27), claimed the classificatidrih@ roof structures should be
done according to: 1) Usage of the roof: a) Useabte to be used roof structures: for
terraced, garden or parking purposes. b) Unusedalsle to be used roof structures:
sloped roof structures over 33% slope. This sle@propriate only for maintanence
purposes. 2) Rain water: a) Sloped to the outwédrdSjoped to the inwards. 3) Slope:
a) Little sloped roofs: roofs which have a slopeueen 0%-25%. b) High sloped
roofs: roofs which have a slope over 25%. c) Chamgioped roofs: roofs which have
an arched, dome, shell, pyramidal shape. In thesfe the slope differs between
0°-90 °. 4) Covering material: a) Roof tile; b) Ashos; c) Metal; d) Bitumin;

e) Polimer; f) Glass; g) Natural stone; h) Plaotati) Soil. 5) Form: a) One faced;

b) Craddle; ¢) Ridge; d) Mansard; €) Dome; f) TaveggrShed; h) Flat or less slope.
6) Under roof ventilation: a) Cold roof-air undaetroof; b) Hot roof-air without.

7) Structural system: a) Embeded; b) Hung; c¢) Mircaaf.

The researcher classified the roof structures dugpan; usage of the roof;

form; structural material. 1) Span: a) Simple; bydiim; c) Long. Span is related
with the type of the structural material, the systnd the design. Further information
about span is indicated in the next chapter. 2gbsd the roof: a) Used; b) Unused.
A roof structure may be either used or unused. @dygdlat roofs have a tendency to
be used, sloped roofs are not used. 3) Form: @e8jd) Flat; c) Dome; d) Arch;

e) Shell; f) Pyramid; g) Vault; h) Folded. Formtbé structure is related with the
general design concept, architectural prefereriagtaral material and interior

volume. 4) Structural material: a) Timber, b) SteglReinforced concrete,
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d) Aluminium, e) Plastics. Structural material icatly effects the general design
concept, span, form and construction techniqueoiting to slope a classification is
not indicated in the classification; a vault or dogtructure also has a slope changing
by the point. Covering material and insulationas included, because both covering
material, insulation and decking does not effeetdblection of structural system,
design, span or form. The same covering or insaratiaterial may be applicated to a

timber or steel structure.

1.3 Span

Span, is the extent or measure of space betweepdints or extremities, as of a
bridge or roof. Span size of a roof structure isrerh related with the potential of the
structural material and the design. The classificabf the span and the appropriate
system is related with the efficiency of the stauet Increasing the span length, means
the increase of span depth. For example, a tggésra may span a medium length,
however to increase the length, the design ofab&structure may be changed into a
space frame. Roof structures may be classifiedraetbasic span types: a) Simple;

b) Medium; c) Long. These span lengths may depenti® structural material, for
example for a concrete beam simple span may bedswed between 3 m and 6 m, on

the other hand with steel ‘I’ beams it may be cdesed between 3 m and 12 m.

Karlsen, stated that simple span is between 3 ntandmedium span is up to 36 m,
and large span is over 36 m (1989:265). Howevetdroslaimed that simple span is
up to 7.6 m, medium span between 7.6 m and 24.40ng,span over 24.40 m
(1983:165). In all structural systems minumum sigdimited due to system’s lower
feasible span. To decide the span length, systefinsency in terms of amount of
used material, time of erection, cost of the stmetstructure’s depth, dead weight is
very important. When the feasible limits are extmhdhe structure becomes to be
overdesign, and another type of structure relatéutive limit of the span should be
chosen. Span sizes have been increased by ye#rs,further chapters various
searchers have defined span sizes for differeffitstaactures, and it has been

observed that from 70s to 90s amount of spansecklaith structures has been
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increased. The increase is related with the tecigial developments in joint details,

quality of wood products and steel.

The researcher classified the span as followsimapls span, b) Medium span,

¢) Long span. Simple span is considered betweeraBc® m for structural timber.
For a simple span laminated beams, box beamsesrusay be used and would be
efficient. Over 8 m straight beams, sawn lumbeinieear simple trusses would not be
efficient, that a different structural system shiblok chosen. Medium span is
considered between 8 m and 24 m and trusses, aspfae frames, pyramid shaped
structures, open web joists, plywood folded platesld be efficient. In these limits
structure is efficient with the selected form. Lagan is considered over 24 m.
Trusses, laminated arches, space frames, curvedshblls would be the appropriate
solution for long span timber roof structures. &ént span limits and related forms

are summarized at the end of the conclusion (Tiab#.

1.4 Traditional Roof Structures

Roof structure types have been enhanced due todkegical developments and
change of needs. In order to overwiev the contearga@tructure systems, firstly the
background of the topic is introduced; so thatrtias of the structural development
can be understood. Roof structure types are surmetam two basic topics:
traditional and contemporary systems. Traditioyatems comprise Anatolian and

western traditions.

Traditional roof systems differ in the Anatoliandamestern culture. Todays
contemporary timber structures are mainly basem fn@stern rafter roof tradition.
Western conutries have developed their timber ir@afition and by including new
materials they have enriched the contemporarytsiralcsystems.

11.4.1 Anatolian Roof Tradition

In Anatolian tradition, according to Binan (1990y&8ements of the roofs are: roof

cover, roof clad, rafter, purlin, strut, tie bearollar and diagonal. a) Roof coveafl
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ortisty The upper level cover that prevents the rainamalv to penetrate the roof.

b) Roof clad ¢ati kaplamagi Depending on the covering material timber claddin
the roof. c) RafternferteR: The secondary elements that the timber cladidimgiled
on. d) Purlin &s1k): The beams that support the rafteuarlins are named according to
their place in the roof like eave purlidamlalik g1g1), middle purlin éra asik).

e) Strut glikmg: The supports that the purlins are placed ontheg are erected over

a column or wall. f) Tie beanib(rakma kirii): The struts are placed on tie beam is
there is no a wall. g) Collakgsak): Collars connect the strut, purlin and rafter,
moreover they join the structural system horizant&l) Diagonal gogtislemé: In

order to decrease the wide supports and to préventind effects diagonals are used.

Diagonals are connected from struts to purlins wih

According to Binan (1990:57) traditional structutiahber roofs are classified as hip,
hung and mix systems. a) Hip: Hip roof do not hiawvey span, loads are transferred to
the load bearing elements like beams and columrdubg: Hung systems are used
for medium spans and enclosed by beams and tragseses are shaped due to the
slope of the roof. ¢) Mix: Used where the span gesnvarious trusses are used

together.

Hip roofs are constructed as one purlin; two puaiial three purlin hip. a) One purlin
hip roof: In the one purlin hip roof the lengthtbe rafters or the span between the
purlins horizontally are not more than 2.5-3 mliRuengths are not more than
3.5-4 m. The structural system is composed of augdaced one by one, purlins
placed along the building and rafters rest on tiéns. Rafters deform under equally
scattered loads. Vertical pressure of the rafterdransferred from eave purlin to
outer walls, from ridge purlin to interior walls gifoundation. Purlins deform by the
vertical loads generated by the rafters. b) Twdiptip roof: In the traditional roofs
the span between the purlins determine the rgfi@mns These spans are between 2.5-3
m, and the purlin spans are between 2.5-3 m. Twianpwofs are appropriate for 8 m
roof spans (Fig. 11.12). When the span betweerptliéns are more than 3 m, two
purlin system is used. In the two purlin roof, eafends support as a cantilever
moreover the length of the cantilever is not mbent1.5 m. ¢) Three purlin hip roof:

This type is used for the roof where the span leigtong and the distance of the
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ridge and eave is between 5 m and 7 m (Fig.Il.C8hstruction technique is the same
as two purlin hip roof. Load bearing walls shoutdddaced. Purlins are connected by

struts and collars.

Figure 1. 12 Two purlin hip roof is composed of rafters, purlidgéagonals, collars and struts. The
ridge purlin is placed for easy installation (Bind890:78).

rafter
ridge rr— o s /
purlinh\'“if‘;__*i B :7 e
collar “-—._,___‘__/-—_Zi—::—:"“:i:—; T \\

@

Figure Il. 13 Ridge connection in a three purlin hip rootdsnposed of rafters, purlins, collars, struts
and diagonals (Binan, 1990:82).

Hung roofs are used where the span length is rhare® m. The joist on the ceiling is

hung to the roof structure. Depending on the spahbaiilding length two or more

trusses are placed at 3.5-5 m. Hung roofs are rwmtst as one purlin, two purlin,
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three purlin. a) One purlin hung roof: It is usgddme purlin at 5-6 m span. If the
under roof is flat ceiling, beam is hung to thegkand ceiling beams are placed on the
hung beam. b) Two purlin hung roof: It is used-dt06m span (Fig. 11.14). It is
composed of tie beargérgi kirisi), chord yanlamg, headerl§aslik) and two kings.
The distance between the trusses is between 3¢4 Tiwee purlin hung roof: It is

used at 10-12 m span. In the long spans doubles largyused and thieepozoidal
system is connected with a header beam. Sidindheader beam are connected

between double kings.

Figure Il. 14 Two purlin hung roof is composed of rafters, puwjidiagonals, collars and struts
(Binan, 1990:94).

11.4.2 Western Roof Tradition

In western tradition timber pitched roofs are apgk pitched; b) double or purlin,

c) triple or trussed. Single pitched roofs are npitebied and ridge. In the monopitch
roof, the inclined rafters meet the wall plateamtaingle and their load tends to make
them slide off the plate. To decrease this tendémsjide and to provide a horizontal
surface, the rafters in all pitched roofs are nedcbver the plates. To avoid weaking,

the depth of the notch should not exceed one tfitde rafter. Monopitch roofs may
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be constructed with the rafters laid at right aagtethe pitch, that causes a shorter
span and permits smaller sections to be used.gk nidof consists of pairs of rafters
pitched against each other at their heads with thet bearing on opposite walls
(Fig. 11.15). The depth of the rafters are decrdagken compared to a monopitch
roof, of the same overall span. In the collar to®imembers are used but at a higher
level than the feet of the rafters and they arkedadollars. It may be used for short

spans not exceeding 4.9 m.

17.5x3.2cm

liidge board

5x3.8cm

5x3.2cm
ridge board

10x7.5cm .
wall plate 7 7.5x5¢m binder
AN 10x7.5em 10x5cm ceiling joist
~ wall plate R .
acting as ties
a) Couple roof b) Close couple roof

Figure Il. 15 Ridge roofs are constructed in couple and clospledorm (Foster, 1983:177).

Double or purlin roofs are used when the spanrobéis more than 6.1 m and needs
in a couple type roof rafters much more than 10rcaepth, it is more economical to
introduce some support to the rafters along tieeigth (Fig. 11.16). This support may
be in the form of a strut to the centre of evefftergplaced, but it is more economical
to introduce purlin, a longitudinal beam on whibke tafters bear. By the introduction
of the purlins, the total cube of timber in thefroees with increase in span than if the
rafters were increased in size.Depending on thghweind rafter length a 22.5 by 7.5
cm purlin will span from 2.5 m to 3.7 m. Purlinsyrize placed vertically or normal to
the rafters. The former is preferable that theipwlipports on vertical walls or struts;

the latter is sometimes appropriate when inclinegdsare used.
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Figure Il. 16  Purlin roof construction (Foster, 1983:180).

Triple or trussed roofs consists mainly of a péiradters triangulated to provide
support for the purlins, preferably at the nodenfsoiFor short spans two rafters lying
in the same plane may be triangulated to carryrsuwhich are fixed under them, so
that purlins are in the same relative positiorh® dther rafters which they in fact
support. For wider spans resulting in large loanshe truss members, the size of a
normal rafter is usually too small to be used mtiuss and seperate rafters are
triangulated and carry the purlins on their badkeese rafters are placed below the

level of normal rafters and do not directly suppbg roof covering.

Trussed roofs may be divided under topics such)aNailed trusses, b) Bolted and
connectored trusses, c¢) Glued trusses and d) Truakers (Fig. 11.17). Nailed trusses
are the least efficient method, but it is a simpkthod. They are used where the
lightweight roof coverings are used and the spaaslaort. Nailed trusses may be
used up to 6.1 m. Bolted and connectored trussessad to increase the efficiency of
the bolted joints. They are embedded half in eafghcant members and transmit the
loads from one member to another. Jointing by cotang permits to use thicker

timbers. For greater loads split ring connectoesused, but these need accurately cut
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grooves. Bolted and connectored trusses are effiogto 7.6 m. Glued trusses
construct the most efficient type of joint. The ntrs may be glued to each other by
using lapped joints, in some cases lapped membaysot provide sufficient gluing
area, that double lapped joints or gussests magbe. These trusses may be used in

the range of 4.5 mto 9 m.

Figure Il. 17 Trussed rafter roof construction (Foster, 1983:191)

Trussing every pair of rafters normally requirelims; thus dispensing with purlins.
Trussing every pair of rafters permit low pitchglsort bracing members, and
placement of rafters at 60 cm centers rather tl@eencenters. Elimination of purlins
and ridge board, decreases timber content of wisalestructure and lower dead
weight is acquired. The main difference betweessed rafter and a roof truss is that
the former carries its own weight on itself, howeadruss carries the the loads from a

number of adjacent rafters via the purlins.
[1.5 Contemporary Roof Structures
In order to understand contemporary roof structystems basic structures are

reviewed in this section. Roof structures may hesizbered in two dimensional or

three dimensional forms. A two dimensional struetbas a length and depth,
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moreover the loads are carried in two dimensiang, \ertical plane. On the other
hand, a three dimensional structure has a lenggthdand span, additionally forces
are resolved within the structure. Two dimensiatalctures include beams, trusses,
rigid frames. Beam is the simplest form of enclgsanspan designed with linear
members. A frame bears like a 3 dimensional stracitis totally designed with the
column reactions, however a truss can be desigepgetately from the column, a
timber truss can be designed over a reinforcedretamor steel column. Frame is a
more rigid roof structure than truss. In two dimenal structures secondary members

are introduced to bear the roof loads.

Three dimensional structures include space frafoled plates, shells and domes.
Space frame bears is three directions, differdntiy truss and frame; the 3
dimensional stability increases the span lengthsgace frame. Folded plates are
structures composed of repeating plates. In tmeinetogy there is a dilemma for
shell, that some searchers use shell is as the taer of the structure, like the skin
of the egg, without structural ribs and mainly desid with plastics or reinforced
concrete; on the other hand some searchers déiitieas the organic form of the
structure that can be composed of ribs, or trusedhe research shell is used as the
organic form of the strutcure, combined of ribsstes, the 3 dimensional form. Span
lengths for the types both in timber and steelpsrsummarizing drawings for the

forms and photographs are used to discuss thecsubje

11.5.1 Beams

Beam, is a squared off log or a large, oblong p@édanber, metal, or stone used
especially as a horizontal support in constructBeams are classified as straight
beams, simply supported beams, shaped beams atildvearbeams. A timber beam
may be produced from solid timber, glued web plared laminated wood beams.
Beams may be classified under four main topicsigiit, simply supported, shaped
and cantilever. a) Straight beams: Simply suppaostedght beams are widely used for
purlins, lintels, flat roof joists and similar apgations. Relatively light weight,
combined with ease of fixing, make the use of timi@pular with contractors and

visually attractive. b) Simply supported beams: Bynsupported beams are usually
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deflection governed in design. It follows that beamhich are continuous over
multiple supports are more efficient with consedumst savings. Care will, however,
be needed to allow for the changed distributioloatling on the support structure.

¢) Shaped beams: For roofs that are nominallyafig&nerous fall is strongly
recommend. Timber beams can be tapered from onerdmath ways from centre.
This can be done with or without a camber which @amsiderably enhance the
appearance of beams which might otherwise loolegieep mid span. d) Cantilever
beams: It is easy to taper Glulam & LVL. Balconiesnopies and larger roofs will

look better trimmed to a structurally efficient ple.

b) Girders with two or three layers of boards which are glued together

Figure Il. 18 Girders are composed of ‘I' or box sections withgda or with glued boards (Goétz
et al, 1989:57).

Laminated beams consist of two or more boards glogether along their wider
sides. Boards should not exceed a thickness of, 3rmay be increased to 4 cm if the
wood is dried and carefully selected. Glulam sedtican be produced in rectangular,
‘I beam and box sections (Fig. 11.18). Laminatezhins can be formed to any depth
or length. The length is limited due to lengthtwé shop, length of the gluing bed and
transportation. The depth is limited only by thaiaile width of of the assembly

machines ranging between 2 m to 2.3 m. Lengths 86m to 35 m and depths of up
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to 2.20 m are commonly avaible. Laminated wood nm&mbre generally produced
with rectangular cross sections. For bending ttie o height to width of a section
varies mostly between 3 and 8, but should not eké@gGotzet al.1989:21-22).

The design of a beam should be decided by bensliregr stresses, deflections;
depending on the cross section of the beam, lefgtpan and type of load. Length
may be between 1 m and 7 m straight solid girdess glued web plates length is
between 7 m to 30 m, laminated wood beams lendtbtiseen 7 m to 40 m (G6tz
et al.1989:84). According to Schodek (1980:513) laminditeaims may have a span
range between 3 m and 24 m and have a depth betwseh /20, however Gotz

et al. (1989:21), stated that laminated beams span 8p ta and 35 m. Schodek
claimed that box beams may have a span betweeartdr8 m, and a depth in
between L/18-L/20.

b) Gutter between main girders, K-shaped
secondary beams on siraight iower beams

¢) Double secondary beam with K-shaped d) Gutter between main girders, crossed
struts as intermediate support secondary beams

Figure Il. 19 Secondary girders are placed on main girders iousialternatives with 90°
(Gotzet al.,1989:109).

In a beam construction secondary members are ptatzdd with the form of the

structure that they can be designed with 90° dn watrious angles such as 60° or 45°
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(Fig. 11.19, Fig. 11.20). The simplest design isihgtall secondary girders over main
beams, mainly used for shorter spans. When thessparease, diagonal bracing is
necassary related with the beam depth, distaneeesbatmain beams, weight of the
decking material or insulation. In the angular agements except for 90°, secondary

members can be placed over main girders or thepass through the main beams.

a) Nailed to shear connected wood insert b) Steel plate shape bolted to main beam
in slit of secondary beam

¢) Secondary beams spliced over main beam d) Secondary beam continuous or spliced over
main beam

Figure 1. 20 Secondary girders are placed on main girders iousialternatives with 60°
(Gotzet al.,1989:107).

Glued laminated beams are commonly called as gludauch may be constructed both
horizontally or vertically. Horizontal laminatiormases a more economical use of
timber, particularly for larger section beams, teptthe beam may be formed of
multiple laminates and is not limited by the widthany given plank. Each laminate
has a thickness about 5 cm for straight membecsedsed to 1.6 cm according to the
radius of curve for shaped members. Beams muchl@ar length are not usually
produced in glulam construction (Foster, 1983:3&3jtzet al.,suggested that
rectangular laminated wood cross sections candmuped for widths of up to 50 cm,
depths of 3 m, and lengths over 30 m. Cross sectiay have a width of 12 cm to

18 cm, and a depth of 2 m. Laminated wood is eafig@ppropriate for arches
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spanning up to 100 m (1989:54). Callender (1982)Pctaimed that sawn beams can
be used between 9.15 m and 12.2 m, glued lamires@ech can have a span between
18.3 m and 30.5 m. For spans up to 12 m or 15mmr& economical distribution of
material is obtained by the combined use of satibér flanges and webs of plywood.
For spans over 18 m and up to 30 m, laminated guedhailed beams of ‘I’ section
will produce a more economical structure than s@ittangular laminated beams. The
webs and flanges are formed of boards approxima28&lynm thick fixed together

with glue and carefully calculated nailing (FostE983:343-344).

Figure Il. 21  Roof structure of Highland Park Health and Fitr€sster, Buffalo Grove(Sentinel
Structures, Inc., document on-line).

At the Fighland Park Health and Fitness Centerdbéstructure is composed of
glued laminated straight beam (Fig. 11.21). Forii&ki Teaching and Research
Farm three new buildings are commissioned for taksidki University Teaching and
Research Farm: two storage halls and a grain dpleng (Fig. 11.22, Fig. 11.23). The
roof structure of the storage buildings consisteplywood web beams combined
with small scale glulam beams which was achievabowut the use of tension bars.
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Figure Il. 22  Roof structure of Viikki Teaching and Research Fanfikki, Finland (Timber
Research and Development Association, documerineh-|

Figure Il. 23 Roof structure of Viikki Teaching and Research Favfiikki, Finland (Timber
Research and Development Association, documerineh-|

The rectangular shelter with the dimensions 13)618.3 m was designed and
installed by Western Wood Structures. Galvanizée &teel columns support the
peaked and cambered roof beams (Fig. 1.24).

4 Architects: Arkkitehtuuritoimisto Mauri Méki-Mgunen; Structural Engineers: VM-Suunnittelu Oy;
Completed: 1998, Area: 1.080m?2.
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Figure 1l. 24  Roof structure of Emmaus Church; Cornelius, Oregyastern Wood Structures,
document on-line).

In steel construction steel beams are produced fratmolled or cold rolled sections.
When depths exceed the limit of rolled beams, gdlyespans more than 20.40 m the
girder must be built up from plates and shapes.@éelyirders are prefered to the
riveted ones. Welded girders are generally compo$éttree plates that offering the
opportunity for simple fabrication, efficient uskraterial and least weight. The
availibility of high strength weldable steels cadisievelopment of hybrid girders. For
example a high strength A572 steel may be usedjirdar for the most highly
stressed flanges, lower priced A36 steel can be fagdightly stressed flanges, web
plate and detail material. Hybrid girders are &t and economical for long spans
and heavy loading (Merritt, 1982:8.9).

According to Eggeeet al, to increase the span while keeping the dimensiohe

beam at minimum, beam can be supported at oneseradelaces along the beam,
forming a trussed beam. The beam should withstarmpoession loads as well as
bending. Eggest al., stated that simple steel beam has a span lengtled® 3 m to

50 m (1995:102-104). Schodek claimed that widegiashapes are generally used for
steel beams for horizontal spanning elements. Aliegrto Schodek, steel beams have
a span range between 5 m and 21 m (1980:519). Qwefised the span lengths as
between 4 m and 8 m by cold formed sections, \dtm span by rolled sections,
between 6 mand 60 m span by castellated beasnseiwween 5 m and 15 m span by
compund sections (1992:403).
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Merritt (1982:8.98) pointed out that in steel beawnstruction, generally one support
is temporary bolted during erection, later it iefi when the appropriate position is
acquired. Beam is fixed to the columns by craneklihg the beams from the ground
should be prior to erection planned. General teghmis to start erection from the
beams in the middle and go further to the beaménadtie plan view. During erection
the number of bolts are kept minimum, just enougkeep the joints up tight and take

care of the stresses caused by dead weight, wohéraation forces.

The researcher suggested that, for solid timbesésl max. 7 m span is appropriate,
because longer timbers can not be produced ardkftextion effects the one piece
solid beam. For glued web plates a span lengthdmiw m and 35 m is efficient,
smaller spans can be enclosed by solid beams,rlgpges can be passed by
laminated beams. For laminated beams 6 m to 45theiproper span length. If the
span length incresases, the system should be ahamgea truss or an enhanced
system. Spanning longer lengths with beam systematisfficient, due to the increase
in the depth, weigth and deflection. For steel keeaoid formed sections can be used
in 4 mto 8 m, because cold formed sections areogpiate in the simple span. Rolled
sections can be used at max. 35 m, longer spansotdre passed by rolled sections
due to deflection, weigth and efficiency of the ine&astellated beams can be used
between 6 m to 60 m. Beam system is the most sifapte of spanning a space. For
longer spans enhanced systems should be useddaegomembers must be
introduced to have a rigidity on the structure.span a long space curved or three
dimensional forms should be used, depth shoulddresead, that a flat or shaped
beam may become very simple for long span. Inucgire when the complexity of

the form and amount of secondary members incréasger spans can be enclosed.

11.5.2 Trusses

Trusses are girders which have been decreasedassambly of simple struts
connected by pin connections (Fig. 11.25). Strutssiressed either in compression or
in tension. Size of the compression members atatdtby buckling, while the size
of tension members is controlled by tensile stresé¢he weakest points which are

generally at the connections.
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Figure Il. 25 Typical truss members and definitions in trussgle¢MiTek Solutions, document on-
line).

Roof trusses may be constructed in steel, timbemiaium alloy, in spans up to

60 m, even more when required. In the case of keege spans, the pitch is designed
in low height; to prevent the excessive interndumee, to reduce the area of roof to be
covered and the weight of the structure (Foste831311).

Various searchers defined different truss typeg.([F26). A truss is compund of a
bottom chord, top chord and webs. Names of theé&sisnay change in different
cultures and geographical conditions. In a trussifaf any part of the roof is lighted,
the parts that are glazed are more vertical. Tagsification of trusses are done

according to the construction technique, joints tredform of the truss.

