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Synopsis

Helically shaped fasteners, as structural ties,ewinst developed in 1984. Their
innovative helical design proved to be very effitiand structurally viable in numerous
structural applications in masonry and stone canstn. Over the years, their uses
widened to include amongst others crack stitchiveyym roof batten fixing and creating
masonry lintels. Following the understanding thalidally shaped fasteners could have
considerable potential providing highly efficientrjting systems and offer a number of
advantages in structural applications for conngdiimber to timber as well as timber to

masonry/concrete a research programme was developed

By conducting a review on the state of the ariraber jointing, the numerous methods
for structural timber connections and the ranggafameters that can influence the
resistance of such joints were highlighted. Suokveew allowed the development of an
extensive experimental programme design to chaisetbelically shaped fasteners as

structural timber connectors.

The mechanical properties of helically shaped feste were first investigated and
compared to common timber connectors. In accordaiitethe relevant European and
British standards, the investigation showed thdichky shaped fasteners exhibited a
very ductile behaviour compared to other commortefass. However the design
equations of Eurocode 5, which were developed éonroon timber fasteners, did not
accurately predict the characteristic values oich#y shaped fasteners. Consequently,
specific design equations were developed for ptiedicthe characteristic helically

shaped fasteners’ yield moment and embedment sreng

The innovative helical shape of helically shapestdaers was designed to increase the
bonding between the fastener and the substratesnioect. Hence, the axial resistance
of helically shaped fasteners in timber was extegiinvestigated. The results showed
that the helical shape of the fasteners gives thig axial resistance in timber. The
investigation showed that numerous parameters taffeihe withdrawal resistance of
helically shaped fasteners, and that they coulddnmebined in semi empirical models to

predict the resistance and behaviour of helicdibped when axially loaded in timber.



The investigation was also focused on the latdrehsresistance of timber connections
with helically shaped fasteners loaded in singld dauble shear. The results showed
that the connections exhibited very ductile behawviwhile reaching similar resistance
to common timber connectors. As a result semi eogdimodels were developed to
predict the lateral shear resistance and behawbtimber connections with helically

shaped fasteners.

In addition to timber connections, the research alsamined the use of helically shaped
fasteners in timber to concrete connections for asesole-plate fixing and timber-

concrete composite flooring systems.

The research showed that the helically shapedrfatenave considerable potential for
use in a wide range of timber connection systemtheg provide a unique solution
combining strength, flexibility, durability and ttbhg power. The study also developed
an in-depth understanding of the factors that erite their strength and stiffness
properties. A series of semi-empirical models weateveloped to predict the
performance characteristics of helically shapedefass, in withdrawal and lateral
shear, which provide powerful analysis-design tdotsarchitects and engineers as they
predict the connection behaviour, up to failuredgawith good accuracy.
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Notations

Greek Notations:

a: angle of fastener’s axis to the timber fibreggyf@es)

p: ratio between the timber members embedment streng
ym. partial safety factor for the material property

o: displacement at load P (mm)

dmax displacement at loahnax (Mm)

dy: displacement at load, (mm)

0 yield moment angle (degrees)

pi. characteristic timber density (kgfm

p: mean timber density (kgfn

Latin Notations:

d: fastener nominal diameter (mm)

di: Helically shaped fasteners thread diameter (mm)

d.: Helically shaped fasteners root diameter (mm)

D: measured timber density (kghm

e: gap between the timber member and substrate (mm)

fax withdrawal strength in timber (N/mm?)

faxsk Characteristic withdrawal strength at an angte the grain (N/mm?2)

Faxrk Characteristic axial withdrawal capacity of tlastener (N)

f: embedment strength (N/mmg2)

fhik characteristic embedment strength in timber mem@d/mm?2)

Fiw.intfree l0ad carrying capacity of the connection withentayer (N)

f,: fastener tensile strength (N/mm?2)

fux characteristic fastener tensile strength (N/mm?2)

Fv.ef rk Multiple fasteners connection load (N)

Fvre Characteristic load-carrying capacity per shéang per fastener (N)

ke : effective number of fasteners factor

kmod Modification factor taking into account the comdul effect of moisture content
and the duration of load

le. pointside penetration length of the threaded pémus one screw diameter (mm)

lp: fastener penetration length in timber (mm)



Ls spacing between lines of fasteners in a joint Jmm
mc timber moisture content (%)

m,,: timber sample initial mass (g)

mo: timber sample oven-dried mass (g)

M,: dowel type fastener yield moment (N.mm)

My, characteristic dowel type fastener yield moméhtr(m)

Net : effective number of screws

NL: number of lines of fasteners in a joint

Nr: number of rows of fasteners in a joint

P: lateral shear load (N)

pe: fastener cross sectional perimeter (mm)

pr : pilot hole diameter, mm

Pmax lateral shear load per shear plane (N)

Py: lateral shear yield load (N)

rq: ratio of pilot hole diameter to fastener rootrdeter
Ro: ductility ratio ©max{dy)

Rs: spacing between rows of fasteners in a joint (mm)
R« characteristic value of material property or sty
Si: design action effect

ti: timber thickness or fastener penetration deptim)m
tren fastener pointside penetratigmm)

W: withdrawal load in timber (N)

Wpen Withdrawal load per unit length in timber (N/mm)

Xi



Chapter 1 Introduction

1.1 General

The advantages of timber for use as a primary tstralcmaterial are numerous. It is
available throughout the world, and with propertaimsble management it has a
potential unlimited availability. Its environmentaimpact compared to other
construction materials is greatly reduced, the pctidn of timber products consume
only about 50% of the energy required to producete and only 1% of the energy to
produce steel. Timber has a low weight to strengtio which is advantageous for
transport, erection and production, which also srna simplification of the
foundations of timber structures. These advantamesled with growing customer
demands for environmentally better products, mastheetically pleasing structures,
along with stricter environmental and building riegiwns have all contributed to a
reawakening of the uses of timber as a primarycgiral material.

Throughout the world the predominant use of timisein timber-framed housing;
where in North America and Scandinavia 90% of tbaedes are timber-framed houses.
In the UK the market for timber-framed constructisnsteadily growing and now
represents 20% of the total of new-built housesir@itins, 2007). This method of
construction is proving popular as in addition tomplying with the environmental and
ecological requirements from public opinion and @uownents, it presents many
advantages compared to other structural materilalwiag for architectural and design
flexibility, fast site erection, low weight consttion and in turn reducing the cost of

supporting structures.

In addition to the main use of structural timbetimber frame housing, timber is being
used in more and more challenging structures thromgovative design, such as
gridshells and compression-net structures, and wiik development of timber
composite materials, such as glulam and Laminatezhe®r Lumber (LVL)

opportunities for more innovative structural sysseane increasing. However in order
for timber to be structurally comparable to otherlding materials, the load carrying
capacity of its elements and more importantly of fjbinting methods need to be

improved and optimised.



In timber structures, joints have always been thestneritical components, as they
govern their overall strength, stiffness, servidégtand durability. It is often said that
a timber structure is primarily an assembly of jpiseparated by members. In addition
the need for stronger and larger structures usmgetr based materials coupled with the
limited availability or the increased cost of largections of solid timber have
necessitated the need to improve the fastening anésrns and techniques, in order to
achieve effective transfer of loads between tinthembers. This in return has led to the
development of new fasteners and connector typed) as threaded fasteners, spilt
rings, or nail plates.

Helically shaped connectors were developed afteeed for efficient, economical and
non-disruptive wall ties was identified. The inntiva product created to fulfil this
need, a unique helical stainless steel wall tig, $iace, over two decades, formed the
basis of a range of special purpose ties, fiximggsonry repairs and reinforcement for
buildings, bridges and other masonry buildings. M/iHhe main uses of Helically
shaped fasteners were in masonry buildings, pnetingi experimental research showed
that the threaded fasteners could be used for ticdreections.

Figure 1.1: Examples of current uses of helically shaped feste
1.2  Helically shaped fasteners

1.2.1 General

After identifying the need for efficient, economli@nd non-disruptive remedial wall
ties and masonry repair helically shaped fastemer® developed (Keitley, 2003). It
created a new type of tie made of austenitic stambkteel, with its own helical design,
Figure 1.2. Since its creation, the tie has evolaad been developed to a range of
stainless ties, fixings and masonry reinforcememdpcts, with a series of repair



techniques that provide concealed, stress freetieofuto the problems of masonry

failure.

Figure 1.2: Helically shaped connector, a) root diameterhan& diameter.

Helically shaped fasteners are made of stainlessl,sthe manufacturing process
consists of three different stages:

- The raw material is extruded through dies to foha tross section of the
fasteners in a continuous manner, the formed ptadwstocked in rolls,

- The length of material with the formed cross sect®then spun in tension in
length of 7 or 14m which creates the helixes of ties, in addition the
reference of the ties being manufactured is priotethe product,

- The formed length of section is then cut to lengthg a point is cut at one
end.

1.2.2 Current uses

Following the gathered experience in more than argy, the company has created
fasteners of different length, diameter and stéa$scor material composition. This
range of fasteners is used in numerous applicattonsconnecting concrete based

materials, bricks and timber, and for repairs onedial ties in masonry structures.

The main, and original, application of helicallyapled fasteners is for masonry repair.
Over the years, masonry structures and primarilysbs of Victorian type can develop
various structural damages, and the different nwotufers have developed different
techniques for repairs, as illustrated in Figue 1.



Figure 1.3: Typical masonry damages and repair techniqguesm(fraww.Helically
shaped.co.uk)

In a typical masonry building as shown in Figurg, helically shaped fasteners can be
used for:
a) Repair: flat or arched masonry lintels (6, 12), separateasonry (4), bay
windows (3), cracks in corners and openings (7);
b) Reconnect party or internal walls with external walls (1), &nd ceiling joists
(14);
c) Stabilise bowed walls into joists end or sides (2, 8);
d) Create: masonry beams (9) and movement joints (10);

e) Replace cavity wall ties (13);

These repair techniqgues have nowadays been extamtkdpplied in numerous other
applications. For example in repairs of masonnhdmidges, the techniques employed
have allowed to considerably minimise the disruptmroad or rail services, preserving
the existing structure and avoiding the need fpeesive rebuilding.



In addition several products have been developediftening the range of applications
for connection in various materials, and notabighier. Helically shaped fasteners are
now also used for:
- Timber frame wall ties for cavities up to 125mm,
- Warm roof batten fixings, where the need for eliating cold bridges is high,
- Timber or Medium Density Fibreboard (MDF) connentdo bricks, blocks
and concrete, in numerous applications essentratly structural such as

fixing window frames, fences and cupboards.

Helically shaped fasteners can be obtained frononamanufacturers. A review of the
different fasteners from the different providerswbd that the products available have

similar geometry, material properties and charésttes.

The fasteners used in this research were providedHdlifix Ltd. Four fastener
references made of austenitic stainless steel @dievere used: StarTie 10, StarTie 8,
InsKew and TimTie with nominal thread diametersl6fmm, 8mm, 6mm and 4.5mm
respectively. In addition to stainless steel fidndpelically shaped Ltd developed a
range of grouts, resins and tools in order to cetepthe applications and uses of the
steel ties. In numerous applications the combinatib helically shaped steel ties and
helically shaped resins are recommended for besitseof the repairs. In view of the
advantages of such products and techniques, Helifixdeveloped internationally, and
IS now present in North America, Australia, and memnd Europe.

1.3  Experimental research and objectives

Helically shaped fasteners are widely used in mgsand stone buildings however the
behaviour and performances of such fasteners iertimtimber and timber to concrete
connections have never been investigated. Thisrelsg@rogramme was developed on
the back of realising that the helically shapedtefiasrs could have considerable
potential providing highly efficient jointing systes and offer a number of advantages
in structural applications for connecting timber timmber as well as timber to
masonry/concrete. Therefore an experimental resganmgramme was composed with
the aim utilise the helically shaped fasteners’aad@ges and mechanical properties for
use in a variety of structural timber connectiosteyns, and to examine the viability of
the use of helically shaped connectors in compariso other available connector

systems.



The objectives of the research were therefore:

- To undertake a review of the existing research iofbdr connections with
dowel type fasteners, including load displacemeahaliour subjected to
lateral loading or direct withdrawal, load carryirggpacities, and design
methods

- To develop an appropriate experimental program tf& investigation of
Helically shaped connectors as timber fasteneesvariety of existing timber
connection systems, in comparison to conventiomdddr fasteners;

- To determine the mechanical properties of Helicahaped fasteners, and
examine how they compare to conventional fasteners;

- To develop numerical models for the simulation loé toad displacement
behaviour for predicting the structural behaviound aperformance of
connections with Helically shaped fasteners;

- To compare the experimental results with the desigas for dowel type
connections of Eurocode 5;

- To develop design procedures for the use of Héjicsthaped fasteners in
variety of timber connections;

- To examine new possible uses for helically shapastehers in timber

structural systems.

In chapter 2, the various parameters that candntle the resistance and behaviour of
helically shaped fasteners in timber are detailed.achieve these objectives, and
following the extensive review, a schematic diagrairthe experimental programme
aimed at investigating the viability of new typefa$teners in timber structural systems
was designed, Figure 1.4. The diagram below shbaes/érious steps involved in the
experimental programme. It is to be noted thadiagram shows all the steps necessary
for a complete analysis of the fastener in timlarcsural systems. This study focused
on the behaviour of timber connexion systems withichlly shaped fasteners under
static loading. The various stages not investigatelis study are framed in red.



Set datum conditions
- Materials properties
- Loading
- Connection properties

I

—ﬂ Determine Fastener properti«%ls —[ Properties of Fastener in timbehL
| Fastener geometry | | Spacing and minimum distance+
| Material properties | | Embedment strength |

A

| Yield moment | | Withdrawal strength |

Lateral shear resistance
(Single and double shear)
\

A 4

Eurocode 5 design moda*
accurately predict fastene R

properties and connexion " YES |
load ?
| Further testing |
A 4 A y
—[ Connection configuration]l —[ Timber properties ] —ﬂ Loading conditions ]
| Row number and spacind} | Timber density |
| Line number and spacinl; | Timber moisture content| ’ Dynamic tests ‘
< | Timber member thicknes}s ’ Varying moisture conten# < ’ Cyclical tests ‘
Angle of insertion to ’ Friction conditions ‘ ’ Rate of loading ‘
timber fibres \
J Pilot hole diameter | \

A 4

Development of properties specific design equations
for yield moment, embedment, and axial strength.

|

‘ Eurocode 5 and specific

design equations accuratc{y > YES '7

predict connexion load?

Adapt Eurocode 5 coefficients and design
factors (kef, rope effect factor, ...)

|

fastener type in timber |<

‘ Structural design of new
connexion systems

Figure 1.4: Schematic diagram of the experimental investigatio



Figure 1.5, shows the organisation of the thedative to the programme detailed in
Figure 1.4. In addition the methodology used farhestage is shown, whether it refers
to standard European and UK test methods or t@mladysis of results of normalised

tests.

[ Chapter 3 : Fastener properti}::

— Fastener geometry BS EN 14592 (BSI, 2009a)
— Tensile strength BS EN 14592 (BSI, 2009a)
Yield moment BS EN 409 (BSI, 2009b)

ASTM 1575-01 (ASTM, 2001)
— Embedment strength BS EN 383 (BSI, 2007)

Evaluation of Eurocode 5 design methods

Development of specific design equations

[ Chapter 4 : Fastener axial loading } { Chapter 6 : Design of timber joints with helicadllyaped fasteners ]
—' Withdrawal resistance | BS EN 1382 (BSI, 1999) Material properties equations| From Chapter 3
- - Axial loading design equation| Analysis of further testing
Evaluation of Eurocode 5 design method
Further tests to BS EN 1382 (BSI, 1999) —+ Joints with helically shaped fastener# Yield theory analysis ‘

Semi empirical modelling of fastener axial » Resistance per fastener per shear plane

resistance Connection load carrying capacity (Multiple
fasteners, multiple shear planes)

[ Chapter 5 : Joints with helically shaped fasteners]—

Spacing and distances | BS EN 1995-1 (BSI, 2004)

Single fastener connectionls BS EN 26891 (BSI, 1991) [ Chapter 7 : Design of Timber to concrete jointdwielically shaped fasteners ]

Evaluation of Eurocode 5 design method
]

Material properties equations From Chapter 3

Further tests to BS EN 26891 (BSI, 1991) Axial loading design equation From Chapter 6

Sole plate connection (Concrete blocks) BS EN 26891 (BSI, 1991

Multiple fasteners connections

Evaluation of Eurocode 5 design method

Semi empirical modelling of timber joints with

Yield theory analysis
helically shaped fasteners y A

Material properties equations From Chapter 3

Axial loading design equation From Chapter 6

Timber concrete flooring systems shear connection8S EN 26891 (BSI, 1991

Evaluation of Eurocode 5 design method

Yield theory analysis

Figure 1.5: Organisation of the experimental work and deteatiim methods

1.4 Outline of thesis

This thesis is divided into eight chapters. Chagteeviews the existing state of the art
for timber fasteners and connections, and Chaptdra#/s the conclusions from the
study detailed in the chapters 3 to 7. A brief desion of the chapters is given below.




Chapter 2 — Literature Review

The literature review first describes the differem¢ans for connecting timber, from
dowel type fasteners to nail plates and bearinqiectors. Then, as helically shaped
fasteners fall in this category, connections withvdl type fasteners are reviewed. The
parameters that influence such connections are iegdm- timber and fasteners
properties, joint configuration and loading. There treview was focused on the
withdrawal strength of fasteners and timber, ardghrameters that may affect axially
loaded fasteners in timber. Finally timber to timbmonnections with dowel type

fasteners are reviewed.

Chapter 3 — Properties of Helically shaped fastener

The mechanical properties of timber fasteners anfte the behaviour and resistance of
connections, and are used for design of timbercttras. In this chapter helically
shaped fasteners were investigated along with cartynesed timber screws and nails
to determine their mechanical properties. The festetensile strength, yield moment
and embedment strength were evaluated and compgardte design rules from
Eurocode 5.

Chapter 4 — Axially loaded helically shaped fastene timber

In this chapter the withdrawal behaviour and cagaaf helically shaped fasteners was
investigated. First, tests were carried out forleatang helically shaped withdrawal
performancesompared to common timber fasteners. Then an sxem®experimental
programme was performed in order to investigatepdr@ameters that may influence the
behaviour and resistance of helically shaped fastewhen subjected to axial loads in
timber. From the experimental results a semi emglirmodel was developed for
simulating the load displacement behaviour and @gpaf helically shaped fasteners in

withdrawal.

Chapter 5 — Laterally loaded connections with fadlljcshaped fasteners

Timber to timber connections with helically shapedded in single and double shear
are investigated in this chapter. First, singleefasr joints are examined with helically
shaped and common timber fasteners for comparisopopes. Subsequently; single
and double shear timber to design method for tinco@nections with helically shaped
fasteners are considered, and the connection aoafign parameters that may

influence such connections are investigated. Arresive experimental programme was
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carried out to explore these parameters from wigemi empirical models were
developed for simulating the load displacement beha and capacity of connections

with helically shaped fasteners.

Chapter 6 — Design methods for timber joints wighidally shaped fasteners

In this chapter the applicability of the availadesign method for timber connections is
examined for helically shaped connections. FiretEurocode 5 dowel type connection
design method is detailed. Then, the results ofettgerimental programmes from the
chapter 3 to 5 are used in order to investigateafi@icability of the design method to
timber connections with helically shaped fastenéiternative design equations and
design rules for helically shaped fasteners ar@gsed for connection design where

Eurocode 5 method is not applicable.

Chapter 7 — Helically shaped as shear connectdnsber concrete composite systems
As well as timber to timber connections helicalhaped fasteners were investigated as
connectors for timber to concrete connectionshinfirst part of this chapter a review
of timber to concrete composite systems was urkimtaThe various techniques,
applications and design methods are described. ihef the main timber to concrete
applications were investigated: sole plate conoastiand timber-concrete floors shear
connections. The experimental programmes are ddtaitd the results in comparison to
common type connectors were studied. Finally tregemethod for timber to concrete

shear connector are examined.
Chapter 8 — Conclusion and future work

The conclusions of the experimental and investogatork undertaken in the chapters
3 to 7 are drawn in this chapter. Also proposaiguture work are presented.
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Chapter 2 Literature review

2.1 Introduction

Two main forms of joints can be found in timbewstures: mechanically fastened and
glued joints. The use of glued joints dates frdrausands of years with examples
dating from Egyptian times. Glued joints can beidbd into two categories: pure
wood-to-wood joints and hybrid joints where the esllie part is used as reinforcement
of a mechanical connector. Compared to mechanaatsj glued joints offer more
rigidity, higher load carrying capacity for similgxint area and usually the possibility of
automation. On the other hand, glued joints haeedisadvantages of requiring high
level of skills for manufacturing therefore prevegton-site manufacturing, and they
generally exhibit complex and brittle behaviour éldnderson, 2003).

Mechanical connections are constructed by usingtalnsonnector between the timber
members to be joined, which transmit lateral shwawithdrawal loads. Two main
categories of mechanical connectors exist: dowgle tyand bearing connectors

(American Society of Civil Engineers, 1996).

Due to the fundamental differences between thgdmbing methods introduced above,
and the nature of this research, a literature vewieas conducted focusing on
mechanically fastened joints. The different typdsntechanical fasteners used in
structural timber systems, their applications, ctrtal behaviour and performance are
described. First, details of the different connecttypes used in timber structural
systems are given, with emphasis on dowel type extons. Then a review of the
knowledge on the connection behaviour, the paras#tat influence connections with
dowel type connectors has been carried out. Fitladydifferent methods currently used

for modelling timber joints are described.

2.2 Mechanical timber connectors

Mechanical connectors can be divided into two aaieg depending on the types of
forces they can transmit. The first, and the mashrmonly used types of mechanical
fasteners are, dowel type fasteners; which inclaés, screws, lag or coach screws,
staples, bolts and dowels. They can transmit |atgtaar loads due to the fastener
bending resistance and the wood bearing capacity aaial loads parallel to their axis
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through friction or bearing, or a combination oé ttwo. Bearing type connectors only
transmit lateral loads through increased bearinghen connected members. Bearing

connectors include shear plates, split rings, anthed plates (STEP 1, 1995).

2.2.1 Dowel type fasteners

Dowel type fasteners are the most common type®wfiectors in timber connections.
Archaeological evidence has shown that their usesdaack form the days of ancient
civilisations. However it is with the industrialwaution in the 18 century and the
possibility of mass production that dowel type éagtrs, and nails in particular, became
the most used mean of connection between timber bmem(Porteous, 2003).
Nowadays, dowel type fasteners are engineered pigddesigned for transmitting
lateral shear and axial loads. Examples of dows fasteners are shown in Figure 2.1.

m
a)

Figure 2.1: Examples of dowel type fasteners. a) round wirié bjawood screw c) annularly

GV — - = b) [

C) e [ d)

threaded nail d) helically threaded nail €) bolaf) screw g) dowel.

Due to the complexity and wide range of timber ctical applications different types
of dowel type fasteners were developed to answecip problems; thus they can be
classed into three groups:

- Nails,

- Screws,

- Bolts and dowels.

A nail is defined by three main characteristicse tthank, which offers the most
possibilities for variation, the head, which prasda strike area for insertion into the
timber and a bearing area, and usually a pointgchvhurpose is to facilitate driving into
the wood. Nails can be manufactured with variatimnmaterial, shape, deformations,

qualities, finishes, treatments and coatings tavanspecific applications. In 1979 a
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limited survey listed approximately 2900 types aflsiin the national standards of 16

countries (American Society of Civil Engineers, &R9

Round wire nails are the most basic type of n#ilsy are manufactured from steel rods
drawn through dyes to form the required diametat,tc length, then one end of the
dowel obtained is compressed along its axis to ftwen head, and the other end is
pinched to form the point, eventually mechanicdbdweations are rolled into the shank
of the nails. Treatments, coatings and finishesvarufacturing processes applied after
forming of the nail. Deformed shank nails, or tlitea nails, can have annular or helical
threads rolled into the shank. Annularly threadadsnhave multiple rings rolled into

the shank perpendicularly to their axis, resultinga smaller root diameter than the
original wire diameter. Helically threaded nailsvlamultiple helixes rolled into the

shank, resulting in a deformation but without redwcof the cross sectional area (Wills
et al., 1996). Because threaded nails are genataltyrmed after pointing and heading,

part of the nail shank remains plain.

The common materials used for manufacturing nadsadow carbon steel €0.15%),
medium low carbon steel (0.15%c < 0.23%) or stiff stock steel which is a bright non-
hardened medium-low or medium-high carbon ste@3%.< ¢ < 0.44%). For specific
applications nails can be manufactured from stamlgteel, aluminium alloys, brass,

copper or even bronze (Elhbeck, 1979).

Screws are helically threaded fasteners where tigge sbetween the thread and the
fastener axis is steep; therefore a greater fofdesertion is required. Two categories
of screws exist: woodscrews and lag or bolt scr@his. main characteristic of screws is
that they can be removed or reinserted withoutisogmt loss of holding power in

shear or withdrawal applications. They can alsoubed to fasten brittle materials
(American Society of Civil Engineerd996). Wood screws are commonly used in
connections to transmit lateral or withdrawal f@&cer a combination of the two.

Compared to nails they provide a more positive ection in withdrawal.

Woodscrews are manufactured with continuous singldouble helical threads rolled
on about two thirds of the shank. As opposed tacaky threaded nails the root
diameter of screws usually measures about twoslufdhe shank diameter. As they are

used in a variety of applications they measure éetws and 100 mm in length, and 1.5
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to 10 mm diameter. As nails they are manufacturigld avhead and point, while serving
the same purposes as for nails, the head of wasdsds also provided with a slot or
recess which allows for insertion with a screw-drivwr power tool. This recess also

allows for the screws to be removed or retightened.

Lag screws, also called bolt or coach screws, anget and stouter than woodscrews.
The head of lag screws is usually square or hexageaith no slot; they are designed to
be inserted into predrilled members using a wreoclpower tool. Lag screws are
usually used instead of bolts or dowels when higthdvawal resistance is required or
where the presence of a washer and nut is objedtierfor aesthetics reasons, or where

fastening a bolt would prove a difficult or impdssi operation.

Dowels and bolts are slender cylindrical fastenevgh mainly smooth shanks,
manufactured from steel rods. As opposed to bdligyels do not contain an integral
head but can be threaded at both ends to receiué Bolts have a square or hexagonal
head and are threaded at the other end to receiud.alhese allow the bolt to be
tightened so the members fit closely, and can kightened in case of dimensional
variations of the timber members. Dowels havedanserted into predrilled holes of a
diameter no larger than the dowel diameter, wiolelolts the pilot hole can have a
diameter up to 1mm larger than the bolt diametefrES 1, 1995). Both types of
fasteners are used in joints transmitting highrétéorces, mostly on glulam or heavy

timber construction.

Early in the 1900’s in-plane connections of timb@mbers for truss systems could be
achieved by nailing steel or plywood gusset plasmembers to be connected.

However in the 1950's preformed metal nail platesravdeveloped and permitted

enhancing the level of pre fabrication and indaigation of truss manufacture, Figure

2.2. Metal punched nail plates have teeth stampéetya die so they are perpendicular
to the plane. Usually made of light gauge galvahsteel between 0.9 to 2.5 mm thick,

they can cover an area of 30cup to 1 M. Nail plates are nowadays widely used for
connecting two or more members of the same thickireshe same plane. Two plates

are used per joint, on either side of the memberbet connected, Figure 2.2. The

strength of a punched nail plate is determinedhleynails pattern, shape and length, but
also importantly on the angle between the joirg limd the main direction of the plate.
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Figure 2.2: Punched nail plate, Truss connection with naitgp{&rom mii.com/unitedkingdom).

2.2.2  Bearing connectors

Bearing type connectors are capable of transmittieghighest lateral shear loads per
unit of all the mechanical connector types avadatar timber construction. Bearing
type connectors were developed and have been ovseddre than a hundred years,
with the first patented in 1889 in the U.S. (AmaricSociety of Civil Engineers, 1996).
They were created to increase the bearing, sheas am timber joints by utilizing rings
and shear plates. They are used in timber to tirahdrsteel to timber connections in

combination with bolts.

Three main types of bearing connectors have beeela®ed and are still widely used

in heavy timber construction: split rings, sheat@s and toothed plates.

Split rings and shear plates are always circuldheg are placed into grooves predrilled
by circular cutters, their diameter vary betweeral 260 mm. The manufacturing of
a joint is similar for both types of connectorsiskEa bolt hole and groove are pre-cut in
the timber members — this operation requires acgui@ the grooves to match on the
opposite sides of the timber members to be condec@d involves specialist
equipment — then the connectors are placed intocths, followed by the timber
members, finally the bolts are inserted and tigideto form the joint, Figure 2.3.

Split rings are used in timber to timber jointsgdare the most efficient connectors for
these types of joints. They were developed agifigls; however the shape evolved to
now be double levelled which eases the installatiod provides a tighter fit, with the

split in the cross section allowing the ring to axg during insertion into the groove. In

a split ring connection lateral shear loads anesfiexred from one timber member to the
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ring through embedding stresses, then throughegarsresistance to the second timber
member. The purpose of the bolts in split ring §@ims to hold the timber to be
connected together, and its resistance is usugilyred in design (STEP 1, 1995).

S O

FRONT BACK

STEEL
PLATE

SHEAR PLATE CONNECTION
(WOOD-TO-STEEL)

SHEAR

e PRATE

p=h

; "EIJ" BOLT

SHEAR PLATE CONMECTION
(WOOD-TO-WOOD)

a) b)

Figure 2.3: Bearing connectors: a) Split ring and connectidm)sShear plate and connections.

(from www.tpub.com)

Shear plates can be used in steel to timber, arzbtito timber connections when a pair
is used back to back; they are placed into a grémtedly embedded into the wood. The
load transfer in connections using shear plates tls& same principles as split ring
joints, with the only difference being that thedoa transferred between the members
through the shear resistance of the bolt. Splgsiand shear plates are usually made of
low carbon steel or malleable iron, however for useorrosive environment they can
be manufactured from stainless steel or fibreglé&merican Society of Civil
Engineers, 1996).
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Toothed plate connectors are available in varibagpss, however the most common are
circular with a diameter measuring 38 to 165mm. Idetsided and single-sided
toothed plates exist for timber to timber and steelimber connections respectively,
Figure 2.4. They do not require a pre-cut groavbd used as they are pressed into the
timber members to be connected; however it is thewerecommended that they are
only used in timbers with a characteristic densft$00 kg/ni or less (STEP 1, 1995).

As the teeth of the plates need to be pressedhetdimber, hydraulic presses or high
strength bolts need to be used for manufacturirgg jtints due to the high forces
required to embed the plates in the wood. The isdhnsferred from the timber to the
plate through embedment resistance of the teethfuather through the plate into the
other timber member with double sided plates. Imglsi sided plates the load is
transferred from the timber through embedding eftéeth of the plate, then the bolt is
loaded which in turns loads a second single sidethed plates in timber to timber

connections, or a steel member in timber to ste@hections.
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Figure 2.4: a) double sided toothed plate, b) timber to timbért with double sided toothed
plate, c) timber to steel joint with single sidedthed plate (STEP 1, 1995).

2.3 Timber connections with dowel type connectors

As section 2.2 demonstrates the range of mechaoaalectors available for use in
structural timber is wide, with each type of cortoetaving different properties and
advantages as a solution to a connection problanthis section a review has been
undertaken on the load carrying capacity and belhavof timber connections with
dowel type fasteners. The main factors influendimgr behaviour and resistance are
reviewed, and their effects detailed.
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2.3.1  Ontimber joints

Historically, experimental research on timber jsintas conducted on similar joint
arrangement. The samples usually consisted of laetirmember sandwiched between
two other members that were of timber, timber basaterial or steel, with connectors
penetrating the members and acting in single obldoshear under lateral loading.
Typically, from testing of connections samples wdthwel type fasteners the following
observations are made from the deformation betweemiddle and sides members:

1) The fastener bends due to the relative displaogwf the timber members,

2) The timber close to the shear plane under tteffi@r is crushed,

3) The fastener is being pulled out of the timber,

From these observations it is possible to identigythree main parameters affecting the
load carrying capacity of timber connections witwe! type fasteners:

- Fastener yield momerthe resistance of the fastener to bending,

- Embedment capacityhe crushing resistance between the fastenetimber,

- Withdrawal capacitythe pull out capacity of the fastener from timetter.

These three parameters, and therefore the loadadispent behaviour and ultimate
resistance of a timber connection with dowel tygstdners, are influenced by a number
of variables which can be grouped into three categpshown in Table 2.1 (Goh,
1997):

- Material properties and dimensions of the fagtanel timber,

- Joint configuration,

- Loading conditions.

Table 2.1: Factors influencing timber connections.

Material and dimensions . . . "
- Joint configuration Load conditions
Fastener Timber member
Type Density Number of fasteners Type of loading
Length Moisture content Number of shear plafnes Static
Size Swelling / Shrinkage Member thickness Dynamic
Shape Relaxation Predrilling Cyclical
Surface Friction End and edge distandes Rate of Igadin
Mechanical Propertigs Mechanical Propertigs  Fastgpesing Load duration
Tensile strength Compressive strenJAngle between fastenegfTime between assembly
Flexural propertigs ~ Embedding strenggxis and grain orienatigand loading
Ductility Modulus of elasticity Depth of penetration
Buckling Foundation modulus
Stiffness Creep modulus
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These factors have been studied for a number aSyead have different degrees of
influence on timber joints. The main factors andirtleffect on timber connections are

detailed in the following sections.
2.3.2  Effect of timber properties

2.3.2.1 Timber density

Timber density is the most important physical propef timber (STEP1, 1995) almost
all mechanical properties of timber, including sgth, stiffness, are positively
correlated to it, as are the strength and stiffledsmber joints. The density of timber
varies greatly between and within species, from K@@t to 1040 kg/m. However for
most structural timbers it falls between 300 anfl kg/nT in Europe and 720 kg/hin
America, (Forest Product Laboratory, 1999)

Timber density is determined by the amount of weokstance and the amount of water
present, which varies depending on the environrhectaditions. Therefore for

comparison purposes between species the specdiatygris used as reference. The
traditional definition of the specific gravity isé ratio of the density of wood to the
density of a reference material, usually water. Ewsv to further reduce the uncertainty
over the moisture present in the timber it is commeactice in engineering to use the
specific gravity based on oven-dry mass and voluahegreen, oven-dry or 12%

moisture content. The use of the specific gravitstead of the timber density allows

taking the effect of the moisture content on its1ow

Porteous (2003) noted that research on the behaarmaliperformance of timber joints,
using either empirical or elastic analyses appreadiound that in both methods the
strength and stiffness of timber joints are a lineaction of the wood density. When
using the yield theory it was found that the sttbngnd stiffness of timber joints are

function of the embedment strength, this is exachiager in this chapter.

2.3.2.2 Moisture content

Wood is a hydroscopic material, meaning that ¢asstantly exchanging moisture with
its surroundings, and its moisture content will @ vary towards equilibrium with the
environment. The rate of change is slow and witrespond only to weekly or monthly
changes in the humidity (Thelandersson & Larse@320The moisture contering, in

%) of timber is the ratio of the mass of removakéger to the dry mass of wood:
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Wherem,, is the initial mass, anal the oven- dry mass.

The moisture content of a living tree can be a# laig 200%, however in most covered
structures the moisture content of the timber membenerally varies between 7% and
14%. Moisture in timber is held in two ways: in tbell cavity (free water) and within
the cell wall (bound water) (Breyer et al., 203\ring drying the first water removed
is the free water. When it is removed completety the bound water is still present the
timber reaches the stage named fibre saturationt;pdr most species this stage
correspond to a moisture content of 25% to 35%@rwvenient average is 28% (STEP1,
1995). The fibre saturation point is of particukagnificance since below this point
changes in volume and structural properties happéth varying moisture content
below saturation point, and the relatively sloweraf variation which results in a non
linear moisture distribution in the timber, intekrgresses are induced due to the
constrained swelling and shrinkage of the wood.s€hstresses are negligible in the
longitudinal direction where the strength of timbsrhigh; however they can cause
some cracking in the direction perpendicular toghan where the strength is relatively
low. Surface cracking of structural timber elemantthe direction perpendicular to the
grain is common due to varying moisture contene{dhdersson & Larsen, 2003).

Generally an increase of moisture content has amrae effect on the mechanical
properties of timber. The effects on the mecharaaal physical properties of timber are
not linear over the full range, and dependant ochespecific property, where a
variation of 1% of the moisture content inducefange ranging between 0.5% and 5%
(STEP1, 1995). However for practical reasons geaserally assumed that between 8%

and 20% the relationship between moisture contethtianber properties is linear.

Mack (1966) studied nailed joints with green ang timber which resulted in a

reduction factor of 1.39 in joint reduced load sg# with green wood. He also found
that between nailed joints made of dry wood andémat 12% moisture content there
was no significant difference. Morris in 1970 exgead on the work, and found different
reduction factors from Mack, but when the moistcoatent was increased to 18% the

factor agreed with Mack. These results thereforggested that moisture content
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influences greatly the performance of joints. M®rurther investigated the moisture
content effect and accommodated its influence serai empirical model (Goh, 1997).
Further research on the moisture content found ithatfluences the effect of the
duration of the load, where at high moisture contiea effect of the duration of the load
is more evident (Fridley et al., 1992). This effeas been included in Eurocode 5 in the

modification factors for service classes and loahtion factors (Porteous, 2003).

2.3.2.3 Grain orientation

The grain of timber is the vertical alignment oé tlibre cells as the tree grows. Due to
this arrangement the timber properties vary inghwghogonal ways, the longitudinal
direction parallel to the fibres, the radial andgantial directions perpendicular to the

growth rings, Figure 2.5.

Radial

Longitudinal

Figure 2.5: The three principal axes of wood (Forest Prodatidratory, 1999)

The difference between the two perpendicular diwastcompared to the longitudinal
direction is small, and therefore in engineering taxes are used: parallel and
perpendicular to the grain. Due to the nature asltllar arrangement in trees, the
properties relative to the grain direction exhibit symmetry, therefore anisotropy in

tension and compression is unavoidable.

Work by Hankinson (1921) confirmed that the relasioip of timber strength properties

to the grain orientation can be described by tHevidng equation:

— plq
" oin? g+ qleod ¢ (22)

21



Where,n is the unit strength at angte p is the unit strength parallel to the grain, and

is the unit strength perpendicular to the grain.

On investigating the effect of grain orientation thie mechanical properties of joints
with dowel type fasteners, Smith and whale (19&®intl that it had little influence,
under lateral loading, on the stiffness and stieegaracteristics of the joints with nails
and bolts. However for joints with shear plates aplit rings it had a significant
influence. Further research on the influence ofgtan orientation on the embedding
strength of fasteners concluded that grain diractidluence was dependent on the
fastener diameter (Wilkinson, 199/hale et al., 1988). Small diameter dowels were
not influenced by the loading direction to the gravhereas the larger diameter dowels

embedment strength was dependent on the loadiegtidin.

These findings are accepted by the engineering aomtyy and have been included in
the European design standard for timber. For n#ils embedment strength is
independent of the grain direction, for bolts th@edment strength is dependent on the
grain direction and its influence is described by Hankinson type formula
(Thelandersson & Larsen, 2003).

