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ABSTRACT 

Press joining is a relatively new method of connecting pieces of light gauge metals. 

The technique has been used extensively in manufacturing industries but has seen only 

limited use in the construction industry. There is an enormous potential market for 

advanced steel framing systems for use in low rise buildings. 

This thesis develops an understanding of the use of press joining in structural 

applications. The behaviour of press joins in shear has been tested and analysed. For 

the first time a relationship linking the ultimate strength of a join to the proof stress, 

the ultimate stress and the angle of loading has been developed. The characteristic 
load-deformation behaviour has also been determined. 

The work on single press joins has been extended to include the behaviour of groups 

of press joins with particular reference to the moment-rotation capacity. A method of 

predicting the moment-rotation behaviour of groups of joins based on the 
load-deformation behaviour of an individual join has been developed 

The findings of the thesis up to this point have then been applied to full-scale 

structures. Two full-scale test series have been carried out. The first determined the 
behaviour of beam-column connections and the second series was concerned with the 
behaviour of a total of ten roof trusses. The behaviour of each full-scale test series has 
been analysed drawing reference from the small scale test series. It has been shown 
that the behaviour of the structures can be predicted to a high degree of accuracy when 
taking account of the joint characteristics. 

In summary, a number of general conclusions have been drawn regarding the use of 
press joining in light gauge steel structures with implications to factors of safety on 
strengths of joins. The implications of structural design with reference to the 

press joining technology have also been considered. 
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CHAPTER 1: INTRODUCTION 

l1 History of the Use of Cold-formed Steel 

The use of cold-formed steel in structures bean in the 1850's in both Great Britain and 

the United States`. The first use was to create angles and channel sections in 

thickness' of up to 35mm and corrugated sheeting. The lack of a design specification 

in the 1930's was inhibiting the use of cold-formed steel sections as structural 

components. It was already known, by experience, that the behaviour of cold-formed 

steel sections was significantly different to that of hot-rolled sections. It was not until 

the 1940's that cold-formed steel sections began to be more widely used. This was due 

to a unique combination of factors. World War II led to a scarcity of building 

materials. There was also a need for low-cost and portable housing. After the war 

there were rapid rises in labour costs leading to the increased use of automated 

production. It was around this time that George Winter"' at Cornell University 

began to research the behaviour of cold-formed steel sections. This research led to the 

first codes of practice which were published in the United States in 1946 - 
"Specification for the Design of Light Gauge Steel Structural Members" by the 

American Iron and Steel Institute (AISI)'. Research has continued in many further 

institutions around the world since this time. In the United States, the University of 

Missouri-Rolla has been influential in the research of cold-formed steel under the 

direction of Yu"-a3, and in the United Kingdom, Bryan"-"" at the University of Salford 

and Rhodes"" at the University of Strathclyde have contributed greatly to the 

understanding of both members and structures. There have been numerous other 

contributors around the world indicating the wealth of knowledge accumulated over 

the last fifty years and the reader is referred to Cold-formed Steel DesignE3 for a 

comprehensive list. 

The prime discovery of the 1950's was that local buckling need not lead to collapse if 

sufficient bends or stiffeners are built into the section so as to utilise the post-critical 

range of behaviour. Due to their comparatively low overall strength compared to 

hot-rolled sections, cold-rolled sections are still mainly used as secondary members 

such as purlins or cladding rails. Recently, structural systems have been developed 
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which use cold-formed sections as the primary structural system. This has come about 

due to the increased efficiency of the sections now possible by using modern 

roll-forming procedures. Two of the early pioneering and highly influential examples 

incorporating standardised steel components are Eames' house, California, 1949", and 

Michael Hopkins' house, Hampstead, London, 1975'. 

The UK construction industry alone uses 900,000 tonnes of cold-formed steel 

annually. Most of this is in the form of roofing sheets and decking. Roof purlins and 

sheeting rails account for a large proportion of this steel whilst increasing use is made 

in storage platforms and mezzanine floor systems. 

Cold-formed steel sections lend themselves to be used as standard components in 

structural systems due to the high speed of manufacture of the sections. They also 

offer many other advantages. 

" Ease of construction. The light weight reduces the need for cranes. 

" Low maintenance. Sections are generally pre-galvanised and require no painting 

on site. 

" Easy extension. The building can be extended easily because of the standard 

nature of the components. 

" Lower long term costs. Reduced maintenance costs. 

Light steel frames offer the advantages of load bearing masonry in that they offer 
highly versatile designs and also offer the thermal performance, and the speed of 

prefabrication available with timber frames. The corrosion protection offered by the 

galvanising lends their use to internal frameworks but evidence shows that their use in 

external environments under extreme conditions is more than adequate. 

The use of cold-formed steel in housing has long been established in countries like 

Australia, Japan, France, Canada and the USAZE3. This has been a result of strong 

marketing and the development of the skills necessary in both design and site work. 
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Standardised modular building systems are used extensively in the United States. 

These can be two-dimensional or three-dimensional units. The advantage is that a 

building can be built quickly on site by bolting the components together. These 

modular buildings were initially developed for schools and industrial buildings but later 

developments led to their use in housing. The use of these modular buildings has been 

much more limited within the United Kingdom. 

1.2. Cold Roll Forming 

Sections are formed using a pair of rollers which gradually deform the steel from the 

flat sheet into the required form. Up to 15 sets of rollers may be necessary depending 

on the complexity of the required shape. Set up time for the rollers can be as long as 

several days but automated roll formers have been produced that are capable of 

producing large varieties of sections without the need for changing rollers. Sections 

can be both cut to the required length on an individual basis through on-line shearing 

and can be pre-punched to allow bolting together on site. The sections are 
dimensionally accurate to :: b 0.5mm. Production rates are in the range of 15-185 nt/min 

although typical rates are 30-55 m/min. With cold roll forming there is a minimum of 

parts handling. There is only the loading of the coil at the start of the run and the 

removal of the finished parts. This leads to very cost effective production. 

Each manufacturer of cold-formed steel sections has its own range of standard 
components and sections. There is no standardisation between manufacturers. 

1.3. Joining Methods 

The methods used to connect members of cold-formed steel have changed little over 
the past 50 years during which the widespread use has been established. Initially only 
bolts, rivets and welding were used. These having established use in connecting 
hot-rolled sections. More recently the use of self-drilling and self-tapping screws has 
increased as the use of cold-formed steel has encroached into markets where timber 
was dominant. The technology used for timber construction can very easily be applied 
to the construction of cold-formed steel structures due to the generally small section 
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sizes. Thus technologies from one industry are developed and adapted for use in other 
industries. 

Press joining was developed as a proprietary system by a number of companies during 

the early 1980's. A number of similar techniques were established all involving a 

combination of localised shearing and deformation to create a join out of the sheets of 

metal to be connected. Press joining was primarily developed for manufacturing 

industries and it has a proven record of use in the automobile and household appliance 

industries. It has yet to be applied to the assembly of structural frameworks. This is 

due to the lack of information regarding its strength and deformation characteristics. 
In the manufacturing industries the strength of the join was of only secondary 
importance. The primary importance being ease of use and cost savings over the other 

connection techniques. 

This thesis will look into the behaviour of one such press joining technique in the 

structural context. Initially, literature will be reviewed encompassing the standard 

connection methods for cold-formed steel together with a discussion of all of the 

available material about press joining techniques. This will be followed by a short 
discussion of the possible structural applications of press joining. The remainder of the 

thesis will develop an understanding of the behaviour of press joins through a 

combination of testing and analysis. 
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CHAPTER 2: 
- 
REVIEW OF LITERATURE 

2.1. Introduction 

The use of cold-formed steel has been increasing over the last 50 years as both the 

understanding of the behaviour and the technology has progressed to create ever more 

efficient structural forms leading to increased strength and reduced weight. As the 

construction of buildings becomes increasingly a case of manufacturing followed by 

assembly rather than construction in the traditional sense so there is a need for 

techniques which will reduce the time of manufacturing whilst still allowing for the 

designs to be changed to suit the particular case in hand. The method of connection 

used for the manufacturing of subassemblies is one case where both time and energy 

can be reduced leading to lower final costs. Press joining is one such connection 

technique that has already found great favour with the white goods and automobile 
industries. Up to the present time there has been very little research carried out into 

the behaviour of press joining under load. Much of the research that has been carried 

out has been in relation to either semi or non-structural uses. 

A considerable amount of research has been carried out into the behaviour of 

connections in cold-formed steel such as bolts, welding and screws. Research has also 
been carried out into the various proprietary press joining systems available but the 

research has been primarily concerned with the manufacturing industries where the 

strength of the join has been of little importance. In this chapter the research carried 

out on each of the connection techniques in cold-formed steel will be reviewed. This 

will be followed by a review of typical proprietary structural systems where 

press joining may find application. 

2.2. Connection Methods in Cold-formed Steel 

The standard connection techniques used in cold-formed steel will now be discussed 

briefly followed by the various press joining techniques available. A more detailed 

discussion of the research will be given to those papers with a direct relevance to the 

current research. An in depth look at the standard structural connections can be found 

in Cold-formed Steel Designs;. 
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2.2.1. Bolts 

Bolts have been used in cold-formed steel since the widespread use of the material 

began in the 1950's and before. Research began into their behaviour in 1950 at Cornell 

University under the direction of George Winter". The purpose of this research was 

to establish the structural performance characteristics and provide a reliable design 

guide which was eventually formed into the basis of the AISI Code of Practice'. This 

work has since been supplemented by further work in the United States and elsewhere 

around the world. 

The behaviour of bolted connections in cold-formed steel is different to that in 
hot-rolled steel. This is primarily due to the reduced thickness of the connected parts. 

There are four types of failure associated with bolted connections 

I. Longitudinal shearing of the sheet along two parallel lines 

2. Tearing of the sheet in the net section 
3. Bearing/piling up of the sheet in front of the bolt 

4. Shearing of the bolt 

The behaviour of the connection is dependent upon whether washers have been used 

and also on the torque to which the bolt is tightened. The predictions for the strength 

of bolted connections has been comprehensively documented and incorporated into 
design standards for many years. The load-deformation behaviour has not been 

researched to the same level. The use of bolts in cold-formed steel structures is 

predominantly for site connections where high strength and rapid construction is 

required. 

2.2.1.1. Work of Zadanfarrokh and Bryan 

Zadanfarrokh and Bryan'2-"' considered the behaviour of bolted connections in 

cold-formed steel in an extensive test programme. The load-deformation behaviour of 
bolts loaded in shear was recorded and for the first time expressions were developed to 

predict this without resort to testing. It was found that the load-deformation 
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behaviour is essentially linear up to peak load with an extended plateau region 

indicating considerable plastic behaviour. Moment connections were made from 

channel sections, with the members being joined back-to-back through the webs as 

shown in Figure 2.1. This means that each bolt in a joint group would be loaded in 

shear. Tests were carried out with the members in a cross configuration with one 

member being rotated whilst the other was fixed to the test frame. In this 

configuration the rotation of the joint group would be about the centroid of the group 

as no 'nesting' or 'interlocking' can occur. It was found that the moment-rotation 

behaviour of the tests could be accurately predicted using the load-deformation 

behaviour obtained from the shear tests. The work was then extended to show how 

the moment-rotation behaviour could be included in the design of assemblies of steel 

frames. 

2.2.1.2. Work of Tan and Rhodes 

Tan and Rhodes'-67 considered the behaviour of a bolted connection in cold-formed 

steel as shown in Figure 2.2. Connections were formed using a non-standard angle 
bracket which was then bolted to the beam and column. Tests were carried out using a 

column with cantilevered beam and loads were applied by hanging weights from the tip 

of the cantilever from which point deflection was also measured. Theoretical 

deflections were calculated assuming a fully fixed connection between the beam and 

column. The connection at the base of the column was assumed fully fixed whilst that 

at the top was assumed pinned. The difference between the experimental and the 

theoretical fixed end results was assumed to be due to joint rotation. This method has 

a number of disadvantages. Firstly, when the peak moment capacity of the connection 
is reached, failure will be imminent due to the lack of plasticity. Hence, the post peak 

moment behaviour cannot be recorded. Secondly, the end connection fixity of the 

column cannot be determined with complete accuracy. This means that any theoretical 

calculations will not be wholly accurate. Connection behaviour was found to be 

non-linear and empirical mathematical expressions were developed for the initial 

stiffness. The moment-rotation behaviour was analysed using a curve fitting package 

and the curve being used was a simplification of the modified exponential curve 
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developed by Kishi and Chen" and is shown in Equation 2.1. Good predictions of the 

behaviour of the assemblage were obtained using a theoretical model incorporating the 

connection moment-rotation behaviour. 

Wo 
1+cß 

Equation ?. 1. 

where M= Moment 

0= Rotation 
Ro = Initial Stiffness 

c= Constant 

2.2.2. Screws 

There are two types of screw used for structural fasteners. These are self-drilling and 

self-tapping, i. e. thread forming. Research into the use of screws has been carried out 

in the United States, Canada, Sweden, the Netherlands and in Britain. Guidelines have 

been written that allow for the prediction of behaviour of the connections';. 

The screws will normally be zinc plated to improve corrosion resistance and 

lubrication. The heads of the screws can also have coloured plastic caps for further 

corrosion resistance and colour matching. This will however increase the labour input. 

2.2.3. Rivets 

There are many different types of rivet available for use in the construction field. 

These include 

1. Pull-stem rivets 
2. Drive-pin rivets 

3. Explosive rivets 

Within these generic groups are further types of rivet. They all however require that 

the materials being connected are predrilled to allow for the insertion of the rivet. This 
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means that assembly of structures using large numbers of rivets will be time 

consuming. Rivets are useful where access is limited to one side of the sheets to be 

connected. The connection is made when an upset is made on the blind side of the 

rivet. This upset is a mechanical feature that is self contained within the rivet. 

Table 2.1. provides typical values for the shear strength of rivets";. These are 

minimum values for ultimate loads although various proprietary systems may provide 

greater strengths. 

2.2.4. Welding 

There are two basic types of weld used for building construction. These can be 

classified as arc welds and resistance welds. Arc welding is a process whereby metals 

are welded together by using weld metal at the point at which the join is to be formed. 

This is done without the use of mechanical pressure or blows. Resistance welding is a 

process whereby the join is produced by the heat obtained from resistance to an 

electric current which is passed through the materials to be connected. The sheets are 
held together under pressure from the electrodes. 

There are many different types of arc weld used in steel construction. These include 

1. Spot welds 
2. Seam welds 
3. Fillet welds 

4. Groove welds 

Typical strengths of spot welds are given in Table 2.2. derived from Cold-formed Steel 
DesignS3. All forms of welding require that the surface is clean from impurities that 

may affect the quality of the weld. Welding also requires large inputs of energy to melt 
the metal involved. Welding of steels that have surface coatings such as galvanising 
present particular problems. Noxious gases can be produced when welding with zinc 
coatings and in all cases due to the heat involved the surface coatings are destroyed. 

This means that repairs are necessary to reinstate any surface protections. 
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Thickness of Thinnest 

Sheet (mm) 

0.25 

0.51 
0.76 

1.02 

1.27 

1.52 

1.78 

2.03 

2.29 

2.54 

2.79 

3.18 

4.83 

6.35 

Allowable Shear Strength 

(kN) 

0.222 

0.345 

1.780 

2.536 

2.937 

4.049 

5.028 

5.918 

7.120 

8.899 

10.813 

12.993 

18.066 

26.698 

Ultimate Shear Strength 

(kN) 

(based on FOS = 2.5) 

0.555 

2.113 

4.450 

6.340 

7.342 

10.123 

12.570 

14.795 

17.800 

22.248 

27.033 

32.483 

45.165 

66.745 

Table 2.2. Table of Typical Spot Weld Strengths from Yu 
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2.2.5. Adhesives 

Adhesives for structures are of two main types; epoxy and acrylic27"7 '. Adhesives 

possess a good shear resistance but are weak in peeling resistance. They do have the 

advantage of spreading the load evenly over a large area but to form a good 

connection the surfaces must be flat and clean. Some epoxy adhesives require 

hardening under an elevated temperature to produce the best results. This would 

require a large energy input increasing costs dramatically. Because of the points 

mentioned above, the use of adhesives on site is not a viable proposition. This is 

because conditions such as temperature, moisture and surface conditions cannot be 

controlled to the same degree. 

2.2.6. Shot Pins 

Shot pins are fasteners that are driven through the materials to be connected by an 

explosive force24. The type of fastener can be distinguished as being either air-driven 

where the force comes from compressed air or powder actuated where cartridges of 

explosive propellant are ignited. 

2.2.7. Henrob Self-piercing Rivet 

The Henrob self-piercing rivet, developed in Australia in the late 1970's, is an 

automated riveting system that forces a small rivet through the top sheet of metal into 

lower layers without cutting the bottom sheet thereby creating a join that is 

watertight'. The system is controlled by hydraulic pressure which is both a fast and 
clean method of creating the join. A finished join can be seen in Figure 2.3. Research 
into the strength of the joins in stud framing connections has been carried out by the 
Queensland University of Technology'3. It was found that the failure loads were 
acceptable for structural purposes with an average shear failure load of 4.6kN per join 

using 1.2mm steel with minimum yield of 275N/mm. 
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Figure 2.3. Diagram of Henrob Self piercing Rivet 
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2.2.8. Introduction to Press-joining 

Press joining is a method of connecting sheets of metal up to a combined thickness of 

5mm by localised shearing and deformation of the sheets to be connected thereby 

requiring no additional fixing items. The method was developed in the 1980's when a 

number of companies took out patents for similar methods of connecting sheet metal. 

Although each of the tools involved in the production of the joins are different they all 

use shearing and deformation to produce the join. Depending on the nature of the 

tools, the joins can be circular or rectangular. 

Press joining has a number of significant advantages over the usual methods of 

connecting thin metal plates such as bolts or spot welding. 

1. The power required to form a press join is approximately 10% that of 

spot-welding. 

2. There are no emissions of toxic fumes from coated sheets since no heat is 

involved in the process. 
3. The process can join metals of different type, thickness and strength. 
4. No additional fixing items are necessary. 
5. The joins are high strength (up to 5kN per join) and are able to resist vibration. 
6. It is possible to produce multiple joins simultaneously. 
7. Joining techniques that do not use shearing to produce the join result in a join 

that can be both air and watertight. 
8. There is no distortion of the sheets being connected. 
9. There is no requirement for preliminary operations such as pre-drilling. 
10. The tools are cost efficient with a life exceeding 200,000 joins in some cases. 
11. The use of on-line control equipment can guarantee 100% quality control. 

Alternatively control can be checked visually. Either technique is 

non-destructive. 

12. The use of the joining equipment in conjunction with robots means that the 

process can become highly automated. 
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Up to the present, the use of press joining has been limited to situations where the 

strength of the join has not been of primary importance. This includes the production 

of household items such as washing machines and microwave ovens where the internal 

metal components are connected by press joining. Other uses have been in the 

automobile industry where components such as spoilers and bonnet panels have been 

connected by press joining as shown in Figure 2.4. The only mention of press joining 

in a code of practice that the author has located is in the German standard 
DIN 8593 Part 5". This describes the formation of the join but makes no mention of 

the loads that can be expected or any limits on their use. 

There are many proprietary systems of press joining. Three of these are Eckold 

Press joining, BTM Tog-L-Loc and Auto Clinch by Homax. All produce joins by a 

combination of localised shear and deformation. Each produces joins that are similar 
in appearance with just the details of how the join is created being the differing factor. 

The tools used to produce the joins are different in each case. These will be described 

below together with a review of the research carried out on each technique: 

2.2.8.1. Eckold System 

The Eckold press join uses a punch and die set with no moving parts. A typical hand 

held press joining tool is shown in Figure 2.5. with a close-up of the punch and die 

head in Figure 2.6. Seven types of join can be created as shown in Figure 2.7. 

depending upon the punch and die being used. The production of the join is by the 

action of a punch acting against a die with two cutting edges. Under the action of the 

punch the cutting edges move apart allowing the material to be compressed and 
squeezed sideways because of Poisson's ratio effects. The creation of a join is shown 
in Figure 2.8. with the finished join being shown in Figure 2.9. 

2.2.8.1.1. Work of H. P. Liebi 

Liebig has been one of the primary researchers into the behaviour of press joining"'Most 

of the initial work was geared towards producing the optimum press join for a 

given set of material thickness'. The work concerned the measurement of the 

16 



17 

li; '. uz I1ý, ýýiý�I l urrent l_ýse Of Pr, ss-lil)Irniii, 

higure 2.5. hypical 1 land 1leid 1'reý5 jýüiin ro(): 



Figure 2.6, Punch and Die Unit for Press joining 
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dimensions of the press join when different punch and die sets were used to produce 

the join. Strength tests were carried out so as to ascertain the correct punch and die 

set for a particular combination of material thickness' and the susceptibility of inferior 

press joins with the incorrect punch and die set. 

The behaviour of press joins under the three principal loading directions were 

considered. These directions being the longitudinal, transverse and normal axes. 

Later work was less involved with the behaviour of press joining under loading but 

more involved with the equipment necessary to produce press joins in a production 
line. Hence, the work on the automation of the press joining equipment in conjunction 

with robotics. On-line computer systems were developed to produce 100% quality 

control of a press joining with automatic warning of machine wear and inferior 

press joins. This line of research is consistent with the mechanical and production 

engineering specialties of the principal researcher. 

Under the supervision of Professor Liebig a number of researchers have looked at 
different details of the press joining behaviour and process. 

2.2.8.1.2. Work of Bober 

This work deals with the parameters necessary to produce an S-type press join of 

optimum strength'-", ". These parameters include the depth of penetration of the 

punch, ET, the thickness of the protruded piece of the press join, a, , and the width of 
the protruded piece, B as defined in Figure 2.10. These parameters were found to be 

dependent upon the material thickness' am, and a,,. This information was used to 
develop charts to choose the correct punch and die combinations for particular 

combinations of material thickness. 

Extensive work was carried out into establishing the forces on the punch and die sets 
during the formation of a press join. This work was predominantly carried out from 
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the point of view of a manufacturing engineer so as to establish working parameters 

necessary to build the equipment for press joining. 

Work was also carried out to establish the minimum spacing of press joins and the 

allowable edge distance through shear tests. The allowable edge distances were found 

to depend on both the upper and lower sheets of the join but general limits could be 

drawn. The minimum overlap of the sheets was found to be 15mm and the edge of the 

join should generally be at least 5mm from any edge of the sheets. The behaviour of 

press joins under cyclic load was obtained where it was found that the joins were still 

able to carry a third of the original static load even after 107 load cycles. The 

load-deformation behaviour of press joins was also established for the principal loading 

directions of longitudinal, transverse and normal axes. The peak loads obtained from 

the tests can be seen in Table 2.3. No attempt was made to determine the behaviour of 

intermediate loading angles. A relationship between the three component forces was 

established. These are summarised as 

F90 = 0.7 x FO Equation 2.2. (a) 

FQ = 0.4 x FO Equation 2.2. (b) 

where FO = Transverse Force 

F,, = Longitudinal Force 

Fp = Pull out Force 

Although establishing the relative strengths of joins the work did not lead to a general 
formula to determine the absolute values of peak load. 

Finally, the press joins were assessed for resistance to corrosion. Test results were 

compared for the standard test sample and others which were subjected to acid 

corrosion. It was found that press joins do not suffer greatly from corrosive attack. 
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Material Thickness UTS Fo (kN) Fg, ) (kN) F90 / Fo Fp (kN) Fp/Fo 

(mm) (N/mm2) 

St 14 0.70 303 1.25 0.96 0.77 0.49 0.39 

1.00 312 2.32 1.82 0.78 0.83 0.36 

P 275 0.70 405 1.25 0.96 0.77 0.49 0.39 

1.25 387 3.23 2.32 0.72 1.33 0.41 

1.50 415 4.07 2.85 0.70 1.93 0.47 

1.75 418 4.92 3.48 0.71 2.39 0.49 

2.00 3.99 5.54 3.88 0.70 2.62 0.47 

FeE275HF 0.65 384 1.18 0.96 0.81 0.51 0.437 

0.80 384 1.65 1.35 0.81 0.69 0.41 

FeE420HF 0.70 362 1.54 1.24 0.81 0.75 0.49 

1.00 534 2.95 2.14 0.73 1.22 0.41 

1.75 479 4.91 3.31 0.67 2.37 0.48 

X8Cr17 0.60 462 2.05 1.34 0.65 0.61 0.30 

X5CrNi189 1.00 686 3.61 2.69 0.75 1.34 0.37 

St 1203 1.00 278 2.12 1.59 0.75 0.74 0.35 

ZE 25/25 

St 1203 1.00 314 2.14 1.86 0.87 0.81 0.38 
FAL 1 

St 1203 1.00 282 2.21 1.39 0.63 0.87 0.39 

Ze 75/75 

Table 2.3. Summary of Bober's Test Results 
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2.2.8.1.3. Work of Wieck 

Wieck conducted similar research to Bober but this time the joining technique used 

was the H-type press join as shown in Figure 2.7. This join has an advantage over the 

standard S-type in that there is no cutting of the steel which means that the join is both 

air and watertight. It was found that the strength of the join was approximately double 

that of the standard S-type join when the sheet thickness was 0.5mm but for thickness' 

of 2.0mm the standard S-type showed slightly higher strengths40-41.15. The average 

failure loads for the tests can be seen in Table 2.4. 

Wieck also developed an equation that could be used to predict the strength of H-type 

press joins. This equation was developed specifically for the three angles of loading 

considered in the research which were the longitudinal, transverse and perpendicular 

axes. The equation is shown below. 

bC Fm =C aö Rm (stv/ Equation 2.3. 

where ao- = thickness 

R. = ultimate tensile strength 
Rp = proof stress 
C, a, b, c= constants 

Stv = 
Rm 

The derived constants were specific to the angle of loading being considered and are 
shown in Table 2.5. 

The prediction of the strength of a press join had not been possible up to this point but 

the derived equation was still not generally suitable for the prediction of press joins 
loaded at intermediate angles. An estimate could be made by calculating the two 

extreme loads and interpolating between those values but no work had been carried 
out to establish whether the load increased linearly with change in angle. This 

obviously made interpolation all the more difficult. 
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Material 

Type 

Thickness 

(mm) 

Proof 

Stress 

(N/mm`) 

UTS 

(N/mm2) 

F0 

(kN) 

F90 

(kN) 

Fp 

(kN) 

St 12 0.5 230 362 1.88 1.38 0.61 

0.8 179 307 2.57 1.82 0.88 

1 162 306 3.15 2.30 1.30 

1.5 180 326 3.89 3.02 1.68 

2 190 317 4.12 3.00 2.47 

StE 0.5 310 382 2.15 1.73 0.70 

320-3Z 0.75 321 416 2.67 1.62 0.87 

1 336 420 2.96 2.12 1.26 

1.5 350 497 3.77 2.49 2.14 

Table 2.4. Table of Failure Loads for H-Type Press join by Wieck 

Loading Direction C a b c 

Transverse 34 0.6 0.7 0.7 

Longitudinal 47.6 0.4 0.57 0.91 

Prising 1.08 0.8 1.13 0.7 

Table 2.5. Constants used in Prediction of Join Strengths 
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2.2.8.1.4. Work of Mutschier 

Mutschler; a compared the three Eckold press joins with the rounded profile. These 

were the R-type press join, the Confix-join and the Tox-join as shown in Figure 2.7. 

Little information was provided as to the strength of joins obtained as only 1.0mm 

steel was used in the tests. From this however it was found that each of the joins had 

similar peak loads. The main purpose of the tests was to ascertain the correct 

combination of punch and die to produce an optimum press join. Hence, various 

combinations of penetration depth, and press join dimensions were plotted against 

peak load. It was found that the peak load was relatively insensitive to the press join 

dimensions and hence to the punch and die combination. No information was provided 

as to the strength of a press join that could be obtained for a particular combination of 

material strength and thickness. 