Gotzet al.,(1989:55-58), classified the trusses accordindpédr tconstruction
technique and connections as: triangular stryotit-glued; nail plate greim and
menig.

a) Triangular strut truss: It consists of a trulsged together (Fig. 11.27). Upper and
lower chords may be parallel or convergent moretvey may be fabricated in any
length of finger joint splices. The maximum spandach systems is 10 m for parallel
or trapezoidal trusses, and 30 m for triangulae typsses. Trusses shorter than 15 m
may be produced in two sections, but those oven haust be made in two sections

and have a nonglued field splice.
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Figure Il. 26  Typical truss types have various names in diffeceitures (Faherty, 1989: 6.7-6.8).

b) Trigonit-glued truss: Trigonit type truss islaey truss in which the diagonals are
jointed together into a web by means of fingert@end then nailed to the flanges
(Fig. 11.27). The trusses glued in one machine khoat be over a length of 15 m.

c) Nail plate truss: Generally the distance betwiertrusses is about 1.25 m,
depending on the load it may vary from 0.625 m.&@r (Fig. 11.28). The span of nail

plate trusses should not exceed 20 m.
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gaapin)

a) Triangular strut truss b) Trogonit-glued truss

Figure Il. 27  Triangular struts are glued by finger joints, iganit girder truss diagonals are joined
by finger joints, double or triple flanges are editogether with each nail loaded in
double shear (Gott al.,1989:55-56).

d) Greim truss: It is designed in two kinds: saduiid flat (Fig. 11.28). d.1) Saddle

roof truss spanning 10-20 m and having a ridgeht&f1/10 of the span. d.2) Flat
roof truss spanning between 7 m and 35 m with #hdefabout 0.08 of the span.

e) Menig truss: These type of trusses are apptepioa heavier loads, optimum spans
for this type of truss is between 16 m and 25 rg.(Fi28). On the other hand, spans
up to 45 m have been constructued with menig maikp, with the depth of the truss

at the centerline equal to 1/10 of the span.

Vandenberg (1974:206) claimed that trussed raftave a span up to 10 m, fink truss
up to 10 m, double fink truss between 5 m and 1&chodek, defined the flat truss
spans between 12 m and 33 m and have a depthvedédrel /10 and L/15, moreover
shaped trusses may have a span of between 18 #6andind a depth of between L/7
and L/10 (1980:513). Girders up to 45 m and trussedout 60 m or 75 m may be
constructed in timber, the upper chords of giraeay be curved, parallel or inclined,
and are usually laminated in the larger spans éF0$883:347). The size of
compression members is decided by buckling, howtneesize of tension members is
controlled by tensile stresses at the weakest gonttich are generally at the
connections. Due to this reason, to increase tes®@ectional area of a member in
order to get a convenient connecting surface @scsection at connections. The top
chords of a truss are designed against bucklingteyal bracing (Gotet al,

1989:90).
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Figure 1l. 28 a) Nail plate truss: Node plates consist of gakedtisteel plates, they are pressed from
both sides into wood. b) Greim truss: Stell plaesplaced in sawn mortises and nailed
from the outside without predrelling. ¢) Menig tsudlode plates are placed between
struts and are not visible in the finished trussté@t al., 1989:58).

Hornbostel and Hornung (1982:183-184) stated #iratriated wood trusses generally
span in a range between 12.2 m and 45.7 m, addilyosome manufacturers are
equipped for spans larger than these spans. Sobd wusses are used for spans
between 6.1 m and 10.7 m. Shaeffer, consideredithiér trusses have a span range
between 7 m and 30 m; steel trusses have a spgih lbetween 20 m and 60 m
(1980:8). Desch (1996:195) denoted that trussesspary up to 30 m. Trussed rafters
are designed to carry simply the direct load impagegon them. According to
Mindham, trussed rafters use approxiamately 30%tieser than other truss forms,
moreover factory production keeps the labour cbstugsed rafter very low when

compared to that necessary bolt and connectectfbiniiss (1994:12).
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Figure Il. 29 St Mathews Lutheran Church; Stony Alberta (The Begred Wood Association,
document on-line).

Merritt (1982:7.58) suggested that bowstring tiggbe far most popular. Spans of
30.4 m to 60.8 m can be spanned with bowstring twith glued laminated timber at
top and bottom chords and solid sawn timber at webg chord, bottom chord and
the heel connections are the major stress cargpngponents. Since the top chord is
nearly the shape of an ideal arch, stresses irdstase almost uniform, throughout the
bowstring truss, web stresses are low under unifodmstributed loads. In the flat
trusses chord stresses are not uniformly distribateng their length, web stresses are
high. Triangular trusses like scissors are usegHort spans, they usually have solid
sawn members for both chords and webs. Callen@82(2.61) claimed that

bowstring trusses can be used between 12.2 mTadSink, belgian and pratt
trusses have a span range between 12.2 m to 27 Wbspatial trusses designing
structures with large spans using common profiliés kelatively short lengths,
pozitively effect the erection time, production drahsportation. They also cause the
combination of members from solid wood, glued laaiad timber or steel. These
systems are suitable for designing complex geooatshapes (Fig. 11.29).

In steel construction due to the greater depthuskes, they provide a high stiffness
against deflection when compared correspondingadiieam or plate girder than
otherwise would be required (Merritt, 1982:8.9) @wieclassified steel roof trusses as
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pratt, howe, fink, mansard, pratt, warren, and saoth (1992:529). With steel design
for pratt, howe and fink trusses estimated spageanbetween 6 m and 12 m; with
mansard truss range is between 15 m and 30 myathand warren truss range is
between 6 m and 50 m (1992:532). Steel roof trusegsbe produced from tubes,
angles or rolled sections between a span of 10chi@A m. Open web joists may be
produced from angles, tubes as chords and rollgtbss (1992:403). According to
Vandenberg (1974:206-207) double fink truss haspam range between 8 m and
15 m, howe truss up to 10 m, double howe betwemra®d 15 m, fan truss between

8 mand 15 m, bowstring between 20 m and 40 m.

Steel girders may be bolted or welded completbénfabricating shop, or the ones
which are too large for transport are made in tawds with the necassary connecting
plates. Steel light lattice beams formed from amgled flats are used for lightly
loaded roof structures up to spans of 12 m. Suaimbdrequently incorporate high
tensile steel bottom chords (Foster, 1983:348%tdfpstated that universal steel
beams are suitable for spans up to 10.5 m, alththugltan be extended by the use of
castellated beams. The economic depth of the tlugisgers is from 1/6 to 1/10 of the
span (1983:311). Schodeck, claimed that steel linwss have a span length between
10 m and 32 m, bowstring truss between 17 m and 8Ad special trusses between
23 m and over 55 m (1980:523). According to Egeteal. (1995:120), steel
consumption in truss construction with spans ofrb0r high is enormous, the
consumption of steel is so relatively high thas iteasonable to study other structural

forms than trusses.

Taymaz (1988:283), suggested that in steel trubseso movement related with heat,
one of the supports should be done hinge suppia®l 8Busses are placed between

2 m and 6 m and trusses are named as full body @loks govdeli makgsand frame
roof (kafes caf). Full body trusses can be formed either as desiegruded

(haddeden cekilm) unit, or as combined beantsir(esik kiris). The roof spaces
designed with full body trusses can be used. Fadilroof trusses are connected by
rivetting or welding. If the roof truss has a fotbdy, height of the truss decreases
through the supports. Frame roof trusses are fowhetkel bars placed in triangular

shapes. In the frame roof trusses the elementsab@to compression are shorter and
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the elements that face to tension are longer. Rus$es are generally designed
symetrically to the middle axis.Purlins are plaogdr the top header connection
points. Frame roof trusses are designed accorditttettype of the building, truss

length and the covering material.

In steel roof trusses purlins are generally madsesl, and rarely made of timber or
prefabricated prestressed concrete (Fig. 11.3@elSturlins are in ‘U’, ‘I, 'L’ or 'Z’
sections. The span between the purlins are 1.5dd an. Steel purlins are connected
by bolts, rivetting or welding (Fig. 11.31). In sfleroof trusses, rafters are placed
perpendicular to purlins and between 40 cm and®@man. Timber rafters are placed
over steel purlins and connected with bolts opstrath is the element that is
connected vertical to the rafters. Timber lathsiafcm by 5 cm sections, and placed
over timber rafters. Steel laths are in ‘I, ‘L’ @F sections and placed over steel

rafters moreover steel laths are connected by bolelding.

Y4 #

‘ angle lies/

tee section rafter 7
s

7/

Figure 1. 30 Steel trusses are composed of rafters, purlingdranstruts and ties (Foster,
1983:346).
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Figure 1l. 31 Connections for simple welded trusses (Ellison,7128L1).

According to the researcher trusses made of Solilger may be designed upto 11 m .
For solid timber span length is limited both in imeand truss design, because solid
pieces deflect, deformed due to torque, moreovength and size of solid member is
limited. Trusses composed of girders or laminaemdisns have a span up to 45 m.
With laminated sections truss span increase, degmtions and longer members can
be achieved. When steel is used for trusses maxispam is possible up to 55 m,
larger spans are not feasible with steel. In tdessgn crucial point is that, when the
span increases, the amount of secondary membeithesiead weight of the total
truss which ends up in higher depths. Higher depthmore dead weigth is not

feasible for a structure, so a different systemukhbe designed for longer spans.
[1.5.3 Arches

One of the advantages of glued laminated woodaisthie laminations can be bent to
various curvatures, one common use of curved glutemmbers is in the fabrication of

arches, which may have several configurations. Ating to Schodek, laminated
arches have a span between 12 m and 43 m and hiyp¢haof L/4 and L/6 (1980:
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513). For spans up to 24 m and with the depthrigtkeratio 1/8 to 1/6, two hinged
arch configurations are more feasible, becausenitare economical of materials

wherever the curved arch members can be shippettfre factory to the site.

Figure 1l. 32  Arch structure of Cantina Fossoli; Colognola, Ifalychitect: Antonio Masconi
(Holzbau Spa, document on-line).

As a rule, arches have a constant radius of cumahecause it is easier to bend the
component boards in a circular fashion. To decrbaseling, the thickness of the
laminations should not be over 1/300 of the cumaatadius or 3.3 cm (Karlsen,
1989:201). Gotet al. (1989:54), claimed that laminated arches have bgeouted
spanning up to 100 m. Arch structure of CantinasBbdias a span length of 22.1 m
by 50.9 m (Fig. 11.32).

Tied arch Butressed arch

Figure Il. 33 Two hinged arches are constructed in two ways (btmstel and Hornung, 1982:182).

In tied arches, the strings that take up horizahtaist are composed of steel joints or
rods (Karlsen, 1989:201). Shaeffer (1980:8) sunwedrthat glued laminated arches
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have a span range between 20 m and 40 m; howergsett arches have a span length
between 30 m and 70 m. Glued lamianted archesdraappearence of wood finish,

but it is not easy to transport large pieces.

Hinged arches could be designed into two diffetgoes: two hinged and three
hinged. a) Two hinged arches: Two hinged archestateally indeterminate and
generate outward reactions mostly on compressimeddn the direction of the arch.
Unsymmetrical or horizontal loads reason to bendsaghat the amount of horizontal
trust changes on the rise of the arch and itsss# at the crown. The bending
moment in the centre and the stiffness of spli@srdiine the design. If the bearings
are subject to lateral movement, the two hingell deforms and causes additional
bending stresses. According to Hornbostel and Hagr{i982:182) two hinged arches
are classified in two types: tied and butresseg. (Fi33). Hornbostel and Hornung
(1982:17) stated that two hinged arches are ad@piabwide spans up to 76.2 m and
practical for even larger spans. However the mostroon and appropriate span range
is between 9.15 m to 30.50 m. b) Three hinged archieree hinged arches are
statically determinate. They withstand exteriod®anostly on through compression
in the arch. The bearing reactions are inclinked same as for three hinged frames or
beams and the size of horizontal forces changésensize of the arch. The design is
determined by the compression and bending stréssasunsymmetrical or horizontal
forces. Buckling out of the plane of the arch soatritical (Gotzt al.,1989:146).
Hornbostel and Hornung classified the three hirageties as tudor, gothic and
parabolic (Fig. I1.34). Three hinged arches cajpb#ed at the crown by side plates
which resist the shearing force produced by thelidad and ensure the lateral rigidity
of the crown joint. Callender, (1982:2.61) claintkdt two and three hinged arches

have a span length between 12.2 m to 30.5 m.

Callender (1982:2.74) denoted that deciding thk design depends upon soll
conditions and other building requirements. Reastim the ground should be faced
by base bearings (Fig. 11.35). In the buttresset &ype, horizontal and vertical
reactions are taken through concrete abutmenthkeltied arch horizontal reactions
are taken by steel rods located at the ceilinghteijed arches are usually placed on

masonry walls or columns.
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Figure 1l. 34 Three hinged arches have three general forms (ldsteband Hornung, 1982:183).

Steel arches may be three hinged, two hinged, mgedh, fixed or hingeless.
Eggenet al.,suggested that steel arches have a span lengthdre5 m and 70 m,
trussed arches have a span length between 40 GR8@nm (1995:105-107). The
arched structure with three pin connections hasdnee capacity for lateral stability
that a frame has. The arch can consist of stegbssmr be made up of individual
steel staves. Schodek, claimed that steel archesahapan length between 18 m and
over 55 m (1980:523). According to Ellison (19872 Xteel arches may be used for

spans exceeding 91.45 m.

¢) Steel plates doweletﬁn beam slit, bearing d) Double beam with interior nail plates
web plates and pin bolt and countered hinge bearing

Figure 1l. 35 Base bearings of arches, the system can be aldarufames and beams (Gétzal.,
1989:147).

51



Merritt (1982:8.13) suggested that in steel ardfiege pins offers two advantages in
long span frames, firstly they simplify design céétions, secondly they simplify
erection. Fittings can be done and strong connestiequired to develop the needed
strength at the ends of the arch can be made ishibyg, instead of high above ground
in the field. When the heavy members are raisedarfield about their final position;
holes in the pin plates line up exactly, the crgimis adjusted and secured against
falling out by the attachment of keeper plates. dtoh is then ready to carry its

loading.

The stresses in steel three hinged arches ardfactea significantly by minor
movements.Horizontal movements can be preventdyity two abutments together
with tie rods. The stresses in two hinged archesinaffected by minor vertical
movements of the abutments since the span remamssact. The stresses in fixed
arches are affected by vertical or horizontal mosets or rotation of the abutments.
Generally three hinged arch is preferred. Varicarsgpof an arch can be riveted or
welded together. Ellison (1987:223), stated thatesboth chords or flanges of arches
are in compression, they must be braced latemlbyévent buckling in that direction.

This is usually acquired by using trussed purlins.

The researcher claimed that arch form is a suitsjygtem for laminated sections,
spans up to 40 m can be designed with arches. Wikdninge is introduced to arch
form, span distance increases, more than 70 meaassed by hinged arches. Steel
arches can be used up to 70 m, longer spans cachimed by trussed arches, that
the truss form increase span distance due to sagpntembers, and three
dimensional stability of the truss form. Disadvaygaf both timber and steel trussed
arches is that they are not suitable for concesdriiads. Arch forms designed of
glulam is a suitable way of medium and long sp&calise one factory finished form

is erected in site, which has advantages in wonk Inwairs and workmanship.

11.5.4 Frames

In a truss design the connections are accepteithgschjoint theoretically however it

is constructed as fixed joint because of practieatons, which increases the stress
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about 15% on the truss. Introducing a hinge comnorecteeds extra labor and
detailing. Over large spans, deep trusses maytriesekcessive volume within the
roof space of the building, furthermore an incraagée span cause the need of extra
material to provide strength where the own deadjlmencrease. Frames can be
designed as: 1) Rigid frames with fixed connecti@)dHinge frames with pin

connections.

The use of rigid frame construction overcome ttabl@ms of depth and extra

material to a very large extent. The property efrilgid frame is continuity of the
structure due to the stiff, restrained joints betwthe parts, and because of the nature
of the stress distribution within such frames, lesderial is required at the center of
the spanning elements than in a comparable sinyplpsted beam (Foster, 1983:312-
313). Vandenberg (1974:208), suggested that figides transmit bending moments
as well as forces to foundations. This is econohimcltame itself, however it results
worst loading conditions to foundations. Site ctinds are not always appropriate for
rigid frames. In the two hinged frames no momengstiansmitted to foundations;
therefore better loading conditions are acquirgdniaximum moment in frame is
increased. In the three hinged frames maximum bgndioment is increased in

frame, they are more efficient in resisting diffetral deflection of foundations.

According to Callender, advantages of frames agerehse in height in the building,
increase in clear headroom, efficiency in ereciod maintanence; on the other hand
disadvantages are greater weight of structuralmaatequired and erectors may be
unfamiliar in detailing and erection (1982:2.104)hen a frame is built, it is not
subject to only a single condition of loading. B weight of the structure is
constant, but the shape is distorted by axialrstranay be deformed by foundation
movements. Imposed loads and live loads vary wighuse of the structure. These
variations in loading can be properly anticipatgaboosing a shape which
corresponds best to the loadings expected for afdke time and which responds
safely to the loadings at any time. This form wéjuire the least material and will
usually not cause tensile stresses. Curved or poblgorms that have large height to
span ratios are often wasteful of volume and nst etiicient to construct (Callender,
1982:2.102).
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Figure 1l. 36  Frame structures are arranged two different wagstéf, 1983:350).

Foster, classified timber frames as hollow and @laeninated (Fig. 11.36). The forms

of the spanning member may be horizontal, pitchret@hed; connections of the
vertical members may be restrained or hinged. dimay be designed in the middle
of the spanning member and the structure itself beagolid or latticed (1983:315).

Salvadori, claimed that frame structure is strorigan the post lintel structure against

horizontal and vertical loads, moreover it behawesiolithically (1986:178).

¢) Steel bearing with pin for twin beams

L

b) Steel plates placed in slit and doweled;
head plates, webs and steel pin

d) Head plate with bearing knobs and lateral
safety anchor plates

Figure 1l. 37 Crown hinge details for timber frames are compasfadrious arrangements (G6tz

et al.,1989:119).

Specially designed hinged beams composed of dtgtiterminate three hinged
beams have a common crown joint (Fig. 11.37),dmuanged in plan and elevation in
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different ways. Despite a spacial set up, the isadipported through a planar
arrangement in which the beam faces another otieinpposite direction (Gotz

et al, 1989:128). Various horizontal forces causedacheplane can be resisted by
individual footings or can be balanced by ties @mtimg individual footings. In two
and three hinged frames footing details vary, thateg is composed of a
compression and tension part (Fig. 11.38). In tire¢ hinged frames, hinge at the leg
is composed of various jointings such as fingettjog, shear connectors and bolts
(Fig. 11.39). When crowns of three hinged framesxddmeet in one point, the frame
must be designed to maintain the stability of thecsure (Got2t al.,1989:128).
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a) One piece compression leg, tension leg is b) One piece compression leg with side boards attached
to a one piece beam, tension leg is double with timber

Ay

¢) Double compression leg with filler wood and  d) Double compression and tension legs between a
notch in double beam, one piece tension leg triple beam

Figure 1l. 38 Frame leg details for two hinged frames (Géital.,1989:131).

Bent glued laminated frames are generally thregdurtype, which is convenient in
manifacture, transportation, and erection. Theaume of the rigid knee joints is
effected by the laminations in a circular mannerjrdy the manufacture period. The
radius of the curvature is generally between 2-Z'ne thickness of the laminations
should be between 1.6-2.5 cm. Bent glued lamintgedes are more labour

consuming and less economical of wood and glue éhetmes (Karlsen, 1989, 205).

55



b) Frame elbow with
double finger jointing

a) Frame elbow with
finger jointing

¢) Connection of frame elbow, d) Bent frame, outer wedge
shear connector circles and have no structural function
tightening bolts

Figure Il. 39 Frame leg details for three hinged frames (@bil.,1989:133).

Figure 1l. 40 St Andrews Anglican ChuréhBarry St, Gracemere, Central Queensland, Auatrali
(Australian Government Forest and Wood Productge&eb and Development
Corporation, document on-line).

® Owner: Anglican Church of Australia; Architect: bwarchi Pty Ltd; Engineers: Timber structure;
Date of Construction: 1995.
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Figure Il. 41 St Andrews Anglican Church (Australian GovernmentelSt and Wood Products
Research and Development Corporation, documerineh-|

Figure 1l. 42 Roof structure of Caldonazzo; Caldonazzo, Italyl¢Hau Spa, document on-line).

Frames have a marked effect on the distributidmeniding moments in the span.
When the both sides of the frame are loaded equbiybending moments are equal
in the rigid knee joints, but may be considerablenagnitude that limits the span
length between 18 m and 30 m. Timber lattice fraaresbuilt up with bolted or glued

joints on the same lines as trusses and girdeesr&tto of the radius of curvature to
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the thickness of the laminates must not be less 108 and the ratio of 150 is normal
in practice. The cost of fabrication rises as Hmihates get thinner, therefore sharp
curves should be avoided. Boxed plywood framesisee for spans up to about 18 m,
glulam frames up to about 24 m and lattice and bipil'l" section frames up to about
45 m (Fig. 11.40, Fig. 11.41, Fig.42). Arch ribseaconstructed in glulam up to spans of
more than 60 m (Foster, 1983:348). According todéarberg (1974:208) three

hinged frames may be designed from timber box@edt laminated sections which

span up to 50 m.

Figure 1l. 43  Steel framing 3D modeling of the projetor oil museum and boat terminal; Stavanger
(Eggeret al.,1995:103).

Steel rigid frames constructed in steelwork mapbeelded solid web construction
or of lattice construction (Fig. 11.43). The lattiform is generally used in the
construction of large span frames (Foster, 1983:34&n, mentioned that steel rigid
frames are easily manufactured by welding togettessl wide flange sections or plate
girders. They may be set up in a row to roof aamgtilar space (1999:395). Eggen
et al. (1995:105), stated that steel frames with shapetiohs have a span length

between 5 m to 40 m. If the frame is combined uwéses the appropriate span is

5 3D modelling: Stein Erik Sandaker; Architectwiddsen, Hoglund, Witzoe; Engineer: B.N.
Sandaker; Date: 1992.
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between 8 m to 55 m. Ellison (1987:219), claimext #teel rigid frames are not
efficient for spans of 12.2 m or less. They ar&ifht for spans up to 30.5 m and are
used spans exceeding 71 m. For longer spans sthelsaare used. Vandenberg,
denoted that three hinged frames may have a spam&@pm, and can be designed

from solid web, castellated, lattice and hollowtsers (1974:208).

Merritt (1982:8.149) suggested that, for steel glesén small spans, it may be possible
to place reinforcing bars in the floor slab or flb@ams, by simply connecting them to
the column bases. On larger spans, it is advigahise tie rod, the latter affording the
oppurtunity to prestress ties and thus compensatedstic elongation of the rods
when stressed. Prestressing rod during erectib0%o of its value is recommended.
When using frame construction lateral bracing iponant which is achieved by the
joint action between the horizontal and verticahtbers. A structural frame can have
a maximum of three pin connections, that are nahem connections. The frame can
also be made of trusses. Frames have the capadeitytistand lateral forces acting on
their own plane. Generally frames are fabricatetthiae pieces and site jointed at the
points of least stress with splice plates and bélfective lateral bracing is needed
between adjacent frames, at the ridge and in tingodial plane through plane the knee
where the stiffeners are located. Such bracingmsposed of light trussed members.

Each frame and all its parts must be supportedalfe¢o remain its true position.

According to the researcher timber, frames arablgtfor medium span and long
span, frame structure bears as a support and bmameced together. When the frame
has an curved or arch form, span length incre&seaeme span is up to 18 m for boxed
beams, when laminated beams are used span digtaneases to 24 m, ‘I’ section is
used up to 45 m. Whe the arched ribs are used spatas60 m can be enclosed. In
timber frames arch form increase the span distanagel frames truss form rise the
span length. With shaped steel frames distancés 49 m can be spanned, but when
trussed frames are used 55 m can be enclosedll&ast®eams, plate girders and
rigid frames in steel construction have the sanagagtteristic that they must be braced
laterally by purlins, decking or diagonal braciogotrevent from buckling. Frame
forms should be designed by the supports, thetsteibehaves like a whole. Frame

structures are proportional with the column heigid span distance, when the span

59



distance increases, height of the columns shoulddre; which is not generally

preferred.

[1.5.5 Space Frames

Although all structures apart from single layet figids are in fact space frames, the
term space frame is usually used as a hollow seoctidthree dimensional lattice beam
(Foster, 1983:330). A space frame is composed @ésthat the members intersect,
and lineer elements. Toydemir, classified the sfi@tees as: a) Flat; b) Arch;

c) Dome. Structurally space frames are divided twim basic types: four faced and

diagonal triangular space frames (Fig. 11.44).
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a) Four faced space frame b) Diagonal triangular space frame

Figure Il. 44 Types of space frames: a) four faced, b) diagoizidular (Toydemiet al, 2004:138-
139).

Callender classified the space frames as rectanglidgonal, triangular and
mexagonal. According to Callender (1982:2.105)ahalysis and fabrication costs
would be less for the rectangular or diagonal ayeaments than the other types.
Diagonal system is more rigid than other systeherefore it is usually preferred in

the space frame design. The advantages of spane #&ee: reduction in required
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depth approximately 50% in height and decreaskaramount of structural material
up to 25%, simplification of fabrication due to ttepetition of members and better

resistance to eartquake and other horizontal forces

The main problem in constructing timber to spaeent is the connection between
timber members in several planes. The solution isst three lattice girders and
connect them by metal lugs at the nodes or usaw®] kigs bolted to the ends of each
member by means of which they are fixed to pressedst metal multi-directional

connectors.