2.3.3  Effect of fasteners properties

2.3.3.1 Effect of material properties

As mentioned in section 2.2 fasteners, and naidgimeral can be manufactured, treated,
or have coating added on their shank. Coatinghershank of nails aim to improve the
fastener surface to decrease the driving resistanoerease the withdrawal resistance,
or a combination of both (American Society of Cikzihgineers, 1996). Cement coating
is a common coating in America, it does not con&snits name suggest cement, but
compositions of resins depending on the manufactu@ement coating generally
increase the withdrawal performance of nails byraasing friction, its impact is
immediate in softwood, but almost negligible in dwood where the coating is
removed during driving of the fastener. Other auggi include thermo-plastics and
thermo-setting polymers, usually referred to asstpiacoatings. When used in
mechanical guns for insertion they improve the alility of the fasteners in the timber
as the plastic coating melts during insertion, ahdn increase the withdrawal
performance as the plastic hardened in the timtregting a strong bond between the

wood fibres and fastener. However the effectiveradssach coating depends on the
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bond created between the steel fastener and resirelaas bond between wood fibres
and resin. Consequently improvement of the mechapioperties of the nails due to
the presence of a coating varies greatly betweanufaaturers and the compositions of

the resins, (Forest Product Laboratory, 1999).

In addition to coatings the shank of nails whichn dze plain, toothed, formed or
deformed are available for structural purposes rigden to increase the withdrawal
resistance, and in some cases also improve thallateear strength of joints. The aim
of such surface modification of nails is to incredise contact surface between the wood
and nail without increasing the nail weight. Defedmail, as opposed to formed nail,
are nails that have the shank modified or improaier forming the nail, and therefore
deformed nails have a clear part on their shanknmadified. At constant moisture
content, nails with improved shank have an incréasghdrawal resistance of about
40% compared to equivalent diameter round wiresn&lowever the improvement is
even greater when moisture conditions are varyvit]) the withdrawal resistance of

improved nails four times that of equivalent rounadls.

2.3.3.2 Fastener yield moment

The yield moment of the fasteners is a criticabpagter in the behaviour of joints. This
parameter was first taken into account by Johamsel®49 when he included in the
yield equations the plastic bending capacity of thsteners due to the relative

displacement of the timber members of the connestio

When Eurocode 5 connection design method was dréffellowed Johansen method
and assumed that the materials behaved in a rigistip manner, with the plastic
moment capacity of the fasteners taken into accotiat characterise the moment
capacity of fasteners BS EN 409:2009 (BSI, 200983 awdopted, it provides a method
of testing fasteners using a four points bending uge The yield moment of the
fasteners of a diameter inferior or equal to 8mmdatermined for an angle of 45°, at
which the whole cross section of the fastenersssimed to be fully plasticized (Blass,
2001). However at angles less than 45°, only theraareas of the cross section of the
fastener are under plastic deformation, and thezetioe true moment capacity of the
fastener is between the elastic and plastic bendirength. This fact is particularly
important in connections with “large” diameter fstrs, as various studies showed that

while testing in accordance to BS EN 26891 (BSI91)9to a maximum relative
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displacement between timber members of 15mm, tgkeaneasured on the fasteners is

never of 45°, but can be as low as 5 to 10°.

In a paper presented in the Working Commission h8timber structures of the
International Council for Research and InnovatierBuilding and Construction (CIB-
W18) in 1998 Jorissen & Blass reported that thedm@n moment increases with the
bending angle, and as a result the failure modddaad carrying capacities are in turn
affected by this angle. They calculated that fobemding angle of 5° the bending
capacity of an M12 bolt is only 60% of the plastiapacity, and the load carrying
capacity of a connection is therefore reduced b% 1&mpared to the calculated
capacity with full plastic bending capacity. Folliogy these studies an equation was
developed for determining the bending capacity oltsband dowels that was then
extended to all fastener diameters and includétuiocode 5 (BSI, 2004):

M, i = 030K, [82° ..(2.3)

Equation 2.4 was developed for “small” diametertdasrs and was included in the
Eurocode 5 draft in 1994:

M, g = 0.133CF,, [@° ..(2.9)

However a recent study (Jorissen & Leijten, 200B)estigated the applicability of
Equation 2.4, developed for “large” diameter fastanfor “small” diameter fasteners.
The research concluded that for “small” diametstdaers Equation 2.3 results in more
accurate results, and also that Equation 2.4 didresult in unsafe yield moment
capacity for “small” diameters fasteners. It alsggested that only one equation should
be included in Eurocode 5 in order “to keep it aspte as possible”, consequently

Equation 2.3 is the only referenced equation iroEode 5 (BSI, 2004).

2.3.4  Embedment strength

When developing the yield equations for determinithg load carrying capacity of
joints, Johansen assumed that the timber was é pigstic material, and therefore that
crushing of the timber was constant with varyingvdbdiameters, or other material
properties. The first studies that investigated e¢ngbedding strength of dowel were
published by Siimes et al. (1954) and No(&f68), in which the embedment strength
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was a function of the timber density, moisture eontand dowel diameter and shape
(Porteous, 2003). However the results of the diffiesstudies could not be related as the
methods, procedures and interpretations were rifeiromor standardised. To answer to
this lack of knowledge an extensive research prognas developed at the Timber
Research and Development Association in the U.kguthe previous research as a
basis to develop a test method, procedure and asaratus to characterise the
embedment strength of timber fasteners (Rodd etl@87). To achieve this, the
researchers used a set up that can be regardetthi@e anember connection in which a
thin timber is sandwiched between two thick stekltgs ensuring that failure is
achieved by crushing of the timber. Rodd et al8f)Sconsidered that the thickness of
the timber sample was critical in determining tmebedment strength and therefore
recommended that it should be limited to twice fastener diameter. It was also
recommended in the test protocol that a gap shioeldvailable between the steel and
timber to avoid any friction forces, and that thsténer should be inserted in the timber
following site practice (predrilling, insertion tba.), Figure 2.6. This set up was then
adopted by the European committee developing thendrased design codes and test
methods for use across the countries of the Europeenmunity in BS EN 383:2007
(BSI, 2007).

apparatus = 1 T l T
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Test piece

Figure 2.6: European embedment test setup (BSI, 2007).

In parallel, similar research on the embeddingngfite was being conducted in America
by Wilkinson (1991). The set up developed for meaguthe embedding strength
differed from the European method by placing thetefaer on top of the timber sample
and applying the load uniformly on the fasteneguiré 2.7. This approach presents the
advantage to avoid any bending of the fastenemdureésting. However it does not
enable an accurate measurement of the embedniémesti as the possible shortening
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of the timber sample and the slack in the testirmchime cannot be evaluated and
separated from the relative displacement of thiefes to the timber samples. (Pope &
Hilson, 1995).

Load

Length

Figure 2.7: American embedment test setup (Wilkinson, 1991)

The most comprehensive research in Europe on thedment strength of fasteners in
timber was carried out by Smith & Whale (1988) gsihe test set up shown in Figure
2.6. The study concluded that the embedment stieofyta fastener was positively
correlated to the timber density, and a design Bouavas derived and applied to the
design of timber joints. The conclusions of thise&ch were adopted and are now part
of Eurocode 5.

Since the adoption of the tests methods in Europelanerica, studies focused on the
parameters that influence the embedding strengtfasteners (Ehlbeck & Werner,
1992; Mohammad & Smith, 1997; Foschi et al., 20@@ang & Komatsu, 2002). From
numerous studies it is clear that with moistureteohincreasing the bearing strength is
decreasing. This fact was observed to be indepérafeiimber species and fasteners
diameter (Rammer & Winistofer 2001). In additioresk studies showed that when
reaching high moisture content, the embedment gtinestays constant with further
increasing the moisture content in the timber; ot was 25.3% from Rammer &
Winistorfer (2001), 22.5% from Koponen (1991), 2Xf6m Wilkinson (1971), and
23% from Green & Kretschmann (1994). This poinivaich the bearing strength keeps
constant is close to the timber saturation pointydver no clear conclusion has been
made on the relationship between the two paramefds®, from their extensive
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research Whale et al. (1987) concluded that piedyiinfluences greatly the bearing
strength of fasteners, due to the contact areadegthe timber and fastener. This was
also translated to Eurocode 5 with a design equdto determining the embedment

strength of fastener with and without predrilling.

2.35 Effect of load conditions

Numerous researches showed that the type of loagiiptied to a timber structure have
a great influence on its behaviour, strength aifthess (Girhamman & Andersson,
1988). However there is limited amount of results ime behaviour of timber
connections to the rate of loading and durationloaiding. In a preliminary study
Rosowsky et al. (1999) concluded that the duratdnload effects for a timber
connection varied from those of timber, and werddanvestigated independently. In
the same study it was also concluded, however ngghrvations due to the limitation of
the experimental programme, that the rate of lagadmstatic tests did not influence

nailed connections subject to lateral or withdralwat.
2.4  Withdrawal strength of fasteners

241 General

Fasteners in timber structures are subject to wathdl loads when the load is applied
parallel to their longitudinal axis, and when usedateral shear connections, where at
relatively large displacement the load acts pdraite the nail (Forest Product
Laboratory, 1965). Common round wire nails redigise loads by the friction forces
between the shank of the fastener and the woodsfilRammer et al., 2001). However
various studies showed that these frictional fomresgreatest just after driving, before
any relaxation in the wood happens, and that thbdnawal resistance reduces with
time. A study in 1938 showed that the withdrawadisence of round wire nails
decreased by 57% after 105 days. This observatasome of the main influences for
developing nails with deformed shank. Threadedsnpahd screws, also resist axial
loads by friction of the wood fibres and the n&iask, but more importantly by lodging
wood fibres between the threads. Threaded nailsvahelrawn from the timber when
the fibres locked into the threads are broken gfioee wood relaxation or shrinkage has
little influence on their withdrawal resistance.réaded nails offer about 40% increase
in withdrawal resistance compared to common naflewinserted into timber that stays

at constant moisture content, (Forest Product Latboy, 1999).
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The behaviour and performance of fasteners axi@@ded were investigated and
showed that the withdrawal capacity of fastenermfisienced mainly by the timber
density and moisture content, fastener diametemisisurface and condition, depth of

penetration and grain orientation.

Research on the influence of moisture content sbaWat when a fastener is inserted
into green timber and pulled before any seasonsws it has the same withdrawal
resistance to nails inserted into seasoned woodoalhed soon after driving. However
the withdrawal capacity of smooth nails can be el@sed by as much as 75% when
inserted into green timber that is allowed to seasp into seasoned timber that is
subject to varying moisture conditions (Senfit &d8arth, 1971). The influence of
moisture content on the axial capacity of threaci@its has not been widely published,
however the Wood Handbook (Forest Product Laboyati®99) states that at varying
moisture condition their withdrawal strength is abd times that of common nails. In
2004 Rammer & Zelinka (2004) reviewed the reseanrtlihe withdrawal strength and
behaviour of nails axially loaded in end grain tenbThey concluded that the ratio of
end to side grain withdrawal strength varied witl timber species from 0.5 to 0.8, but
was independent of wood density. For threaded tagsatio is somewhat lower due to
the greater strength in side grain. It was alsaddhat for smooth nails the ratio
between the side and end grain withdrawal strengtluces when the time between

sample fabrication and testing increases.

To increase the withdrawal resistance of commots mliiferent techniques, other than
shank deformation, have been developed over ths.y€ament and plastic coatings are
the two most used techniques that increase thedraibal of round nails. Their

effectiveness is influenced by a number of paramaetach as the quality of the bond
between the coating and nail shank or wood filites capacity of the coating to resist
driving into the timber, and the chemical interaotbetween the coating and the timber

treatment (Forest Product Laboratory, 1999).

Stern et al. (1994) investigated the load slip beha of smooth round and threaded
nails. The results showed that the ultimate axeaistance of smooth nails is reached
when the friction is overcome, also at constard cdtloading as the nail is pulled out of
the timber friction is regained until it is exceddagain and again, Figure 2.8. As the

nail is pulled out of the timber the friction bewvethe timber and nail is decreasing.
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Figure 2.8 also shows the load displacement bebawd annularly and helically
threaded nails. Annular shank nails have greattfrdnawal resistance, and helical nails
are the most ductile fasteners. It was also ndtatithe three types of nails have similar
stiffness.
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Figure 2.8: Withdrawal load displacement behaviour of commod #hreaded nails — Nail
displacement (in Inches) vs withdrawal resistame@@unds) (Dolan, 1995)

2.4.2  Evaluation of withdrawal strength

As round nails only resist withdrawal loads by thetional forces between the timber
and nail shank, and these forces decrease in tithevah varying moisture conditions
Eurocode 5 does not allow the use of such nailsetsubjected to permanent or long
term axial loads when inserted perpendicular togiiaén. Eurocode 5 also recommends
that when inserted parallel to the timber fibresnagds, smooth or threaded, should be

considered to be capable to transmit axial loads.

The withdrawal strength of fasteners should berdeted by tests according to BS EN
1382 (BSI, 1999), as Eurocode 5 (BSI, 2004) onbvjates design equations for smooth
nails and screws. In this standard the withdrawahgth is defined as the load per unit
nail diameter times the penetration length. Thihdvawal capacity of fasteners is then
calculated in Eurocode 5 by multiplying the withded strength by the nail diameter
and the penetration length.
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In North America various research were conductedcf@racterising the withdrawal
strength of nails. Following extensive testing, @mpl equations were developed and
are used in calculating design withdrawal valuebe Tequations used are of the

following form:

W, = adg’ ...(2.5)

Where W,en is the load per unit penetration (N/mm), d thel deameter (mm), g the

timber specific gravity, a and b constants todsttdata.

2.5 Laterally loaded timber joints

Due to the large number of parameters influenchng hehaviour and load carrying
capacity of joints with dowel type fasteners, aneréfore the possible combinations in
a joint, researchers have largely focused on chenaing and predicting the ultimate,

yield strength of connections or their load disptaent behaviour.

2.5.1 The yield theory

The yield theory was developed by Johansen in 1948nsists in applying the plastic
theory to timber joint behaviour. To predict theimhte strength of nailed joints
Johansen assumed that both the nails and timberidesil-plastic materials, Figure 2.9.
With these assumptions he simplified the analysthout significantly impacting on
the final result (STEP1, 1995).
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Figure 2.9: Idealisation of nail and wood properties (Aune &tBn-Mallory, 1986(a))

In addition to making assumptions on the matenapgprties, the model developed by

Johansen (1949), assumes that the connection dbdailndue to insufficient spacing

30



between fasteners or end distances before reagh@hding point, and ignores the

friction that may exist between timber members. WMtihese assumptions Johansen
derived equations predicting the ultimate strergjteingle and double shear joints due
to either a bearing failure of the timber membeth& simultaneous development of a
bearing failure and plastic hinge formation in thstener. Each of the equations derived

relate to a particular mode of failure of the jofigure 2.10.

I3}
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Figure 2.10: Modes of failure for single and double shear catinas (Ehlbeck & Larsen,
1993)

Using Johansen’s work as basis various resear¢ieicsk,1966; Larsen, 1979; Aune &
Patton-Mallory, 1986; Smith & Whale, 1987) valid&tthe theory with experiments.
With time enhancements were provided following estee research work, the yield
theory is now used to accurately predict the yie&tl of single and double shear joints
with dowel type fasteners including the effectsddferent embedding strength, joint
geometry and joints with steel side plates and dieps layers of insulation or local

reinforcement using timber based materials (Aureafton-Mallory, 1986(Db)).

In 1988 the drafting panel for Eurocode 5 adopteal yield theory as the basis for
design of joints (Hilson & Whale, 1990). The currgarsion of EC5 provides equations
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for determining the characteristic strength of §iwith timber members and with steel
side plates. In the design equations the ropetafealso included as previous versions
did provide too conservative values, however lingtfactors were introduced to avoid

relying on the withdrawal of the fasteners whengtgag connections.

The current design equations for timber to timbmmrections for dowel type fasteners

are as follow:

- For single shear connection:
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- For double shear connection:
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Where F, rkis the characteristic load-carrying capacity pexas plane per fastener;
fhik is the characteristic embedment strength in tinnbember i;
d is the fastener nominal diameter;
t; is the timber thickness or fastener penetratigoitde
My rkis the fastener characteristic yield moment;
[ is the ratio between the timber members embedntesmtgih;
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Fax rkiS the characteristic axial withdrawal capacitytied fastener.

2.5.2 Load displacement models

While the yield theory was chosen as the methodledign in the European and
Canadian standards, a major disadvantage of theochés that there is no indication of
the load displacement behaviour of the connecfidrerefore different methods were
developed either simultaneously or with the aid amfvancing technologies for
modelling the load displacement behaviour of cotioas with dowel type fasteners
(Erki, 1990).

2.5.2.1 Empirical models

The first empirical model developed to relate ttrergyth of a nailed connection to the
slip of the connection was by Ivanov in 1949, ie form of a second order equation.
However it was only in the 1960’s that practical dels were developed, the first
published by Mack in 1966, (Porteous, 2003).

Mack developed an empirical model for determining load displacement relationship
of a short term laterally loaded nail by assumingt the different factors affecting the
joint behaviour did not interact, and that the tielaship between the joint load and
displacement was a function of the product of esfcthese factors. The experiments
performed during the research showed that the bMasachosen by Mack did not
significantly interact, and therefore his approags valid. As various variables were
investigated Mack used the concept of reduced toadkrive a displacement function
for all the different joint configurations testéhe reduced load was defined as the ratio
between the load at slip to the load at the upper limit displacement whigas

arbitrary set at 2.54mm. The displacement funatised was of the following form:

f(0) = (Ad + B)(1- &%) ...(2.6)

This method has since been used in various stadiegamine the effects of different
variables on the load displacement behaviour ofitjoiwith dowel type fasteners.
Recently Porteous and Kermani (2005) used a simmikthod to that used by Mack and
expressed the relation between the load and desplact for a connection with fully

overlapping nails as follows:
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P = f(9).k ..(2.7)

WherePy is the load at displacementfk)) the displacement function akdhe product

of the functions of the variables that influence jhint behaviour.

Other empirical models were developed and mostbhotay McLain in 1976 in the

form of:
= Allog(l+ B9J) ...(2.8)

Where P is the load at displaceméntand A and B are curve fitting constants. This
model was later enhanced by SaRibeiro and SaRil{@B81) by incorporating the
effect of moisture content, timber specific grayigysset thickness and nail diameter in
the constant A and B (Kermani & Goh, 1999).

2.5.2.2 Elastic theory approach

This approach was first used by Kuenzi (1955) whkeefastener was represented as a
beam on elastic foundations, Figure 2.11 (Foschogdg, 1977).

Figure 2.11:Elastic theory representation of a double sheanection.

The deflection curve of a beam on elastic foundaisogiven by:

Eld*y
dx*

= —ky ..(2.9)

Kuenzi used the differential equation wikhthe elastic modulus of the nall,the
moment of inertia of the nail, arldthe foundation modulus of the timber (Porteous,
2003). The solutions derived for representing theve combined trigonometric and

hyperbolic functions, and allowed the calculatioh ppessure, moment, shear and
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deflection at any point of single or double sheamts. These equations were
experimentally validated by Stluka (Wilkinson, 19@0). Improvements were brought
to the solutions developed by Kuenzi by variousaeshers (Noren 1968, Wilkinson
1971(b)).

However the use of the elastic theory to charadethe load displacement relationship
of joints with dowel type fasteners suffers two arajrawbacks (Porteous, 2003):
- The theory is only valid for the elastic range lo¢ 1oad displacement
curve of joints which is widely believed to be tslg of 0.3mm,
- Numerous researchers argue that the load displademedaviour of

joints is non-linear from the beginning of loading.

2.5.2.3 Finite element models

Finite elements models are nowadays widely use@rfGh al., 2003), as complex and
time consuming operations are processed using cocrattg available software. This
method allows researchers to address both theicelastl plastic behaviour of the
materials in the connection, and also allows cuiioig the model to the properties of
the elements (Porteous, 2003). However to accyrateddict the load displacement
behaviour of the connections, the different inpargmeters need to be accurately
characterised which often require extensive supplgary experimental work (Goh,
1997).

Research on timber connections with dowel typeefasts by finite element method
considered two distinctive approaches:

- The fastener is modelled using springs, eitherDroR 3D, where the springs
stiffness represent the fastener behaviour in trnection (yield moment,
embedding and withdrawal strengths),

- Full 3D modelling of the connection, where the edes of the model are
given the material properties.

2.6 Summary

The literature review focused on dowel type fastgheand shows that timber
connections can be achieved using various methanats,that each is influenced by
numerous parameters. These parameters can bdiethssthree main groups: material

and dimension properties, joint configuration amading conditions.
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Timber properties are some of the most importardtofa influencing timber

connections. The orthotropic nature of timberdessity and the variability of moisture
content in timber due to environmental exchangesirie be taken into account when
designing or predicting the load capacity of joiniBhe fastener’s properties affect the
joint capacity and behaviour. But maybe even mitris, the interactions between the

wood and fasteners that need to be characterisedbh type of fastener.

It is also clear from the literature review thatemsive work has been carried out to
model the behaviour of the parameters influencirapnections and the load

displacement relationship or strength of the cotioes.

From the findings of the literature review, an expental research programme was
developed to study the behaviour of helically skiafasteners as timber connectors. All
modelling methods require that experimental wortoibe carried out in order to obtain
accurate results for predicting and characterisivegload displacement behaviour or
strength of joints.
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Chapter 3 Properties of Helically shaped fasteners

3.1 General

The fasteners properties are factors that influetihee load carrying capacity and

behaviour of timber joints. These properties inelule geometrical dimensions and
material of the fasteners, but also the yield manaed embedding strength. Over the
years researchers have developed test methodsracedpres in order to characterise
these properties, enabling the development of desigiations. The aim of this chapter
is to examine the material properties of helicalhaped fasteners in accordance with
the relevant British and European standards, amdywe the applicability of the

design rules.

To gain a better understanding of the behavioudelically shaped fasteners used in
timber structural systems; a comparative experiaigmmbgramme was also carried out
on conventional timber fasteners such as nailsn(alad profiled) and a range of screw
types. This was important as most equations aratioakhips detailed in previous
research and Eurocode 5 (BSI, 2004) were develépedommon timber fasteners.
Hence, tests results on nails and woodscrews walslal provide an indication of the
performance of helically shaped fasteners, alseigitg the validation of the results.
The fixings considered are shown in Figure 3.1Ta&ble 3.1 the dimensional details of

each of the fasteners used in this study are ddtall

37



- e e i o e

Figure 3.1: a), b), ¢), & d) Helically shaped StarTie 10, $tar8, InSkew & TimTie; e) & f)
round wire nails; g) & h) annularly threaded nai)shelically threaded nail; j) & k) Ulti-Mate

woodscrews; [) & m) BZP woodscrews.

In an effort to harmonise and standardise the tgmelscharacteristics of fasteners used
in structural timber available within the Europe@ommunity, a new European
Standard has been drafted by the European Comnfittestandardization (CEN)
outlining the requirements for fasteners for usdinmber structural applications. The
new standard, prEN 14592 (CEN, 2007) specifies rdguirements for materials,
geometry, strength, stiffness and corrosion rasigteof the fasteners. It also aims to
provide information on dimensional and mechanicapprties and strength values to be
used in conjunction with the design method outlimedEurocode 5 for all types of
fasteners. A nominal diameter needs to be giverafiofasteners according to prEN
14592, with which calculations are made for detamg the mechanical properties. For

screws the effective diameter as defined in Eurecots also required.
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Table 3.1;: Fasteners dimensions

Length Diameters as measured Diameters values
Fastener | Nominal [ Measured| Wire |[Thread | Root |[Nominal| Thread | Root
mm mm mm mm mm mm mm mm
StarTie 10| N/A N/A N/A 9.80 4.26 10.00 10.00 4.25
StarTie 8 N/A N/A N/A 7.83 3.77 8.00 8.00 3.75
InSkew N/A N/A N/A 5.85 3.34 6.00 6.00 3.35
TimTie N/A N/A N/A 4.44 3.03 4.50 4.50 3.00

RWN 4.50( 100.00 102.10 4.48 N/A N/A 4.50 N/A N/A

RWN 6.00[ 150.00 151.60 6.01 N/A N/A 6.00 N/A N/A

HTN 3.10| 90.00 87.72 3.08 3.21 2.99 3.10 3.2( 3.0
ATN 3.75| 75.00 76.02 3.76 4.28 3.47 3.79 4.2( 3.5
ATN 5.00 [ 100.00 100.02 4.94 5.59 4.61 5.0( 5.60 4.6

UMW 5 80.00 79.84 3.75 491 3.46 4.9Q 4.9( 3.5

UMW 6 100.00 99.22 4.48 5.89 4.18 5.90 5.90 4.2
BZPNo 10| 76.20 75.34 3.67 4.94 3.18 4.90 4.9( 3.2
BZPNo 12| 88.90 87.70 421 5.51 3.86 5.50 5.5( 3.9

OO O U O U o

Note: 5 fasteners were randomly selected and medsormbtain average values

3.2 Tensile strength

3.21 General

The tensile strength of a fastener is used in #leutations for determining the load
carrying capacity of a joint. It is a parameterttimluences the bending resistance of
the fasteners and therefore the yield moments dt iequirement of Eurocode 5 that all
dowel type fasteners have a minimum tensile stren§600 N/mri. This requirement
Is particularly important for fasteners producednirwire. The tensile strength of the
fasteners was determined to ensure that the condifi Eurocode 5 is fulfilled for all

the fasteners used in this research.

The fasteners were inserted between the “jaws’heftesting machine and tested in
direct tension, with the speed of the travellingdhef the machine set at 2 mm/min,
Figure 3.2. Five specimens were tested for eacterfag and the maximum load

attained during testing was recorded.
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Figure 3.2: Tensile test set up

3.2.2 Tests results

The maximum loads recorded during the tests werngeatl by the cross section of the

fasteners to obtain their tensile strength; thaltesire shown in Table 3.2.

The cross section of the helically shaped fastemeas determined by a simple
procedure which consisted in weighing fasteneraiirand in water, then dividing the
volume obtained by the total length of fastenere Tdsteners had the points cut in order
to have a constant section along the measuredherigt determining their cross
sectional area. This procedure was repeated by asbundle of 5, 10 and 20 fasteners
for each of the four sizes of helically shaped emors; the average cross section per
size was then calculated and taken as the valusdan the calculations. For all other
profiled fasteners, the root diameter was useddboulating their cross sectional area.
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Table 3.2: Tensile tests results

Maximum Tensile Cross section | Tensile strength Cha_racteristic
Fastener load tensile strength
N mm? N/mm? N/mm?
StarTie 10 16584 16.26 1020.11 867.10
StarTie 8 11567 10.25 1128.16 958.93
InSkew 9238 7.54 1224.71 1041.00
TimTie 7035 6.22 1130.48 960.91
RWN 4.50 11611 15.90 730.07 620.56
RWN 6.00 17205 28.27 608.51 517.23
HTN 3.10 6493 7.55 860.23 731.19
ATN 3.75 7804 9.62 811.14 689.47
ATN 5.00 11268 16.62 677.94 576.25
UMW 5 11584 9.62 1204.03 1023.43
UMW 6 16616 13.85 1199.36 1019.46
BZPNo 10 10604 8.04 1318.58 1120.79
BZPNo 12 14937 11.95 1250.38 1062.82

The tensile tests results show that all fasteretsept round nails of 6mm diameter,
fulfil the Eurocode requirement. Round wire naidévé the lowest tensile strength. Most
profiled fasteners have greater tensile strengthichwis often necessary as the

manufacturing process require higher quality matéoi be used.

3.3 Yield moment of fasteners

The yield moment of a fastener is one of the mammameters that are used for
determining the resistance of a joint. It represehe fastener capacity to resist the
loads transmitted between a timber member to tlke mée yield moment of a fastener

is influenced by the fastener material, dimensems shape.

In Eurocode 5 (BSI, 2004) the yield moment of dotygle fasteners is either derived
from design equations that were originally devetbfi round nails with diameters up
to 8.0 mm or following the test method describedB8S EN 409:2009 — Timber

structures — Determination of the yield moment oWvdl type fasteners — nails (BSI,
2009b). The principle of the test method describe@S EN 409:2009 (BSI, 2009b)

involves the loading of the fastener in such a rearthat the loading points do not

move along the nail and the loads remain normaht axis of the fastener during the
test” In order to achieve the loading configuratiorsdgbed, it is given as an annex in
the standard a drawing of a possible apparatustapé achieving the desired loading
conditions. However this apparatus required a lefemanufacturing that was too
important to be justified in this study and therefahis equipment or a similar
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respecting the test principle was not availablethis circumstance, it was decided to
test the fasteners using a set up approachinguhmpBan Standard method, but also to
determine their yield moment according to the Aremi standard published by The
American Society for Testing Materials. The resoltdoth sets of tests are compared
to the design equations given in Eurocode 5.

3.3.1 Tests set up and procedures

The first test performed on the fasteners to detexrtheir yield moment was a four-
point bending moment of the fasteners, using thausedimensions and loading rate
described in BS EN 409:2009 (BSI, 2009b). This getdid not comply with the
principle of the test as the load and bearing gatayed vertical during the test, Figure
3.3.

The dimensions recommended in BS EN 409 are asafoll
- Distance, 4, between load and support point>12d,
- Distance, 4, between the two load points<dl, < 3d.

Due to the range of fasteners to be tested twapetnd rate of loading were used, the

details are shown in Table 3.3.

Figure 3.3: Four-point fastener bending test set up

In BS EN 409:2009 (BSI, 2009b) it is recommendeat the load should be applied in
such a way that maximum load is reached in 10 #c®ds. For ductile fasteners the
maximum load is defined as the load at which thetefaer has deformed through an
angle of 45°. In order to keep some consistencwdmat fasteners tested the rate of

loading was kept constant within each test setdétails are given in Table 3.3.
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Table 3.3: Four points nail bending tests details.

Fasteners | Dimension |, | Dimension |, | Rate of loading
ATN 3.75
HTN 3.00
BZP Nol10 12 mm 12 mm 72 mm/min
UMW 5
TimTie
ATN 5
BZP Nol2
UMW 6
RWN 4.50
RWN 6.0
StarTie 10
StarTie 8
InSkew

17 mm 17 mm 102 mm/min

The yield moment, | of the fasteners is then calculated as follows:

y

F
M, = oo, ..(3.1)

Maximum load sustained during testing.
Where Fax= min

Load at which the fastener has deformed througingeo.
In BS EN 409 (BSI, 2009b), the fastener is thoughthave developed a plastic hinge,
when deformed at an angle= 45°. However in BS EN 14592:2008 (BSI, 2009&)
values of0, to be considered in the case where no ultimaad loas been recorded
during testing and for limiting the bent angle $arews, vary depending on the fastener

type. The bending angle allowed is as follow:

- For nails, 0 = 45°

- For screws, 6 = (45/d"") © (where d is the nominal diameter)

The angleg, is defined as the angle measured between theanis of the fasteners
between the loading and bearing points. JorisseBl&s (1998) showed that the
fastener deformation depends on its slendernedsthanefore the deformation angle is
not measured similarly for fasteners with low oghhslenderness, Figure 3ldcan be

considered that configuration (b) is configuratiohwith L = 0.
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Figure 3.4: Deformation of dowel type fasteners dependingasteiner slenderness. (Jorissen &
Blass, 1998)

As the tests performed are straightforward fournpdiending tests, the fasteners are
deformed as shown in configuration (c) in Figurd.3The angle to consider when
assessing if a plastic hinge as formed in the fastes @ /2).

In Table 3.4 the displacement limits calculateddohieving the different values of the
anglea according to BS EN 14592:2008 (BSI, 2009a) folhdastener are shown.

Table 3.4: Displacement corresponding to a bending artgjleccording to BS EN 14592:2008
(BSI, 2009a)

Nominal diametef Angle® |Displacement
Fastener
mm 0 mm

StarTie 10 10.00 9 1.33
StarTie 8 8.00 10 1.48

InNSkew 6.00 13 1.93

TimTie 4.50 16 1.68
RWN 4.50 450 45 7.04
RWN 6.00 6.00 45 7.04
HTN 3.10 3.10 45 4.97
ATN 3.75 3.75 45 4.97
ATN 5.00 5.00 45 7.04
UMW 5 4.90 15 1.58
UMW 6 5.90 13 1.93
BZPNo 10 4.90 15 1.58
BZPNo 12 5.50 14 2.08
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The second test performed on the fasteners wagea ploint bending test developed by
the American Society for Testing Materials (ASTMimiag at determining the
bending yield moment of nails, used in engineemmthection application’.(ASTM,
2001). In this standard the test set up is algpz@ant on the fastener dimensions, as
the loading span, bearing and load point radiusy waith the fastener diameter.
Following the standard strictly for the range ddtémer used in this study, two loading
spans should be used. However as only one of therfars required a different set-up it

was decided to test all the fasteners using thgirlgaspan shown in Figure 3.5.

It is also recommended in the American standard tthe bearing and loading points
should have the same diameter as the fastener testegl. However due to the variety
of fasteners used in this study it was decided ¢imdy one size of bearing would be
used as it was assumed that the influence on thenigepoint diameter was not
significant. This assumption was comforted in aeaesh paper by Showalter and
Pollock (1994), where reviewing yield moment testsseries of small diameter nails
noted that there was no significant radius effect for beariggd load points for the
nails diameter range 2.87 to 4.83rhrmhe load and bearing points used in this study

were 5.00 mm in diameter.

30 mm | 30 mm

Figure 3.5: Three points fastener bending test set up.

The yield moment of fasteners is determined froohdast as follows:
1 — From the load displacement relationships obthia straight line is fitted to the
initial linear portion of the curve, Figure 3.6,
2 — The line is then offset by a distance equéPtoof the nail diameter,
3 — The yield moment of the fastener is determinsithg the load at which the

straight line and the load displacement curve saetr.
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Figure 3.6: Typical load displacement curve and 5% offsetdyrabment load.

3.3.2 Yield moment results

The tests showed that the fasteners behave etther brittle or a ductile manner.
Therefore a limit for the bending angle allowed @@termining the yield moment is
necessary. Typical brittle and ductile load-displaent relationships from the four
points tests are shown in Figure 3.7; typical ld&placement relationships with 5%

offset load used for determining the yield load €lvewn in Figure 3.8.
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Figure 3.7: Typical four points bending test ductile and beiflilures, and 45° limit for 51mm

span test set up.
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Figure 3.8: Typical three points bending test ductile andtleriqilures

In both set of tests helically shaped fastenersabeth in a ductile manner, Figure 3.9.
The loads used in the four points bending testetermine the fasteners’ yield moment
were the load at the bent limit allowed by the etiént European standards. For the
American standard the fasteners root diameter wad tor determining the yield load

for calculating the fasteners yield moment. Wooeasr behaved in a brittle manner

under both sets of loading conditions, Figure 3.9.

Figure 3.9: Bending tests a) four-point brittle failure; b)ufepoints ductile failure; c) three-

point brittle failure and d) three-point ductilélfae.
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As mentioned above, differences between the twoggan and the American standards
are significant, in terms of test set up, but atsterms of determining the load at which
it can be considered that the fastener has yieldedrder to determine the yield
moment. Consequently, from the tests data theviahig yield moment values were
determined for each fastener according to the rdiffiestandards:

- My.14502 Yield moment determined according to BS EN 143008
(BS1,2009a), where the angtewas limited for Helically shaped fasteners and
screws tax = (45/d)°, with d the fastener nominal diameter,

- My.40s Yield moment determined according to EN 409:20BS1( 2009b),
using the minimum of the ultimate load achievedmytests or load fos =
45°;

- Myus Yield moment calculated from three points bendesfs according to
ASTM F 1575-01 (ASTM, 2001), using the root diametkefasteners;

- Myecs: Yield moment calculated from the design equatigigen in
Eurocode 5 (BSI, 2004), and the fasteners ultimatesile strength from
Table 3.5.

My ecs was determined using Equation 3.2:

M, ces = 030K, [82° ..(3.2)

The results of the tests performed on the fasteiloedetermine their yield moment are
given in Table 3.5. For Helically shaped fastentes root diameter was used in the
calculations for Mecsas using the thread diameter would lead to greatiyestimated

results. For the screws and nails the requirenwrEsirocode 5 and BS EN 14592 were
observed - i.e. the effective diameter of screwenaas 1.1 x root diameter and

nominal diameter used for nails. The results lustrated in Figure 3.10.
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Table 3.5: Yield moment tests results and EC5 calculations

Fastener My 14502 My 409 My us My ecs
StarTie 10 4939.2 16918.2 8519.0 13169.8
StarTie 8 5240.1 10044.1 4551.7 10519.(
InSkew 37745 8549.4 3806.3 8516.7
TimTie 3549.2 6470.5 2933.5 5900.6
RWN 4.50 15221.8 15221.8 10211.0 10935.%
RWN 6.00 34507.5 34507.5 13614.0 19256.7
HTN 3.10 6164.5 6164.5 3886.5 4889.6
ATN 3.75 9236.8 9236.8 5432.0 7563.1
ATN 5.00 17460.4 17460.4 10710.2 13354.7
UMW 5 7551.5 12407.5 8616.4 12021.5
UMW 6 12629.3 22613.9 14102.8 19237.2
BZPNo 10 6349.1 15612.0 5796.9 10428.4
BZPNo 12 11286.8 18930.0 11438.3 16540.6

Note: All values in N.mm
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Figure 3.10:Yield moment results

From the results the following observations cambaele:

- Using the limiting factor of (45fd)° of the bent angle as mentioned in BS
EN 14592:2008 (BSI, 2009a) greatly reduces thedyisbment determined
by tests, in comparison with the results determingidg the maximum load
achieved during testing or a limiting angle of 48°%ccordance to BS EN
409:2009 (BSI, 2009b).

49



- Eurocode 5 design equations for nails and screwsltréen conservative
values compared with results to BS EN 4009.

- Eurocode 5 design equations overestimate yield mowalues for screws
and helically shaped fasteners compared to resuBS EN 14592.

- Using the root diameter in Eurocode 5 design equoatfor helically shaped
fasteners gave results comparable or conservatperdling on fastener
diameter with results to BS EN 409, and greatly resemated results
compared to those calculated with BS EN 14592.

- Results obtained from the American method are coafybato those obtained
to BS EN 14592 for screws.

The tests results clearly show that the use ofithiéing factor for screws and helically
shaped connectors would reduce greatly the yielchemd values determined by tests
for design purposes. Also, if this limiting facterto be implemented there is a need for
re-evaluating the design equations in Eurocode theys would overestimate the yield
moment of fasteners. In contrast, the equation&wiocode 5 were derived from
extensive test data, and they result in consematalues compared to test results when
determined to BS EN 409 for all types of fasten&he design equation from Eurocode
5 predicts the yield moment of Helically shapeddasrs with an average error of -
16.4%, +4.3%, -9.2% and -10.1% for StarTie 10, Be&ar8, InSkew and TimTie
respectively when tested to EN 409, with an absoaverage difference between test
results and predicted value from Eurocode 5 desigration of 10%.

3.3.3  Determination of Helically shaped yield momen

From previous research it was shown that the ymetiment of fasteners is directly
related to the fastener diameter and tensile dineag Equation 3.2 shows (Hairstans,
2007). Figure 3.11 represents the relationship éetwHelically shaped root diameters
and characteristic yield moment according to BS #19 (M, 409 normalised to the

average tensile strength, and Eurocode 5@ using Equation 3.2. The average
characteristic tensile strength of helically shafssieners was found to be 957 N/fam

The characteristic values from tests and Equatiéh &e given in Table 3.6, the

prediction error is also calculated.

50



Table 3.6: Characteristic values and prediction error of flalily shaped fastener’s yield

moment
Root Diametey Yield moment Prediction
Fastener d My,k,409 My, k,ec5 error
mm N/mm? N/mm? %

StarTie 10 4.25 15874.7 12355.0 -22.17
StarTie 8 3.75 8522.3 8923.1 4.70

InSkew 3.35 6659.0 6655.0 -0.06
TimTie 3 4997.2 4995.1 -0.04
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Figure 3.11 Relationship between Helically shaped root di@netnd characteristic yield

moments.

This shows that the design equation given in Euded®(BSI, 2004) predicts accurately
the yield moment of helically shaped fasteners wittaller root diameters. For StarTie
10 fasteners Eurocode 5 underestimates the yielchenb value by 22%. Such a
digression can affect the results when using theatwons given in Eurocode 5 when
calculating the lateral shear strength of a conoectEven if this would yield

conservative results, it would be beneficial foisiga purposes to predict the yield

moment of helically shaped fasteners accurately.