The second part of the work considered the automatic formation of press joins by 

robot. This considered the effects of incorrect alignment of the punch and die on the 

peak shear load. This was found to be initially insensitive but as the punch and die 

became further out of alignment the peak load was found to fall below the optimum. 

2.2.8.1.5. Work of Göpfert 

Göpfert2E considered the behaviour of the 0-type press join and compared this with the 

S-type and H-type as defined in Figure 2.7. It was found that for transversally loaded 

press joins (zero degrees) that the H-type generally provided the greatest peak load 

with the S-type providing the least strength. For the longitudinally loaded joins (ninety 

degrees) the 0-type provided slightly higher peak loads than the H-type with the 
S-type again giving the least resistance. The surface coating of the steel was also 

considered by finding the coefficient of friction of the surface. It can be seen from 

Table 2.6. that for materials 5 to 12 the varying surface coating has an influence on the 

strength of the press join. This is also evident in materials 13 to 14 which are also of 
the same base material but have one side plain and one side coated. The contact 

surfaces were varied and it can be seen that when the zinc coated surfaces are in 

contact that the peak loads are generally greater than the other combinations. A small 
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number of vibration tests were carried out on the 0-type press join and this was found 

to have very good resistance to load even under 10' cycles of load. 

A large series of tests were performed so as to ascertain the correct punch and die 

combination to create an optimum 0-Type press join. The load-deformation 

behaviour of the punch during the creation of the join was also categorised for the 

purposes of assisting the on-line control equipment to recognise the correct formation 

of a press join. All of this information is very important to enable the press join to be 

correctly formed but the information regarding the load-deformation behaviour and the 

strength of a press join has not been fully investigated. The reason for this is that the 

research has been carried out by production and mechanical engineers with the 

emphasis on this field where ease of join formation rather than strength is of primary 

concern. 

2.2.8.1.6. Work of Pedreschi and Sinha 

A comparative study of the behaviour of joints in cold-formed steel was carried out". 
Three types of fasteners were used: - rivets, self drilling screws and press joining. A 

series of small scale tests together with four full scale trusses were performed. Shear 

tests with two layers of 1.5mm steel on all three connection types were carried out and 
it was found that self drilling screws provided the greatest shear strength with 

press joins providing the least. It was known however that the shear strength of 

press joins depends on the direction of loading and that the tests that were carried out 

were in the weakest direction. A second series of tests on press join connections 

created from three layers of steel (two layers of 1.5mm steel sandwiching a 0.75mm 
layer) were carried out. Shear strengths were increased by over 50% compared to the 

previous test series. Some inconsistency was initially found when testing the press join 

connections due to the difficulty in choosing the correct forming pressure. This 

pressure was then increased and the results became more consistent. 

Two types of bending tests were performed. A series of cantilever tests using 
press join connections were carried out as shown in Figure 2.11. It was found that the 
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moment capacity of the joint group increased as the number of joins was increased. 

The peak load in each press join was calculated from the ultimate moment. It was 
found that the force was greater than those measured in the shear tests although this 

can be explained by the anisotropic behaviour of press joins. The disadvantage of this 

style of test is that the joint group is subjected to both shear and bending and it is 

difficult to accurately calculate the force in each press join. The second type of 
bending test was formed with channel sections butting against each other with a 

connecting gusset plate as shown in Figure 2.11. The test was found to rotate about 

the point of contact between the two members at the top of the section and this 

complicates the behaviour of the test due to the interaction of the two members. It 

was found that when only two connections were used on each test then the self drilling 

screws showed the greatest moment of resistance with press joins the least. As the 

number of connections was increased it was found that the capacity converged towards 

the moment capacity of the section as shown in Figure 2.12. Attempts were made to 

estimate the force in each connection assuming rotation about the centre of each 

group, and the same trends were found as in the shear tests. These results must be 

somewhat suspect however because the rotation occurred about the point of contact of 
the two members. 

A series of four full scale tests were performed in the configuration of pitched fink 

trusses formed using channel sections. It was found that the self drilling screw tests 

provided the greatest failure load but that the rivets provided the least. All of the tests 
failed prematurely due to a torsional failure of the tie member. This was due to the 
load applied by the internal members to the tie. Channel sections suffer from torsion 
because the shear centre is eccentric from the line of the web. It was noted that 
greater load capacities could have been obtained if the frame had been braced at this 
point to restrict out of plane movements. 

A second study" looked at the application of press joins and the Henrob join to a 
practical situation. In this case the application was to stud framing systems with a 
typical test connection shown in Figure 2.13. It was found that the connection 
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techniques were both structurally adequate but that the major discerning factor was the 

advantage of the manufacturing process over the existing welded connection. 

This work established that the use of press joining is viable for structural purposes and 

forms a starting point for the research to follow in this thesis. 

2.2.8.1.7. Work of British Steel 

British Steel conducted a series of comparative tests using self-drilling screws, rivets, 

welding and press joining'. It can be seen from Table 2.7. that the resistance spot weld 

give the greatest ultimate loads and that the press joining provides the lowest load. 

The ultimate load provides only one of the answers to which connection technique 

should be used for a particular application. For instance, it is only the spot welding 

and the Eckold press join that do not use additional fixing items. All the other fixings 

require either a bolt or rivet to create the join. In addition spot welding of galvanised 

steel destroys the surface coating which must then be repaired with zinc paint. 

2.2.8.1.8. Summary of Work on Eckold Press joins 

Much of the work has been carried out by Liebig and his fellow researchers at the 

University of Hamburg-Harburg with the emphasis on production engineering. There 

are many styles of press join available and much of the initial research on these joins 

has concentrated on ascertaining the correct punch and die combination to form an 

optimum press join. Only Wieck made any attempt towards predicting the strength of 

a press join but this was not generally applicable as separate equations were necessary 
for the two extreme angles of loading. No attempt was made by any of the researchers 

to ascertain the behaviour of press joins at intermediate angles between the extremes 

of transverse and longitudinal loading. The study of press joining within the structural 

context has only been carried out by a very limited number of researchers, namely 
Pedreschi and Sinha and British Steel. Of these, Pedreschi and Sinha were the only 

ones to use press joining in full scale structures whilst British Steel considered a 

comparative study of a number of joining techniques of which press joining was one. 
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Fixing Type Ultimate Load (kN) per connection 

Thickness 1.6mm Thickness 2.0mm 

Buildex 22/7 Steel, Self-drilling screw, 

Hex head 

7.66 9.75 

Special Steel, Self-drilling screw, Hex 

head 

9.33 13.00 

Avdel 2011 Carbon Steel Rivet, 

Brazier head 

9.88 12.18 

Resistance spot weld, 

(Diameter 5x Root t) 

14.74 19.91 

Henrob High Carbon Steel, 

Self-piercing rivet 

6.60 7.99 

Eckold Transverse Press join 3.88 5.15 

Eckold Longitudinal Press join 2.36 2.70 

Table 2.7. Average Test Peak Loads from British Steel Tests 
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2.2.8.2. BTM 

The BT 
. 
ML system uses a punch and die system where the die has moving parts. Two 

styles of join can be created depending upon the combination of punch and die used. 

These can be either rectangular in the case of the Lance-N-Loc or circular in the case 

of the Tog-L-Loc. The parts of the die hinge outwards under the action of the punch 

unlike the Eckold press join which has sprung parts. In the case of the Tog-L-Loc join 

the material undergoes no cutting and hence the joins are always waterproof. The 

finished join is shown in Figure 2.14. 

2.2.8.2.1. Sawhill and Sawdon 

Sawhill and Sawdon63 conducted research into the BTM joining systems. Two types 

of mechanical connection were compared with spot welding in various steels; plain 

carbon and high strength steel with various coatings. The technique in this case was 

developed for the automotive industry in order to overcome some of the disadvantages 

of spot welding. Spot welding is fast, reliable and can either be automated or used by 

unskilled labour. The disadvantage is that the surface must be both clean and 

conductive. Press joining can be used to overcome these disadvantages since hardness 

and carbon content are unimportant. It was found that for the Lance-N-Loc the punch 

and die required replacing every 200,000 joins, this being 20 times greater than the 

period when the electrode tips for the welding equipment needed replacing. For the 

Tog-L-Loc the punch and die sets needed replacing only every 500,000 joins because 

no cutting was involved in the creation of the join. 

A comparative study was carried out to establish the failure loads of both Tog-L-Loc 

joins and Lance-N-Loc joins in comparison to spot welding. Figure 2.15. shows the 

principal loading directions and Table 2.8. shows the peak loads obtained. It was 

found that the spot weld showed significantly higher loads when the joins were loaded 

in shear but this increase was more limited when the joins were loaded in either normal 

tensile or peel. By a further investigation it was found that under high cycle fatigue 

press joins have a very similar strength to spot welds. 

35 



Figure 2.14. Typical Tog-L-Loc type Join 
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Shear 

Normal Tensile 

Peel 

Figure 2.15. Principal Loading Directions for Sawhill and Sawdon Tests 

Tog-L-Loc Lance-N-Loc Spot Weld 

Longitudinal Transverse 

Shear 2.00 1.60 2.47 5.85 

Normal Tensile 1.28 1.06 1.12 1.73 

Peel 1.25 0.84 0.88 1.33 

Table 2.8. Comparison of Failure Loads (kN) for Press join Connections Compared 

with Spot Welding in lmm Plain Carbon Steel 
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2.2.8.3. Auto Clinch 

The Auto Clinch system uses a punch and die system where the die has moving parts44. 

The joining process is also a two-phase operation. The material is deformed by the 

action of a punch into a die. The second phase occurs as the anvil moves against the 

steel. The steel undergoes compression and spreads laterally thereby creating the join. 

Two styles of join can be created depending upon the combination of punch and die 

used. These are the bar-clinch which looks like the standard Eckold S-type join shown 

in Figure 2.7. and the cross-clinch which is a cruciform format of the same join. 

2.2.8.3.1. Work by Maier and Hennings 

A mechanical joining technique called Auto Clinch was developed in Switzerland in the 

early 1980's out of the need to connect aluminium sheets without the difficulties 

associated with spot welding' 

Clinching works by means of localised slits and forming. Two types of clinches were 
developed, the bar-clinch and the cross-clinch. The interlocking of the sheets is 

formed by the deformation of one sheet into the other with lateral spreading of the 

sheets so that the two sheets are unable to come apart. 

Shear tests were undertaken to examine the behaviour of the Auto Clinch joins under 
different directions of loading. Comparative tests were undertaken with spot welding. 
It was found that the behaviour of the Auto Clinch join was anisotropic and was 
capable of shear loads of approximately 80% of that of the spot welds with the Cross 
Clinch having a greater shear resistance than the Bar Clinch. 

Tests were also carried out for cyclic loading and the effects of corrosion. It was 
found that the behaviour under cyclic loading was very favourable with no joins 

actually failing even under 10' cycles. The effect upon shear load of corrosion was 
limited if the join was correctly formed but was very much reduced if the join was over 
pressed. This is because the contact area within the join is very much reduced when 
the join is over pressed. 
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A comparative study of the economic factors relating to Auto Clinch joining and Spot 

welding was discussed. It was noted that Auto Clinch joining investment costs are 
lower and there is less need for room as electric current and water installations can be 

omitted. The downside to this is that the weight of the clinching tools are higher than 

that of spot welding electrode holders. 

2.3. The Use of Cold-Formed Steel in Housing and Small Structures 

The use of cold-formed steel products in building has been steadily increasing since the 

Second World War. During the war there was a need for standardised buildings that 

could be quickly erected and moved to another location if necessary. This market was 

expanded after the war to include standardised industrial buildings and low cost 

housing. The problems were particularly acute in Japan where there was a need for 

4.2 million new houses after the war. Prior to the war the traditional building material 

was timber and large numbers of houses were destroyed in wartime fires. To replace 

these lost houses would have used 150 years supply of timber. In response, the 

Japanese steel industry began to produce light gauge steel members for construction, 

and today the market share for housing is 25% with a total of 368,000 steel framed 

houses built during 1993'. 

Perhaps the greatest increase in the use of steel in residential construction in recent 

years has been in the United States. This is due to a number of factors. With 

increasing environmental concerns, the use of timber with its consequent impact on 

natural resources, both in terms of wildlife habitats and the depletion of established 

areas of woodland, is a growing problem. The cost of timber has been highly variable 
during the last four years from a low of $200 per thousand board foot to a high of 
$510 per thousand board foot, whilst that of steel has been relatively constant at an 

equivalent of $340J6. The use of steel has other benefits. A typical steel framed 

building will be 40% lighter than its equivalent timber framed building resulting in 

lighter foundation loads, easier erection processes and improved earthquake 

performance. Steel can be fully recycled and currently steel is approximately 
two-thirds recycled. For these reasons, with a total of 1.4 million houses built annually 
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in the US, the number of steel framed buildings has increased from just 500 in 1992 to 

250,000 in 1995. 

With the development of profiled sections the spans of the structures were increased 

allowing greater flexibility in design. The greatest use of cold-formed steel in buildings 

has come in sheeting for cladding and roofing. The cold-rolled pre-painted steel is an 

ideal cladding system as it is both cost effective and can be well insulated in the case of 

composite panels. 

The steel frame buildings can be split into three distinct groupings 

1. Stick built : Those members that are supplied to site as individual members 

which are then connected together on site. 
2. Panellised Substructures : Those structures that arrive on site as a number of 

wall and floor subframes which are then connected together. 
3. Modular volumetric : Those structures that arrive on site as a series of modules 

that include all services such as electric's and plumbing. 

In the following sections some of the structural components using cold-formed steel 

will be discussed. 

2.3.1. Structural Systems 

2.3.1.1. Swagebeam System 

The swagebeam is a stick built structural system that uses members which all have a 
standard size but vary in thickness''". This allows for the use of standardised joint 
details allowing for a very rapid construction. A typical frame is shown in Figure 2.16. 
All of the members are bolted together on site. The use of standardised components 
also has obvious implications for the design of the structure which will be greatly 
simplified. The system is generally used for portal frames and mezzanine levels 

although roof trusses are being developed. 

40 



showing Press join Connections 

41 

Figure 
-'. 

<,. I I; ýýi11 
Frame 

Figure 2.17. Typical Joint Detail in Tri-chord Framing System 



2.3.1.2. Tri-chord 

The Tri-chord framing system uses a specially developed section formed by the 

creation of triangular flanges for both beam and stud sections as shown in 

Figure 2.17". The triangular flanges dramatically reduce the possibility of localised 

buckling thereby increasing the efficiency of the section. The sections are fabricated 

using press joining to connect the flange sections to the web and hence the depth of 

the section can easily be varied using different web depths. Stud panels formed using 
Tri-chord members have been used to stiffen existing structures that require further 

earthquake protection, indicating the high strengths obtainable with the system as 

shown in Figure 2.13. Roof trusses of up to 13m span have been created using the 

same technique and are over 30% lighter than a truss designed using standard channel 

sections. The emphasis on all of the structural members is that the design must be 

simple and provide benefits to both manufacture and construction. 

2.3.1.3. Eas lame 

Easyframe is a steel framing system developed in Australia that uses the Tog-L-Loc 

mechanical joining system for producing structural panels'. The panels are constructed 

using 0.75mm steel and are delivered to site for assembly and are rapidly connected 

using self-drilling screws. Neither connection technique destroys the surface coating 

of the steel since no heat is involved, 

2.4. Research on Structural Steel Framing Systems 

The following sections summarise the work concerned with structural systems such as 
steel framing and roof trusses. Considerable research has been carried out into the 
behaviour of individual steel members and into full-scale structures such as portal 
frames, but this research has limited applicability with regard to the connection 
techniques and hence will not be commented upon. 
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Figure 2.18. l'ri-chord Framing providing Earthquake Resistance 
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2.4.1. Work of Pedreschi 

Pedreschi has developed a light gauge steel beam with standardised components which 

can be wholly connected by press -joining`'. Extensive test work has shown that 

significant loads can be carried by the beams, which are comparable with other beams 

and trusses on the market, whilst offering considerable economic savings in the 

production costs. The press joins are used to connect the two elements of each flange 

and also the flanges to the web as shown in Figure 2.19. The calculated shear in the 

press joins at failure correlated well with small scale shear tests. This beam is still in 

the prototype stage and the effects of material thickness of the flanges and web are 

being considered. 

2.4.2. Work of Ife 

In recent years there has been development into the use of cold formed steel members 

as the primary structure in housing and small structures. The use of steel in housing 

has been much more widespread in the United States than in the United Kingdom. 

Ife" conducted tests on a research house built of cold-formed steel members. This was 

built and then occupied to analyse the behaviour under normal conditions. A standard 

building, built to the same plan, using timber members was erected nearby as a 

comparison. The steel house performed satisfactorily and suffered no condensation 

damage to the steel. Deflections and vibrations were all similar to the reference timber 

built house. A series of roof trusses were also tested. Development of the truss 

required the testing of trusses using varying connections. Members were initially of 

channel sections. The first truss connections were made by gusset plates and spot 

welds. Failure was by the spot welds giving way due to excessive secondary moments 

and poor quality welds. A second truss using self drilling screws performed much 

better although final collapse was still at the connection due to excessive stresses. A 

third truss formed using hat section chord members and tubing web members 

performed satisfactorily. Ife concluded by saying "... more research needs to be 

directed at developing a suitable connection procedure that will lend itself to an 

automated fabrication process. " 
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2.4.3. Work of Dannemann 

Dannemann16 was concerned with the increased use of cold-formed steel components 

in the residential market. This included the design of light trusses developed with a hat 

section member that could be overlapped and joined with a single bolt. Two standard 

applications of roof truss were developed as shown in Figure 2.20. The spans between 

trusses could be as much as 4 to 8 feet (1.2 to 2.4m) depending upon loading 

conditions. 

2.4.4. Work of De la Barra 

De la Barra was interested in developing an'off the shelf building that could be easily 

erected by the end user20. High strength to weight ratio was seen as the key element in 

the design with interchangeable components. Not surprisingly, this led to the use of 

cold-formed steel. De la Barra developed a simplified design procedure leading to a 

rapid design process with little loss of economy in the final member sizing. The 

buildings were designed to be used in Mexico where light sections are ideally suited 

due to the very small likelihood of snow loading and the relative inaccessibility of the 

regions leading to transportation difficulties. 

2.4,5. Work of Harper 

Harper set out to discover the behaviour of cold-formed steel roof trusses with the 

intention of establishing design recommendations29. A series of roof trusses were 

constructed with a 20 foot span which was deemed typical of present residential 

construction. Trusses were constructed using channel sections and were tested in 

pairs. A plywood sheeting was attached to the top flange of the truss and loading was 

uniformly distributed using bricks. The trusses were continually developed throughout 

testing to overcome premature failure and instability problems. Deflection and strain 

readings were taken on the truss to verify consistency in the behaviour. 

The behaviour of the trusses was modelled using a simple finite element technique 

assuming pin jointed connections. The eccentric nature of the loading due to the 

unsymmetric section was taken into account for each of the members by calculating the 
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Figure 2.20. Trusses developed by Dannemann using Cold-formed Steel Sections 

with Connection Detail Shown 
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offset of the assumed loading position from the shear centre of the channel section. 

Deflection readings were taken along the bottom chord member and it was found from 

the analysis that the initial deflections were predicted well but that under increasing 

load the behaviour became non-linear and increased more rapidly. This non-linearity 

was not taken into account in the analysis. Strains were recorded on each of the 

members and these were then transformed into stress. It was found that for each of 

the members, except the top chord, the stresses could be very accurately predicted. 

On the top chord, recorded stresses were much lower than predicted which was put 

down to the twisting of the chord member which would have reduced the 

cross-sectional properties. Attempts were made towards including the effect of 

composite action due to the plywood sheeting but many assumptions regarding 

effectiveness of connection fixity were required, and from this it appeared that the 

effect of the sheeting would be small. It was therefore conservatively assumed that the 

section properties of the top chord member alone should be used. This may have been 

too conservative given the fact that the behaviour could be predicted with good 

accuracy in each of the other members. Overall it was found that the truss was able to 

withstand the required load. Recommendations were given as to the design of the 

members and it was found that the existing AISI "Specification for the Design of 

Cold-formed Steel Structural Members"' was able to take into account the various 

factors in the design. Recommendations regarding the design of connections, which is 

of particular interest to the current research were also provided. This mentioned that 

the predominant concern regarding connections was the creation of eccentricity due to 

localised cutting and matching of the sections. It was recommended that additional 

stiffening should be included where the cutting of the members was essential for the 

alignment of the members. 

2.5. Scope of the Present Investigation 

It has been shown that the use of cold-formed steel products in structures is ever 

increasing. The use of mechanical joining techniques has become widespread in 

manufacturing industries for the production of household appliances and car body 

components. With the increased use of cold-formed galvanised steel in buildings there 
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is a need for connection techniques that are fast, efficient and automated and do not 

destroy protective coatings. Press joining is one such technique. Little information 

exists for the prediction of the strength of the press join from the material properties of 

the steel or how the load-deformation behaviour can be predicted. It has been shown 

that the strength of press joins are comparable to those of rivets but less than that of 

spot-welding. But press joining has significant advantages over these connection 

techniques. Firstly, the press join can be created without any previous preparations 

such as pre-drilling for rivets and secondly, it does not damage the surface coatings, 

whether they are zinc plating or paints, as spot welding does, because there is no heat 

involved. The system can be highly automated reducing labour costs and uses just 

10% of the energy of spot-welding thereby reducing power costs. 

The first part of the thesis will concentrate on the behaviour of press joining under 
shear loading. The load-deformation characteristics will be established and equations 
for the prediction of the strength of the joins based on the material properties of the 

steel will be produced. Once the basic parameters for the behaviour of single joins 
have been obtained, the behaviour of groups of press joins with particular reference to 
the moment-rotation behaviour should also be established. In this way both the 
loading methods for structures will have been established, i. e. shear forces and bending 

moment. The final part of the thesis will be to ascertain whether full scale structures 
are possible and whether the behaviour of the structures can be predicted taking 
account of the connections. Initially, beams with press join end connections will be 
tested. These beams will be predominantly loaded by point loading with no applied 
axial loads. Finally, a series of trusses will be tested such that the members and 
connections are loaded to create both bending and axial loads in the member. 

A clear progression of the loading pattern will be carried out on the press join from the 
simplest tests on single press joins through groups of joins to full-scale structures. 
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CHAPTER 3: MATERIAL PROPERTIES 

3.1 Introduction 

This chapter summarises the test results for the material properties of the steel used in 

this investigation. All the steel was galvanised and was obtained from both British 

Steel and nietsec PLC. The strength of connections depends upon both the strength 

and the thickness of the material and in the case where additional fixing items such as 
bolts and rivets are required, on the fastener itself Relationships for the strength of 

press joins have not been fully defined and hence the steel used must be tested to find 

the material properties. The material properties are also needed for the analysis of the 

structures described in Chapters 6 and 7. 

3.2 Test Samples 

A total of nine steels of varying thickness' and strengths were used. The samples were 

cut from random sections of the steel used in the experiments. Three samples were 

taken from each material type. The samples were cut from both formed sections and 
flat sheet. Material 1 was from the web of a zed section with 122mm depth. Materials 

2 and 3 were cut from the webs of channel sections of nominal size 80x4Omm. 

Materials 4 and 5 were from flat plate sections. Materials 6 and 7 were from the 

profiled flanges of a beam of 50mm width and materials 8 and 9 were from the 

corrugated web of the beam with a 100nun profile. Where the samples were taken 
from cold-rolled sections as opposed to flat sheets, the samples were cut from the 

centre of the profile, i. e. away from the areas that were subjected to the greatest 

cold-forming stresses. Thickness' ranged from 0.6mm to 2.0mm and steel strengths 

were either of nominal yield strength of 280 N/mm2 or 350 N/mm2. The test samples 

were all of 25mm width and 300mm in length except for material 9 which was 200mm 
in length. This was necessitated by the steel available. 

The steel of material 1 showed signs of significant residual stress. The samples when 
cut from the section were noticeably curved as shown in Figure 3.1. The original 
section was a roll formed zed-section with a web depth of 122mm. 
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3.3 Test Procedure 

3.3.1 Load Measurement 

Loads were recorded from a pen chart recorder on the Instron testing machine. This 

was calibrated prior to use by hanging calibration weights from the load cell. 

3.3.2 Strain Measurement 

Electrical resistance strain gauges were fixed to the sample with cyanocrylate adhesive. 

The output from the strain gauges was monitored by an Orion data logger. The signal 

was converted directly to microstrain by the use of a gauge factor supplied with the 

strain gauges. 

3.3.3 Test Method 

The sample dimensions were measured with a pair of electronic callipers reading to an 

accuracy of 0.01mm. Three recordings of width and thickness were taken for each 
sample. These values are shown in Table 3.1. For the calculation of area a nominal 
thickness of 0.05mm was subtracted from the thickness of the sample to take account 
of galvanising. 

The samples were all tested on an Instron testing machine with a constant rate of 
deformation of 1 mm per minute at room temperature. Increments of load of 25kg 

were applied to the sample and the crosshead was stopped. Readings of load and 
strain were recorded and the load was then applied once again. Additional readings 
were taken towards the peak load where necessary. It was not possible to record the 

strains all the way through the test because the strain gauges became unattached at 
high strains. The crosshead was then left moving until failure of the sample occurred. 
The peak load was recorded for calculation of the ultimate tensile strength. 

52 



Test 

Number 

Measured Thickness 

(mm) 

Average 

Thickness 

(mm) 

Width (mm) Average 

Width 

(mm) 

Base 

Area 

(MM') 

1.1 1.49 1.50 1.50 1.50 23.52 23.53 23.05 23.37 33.88 

1.2 1.46 1.49 1.47 1.47 23.56 24.02 24.17 23.92 33.96 

1.3 1.49 1.47 1.47 1.48 23.67 23.81 23.43 23.64 33.80 

2.1 1.88 1.89 1.88 1.88 25.92 26.56 25.94 26.14 47.84 

2.2 1.89 1.87 1.89 1.88 24.90 24.51 24.57 24.66 45.13 

2.3 i 1.88 1.89 1.87 1.88 22.84 24.46 24.92 24.07 44.05 

3.1 1.54 1.54 1.55 1.54 24.91 24.34 25.08 24.78 36.92 

3.2 1.58 1.58 1.55 1.57 23.33 24.22 23.31 23.62 35.90 

3.3 1.58 1.57 1.55 1.57 22.98 23.93 23.55 23.49 35.70 

4.1 1.90 1.90 1.89 1.90 23.26 23.56 23.77 23.53 43.53 

4.2 1.89 1.89 1.88 1.89 24.03 24.21 24.22 24.15 44.44 

4.3 1.88 1.88 1.90 1.89 23.85 24.65 25.03 24.51 45.10 

5.1 1.56 1.59 1.57 1.57 24.51 24.04 23.89 24.15 36.70- 

5.2 1.58 1.60 1.56 1.58 23.15 22.63 22.97 22.92 35.06 

5.3 1.58 1.60 1.57 1.58 23.92 23.41 23.20 23.51 35.97 

6.1 1.90 1.88 1.88 1.89 23.44 23.32 24.06 23.61 43.44 

6.2 1.87 1.89 1.89 1.88 23.82 24.96 24.43 24.40 44.66 

6.3 1.90 1.92 1.90 1.91 23.20 22.81 22.84 22.95 42.69 

7.1 1.99 2.01 1.98 1.99 26.57 25.56 25.57 25.90 50.25 

7.2 2.03 1.99 1.96 1.99 24.89 25.06 24.78 24.91 48.33 

7.3 1.97 1.96 1.96 1.96 25.48 25.68 24.94 25.37 48.45 

8.1 0.85 0.86 0.83 0.85 25.22 25.72 25.31 25.42 20.33 

8.2 0.86 0.85 0.82 0.84 25.16 25.73 26.32 25.74 20.33 

8.3 0.85 0.86 0.84 0.85 25.33 25.90 25.41 25.55 20.44 

9.1 0.58 0.58 0.56 0.57 24.31 25.10 23.01 24.14 12.55 

9.2 0.61 0.57 0.59 0.59 25.12 24.72 26.11 25.32 13.67 
9.3 0.58 0.56 0.58 0.57 25.19 25.34 24.45 24.99 13.00 

Table 3.1. Dimensions of Test Samples 
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3.4 Failure Modes 

341 Failure Modes of the Samples 

The samples all failed showing signs of necking indicating localised straining of the test 

samples. Typical test samples after failure can be seen in Figure 3.2. 