Three dimesional model <

Figure 1. 45 Roof structure of Oguni Domelapan (Chilton, 2000:76).

The gymnasium of Oguni is built with double curvdduble layer space truss

(Fig. 11.45, Fig. 11.46). Preservative treated aedaigiin Japanese, is used throughout
the roof covers approximately 2835 m2. Plan dimamsiare 63 m by 47 m, additional
stability is derived from the three dimensionalfioof the roof. Top chords are from
11x15 cm solid cedar and the bottom chords are 4 tri, with the web bracings of
9x12.5 cm (Chilton, 2000:75-77).

7 Architect: Shoei Yoh, Yoh Design Office; Locatidckumamoto, Japan; Engineer: Gengo Matsui and
Atelier Furai; Date:1988.
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Figure Il. 46  Solid cedar members of Oguni Dome (Chilton, 200D:77

Steel space frame members may be applied by ctdireections, angles or tubes
riveted, bolted or welded together or to suitalhiggmed gusset plates or connectors.
Tubes are the appropriate choice because they mmpbe easily joined at any angle,
due to their better performance in compressionprdiduce lighter structures
especially for large spans (Foster, 1983:357).| Steenbers intersect at a node point,
in different angles (Fig. 11.47). According to Egoet al. (1995:104), one way steel
space frames have a span length between 10 m amg 3D space frames have a span
between 20 m and 120 m. Schodeck, stated that oobupported space frames have a
span length between 9 m and 25 m, however wall@tggp space frames have a span
length between 9 m and 40 m (1980:523). Shaef@arotdd that steel space frames
have a span range between 20 m and 80 m (198G®é¢n@er (1982:2.106), claimed
that in steel construction the members should havall and socket joints forming a
spherical hinge, a most difficult condition to iiealin practice. If all members can be
made of uniform tubes of the same outside diamtterwall thickness can be varied

to maintain uniform stresses in the material. Qfiser, majority of the members shall
be designed oversize for the most heavily loadedhineg, not to be overstressed.

Toydemir (2004:136), suggested that space franeesuarable forms to be erected in

site in short period of time. Toydemir claimed th&2000 m? space frame can be
erected in 5 days. Due to the three dimensionafitie form, it enables more
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efficiency and economy of the structural materibkew compared to two dimensional

forms like beams or trusses.

Figure Il. 47 Node points in a space frame (Orbay and §8v2004:41).

According to the researcher, space frame is a foaimmly suitable to steel. In timber
construction due to the amount of connections, sjpgs is less than steel. If joint
problem is solved in timber construction, spacenacan be feasible for timber. In
order to simplify construction, architects and eegirs tend to use members having
uniform sizes and forms. Generally space framegyded with timber have a span
maximum to 50 m; on the other hand when steelesl gpan distances up to 80 mis
achieved. If the space frames are designed in thineension, span sizes about 120 m

is acquired.

11.5.6 Enhanced Roof Structures

Most timber structures only bear forces in two digiens. Elements such as

joists, trusses and rafters, act in isolation netaio each other and span in one
direction, transmitting any load placed upon therthe two end supports. They need
to be braced by other elements to prevent them lnockling. But for applications
such as large spans, a much more efficient soligiarthree dimensional structure,
like a space frame or the beam grid of trusses.didavantages with such structures
are their relatively high cost due to the comphexit the connections and increased

labour time in fabrication and installation. Duehese factors, three dimensional
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structures are usually restricted to large spanmn§structures (Australian
Government, Forest and Wood Products Research eneldpment Corporation,

document on-line).

11.5.6.1 Folded Roofs

Karlsen defined the folded roofs as a construatimmsisting of thin, flat elements
which are rigidly connected at right angles witle @mother forming a stiff cross
section which is capable of carrying a load oviemg span. According to Karlsen,
folded plates may have triangulari trapezoidalestangular surface (1989:289).
Benjamin, suggested that folded plates may be pilyma two types: prismatic and
non prismatic (Fig. 11.48). According to Benjamfolded plates are suitable for timber
and concrete but not suitable for steel. (1984.32@). Toydemir (2004:131),
mentioned that a plate is not appropriate for Ispans due to its weight, but folding it
increases the efficiency and divides the loadsdogs. If a flat slab is folded or bent it
can behave as a beam spanning in the directidredbtd with a depth equal to the
rise of the folded slab (Foster, 1983:327).

Figure 1l. 48 Folded plate types: a) three pin folded plate pdréane, b) two pin folded plate portal
frame, c) folded plate arch, d) folded plate doBenfamin, 1984:326).

Gaylord and Gaylord (1990:10.24) considered thialeid plate action recognizes the
fact that any constituent plate is very rigid soatvn plate and quite flexible
perpendicular to its plane. The structure actsaabk eclined or horizontal plane is
made up of panels which span transversely betwadrifie members and are

designed as simple spans.
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Folded plates may be constructed in timber as fagoamels, hollow stressed skin
panels, laminated board panels (Foster, 1983:2&%prding to Schodek, plywood
folded plates have a span between 11 m and 37 rhaveda depth of L/4-L/6
(1980:513). Folded roof generally span 20 m to 2%h@ maximum span covered by
folded system by glued pylwood construction is 38.4The plates may be inclined
between 20° and 45°. Ribbed folded roofs are agetsinl of timbers up to 15 cm deep
to which sheets of plywood, particle board, ord@liood boards connected by nailing
or adhesive bonds (Karlsen, 1989:289). The spamwahti of each bay dictates the
overall depth of the structure. The depth shouldhedess than between one-tenth and
one fifteenth of the span, or one tenth of the kidthichever is greater (Foster,
1983:327).

The researcher claimed that folded roofs are deitfal timber, but not for steel;
because folded form defines a plate and steeleid imssections but not in plates.
Folded plate is another form of stressed skinttiastiffness of the skin is used to
distribute the loading to the supports. The foltldh results in a great rigidity that
the folded forms take most of their strength fohaitt form. Folded plates designed of
timber have a maxiumum span about 30 m, it is rotra that widely used. As the
span increases, the depth of the folded sectienthsat it is not appropriate for long

spans due to increase in the depth of the structure

[1.5.6.2 Shells

Foster stated that the term ‘shell’ is generallgdufor to three dimensional structures
constructed with a curved solid slab or membratieges a stressed skin , the
stiffness of which is used to transfer loads toshgports (1983:319). Shells may be
designed with a rib which supports a plate onritjldess that the whole plate is
formed as a shell. Shells may be in the vaultepgghyolic, paroboloid, elliptical;

pyramid shaped forms.
According to Callender (1982:2.109) in ribless ksseells which all forces are carried

by steel plating, the danger of buckling is theanaesign problem. As a result the
plating must be quite thick for example 1.6 cmlatt 11 kg per 0.09 m2 of surface
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was needed for a 60.9 m diameter. The most helmatied member is of course the
tension ring at the lower edge. Foster (1983:3&4ined that shells that are designed
with steel can be fabricated from hot rolled sewiavhich may be bolted or welded.
Welded tubes have the advantage of lightness #fitests. Steel shells are mainly

designed with ribs which are composed of trusseisasissed previously.

a) Vaulted shells: Karlsen classified the vaulteells as: smooth, ribbed, corrugated,
modular, barrel, lamella (1989:267-272). Vaultedllshact primarily as the beam of
the span of which is the length of the vault. Thdtlvof a long span barrel is usually
not more than 12 m with a maximum practicable wifth5 m. The maximum
economic span is about 30 m to 45 m. For smallspaadius of about 6 mand 7.5 m
is used, for spans from 15 m to 30 m a radiusrof @&nd for spans over 30 m a radius
of 12 mis appropriate (Foster, 1983:321). Karletaimed that spans between 30 m
and 60 m can be designed with glued plywood vasitans up to 100 m can be
designed with lamella vaults (1989:266).

Figure Il. 49 Roof structure of Sheffield Winter Garden (MiTeki@mns Catalogue, document
on-line).

Shells in the shape of barrel arches may havecalait parabolic, or elliptic cross
section. The shape of the shell determines th@uekbng shells can be designed by
the beam analogy, but short shells must be desigypedact theories of anisotropic
shells (Gotzt al.,1989:162). In long shells the load is mainly resisy the
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longitudinal bending stiffness of the shell. In ghoshells the load is resisted by
bending stiffness in both the longitudinal andtifamsverse directions. The design
changes on the longitudinal and transverse berddifigesses. More over at the
bearings the shell must be amply stiffened agaimsar in the transverse direction, the
end of the shell must be stiffened by an arch, vhiay or may not be tied (Géex
al.,1989:162).

The Sheffield Winter Gardé&r{Fig. 11.49, Fig. 11.50, Fig. 11.51) is nearly 7@ long

and 22 m wide and rises from either end in a seffisteps to a lofty 22 m over the
three central bays. The single glazed building Epeeis supported by a composite
structure of laminated timber and stainless steehectors in the form of primary
arches and purlins. The arches and purlins are fmawfeglue laminated arch. Glulam
was chosen for its ability to be curved into thguieed geometry without the need for
heavy plant; arch for its durability, minimal manance and maturing pale silvery-

grey colour. The largest component was 24 m lorg%ncm deegMiTek Solutions

Catalogue, document on-line).

Figure Il. 50  Roof structure of Sheffield Winter Garden (MiTeki@imns Catalogue, document on-
line).

According to the researcher, vaulted shells areompiate for timber, since their form,
they act like a bent beam, and the form of theatuire is easier to construct with
timber than steel. When compared with arches, yauk more stable due to their

8 The Sheffield Winter Garden is part of a largerenedopment of Sheffield city centre. It is a grand
urban space for people to walk through a coverekl pasigned to be energy efficient and to prowde
model for sustainable urban development.
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height to width ratio, because in the vaults lggmss enclosed with heigher depth.
With the same height an arch form has to span wistance than a vault, that the

tension is more in an arch when compared to a gauitture.

Wik
i
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Figure Il. 51 Roof structure of Sheffield Winter GardeiMiTek Solutions Catalogue, document
on-line).

b) Hyperbolic, paraboloid, elliptical shells: A ey of straight intersecting lines come
together to form a hyperbolic shell, which has @déaform. Concave and the convex
shapes are the two translational surface of twalmaas. The load is carried to edge
members by tensile stresses between two high pantt£ompressive stresses
between two low points. The edge members tran$mitaads to bearings mostly by
axial compression. The ties and the fixed bearstgrild absorb the horizontal

® Architects: Pringle Richards Sharratt Archite@suctural Engineers: Buro Happold; Completed:
2003; Area: 1,500m2; Location: Sheffield, South Ré&bire, UK.

68



components of bearing reactions (Fig. 11.52). Teeigh is determined by the axial
loads in boards or edge members, and by sheandifgestresses generated by
unsymmetrical load near the edges of the shellZ &l 1989:168).

a) Column with steel plate saddle bar tie, b) Cross shaped column with wood tension tie,
longitudinal rib of shell is notched out steel angles to transfer horizontal forces

Figure 1. 52 Column connection for hyperbolic paraboloid sheBétzet al., 1989:167).

Benjamin (1984:334) stated that all the materiahisshell structure stressed in
compression or tension with little bending moméwmcording to Benjamin shells are
divided to two catogories: singly curved and doutiywed. Hyperbolic, paraboloid
shells consist of one, two, three or more hypamsiiog multi panel shells. These
structures may roof over buildings which are squaetangular, polygonal or curved
in plan (Karlsen, 1989:325). Karlsen claimed that mass of hyperbolic shells is

reduced by nearly 30% as compared to ellipticadlslé the same loading capacity.

Germany's World Expo building consists of ten idleaii arched roof structures
supported by columns (Fig. I1.53, Fig. 11.54). Ttheme of the World Expo was
“Man-Nature-Technology” and timber, with its enviroental properties, it was a

rational choice for the structure.
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Figure Il. 53 Roof structure of the Hanover Expo Cantipflanover, Germany (Timber Research
and Development Association, document on-line).

{’.' 3
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Figure 1l. 54 Roof structure of the Hanover Expo Canopy; Hano@ermany (Timber Research and
Development Association, document on-line).

10 Architects: Herzog + Partner BDA, Munich; StruetliEngineers: IEZ Gétz GmbH, Wiesenfelden;
Completed: 2000; Area: 15.210 m2.
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Timber shell domes are generally designed withdsogtued and nailed or screwed
together, with laminated edge beams (Foster, 1883.3hell construction in
laminated timber results a very light structureimiber hyperbolic paraboloid shell 18
m2 will be about 5 cm thick and weigth approxiam&b kg/m?2; a comparable
concrete shell would be 6.3 cm thick and weightuad&0 kg/m? (Foster,1983:341).

¢) Pyramid shaped shells: Trusses are usually tiiafags two dimensional but the
same principles can be employed to form four orexsaded pyramids (Fig. I1.55).
Where the tension from the reactions at eaves eattommodated in steel, timber,
appropriate care should be taken to ensure thatetfitee lines of force are correctly
appraised. A laminated structure exerting outwhrdst on top of a support frame can
result in eccentricity unless due care is paids Tieed not be limited to acting around

the eaves or directly across the void.

Figure 1l. 55 lllustration of pyramid shaped shell structure (Eegred Timber Catalogue, document
on-line).

Eno is an old wood processing community in north&arelia, in eastern Finland
(Fig. 11.56, Fig. 11.57). It was natural that itschl library should be built of timber.
The load-bearing frame consists of arched glulaamise which meet in the centre of
the semicircular plan. The roof also comprisesihgsbone finger-jointed pine
panelling and the floor is finished with 2.8 cmcthffinger jointed birch. Perforated
birch ply on the walls provides the acoustic absndy necessary for a properly

functioning library space.
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Figure 1. 56  Roof structure of the Eno Library; Eno, Easterridid (Timber Research and
Development Association, document on-line).

Figure 1l. 57 Roof structure of the Eno Library Eno, Eastern Finland (Timber Research and
Development Association, document on-line).

™ Architects: Arkkitehtitoimisto Antero Turkki; Stetural Engineers: Insindéritoimisto Karrak Oy;
Completed: 2000; Area: 600m>.
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The researcher claimed that shells are 3 dimensi@ségns and every design has its
unique form. Design may include both concave am/aw forms, every part should
be specially calculated. Concave and convax partsod have the same span and

depth according to different response of timber steel to compression and tension.

11.5.6.3 Domes

Domes are constructed either with curved membang lgn a surface or of straight
members with their connecting points lying on sacurface. The radial rib, a dome
consists of curved rib members that extend frombtse ring to a compression ring at
the apex and with ring members that are at difteegvations and extend from rib to
rib circumferentially. The ring members may be edwor straight. The number of ribs
are generally determined by the consideration @tcitcumference of the dome
(Faherty, 1989: 9.44). Faherty classified the dgemmetries in three basic types:

a) Triax; b) Varax; c¢) Radial dome (Fig. 11.58).&en cliamed the domes as: a) Thin
wall shell; b) Ribbed; c) Ribbed hooped, d) Mes{iE2B9:295-311). According to
Gaylard (1990:16.50) domes may have spheroidaisalial or other shape spanning
between 15.3 m and 106.7 m.

equilateral tension
—_ tranles

member  Plan

transition

Elevation Elevation Elevation

a) Triax dome geometry b) Varax dome geometry c) Radial rib dome geometry

Figure 1. 58 General dome geometry types: a) triax, b) varaxadjal dome (Faherty, 1989:9.45,
9.47, 9.48).
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Domes assembled from glued laminated members magyhapan length up to 90 m
in diameter. The structural analysis of domes dép@m the type of shell, whether the
imposed load is symmetrical or unsymetrical axiéigrisen,1989:96). Tacoma

Dome in the U.S.A. have a span length of 162 mitisdouilt by structural timber.

bolt and shear plate ib member
\ T‘ S , /

ring member

Radial Rib Dome Connection

Figure 1. 59 The connections of the rib members are criticatliaib dome conncetion is illustrated
in the figure (Faherty, 1989: 9.46).

a) U formed steel ring, for transfer of compression
forces nodes are filled in by casting or welding
/7]

/
/
/

¢) Cut steel plate bolted in slits d) Steel plate gussets doweled into beams
and pin jointed

Figure 1. 60 Various joint details in dome assembly (Gétal.,1989:165).
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In dome design connections are very important dueémbers connecting from
different axes. The cost of erecting the dome atmiaing can become quite high.
The connections of the ring members are critical tuthe magnitude of the axial
compression in the ring members which may beconge Ig-ig. 11.59). Because of
there is a component of force that causes sheaebatthe connection and the side of
the rib member, this force must be taken by theneotors (Faherty, 1989:9.46).

In dome design one of the major problems is thaheotion of elements in various
directions. Timber members are connected to edwdr bty steel joints which are
composed of steel plates, rings, nails and bolts (F60). Nailed connections do not

bear forces as much as plates and rings.

Figure Il. 61 Roof structure of the Gurdwara Southall Terfyleondon (Timber Research and
Development Association, document on-line).

Gurdwara Southall Temple dome was originally comegiwith the structural frame
separated from the deck (Fig. 1.61, Fig. ll.62)eTdome diameter is 18 m x 14 m
radius. Decking panels are 450 wide V' groove jethin single pieces from eaves to

lantern. 176 pieces of curved pine glulam forme=rths. The varax dome which

12 Architects: Architects Co-Partnership; Project iBegrs: Buro Happold; Completed: 2003.
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spans 76 m, is home to the University of Portlaiot$(Fig. 11.63). This multi-

purpose facility gets heavy usage by the Univestyvell as the community. The

dome structure of Livorno Palasport has a dianeft&é09 m span (Fig. 11.64).

Figure 1l. 62 Roof structure of the Gurdwara Southall Temple @mResearch and Development
Association, document on-line).

Figure Il. 63 Chiles Centre, University of Portland, Oregon, US¥estern Wood Structures,
document on-line).

Schodeck stated that steel dome structures hagpandength between 15 m and over
55 m (1980:523). The primary problem in using sitee¢he dome design is that using
line elements to create a curved structure. Acagrth Ellison (1987:225) diameters
more than 121 m is constructed with steel. The neembre generally designed with
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straight segments. The number of the radial ribesdrom 12 to 48, depending on
the diameter of the dome and framing patterns.stée ribs can be fabricated by
welding or riveting. The ends of the ribs may be@d or hinged at their junctions with
the tension and compression rings. According tée@eer (1982:2.109) the

connections of the dome members to the piers aigmid to permit a considerable

amount of radial movement due to the temperatuae@bs. This movement may be
1/500 of the span length.

Figure Il. 64 Roof structure of Livorno PalaspbitLivorno, Italy (Holzbau Spa, document on-line).

In steel dome design one of the initial decisiaihave a form whether the dome
should be a portion of a true sphere or a polyhedrolled steel sections are most
commonly used, since the depths of the sectionbeaasily found in the standard
sizes. When straight members are used they foralyhgdron, if the members are
closely spaced the visual effect will be that spaere. If curved members are desired
light trusses can be fabricated to the correci (&dillender, 1982:2.108).

The researcher suggested that, dome forms aremjaecfor timber, but not for steel
in long span; due to increasing height in steebwamhof connections and heat
expansion of steel. Glulam ribs to form a dome ssiigable preference for dome
design, that using rib form amount of connectiong pieces are decreased, which end
up in less workmanship, workhours; and a three dgiomal stability is achieved by

8 Architects: Antonino Valenti, Vittorio Legnani;afe:1990.
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using ribs.Timber based dome forms may have a sypeia than 150 m, which is very
suitable for long span roof structures. Steel ispmeferred in long span dome design,
especially over 60 m span, due to increase in heggimount of dead weight and

connections of linear pieces.
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CHAPTER Il

PERFORMANCES OF TIMBER AND STEEL ROOF STRUCTURES

Performance of timber roof structures is greatfgatd by a number factors, among
which the most valid are the type of load beariygjem, support locations and
support types, kind of materials used for loadyeéag members, method of securing a
structure against both local and global loss diibtg impact of joint slip, conditions
of structure’s performance with respect to the comtb effect of humidity and
duration of loading (Straka, 2000:1). Moreover $q@artation, connections, cost and

maintanence are the performance criteria relatednstructional items.

To a large degree, the load bearing capacity anggpy structural response are
influenced by the type of joints used in timbeustures and their ability to transfer
loads. This well known fact is even more emphasiséte case of space frames,
since these structures require a large numberrofemions and members and hence
their connectors transfer massive internal foréesufficient load carrying capacity of
joints is, however, only one of the tasks which niessolved when designing a
structural system. No less serious problem is pbgdtie construction of details
which should meet two criteria: to be relativelgg#o produce and to correspond to
computational assumptions that should be in carsistwith the calculations and

design acceptance.

The dead weight to strength ratio of timber duggeveight and makes it the
appropriate material for structures in which tredearrying capacity is determined
by its bending moment. As a guide for structuriesbeér is the suitable material for in
forms having a load intensity ratio square rodeffratio is less than 1.5, where P is
the compressive load in Newtons, and | is the #ffedength of the member in
milimeters (Foster, 1983:308).

According to Leatherbarrow, over the time of arsh#ect’s practice, the selection of

materials can be more or less routine performahpeswiously successful habits or

the more or less independent performance of desigariments. Selection in either
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case, can be indifferent to local possibilities@fhstruction (1993:149).
Leatherbarrow also stated that material choice miggpen the local suppliers, local

builders, current experiments, labor costs, owrgrggestions.

According to the researcher the performance aitisrset as following topics:

a) Structural performance; b) Constructional penimnce; c) Material peformance.
Structural performance criteria is composed of $oaldiration of loads, stresses,
strength, deflection and elasticity. Structuralfpenance criteria is related with
design procedure of the structure and to deterthiaselection of structural material
that effect the form. Constructional performancemade up of site application,
transportation, connection, cost and maintanenoestuctional performances are
mainly related with erection of the structure. Maleperformance consist of fire
resistance, decay, shrinking and swelling, enviremiad conciousness, resistance to
chemicals, heat expansion and acoustical insula8tnctural performance and
material performance is stable, they do not chdnyghe fom of the structure;
construction performance is related with the folonm and construction of the form

should be decided together.

I11.1 Structural Performance

Wood is one of the oldest building materials, whitlthe 16 th century Leanardo Da
Vinci worked on an unusual design using wood asadilearing structural material.
He was the first person, to discover the technfumitting logs into tin planks, the
edges of which were then notched and fitted oneabite other to create combination

sections that could be used as loadbearing elerteentsser large spans.

Wood is a natural polymer and it retains most®Elasticity and it has small
deformation in short term loading. When wood isjscied to long term constant load,
deformation starts with time. If we a constantistra applicated to a wooden element,
the stress will decrease with time, although tHerdeation will remain unchanged.
Immediately after the application of a constantlo@ood shows elastic deformation
(Karlsen, 1989:18). Structural performances aremsarized as: a) loads; b) duration

of load; c) stresses and strength; d) deflecti@hedasticity.

80



111.1.1 Loads

Loads that are carried on roof trusses are a catibmof live and dead loads. Dead
loads can be classified as the weight of the siratelements like truss and arch
members, and the weight of any members that areddry the trusses and arches
such as, ceilings, joists, decking and the roofiragerial. The live loads are the snow
and wind loads. On the steep pitched trussesribe loads are less than the roofs
which have a low pitch and the wind load would ghbr. Conversely, the wind load
on a low pitched roof will be les than on a stookfrbut the snow load will be greater
because more of the snow will lie on the roof afitlimcrease in the amount from
snowfall to snowfall (Oberg, 1963:78-79).

Oberg, claimed that if there is a concentrated hisghy point on a truss, or a load
divided between two points, therefore the loadlmaicomputed by doubling the
effective load on any truss and distributing tlead over the full length of the truss. In
a building if a truck rail is placed to roof andthlock may be used at any part of the
building all trusses should be designed as if ei¢hem would support the load
directly. On the other hand, if the load attacteed beam then the load would be
carried between two trusses, and each truss wautsgt their proportional load due to
their distance from the block. When trusses areredithey are chopped from the

tables that are produced by truss fabricators (793

11.1.1.1 Dead Loads

Forces acting vetically downward on a structuré #ne relatively fixed in character
are called dead loads. The self weight of the siradtself is a dead load (Schodek,
1980:88). The dead load of any member is its seifiant added by its share of the
total weight of the rest of the structure. BinaBqQ:9) stated the dead load on timber
structures up to 20 m span is calculated as fot plam area: P= 12 + 0.8L kg/m2.
Nash (1990:40,45) suggested that the weight deasigeel is 72kN/rh about six
times that of comercial softwoods. Wood generadly & weight density about 15
kN/m?, timber is the lightest of the structural matesjahe self weight of the structure

makes a small contribution to the bending momehspanning elements. For this
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reason steel is used in a solid form only for congmbs whose cross sectional area is
very small such as reinforcing bars, prestressiing or ties in trussed members. In ‘I’

shaped cross sections there is more hallow spanestilid steel.

Depending on specific loading conditions, a stmaitateel beam may be 20%
heavier, and a reinforced concrete beam 600% hedngie an equivalent glulam
beam of the same load-carrying capacity (Glued bated Timber Association,
document on-line). According to Foster timber anperatively a light material and
species used for structural purposes have deadilgadximately 1/16 that of steel
(1983:307). Foster also claimed that for spanoubtm the weight of cold formed
steel construction per m? of area is about 409986 &ss than that of similar hot
rolled steel construction, greater savings canches/eed over the short spans
(1983:341).