To achieve this, two empirical equations types waggeloped for deriving accurate
model for helically shaped fasteners, EquationsaB@® 3.4. The former is of the form
used for conventional timber fasteners, while téet is a power function but taking

into consideration the intercept value.
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M, =f, &M’

M,,=f, xd”+2z

..(3.3)

..(3.4)

Where, a, b, X, y and z were constants determirséaguhe functionGenfit in the

software MathCAD. Replacing the values equations &xd 3.5 can be written as

follows, the results of the two equations are diedain Table 3.7:

M,, = 0.066Lf, (g 3% ...(3.5)
M,, = 0.000114CK, [d 87 + 4499 ...(3.6)
Table 3.7: Results of helically shaped fasteners yield mommatels
M M Prediction| Equation | Prediction| Equation | Prediction
Fastene  ** ykees | appor 3.6 error 3.7 error
N/mm? | N/mn? % N/mm? % N/mm? %
StarTie 10 15874.7 12355.0 -22.17 15423.1 -2.84 15843{9 -0.19
StarTie 8 8522.3| 8923.1 4.70 9721.0 14.07 8735.Y 2.50
InNSkew | 6659.0| 6655.0 -0.06 6412.9 -3.70 6242.9 -6.25
TimTie | 4997.2 | 4995.1 -0.04 4268.9 -14.57, 5230.7 4.67

Table 3.7 shows that Equation 3.6 Yields to préaficerror up to 14%, which is higher
than would be recommended. Equation 3.7 is the tasipromise between all the
prediction equations, as the highest predictioararnderestimates the yield moment by

just over 6%.

3.4 Embedment strength

The embedment strength is not a fastener propeitya Isystem property as it depends
on the type and shape of fastener, the joint gegnaeid the manufacturing process of
the connection and the timber or wood based matemgperties (Ehlbeck, 1992). The
test method described in BS EN 383:2007 (BSI, 200i7fetermining the embedment
strength of a fastener was developed after intensiork carried out at the Timber
Research And Development Association (TRADA) in the€ by Rodd et al (1987). As
this test method became accepted as a suitable inedetermine the embedding
strength of a fastener, numerous studies wereechout collecting sufficient data to

enable the development of design equations.
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The aim of this part of the research was to detegnaind characterize the embedment
strength of helically shaped fasteners and to ewalthe compatibility of the design

equations given in Eurocode 5 for these fasteners.

3.4.1 Embedment tests set-up and procedures

The embedment tests on helically shaped fastemekr£@mmon timber fasteners were
performed in accordance with BS EN 383:2007 — Tingteuctures — Determination of
embedding strength and foundation values for dawst fasteners (BSI, 2007). The
embedment test aims to determine the behaviouhefsystem fastener-timber under
loading perpendicular to the fastener's axis. Imleorto have the best possible
representation of this interaction bending of éstdner should be prevented. In order to
avoid yielding of the fastener the standard recondsdhat the thickness of the timber

should be in the range of 1.5d to 4d in order tmpty with the principle of the tést

As the test programme included a large varietyastdners and to provide results that
could be compared it was decided to perform alltés¢s using only one size of timber
sample. Preliminary tests were performed on atefgexs to ensure that the principle of

the test was respected — i.e. no bending of therfas

The samples were made of timber grade C24, in dacce to BS EN 338:2003
Structural Timber — Strength Classes (BSI, 200%), dimensions were 140 x 50 mm.
Following preliminary tests the thickness was deieed to be 12mm. A “U frame”
was screwed to the timber sample, supporting twoeai Variable Differential
Transducers (LVDT) placed either side of the sampb®rding the displacement of the
sample; this allowed the recording of the averampplacement in case the sample
rotated during the test. A 50kN load cell was usedecord the load applied to the
specimens, Figure 3.12. Pilot holes of 0.8 tinmesrbot diameter of profiled fasteners,
and 0.8 times the actual diameter for round fastenere drilled before the fasteners
were inserted, Table 3.8.

To obtain comparable results between the rangasiEmers, the rate of loading was

kept constant, this was determined after the preény tests, as is shown in Figure
3.13.

53



AN\

Figure 3.12: Embedment test set up.

Table 3.8: Pilot hole sizes for the different fasteners.

—

Fastener Pilot hole diameter Fastener Pilot hole diamete)
mm mm
StarTie 10 3.50 ATN 3.75 2.80
StarTie 8 3.00 ATN 5.00 3.60
InSkew 2.80 UMW 5 2.80
TimTie 2.40 UMW 6 3.40
RWN 4.50 3.60 BZPNo 10 2.50
RWN 6.00 4.80 BZPNo 12 3.20
HTN 3.10 2.40

For each set of fastener 5 specimens were tes@ed)disture content and density of the

samples were recorded.

Load
Failure - oo oo _____
load
Rate of load =
S00N 0.75 mm/min
100N {A£-------

Figure 3.13: Rate of loading for embedment tests.

Time
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3.4.2 Tests results

As recommended in BS EN 383:2007 (BSI, 2007)) beation tests were performed on
the test rig in order to adjust the load displacetmelationships accordingly to the set
up stiffness. 3.75mm and 4.50mm diameter steel ipgerted in a steel specimen that
was placed in the rig. The results of the calilbratests showed that the stiffness of the
rig was of 13426 N/mm and 12800 N/mm for the spae$ of diameter 3.75 and 4.5mm
respectively. The results show that there was gaifstant effect from the fastener
diameter on the rig stiffness. Therefore an averagee of 13113 N/mm was used to
represent the stiffness of the rig, to obtain theected load displacement curves of the
fasteners embedment tests. Typical load displacemanes from tests for helically
shaped fasteners and woodscrews along with theated curves due to the rig stiffness

are shown in Figure 3.14.

The load displacement curves show that woodscredwvibie a more elastic and stiffer
behaviour than helically shaped fasteners undeitasitoading conditions. For screws
the load increases linearly with the increasinged#ibn until yielding, and then the
load decreases slowly with increased displacentat Helically shaped fasteners the
linear part of the load displacement relationskipnuch shorter, then the load increase
with increase in displacement in a non linear mamumgil a maximum is reached, at

which point the load decreases with increasing raegition.

55



3000

2500 ¢ |
B o000 f P
o |
g |
£ 1500 |
D } Test data
E 1000 """~ T :f ************* e Rig stiffness -~
L | I
| | Corrected curve
500 : : l l
0 1 T T 1 1 T T 1 1 T
0 0.5 1 15 2 25 3 35 4 4.5 5
a) Helically shaped fasteners Displacement, mm
2500
— 2000- e VEECRECE, oA
t=}
d
L2 1500t f---F A
5
c ——Test data
E 100014/ " —Rig stiffness |
uEJ —— Corrected curve |
500 - Ao R
0 1 1
0 5 2 25 3
b) Wood screws Displacement, mm

Figure 3.14: Typical load displacement curves from embedmest tesults and corrected

curves for a) Helically shaped fasteners, and bp&lgorews.

The embedment strength of the fasteners was ct@ddukccording to the following
equation given in BS EN 383:2007 (BSlI, 2007).

F

max

frenzes = ' ..(3.7)
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WhereFnaxis the maximum load recorded during test (in Nis the fastener diameter
(in mm), for profiled fasteners BS EN 383 recomneetitht the shank diameter is used,

and t is the thickness of the timber sample (in mm)

Eurocode 5 (BSI, 2004) allows the calculation @& tiaracteristic embedment strength

of fasteners with predrilled holes using the foliogvequation:

f, ecs = 0.082[(1- 001(d) [ p, ...(3.8)

Wherepy is the characteristic timber density — for timigeade C24p, = 350kg/ni —
and d is the fastener diameter, for screws thiaken as 1.1 x root diameter, and for
nails as the nominal diameter according to BS EBR242008 (BSI, 2009a).

The results of the tests and the design valuesrdiogpto Eurocode 5 with the
corresponding diameters used in the calculatioeslatailed in Table 3.9 and shown in

Figure 3.15.

Table 3.9: Embedment tests results and Eurocode 5 desigewvalu

Fastener d383 fh,EN38§ dE.C.S 1:h,ECSZ
mm N/mm mm N/mm
StarTie 10 10.00 19.08 10.00 25.83
StarTie 8 8.00 22.09 8.00 26.40
InSkew 6.00 30.09 6.00 26.98
TimTie 4.50 30.97 4.50 27.41
RWN 4.50 4.50 27.50 4.50 27.41
RWN 6.00 6.00 26.66 6.00 26.98
HTN 3.10 3.20 42.74 3.10 27.81
ATN 3.75 4.20 34.94 3.75 27.62
ATN 5.00 5.60 29.13 5.00 27.27
UMW 5 4.90 24.43 3.85 27.60
UMW 6 5.90 26.06 4.62 27.37
BZPNo 10 4.90 3241 3.52 27.69
BZPNo 12 5.50 33.79 4,29 27.47
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Figure 3.15: Embedment tests results to BS EN 383 and Eurosatsign values

The results show that for screws and nails the ddihg strength is decreasing with an
increase of the fastener diameter, which is alsoctise for helically shaped fasteners.
This relationship between diameter and embedmestigth is widely accepted as being
true for dowel type fasteners, and the resultsefbee show that helically shaped

fastener behave as common timber fasteners.

However Figure 3.15 also shows that the design temu&orm Eurocode 5 does not
result in conservative values for all the fasten@rkile in the case of woodscrews, this
is due to using different diameters in Equatior&séd 3.9, which results in test values

being lower than design values, the same cannsaioiefor helically shaped fasteners.

In addition, it can be noted that despite the warad fasteners tested in the study the
characteristic embedment values calculated usingtan 3.9 range between 25.8 and
27.8 N/mn3; while embedment tests values range from 19.2t3 M/mnf. The design

equation originally developed for round fasteneeslaot give a true representation of
the embedment behaviour of helically shaped fastermnsequently a new design
relationship is necessary, as the existing equdtimm Eurocode 5 overestimates the

embedment strength of helically shaped fasteneebbyt 25% for large diameters.
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3.4.3 Representation of Helically shaped fasteners embedmt strength

Ehlbeck & Werner (1992) tested various round fasteimn different timber species and
concluded that the embedding strength may be askumeancrease linearly with
increasing timber density. In order to verify thaigdity of this assumption for helically
shaped fasteners, the maximum load achieved dtestqhg has been divided by the
average load for each size of fastener, and plagainst the corresponding timber

density measured from the tests sample, Figure 3.16

1,4 T T T T T T
| . l : : l l
L2 | | | e R
= | o - ‘ ; :
g 11 & o o —F ® 7 |
S ‘ | | : | ‘
- R I . ; ®  ly=0,0031x-0,2109
g 081 M. U RP=o2089 |
o l l l l l }
g 061 | | | | | |
? l l l l l l
g 04t — —— T [ b s
: : : ¢ Helifix embedment results
024-------- . e . N K
‘ ‘ ‘ —Linear regression
0 l l l l l l
360 370 380 390 400 410 420 430

Density,kg/n®

Figure 3.16: Influence of timber density on helically shapadténers embedment strength

The results show that, independent of the fastdia@neter, the embedment strength of
helically shaped fasteners increase with increagarber density. As the embedment
strength is directly proportional to the timber sliéyy to determine the effect of fastener
diameter, the characteristic embedment strengtidetivby the timber density was

plotted against helically shaped thread diamekgaire 3.17.
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Figure 3.17:Influence of fastener diameter on helically shafasteners embedment strength
From Figures 3.16 and 3.17 the following relatiopstan be derived to determine the

characteristic embedment strength of helically sdafasteners in terms of thread

diameter and timber density:

f, .. =(-0.0049d, +0.0908 0 ..(3.9)

In Table 3.10 the characteristic values determumg@dg Equation 3.9 from Eurocode 5,
from testing in accordance to BS EN 383 and usiggafon 3.10 are shown. The

prediction error from equations 3.9 and 3.10 ase glven.

Table 3.10: Prediction of Helically shaped fasteners embednsgmength

dshank fhecs f 1k EN3ss Error f haifix Error
Fastener > > 5
mm N/mm N/mm % N/mm %
StarTie 10 10 25.83 16.25 -37.09 16.18 -0.46
StarTie 8 8 26.40 19.25 -27.09 19.45 1.04
InSkew 6 26.98 25.06 -7.11 24.19 -3.46
TimTie 4.5 27.41 26.22 -4.33 26.61 1.47

The results given in Table 3.10 show that helicalaped fasteners’ embedment
strength can be predicted using Equation 3.10.uBeeof the design equation given in

Eurocode 5 would result in greatly overestimatedes, especially for large diameters.
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3.5 Summary and conclusions

This part of the study focused on the mechaniagpgrties of helically shaped fasteners
that influence the resistance and behaviour of éimbonnections. The properties

investigated were the tensile strength, the yiebtn@nt and embedment strength.

The tensile strength tests performed showed tHatallg shaped fasteners were in line
with the recommendations of Eurocode 5 where thtefeers need to show a minimum
tensile strength of 600 N/mma2. All other fastentsted also respected the minimum

criterion except round nails made from steel wire.

The yield moment of timber fasteners, as a critiaator in timber joint resistance, is to
be determined by testing according to BS EN 40920rhe principle of the test
method described involves the loading of the famtan such a manner thathé
loading points do not move along the nail and tiedk remain normal to the axis of the
fastener during the testThe review of various studies showed that detemg the
yield moment accurately is critical, however mawtiang a test rig and performing
yield moment tests which respect the test princggementioned above is a great
difficulty. To overcome the difficulty, the AmerinaSociety for Testing Materials
recommends that the yield moment of fasteners ghbealtested in a standard three
point bending test. Due to the uncertainty of thet tmethod, and the inability to
perform in house a test which would respect thepesciple defined in BS EN 409, the
fasteners used in this study were tested on twasiacs: four points and three points
standards bending tests — i.e. with the loadingtpaiemaining vertical during the tests.
In addition to the complexity of the test set u BN 14592 introduced the notion of
angle limit of the test in order to evaluate thelgimoment of the fasteners at angles
which could be witnessed in practise as opposéoetgtandard 45° limit of BS EN 4009.
This evolution shows that the issue of yield momentcritical, but difficult to
appreciate. In both tests helically shaped fastseeghibited a very ductile behaviour
mainly due to their high slenderness ratio, whilestprofiled fasteners failed in a

brittle manner.

The results of the tests performed on helicallypsiafasteners exhibit a very ductile
behaviour when subjected to either three or foumtpdoading bending tests. However
the design method as recommended in Eurocode Baligredict accurately helically
shaped fasteners characteristic yield moment, edjyethe larger diameter fasteners.

61



Therefore, a specific design equation for calcotatthe yield moment of helically
shaped fasteners was developed. It was found thgpithe yield moment to an average

error of 6%.

The embedment strength and behaviour of helichlyped fasteners was investigated in
accordance with BS EN 383:2007 (BSI, 2007). Thelteshowed that helically shaped
fasteners achieved similar embedment strength mantmn timber fasteners; however
they exhibited less stiff behaviour than commontefiasrs. In addition the results
showed that, as for nails and screws, the embedsstesngth of helically shaped

fasteners decreases with increasing fastener cgamet

The results were then compared to the design methé&dirocode 5. It was found that
the design equation, which was developed for comnaols, did not accurately predict
the embedment strength of helically shaped fasseim@nce a specific design equation
was developed. The embedment strength of helishlyped fasteners was shown to be
directly proportional to the timber density andtéa®r diameter. Therefore, a design
equation was developed including these two paraseted it was found to predict the

embedment strength of helically shaped fastendrsam average error of 2%.
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Chapter 4 Axially loaded helically shaped fastener in

timber

4.1 Introduction

Threaded fasteners were originally developed twigeoincreased resistance to loads
applied parallel to their axis, as common roundewirails only resist relatively
important withdrawal forces when the load is applisoon after driving. The
withdrawal capacity of smooth nails is a functidrthee friction between the timber and
shank of the nail. Helically shaped fasteners weested to offer increased bond
between the cement or concrete, and are now aks as cavity wall ties in timber

frame structures.

As wall ties, helically shaped fasteners oftensteginsion loads applied parallel to their
axis, as a link between the timber frame and masdemf. However, their direct
withdrawal performance in structural timber complate common timber nails is not
known. In this chapter the withdrawal performanoe &ehaviour of helically shaped
compared to conventional timber nails and screwsrarestigated. The tests results are
analysed with the design equations form Euroco(®&33, 2004).

When Eurocode 5 was being developed, the withdreegdtance of the fastener and its
contribution to the load carrying capacity of agection was first overlooked, however
research has shown that a fastener with greatdrdraival capacity exhibited an
increase of the lateral shear capacity of a j@imce an allowance has been added to
Eurocode 5 for the effect of pull out capacity e tdesign calculations of timber

connections.

In addition, the chapter reports on the investayatf parameters influencing the load
displacement characteristics and ultimate strewodthelically shaped fasteners when
subjected to axial loads in timber. From this expental programme a semi empirical
model is developed for simulating and predictingdadly shaped fasteners withdrawal
behaviour. The analysis considered the effecth@ftimber, and the installation of the

fasteners in the timber.
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4.2  Withdrawal of Helically shaped fasteners andimber fasteners

4.2.1  Tests set up and procedures

The withdrawal capacity of helically shaped and pwn timber fasteners was
determined in accordance with BS EN 1382:1999 —bEinstructures — Test methods —
Withdrawal capacity of timber fasteners (BSI, 199%)e fasteners used in this research

are shown in Figure 3.1 and their characteristiesrgin Table 3.1.

Preliminary tests were performed with helically pbe fastener and common fasteners
to determine the rate of loading during the teBke rate of loading should be constant
and such that the time taken to reach the maxinoau is 90 + 30seconds (BSI, 1999).

Due to the diversity of fasteners tested the resuiitthe preliminary tests showed that
two rates of loading were necessary to comply withtest procedure described in BS
EN 1382 (BSI, 1999). The nail and screws needdédest a rate of loading of 1.0mm

per minute and helically shaped fasteners needsédiat a rate of loading of 4.0 mm

per minute. As the difference between the two rafdeading required by the standard

was such, tests with helically shaped fastenetedes a rate of 1.0mm per minute were
performed. The results of these tests showed tigaload displacement characteristics
and withdrawal resistance was not influenced byr#te of loading. Therefore the rates
of loading complying with BS EN 1382 (BSI, 1999)&aised during the experimental

programme — 1.0mm/min for common fasteners and #/@nn for helically shaped

fasteners.

In addition, it is recommended in BS EN 1382 (BE99) that the fasteners are tested
in the direction parallel and perpendicular to gingin, as this has a significant influence
on the withdrawal strength. When tested in solbgr, the tests perpendicular to the
grain half of the fasteners should be insertedathdio the growth rings and half
tangentially. Preliminary tests were performed be fasteners inserted radially and
tangentially perpendicular to the grain. The resolt the preliminary withdrawal tests
showed that the perpendicular direction from whiah nails are inserted into the timber
did not have a significant influence on the withwdah capacity of the fastener.
Therefore the decision was taken to ignore thectioe of the fibres (radial or
tangential) for the tests perpendicular to thergrdihe same results were found with

helically shaped fasteners.
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Five specimens were tested for each fastener trdete their withdrawal strength. A
preload of 100N was applied before the tests taieéte the initial slack in the loading
system. The nails and screws were tested usingee steeve placed around the

fastener’'s head and attached to the testing madsnghown in Figure 4.1.

Figure 4.1 Withdrawal test set up for common timber fasteners

Because Helically shaped fasteners do not havea d&ed could not be pulled directly
by the travelling head of the testing machine as ¢dbmmon timber fasteners, the
fasteners were driven into two pieces of timber amte pulled apart as shown on
Figure 4.2and illustrated in Figure 4.3 This method also preed the fasteners from

unscrewing.

Travelling head of the testing
machine, providing the tensile
force for the tests

Top timber member, fastened
to the bottom member and
fixed to the travelling head.

Timber member tested,
attached to the fixed base of
the testing machine.

Figure 4.2 Withdrawal test set up for helically shaped fasts
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Figure 4.3 Withdrawal test specimen with helically shapestéaer

The samples were fabricated, as recommended biuhepean standard, representing
site practices; pilot holes of 0.8 times the dianeif the fasteners were drilled before
the fasteners were inserted into the timber. Thet pioles for withdrawal tests are
similar to those for embedment tests, details avengin Table 3.8. All nails were
manually hammered, and the screws inserted witbleetrical drill. Helically shaped
fasteners were hammered into the timber using d-hafd tool acting as a sleeve and
transmitting the impact force. This tool was praddby Helifix Ltd, and is used for
standard installation into masonry or timber. Hoabffers the advantage of restraining
the free length of the fastener and prevents bgnthat might occur when using a

hammer alone for inserting helically shaped fastene

The timber used in the tests was stored for a gesfawo months before the tests to
achieve constant moisture content. Samples wereaadt clear specimens chosen for
the tests, however within a specimen, small knotd zariation in the slope of the
timber fibres were permitted provided they wereikaty to significantly reduce the
specimen strength, or have any influence on thebisaviour or result. The samples

were fabricated and tested within one hour.

4.2.2 Modes of failure

The tests results show that when subjected topaaallel to their axis, timber fasteners
behave differently depending on the geometry of filmener shank. Typical load
displacement relationships for each fastener teatedshown in Figure 4.4. While
Figure 4.5showsdetails the load displacement relationships of different types of

fasteners.
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The results show that conventional timber fastersard helically shaped fasteners
exhibit different load-displacement characteristigelically shaped fasteners show a
much more ductile behaviour, starting with a shiagoease in the load until the fastener
starts to yield, followed by a less steep but staadrease in load. Once the maximum
load is attained the decrease in load is slow &eatly.

Screws and annularly threaded nails displayed aimwithdrawal behaviour — however
woodscrews show greater stiffness. The load ineseas a steady rate until maximum
load is attained, between 2 and 4mm displacemeiat paint which the load decreases

rapidly with increase displacement.
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Figure 4.4: Typical withdrawal behaviour of timber fasteners.

Round and helically threaded nails exhibited simidlahaviour up to failure; where the
load increases sharply until the maximum load taim¢d which results in a brittle
failure as the load decreases sharply. After thessdecrease, in the case of round wire
nails, the load increases again until the frictb@iween the timber and shank of the
nails is overcome and the nail is slowly pulled otithe timber. As the contact area
between timber and nails shank reduces the loadregijfor overcoming the friction is
reduced. On the other hand, for helically threadad after a sharp decrease the load
decreases at a slow and constant rate.
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Figure 4.5: Withdrawal behaviour of a) Helically shaped fasten b) Woodscrews, and c)
Nails.

While for conventional fasteners, withdrawal tedittnot have any effect on their shape
or geometry; after testing helically shaped faster@esented flattened helixes when
tested perpendicular to the grain. As the testugeincluded two pieces of timber
maintained in the testing machine, with increasiiigplacement between the timber
members the fastener require to rotate in the ofgdgection to its helixes as it is
pulled out. This phenomenon is shown in Figure @) When tested in end grain
helically shaped fasteners did not unwind, theorgetry was not altered by the forces
acting in the test setup; the fibres caught inhthkexes of the fasteners were sheared off
as the fasteners were pulled out of the samplag &6 (c).
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Figure 4.6: a) Helically shaped fastener; b) failure perpeunidicto the timber grain; c) failure

parallel to the timber grain.

423 Results

The withdrawal strength, or parameter, of a fastenelefined in BS EN 1382 (BSI,
1999) as theparameter measuring the resistance of a timberetedhe withdrawal of

a timber fastenér it is determined as follows:

f = _max (41)

Where fa is the withdrawal parameter, N/mim
Fmaxthe maximum load achieved during testing, N
d the fastener nominal diameter, mm

I, the depth of penetration in the timber, mm.

Contained in Table 4.1 are the withdrawal loadd, &ithdrawal strengths, as calculated

using Equation 4.1, and withdrawal stiffness aahikefor each fastener.
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Table 4.1: Withdrawal loads and strength for different timlbasteners.

Withdrawal Nominal Depth of | Withdrawal | Withdrawal
Fastener load diameter penetration strength stiffness
N mm mm N/mm? N/mm

StarTie 10 4268.51 10.00 44.81 9.53 4344.16
StarTie 8 3111.50 8.00 44.34 8.77 4576.17
InSkew 2147.40 6.00 44.16 8.11 3109.09
TimTie 2081.33 4.50 44,73 10.34 4703.70
RWN 4.50 782.45 4.50 44,53 3.90 2051.89
RWN 6.00 2044.12 6.00 43.68 7.80 3456.56
HTN 3.10 831.93 3.10 44.59 6.02 1534.30
ATN 3.75 2769.94 3.75 44.09 16.75 1315.44
ATN 5.00 3697.17 5.00 43.88 16.85 1376.85
UMW 5 4932.93 4.90 43.67 23.05 2519.62
UMW 6 6028.94 5.90 43.66 23.40 2738.68
BZPNo 10 5811.75 4.90 43.72 27.13 4986.10
BZPNo 12 5993.80 5.50 43.84 24.86 4428.75

Table 4.1 shows that helically shaped fastenergeaehigher withdrawal loads than
most common timber nails; while the maximum withvdah loads were attained by
wood screws. As it can be predicted, larger diamietsteners tend to achieve higher
loads than similar fasteners of smaller diametdsoAt can be noticed that nails with
deformed shank perform much better in direct pull than nails with smooth shank;
helically threaded nails performed similarly to mduwire nails of 4.50mm diameter
despite a cross sectional area smaller by 50%arit also be noticed that helically
shaped fasteners have similar withdrawal stiffiessoodscrews achieving the highest

withdrawal loads, and higher stiffness to all nails

However, the withdrawal strength of helically shépfasteners, calculated using
Equation (4.1), shows that annularly threaded n@ult in higher strength despite
attaining lower withdrawal loads. The tests showiedt for similar fasteners with

different diameters — e.g. annularly threaded nailthat larger diameter fasteners
achieve higher loads but have a similar withdrastedngth and stiffness. This tends to
show that while the equation given in BS EN 1388I(BL999) is valid for common

timber fasteners which generally have a circulassrsection; however this equation

does not represent the performance of Helicallpstidasteners accurately.

Equation (4.1), used to determine the withdrawangjth, does not effectively consider
the friction between the timber and the helicahgped fasteners as their shape is not of

a circular form. In this regard, using EquatioriL{4or helically shaped fasteners leads
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to an underestimation of the total surface argh®fastener in contact with the timber,

and in turns to an underestimation of their withdabperformances.

4.2.4  Eurocode 5 design equations

The withdrawal strength of round wire nails andeses can be determined in Eurocode

5 (BSI, 2004) using the following equations:

For smooth nails:

Fare = (20107 Op?) [d [ e ...(4.2)

Where pk is the timber characteristic density, in kd/nd is the nominal fastener
diameter according to BS EN 14592:2008 (BSI, 2008ajnm andtpen is the fastener
pointside penetration length, in mm.

For screws:
l:ax,a,RK = nef (ﬂl]jt |:I]ef)o.8 |:":ax,a,k (43)
-3 15
with £, =_>0x1070h (4.4
ax,a .k

sin’ g +1.5[co¢?

Wherefa, k IS the characteristic withdrawal strength at aglen to the grainnes the
effective number of screws is the outer diameter measured on the threaddedipar
mm), ler is the pointside penetration length of the threagart minus one screw

diameter (in mm).

The characteristic withdrawal strength perpendictdathe timber grain, according to
Eurocode 5 (BSI, 2004) equations detailed abovs, saéculated for the fasteners used
in this study, assuming a characteristic densitytifober class C24 of 350 kg#miThe
results are detailed in Table 4.2, and shown imufégt.7; along with the characteristic
withdrawal strength derived from the tests perfatraecording to BS EN 1382 (BSI,
1999). For Helically shaped fasteners, two valuexewdetermined according to
Equation (4.2) and Equation (4.3).
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Table 4.2: Characteristic withdrawal loads

Fiest d ord, tpen OF lof Fecs
Fastener Eq. (4.2) Eq. (4.3)
N mm mm N N
StarTie 10 3628.23 10.00 44 .81 1097.73 7783.6Pp
StarTie 8 2644.78 8.00 44.34 868.97 6456.41
InSkew 1825.29 6.00 44.16 649.08 5112.45
TimTie 1769.13 4.50 44.73 493.18 4103.86
RWN 4.50 665.08 4.50 44.53 490.94 N/A
RWN 6.00 1737.51 6.00 43.68 642.13 N/A
HTN 3.10 707.14 3.10 44.59 338.66 N/A
ATN 3.75 2354.45 3.75 44.09 405.08 N/A
ATN 5.00 3142.59 5.00 43.88 537.48 N/A
UMW 5 4192.99 4.90 38.77 N/A 3918.12
UMW 6 5124.60 5.90 37.76 N/A 4451.11
BZPNo 10 4939.99 4.90 38.82 N/A 3921.84
BZPNo 12 5094.73 5.50 38.34 N/A 4259.10

Fest: Characteristic withdrawal load from tests acciogito BS EN 1382
Fecs : Characteristic withdrawal load calculated to EC5

O Ftest
BEqg. (4.2)
HEqg. (4.3)

Withdrawal loads, N

Figure 4.7: Characteristic withdrawal values from tests andbEC

The results show that for conventional fastendrs, équations given in Eurocode 5
result in conservative values for screws and sthiatheter nails, and over conservative
values for large diameter round nails and annuldrthgaded nails, compared to the
results from tests according to BS EN 1382 (BS89For Helically shaped fasteners,
Equation (4.2) resulted in conservative values \&ithaverage prediction error of 68%;

while Equation (4.3) resulted in overestimated galwith an average prediction error

of 142%.
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This shows that the design equations provided inoéade 5 are not suitable for
helically shaped fasteners. It can also be argo@dEquation (4.2) is suitable for small
diameter nails only as it yields over conservatesults for large diameter round nails
(d > 6mm) and annularly threaded nails, with predictemors of 68% and 82%

respectively.

4.3 Extended experimental programme

As mentioned in Section 2.4.1, the withdrawal gtbnof fasteners in timber is
influenced by a number of parameters. A comprelkenskperimental programme was
developed with the aim to investigate the influerafethe parameters that were
considered to be significant and could affect théhdvawal behaviour of helically

shaped fasteners.

4.3.1 Datum tests

To have a basis for analysis of the influence efséhparameters on the withdrawal
strength and behaviour of helically shaped fastendahe different parameters
investigated were set to a datum value. This altbwariation of only one parameter at
a time while keeping the others to their datum gallihe effect of each individual

parameter was therefore investigated.

Eurocode 5 recommends that the pilot hole througlchvthe nails are inserted in the
timber should not exceed 0.8 times the nominal diam as defined in BS EN
14592:2008 (BSI, 2009a). For Helically shaped faste using predrilling with a pilot
hole of 0.8 times the nominal diameter lead todadgameters; from 8mm for StarTie
10 to 3.6mm for TimTie. Due to the cross sectionywvey along the length and the
general geometry of the fasteners these pilot helleded to remove too much timber
and minimise drastically the surface area for thstedners to be in contact with the
timber, and result in an adverse effect to theonatie for predrilling the timber.
Therefore it was decided that the timber samplese we be predrilled for the datum
tests to pilot holes of diameters measuring thé deometer of the fasteners. However,
obtaining drill sizes of the exact dimensions of tloot diameters proved impossible,
thus the nearest smaller drill sizes available wsel. The pilot hole diameters used for
the datum tests were 4.0, 3.5, 3.2, 3.0mm for $#al®, StarTie 8, InSkew and TimTie
respectively. Using these drill sizes resulted atios of pilot hole to root diameters

ranging from 0.94 to 1.0.
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The datum tests had the following characteristics:
- Timber of grade C24,
- Predrilling to 0.94 — 1.0 times the root diameter,
- Inserted at 90° to the timber grain,
- Moisture content of the timber of 10%,

- Timber samples of thickness 45mm.

The timber used in the tests was stored for a gesfawo months before the tests to
achieve constant moisture content. Samples wereaadt clear specimens chosen for
the tests, however within a specimen, small knotd zariation in the slope of the
timber fibres were permitted provided they wereikaty to significantly reduce the
specimen strength, or have any influence on thebisaviour or result. The samples
were fabricated and tested within one hour.

4.3.2  Factors investigated

The experimental programme was developed for inyastg the factors affecting the
withdrawal strength independently, on the assumptioat there is no significant
interaction between the factors. The factors ingastd, that were thought to have a
significant influence on the behaviour and perfanoeof helically shaped fasteners in
withdrawal were as follows:

- Diameter of pilot holeln addition to the datum value, samples withopilat hole
were first tested perpendicular to the grain. Ae pinofile of helically shaped fastener
varies around the perimeter, a series of pilot kideneters was also considered. These
included a 2.0mm diameter hole as a nominal pitié Isize, 0.8 x the root diameter,
0.8 x the effective diameter (where the effectivanteter is defined in Eurocode 5
(BSI, 2004) as 1.1 x the root diameter), and 0.8verage of the root and shank
diameters.

- Timber densityTwo other timber strength classes were considexegtade C16
softwood and a hardwood grade D30 in accordandeB& EN 338:2003 (BSI, 2003).

- Depth of penetrationTests were performed on samples with the follgwin
thicknesses: 20mm, 30mm, and 60mm.

- Angle of penetration to the timber graifests were performed with the fasteners
inserted at 0°, 23°, 45° and 67° to the directibthe grain, Figure 4.8.
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Figure 4.8: Fastener angle of penetration to the timber grain

The timber moisture content is an important parematfluencing the withdrawal
behaviour of fasteners, however in order to ingesé its effect on the load
displacement characteristics and withdrawal stteftgivould be necessary to perform
the tests for a range of moisture content. Thepegent available in the laboratory did
not allow the regulation of the moisture contenthwsufficient accuracy for a large
enough range, for the tests to result in datardgaiesent the true effect of the moisture
content. Therefore the tests were performed fobeinthat had been stored to achieve

constant moisture content of + 10%.

As discussed in Section 4.2.3, when determiningwiitledrawal strength of a fastener
the friction between the timber and the fastenanklshould be effectively considered.
As the profile of helically shaped fasteners vairquad the perimeter, and form helixes
around the length of the fastener, a projectedtteagd the fastener perimeter should be
considered. The projected length of the fasteneasomed at the top of the shank
diameter will be greater than the projected lengtbasured at the root diameter.
Average projected lengths were calculated for efiameter in order to represent the
total area of fastener in contact with the tim{3édre ratios of effective penetrated length
of the fasteners to the depth of timber were fotmthe 1.13, 1.12, 1.13 and 1.11 for
StarTie 10, StarTie 8, InSkew and TimTie fastenegspectively. The fastener
perimeters were also measured and were found &8Bemm, 23.5 mm, 18.7 mm and

15.0 mm for StarTie 10, StarTie 8, InSkew and TienfEisteners respectively.

4.3.3 Results and observations

The results of extended experimental program t&tgiven in Table 4.3. The average

maximum withdrawal loads are given for each setests. The general trend of the
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effects of the parameters investigated on the wativel load of helically shaped

fasteners can be observed, Figure 4.9.

Table 4.3. Effect of the variation of the pilot hole, angtlspth and density on the withdrawal

load of helically shaped fasteners.

Fastener Pilcr)Ttmr;oIe L(ln\lad Anogle Lc:\?d Dn(:ﬁ:h Lc:\?d Timber grade Lc’)\lad

0.00 3583.65 0.00 2292.95 20.00 1821.05 C16 3093.25
=] 2.00 3265.68 23.00 2668.31 30.00 2521.85 C24 3169.60
2 3.50 3938.83 45.00 2914.79 45.00 3169.60) D30 5997.23
g 3.80 3335.95 67.00 2926.74 60.00 3919.65
n 4.00 3169.60 90.00 3169.60

5.70 3031.87

0.00 3376.96 0.00 1701.34 20.00 1604.2¢ C16 2208.14
© 2.00 2892.43 23.00 2102.34 30.00 2004.96 C24 2241.48
2 3.00 3054.29 45.00 2218.03 45.00 2241.48 D30 4397.92
3 3.20 2272.87 67.00 2295.65 60.00 2707.64
n 3.50 2241.48 90.00 2241.48

4.70 2060.69

0.00 2220.59 0.00 1102.98 20.00 1167.24 C16 1729.40
= 2.00 1914.04 23.00 1681.91 30.00 1454.0f C24 1799.24
2 2.80 1803.22 45.00 1918.87 45.00 1799.24 D30 3152.33
N 3.00 1786.40 67.00 1765.33 60.00 1837.05
- 3.20 1799.24 90.00 1799.24

3.80 1620.33

0.00 2061.02 0.00 778.47 20.00 1096.5] C16 1526.40
o 2.00 1392.15 23.00 1217.86 30.00 1326.7p  C24 1573.47
[ 2.40 1973.25 45.00 1467.78 45.00 1573.4f D30 2415.80
.E 2.70 1517.52 67.00 1360.24 60.00 1603.6]

3.00 1573.47 90.00 1573.47

3.60 1460.33

From these results it can be seen that the fatteestigated influence the withdrawal

load carrying capacity of helically shaped fastenartimber. The factors investigated

were identified from the literature, where previsasearch on nails or screws. In figure

4.9, it can be seen that the conclusions of thesearches can be applied to helically

shaped fasteners in direct withdrawal from timber:

a)

b)

The size of pilot hole has a negative effect onwhibdrawal capacity of
helically shaped fasteners. As they rely on theushesistance of the timber
fibres, with increase pilot hole diameter redudes withdrawal capacity;
however the pilot holes present the advantage dingait easier for the
insertion of the fastener;

The withdrawal strength increases with timber dgn&WVhile the difference
between the C24 and C16 cannot be fully apprecisésed on these results
due to the relative low variation in density; it ®wever clear that the
withdrawal load increases with density betweeré&ngrade C24 and D30;
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c) The withdrawal capacity increases with the depthpehetration of the
fastener in timber;

d) As the angle of loading relative to the timber graicreases the withdrawal

load increases.

Withdrawal load, N

.
i
7
|
arTie
= StarTie 2000 + e L -
nSkey
TimTie
) 1000 + - == - - - - = -
inear (InSkew)
inear (TimTie)
0.00 1.00 2.00 3.00 4.00 5.00 6.00 0 T T T

Pilot hole, mm StarTie 10 StarTie 8 InSkew TimTie

| [* starTie10
= StarTie 8
InSkew

TimTie

— Linear (StarTie 10)
3000 1= |— Linear (StarTie 8)

— Linear (InSkew)

Withdrawal load, N

Depth of timber, mm Angle to grain, °

Figure 4.9: Effect of pilot hole, timber grade, depth of peagbn and angle to grain, on the

withdrawal load of helically shaped fasteners.

4.4  Semi empirical model for axially loaded helidy shaped
fasteners in timber

The only numerical model developed for predictihg twithdrawal of a fastener in
timber relates to the fastener diameter, the tindleesity and the penetration length; see
Section 2.4.2. Such models predict the withdrawatl lof a fastener in timber; however
as can be seen in Figure 4.4, the withdrawal bebawf helically shaped fasteners in
timber is radically different than of conventionainber fasteners. Therefore, to
represent the true load-displacement behavioureb€dlly shaped fasteners in direct
pull-out, a semi-empirical model was developed Basa a method described by
Porteous and Kermani (2005) and first used by Mad®66 for laterally loaded timber
joints. Mack showed that the parameters investitjdid not significantly interact and
that the relationship between the load and dispiace was a function of the product of
each of the parameters.
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Thus, the withdrawal load of helically shaped fasts in timber can be expressed as

follow:

W= 1,(0) [,(Pe) [5(1,) [f4(D) [fs(ry) [fs(a) [, () [ f5(V) ...(4.5)

Where: W = withdrawal load of the fastener,
f1(d) = Displacement function,
fo(pe) = Perimeter function,
f3(Ip) = Depth of penetration function,
f4(D) = Density function,
f5(rq) = Pilot hole function,
fs(a) = Angle of the grain function,
f2(g) = Generic function,

fs(v) = Function of remaining variables.