3.4.2 Yield Modes of the Samples 

Typical stress-strain curves are shown in Figures 3.3. and 3.4. Two modes of 

behaviour were seen with the test samples. The first was sharp yielding giving a 

defined yield point and the second was gradual yielding giving an undefined yield 

point. The first method is generally associated with hot-rolled sections whilst the 

second is associated with steels that have undergone cold-working. All the steels 

tested will have undergone cold-working to some extent. The failure mode gives an 

indication of which steels have undergone the greatest cold-working. Some 

circumspection should be given to the strains after yielding of the section occurs. The 

yielding of the section will be restricted to small regions on the sample. The recorded 

strains will therefore depend upon how close the strain gauge is to the yielding region. 

The strains could not be recorded near to the UTS because the strains became too 

large and the strain gauges became unattached. 

3 .5 
Material Properties 

3.5.1 Young's Modulus 

The area of the sample was based on the base metal thickness with the recorded 

thickness' being reduced by a nominal 0.05mm. The Young's Modulus is defined as 

the gradient of the stress-strain curve over the linear elastic range. The calculated 

value is derived from a regression analysis of the stress-strain data. The calculated 

values can be seen in Table 3.2. It can be seen that the average values range from 

213.1 kN/mm2 for material 2 to 258.2 kN/mm2 for material 9. These values are 

greater than the typical values assumed in codes of practice. BS 59501° assumes a 

value of 200 kN/mm2 whilst 203 kN/mm2 is used by the AISI specification'. 
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Material I Young's Modulus 

Number , (kN/mm2) 

UTS 

(N/mm2) 

Yield Strength 

(N/mm2) 

Ratio 

UTS/Yield 

(Test) Measured Average Measured Average Measured Average 

1.1 208.5 1 467.2 383.0 

1.2 239.2 220.1 487.0 479.0 385.5 382.3 1.25 

1.3 218.5 482.9 378.5 

2.1 216.4 386.9 327.8 

2.2 207.1 213.1 379.7 378.7 319.6 322.1 1.18 

2.3 215.7 369.0 319.0 

3.1 216.4 392.4 302.3 

3.2 214.4 217.6 366.1 382.3 265.0 293.3 1.30 

3.3 221.9 388.3 312.5 

4.1 227.8 383.8 324.8 

4.2 225.9 225.9 378.1 378.2 322.2 321.3 1.18 

4.3 224.0 372.6 316.8 

5.1 221.4 402.7 325.4 

5.2 222.2 223.6 400.1 400.9 322.2 325.6 1.23 

5.3 227.3 400.0 329.3 

6.1 221.9 463.8 386.6 

6.2 217.5 218.1 456.4 460.2 395.3 388.1 1.19 

6.3 215.0 460.4 382.3 

7.1 222.1 389.7 315.7 

7.2 220.7 226.4 391.1 391.0 310.1 313.0 1.25 

7.3 236.5 392.1 313.3 

8.1 232.4 373.0 346.4 

8.2 227.2 237.0 384.4 380.5 360.3 352.4 1.08 

8.3 251.5 384.0 350.4 

9.1 261.3 465.9 403.8 

9.2 260.5 258.2 466.4 465.8 431.0 417.0 1.18 

9.3 252.9 465.0 416.3 
Table 3.2. Material Properties 
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3.5.2 Yield Stress 

Two methods of measuring the yield stress were used because of the two modes of 

failure. For the sharp or defined yielding mode the yield stress is taken as the stress of 

the lower yield point. For the gradual or undefined yielding mode the yield stress is 

calculated by the 0.2% offset method. For this method a line parallel to the linear 

elastic region of the stress-strain curve is drawn from an offset of 2000 microstrain. 

The intersection of the offset and the stress-strain curve is called the 0.2°'o proof stress 

and is taken as the yield stress. This can be read directly from the graph. The 

calculated values can be seen in Table 3.2. 

3.5.3 Ultimate Tensile Strength 

The ultimate tensile strength (UTS) was calculated by taking the peak load achieved 

during the test and dividing by the base area of steel. The calculated values can be 

seen in Table 3.2. 

3.5.4 Ratio of UTS to Yield Strength 

It can be seen from Table 3.2. that the ratio UTS/Yield Strength meets the minimum 

criterion of 1.08 as specified by the 1986 Edition of the AISI Specification'. 
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CHAPTER 4: BEHAVIOUR OF PRESS-JOINS IN SHEAR 

4.1 Introduction 

This chapter deals with the behaviour of press joining under shear loading. The 

load-deformation behaviour of press joins has not yet been established. Previous tests 

by Liebig and his fellow researchers have only been carried out for the two extreme 

angles of loading, i. e. longitudinal and transverse forces and ignored intermediate 

angles. In this study intermediate angles will also be tested. The load-deformation 

behaviour of a single press join must form the basis of any analysis of press join 

groups, and an analysis of the results will enable the press join characteristics of any 

intermediate angle of loading to be established. The experimental test procedure 

together with the analysis of the results will be discussed. The material properties of 

the steel used in the tests were considered in Chapter 3. 

4.2 Aims of Tests 

A number of different test series were carried out to ascertain the behaviour under the 

following variables: 

1. Material thickness 

2. Ultimate tensile strength 

3. Angle of inclination with respect to direction of loading 

4. The effects of differing materials on the punch and die sides of the press join 

5. The variability of peak load for a given join formation 

4,3 Formation of an Optimum Press join 

Before discussing the behaviour of press joining under load it is necessary to describe 

the method by which an optimum press join is created. The physical process by which 
the join is created was discussed in Chapter 2. The creation of a press join requires the 

correct selection of two parameters. These are the die to be used for the combination 
of steel thickness' considered and the forming pressure to be used. The selection of the 
correct die is made by using a chart supplied by the manufacturer of the press joining 
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equipment. The material thickness' on the punch and die sides of the join are tabulated 

against the die number. Each die has a different depth of penetration depending on the 

thickness' to be joined. The selection of the punch depends only upon the style of 

press join to be created. Once the correct die has been chosen the correct forming 

pressure has to be found. This is done by using some scrap pieces of the steel to be 

connected and then varying the pressure on the hydraulic machine until press joins are 

created with the correct join dimensions. The only necessary measurement is the width 

of the protruded section of the join as shown in Figure 4.1. The correct width is within 

the range 5.4 to 5.5mm. This information was supplied by Eckold. 

4 
.4 

The Shear Test Sample Configuration 

Lap shear samples were made with a single press join. The samples are shown in 

Figure 4.2. The test samples were of two sizes. All the tests involving steel thickness' 

of over 1.5mm were formed from steel samples of 200 x 60 mm. All tests using steel 

of 0.7mm and 1.0mm thickness were made of samples measuring 170 x 45 mm. The 

reason that the two sample sizes were used was due to the availability of the thinner 

steels. This steel was recovered from some previous tests and the sizes of the samples 

had to be reduced accordingly. Overlap distances were constant at 30mm. Bober9'", ", 

considered the sample dimensions in relation to join strength. It was found that the 

minimum sample width should be 20mm and the minimum overlap should be 15mm. 

The sample sizes used all conform to these requirements. BS 5950 Part 5 refers to the 

ECCS-TC7 Mechanical Fasteners for use in Steel Sheeting and Sections24 for the 

sizing of shear test samples. There is currently no information in any code of practice 

regarding the shear testing of press joins but the information given for blind rivets is 

the closest type of joining technique covered. The sample dimensions for blind rivets 

require a minimum width of sample of 25mm and a minimum overlap distance equal to 

eight times the fastener width. For the press joins it is known from previous tests that 

the strongest join occurs in the transverse direction of loading. The critical dimension 

of the join in this direction is 4mm. This means that the overlap distance should be 

32mm. This is over twice the minimum reported by Bober and seems excessive for the 

nature of the join. The length of the sample is optional according to the ECCS. 
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4.5 Instrumentation 

4.5.1 Measurement of Load 

The shear tests were carried out on an 'Instron' strain controlled testing machine as 

shown in Figure 4.3. 

The load was recorded by a load cell mounted on the Instron machine with the output 

being read from a pen chart recorder. The load cell and chart were calibrated for a 

reference load of 200 kg. 

4.5.2 Measurement of Deformation 

The deformation of the press joins was measured by a 100nun Demec gauge and by 

recording the movements of the crosshead. Demec points were glued to the sample 

and located with the Demec gauge locator symmetrically about the press join. Demec 

measurements were taken on both sides of the sample with the results being averaged. 

The Demec gauge was used as it allowed a more accurate measurement of the join 

deformation than the movement of the crosshead as it is not affected by possible slip 

between the sample and the jaws of the test machine. Due to the effects of residual 

stress from the cold-forming process some of the test samples were not straight. The 

increase in length of the sample due to the straightening under load would also have 

been recorded by the movement of the crosshead. Demec readings were read to an 

accuracy of 1 division where I division equates to a strain of 1.61x10'5. This strain 

was then converted into a deformation by multiplication of the gauge length. 

Crosshead movements could be recorded to an accuracy of 0.01mm. 

4.6 Test Procedure 

The test procedure was the same for all of the shear test series. The dimensions of 

each sample were recorded at three points, with both the width and thickness being 

recorded. The test samples were clamped tightly into the jaws of the Instron so as to 

minimise the slippage. The crosshead movement was set to Imm/min in accordance 
with the ECCS Recommendations Publication Number 212'. Loads were applied in 
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Figure 4.3. Instron Testing Machine 



increments of 25kg and then the crosshead movement was stopped. Readings of load, 

Demec readings on both sides of the sample and the movement of the crosshead were 

recorded. As it was necessary to stop the crosshead movement to take the Demec 

readings it was not possible to use the chart recorder for continuous load deformation 

plots. The crossheads were then set in motion once more. Additional readings were 

taken near to peak load as necessary. The Demec gauge ran out of travel after 

approximately 2.5 mm of deformation. The movements of the crosshead were then 

fitted on to the plot. It was assumed by this time that the sample would be fully 

straight and that all of the slippage would have occurred in the supports. All of the 

measurements were adjusted to allow for the strain in the steel using the values for 

Young's Modulus obtained in material tests and the average sample dimensions. 

4.7 Tests to Determine the Effect of Angle of Loading on Shear Behaviour 

The general behaviour of press joins and the factors affecting the strength were 
investigated by Liebig36.3' It was shown that the strength of a join was affected by 

both the material thickness and UTS as well as the angle of loading on the join. Liebig 

only tested the angles zero and ninety degrees as defined in Figure 4.4. with no 

research attention being given to intermediate angles. The angle of loading is defined 

as zero degrees for a force applied perpendicular to the long edge of the press join and 

ninety degrees for forces applied parallel to the long edge of the press join. 

Intermediate angles are defined between these extremes. Although it was noted that 

the material thickness and UTS had a large effect on the behaviour, no information was 

given as to the relative effects. No attempt was made to calculate the stiffness of the 
joins or the deformation capacity. 

This test series will investigate the effects of material thickness, UTS and the angle of 
loading on the strength and deformation behaviour. Four materials of varying 
thickness and strength were used in this series of tests. The materials used were 1,23- 
3, and 4 as defined in Chapter 3. The respective material properties can be seen in 
Table 3.2. Tests were carried out with loads applied at angles of 0,30,45,60 and 90 
degrees as defined in Figure 4.5. 
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Figure 4.4. Loading Angles on the Press join 
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Figure 4.5. Angles of Loading on the Press join 
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4.7.1 Test Results 

47.2 Failure Modes of Press-joins in Shear 

The press join is symmetrical about two axes as shown in Figure 4.4. Cuts in the steel 

are made along two parallel edges of the join with the join being continuous with the 

sheet along the other two edges. This difference in shape also exhibits itself in the 

directional failure modes of the press join in shear. Two distinct modes are observed. 

each associated with an axis of the press join. When the join is loaded at zero degrees 

(perpendicular to the long edge) the action of loading is in a shearing mode. When the 

load is applied at ninety degrees (parallel to the long edge) the action is in a 

distortional bending action similar to the sidesway action of a portal frame as can be 

seen in Figure 4.6. 

The failure mode associated with loading at zero degrees is a shear of the protruding 

parts of the press join at the point at which the two component parts of steel meet as 

shown in Figure 4.7. The failure mode of the press joins loaded at ninety degrees can 

be split into three sub-groups. The join can pull out in one piece remaining relatively 

intact. The second method is for the protruded part of the join to fracture leaving a 

part held within the die side of the join. The third method is a variation of the second 

in which the two protruded parts do not fail simultaneously but fail one at a time. 

After the first protrusion fails the join continues to deform which eventually means that 

the remaining protruding part moves into tension giving the characteristic rise in load 

capacity. 

Between the two extreme loading conditions, i. e. zero and ninety degrees, the failure 

mode was a combination of the shearing and bending action modes. 

4.7.3 The Load-Deformation Behaviour 

The load deformation plots of the tests are shown in Figures 4.8 1. to 4.8.4. It is clear 

that the effect of angle of loading has a large effect upon the load deformation 

behaviour. When the joins are loaded at zero degrees (transverse loading) the 

press join exhibits a high peak load with reduced deformation capacity. When the 
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joins are loaded at ninety degrees (longitudinal loading) the press join exhibits a lower 

peak load with greatly increased deformation capacity. Materials 1,2 and 4 all showed 

lower plastic ranges with a constant load of approximately 1.0 kN. This only occurs 

when the load is applied close to the longitudinal direction. This plastic region is due 

to the two-part failure of the press join as shown in Figure 4.9. The two extended 

parts of the press join deform under load. Due to the fixity at the base of the 

press join one of these extended parts is in tension whilst the other is in compression. 

The tension part fails first leading to the drop from peak load. The remaining part of 

the join is then under compression. Under continuing deformation this turns over and 

either breaks or moves into tension. This accounts for the increase in load that is 

clearly seen with Material 4. 

4.7.4 Definition of Terms used in the Following Sections 

The load-deformation behaviour of all press joins loaded at any angle all exhibited the 

same general characteristics. It was therefore possible and indeed necessary to define 

the shape of the curve by a number of factors. These factors are the initial stiffness, 

the unloading stiffness, the peak load and the plastic limit as defined by Figure 4.10. 

The derived values from the test can be seen in Table 4.1. The factors influencing 

each of these characteristics will now be discussed. 

The peak load is the maximum recorded load from the load-deformation data. 

Regression analyses were performed to obtain a relationship of peak load against angle 

of loading. The resulting equations can be seen in Table 4.2. 

The initial stiffness is defined as the tangent stiffness that occurs at the start of the 
loading cycle. It is calculated by a linear regression analysis of the load deformation 

data over the lesser of the first four increments of load or until a noticeable deviation 

from the linear has occurred. Regression analyses were performed to obtain a 

relationship of initial stiffness against angle of loading. The resulting equations can be 

seen in Table 4.3. 
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Material 
Number 

UTS 
(kN/mm2) 

Thickness 
(mm) 

Angle 
of 

Loading 

Peak 
Load 
(kN) 

Initial 
Stiffness 
(kN/mm) 

Plastic 
Limit 
(mm) 

Unloading 
Stiffness 
(kN/mm) 

1 479.00 1.51 0 4.46 41.24 1.70 -4.14 
1 479.00 1.47 0 3.98 22.72 2.20 -6.96 
1 f 479.00 1.41 30 3.50 22.50 1.40 -1.07 
1 479.00 1.45 45 2.99 6.05 2.50 -15.89 
1 479.00 1.43 45 3.50 7.25 2.60 -7.00 
1 479.00 1.47 60 2.87 5.53 3.50 -3.16 
1 479.00 1.45 60 2.38 16.66 2.00 -1.60 
1 ( 479.00 1.47 90 2.60 14.16 5.00 -1.72 
1 i 479.00 1.50 90 2.50 2.93 2.70 -3.54 
2 1 378.70 1.92 0 4.81 16.35 1.00 -4.80 
2 378.70 1.91 0 4.81 30.33 1.00 -4.11 
2 378.70 1.91 30 4.06 16.30 2.90 -3.54 
2 378.70 1.90 30 3.78 23.67 2.90 -18.90 
2 378.70 1.88 45 3.97 12.51 2.90 -4.77 
2 378.70 1.91 45 3.21 15.55 2.60 -4.08 
2 378.70 1.90 60 3.27 10.37 6.00 -4.96 
2 378.70 1.91 60 3.42 7.55 4.70 -1.03 
2 378.70 1.91 90 2.99 5.39 6.80 -1.53 
2 378.70 1.90 90 2.94 4.64 5.00 -19.73 
3 382.30 1.57 0 4.02 17.46 0.90 -1.14 
3 382.30 1.58 0 3.87 26.03 0.60 -1.16 
3 382.30 1.58 30 3.27 21.85 1.50 -2.24 
3 382.30 1.58 30 3.14 7.88 1.40 -1.98 
3 382.30 1.58 45 2.74 15.86 1.80 -1.88 
3 382.30 1.58 45 2.82 35.71 1.90 -2.23 
3 382.30 1.58 60 2.35 18.70 2.80 -2.68 
3 382.30 1.60 60 2.42 14.12 2.80 -2.59 
3 382.30 1.56 90 2.06 9.44 3.30 -2.29 
3 382.30 1.55 90 2.16 8.96 4.30 -1.55 
4 378.20 1.92 0 4.76 28.47 2.10 -36.78 
4 378.20 1.91 0 5.00 45.15 2.05 -78.27 
4 378.20 1.93 30 4.58 52.57 2.80 -11.89 
4 378.20 1.93 30 4.65 47.97 2.70 -6.36 
4 378.20 1.93 45 4.12 25.70 3.20 -0.83 
4 378.20 1.95 45 3.86 82.66 3.20 -1.05 
4 378.20 1.95 60 3.38 11.22 3.70 -1.03 
4 378.20 1.96 60 3.34 12.72 4.20 -1.59 
4 378.20 1.90 90 3.09 3.70 5.20 -6.10 
4 378.20 1.88 90 3.04 4.58 6.00 -13.10 

N. B. All thicknesses are base metal thicknesses assuming 0.05mm galvanizing 

Table 4.1. Shear Test Values 
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Material 

Number 

Equation Correlation 

Coefficient (R2) 

1 Load = 4.12 - 0.020 x Angle 0.83 

Load = 4.64 - 0.020 x Angle 0.33 

3 Load = 3.83 - 0.021 x Ankle 0.95 

4i Load = 4.99 - 0.022 x Ankle 0.91 

Table 4.2. Equations for Predicting Peak Load 

Material 

Number 

Equation Correlation 

Coefficient (R2) 

1 Initial Stiffness = 27.8 - 0.27 x Angle 0.53 

2 Initial Stiffness = 24.2 - 0.22 x Angle 0.74 

3 Initial Stiffness = 23.0 - 0.12 x Angle 0.19 

4 Initial Stiffness = 51.9 - 0.45 x Angle 0.32 

Table 4.3. Equations for Predicting Initial Stiffness 

Material 

Number 

Equation Correlation 

Coefficient (R2) 

1 Unloading Stiffness = -6.52 - 0.032 x Angle 0.05 

2 Unloading Stiffness = -5.20 - 0.034 x Angle 0.03 

3 Unloading Stiffness = -1.55 - 0.009 x Angle 0.30 

4 Unloading Stiffness = -38.4 - 0.505 x Angle 0.42 

Table 4.4. Equations for Predicting Unloading Stiffness 

Material Equation Correlation 

Number Coefficient (R2) 

I Plastic Limit = 1.59 + 0.022 x Angle 0.46 

2 Plastic Limit = 1.01 + 0.057 x Angle 0.84 

3 Plastic Limit = 0.56 + 0.035 x Angle 0.92 

4 Plastic Limit = 1.75 + 0.039 x Angle 0.92 

Table 4.5. Equations for Predicting Plastic Limit 
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The unloading stiffness is the tangential stiffness calculated directly from the test data. 

Where a lower plastic region was seen then this deformation was ignored. The 

unloading stiffness was then calculated over the linear region over which the load was 

falling. For other cases such as the case of Material 3 loaded at zero degrees the 

unloading stiffness was calculated from the gradient of the line from close to peak load 

to close to zero load. This would remove the effect of the bulged area but would 

simplify the analysis by having all the stiffness' calculated in the same manner. 

Regression analyses were performed to obtain a relationship of unloading stiffness 

against angle of loading. The resulting equations can be seen in Table 4.4. 

The plastic limit is defined as the deformation at which the peak load intersects with 

the line of unloading stiffness. The values were obtained by inserting the peak load 

into the equation of line of best fit from the unloading stiffness thereby obtaining a 

deformation. Regression analyses were performed to obtain a relationship of plastic 

limit against angle of loading. The resulting equations can be seen in Table 4.5. 

4.7.5 Effects of Angle of Inclination of Loading in Shear Behaviour 

4.7.5.1 Influence on Peak Load 

The peak loads are shown in Table 4.1. and Figure 4.11. For all steel samples the 

same trend in behaviour was observed. The highest loads were obtained when the 

press join was loaded at zero degrees. The lowest loads were obtained when the 

press join was loaded at ninety degrees. A linear variation for peak load was obtained 
for angles between these extremes. This variation in behaviour is due to the nature of 

construction of a press join. When the load is applied at zero degrees (transverse) the 
load action is in a shearing mode. When the load is applied at ninety degrees 

(longitudinal) the load is carried in a bending action. The transverse mode of failure 

relies on a material failure whilst the longitudinal mode of failure can be brought about 
by a pull-out of the join. On average the reduction in load capacity from zero to ninety 
degrees is of the order of 40%. 
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4.7.5.2 Influence on Plastic Limit 

The plastic limit is defined as the deformation at which the peak load and the idealised 

unloading path intersect. The values can be seen in Table 4.1. It can be clearly seen 

from Figure 4.12. that the plastic limit increases as the angle of loading increases. 

Comparing the average increases in plastic limit for the angles of zero and ninety 

degrees the increases range from 72% for material 1 to 490% for material 2. The 

angle of inclination of loading has a major influence over the deformation 

characteristics. The relationship is again a linear increase between the extreme angles 

of loading as seen in the regression analyses of Table 4.5. This is due to the 

deformation behaviour of the press join. When the press join is loaded at zero degrees 

(perpendicular to the long edge) the join acts in a shearing action. When the join is 

loaded at ninety degrees the join acts in a bending action, much like the sidesway 

action of a portal frame. This bending action has a much greater deformation capacity 

than the shearing action due to the dimensions of the press join being greater in that 

direction. 

4.7.5.3 Influence on Initial Stiffness 

For material 2 as seen in Figure 4.13. and Table 4.3. there is a clear trend of reducing 

stiffness with increasing angle of loading. For Materials 3 and 4 this relationship could 

not be confirmed due to the spread in the results. The nature in which the load is 

carried within the join would lead one to expect an increasing stiffness as the angle of 
loading is reduced. This is again due to the change in behaviour of the press join with 
loading angle. Relationships of initial stiffness with regards to angle of loading were 
derived but it can be seen that the regression coefficients are very low. 

4.7.5.4 Influence on Unloading Stiffness 

The values of unloading stiffness can be seen in Table 4.1. and Figure 4.14. For 

material 3 the unloading stiffness was reasonably constant with an average of 

-2.0 kN/mm. For the other materials the values of unloading stiffness were very 
variable. Relationships of unloading stiffness with regards to angle of loading were 
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derived but it can be seen that the regression coefficients are very low. This could be 

due to the difficulty in which the values were obtained and because the joins will 

naturally be more variable as the deformation increases towards failure. 

4.7.6 Effects of Material Thickness in Shear Behaviour 

4.7.6.1 Influence on Peak Load 

Comparing materials 2 and . 33 with nominal thickness' of 2.0mm and 1.6mm there is an 

increase in strength in the thicker material. This ranges from 22% increase when the 

load is applied at zero degrees to a 41% increase when the load is applied at ninety 

degrees. An improved relationship can be found when considering the difference in 

average peak loads for materials 2 and 3 as in Table 4.6. The difference between the 

values is reasonably constant with an increase of 0.85 kN for the 2.0mm steel over the 

1.6mm steel. 

4.7.6.2 Influence on Plastic Limit 

The plastic limit is shown in Table 4.1. and Figure 4.12. It can be clearly seen that the 

plastic limit increases with steel thickness. Comparing materials 3 and 4 there is a 

consistent increase of approximately 1mm for the thicker material. This could be due 

to the increased internal capacity of the join in bending (portal frame action) and the 

increased area over which the forces act thereby reducing the internal stresses within 

the join. 

4.7.6.3 Influence on Initial Stiffness 

It can be seen from Table 4.1. and Figure 4.13. that there is no discernible difference in 

stiffness between materials 3 and 4 with nominal thickness' of 1.6 and 2.0mm. The 

stiffness of a join may be affected more by the localised matching of the two plates 

within the join or the friction generated on the surfaces within the join. The contact 

area within the join would not be affected greatly by the thickness of the material. 

78 



Angle of 

Loading 

Average Average 

Peak Load Peak Load 

Material I Material -1 
(1) (2) 

Average 

Peak Load 

Material . 33 

(3) 

(1) - (3) (2) - (3) 

0 4.22 4.81 3.95 0.27 0.86 

30 3.50 3.92 3.21 0.29 0.71 

45 3.25 3.59 2.78 0.47 0.81 

60 2.63 3.25 2.39 0.24 0.96 

90 2.55 2.97 2.08 0.47 0.89 

Average 0.35 0.85 

Table 4.6. Comparison of Peak Loads (kN) 
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4.7,6.4 Influence on Unloading Stiffness 

Due to the variability of the results it was not possible to determine any relationship 

between unloading stiffness and material thickness. 

4.7.7 Effects of UTS on Shear Behaviour 

4.7.7.1 Influence on Peak Load 

It can be seen from Figure 4.11. and Table 4.1. when comparing materials I and 3 

which are of similar material thickness that material I shows consistently higher peak 

loads. This material has a UTS of 479 N/mm2 compared to 382 N/mm' for material 3. 

The increase in load ranges from 7% to 20% when the angle of loading changes from 

zero through to ninety degrees. Comparing the average peak loads in Table 4.6. it can 

be seen that there is a reasonably constant increase of 0.35 kN in peak load over all of 

the angles as the UTS is increased. Comparing these increases with those associated 

with material thickness (section 4.7.6.1. ), it can be seen that the increases are very 

much smaller. It can be seen therefore that the strength of the press join depends on 

the thickness of steel more than the strength of the material. 

4.7.7.2 Influence on Plastic Limit 

Comparing materials 1 and 3 from Figure 4.12. and Table 4.1. the UTS has little effect 

upon the plastic limit. When the press join is loaded at 30,60 and 90 degrees the 

plastic limits are almost identical. For loading angles of 0 and 45 degrees the plastic 
limit is greater for material 1 with the greater UTS. This may be due to the inevitable 

natural variability of the press join behaviour and the difficulty in defining the 

unloading path in some cases. 