According to the researcher when timber and sseebmpared in terms of dead load,
it is obvious that steel is greately heavier thenbér and wood products. Timbers
gains its structural attraction from its low deagight to strength ratio. Steel products
are produced in forms like tubes, hallow sectiamg lzars in order to decrease the

dead weight, however timber always efficient wheadlload is considered.

111.1.1.2 Live Loads

Schodek (1980:89) stated that live loads are theefothat may or may not be present
and acting upon a structure at any given poininoét All live loads are characterized
by their movability. Live loads are the loads ttis specifically designed structure
has to bear except of external factors such as,warthquake or snow. In a tower,
live load may be very small but in a building lilead can be every thing inside of it.
Live loads may be either static or impact loadatiStoad is the continual one, while

impact load is the sudden or instantaneous forber@ 1963:79).
The researcher claimed that live load is not a @rinfiactor to decide to use timber or

steel, that depending on the live load depth ofthgcture should be increased for

both timber and steel design. Generally in roafcttires live load is not a primary
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factor for the design calculations, that the workmeaintanence loads should be

considered.

111.1.1.3 Wind and Snow Loads

A structure in the path of wind causes wind to vpnted, or in some cases stopped.
The kinetic energy of the wind is transmitted itlte potential energy of pressure or
suction. The magnitude of the pressure of the wliggends on the velocity, mass
density of the air, the geometrical shape, dimersand orientation (Schodek,
1980:92). The wind loads create an effect on thielibg that would tend to push it
over (Fig. lll.1). However there is another forbattshould be considered: air passing
over a roof causes an imbalance between air pesssuarthe top outside the building
and inside of the roof. The same process occurs Wieair passes over a wing,
where a lifting action is created. If the air pasgery fast on the roof, the serious
difference in air pressures will lead to lift thaof from its supports. If the roof is not

securely joined to the building this would mainpipen to the building.

Figure lll. 1 Wind flow about different shapes (Schodek, 1980:92).

Wind forces are very serious because their valubeoimplied force may be very
high. Wind causes a horizontal push which is tremsfl to the whole structure. Roofs
and other horizontal structures must withstandisngiressures from wind. A roof
may treat like airfoil like the wing of an airlarM/hen air passes over a roof, a low
pressure area is generated so that the higheregisyre over the roof pushes up

against it. This effect may increases in the cade=e the wind penetrates the
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structure and increases the internal pressure. $amls are easier to cope with
because maximum amount of loading can be easitligiesl and the direction of the
load does not change, always downwards. Gusty vdadse impact load but snow
load is a static load except for rare cases whéaega amount of snow falls from one

part to another part of the roof (Oberg, 1963).

Table lll. 1 The amount of pressure caused by wind due to héRgtan, 1990:10).

Up to 7 m height W=75 kg/m?
Up to 15 m height W=100kg/m?
Up to 25 m height W=125kg/m?
Over 25 m height W=125 + 0.6h kg/m?

Wind loads differ due to the height of the rootisture. According to Binan

(1990:10) wind comes to the roof vertically. Thhegsure caused by wind increase as
the height rises (Table 1l1.1). When the wind corsleppy to the roof area wind
pressure is calculated as W=W.&#nf the wind pressure is calculated as W=125
kg/mz, for different angles ‘W’changes hy (Table 111.2).

Table lll. 2 The amount of pressure caused by wind due to ¢Ripan, 1990:10).

a 70° 65° | 60° | 55° |50° |45° |40° |35° |30° | 25°

kg/m2load 110 103 94 84 73 63 52 41 31 22

Snow loads on roofs depend on widely to elevatmtiiude, wind frequency, duration
of snow fall, site exposure, roof size, geometny] enclination. Generally snow loads
range from 958 N/m? to 2873 N/m? ( Schodek, 1980:86cording to Binan
(1990:10) snow loads change due to changing sibgiel€ 111.3).

Table lll. 3 The amount of pressure caused by snow due to éRipen, 1990:10).

a 25° 30° 35° 40° 450 50°

kg/m2load 75 70 65 60 50 40
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The researcher denoted that consideration of widgsaow loads are mainly related
with the form of the structure, not the structuraterial. Sloped roofs are always have
better performance for snow loads. In the areashilraicanes occur, steel roof

structures can be a better solution due to its tegd weight.

[11.1.1.4 Earthquake Loads

Earthquakes are vibratory phenomena associatedswitthen loadings on the earth’s
crust. The shock causes waves, and these waves loaildings to vibrate. The
magnitude of the vibrations depend on the maskeobtilding, rigidity of the
structure, stiffness of the sail, type of the foatidn, the magnitude of the vibratory
motions (Scodeck, 1980:95). According to Oberg la@otype of loading is the stress
resulting from the earthquake shocks when woodtoart®on deals with very well
when joints are well made and fasteners propesdtalled in a building that has been
well designed (1963).

The researcher suggested that the movement résuftsan earthquake is claimed to
be in a small period, high impact but rapid. Timises elastic material and it takes
back the movement well where another structure avaat absorb the shock and tend
to continue in motion until the collapse occurs.rbtaver when dead weight is

considered, timber has less weight than steethioearthquake deformations.

111.1.2 Duration of Load

Timber and timber based materials deform under tapilly more on the high stress
levels than the low. The deformation’s rate dependthe amount of moisture content
and the dimension of cross section. A timber mernsharcarry the design load
indefinitely. However due to experiences desigsauld care two possibilities:

a) The long term deflection may increase, causiegobunding of water which
increases the load and deflection; b) Long ternedegbdn of heavily stressed members

may cause load to be transferred to adjacent mamber
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Table lll. 4 Load type duration adjustment of load factor (Bre§998:132).

Dead Load Permanent 0.90
Snow Load 2 Months 1.15
Construction 7 Days 1.25
Wind/Earthquake Load 10 Minutes 1.33
Impact Impact 2.00

Faherty (1989:2.35) claimed that wood does not sloywreduction in strength after
15 years of loading. National Design Specificati@MBS) recommends that when the
duration of load is other than normal, the alloveadtresses should be multiplied by
specific factors (Table 111.4). Wood has the alilif carrying a greater load for short
durations than for long durations. This is paraeiyl significant if an overload occurs,
it is probably the result of a temporary load. Blresses occur in a structure are
usually not the result of a single applied loagythre caused by a combination of
loads that act simultaneously. The critical pagthat which duration of load factor

should be applied when checking a stress causadtbynbination of loads (Breyer,

1998:132).

L oad Duration Factor (C d)

| SECOND |
;
1

1
10 YEARS

PERMANENT L

Figure lll. 2  Duration of maximum load, load duration factors¥arious durations, decrease by the
increasing time (Halperin, 1994:15).
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According to Blyth, the designers should restie teflection less than the customary
3/1000 of the span moreover restrict the desigrss#s to less than the maximum
permitted by the code (1989:168). The load carrgaygacity is decreased
independent from strength reducing characteristibgn loading at high levels and is
continuous and over long periods. On the contitlieyJoad carrying capacity is more
when loads are applied rapidly and of short durafieest on wood specimens show
that in a time of 100 years in service has no detgion from such effects as decay,
age does not have an important effect on the mewdigoroperties of wood (Faherty,
1989:27). Duration of maximum load factors dependime, that structural timber

can withstand higher loads in shorter time duratigng. 111.2).

The modulus of rupture decrease in proportionh#ddgorithm of time over which
the load is applied. The suggestions indicatettivdter beams which have to
withstand a load for 50 years can be stressed%odGheir ultimate short term
strength (lliston, 1994:449).

According to the researcher timber can withstanukich loads that occur for a short
duration which is meaningful when an overloadingus, a temporary load that is not
expected earlier. This is a distinctive factor wikemparing timber and steel design,

strength of timber does not decrease for a peffidd gears loading.

[11.1.3 Stress and Strength

Stresses are the forces on a member that are dayseads. There are five basic
types of stresses: compression, tension, sheaditgemoment and torsion (Oberg,
1963). When the stress-strain curves are indicaterkdibly high strength and
modulus of elasticity (indicated by the slope ¢ thurve) of steel relative to concrete
and wood should be cared. Structural carbon stk®ig with its high strength and
modulus of elasticity, can be strained to a valli¢iies greater than shown in both
tension and compression, indicating a high degfekictility. Wood has high tensile
strength, but also fails in a brittle manner whigassed in tension; in compression,

however, wood shows ductile behavior (Fig. 111.3).
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Figure lll. 3  Stress strain diagram of steel and wood (Ocsh@38,1document on-line).

Stresses are summarized under five topics: a) aessamn, b) tension, c) shear,

d) bending moment, e) torsion. Both timber andlsseeffected from stresses and
timber has various moisture content, specific gyaand strength value under these
stresses. Timber has its highest strength valbernding. Compression strengths

differ when the loads are applied parallel and pedicular to the grain (Table I11.5).

Table lll. 5  Material properties of pine lumber used for modebfg-Moon Seet al.,document

on-line).
Property bending | compression shear | tension
Parallel to grain Perpendicular to grain
Moisture content (%) 15.5 21.0 195 14,0 11p
Specific gravity 0.55 0.44 0.46 0.57 0.4
Strength (N/mm2) 52.8 20.2 3.2 12.6 75.¥

[11.1.3.1 Compression Stress

Compression is the result of squeezing or crusfiigy 111.4). It may be parallel or
perpendicular to the grain. The most known exaropmpression parallel to the
grain, is in post or a column. Compression thaieipendicular to the grain occurs in
the bearing parts of the beam or in flooring. Ob@agmed that the most durable

position for flooring and the bearing surfaceghisvertical end grain (1963:80).
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Compression of wood Compression of wood
parallel to grain perpendicular to grain

Figure 1ll. 4 Compression of wood parallel and perpendicularaingOberg, 1963:80).

Faherty, suggested that for long compressive mesrtherwooden member may reach
to its load bearing limit by buckling rather thay drushing. End to end bearing will
change due to crushing strength only if a metakpkinserted between two ends. If
wood to wood end bearing occurs, latewood may beaarlywood, moreover
crushing may occur at stresses below the crustiaggth of the wood. When wood

is subjected to high loads perpendicular to grdive,cell cavities are eliminated and

cell wall bears on cell wall (1989:13).

According to Karlsen (1989:23) standard specimeirgested to compression parallel
to the grain have a crushing strength which istd/2/2.5 of the tensile strength

(Fig. 111.5). The resulting average compressiverggith of pine and spruce at 12%
moisture content is 40 Mpa and the elastic modiglgame as in tension. The effect of
wood defects is less crucial than tension. Wherkifzés have an area about one third
of the side area of compression member, the rasfgesmpressive strength is
between 0.6 and 0.7 value of the clear speciméimecsame size. In addition,
compressive members are generally designed andrimped of their ability to resist

buckling rather than pure compression which resalesswider margin of safety.
Foster, claimed that the basic stresses in fleandecompression parallel to grain are

3-18 Nmm?, depending upon the species and gratte gimber, which has a value

about half as much as again in tension (1983:307).
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Figure lll. 5 Breakdown of a test specimen under a compressacedpplied parallel to the grain
(Karlsen, 1989: 22).

111.1.3.2 Tensile Stress

The tensile strength of wood, parallel to the grsith 12% moisture contents is
appreciable. For pine and spruce avarage valugoist 400 Mpa and the modulus of
elasticity is 11 and 14 Gpa. Knots and cross gaameds reduce the tensile strength of
wood. Knots on the edges of structural elementsiar@pplicable. If the knots gain
the 1/4 of the member’s side area strength of wialeases by 27%. Wood’s tensile
strength across the grain is 1/12 to 1/17 when ematpwith along the grain

(Fig. 111.6). When the amount of cross grain amareéases, the force component
perpendicular to the grain increases, and thetthagth of the element decreases.
Cross grain is the secondary most important lurdieéct and the amount in tensile

members should be kept at minumum (Karlsen, 1989:22

Tension stress is the result of pulling. It maypleependicular or parallel to the grain.
Tension parallel to the grain occurs in some membea truss, like struts along with
other stresses, in beams and girders. The abfléyneember to resist tension stresses
is called tensile strength. It is not possiblede all the tensile strength of a member
because connectors and fasteners don’'t have aptablzegrip on a member. Tension
perpendicular to the grain may cause splittingauist be taken to care at the
installation of fasteners. The most familiar oktbase is seen in nailing (Oberg,

1963:81). Resistance to tension applied to paraligtain is the highest strength
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property of wood. This resistance is however deméavhen the load is applied at an

angle to the grain, or when the cross section@ptbce is reduced by knots or holes.

d

L
Tension in wood Tension in wood
parallel to grain perpendicular to grain

Figure lll. 6 Tension in wood parallel and perpendicular to g(@herg, 1963:81).

111.1.3.3 Shear Stress

Vertical shear in wood Sliding shear in wood

Figure lll. 7 Vertical shear in wood is a shearing that is pedjserar to the grain. Sliding shear in
wood is a shearing stress that is parallel to taendOberg, 1963:82).

Shear is the result of opposing forces that almees#t head on which can be
perpendicular or parallel to the grain (Fig. lll.7f) timber construction when shear is
perpendicular to the grain is called vertical stegad when it is parallel to the grain it
is called sliding shear. Vertical shear occurs giraa vertical direction near loaded
bearing surfaces. Sliding shear is caused by laédsh force sections of a member to

slide across one another (Oberg, 1963:82).

The shear stress in a beam is often describedremhtal shear. Horizontal shear

stres distribution on a wide flange steel beamractingular wooden beam differs
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(Fig. 111.8). The shear strength of wood paraltethe grain is much less than the shear
across the grain, and in a wood beam the graiaralpl with the longitudinal axis. In
the typical horizontal beam, then, it is the hontad shear that is critical. The average
shear stress calculation has reasonable resultgical steel beams, but it does not
apply to rectangular wood beams. According to Bretyee maximum shear in a
rectangular beam is 1.5 times the avarage sheassifhe difference is significant

and can not be disregarded (1988:184-185).

wide flange steel beam shear stress rectangular beam shear stress

Figure lll. 8 Horizontal shear stress distribution on a widedtasteel beam and rectangular wooden
beam (Breyer, 1988:185).

[11.1.3.4 Bending Moment

In bending of a member; compression occurs aloagnier edge of the bend, tension
occurs along the outer edge of the bend, and glglear occurs inside the bending
member (Fig. I11.9). The amount of bending thatwsdn a member is called
deflection. In beams, deflection limit is constednabout 1/360 of the span. Bending
occurs due to impact or static loads. Under acskadid as loading increases deflection
rate increases. This proportion continues to atpaitbed proportional limit or elastic
limit. A member can be bent many times without dgenas long as the proportional
limit is not exceeded. Beyond this point a memizar carry additional loads without
failing, but it will be deformed. The next pointeafthe proportional limit is breaking
point when a member completely fails. The amoumhakimum loading without any
failure is called maximum loading. When an impaetd is applied a member can

support about twice as much deflection as it cateustatic loads. This property of
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resisting sudden loads is very serious and usdfidrgage of timber (Oberg,
1963:83).

ﬁ TENSION ’

Bending

Figure lll. 9  Bending a length of wood sets up multi-stressesipression, shear and tension
(Oberg, 1963:83).

The strength of wood in lateral bending is in beiweompressive and tensile
strengths. The average bending strength of stamqdaedand spruce equals to 75 Mpa
at a moisture content of 12%. The modulus of aigtis almost the same as in
compression and tension. Some portion of a bendiemmber is always in tension, due
to that knots and cross grain have a considerdfdet ®n the strength. With the knots
and cross grain having an area one third of side af a bending member, the
strength varies from 0.5 to 0.45 of the total valtiained by straight-grained
specimen. The bending strength of square timbetsapecially logs have a range
between 0.6 to 0.8 of the ultimate strength vaKezlgen, 1989:23).

The bending stength of wood changes accordingetehlpe of the member cross
section. For example being the section of modiduke same, round members are
stronger than rectangular members, which in tuonger than ‘I’ section member.
The increasing the depth of the cross section saaugiecrease in the bending strength
(Karlsen, 1989:24). Foster, stated that timberisdio®g strength changes about one
1/28 to 1/23 that of mild steel, due to speciestartie presence of the knots and
faults in timber (1983:142).
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111.1.3.5 Torsion

Torsional stresses are the result of twistinghtnfour types of the stresses torsion is
the least important one in timber structures. duos but it the amount of it is
negligible compared to other types of stressegd.imbers that are twisted should
be carefully placed. Cuts and joints should be dmwause timbers can be installed
without forcing. If a twisted member is forciblyaightened and pulled into place, it
will cause continual and possibly dangerous stsegrét’s joints because it may

return to it's original position (Oberg, 1963:86).

Shaeffer, basicly defined the strength as adeqesseof materials selected to resist
the stresses generated by loads and shapes dfutieise (1980:3). A major
consideration in designing a roof structure, isriust economical solution to span the
roof and its dead load over the span of varyingelegy In all types of structures, it is
possible to keep the dead weight to a minimum abttte imposed loads can be
carried within a greates economy of material. Tthectural problem in designing a
wide span roof structure is, therefore, acquirirdpad/live load ratio as low as
possible while regarding all other factors relatioglesign as whole (Foster,
1983:162). In solving these problems there areitwgortant factors: a) characteristic

of the material used; b) the design of the roafdtre.

Numerous tests show that strength of wood may shownsiderable change even
within a single specie. For example the latewoodowfifers is three to five times
strong than the earlywood. The density and streafjtfood increases by increasing
thickness of tracheid walls and percentage of latel(Table III.6).

Holes, mortises, notches and cuts decrease thgdiref wooden members. Actual
strength of a weakened element turns out to berldvem the net section value
because of the adverse effect of stress concemntratithe sudden changes of cross
section (Karlsen, 1989:22). Strength increases détisity, decreases as moisture
content rises. A 1°C temperature rise reducesgttrdry about 0.3% (Everett,
1986:51). Taylor, (1991:16) stated that timber dwalastic modulus of 3-30 kN/mmz,
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however steel has 210 kN/mm?2 for a given straiff, staterials having higher E

become subject to higher stress.

Table lll. 6  Mechanical properties of european lumber for 12%stage content/=parallel to grain
O=normal to grain (Gétet al.,1989:31).
Type of Modulus of Compressive | Tensile Bending Shear
wood elasticity strength strength Strength Strength
N/mm? N/mm? N/mm? N/mm? N/mm?
Spruce // 11000 43 90 66 6.7
O 300 5.8 2.7 - -
Pine // 12000 47 104 87 10
O - 7.7 3 - -
Larch // 13800 55 107 99 9
O - 7.5 2.3 - -
Beech // 16000 62 135 105 10
0O - 9 7 - -
Oak // 13000 54 90 91 11
O - 11 4 - -

Wayne suggested that basicly glulam is not strotiger lumber, because gluing does

not have an effect on strength, but wisely selelgeunations the bending strength

exceeds that of the lumber (Table I11.7). High grédaiminations are placed near the

surface where the bending stresses are highesgrime pieces are placed to the

center near the neutral plane (1991:79). In cutieblers the bending decreases stress

in each lamination, and lowers the strength ofitinber as a whole. The effect is

stronger as lamination thickness and curvaturecass:.

Table Ill. 7 Strength values of glulam and timber. The valuesgaren in Mpa (Tokyay, 1995,
document on-line).
Bending Compression|  Shear
Glued laminated timber, class 12410 16.55 4.48 1.14
Massive structural timber, class 11030 9.31 4.31 0.59
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Figure lll. 10  Long time strength curve for wood (Karlsen, 1989.20

Timber's mechanical properties parallel to graia different from the properties
perpendicular to the grain. Compressive strengtalighto grain may be 5 to 10 times
greater than the strength perpendicular to thenghodulus of elasticity parallel to
grain is 10 to 25 times more than the value of @edicular to the grain (Faherty,
1989:13). It has been experimentally found out thatstrength of wood is directly
proportonal to its density. Although it does deseewith increasing duration of load,
the ultimate strength of wood does not fall withbatund (Fig. 111.10). Below the
asymtote curve no failure will occur, irrespectieeghe duration of load. Above the
asymtote the failure is inevitable, and the timéiture will decrease with increasing

difference.

Connection details must effectively transfer loadsize durable materials, and be as
free from maintenance as possible. Wood is an &njgic material, it behaves

different in x,y,z coordinates. The strength of wa® different in the parallel and
perpendicular grain directions. Wood also has ntesh strength in tension
perpendicular to grain than in compression perpeemai to grain. These facts

influence design details. Vertical loads shouldraasferred so as to take advantage of
the high compression perpendicular to grain strenfiivood. For example, a beam
should bear on the top of a column or wall or letexin a shoe or hanger. Such a
detail is preferred to the support of a beam bystal its end, particularly where there

are large numbers of bolts.
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Beams should be anchored at the ends in orderttpioauced horizontal and vertical
loads. Vertical loads may be either gravity loadaet uplift loads. The connections
typically shown in this standard are primarily f@rtical gravity loads. Provisions
should be made to resist uplift or lateral loadsegsiired. The bolts or fasteners at the
beam ends must be located near the bottom bedrthg beam to minimize the effect
of shrinkage of the wood member between the botibthe beam and the fasteners.
In many cases, individual details do not includestalictural elements, such as lateral
bracing ties to connect all of the components eflitilding together. Loads
suspended from glulam timber beams or girders shandferably be suspended from
the top of the member or above the neutral axisgiean Institute of Timber

Construction, document on-line).

Table lll. 8  Material properties of carbon, low alloyed and ctsel (Eggeet al., 1995:36).

Carbon steel Low alloyed steel | Cast steel
Carbon content weight % 0.15-0.20 0.20-0.25 0.50-1.50
Density kg/dn? 7.8 7.8 7.8
Surface tension 230-300 340-450 200-400
Breaking tension 350-550 400-700 400-600
Temp. gives 50% reduction in firmness| 500°C 500°C 500°C

Steel has a high strength in both compressionemidn, small amount of material is
needed to carry large loads. Stresses on carbelnlst® alloyed steel and cast steel
differ (Table 111.8). Working stresses for mild stef 165, 230 and 280 N/mm?2 for
grades 43, 50 and 55 respectively are permittedlforormal structural members by
BS 449 (Foster, 1983:305). According to Owens (1998) steel can be supplied
with stength levels from about 250 N/mm2 up to a0 N/mm? for common

structural purposes.

[11.1.4 Deflection and Elasticity

All materials have deformation under external fsraad temperature changes. In

timber products deformations due to creep and om@stontent, the latter in the form
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of swelling or shrinkage. Go&t al.(1989:71), stated that a deflection equal to 1/300
of span length is still acceptable. Under normadlall wood trusses have a deflection
between the range of 1/500 and 1/1000 of the sgragth, the deflection at failure
being is around 1/125 and 1/1200 of the span. €sukaving bottom chords of glued
laminated timber with finger jointed laminationsoshsmaller deflections under load
(Karlsen, 1989:219). According to Breyer actualatgfon is controled by the limit of
the span divided by 240 (1988:193). When compaveihier structural materials
wood has a low modulus of elasticity. In long spaambers deflection can be the
critical item. Obviously if this item is recognizeflmore restrictive deflection criteria
is used in design, the trial member size shoulbddsed on satisfiying deflection limits
(Breyer, 1988:193).

According to Breyer for steel members K is takeze®, it has no tendency to creep
under normal temperature conditions. Tendency afdio creep is affected by its
moisture content. The dryer the member , the lefleaion under sustained load. For
seasoned lumber, K is taken as 0.5, for unseasened K is taken as 1. Seasoned
lumber is defined as having a moisture contenttless 16 percent of the time of

construction (Breyer, 1988:27).

Foster suggested that a structural material urtdesssshould not stretch or contract to
an excessive degree. This is important in horizentanbers where large deflections
due to loading must generally be avoided. The @t&tress to resultant strain known
as modulus of elasticity, indicates the extent hictv the material will resist elastic
deformation. If the resistance is high the matesiaitiff, the deformation under stress
will be low, and the deflection of the beam will &mall. Minumum depth of a section
is designed by deflection rather than the stren§thaterial, a high modulus of
elasticity allows a shallower beam section, oreatgr span. Steel has a high modulus
of elasticty of 200 kN/mm?2 showing that it is dfsthaterial (Foster, 1983:305).

The strength of normal structural softwoods in begds approximately 1/28-1/23
that of steel. The basic stresses in in flexurecompression parallel to the grain are
3-18 N/mmz, depending upon the species and gratiesmodulus of elasticity of

normal structural softwoods is from 4 to 12 kN/m®8me kinds of timbers like
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douglas fir have somewhat higher value, timberahkmsv modulus of elasticity when
compared to other materials (Foster, 1883:307-38®&el is a ductile material, it has
a yield point of up to 350 N/mm?, undergoes considke strain after the elastic limit
and before the ultimate failure (Foster,1983:305).

I11.2 Constructional Performance

In order to decide a structural material, the degifies behind constructional
performance as well as structural and materialoperdince. Construction technique,
speed of erection, transporting the material, pvasg the members, holding the
elements, workability of the material, connectihg thembers, cost of the material
and secondary costs, maintanence during erectibfber erection greatly effect the
decision of the structural material and design.séhepics are summarized under five
basic subjects such as: a) site applicationsabyprortation, ¢) connections d) cost,

€) maintanence.