The functionfg(v) allows for other variables that may influence tleddviour of axially
loaded Helically shaped fasteners to be considémethe model- e.g. method of
insertion (manual or mechanical), time betweenitalion and testing, etc.... However,
as their influence was not studied in the test @nogne the functiorfig(v) is taken as

unity. The functiond; to f; are addressed in the following sections.

4.4.1 Displacement functionfy(d)

The load displacement behaviour of helically shafastieners results in the maximum
load being attained at a displacement of 7.0 tOrith. However, such displacements
represent failure regarding serviceability limatsts. A joint slip of 2.50mm was chosen
as an appropriate limit for structural purposes &as used to derive the displacement
function. At this slip, the load reached by eachichéy shaped fastener was, on

average, approximately 70% of its maximum withdriadead.

As it is assumed that there is no interaction betwthe parameters investigated, the

load displacement relationship can be rewrittemfteq. (4.5) as:

W = £,(8) Lk ...(4.6)

If kis the load at the slip limit of 2.50mm, the fuoatwill be unity at this limit, and at

any intermediate load the function can be written:
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W),
fl = 79 ..(4.7
©) (W) 250 @)

(W)s /(W)2.50is referred as the reduced load and over the r&s®)80mm it will define

the displacement function. The concept of reduoad Wwas first introduced by Mack in
1966, and has since been widely used in timberarekBeto develop semi-empirical
models. To represent the load behaviour, many fafisplacement functions have
been developed (Porteous, 2003). Various forms wieled to represent the
displacement function of helically shaped fastenerdirect withdrawal, the one that
achieved the best fit to the test data was geserhlfour parameters non linear

exponential equation developed by Mack (1966):

f,(0) = (A[D4J + B)(1-€“™)P ...(4.8)

The test results were processed in the softwareelExor each test the load at
displacemend was divided by the load achieved at 2.50mm, taialthe reduced load
curve. The parameters A, B, C and D were then tzkx for each fastener diameter
and for the full range of diameters. These pararseteere determined using the
commercial software MathCAD and its least square-limear regression analysis
function Genfit as it allows the user to createoisn equation type. An example of the
MathCAD worksheet used for determining the paramseate Equation (4.8) is given in
Appendix C.The regression analysis results from MathCAD farhediameter size and

for the full range of helically shaped fastenemnukters are detailed below:

StarTie 10 (0.2164) + 0.476) [{1—e™*1%%)) 084 ...(4.9a)
StarTie 8 (0.1732) + 0.583 [{1— e(73074) 0722 ...(4.9b)
InSkew (0.16440 + 0.607) [{L— e(33112))0659 ...(4.90)
TimTie (0.1668) + 0.598) [{1L— g("3471%))0658 ...(4.9d)
All (0.18049 + 0.565) [{1L— g73434®)) 0704 ...(4.9¢)
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Figure 4.10: Regression graph for all helically shaped fastenand corresponding

displacement functiofi(0).

4.4.2  Perimeter function,fa(pe)
Rammer et al. (2001) tested round, annularly tredaghd helically threaded nails and
showed that the withdrawal strength is directlypamtional to the diameter of the nails.
However, with helically shaped fasteners the peeméngth of the fastener is the
appropriate variable and this has been used irania¢ysis to determine the perimeter

function.

The perimeter functiofy(ps) was evaluated using the tests results with tingvades
C16, C24 and D30. Figure 15 shows the withdrawadi$ofor each fastener at 2.50mm
displacement. In this analysis, the fastenersalthe same depth of penetration.

For the three timber densities the relationshipvben the withdrawal loads and the
fasteners perimeters was found to be linear, thection f,(pe) can therefore be

expressed as:

fo(pe) = Fastener perimeter ...(4.10)
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Figure 4.11:Relationship between withdrawal load and fast@eeimeter.

4.4.3  Depth of penetration functionfs(lp)

The effect of the depth of penetration of the faste on the withdrawal strength was
investigated by inserting the fasteners in sampliéis nominal thicknesses of 20mm,
30mm, 45mm, and 60mm. The withdrawal loads at 2rBGiisplacement were plotted
against the projected penetration depth for the fasteners and the results are shown
in Figure 4.12. It shows that the withdrawal load imcreasing linearly with the

projected depth of penetration allowing the functio be represented as:

fs(l,) = projected depth of penetration ...(4.11
P

3000 : : :
& StarTie 10 ; ; ;
Z . | | |
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3 : | | |
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Projected depth, mm
Figure 4.12: Withdrawal load vs projected depth of penetration
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4.4.4  Density functionfs(D)

The withdrawal of the fastener results in the fastéeing twisted to a plastic state, as
the failure modes show, and the effect of thisaacthas been incorporated in the

evaluation of the Density function.

As the perimeter function and the depth of penetmdunction were found to be linear,
the density functioris(D) was able to be developed for the four fastenethienform
described by Equation (2.5). The withdrawal strerajta displacement of 2.50mm was
calculated using the fasteners perimeter and pgesjedepth of penetration in timber, it
was then plotted against timber densDy.(All of the samples had similar pilot hole to
root diameters ratios. The constaatandb of the equation were determined using the
non-linear least squares regression func@amfitin MathCAD. This form of equation
also resulted in the best fit to test data. Froenahalysis the density function was found

to be:

f,(D) =3.7268x10° [D*7** ...(4.12)
45 1 1 1 1 1 1
| | | | | |
| | |
~ 40| @ Testbata |- oo H P a
E 3.5 | e=Density function |----------- i —————————— :+ —————————————
2 | |
30 b oo g
< | |
D25 4 e _— - -
() I I I
B 20 t--oofommdeooo e e -
—_ | [ | |
% 15 - g i  RSREETEELEE - -
= | | | | |
Fo e e AR [ o
Sosl L o [ S
| | | | | |
| | | | | |
0.0 1 1 1 ‘ ‘ 1 ‘ 1 ‘ ‘ 1
300 325 350 375 400 425 450 475 500 525 550 575 600

Density, kg/m °
Figure 4.13: Density functionf,(D)

Three grades of timber were used in determiningetfext of density on the withdrawal
strength of helically shaped fasteners. Using tistohcal form of equation for
determining the pull out force of helically shapedtener in timber, shows that the
relationship between timber density and withdravi@hd is similar to that of

conventional nails. This is in the form of a poweuation.
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4.4.5  Pilot hole function,fs(rq)

The pilot holes diameters used in this experimemtagramme were chosen as factors
of the various diameters of helically shaped fastgnas mentioned in Section 4.3.2. In
order to evaluate the influence of the pilot hakntketers on the withdrawal strength of
the four sizes of Helically shaped fasteners ugetthé study, the ratiag, of the pilot
hole diameter to the corresponding root diametes wsed. The ratiag, ranged from
0.00 to 1.34; the range was estimated to be widegnfor the effect of the pilot home
diameter to be analysed. It is known that the @®eein pilot hole diameter has an
adverse effect on the withdrawal strength of cotieeal fasteners, and therefore it is
often limited in design standards. The same tread expected with helically shaped

fasteners.

The withdrawal strength of each fastener was pladigainst the associated value of the
ratiorg, as shown irFigure 4.14. The plot shows that the withdrawadrggth decreases
as the ratio of the pilot hole to root diameter@ases and from a regression analysis the

relationship between the withdrawal strength arahn be represented as follows:

fo(r,) = —0.5862, +2.1652 ..(4.13)

2

& Test Data

0.5 -7 = pilot hole functon |

Withdrawal strength, N/mm

|
|
| | |
0.0 ‘ l ‘ l ‘ ‘ ‘ ‘ ‘ ‘ l
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

(Pilot hole diameter)/(root diameter)

Figure 4.14:Pilot hole functionfs(rq)

4.4.6  Angle to the grain functionfs(a)

In the case of laterally loaded timber joints witbwels types fasteners, researchers

concluded that the grain orientation had littleluehce on the joints mechanical
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properties (Smith & Whale, 1985). However, axialbaded fasteners are greatly
influenced by the angle of insertion to the timfieres (Rammer & Zelinka, 2004),

with ratios of end grain to side grain withdrawahging from 0.5 to 0.8. They also
concluded that in the case of threaded nails, duaedrease withdrawal performance
perpendicular to the grain, the ratio was signiftgalower. Therefore, to investigate
the effect of the fastener angle to the grain anwithdrawal performance, tests were
performed with fasteners inserted at angtes 0°, 23, 45°, 67° and 90 to the timber

fibres.

The results confirmed that maximum resistance whagged perpendicular to the grain,
i.e. at 90, with the withdrawal resistance decreasing asatigge of insertion reduced.
Thus, the functiorfg(a) was developed in such a way that it is taken tautiéy for
fasteners inserted at right angle to the grain.raties of o /90°, and of the withdrawal
loads at the different angles to the withdrawaldla 90 were computed for the
fasteners and the averages are plotted in Figlite A.least squares regression analysis

was performed on the results to deternfiw), resulting in the following relationship:

f.(a) = 0.3129(%) +0.682 ..(4.14)
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Figure 4.15: Angle to the grain functiorig(a)
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4.4.7  Generic functionf+(g)

The generic function is the function that takesoimiccount all the parameters not
included in the functionf; to fs. The functionf,(g) for each test performed was

determined by rearranging Equation (4.5) as follow:

W
f.(g) = (415
(O = % T, (p) % o) % F (D)% Fult) fo(@) (#.15)

For each test performed a generic function wasutatled, and the average was
calculated for each fastener diameter and foruliednge of helically shaped fasteners.

The results were as follows:

StarTie 10 f.(g) = 0. 5740139 ...(4.16a)
StarTie 8 f.(g) =0. 5967899 ...(4.16b)
InSkew f;(g) =0.5719884 ...(4.16¢)
TimTie  f,(g) =0.5792401 ...(4.16d)
Al f.(g) = 05732783 ...(4.16€)

The equations (4.16a) to (4.16e) were determinadyube corresponding displacement

functions detailed in Equation (4.9) calculate®action 4.4.1.

4.4.8 Semiempirical model

The influence of the different parameters thatcftee load withdrawal behaviour of
helically shaped fasteners in timber has been etludin the sections above. The
displacement, perimeter and generic functions eaddiermined for each fastener size
and for the range of diameters; therefore a senpirgzal model can be derived using
the corresponding functions for each fastener diemé general model including the
functions calculated for all fastener diameters wk® derived. Substituting for the
relevant functions in Equation (4.5) the load daspiment relationship of helically

shaped fasteners in direct withdrawal becomes:
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- For StarTie 10:
W =0.5740139][(0.216% + 0.476) [{1- e‘4'1388"))°'821)] Cp, EI]p [13.7268x10™° [D*"*%)

a
-058621F, + 21659 (03129 ) + 0682 (4172

- For StarTie 8:
W =05967899(0.1732 + 0583 ({1~ €)™ [p, 0, (13.7268x 10 [(D*"*¥)

[{-0.5862, + 21652 E(O.3129E{%) +0.682 ..(4.17b)

- For InSkew:
W =0.5719884](0.1644 + 0.607) [{L- g33112) )0%9)] [p, EI]p [13.7268x107° [D*"*%)

[{-0.5862(F, + 21652 E(O.SlZQH%) +0682 . (4.170)

- For TimTie:
W =0.5492401)(0.166& + 0.598 ({1 - e **"*®)***) [p_ 0, [(3.7268x10° [D*"*%?)

[{-0.58621, + 21652 E(0.3129Eq%) +0682 ..(4.170)

- For all diameters:

W =0.5732783](0.18045 + 0.565 [{L— ****)) ™| [p, [ [3.7268x10°° [D*"*%?)

[{-0.58621, + 2.1652 E(O.3129E¢%) +0.682 ..(4.17¢)

Where W = withdrawal load of a helically shaped fastertea alips (N),
o0 = is the displacement at which the load is cateddmm), - noting that this is
the summation of the slip of the fastener in thenexted members.
D = timber density (kg/f) at a moisture content of 10+1%,
pe = perimeter of the fastener (mm),
rq = ratio of the pilot hole diameter to the fasterwat diameter,
I, = projected depth of penetration in the timber {inm

a = angle of the fastener to the grain orientatoegfees).
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Rearranging and simplifying the Equations (4.18a}t17e) become:

- For StarTie 10:
W =94x107° [p, [, (D" [a +196) (369~ r,) [(J + 22) [(L-e %) %2 (4.18a)

- For StarTie 8:
W = 7.8x107° [p, [, (D*"° [a +196) (369~-r,) [(J + 34) [{L-e?) *2 . (4.18b)

- For InSkew:

W = 7.1x10°° [p, O, (D [a +196) (369-r,) [(J + 3.7) (1 - e *'9)%® _ (4.18c)

- For TimTie:

W = 6.9x10° [p, O, [(D*"° [a +196) (369~ r,) [{J + 36) [(L—e>*"?)°* .. (4.18d)

- For all diameters:
W = 7.8x10° [p, []]p D' Qa +196) [((369- ry) {0+ 31) [{1- e“”"‘5‘5))°'79 ...(4.18e)

Equation (4.18) allows the determination of thehdirawal behaviour and performance
of helically shaped fasteners of shank diametegiranbetween 4.50 to 10.00mm in

timber at a moisture content of 10+1%.

4.49 Comparison of test data and model

Using the average parameters in each test setigtber density, depth of penetration,

pilot hole diameter — in the Equation (4.18a t@d{l in Equation (4.18e), two predicted
values were calculated for each test series, ormresmonding to the model customised
to the fastener diameter, and one correspondirtgeonodel which is independent of

fastener diameter; The results are given in Table(d & b respectively). From Table

4.4(b) it can be seen that for some test seriegeheral model (Equation 4.18e) results
in a reasonable fit, while for others the predictierror is over 20%., however on

average the prediction error is 10.44%. The resoltthe withdrawal tests and the
models (generalised and customised) have beergltigether in Figure 4.16 To 4.19
for StarTie 10, StarTie 8, InSkew and TimTie respety. The models use the average
density, depth of penetration of the test seriedetailed in Table 4.4.
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The ratio of the percentage error of the generatlehdo the percentage error of
customised models was calculated for each testssefhe results show that the ratio
between the two prediction errors varies betweeb7-and +6.56, with an absolute
average ratio of 1.15. This shows that the modstarnised per fastener does not
provide significantly improved predictions values the withdrawal of helically shaped
fasteners. Therefore a unique model for all sizediaimeter for helically shaped

fasteners is preferred.
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Table 4.4 (a): Comparison of test results and Equations (4.18g%t18d)

Samples Perimeter, | Projected depth, | Pilot hole, Density, Andle.© Test Load, | Model load, Error. %
mm mm mm kg/m® g'e, N N ’
S10-NOPI 28.F 49 .5F 0.C 397.3¢ 90 2433.1° 2959.5¢ 17.7¢
S10-2mn 28.F 49.8: 2.C 403.0¢ 90 2578.4: 2664.2° 3.22
S10-CC 28.t 50.6: 3.4 432.7" 90 2974.6° 2759.5: -7.8(
S10-EF 28.F 50.22 3.6 406.4¢ 90 2433.3: 2367.4 -2.7¢
S10-BF 28.t 50.1¢ 4.C 405.4: 90 2129.1¢ 2314.9. 8.0z
S10-AV 28.F 49.81 5.7 400.9¢ 90 1879.0: 1925.6- 2.42
S10-Cli 28.t 50.5( 4.C 339.1¢ 90 2008.5: 1692.7: -18.6¢€
S10-HW 28.t 49.9¢ 4.C 571.1¢ 90 5106.4: 4257.3: -19.9¢
S10-D2( 28.F 21.8¢ 4.C 444 1 90 1233.7. 1186.5¢ -3.97
S10-D3( 28.F 33.71] 4.C 430.7( a0 1625.4¢ 1733.1- 6.21
S10-D6( 28.F 68.21 4.C 361.5: 90 2517.3° 2563.3¢ 1.7¢
S10-AL2: 28.F 56.5( 4.C 414 .5¢ 23 2293.6¢ 2077.8: -10.3¢
S10-AL4E 28.F 56.5( 4.C 461.5¢ 45 2407.5: 2770.1¢ 13.0¢
S10-AL67 28.F 56.5( 4.C 400.0% 67 2084.9! 2340.7! 10.9:
S10-PAF 28.F 56.5( 4.C 391.9¢ 0 1680.7¢ 1681.8( 0.0¢
S8-NOPI 23.F 49.9¢ 0.C 434.8¢ 90 2883.6¢ 3004.0¢ 4,01
S8-2mn 23.t 49.4¢ 2.C 428.9¢ 90 2424.8: 2482.3¢ 2.32
S8-CC 23.k 49.8: 3.C 435.3¢ a0 2585.1¢ 2350.1« -10.0C
S8-EF 23.t 49.5( 3.2 408.8:¢ 90 1804.4: 2048.0:. 11.8¢
S8-BF 23.k 49.7¢ 3. 398.9: 90 1893.9: 1914.8( 1.0¢
S8-AV 23.t 49.9] 4.7 402.0¢ 90 1670.4: 1722.1. 3.0C
S8-C1¢t 23.k 50.11 3.t 351.6¢ 90 1810.4¢ 1539.1¢ -17.6:
S8-HW 23.F 49,77 3. 578.0¢t 90 4077.3¢ 3716.4: -9.71
S8-D2( 23.F 21.6¢ 3.E 440.4¢ a0 1146.5" 995.2¢ -15.2(
S8-D3( 23.F 33.4Z 3.t 449.5¢ 90 1509.8: 1592.7: 5.2C
S8-D6( 23.F 67.6¢ 3.E 371.6: 90 2127.9¢ 2294.4: 7.28
S8-AL2: 23.F 56.2( 3.t 384.2¢ 23 1755.4¢ 1548.7- -13.3¢
S8-AL4E 23.F 56.2( 3.E 453.0¢ 45 1921.8¢ 2288.2¢ 16.01
S8-AL67 23.F 56.2( 3.t 442.2¢ 67 2014.2: 2391.6¢ 15.7¢
S8-PAF 23.F 56.2( 3.E 381.4( 0 1377.1¢ 1367.9: -0.6¢
IN-NOPF 18.7 50.0¢ 0.C 409.1:¢ 90 1926.7. 2062.2¢ 6.57
IN-2mm 18.7 49.5¢ 2.C 423.4( 90 1672.8° 1818.9:¢ 8.0:
IN-CO 18.7 49.81 2.7 397.7¢ a0 1430.2: 1524 .4 6.1¢
IN-EF 18.7 50.1: 3.C 380.4¢ 90 1387.2¢ 1373.4: -1.01
IN-BF 18.7 50.2¢ 3.2 399.9: a0 1487.8t¢ 1472.3¢ -1.0t
IN-AV 18.7 50.0z 3.6 387.3¢ 90 1140.7° 1294.0« 11.8¢
IN-C16 18.7 50.1Z2 3.2 348.8 a0 1311.4¢ 1150.6¢ -13.9¢
IN-HW 18.7 49.8¢ 3.2 574.9: 90 2706.8 2797.4¢ 3.2¢
IN-D20 18.7 22.01 3.2 441.1¢ 90 931.1: 768.8¢ -21.1(
IN-D30 18.7 33.57 3.2 412.6¢ a0 1169.6" 1040.6: -12.4(
IN-D60 18.7 67.9¢ 3.2 357.5¢ 90 1469.8: 1630.6¢ 9.8¢
IN-AL23 18.7 56.32 3.2 382.0: 23 1393.9: 1164.7¢ -19.67
IN-AL45 18.7 56.3:2 3.2 450.6¢ 45 1541.2. 1722.4 10.52
IN-AL67 18.7 56.32 3.2 393.7¢ 67 1388.5¢ 1476.6¢ 5.97
IN-PAR 18.7 56.3:2 3.2 387.6¢ 0 995.3¢ 1070.2° 7.0C
TIM-NOPF 15 49.2¢ 0.C 417.7: 90 1577.3. 1616.7¢ 2.4¢
TIM-2mm 15 48.7¢ 2.C 412.5¢ a0 1149.3¢ 1282.7! 10.4C
TIM-CO 15 49.5¢ 2.4 424 .1¢ 90 1790.8: 1310.6: -36.6¢
TIM-EF 15 49.71 2.7 384.9: a0 962.9: 1066.1¢ 9.6¢
TIM-BF 15 49.1: 3.C 406.5¢ 90 1221.6° 1120.4: -9.04
TIM-AV 15 49.21 3.€ 433.1: a0 998.4: 1163.4! 14.1¢
TIM-C16 15 49.67 3.C 369.6¢ 90 1099.8° 955.4¢ -15.11
TIM-HW 15 49.02 3.C 573.7( 90 2220.6: 2070.0¢ -7.21
TIM-D20 15 21.31] 3.C 488.37 a0 871.0¢ 674.5¢ -29.1:
TIM-D30 15 33.1Z 3.C 409.1¢ 90 862.2¢ 763.8¢ -12.8¢
TIM-D60 15 66.91 3.C 354.5% 90 997.4¢ 1194.5¢ 16.5(C
TIM-AL23 15 55.4:¢ 3.C 418.6¢ 23 988.1: 1020.3: 3.1¢€
TIM-AL45 15 55.4: 3.C 456.5: 45 1002.4¢ 1310.6° 23.52
TIM-AL67 15 55.4:¢ 3.C 440.9( 67 1042.3: 1343.8t 22.44
TIM-PAR 15 55.4:¢ 3.C 391.1¢ 0 745.9° 808.6( 7.7%




Table 4.4 (b): Comparison of test results and Equation (4.18e)

Perimeter, | Projected depth, | Pilot hole, Density, o | TestLoad, | Model load,
Samples 3 Angle, Error, %
mm mm mm kg/m N N
S10-NOPI 28.k 49 5t 0.C 397.3¢t 90 2433.1° 2964.0: 17.91
S10-2mn 28.F 49.8: 2.C 403.0¢ 90 2578.4: 2667.8: 3.3t
S10-CC 28.t 50.6: 3.4 432.7¢ 90 2974.6° 2762.6: -7.6¢
S10-Ef 28.t 50.2: 3.8 406.4¢ 90 2433.3: 2370.2. -2.6€
S10-BF 28.F 50.1¢ 4.C 405.4. 90 2129.1¢ 2317.5¢ 8.1z
S10-AvV 28.F 49.81 5.7 400.9¢ 90 1879.0: 1927.4: 2.51
S10-C1t 28.t 50.5( 4.C 339.1:¢ 90 2008.5: 1695.0( -18.5(
S10-HW 28.F 49.9¢ 4.C 571.1: 90 5106.4: 4260.4: -19.8¢
S10-D2( 28.t 21.8¢ 4.C 444 1 90 1233.7: 1187.8( -3.87
S10-D3( 28.t 33.71 4.C 430.7( aC 1625.4¢ 1735.0( 6.31
S10-D6( 28.t 68.21 4.C 361.5: 90 2517.3° 2566.6! 1.92
S10-AL2: 28.t 56.5( 4.C 414.5¢ 23 2293.6: 2079.7¢ -10.2¢
S10-AL4E 28.t 56.5( 4.C 461.5¢ 45 2407.5: 2772.5¢ 13.17
S10-AL67 28.F 56.5( 4.C 400.0° 67 2084.9! 2343.3: 11.0:
S10-PAF 28.t 56.5( 4.C 391.9¢ 0 1680.7¢ 1683.3¢ 0.1¢
S8-NOPI 23.k 49.9¢ 0.C 434.8¢ 90 2883.6¢ 2897.1¢ 0.47
S8-2mn 23.k 49.4¢ 2.C 428.9¢ 90 2424.8: 2393.7: -1.3C
S8-CC 23.k 49.8: 3.C 435.3: 90 2585.1¢ 2265.9( -14.0¢
S8-EF 23.k 49.5( 3.2 408.8: 90 1804.4: 1974.7. 8.6
S8-BF 23.k 49.7¢ 3.t 398.9: 90 1893.9: 1846.2! -2.5¢
S8-AV 23.k 49.91 4.7 402.0¢ 90 1670.4. 1660.1° -0.62
S8-C1¢ 23.t 50.11 3.t 351.6¢ 90 1810.4¢ 1484.3( -21.9¢
S8-HW 23.k 49.7: 3.E 578.0¢t 90 4077.3¢ 3581.7¢ -13.8¢
S8-D2( 23.t 21.6¢ 3.t 440.4¢ 90 1146.5! 959.5: -19.4¢
S8-D3( 23.k 33.42 3.E 449 5¢ 90 1509.8: 1535.4° 1.67
S8-D6( 23.t 67.6¢ 3.t 371.6: 90 2127.9¢ 2212.4¢ 3.82
S8-AL2: 23.k 56.2( 3.E 384.2¢ 23 1755.4¢ 1493.0¢ -17.51
S8-AL4E 23.t 56.2( 3.t 453.0¢ 45 1921.8¢ 2205.7¢ 12.87
S8-AL67 23.k 56.2( 3.E 442 .2t 67 2014.2: 2305.6¢ 12.6¢
S8-PAF 23.t 56.2( 3.t 381.4( 0 1377.1¢ 1318.6! -4.44
IN-NOPF 18.7 50.0¢ 0.C 409.1:¢ 90 1926.7. 2070.8¢ 6.9¢€
IN-2mm 18.7 49.5¢ 2.C 423.4( el 1672.8° 1826.1- 8.3¢
IN-CO 18.7 49.81 2.7 397.7¢ 90 1430.2: 1530.4: 6.5
IN-EF 18.7 50.1: 3.C 380.4¢ el 1387.2¢ 1378.8:- -0.61
IN-BF 18.7 50.2¢ 3.2 399.9. 90 1487.8¢ 1478.0! -0.6¢€
IN-AV 18.7 50.0: 3.8 387.3¢ 90 1140.7° 1298.9¢ 12.1¢
IN-C16 18.7 50.1:2 3.2 348.8° 90 1311.4¢ 1155.2¢ -13.52
IN-HW 18.7 49.8¢ 3.2 574.9:; 90 2706.8 2807.0: 3.57
IN-D20 18.7 22.01 3.2 441.1¢ 90 931.1: 771.7:¢ -20.6¢
IN-D30 18.7 33.57 3.2 412.6¢ 90 1169.6! 1044.5° -11.97
IN-D60 18.7 67.9¢ 3.2 357.5¢ 90 1469.8: 1637.1¢ 10.22
IN-AL23 18.7 56.3: 3.2 382.0: 23 1393.9: 1169.1: -19.2:
IN-AL45 18.7 56.3: 3.2 450.6¢ 45 1541.2. 1728.6¢ 10.8¢
IN-AL67 18.7 56.3: 3.2 393.7¢ 67 1388.5¢ 1482.2¢ 6.32
IN-PAR 18.7 56.3:2 3.2 387.6¢ 0 995.3¢ 1074.1! 7.3¢
TIM-NOPF 15 49.2¢ 0.C 417.7. 90 1577.3. 1695.6. 6.9¢
TIM-2mm 15 48.7¢ 2.C 412.5¢ 90 1149.3: 1345.0: 14.5¢
TIM-CO 15 49.5¢ 2.4 424.1¢ 90 1790.8: 1374.1! -30.3¢2
TIM-EF 15 49.71 2.7 384.9: aC 962.9: 1117.9: 13.87
TIM-BF 15 49.1: 3.C 406.5¢ 90 1221.6° 1174.6¢ -4.0C
TIM-AV 15 49.21 3.€ 433.1: 9C 998.4: 1219.5¢ 18.1¢
TIM-C16 15 49.67 3.C 369.6¢ 90 1099.8° 1001.8: -9.7¢
TIM-HW 15 49.02 3.C 573.7( 90 2220.6: 2169.4: -2.3¢€
TIM-D20 15 21.31 3.C 488.37 90 871.0¢ 707.0¢ -23.1¢
TIM-D30 15 33.12 3.C 409.1¢ 90 862.2¢ 800.8¢ -7.67
TIM-D60 15 66.91 3.C 354.5° 90 997.4¢ 1252.6. 20.37
TIM-AL23 15 55.4% 3.C 418.6¢ 23 988.1: 1069.5: 7.61
TIM-AL45 15 55.4:¢ 3.C 456.5; 45 1002.4¢ 1373.7¢ 27.0¢
TIM-AL67 15 55.4: 3.C 440.9( 67 1042.3: 1408.7- 26.01
TIM-PAR 15 55.4:¢ 3.C 391.1¢ 0 745.9’ 847.5¢ 11.9¢
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Figure 4.16: Withdrawal load displacement relationship fromtteed predicted from semi

empirical models for StarTie 10 fasteners.
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Figure 4.17: Withdrawal load displacement relationship fromt tead predicted from semi

empirical models for StarTie 8 fasteners.
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empirical models for TimTie fasteners.
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Figure 4.19 continued: Withdrawal load displacement relationship fromttead predicted

from semi empirical models for TimTie fasteners.
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4.5 Summary and conclusions

In this chapter the withdrawal behaviour and resiseé of helically shaped fasteners in

timber was investigated, and compared to thosemientional timber fasteners.

It has been shown that, compared to conventionkl (threaded and smooth) helically
shaped fasteners can attain higher withdrawal lohds the maximum loads were
achieved by woodscrews. However results also shdtegdhelically shaped fasteners

had similar stiffness to woodscrews.

The withdrawal strength was calculated accordin@® EN 1382 (BSI, 1999); the
results showed that, when the results are comgaretthe different types of fasteners
used in this study, the equation given did noectfthe withdrawal capacity of helically
shaped fasteners. A better representation of thiadwaiwal behaviour of helically
shaped fasteners was found to include the fasiggr@meter and actual (or projected)
depth of penetration in timber, in order to accelsatise the contact area between the
fastener and timber in the calculations. The testilts were also compared to the design
equations given in Eurocode 5 (BSI, 2004) for ssreamd nails. The comparison
demonstrates that the equations in the variouslatds for determining or predicting

the withdrawal strength of fasteners cannot beiegpbd helically shaped fasteners.

In view of these observations, an extended expatahg@rogramme was developed to
investigate the parameters that were consideredriant on the withdrawal behaviour
and resistance of helically shaped fasteners. atirs investigated were the diameter
of pilot hole, timber density, depth of penetrationtimber and angle to the timber
grain. From the results of the extended test progra semi-empirical models were
developed for helically shaped fasteners in tintbea displacement of 2.50mm, on the
assumption that there is no significant interactetween the parameters. No evidence

was found that the factors have significant intéoac

The results show that the withdrawal strength dichly shaped fasteners is directly
proportional to their perimeter and depth of peatein in timber. As for conventional
timber fasteners, as the timber density increasesvthdrawal resistance of helically
shaped fasteners increase, in a power functionffedtaximum withdrawal resistance
was attained when the fasteners were inserted peiquéar to the timber grain. The

results also confirmed that maximum withdrawal s&sice was achieved without
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predrilling. However it should be noted that theeriion of helically shaped fasteners is

improved with predrilling.

Based on these results semi-empirical models weveldped for each size of helically
shaped fasteners, and regrouping all diametersestuBy inputting the test properties
in the models, the strength and load displacememaviour up to 2.50mm displacement
can be computed. This showed that customised nyetefastener diameter did not
improve on the generic model regrouping all diamsetand therefore the generic model
should be used. The model predicts withdrawal |dad&elically shaped fasteners to a

displacement of 2.50mm and gave an average er.4#%.
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Chapter 5 Laterally loaded connections with helicd} shaped

fasteners

51 Introduction

Dowel type fasteners are mostly used for conneatiegnbers in the same plane and
therefore are loaded in shear. Over the past decestearchers have used similar
arrangements. The samples usually consist of aetimember sandwiched between
two other members that are of timber, timber basatkrial or steel, with connectors
penetrating the members and acting in single obkgoshear under lateral loading. In
order to investigate and evaluate the performanmdaterally loaded timber joints with

helically shaped fasteners, lateral shear test® wwerformed with helically shaped

fasteners and common timber fasteners.

The first test series aimed to compare the behavama performance of helically
shaped and conventional timber fasteners, wheretbadsingle and double shear. The
subsequent test series were then developed totigatesthe factors that may influence
the behaviour and performance of helically shaestehers laterally loaded in single
and double shear. From this experimental progranamgemi empirical model is
developed for simulating and predicting the latstsar performance and behaviour of
helically shaped fasteners. The analysis considiieeéffects of the timber, and nailing

configuration.

5.2  Tests set up and procedures

The lateral capacity of joints with dowel type fastrs was determined in accordance to
BS EN 26891:1991 — Timber structures — Joints maidle mechanical fasteners —
General principles for the determination of strénghd deformation characteristics
(BSI, 1991). The fasteners used in this researehshown in Table 3.1 and their

characteristic detailed in Table 3.1.

The research programme was divided into three stage
- Comparison between helically shaped and conventitmder fasteners
laterally loaded in timber,
- Investigation of timber joints with helically shap&asteners loaded in single

shear,
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- Investigation of timber joints with helically shapdasteners loaded in

double shear.

The first stage of the experimental programme aiateglaluating the performance and
load displacement behaviour of laterally loadedchdy shaped fasteners in timber
compared to conventional fasteners. It also aimexaluating the recommendation of
Eurocode 5 on the geometry of timber joints: Loddatbaded end or edge, pointside

penetration and overlapping length.

The second and third stages aimed at investigétmgarameters that may respectively
influence the single and double shear capacity laad displacement behaviour in
timber. The factors that may influence timber catioe with helically shaped fasteners
include joint configuration variables, material peoties and dimensions of the fastener
and timber. The loading conditions were kept cantstduring the experimental

programme.

5.2.1  Sample fabrication procedure

Preliminary tests performed with helically shapadténers showed that when they are
inserted through pilot holes in multiple timberraknts, the alignment of the pilot holes
and the possible deviation of the pilot hole akelli to influence the performance of the
connection. Misalignment of the pilot hole will ate difficulties during insertion and
may in turn influence the experimental resultsoider to avoid any problems a drilling

procedure for pilot holes was put in place.

The timber was cut by the laboratory staff withagreare in order to produce samples
that presented the minimum possible defects. Orséimeples the pilot hole positions
were marked before drilling with a vertical drillo avoid any deviation of the drill bit,
the pilot holes were first drilled with a starteilidbit, to mark the position precisely.
When all the pilot holes were marked, the pilotesolvere then drilled to the relevant
diameter pilot hole. In order to keep the spaciegween the pilot holes constant a

drilling jig was built and used for drilling all thsamples, Figure 5.1.
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Vertical drill chuck and drill bit

Marked timber sample

Spacing blocs

Figure 5.1: Drill set up of timber samples.

The square frame was glued on to a base supportlér to keep the same frame for all
the samples. The spacing blocs were cut from padicard with high content of resin
which greatly reduced the dimensional variation tlug¢he varying temperature and
humidity. For each set of samples the support Waeped to the vertical drill base, and
all the samples were drilled in one lot to avoid gp variations. This set up and
procedure made the drilling phase a long one, bmtaul very effective in eliminating

set up variations within a set of samples, in elaming any misalignment of the pilot

holes, and in eliminating any deviation of the pHole.

5.2.2  Test procedure

The timber used in the tests was stored for a gesfawo months before the tests to
achieve constant moisture content. Samples wereandtclear specimens were chosen
for the tests, however within a specimen, smallt&rand variation in the slope of the
timber fibres were permitted provided they wereikaty to significantly reduce the
specimen strength, or have any influence on thétsaviour or result. When cut to the
relevant dimensions for the research, the samplesrevpredrilled according to the
procedure described above with pilot holes of di@m®8.50mm for StarTie 10, 3.00mm
for StarTie 8, 2.70mm for InSkew and 2.40mm for Tiemfasteners, or if the number of
samples was too large for testing during the dagy tvere put back in the storage area
to be tested at a later date. This procedure atlolwe the samples to be cut in one
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operation which reduced the risk of dimensionafedénces, and drilling occurred

before testing, in order to minimise fibre relagati

For each test series four samples were testedsdimples were fabricated just before
testing. Only the samples of a same test series Vedaricated and then tested within
one hour, in order to avoid fibre relaxation arotimel fasteners. All nails were manually
hammered, and the screws inserted with an electtida Helically shaped fasteners

were hammered into the timber using a hand-held &mbing as a sleeve and
transmitting the impact force. This tool was praddby Helifix Ltd, and is used for

standard installation into masonry or timber. Hoabffers the advantage of restraining
the free length of the fastener and prevents benthiat might occur when using a

hammer alone for inserting helically shaped fastene

The samples in this part of the research weredesteording to BS EN 26891:1991
(BSI, 1991), or to industry standard when necessAsythe range of samples and
fixings vary greatly it was decided to set the eatif the estimated load capacity of all
samples, k&, mentioned in BS EN 26891:1991 to 500N. The valug800N was chosen

as it is sufficiently high to eliminate the slackthe testing sample and machine. Also it
is sufficiently low to ensure that for samples wiyhedicted lateral shear capacities
relatively small — i.e. samples with one fastenelyan single or double shear — the
estimated load was not in the plastic stage of d¢benection load displacement

behaviour.

As the standard allows the pre-cycle load to 40%hefestimated load, and the period
of constant loading were omitted from the load eydlhe value of 500N was chosen as
the most relevant value, which would be represmmtddr all samples and eliminate the

slack in the testing machine. The loading procedoreall samples is shown in Figure

5.2.
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Load

Failure load |- - oo oo
Rate of load = 2.0 mm/min
500N |77,
100N J--____2

Time

Figure 5.2: Loading procedure for laterally loaded joints

The displacement was recorded using two brackeewed on the side of the middle
timber member on which displacement transducers vparsitioned, with the joint
displacement taken as the average of the two measmts. The load was recoded
using a 50 kN load cell, placed between the trangelhead of the testing machine and
the sample, steel plates were placed on top oténmeples to act as load spreader. A
typical test set up is shown in Figure 5.3. Follaytesting, small clear samples were

taken out of the timber members of the joint inesrtb measure the sample density and

moisture content.

50 kN Load cell

Load spreader

Displacement transducer

Steel bracket

Figure 5.3: Lateral shear tests set up
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Test data was recorded using a numerical data tpggéh load and displacement
reading logged every second. The data was theregged on the software Excel, with
the start of the load displacement relationshiptiata at the beginning of the reload

cycle.

The experimental programme developed for the inyatson of the behaviour and
performance of helically shaped fasteners inclutistis on single and double shear
joints. Due to the testing machine used in the ewxpmntal research, samples
constituted of only two timber members, for singleear tests loaded in tension or
compression, can not be tested as such set upesraateccentricity in the sample,
Figure 5.4. In order to avoid eccentricity in tlargples it was decided to investigate the
single shear performance of helically shaped fasteim timber using a “double single
shear” set up. This set up, shown in Figure 5.8sisbed of three timber members, with
the middle one used for two sets of single sheatgovith the side members. As the
joints are tested in “double single” shear the shaikerted in the side members were
staggered in order to permit the minimum spacinthexmiddle member according to
Eurocode 5 (BSI, 2004).

e s femgan

pempafenae.

e

z
XK X XX
%
!

st b

a) b)

Figure 5.4 a) Single shear test; b) “Double single sheat’ \gg used in the experimental

programme.

5.2.3  Minimum spacing and distances

Eurocode 5 (BSI, 2004) recommends the followingimim distances and spacings for
nails, and screws with a diameter of 6mm or less predrilled holes, shown in Figure
5.5:
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- Spacing parallel to the grain, a 5d

- Spacing perpendicular to the graip, a 4d
- Distance to loaded end;:a 12d
- Distance to unloaded endca 7d
- Distance to loaded edge,a 5d
- Distance to unloaded edgg.ca 3d
8y Qe ¢ gy

CH T 7
€ . ]: L
3. 3.

1

&

Figure 5.5 Spacings and end/edges distances according tqEES152004)

As the diameter of helically shaped fasteners gsareund its perimeter, the diameter to
be used as reference for determining the minimuacisag and distances needed to be
determined. Samples made of timber of strengthsczZ4 were tested. First the root
diameter of helically shaped fasteners was useddtmulating the minimum spacings

according to the factors recommended in Euroco(®S3, 2004). The samples nailing

pattern was as shown in Figure 5.5; once fabricttedamples showed that the timber
was split along the grain and between the fastengder the internal forces created
with their insertion. Splits were observed on alinples. This suggests that when using
the root diameter of helically shaped fastenersniimmum spacing recommended by

ECS5 is not sufficient.