4.7.7.3 Influence on Initial Stiffness 

Comparing materials 1 and 3 in Table 4.1. and Figure 4.13. it can be seen that there is 
little difference between the initial stiffness of the two materials. This may again be 
due to the difficulty in calculating the values. It would be expected that the stiffness of 
the press join would depend more on the shape of the press join than the strength of 
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the material since the load-extension characteristics of steel are unaffected by the 

ultimate tensile strength. i. e. the Young's Modulus is constant for all steels regardless 

of UTS. 

4.7.7.4 Influence on Unloading Stiffness 

Due to the variability of the results it was not possible to determine any relationship 

with regard to ultimate tensile strength. 

47.8 Comments about the Effects of Material Properties on Shear Behaviour 

It has been shown that the effects of material properties and angle of loading describe a 

very complex behaviour. The increases of peak load for increases in material strength 

and thickness are reasonably constant over the range of loading angles considered. It 

has been shown that increasing the material thickness by 33% increases the peak load 

by approximately 0.85 kN. This is 22% of the transverse load of material 3. An 

increase of UTS of 25% causes an increase in strength of approximately 0.35 kN and 

this is 7% of the transverse load of material 3. It can also be seen that the lowest 

regression coefficients for the derived relationships of peak load and plastic limit in 

Table 4.2. and 4.5. are associated with material I with the highest UTS. There was 

also no correlation for material I with regard to the unloading stiffness. It is possible 

that the higher strength steels produce a more random nature to the press join. 

It has been shown that the plastic limit is unaffected by UTS but increases by 

approximately lmm when the thickness is increased by 33%. 

Changes in initial stiffness and unloading stiffness due to changes in material properties 

could not be attained due to the variability in the results. Other material properties that 

were not discussed here could also affect the load-deformation behaviour. The 

hardness of the material could have an important effect. As well as affecting the 

formation of the press join the behaviour could be affected by the malleability of the 

steel sheets as they deform into one another under load. 
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4 .8 
Tests to Ascertain the Behaviour of Press joins with Different Materials on the 

Punch and Die Side 

Press joins are created from the sheets that are being connected. This is unlike any 

other form of connection. With bolts, screws and welding the failure of a connection 

tends to depend upon the thinner of the sheets being connected, as long as the fastener 

itself does not fail. With press joining, it has been from the initial test series that it is 

only the sheet on the punch side of the join that suffers damage during the failure of 

the join. This test series was performed with identical sheets on both the punch and 

die sides of the join. In the next series of tests the material on the punch and die sides 

of the join will be varied to ascertain whether the same behaviour is observed. 

Two test programmes were undertaken to ascertain the properties of press joins when 

the material on the punch and die side was different. The first using 

materials 1,2, and 3 as defined in Chapter 3. with thickness' ranging from 1.5mm to 

2.0mm and ultimate tensile stresses of 379 N/mm2 to 479 N/mm2. The materials used 
in this series were typical of the thickness' used in cold-formed steel structures. The 

second series used materials 6,7,8, and 9 with thickness' ranging from 0.6mm to 

2.0mm and ultimate tensile stresses of 380 N/mm2 to 465 N/mm2. These materials 

were obtained from tests carried out by Pedreschi52 in relation with a second 

press joining project concerning a beam. The connections used in the second series 

were representative of the connections in the beam. The angles of loading considered 

were the transverse (0 degrees) and longitudinal (90 degrees) as the linearity between 

these extremes had been proven in Table 4.2. 

4.8.1 Discussion of Test Series 1 

This test series uses materials 1,2 and 3 as defined in Chapter 3. It can be seen from 
Tables 4.7. and 4.8. and Figures 4.15. and 4.16. how the peak load varies with material 
on the punch and die side of the press join. Two different factors can be discussed. 
These are varying the punch or die side material. 
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Longitudinal Join (90 Degrees) 
Die Side 

Material I Material 2 Material 3 

Material l 2.60 2.158 2.256 
2.50 2.305 2.158 

Punch Side Material 2 2.747 2.99 2.943 
2.845 2.94 3.139 

Material 3 2.354 2.423 2.06 
2.207 2.472 2.16 

Table 4.7. Peak Loads (kN) for Different Materials on Punch and Die Side 

Transverse Join (0 Degrees) 
Die Side 

Material I Material 2 Material 3 
Material 1 4.46 

3.98 
4.120 
4.071 

4.169 
4.022 

Punch Side Material 2 4.905 
4.905 

4.81 

. 
4.81 

4.464 
4.562 

Material3 3.826 
3.924 

3.875 
3.875 

4.02 
3.87 

Table 4.8. Peak Loads (kN) for Different Materials on Punch and Die Side 
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4.8.1.2 Failure Modes 

The failure modes of the samples were the same as those failures seen when the 

materials used on the punch and die sides of the join were the same. 

48.1.3 Varying the Punch Side Material 

When the die side material is held constant and the punch side material is changed it 

can be seen that the peak load generally increases as the thickness and strength of the 

material increases. This behaviour is particularly noticeable for the joins loaded at zero 

degrees as shown in Figure 4.15. When the joins are loaded at ninety degrees (Figure 

4.16. ) the same general behaviour is noted except for the case with material 1 on the 

die side and material 2 on the die side. This is the behaviour that was expected from 

the failure patterns of the shear tests. The die side plate suffers no damage during the 

tests. It is only the punch side plate that ever suffers damage. The line of the shear 

plane of the press join is the plane of contact between the two pieces of steel. The 

interlocking of the parts of the press join occurs at the base of the join and hence the 

deformation within the press join will occur on the extended part of the punch side of 

the join. The behaviour of the press join is determined by the punch side of the join 

and this is the reason that the variation in peak load is so great with variation in punch 

side material. 

4.8.1.4 Varying the Die Side Material 

From Figures 4.15. and 4,16. when the punch side material is held constant and the die 

side material is changed it can be seen that there is generally a much smaller variation 
in peak loads than was evident when the punch side material was varied. The same 

trends are evident when the joins are loaded at both zero and ninety degrees but with 

more discrepancies. Taking material 3 as the punch side material it can be seen that for 

joins loaded at zero degrees the peak loads decrease when the die side material 

changes from material 3 to material 1 to material 2. When the joins are loaded at 

ninety degrees the opposite trend is shown. When material 1 is taken as the punch side 

material the highest peak loads are when the die side material is also material 1 for 

joins loaded at both zero and ninety degrees. Taking material 2 as the punch side 
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material it can be seen that when the join is loaded at zero degrees the highest peak 

load is evident when material 1 is used as the die side material. When the joins are 

loaded at ninety degrees the lowest peak load is found with this combination of 

material. 

4.8.2 Discussion of Test Series 2 

4.8.2.1 Failure Modes 

The failure modes for the second series were different to previous test series. For the 

press joins loaded in the longitudinal direction (90 degrees) the failure mode was the 

same as had been seen previously with the male part of the join pulling out. However, 

for the press joins loaded in the transverse (0 degree) direction a different failure mode 

was observed. Where the thicker material is used as the punch side material, the punch 

side of the join is now the part that remains intact. The die side of the join suffers 

tearing and piling up in front of the join. This failure mode can be seen in Figure 4.17. 

It was only observed when the die side material was taken as 0.6mm. This failure 

mode is due to the increased stiffness of the thicker material over the thinner material. 

When the die side material was taken to be 1.0mm the same failure modes that were 

seen in previous tests were observed, i. e. the punch side of the join was the only side to 

suffer damage. 

4.8.2.2 Varying the Punch Side Material 

It can be seen from Tables 4.9. and 4.10. and Figures 4.18. and 4.19. that if the die 

side material is kept constant and the punch side material is varied then increasing the 

thickness of the punch side material increases the join strength. This is true for all 

cases except for the joins loaded at ninety degrees with the 0.6mm steel on the die 

side. In this case the join strength is reasonably constant for the three punch side 

materials considered. For the same joins loaded at zero degrees the strength of the join 

increases with thickness. 
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Die Side Thickness (mm) 

0.7 mm 1.0 mm 1.5 mm 1 
_2. 

omm 

0.7 mm 1.295 

1.275 I 
i 

Punch 1.0 mm 1.373 1.766 1 1.933 1.942 

Side 1.373 1.795 1.933 1.334 

Thickness 1 1.5 mm 1.766 3.139 
(mm) II 

1.864 ^ 3) 7 

2.0 mm I 2.551 ý 3.326 

1.962 I 3.414 

Table 4.9. Peak Loads (kN) for Joins Loaded Transversally (0 Degrees 

Die Side Thickness (mm) 

0.7 mm 1.0 mm 1.5 mm 2.0 mm 

0.7 mm 0.863 

0.903 

Punch 1.0 mm 1.059 1.324 1.324 1.422 
Side 1.226 1.324 1.403 

Thickness 1.5 mm 0.971 1.638 
(mm) 

0.942 

2.0 mm 1.079 1.864 

1.226 2.031 

Table 4.10. Peak Loads (kN) for Joins Loaded Longitudinally (90 Degrees) 

List of Materials 

0.7 mm Material 9 

1.0 mm Material 8 

1.5 mm Material 6 

2.0 mm Material 7 
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Figure 4.18. Plot of Peak Loads for Differing Materials 6 to 9 
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4.8.2.3 Varying the Die Side Material 

Varying the die side material again tends to have less influence on the join strength 

than varying the punch side material. Considering the joins loaded at zero degrees, 

taking the punch side material as the 1.0mm steel, the join strength increases by 37% 

when the die side thickness is increased from 0.6 to 2.0mm. If the die side material is 

taken as being 1.0mm the join strength increases by 120%. 

4.8,3 General Behaviour with Differing Materials 

The general trend in the behaviour is that the strength of a press join depends upon the 

strength of the material on the punch side of the join and is relatively unaffected by the 

strength of the material on the die side of the join. The effect of varying the materials 

was greater for series 2 but this was probably due to the greater range of steel 

thickness' tested. The behaviour is different to bolted connections where the thinner 

material usually determines the strength of the join. Where the die side material was 

taken as 0.6mm the die side of the join was the determining factor. This is due to the 

large variation in stiffness' of the two sheets. 

4 .9 
Variability of Peak Loads 

A series of tests were undertaken to ascertain the statistical variability of the peak 

loads of press joins. Two materials were used in the tests and loading angles of zero 

and ninety degrees were used. Ten identical press joins were tested for each 

combination. The peak loads can be seen in Table 4.11. with a summary of the 

average and standard deviation. The standard deviation was calculated using the 

N method in accordance with BS 5950 Part 510. The equation used is shown below in 

Equation 4.1. There is an inconsistency with the codes of practice on this point as can 
be seen in Figure 4.20. The British Standard method uses the N method for 

calculation of the standard deviation whilst the ECCSZ; method uses the (N-1) method. 
The (N-1) method leads to higher values of standard deviation as it assumes the results 

are those of a part of a greater sample. Following on from this, each standard has 

different methods of calculating the characteristic strength. The British Standard 

method leads to higher values of characteristic strength for the same set of results. 
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Material 1 Material 4 

Load 0 (kam) Load 90 (kN) Load 0 (kN) Load 90 (kN) 

4.1202 2.4525 4.5126 3.0411 

4.5126 2.5997 4.6107 2.9430 

4.3655 2.6487 4.4734 2.8743 

4.2674 2.5997 4.5126 2.8743 

4.1693 2.4525 4.5126 2.9430 

4.2674 2.4035 4.4145 2.8940 

4.3458 2.4035 4.5126 2.8449 

4.5126 2.5506 4.6107 3.0411 

4.1202 2.3544 4.5126 2.8940 

4.2674 2.3054 4.6107 3.1392 

Average Load 

(kN) 

(1) 

4.2948 2.4770 4.5283 2.9489 

Standard 0.1347 

Deviation 

(2) 

0.1102 0.0613 0.0901 

Ratio (2)/(1) 0.0314 0.0445 0.0135 0.0306 

Characteristic 

Strength 

(kN) 

4.0739 2.2963 4.4278 2.8011 

Table 4.11. Variation of Peak Loads 
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Example of Differences between BS 5950 and ECCS Methods for Calculation of 

Characteristic Strength 

Peak Loads in kN for Material 1 Loaded at Ninety Degrees 

Test Number 

12 3 4 5 67 3 9 10 

1 453 2.600 2.649 2.600 2.53 2.403 2.403 2.551 1 2.354 2.305 

BS 5950 Part 5 

Vm = 2.477 kN 

N=10 

V)2) 2 s=1(NEV2 -(E 
1 

s=0.110515 

ECCS Recommendation 

Pm = 2.477 kN 

n= 10 

_ 
(Pu-Pm)2 

S 
n-1 

s=0.116493 

k= 1.6+N 

k=1.64 c=2.91 (From Table with 95% 

Confidence) 

Vk=V. - ks Pk=Pm - C$ 

Vti3-- 2.477-(1.64x0.110515) 

Vv = 2.296 kN 

Pk = 2.477 - (2.91 x 0.116493) 

Pk = 2.13 8 kN 

Figure 4.20. Comparison of Statistical Methods used by 8S5950 and ECCS 
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The characteristic strengths shown in Table 4.11. were calculated using the British 

Standard method. 

s=1 
(N 

s V2 -(ZV)2 
ý2 

Equation 4.1. 
\ 

It can be seen that the standard deviation is very small, with a maximum of 4.45% of 

the average for material I when the joins are loaded at ninety degrees and a minimum 

of 1.35% when the joins are loaded at zero degrees for material 4. This confirms the 

findings of section 4.7.8. that the higher strength steel produces a greater inherent 

variability in press join. The possible reasons for the variability include the press join 

not being at exactly the correct angle of loading, the variability in the thickness of the 

material and the variability of the material strength within the material. The press join 

is formed out of a very small area of steel and the material properties may vary 

between points in that sheet. The press join obviously undergoes work hardening 

during the creation of the join and the exact amount may vary between press joins. It 

can be seen that the ratio of standard deviation to average peak load is smaller for the 

joins loaded at zero degrees. This could be due to the fact that the failure mode at 

zero degrees is more consistent with the join always shearing. When the join is loaded 

at ninety degrees some variation in failure modes was seen as discussed in 

section 4.7.2. 

4.10 Analysis of Press joins to Formulate Generalised Formulas 

It has been shown in Figure 4.11. that the variation of peak load with angle of loading 

is a linear relationship. It has also been shown that the peak load depends upon the 

steel thickness and the UTS of the steel. It is proposed to find a standardised equation 
that will take account of these factors so that the peak load may be predicted for any 

material. 
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4.10.1 Peak Load Analysis 

410.1.1 Normalisation of Peak Load with Respect to UTS 

The linearity of the relationship between peak load and angle of loading was 

established in section 4.7.5.1. Therefore for each angle of loading the peak load must 

depend upon the UTS and the material thickness. The relationship to the factors is not 

necessarily directly proportional and so some factor should be incorporated into the 

equation. The proposed form of the normalising equation is as follows 

Normalised Load = mmax to 
cuts 

m and n are constants. 

Equation 4.2. 

Normalised load is plotted against angle of loading as shown in Figure 4.21. A linear 

regression analysis is performed. A computer program was written to cycle through 

each combination of in and n in increments of 0.01 until the best combination was 

found. The derived values of m and n are 0.98 and 1.45 respectively. The equation of 

line of best-fit is shown below: 

Fm. = {5.63x10'3 - 2.65x10's(0)}x(6,,, s°'9axt1'43) Equation 4.3. 

The values are in the following units 

Peak Load, Fm,. kN 

Angle, 6 Degrees 

UTS, c N/mm2 

Thickness, t mm 

The Angle is defined as in Figure 4.5. 

The regression coefficient for this analysis is 86.7% indicating a good correlation of 

results. It can be seen from the values of m and n which property has the greatest 

94 



0.0040 - -- 

0.0035 - 

i, 

ö 0.0030 
J JJ J 

_0 22 
a) 

Cl) 

0.0025 
E 
11 

O 0i' 
ý" Z 1ý1 J, 

0.0020 --ý J 

H 

0.0015 

0 15 30 45 60 75 90 

Angle 

Figure 4.21. Plot of Normalised Load with Respect to UTS 

95 



effect. The higher the constant, the greater is the influence of that property. Thus it 

can be seen that the thickness of the material has a greater influence than the strength 

of the steel. The interlocking action of the press join will be increased due to the 

greater thickness. This coincides with the results discussed in section 4.7.8. 

4 . 10.1.2 Normalisation of Peak Load with Respect to Yield Strength 

The same analysis was repeated using the yield strength of the material instead of the 

UTS. The derived values of m and n were 0.72 and 1.09 respectively. The regression 

coefficient was 87.0% indicating an insignificant improvement over the normalisation 

with respect to UTS. 

The resulting normalised equation was as follows: 

Fm`s = {0.038 - 1.79x104(0)}x(6,, °'n 
x tl-09) Equation 4.4. 

4.10.2 Plastic Limit Analysis 

4 . 10.2.1 Normalisation of Plastic Limit with Respect to UTS 

The plastic limit was shown to increase linearly with angle of loading. A similar 

analysis to the peak load normalisation was performed on the plastic limits of the shear 

tests. The same form of equation was used as shown below: 

Normalised Plastic Limit = 
8PL 

a uXtn 
Equation 4.5. 

The derived form of the equation following the regression analysis was as follows: 

SpL = (3.13x10" + 1.03x1O (6))x(a. 13x t2.52) Equation 4.6. 

where SPA, is the plastic limit deformation 

The regression coefficient for this analysis is 75.6% indicating a reasonably good 
correlation of results as can be seen in Figure 4.22. Once again the constant associated 
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Figure 4.22. Plot of Normalised Plastic Limit with Respect to UTS 
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with the thickness of steel is greater than that for the ultimate tensile strength. This 

indicates that steel thickness has a greater influence over press join behaviour than the 

ultimate tensile strength. It was shown in section 4.7.7.2. that the UTS had no 

influence over the plastic limit but if this was the case the factor m in equation 4.6. 

would have been zero. 

4J0.2.2 Normalisation of Plastic Limit with Respect to Yield Strength 

The analysis was repeated using the yield strength instead of the UTS. The resulting 

values of m and n were 1.19 and 1.92 respectively. The regression coefficient was 

75.8%, again giving only an insignificant improvement in the results. 

The normalised equation was as follows: 

$pL = {4.24x104 + 1.39x10"5(8)}x(aY''19 X t' 92) Equation 4.7. 

4.10.3 Normalisation of Stiffness' 

Due to the variability in the individual regression analyses for the stiffness' as shown in 

Tables 4.3. and 4.4. normalisation of the stiffness' would not be worthwhile. 

4 
. 
11 Analysis of Load-deformation Behaviour 

In an effort to improve the accuracy of the regression analyses of the initial stiffness 

with angle of loading a curve fitting procedure was used. The load-deformation plots 
from the shear tests were non-linear and this would account for the difficulty in 

obtaining a relationship directly from the plots. There are a large number of curve 
fitting techniques available such as Lui and Chen'' and the Jones-Kirby-Nethercot" 

model. The modified-exponential curve developed by Colson and Louveau'4 was used 

to curve fit the shear test data up to peak load. This relationship was chosen due to its 

simplicity of terms and ease of implementation. Other curve fitting procedures require 

many more terms with consequently more complicated computer implementation. The 

equation used is given below. 
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F= 
Rkis 

1 l k6 n 
Jn 

[1ý(! iI 
Fina xt 

Equation 4.8. 

4.11.1 Modified-Exponential Curve Fitting of Shear Test Data 

The data up to peak load was used in the analysis. Only two terms are used in the 

equation, the initial stiffness Ru and the power constant n to define the plot. A typical 

plot showing the effects of the n value is shown in Figure 4.23. A computer program 

was developed which cycles through each combination of these factors in turn. The 

test values of deformation are inserted into the equation and the calculated force is 

derived. This calculated force, together with the test force is then subjected to a 

regression analysis. This should be a straight line relationship and hence the 

programming required is greatly simplified. The value of R2 from this regression 

analysis is used to determine the optimum value of k. - and n for each test. 

4.11.1.1 Correlation of Initial Stiffness against Angle of Loading 

It can be seen from the results of the analyses in Table 4.12. and Figures 4.24. to 4.27. 

that there is little correlation between initial stiffness and angle of loading. Comparing 

this with the initial stiffness' calculated directly from the test results in section 4.7.5.3. 

it can be seen that the correlation has not been improved. 

4 . 
11.1.2 Correlation of Power Constant against Angle of Loading 

It can be seen from the regression analyses in Table 4.12. and Figures 4.28. to 4.31. 

that there is very little correlation between the power constant and angle of loading. 

The average value of n was determined as 1.3. Using the derived equations for the 

initial stiffness and the power constant the predicted load-deformation curves are not 

predicted any better than those predicted from the initial stiffness measured from the 

plots and the assumed value of the power constant. 
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Figure 4.23. Effect of Power Constant on Load-deformation Curve 
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Material 
Number 

Angle of 
Loading_ 

Initial Stiffness Power Constant Value of R2 

0 62.7 1.4 0.994 
0 57.8 1.2 0.980 

1 30 40.3 1.1 0.996 
45 47.0 0.8 0.979 
45 54.2 0.7 0.965 
60 30.9 0.9 0.992 
60 31.9 1.0 0.995 
90 22.0 1.3 1.000 
90 61.4 0.6 0.961 
0 58.4 0.9 0.959 
0 67.3 1.2 0.994 

2 30 57.5 0.7 0.972 
30 56.1 1.1 0.995 
45 70.6 0.8 0.989 
45 53.8 1.0 0.983 
60 71.4 0.7 0.991 
60 37.4 0.8 0.981 
90 45.2 0.7 0.982 
90 36.0 0.8 0.986 

3 0 60.0 1.1 0.988 
0 71.3 1.3 0.991 
30 51.6 1.1 0.994 
30 33.8 1.0 0.987 
45 72.0 0.8 0.989 
45 61.6 1.0 0.997 
60 28.9 1.0 0.994 
60 39.5 0.9 0.995 
90 18.9 1.2 0.995 
90 62.7 0.7 0.987 
0 53.9 1.1 0.988 
0 67.0 1.6 0.987 

4 30 56.0 1.0 0.996 
30 58.0 1.0 0.997 
45 59.8 0.8 0.993 
45 62.3 1.0 0.996 
60 31.3 1.0 0.990 
60 49.1 0.8 0.981 
90 40.5 0.7 0.985 
90 46.3 0.7 0.986 

Table 4.12. Values of Initial Stiffness and Power Constant Derived from 

Modified-Exponential Curve Fitting of Test Data 
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Figure 4.27. Plot of Initial Stiffness v Angle for Material 4 
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4 , 
12 Comparison of Peak Loads of Present Tests with Previous Research 

Some work has previously been carried out on press joining. Much of this work has 

been done with fabrication of non-structural items such as household appliances and 

car body components in mind. The advantage of press joining in these cases has been 

the speed of assembly and the non-destruction of surface treatments. The strength of 

the press join has been of secondary importance. Liebig'`'' has been the main 

researcher on the subject and his fellow researchers such as Bober9.3L39, Wieck'0 75, 

Mutschler; a and Göpfert2E have looked at many aspects of press joining. Bober studied 

the behaviour of S-type press joining under load whilst Wieck looked at the H-type 

press join. Mutschier primarily looked at the control systems for automated 

press joining with detection systems for on-line quality control checks. Göpfert 

looked at the influence of tools on the 0-type press join and the safety implications of 

the technique. In this country British Steel3 performed a comparative study of joining 

techniques in cold-formed steel of which one of the techniques was press joining. In 

the following sections, all the information from these various sources pertaining to the 

strength of the S-type press join will be summarised and compared to work in the 

current study. 

4.12.1 Work of Liebi 

Much of the previously published work connected with press joins has been carried 

out by Liebig"". The work covered many aspects of the behaviour of the joins 

including the load deformation behaviour and the strength of the joins in relation to 

strength and thickness of steel. Also covered were the factors defining the correct 
formation of a press join so that it is able to provide the required strength. In the work 

at Edinburgh, the joins have been assumed to have reached full strength since these 

characteristics have been satisfied. 

To compare the behaviour of press joins, care must be taken that similar steels are 

compared. A reasonably close approximation can be made with the steel type St1203+ 

of Liebig's work and material 3 of the current study. Liebig recorded results of 3.8 kN 

and 2.9 kN for transversely and longitudinally loaded joins respectively and in the 
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current study loads of 3.95 kN and 2.11 kN were found. This is true of many of 

Liebig's tests where it shows a lesser influence from the inclination of the join than the 

current tests show. 

The normalised shear load equation 4.3. was compared with tests carried out by Liebig 

as shown in Table 4.13. The results can also be seen in Figure 4.32. It can be seen 

that the test loads are greater than predicted in every case. This shows that the 

normalising equation is not yet universally applicable. The reasons for this could be 

due to the increasingly anisotropic behaviour as noted by Liebig3". This would tend to 

increase the gradient of the line of best fit and bring it more into line with the given 

equation. 

The normalising equation was based upon material thickness' of between 1.5mm and 

2.0mm and ultimate tensile strengths of 380N/mm2 to 480N/nun2. The tests by Liebig 

border on the edge of this range and extend to thickness' outside the boundaries of the 

original results. 

4.12.2 Work of Bober 

A much wider range of steels was discussed by Bober'. Steel thickness' ranged from 

0.6mm to 1.75mm whilst ultimate tensile strengths ranged from 282N/mm2 to 

689N/mm2. This covers a much greater range than the steels used in this current 

research. It can be seen from Table 4.14. and Figure 4.32. that the predicted values 
from Equation 4.3. are almost always less than the test values. The average error for 

the transverse press joins is 1.220 and for the longitudinal press joins it is 1.562. 

Again, this is consistent with the increased influence of angle of loading seen in the 

tests of the current research. Of the steels used by Bober only four of the sixteen were 

within the boundaries for which the formula was derived. The stated thickness' are 

nominal thickness' and this would also introduce some error. Also, some of the steels 

used, particularly X5CrNi89 and Fe420HF are of very high ultimate tensile strength. It 

is unlikely that steels of this strength would be used structurally with 480 N/mm2 UTS 

(nominal yield 350 N/mm2 ) currently the strongest in general use. 
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Thickness 

(mm) 

UTS 

(N/mm'-) 

Angle of 
Loading 

Test Load 

(kN) 

Predicted Load 

(kN) 

1.45 380 90 2.200 1.869 

1.45 380 90 2.260 1.869 

1.45 380 90 2.080 1.869 

0.50 380 90 0.850 0.399 

0.75 352 90 1.160 0.667 

1.00 388 90 1.640 1.113 

1.50 455 90 2.710 2.342 

0.50 380 0 0.730 0.696 

0.75 352 0 1.440 1.162 

1.00 388 0 2.290 1.940 

1.50 455 0 4.380 4.083 

(Values from Liebig - British Engineer, Winter 1987) 

Table 4.13. Comparison of Liebig's Results and Predicted Results 
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Material Thick- UTS Measured Predicted Measured Predicted Ratio Ratio 

ness (N/mm2) FO (kN) FO (kN) F9O (kN) FO (kN) (1)/(2) (3)/(4) 

(mm) (1) (2) (3) (4) 

St 14 0.70 ý 303 1.250 0.907 0.960 0.522 1.378 1.837 

1.00 11 312 2.320 1.566 1.820 0.902 1.481 2.018 

P 275 0.70 405 1.250 1.206 0.960 0.694 1.037 1.383 

1.25 I 387 3.230 2.673 2.320 i 9 1.53 1.208 1.507 

1.50 415 4.070 3.729 2.850 2.147 1.091 1.327 

1.75 ý 418 4.920 4.696 3.480 2.704 1.048 1.287 

2.00 399 5.540 5.445 3.880 3.135 1.017 1.237 

FeE275 0.65 384 1.180 1.028 0.960 0.592 1.148 1.622 

HF 

FeE420 0.70 547 1.540 1.619 1.240 0.932 0.951 1.330 

HF 1.00 534 2.950 2.652 2.140 1.527 1.112 1.401 

1.75 480 4.910 5.378 3.310 3.097 0.913 1.069 

X8Cr17 0.60 462 2.050 1.097 1.340 0.632 1.869 2.121 

X5CrNi 1.00 689 3.610 3.404 2.690 1.960 1.060 1.372 

89 

St1203 1.00 282 2.120 1.418 1.590 0.817 1.495 1.947 

ZE 

25/25 

St 1203 1.00 314 2.140 1.576 1.860 0.907 1.358 2.050 

FALZ 

St 1203 1.00 325 2.210 1.630 1.390 0.939 1.356 1.481 

ZE 

75/75 

Average 1.220 1.562 

Table 4.14. Compa rison of Shear Tests by Bober and Predicted Values from 
Equation 4.3. 
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Bober produced a generalised relationship for the ratio between the peak loads of 

transversely and longitudinally loaded press joins. The reduction of 30% is less than 

the average 40% reduction obtained in the current series of tests. This is due to the 

fact as noted by Liebig" that the thinner the sheets of steel the more isotropic the 

behaviour of press joins becomes. Bober used steels with thickness' as low as 0.6mm 

and this would account for the reduced influence of angle of loading. 