[11.2.1 Site Application

Structural members of wood, laminated wood and wwroducts should be built into
structure with the moisture content that is exptbebe during the use of the
structure. Erection should be done by professiooatractors who are experienced in
erection and connection of timber. It should besdasn appropriate construction
sequence plans and on a knowledge of erectiondofd¢ee way of erection may effect
the choice of structural system, design of colurmstrsictural members and details.
During the erection period, necessary bracingsldhmeiplaced because the
effectiveness of stiffening works only after akktimembers are placed (Gétzal.,
1989). Because of ease in working and handlingtar@mbmparative lightness in
weight, erection time may be shorter than stedsdvark may be easily removed by

hand tools.
Burchell and Sunter, (1987:59) mentioned that ¢faet of erectors should be

equipped with claw hammers, boxed out nail poucimessuring tapes, level, step

ladders, full set drawings, specifications and adég supply of nails. The fixing of
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nails should never done in straight angles, alveayn angle, therefore staggered
down the length of timber to prevent splitting. Penailed temporary batten should
be marked with the correct spacing.

Wood trusses are designed and fabricated basexhotirg specifications. However,
all this is at stake in the handling, erection, amast importantly, bracing stages of
construction. Trusses must be erected properlpdare they perform as expected,
and for job site safety. Trusses may be erectedialign by fork lift, crane, depending

on truss size, wall height, and job conditions (Higl11).

Figure lll. 11 25 m x 30 m roof structure over theatre cantilestefé 4 support points. Structure is
hold by cranes (MiTek Solutions, document on-line).

Trusses should always be hoisted vertically toclateral bending that could damage
truss members or joints. All trusses must be sécbraced. Trusses installed
manually are slid into position over the sidewaldl aotated into place using poles.
Manufactured trusses are stored in a proper manmeder to prevent the damaging
of trusses (Fig. I11.12). When the span increasewe workers are needed to avoid
excessive lateral strain on the trusses. BurchellSunter, (1987:57-58) claimed that
roof trusses should always be carried, stored arstdd in an upright position.The

thickness of the trusses are grater on the poihtsevmetal connecting plates are
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placed, therefore it must be cared that when thegt@red and transported together
trusses may have distortion on the connection poMerritt, (1982:7.87) pointed out

that trusses and arches are generally shippetktdisassembled, they are assembled

on the ground to decide the connection points leefoection.

Figure 1lI. 12 Manufactured trusses are stored on site in a propaner (MiTek Solutions,
document on-line).

Temporary bracing is used during erection to haldges in place until permanent
bracing, purlins, sheathing, and ceilings (if usad) installed. Proper erection bracing
will assure that trusses are installed properlg, eeate a safe working environment.
Permanent bracing is used to make the truss companéntegral part of the roof and
building structure. Temporary and permanent braiodes lateral, diagonal, and
cross bracing (Fig. 111.13). Building designers eesponsible for the proper design of
permanent bracing. Erection contractors are redplen®r the proper installation of
temporary and permanent bracing (Forest and Woodluets, Research and
Development Corporation, document on-line). Theimgmembers must have their
forces resolved. Trusses simply braced to eachn othg fall down as a unit. A
compression member should be braced laterallydardio prevent buckling

(Fig. 111.14).
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Figure 11l. 13

Glulam arch with metal connectors at end is bewstdd for assembly (Timber
Research and Development Association, documerineh-|
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a) Buckling mode of a compression chord when lateecing is not tied to a braced

system. b) Typical diagonal bracing for a compmsshord (Faherty, 1989: 6.93,
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Burchell and Sunter, claimed that if covered fastpction from rain and sun, enough
space should be left for air circulation to pertimiber to breathe (1987:57). It is
crucial that hot sunshine can cause as much buho damage to kiln dried timber
than rain. Merritt, suggested that timber membbmikl be seperated with strips so
that air may circulate around all sides of each b@m(1982:7.84). A protective
wrapping of water resistantant paper, the papanldhremain intact until the roof

covering is in place.

Steel construction needs an established sequencerfpleting the corrections.
According to Merritt, (1982:8.99) during erectidretnumber of bolts is kept to a
minimum, just enough to draw joint up tight ande@are of the stresses caused by
dead weight, wing and erection forces. Permanamiexiions are made as soon as
alignment is within tolerance limits. Some erectarsfer to used permanent high
strength bolts for temporary fitting up. Becaustosed for fit up are not tightened
to specified minimum tension, they may be left iage and later fastened as required
for permanent installation. Merritt, claimed thiisi standard practice to compansate
in shop details for certain mill variations, adjaents are done in the site, usually with
clearances and mills. Erected beams are consitireldand aligned if the deviation
does not exceed 1:500 (Merrit, 1982:8.102).

Erection of steel structures also requires a wgldequence, to control distortion due
primarily to the effects of welding heat. In gengealarge input of heat in a short time
tends to produce the greatest distortion. Therafaseadvisable to weld in stages,
with sufficient time between each stage to assoneptete dispersal of heat. If beam
flanges are to be field welded and the shear cdiameis a high strength bolted
friction type joint, the holes should be made oizersin order to provide some built in

adjustment for site tolerances.

According to the researcher site application ob@mneeds care for moisture content
of the members, temporary bracing is needed, elnstould be protected from
outside weather conditions. Air circulation shobk&lprovided between the members.
Timber has advantages during erection when compeitbdsteel, that it is easy to

hold due to its less dead weight than steel, alsefvorks are easy to correct with
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simple handtools, erection time is less than gisgécially when one or two piece

glulam members are used.

[11.2.2 Transportation

Transportation is crucial in terms of moisture emt storage and cost. The moisture
content of wood products should not basicly chadwgeng their transportation.
Storage in the open air should not be allowed. ddst of transportation can have a
substantial influence on the choice of the struatsystem (Fig. [11.15). For example,
two hinged arches must be constructed with fielttep because individual arches can
not be transported by train or truck due to thairehsions. Rail transportation
requires a length of 2.5 m x 2.8 m dimensions labrézontally lying girder. The

length of a girder depending on the railway line nat be more than 50 m or 60 m. In
special cases, the width of transportation can tveifdwvide trucks or deep loaders are
used. A length of 40 m can exceed only by speahte in western Europe and
USA. During the transportation period the timbiedegrs should be well protected by
cushioning and covers so that generally excellesteption is achieved against
humidity and dirt (G6tzt al.,1989:79).

Trusses should be transported in the height liofitsbout 4 m, this means a pitched
truss of 12 m span or more has to be disassemibl@aut or completely) for
transport. Trusses laid on factory nailed or doskltonnections are not appropriate
for disassembly unless they are used in combinatitmbolted nodes. Complete
disassembly can be an advantage in decreasingtraaison costs especially to
remote locations. When complete disassembly isimegjithe construction tolerances
require that the members should be marked so dmapanents from other adjacent
trusses are not mixed during reassembly. Additlgntie finished truss should be
protected during transportation and erection ang mequire water repellents,
priming, or even protective wrapping (Australian@mment Forest and Wood

Products Research and Development Corporationnaecton-line).
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Figure lll. 15  Structural timber and lumber is being transportgdriicks (Alpine Engineered
Products, Inc., document on-line).

According to the researcher, transportation of &y steel members is mainly
governed by the form, size and weight of the stmattelements. Both in timber and
steel structures, the whole structure may be prediand assembled at the job site, if
it not able to be transported from the factoryhi® $ite. Generally whole structure is
composed of from smaller and transportable piendgfzey are bounded at the site.
Since timber has less dead weight than steel,poatagion costs are lower than steel
members. During transportation placement of batibér and steel members is
important, timber should be protected from watapor, insects and fungi, on the

other hand, steel members must be kept away framiclals and oxidation.

111.2.3 Connections

In the connections tension, compression and sleegd are transmitted through shear
and bending stresses in connectors to bearing mattse connected members. The
development of timber structural systems has alveags linked with the

development of new types of connectors (Fig. ILEG. I11.17). Traditional

mechanical methods of connecting, in which timbenhers are interconnected
directly, are not optimal for creating spatial gyss. Load carrying capacity of such

connections is rather low in comparison with tHat@annected timber profiles. For
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that reason it is necessary to locate a large nuoflEnnectors in one joint. The
analysis shows clearly that to the most advantagygges of connections belong
those made by means of steel plates, or steel ptenheir major advantage lies in a
significantly higher load-carrying capacity, thespibility of locating connectors in
relatively small interfaces, the possibility of pise fabrication and simplicity of
assembly (Straka, 2000, document on-line). Joisesl in structural timber are nails,

screws, bolts, toothplate, ring, shearplate, pressstal and plate.

a) Shear connectors d) Bolts
i _
?\ i
%
b)Skewed mortise and tenon ¢) Connections of diagonals ¢) Dowel

with special shear connectors

Figure lll. 16  Typical timber connections used for jointing timipgeces (Gotet al, 1989:47).

Chilton, suggested that transfer of forces in timgieuctures between members at the
joints is one of the design considerations. Becafisiee highly axial forces
experienced by space grid members, individual mesnksually have metal inserts
introduced at the ends so that forces can be #assfover a greater length of the
member. These metal inserts are connected to nadak or directly to each other
(2000:30). Merritt, (1982:7.32) claimed that fagtiensubject to corrosion or chemical
attack should be protected by painting, galvanizinglating. In highly corrosive
atmospheres such as in chemical plants, metahist@nd connections should be
galvanized or made of stainless steel. Connectitmgbe covered with hot tar or

pitch. In such extreme conditions lumber may ber delow equilibrium moisture
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content at fabrication to reduce shrinkage. Sucinishige may open avenues of attack

for the corrosive atmosphere.

a) Steel-metal plate b) Perforated plates ¢) Nail plate, gang nail system
connections

Figure lll. 17  Various connections are used for jointing timbembers (Gotzt al. 1989:52).

Connectors used for wood joints have some spqmifiperties that effect the
performance of the conncetion. Nails should nolalséened closer together than half
their length, unless driven in prebored holes. Mwee nails should not be placed
closer to an edge than one quarter their lengttodMorews should not be loaded in
withdrawal from end grain. They should be insegiethbendicular to the grain by
turning into predrilled holes. When properly desigmmetal side plates are used,
allowable loads may be increased by 25% both fibs aad wood screws. Bolts
acting parallel to the grain, the distance fromdéster of a bolt to the edge of the
wood should be at least 1.5 times the bolt diamé&@rbolts bearing perpendicular to
the grain, center to center spacing across tha greuld be at least four times the
bolt diameter if wood side plates are used. Splgs are the most efficient device for
joining wood to wood. They are placed in circulam@yes cut by a hand tool in the
contact surfaces. Shear plates are useful for detabke structures, they may be
installed in the members immediately after fabi@agnd held in position by nails.
The role of the bolt through each plate is to pné¥lee components of the joint from
seperating, loads are transmitted across thetjfuiotigh the plates. To attach columns
or arch bases to concrete bases to concrete foonslainchor bolts are embeded in
the concrete, with sufficient projection to perplacement of angles or shoes bolted
to the wood (Merritt, 1982:7.32-7.40).
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Figure lll. 18  High performance jointing systems for timber. Gi&fass Reinforced Plastic (Peter
A. Claisseu, Tim J. Davis, 1998:415-425).

Table Ill. 9 Comparative strength of joints made with mecharécainectors loaded in shear
parallel to grain (Blyth, 1989:163).
Size Number | Approx Notes
mm required | load kN
Nails 4.5 18 10 <50 mm point penetration
Screws 5.6 14 10 <40 mm point penetration
Bolts 19 2 10 Timber < 33 mm thick
Toothplate 63 2 10 Timber < 33 mm thick
Ring 64 1 10 Timber < 40 mm thick for two connectdrs
Shearplate 67 1 10 Timber < 40 mm thick for two connectdrs
Pressed metal plate | 125x75| 78 points 10 Same area and points to edelo§joint

Cowan and Smith (1988:154) stated that a greatraagea of timber is the ease with
which it can be worked and jointed by hand, butjtis produced are much less
efficient than those avaible with metals. All coati@ens must be designed and
detailed to transfer imposed loads from one strattmember to another; without
causing overloads and subsequent failure at theembion and then to the foundation
(Table 111.9). Connection designs include the ukeails, screws, bolts, specialty
hangers, metal connector plates and nail gangsufsses (Fig. 111.19). The structural

design, effect of moisture cycling and aesthetatuges are important considerations
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when designing and specifying connection detailsibEr with concrete connections
are being developed and tested for large timbactstres (Fig. 111.20). Application
areas are foreseen in bridges and repair of steg:tirhe research and development
project includes long-term testing of joints andteguake resistance of timber

concrete connections.

Figure Ill. 19  Nail gang connections on trusses (MiTek Solutigiesument on-line).

Connection detailing becomes particularly imporiardg structure’s resistance to
lateral forces, such as those induced during awigt or seismic load. Damage is
greatly reduced when all framing elements are kolidd together and then firmly
anchored to the foundation. Notching can negatiaffigct connection strength and
should be avoided. Whenever possible, it is impbm@t to cut notches or holes near
a connection. This could reduce the performantbe§tructural member, especially
in header and beam applications. Most connectioosrat the ends of members
where wood end grain is exposed and susceptibteisture movement. In any type
of wood construction, it is important to maintdietdesired appearance (Southern

Pine Council, document on-line).

109



Figure Ill. 20 Timber with concrete connection is made with a 20 steel dowel (Kuilen, J-W.G.,
document on-line).

5

S . :

Figure lll. 21  Pin welding at the job site (Eggenal.,1995:43).

Steel members are jointed either by welding, bgltnriveting. Deciding whether a
connection should be welded or bolted dependsramber of factors such as
project’s structural concept, construction of thére structure or some parts would be
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joined at shop or not. Welding can be done by gesyually or automaticly. Welding

is the most economical method of obtaining stramgnections at the shop. At the
building site, connections are usually done byibgltbecause it is easier, quicker and
cheaper. It is best to bolt the surface treatechehts, welding the galvanized or
painted members should be avaioded. On the otmel, hath holes should be pre-

drilled and the structural element should be gakexhbefore site assembly.
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REINHJRE EMFNT
f&uouwﬁn
\ - ROOT

I HROAT

Figure lll. 22  Types of welded joints: a) and b) Lap weld; c) dhd@roove weld; €) Single vee

groove; f) Double fillet tee joint; g) Plug or rivereld; h) Spot weld (Ellison,
1987:211).

Allen, (1999:358) claimed that welding offers aque and valuable capability to the
structural designer, it can join the members dkaldrame as if were a single piece
(Fig. 1l1.21). Welded connections are stronger ttimmembers they join in resisting
both shear and moment forces (Fig. I11.22). Caléer{d982:2.100) classified types of
welding as fillet, groove and plug. Fillet weldirgya triangular cross section joining
two surfaces approximately at right angles to esbbr. The size of the fillet welding
is determined by the length of the leg. The filleld is the most common type of
weld used in structural work. Groove welding is mbg depositing filler metal in a
groove between two members to be jointed. Plugiwgld made by a circular hole or
elongated hole in one member of a lap joint, jario the portion of the surface of the

other member that is exposed through the hole.
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a) Before the assembled view b) After the assembled view

Figure 111. 23 Exploded and assembled views of a framed, boltachtie column flange
connection, the size of the angles and the numiitiedolts are decided by the
magnitude of the load that the connection shoaldsimit from beam to column
(Allen, 1999:362).

Bolt connections requires bolts, nuts and washatiscan be used in joining structrual
steel (Fig. I11.23). Bolts are classified by stréngrades (Eggeet al.,1995:43-44).
Ellison (1987:212), suggested that joints provibdgdolting or riveting plates or parts
of members that lap over each other are callegbiats. Those formed by cutting the
ends of two parts together and fastening them Itg borivets passing through a
splice plate or connection plate are called butit$o Allen (1999:357), suggested that
bolts are classified as carbon steel bolts and stigdmgth bolts. Carbon steel bolts
have less installed cost than that of high strebgtts, carbon steel bolts are used in
many structural joints where their lower strengtisufficient to carry necassary loads.
High strength bolts are heat treated during manuwfado develop the necassary

strength. They derive their connecting ability frdmeir shear resistance.

In the connection of steel members the greatefigmois full contact bearing that,
the stress on the contact area equals the stréss member, thus full contanct is
needed to transmit this stress from the memberti@late. For the tolerances of the
connections, the area in contact may be signifigéess than the area required to
transmit the load (Owens, 1992:888). Ends havesteebsonably flat to enable the

load to be transferred properly.
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The researcher, claimed that connections bothrhbédr and steel structures have a
great influence on the efficiency and load beadagacity of the whole structure. In
connections combining two different materials, tenbnd steel can cause problems.
Generally connections are made up of steel, anddheected pieces are made up of
wood products. Since wood is an unisotrophic maltgts resistance to loads in
different directions should be calculated and ptaaret of steel members should be
done by increasing contact points in various dioast In timber construction,
moisture content at erection is the same as tisatdhbe reached in the service, and if
the bolt holes permit the bolt movement, the tengasi timber structure to split will
be reduced. Introduction of steel members in tindmemections have increased the
span lengths, load bearing capacity of the stractflimber connections may be
applied at the site, faults can be recovered vattidiwork. In steel structures
connections also have influenced the efficiencthefstructure. Generally steel
connections need to be applied at factory, atcsiteections may cause problems such
as non full contact bearing, cutting or correcting steel members by handwork is

almost not efficient and applicable.

[11.2.4 Cost

There are many factors to consider when compahiedptidget of different
construction systems including the complexity & ayout, site, workmanship
experience, and relative material prices at the oirbuilding. In the medium to long
term, wood supply indicate a stable and growingpsum the western Europe,
Australia and the U.S.A. . However, this price 8igbis questionable for materials
such as steel, which consume considerable amofifussil fuels in their manufacture
(Australian Government, Forest and Wood Producse&eh and Development
Corporation, document on-line). The cost of a stmecrelatively to other building
materials is probably one of the most difficult giens to answer. First, cost of
materials, fabrication, erection are constantlyngfiiag and vary with geographic
location. Second when one system is compared th@nsystem, maybe the
structural material cheaper may indicate great annofivolume unused, moreover to
be heated and ventilated (Shaeffer, 1980:10). Vimedonomical when compared to

other materials because of it's basic costs andadkigs from other fields.
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Transportation cost is lower and short erectioretsaves from labor (Oberg,
1963:94).

Foster, stated that costs of different forms of sinucture in different materials
fulling the same requirements of the same sparaating, the difference is small.
Cost of the structural frame may be as low as téefthe total cost, that the
changing the material or system may have a vatg éffect on the total cost. For
spans up to 30 m, the cheapest structure is tngss@umn frame. The space above
eaves level is prevented by the trusses and ogewitter spans of this type of
structure encloses a considerable volume of sfparespans between 30 m and 45 m
‘umbrella’ construction or lattice girders can ts=d when economy is taken into
consideration. Structures which are more closéated to the space which they
enclose such as rigid frames or arch forms wilinoge expensive than deep beams,
girders or trusses, but may compansate for thigthycing the volume of the building
and the area of cladding and finishes. Rigid fragittger square or arched although
not always economical but because of the previeasan they are used. For spans
between 45 m and 60 m, rigid steel frames witlickatstructure are cheaper than solid
web designed structures, for spans over 60 m oe,naoch rib construction is likely to
be the most economic choice. In suitable typesiddimgs advantage of timber with
high strength to weight ratio can be taken intostderation. Bowstring trusses with
laminated timber chords with a span to 70 m or ratéce rigid frames over spans
of 30 m, laminated timber bents froming rigid fraaand laminated timber arches
over spans of 60 m or more would be economicalogt$0§1983:340-341). Shell and
dome construction in laminated timber have compaeistvery little weight when

compared to reinforce concrete and steel.

In steel construction roof structures construdtech welded steel tubes are

considerably lighter than similar structures canged in ordinary steel sections and
savings from cost is possible. The weight of a kabinamework per m2 can be 25%
to 40% less than that of a hot rolled section pamns up to 15 m (Foster, 1983:341).

Adrian (1983:544-545) claimed that steel is gemgtaken off and priced in units of

weight. This is because a contractor purchasestatal steel for a price per weight
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guantity. However weight is an indicative factodieciding the cost, for purchasing
labor and equipment cost which are mainly relatéd Wne number of steel sections
and connections to be fabricated. Steel membersetdem custom designed or
fabricated for a specific building, generally comrmhoavailable members are chosen.
Unlike standard structural members which are puetigper weight, special designed

members are priced on linear per linear foot basis.
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Figure lll. 24  Cost breakdown of portal framed industrial steelctires (Owens 1992:913).

In order to minimize the cost in steel constructiepetitions must be increased so that
fabrication costs decrease (Owens,1992:912). Téieofsteel is compound of raw
steel, fabrication, painting, transport, erectiod aite painting (Fig. I11.24,

Fig. 111.25). However in Turkey raw material cost® more than U.S.A., on the other
hand workmanship costs are less than U.S.A.. kil stastruction all steel kinds
greater than A36 are more costly to buy from mbist this not mean they are too
expensive to use. Their advantage of greater stremgl possibly simpler fabrication
generally results in the most cost efficient cangion. Nevertheless the demand for
one grade of structural steel thatt is widely alz# and generally economical has
made the A36 the most commonly used type (Mefr®82:8.3). When cost efficiency
is considered, corrosion resistant steels A242A588 are not economical for
ordinary usage. Their usage in buildings may befied where steel is exposed or

perhaps left unpainted.
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Figure lll. 25  Cost breakdown of lattice steel structures in U.$3wens 1992:915).

According to the researcher, when timber and stemdmpared, initial design and
erection cost of timber is more than steel in Tyrkewever this rate changes in the
foreign countries acoording to the availibilityrafv material and the amount of
manufacturers. In Turkey since knowledge on strattimber is not wide; the
demand for structural timber is less than steetofding to the demand,
manufacturers and producers are not as much apsteecers; therefore cost rates
are more than steel. Although timbers initial malesost is higher than steel; the cost
of erection time, maintanence costs, transportasidess due to its low dead weight

and ease in erection.

111.2.5 Maintanence

The choice of the structure is sometimes may bem@d by the maintanence. Timber
structures do not require protective coatings,i@agrly internally after erection and
maintenance costs are therefore considerablyhessfor metal structures. The cost
comprises the highest percent while the time ofuferiure and assembly of the
structure. After the erection, timber structuresadorequire further application or
maintanence (Foster, 1983: 340). When lumber id usexposed conditions it may
attain a moisture content that may be open to dandyo insect attack. Moisture

contents in excess of 20 % are recognized to makel especially vulnerable to
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attack. Protective measures should be taken i étwdgive wood the necassary

degree of resistance (Faherty, 1989: 2.38).

Steel lattice construction of all forms offers gasurface area for corrosion, and is
difficult to paint. In highly corrosive atmospheyrésmay be more economical to use
alliminium alloy instead of steel in order to dexse maintanence costs, even though
the cost of the structure itself may be higher tiael. Merritt claimed that ordinarily,
steel corrodes in the rpesence of both oxygen atdrilbut corrosion rarely takes
place in the absence of either. For instance dtm# not corrode in dry air, and
corrosion may be negligible when the relative humyud under 70 percent
(1982:8.103). Galvanic corrosion takes place whesimilar metal are connected
together, noble metals such as copper and nickeildmot be connected to steel with
steel fasteners, since galvanic action destroyefagieners. When dissimilar metal

are to be in contact, the surface should be insd)gtainting is generally satisfactory.

According to Sperling, painting a timber structwiéh a couple of coats of aluminium
wood primer followed by at least two coats of a ffied oil paint containing zinc
oxide can be much more satisfactory than treatmihtclear varnish. It is essential

to protect steel against corrosion in the humigit® Protection with a paint system
based on red lead primer or by galvanising is aateqgfor structural components.
Close to the sea a sprayed coating of aluminiuetfipsotected by a paint system may
be needed, but thick bituminous coating may befsatiory and are much cheaper.
Conditions in the dry tropics are rarely as coresis in the humid regions and lighter
protective treatments would be suffice, but unpoteie steel should not be used
(Sperling, 17-19).

The researcher claimed that both timber and se=l maintanence. Steel oxides and
annually needs painting, timber also requires pagrand preservative treatment
should be applicated. The main maintanence probfaimber is that, the humidity

conditions should be controlled and should nothBnged from design values.

117



I11.3 Material Performance

Material performances are the characteristic ptagseof timber and steel, which do
not depend on the form, structure or construcfldiese are constant properties, and
valid at any part of the world. For example condinnal performance may differ in
some parts of the world depending on the avaibilftthe material, application
techniques, cost and transportation. Material perémces are searched in the topics
such as: a) environmental conciousness, b) fiistegge, ¢) moisture content,

d) resistance to chemicals, e) heat expansiorpf)stical insulation.

111.3.1 Environmental Conciousness

Of all building materials wood is unique becauss itonstantly being replenished by
new growth. With an increasing awareness of thér@mmental impacts of human
activities, homeowners are more often looking faitding systems and designs which
use little energy to manufacture and are built withtainably produced materials.
Timber has low embodied energy (the process emeggyrement to produce the
basic material) and wood is a net carbon absoieber does grow on trees and
well-managed plantations and forests can produdeeti on a continuous basis, with
minimal adverse effects on soil and water valuesd We values of natural forests

are protected by setting large areas of forestieasireserves.

Table lll. 10 The amount of energy to produce wood and steeligdesnd Construction Guide,
APA, The Enginereed Wood Association, documentira)!