Further tests were conducted in order to deternainguitable parallel to the grain
spacing for helically shaped fasteners. As theisga@commended in EC5 of 5d was
not adequate as it induced splitting of the timlaenew spacing of 8d was tested. Four
fasteners were inserted in the timber in a row l@réo the timber grain, with a

minimum of spacing of 8d, with predrilling pilot les of 0.8 times the root diameter of
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the fasteners, resulting in parallel to the gragacsng of 21mm for TimTie, 24mm for
InSkew, 27mm for StarTie 8 and 30mm for StarTie Hélically shaped fasteners
respectively. These samples showed no signs giisgipalong the timber fibres, and
therefore spacing parallel to the grain of 7d, wdtithe root diameter, for helically
shaped fasteners was adopted.

Perpendicular to the grain, the minimum recommerstetting by Eurocode 5, seemed
sufficient following inspection of the samples fglated during the preliminary tests. A
spacing perpendicular to the grain of 5 times that diameter was used during the
experimental programme. The minimum distance toaoed edge from Eurocode 5 is
3d, it was assumed that the distance to the edge dot influence the behaviour and
load carrying capacity of laterally loaded joirttse distance to unloaded edge was kept
constant for all samples to 25mm. The minimum disés to loaded and unloaded end
were first chosen to respect the Eurocode 5 aiteri the largest diameter (i.e.: StarTie
10), respectively 60mm and 30mm. However prelimireamples have shown that the
maximum load occur at large displacements, oftear 40mm. So a minimum clearance
of 50mm was chosen for the samples, allowing te&st® reach the maximum loads,
resulting in larger loaded end distance, as ithmws that it is more critical than the

unloaded end distance.

In summary the minimum spacings and distances stk experimental programme

with helically shaped fasteners were as follow:

- Min spacing parallel to the grain, a 8d
- Min spacing perpendicular to the graip, a 5d
- Distance to loaded end;:a 80mm
- Distance to unloaded enda 30mm
- Distance to loaded edge,a 25mm
- Distance to unloaded edgg.ca 25mm

Where d is the root diameter of the fastener, fh&cisgs between fasteners were

rounded to the nearest millimetre.

Using the minimum spacings and distances summaabede, several test series were
designed for investigating the behaviour and rasi# of helically shaped fasteners in

timber to timber connections. Details of the vasidests series are shown in Appendix
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B. The first test aimed to study the connectionav&bur of single fastener connection
in double and single shear, and comparing helicstigped fasteners with commonly
used timber connectors. The subsequent seriestigatesthe connection parameters

influencing the connection behaviour in single dodble shear.

It is important to note, that the spacing used abservation described in the above
paragraphs have not been investigated fully, ande wesed in the experimental
programme as spacing and distances which did flaemrce the sample integrity before
tests. A full investigation may be necessary ongib&cing and edge and end distances
of helically shaped fasteners in different gradesnober in order to fully analyse their

influence.

5.3  Single fastener joints

In this first part of the research on timber joinish helically shaped fasteners, samples
with a single fastener, loaded in single and doublear were investigated; helically

shaped fasteners were tested along with commonetirfasteners. The aim of this

investigation was to compare the fasteners behaaiod performances, but also with to

investigate the diameter effect of helically shafesteners. The nailing configurations

used in this test series are detailed in Appendix B

5.3.1 Comparison between timber fasteners

Helically shaped and commonly used timber fastemesse tested in single fastener
joints in single shear as detailed in test seriBssAown in Appendix 5.1. The samples
were fabricated as described in the section alanekwere predrilled with pilot holes of
diameter 3.50mm for StarTie 10, 3.00mm for Star&je2.70mm for InSkew and
2.40mm for TimTie fasteners. The timber used irs tf@ist programme was of grade
C24, the samples measured 45mm in thickness, helglaaped fasteners measured
90mm for tests in single shear. The results oftésés with helically shaped fasteners
loaded in single shear were obtained by dividirgltdad on the test samples by half, in
order to obtain the load per shear plane. For cosga purposes common timber
fasteners were laterally tested in single sheae. Sdmples were of timber grade C24 —
in accordance with DS EN 338:2003 Structural Timb&trength Classes (BSI, 2003),
and were of the same dimensions than for helicsligped fasteners. The fasteners
tested were UMW-5 screws, BZP-10 screws, BZP-18vesr ATN375 ring shank nails
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and HTN3 helical nails; dimensional details andbpihole diameters are given in

Chapter 3.

For each set of tests the maximum load per sheaepR.., was determined and the
slip at maximum loadjmax noted. The yield loads from the load displacenwmtes
were also determined for the fasteners; the yieddl Iwas taken as the intersection of
the two tangents of the linear parts of the curtagure 5.6. The ductility ratio, 4R of
the joints was also calculated, it is taken asr#ti® of slip at maximum loadnay, to
slip at yield loadg, (Smith et al., 2005).

% Load, N

P max. maximum load,

. . i
Smax Slip at maximum load,| !

Py: yield load,

8,7 slip at yield load.

E Slip, mm

8 Smax

Figure 5.6: Test data load and displacement notation

Table 5.1 contains the single fasteners teststsefal helically shaped and common

timber fasteners tested in single shear.
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Table5.1: Single fastener test results

Single shear test results
Fasteners Prmax Ormax Py O Rp
N mm N mm

StarTie 10| 4597.8 33.36 2814.5 3.50 9.52
StarTie 8 3828.1 33.56 2532.3 3.64 9.21
InSkew 3522.4 30.93 1969.7 2.57 12.09
TimTie 3260.0 29.25 1877.4 1.80 16.23
UMW5 3099.1 5.19 2001.0 0.97 5.33
BZP-10 3011.9 7.94 1674.3 1.07 7.44
BZP-12 4379.3 7.57 2291.1 0.84 8.98
ATN375 2619.1 12.79 1676.8 1.92 6.65

HTN3 2080.6 15.26 1671.0 1.95 7.83

The typical load displacement relationships for fligteners tested in single shear are
shown in Figure 5.7. It shows that helically stthfesteners behave in a more ductile
behaviour than common timber fasteners, partiquleoimpared to wood screws which

exhibited a brittle behaviour. The modes of faijusleown in Figure 5.8, also reflect the

load displacement relationship of the fasteners.

5000

4000 +

3000 4

Load, N

L

= StarTie 10
= StarTie 8

InSkew
—TimTie
==UMWS5 screws
——BZP10 screws |
——=BZP12 screws
== ATN375 nails

HTN3 nails

2000 +

1000 +

20,0 30,0 40,0 50,0
Displacement, mm

Figure 5.7: Typical load displacement relationships of sinfigletener tests

The modes of failure show that the brittle failofehe wood screws connections is due
to bending failure of the screws. Yield moment geshowed that when loaded in
bending — for which details were given in Chapte~ 3he screws used in this
experimental programme exhibited a brittle failufegrefore such failure in laterally
loaded joints was to be expected. Threaded naltbieed a ductile behaviour when
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laterally loaded; the mode of failure observed $sach samples was crushing of the
timber at the interface of the members under thilg axad a yield point in the nail in the
head point member. Helically shaped fasteners édiiilar failure modes to treaded
nails, with yield points in both timber members amdshing of the timber under the
fastener at the interface of timber members. Howesamples with helically shaped

fastener joints showed horizontal displacemenheffastener in the head and point side

members due to the vertical displacement of thd.joi

Figure 5.8: Typical failures for a) threaded nails; b) woodese, ¢) Helically shaped fasteners

From a structural engineering point of view, thelgiload corresponds to a stage of
transition between elastic and plastic behavioudryi@ld load irreversible damage is
caused to the timber joint. The results presentelthble 5.1 show that the yield point is
achieved at similar or greater loads for helicathaped fasteners; they also confirm that
the larger helically shaped fasteners (StarTierdd & and InSkew) reached the yield
loads at relatively large displacements comparedcrews, and threaded nails to a
smaller extent. In addition, the results show tieically shaped fasteners joints result
in greater ductility ratios, which can be explairmsdthe joints reaching maximum loads
at large displacement. Smith et al. (2005) fourat the ductility ratio is related to the

fastener slenderness is confirmed for helicallypskafasteners.
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These results demonstrate that helically shapedemions can achieve similar loads to
common timber fasteners of similar length and di@meout also that helically shaped
fasteners compare favourably to these timber cdargefor the following reasons:

- Failure loads are achieved at very large displacgme

- Failures are ductile compared to brittle screwsifas,

- Yield points are reached at larger displacement

5.3.2  Double shear connections and fastener overlap

Test series AB described above consisted of sihgleally shaped fasteners being
tested in single shear. In order to fully underdtaéine behaviour of single fastener
connections with helically shaped fasteners furttests were performed on single
fastener connections. Details are shown in AppeBdix

- Test series AC: Fastener in double shear, predrilled as for sekigsthe
fasteners measured 135mm in length,

- Test series AD: Fasteners in single shear, overlapping in the lmideember
in accordance with Eurocode 5;

- Test series AE: Fasteners in single shear, overlapping in the lmideember
over its full thickness;

- Test series AF: As series AB with pilot holes of 4.80mmfor StarTie,
4.00mm for StarTie 8, 3.50mm for InSkew and 3.30rfon TimTie
fasteners;

- Test series AH: As series AC with pilot holes of 4.80mmfor StarTi6,
4.00mm for StarTie 8, 3.50mm for InSkew and 3.30rfon TimTie

fasteners.

The results of the tests on connections with sihglecally shaped fasteners are detailed
in Table 5.2; the load per shear plane is givendst series AB, AD, AE and AF.
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Table5.2: Single fastener tests results

Single shear samples
Test seried  Fastener Overlapp | Pilot hole| Shear Prax O max P, 3, Ry
(1) (2) planes N mm N mm
StarTie 10 N.A. 0.8*d, 1 4597,8 33,36 28145 3,50 9,52
AB StarTie 8 N.A. 0.8*d, 1 3828,1 33,56 2532,3 3,64 9,21
InSkew N.A. 0.8*d, 1 3522,4 30,93 1969,7 2,57 12,03
TimTie N.A. 0.8*d, 1 3260,0 29,25 18774 1,80 16,23
StarTie 10 EC5 0.8*d. 1 2949,2 17,99 2180,0 3,08 5,84
AD StarTie 8 EC5 0.8*d, 1 2667 19,35 2420,6 4,16 4,66
InSkew EC5 0.8*d, 1 2176,8 20,37 1863,6] 2,82 7,21
TimTie EC5 0.8*d. 1 1895,0 20,27 1550,1 2,85 7,12
StarTie 10 FULL 0.8*d, 1 5712,3 35,90 3114,6 3,08 11,64
AE StarTie 8 FULL 0.8*d, 1 4967,0 36,50 3209,4 3,87 9,42
InSkew FULL 0.8*d, 1 4154,4 35,37 2418,9 2,61 13,54
TimTie FULL 0.8*d, 1 3226,5 34,95 1994,2 2,49 14,04
StarTie 10 N.A. 1.0%d, 1 4288,6 40,94 3090,9 5,25 7,80
AF StarTie 8 N.A. 1.0%d, 1 3741,6 41,34 2220,2 4,62 8,94
InSkew N.A. 1.0%d, 1 2805,0 38,02 1701,1 3,76 10,12
TimTie N.A. 1.0%d, 1 2548,3 37,35 1488,7 3,46 10,74
Double shear samples
) Overla Pilot hole| Shear P, o P, o
Test serie§ Fastener| & PP B planes ’"\‘lax n;“;]x NV mryn Rp
StarTie 10 N.A. 0.8*d, 2 9361,3 26,84 5792,9 3,50 7,67
AC StarTie 8 N.A. 0.8*d, 2 6674,3 28,83 4681,1 3,80 7,59
InSkew N.A. 0.8*d, 2 6121,0 28,63 4327,2 3,02 9,50
TimTie N.A. 0.8*d, 2 47128 28,41 2940,9 2,64 10,76
StarTie 10 N.A. 1.0%d, 2 9525,0 30,48 5479,6 4,34 7,03
AH StarTie 8 N.A. 1.0%d, 2 7658,0 28,63 5669,6) 4,71 6,09
InSkew N.A. 1.0%d, 2 5702,0 29,67 3611,8 3,86 7,68
TimTie N.A. 1.0%d, 2 4887,5 27,66 3218,1] 3,72 7,43

(1) The fasteners overlapp in the middle membeoraiiitg to EC5 design rules or over the full thickmef the timber member
(2) The pilot holes are factors of the fasteneas diameter (g

Test series AB, AD and AE aimed to investigate flitener overlap in the middle
member. In test series AB the fasteners were netlapping in the middle member in
order to investigate the behaviour of single shaarnections, in test series AD the
fastener overlapping recommendations of Eurocoderg respected (the distance from
the point of the nail to the end of the member &hde at least 4d, with d the fastener
diameter). In test series AE the fasteners oveddpypver the full length of the timber

member.

The results of the investigation on fastener oyerthow that for the test series
following the recommendation of Eurocode 5 (BSI042) the joint capacity was
greatly reduced, and as shown in Table 5.2 the maxi load was reached at lower
displacement. The fastener overlap rule of Eurocbderas designed for fasteners
which, when overlapping occurred, provoked earlittsgg of the timber, and therefore
reduced joint capacity. The results with helicahaped fasteners show that when the
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Load, N

Load, N

fasteners overlap over the full length of the timlbeember no premature timber
splitting occur, and the load displacement behaweas not affected by such a nailing
configuration, see Figure 5.8his may be explained by the fact that the cross@eof
helically shaped fasteners is not constant ovepéismeter, and the splitting forces
created by driving the fastener act in differemédiions over the length of the fasteners,
when common round fasteners impose forces to thigeti fibres in the same direction
over their length. This distribution of the foroegh helically shaped fasteners reduces
the risk of splitting, and allows for full overlajpg of the fasteners in connections. This
finding is also confirmed by the fact that the teswf test series AE are greater or

equivalent in the case of TimTie fasteners, thardésults for test series AB.

StarTie 10 StarTie 8
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Figure 5.9: Effect of fastener overlap on joint behaviour

Numerous researches have shown that the jointaasks is affected by predrilling of
the timber, with the joint resistance decreasindpwicreasing predrilling diameter. For
Helically shaped fasteners, tests on the effectpitdt holes diameters on their
withdrawal behaviour showed that with increasiniptphole diameter the withdrawal
load decreases. Following these observations, #asitpehaviour is expected with
helically shaped fasteners, therefore the teses&F and AH aimed to investigate the

performance of joints with pilot holes equivalemthe root diameter of the fasteners.
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A comparison between the tests results with pitdé$ of 0.8*d and pilot holes of 1.0*d

(with d the fastener root diameter) is shown inuiFeg5.10 for all fasteners.

10000

@ Single shear - pilot hole = 0.8*dr
B Single shear - pilot hole = 1.0*dr
8000 L--—————— 1 O Double shear - pilot hole = 0.8*dr | _ |
E— O Double shear - pilot hole = 1.0*dr

6000 +------- Ho - Ho b e

Joint load, N

4000 + - I T T -

2000 + - H F--- F - H[-- - -

StarTie 10 StarTie 8 InSkew TimTie

Figure 5.10: Effect of pilot hole on joint load

The results show that increasing the pilot holengiger has an adverse effect on the
joint resistance, on average the difference fomeotion with increased pilot hole is a
4.7% reduction in strength. This is particularlyident for connection with fasteners
loaded in single shear, and more so for fasterfessnaller diameter. For connections
with fasteners loaded in double shear the testdtsedo not show a trend, with for
StarTie 10, StarTie 8 and TimTie fasteners the eotion load increases with
increasing pilot hole, and for InSkew fasteners ¢banection load is decreased with
increasing pilot hole. In view of these observagioih can be concluded, as expected,
that with increase in pilot hole size the connettiesistance is decreasing, however no

clear trend can be defined based on these results.

5.3.3 Influence of Helically shaped fastener diamet on connection

behaviour

This part of the research programme investigatedhtbhaviour of timber to timber
connections with helically shaped fasteners. Fazessof helically shaped fasteners
have been tested in a variety of configurationsotder to study the effect of the

fastener diameter on the connection resistancerdbe and thread diameters were
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Connection load, N

plotted against the joint load for the various jaianfigurations detailed in Appendix B,
see Figure 5.11.
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Figure 5.11:Load connection vs. fastener root and thread dierme

Figure 5.11 shows the connection load to fastemarand thread diameter relationship,
for the different connections tested. It is cleant the results that the performance of a
joint with helically shaped fastener is directlpportional to the fastener diameter, with
the R2? values ranging for the different test sefresn 0.932 to 0.990. This finding
correspond to the general understanding of timbmwnections with dowel type
fasteners, with most design models taking the festeliameter as a direct factor to

determine the connection performance.

5.4  Multiple fasteners shear tests

Following lateral shear tests on single Helicalyaged fasteners, and comparison with
common timber fasteners, detailed in the sectiamvapthe experimental programme
explored multiple fastener Helically shaped conioest The aim was to investigate the
joint geometry parameters that may influence thennection behaviour and
performance.

Single fasteners tests showed that the performahdelically shaped fasteners was
directly proportional to the fastener diameter. diew of this, the experimental
programme was designed with one fastener diametethé single and double shear
tests as to reduce the number of replicas needeshin nailing configuration. In order
to avoid unrepresentative results due to the weltilarge range of diameters, it was
decided to use fasteners of diameter as closesasbp®to the average helically shaped
fasteners diameter. Therefore single shear teste werformed with the helically

shaped fasteners InSkew and double shear testsmped with StarTie 8 fasteners.
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5.4.1 Factors investigated

The experimental programme on laterally loaded ch#yi shaped fasteners in
connections aimed to investigate the joint geompémameters that may influence their
performances and behaviour; the parameters inciuded

- Effective number of fasteners in a line;

- Number of fasteners in a row;

- Row of fastener spacing;

- Number of fasteners in a line;

- Line of fasteners spacing;

- Timber density;

- Nailing geometry.

The lines and rows in a joint are shown in Figurg25 The material properties and
loading conditions were kept constant as detaitedhe sections above during the
testing programme. The nailing configurations anewa in Appendix 5.2 and 5.3.
Except when investigating the material propertibge timber used in this test
programme was of grade C24 with moisture conterit03f1%, the samples measured
45mm in thickness, and the fasteners measured 9@naril35mm for tests in single
and double shear respectively. During the investigaof a parameter, all other factors
that were thought to have an influence on the cctimre behaviour and performance,

were kept constant.

Centrelines of lines
of fasteners.
f_H

Centrelines of rows
of fasteners.

RRIITRIRTR
Figure 5.12 :Centrelines of rows and lines of fasteners inrameation

The experimental programme first investigated tfiecéve number of fasteners in a
line parallel to the timber grain. As detailed abpthe spacing between fasteners was

8d, with d the fastener root diameter. In ordemtimimise the number of tests the
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samples tested comprised two, four, six eight ad fasteners in a line. Previous
research on effective number of fasteners showad jtint load is not uniformly
distributed between the fasteners in a line with fdsteners at the extreme of the lines
taking greater share of the connection load (Bla8980). Therefore the connection
resistance for such nailing configuration is dememdon the effective number of
fastener. Zahn (1991) showed that due to the uhégp sharing between fasteners in

a line, the connection load reaches an upper IFgure 5.13.

Row copacity, ¢

0.
0.0 5.0 10. 15. 20.
Number of fosteners, n

Figure 5.13: Effective number of fasteners in a line (Zahn, 199

In Eurocode 5, the effective number of fasteners joint is also taken into account for
connection design with the added factor that thiecé’e number of fasteners is
dependent on the fastener spacing. When insertdd minimum spacing of 14d the
code allows for the effective number of fastenerbé equal to the actual number of
fasteners. And on the opposite, with reducing spabetween fasteners, the effective
number of fasteners is also reducing. A spacingdofvas therefore deemed suitable for

investigating this parameter with helically shafesteners in timber to timber joints.

The effect of number of lines and line spacing e studied. To study the number of
lines, samples with two, three and four lines wested. For double shear connection
with StarTie 8 fasteners three line spacings weséet to investigate the line spacing,
however, due to the testing method used in thearekdor single shear connection, five
line spacings were tested. The line spacing wasstiyated for line spacing greater than
the minimum of 5d that was chosen for helicallypdthfasteners.
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For fasteners inserted in a line with minimum spgcof 14d, in Eurocode 5, the
connection load is directly proportional to the rfoenof fasteners, therefore the number
of rows was investigated with the fasteners spaeiggal to 14d; samples with two,
three and four rows of two lines of fasteners wassted. The row spacing was
investigated by testing samples with three rows$waf lines of fasteners. As for line
spacing, the investigation of row spacing concéattabove the minimum spacing that

was found suitable for helically shaped fasteners.-8d.

Following the investigation of these joint geomdtgtors the experimental programme
was directed towards studying material factors sagtimber dimensions, density and
moisture content. To study the timber dimensiondiatests with reduced side timber
members were performed, along with samples with dite and middle member
reduced. The density was studied by testing cororegtith timber of grade C16 and
D30. The later proved to be an issue for doubla@rsbennections, as predrilling was to
0.8 times the root diameter inserting the fastemiemsugh the three timber members
was impossible with the fasteners bending underitigact load of the hammer.

Therefore only single shear samples were testéthiver grade D30.

Due to the complexity of the effect of the moistemtent on the joint resistance and
behaviour a full experimental research of its iaflue on connections with helically

shaped fasteners could not be performed. Howewentder to appreciate the moisture
content influence below the timber fibres saturapoint it was decided to test samples
with timber moisture content of 12%. This also ex@nted the only moisture contents

controllable during the experimentation.

While incomplete in view of the many factors thaayminfluence the resistance and
behaviour of timber to timber connections with bally shaped fasteners, this
experimental programme was developed to investigdte factors that were
controllable, and concentrated on the joint geoynéactors. This allowed for the
development of semi empirical models for predictthg connection behaviour and

capacity.

54.2 Modes of failure and discussion

Lateral shear tests with helically shaped fastetmaded in single and double shear

were tested as described above in a variety oingadonfigurations. The typical load
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displacement exhibited for the entirety of the sE®pvas similar to that of single
fastener samples shown in Figure 5.7. All the sampdxhibited a very ductile
behaviour, with the maximum load attained at disptaent between 6.51mm (samples
CG) and 42.02mm (samples NA).

Due to the ductility of the samples, and the ladgplacements reached during testing,
the modes of failure for the different nailing gatts could not be properly identified.
After the tests the samples were split open to @xamhe failure modes of the fasteners
and timber members. The following observations weagle:

- The fasteners are being pulled by the relative laigment between the
timber members; both sides of the fasteners loadesingle and double
shear fasteners are pulled,;

- At the interface of the timber members the timberes are crushed under
the fastener;

- The fasteners show the formation of plastic hingesr the timber members’

interfaces, for fasteners loaded in single and tosibear.

Figure 5.14: Mode of failure of multiple fastener samples

Eurocode 5 defines for six and four ductile modefaitures types for laterally loaded
fasteners in single and double shear respectiaslghown in Section 2.5. It allows for
embedment failure of the timber members (Mode dmbined embedment failure of
the timber and partial yielding of the fastener (Moll), and combined embedment
failure of the timber and full yielding of the fasier (Mode IIl). Even though
identifying the exact mode of failure for the saewplested proved difficult, it can be
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assumed that failure of the type Il and Il woulttor in view of the observation of the
samples. To gain a better understanding of theexion behaviour, and in order to try
to identify the exact mode of failure for jointstiwihelically shaped fasteners, a detailed

theoretical analysis of the joint behaviour wasanteken and is described in Chapter 6.

These observations on ductile failure were madthemajority of the nailing patterns,
however in the case of tests investigating thecéffe number of fasteners in a line, the
samples exhibited a ductile behaviour with britddure due to splitting of the timber
members. This mode of failure was observed for $esnwith six, eight and ten

fasteners in a line and a parallel to the grairisgeof 8d, Figure 5.15.

50000 " - -
=Joint CG - 10 fasteners in a line

Joint CE - 8 fasteners in a line
Joint CD - 6 fasteners in a line
=Joint CB - 4 fasteners in a line
—Joint CA -2 ‘fasteners inaline

45000 1

40000 -

35000

30000

25000

Joint load, N

20000

15000 4 ff- - -l e L

10000

5000 1

20 25

Displacement, mm

b)

Figure 5.15:a) Brittle failure due to wood splitting; b) Duetibehaviour

It is to be noted that for samples with six, eight ten fasteners in a line, the maximum
loads were attained at an average displacemen?.@3tm for fasteners loaded in
single shear and 8.37 for fasteners loaded in @osibkar. Also the load displacement
relationships for these samples show that thdéfdtlure occurred after the yield point

of the connection.

5.5  Semi empirical models for laterally loaded jaits

As mentioned in Chapter 2, various methods have lblegeloped and used over the
years in order to predict the stiffness behaviowt averall performance of connections
with dowel type fasteners. Following the experinaémrogramme detailed above for

connections with helically shaped fasteners, amditivestigation of the factors that
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influence their behaviour, semi-empirical modelg aeveloped for predicting the

connections load displacement behaviour and loaging capacity.

The semi-empirical models were developed based method described by Porteous
and Kermani (2005) and first used by Mack in 1966¢ also used earlier in this
research for simulating the withdrawal behavioud aesistance of helically shaped
fasteners. Mack showed that the parameters inatstigdid not significantly interact

and that the relationship between the load andlatisment was a function of the
product of each of the parameters; therefore thd fisplacement behaviour could be

simulated by analysing the factors that influer@edonnection individually.

The analysis of the data for the samples tested shat on average yield of the joint
occurred at a displacement of 3.07mm and 3.11mmfaiate occurred at slip of

32.19mm and 22.36mm for single and double sheanexion respectively. The semi
empirical models were developed to predict thengtite and behaviour of timber to
timber connections with helically shaped fastenarsingle and double shear in the
elastic range of the connection behaviour. Theesfdrwas decided that the slip limit
for which the models were developed should be based displacement of 3.2mm.
This slip limit of 3.20mm represents loads on tbarections of 86% and 81% of the

yield loads for single and double shear joints eetigely.

As the factors that influence the connection behavdo not interact, and as shown by
previous research that the relationship betweenldad and displacement was a
function of the product of each of the parametis,load displacement relationship for
timber to timber connections with helically shapiedteners can be written of the

following form:
P=1(9)[f,(d)[ (D) If, (M) LT (N )[fe(Ls) LT, (Ng)[fs(Rs)[F4(g) L Fip(V)

...(5.1)
Where: P = Connection load,
f1(d) = Displacement function,
fo(d) = Fastener diameter function,
f3(D) = Timber density function,
f4(mc) = Timber moisture content function,
fs(NL) = Number of lines of fasteners function,
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fs(Ls) = Lines of fasteners spacing function,

f2(NR) = Effective number of fasteners, number of rowscfion,
f3(Rs) = Rows of fasteners spacing function,

fo(g) = Generic function and,

f10(v) = Function of remaining variables.

The functionf;o(v) allows for other variables that may influence te@dviour of timber
to timber connections with Helically shaped fasten® be considered in the model-
e.g. method of insertion (manual or mechanicaf)etbetween fabrication and testing,
angle between fasteners and timber fibres, etc..weNer, as their influence was not
studied in the test programme the functigfv) is taken as unity. The functiofisto fy

are addressed in the following sections.

5.5.1  Model for Helically shaped fasteners loaded isingle shear

Using test data for connections tested with hdiicethaped fasteners loaded in single
shear, a semi empirical model is developed ondha bf Equation 5.1.

f1(0) = Displacement function:

As it is assumed that the factors that influence ltad displacement behaviour of
connections with helically shaped fasteners Eqodiid can be written as follow:

P=1f(J)IK ...(5.2)

If K is the load at the slip limit of 3.20mm, thenfction will be unity at this limit, and at
any intermediate load the function can be written:

(P)s

f,(0) =
©) (P) 220

...(5.3)

(P)s /(P).20 is referred to as the reduced load; and over éimgea 0-3.20mm it will
define the displacement function. The concept dficed load was first introduced by
Mack in 1966, and has since been widely used itbdmresearch to develop semi-

empirical models. To represent the load displacénthaviour, many forms of
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displacement functions have been developed. The nwst common forms were
developed by Mack (1966) and McLain (1976), Equeti6.4 and 5.5.

f oo (0) = (AD.3125) + B)(1 - €%312%9)° ...(5.4)
chLain(é) = E [log(1+ F [5) (55)

Where A, B, C, D, E and F are constants to fit tesé.

The test results were processed in the softwareelExor each test the load at
displacemend was divided by the load achieved at 3.20mm, taialthe reduced load
curve. The reduced loads were then compiled anddhemercial software MathCAD,
and its least square non-linear regression analysiion Genfit, was used to fit the
test data using the format of the above equatidndetailed MathCAD analysis is

shown in Appendix D. The data analysis resultetthéfollowing equations:

fraa (0) = (0.14408 + 0.552) [{1— eT3539)09%9 ...(5.6)
f e (0) = 1.323log(L+1.465[9) ...(5.7)

Both equations resulted in high coefficients ofedetination R?, 0.982 and 0.968
respectively. The data analysis for double shests &so resulted in high coefficients of
determination R2, 0.987 and 0.966 for the two dquattypes. These results indicate
that both equation forms could be used for charsotg the load displacement
behaviour of timber connections with helically skdpfasteners to a slip limit of
3.20mm. A review of previous research on both foussd concluded that Mack’s
equation was the most used and adaptable for titobémber connections. In view of
this the displacement function for single shearnemtions with helically shaped

fasteners can be written as follows and is showkigare 5.16:

f,(0) = (0.144[5 + 0.552) [{1— e7+3°39)) 099 ...(5.8)
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Figure 5.16: Displacement functiofy

fo(d) = Fastener diameter function:

As mentioned in the above sections, and showngnrEi5.11, the connection load is
directly proportional to the fastener root diamederTherefore the fastener diameter

function can be written:

f,(d) =d, ...(5.9)

f3(D) = Timber density function:

As mentioned in chapter 2 the timber density haanbghown to be correlated to the
timber strength and stiffness. Also, in the cas¢iraber connections, various studies
used a linear relationship between the connectiength and the timber density. To
study the effect of timber density on the strengthjoints with helically shaped
fasteners, similar joints were tested using thresles of timber: C16, C24 and D30.
The results of the tests are plotted against théetindensity (D) of the samples in
Figure 5.17.
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Figure 5.17: Connection load vs. timber density

In view of the results shown in the Figure 5.17d @onclusions of previous research,
the density function for timber connection withibally shaped fasteners is written as

follows:

f,=D ..(5.10)

f4(mc) = Timber moisture content function:

The effect of moisture content was investigatedtdsting connections at different
moisture content which remained under the timb&rratdon point. Tests were carried
out with a moisture content of 10+1% and 12+1%.sTtange, however small, was
deemed sufficient to investigate the effect of moes content, as previous research
showed that a change of 1% of moisture contentpramide changes up to 5% on
various timber mechanical properties; and for énege of 8% to 20% moisture content
the relationship between moisture content and rmechlproperties is linear (STEP1,

1995). The results of tests with different moistooatent are shown in Table 5.3.
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Table 5.3: effect of moisture content on connection load

Joints Load Moisture content
N %
MA 3758.k 8.7¢
MA-MC12 2706.k 12.31
Ratios 1.3¢ 1.41
% differenci 1.339

The ratios of the connections load at 3.20mm andtor@ content were calculated. It is
to be noted that the inverse of the ratio of thasmoe content is shown in Table 5.3;
the increase in moisture content has an inversectefbn the joint strength. The

percentage difference between the load and moisturent ratios was calculated to be

1.34%: hence the moisture content function can fen:

f,(mo :ﬁ: ...(5.11)

fs(NL) = Number of lines of fasteners function:

Joints AB, MA, MB and MC with two, three and foumés of fasteners were used in the
determination of the number of lines function. Tést data, to the slip limit of 3.20mm
was plotted for the three sets and the best fittferdata calculated. The form of the best

fit was of the form of Equation 5.5; the best fjuations were as follows:

Joint AB y = 1148*log(1+13.191x) R2=0.93

Joint MA y = 5542*og(1+1.179x) R2=0.979
Joint MB y = 5624*log(1+2.088x) R?=0.982
Joint MC y = 7911*log(1+1.358x) R2 =0.986
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Figure 5.18:Joints AB, MA, MB MC test data, and idealised asv

Using the equations above for the respective joihis load displacement curves were
compared in order to determine the multiplying dadtetween joints. To achieve this,
two curves are analysed using the percentage maaation (md) until it becomes zero

by adjusting the factor “i” in the following equati:

mdzz('EPl—EmPZ) 100 ...(5.12)
1

2

The multiplying factors found from the analysisdédhe theoretic factors between joints

are shown in Table 5.4 below.

Table 5.4: Number of lines multiplying factors

. Multiplying Factors
Joints Actual Theoretic
MA/AB 1.422 2.0
MB/AB 2.089 3.4
MC/AB 2.235 4.(
MB/MA 1.433 1.5
MC/MA 1.562 2.0
MB/MA 1.087 1.33

The results shown in Table 5.4, and illustrateBigure 5.19, indicate that the joint load
is not directly proportional to the number of lirfSasteners.
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In view of these results a best fit function wakglated for determining the number of
lines function. Therefore the functi®{N,) can be written:

f.(N,) = 0.9980(N, )°** ..(5.13)

fe(Ls) = Lines of fasteners spacing function:

The line spacing function was investigated by tgsthe same nailing configuration of
two rows and two lines of fasteners using five lgpacings, multiples of the fastener
root diameter. The results of the five nailing égafations and the corresponding line

spacing are detailed in Table 5.5.

Table 5.5: Effect of line spacing on joint strength

Joint Line Spacinc Joint Load
x*d mm N
MK 5d 17 627¢€
ML 8d 27 637¢
MG 10c 34 591¢
MF 12c 40 650:
MH 14c 47 637

The results shown in the table above show thaloidw on the connection is similar for
all spacings tested, with the exception of thetjdiG with a spacing of 10d. The joint
MG resulted in a lower load, however the percentdifference to the average load of

the other joints is 7.8%. In view of this, and ddesing the conclusions from results of
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previous research, notably from Porteous (2003),etifiect of line of fastener spacing

can be written:

fo(Lg) =1 ..(5.14)

fz2(Nr) = Number of rows of fasteners function:

The samples tested in investigating the numbeowsrconstituted of joints with 1, 2, 3
and 4 rows of two lines of fasteners. The rows sgawas 14d. A close analysis of the
results showed that the samples presented larfgatites in terms of densities. As the
function f3(D) showed, the joint load is directly proportional ttee timber density.
Therefore in order to eliminate the effect of dgn$rom the investigation the load

divided by the sample density was used.

The results of the four sets of joints were comganme order to determine the
multiplying factors between connections. The fastmund have been compared to the
theoretical factors between the joints, and thegrgage difference between the factors
calculated in Table 5.6. The theoretical factorsensbtained by calculating the ratio of

number of rows of fasteners between the differ@nt$ configurations.

Table 5.6: Number of rows multiplying factors

. Multiplying factors
Joints Actual Theorical | % difference
NA/MA 2,07( 2,C -3,52
NB/MA 3,16¢ 3,C -5,4(
NC/MA 451¢t 4,.C -12,8¢
NB/NA 1,527 1,k -1,81
NC/NA 2,181 2,C -9,0¢
NC/NB 1,42¢ 1,3¢ -7,3¢€

The results shown in Table 5.6 show that the péagendifference between factors is

relatively low; consequently the number of rowdasiteners function can be written:

f,(Ng) =N, ...(5.15)
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fg(Rs) = Rows of fasteners spacing function:

The results of the number of rows of fasteners tiong f;(Ng), indicate that for a
spacing of 14 times the fastener root diameter ¢banection load is directly
proportional to the number of rows of fastenersusihthe row of fasteners spacing
needs to be investigated between the minimum spaeicommended by Eurocode 5
(BSI, 2004) and 14 times the fastener root diaméiesm a spacing of 14 times the

fastener root diameter the row of fasteners spdaingtion will be unity.

For row spacings between 8*dnd 14*d, similar joints with varying spacings have
been tested. The load at the slip limit of 3.20maswlivided by timber density and
number of rows and plotted against the row spa@mgressed in terms of multiple of

the root diameter, see Figure 5.20.
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Figure 5.20: Effect of row spacing on joint strength

As mentioned above the row spacing function isyufat spacing of 14*dor more and
also for joints with one row of fasteners. Thereftine function from Figure 5.20 was
re-written to incorporate the boundary conditiorisunity for spacings of 14*dand

zero. Hence, the functidg(Rs) can be written:

- For row spacing 8%k Rs < 14* d:

fo(Rs) = 0.00150R? - 0.0201[R, + 0.9992 ...(5.16a)
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- For row spacing & 14* d.:

f,(Ry) =1 ...(5.16b)

fo(g) = Generic function:

The generic function is the fit function, it takeg#o account all the parameters not
included in the functionf; to fs. The functionfy(g) for each test performed was
determined by using the load at slip limit of 3.28pand rearranging Equation (5.1) as

follows:

P3.2

fg(g) = fl(d) sz(dr) DfB(D) Df4(mC) Dfs(NL) Dfe(l—s) Df7(NR) Df8(RS)

. (5.17)

For each test performed Equation (5.17) was ewedijand the average calculated to

determine the generic function:

f,(g) =15.264 ...(5.18)

Semi-empirical model

Substituting for the relevant functions determimethe sections above in equation 5.1,
the load displacement relationship for timber tmker joints with helically shaped

fasteners loaded in single shear becomes:

P = (0.1440P + 0.552)(1— e *¥3)%%9¢ [D {1/ mc) [0.998N ***? [N, [{0.0015R? - 0.0201R, + 0.9992) [15.264

..(5.19)

Where P = Lateral shear load of single shear jwitit helically shaped fasteners at
a slips (N),
& = The joint slip at which the load is calculateahy),
dr = Fastener root diameter (mm),
D = Timber density (kg/f,
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mc = Timber moisture content (%) — noting that thedel was developed
for moisture content below saturation point,

N. = Number of lines of fasteners in the connection,

Nr = Number of rows of fasteners in the connection,

Rs = Row spacing, expressed as a multiple of thefestroot diameter.