4.12.3 Work of British Steel 

The shear test results in Table 4.15. and Figure 4.32. compare well with the test 

program carried out by British Steel3. For the 1.6mm Z28 Steel, peak loads of 3.9 kN 

and 2.4 kN were recorded for transverse and longitudinal joins respectively. For the 

2.0mm Z28 Steel these loads were 5.2 kN and 2.7 kN respectively. Loads of 3.95 kN 

and 2.11 kN for material 3 and 4.81 kN and 2.99 kN for material 2 were recorded in 

the current tests. It can be seen that the tests carried out at Edinburgh show an 

increased variation with angle for tests on 1.5mm but less for the tests on 2.0mm. No 

further information is given concerning any other characteristics of the behaviour of 

press joins. 

4 
. 
12.4 Correlation of All Test Results using the Equation 4.3 

The test results of all the researchers are summarised in Table 4.16. The material 

properties were inserted into Equation 4.3. to calculate the predicted load. The 

predicted loads and the test loads were then subjected to a regression analysis. The 

plot of predicted load versus test load can be seen in Figure 4.32. with the results of 

the regression analysis in Table 4.17. It can be seen that the predicted loads are on 

average 92.0% of the test load. The regression coefficient is 92.6% and the standard 

deviation is 0.36kN. 

The coefficients in the equation can be amended such that the gradient of the best-fit 

line would equal 1.0. Using the same form of equation and calculating the coefficients 

using all of the known results the following equation can be found. 
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Thickness 

(mm) 

UTS ! Angle of 

(kN/mm`) Loading 

Test Load Predicted Load 

(kN) (k, ) 

Ratio 

(1)/(2) 

1.60 350 0 3.630 3.467 1.047 

1.60 350 0 3.850 3.467 1.111 

1.60 350 0 4.160 3.467 1.200 

1.60 350 0 3.880 3.467 1.119 

2.00 350 0 5.200 4.791 1.085 

2.00 350 0 5.250 4.791 1.096 

2.00 350 0 5.000 4.791 1.044 

2.00 350 0 5.150 4.791 1.075 

1.60 350 90 2.290 1.988 1.152 

1.60 350 90 2.400 1.990 1.206 

1.60 350 90 2.400 1.988 1.207 

1.60 350 90 2.360 1.988 1.187 

2.00 350 90 2.810 2.748 1.023 

2.00 350 90 2.680 2.748 0.975 

2.00 350 90 2.590 2.748 0.942 

2.00 350 90 2.700 2.748 0.982 

Table 4.15. Comparison of Shear Tests and Predicted Loads for British Steel Tests 
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Source of Results Thickness 
(mm) 

UTS 
(N/mm2) 

Proof Stress Angle 
(N/mm2) (Degrees) 

Force 
(kN) 

Tests by Davies 1.47 479 382 90 2.600 

1.50 479 382 1 90 2.500 

1.56 382 293 90 2.060 
1.55 382 293 90 2.160 
1.90 378 322 90 3.090 

1.88 378 322 90 3.040 

1.91 379 321 90 2.990 

1.90 379 321 90 2.940 
0.94 381 352 90 1.324 
0.94 381 352 90 1.226 
1.51 479 382 0 4.460 
1.47 479 382 0 3.980 
1.57 382 293 0 4.020 
1.58 382 293 0 3.870 
1.92 378 322 0 4.760 
1.91 378 322 0 5.000 
1.92 379 321 0 4.810 
1.91 379 321 0 4.810 
0.83 381 352 0 1.766 
0.84 381 352 0 1.795 
1.41 479 382 30 3.500 
1.91 379 321 30 4.060 
1.58 382 293 30 3.270 

I.. ) zs 3ä2 293 30 3.140 
1.93 378 322 30 4.580 
1.93 378 322 30 4.650 
1.90 379 321 30 3.780 
1.45 479 382 45 2.990 
1.43 479 382 45 3.500 
1.88 379 321 45 3.970 
1.58 382 293 45 2.740 
1.58 382 293 45 2.820 
1.93 378 322 45 4.120 
1.95 378 322 45 3.860 
1.91 379 321 45 3.210 
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Source of Results Thickness 
(mm) 

UTS 
(N/mm2) 

Proof Stress 
(N/mm2) 

Angle 
(Degrees) 

Force 
(kN) 

Tests by Davies 1.47 479 382 60 2.870 

1.90 379 321 60 3.270 

1.91 379 321 60 3.420 

1.57 382 293 60 2.350 

1.60 382 293 60 2.420 
1.95 378 322 60 3.380 

1.96 378 322 60 3.340 

1.45 479 382 60 2.380 

Tests by Bober by 0.70 303 166 90 0.960 

1.00 312 179 90 1.820 
0.70 405 254 90 0.960 

1.25 387 247 90 2.320 

1.50 415 274 90 2.850 

1.75 418 281 90 3.480 

2.00 399 294 90 3.880 

0.65 384 329 90 0.960 

0.80 384 329 90 1.350 

0.70 547 362 90 1.240 

1.00 534 361 90 2.140 

1.75 480 394 90 3.310 
0.60 462 308 90 1.340 

1.00 689 327 90 2.690 
1.00 282 168 90 1.590 
1.00 314 190 90 1.860 
1.00 325 237 90 1.390 
0.70 303 166 0 1.250 
1.00 312 179 0 2.320 
0.70 405 254 0 1.250 
1.25 387 247 0 3.230 
1.50 415 274 0 4.070 
1.75 418 281 0 4.920 

2.00 399 294 0 5.540 
0.65 384 329 0 1.180 
0.80 384 329 0 1.650 
0.70 547 362 0 1.540 
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Source of Results Thickness 
(mm) 

UTS 
(N/mm2) 

Proof Stress 
(N/mm) 

Angle 
(Degrees) 

Force 
(kN) 

Tests by Bober 1.00 534 361 0 2.950 

1.75 480 394 0 4.910 

0.60 462 308 0 2.050 
1.00 689 327 0 3.610 

1.00 282 168 0 2.120 

1.00 314 190 0 2.140 

1.00 325 237 0 2.210 

Tests by Liebig 1.45 380 280 90 2.200 

1.45 380 280 90 2.260 
1.45 380 280 90 2.080 
0.50 380 299 90 0.850 
0.75 352 317 90 1.160 

1.00 388 332 90 1.640 
1.50 455 315 90 2.710 
0.50 380 299 0 0.730 
0.75 352 317 0 1.440 
1.00 388 332 0 2.290 
1.50 455 315 0 4.380 

Tests by British 1.60 350 280 0 3.630 

Steel 1.60 350 280 0 3.850 
1.60 350 280 0 4.160 
1.60 350 280 0 3.880 
2.00 350 280 0 5.200 
2.00 350 280 0 5.250 
2.00 350 280 0 5.000 
2.00 350 280 0 5.150 
1.60 350 280 90 2.290 
1.60 350 280 90 2.400 
1.60 350 280 90 2.400 
1.60 350 280 90 2.360 
2.00 350 280 90 2.810 
2.00 350 280 90 2.680 
2.00 350 280 90 2.590 
2.00 350 280 90 2.700 
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Source of Results Thickness 
(mm) 

UTS 
(N/mm2) 

Proof Stress 
(N/mm2) 

Angle 
(Degrees) 

Force 
(kN) 

Tests by Göpfert 0.8 311 176 0 1.580 

0.8 312 179 0 1.400 

0.8 313 179 0 1.280 

0.8 304 175 0 1.610 

0.8 313 193 0 1.100 

0.8 295 160 0 1.460 

0.8 417 316 0 1.707 

0.7 405 254 0 1.613 

0.8 433 246 0 2.107 
0.8 433 246 0 2.117 
0.8 433 246 0 2.162 

0.8 433 246 0 2.034 

0.8 430 313 0 2.052 

0.8 430 313 0 1.997 
0.8 430 313 0 2.052 
0.8 430 313 0 2.006 
0.8 311 176 90 1.290 
0.8 312 179 90 1.080 
0.8 313 179 90 1.100 
0.8 304 175 90 1.020 

0.8 313 193 90 1.010 
0.8 295 160 90 1.200 
0.8 417 316 90 1.403 
0.7 405 254 90 1.223 
0.8 433 246 90 1.581 
0.8 433 246 90 1.537 
0.8 433 246 90 1.630 
0.8 433 246 90 1.514 
0.8 430 313 90 1.496 
0.8 430 313 90 1.381 
0.8 430 

-- 
313 90 1.435 

0.8 430 j 313 90 1.501 

Table 4.16. Summary of All Shear Test Results 
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Regression Output: Original Davies Equation 

Constant 0 

Std Err of Y Est 0.36 

R Squared 0.93 

, No. of Observations 136 

, 
Degrees of Freedom 135 
X Coefficient(s) 0.92 

Std Err of Coef. 0.01 

Table 4.17. Results of Regression Analysis using Original Davies Equation 

Regression Output: Modified Davies Equation 

Constant 0 
Std Err of Y Est 0.30 

R Squared 0.94 

No. of Observations 136 
Degrees of Freedom 135 

X Coefficient(s) 1.01 

Std Err of Coef. 0.01 

Table 4.18. Results of Regression Analysis using Modified Davies Equation 

Regression Output: Modified Wieck Equation 
Constant 0 
Std Err of Y Est 0.27 
R Squared 0.94 
No. of Observations 136 
Degrees of Freedom 135 
X Coefficient(s) 0.99 
Std Err of Coef. 0.01 

Table 4.19. Results of Regression Analysis using Modified Wieck Equation 
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F 
ac = (0.048 - 1.67x10(0)}x(awso. 65 xtLI5) Equation 4.9. 

The results of the regression analysis of calculated load versus test load are shown in 

Table 4.18. with the plot of calculated and test load in Figure 4.33. It can be seen that 

the regression coefficient has been increased to 94% and that the standard deviation 

has been reduced to 0.30kN. From the plot of calculated and test loads it can be seen 

that the modified equation predicts the results with lower peak loads with a much 

greater degree of accuracy than did the original equation. This is due to the fact that 

the original equation was not developed using test results with such low peak loads. 

4.12.5 Development of Equation to Include Work by Wieck 

Wieck'0'4175 studied the behaviour of H-type press joins. This form of press join does 

not have any cutting of the edges and is stronger than the standard S-type join used in 

the current study. Wieck developed an equation that could be used to predict the 

strength of press joins. The form of the equation is shown below. 

F=C"aö"m" st 
)C 

Equation 4.10 

where C, a, b and c are constants 

a, is the thickness 
Iý� is the ultimate tensile strength 
Stv is the ratio of proof stress to ultimate tensile strength 

The constants C, a, b and c, were found for a particular angle of loading. In Wieck's 

tests these angles were zero and ninety degrees. The equation was not suitable 
therefore for calculating the peak load for a random angle of loading. 

The equation was developed for the H-type of press join. The constants derived by 

Wieck therefore cannot be used in the current study. It can be noted however that the 

constants were different for the two angles considered. In an effort to improve the 

correlation of the predicted shear strength in the current study the normalising part of 
the shear strength equation was taken to be 
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Fmax 

aRb ( lc 
ý0 mSly/ 

Equation 4.11. 

A total of 136 test results were used in the analysis. The normalised load was again 

plotted against the angle of loading. Optimum values of the constants a, b and c were 

found from the regression analyses. , 
It can be seen from Figure 4.34. showing the 

predicted loads and the test loads that the correlation is an improvement over the 

previous equation 4.9. The full equation is shown- below with the regression 

coefficients shown in Table 4.19. 

ý 
Fina c= 

(0.069 
- 2.40x10-`t(8)ý tl l7a0t57(Sn, ) 0 . 33 

Equation 4.12. 

where t =thickness (mm) 

ß.,, = ultimate tensile strength 
ay Stv = aufs 

ßY = yield stress 

It can be seen that the gradient of the best-fit line from the plot of predicted and test 

loads is now equal to 0.99 and the standard deviation has been reduced to 0.27kN. 

This is reflected in the regression coefficient which has now increased to 94%. 

4.13 Conclusions 

The behaviour of press joining in shear has been established in an extensive test series. 
The factors that were considered were the material thickness, material strength, angle 

of loading and the effects of joining differing materials. A number of conclusions can 
be drawn. 

1. The strength of a press join increases with increasing UTS and thickness. 

2. The relationship of press join strength with angle of loading is linear with a 

maximum peak load at zero degrees (transverse loading) and a minimum at 

ninety degrees (longitudinal loading). 
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3. The strength of a press join when used to connect materials of different 

thickness' is greater when the punch side material is thicker. 

4. The plastic deformation capacity increases as the angle of loading increases. 

5. An equation based on all existing research has been developed to predict the 

strength of a press join in all general cases from the proof stress, UTS and 

thickness. 
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('HAPTER 5: BEHAVIOUR OF JOINT GROUPS SUBJECTED TO MOMENT 

5.1. Introduction 

In Chapter 4 the factors affecting the shear behaviour of individual joins were 

considered, i. e. material thickness, material strength and angle of loading. In this 

chapter the factors affecting the behaviour of groups of joins, with particular reference 

to the moment-rotation behaviour, will be considered. An experimental test 

programme will be followed by a theoretical analysis of the results drawing reference 

to the shear behaviour of an individual join. 

5.2. Aims of Tests 

The aim of this test programme was to ascertain the behaviour of groups of press joins 

subjected to bending moment. The influence of the following factors were considered: 

1. The material thickness - Both 1.6mm and 2.0mm section thickness' were 

considered to confirm the behaviour observed in the shear tests of Chapter 4. 

2. The number of press joins within the group - Tests were carried out on single 
joins and groups of two, four, six and eight joins. 

3. The configuration of the press joins within the group - It was shown in the 

shear tests that the behaviour of a press join is dependent upon the angle of 
loading so the configuration of the joins in the group and hence the angle at 

which the force in the join acts will also be important. The spacing of the joins 

was varied such that the effect of the angle of load can be confirmed. 

5.3. Experimental Configuration 

5.3.1 The Moment-Rotation Test Sample Configuration 

The samples were all created from channel sections of nominal section 80 x 40 mm. 
The length of each piece of the sample was 250mm. The two pieces of the test sample 

were connected through the webs of the section as shown in Figure 5.1. An overlap of 
70mm was generally used although this was increased when the press joins were 

spaced at 50mm centres. The spacing of the joins was varied from a minimum of 
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Figure 5.1. Test Sample 
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15mm to a maximum of 50mm. The minimum spacing of the joins was limited by the 

press joining equipment used and the maximum by the section size of test samples. 

5 
. 
3.2. Test Arrangement 

The distance between the supports was fixed at 430mm and the load was applied at 

two points 100mm apart symmetrically about the joint group. The load was applied 

centrally on the plan section directly above the joint group with a spreader bar 

distributing the load on a skew to each half of the test sample. The test arrangement is 

shown in Figure 5.2. 

5.3.3. Instrumentation 

5.3.3.1. Load Measurement 

The load applied to the test sample was measured by a3 tonne capacity load cell. The 

power supply to the load cell was from a5 volt power supply. The output from the 

load cell was recorded from a LED display. 

Prior to use, the calibration of the load cell was verified in a compression testing 

machine using the same power supply and display unit. 

5.3.3.2. Deflection Measurement 

Deflections were measured on the sample using a mechanical deflection gauge reading 
to an accuracy of 0.01mm. The distance from the support to the gauge was recorded. 
The spaces between the flanges of the channel section were filled with blocks of wood 
so as to minimise localised distortions of the flanges. 

5.4. The Test Method 

Load was applied using a manually operated screw jack which applied load to a 
spreader bar. This spreader bar split the load into two point loads, one acting on each 
side of the joint group. The test arrangement can be seen in Figure 5.3. It can be seen 
that there is also a hydraulic ram between the load cell and screw jack although this 
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played no part during this particular test. The use of the screw jack allowed the 

deflection of the sample to be controlled and hence the full moment-rotation behaviour 

of the sample is obtainable past the peak load. This is not possible using hydraulically 

operated loading equipment where the load but not the ram is controlled. 

Increments of load/deflection were applied to the sample. Initial bedding-in loads of 

0.3 kN were applied. This was repeated two or three times until the deflection 

returned to the same value as at the start of each cycle. Load was then applied to the 

sample in small increments until failure occurred. Measurements of load and deflection 

were recorded at each load increment. Only the final cycle of loading was used in the 

analysis. 

5.4.1. Correction for Bending in the Test Sample 

5.4.1.1. Calculation of Nominal Section Properties 

Using the nominal section dimensions as shown in Figure 5.4. the section properties 

were calculated as shown below. The material thickness' used were the average 

measured thickness minus an allowance of 0.05mm for galvanising. 

Calculation of the second moment of area was necessary to predict the deflection due 

to bending in the sample. This was calculated using the following formula. 

I=E(2+Ay2) 

For Material 21= 303360mm; 

For Material 31= 254093mm4 

5.4.1.2. Correction for Bending of the Section 

Equation 5.1. 

Using the nominal section properties of the section, the theoretical first-order 

deflections could be obtained for the point at which deflections were recorded on the 

sample. This deflection was then subtracted from the measured deflections. The 
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remaining deflection could then be directly attributed to rotation of the joint-group as 

shown in Figure 5.5. The deflection was calculated from first principles as shown 

below: 

Mx EI d2` 
= 2x - 

2[x 
- 165] Equation 5.2. 

dx' 

y= -0.023P mm Material 2@x= 215mm 

y= -0.027P mm Material 3@x= 215mm 

These figures are of the order of just 2% of the measured deflections. 

5.4.2. Calculation of Moments and Rotations 

5.4.2.1. Calculation of Rotation of the Joint-group 

As can be seen in Figure 5.6. the rotation of the joint group is twice the rotation 

recorded at the supports once the corrections have been made for bending in the 

section. Rotation at the supports was found by dividing the corrected deflection by the 

distance from the support to the position of the deflection gauge. 

5.4.2.2. Calculation of Bending-Moment 

The bending moment was calculated by simple statics. The force applied to the section 

was multiplied by the lever arm. The dimensions of the sample can be seen in 

Figure 5.6. 

Bending Moment = 
(4302100) (P) 

2x 
10-3 kNm 

where P is the total applied load in kN 

Dimensions are shown in mm 

Equation 5.3. 
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5.5. Experimental Results 

An extensive experimental test programme was carried out with a total of 235 

moment-rotation tests. The factors under consideration were the material thickness of 

the steel and the number and configuration of the joins within the group. The tests 

were carried out on single press joins and groups of two, four, six and eight joins. It 

was shown in Chapter 4 that the behaviour of a press join is highly dependent upon the 

angle of loading. For this reason the spacing of the joins within the group has been 

varied from a minimum of 15mm which is the closest practical join spacing to a 

maximum of 50mm which is dependent upon the section size. The failure moments of 

all the tests can be seen in Tables 5.1. to 5.4. The moment-rotation curves can be seen 

in Figures 5.7.1. to 5.10.1. 

5.5.1. Failure Modes of the Samples 

During the test it was evident that some press joins were shearing prior to others and 

were thus no longer carrying load. Sudden drops in load were also experienced on 

some occasions as the press joins failed. The failure modes were influenced both by 

the number of joins and the spacing of the joins. Where the failure of the join occurs 
by a breaking of the extended part of the join then a 'snapping' sound is heard. Where 

the join fails by pull-out of the join then little sound is heard. The failure modes of 

each test series will now be discussed more fully. 

5.5.1.1. Two Join Tests 

A total of 27 tests in two basic configurations of tests were performed. Spacings of 

15,25,35 and 50mm were used and the spacing of the joins was varied in either the 'x' 

or 'y' direction as shown in Figure 5.11. When the joins are spaced in the 'x' direction 

then the force in the join is applied in the transverse direction (0 degrees). When the 

joins are spaced in the 'y' direction then the force in the join is applied in the 

longitudinal direction (90 degrees). It was shown in Chapter 4 that these two extreme 
loading directions showed significantly different characteristics. These same 

characteristics are evident in the moment rotation tests. For the joins spaced in the 'x' 

direction the failure mode is dependent upon the spacing of the joins. When the joins 
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Joint Arrangement Peak Moment (kNm) 
Steel Thickness 1.6mm 

Peak Moment (kNm) 
Steel Thickness 2.0mm 

X (mm) Y (mm) Angle to 

Press join 

Test Value Average Test Value Average 

15 0 0.015 
0.013 

0.014 0.024 
0.024 

0.024 

25 0 0.038 0.037 0.089 0.068 
0.035 0.064 

0.050 
0.050 

35 0 0.056 0.057 0.090 0.090 

0.058 
50 I 0 0.130 0.130 

15 90 0.012 0.012 0.011 0.011 
0.012 

25 90 0.025 0.025 0.042 0.042 
0.024 

35 90 0.051 0.039 0.083 0.033 
0.032 
0.034 

50 90 0.64 0.064 0.115 0.115 
0.064 

Table 5.1. Table of Test Moments for Two Join Tests 
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Joint Arrangement Distance to 
Centroid of 

Peak Moment (kNm) 
Steel Thickness 1.6mm 

Peak Moment (kNm) 
Steel Thickness 2.0mm 

X m1 Y (nun) Group (mm) Test Value Average Test Value Average 
30 12 16.2 0.190 0 247 0.271 0.299 

0.263 . 0.314 
0.260 0.305 
0.275 0.305 

15 15 10.6 0.125 0.132 0.167 0.178 
0.132 0.165 
0.140 0.182 
0.132 0.198 

25 15 14.6 0.235 0.222 0.272 0.240 
0.221 0.244 
0.210 0.205 

30 15 16.8 0.256 0.257 0.299 0.297 
0.257 0.297 

0.295 
35 15 19.0 0.297 0.275 0.371 0.371 

0.248 0.375 
0.281 0.368 

50 15 26.1 0.406 0.400 0.435 0.448 
0.395 0.451 
0.398 0.457 

15 25 14.6 0.144 0.156 0.205 0.231 
0.168 0.238 

0.251 
25 25 17.7 0.206 0.266 0.287 0.319 

0.305 0.287 
0.289 0.322 
0.262 0.363 

0.338 
30 25 19.5 0.263 0.263 0.323 0.348 

0.361 
0.359 

35 25 21.5 0.288 0.335 0.372 0.423 
0.349 0.454 
0.360 0.429 
0.344 0.437 
0.332 

50 25 28.0 0.384 0 446 0.569 0 575 
0.503 . 0.561 . 
0.470 0.594 
0.470 
0.402 

Table 5.2. Table of Test Moments for Four Join Tests 

(Continued overleaf) 
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Joint Arrangement Distance to 
Centroid of 

Peal- Moment (kNm) 
Steel Thickness 1.6mm 

Peak Moment (kNm) 
Steel Thickness 2.0tnm 

X (mm) Y (nun) 
Group (nun) rest Value Average rest Value I Average 

15 35 19.0 0.231 214 0 0.281 0.293 
0.222 . 0.305 

i 0.189 0.294 

25 35 21.5 0.270 0.314 1 0.: 40 0.397 
0.347 0.3118 
0.355 0.421 
0.339 0.437 
0.262 

30 35 23.0 0.281 0.280 0.422 0.317 
0? 79 0.408 

0.421 
35 35 24.7 0.356 349 0.464 0 0.460 

0.329 . 0.474 

0.363 0.441 
0.350 
0.350 
0.347 

50 i 35 30.5 0.440 0.456 ' 0.549 0.556 
0.459 0.564 
0.470 0.555 

15 50 26.1 0.274 0.262 0.342 0.370 
0.250 0.379 

0.389 
25 50 28.0 0.343 0 369 0.429 0.451 

0.376 . 0.454 
0.380 0.470 
0.376 

30 50 29.2 0.373 0 373 0.483 0 491 
. 0.492 . 

0.497 
35 50 30.5 0.371 0.371 0.557 0.523 

0.500 
0.512 

50 50 35.4 0.489 0 512 0.615 667 0 
0.484 . 0.632 . 
0.533 0.676 
0.541 0.693 

0.718 

Table 5.2. Table of Test Moments for Four Join Tests 

i- ýý ý., Jýý" ý1 

IJ 

ýý 
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Joint Arrangement Distance to 
Centroid of 

Peak Moment (kNm) 
Steel Thickness 1.6mm 

Peak Moment (kNm) 
Steel Thickness 2.0mm 

xn Y (mm) Group (mm) Test Value Average Test Value Average 

15 15 16.8 0.294 0.301 0.367 0.382 
0.299 0.379 
0.309 0.398 F- 

0.385 - 

15 i 25 19.5 0.364 0.373 0.528 0.542 
0.397 0.545 
0.359 0.553 

15 50 29.2 0.499 0.514 0.680 0.682 
0.525 0.691 
0.517 0.675 

20 15 21.4 0.362 0.366 0.469 0. =162 
0.382 0.450 
0.353 0.467 

20 20 _2.4 0.545 0.548 
0.553 
0.545 

20 25 23.6 0.422 0.402 0.545 0.548 
0.384 0.537 
0.400 0.562 

20 i 50 32.0 0.579 0.581 0.746 0.743 
0.573 0.737 
0.591 0.747 

25 15 26.1 0.470 0.453 0.558 0.629 
0.438 0.644 
0.451 0.668 

0.644 
25 25 28.0 0.480 0.486 0.660 0.638 

0.484 0.652 
0.493 0.602 

25 35 30.5 0.809 0.817 
0.825 
0.817 

25 50 35.4 0.629 0.630 0.836 0.886 
0.632 0.874 
0.630 0.916 

0.916 

Table 5.3. Table of Test Moments for Six Join Tests 

IO° ý 
ý 

ýY 

'X X 

Joint Arrangement Peak Moment (kNm) Average Moment (kNm) 

X(mm) Y(mm) 0.545 0.550 

25 13 0.563 

0.541 

Table 5.4. Table of Test Moments for Eight Join Tests 
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are spaced at 15mm then the failure of the joins occurs in each join at the point furthest 

from the centroid as shown in Figure 5.12. When the joins are spread further apart 

then failure occurs in one join only as shown in Figure 5.13. In this case the join fails 

by shear in the same mode seen in the shear tests when the joins were loaded at zero 

degrees. The reason for the failure of just one press join is due to equilibrium 

conditions. There will inevitably be a variation in the peak loads that the press joins 

are able to withstand but the forces in the two joins must be equal in order to maintain 

equilibrium. As the press join with the lower peak load reaches its peak load and 

begins to deform at a more or less constant force then the other press join stops 

deforming and further deformations at this join occur by rotating about the axis of the 

press join. For joins spaced in the 'y' direction then the same failure mode is evident at 

all join spacings. A single join fails in each case with the join pulling out as was seen in 

the shear tests at 90 degree loading as shown in Figure 5.14. The failure modes of the 

samples clearly demonstrate the similarity in behaviour observed with both the shear 

tests and the moment-rotation tests. 