Percent of production Percent of energy used
wood 47 4
steel 23 48

A direct comparison quoted in The Structural Engindo 24, December 1989 was of
a light gauge cold rolled steel purlin comparecwet30 x 5 cm rough sawn joist of
the same stiffness which showed the steel membexve 19 times more energy cost.
If the timber joist was planed and treated, thelsteember still required 5 times the

energy cost (Timber Research and Development Astsaicj document on-line).
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According to Taylor, constraints are likely to groywon the materials from
consideration energy input, raw material resouacesenvironmental matters. Three
very likely constraints are: a) Material consereatithere may be increased taxation
on raw materials, like oil. b) Environmental madtahe levels of burning carbon
dioxide being released by burning of fosil fuelsxation on such fuels would increase
the use of low energy materials. ¢) Energy saviengegally: if energy saving is seen as
a world resource and taxed accordingly, low enengyerials would be encouraged
(1991:47). In the U.K. in the mid 1980s energy conption to produce timber and
steel is 4 and 35 GJ/tonne respectively (Tabl&Q)l.

Table lll. 11  Primary energy to produce finished item (Timberdesh and Development
Association, document on-line).

Primary energy used to produce finished item (kwhh®)
steel 1.02 x 1010

timber 695 (includes transport energy factor)

Taylor suggests that steel represents the maimggieain in construction industry,
timber would be much more efficient, though therer@source implications. Timber
with its low energy requirement and low densityuebseem an attractive choice for
the future (Table 111.11). Supplies are currentgyriy destroyed at an alarming rate,
and only government action on a worldwide scaleatamge this trend (1991:48).
Altenpohl, suggested that energy is an importast fator in the total production

cost of finished steel products (1980:42). The bgglwaste of energy in steel plants is
in the coke making operation where red hot cokpienched with water. It must be
remembered that energy cost will continue to inseda every country, and therefore,

will become a more serious problem as the timegzass

According to Altenpohl, air pollution by dust anghies from steel plants is one of the
most expensive environmental control problems. Gnlans are the source of gaseous
pollutants and dust. In mining problems concermigain disposal of solid waste,
elimination of dust, reclamation of process watest eecultivation of mined out areas
(1980:43). The amount of energy to produce thaliied item is compound of

different steps, the amount of energy in the fiagliem is 20-25% (Table 111.12).
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Altenpohl (1980:115) considered that the harvestihggood and the production of
engineering materials from wood presents no difffieavironmental problems, which

also holds true for workers hygiene.

Table lll. 12  Cost structure of finished steel products for th8.4. (Altenpohl, 1980:41).

% of total cost
Ore 20
Energy (coal, fuel etc.9 20-25
Wages and salaries 35-45
Capital charges (inc. Depreciation) 6-10

According to the researcher timber has a positalaesin environmental
conciousness, that the energy needed to produbettiis 1:12 of steel. However
timber is acquired from trees and cutting treesaiges the natural balance; by tree
farms the problem of yearly cut and renoval wowddsblved. Energy consumption is
a very important topic due to world’s natural eryargsources will be exhausted in the
future. Except for the energy consumption, steetipction causes burning of oxygen
and carbondioxide is acquired, that steel prodogbialutes environment. During
production of timber no environmental pollution o, hence trees convert

carbondioxide to oxygen too.

111.3.2 Fire Resistance

According to hazard characteristics wooden strestare often misregarded as being
less safe than steel or reinforced concrete strestiVood burns and steel or concrete
does not. In fact during a fire unprotected steeteinforced concrete structures
rapidly lose their strength and collapse while waodtructures lose strength slowly
(Fig. 111.26). Due to wood’s lower thermal condwity, timber is weakened by the
increasing temperature considerably lower tharsteel member. In 20 minutes when
the fire reaches 800°C, the timber having the dsieers 5x10 cm in cross section
obtains more than 40% of its original strength dredsteel member, a mere 10%.
When the size of the wooden element increasefirdteesistance rises (Karlsen,
1989:52).
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Fire resistancé is defined as the ability of an element to camyperforming a

building function in spite of being exposed to Byfdeveloped fire. It is, thus a
property of the elements of building constructioat materials. In consequence, to
state that 12 mm plywood has ‘X’ minutes fire resige is incorrect. It may contribute
‘X’ minutes to the fire resistance of a load begustud wall but several things,

particularly its support and fixings, can altersthontribution.
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Figure lll. 26 Strength vs fire temperature:1-standard curvediogerature variation during fire 2-
residual strength of a 5x10 cm wooden member 3wasstrength of a steel member
(Karlsen, 1989:51).

Glued laminated timber and solid logs are the rfiastesistant (Fig. 111.27). In a log
converted to boards the burning surface heat onadther, so that an increase to
focal points of combustion is acquired. The muhesdting is even more effective in a
bundle of splinters or chips . When wood dust angamixed it is suggested as

explosive (Karlsen, 1989:51).

Different timbers char at varying ratédargely as a function of their density with the
higher density timbers charring more slowly. Certafi the denser hardwoods

(>650kg/m3) used for structural purposes merityatel.5 cm in 30 minutes, eg,

14 The appropriate tests for fire resistance areabostl in BS 476: Parts 20-24 : 1987 test methods an
criteria for the fire resistance of elements ofding construction and ISO Standard 834, the twinoge
essentially harmonised. Test methods have beemedefor most common elements - walls, floors,
doors, glazing, beams, columns, etc. (Timber Rebemmd Development Association, document
on-line).

15 For structural timbers listed in the code of piccfor the design of structural timber, BS 5268h%5
rate of depletion is taken as 20 mm in 30 minuteshfeach exposed face.
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keruing, teak, greenheart, jarrah. Timbers of lowamsity will char more quickly eg.
Western red cedar is quoted as 2.5 cm in 30 mir{lilieder Research and
Development Association, document on-line). Woothwithickness of 9.5 mm
ignites easily and burn, but timbers about 1.5 licktwill char in depth and this
prevents the rapid combustion of the wood bendatktér, 1983:376).
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a) Glulam b) Log ¢) Boards d) Chips ¢) Mixture of wood,
dust and air

Figure lll. 27  Fire resistance of various wood members and mé&te@ulam and log are the most
fire resistant, in boards and chips fire resistat@e&ease, the mixture of wood dust
and air is regarded as explosive (Karlsen, 1989:51)

Glulam beams 9 cm thick and over usually residiie880 minutes without

modification (Fig. 111.28). Longer periods will pbably lead to an increase in
thickness although this may be partially offselreduction in depth (Glued
Laminated Timber Association, document on-lineul&in has a high and predictable
performance in fire because timber chars at a almvknown rate: 4 cm per hour for
European white wood. More importantly, it retaitssstructural integrity. Class 0 and
1 face spread of flame, can usually be achievedltdam members by the application
of a proprietary treatment on site after the buaidis dry and watertight. Care needs to

be taken to ensure compatibility between spectfieagtments.

The high thermal insulation characteristics of ttmkand the charcoal layer that forms
on it, both ensure that the interior of a fire esgeadd member remains cool and
structurally sound over the design period. A glulaember also behaves as a single
unit throughout its exposure to fire because ottilgh resistance of laminating
adhesives to fire temperatures. This reliabilitglolam's performance in fire means

that it is possible to predict the inherent firsistance of a particular component, or to
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design a component to resist fire for a specifiedqal without the need of expensive

testing (Glued Laminated Timber Association, doconan-line).

a) 9 cm x 31.5 cm b) after 30 min ¢) after 60 min
glulam in fire in fire

Figure lll. 28  The effect of fire at 30 and 60 minutes on a glufiete, dimensions of the beam is 9
cm by 31.5 cm before fire (Glued Laminated Timbssdciation, Technical Data
Sheet, document on-line).

Combustion is the combination of the flammable congmts of wood with the
oxygen of the air to produce heat, smoke and somstilame. Wood may ignite
when heated for a short time to a temperature afita®50°C. Initially the increasing
temperature causes moisture to evaporate from tloel wf some moisture is left at
wood temperature remains at 100°C. When the termperacreases between 150°C
to 210°C, wood dries, changes its colour, and ch@mmnbustion rate depends on the
rate of feed and atmopsheric oxygen amounts osutface and avaibility of the

surfaces of adjacent wood members heat one an¢thdsen,1989:50).

There is negligible difference in the mechanicajparties of the timber under charred
layer. Any thermal expansion is compensated byndrghrinkage; that means strength
and stiffness are substantially unimpaired and by creased. Glued laminated
timber had the same fire resistance as solid timii@rse characteristics enable the
fire resistance of larger sections (Blyth, 1989)1@&®lid and laminated wood have

classification of B1 after they have been chemycaated for fire protection
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(Table 111.13). Many timber buildings achive firesistance classes F30 to E%60
without any additional measures (Gétzal. 1989:42). According to Sperling, the
strength of timber decreases by about 3 to 5 %\ery 12.2 °C (10°F) rise in
temperature (Sperling, undated, 18).

Table lll. 13  Building materials are classified due to behaviatfire (Gotz et al.,1989:42).

Class of Building Material Description

A Non-combustible Material
Al
A2

B Combustible Material
B1 Materials of low combustibility
B2 Normally combustible materials
B3 Highly combustible materials

Wood is highly resistant to fire but in the enddes burn. Part of the strength of
wood is lost in exposure to high temperatures,thadjone strength is not gained
again. The loss from oxidation in metal is much enand the loss in strength of steel
from rusting is permanent (Oberg, 1963:92). Becafiseod burns very slowly in
large cross sections, it is excellent againstdamage (Fig. 111.29). Steel beams
collapse in fire, but wood beams support not ohgrtown weight but also other
building material’'s weight such as steel. Stediffness is reduced and this is
calculated with a reduction factor (Fig. I11.30}e8 collapses before wood is
seriously damaged. It is estimated that steel lhaHof its tensile strength at 1100°
and it does not support the dead weight of thecgire over 1700°. In flash fires that
include gasoline, lacquers, or smilar products tneures may rise immediately to
2000° -2500° F in that case metal may fail befoesfire begins. Wood burns
approximately in a rate of 2.5 cm in 33 minutedahge sections a considerably time

must pass to weaken the structure (Oberg, 1963:92).

18 Fire resistance classes correspond to the duratithve functional capability of a structural mensbe
under fire, F30 do not mean resistant to fires Wiéfined as only a retardant. As the F scale asa®
(G61z,1989:42):

F30 Fire-retardant
F60 Fire-resistant
Fo0 Fire-resistant
F120
F180
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Figure lll. 29  Glulam portal frames maintained their integrityleimagnesium-fed fire. The metal
walls and roof of the building melted and collap§8tied Laminated Timber
Association Technical Data Sheet, document on-line)
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Figure 1ll. 30  Reduction factor for steel's stifness at high terapges (Eggent al.,1995:36).

Steel loses its strength and stiffness at high ézaipres (Fig. 111.31). At 400°C /
725°F steel gains its 2/3 of its original strengtial rigidity and at 500°C/900°F it
retains only about half. As steel structures atellg light, steel structures can be
heated very quickly. The temperature of fire duiitsglame is normally 900°C-
1000°C (Eggeet al.,1995: 35-36). Steel loses its strength and rigialtove a
temperature of 299°C and at 427°-482°C, a strdogghof 80% results. Together with
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the expansion of steel, in the early stages ofuiimerotected steel will buckle, bend
and expand (Foster, 1983:375).

Figure lll. 31  Steel beams have melted and collapsed over chgltuien beam which, despite
heavy damage, remains in place (Glued Laminateddimssociation, document
on-line).

Allen (1999:389) suggested that fireproofing okesi@as done originally by brick,
masonry or poured concrete. These heavy encasemerdeffective by absorbing

the heat into their mass, but their weight addedresiderable weigth to the structure.
The search for lighter fireproofing materials cangd with thin enclosure of metal

lath and plaster around steel members. Contempuray\of fireproofing steel
members is enclosures made up of boards or slajpgefum or other fire-resistive
materials (Fig. I11.32). These materials are fagstearound steel shapes and in case of
gypsium it can also serve as a finish material s€lgroducts are avaible in densities
of 190 to 640 kg/m3. Lighter materials are consdeas fragile and must be covered
with a finish material. Denser materials are coei®d as durable and attractive. Spray
on materials act primarily by insulating the steein high temperatures for long
periods of time and they are the most cost effidemnn of fireproofing. Intumescent
mastics and paints are the latest generationapriofing of steel members, they

allow steel structural members to remain exposetkw in situations of low to

126



moderate fire risk. They expand when exposed &otdirform a stable char that
insulated steel from heat of fire for varying lemgbf time, depending on the

thickness of the coating.

— e e — o —

a) Encasement in reinforced b) Enclosure in metal lath
concrete and plaster
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d) Spray on fireproofing ¢) Suspended plaster ceiling f) Flame shielded spandrel girder
with spray on fireproofing inside

Figure lll. 32  Some methods of fireproofing steel beams and gir¢dten, 1999:391).

The researcher suggested that both timber andiste#écted from fire, timber burns,
steel melts. While timber burns, a layer of chaatlomcurs which protects timber

from rapid burn because it disables oxygen. Bothivaterials are affected from fire,
but the critical point is that the necassary timegeople to escape from fire should be
acquired, which is mainly considered as half arrhBuilding codes generally limit

the exposed usage of steel, it should be insulatdue proof materials which causes
an additional cost, however timber structures aanded exposed without any extra
encasement for fireproofing. Keeping material frima by a preventive coat is the
main point in the fire resistance. After the firecars, building would be damaged, the
critical point is not to protect material from fjridne important point is that to keep the

material from the effects of fire in order to ge¢ time for people to escape.
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111.3.3 Moisture Content

When wood is subjected to moisture, the cells dbgw water and the sizes of the
dimensions can change. Unequal shrinkage of implyppeasoned wood can be the
reason of unequal settlement in a wooden structMegping may cause problems in
the structure and in the material before it is @thin the building. Careful storage and
design to provide against unequal shrinkage andsexe may decrease the problems
(Oberg, 1963). Swelling and shrinkage are revezsabld change due to different
directions of the yearly growth rings and the gmfinvood. Dimensional changes are
the mostly in tangentially to the yearly rings, \ttaee half as large radially, and they
are negligible in the direction of the grain lonmgiinally (Gotzet al.1989:26). Green
wood has moisture both in the cell wall and in¢b# cavity itself. The point where
the cell cavity is empty but the walls are fulkalled the fiber saturation point. For
most species this value is usually 30%. Change megsture content over FSP has no
critical effect on wood’s properties, all shrinkageurs as the wood dries from 30%
to a lower MC’ value (Halperin, 1994:12). According to BS 526®jsture content

recommendations vary between 14% and 24% (Tabled)ll

Table lll. 14 Moisture Content recommendations in BS 5268 PéFiriber Research and
Development Association, document on-line).

Avarage moisture content | Maximum moisture content
in service (%) at time of erection (%)
External uses, fully exposed 18 or more
Covered and generally unheated | 18 24
Covered and generally heated 16 21
Internal in continuously heated 14 19
building

When wood is faced to moist conditions, it is urnrigk of attacks by fungis, molds,

and insects. While these can be controlled to taiceextent, continued exposure

¥ The moisture content (MC) is measured as the perge of water to the dry weight of wood:
MC= moisture weight —dry weight x 100 petcen
dry weight
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cannot be permitted without damage to the woodpétrdrainage around buildings

and proper treatment of lumber is found quite ¢iffec(Oberg, 1963).

The moisture content in a living tree can be ab hig 200 %. The avarage moisture
content that lumber assumes in service is knovtheequilibrium moisture content
(EMC). Due to atmospheric conditions, the EMC ofistural framing lumber ranges
between 7% and 14 % (Breyer, 1988:109). Dry lunibelefined as lumber having a
moisture of 19% or less. Lumber 20 % and over ifstnoe content is defined as
unseasoned or green lumber. Approximate percetmagEase (or decrease) in
mechanical properties for 1% decrease (or increasapisture content. Existing
standards require that the experiments should teerdi@ed at 12% moisture content.
Swelling and shrinkage cause dimensional changesaivariations in moisture
content. A rise in moisture content causes swellinigll causes shrinkage (Gotz

et al.,1989:26).

When proper construction details are used and gt design and construction
practices are followed, wood is a permanent cocstmu material. Moisture barriers,
flashings and other protective features shoulddael tio prevent moisture or free
water being trapped. Preservative treatments asem@mended when wood is fully
exposed to the weather without roof cover. Matsr&flould be protected during
construction. Arch and column bases should notntieeelded below finished concrete
floor levels and they should be elevated a mininmird.5 cm above the concrete floor
level if there is potential for wetting of the floPAmerican Institute of Timber

Construction, document on-line).

Especially in the design of connections, effortidtidoe made to avoid splitting the
member due to expansion and contraction of the wBodsideration must be given to
swelling and shrinking due to moisture content g¢f@snin service, similar to the
consideration given to details in metal constructitat must accommodate the
expanding and contracting metal due to changesmpérature. Because wood swells
and shrinks (primarily perpendicular to its graiin)e to moisture content changes,
connections should not restrain this movement. BEveovered structures, large

laminated timbers may shrink after installation ttwenoisture loss from low relative
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humidity conditions. Long rows of bolts perpendarulo grain fastened to a single
cover plate should be avoided. Although relatidry at time of manufacture, glued
laminated timber can still shrink to reach equilibm moisture content in service.
When possible, designers should avoid joint dethds could loosen in service due to
wood shrinking or that could cause problems whendwexpands due to increased
moisture content. Machine bolts should be usecerdttan lag bolts whenever
possible. When lag bolts are used, correct leael $iaks are important. Connections
should be detailed to avoid loading lag bolts ithadiawal whenever possible

(American Institute of Timber Construction, documen-line).

When the moisture content of wood, increases framfiber saturation point which is
about 30%, its strength and long time strengtts faleformability rises, and its
modulus of elasticity falls. The impact strengtld &ime parallel to grain tensile
strength of wood are the least affected propediegood. Other strength properties
are considerably sensitive changes, i.e. an iner@b$% in moisture content results in
a decrease of 3 to 5 % in strength. When the meistontent rises beyond the fibre

saturation point, no further fall in strength occ(iKarlsen,1989:32).

The researcher denoted that moisture content sheukept in a static level and it
should be controlled according to the design serlggel. Timber decays due to
moisture and organisms, steel does not have spobbéem of decaying. In order to
protect timber from decaying precautions shoultblzen by chemical treatments
which results in an extra cost for the structunestkel construction moisture also

effects steel, steel rusts and decays at the end.

I11.3.4 Resistance to Chemicals

Wood differently responds to chemical attacks. Hjidioric, prosphoric, and dilute
hydrochloric acids have no effect on wood at atrhesio temperatures, however
sulphuric acid, nitric acid, destroy wood evenoat temperatures. At atmospheric
temperatures organic acids like acetic, formicjciwill not weaken wood. On the

other hand hot solutions of organic acids will degtvood (Karlsen, 1989:16).
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Timber generally has a remarkable resistance toiciad attack in polluted
atmospheres and to contact with chemical solutigitgam is also equally resistant. A
recent application is in the construction of bamstore salt for deciding roads. The
synthetic adhesives used in bonding glulam arellgguesistant to most chemicals.
However, glulam is not totally immune. Oxidisingeags, sulphides and alkalis, for
example, will exert a 'pulping' action on the timbad lead to loss of fibre and
strength. But these are unusual agents in mosceesmvironments. Everett,
considered that compared with metals, wood has gemistance to alkalis and weak
acids (1986:51).

Wood should be protected by appropriate chemiealttnents. Chemical protection
should penetrate to the degree of the wood expolsrefficiency depend on the type
of the treatment, the quality of the chemicals Egpand their distribution within the
wood. Protective treatment is essentially appleedood after all other fabrication
work has been completed. If later work such adimgiis necassary exposed surfaces

have to be treated again.

In steel construction corrosion or rusting is acebmechanical process that
deteriotes metals like nails, screws when is expptsavater and oxygen a thin layer
of corrosion occurs on its surface. In the atmosppeactically no corrosion occurs
when there is under 60% relative humidity. FronD&o#elative humidity, corrosion
occurs markedly with increasing humidity. A polldtedustrial environment, and sea
water also causes corrosion in steel (Eggfeal. 1995:35). The basic factors that
effect the rate of corrosion in steel in air aneTgoe and amount of pollution; b) Time

of wetness due to rainfall, condensation etc.;anperature.

The researcher suggested that when comparing tianaksteel in terms of chemical
destruction, it is seen that timber is effectedrfless chemicals than steel. Many of
the acids and chemicals effect steels body, howeweer is effected from sulphuric
acid, nitric acid and hot solutions of organic aci8teel is corroded at a humidity

level at about 70%, moreover atmospheric conditdesroy the body of steel.
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[11.3.5 Heat Expansion

Wood has a high resistance to heat flow. In woedntial conductivity is same in
radial or the tangential direction, but it is 23otimes greater in the longitudinal
direction. Thermal conductivity of wood is abouedour-hundredth that of steel
(Faherty, 1989: 8-9) (Table I11.15). Thermal ingida is however a rarely factor that
effects the choice of the roof type, because metlbgroviding the thermal

insulation is applicaple to all forms of roof struies (Foster, 1983:164).

Table lll. 15 Properties of timber and steel which affect firefgenance (Taylor, 1991:36).

Density | Specific Heat | Thermal Thermal Cefficient of Themal
Conductivity Diffusivity Expansion
kg/m® J/kg°C W/m°C mm?/s /°Cx10°
Wood | 500 1200 0.14 0.23 3
Steel | 7800 480 84 22 11

Specific heat capacity is the number of joules iregluto raise the temperature of 1 kg
of the material by 1°C. Thermal conductivity is #islity of the material to transmit
heat by conduction. Diffusivity describes the ahitf the material to transmit heat in
fire, rather than become hot locally. For exampdelsbeams heat up in fire rapidly
rather than diffuse heat (1991:36-39).

The coefficient of thermal expansion parallel te gnain is a mere 1/7 to 1/10 of that
across the grain and is 1/2 to 1/3 of that forlstettle thermal expansion parallel to
the grain leads to design without expansion jaimtwooden structures (Karlsen,
1989:18). Moreover thermal coefficient of expandianwood parallel to the grain
may be as little as one 1/300 that for steel. Gaefits perpendicular to grain may be
on the order of 5 to 10 times that parallel toghen (Faherty, 1989:8).

Steel and concrete expands under different tempeiaand this must be considered
in measurements. On the contrary, wood has nofigsigni change with temperature
and this has no effect on the whole structure (QHE963). At sub-zero temperatures

water contained in green wood becomes ice, andatmpressive, bending, shearing
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increases. On the other hand, frozen wood is nateekand less resistant to impact

and dynamic bending (Karlsen, 1989:33).

The researcher mentioned that heat does not hsigaificant effect on timber, steel

is mainly effected from heat changes. High heatlklike 100 °C or more speeds
timber to ignite, timber burns at 250 °C or moreatHspeeds the burning period of
timber, but timber do not expand like steel undeatichanges. The changes occur due
to moisture change, that it can be concluded thatvihe heat increases if the
moisture contnent is more than the design levelathount of moisture decreases in
high heat temperatures. Long span dome structiie¢ste fabricated with steel, cause

a great change which cause noise due to the moverhiie members.

111.3.6 Acoustical Insulation

Wood has an ability to dampen the vibrations. Tleeeewood is preferred for
structural components where sound vibration is sindele (Faherty, 1989:10). Sound
transmission ratings are closely aligned with énelurance ratings for assemblies.
This is because flame and sound penetrations falowar paths of least resistance.
Control of sound transmission is particularly intaot in post frame buildings used
for commercial construction, such as offices orrchas. Sound striking a wall or
ceiling surface is transmitted through the airhie wall or ceiling cavity. It then

strikes the opposite wall surface, causing it tivatie and transmit the sound into the
adjoining room. Sound is also transmitted througy @penings into the room, such as
air ducts, electrical outlets, window openings, dndrs. This is airborne sound
transmission. STE method of rating airborne sound evaluates the odrtgvel of a

particular living space. The higher the STC, thiédpehe airborne noise control

18 Sound Transmission Classes, adapted from PoseRtamstruction Guide:

STC rating Privacy Afforded

25 Normal speech easily understood

30 Normal speech audible but not irgédle

35 Loud speech audible and fairly undexsable
40 Loud speech barely audible but nlligible
45 Loud speech barely audible

50 Shouting barely audible

55 Shouting not audible
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performance of the structure. An STC of 50 or alie\generally considered a good

airborne noise control rating.

Impact sound transmission occurs when a strucéleatent is vibrated by direct
impact, for example, by someone walking. The vibgasurface generates sound
waves on both sides of the element. The Impactdtisn Class (IIC) rates the impact
sound transmission performance of an assembly.ddig8 values indicate better
performance, with an IIC of 55 required for googaut noise control (Post Frame

Construction Guide, document on-line).

According to the researcher, when the structuexp®sed the interior sound may
cause a disturbing effect. Mainly timber does ribtate or causes echo effect;
however steel reflects sound waves and steel elsmdrich are used much can cause

a disturbing effect. In that case acoustical dasipad insulation should be provided.