5.5.2  Model for Helically shaped fasteners loaded idouble shear

Using test data for connections tested with hdlicsthaped fasteners loaded in double
shear, a semi empirical model is developed in tbenfof Equation 5.1. The
development of the functiofy to fy for fasteners loaded in double shear followed the
same analytical method as for fasteners loadedhglesshear. The variables functions

were found to be as follows:

f,(J) = (0.203[d + 0.354) [{1 - e>°97)09% ...(5.20)
f,(d)=d, ...(5.21)
f,(D) =D ..(5.22)
f,(mo :ﬁ ...(5.23)
fo(N, ) = 0.9671N 2 ..(5.24)
fo(Ls) =1 ...(5.25)
f,(Ng) = Ng ...(5.26)
fo(Rs) = 0.0014(R? - 0.019[R, + 0.9992 ..(5.27)
f,(g) = 255925 ..(5.28)
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Substituting for the relevant functions above iruapn 5.1, the load displacement
relationship for timber to timber joints with hedity shaped fasteners loaded in double

shear becomes:

P = (0.203[® + 0.354)(1 - e7>°?)%d D {1/ mc) [0.967IN **** [N [10.0014RZ - 0.019R, + 0.9992) [25.5925
...(5.29)

5.5.3 Comparison between semi-empirical models anest data

The semi-empirical models developed for connectiwiil helically shaped fasteners
loaded in single and double shear above are comhparthe tests data. The average test
data for the connection tested is used in the nsoieldetermining the model load at
3.20mm. The results are presented in Table 5.75a8dor single and double shear
connections respectively. The percentage errordmtvwhe model and test data is also
calculated; a positive error indicates that the ehaverestimates the connection load,
and a negative error underestimates the connectah

Table 5.7: Comparison between test data and model for sistggar connections

Joint d, D mc N, Ng Rg Test load | Model load Error
omn mm kg/m® % nbre nbre x*d, N N %
AB 3.35 412.24 10.22 1 1 0 1929.4 2057.3 6.22
LA 3.35 390.21 9.64 1 2 8 3031.3 3857.9 21.43
LB 3.35 389.79 9.57 1 4 8 5551.5 7766.4 28.57
LD 3.35 365.21 9.43 1 6 8 8705.3 11079.9 21.43
LE 3.35 393.19 9.41 1 8 8 11058.5 159333 30.59
LG 3.35 395.25 9.43 1 10 8 14150.1 19974]3 29.16
MA 3.35 430.07 8.70 2 1 0 3758.5 3851.3 2.41
MB 3.35 393.52 9.58 3 1 0 4848.3 4102.9 -18.1y
MC 3.35 380.96 9.61 4 1 0 5709.3 4723.3 -20.8Y
MG 3.35 385.78 9.45 2 2 8 5830.1 5947 4 1.98
MF 3.35 397.77 9.44 2 2 8 6503.6 6144.1 -5.85
MH 3.35 397.39 9.26 2 2 8 6219.5 6257.( 0.60
ML 3.35 361.12 9.19 2 2 8 6378.6 5727 4 -11.36
MK 3.35 358.10 9.27 2 2 8 6276.0 5632.7 -11.48
NA 3.35 359.65 10.46 2 2 14 5527.3 5360.0 -3.17
NB 3.35 381.54 10.57 2 3 14 9222.0 8435.8 -9.33
NC 3.35 380.37 11.28 2 4 14 12549.1 10506|(7 -19.44
ND 3.35 391.41 10.20 2 3 8 8948.9 8390.4 -6.65
NG 3.35 394.26 10.18 2 3 10 9065.3 8588.8 -5.55
NH 3.35 404.65 10.87 2 3 12 9385.1] 8485.4 -10.6p
MAC16 3.35 377.12 9.44 2 1 0 3191.4 3111.5 -2.57
MAD30 3.35 606.76 9.38 2 1 0 4649.9 5040.3 7.75
MAMC12 3.35 345.26 12.35 2 1 0 2822.0 2178.( -29.57
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Table 5.8: Comparison between test data and model for doshé@r connections

Joint d, D mc N, Ng Rg Test load | Model load Error
omn mm kg/m® % nbre nbre x*d, N N %
AC 3.75 417.50 10.30 1 1 0 3686.8 3771. 2.23
CA 3.75 396.48 9.19 1 2 8 8380.5 7525.4 -11.36
CB 3.75 405.53 8.56 1 4 8 14695.9 16533J0 11.11
CD 3.75 392.46 8.87 1 6 8 21464.( 23151)2 7.29
CE 3.75 429.47 8.95 1 8 8 28854.7% 334865 13.88
CG 3.75 385.86 9.36 1 10 8 36512.1 359699 -1.5]
DA 3.75 376.90 9.53 2 1 0 8108.8 7163.( -13.20
DB 3.75 382.02 9.51 3 1 0 10906.3 107390 -1.56
DC 3.75 358.43 9.38 4 1 0 14412 .9 134749 -6.9¢4
DE 3.75 410.24 8.71 2 2 8 14369.3 159898 10.18
DG 3.75 406.05 8.38 2 2 8 13543.( 1644844 17.66
DH 3.75 350.68 9.37 2 2 8 14251.( 127102 -12.1p
EA 3.75 399.85 9.50 2 2 14 15106.8 15368J0 1.70
EB 3.75 391.30 9.21 2 3 14 23268.3 23273|0 0.02
EC 3.75 334.94 8.69 2 4 14 25517.1 28143)2 9.33
ED 3.75 386.73 9.57 2 3 8 22384.( 205902 -8.71
EG 3.75 362.93 9.45 2 3 10 20902. 19820)5 -5.44
EH 3.75 374.36 9.18 2 3 12 20894.] 21579]1 3.17
DA-C16 3.75 367.67 8.76 2 1 0 7203.3 7602.4 5.25
DA-MC12 3.75 337.04 12.11 2 1 0 6094.5 5042.4 -20.8f

The results show that the models developed carngbri@ connection load reasonably
well with the absolute average error being 13% &¥dfor connections in single and

double shear respectively.

However, a close inspection of the results of T&bla shows that the model for single
shear connections overestimated the joint streofyfamples LA, LB, LD, LG and LE

by over 26% on average. These samples exhibitétedailures due to wood splitting,

as shown in Figure 5.15. It was assumed that @pdigp of 3.20mm the effect of wood
splitting was in the early stages and would notlusrice the connection load
displacement behaviour. However when analysingréiselts and difference between
the models and tests loads, the results showedthigatmodel over predicted the
connection strength for those samples. This maigatel that timber splitting may occur
in the early stage of the load displacement cui@essequently the generic function for
connections in single shear was re-evaluated withmisamples LA, LB, LD, LG and

LE. The new value of the generic function for fastes loaded in single shear was

found to be:

f,(g) =16.3785 ...(5.30)
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Substituting Equation 5.30 for Equation 5.18; thad displacement relationship for
timber to timber joints with helically shaped fastes in single shear in Equation 5.19

becomes:

P = (0.14405 + 0.552)(1 - € -*%%)°%9¢ [D [{1/ mc) [0.998N °**? [N, [{0.0015R2 - 0.0201R, + 0.9992) [16.3785

..(5.31)

Equation 5.31 was used for determining a new mddatl for connections with
helically shaped fasteners in single shear, detareTable 5.9. The results show that
the new single shear model can predict the corredtiad with greater accuracy, with

the absolute average error calculated to be 7%.

Table 5.9: Comparison between test data and new model fgtesshear connections

Joint dr D mc NL NR RS Test Load | Model Load Error
mm kg/m3 % nbre nbre x*d N N %
AB 3.35 412.24 10.22 1 1 0 1929.4 2207.6 12.60
MA 3.35 430.07 8.70 2 1 0 3758.5 4132.5 9.05
MB 3.35 393.52 9.58 3 1 0 4848.3 4402.3 -10.13
MC 3.35 380.96 9.61 4 1 0 5709.3 5068.2 -12.65
MG 3.35 385.78 9.45 2 2 8 5830.1 6382.2 8.65
MF 3.35 397.77 9.44 2 2 8 6503.6 6592.7 1.35
MH 3.35 397.39 9.26 2 2 8 6219.5 6713.8 7.36
ML 3.35 361.12 9.19 2 2 8 6378.6 6146.1 -3.78
MK 3.35 358.10 9.27 2 2 8 6276.0 6043.4 -3.85
NA 3.35 359.65 10.46 2 2 14 5527.3 5823.9 5.09
NB 3.35 381.54 10.57 2 3 14 9222.0 9165.3 -0.62
NC 3.35 380.37 11.28 2 4 14 12549.1 114160 -9.97
ND 3.35 391.41 10.20 2 3 8 8948.9 9003.2 0.60
NG 3.35 394.26 10.18 2 3 10 9065.3 9215.5 1.63
NH 3.35 404.65 10.87 2 3 12 9385.1 9105.0 -3.08
MAC16 3.35 377.12 9.44 2 1 0 3191.4 3338.7] 4.41
MAD30 3.35 606.76 9.38 2 1 0 4649.9 5408.3 14.02
MAMC12 3.35 345.26 12.35 2 1 0 2822.0 2337.0 -20.74

Similarly to connections in single shear, the deubhear model was re-evaluated
omitting the results of the test samples CA, CB, CB and CG as the load
displacement relationship showed that the sampleibited ductile behaviour but with
brittle failures as shown in Figure 5.15. As bo#tssof samples exhibited similar
behaviour it was concluded that the brittle failemld influence the behaviour of the
samples in the elastic range in double shear. Emevalue of the generic function for

fasteners loaded in single shear was found to be:
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f,(g) = 259229 ...(5.32)

Substituting Equation 5.32 for Equation 5.28; thad displacement relationship for
timber to timber joints with helically shaped fastes in single shear in Equation 5.29

becomes:

P = (0.203[5 + 0.354)(1- >**?)"%d [D [{1/ mc) [0.9671N °*** [N, [(0.0014R? - 0.019R, + 0.9992) [25.9229
..(5.33)

Equation 5.33 was used for determining a new mddatl for connections with
helically shaped fasteners in double shear, detaldable 5.10. The results show that
the new double shear model can predict the cororeliad with greater accuracy, with

the absolute average error calculated to be 6%.

Table 5.10: Comparison between test data and new model fobldahear connections

Joint d, D mc Np Nr Rs Test load | Model load  Error
mm kg/m® % nbre nbre x*d, N N %
AC 3,75 417,50 10,30 1 1 0 3686,8 3819,7 3%
DA 3,75 376,90 9,53 2 1 0 8108,8 7255,5 -129%
DB 3,75 382,02 9,51 3 1 0 10906, ] 108777 0%
DC 3,75 358,43 9,38 4 1 0 14412 4 136489 -6%
DE 3,75 410,24 8,71 2 2 8 14369, 16196,2 11%
DG 3,75 406,05 8,38 2 2 8 13543, 166608 199%
DH 3,75 350,68 9,37 2 2 8 14251,( 128743 -119
EA 3,75 399,85 9,50 2 2 14 15106,8 15566}4 3%
EB 3,75 391,30 9,21 2 3 14 23268,1 235735 1%
EC 3,75 334,94 8,69 2 4 14 25517,1 28506)5 10%
ED 3,75 386,73 9,57 2 3 8 22384, 208560 -7%
EG 3,75 362,93 9,45 2 3 10 20902,0 20076)4 -4%
EH 3,75 374,36 9,18 2 3 12 208941 21857(7 1%
DA-C16 3,75 367,67 8,76 2 1 0 7203,3 7701,( 6%
DA-MC12 3,75 337,04 12,11 2 1 0 6094,5 5107,% -199

The average results of the lateral shear tests haem plotted against the semi
empirical models from equations 5.31 and 5.33 gufeé 5.21 and 5.22 for single and
double shear connections respectively. The modsdstine average values for the test

series as detailed in Table 5.9 and 5.10.
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The results presented in Figure 5.20 and 5.21ifobdr to timber connections with
helically shaped fasteners loaded in single andldoshear show relatively good fit
between the semi —empirical models and the aveesge results over the full range of
joint slip to the slip limit of 3.20mm. The semmeirical models also predicted with
good accuracy the joint stiffness in the early sta@f loading. For samples with
average moisture content of 12 +1% it is to be chdibat the model underestimated the
load at slip limit by more than 20%. While in theadysis the moisture content function
was found to be directly proportional to the jogttength with an inverse effect, the
influence of moisture content on timber connectiont Helically shaped fasteners
may actually follow a different relationship. As ntiened above, these tests were
performed in order to appreciate the influencehaf moisture content on connection
strength and behaviour. The results of the tesissemi-empirical models indicate that
a full experimental programme may need to be cotedum order to understand and

appreciate its influence on connections with héicghaped fasteners.

5.6 Summary and conclusion

The load displacement behaviour and strength obdmto timber connections with

helically shaped fasteners were studied and eeduatthis chapter.

In the first stages of this study, the preliminagsults showed that the minimum
spacings and distances mentioned in Eurocode % amtl all be applied to helically
shaped fasteners as recommended due to the shéhpefamtion of diameter. Using the
fasteners root diameter with Eurocode 5 recommédaesulted in somewhat small
distances and spacing, whereas using the threatetiaresulted in overly large values.
Using results of preliminary tests minimum spacimgge defined for helically shaped

fasteners using the fasteners root diameter.

Timber connections with common timber connectorgedscrews and threaded nails —
and helically shaped fasteners were tested for adsgn purposes. The results indicate
that connections with Helically shaped fasteners aehieve similar loads to common
connectors while exhibiting a much more ductile &abur; offering overall a good

compromise between the strength of screws andldiahaviour of threaded nails.

The connection behaviour of joints with helicallyaped fasteners was then investigated
in detail by evaluating the connections factorg thay influence the joint strength and
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load displacement relationship. An extensive tesigmmme was performed on
multiple fastener joints in order to develop semipé&rical models for connections with
helically shaped fasteners loaded in single andbldowshear. The models were
developed to a slip limit of 3.20mm; they includee tinvestigation of nailing
configuration (number and spacing of lines or r@k$asteners), fastener diameter and
timber density and moisture content. The comparisstween the load and slip curves
predicted by the models and test showed good fih the average error between test

and model loads at the slip limit of 3.20mm beifg.8

However the results also highlighted the britti&bdogour of connections with multiple
fasteners in a row in the early stages of thealipwe for single shear connections. Even
if the results of double shear connections withtipld fasteners in a row could be used
in the semi-empirical model as opposed to singeaslconnections, brittle failure was
also witnessed for those samples. The minimum spé&or Helically shaped fasteners
parallel to the grain was evaluated to be at 8dithe root diameter; however due to the
results of samples with up to ten fasteners inva eéghibiting brittle failure it may be
the case that this value should be increased §tr leiad joints and for joints with large

number of fasteners in a row.
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Chapter 6 Design methods for timber joints with hakally

shaped fasteners

6.1 Introduction

The structural behaviour of timber to timber contiwets with helically shaped fasteners
and the joint configuration parameters that majuerice their load displacement and
strength have been investigated in the previouptehs The mechanical properties of
the fasteners were also evaluated to the relevamrapgan standards. In this chapter, the
helically shaped fasteners properties and singk® double shear timber to timber

connections are compared with the design recomntiendain accordance with the

latest draft of Eurocode 5. Using the results af thsts, and analyses detailed in
chapters 3, 4 and 5 helically shaped fastenergahiated to the timber design rules

and compared to common timber fasteners.

Joints with dowel type fasteners can fail in dectl brittle manner, however due to the
unexpected loss of strength generally witnessedbritle failures Eurocode 5
requirements were developed with the aim to enshae only ductile failures would
occur. To achieve this, the design code was basdbeoconnection design of the yield

theory, first developed by Johansen (1947).

In the first part of this chapter, the design ohwections based on Eurocode 5 is
detailed. Then, the experimental results are coetpén the design values obtained
from the yield theory. The embedment and yield moinod fasteners design equations
for helically shaped fasteners which were evaluatedprevious chapters are

summarised. Then the axial resistance design mdtrokdelically shaped fasteners is
investigated as it was shown that the tools fromoEBade 5 did not accurately predict
the withdrawal capacity. Finally, the load carryicapacity of helically shaped fastener
loaded in single or double shear is investigatezbmparison to the yield theory as used

in Eurocode 5 and as it was developed by Johansen.

6.2  Eurocode 5 connection design

During the creation and development of the Europgeonomic Community in the
1970s and 1980s the existence of different natietrattural codes and standards was

seen as a “barrier of free trade” which was thed&mental idea for the EEC. To
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remedy this, the member states, through the Cononiss the European Communities,
issued a Construction Products Directive with titention to draft a new set of unified
design codes and material standards to cover ddibg materials (Page, 2005). The
new unified code (the Eurocodes) had the purposerdmote the functioning of the
common market, to remove obstacles to free movemeservices and products by
providing common rules for structural design, tomf@rce the competitive position of
the European construction industry through advancedcepts of design. These
ambitious objectives were realised through the wadfrkommittees over a period of 30
years, with the last of the Eurocodes being adogsedational standards in the member

states over the next few years.

For timber structural systems EN 1995 — Design iafber Structures, or Eurocode 5,
was first drafted on the basis of the 1983 “ClBuStural Timber” Code from the CIB

Working Commission 18. Through the working comnusschanges were brought to
the code and design standards, with the first dfafhe Eurocode 5 published in 1987
for comments; and the first formal publication aHENV 1995:1994 in 1994

(Porteous, 2003). The latest version, adopted asn@h standards within the member
states, was published as EN 1995-1-1:2004 + A1:ZB@8, 2008). It can be noted that
the latest version of Eurocode 5 differs only frime 2004 version in additions that

were included in the National Annex which did nffeet the work in this study.

The Eurocodes are limit states codes; meaninghbadesign is related to defined states
beyond which the structure no longer satisfies dbsign performance requirements.
Two types of requirements are defined in the Euwleso Ultimate Limit States (ULS),
and Serviceability Limit States (SLS) (BSI, 2002).

Ultimate Limit States are associated with collapsany type of structural failure that
may endanger safety. They include, amongst oth&idyre through excessive
deformations, loss of stability, rupture and log$sequilibrium. Serviceability Limit
States correspond to states beyond which spesBedce criteria are no longer met.
They include, amongst others, deformations thatcafbppearance or effective use of

the structure, damage to finishes and discomfaustrs.

The structural verifications to ULS and SLS is lehea the partial coefficient method,

which applies factors to loads to increase theevaiithe applied load, and factors to
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material to reduce the value of material propertiestrength. In the simplest case the

Eurocodes require that the following is verified:
S; <R, ...(6.1)

Where & is the design action effect, calculated from tbenbination of actions and
partial factors on loads, arfg) is the design load carrying capacity. The desaad|

carrying capacity is calculated as follows:

R, :@ERK ...(6.2)

m

Where:
- kmod IS @ modification factor taking into account thmmbined effect of moisture
content and the duration of load;
- ymis the partial safety factor for the material pradyp;

- R« is the characteristic value of material propertgtoength.

The characteristic value is defined as the fiftircpatile, derived from statistical
analysis or results of tests performed in accordanith the relevant European
standards - for timber connections the tests arfeetperformed according to BS EN
26891:1991 (BSI, 1991). For properties or strengtaracteristics of timber, timber
based materials or products for use in timber tharacteristic value should be
determined in accordance with BS EN 14358:2006 (B307).

For connection with dowel type fasteners two typédailures can arise: ductile and
brittle. However due to the associated loss ohgfite with brittle failures, the Eurocode
was developed with the aim to prevent such failypes. Ductile failures include a
combination of wood crushing under the fasteners artial or full fastener yielding.

The design basis of ductile failures for timber mections were first introduced by
Johansen in 1947, who derived design equationsnidteer connection with dowel type

fasteners in single and double shear assumingbitat the fastener and timber were
ideal rigid-plastic materials. In the current versiof Eurocode 5 the characteristic
values,F, ri for dowel type fasteners are obtained for a sirigbtener joint per shear

plane using the following equations (BSI, 2004):
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For single shear connection:

fr o Oy [ ...(6.3a)
f 2 O, Ldl ...(6.3b)
fi a0 O, 2 .| b ey 193 Faxre ---(6.3C)
b ] o]

F.re = Min fhlk 1 4612+ /M yRk _ Faxri ...(6.3d)

: 105 372 y {\/2,3(1 £+ e ﬂ}+—4
fhlk 2 4ﬁ(2+ﬁ)My,Rk _ Fax,Rk (63e)

105E|72 y {\/2,8(1 B+ .0 ,8:|+—4
115q/ 2812w e Fax ..(6.3f)

1+ PR 4

For double shear connection

fop O, @ ..(6.4a)
05LF, ,, [, [d ...(6.4b)
2+ )M
F\,.re = Min 105E-|th 2B(1L+ B) + 4B @2+ B) YR 4 Farc ...(6.4¢)
2+ (1% 4

F
115 ﬁﬁﬁ O/2M gy Foid + asz ...(6.4d)

Where F, rkis the characteristic load-carrying capacity fexas plane per fastener;
fhik is the characteristic embedment strength in tinnbember i;
dis the fastener nominal diameter;
t; is the timber thickness or fastener penetratigriige
My rkis the fastener characteristic yield moment;
p is the ratio between the timber members embedntemtgth;

Fax rkiS the characteristic axial withdrawal capacitytieé fastener.

The characteristic embedment strength, yield monagwlt withdrawal values can be
derived from standard tests or calculated usingréhevant equations in Eurocode 5
which were derived from extensive testing overyhars. For nails, and screws with a

diameter less than 6mm, the yield moment, embednast axial withdrawal
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characteristic strength, with predrilling and atagle of 90° to the timber fibres, can

be calculated using the equations shown in Taldle 6.

Table 6.1: Dowel type fasteners characteristic structural pedies from Eurocode 5

Notation Round Nails Other nails Screws
Yield moment My ri 0.3f,-d*® 0.45-f,-d*® 0.45-f,-d*®
Embedment strength fhk 0.082-(1-0.01-d)p
Withdrawal capacity F axrk faxk d-Ten fax kO toen Ner- @y ler) 8 Faxun
Withdrawal strength | fa OF f o gk 20x10° 2 BS EN 1382 3.6x107%p, °

In the Table 6.1f, is the fastener tensile strength (N/mnd?js the nominal diameter for
nails and the effective diameter for screws (manjs the screw thread diameter (mm),
toen the fastener penetration depth in timber (mmg)the effective number of fasteners,
ler the pointside penetration length minus one screameter, andpy is the timber

characteristic density (kgfn

For connections with multiple fasteners in a rowafial to the timber grain, the

effective number of fastener needs to be determamedt was shown in previous
research works that the connection strength iglimettly proportional to the number of
fasteners for spacing between fasteners less thaimmks the fastener diameter. For
nails and screws the effective number of fastemeasrow parallel to the timber grain is

calculated as follows:

n, =n* ...(6.5)

Wheren is the number of fasteners in a row, &gds given in the table below, and is a

function of the fasteners spacing parallel to thiér grain, @ and predrilling.

Table 6.2: Values of factor &(BSI, 2004)

Spacing” ks

Not predrilled | Predrilled
ay = 14d 1,0 1,0
ar=10d 0,85 0,85
ay=7d 0,7 0,7
ay=4d - 0,5
“ For intermediate spacings, linear
interpolation of k¢ is permitted
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The characteristic load carrying capacity of a tjagthen calculated by multiplying
Fvrk calculated as above, by the number of lines stefeers and the effective number
of fasteners in a row in the connection while retipg the sets of rules for spacings
between fasteners, distances to the timber menelogess and connection details. It has
to be noted that in Eurocode 5 the contributiorthef rope effect, factorFyrd4) in
Equations (6.3) and (6.4), is limited to 15%, 2580 &0% for round, grooved and other

nails respectively, and for screw the contribuimhmited to 100%.

While Equations (6.3) and (6.4) were developeddfmwel type fasteners, the equations
given in Table (6.1) and Table (6.2) were derivesi extensive testing on round or

threaded nails and screws.

6.3 Helically shaped fastener properties

In the previous sections of this study, tensileJdyimoment and embedment tests were
performed on helically shaped fasteners for detanygitheir structural behaviour in
timber. The results were analysed to determine tieracteristic values and compared
to the current version of Eurocode 5. As the designations of Eurocode 5 did not
compare favourably to the tests results, new eguostivere developed for determining
helically shaped fasteners’ yield moment and emtsdnstrength. The detailed
analysis, described in Chapter 3, shows that tlagackeristic yield momeniMy neiicaily

shaped,and embedment strengfineiically shaped O Helically shaped can be determined as

follows:
M, peinx = 0.000114F,, [@l,”*" + 4499 ..(3.7)
frneinc = (-0.00490d, +0.0908 [ p ...(3.10)

The equations developed for helically shaped fastewere of the same form as those
developed for common timber fasteners. This shdws, while the helically shaped
fasteners exhibit different behaviour to commoridasrs, they follow a similar pattern
in which the parameters that have an influencetla@esame to those influencing the

behaviour of common fasteners.

Also, it is to be noted that the yield moment fumatis represented by the fastener root

diameter, while the embedment function is represkbly the fastener thread diameter.
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While this is not ideal for design purposes, theapeeters used in the equations provide
a more realistic representation of the behaviouthef connectors as observed during
testing. For practical reasons the diameters usélde design process can be either the

root diameter or thread diameter using the follagaguations:

d. =0.224d, +1.989 ...(6.6)

d, = 4.448(d. -8834 ..(6.7)

Tensile tests were performed on the four sizesbtally shaped fasteners used in this
study, the results showed that the tensile strewaglilies were constant across the range
of diameters. Therefore, if quality procedures iarglace it can be assumed that the
tensile strength of all helically shaped fasterwars be taken as the characteristic tensile
strength determined from the tests, which is 957n¥.

6.4  Axially loaded fastener design

In chapter 4 the withdrawal behaviour of helicaigaped fasteners in timber was
investigated. The study identified the parametéis influence the behaviour and
strength of axially loaded helically shaped fastené# was also shown that the design
equations of Eurocode 5 do not accurately predietwithdrawal capacity of axially
loaded helically shaped fasteners; as the withdrasgacity is greatly underestimated
using the design equation for nails, and greatrestimated using the design equation

for screws.

A semi empirical model was developed by analysimjvidually the parameters that
affect the withdrawal load displacement behaviolnew axially loaded. However for
design purposes the results showed that a spéeifign equation should be developed

for predicting the characteristic withdrawal capaof helically shaped fasteners.

The results of the experimental tests showed tieafdctors had a positive or negative
influence on the withdrawal capacity of helicallyaped fastener. A detailed analysis of
the results was undertaken in order to evaluatéenfheence of the parameters and level
of their influence. The influence is taken as pwsitwhen for an increase in the
parameter value, the withdrawal capacity increasdsle the influence was taken as

negative when for an increase in the parameterevahe withdrawal resistance
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decreases. The level of influence of the paramétegsaluated by measuring the level
of increase or decrease in the withdrawal capacitiuced by an increase of the
parameter value. A summary of the factors and thdluence on the withdrawal

capacity is shown in Table 6.3.

Table 6.3: Influence of the connection parameters

Parameter Influence Level
Pilot hole diameter Negative 1
Angle to timber grain Positive 1
Depth of penetration Positive 2
Fastener diameter Positive 2
Timber density Positive 3

As mentioned in Chapter 4, it was shown that tlotofg do not interact and therefore
the withdrawal resistance is a function of the picicbf the parameters. For that reason
and in order to avoid values which could sway thalfproduct (for the pilot hole and
angle to fibres), the parameters were evaluateld aviteference value. The individual
products were evaluated as follows:

Pilot Hole: [d‘ _ phj
dt

Angle to fibres: ( 1 ]
180-a

Depth of penetration I,

Fastener thread diametér

Timber density oy

As the factors do not affect the pull out resisent helically shaped fasteners with
similar levels of influence, as detailed in Table3,6they were affected power
coefficients when developing the design equatidriss method for calculating the
withdrawal factor was based on the analysis ofiptesswork on withdrawal resistance
of dowel type fasteners, and on the back of thdyaisaof helically shaped fasteners
axially loaded, as detailed in Chapter 4. In vidvalbthese observations, a withdrawal

factor, fax Helically shapedWas developed from the tests configurations.
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_[d-p 1 5l
Fax, et —( : d, h][€180—0’j EH;S (el Cog ...(6.8)

Where:d; is the thread diameter of Helically shaped fastgnam
pr is the pilot hole diameter, mm
o Is the angle of the fastener with the timber fiiredegrees, °
lp is the depth of penetration, mm

pk Is the timber characteristic density, kg/m

For the four sizes of helically shaped fasteneeswhithdrawal factor calculated was
plotted against the characteristic pull out loadtaoted from the experimental
programme described in Chapter 4, Figure 6.1.
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Figure 6.1: Relationship between withdrawal factor and charéstic load

A relationship between the withdrawal factor an@ tiest characteristic load was
developed for helically shaped fasteners, andtaildd below.

W, = 0.0002 f +10275 ...(6.9)

ax, helifix

Using equations 6.9 the characteristic withdrawaldl W, in N, for helically shaped
fasteners was calculated and compared to the testadteristic load. The results

showed that the withdrawal design equations pretetpull out resistance of helically
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shaped fasteners accurately with an absolute avexagr of 8.5%, however in some

cases the model overestimate the characteristibdveitval resistance of helically

shaped fasteners. As such predictions should bieetinand kept within an acceptable
range; an arbitrary factor of 0.9 was added todiésign equations to reduce the model
values. The resulting equation is as follows:

W, =0.00019 f +924.71 ...(6.10)

w, helifix

The results of equation 6.10 and the calculatedgmage error are shown in Table 6.4.
Using equation 6.10, the characteristic withdrawasistance of helically shaped
fasteners can be predicted for use in design, girayithat the pilot hole diameter, depth

of penetration angle to the timber fibres and timty&racteristic density are known.

In practice most fasteners are inserted with a pitdde as recommended in Eurocode 5
with a pilot hole of 0.8 times the fasteners —ha tase of helically shaped fasteners the
root diameter is the reference for the pilot helesd perpendicular to the timber fibres.

In this general case, the method can be simpliedesign purposes.

The pilot hole factor can be WritteE:dt - (08 E(O'Z(Z;lmt +1'5912))J
t

Replacing in equation 6.8 and finally 6.10 the diquabecomes:

W, =0.203x10™ [{0.776Ld, -1.5912 [&l** 0:° [p; + 92471 ...(6.11)
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Table 6.4: Helically shaped fastener design characteristitheiawal loads from equation 6.10

d | Test Char. Withdrawal Model Char. Error
Fastener thread P Ph “ Pk load factor Load

mm mm mm ° kg/m® N f w helifix N %

10 45 0.0 90 350 3046.10 12993087.10 3263.51 6.7

10 45 2.0 90 350 2775.82 10394469.68 2795.75 0.7
10 45 3.5 90 350 3348.01 8445506.62 2444 .94 -36.9
10 45 3.8 90 350 2835.56 8055714.00 2374.78 -19.4
10 45 4.0 90 350 2694.16 7795852.26 2328.00 -15.7
o 10 45 5.7 90 350 2577.09 5587027.45 1930.41 -33.5
: 10 45 4.0 0 350 1949.01 3897926.13 1626.38 -19.8
= 10 45 4.0 23 350 2268.06 4468959.90 1729.16 -31.2
% 10 45 4.0 45 350 2477.57 5197234.84 1860.25 -33.2
10 45 4.0 67 350 2487.73 6209085.87 2042.39 -21.8
10 20 4.0 90 350 1547.89 2309882.15 1340.53 -15.5
10 30 4.0 90 350 2143.57 4243524.48 1688.58 -26.9

10 60 4.0 90 350 3331.70 12002499.74 3085.20 -8.0
10 45 4.0 90 310 2937.91 6115766.55 2025.59 -45.0
10 45 4.0 90 560 5097.64 19957381.79 4517.08 -12.9
8 45 0.0 90 350 2870.42 9297096.32 2598.23 -10.5
8 45 2.0 90 350 2458.57 6972822.24 2179.86 -12.8
8 45 3.0 90 350 2596.15 5810685.20 1970.67 -31.7

8 45 3.2 90 350 1931.94 5578257.79 1928.84 -0.2

8 45 3.5 90 350 1905.26 5229616.68 1866.08 -2.1

© 8 45 4.7 90 350 1751.58 3835052.23 1615.06 -8.5
o 8 45 3.5 0 350 1446.14 2614808.34 1395.42 -3.6
"E‘j 8 45 3.5 23 350 1786.98 2997869.43 1464.37 -22.0
3 8 45 3.5 45 350 1885.33 3486411.12 1552.30 -21.5
8 45 3.5 67 350 1951.30 4165181.43 1674.48 -16.5
8 20 3.5 90 350 1363.62 1549516.05 1203.66 -13.3
8 30 3.5 90 350 1704.22 2846642.76 1437.15 -18.6

8 60 3.5 90 350 2301.49 8051521.60 2374.02 3.1
8 45 3.5 90 310 1985.66 4102580.92 1663.21 -19.4
8 45 3.5 90 560 3738.23 13387818.70 3334.56 -12.1

6 45 0.0 90 350 1887.50 6038641.20 2011.71 6.2

6 45 2.0 90 350 1626.93 4025760.80 1649.39 1.4

6 45 2.8 90 350 1532.74 3220608.64 1504.46 -1.9

6 45 3.0 90 350 1518.44 3019320.60 1468.23 -3.4

6 45 3.2 90 350 1529.35 2818032.56 1432.00 -6.8

6 45 3.8 90 350 1377.28 2214168.44 1323.30 -4.1

% 6 45 3.2 0 350 937.53 1409016.28 1178.37 20.4
% 6 45 3.2 23 350 1429.62 1615432.68 1215.53 -17.6
k= 6 45 3.2 45 350 1631.04 1878688.37 1262.91 -29.1
6 45 3.2 67 350 1500.53 2244450.71 1328.75 -12.9

6 20 3.2 90 350 992.15 834972.61 1075.05 7.7

6 30 3.2 90 350 1235.96 1533942.63 1200.86 -2.9

6 60 3.2 90 350 1561.49 4338644.95 1705.71 8.5
6 45 3.2 90 310 1469.99 2210717.79 1322.68 -11.1
6 45 3.2 90 560 2679.48 7214163.35 2223.30 -20.5

4.50 45 0.0 90 350 1751.86 3922212.51 1630.75 -7.4

4.50 45 2.0 90 350 1183.32 2179006.95 1316.97 10.1
4.50 45 2.4 90 350 1677.26 1830365.84 1254.22 -33.7

4.50 45 2.7 90 350 1289.89 1568885.00 1207.15 -6.9
4.50 45 3.0 90 350 1337.45 1307404.17 1160.08 -15.3
4.50 45 3.6 90 350 1241.28 784442.50 1065.95 -16.4

@ 4.50 45 3.0 0 350 661.70 653702.09 1042.42 36.5

E 4.50 45 3.0 23 350 1035.18 749467.36 1059.65 2.3
- 4.50 45 3.0 45 350 1247.61 871602.78 1081.64 -15.3
4.50 45 3.0 67 350 1156.20 1041295.36 1112.18 -4.0

4.50 20 3.0 90 350 932.09 387379.01 994.48 6.3

4.50 30 3.0 90 350 1127.71 711660.69 1052.85 -7.1

4.50 60 3.0 90 350 1363.12 2012880.40 1287.07 -5.9
4.50 45 3.0 90 310 1297.44 1025645.23 1109.37 -17.0
4.50 45 3.0 90 560 2053.43 3346954.68 1527.20 -34.5
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6.5 Lateral shear capacity

The lateral shear capacity of a timber joint comioacderived from test is taken in
Eurocode 5 as the characteristic load multipliedabynoisture content and duration
factor kmog and divided by a partial factor for material pedy (ym). The characteristic
values can be calculated from the equations givethe code or, in their absence by
deriving them from tests in accordance to the mae\standards. In case of timber
connections test can be performed in accordandSt&N 26891:1991 (BSI, 1991).
From the tests, where the maximum test loads arded, the characteristic values is
taken as the fifth percentile values calculateddcordance to BS EN 14538:2006 (BSI,
2007).

6.5.1 Load carrying capacity per fastener

The load carrying capacity of a fastener in siraylelouble shear was first developed by
Johansen in 1949. It was assumed that both thenstnd timber are perfect rigid-
plastic materials to derive the equations corredpanto the possible failure modes.

The equations derived by Johansen using the jemingtry are:

For single shear connection:

fo Oy Ll ...(6.12a)
fo 2k O, L ...(6.12b)
fh';'_k_k—tfg[ﬂl \//3+2,82 [ﬁl+i—2+[i—2] ]"‘,33 EE%] —,BE(1+T[—2) ++(6.12¢)
= min fgl,:t;d { \/2,8(1+,8) ) 4ﬁ(2f +ﬁc:tl\2/| R _ 4 ..(6.12d)
fatd [ JZ pepy s LC M 4 (6.12¢)
28_qam e Fooid ...(6.12f)

1+ 8 ' -
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For double shear connection

fro O, Ldl ...(6.13a)
05LF, ,, [, ...(6.13b)
v Rk = min fh,l,ktld 2ﬂ(1+ ﬁ) + 4ﬁ(2 + ﬁ)l\z/l y,Rk _ ﬁ (613C)
| 2+ it
2
1+ﬁﬁ 2M | i fruid ...(6.13d)

Where F, rkis the characteristic load-carrying capacity pexas plane per fastener;
fhik is the characteristic embedment strength in tinnbember i;
d is the fastener nominal diameter;
t; is the timber thickness or fastener penetratigoitde
My rkis the fastener characteristic yield moment;

[ is the ratio between the timber members embedntesmtgih;

As mentioned above, the characteristic load pdeif@s per shear plane of a timber to
timber joint can be calculated in Eurocode 5 ugtiggation (6.3). The joint capacity is
then calculated from the load per fastener perrsioea in accordance to Eurocode 5.
From the original equations (6.12 and 6.13) Eurecbdncluded additional resistance
due to axial forces in the joints and factors toude the friction between members to

enhance the resistance for failure modes 2 and 3.

The experimental programme described in the previcbapter was performed in
accordance to those standards, and therefore theathristic tests values can be

calculated for joints with helically shaped fasteneaded in single and double shear.

To evaluate the design method from Johansen andc&de 5 on timber joints with
helically shaped fasteners, the following charastier lateral shear capacities per
fastener per shear planes were calculated foastieher sizes:

- Using equations (6.12) and (6.13) for single andbi® shear joints, and
using the property equations from EC5 for the fasteyield moment and
embedment strengtifry,);

- Using equations (6.3) and (6.4) for single and d®ghear joints, and using
the property equations from ECS5 for the fasteneldymoment, embedment

and axial strengthH 2);
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- Using equations (6.12) and (6.13) for single andbd® shear joints, and
using the property equations derived for Helicahaped fastener (3.7 and
3.10) for the fastener yield moment and embedntesgth Fy 3);

- Using equations (6.3) and (6.4) for single andhdi®shear joints, and using
the property equations derived for Helically shapestener (3.7, 3.10 and
6.10) for the fastener yield moment, embedmenteal strengthKy 4)

In the calculations described above the followiaggmeters are used:
- Timber characteristic density of C24: 350 kg/m
- Fastener characteristic tensile strength: 957 N/mm2

- Fastener root diameter.

Due to the joint geometry, timber thickness anahtj@eometry, the calculations for
single and double shear result in equal valuesth&sexperimental programme also
used a symmetrical timber connection an averagelevalan be taken for the
experimental characteristic load per fastener pegass plane from tests in single and
double shear. The results are then compared taltheacteristic tests valueByxp)
obtained in single fasteners connections desciib&ection 5.3; as shown in Figure 6.2
and Table 6.5.
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Figure 6.2: Characteristic load carrying capacities from Jslean Eurocode 5 and tests
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Table 6.5: Load carrying capacity per fastener from desigud &ests, in N.

Fastener Fie1 Fi.2 Fi3 Fi.4 Fiexp
StarTie 10 | 2121.75| 2440.5( 1265.51  1926.p6  1971}65
StarTie 8 1694.18| 2051.66 1098.66  1739.69  1531|09
InSkew 1383.15| 1682.96 953.56 1468.45  1374Jl0
TimTie 1134.19 | 1387.00 871.53 1309.11  1193.48

Table 6.6 shows the average error between the gpeeldvalues and values obtained
from the experimental programme; with a positiveeshowing overestimation of the

test value, and negative error showing conservasigalts to the test values.

Table 6.6: Percentage prediction errors from calculations haets 1) to 4)

Fastener|  Fexp Fi1 Fe2 Fis Fra
StarTie 10 1971.65 8% 24% -36% -2%
StarTie 8 1531.09 11% 34% -28% 14%
InSkew 1374.10 1% 22% -31% 7%
TimTie 1193.48 -5% 16% -27% 10%

The results from the calculations as described @beere given by the equations of the
modes of failure 2 or 3 where there is bedding @nflilure in conjunction with partial
(mode 2) or full (mode 3) plastic failure of thestianer. From the experimental results,
despite the fact that the modes of failures cowtdpnoperly be identified, the samples
showed that the timber was crushed at the inteldhoeembers under the fasteners and
that the fasteners yielded to a plastic stage; reigu3. This shows the calculation

method predicted the failure modes relatively aataly on the evidence from tests.
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Figure 6.3: Typical failure modes of joints with helically gied fasteners loaded in single (a)
and double (b) shear

The calculation Method 1 and 2 predicts the chargstic load per shear plane with an

average absolute error of 6% and 24% respectittdyever, reservations can be made
on this method of calculations as it was showmegrevious chapter that the equations
from Eurocode 5 for determining the yield momemhbedment and axial strength do

not predict accurately the characteristic values Helically shaped fasteners. The

accuracy of the results from method 1 may be fatias the equations do not include
the various parameters that can affect the cororectisistance. This is confirmed by

the fact that the results of calculation methodv2restimate the characteristic load

capacity of joints with helically shaped fasteners.