5.5.1.2. Four Join Tests 

A total of 134 tests were performed with the spacing of the joins varying in both the 'x' 

and'y' directions. Two distinct modes of failure were observed. Where the joins were 

widely spaced as in Figure 5.15. it can be seen that after failure there is only one join 

intact. This occurs for the same reasons discussed for the two join tests, where in 

order to maintain equilibrium not all of the joins will reach their individual peak loads 

and hence gives the appearance in the latter stages of the test that rotation is occurring 

around one of the press joins. Where the joins were spaced at 15mm as in Figure 5.16. 

all four joins were partially intact after failure. This occurs as a result of the close 

spacing of the joins and the dimensions of the press joins themselves. At close join 

spacings the distance moved by the point of the press join furthest from the centroid 

can be twice that of the point closest to the press join. The point furthest from the 

centroid shears leaving the end nearest the centroid intact. As the spacing is increased 

the differential movement of the ends of the press join is reduced and the failure mode 
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changes in such a way that at the end of the test, only one join is intact with the other 

three joins having sheared. 

5.5.1.3. Six Join Tests 

A total of 63 tests were performed with the spacing of the joins varying in both the 'x' 

and 'y' directions. For the six join tests a two stage failure mode was evident. Initially, 

the four joins furthest from the centroid shear completely. Under increasing rotation 

one of the two central joins fails. The two inner joins behave in the same manner as 

the two join tests spaced in the 'y' direction. It can be seen from Figure 5.17. that the 

failure modes of the joins are dependent upon the position. The two outer joins that 

can be seen have both sheared completely. The one central join that can be seen has 

pulled out. These failure modes were the same as those observed in the shear tests 

discussed in Chapter 4. The joins fail in the order of deformation and capacity for 

deformation, i. e. in the six join tests the outer four joins fail before the inner joins. 

This is because they are further from the centroid and hence undergo greater 
deformation than the two central joins. The angle of loading on the joins is also less 

than the angle on the two central joins and this means that the deformation capacity is 

also reduced. 

5.5.1.4. Eight Join Tests 

Three tests were performed on a single configuration of joins. ' This was to facilitate 

the analysis of the full scale tests in Chapter 6. The failure mode of the sample was 
such that the outer joins furthest from the centroid were the first to fail. Failure was 
therefore progressive depending upon the rotation of the group. A typical sample after 
failure is shown in Figure 5.18. 

5.5.1.5, Summary of Joint Failure Modes 

The nature of the failure mode of a group of press joins depends on a number of 
factors. It was shown in Chapter 4 how the load-deformation behaviour of the 

press joins changes as the angle of loading on the join changes. The same 
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characteristics of high peak load and small deformation capacity with loading at zero 

degrees and lower peak load with increased deformation capacity with loading at 

ninety degrees were observed with the moment-rotation tests. The two join tests were 

particularly useful in demonstrating the similarity in failure modes. The failure load 

also depends upon the distance of the joins from the centroid position. With the 

six join tests the outer four joins were shown to have completely sheared whilst the 

inner two joins were still carrying load. This was due to both the increased distance of 

the joins from the centroid and hence greater deformation under rotation and also to 

the reduced deformation capacity of the joins due to the increased angle of loading. 

Furthermore, when the distance from the centroid to the joins was the same for each 

join then the failure mode was shown to depend upon this distance. For the four join 

tests at close spacing, failure occurred in each of the four press joins. As the spacing 

was increased the failure mode changed in such a way that at the end of the test one of 

the press joins was essentially intact whilst the other three had sheared. This is due to 

the variability of the load-deformation behaviour of the press joins together with the 

need to maintain equilibrium within the joins. This behaviour is significantly different 

to a similar test series carried out on bolted connections". It was shown in this case 

that the failure of the joint group always occurred with rotation around the centroid 

position. This was attributed to the load-deformation behaviour of the bolted 

connections where the load was still slowly increasing even after 20mm of 

deformation. The inherent plasticity of the join in that case would distribute the forces 

around such that the failure would occur about the centroid position. The behaviour 

of the press join connections is significantly different therefore to other more standard 

connection techniques. 

5.5.2. Shape of Moment-Rotation Curves 

It can be seen from the moment-rotation curves of Figures 5.7.1. to 5.10.1. that the 

same general shapes are evident as in the shear test curves of Chapter 4. The stiffness 

of the joint is almost linear up to about 75% of the peak moment. In most cases there 
is only a very small plateau region before the moment begins to fall under increased 
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rotation. It can be seen that the spacing of the joins has a significant influence on the 

behaviour of the joint group. The peak moments are shown in Tables 5.1. to 5.4. 

5.5.3. Factors Affecting Moment-Rotation Behaviour and Moment Capacity 

Four properties of the joint group affecting the moment-rotation behaviour of the 

sample were considered. These are: 

1. material thickness 

2. number of press joins 

3. spacing of the joins 

4. configuration of the joint group. 

In the following sections the influence of each of these factors will be discussed. 

5.5.3.1. Influence of Material Thickness 

Two material thickness' of 1.6mm and 2.0mm were used in the test programme. From 

Tables 5.1 to 5.4., summarising the values of peak moment, it can be seen that there is 

an increase in capacity of the 2.0mm steel over the 1.6mm steel. The average increases 

are 67% for the two join samples, 30% for the four join samples and 33% for the six 

join samples. The relationship for four and six joins is consistent with the findings on 

shear strength behaviour where there was an increase in shear capacity of 21% when 

the joins were loaded at zero degrees and 45% when the joins were loaded at ninety 

degrees. This relationship is to be expected since the average angle of load on the 

press joins for the four and six join tests will be approximately 45 degrees which would 

produce a 33% increase in peak load. For the two join tests the average moment is 

over 30% greater than would be expected based on the shear test results. This 

increase could be due to the thicker material being able to withstand the combined 

effect of shear and rotation better than the thinner material. With the two join tests 

this combined effect would be more critical as the distance from the centre of rotation 

to the join is smaller. This in turn would mean that the extreme ends of the press join 
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move different distances. The press join in the thicker material may be more tolerant 

to these distortions. 

553.2. Number of Press joins 

It can be seen from Tables 5.1. to 5.4. that the peak moment is increased as the number 

of joins is increased. If the joint area is defined by a length of 50mm in the 'x' and'y' 

directions then the greatest attainable moments in 1.6mm steel are 0.130,0.512 and 

0.613kNm respectively for two, four and six press join groups. This is to be expected, 

but what is more important can be seen in Tables 5.5. to 5.6. where the test results of 

the two join and four join tests are superimposed to create the equivalent six join test. 

It can be seen that the actual six join test results are always greater than the equivalent 

two and four join test added together. The variation in the values can be as high as 

39%. It is evident that the results of tests cannot be superimposed as this will result in 

an underprediction of the actual value. The reason for the discrepancies could be due 

to the greater possibility of redistribution of forces within the joint group as the 

number of joins is increased. The forces in the joins will redistribute to carry the 

greatest load possible for the minimum energy and this effect will increase as the 

number of joins is increased. Another reason for the increase in moment capacity for 

the six join tests is the load-deformation behaviour of the press join itself. As the load 

in a press join is increased so the two plates separate as the material in the joins 

deforms. This would be less likely to occur when the number of joins is increased 

because not all the joins are loaded with the same force. This means that the plates 

would be held together more effectively and the bearing area within the press join 

remains at a higher level than would be expected from the shear tests. This in turn 

could increase the shear capacity of the joins and increase the moment capacity of a 
joint group. 

5.5.3.3, Influence of Join Spacin 

The spacing of the joins was varied throughout each set of tests. It can be seen that as 
the spacing of the joins is increased, so the moment capacity of the joint group also 
increases. This increase depends on both the spacing in the 'x' and 'y' directions due to 
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Two-Join Four-Join Six-Join Two-Join Ratio of 

+ Six-Join 

Four-Join Moment to 

Spacing Peak Spacing Peak Spacing Peak Peak Equiv. Two 

(Y) Moment l (X)x(Y) Moment (X)x(Y) Moment Moment and Four 

(mm) I, (kNm) f (mm) (kNm) (mm) (kNm) (kNm) Join 

(1) I (2) (3) (1)+(2) (3)/((1)+(2)) 

15 Y 0.012 30 x 15 0.257 15 x 15 0.301 0.269 1.119 

25 Y 0.025 30 x 25 0.263 15 x 25 0.373 0.288 1.295 

50 Y 0.064 30 x 50 0.373 15 x 50 0.514 0.437 1.176 

15 Y 0.012 50x 15 0.400 25 x 15 0.453 0.412 1.100 

25 Y 0.025 50 x 25 0.446 25 x 25 0.486 0.471 1.032 

50 Y 0.064 50x50 0.512 25 x 50 0.630 0.576 1.094 

Table 5.5. Effect of Joint Numbers on Failure Moments for 1.6mm Section 

Two-Join Four-Join Six-Join Two-Join 

+ 

Four-Join 

Ratio of 
Six-Join 

Moment to 

Spacing 

(Y) 

(mm) 

Peak 

Moment 

(kNm) 

(1) 

Spacing 

(X)x(Y) 

(mm) 

Peak 

Moment 

(kNm) 

(2) 

Spacing 

(X)x(Y) 

(mm) 

Peak 

Moment 

(kNm) 

(3) 

Peak 

Moment 

(kNm) 

(1)+(2) 

Equiv. Two 

and Four 

Join 

(3)/((1)+(2)) 

15 Y 0.011 30 x 15 0.297 15 x 15 0.382 0.308 1.240 

25 Y 0.042 30 x 25 0.348 15 x 25 0.542 0.390 1.390 

50Y 0.115 30 x 50 0.491 15 x 50 0.682 0.606 1.125 

15 Y 0.011 50x 15 0.448 25 x 15 0.629 0.459 1.370 

25 Y 0.042 50 x 25 0.575 25 x 25 0.638 0.617 1.034 

35Y 0.083 50 x 35 0.556 25 x 35 0.817 0.639 1.279 

50 Y 0.115 50 x 50 0.667 25 x 50 0.886 0.782 1.133 

Table 5.6. Effect of Join Numbers on Failure Moments for 2.0mm Section 
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the anisotropic behaviour of the press joins. It can be seen clearly in Table 5.1., 

showing the test moments for the two join tests, that increasing the spacing in the 'x' 

direction is more beneficial than increasing the spacing in the 'y' direction due to the 

anisotropy of the joins. This will be discussed in more detail in the next section. 

Comparing the results of the four join tests in Table 5.2. for the 1.6mm steel with 'x' 

and 'y' spacings of 15x15 with 50x50, there is an increase in moment of 285% which 

compares to the increase in join spacing which is 233%. The reason for the 

discrepancy here is due to the behaviour of the joint group. At close join spacings the 

ends of the press join nearest and furthest from the centroid will move significantly 

greater distances. As the spacing is reduced so this relative movement is increased and 

the twisting effect on the press join is also increased. This combined twisting and 

shear probably results in a less effective press join limiting the shear strength and hence 

the moment capacity for groups of joins. 

5.5.3.4. Effect of Join Configuration 

It can be seen from Figure 5.19. that there is a variation in the moment-rotation 

diagram even when the lever arm of the join from the centroid is the same in each case. 

This is due to the anisotropic behaviour of the press joins. Assuming that the rotation 

of the joint group is about the geometric centroid of the group, then when the 'x' 

spacing is large, the joins are loaded predominantly in the transverse direction and 

there is a high peak moment and lower rotation capacity. Conversely when the 'y' 

spacing is large then the press joins are loaded predominantly in the longitudinal 

direction and there is a lower peak moment and greater rotation capacity. Table 5.7. 

shows the effect of the join configuration when the distance to the centroid is constant. 
Decreasing the angle of applied shear to the individual press joins from ninety degrees 

through to zero degrees increases the join strength, as was discussed in Chapter 4. 

Increases in peak load of 30% are possible purely by orienting the joins into a stronger 
direction. 
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Steel 

Thick- 
I 

ness 

(mm) 

X 

(mm) 

Y 

(mm) 

Angle 

to Press 

join 

Peak 

Moment 

(kNm) 

(1) 

X 

(mm) 

Y 

(mm) 

Angle 

to 

Press 

join 

Peak 

Moment 

(kNm) 

(2) 

(1)/(2) 

1.6 15 25 59 0.16 25 15 31 0.22 0.7 

2 15 25 59 0.23 25 15 31 0.24 0.96 

1.6 15 35 67 0.21 35 15 23 0.28 0.78 

2 15 35 67 0.29 35 15 23 0,37 0.79 

1.6 15 50 74 0.26 50 15 16 0.4 0.66 

2 15 50 74 0.37 50 15 16 0.45 0.83 

1.6 25 35 55 0.31 35 25 35 0.34 0.94 

2 25 35 55 0.4 35 25 35 0.42 0.94 

1.6 25 50 64 0.37 50 25 26 0.45 0.83 

2 25 50 64 0.45 50 25 26 0.58 0.78 

235I 50 56 0.52 I 50 1 35 34 0.56 0.94 

Table 5.7. Comparison of Test Moments for Tests with Same Join Spacing but 

Different Configuration 
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By careful orientation of the press joins it is possible to balance the rotation capacity 

against the peak moment for any particular situation. When the number of joins is 

increased this method can be used to even greater advantage with some press joins 

oriented so that they have plasticity and others oriented so that they improve moment 

capacity. 

5.5.4. Loading and Unloading ycles on Moment-Rotation Tests 

Two additional tests were carried out on material number 3 as defined in Table 3.2., 

which has a material thickness of 1.6mm, in order to confirm the expected behaviour 

of repeated load cycles. Liebig3'"39 performed cyclic load tests on press joins loaded in 

shear with a frequency of 17 cycles per second. It was found that under a small 

number of cycles that the load capacity was the same as under a quasi-static load. 

Under increasing numbers of cycles it was found that the load capacity decreased and 

at 10' cycles the capacity was 30% of the static load. It was found that transversely 

loaded joins had higher endurance levels than longitudinally loaded joins. 

In the tests performed here, each test had four press joins and had spacings of 
30x15 mm and 50x50 mm to establish the basic behaviour under loading and unloading 

cycles. It can be seen from Figures 5.20. and 5.21. that unloading/reloading cycles 

were carried out from six points around the moment-rotation curve and that the 
behaviour coincides with the standard elastic-plastic theories68. This states that the 

unloading/reloading curves will have the same gradient as the initial loading curve, and 

rejoin the initial curve at the point at which unloading occurred. The recovery is the 

elastic component of the deformation. The deformation that is not recovered is the 

plastic deformation. 

The maximum moments attained were 0.246kNm and 0.55lkNm for the 30x15 and 
5Ox5Omm tests respectively. This compares to the average moments of 0.256kNm and 
0.512kNm when only one cycle of loading was used in the original test series. It can 
be seen therefore that there is no reduction in moment capacity when the load is cycled 
over this small number of cycles. 
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Liebig made no attempt to record the load-deformation path under cyclic loading. 

Here it can be seen that the unloading and reloading paths follow the same path when 

the spacing is 30xl5mm. When the spacing is 50x5Omm, there is some slippage or 

bedding in at the start of each reloading cycle possibly as a result of the test sample 

settling on its supports, so the unloading and reloading paths do not coincide. This 

basically follows the standard non-linear or elastic-plastic theories" where the 

unloading and reloading paths describe the same path up to the previously attained 

highest load. Near to the point where the reloading curve reaches the original loading 

curve there is some rounding off of the corner so that the reloading curve does not 

rejoin the initial curve at the point where the two paths diverged. 

This method of testing could also be applied to the shear tests where it could be used 

to calculate the initial stiffness of a press join given the difficulties given in section 

4.7.5.3. in attaining a consistent value. The behaviour of the unloading/reloading path 

is linear up to peak load and this may provide a more satisfactory method of 

calculating the initial stiffness rather than measuring the tangent stiffness at the start of 

the test. 

5.5.5. Rotational Resistance of a Single Press join 

Three tests were conducted on both materials 2 and 3. It can be seen from 

Figures 5.22. and 5.23. that the results were very variable. This is a result of the 

sensitivity of the measuring equipment. The maximum loads recorded were of the 

order of 0.05kN. Since the load cells could only measure increments of O. OlkN this is 

a 20% change every time the load changes. The plots for both materials were idealised 

to the form seen in Figure 5.24. This is a maximum moment of 0.0025kNm reached at 

a rotation of 0.05 radians. A linear relationship should be assumed up to this point. 

The effect of moment of resistance of the joins is as great as 36% of the total moment 

capacity for a two join group but is just 1% for the greatest spacing of the six join 

tests. 
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5.5.6. Capacity of a Group of Press-joins 

The moment capacity of the channel sections was found experimentally in accordance 

with BS5950 Part 51°. The section capacities were found to be 1.67kNm and 2.18kNm 

for the 1.6mm and 2.0mm sections respectively. The highest peak moments attained 

were 0.63OkNm and 0.886kNm for the six join tests in 1.6mm and 2.0mm which 

represents 37% and 41% of the section capacity respectively. These could be 

improved by increasing the number of joins within the group, either by placing another 

row of joins between the existing joins, or by increasing the overlap distance of the 

sample and hence being able to increase the number of joins. 

5.6. Statistical Analysis of the Results 

Two basic methods of analysis will be used for predicting the behaviour of the 

moment-rotation tests. The first based solely on the results of the moment-rotation 

tests could be used to predict the peak moment value for a given joint group by 

producing a correlation of previous test results. The joint group would therefore have 

to be in the same general configuration as the results on which the prediction is based. 

The second basic method discussed in Section 5.7. applies the results of the 

load-deformation behaviour of individual press joins to predict the moment-rotation 
behaviour of any group of press joins. The method will be developed to predict the 

behaviour of both symmetrical and non-symmetrical groups of joins. The effect of the 

variable load-deformation behaviour of the press joins will also be analysed to 

ascertain the effect on the moment-rotation behaviour of the joint group. 

5.6.1. Correlation between Peak Moment and-Press-join Spacing 

A regression analysis was performed on the peak moment values of the rotation test 

results. This was carried out by using the 'x' and 'y' spacing of the press joins as the 
independent variables and the peak moment as the dependent variable. The 

correlation's were carried out for each combination, so there are separate results for 

both the 1.6mm and 2.0mm steel as well as for the four join tests and the six join tests. 
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The values of RZ in Tables 5.8. to 5.11. give a measure of the correlation between the 

spacing of the press joins and the peak moment achieved by that configuration. A 

value of 1.0 would indicate a perfect correlation whilst a value of 0.0 would indicate 

no correlation. It can be seen that for all the combinations that there is a value of RZ 

greater than 0.9 indicating a close correlation. 

For the four join groups, assuming that rotation occurs about the centroid of the joint 

group, the coefficients can be related directly to the force in the join through the 

following equations : 

Moment = 
(c1 

x 2) + 
(C2 

x 2) Equation 5.4. (a) 

Moment = 
(4 

x Fox 
2) + 

(4 
x F90 x 2) Equation 5.4. (b) 

where F90 and FO are Longitudinal and Transverse Forces respectively 

x and y are horizontal and vertical spacings 

and C, and C2 are regression coefficients 

It can be seen that C, = 2F0 and C2 = 2F90. Calculation of the forces gives the 
following results: 

For Material 2: F90 = 2.53 kN and FO = 3.99 kN 

For Material 3: F90 = 1.69 kN and FO = 3.43 kN 

Equation 5.4(b) ignores the effect of the moment resistance of an individual join. The 

calculated forces are always smaller than those measured from the shear tests. The 

range in the error is between 15 and 24%. The peak moments can be predicted very 

accurately using this method however it relies on a large body of results from which to 

make curve fitting predictions. The method also assumes that the joins are in the same 

general configuration. It is impossible to say what effect the strength of the material 

and the material thickness have on the coefficients because only two materials were 
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Four Join Tests Material 3 

Constant 0 

; Std Err of Y Est. 30.25 

;R Squared 0.91 

No. of Observations 68 

Degrees of Freedom 66 

XY Spacing Coefficient(s) 6.86 3.39 

; Std Err of Coef. 0.21 1 0.23 

Table 5.8. Correlation between Peak Moment and Spacing for Four Join Tests 

Four Join Tests Material 2 
Constant 0 
Std Err of Y Est. 23.62 
it Squared 0.95 

No. of Observations 71 
IDegrees of Freedom 69 

X, Y Spacing Coefficient(s) 7.99 5.06 

Std Err of Coef. 0.21 0.21 

Table 5.9. Correlation between Peak Moment and Spacing for Four Join Tests 

Sic Join Tests Material 3 

Constant 0 
Std Err of Y Est 17.79 
R Squared 0.97 
No. of Observations 27 
Degrees of Freedom 25 
X, Y Spacing Coefficient(s) 13.8 5.97 

Std Err of Coef. 0.35 0.22 

Table 5.10. Correlation between Peak Moment and Spacing for Six Join Tests 

Six Join Tests Material 2 
Constant 0 

Std Err of Y Est 41.65 

R Squared 0.93 

No. of Observations 36 

Degrees of Freedom 34 

X. Y Spacing Coefficient(s) 19.23 7.9 

Std Err of Coef. 0.74 0.48 

Table 5.11. Correlation between Peak Moment and Spacing for Six Join Tests 
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used in the tests. The method would be useful where the joins remain in the same 

general configuration, i. e. number and orientation. 

5.7. Theoretical Analysis of Moment Rotation Behaviour in Groups of Press-joins 

5.7.1 General Background 

A computer program was written that calculates the moment-rotation behaviour of a 

group of press joins based on the results of the shear test results. This program is 

included in Appendix A. The load-deformation behaviour was characterised by four 

parameters. These were the initial stiffness, the unloading stiffness, the peak load and 

the plastic limit as defined in Figure 4.10. The equations of best fit derived in section 

4.7.4. were incorporated into the program so that calculations could be made for any 

randomly positioned group of press joins. 

Three models were used in calculating the moment-rotation behaviour from the 

load-deformation behaviour of the press joins. These will be described in detail below: 

1. The point of rotation was considered to be the geometric centroid of the group 

which is the standard assumption for elastic behaviour. 

2. The second method allows for some variability in the load-deformation 

behaviour of the press joins and also the case where the joint group is 

unsymmetrical either in terms of join coordinates, or the angle of the joins 

relative to some axis. In Chapter 4, the load-deformation behaviour was 
characterised in Figure 4.10. as having an initial stiffness, a peak load, a plastic 
limit and an unloading stiffness. This analysis method considers each of these 
factors with particular reference to the two join tests by having two joins with 
varying parameters as given in Table 5.12. In each case the values of the other 

parameters will be held constant so that the effect of each of these factors on 
the centre of rotation and moment-rotation behaviour can be ascertained. 

3. In response to the failure pattern of some of the joins in the tests and due to the 

results of the moving centroid method, the point of rotation was considered to 
be about one of the press joins. The first model would not predict the failure 

178 



Variable Join 1 Join 2 

Initial Stiffness (kN/mm) 15.0 5.0 

Plastic Limit (mm) 6.0 4.0 

Peak Load (kN) 3.50 3.53 

Unloading Stiffness (kNi/mm) -5.0 -10.0 

Angle of Loading (Degrees) 90 85 

Table 5.12. Table of Variables for Consideration of Load-deformation 

Parameters on Centre of Rotation 
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pattern of the joins if the group configuration was symmetrical because the 

joins fail simultaneously if they are at an equal distance from the point of 

rotation. The moving centroid model also becomes very complex as the 

number of joins is increased, and unless the variations in the press join 

load-deformation characteristics were known, the results of any analysis would 

be speculative. In the join predicted model the variations in the 

load-deformation characteristics are assumed to result in the centre of rotation 

moving to a single join thereby creating a simplified model intuitively 

incorporating variations in join characteristics but resulting in a very simple 

model. For the two join tests, the rotation was considered to be about one of 

the joins. For the four join tests the rotation was also considered to be about 

one of the joins. For the six join tests the rotation was considered to be about 

one of the two central joins. The join predicted model requires prior 

knowledge of the likely failure pattern of the joins so that the correct join can 

be chosen about which the joint group will rotate. The assumed centres of 

rotation can be seen in Figure 5.25. 

In each method the distance from the point of rotation to the centre of each press join 

was calculated and also the angle at which the force in each join acts relative to the 

axes of the press join. This was calculated using geometry and the method is 

illustrated in Figure 5.26. This angle was used to define the load-deformation path for 

that press join from the best fit equations given in Tables 4.2. to 4.5. 

Increments of rotation were applied to the joint group and the distance moved by each 

press join was calculated assuming small angle theory. This was then used to find the 

load in each press join using the idealised load-deformation path calculated from the 

equations of lines of best-fit from the shear tests. The moment of resistance of each 

press join was the force multiplied by the respective lever arm. The deformation of a 

press join in a group subjected to a moment consists of both translational and 

rotational movements. The moment of resistance of a single join was included in the 

analysis by idealising the moment-rotation diagrams in Figures 5.22. and 5.23. The 
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rotation of the joint group was used to calculate the moment of resistance for each 

join. The total moment of resistance of the joint group was the sum of the resistance 

due to the force in each join and the rotational resistance. A flowchart of the 

procedure is shown in Figure 5.27. 

The results for each series of tests will now be discussed in detail. Each method of 

analysis will be used for the two join tests and then based on these results, the 

behaviour of the four join and six join tests will be discussed for the centroid and join 

predicted models. 

5.7.2. Two Joins 

53.2.1. Centroid Predicted 

The centre of rotation in the centroid predicted model is the geometric average of all 

of the join coordinates. Due to the press joins having different load deformation paths 
depending upon the angle of loading, the geometric centroid will only coincide with 

the centre of rotation as long as the joint group is completely symmetrical about two 

perpendicular axes. The assumed centre of rotation can be seen in Figure 5.11. 