[11.4 Timber Roof Structures in Turkey

Besides many advantages of timber, it is not widslgd in Turkey due to high cost
rates, manufacturing and the deficiencies in tloelpetion. People are not familiar
with timber although it has a construtcion heritdgehe current situation of Turkey,
because of the economic limitations, reinforcedceete is generally used without
guestioning its appropriateness. Reinforced coadsetasily obtained and cast by
local contractors. Moreover when a wide span isledesteel is applicated as a
structural material. Initial costs of the structumaber is higher than steel and
concrete, when total workmanship, transportatiate @f erection and dead weight
compared, structural timber could be a wise degidispecially after the 17 th August
eathquake, timber buildings are being studied; maearchitects and engineers
concentrate on to design lightweight structurateys. Besides many advantages of
timber roof structures, there are deficienciehagroduction, application and
marketing. The greatest problem is the lack ofrimfation and knowledge in the

market.
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111.4.1 Manufacture

In Turkey, serious problems of producing high gyadtructural timber is within
drying period of timber. New investments shoulddoee in order to increase the
guality of the material properties. Raw materiatasier to be obtained than other
structural materials, because the investment ®ptioduction period. In order to
obtain high quality and cheap raw material, treenfgashould be introduced. The
responsibility is on the government, as soon anéoessary codes, laws and
regulations should be formed. If better forest ngamaent, including more efficient
logging operations, selection of trees for cuttizugg the development of tree farms;
the growth of new wood may come to exceed the yearhoval (Oberg, 1963:90).
General trend in the western countries is the lw@esfarms, in order to obtain yearly
removal of trees. On the contrary in Turkey, theneo such application,

governmental forests can be hired in order to imesfarms.

During the research two compariiesave been visited in Ankara. Although both of
the firms have the technology for wide span ronictre systems, the greatest
demand is for timber frame construction for dontegties. Structural timber is
covered with gypsium boards for fire precautiomtter is not used as exposed. One
of the firms have a factory in Etimesgut, and agarhouse have been built. The roof
structure of the house is completely covered wyisgum board that disables to view
the structural timber. Manufacture is so much badndith demand, increasing

demand would rise the quality of manufacturing dadrease costs.

[11.4.2 Application and Marketing

There are improperties in the application and ntargeof structural timber in Turkey.
Application problems indicate designing stage, ttwsacand transportation. The roof
structure of the Daxiafaka Cetin Berkmen Sports Ceftés a space frame

composed of structural timber. At an interviéw is declared that an engineering

% Companies visited in Ankara are Nascor Turk imEsgut and Konkur in Sincan.

2 Architect: Ersen Giirsel

2L Giintimiiz Keullarinda Mimarin Striiktir Bilgisi (Architect's Strture Knowledge in Today’s
Conditions), Mimarist
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company was not found which can perform the armgalgbspace frame with structural
timber, during the preliminary design calculati¢®802:56-66). It is suggested that
the engineering companies were mainly specializestiuctural steel, the engineers
refused to perform structural calculations of thace frame design with structural
timber. Only one engineer, claimed that he coutdycaut the necassary calculations.
The lack of knowledge to perform calculations fesigning period is a critical point
for applicating new structures with timber. Genlgrimber structures are designed
and erected by professional firms which are théeded foreign firms that is
specialized in structural timber design. The catiahs are done by special softwares
and still there is a deficiency in the calculatieafishe engineering firms due to lack of

applications.

Figure Ill. 33 Elementary school project at Koc&&{Oran Mimarlik, document on-line).

There are a few firms in Turkey that use structtimber for spanning a medium or
wide span roof structures: Oran Mimarlik, Hemelsbta, Konkur are the rare firms
that manufacture structural timber and applicaigirg the interviews with the firms,
it has been seen that mainly application problemasaused by workmanship.
Workers may sometimes do not applicate properlyetketion manual of timber
structure, sometimes in the connections necassélrgangs or details are not fixed

adequately.

22 Architects: Koksal Anadol, Ersin Aritu, Bogaghan Diindaralp, Vedat Tokyay; Engineer: Tamer
Ergenekon; Location: Adapazari; Date:2000.
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Figure lll. 34  Elementary school project at Kocaeli (Oran Mimartikcument on-line).

During marketing due to lack of information on tienpfirms have problems to sell

the end product. Tokyay (1998:119) pointed out, tifiatructural timber is indicated

in the program of architecture and engineeringlfeesy young architects and
engineeres would leave the negative prejudicerobei. Because timber has an image
that it is a weak material for structural purpoaed fire performance of timber is low
or not known. Generally there is an attempt toglesi medium or wide span by steel,
due to its high strength property. If necassargaugons are taken, structural timber
may be introduced in contemporary Turkish architextThere are a few
contemporary examples of structural timber thatheen applicated in Turkey. The
general trend is to have an assignment with adgorfiim, and have a vendor contract.

Some of the rare examples will be introduced.

For the elemantary school project at Kocaeli stnatttimber is designed after 17
August earthquake. Ministry of Education requestethool project that was
egarthquake resistant and easily demountable (EBB, Fig. 111.34). Anadol and
Tokyay (2000) stated that the structural systemegaecially designed with timber
due to its 45 min. fire performance, 7 days erectime, acoustical performance,
energy efficiency and environmental conciousnebs. Structure is composed of
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glued laminated beams. Six school projects cornstdua Kocaeli Dgirmendere,
Derince, Bekirpga, Adapazari, Ferizli, Yalova.

Figure Ill. 35 Dome structure for the indoor swimming pool of ity Hotef* (Oran Mimarlik,
document on-line).

The dome structure at Antalya Belek, requeste&iigum Hotel's indoor swimming
pool, was designed with linear timber beams anditiree was covered with glass and
the diameter of the dome is 22 m (Fig. 111.35). Bheed laminated timber truss at
Antalya Lares Hotel for indoor swimming pool spamsarea of 20 m x 15 m. Main
span structure is designed with timber trussessandndary trapezoidal beams.
Diagonal bracing is done with galvanized steel [gig. 111.36). The roof structure for
the Aytek indoor swimming pool is composed of glieaiinated vaults, with a span
of 12 m and a length of 30 m (Fig. 111.37).

The researcher claimed that the structural roofiegtons are limited in number and
only large cities and resorts of Turkey. Roof stutres with structural timber are
generally designed for swimming halls and hoteltshe Possible reasons are
glulam’s aesthetic appeal, its durability agairdbdde and chemicals at the
swimming pools. Timber should also be consideregraalternative when a long span

2 Architects: Oran Mimarlik (Oran Architecture Cd.jjcation: Antalya, Belek; Date:2000.
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roof structure for sport center, concert hall dresttype of buildings are needed. In the
contemporary applications roofs spans range bet&earand 30 m, longer spans
have not been enclosed with structural timber. @ube advantages and the few
applicating fims are specialized in glulam, applmas are assembled with glulam,

solid timber has not been used as structural nahiarcontemporary applications.

Figure Ill. 36 Roof structure for the indoor swimming pool of Latgotet with timber trusses (Oran
Mimarlk, document on-line).

Figure Ill. 37 Roof structure for the indoor swimming pool of Agtiedoor swimming podt with
timber vaults (Oran Mimarlik, document on-line).

24 Architects: ibid; Location: ibid; Date:2002.
% Architects: Oran Mimarlik (Oran Architecture Cd.jjcation:istanbul, Kumburgaz Date:2003.
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Figure lIl. 38 Biiyilkkada Rum Orphanafjés a building that have a totally timber struct(#elalar
Governership, document on-line).

Figure lll. 39 Kasaba Mahmutbey Moscftidhas a timber structure without any nail connectiatil
Duinyasi, document on-line; Kastamonu Governerslupyment on-line).

However there are successfull examples of long spantural timber in the

traditional Turkish architecture especially in thesque design; timber tradition has
not been continued in the contemporary examplesteTare totally buildings
constructed the whole structure with timber, Buylikk&um Orphanage is the greatest
timber building of Europe, has 6 floors with a 2deight, 35 m width and 101 m
length (Fig. I11.38). The building includes a thieaat saloon, restaurant and other wide
spaces; but it is left ruined. Since the traditiim®s not continue from the past to the
future examples, timber structures would not dgvel@king the technology from
foreign firms is not a rational choice to develbp technology. Mahmutbey Mosque

is one of the oldest timber mosques in Turkey (Fig9).

% Architect: Alexandre Vallaury, Date:1898-1899.
27 ocation: Kastamonu, Date:1336
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However timber is an traditional material for Tuykengineered timber products for
medium and long spans is a new subject for ardbieud engineers. As seen from the
examples in Turkey, in long span it has not beed uBossible reasons have been
discussed in the introduction chapter, mainly dukatk of knowledge, cost and
conciousness on environment. A few examples doefigct the potential of timber,

as discussed in the third chapter spans more @mlhave been successfully
spanned with structural timber. In order to haveesame timber technology in

Turkey, government should encourage tree farmsate high quality and cheap raw

material.
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CHAPTER IV

CONCLUSION

Deciding the roof structure and the structural maltef a medium or long span, has
always been a critical point in the design peribd structure. Different materials and
techniques being applicated for spanning of a sgadehe search for the most
efficient solution has always being paid attentiés.being discussed in the chapters,
there is not only one solution or choice for a rsificture. Various forms have been
discussed, and different searchers answered tlstiguef the most efficient structure

and material for a specific span length.

The most important point is to decide the accusatectural system for a certain span
length. As researched in the previous chaptersuetsre may be very economical
and efficient for a long span, like 60 m, but ityiee so uneconomical and
inappropriate for a span length like 10 m, duedechfor high tecnology,
workmanship, amount of material, number of conmestj transportation or other
factors. To decide the accurate structural systesischot only the span length, or type
of the structure, also structural material is viemgortant. The same type of a shell
may give very economical results when dead weigigf, workmanship or other
factors considered, on the other hand the samgrdesihe shell may become very
unefficient when built with steel. Moreover visao® a beam design may be solved
easily and economically with steel ‘I' beams, building it with solid timber may not

be as efficient as steel.

Structural timber and steel in medium and long spanstructures are compared in
four basic topics in the research: a) structurastesy of the roof, b) structural
performance, ¢) contructional performance, d) nigtperformance. In order to
decide the structural material for a roof structitrdeals with these four main topics.
Structural performance and material performandédier and steel is valid, common

and does not change with the project.
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In structural performance timber is advantageowed weight to strength ratio than
steel. However steel has a more strength than tjrtibeer’s low dead weight
decrease the depth of the structure. Mainly thesirength of timber or steel is not an
adequate data for the design, strength of the rahs#ould be calculated related with
the section and dimensions. Manufacturers prefiegegth tables for both timber and
steel, and during the design period the decisionade related with the section

dimensions.

When material properties of timber and steel is gamad, both materials have
advantages and disadvantages. If decay, shrinkidgwaelling is considered; steel is
more advantageous than timber. Since timber igganéc material it is effected from
living organisms, any moisture change may causaydé€zuring the moisture changes
timber shrinks and swells, which is not desiredtlfia stability and stiffness of the
structure. If the necassary treatments are not,donieer should not be used for the
circumferences that have the possibility of moistcinange and living organism
thread. The most important advantage of timber etesl is that environmental
conciousness. In the contemporary material consgineimergy effciency is a very
important topic, since the world’'s energy souraeslianited. Steel requires energy
about 12 times more than timber; which is a reasaesign with timber more. Fire
resistance is another advantage of timber ovel. 8l should be very well
insulated for fire, in case it melts and steeldtites collapse rapidly. Resistance to
chemicals is a property that both timber and s¢eeffected. When the chemicals are
considered, timber is resistant to much more abials steel. Generally for the public
buildings such as shopping malls, theatres, cineoudisire centers there is not a acid
problem. Heat expansion is a property that stegiaatly effected but timber shows
no significant change. For the roof structures #natglazed and open to sun shine,
steel expands. For acoustical insulation timbes da reflect sound waves as much
as steel, however it is not a serious problemdof structures. Keeping in mind the
structural and material performances; a decisioulshbe made for form and

constructional performances.

When constructional performances are compared timiagy have better performance

depending on the local conditions. Site applicatibtimber is easier than steel;
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because the tools that are used to connect timberbmrs are simple, due to low dead
weight it can be handled easily, no complex aplcat are needed at site, erection
faults can be corrected rapidly. Site applicatibateel is more problematic than
timber, due to its dead weight, welding precedares the corrections are not easy,
members should be cut at factory. In transporatasts are lower for timber than
steel, because the unit weight is less. The oniigdiion is the length of the
transportable member, according to the countraggdrlimits. Connections that are
needed at site for timber can be done by simpld baols, however for steel factory
connection is efficient especially for welding,sée bolting is preferred. The
advantage of steel construction is connecting teel snembers is more efficient than
connecting timber and a steel member. If cost mspared timber has lower unit costs
than steel in the western countries, because ptioduzf steel requires more service
which is obvious in energy consumption. On the iottaand, in Turkey due to low
demand for timber; costs are higher than steeh Botber and steel need
maintanence, steel should be protected againsistor, timber should be protected

against moisture content change and living orgagism

Of course architectural considerations such as enadighe building, aesthetic values,
volume of the building would be determinative fastdut when making the decision
from a structural point of view performances oftbbtnber and steel should be
considered for the specific form. Form of the stuue greatly effects the performance
of timber and steel. For instance, a 25 m long ganbe designed both with a beam,
truss, arch, frame, space frame, shell and dongaltommon avarage span length
for all forms. In order to decide which one to chepefficiencies for both timber and
steel should be considered. If the efficient spanglhs are exceeded, a different
alternative should be chosen. In an ascending tetem, truss frame and space frame
can be the alternative for the previous. When ar@dad huge roof height is needed
the alternatives are arch, shell, prismatic forms dome. They are in ascending order
in terms of span, system requirements, amount mfiections, labor, production time
and dead load. Timber is advantageous in the ftimatsare bent, curved and can be
produced with one unit, steel can have better te$od the forms like space frame,

where 3 dimensional stiffness is acquired and octiwres are in a complex form.
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For a simple beam both steel and timber can beefti for medium and long span,
which is simple to produce, do not need much tianesite erection and connections;
however timber would have low dead weight, deptthefbeam can be lower than
steel. For example for the 25 m simple beam desigel and timber would have
section depths between L/18 and L/20, but deadhweigcupied by steel is much
more than timber, which brings extra load to thiéding. In a truss design if timber is
used, timber is more efficient for medium spangh&long span however it can be
used, the amount of connections between the mendeersases the system
efficiency. For medium span when a truss used sigbl design, the amount of dead
weight is more which timber is preferable. In tbad span however spans about 60 m
can be achieved with steel, the amount of deadhweibich causes high depths, is
not preferable. In a frame design, timber is paddlr for its low dead weight, which
decreases the depth of the structure, but for losggns more than 40 m, steel is
efficient. Space frames are efficient for steekinmer design amount of connections

and stiffness is a problem to solve.

In arch design timber is preferable, because witgeror hingeless one piece bent
glued member can form an arch, in steel constmadtiis not preferable, one bent arch
is not efficient to manufacture, transport and eréthe arch form is produced from
trusses, stiffness and efficiency of steel increaAstember shell structure can be
produced easier than steel, glued bent and shapmad tonstitude a shell form. If
steel is used for shell, it should be constructethflineer members or trusses; amount
of members increase the dead weight, productioreagction time. Prismatic forms
are more efficient with steel, because stiffnegbaicrown joint for timber is
problematic. In dome design timber is more effititan steel, because one piece
bent forms come together to constitude a domettendead weight is lower than
steel dome. In steel design, lineer members cogether for a dome structure, that to

form a dome with lineer members is a complex preced

Every design and project should be decided bwits lamits, local contractors,
avaibility of the material, workmanship, transptida effect the decision on the
structural system. Maybe a vaulted shell may bk With timber and give very

economical results when structural properties ansidered, but due to constructional
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criteria, the local contractors and avability o tinaterial, it may have to be built with
steel or another structural material. Due to disiams during the previous chapters
the researcher has prepared tables (Table IV.1e Tel2, Table V.3, Table IV.4) as
a summary of the performances for both timber daeel.sTable IV.1 refers to material
properties of timber and steel, Table IV.2 sumneswithe structural properties, Table
IV.3 outlines the performance criteria for constime, Table IV.4 covers the

structural systems.

Timber should be used more according to ts polsrdmdiscussed before; in order to
increase the amount of manufacture, design andragtion necassarry regulations
and standards should be harmonious with the comeanpregulations in European
countries. Appropriate educations should be giwenHamber of architects, chamber
of contractors and ministry of cultivations. Fotue studies, increase in efficiency
for manufacture and constuction should be resedrictoéuding cost, construction
period, transportation, connections, moreover @moisl of decay and shrinking should

be solved.
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Table IV. 1 Material properties of steel and timber.

Material

Properties

TIMBER

STEEL

1) Environmental

Conciousness

Requires 1/12 th energy of steel for
production. Production period does

not pollute environment.

Steel is not efficient for energy
consumption, requires great amount

of energy during production.

2) Fire Resistance

Holds the structure with a fire
resistance up to 1 hour, while
burning char layer prevents oxygen
penetration. Most important feature

of timber against steel.

Melts rapidly during fire, a steel
structure collapses after 15 min of

fire. Steel can not be used expose(

should be threated with a protectiv

layer.

3) Moisture

Content

Due to moisture changes timber
changes its shape and length.
Humidity changes and organic
attacks cause decay. Living

organisms should be prevented.

Steel rusts at high moisture levels.
Needs protective coating against

moisture.

4) Resistance to

chemicals

Resistant many of the acids, it is ng
effected from cloride which is the

main chemical at swimming pools.

tEffected from acids, they detoriate

the form and strength of steel.

5) Heat Expansion

Does not show a significant

expansion against heat.

Expands rapidly when the heat
increases which cause movement n
the structures and during fire the

form changes.

6) Acoustical

Insulation

Does not reflect sound waves,

appropriate for acoustical insulatio

Reflects sound waves, not
.appropriate for acoustical insulatio.
For the noisy places threatments

should be taken.
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Table IV. 2  Structural properties of timber and steel.

Structural TIMBER STEEL
Properties
1) Loads Has lower dead weight than steel, | Has a higher dead load than timbey,

which decreases the section depth
and prevents extra load to the

building.

5 increases section depths, supports
has to carry more dead loads. If thq
amount of members increase, totall

dead load creates problems.

2) Duration of
Load

Withstand impact loads for a short
duration of time, in long term
loading capacity decreases. 100

years service without detoriation.

3) Stresses and
Strength

Strength in compression parallel to

grain about 7 times perpendicular t

grain. Elastic modulus between 3-30than timber. When the stress-strair

kN/mmz2. Wood has high tensile
strength, but also fails in a brittle

manner when stressed in tension; i

compression, however, wood showswithstand loads about 7 times mors

ductile behavior. For unit test
specimen has lower strength than
steel, but dead weight to strength

ratio is more than steel.

Steel has 210 kN/mmz2 for a given

pstrain, can subject to higher stressg¢s

curves are indicated, steel has

incredibly high strength and moduI[s
nof elasticity. Has a high strength, cgn
than timber for a unit test specime

member.

4) Deflection and
Elasticity

Timber has a modulus of elasticity

between 4 and 12 kN/mmz2.

Steel has a high modulus of elastiqy
of 200 kN/mm2 showing that it is a

stiff material.
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Table IV. 3 Constructional properties of timber and steel.

Constructional

Properties

TIMBER

STEEL

1) Site Applications

Due to low dead weight easy to
handle at site, site applications can
be done with simple handtools,
falsework can be corrected easily.
Timber should be protected from
sun, rain, humidity, storing needs

care at site.

Due to high dead load, cranes nee
to hold up and move, for site
applications specific tools are
needed, especially for welding,
better to correct the falsework at
factory. Members do not deform
during storage, precautions should

be taken.

fled

2) Transportation

Transportation costs are low due tg
low dead weight, efficient long spal
glued laminated beams can be
manufactured one piece but the
limitation for length is according to

traffic limits.

high dead weight, limitation is also

Same truck with a specific volume

can carry less steel than timber.

Transportation costs are high due {

for length according to traffic limits|

O

3) Connections

Steel connections increase the
efficiency of timber, however
problems occur due to two different
type materials connection.
Connections can be done with

simple tools at site.

Steel is connected with steel
connections or welding, which are
efficient for strength. Steel to steel
connection is efficient. Factory
connection is more efficient than si

connection.

1€

4) Cost

Relatively low cost due to

manufacturing do not require much|
energy, natural source easy to gro
up, timber factories are not comple
as steel factories. In Turkey costs 8

higher than steel due to low deman

High costs, raw material is mined
and manufacturing needs high

v technology factories.

X
re
d.

5) Maintanence

Timber structures need maintanen
against climatic conditions, insect

attack and mould.

eSteel needs paintings annually for
corrosion. Costs increase to paint

high level steel roof structures.
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Table IV. 4 Structural systems according to limits and efficieaf timber and steel.

Structural Systems

Performance

TIMBER

STEEL

1) Beam

Solid Beam Max. span up to
7 m, depth depends on the so
piece, longer timbers can not |
produced and the deflection
effects the one piece solid
beam. Most simple form of

timber construction.

Cold Formed Section:Max.
icbpan up to 8 m, depth
adepends between L/15 and

L/20. Most simple form of

timber construction.

‘I Beam: Max. span up to
35 m, depth between L/18 and
L/20.

Hot Rolled | Section: Max.
span up to 35 ngepth
between L/18 and L/20.

Box Beam Max. span up to
28 m, depth between L/18 and
L/20.

Rolled Section:Max. span
up to 30 m, depth between
L/18 and L/20.

Glued Laminated Beam Max.
span up to 45 m, depth betwe
/18 and L/20, curved or
tapered forms possible, most
efficient type beam in timber

construction.

Castellated BeamsMax.
erspan up to 60 m, depth
between L/15 and L/20, modt
efficient beam type in steel

construction.

Comments:

Beam is the simple form of spanning a distancesamallest

depth is acquired where small

the efficient limits are extended, truss systenukhbe
considered. Beam is erected in a short periochwd,tcost is

lower than other systems. Transporting one pierg ftaembers

can be a problem.

interior height ipamiant. When
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Table IV. 4 (Continued) Structural systems according to liraitd efficiency of timber and steel.

Structural Systems

Performance

TIMBER

STEEL

2) Truss

Bowstring Truss: Span range
between 12.2 mto 45.7 m, wit]
glued laminated timber span
range 30.4 m and 60.8 m, dep
between /4 and L/5.

Bowstring Truss: Span
hrange between 20 m and

40 m, depth between L/6 anfl
th./10.

Pratt, Howe and Fink Truss:
Span range between 12.2 m g
27.45 m, depth between L/4
and L/5.

Pratt, Howe and Fink
ndiruss: Span range between

6 m and 12 m, depth betwed¢n

L/6 and L/10.

£ Pratt
Mansard Truss: Span range | Mansard Truss: Span range
between 12 m and 33 m, depth between 15 m and 30 m,

A Mansard A between L/5 and L/10. depth between L/5 and L/20}
Special Shaped TrussesSpan | Special Shaped Trusses:
of between 18 m and 46 m, Span between 23 m and
depth between L/7 and L/10. | 55 m, depth between L/5 anfl

L/15.
Comments: Generally truss is used for long span where dis&tanger

than efficient beam span range is extended. Thegular form
is used for a space where a high depth of a smeictineeded.
Truss erection time is longer than beam erectiaoraing to

amount of members and connections. For medium spasses

are manufactured at site, connections are fixdacary, at site

end connections are jointed.
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Table IV. 4 (Continued)Structural systems according to limits and efficienf timber and steel.

Structural Systems TIMBER STEEL
Performance
3) Arch
e Two Hinged Arches: Span Two Hinged Arches:Span

range between 9.15 mto
30.50 m, depth between L/4
and L/6.

range between 18 m and
40 m, depth /3 and L/5.

Three Hinged Arches:Span

range between 12.2 m to

Three Hinged Arches:Span

range between depth L/3 and

30.5 m, depth between L/5 and./5.

L.

Trussed Arches:Span range
between 30 m and 70 m, dep
is between L/7 and L/10.

Trussed Arches:Span range

thetween 40 m and 120 m,
depth is between L/6 and
L/1o0.

Comments:

In arch forms laminated timber is the most effitigmpe, that is

because one piece member is bent with a curvdtusenot

easy to transport long members. Efficiency of steeh

increases with trussed memb

ers.

4) Frame

laminated =~
bem

P

~

Glued Laminated Frame:
Span range between 5 m ang
24 m.

Shaped SectionSpan range

between 5 m and 40 m.

[ site
Jjoint

Lattice Frame: Span range

between 10 m and 45 m.

Trussed Frame:Span range

between 10 m and 55 m.

Comments:

Frame systems are stable an

structure with the supports. If

d stiff due to theyvediie one
the building reguients are

appropriate to design with supports, efficient idi®ension.
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Table IV. 4 (Continued)Structural systems according to limits and efficieof timber and steel.

Structural Systems TIMBER STEEL

Performance

5) Space Frame

One Way Space Frame: One Way Space Frame:
Span range between 20 m andSpan range between 20 m arjd
35 m, depth between L/10 and90 m, depth between L/10 arnd
L/15. L/15.

Three Dimensional Space Three Dimensional Space
Frame: Span range between | Frame: Span range between
30 mand 50 m, depth L/210 | 30 m and 120m, depth

and L/15. between L/10 and L/15.

Comments: The advantages of space frame are: reduction inregtjdepth
approximately 50% in height and decrease in theuatnof

structural material up to 25%, simplification obfacation due
to the repetition of members and better resistameartquake

and other horizontal forces.