On the other hand, the results obtained from megadd 4 show that the yield theory
can be applied to helically shaped fasteners asehdts are in line of what could be
expected. Indeed, using the equations developetbbgnsen the characteristic values
calculated are on average 30% below the experitheht@acteristic values as the
factors for friction and rope effect are not ina@dd Hence, when the factors are

included as in calculation method 4, the absoluezage error is 8%.
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Following these observations, an intermediate mbdeleen method 1 and method 4 is
to be considered for predicting load carrying c@yaof timber connections with

helically shaped fasteners loaded in single or tiosbear. The rope effect factor is to
be included as in method 4, however slight adjustsen the factors are required so
the design calculation method do not overestintetddateral shear capacity of Helically
shaped fasteners in timber connections. This i®aally true as helically shaped
fasteners were shown to exhibit high withdrawalersgth which may introduce

unusually high loads in the calculations methodddition to the factors introduced to

account for factors such as friction between mesber

In accordance with these conclusions, the calaratiwere carried out to compare
results from method 4 without the factors of 1.088 4.15 in Equations 6.3 and 6.4 with
experimental characteristic loads. The results sttaw the characteristic lateral shear
capacity of Helically shaped fasteneks gy is predicted with an average error of -2%,
Table 6.7.

Table 6.7: Predicted load capacities for helically shapediéagrs

Fastener Fexp Fu.rk Error (%)
StarTie 10 1971.65 1862.74 -6%
StarTie 8 1531.09 1574.89 3%
InSkew 1374.10 1325.62 -4%
TimTie 1193.48 1178.38 -1%

The analysis carried out demonstrates that thedyteeory can be applied to
connections with helically shaped fasteners. Howdlve specific equations need to be
used in the calculations in order to avoid restilitg cannot be related to experimental
reality; as in the case of calculation method koAlcompared to other common timber
fasteners, and due to their high withdrawal stienfyir helically shaped fasteners the
effect of other parameters in the connection sushfretion may be ignored by
removing the factors from the design equations uroEode 5. The lateral shear
capacity per fastener per shear plane of timbemections with helically shaped

fasteners can thus be determined using the follpwauations:
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- For single shear connection:

fh,l,k,HeIifix |:ﬂl Ijjr
fh,z,k,HeIifix [ﬂz Ijjr

fh,l,k,HeIifix Ijjr ,B+2ﬂ 1+-2 2 + t ’ +,83 tz ,BE(1+ 2)
1+ﬁ tl tl 1:l

F, re = Min f 1k et 810 2B8(L+ ) + 452+ )M V:H;”fix -3 +Vi
2+ fh,l,k,HeIifixdrtl 4

fh 1k, Helifix 2 ﬂ(z + /8) M y,Helifix %
2+ :8 |:\/2ﬂ(l ﬂ) fh,l,k,HeIifix drtz2 'B:l ' 4

28 W
1+ ﬂ Q/ZM y, Helifix fh,l,k,HeIifixd +Tk

For double shear connection

fh,l,k,HeIifix [ﬂl |]:Ir
O'5[':h,2,k,HeIifix [ﬂz Ejr

f 42+ M, .
Fv,Rk = min h,1,k,Helifix 1 \/Zﬁ(l ﬁ) IB( :B) y,H26|IfIX _ﬁ +%
2 ﬁ ch,k,HeIifixdrtl 4

2p3 W,
+ﬁ Q/ZM y, Helifix fh,l,k,HeIifixdr +—5

NS

...(6.14a)
...(6.14Db)

...(6.14c)

...(6.14d)

...(6.14e)

...(6.14f)

...(6.15a)
...(6.15b)

...(6.15¢)

...(6.15d)

With the characteristic yield moment, embedment axidl strengths are determined as

follows:

M =0.0001147F, [d"®" + 4499

y, Helifix

fh,k,HeIifix = (_00049[ dt + 00908 [pk

W, =0.00018 f +92471

ax, Helifix

. (37)

...(3.10)

...(6.10)

Where F, rkis the characteristic shear capacity per sheaegber fastener;

fh,i.k,Helically shapedS the characteristic embedment strength in tinmbember i;

d; is the fastener root diameter;

d; is the fastener thread diameter;
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t; is the timber thickness or fastener penetratigiige

My Helically shapedS the fastener characteristic yield moment;

p is the ratio between the timber members embedntemtgth;

W is the characteristic axial withdrawal capacityhad fastener;

f, is the characteristic tensile strength of Helicadhaped fasteners (957
N/mmg2);

pk IS the characteristic timber density;

fax Helically shapedS the withdrawal factor as defined in section 6.3

6.5.2  Multiple fasteners connections

For joints with multiple fasteners the charactérikiad carrying capacity is determined
from the load per shear plane per fastener mudtiplby the effective number of
fasteners in a row and the number of lines in trenection. The effective number of
fasteners is determined for rows of fasteners wheerted parallel to the timber grain.
Previous research on timber connection showedthigatoad capacity of connections
with multiple common timber fasteners in a row ® equal to the load per fastener
multiplied by the number of fasteners. It was shawat depending on the spacing
between fasteners the effective number of fasterserscreasing with increasing
spacing, with the effective number of fastener €dqoathe number of fasteners for

spacing equal or greater than 14 times the fastehameter.

Hence, the characteristic load carrying capacdfeswultiple fasteners connections can
be determined in accordance to Eurocode 5 for ailhtjpatterns used in the
experimental programme. The characteristic loadwiodd for multiple fasteners
connections Ky et r) are then compared to the characteristic loadairdd from the

tests Frexy as determined in accordance to BS EN 26891:1B91, (1991). The results

are detailed in Tables 6.8 and 6.9 for connectwite multiple fasteners loaded in
single and double shear respectively, with a pasidrror showing overestimation of

the test value, and negative error showing consigeveesults to the test values.
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Table 6.8: Multiple fasteners joints characteristic loadssimgle shear

. Number of | Number of |Row sapcing Fu Fyefri Frexp Error
Joint . Ke Net
Rows Lines x*d N N N %
LA 2 1 8 0.74 1.67 1325.62 2214.07 4062.58 -469
LB 4 1 8 0.74 2.79 1325.62 3697.8 7433.04 -509
LC 6 1 8 0.74 3.77 1325.62 4991.78 11557.45 -57%
LE 8 1 8 0.74 4.66 1325.62 6175.98 14202.54 -57%
LG 10 1 8 0.74 5.50 1325.62 7284.82 18155.68 -60%0
MA 1 2 - 1 1.00 1325.62 2651.24 5292.31 -50%
MB 1 3 - 1 1.00 1325.62 3976.86 5992.9B -34%
MC 1 4 - 1 1.00 1325.62 5302.44 7319.99 -289
MG 2 2 8 0.74 1.67 1325.62 4428.04 7728.41 -43%
MF 2 2 8 0.74 1.67 1325.62 4428.04 8397.58 -47%
MH 2 2 8 0.74 1.67 1325.62 4428.04 8083.93 -459
ML 2 2 8 0.74 1.67 1325.62 4428.04 8450.06 -489
MK 2 2 8 0.74 1.67 1325.62 4428.04 8172.54 -469
NA 2 2 14 1 2.00 1325.62 5302.44 6863.96 -239
NB 3 2 14 1 3.00 1325.62 7953.72 11604.63 -31%
NC 4 2 14 1 4.00 1325.62 10604.96 16064.15 -34%0
ND 3 2 8 0.74 2.25 1325.62 5977.49 11843.48 -50%
NG 3 2 10 0.85 2.54 1325.62 6745.3]L 1265586 -47%
NH 3 2 12 0.925 2.76 1325.62 7324.64 11763{79 -38%0
Table 6.9: Multiple fasteners joints characteristic loadsdauble shear
Joint Number of Number of |Row sapcing Kes Ng; Fu Fu.ef Rk Frexp Error
Rows Lines x*d N N N %
CA 2 1 8 0.74 1.67 1574.89 5260.69 11848.86 -56%
CB 4 1 8 0.74 2.79 1574.89 8786.2Y 18864.48 -53%
CD 6 1 8 0.74 3.77 1574.89 11860.45 2518805 -53%0
CE 8 1 8 0.74 4.66 1574.89 14674.42 33506)72 -56%0
CG 10 1 8 0.74 5.50 1574.89 17309.33 41832{18 -59%0
DA 1 2 - 1 1.00 1574.89 6299.56 13173.02 -529
DB 1 3 - 1 1.00 1574.89 9449.34 17723.14 -479
DC 1 4 - 1 1.00 1574.89 12599.1p  23107.68 -45%
DE 2 2 8 0.74 1.67 1574.89 10521.37 22439)58 -53%0
DG 2 2 8 0.74 1.67 1574.89 10521.37 2133670 -51%
DH 2 2 8 0.74 1.67 1574.89 10521.37 22170.13 -53%
EA 2 2 14 1 2.00 1574.89 12599.1p  24138.D4 -48%
EB 3 2 14 1 3.00 1574.89 18898.68 36768.p4 -49%
EC 4 2 14 1 4.00 1574.89 25198.44 39593p1 -36%0
ED 3 2 8 0.74 2.25 1574.89 14203.00 33750[10 -58%0
EG 3 2 10 0.85 2.54 1574.89 16027.41 31384{34 -49%0
EH 3 2 12 0.925 2.76 1574.89 17403.93 30735{15 -43%0

The results shows that the predicted charactetsits are underestimated compared to

the experimental characteristic joints load caigyoapacity with an average error of
-44% (with standard deviation of 10%) and -51% lfwstandard deviations of 6%) for

connections with fasteners in single and doublarstespectively.

When analysed in details the results show that:

1. For connections with one line of multiple fasteniera row, the prediction error is

increasing with increasing number of fasteners irow for joints in single and

164



double shear. This shows that the calculation mkfloo the effective number of

fasteners does not reflect the distribution of Ibativeen helically shaped fasteners.

2. This finding is also confirmed by results of similpints with increasing row

spacing, with connections with smaller spacing Itegpin greater prediction error.

3. The prediction error for connections with varyinigel spacings is reasonably
constant for connections with fasteners loadedimgle and double shear. This
confirms the results from Chapter 5 which showexd the line spacing did not affect

the connection capacity, and is in line with Euides.

4. For connections with fasteners loaded in doubleasitee prediction error is
relatively constant for connections with varyingmmher of lines. Whereas, for
similar joints with fasteners loaded in single gttea results show that the prediction
error is decreasing with increasing number of lifss is in line with the findings
of Chapter 5 where in the semi empirical modelsettgped the number of lines is
taken as an effective number smaller than the hbtheanumber; with the effective
number of lines being smaller for connections imgkd shear compared to that of
connections in double shear. These findings gonaganost previous research on
timber joints with common timber fasteners. Whienj resistance does not seem to
be directly proportional to the number of linee ttesign method yields conservative

results.

As the prediction resulted in overly conservatiesults, the calculation method was
adapted to determine the joints load carrying céypatith the effective number of
fasteners in a row equal to the actual number sikfeers (thugers equal to 1.0), Table
6.10 and 6.11.

165



Table 6.10: Multiple fasteners joints characteristic loadssimgle shear with&=1.0

. Number of | Number of |Row sapcing Fv,rk Fv,ef,Rk| Fk,exp Error
Joint . Kef Net
Rows Lines x*d N N N %
LA 2 1 8 1 2 1325.62| 2651.24 4062.58 -359
LB 4 1 8 1 4 1325.62| 5302.44 7433.04 -299
LC 6 1 8 1 6 1325.62 7953.71 11557 .45 -319
LE 8 1 8 1 8 1325.62| 10604.96 14202.54 -25%
LG 10 1 8 1 10 1325.62] 13256.40 1815568 -27%
MA 1 2 - 1 1 1325.62| 2651.24 5292.3|L -50%
MB 1 3 - 1 1 1325.62| 3976.84 5992.9B -349
MC 1 4 - 1 1 1325.62| 5302.44 7319.99 -289
MG 2 2 8 1 2 1325.62| 5302.44 7728.41 -319
MF 2 2 8 1 2 1325.62| 5302.44 8397.58 -379
MH 2 2 8 1 2 1325.62| 5302.44 8083.9B -349
ML 2 2 8 1 2 1325.62| 5302.44 8450.0p -379
MK 2 2 8 1 2 1325.62| 5302.44 8172.5¢ -359
NA 2 2 14 1 2 1325.62| 5302.44 6863.96 -239
NB 3 2 14 1 3 1325.62] 7953.72 11604.63 -31%
NC 4 2 14 1 4 1325.62] 10604.96 160645 -34%
ND 3 2 8 1 3 1325.62| 7953.72 11843.48 -33%
NG 3 2 10 1 3 1325.62] 7953.72 12655.86 -37%
NH 3 2 12 1 3 1325.62| 7953.72 11763.Y9 -32%
Table 6.11: Multiple fasteners joints characteristic loadsdauble shear withc&k=1.0
. Number of | Number of | Row sapcing Fv,rk Fv,ef,Rk| Fk,exp Error
Joint . Kef Nef
Rows Lines x*d N N N %
CA 2 1 8 1 2 1574.89] 6299.56 11848.86 -479
CB 4 1 8 1 4 1574.89] 12599.12 18864.48 -33%
CD 6 1 8 1 6 1574.89] 18898.68 25188.p5 -25%
CE 8 1 8 1 8 1574.89] 25198.24 3350672 -25%
CG 10 1 8 1 10 1574.89 31497.80 41832]18 -25%6
DA 1 2 - 1 1 1574.89 6299.54 13173.02 -529
DB 1 3 - 1 1 1574.89| 9449.34 17723.14 -479
DC 1 4 - 1 1 1574.89] 12599.1p 23107.68 -45%
DE 2 2 8 1 2 1574.89] 12599.12 22439.h8 -44%
DG 2 2 8 1 2 1574.89] 12599.12 21336.fJ0 -41%
DH 2 2 8 1 2 1574.89] 12599.1p 22170.3 -43%
EA 2 2 14 1 2 1574.89| 12599.12 24138.p4 -48%
EB 3 2 14 1 3 1574.89] 18898.48 36768.p4 -49%
EC 4 2 14 1 4 1574.89 25198.24 3959321 -36%06
ED 3 2 8 1 3 1574.89| 18898.68 33750.[L0 -44%
EG 3 2 10 1 3 1574.89 18898.48 3138434 -40%6
EH 3 2 12 1 3 1574.89] 18898.48 30735.[15 -39%

With kes equal to 1.0 the characteristic load capacityowits from calculations yield

conservative values. However the average erroowgeil than withke calculated as

recommended in Eurocode 5. For single and douldarstonnections the average error

is -33% and -40% respectively. Even as there isdaation in the average error from

the calculated and experimental characteristicdaieé error is not negligible as for

some connections patterns the design value regresdyn 50% of the experimental

characteristic loads obtained. Such difference betwthe characteristic loads can be

explained by the following causes:
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1. The characteristic design load capacity per fastgreg shear plane is
conservative compared to that obtained in testsréffore the multiplication
of error is emphasised for connections with muttifhsteners and shear
planes.

2. The calculations from Eurocode 5 limit the ropeeetfto 25% of the axial
strength of the fasteners. As Helically shaped efamts exhibit high
withdrawal capacity this limitation factor can iruimportant errors in the
calculations of the load capacity of multiple fastes connections.

3. Multiple fastener connections loaded in single avullle shear will
inevitably introduce in the connection friction ésthat can increase the
load carrying capacity of the connections artiflgisccompared to single
fastener connections. The multiplication of fastenecrease the friction and
as this factor is not included in the calculatiotie resulting error between

design and experimental values is thus increased.

Three main causes could explain the error betwéen eixperimental and design
characteristic load carrying capacities obtaineldoAas the possibilities for inducing
the error in the calculations compared to the arpental values are multiple and may
be interdependent (such as the rope effect andofrjcit is difficult to analyse the

findings in more depth. However in is importantriotice that the design values are
conservative which is recommended in design, aedrésults show that the design
method described in this section can be used foctsiral timber connections with

helically shaped fasteners.

6.6 Summary and conclusions

In this chapter the experimental results of thelowmr tests performed on helically

shaped fasteners or connections with helically stiafasteners are analysed in
comparison to the design equations of Eurocode$, (B004). The design method is

called the yield theory and is derived from theottyedeveloped by Johansen in 1949,
the equations were developed using the connecwamgtry and assuming that the

timber and fasteners are ideal rigid-plastic materiBy analysing the internal forces in

the connections it was concluded that the connectsistance was a function of the

embedment strength, the fastener yield momentdwathal strength and the connection
geometrical dimensions. With the years and numeressarches the design equations
for the connection parameters were developed.
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The yield moment and embedment strength of Helicalhaped fasteners were
investigated in Chapter 3. The experimental resulése compared to the design
Equations in Eurocode 5 and this showed that speetjuations were needed for
helically shaped fasteners embedment strength aeldl ynoment for predicting

accurately the characteristic capacities.

The resistance and behaviour of axially loadedch®#yi shaped fasteners in timber have
been investigated with the results reported in @rap and compared to the design
Equations in Eurocode 5. The results showed th&rageld moment and embedment
strength, specific equations were necessary foicdlgl shaped fasteners. The
experimental programme investigated the parameteas affect the withdrawal
resistance of helically shaped fasteners, an ithd@palysis was carried out to evaluate
the level of influence of the various parametersing such levels of influence a
withdrawal factor was calculated for all tests dhdn an equation for axially loaded
helically shaped fastener in timber was develop€&dis equation predicts the
characteristic withdrawal loads with an averagereaf 7%. In addition, it was noted
that a very high percentage of dowel type fastemerstructural timber systems are
inserted with a pilot hole of 0.8 times the fasteneminal diameter and perpendicular
to the timber grain. Therefore the general withdraaquation developed was adapted

for such input, and a specific equation developed.

The lateral shear capacity of connections is ptedicising the Eurocode 5 equations
from Johansen’s work. Connections with Helicallyapbd fasteners experimental
characteristic load carrying capacities were evalliain comparison to Johansen
original equations and Eurocode 5 equations. Intiadd for both methods, the input
parameters (yield moment, embedment and axial gitieh were calculated using the
recommended Eurocode 5 methods and the specifiatioqa developed for helically
shaped fasteners. The results showed that theckraging capacity per shear plane per
fastener was best predicted using Eurocode 5 emsaith conjunction with the specific
input equations for helically shaped fastenerss Tésult is rational with all the findings
of the experimental programme in which helicallaséd fasteners in timber exhibited
load resistance capacity and behaviour that varneeh common timber connectors.
Following the determination of the load carryingaeity per shear plane per fastener,
multiple fasteners connections were investigated analysed in comparison to

Eurocode 5 design method. The results showed trdtary to other timber fasteners
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the effective number of rows in a connection isado the number of rows for a
minimum spacing between rows of seven times thé d@meter. Also the analysis
showed that the joint capacity is not directly podfwnal to the number of lines in the
connection; with the error between the predicted arperimental values decreasing
with increasing number of lines. Still, the pretiotwas conservative for all connection
patterns investigated. Following these findingsvds shown that the load carrying
capacity of timber joints with Helically shaped tlxsers could be calculated using
Eurocode 5 method in combination with the specgyield moment, embedment and
axial strengths equations using an effective nunatbdastener factokes equal to 1.0,

such method resulting in characteristic predictatles on average 37% lower than

experimental characteristic loads.
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Chapter 7 Helically shaped fasteners as shear coruters

in timber concrete composite systems

7.1 Introduction

As building techniques evolve and aim to use theerma to the maximum of their
possibilities composites systems are more and meestigated and developed. In this
view, timber-concrete composite structural systhange increasingly been used across
Europe, as they exploit the advantages of bothretm@nd timber in compression and
bending respectively. The main drawback of thislddog technique lies in the
connection between the materials and the trandféheo load in order to obtain a

composite action with continuity.

The main use in the UK for such connections issfue plate fixings in timber-framed
construction where water can be present in the Veating through capillarity. In
addition, the development of composite structumseikternal uses, such as bridges,
implies that the fasteners need resistance to siormoTherefore the main requirements
for the fixings between the concrete sub strucame sole plates are as follow:
- Axial load carrying capacity (withdrawal and/or dgaull through resistance) in
both timber and concrete substrates;
- Water resistant fasteners, due to the possibldia@y effect of the concrete,
external applications;
- Lateral shear capacity to sustain horizontal loadd, shear loads in composites

systems such as floors.

Helically shaped fasteners have successfully bsed for two decades now as remedial
crack fixings for masonry and stone structures afl as wall ties in the housing

construction market. In the previous chapters @f thsearch, it was shown that their
lateral shear and withdrawal behaviour and capecitmade them structurally

competitive fasteners for timber connections. Thasgracteristics of helically shaped
fasteners, combined with their natural resistarcavater as stainless steel fixings,
respond to the main requirements for fixings inlb@mconcrete composite systems.
Therefore, considering the characteristics of ladfjcshaped fasteners in concrete and
masonry materials, as main intended use, and ibetimas seen in the previous

chapters; an experimental and analytical programvas developed with the aim to
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investigate the behaviour and characteristics dickligy shaped connectors as shear
connectors for timber-concrete composite structispstems. As detailed in the
following section there are two main uses for timbencrete shear connectors: timber
to concrete blocks, and connectors for composderithg systems. In the following
sections both uses are investigated with helicsllyped fasteners as timber to concrete

shear connectors.

7.2  Background

For over twenty years timber-concrete compositéesys have been used in a variety of
applications with their use widely increasing oeentinental Europe (Mettem, 2003).
In principle the combination of the two materialppaars improbable due to the
different hygroscopic and mechanical propertiesaath of the materials. However such
combinations have now been in use, without collapseserious serviceability issues
being reported. The main application of timber mwnaete system is in flooring
systems, where the use of timber in the tensioe sid concrete as the slab and
compression side result in a structural system rgdlge improving the floor
characteristics compared to either all concretallotimber floors. (STEP 2, 1995). In
the United Kingdom such flooring systems are nahiewmnly used due to a lack of
knowledge or awareness from engineers on the betmasind design methods of such
flooring systems. However, timber-concrete compassiare commonly used in the
connection of sole plates to the wall footing i tbonstruction of timber plateform

frame building construction (Hairstans, 2007).

In addition to improving the floor characteristiosmpared to single material floorings

systems, timber-concrete flooring systems presardral advantages (STEP 2, 1995):

Creation of a light, rigid and structurally effiaiestructure;

Reduction of spring effect compared to timber fior

Improvement of sound insulation: 1) the increasassnof the floor
compared to timber reduces the transmission otrairsmitted noises, 2)
higher damping compared to concrete floors imprtve impact noise
transmission;

- Reduced cost compared to all-concrete floor;

- Improvement of the fire protection of buildings.
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In timber to concrete floors, the shear resistaridbe connection and the shear transfer
has been the subject of numerous research programasethe components of the
system need to be acting together in order to er@attructural system. Various

connectors have therefore been investigated; tist coonmon are shown in Figure 7.1.

| (d)

B
|

SRR

Figure 7.1: Examples of different timber-concrete connecti@ystems: a) dowel type
connectors; b) surface connections; c¢) notched exifons; d) bonded connectiorSTEP 2,
1995

Connectors as shown in Figure 7.1, are traditignakd or where developed for timber
to timber connections. In addition to these, redeans developed shear connectors
specifically for timber-concrete composite systeRigure 7.2. Connectors A and B are
screws of diameter 6mm and are usually installedraangle of 45° to the timber
surface; Connector C consist of a steel plate aladge diameter dowel encaged in the
concrete fixed to the timber members using two koacrews; Connector D was
developed for timber-concrete composite systemsiitiag high stiffness and high
resistance, it consists of a steel sheet ancharatia timber using common timber
screwg(Steinberg et al, 2003).
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Figure 7.2: Connectors developed for Timber-concrete compasistems (Steinberg et al,

2003).

In timber plateform frame construction the loachsf@r of horizontal forces to the sub
structure is mainly realised by shear resistana@nhectors between the sole plate and

wall footing, generally constituted of common bsak concrete bricks, Figure 7.3.

L— Wall Panel

Facing
brick
Foote
Sole Plate
F |
oor slab wall

—7 77 [ Footing

| } Foundation

a) Typical foundation detail b) Typical sole plate to 7N/mfhzoncrete brick
wall footing connection

Figure 7.3: Timber-concrete sole plate connection (Hairstaf6,7)

In this connection detail, the transfer of horiadribrces, mainly due to the wind forces
acting on the structure, from the timber panelsht® sub-structure is only realised by
the connectors between the two materials. The patdriction effect that could exist

between the timber and concrete is being eliminbyetthe introduction of a damp proof

coursing between the two layers in order to preweater migration in the timber

members.

173



The most commonly used fasteners for sole platesextdions in the UK are:
- Hardened Zinc Plated Nails: shot fired using poaauated systems;
- Screw Anchors: formed from carbon steel and selbitag;
- Express Nails: formed from spring steel and haminexd into pre-drilled
holes.

With the development of timber-concrete composiggstems across continental
Europe, and the increasing number of timber framédings in the United Kingdom,
researchers have set to develop design rules addlsnfor timber-concrete composite
systems. The first models were developed followgrtgnsive testing on floor systems
using various connection methods (Van Der Linde899); the different studies
developed linear elastic analytical models, with é¢fffect of joint slip taken into account
in the majority of the cases. Nowadays, finite edate methods are being used for
analysing and modelling the behaviour of timberarete composite systems (Dias et
al, 2006).

The development of design rules for timber-concostmposite systems has also been
investigated following the various researches. 985, Ceccotti suggested that timber-
concrete floor systems could be designed accorirturocode 5 Annex B formulas.
While such formulas can be used for short term utalons, numbers of time
dependent phenomena differ between timber to tirmbemposite systems and timber to
concrete composite systems (such as inelastiostiraithe concrete slab and difference
in creep coefficients) may lead to significant apqmations when designing to long
term loading (Schanzlin, 2007). For the desigrhefshear connection between the two
materials research demonstrated in 2003 that snerudhthreaded nails the timber to
concrete connections showed the same load carcgipgcity to timber to thick steel as

calculated using Eurocode 5 design formulas farétshear connections (Dias, 2005),

Equation 7.1.
f 00 |2+ 4My re -1 +FaX'Rk ...(7.1a)
' i, 0 7 4
F
Fre =Mine 23 /M o [F, T 4+ 3Rk ...(7.1b)
' ’ ' 4
f, O, [d ...(7.1c)
h,k
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Where:
Fv rkis the characteristic load-carrying capacity pexes plane per fastener;
fnkis the characteristic embedment strength in theér member;
t; is the thickness of the timber side member;
dis the fastener diameter;
My rkis the characteristic fastener yield moment;

Fax rkis the characteristic withdrawal capacity of thsténer.

The failure modes and corresponding equations \iiese developed by Johansen
(1949), when studying the behaviour of timber jgirks for timber to timber joints, the
equations predict the ultimate strength of conoestiwith dowel type fasteners due to
bearing failure in the timber member or simultareedavelopment of bearing failure in
the timber and yield point in the fastener. The enad failure varies with the joint

geometry and properties of the timber and fastener.

7.3  Sole plate anchoring systems

In the UK timber plateform frame construction aaatsufor 20% of the housing
construction market, with this percentage likely gmiow with the new regulations
planned. As shown in Figure 7.3, the wall panetsfeed to the substructure via a sole
plate which in turn is fixed to the foundations this part of the research the viability of
helically shaped fasteners were studied along withmon fasteners for sole plate

connections.

7.3.1  Experimental investigation

The fasteners were tested in 7 N/freoncrete blocks. The specimens were assembled
with the substrate and timber predrilled accordimghe fixings specifications, and the
fasteners inserted to a depth equal or superiothéominimum required depth of
penetration in the substrate. Damp proof coursiag placed at the interface between
the two materials according to site practises. Tihtber used in the experimental
programme was of grade C24 according to BS EN E8&2BSI, 2003).

A symmetrical arrangement, comprising two sheangdawith each containing two
fasteners, was used in the testing programme. Bpecimens were tested for each
fastener in accordance with BS EN 1380:2009 (B809) and BS EN 26891:1991
(BSI, 1991) requirements. A typical test arrangeihmeshown in Figure 7.4.
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Figure 7.4 Typical sole plate connection test set up

Details of the fasteners used in the experimentagramme are shown in Table 7.1.
Along with Helically shaped fasteners masonry seremasonry anchors and Express

nails were tested, Figure 7.5.

Table 7.1: Details of fasteners tested as shear fixings &de plates

Fixing Type Specification Length Root diametef Thread diameteSrnl]DoiZ::;:an
mm mm mm mm
StarTie 10 N/A 4.25 10.0 N/A
Helifix fasteners StarTie 8 N/A 3.75 8.0 N/A
InSkew N/A 3.35 6.0 N/A
Masonry screws MSC36082 82 3.8 5.4 3.8
BTB4C82 82 4.4 6.4 4.7
Masonry anchors KF7.5x80 80 5.2 7.4 N/A
KF7.5x100 100 5.2 7.4 N/A
EXPN6x100 100 N/A N/A 6
Express nails EXPN8x70 70 N/A N/A 8
EXPN8x90 90 N/A N/A 8
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a) MSC & BTB masonry screw

U \_ -_ e ——

b) KF masonry anchor ¢) EXPN express nalil

Figure 7.5: Common sole plate fixings

According to Helically shaped documentation theimimm depth of penetration in light
concrete blocks (5-20N/mfinis 70mm, which would provide lengths for heligall
shaped fasteners of 115mm and 108mm for tests snd538mm timber respectively.
However the recommendations are for wall ties $jpations, where a gap between the
two substrates exists. As the tests represenfexrdit use for helically shaped fasteners,
and to compare them with common sole plate ancitosgs decided to insert Helically
shaped fastener to a depth equivalent to that mimanly used sole plate to foundation

fixings.

Three tests series were performed in this studythénfirst test series all fasteners
described in Table 7.1 were tested in 45mm soleegwldnelically shaped fasteners were
inserted in the concrete blocks to a depth of 50mntest series 2 and 3, only StarTie
fasteners were tested. In Series 2 the sole plaseofvthickness 38mm; and in series 3
helically shaped fasteners were inserted to a dep#0Omm. A summary of the sole
plate and fixing depth of penetration in the cotetdocks is given in Table 7.2.
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Table 7.2: Test programmes fixings and sole plates dimensions

Test Series 1
Timber thicknesd Pengtratlon depth Fastener length
Fastener in block
mm mm mm
StarTie 10 45 50 95
StarTie 8 45 50 95
InSkew 45 50 95
MSC36082 45 37 82
BTB4C82 45 37 82
KF7.5x80 45 35 80
KF7.5x100 45 55 100
EXPN6x100 45 55 100
EXPN8x90 45 45 90
EXPN8x70 45 25 70
Test Series 2
StarTie 10 38 50 88
StarTie 8 38 50 88
Test Series 3
StarTie 10 45 70 115
StarTie 8 45 70 115

The testing programme was developed and condusied standard 7N/mmz2 concrete
blocks. From each block two tests samples and ®©@min cubes were cut. The cubes
were tested in compression in order to determinesitde and compressive strength of
the concrete blocks. Also, after each tests sampdes cut from the timber to measure

and record the density and moisture content of &gttspecimen.

7.3.2  Results and analysis

For comparison purposes, and considering resulishwéhowed that timber-concrete
samples could be designed using Eurocode 5 eqgsafmm thick steel to timber
connections, design calculations have been caoug@nd the results are shown along
with experimental results in Figure 7.7. Two methadere used for calculating the
Eurocode 5 design values:

a) The average experimental data was used for inpthanequations (fastener
yield strength according to BS EN 14592:2008 (B®09a), timber density of
samples),

b) The characteristic values from Eurocode 5 designagon are used for
fasteners yield moment, and C24 characteristicitjefrem BS EN 338:2003
(BSI, 2003).
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To calculate design values using Eurocode 5 equatibe tensile strength and yield
moments of the fasteners were determined by tesTimg tests carried out were similar
to those described in Chapter 3 for the tensilength and yield moment of helically
shaped fasteners. Due to the unusual shape of &xpesls, yield moment tests were
carried out in three configurations, the conseweatvalue was used in the design
equations, Figure 7.6. It has to be noted thaptesence of damp proof coursing limits

the friction between the timber and concrete.

|
B S S O O

Front view Side views

Figure 7.6: Yield moment tests, configuration for minimum yighoment of Express nails
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OECS5 (b)
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2000 +
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Figure 7.7: Timber-concrete characteristic lateral shear §x@apacity in 7N/mm? blocks
Shown in Table 7.3 are the characteristic testliesd the experimental investigation

and the results of the design calculations, udiegtivo methods described above. The

results show that:
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- Helically shaped fasteners achieve similar loadyoag capacities to commonly
used fasteners for sole plate connections,

- For all fasteners, Eurocode 5 method b) desigrutation result in conservative
design values, and for Helically shaped StarTiead@ StarTie 8 fasteners the
design values are overly-conservative,

- Eurocode 5 method a) design calculation resultsame cases (BTB4C82,
KF7.5x100, EXPN 8x90) in over estimation of loagaaities,

- For Helically shaped fasteners the lateral shegraaty increases with
increasing fastener diameter,

- For same diameter fasteners higher resistance easvad for fasteners least

embedded in the concrete — shortest fastenerstHEEXPN8 fasteners).

Design calculations resulted in equation 7.1(ahdehe minima for method b) for all
fasteners, and for method a) half the fastenerdteskin equation 7.1(a) being the least
favourable (in grey in Table 7.3), and for the othelf equation 7.1(b) was decisive.
Equation 7.1(a) corresponds to bearing failureheftimber member under the fixing,
and Equation 7.1(b) corresponds to simultaneoudrugéailure of the timber member
and yielding of the fixing. Observations on the péa with common timber-concrete
fixings, following testing, showed bearing failurefsthe timber in most cases; however,
yielding of the fasteners was often difficult tosass as the samples were allowed to
reach large displacements. However in the caselafaily shaped fasteners yielding of

the fasteners could be observed in the samples.

Table 7.3: Tests results comparison between helically shapedcommonly used fasteners

Fasteners Tests Resulty EC5 (a) EC5 (b)
N N N

StarTie 10 6074,81 2330,51 2710,09
StarTie 8 4439,83 2138,84 2326,96
InSkew 3306,67 1834,30 2036,00
MSC36082 2915,95 1840,35 2323,03
BTB4C82 3636,19 4035,92 2827,96
KF7.5x80 5521,90 4743,95 3634,12
KF7.5x100 4700,60 5130,66 3634,12
EXPN6x10Q 3836,45 2997,39 2182,36
EXPN8x70 5871,31 4385,15 3111,16
EXPN8x90 4573,32 4831,49 3111,16
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During testing two modes of failures were obsendhdttile and brittle failures due to
shearing of the fixing see Figure 7.8. Fixings abhiexhibited lateral shear brittle
failures were those that exhibited such failure nvlietermining experimental yield
moments. Also, brittle failure was observed in tase of KF7.5x100 fasteners which

may explain the lower values achieved compared~i3x80 fasteners.

In 2005, Dias mentioned that the design equatiaweldped for thick steel to timber
connections, for use in timber to concrete conoestiresult in overestimated values,
due to the consideration that perfect clampingssueed by the concrete which proves
unrealistic, as the bearing capacity of the coecrist overestimated. However,
configurations such as those described in this raxeatal programme result in

conservative results for all types of fastenertetks

6000

5000 b e A T L

4000 +

= StarTie 10
StarTie 8
= |nSkew
==MSC36082
BTB4C82
= KF7.5*80
e KF7.5*100
EXPN6*100 |- |
e EXPN8*90

=—EXPN8*70
i

30 35

3000 +

Load, N

2000 +

1000 1 {4/

Displacement, mm

Figure 7.8: Fasteners typical load displacement curves in €madoncrete connections

Figure 7.8 shows that helically shaped fastenehav® in a more ductile behaviour
than common fixings, however they achieve relayivelv stiffness compared to other
fasteners. The stiffness of timber-concrete solgteplconnection is important for
sustaining instant or impact loads. As the conpadtietail is aimed at sustaining loads
from wind loads and improbable seismic loads, dtictiand elasticity could be

preferred over connection stiffness in these sinatin order to respect serviceability

in extreme cases and to avoid brittle failures evithpse of the structure.
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In 2005 Dias observed that using the design equatior timber to thick steel
connections was the most realistic and availaldé dcompared to timber to timber or
timber to thin steel design equations. However thalel considers that the clamp of
fastener in the concrete is infinitely rigid; whid¢tas been shown to be untrue. As
concrete is an elasto-plastic material crushing ascurs in the concrete under the
bearing area of the fastener. The problem is ofigpassed by introducing a gap
between the two substrates in the model which @madsumed to correspond to the
damaged area in the concrete.

Other studies have focused on using similar desggrations for determining the load
carrying capacity of such connections by developimadels of timber to thick steel
substrates with an interlayer (Dias, 2005). Suahaalel may be more accurate as it
takes into account the bearing strength of therlater in the design. However both
methods require that the thickness of the gap terlayer is evaluated efficiently and

accurately.

The results of tests Series 2 and 3 on helicalypst fasteners StarTie 10 and StarTie 8
fasteners are shown in Figure 7.9 along with desajues calculated according to the

two methods described above.
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Figure 7.9: Results of Helically shaped fasteners test setje2 and 3 for Helically shaped
StarTie 10 (left) and StarTie 8 (right) fasteners

While the tests performed on helically shaped feste StarTie 10 and 8 fasteners over
the three test series cannot be used for in demlysis due to the number of samples
and for the low range of investigation for eachiatale, preliminary observations can be

made:
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- Lower load carrying capacity per fastener is adchiein testing with sole plate
of thickness 38mm compared to sole plates of tliskm5mm. A reduction of
12.8% and 19.3% is witnessed for StarTie 10 andT&ta8 fasteners
respectively.

- Tests results for fasteners with greater penetradiepth in concrete substrate
are not very conclusive. For StarTie 10 fastenesults of series 3 (greater
penetration depth) lower than for series 1 while tipposite happened for
StarTie 8 fasteners. However the percentage difterdbetween the two test
series (1 and 3) is only of +4.9% and -2.3% forrB& 10 and StarTie 8
fasteners respectively.

- Eurocode 5 design calculations resulted in valureawerage 60.1 % and 50.5%
lower than test results for StarTie 10 and StarJidasteners respectively
between method (a) and (b).

- It can be noticed that design values are equahfthod b) in test series 1 and 3
as the numerical model does not take into accdwnidepth of penetration in
the concrete substrate.

- Design calculation method b) result in slightly lmg values than design

calculation method a) for all three series.