The theoretical moment-rotation curves for the two join tests are compared with the 

average experimental curve and are shown in Figures 5.28.1. to 5.28.4. The average 

experimental curve was created by curve fitting a polynomial function to all of the test 

data points and are a good representation of the test data. It can be seen from 

Table 5.13. that the predicted results for the centroid predicted model overestimate the 

moment capacity of a joint group, with the errors increasing as the spacing of the joins 

is reduced. At a spacing of 15mm the test moment can be as low as 23% of the 

predicted moment. The best prediction is for the 2.0mm section with join spacing of 
50mm where the test moment reaches 79% of the predicted moment. The reason for 

the over prediction is that the behaviour of a two join group will depend on the join 

with the smaller peak load. This is in order to maintain equilibrium of forces within the 

joint group, because at all times the forces in the two joins must be equal, and hence 

the behaviour of the group will be limited by the join with the smaller peak load. 
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1. Specify coordinate positions of each join and 

angle of join to some global axis 
2. Select position for centre of rotation 

3. Calculate distance from centre of rotation to each 

join 

4. Calculate the angle of loading from each join 

5. Apply a rotation around the centre of rotation and 

calculate the distance moved by each join 

6. Calculate the force in the join from the the 

load-deformation path and the calculated 

deformation 

7. [Variable centroid method only] 

Calculate x and y axis components of each force 

and check for equilibrium. If equilbrium has been 

obtained move to next point (8) else select a new 

centre of rotation and return to (3) 

8. Multiply the force by the distance to the centre of 

rotation and summate for each join giving total 

moment of resistance 
9. Increase rotation and return to (2) until full 

moment-rotation path has been derived 

Figure 5.27. Flow-chart for Prediction of Moment-Rotation Behaviour 

from Shear Test Results 
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Joint 

Arrangement 

X (mm) jY (mm) 1 

Peak Moment 

(kNm) 

Steel Thickness 

1.6mm 

(1) 1 

Predicted 

Moment 

(2) 

(1)/(2) 

` 

Peak Moment 

(kNm) 

Steel Thickness 

2.0mm 

(3) 
1 

Predicted 

Moment 

(4) 

(3)/(4) 

15 0.014 0.062 0.226 0.024 0.075 0.320 

25 0.037 0.100 0.370 0.068 0.121 0.562 

35 0.057 0.137 0.416 0.090 0.167 0.539 

50 0.130 0.192 0.677 0.236 

15 0.012 0.034 0.353 0.011 0.047 0.234 

25 0.025 0.053 0.472 0.042 0.075 0.560 

35 0.039 0.072 0.542 0.083 0.103 0.806 

50 0.064 0.102 0.627 0.115 0.145 0.793 

Table 5.13. Comparison of Test and Centroid Predicted Moments for Two-Join Tests 

Joint 

Arrangement 

Peak Moment 

(kNm) 

Steel Thickness 

1.6mm 

Predicted 

Moment 

(1)/(2) Peak Moment 

(kNm) 

Steel Thickness 

2.0mm 

Predicted 

Moment 

(3)/(4) 

X (Mm) y (mm) (1) (2) (3) (4) 

15 0.014 0.061 0.230 0.024 0.074 0.324 

25 0.037 0.097 0.381 0.068 0.120 0.567 

35 0.057 0.136 0.419 0.090 0.165 0.545 

50 0.130 0.191 0.681 0.233 

15 0.012 0.034 0.353 0.011 0.047 0.234 
25 0.025 0.053 0.472 0.042 0.075 0.560 

35 0.039 0.072 0.542 0.083 0.103 0.806 

50 0.064 0.102 0.627 0.115 0.145 0.793 

Table 5.14. Comparison of Test and Join Predicted Moments for Two-Join Tests 
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Under very close spacings, such as the 15mm test, the point of the press join closer to 

the centroid can move half the distance of the outer point of the press join. The 

loading of the shear test samples caused a constant deformation across the whole join. 

The deformation in the join in the moment tests cannot, therefore, be wholly accounted 

for from the shear tests. This relative movement of the extreme ends of the press join 

may account for the over prediction of the results. As the spacing is increased so the 

differential movement of the ends of the press join is reduced and the error in the 

predicted moment is also reduced. 

5 
. 
7.2.2. Varying Centre of Rotation 

Equilibrium of the forces within the joint group must be maintained. It is possible for a 

joint group that is unsymmetrical, or where the variability of the press join is being 

taken into account, that the analysis technique described in section 5.7.2.1. would lead 

to inaccurate results. This is due to the varying load-deformation characteristics of the 

press joins. With varying stiffness' and equilibrium of forces the deformation in the 

joins must be such as to maintain equilibrium. If the deformation within the joins 

varies then the centre of rotation must change from the centroid position to some point 

where equilibrium is obtained. 

5 . 72.2.1. Notes on Results of Theoretical Analysis Calculating the Rotation Position 

for Two Join Tests 

The two join model is a special case of varying centre of rotation in that the centre of 

rotation can vary only along a line instead of a plane therefore simplifying the study. 
The angle of loading on each of the joins is therefore constant throughout the test. 

Two equations proposed by Richard62 originally for defining moment-rotation curves 

were used to calculate the load-deformation behaviour and these are shown below. 

These were later developed by Kishi and Chen", Equation 5.5., and Colson and 

Louveau14, Equation 5.6. Both define the same curve and hence the solution in this 

case is exact and not an approximation as it would be in other cases where the centre 

of rotation could vary over a plane. 
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F= 
Sly 

i Clt\öo/n/ n 

F Ö=F 
ýI II I 

Ski1- 

where F= Force in Join 

Fýý=Maximum Force in Join 

S, = Initial Stiffness 

6= Deformation 

Equation 5.5. 

Equation 5.6. 

d, = Deformation at which initial stiffness would intersect with maximum force 

n= Power constant 

An increment of deformation was applied to one of the joins. This was used to 

calculate the force in the join, as in the previous models. Due to equilibrium 

constraints this force was then substituted into Equation 5.6. to calculate the 

deformation. The deformation of the two joins was then used to calculate the position 

of the centre of rotation by similar triangles and also the rotation of the joins. The 

moment carried by the two joins is the force in one join multiplied by the spacing of the 

joins. 

5 
. 
7.2.2.2. Effects of Variation in Analytical Parameters 

The press joins have an inevitable variability in the load-deformation behaviour even in 

apparently identical joins. When comparing the experimental and theoretical results it 

is important to ascertain the effects that this variability could have on the predicted 

moment-rotation behaviour. The four parameters of the load-deformation, i. e. peak 
load, initial stiffness, unloading stiffness and plastic limit and the angle of loading will 

be varied and the effect on the rotation position and the deformation of the joins will 

be discussed. In order to simplify the analysis, it has been based on a group of two 

joins spaced at 25mm so that the position of the centre of rotation can only vary along 

a line between the two joins. The variables showing the parameters of the joins are 

shown in Table 5.12. In each case the other parameters are equal for each join. 
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Increasing the number of joins would mean that the rotation position could move over 

a plane and this would complicate the results as the angle of loading on the joins would 

change. 

5.7.2.2.2.1. Varying the Initial Stiffness 

It can be seen from Figure 5.32. that the rotation position is constant until the load in 

the joins begins to decrease. The position is defined by the ratio of the two initial 

stiffness', with the centre being closer to the stiffer join. 

The load-deformation plots of Figure 5.33. clearly show that there is less movement in 

the stiffer join. Even when both press joins reach their peak load, the stiffer join has a 

much smaller deformation. The movements in each join do not balance each other, 

even at this stage. When the less stiff join reaches its plastic limit, the load in the joins 

begins to decrease. The stiffer join recovers deformation whilst the weaker join 

continues to deform. This leads to the change in rotation position towards the stiffer 

join at the end of the test. 

5 . 7.2.2.2.2. Varying the Plastic Limit 

The rotation position is constant at the mid point between the joins until the load in the 

joins begins to decrease as shown in Figure 5.34. This is because the load-deformation 

plots are identical up to this point. It can be seen from the load-deformation plots of 
Figure 5.35. that when the join with the smaller plastic limit reaches the plastic limit, 

this join unloads with increasing deformation. The join with the larger plastic limit 

unloads elastically, recovering some of its deformation. It is at this time that the 

rotation position moves towards the join with the greater plastic limit. 

5.7.2.2.2.3. Varying the Peak Load 

When the peak load is varied by just 1% as given in Table 5.12. it can be seen that the 

rotation position varies throughout the whole test as shown in Figure 5.36. This is due 

to the equation that is used in the computer program to model the load-deformation 

212 



Plot of Rotation Position v Rotation 
21 

205 - 

.0 ö 

195 

-ý- 19 

ls5 

is 
00 05 01 0 15 0.2 0 :50.3 0 35 

Rotation (Radians) 

Figure 5.32 Variation in Rotation Position with Varying Initial Stiffness 

4 

3 

a 

NT 

O 
w 

I 

012346 
Join Movement (mm) 

Figure 5.33. Load-deformation Plots for Joins with Varying Initial Stiffness 

7 

213 

Plot of Force against Join Movement 



15 

145 

14 

O 

ö 135 

13 

125 

12 

Plot of Rotation Position v Rotation 

0 

4 

3 

v 
u2 

0 
L4 

I 

01 0. ' 03 04 
Rotation (Radians) 

Figure 5.34. Variation in Rotation Position with Varying Plastic Limit 

Plot of Force against Join Movement 

Plastic Limit - 4.0mm 

Plastic Limit - 6.0mm 

0ý 
0 tZ3436 

Join Movement (mm) 

Figure 5.35. Load-deformation Plots for Joins with Varying Plastic Limit 

214 



26 

_4 

e 
o .0 
f 

18 
0 
73 

16 

14 

in 

Plot of Rotation Position v Rotation 

0 005 01 015 02 0_5 
Rotation (Radians) 

4 

Figure 5.36. Variation in Rotation Position with Varying Peak Load 

Plot of Force against Join Movement 

Peak Load - 3.53kN 

Peak Load - 3. SOM 
3 

.. w2 

0 u. 

I 

oý 
0 l234367 

Join Movement (mm) 

03 

Figure 5.37. Load-deformation Plots for Joins with Varying Peak Load 

215 



Plot of Rotation Position v Rotation 
13 

129 

£-1_8 
E 

ö l_ 7 

c a 
e i=6 
0 

Cd 11.5 

1: 4 

1: 3 
0 01 0. _ 03 04 05 

Rotation (Radians) 

Figure 5.38. Variation in Rotation Position with Varying Unloading Stiffness 

4 
Plot of Force against Join Movement 

3 

a 

ýz 2 
0 w 

Stiffness = 

I 

Stiffness = -IOkN/mm 
o" 

0 123456 
Join Movement (mm) 

Figure 5.39. Load-deformation Plots for Joins with Varying Unloading Stiffness 

216 



26 

24 

o 20 

0 
c 18 
0 

16 

14 

12 

10 

Plot of Rotation Position v Rotation 

0 0.05 010 15 0 
Rotation (Radians) 

Figure 5.40. Variation in Rotation Position with Varying Angle of Loading 

15 
Plot of Force against Join Movement 

2 Angle of Join 90 Degrees 

f 1. s 
u 
C w1 

0.5 
Angle of Join 85 Degrees 

0L 

0 12343 
Join Movement (mm) 

Figure 5.41. Load-deformation Plots for Joins with Varying Angle of Loading 

217 



plot. The curve depends on the peak force and the initial stiffness to derive 

deformation or vice versa. This means that even though the initial stiffness may be the 

same for each join, the load-deformation plots will be different due to the different 

peak loads. 

The join with the higher peak load never reaches its capacity. This join stays within its 

elastic range at all times as shown in Figure 5.37. As the weaker join reaches its peak 

load and deforms plastically, the stronger join does not deform further. As the weaker 

join reaches its plastic limit and the load begins to decrease, so the load in the stronger 

join also decreases and recovers its elastic deformation. The deformation of the 

weaker join continues to increase. 

The rotation position continually moves towards the stronger join throughout the test. 

5.7.2.2.2.4. Varying the Unloading Stiffness 

It can be seen from the plot of rotation position against rotation in Figure 5.38. that the 

position is constant up to the point where the load in the joins falls. This is due to the 

identical loading paths. After the plastic limit has been exceeded the rotation position 

moves towards the join with the greatest unloading stiffness. This join moves a smaller 
distance than the less stiff join. The rotation position moves only a very small distance 

from the midpoint between the joins. 

The load-deformation plots of Figure 5.39. are very similar except for the part of the 

curves where the load is decreasing 
. The deformations continue to increase in both 

joins and this is the reason that the rotation position moves only a small distance from 

the midpoint. 

5.7.2.2.2.5. Varying the Angle of One of the Joins 

It can be seen in Figure 5.40. that the behaviour matches the varying peak load method 
in that the rotation position continually varies throughout the test. This is due to the 
differing peak loads as the angle of loading is changed. Figure 5.41. shows the plot of 
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load and deformation for the two joins. It can be seen that the join with the greater 

peak load stays within its elastic loading range at all times. 

572.2.2.6. General Conclusions on the Behaviour of Two-join Groups 

The predominant factor that effects the moment-rotation behaviour of the two join 

groups is the peak load. The join with the higher peak load will not reach its peak load 

and hence remains in the relatively elastic range of loading. The relative initial stiffness 

between the two joins affects the initial centre of rotation. In all cases apart from those 

with different peak loads this position remains constant until the plastic limit of one of 

the joins is reached. 

In all cases the rotation position moves towards the join with the greater peak load, the 

greater plastic limit, or greater initial or unloading stiffness. 

The moment capacity is always the peak load of the weaker join multiplied by the 

distance between the joins. This is because the peak load of the stronger join can 

never be attained due to equilibrium constraints. The peak moment is therefore more 
likely to be lower than predicted from the results of the shear tests due to the limitation 

of the join with the lower peak force verifying the experimental results. 

5.7.2.3. Join Predicted 

It was shown in the variable centroid analyses that the centre of rotation moves 
towards the strongest of the joins if there is a variation in the peak loads of the 

press joins. The join predicted model simplifies the analysis by specifying that the 

rotation will be centred around the strongest press join. It was shown that with a 

variation in peak loads that the centroid had moved 80% of the distance from the 

geometric centroid to the join whilst still carrying peak moment. The centroid 

continued to move closer to the join as the rotation was increased. 
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For the join predicted method the peak moments are usually the same as with the 

centroid predicted model except in the case where the 'x' spacing is large as shown in 

Table 5.14. In this case the plastic limit of the press join is reached before the rotation 

reaches 0.05 radians and the full rotational resistance of the press join has therefore 

not developed. 

The theoretical moment-rotation curves for the two join tests are compared with the 

average experimental curve and are shown in Figures 5.28.1. to 5.28.4. It can be seen 

that the predicted moment-rotation curves are very different to the test results. The 

only factor that can be obtained from the plots is that the plastic limit of the joint 

group, i. e. the rotation at which the moment begins to reduce, is more accurately 

predicted by the join predicted method of analysis. This confirms the experimental 

behaviour where, at the end of the test, except for when the spacing of the joins was 

very close, only one of the two press joins was usually intact. 

5.7.3. Four Joins 

5 . 7.3.1. Centroid Predicted 

It can be seen from Table 5.15. that the centroid predicted results tend to 

underestimate the moment capacity of a joint group. The general agreement in the 

results was good with an average variation for the four join tests of 14% with the 

range of variations between 0.96 and 1.30. In only four out of forty three 

configurations are the predicted moments greater than the test value. The variations 
between test and predicted moments are significantly smaller for the four join tests 

than the two join tests. This can be attributed to the press joins behaving more in the 

manner assumed for the analysis. In the four join tests the relative deformation 

between the points of the press join nearest to and furthest from the centre of rotation 
will be reduced. The twisting effect on the press joins that occurs with the two join 

tests will be far more limited, and this allows the press joins to reach their full ultimate 
load. This effect could be seen with the two join tests where as the spacing is 
increased the errors between the test and predicted moments are reduced. 
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X Spacing 
(mm) 

Y Spacing 
(mm) Peak 

Moment 
(kNm) 

(11 

1.6mm Steel 
Predicted 
Moment 
(kNm) 

(2) 

(1)/(2) Peak 
Moment 
(kNm) 

(3) 

2. Omm Steel 
Predicted 
Moment 
(kNm) 

(4) 

(3)/(4) 

30 12 0.247 0.228 1.08 0.299 0.281 1.06 

50 12 0.357 0.373 0.96 

15 15 0.132 0.132 1.00 0.178 0.168 1.06 

25 15 0.22? 0.195 ' 1.14 0.240 0.244 0.98 

30 15 0.256 0.229 1.12 0.297 0.285 1.04 

35 15 0.275 0.265 1.04 0.371 0.327 1.13 

50 15 0.400 0.373 1.07 0.448 0.459 0.98 

15 25 0.156 0.161 0.97 0.231 0.211 1.09 

25 25 0.265 0.214 1.24 0.319 0.273 1.17 

30 25 0.263 0.244_ 1 1.08 0.348 0.309 1.13 

35 25 0.335 0.275 1.22 0.423 0.347 1.22 

50 25 
-- 

0.446 
_-. 

0.376 
n . ter 

1.19 
t to 

0.575 
A'1A? 

0.468 
A 01LA 

1.23 
1 1,2 

15 
.i-! ) 

U. Li'4 U. I I. lu v. s7J v. cvv L. u 

25 35 0.314 0.241 1.30 0.397 0.314 1.26 

30 35 0.280 0.267 1.05 0.417 0.345 1.21 

35 35 0.349 0.296 1.18 0.460 0.379 1.21 

50 35 0.456 0.388 1.18 0.556 0.490 1.13 

15 50 0.262 0.249 1.05 0.370 0.339 1.09 

25 50 0.369 0.289 1.28 0.451 0.385 1.17 

30 50 0.373 0.312 1.20 0.491 0.411 1.19 

35 50 0.371 0.336 1.10 0.523 0.440 1.19 

50 50 0.512 0.418 1.22 0.667 0.537 1.24 

Table 5.15. Comparison of Predicted Moments with Peak Test Moments for Four 
Joins using Centroid Predicted Model 

X Spacing 
(mm) 

Y Spacing 
(mm) Peak 

Moment 
(kNm) 

(1) 

1.6mm Steel 
Predicted 
Moment 
(kNm) 

(2) 

(1)/(2) Peak 
Moment 
(kNm) 

(3) 

2.0mm Steel 
Predicted 
Moment 
(kNm) 

(4) 

(3)1(4) 

15 15 0.301 0.263 1.14 0.382 0.330 1.16 
20 4 15 0.366 0.334 1.10 0.462 0.413 1.12 
25 15 0.453 0.406 1.12 0.629 0.495 1.27 
20 20 0.548 0.435 1.26 
15 25 0.373 0.297 1.26 0.542 0.384 1.41 
20 25 0.402 0.361 1.11 0.548 0.465 1.18 
25 25 0.486 0.430 1.13 0.638 0.540 1.18 
25 35 0.817 0.591 1.38 
15 50 0.514 0.414 1.24 0.682 0.556 1.23 
20 50 0.581 0.464 1.25 0.743 0.616 1.21 
25 50 0.630 0.520 1.21 0.886 0.681 1.30 

Table 5.16. Comparison of Predicted Moments with Peak Test Moments for Six Joins 
using Centroid Predicted Model 
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5.7.3.2. Join Predicted 

For the join rotation model the variations in press join behaviour are empirically 

incorporated into the analysis by taking an assumed position for the centre of rotation 

which was about one of the joins. It was shown with the two join analyses that the 

centroid of rotation had moved up to 80% of the distance from the geometric centroid 

to the join whilst still carrying peak moment. The join predicted model is therefore a 

simplification of what would be a very complex analysis in the case of four joins. The 

plots of predicted moment-rotation behaviour and average test curves are shown in 

Figures 5.29.1. and 5.29.13. The moments predicted assuming rotation about the join 

can be seen in Table 5.17. The average ratio between the test moment and the 

predicted moment is 0.99 for the 1.6mm sections and 1.00 for the 2.0mm sections 

which is a 14% improvement over the centroid predicted model. The predicted 

moments are slightly greater than the test moments with the range of ratios between 

predicted moment and test moment equal to 0.83 and 1.11 for the 1.6mm section and 

0.88 and 1.12 for the 2.0mm section. The variations are reduced over the centroid 

predicted model. Although the join predicted model provides a very good prediction 

of peak moment, the forces within the group do not reach an equilibrium as illustrated 

from considering the direction of the join forces in Figure 5.25. The model is therefore 

not strictly accurate but the failure mode does suggest that this model is representative 

of the actual behaviour. The correct mode of analysis is a varying centre of rotation 

model as discussed previously for the two join tests but without knowing all of the 

variations in the press join deformation characteristics the analysis would not be 

completely accurate. 

It can be seen from Figures 5.29.1. to 5.29.13. that the predicted rotational behaviour 

of the four join groups are generally better anticipated using the join predicted method. 
The predicted results are generally very close to the test behaviour for the tests carried 

out on 2.0mm steel using the join predicted method. The results are generally less 

consistent when considering the tests carried out on 1.6mm steel where the peak loads 

are more accurately calculated by the join predicted method but the rotational 
behaviour is generally better predicted using the centroid method. A moving centroid 
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X Spacing 
(min) 

Y Spacing 
(mm) Peak 

Moment 
(kNm) 

(1) 

1.6mm Steel 
Predicted 
Moment 
(kNm) 

(2) 

(1)/(2) Peak 
Moment 
(kNm) 

(3) 

2. Umm Steel 
Predicted 
Moment 
(kNm) 

(4) 

(3)/(4) 

30 12 0.247 0.248 1.00 0.299 0.300 1.00 

50 12 0.357 1 0.390 0.92 
15 15 0.13_ i 0.155 0.85 0.178 0.197 0.90 

25 15 0.222 0.220 1.01 0.240 0.273 0.88 

30 15 0.256 _ 0.255 1.00 0.297 0.311 0.95 

35 15 0.275 0.290 0.95 0.371 0.351 1.06 

50 15 0.400 ! 0.396 1.01 0.448 0.479 0.94 

15 25 0.156 0.189 0.83 0.231 0.249 0.93 

25 25 0.265 0.249 1.06 0.319 0.320 1.00 

30 25 0.263 1 0.282 0.93 0.348 0.357 0.97 

35 25 0.335 0.317 1.06 0.423 0.394 1.07 

50 25 0.446 0.420 1.06 0.575 0.512 1.12 

15 35 0.214 0.225 0.95 0.293 0.301 0.97 

25 35 0.314 0.283 1.11 0.397 0.371 1.07 

30 35 0.280 0.314 0.89 0.417 0.406 1.03 

35 35 0.349 0.347 1.01 0.460 0.442 1.04 

50 35 0.456 0.446 1.02 0.556 0.556 1.00 

15 50 0.262 0.281 0.93 0.370 0.382 0.97 

25 50 0.369 0.336 1.10 0.451 0.450 1.00 
30 50 0.373 0.366 1.02 0.491 0.484 1.01 

35 50 0.371 0.397 0.93 0.523 0.518 1.01 

50 50 0.512 0.492 1.04 0.667 0.628 1.06 

Table 5.17. Comparison of Predicted Moments with Peak Test Moments for Four 
Joins using Join Predicted Model 

X Spacing 
(mm) 

Y Spacing 
(mm) Peak 

Moment 
(kNm) 

(1) 

1.6mm Steel 
Predicted 
Moment 
(kNm) 

(2) 

(1)/(2) Peak 
Moment 
(kNm) 

(3) 

2.0mm Steel 
Predicted 
Moment 
(kNm) 

(4) 

(3)/(4) 

15 15 0.301 0.272 1.11 0.382 0.346 1.10 
20 15 0.366 0.339 1.08 0.462 0.425 1.09 
25 15 0.453 0.407 Al 1 0.629 0.505 1.25 
20 20 0.548 0.458 1.20 
15 25 0.373 0.321 1.16 0.542 0.418 1.30 
20 25 0.402 0.383 1.05 0.548 0.492 1.11 
25 25 0.486 0.446 1.09 0.638 0.567 1.13 
25 35 0.817 0.638 1.28 
15 50 0.514 0.457 1.12 0.682 0.618 1.10 
20 50. 0.581 0.513 1.13 0.743 0.685 1.08 
25 50 0.630 0.570 1.11 0.886 0.753 1.18 

Table 5.18. Comparison of Predicted Moments with Peak Test Moments for Six Joins 
using Join Predicted Model 
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analysis would produce results between the two extremes in behaviour considered here 

but without knowing the exact join characteristics the analysis would only be as 

accurate as the assumptions used. 

5.7.4. Six Joins 

5.7.4.1. Centroid Predicted 

It can be seen from Table 5.16. that the predicted results for the centroid predicted 

method underestimate the moment capacity of a joint group. The average error for the 

six join tests was 20% with the range of variations equal to 1.11 and 1.41. 

5.7.4.2. Join Predicted 

For the join predicted model the rotation was assumed to be about one of the two 

central joins as this was the join that was intact at the end of the test. Again, the forces 

within the joint group will not be in equilibrium. The predicted moments can be seen 

in Table 5.18. The average errors for the 1.6mm and 2.0mm sections were 1.11 and 

1.17 respectively. This represents a 6% improvement over the centroid predicted 

model. The range of errors is 1.05 to 1.16 for the 1.6mm section and 1.08 to 1.30 for 

the 2.0mm section. 

It can be seen that the predicted rotational behaviours for the centroid and join 

methods in Figures 5.30.1. to 5.30.6. are generally much closer with the six join tests 

than was the case with either the two join or four join cases. The greater the number 

of joins the less is the influence of the rotation position. 

5.7.5. Eight Joins 

Only one combination of joins was considered in order to aid the analysis of the tests in 

Chapter 6. The average test moment was found to be 0.55OkNm which was 23% 

greater than the moment calculated using the centroid predicted method as shown in 

Figure 5.31.1. 
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5.7.6. Discussion of the Analytical Methods 

There are a number of factors that can affect the test value of the moment. The 

variability in peak load was discussed in section 4.9. It was found that the standard 

deviation was typically 5% of the average. The spacing of the press joins are nominal 

values and could typically vary by ±Imm. These errors in spacing could be removed if 

it was possible to produce all of the joins within the group simultaneously. The angle 

at which the press join was positioned could also vary by approximately ±2 degrees. It 

is recognised however that when taking an average over a range of tests that the 

associated errors will tend towards a value that could be attained in a perfect case. 

The average can therefore be taken as a typical test value. 

It would be expected that if the test method was a source of discrepancy between the 

predicted and test values there would be a correlation between the errors and the test 

moments. For example, if there was friction restraining the sample or an error in the 

load measurement, then both of these would tend to increase as the load increased. It 

can be seen from the regression analyses of Tables 5.19. to 5.20. where the test 

moment was correlated against the percentage error that the correlation coefficient is 

on average just 25%. This indicates that there is no correlation between the test 

moment and the errors. 

The fact that the predicted values still underestimate the test values may in part be due 

to the fact that it is a group of joins being considered. The forces within a group of 
joins will tend to redistribute themselves in such a way as to carry the greatest load for 

the minimum energy. This is something that cannot be predicted from single lap shear 
tests where there is no possibility of redistribution. The greater the number of joins, 

the greater the possibility of redistribution within the joint group. This is probably why 
the test moments associated with the six join tests show a greater error over the four 

join tests with the two join test moments being overestimated. 
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Regression Four Join 1.6mm 
Output: 

Four Join 2.0mm 

, Constant 0.969 0.978 

TStd Err of Y Est 0.086 0.067 

R Squared 0.250 0.369 

No. of 
lObservations 

22 21 

Degrees of 
Freedom 

20 19 

X Coefficient(s) 0.505 0.404 

Std Err of Coef. 0.195 0.121 

Table 5.19. Table of Regression Analysis Output for Error versus Moment 

Regression 
Output: 

Six Join 1.6mm Six Join 2.0mm 

Constant 1.041 1.098 
Std Err of Y Est 0.062 0.087 

R Squared 0.225 0.137 

o. of 
Observations 

9 9 

Degrees of 
Freedom 

7 7 

X Coefficient(s) 0.290 0.214 
Std Err of Coef. 0.203 0.203 

Table 5.20. Table of Regression Analysis Output for Error versus Moment 

226 



5.7.7. Expansion of Varying Centroid Method to More Than Two Joins 

The case of two joins is relatively simple in that the point of rotation can only move 

along a direct line between the joins. When the number of joins is increased the point 

of rotation can move over a plane bounded by the dimensions of the joint group. This 

becomes increasingly complex as the number of joins is increased. 

5.7.7.1. Position of Rotation Point for Four Join Tests 

The behaviour of a relatively simple configuration of four joins as shown in 

Figure 5.42. was calculated. The load applied to each join would be in a different 

direction in each case due to their inclination to the global axes. Under the centroid 

predicted method this would result in an out of balance force as the deformation in 

each join would be the same but due to the differing load-deformation paths each 

press join would carry a different force. 

A computer program was written to locate the rotation point position. The program 

cycled through each possible centre to an accuracy of 0.01mm. The point of rotation 

is the point at which there is zero out of balance force. This must be carried out at 

each increment of rotation as the stiffness' are non-linear. 