6) Folded Plates

Plywood Folded Plate:Span | Rolled Sections Folded
range between 11m and 37 m,Plate: Not a significant

depth between L/4 and L/6. | efficiency in folded plates.

Comments: Folded plates are suitable for timber and condretenot

suitable for steel. A plate is not appropriatelforg spans due t

=

its weight, but folding it increases the efficieranyd divides the
loads to pieces. The folded form results in a grigadity that
the folded forms take most of their strength fohmit form. As
the span increases, the depth of the folded sexdtenthat it is
not appropriate for long spans due to increaskerdepth of the

structure.
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Table IV. 4 (Continued)Structural systems according to limits and efficienf timber and steel.

Structural Systems TIMBER STEEL

Performance

7) Shell
Ribbed Shells:Spans between Trussed Shellsin the limits
30 m and 45 m, depth depengd®f trusses and space frames
on the form of the shell and | depending on the design,
should be specially calculated.specially should be calculated.

Comments: Shells are 3 dimensional designs and do not hapeeific
form. Design may include both concave and convaxs$o
every part should be specially calculated. Coneaebconvax
parts do not have the same span and depth accaoddifferent
response of timber and steel to compression arsibien

8) Dome

Ribbed Dome: Span range
between 15 m and 150 m,
depth depending on the radiy
and form of the dome.
Spherical domes have more

depths.

Ribbed Dome: Span range
between 15 m and 120 m. Th
sprimary problem in using steql
in the dome design is that
using line elements to create

curved structure.

Comments:

Dome forms are appropriate for timber, but notsfeel in long

span; due to increasing heigh

and heat expansion of steSteel is not preferred in long span

dome design, especially over

height, amount of dead weight and connectionsnefli pieces.

t in steel, amounbphections
1

60 m span, due teaserin
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GLOSSARY

Annual Ring (yas halkasi): The layer of wood growth added each growing se&son
the diameter of the tree. In the temperate zonanheal growth rings of many
species such as oaks and pines are readily diggheglibecause of differences in the
cells formed during the early and late parts ofgbasons.

Axial Force (eksensel kuvvgt A push (compression) or pull (tension) acting glon
the length of a member.

Axial Stress gksensel gerilme The axial force acting along the length of a membe
divided by the cross-sectional area of the member.

Battens kaplama tahtagt Small timber members spanning over trussesipport
tiles, slates etc.

Beam (iris): Normally a horizontal or sloping member that isigaed to carry
vertical loads:

Bearing (mesne): Structural support of a truss, usually walls,dems or posts.
Bending Moment gilme moment): A measure of the bending effect on a member
due to forces acting perpendicular to the lengtthefmember. The bending moment
at the given point along a member equals the suall perpendicular forces, either to
the left or right of the point, times their corresing distances from the point.
Bottom Chord (alt baglk): A horizontal or inclined (scissors truss) memtteit
establishes the lower edge of a truss, usuallyicgrcombined tension and bending
stresses.

Box Beam kutu kiris): A built-up beam with solid wood flanges and plywlaar
woodbase panel product webs.

Cantilever (konso): The part of a structural member that extends beite support.
Carbon Steel karbon celgi): A steel containing only residual quantities of ebers
other than carbon, except those added for deosidizar to counter the deleterious
effects of residual sulfur. Silicon is usually lted to about 0.60% and manganese to
about 1,65%. Also termed plain carbon steel, orglisteel, straight carbon steel.
Cast Iron (d6kme demi): Iron containing more carbon than the solubilityitim
austenite (about 2%).

Cast Steel okme celil Steel in the form of castings, usually containiesgl than

2% carbon.
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Clear Span temiz acikliR: Horizontal distance between interior edges opsuis.
Cold Rolling (saguk haddelemg Rolling metal at a temperature below the softening
point of the metal to create strain hardening (wuaikdening). Same as cold
reduction, except that the working method is limhite rolling. Cold rolling changes
the mechanical properties of strip and producesiceuseful combinations of
hardness, strength, stiffness, ductility and otieracteristics known as tempers.
Combined Stress lpilesik gerilme): The combination of axial and bending stresses
acting on a member simultaneously, such as ocouteeitop chord (compression +
bending) or bottom chord (tension + bending) aliad.

Concentrated Load foktasal yiik: An additional load centered at a gianint. An
example is a crane or hoist hanging from the bottbord at gpanel point or
mechanical equipment supported by the top chord.

Dead Load hareketsiz yiik Permanent loads that are constantly on the tieisthe
weight of the truss itself, purlins, sheathing,frog, ceiling, etc.

Deflection (sehin): The vertical displacement that occurs when a bhedoaded,
generally measured at positions between suppoestbe end of a cantilever.
Deflection Limit (sehim limit)): The maximum amount the beam is permitted to
deflect under load. Different deflection limits arermally established for live load
and total load.

Duration of Load Factor (yuk siresi faktor(): An adjustment in the allowabstress

in a wood member, based on the duration of the teading thetress.

Equilibrium Moisture Content ( dengesel nem ice#i): Any piece of wood will give
off or take in moisture from the surrounding atneee until the moisture in the
wood comes to equilibrium with that in the atmogehd& he moisture content of wood
at the point of balance is called the equilibriumisture content and is expressed as a
percentage of the weight of the oven-dried wood.

Fire Resistance yanma direnc): Relates to the period of time for which a stroetu
(or component) will continue to perform its funetiander conditions of a fully
developed fire.

Fire Retardant (yangin geciktiric): A chemical or preparation of chemicals used to

reduce flammability or to retard the spread ofa @ver the surtace
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Flame Spread élev yayilim): Relates to the speed and extent of flame spreads
the surface of a material. It is a property of veadtl ceiling linings and can be
modified by appropriate treatments.

Flame Spread Rating &lev yayilimi oran). An index or classification indicating the
extent of spread of flame on the surface of a naier an assembly of materials, as
determined in a standard fire test as prescribéueruilding code.

Gauge (nikrometre, kalibrg: The thickness of sheet steel. Better-quality dtasla
consistent gauge to prevent weak spots or defoomati

Glued Laminated Timber, glulam (tabakali tutkalli abyap): Two or more boards
glued together along their sides in order to aegdéep cross sections of beams or
colums.

Header (kasnak Kirigi, baglik): A beam which is used to support walls and/or floor
and roof joists that run perpendicular to it.

Imposed Load @zyik harici yikle): The load produced by occupancy and use
including storage, inhabitants, moveable partitiand snow but not wind. Can be
long, medium or short term.

Joint, Butt (diizyangma): An end joint formed by abutting the squared erfdsvo
pieces.

Joint, End: A joint made by bonding two pieces of wood togettred to end, usually
by finger or scarf joint.

Joint, Scarf (dudikagzi gecmg An end joint formed by joining with adhesive the
ends of two pieces that have ben tapered or beviel®rm sloping plane surfaces
Joint, Tongue and Groove dil ve oyuk gecmpe

Joint Slip (ge¢cme kayma¥i The failure of a connection due to movement of one
piece inside the other causing slip and deformatidhe joint.

Laminated Veneer Lumber (LVL) (tabakal kaplamali keres)e A structural
lumber product manufactured from veneers laminatethat the grain of all veneers
run parallel to the axis of a member.

Lamination (tabakalamg: Individual pieces of lumber that are glued togedred to
end for use in the manufacture of glued laminataeber. These end-jointed
laminations are then face bonded together to cthatdesired member shape and

size.
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Lateral Bracing (yanal bagslama): A member installed and connected at rigingjles

to a chord or web member of a truss to resistdatapvement.

Light Framing (hafif cercevelemg The use of dimension lumber, trusses, and other
small cross- section members to provide supporteactbsure for a building.

Live Load (hareketli yiiK: Any load which is not of permanent nature, suchresw,
wind, seismic, movable concentrated loads, furajtetc. Live loads are generally of
short duration.

Load Duration (yuk stres): The period of continuous application of a spedifiead,

or the aggregate of periods of intermittent apfiloces of the same load.

Log (katuk): Trunk of the tree that have been cut down and ffiesed roots and
braches.

Lumber (kerest@: Debarked tree stems (rough timbers) are sawn @atamgular
shapes of various sizes. It is a general termeaptb all cut pieces from a tree.
Lumber, Dressed Sizedrendelenmy keresté : The dimensions of lumber after
being surfaced with a planing machine.

Lumber, Machine Stress-Rated (MSR) ihakinada gerilmesi dlctilmgi keresté:
Lumber which has been mechanically evaluated terdehe its stiffness and bending
strength.

Lumber, Nominal Size fijominal boyut kereste The size of lumber after sawing and
prior to surface finishing by planing.

Lumber, Patterned (kaliplanmis kerestg: Lumber that is shaped to a pattern or to a
moulded form in addition to being surface planed.

Lumber, Rough (islenmemy kerestg: Lumber that has not been dressed (surfaced)
but which has been sawed, edged, and trimmed.

Lumber, Visually Stress-Graded @orsel olarak gerilmesi dgerlendirilmis keresté:
Lumber that has been graded for strength baseduoahappearance, as opposed to
MSR lumber which is evaluated mechanically and kbéwisually.

Medium Density Fibreboard (MDF): A panel product, widely used as a substitute
for plywood, particleboard and solid lumber; marmtdiged in a process where wood
fibres, resin and wax is compressed under highsprego form a panel.

Moisture Content (nem icergi): The amount of water contained in the wood, usually
expressed as a percentage of the weight of ovenalog.

Node diUgim noktas): Point on a truss where the members intersect.

163



Nominal Span fiominal ac¢iklik): Horizontal distance between outside edges of the
outermost supports.

Oriented Strandboard (OSL): A panel product, used for sheathing, made from
strands with the face wafers orientation changesydayer to provide additional
strength in that direction.

Parallel Strand Lumber (PSL) (paralel lifli kerestg: A structural wood product
made by gluing together long strands of wood oeénih the long direction of the
panel which have been cut from softwood veneer.

Peak irve): Point on a truss where the sloped top chords meet.

Pitch Pocket @ralik ceb): An opening between growth rings which usually corga
or has contained resin or bark or both.

Plywood (kontrplak): A glued wood panel made up of thin layers of veneth the
grain of adjacent layers at right angles, or ofeegrin combination with a core of
lumber or of reconstituted wood.

Plywood Stressed-Skin PanelA form of construction in which sheating plywood,
OSB etc. are applied over frame members to forigid structural panel.
Preservative koruyucu): Any substance effective in preventing the develapraed
action of wood-rotting fungi, borers of various #& and harmful insects that cause
the deterioration of wood.

Pressure-Treating pasin¢ uygulamagi The process of impregnating wood with
preservative or fire retardant chemicals by pla¢lhrgwood and chemical in a
pressure chamber.

Pressure-Treating, Empty-Cell Processbiasing uygulamasi, lchicre islemi):
Pressure treating process in which back pressome dir drives out part of the
injected preservative or chemical to leave thewalls coated but the cell cavity
mostly devoid of chemical.

Pressure-Treating, Full-Cell Processl{asin¢ uygulamasi, dolu hiicrglemi):
Pressure treating process in which a vacuum isrdtawemove air from the wood
before admitting the preservation, resulting ireavy absorption and retention of
preservative due to the cells being almost filled.

Pulping (kagit hamuru olusturma): Action on wood that has been ground to a pulp;

used in making cellulose products.
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Purlin (asik): A horizontal member in a roof perpendicular te truss togchord used
to support the decking.

Rafter (merteK: The uppermost member of a truss which normedlyies the roof
covering.

Resin fecing: An ingredient of coatings which acts as a binder gines the coating
physical properties such as hardness and durability

Round Timber (yuvarlak ggac): Tree trunks cleared of bark and branches.
Sandwich Panel, Structural éandvi¢ pano, yapisgl Panels made of parallel
framing members separated by expanded polystyréighwact as structural units in
resisting horizontal or vertical loads.

Sapwood (ckabuk): The wood of pale colour near the outside of the ldnder most
conditions sapwood is more susceptible to decay hieartwood.

Seasoning Kurutma): The process of drying lumber either naturally,roaikiln, to a
moisture content appropriate for the conditions pumgboses for which it is to be used.
Shell kabuK): A curved, stiff, surface which can carry normaifes by the normal
components of tension, compression, or shear favbésh can exist within the
thickness of the shell.

Shrinkage (uzilmg: The decrease in the dimension of wood resulting feo
decrease of moisture content and generally ocautarthe greatest extent between
about 20 and 30 percent moisture content.

Top Chord (ust bglik): An inclined or horizontal member that establishesupper
edge of a truss, usually carrying combined comprasandbending stresses.

Truss Plate : A light steel plate fastening, intended for usstiictural lumber
assemblies, that may have integral teeth of vaishapes and configurations.

Web (ag): Members that join the top and bottom chords to fratriangular patterns
that give truss action, usually carrying tensioca@mpression stresses (no bending).
Welding (kaynaklamg: A process used to join metals by the applicatidneat. In
pressure welding joining is accomplished by theaidgeat and pressure without
melting.

Wrought Iron (dévme demiy. Iron containing only a very small amount of other
elements, but containing 1-3% by weight of slathiform of particles elongated in
one direction, giving the iron a characteristiciigrés more rust-resistant than steel

and welds more easily.

165



Wood Preservative @hsap koruyucusy: Means any suitable substance that is toxic

to fungi, insects, borers, and other living woodtdaying organisms.
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APPENDIX A.

STRUCTURE OF WOOD

A.1 Strength Properties of Timber:

The structural strength of wood is a measure @fhibty to resist outside forces, such as
compression, tension and shear. The density of ugadeliable indicator of many of its structural
and mechanical properties. There is a particukdriyng relationship between density and
compressive strength, bending strength and hardawedsa fairly reliable relationship between
density and stiffness. Density ranges from an @eecd 160 kg/m3 for balsa to 1040 kg/m3 for
greenheart, with most of the commonly used stratsoftwoods between 450 and 550 kg/m3.

The tensile strength of most timbers parallel ®dtain is three to four times the compressive
strength. There is a marked difference in all gfteproperties when measured parallel or
perpendicular to the grain. The tensile strengthlfghto grain can be thirty times as high as
perpendicular to it, while for compressive strenttle ratio is of the order of six to one.

The range of strengths between species varies &s asutheir densities. The strongest hardwood
species (eg greenheart) is almost eight timeg@asgsin bending and almost six times as strong in

compression as the weakest (eg balsa).

The small, defect-free specimens of wood useddsidstrength testing give average values for all
of these strength indicators but larger piecesaidrnevitably suffer from imperfections which
weaken them. Features which affect the strengtimbfer and which are taken into account in
grading systems are: a) Knots which reduce theéagensompression and bending strength. Size,
frequency and position are the main consideration&rain - diagonal, sloping, inclined or spiral
grain, reduces the strength of the wood, partibularbending and stiffness. ¢) Moisture content -
as a general rule timber is more flexible when evégreen’ but increases in strength as it dries.

d) Drying defects - distortion can occur due tamiyystresses eg warping, cupping and twisting, and
ruptures of the tissue eg checks, splits and shesteslso result. €) Biological degrade caused by
fungal decay or insect attack. f) Natural defeesulting from the growth of the tree, such as bark

and pitch pockets, compression fractures and dinitrt.
A.2 The Structure of Hardwoods:
In a wedge-shaped segment cut from the bole oféwed (Fig. A2.1); the outer layer, or bark,

serves as protection for the delicate layers ban&abwn as phloem. The phloem conducts food

both to regions of active growth and to storagéoregwithin the wood xylem. Between the phloem
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and the xylem, is a thin tissue called the cambiinis specialised, actively growing cell layer
completely encloses the living parts of the trepréduces bark towards the outside and wood
towards the centre of the bole.
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Figure A2. 1  Structure of hardwoods (Timber Research and Dewedop Association, document on-line).

At the centre of the bole is the pith, the firsaiye growth of the sapling. This is sometimes diffi

to see in a section of the mature tree. The divisiche cambial cells lays down new wood on a
core of existing material. Concentric layers oftis known as growth rings can be seen in the wood
of trees grown under seasonal conditions. Thesaatwally layers extending for the full height of
the tree. In temperate regions, and in some trbpiteations, the alternation of a growing season
and a resting season each year creates a distipetitern in the cross-section of the bole.

Wood laid down at the beginning of the growing seadiffers from that formed later in the year.
Zones known respectively as early wood and latedwoay be distinguished (Fig. A2.2). In
temperate climates these may be referred to @sd¢spood’ and ‘summerwood’. Early wood is
softer and more porous than late wood. In somédabpegions or with certain species, growth
rings may be indistinct, and may not necessarilgireual. Sap conduction is performed by the
young, outermost layers of the bole. In many, lmitafl timbers, the sapwood is lighter in colour
than the heartwood. The proportion of sapwood tthod varies, but very approximate figures
are between one-quarter and one-third of the dréee@ross-section of a mature bole. The change
in colour which often occurs is related to the cluainchanges which take place in the wood as the
sapwood dies. Substances are laid down in thevineagitwhich frequently render it more durable
and less permeable than sapwood.
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Farlywood Phloem

a) Wedge shaped segment b) Rectangular section of
cut wood hardwood structure

Figure A2. 2 Wedge-shaped segment cut from the bole of a hardwod rectangular section of hardwood
(Timber Research and Development Association, dection-line).
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APPENDIX B.

EUROCODE5

Eurocode No 5 ‘Common Unified Rules for Timber Stawes’ will be one of the nine Eurocodes
which are currently being prepared in associatiith the EEC Construction Products Directive.
Eurocodes will provide common technical rules foustural design. They are intended to remove
trade barriers arising from differing structurabiggm rules. The Eurocodes are being published as
European Pre-standards or prENs initially. They eiitulate alongside national codes for an
interim period of several years to allow designerall member countries to become accustomed to
the new code and design procedures and to propasedments. Eurocode 5 sets out the basis of
design in terms of principles which must be adhéoeshd application rules which present
recommended ways of applying them. It is intendeeinsure that, with an acceptable probability, a

structure will remain fit for its intended use dgiits intended life.

The Eurocodes are a series of standards whichlisstabmmon rules for the design of structures
within the European Union. They provide the meansfdesigner to prove compliance with the
requirements of the Construction Products Diredi@eD) and National Building Regulations.
They also provide a framework for harmonized speatibns for construction products. Ten
Eurocodes are either published or are in preparaiG0 Basis of design; EC1 Actions on
structures; EC2 Design of concrete structures; BE3gn of steel structures; EC4 Design of
composite steel and concrete structures; EC5 Deditimber structures; EC6 Design of masonry
structures; EC7 Geotechnical design; EC8 Desigtrattures for earthquake resistance; EC9

Design of aluminium structures.

Each Eurocode is initially published as a Europgaaastandard, or ENV to serve as an alternative
to the existing national codes in each countrys Thial period’ allows time for experience in its
use to be gained. The Eurocodes will then be ré\isdore finally being published as definitive EN

standards which will replace the national codes.

B1. Material Properties:

The Service Classes are the same as those adoplexdli996 edition of BS 5268-2, whilst the
definitions of load duration differ slightly betweéhe two codes. The three Service Classes in EC5
approximate to average equilibrium moisture cormstémmost solid softwoods as given below. The
NAD includes examples of the relevant environmeaobalditions: a) Service Class 1: Timber

moisture content: 12% or less, corresponding &rgerature of 20° and a relative humidity of
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65%. Environmental conditions: Timber in buildinggh heating and protected from damp
conditions eg internal walls, internal floors (atti@an ground floors) and warm roofs.

b) Service Class 2: Timber moisture content: 20%%8 (20°, 85% relative humidity)
Environmental conditions: Timber in covered builgireg ground floor structure where no free
moisture is present, cold roofs, the inner leafanfity walls and external single leaf walls with
external cladding. Note:Service Class 2 is sintidathe dry exposure condition formerly used in BS
5268. c¢) Service Class 3: Timber moisture cont@myve 20% ie conditions leading to a higher
moisture content than in Service Class 1 or 2. #®nwmental conditions: Timber fully exposed to
the weather eg exposed parts of open buildinggiarxbr used in marine structures. (Note: The
equilibrium values of panel products, such as glattioard will be lower than those achieved by

softwood).

The five Load Duration Classes for actions in E@S5 a) Permanent: more than 10 years, eg self
weight; b) Long-term: 6 months - 10 years, eg gfera) Medium-term: 1 week - 6 months, eg.
imposed load; d) Short-term: less than 1 weeknews and wind; e) Instantaneous: accidental

impact.

* In areas which have a heavy snow load for a prgéal period of time, part of the load should be
regarded as medium-term.The modification factonsgd) for Service Class and Load Duration

Class are tabulated for solid timber, glulam anddvbased board materials.

B2. Solid Timber and Glulam:

Solid timber must be strength graded, either vigual by machine. The requirements for strength
grading are given by reference to BS EN 518 Remersgs for visual strength grading standards or
to BS EN 519. Requirements for machine strengtegtdimber and grading machines. The rules
for visual stress grading of softwood laid dowrBi& 4978 and in BS 5756 for hardwoods meet the
requirements of BS EN 518.

The characteristic values of structural timbergiven in BS EN 338 Structural timber, strength
classes. The way in which the species and gradésioér commonly available in the UK relate to
these strength classes is given in the NAD and saanaad in the TRADA WI Sheet European
Strength Classes and Strength Grading. Timber aizegiven as target sizes in a national annex to
BS EN 336 Structural timber. Coniferous and pogiarber sizes - permissible deviations. The
target size relates to a timber moisture conte@086. Finger joints are required to comply with BS
EN 385 Finger jointed structural timber. Performanequirements and minimum production
requirements. Glued laminated timber is requirecoimply with BS EN 386 Glued laminated

timber. Performance requirements and minimum priddlucequirements.
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B3. Durability:

Durability requirements are laid down for timbedamood-based materials and for metal fasteners
and other structural connections. The resistantenbkr to biological organisms is defined by
reference to hazard classes set out in BS EN 38%3Hazard classes of wood and wood-based
products against biological attack and by referead&S EN 460 Guide to the durability
requirements for wood to be used in hazard cla3$ese requirements can be met by naturally
durable timbers as defined in BS EN 350-2 Natuuahbility of solid wood or by preservatively
treated wood to BS EN 351-1 Preservative treatkd wood. The specification of preservative
treatment levels in the European standards isustiler discussion but will differ from that
traditionally used in the UK. Examples of minimunrrmosion protection and specifications for

metal fasteners are included in the Code.

B4.Serviceability Limit States:

This chapter deals with requirements for limitirefldction and vibration and gives the principles
and equations for calculation. This is often regdrds one of the more complex areas of EC5 and
so a number of guidance publications have beerupssi WI Sheet 4 - 24 and TRADA

Technology Eurocode 5 Guidance Documents 5 and 6.

B5.Ultimate Limit States:

This sets out the design procedure for membersliof Smber or glued laminated timber. EC5
treats solid and glulam members in the same wag.chlapter covers tapered, curved and pitched
cambered beams, built-up components such as thibedeand thin flanged beams and
mechanically jointed beams. The design of assembiieh as trusses, wall diaphragms and plane

frames is included. Aspects such as bracing otsires and load sharing are addressed.

B6.Connections:

The design of joints made with dowel-type fasteietaterally loaded nails, staples, screws, bolts,

and steel dowels is covered. Axial capacities dimhgfasteners are also covered where appropriate.
A design procedure for joints with connectors sastioothed plates, shear plates and split rings is

being developed but is not included in the ENViedibf EC5. The NAD provides advice on

design of such joints, based on the informatiorigivn BS 5268-2.

The design of joints using punched plate metakfests is covered separately in an Annex.

172



B7.Components and Assemblies:

Components, eg timber-based |-beams and assendgigsisses, wall diaphragms, bracing
systems, are covered in reasonable detail congemaadelling assumptions and calculation

capacity.

B8.Structural Detailing and Control:

This gives requirements for materials, joints agsgntransportation and erection which are
necessary to satisfy the assumptions made in gigrdprocess. It also provides guidance for a plan
to cover the control of production and workmansimp of servicing and maintenance after the
structure has been completed.

B9.Informative Annexes:

A series of annexed sections are included, whiithgsily focus on items of lesser relevance to

mainstream timber design practice, such as thistitat treatment of data to derive characteristic

properties.
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APPENDIX C.

TURKISH STANDARDS FOR STRUCTURAL TIMBER

TS 1265 Coniferous sawn timber for building constion

TS 1485 Coniferous sawn timber, terms, definitiand methods of measurement
TS 2456 Rules for kiln drying of timber

TS 2472 Determination of density for physical arechanical tests of wood
TS 2473 Testing of wood in compression perpendidolgrain

TS 2474 Determination of ultimate flexural strengftwood

TS 2475 Determination of ultimate tensile strengftivood parallel to grain
TS 2476 Determination of ultimate tensile strengftivood parallel to grain
TS 2477 Determination of impact resistance of wiodoending

TS 2478 Determination of static modulus of elagtiof wood in bending
TS 2595 Determination of compression strength afdvparallel to grain

TS 3459 Determination of shear strength of woodlpgrto grain

TS 3842 Glued laminated timber structural members

TS 4085 Determination of volumetric shrinkage obdo

TS 4086 Determiantion of volumetric swelling of vdoo

TS 5497 Determination of physical and mechanioaperties of solid timber in structural sizes
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