Such results may suggest that while a minimum depthenetration is required for
design, the load carrying capacity of a fasten¢imiber-concrete block connection may
reach a maximum even with increasing depth of patieh. In addition, as could be
expected higher loads are achieved when greatekniss of timber are used as sole
plates. Comparing the test results for the thrseseries of helically shaped fasteners to
the results of the design equations from both ntetijoand b) showed that the design
method is over conservative. While conservativaultesfrom design equations are
generally expected, such difference between actakies and design characteristic
values can be considered too great. It has to beedathat the design calculations used
above were initially developed for timber to stpdtes with round nails, which may
explain the gap between design and tests resutis. &lso confirms that the design
equations need to be adapted for helically shapsteriers for connections between

timber and concrete.
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7.3.3  Design of timber to concrete blocks connectie

In the above section, the design values were ckilusing either the characteristic
test values from existing standards or the existiagign equations from Eurocode 5.
However, it was shown in the previous chapters tiaite the standards and design
equations result in predictive results for commonbied timber fasteners, specific
design equations should be developed and usedegigridng timber connections with

helically shaped fasteners. Considering these pueviindings, the following equations

were used for input in the timber to thick steetmection design equations of Eurocode

5 (Equations 7.1 a, b and c):

M, peiix = 0.000114°F,, [d,"*" + 4499 ...(3.7)
fheine = (—0.00490d, +0.0908 [ p, ...(3.10)
W, =0.203x10™ [{0.776Ld, -1.5912) [&l** 0:° [p; + 92471 ...(6.11)

Where: My weiically shapedS the fastener characteristic yield moment, N.mm;
fh,Helically shapedS the fastener characteristic embedment strehgthm?;
W is the withdrawal capacity in timber, in N
dr is Helically shaped fastener root diameter, mm;
d: is Helically shaped fastener thread diameter, mm,;
lp is the fastener length in timber, mm
f, is Helically shaped fastener characteristic tersitength, N/mmz;

pk is the timber density, kgfin

Using the characteristic timber density of C16 #reldimensions from test in the above
equations the minimum design characteristic shegadity is given from Equation

(7.1b) where the fastener presents two yield ppthes results are given in Table 7.4.
Table 7.4 shows the average error between the gieeldvalues and values obtained
from the experimental programme; with a positivedeshowing overestimation of the

test value, and negative error showing conservagigalts to the test values
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Table 7.4: Characteristic test and design values

Series Fastener Characteristic tests values| Characteristic design value$

N N Error (%)

StarTie 10 6074,81 3903,05 -36%

1 StarTie 8 4439,83 2963,13 -33%
InSkew 3306,67 2391,33 -28%

5 StarTie 10 5293,61 3821,04 -28%
StarTie 8 3579,62 2908,23 -19%

3 StarTie 10 5934,38 3903,05 -34%
StarTie 8 4659,99 2963,13 -36%

The results show that the design equations yieldewative values of the lateral shear
capacity of Helically shaped fasteners in concbébeks with an average error of -31%.
While such error can be deemed too conservative usmatonomical, it can lay the

foundations for deeper research to be performedhensubject and shows that this

proposed design method can be applied for strugturposes.

It can be noted that in Equation (7.1), to incogperthe effect of parameters that can
affect the connection strength but are not incafeat in the formulae (such as friction
between members) a factor is introduced to arwillicincrease the characteristic design
values. As the average error between the experahand design values is relatively
large, such a factor could be introduced for praacHelically shaped fasteners lateral
shear capacity in timber to concrete blocks capatlbwever, in order to assess such
factor, an extensive experimental programme, inyashg the various parameters

affecting the connection behaviour and strengthukshbe performed.

As mentioned above design equation models with @ gainterlayer have been
developed for predicting the load carrying capaoityimber to concrete connections.
However it was noted by Dias (2005) that such n®débuld be used in the case of
overestimation of the characteristic load carryoagacity of the timber by thick steel
model. As for Helically shaped fasteners the madgelerestimates the characteristic

loads such models should not be used.

7.4  Timber-concrete composites shear connectors

The development of timber concrete composite sirattelements started when a
shortage of steel emerged between the two world i2ias, 2005), and their uses are
now spreading due to the advantages such elemantprovide compared to single
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material structural elements, specifically in réishment of timber floors. Such
technique is often used as flooring systems in rotdecreate light weight floors in
residential buildings while keeping the advantagégshe timber in bending and of
concrete in compression. As refurbishment or foeatng new flooring, various
techniques can be used during construction. Theretaslab can be casted directly on
top of the timber joists where the shear conne@aoeplaced, and formwork need to be
placed between the joists. Alternatively, for easied faster construction to avoid
formwork, precast concrete slabs have also beeth lsiveen joists, or in most cases
plywood or floor boards are placed on top of tineber joists. Both methods present the
advantages of eliminating installation of formwankd to create a cleaner finish to the
floor (STEP 2, 1995). Nowadays, most timber corctfors use plywood or floor

boards as formwork.

As efficient timber connectors, and with a histarfy successful concrete and brick
connections, helically shaped fasteners have beesstigated as connectors to transfer
shear in timber to concrete floorings. As full scéliborings could not be tested for
various reasons, only the connection details wevestigated in isolation. Helically
shaped fasteners and common timber connectorswgerkin the study. As mentioned
above the most commonly used timber concrete sysewith floorboard used as
formwork for the concrete slab; therefore the ekpental programme aimed at
investigating the behaviour and performance offiséeners as shear connectors in such

flooring types.

7.4.1  Experimental programme

The experimental programme was developed follovaingxtensive review of previous

research on the subject. As for concrete blocksriber connections, the experimental
tests were performed using a sandwich connectiora isymmetrical arrangement,

comprising two shear planes with each containing fasteners. Four specimens were
tested for each fastener in accordance with BS 8801999 (BSI, 1999 (b)) and BS

EN 26891:1991 (BSI, 1991) requirements. A typicadttarrangement is shown in

Figure 7.10.
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Figure 7.10: Typical timber to cast concrete shear test arnarege

The test arrangement was aimed to study the sloeaection between the timber joist
and concrete slab. As plywood boards are plac#tkanterface of the two materials the
shear connections can be assimilated as includingrge gap between the two
substrates. The plywood used in the experimentgramme was obtained form a local
build centre, with a characteristic density of 4g0nT.

The concrete was mixed within the university laborias. To achieve the target
resistance of 20 to 25 MPa, the concrete was coadpofthe following materials in the

following quantities for one cubic meter:

- Cement 350 kg;
- Dry fine Sand 815 kg;
- 20mm aggregate 1000 kg;
- Water 210 kg.

Due to the size of the mixer the concrete was miradirious batches. Each batch was
used for casting about 20 samples and three 1082006m cubes that were tested to
determine the compressive strength of the concréés also controlled that the
concrete used in the various samples was of sirsiitangth, as shown in Appendix A.
The samples and cubes were casted in one dayetirid try for a day under sheets of
polyethylene to minimise loss of moisture. The faronk was stripped after two days

and left to cure for another 26 days before testklysamples were tested in a day.
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After testing, small clear samples were cut from timber in order to determine the

samples density and moisture content.
Details of the fasteners used in the experimentagnamme are shown in Table 7.5.
Along with Helically shaped fasteners typical timbtasteners were tested for

comparison purposes, the fasteners used are detai@hapter 3.

Table 7.5: Details of fasteners tested as shear fixingsifobér concrete flooring systems

Shank diametgr Root diameter Length
Fastener Code
mm mm mm
Ulti-mate woodscrew 6*10( UM6 6 4.2 100
BZP steel woodscrew No:1p  BZPNol1p 55 3.9 88
Annularly threaded nail 510 ATN5 5.6 4.6 100
Round wire nail 4.5*100 RWN45 4.5 N/A 100
Helifix StarTie 10 S10 10 4.25 100
Helifix StarTie 8 S8 8 3.75 100
Helifix InSkew IN 6 3.35 100
Helifix TimTie TIM 4.5 3 100

7.4.2 Results and analysis

As for tests of helically shaped fasteners as te timber to concrete blocks
connections, design calculations were carried adtthe results are shown along with
experimental results in Figure 7.11. The two meshoeskd for calculating the Eurocode
5 design values were as follow:
a) The average experimental data was used for inpahanequations (fastener
yield strength, timber density),
b) The characteristic values from Eurocode 5 designaton are used for
fasteners yield moment, and C24 characteristicifeinem BS EN 338:2003.
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Table 7.6: Timber to concrete connection results

Fastener Tests Resultsy EC5(a] EC5 (b
N N N
StarTie 10 3668.28 2013.01 2503.70
StarTie 8 2458.16 1945.04 2153.6B
InSkew 2392.46 1554.37 1887.0P
TimTie 1634.66 1471.44 1560.90
UMW6 2994.13 3265.04 2807.44
BZPN°12 2979.09 2892.3Q0 2577.5p
ATN5 2872.75 3464.2Q0 2862.54
RWN45 1704.60 3136.84¢ 2521.0P
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Figure 7.11:Fixings characteristic shear capacity in timbecdacrete connections

The results of the experimental tests and desitpuletions as described above show
that:
- Helically shaped StarTie 10 fasteners achieved iteelt loads in testing for
all fasteners tested;
- Wood screws and threaded nails achieved highesldah StarTie 8, InSkew
and TimTie fasteners;
- The design calculation methods a) and b) resulledonservative values for
Helically shaped fasteners, with method a) resgltin lower values than
method b);
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- For common timber fasteners the design method s)itesl in design values
that over estimated the connection capacities (#xoethe case of wood screw
BZP N°12);

- In the case of round wire nails (RWN 45) both desmgethods resulted in

overestimation of the connection capacity;

Typical load displacement curves of timber to cetershear connections are shown in
Figure 7.12.
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Figure 7.12: Typical load displacement curves of timber to ceteshear connections

As for all tests performed in this study, the tgpimad displacement relationship show
that helically shaped fasteners exhibit a much nuhretile behaviour than common

timber fasteners. It can be noted that all comnastehers failed in a brittle manner,
which was not the case for timber to timber conoesttested in the previous chapters
where only wood screws exhibited such failure modéss may be due to the fact that
the concrete used in this experimental programme tlae method of fabrication of the

samples provided an almost perfect clamp on theeriass and therefore coupled with
the gap between substrate from the plywood indugreater strain on the fasteners

which led to brittle failures.
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7.4.3  Design of timber to concrete with interlayer

As mentioned above, in many practical applicationsimber to concrete composite
systems, floor boards are placed between the timismnbers and concrete to act as
formwork and to create clean finishes to the stmct Therefore the joints in such
composite structures are considered timber to et@arith interlayer. The numerical
models developed for such connections typicallysater that the interlayer either is
moving freely or is fixed to one of the membergjally the timber. The corresponding

failure modes and equations are developed usingndeim’s method.

In the experimental programme described above,iritexlayer is considered to be
moving freely between the timber and concrete. ueles of failures are shown in
Figure 7.13.
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Where:F int.-reelS the load carrying capacity of the connectiorhviterlayer, in N;
dis the fastener diameter, in mm,;
t; is the timber member thickness, in mm;

f is the embedment strength of the timber membe¥/mmm2;
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fi is the embedment strength of the interlayer, in N#m
My is the fastener yield moment, in Nmm;

e is the gap between the timber member and subsimatem.

It can be noted that Equation 7.2 does not incthdeaope effect due to axial load in the
fastener — which was included in Eurocode 5 tintoethick steel connections in the
later stages of the code draft — and also doednohide any factor to account for
parameters that influence the connections suchii@gh between the substrates and
interlayer.

The yield moment, embedment and axial strengthiseti€ally shaped fasteners were
determined using the specific equations developdte previous chapters — Equations
3.7, 3.10 and 6.11. In Chapter 3, the embedmeangiin of helically shaped fastener
was studied for solid timber, as plywood is usedhasinterlayer in the samples the

design equations from Eurocode 5 have to be usatiédnterlayer — Equation 7.3.

fh,k,plywood = OllE:bk mO.S (73)

Table 7.7: Characteristic load carrying capacity form testsdaEquation 7.2

Fastener Tests Results| Equation 7.  Error
N N %

StarTie 10| 3668.28 2312.54 -37%

StarTie 8 2458.16 1703.10 -31%

InSkew 2392.46 1315.16 -45%

TimTie 1634.66 1023.58 -37%

The results detailed in Table 7.7 show that thagdemodel with interlayer yields
conservative results with the average error betveegrerimental and calculated values
being -38%. The results obtained using the mordisteamodel — i.e. model with
interlayer Equation 7.2 — present greater averaga ¢han the results obtained for
helically shaped fasteners using Equation 7.1 imkioation with the specific yield
moment, embedment and axial strength. This mayueetal the fact that equation 7.1
includes the effect of axial strength in the mod&s$. such the axial strength is an
important factor for helically shaped fasteners doeits shape, the rope factor
introduced in the timber to timber or steel desguations in Eurocode 5 was included

in the design model with interlayer, Equation 7.4.
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Using Equation 7.4 for determining the characteristad carrying capacity of Helically
shaped timber to concrete connections with interdagsults in conservative values
with an average error of -23%. The percentage eanrbe attributed to the fact that the
rope effect is limited to 25% of its capacity arithtt the characteristic values of
parameters are used in the model. However compargte design model of timber to
thick steel connections equation 7.4 is more réalend the results are therefore more
representative of the true behaviour of the conomest as it can be argued that the
results obtained from Equation 7.1 and the relbtil@v average error can be attributed
to parameters not included in the model, and sucit ean be fortuitous.

7.5 Summary and conclusions

In this chapter the behaviour and resistance ofcdlgl shaped fasteners were
investigated in timber to concrete connections.hStannections have been realised for
many years with helically shaped fasteners, howeeser in structural systems with
timber. A review of the timber to concrete compesystems, and the design methods
was first undertaken. It showed that such compasistems were on the increase as
developments in the building industry tend to use materials to their most effective
properties, as a results timber to concrete flgstesns use the bending capacity of
timber in combination with the compressive strengthconcrete. The review also
revealed that while a large percentage of housesiaw timber framed, the structural
timber system is always connected to a concretedogsatform. Following such
findings an experimental programme was performedvestigate the behaviour and
resistance of helically shaped fasteners as sate pbnnectors and as shear fixings in

timber to concrete floors.

Sole plate connections, made from 7 N/mm?2 conctdteks connections were
investigated with helically shaped and common feste used in the building industry.
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The results showed that while achieving similardlozarrying capacities to most
common fixings, helically shaped fasteners exhibiteore ductile behaviour with lower
stiffness. In addition to comparative tests, thgegimental programme investigated the
timber to concrete block connections with helicalhaped fastener with varying depth
of penetration in the concrete and varying soléepthicknesses. These tests showed
that greater resistance is achieved with the dategof greater thickness, and that there
seem to be a limit at which increase in penetratiepth in the concrete does not result
in higher connection resistance. However it iséobticed that these tests can only be
informative, as the range of investigation was tédj further study should be

undertaken in order to draw more definite conclosio

However, the experimental results were comparedhéoresults obtained from the
design equations from Eurocode 5. This showed tti@ttimber to thick steel design
model could be used in combination with the specgfgquations for yield moment,
embedment and axial strength for helically shapestehers. The model resulted in

acceptable conservative load carrying capacitiebdbcally shaped fasteners.

The research programme was then focused on the gbr@a@ection in timber to concrete
flooring systems. Samples simulating such connestiwere fabricated with concrete of
target resistance of 25MPa. Similarly to what i:@adn practice where timber based
boards are used between the timber members andeterio act as formwork, 19mm
plywood was used. The tests showed that helicaiyped fastener could reach similar
load carrying resistance to common timber fastemdrise exhibiting a more ductile
behaviour. While ductility is a recurring characéc of joints with helically shaped
fasteners, these tests showed that they were tigefastener which did not fail in a
brittle manner. The characteristic load carryingpamties obtained from the
experimental programme were compared to that oddausing the design equations
from Eurocode 5, which showed that Eurocode 5 desgguations results in
conservative values with relatively low percentagieor. Nonetheless, the design
equation given in Eurocode 5 do not include allpheameters of the numerical model,
in particular the interlayer which is assumed insinbomposite systems to be able to
move freely between the substrates. Taking thiemision into consideration the
experimental results were compared to charactenstlues obtained using a model
developed based on Johansen method with an ineerfapving freely. This showed

that when used in combination to the specific prigpparameter equations developed
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for Helically shaped fasteners the model could jotethe load carrying capacity of a

connection with an average error of -23%.

In this chapter the study tended to widen the rasfggructural timber applications for
helically shaped fasteners while staying in theliagpility range of such fasteners.
While the experiments were limited, the study shibwleat helically shaped fastener
could be used for such applications as they achgreater ductility with similar

resistance.
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Chapter 8 Conclusions and recommendations for futue

work

8.1 Introduction

Helically shaped fasteners have been successfskyl since 1984 as wall ties and
remedial crack fixings for masonry and stone stmed. Nowadays the variety of
masonry structural applications has widened, amdpreducts have been developed for
specific needs — i.e. special ties, grouts, aneriim tools. Along with the development
and innovation process for new products, helicaligped fasteners showed that they
could be used for fixing various materials from cate blocks and bricks to timber and
timber based materials. While such capacity wa®mesl and has been used in non
structural applications, helically shaped fastersrd products have been continuously

used and developed in masonry structural applicstio

In order to understand the capacity of helicallamdd fasteners as timber structural
fixings an extensive experimental and analyticagpamme was undertaken. The main
objectives of this study, as listed in Section &re to investigate the material
properties of Helically shaped fasteners for usetimnber joints, to compare the
resistance and behaviour of Helically shaped fastem timber to timber connections
in comparison to commonly used timber fastenerd ag nails, threaded nails and
wood screws, to analyse the design method of timbits in accordance with
Eurocode 5 for timber joints with Helically shapdteners, and to investigate possible
new application in timber structural systems. Thesectives were achieved following
an extensive experimental augmented with analytiaak programme in accordance
with the recommendations of the relevant Britistd dfuropean Standards. In the
following sections the principal findings from thievestigations performed are

summarised.
8.2 Conclusions

8.2.1 On Timber connections:

The first chapter of this study aimed to review sitegte of the art of timber connections

with dowel type fasteners, and lay the basis ferrsearch work undertaken.
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Timber connections are the most important elemehtember structural systems
and therefore need to be evaluated and designadadely. To overcome the
problem numerous jointing methods have been deedlapth time.

The resistance and behaviour of mechanical cororectvith dowel type fasteners
are influenced by a multitude of parameters that loa regrouped in three main
categories: material and dimensional propertiesit joonfiguration and loading
conditions.

The design of timber joints has been the goal ofiynasearchers over the years,
and is still being investigated. The main parangefer design according to the
current European Standard, Eurocode 5 (BSI, 20@4¢ lbeen found to be the
fastener yield moment, the embedment strength@ntgonnection.

Research on timber connections with dowel typeefests have often involved
experimental programmes on timber samples in “s@&fdwconstruction with

dowel type fasteners laterally loaded.

8.2.2  Mechanical properties of helically shaped fésners

The four sizes of helically shaped fasteners ugedhis study exhibited a
characteristic tensile strength above the minimumitlset by Eurocode 5.
Common timber fasteners such as screws and threwdisdalso achieved higher
tensile strength than the required limit; howevaoseth round nails in some cases
did not reach the minimum recommended limit.

Yield moment tests on the various fasteners testexved that the three points
bending tests adopted by the American Society aitiig Materials resulted in
lower values to that calculated using the designaggns of Eurocode 5. The
experimentation highlighted the difficulty to assesgither experimentally or in
design, the yield moment of fasteners.

While the tests did not follow the principle asasunended in BS EN 409:2009
(BSI, 2009 b), four points bending tests resultethiigher yield moment values to
those calculated using the design equations fromodede 5. In the case of
helically shaped fasteners the error between desigintests results indicated that
the design equations developed for and from rowidtests could not be applied
for design purposes as it would lead to great wesl@nation of the joint capacity.

It was shown that the yield moment is directly rethto the fastener diameter and
tensile strength, as a result a specific designatemu was developed for

determining the yield moment of Helically shapestéaers using both factors. The
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10.

11.

12.

13.

14.

15.

equation represented the yield moment strength edicdlly shaped fasteners
accurately.

Common timber fasteners such as screws and nails fwand to exhibit more

elastic and stiffer embedment behaviour than hélichaped fasteners. However,
when comparing similar diameters, Helically shapsad common fasteners
resulted in equivalent embedment strength.

The embedment strength of helically shaped fassewas found to decrease with
increasing fastener diameter, which was true fonroon timber fasteners tested
and as concluded by various studies on the embedbedraviour of dowel type

fasteners.

The design equation for embedment strength in Eal®& was found to represent
erroneously the embedment strength relationshihesically shaped fasteners.
Hence a specific design equation was developekdiically shaped fasteners.

The analysis of the results and review of previesearch work on the subject
showed that the timber density and fastener diameffected the embedment
strength of dowel type fasteners. Using these tactofs, a specific design
equation was developed for calculating the embedssteength of helically shaped
fasteners. The design equation represented theorehip between the fastener

diameter and timber density to the embedment stneaxrurately.

8.2.3  Axially loaded helically shaped fasteners itimber

The experimental results highlighted the ductildvaéxour of helically shaped
fasteners compared to common timber connectors \akilly loaded. Helically
shaped fasteners in withdrawal exhibit a ductiledyeour with an initial elastic
phase, then a plastic stage with increase in loadtive to the fastener
displacement.

The analysis of the results for all the fastenetsdied concluded a
misrepresentation of the withdrawal strength ofdadlly shaped fasteners by the
recommended design equations given in EurocodelbleVihe fastener diameter
and depth of penetration are accurate parameterthéoaxial load of common
timber fasteners, in the case of helically shaetehers, the analysis concluded
that the fastener perimeter and projected depgenétration were to be used.

The results of extensive experimental programme@arameters that influence the
withdrawal strength and behaviour of helically stdfastener in timber concluded

that the pilot hole diameter had a negative effattthe withdrawal strength.
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16.

17.

18.

19.

20.

21.

However the timber density, depth of penetratioth amgle to the grain (from 0° to
90°) had a positive influence, with the withdrawttength increasing with increase
in the parameter.

The analysis of the results showed that the paemhatvestigated — i.e. pilot hole
diameter, timber density, angle to timber grain deg@th of penetration — can be
combined in semi empirical models that can pretiietwithdrawal behaviour and
capacity of Helically shaped fasteners axially kddn timber with an average
error of 10.4%.

8.2.4  Laterally loaded connections with helicallylsaped fasteners

Preliminary work of laterally loaded connectiongttwhelically shaped fasteners
emphasised the difficulty to adapt Eurocode 5 fastespacing recommendations
due to the unusual shape of helically shaped fasterindeed, the minimum
recommended spacing d&d for fasteners parallel to the grain proved to be
underestimating the distance required to avoidtsiwhend is taken as the root
diameter. On the other hand, whetis taken as the thread diameter the minimum
distance between fasteners seem to be overestimiaitegds found that, using the
fastener root diameter, a spacing between fasténsested parallel to the timber
grain of8d could be used without causing wood splitting.

It was found that joints with helically shaped &astrs reached similar loads than
woodscrews while exhibiting a much more ductiledabur. In addition, the yield
point for joints with helically shaped fastenerscaced at relatively large
displacement compared to the other fasteners asibe istudy.

When analysed in detail, tests on various overlapgonfigurations showed that
fully overlapping helically shaped fasteners did cause early splitting and brittle
failure of the timber members as opposed to othstehers.

The failure modes of the connections investigatediicc not be accurately
investigated due to the large displacement reachethg testing. However, the
observations on samples after tests showed woatiog under the fasteners, and
fastener yielding, which indicate that the conrewi modes of failure correspond
to the modes Il and Il as identified by Johansen.

It was found, following an extensive experimentadgramme on parameters that
may influence the joint behaviour and resistanicat &t a displacement of 3.20mm
the fastener diameter, timber density and moistaomtent were directly

proportional to the joint strength. Also, the am#dyconcluded that the number of
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22.

23.

24.

25.

26.

27.

28.

rows of fasteners and row spacing influenced thength of joints with helically
shaped fasteners in a similar way to joints wittnown timber fasteners.

The semi empirical model developed showed that véeimaysed at a displacement
of 3.20mm, contrary to woodscrews and nails, thength of joints with helically
shaped fasteners loaded in single or double skewastidirectly proportional to the
number of lines in the connection.

A semi empirical model based on the connection igardition can be used for
predicting the behaviour and strength of a timb@ntj with helically shaped
fasteners loaded in single or double with an averagor of 9%.

8.2.5  Design methods for timber joints with helicdy shaped fasteners

The yield theory developed by Johansen and implésdeim Eurocode 5 can be
used for designing timber connections with helicahaped fasteners. However,
due to the discrepancies in their mechanical belaetween joints with helically
shaped fasteners or common timber fasteners, thgngxdesign equations need to
be adapted or new equations developed for helishiyped fasteners.

For the yield moment and embedment strength ofcalgli shaped fasteners,
specific design equations of the same form as tgos in Eurocode 5 accurately
predict the characteristic values for design puepos

It was found that the design equation for predgctine strength of axially loaded
fasteners to Eurocode 5 misrepresented the chesticteesistance of helically
shaped fasteners. It was found that the withdraesistance of helically shaped
fasteners was best represented by a factor inguttie parameters that have an
influence on the withdrawal load. This design mdtheas found to predict
accurately the characteristic withdrawal load oy loaded fasteners.
Characteristic experimental lateral shear resultgoimts with helically shaped
fasteners loaded in single and double shear weatysed in comparison to the
original design model developed by Johansen, arttlgaurrent design model of
Eurocode 5. It was found that, when used in coatimn with the specific
equations for yield moment, embedment and axiahgth, the design model from
EC5 could be used for predicting the characterrstistance of a timber joint with
helically shaped fasteners.

The analysis found that the recommended methodlotikations for the effective
number of fasteners in a line through the fa&tpof Eurocode 5 greatly reduced

the predicted characteristic joint capacity. It wiasnonstrated that witk; equal to
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29.

30.

31.

32.

33.

34.

8.3

unity the design model resulted in conservativeltegeducing the error between

experimental characteristic results.

8.2.6  Helically shaped fasteners in timber to conete composite systems

The analysis of the experimental tests on helicgilgped fasteners as shear fixings
for sole plates in timber-frame construction hamdestrated that they offered a
viable alternative to the fasteners currently usedeed, the larger sizes achieved
similar lateral shear resistance to the other feste while exhibiting greater
ductile behaviour.

It was found that timber to concrete blocks conieast with helically shaped
fasteners show low levels of stiffness compareather connections.

It was found that the design equation provided umoEode 5 for timber to thick
steel predicted reasonably well the performanceoaimon sole plate connectors,
on the other hand it underestimated the perfornsantéelically shaped fasteners
by about 60%. However the analysis demonstrated when in use with the
specific equations developed in this study, thegtesethod reduced significantly.
With shear connectors in timber-concrete floor eys, the investigation
demonstrated that helically shaped fasteners cadpdavourably to other
fasteners due to their high ductility and similkesistance.

The study showed that the design model for timbehick steel overestimated the
characteristic resistance of timber to concreteneotions with interlayer for
common timber fasteners; while providing consexetesults for helically shaped
fasteners.

The theoretical design model with interlayer depeld on the model from
Johansen for timber connections was proved to Igreanderestimate the
characteristic resistance of connections with hélicshaped fasteners. However,
as the most realistic model, the introduction & garameters such as axial loads

and friction, the analysis concluded that the med=ild provide accurate results.

Recommendations for future work

The investigation undertaken in this research @nogne allowed the basis for use and

the development of helically shaped fastenersmbéir structural systems. While the

research has fulfilled the objectives as mentiomedection 1.3, and showed that

helically shaped fasteners can be used in thetstalcsystems as described in the

Chapters 3 to 7, many structural issues are ldéhown and should be investigated.
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The main areas of research that can be relevanslamad be addressed are outlined
below.

1) As timber is nowadays often used in numerousasdns the behaviour and load
carrying resistance of timber connections with d¢edly shaped fasteners should be
investigated for parameters that could not be ohedlin depth in this study, such as:
- Conditions of varying timber moisture content. eTluise of a controllable
conditioning chamber and testing facility is recoemded in order to accurately
measure the effect of moisture fluctuations on eations with helically shaped
fasteners.
- Loading perpendicular to the timber grain, as study focused solely on joints
with fasteners loaded parallel to the timber grain.
- Number of fastener in a line. As mentioned in @ha 5, tests with fasteners
inserted in a line parallel to the timber grairddidue to wood splitting.
- Connections with timber based materials such asihated Veneer Lumber
(LVL), glulam and Orientated Strand Boards (OSB).

2) The structural applications of timber suggeat tielically shaped fasteners should be
tested as a timber connector in different loadiogditions in order to offer a complete
structural solution to timber jointing. The invegttion should include:

- Combined axial and lateral loading,

- Dynamic and cyclic loading. This is particulangportant in the case of timber to

concrete floor systems where such loading conditagply.

- Moment resisting connections.

3) Further study on design applications shoukt focus on:
- Minimum spacings and distances. This issue waedlypmentioned in this study,
however an in depth analysis of the minimum distanshould be carried out for
design purposes.
- The stiffness of the joints should be assessetl @mpared to the design

eqguations given in Eurocode 5.

4) Investigation on the uses of helically shapesteiaer in mechanically-laminated
timber structural systems such as nail laminatednise and nailed floor cassettes

systems.
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Appendix A Material Properties

1 - Timber properties

The softwood timber used in this study was suppligda local building merchant in
dressed solid wood planks 4.2m in length with asgrgection approximately 185 mm
by 47 mm, and was of grade C24 and C16 in accoedaiithh BS EN 338:2003 (BSI,
2003). Hardwood of grade D30 in accordance to BS3R:2003 (BSI, 2003) was
purchased through a timber supplier and considtedessed solid wood planks 2.5m in

length with a cross section of 190 mm by 55 mm.

The timber was stored for a period of two monthfoteethe tests to achieve constant
moisture content. Samples were cut, and clear m@es chosen for the tests, however
within a specimen, small knots and variation in #hepe of the timber fibres were

permitted provided they were unlikely to signifitlgreduce the specimen strength, or
have any influence on the test behaviour or reJiile samples were fabricated and

tested within one hour.

Following each tests, small clear samples werdrout the timber samples in order to
measure the density and moisture content, in aaocedto BS 373:1957 (BSI, 1957).
The measurements allowed the tests results to bwatised for timber density, this
ensured that the effect of timber density was elated from the results. A total of 1167
samples were measured for density and moisturebnihe results are given in Table
Al.

Table Al: Timber density and moisture content

_ Density (kg/m3) Moisture Content (%)
Timber grade
Average S.D. C.0.V.| Averagp S.D. C.0\V.
C24 386.13 42.34 0.110 9.76 0.65 0.06p
Cl6 379.67 39.71 0.105 10.80 1.77 0.16B
D30 586.57 17.88 0.030 9.88 0.88 0.08p
C24 (12% mc)| 341.15 15.01 0.044 12.23 0.20 0.01p

For information, the timber of grade C24 was testedccordance to BS 373:1957

(BSI, 1957) to measure its mechanical properties. results are given in Table A2.
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Table A2: Mechanical properties of timber grade C24

Property Resultzs S.D.2 C.0.vV.
N/mm N/mm %
En 10665.91 2975.03 27.89
Emig 10540.50 1919.30 18.21
G 192.35 53.27 27.70
fm 71.88 8.12 11.29
Eco 4558.95 270.88 5.94
feo 41.24 4.49 10.89
Ec.00 101.02 3.77 3.74
fe 00 2.35 0.04 1.82

Where By is the local modulus of elasticity,

Enig is the global modulus of elasticity,
G is the shear modulus (calculated using the sisygge method),

fm is the bending strength,

E.0is the modulus of elasticity in compression patdt the grain,

fc0id the compression strength parallel to the grain,
Eco0is the modulus of elasticity in compression pedieuiar to the grain,

fc.001S the compression strength perpendicular to thing

2 - Concrete properties

As detailed in chapter 7, concrete blocks of noinstrngth of 7 N/mm2 and in house

concrete of target strength of 25MPa were usetarekperimental programme in order

to investigate timber to concrete connections witblically shaped fasteners. The

materials properties are given in Table A3.

Table A3: Properties of concrete materials

Nominal resistanceé  Density | Compressive strength S.D. a.v.
Substrate
N/mm2 kg/m3 N/mm2 N/mm2 %
Concrete blocks 7 2382 16.11 1.02 6.33
Concrete 25 2237 30.14 1.54 5.10
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Appendix B Lateral Shear tests nailing configurations

1 — Single fastener connections

AB AC
50 50
50 70 50
-+ 100 —+
20
100 + 100
I I I I I I I I
T T T T T T T T
45 45 45 45 45 45
AD AE
50 50
50 70 50 70

V)
Nail / Nail /
diameter diameter
/ 100 / 100

_Overlapping Overlapping nails
in accordance -1 over full T
with EC5 thickness of
! ! ! ! middle member. ! ! ! !
45 45 45 45 45 45

The nailing configurations above were tested wite four sizes of Helically shaped
fasteners —i.e. StarTie 10, StarTie 8, InSkew&ntlie. The nailing configuration AB

was used for tests with common timber fastenerf siscwoodscrews, smooth round

and threaded nails.
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2 — Multiple fasteners joints loaded in single shea

Nailing configurations for lateral shear tests widblically shaped fasteners in single
shear. The figures show the pattern in the conm@stimiddle member for “double
single” shear connections as described in Sectidr25The following samples were
tested with Helically shaped Inskew fasteners (with 3.35mm). The Figures show the
nailing configurations’ code with in parenthesis tiumber of fastener per shear plane;

also, the nail spacing is given as a function effdstener root diameter.

10d 10d 10d

MA (2) MB (3) MC (4)

+ ru <+ +
8d S+ * * 3
= 2 s 2 Ad A d
* X x* X
. 2 < ad s d
LA (2) > > X e
. 2 2 & L &
> >* >x X
- s 2 s 2
LB (4) x > X
S 2 s 2 s 2
* * *
s 2 s 2
LD (6) x* =<
. 2 s 2
* X
.’.
LE (8) X
: 2
X
LG (10)
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10d 12d
8d ad 8d
MG (4) MF (4)
8d 5d
8d L 8d S
ML (4) MK (4)
10d
+—
14d
¥ 10d
o — o
% 14d | -k
T 1
X x——x¥
AEERS A auEn
NC (8) NB (6)
10d 10d
8 L7 10d | ¥
we 12d
*
7 —
ND (6)
NG (6)

14d

MH (4)

10d

14d

NA (4)

10d

Seaal

NH (6)
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3 — Multiple fasteners joints loaded in double shea

Nailing configurations for lateral shear tests witblically shaped fasteners in double
shear. The following samples were tested with ldlicshaped StarTie 8 fasteners%d

3.75mm). The Figures show the nailing configuragiocode with in parenthesis the
number of fastener per shear plane; also, thespaiting is given as a function of the

fastener root diameter.

4+ & ¢ &
8d
< ¢ & &
CA (2) o - -+
< ¢ ¢
CB (4) o -
4+ & &
CD (6) e
S 2 @
CE (8)
S 2
CG (10)
5d 5d 5d
y R S e e s
DA (2) DB (3) DC (4)
5d 8d 10d
DE (4) DG (4) DH (4)
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5d

14d

5d

14d

14d
e +—e
EC (8) EB (6)
5d
6 12d
10d
ED (6) EG (6)

5d

EA (4)

5d
4+—

o—0

+—

EH (6)
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Appendix C The use of MathCAD for determining the

displacement function of withdrawal models

This shows how a MathCAD worksheet and its Gentéihction was used for
determining the parameters of the functia(@) of the withdrawal semi empirical
models developed and detailed in Chapter 4. Thidicpéar example shows the

equation developed for all four sizes of fasteners.
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Numerical model for the withdrawal behaviour of Helifix fasteners.
The joint displacement function is calculated below.

P=(Ax/25+1)(1-ec-¥2.5)D

values =
0 1
0 0.03 0.05
1 0.0v 0.13
2 0.1 0.18
3 0.13 0.24
4 017 0.28
5 0.2 0.33
6 0.23 0.37
T 0.27v 04
a 03 0.44
9 0.33 047

The column 0 represents the withdrawal displacement in mm.
The column 1 represents the reduced load of the withdrawal tests for the 4 fasteners.

¢ 'y
rload == values' Y delta := value '::0’

The function to represents the data will have the following form:

} qD
f1= (A04x+ By 1 - el CO] }
with A, B, C and D to be determined.

The partial derivatives of the function are calculated with MathCAD below.

(C-{J_4x)]D

{]—(A-C'.ilx + B)J:l —e — 4x(l - Exp(.4-C-x]|}D
dA

L

) [ D

9 (A04x+ BJL _ e'ic'ﬂ'“}] | 501 —exp(a.cxn®

dB

d _ (C-0.4x) D:| D exp(4-C-x)

£ (A04x+ B)J:l —e :I — -4 {4Ax+B)(1 —exp( 4 Cx)) Dx : -
dC (1 —exp(.4-Cx))

(C-G.ﬂrx)}[:]

J—(A-DA}: + B)J:l —e — (4Ax+B)(l - Exp(.4-C-x}}D-h1(1 —exp(4-C-x))
aD

L
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P represent guess values for the analysis

- - v 13 [
(Py04x+ Pl)ﬂl . e[-Pl'U'4XJ] } !

.4-x~{l - exp(.4-P2~x]]P3
(1- “1’('”2'3}]?1

P exp{_4-P2-x]
—.4-(.4~P0-x + PLHI - Expf.4‘P2-x]] -P3~x-w

(4Bgx+P))(1 —exp[.4-P2-x]:]P3-|n{l —exp(4Pyx)) |

The factors A.B,C and D of the function are calculated in fct1.

fetl ;= genfit{delta, rload .. F)

[ 0451°

0.565 [ fetl
o I (fcth-ﬂ.h;]} : 3}
_8 587 ¥; = {fctlo- 0.4-{1 + fetl 1} 1-e B ’

| 0.704 |

Withdrawal displacement vs. reduced load

12

X5
=%

Reduced load
Ora M
(&)

o

delta.r
Displacement. mm

L

ke
R := corr(rload.v)~

R = 094481
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Appendix D The use of MathCAD for determining the

displacement function of lateral shear models

This shows how a MathCAD worksheet and its Gentihction was used for
determining the parameters of the functie@) of the lateral shear semi empirical

models developed and detailed in Chapter 5.
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Numerical model for single shear connection behaviour with Helifix fasteners.
The joint displacement function is calculated below.

P = (A %32 +1(1-eex3. )0,

walue =

A ADisp Load to 3.2mm. xls I

0.047)0.014
0.049| 0.06
0.077 (0107
01110149
01420183
0165 (0218
0.194)0.254
0.228 ) 0.286

0.27 | 0.316
0312 0.351

Wl oo | | L] k) =D

The colurmn D represents the connection displacement in mm.
The colurnn 1 represents the reduced load of the tests,

i1F

fload = walue

delta = value

i

The function to represents the data will have the following form:

fl = (AD3135z+

B)[[l

with &, B, © and D to be determined.

D
_ E(c.naujx}] }

The partial derivatives of the function are calculated with MathCAD below.

8 (a03125+ Bj[[l -
A

9 (402125 + By
AE

9 s.03125¢+ B
ac

8 (403125 + BY
aD

L _ E{C-D.31251):|D_

L _ e(C-D.BlEij:ID_

N
E(C-D.EIES:{):I }

L _ E(C-D.BIESXJ:ID_

5 312531 - expt 3125.Cx) "

S (1 - exp( 325D

expl 3132503
(1 - expr 3123-C-30)

s 312503135 Ax+ B)-(1 - exp( 3125-C-0)C Dox

s (3125 A+ B(] — exp( 3125-Cogy DIl — exp(.3125-Cox)
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_ P
[[ IIPQ-EIBIESX]] 3}
05 (By03125x+ P IL1 - e

Wz
P= 3125:% (1 - exp( 3125 P, x|

P
Fix,F) = |:1 - exp[.3125-P2-xl|l|

expf.3125-P2-x'|

\ 3
X+ P1|-|'1 = exp[.3125-P2-x|| ek

- 3125 3125-P x _
- 371 - exp( 3125Px)|

0

\ o \
3125Px+ Py |-(1 - exp 3125P x| | 1 - exp| 3125-Pyx] |
0.438
0.579 - i =
fotl = gonfit(detta, load By fotl=| £ i=0. 5874
' 0 Disp 3 2mm s
0922
0 0
] fotl
. '[[1 lfctlg-D.3125ri]] 3} 0 0.042 0 |0047
¥ = |: ct gl T+ ct. Ll -e - 1 0.043 ‘= 1 0.048
2 0.065 2 |0.077
3 0.09 3 |01
1 0112 4 0142

Connection displacement vs. reduced load
L2 T T T T T T

ik | | | | | |

1] 0.5 1 1.5 2 25 3

delta,r
Digplacetnent, rarn
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