It can be seen from the plot of out of balance force against assumed rotation position 

of Figure 5.43. that the relationship forms a bowl shaped solution. The lowest point of 
the bowl gives the best estimate for the rotation position. The position of the centre of 

rotation with increasing rotation is shown in Figure 5.44. It can be seen that for the 

group used the rotation position does not move far from the geometric centroid. 

The greater the number of joins in the group the lesser the influence of the variability 
of one of the joins. The variability in the join means that the rotation position varies 

only a small distance from the centroid position. This could be ignored for practical 

purposes as the predicted behaviour is very similar to the behaviour assuming a fixed 

centre of rotation. 
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Figure 5.43. Plot of Out of Balance Force v Rotation Coordinates 
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Figure 5.44. Plot of Rotation Position for Unsymmetrical Four Join Group 
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The computer program is very inefficient as every possible rotation point is considered 

at each increment of rotation. The possible sites could be refined once the position at 

the first increment of rotation was ascertained. The number of computations could 

then be reduced dramatically. The programming necessary to calculate the 

moment-rotation behaviour becomes very complex as some of the joins reach their 

plastic limit. At this point some joins may be continuing upon the full 

load-deformation path whilst others may be unloading elastically. At the current time 

the program provides the correct result as long as none of the joins has exceeded its 

plastic limit. 

5.7.7.2. Three Join Model 

In a conventional fastener, the strength and stiffness of the connection is the same in all 

loading directions. The centre of rotation will therefore be at the geometric centroid, 

i. e. at a third point in the case of a three join group. Press joins have different 

load-deformation paths and different stiffness'. The rotation position will therefore not 

necessarily occur at the geometric centroid. 

The analysis of a three join group would not be possible without a model where the 

centroid was allowed to move. Any model using a fixed centre of rotation would not 

produce a balanced set of forces within the group. 

The joint group being considered is shown in Figure 5.45. and the resulting position of 
the centre of rotation is shown in Figure 5.46. It can be seen that the rotation position 
moves considerably under increasing rotation. 

The unsymmetrical nature of the joint group causes a much greater movement of the 

rotation position than the variability of the load-deformation behaviour. This 
behaviour was initially confirmed with the two join analyses. 
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It should be noted that where the joint group is symmetrical the simple model should 

be used. In all cases where there is a random join configuration that will not lead to a 

constant rotation position, the variable rotation position model should be used. 

5.78. Expansion of the Computer Program to Include Shear Force 

A series of press join groups with join spacing of 25 by 25mm were subjected to 

combined moment and shear. Shear forces were applied at three angles so as to 

ascertain whether the behaviour changed with varying angle. The moment was applied 

at the centroid of the group and hence this factor remains constant. The behaviour is 

very complex and so some approximation to the behaviour must be used. In the 

following analysis only the maximum combined shear force and moment that can be 

carried by a group will be considered. The method used was to find out which join 

would determine the behaviour of the group. The components of shear and moment 

were considered separately as shown in Figure 5.47. The resultant deformation in each 

join was calculated and this can only vary between the angles of shear and moment 

loading. The join at which the angle of loading will be a minimum, i. e. perpendicular 

to the long axis, will be the critical join. It was shown in Chapter 4 that the plastic 

limit of the press join increases as the angle of loading on the press join increases. As 

the components of shear and moment deformation change so the resultant deformation 

will change the angle of loading on the join. The deformation in the critical join is set 

to the plastic limit for the angle of loading considered. The components of 

deformation due to shear and moment in each join can then be calculated. These will 
be the same for each join in the group. The forces associated with these deformations 

can be calculated from the equations given in Tables 4.2. to 4.5. The moment-shear 
force interaction diagram can then be produced. 

It can be seen from Figures 5.48. to 5.53. that although the components of shear and 
bending deformation describe a very complex path, the moment-shear force interaction 

diagram is very simple. There is no reduction in moment with increasing shear force 

for two of the combinations considered. In only one was there any reduction in the 

moment. This occurred when the shear force was applied at 45 degrees, with the 
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Figure 5.47, Calculation of Resultant Deformation due to Shear and Moment Forces 
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Figure 5.48. Plot of Deformation Interaction Diagram for Maximum Coincidental 
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Figure 5.49. Plot of Moment-Shear Force Interaction Diagram 
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2.5 
Plot of Join Deformations for Combined Shear and Moment (Shear Force at 45 Degrees) 
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Figure 5.50. Plot of Deformation Interaction Diagram for Maximum Coincidental 
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Figure 5.51. Plot of Moment-Shear Force Interaction Diagram 
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resultant deformation in the critical join at zero degrees. The moment was reduced by 

5% with the shear force at 98% of its maximum. This could safely be ignored given 

the approximations used in the analysis. The ability of the press join group to 

withstand both the peak moment and the peak shear force simultaneously is due to the 

plasticity of the press joins. 

This analysis does not take account of the varying stiffness of the join with the angle of 

loading and could result in an out of balance force as shown in Figure 5.54. If the 

components of deformation for moment and shear deformation are considered 

separately then the forces due to shear deformation will balance with the applied shear 

force. The forces due to moment deformation balance with each other and hence there 

is no overall out of balance force. If on the other hand the components of shear and 

moment deformation are combined to form a resultant deformation in each join, a 

different outcome is achieved. If forces are calculated from the resultant deformations 

and then resolved into two perpendicular directions, parallel to and perpendicular to 

the direction of shear deformation as shown in Figure 5.54., then a resultant out of 

balance force is attained due to the varying stiffness of the press join with angle of 

loading. The analysis would be further complicated if the joins were positioned in a 

more random nature. An analysis along the lines of the random join group moment 

analysis would then be necessary. 

5.7.9. Elastic or Plastic Analysis 

It should be noted that as press joins have only a limited deformation capacity, a 

plastic analysis of joint groups assuming all joins in the group are carrying their peak 
load should not be carried out. It is possible however that under the correct 
circumstances that partial plastic behaviour can be evident. It has already been shown 
in Chapter 4 that when the angle of loading on the press join is increased that the 
load-deformation plot shows an extended plateau region. If all of the joins in a 
moment group are arranged such that the force in each join is carried at 90 degrees to 
the axis of the join then this plasticity can also be maximised in moment regions. If the 
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joins are arranged such that the force is carried at 0 degrees then this plasticity is much 

less evident although higher peak moments are obtained. 

It has been shown with the six join tests that the failure of the joins does not occur 

simultaneously. The joins further from the centroid move a greater distance than those 

nearer the centroid. Consequently, a plastic analysis where each join carries its 

maximum attainable load simultaneously would lead to erroneous results. 

5.8. Comparison with Work of Previous Researchers 

5.8.1. Compari son with Tests by Pedreschi 

Previously moment connections had been tested using channel section but these had 

gusset plate connections. The point of rotation of the joint was not at the centroid of 

the joint group but at the top of the intersection of the two members as shown in 

Figure 5.55. 

It can be seen from Table 5.21. with the test and predicted moments that the predicted 

moments are much greater than the test moments. This is a result of a number of 
factors. Firstly the moment capacity of the section was 0.853kNm. This would 
therefore become a limiting factor for the test moments. The deformation in the test 

sample was also a contributing factor. Localised deformation occurred near to the 
butting of the two members both in the form of buckling of the gusset plate and 
tension yielding of the plate. When the number of joins was increased the computer 
program would predict that the joins furthest from the centre of rotation would be the 
first to fail. This is not the case with the lower of the two innermost joins failing due 

to localised deformation in the gusset plate. The computer model assumes that the 
members are infinitely stiff with all the deformation occurring within the press join. 
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Figure 5.55. Test Sample by Pedreschi 

Number of Joints Average Test 

Moment (kNm) 

Predicted Moment 

(kNm) 

Ratio of 

Test/Predicted 

Moment 

2 0.311 0.431 0.722 

4 0.584 1.174 0.497 

6 0.839 2.258 0.372 

8 0.988 3.698 0.267 

Table 5.2 1. Comparison between Tests by Pedreschi and Predicted Moments 
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5.9. Conclusions 

A total of 235 moment-rotation tests have been performed on both single joins and 

groups of up to eight press joins. Thickness' of 1.6mm and 2.0mm were used. The 

following conclusions can be drawn. 

1. The strength of a group of press joins increases with material thickness. 

2. The strength increases as the number and spacing of the joins is increased. 

3. A good prediction of the moment-rotation behaviour can be produced by 

considering the behaviour of individual joins in shear. It has been shown that 

the predicted results over-predict the capacity for two joins whilst increasingly 

under-predict the capacity as the number of joins is increased. 

4. As the number of joins is increased so the possibility of redistribution of forces 

within the joint group increases which would result in increased moment 

capacities. 

5. It is possible that as the number of joins is increased that the group of joins is 

bound more tightly together by those joins that are less highly loaded. This 

binding effect could increase the load capacity of the joins and result in greater 

moment capacities. 

6. The orientation of the joins to the angle of loading is critical in determining the 

strength and plasticity of the group. Orientating the joins such that the load is 

carried close to the transverse direction increases the strength of the joint 

group. 
7. The moment-rotation behaviour depends upon the variability of the 

load-deformation of the joins. The initial stiffness' determine the initial centre 

of rotation of a group of joins whilst the peak load determines the direction in 

which the centre of rotation moves. In an apparently symmetrical joint group 
the centre of rotation will move towards the strongest join. 

8. The analysis of an unsymmetrical joint group must be carried out using some 
form of varying centroid model due to the very different load-deformation 

paths as the angle of loading on the join changes. 
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CHAPTER 6 FULL SCALE BEAM TESTS 

6.1. Introduction 

Up to this stage in the thesis all the tests have been on small scale specimens looking at 

shear and rotational behaviour of individual joins and joint groups. In this chapter the 

behaviour of press join connections in full scale structures will be tested and analysed. 

Cold-formed steel sections allow considerable savings in weight due to the efficient use 

of material but some of this efficiency can be lost by assuming standard connection 

behaviour, i. e. pinned or fully fixed. In a beam subjected to a two point load as shown 

in Figure 6.1. it can be seen that if the end connections are assumed to be pinned then 

the maximum moment occurs within the central span. If on the other hand the 

connections are assumed to be fully fixed then the maximum moment occurs at the end 

of the beam. The previous chapter demonstrated that groups of press joins can 

generate significant moments. These moments can be beneficial to structural 

behaviour by creating beams with more evenly balanced mid-span and end moments. 

The purpose of the tests was to follow and compare the actual behaviour of a 

press join connection in a full scale structure with the shear tests of Chapter 4 and the 

rotation tests of Chapter 5 whilst also examining the effect of fixity of press join 

connections in a simple full scale structure. The complexity of the structure is also 
between those of the small scale tests and the truss tests that follow in Chapter 7 

thereby providing an intermediate step and a tool for explaining the behaviour of the 

trusses. To determine the effect that the fixity of a moment connection has on the 
behaviour of a member, a series of eight tests were carried out. Two were simply 

supported beams as a reference guide. Two further beams were tested with a single 
bolted connection between the beam and column. Four tests were then carried out 

with press join connections of four and eight press joins. 

6.2. Test Set-u 

The configuration of the tests is shown in Figure 6.2. In all cases the span of the 

members was 3270mm with two point loading. The column pieces were clamped 
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securely to the supporting framework as shown in Figure 6.3. The supporting frame 

was formed using 300x100 mm channel sections bolted together and to a secure test 

platform. Lateral support was provided at each load point by a scaffolding frame 

thereby reducing the tendency towards lateral buckling and twisting. 

The simply supported tests were of a slightly different configuration as shown in 

Figure 6.4. Two channel sections were tested with the webs back to back with a 5mm 

gap between the sections. This was to allow buckling to occur freely but to reduce the 

torsion by creating a symmetrical beam. The sections were connected with four bolts 

through the centre of the web which were only hand tightened. The bolts were 

positioned close to the load and support points. The advantage of the two back to 

back sections was that the shear centre of the combined section was now on the 

centreline directly under the load point which would reduce torsion. Roller supports 

were used to allow free movement of the section whilst scaffolding bars at both the 

load and support points held the section within the vertical plane. 

The joint details for all of the connections are shown in Figure 6.5. The members are 

overlapped with back to back webs and the joins are located within this overlapped 

region. 

The sections used for the test were formed using material 3 as defined in Table 3.2. 

with nominal thickness 1.6mm and UTS of 383N/mm2. The dimensions of the section 
can be seen in Figure 5.4. 

6.3. Test Procedure 

6.3.1. Load Application 

Loads were applied at the third points of the test beam using hand operated hydraulic 

rams. Loads were recorded using 3 tonne capacity load cells mounted between the 

rams and the test beam as shown in Figure 6.6. Each load cell had an integral power 

supply and digital display unit and was calibrated in a compression testing machine 
prior to use. 

244 



/CC 

100 

" " 

" " 

" S 
i. 

" 

I pin c Coiun. 1 Pieces i.; jt dLuon 11d11 

245 

1 i_illL "I suppoltl'll ik. 
- 



27.5 
25 

27.5 

27.5 1 
25 

27.5 

40t 
40i 

Four Joins Eight Joins Bolt 
25 mm Horizontal 13 mm Horizontal 8mm Diameter 
25 mm Vertical 25 mm Vertical 
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For the tests where the column piece was clamped to the reaction frame the loading 

rams were positioned below the test beam due to the weight of the rams. In this 

configuration there was no possibility of the rams applying their weight to the beam 

before the load was recorded by the load cells. Small wooden blocks were positioned 

between the flanges of the beam under the load points to prevent local distortion of the 

beam as shown in Figure 6.6. For the simply supported beams, the rams were placed 

above the test beam but the load cells were still placed between the loading rams and 

the beam. This was necessary to ensure that the beam remained on the roller supports. 

With the load cell between the loading ram and the test beam there was no possibility 

of applying load to the beam without it being recorded. 

6.3.2. Rotation and Deflection Measurement 

Two inclinometers with a range of ±6 degrees and reading to increments of 0.005 

degrees were used to record the end rotations of the beam. The column member was 

securely clamped to the test frame so the rotation that was measured was assumed to 
be within the joint group. It can be seen from Figure 6.7. that the inclinometers are 

positioned close to the end of the beams so that the errors associated with differences 

in rotation between the measuring point and the centre of the joint group were very 

small. The inclinometers were calibrated prior to use by using a long beam with one 

end raised through a known distance. Rotations were recorded using the 
inclinometers' own digital display unit. 

Deflections were measured at mid-span of the beam using a mechanical dial gauge with 

an accuracy of 0.01 mm. 

6.3.3. Strain Measurement 

Strain gauges were applied at four points along the beam, namely the load points and 
the support points. Gauges were positioned on each side of the section at the top and 
bottom of the web as shown in Figure 6.7. An average could then be taken for the 
strain through the section. The strain gauges were of the electrical resistance type with 
a gauge length of 5mm. The strain gauge position was cleaned with acetone to ensure 
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good contact and the gauges were then attached to the beam with a cyanocrylate 

adhesive. 

The strain gauge formed one quarter of an electrical circuit with a single dummy gauge 

on an unstressed section of steel being used thus forming a half-bridge circuit. Signals 

were recorded by an Orion Data Logger which was also used to output the results to a 

printer directly in microstrain using a conversion gauge factor supplied with the strain 

gauges. 

6.3,4. Test Method 

Loads were applied to the test beam in increments of 0.1 kN per ram. Two initial 

cycles at low loading levels were applied to allow 'bedding in'. Loads were then 

applied to failure on the third cycle and deflections, rotations and strains were recorded 

at each load increment. 

6.4. Test Results 

6.4.1. Failure Modes of The Beams 

All of the eight beams failed by local buckling of the compression flange within the 

central constant moment zone close to one of the load points. A typical failure is 

shown in Figure 6.8. This local buckling led to loss of stiffness in the section which 
then allowed the beam to twist and come into contact with the lateral supporting 

scaffold. This buckling led to a reduction in the load and the test was stopped. 

6ý 
. 

Failure Loads of the Beams 

The'%ilure loads of the beams are presented in Table 6.1. It can be seen that 
increaing the fixity of the connections increases the load capacity of the beam. The 
highest 'wads are attained with eight press join connections and the lowest with the 
bolted connections and the simply supported tests. The simply supported and the 
bolted joint tests achieved a similar failure load per channel. Average increases of 20 
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Test Configuration Load at First Average Load at Failure Mode 
Number Buckle (kN) First Buckle (kN) 

1 4 Press Joins 3.52 Local Flange 
3.69 Buckling 

3 4 Press Joins 3.86 Local Flange 
Buckling 

2 8 Press Joins 4.04 Local Flange 
4.25 Buckling 

4 8 Press Joins 4.46 Local Flange 
Buckling 

5 Bolted Joint 3.26 Local Flange 
3.10 Buckling 

6 Bolted Joint 2.94 Local Flange 
Buckling 

7 Double Section 6.44 Local Flange 
on Rollers (3.22 per 6.11 Buckling 

channel) 
8 Double Section 5.77 (3.06 per Local Flange 

on Rollers (2.89 per channel) Buckling 
channel) 

Table 6.1. Table of Failure Loads for Beam Fixity Tests 
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and 38% are obtainable for the peak loads of the four and eight press join connections 

respectively over the pinned and simply supported cases. 

The failure moment of the section calculated from the simply supported tests is 

1.65kNm per channel. This compares to the small scale tests where the moment 

capacity of the section was found to be 1.67kNm as shown in section 5.5.7. 

6.4.3. Discussion of Load-Deflection Plots of Beam Tests 

The load-deflection plots for each of the tests can be seen in Figure 6.9. It can be seen 

that for each pair of tests the load-deflection paths follow very similar lines indicating 

uniform behaviour. It can be seen that for the tests without press join connections the 

load-deflection paths are noticeably more linear up to peak load whereas when 

press join connections are used the deflections increase more rapidly towards the end 

of the test. The non-linearity associated with the press join connection tests begins at 

a load of approximately half of the ultimate load. The beam behaviour with the 

press join connections follows the moment-rotation behaviour of press join groups 

which were tested in Chapter 5. The behaviour of the beam tests were initially linear 

but increased more rapidly as the load was increased. 

6.4.4. Discussion of Recorded Strain Measurements 

The average recorded strain readings for the gauges at the top and bottom of the 

section for the final cycle of loading are shown in Figures 6.10.1. to 6.10.8. It can be 

seen that the plots are generally symmetrical indicating that the predominant action is 

bending rather than axial behaviour. 

It can be seen from Figures 6.10.1. to 6.10.4. showing the strains for the simply 
supported and bolted connection tests that the magnitudes of the strains at the 

supports are at most 15% of the strains at the load points. The support position strains 
for the bolted connection tests in particular are negligible compared to the load point 

strains. This indicates that there is no rotational restraint being provided at the 

supports. 
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For beams 1 to 4 with the press join connections a different trend in the strain gauge 

readings at the supports can be observed. At the start of the tests the magnitudes of 

the strains at the supports are of the same order as the strains at the load points. This 

indicates that rotational restraint is being provided by the joint groups. In all of the 

readings, strains initially increase linearly with load and then become almost constant 

under higher loads. This suggests that the moment at the supports is also reasonably 

constant towards the end of the test and hence plastic behaviour is being experienced. 

The magnitudes of the strains at the supports for the tests with eight press join 

connections are approximately 50% greater than those tests with four press join 

connections at the end of the test indicating a greater level of fixity in the joint group 

as would be expected. 

It can be seen in some of the tests with press join connections, most noticeably in 

beam 4 in Figure 6.10.8., that as the magnitude of the strains becomes constant at the 

supports, the strains at the load points increase more rapidly. This indicates that the 

load is being redistributed into the span of the beam as the moment capacity of the 

joint group is reached. 

The strain readings support the results of the deflections where as the fixity of the joint 

is increased, the magnitudes of the strains at the support increases and the mid-span 
deflection of the beam decreases. 

6.5. Analysis of Results 

6.5.1. Analysis of Load-deflection Plots 

In the following sections the plots are subjected to a curve-fitting analysis so that the 
stiffness' of the tests can be ascertained more readily. 

6.5.1.1. Simply Supported Beams 

The load-deflection plots of the two simply supported beams shown in Figures 6.9. 

were subjected to a curve fitting exercise. It was found that the load-deflection plots 
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for the two simply supported tests were linear. From these graphs the experimental 

value of bending stiffness, EI, was determined. The theoretically predicted value of EI 

using the moment of inertia calculated from the measured dimensions of the section as 

given in Figure 5.5. multiplied by the measured value of Young's Modulus from 

Table 3.2. was 55.29x106 kNmm2 per channel. This was marginally greater than the 

test values of 49.94x106 kNmm2 and 49.56x106 kNmm2 for beams 7 and 3 respectively 

by the following ratios: 

Beam 7 1.107 

Beam 8 1.116 

The average value of 1.112 was used to reduce the theoretical value of EI. The test 

value of stiffness was therefore less than theoretically predicted and it was thus the 

measured test value of EI which was used to calculate the predicted simply supported 

and fixed end deflections in beams I to 6. 

6.5.1.2. Curve-Fitting of Beams 1 to 6 

In order to compare the effects of end fixity on the beam behaviour it was necessary to 

curve-fit the load-deflection plots of the beams. The derived plots are simpler to 

interpret because they do not include the experimental deviations that occur in the 

tests. A multi-linear technique was used due to the observed experimental behaviour. 

The equations of the lines of best-fit are shown in Table 6.2. 

The load-deflection plots of both bolted connection beams were combined and 
subjected to the same regression analysis so that an average could be obtained. It was 
found that the idealised load-deflection plot of beams 5 and 6 was linear up to peak 
load as shown in Figure 6.11. 

For beams I to 4 with end fixity, a bilinear curve was used as shown in Figure 6.11. 
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Connection Type Equations of Lines of Best-Fit Load Range 

Simply Supported Load = 0.0746 x Deflection Load >0 kN 

Bolted Load = 0.0948 x Deflection Load >0 kN 

Four Press joins Load = 0.143 x Deflection 

Load = 0.0951 x Deflection + 0.830 

Load < 2.469 kN 

Load >_ 2.469 kN 

Eight Press joins Load = 0.155 x Deflection 

Load = 0.104 x Deflection + 0.649 

Load < 1.967 kN 

Load >_ 1.967 kN 

Theoretical Fully 

Fixed 

Load = 0.343 x Deflection Load >0 kN 

Table 6.2. Equations of Lines of Best-fit for Idealised Load-deflection Paths 

6 

5 

a 

,ý3 

2 

Plot of Curve-Fitted Load v Deflections 

Theoretical Fully Fixed Eight Press-joins 

Four Press joins 
Bolted 

Theoretical Simply Supported 
for single channel section 

0 10 20 30 40 50 60 70 
Deflection (mm) 

Figure 6.11. Comparison between Idealised Test Results and Theoretical Results 
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6513 Comparison of Curve-Fitted Plots 

To compare the load-deflection plots of the beam tests it is necessary to compare the 

load-deflection plots with the theoretical simply supported and fixed end cases. The 

equations for the midpoint load-deflection relationship are shown below" 

PO Fixed end S= 
65 

E Equation 6.1. 

23 PO 
Simply Supported 5= 23 

EI 
Equation 6.2. 

648 

It can be seen from Figure 6.11. that the load-deflection plots all lie within the 

boundaries of the simply supported and fixed limits in behaviour. It is evident that the 

effect of the bolted connection has increased the stiffness of the beam even though 

there is no rotational resistance in the joint group. This is probably due to a catenary 

action provided by the horizontal restraint. The apparent fixity provided by the bolts 

can be calculated from the initial stiffness' in Table 6.2. It can be shown that the bolted 

connection provides an apparent rotational stiffness of 7.5%. 

For the beams with press join connections it can be seen that there is a further increase 

in the stifffness. There is surprisingly little difference between the plots of the beams 

with four and eight press join connections. It can be seen that the beams with eight 

press joins, whilst being initially 8% stiffer, the second linear phase begins at a lower 

load than that of the beams with four press joins. During this second linear phase the 

beams with eight press joins are again slightly stiffer with a 9% increase in stiffness. 
The second phases of the load-deflection plots are almost parallel with the plot for the 
bolted connection. This indicates that plastic behaviour is attainable within the 

press join group even though it would appear from the behaviour of the 

moment-rotation tests that there was generally very little plastic rotation capacity. The 

proportion of fixity provided by the connections calculated from the initial stiffness' of 

the connections shown in Table 6.2. are 25.5 and 30.0% for the four and eight 

press join connections respectively. These figures could be increased by increasing the 

number of connections within the joint group. 
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It will be shown later in Section 6.5.3. that the axial stresses for the tests with both the 

bolted connections and the press join connections are all within approximately 

ION/mm2. This indicates that the level of catenary action provided by the beams with 

bolted connections and the press join connections is of the same order and so the 

difference in the deflection plots between those tests can be attributed to the press join 

connections providing rotational restraint. The beams with eight press join 

connections although attaining higher load capacities than the beams with four 

press join connections exhibited very similar stiffness'. 

6.5.2. 
-- 

Analysis of Strain Measurements 

The strains were used to calculate the stresses and hence the axial force and the 

bending moment in the section at both the load and support points. DeWolf and 

Gladding21 considered the experimental strain distribution through the webs of top hat 

sections subjected to a pure bending moment. It was found that web stresses were 
linear up to 60-70% of the failure moment for sections with a web depth/thickness 

ratio of 134 and that linearity increased as the ratio decreased. In the sections used in 

this study the web depth/thickness ratio is 50 and so linearity of behaviour, due to 

material properties, can be expected in excess of 80% of the failure moment. Strain 

distributions were assumed to be linear across the depth of the section as all of the 

recorded strains were within the linear elastic range of behaviour as measured in the 

material tests of Chapter 3. The components of stress due to the actions of bending 

moment and axial force were calculated as shown in Figure 6.12. and the equations 
below. 

Axial Stress = 
(ET 2 EB) E Equation 6.3. 

Axial Force = 
(ET 2 EB) EA Equation 6.4. 

Bending Stress = 
(T)E 

Equation 6.5. 
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2 
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Figure 6.12. Calculation of Strains due to Bending Moment and Axial Force 



Bending Moment = 
(T; B)Ez 

ýLx Equation 6.6. 

where ET = Strain at top of section 

eB = Strain at bottom of section 

E= Youngs Modulus (kN/mm2) 

ZR = Elastic Section Modulus (mm3 

The value of section modulus, Z, 
ý, 

has been calculated from the experimental value of 

second moment of area as calculated in Section 6.5.1.1. The results of these 

calculations will provide positive stresses for tensile axial stresses and positive stresses 

for sagging bending moments. All of the strains have been zeroed at the start of the 

final load cycle thereby neglecting any of the residual strains that remained at the end 

of the'bedding-in' load cycles. 

6.5.3. Discussion of Stresses Derived from Strain Gauge Analysis 

The stresses were calculated for each of the four positions along the length of the 

member using the equations in section 6.5.2. Strain gauges were located on each side 

of the web of the section and the average stresses were calculated for each of the four 

positions. The plots of stress versus load can be seen in Figures 6.13.1. to 6.13.8. It is 

immediately evident from all of the beams that in the central span of the beam that the 

axial stresses are negligible compared to the bending stresses. At the support points 
there are two different cases. Where there is no rotational resistance then the axial and 
bending stresses are of a comparable magnitude and for beam 6 the axial stresses are 

greater than the bending stresses. Where there is some rotational restraint then once 
again the axial stresses are negligible compared to the bending stresses. 

The stresses at the support positions show significant changes depending upon the 
fixity of the connection. For the tests with no end rotational fixity then the end 
stresses are small in magnitude but more importantly positive. Positive stresses 
indicate sagging which would be expected in this case due to the strain gauges being 

positioned within the central span of the beam. For the press join connections the 
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support stresses are negative indicating hogging bending moments and hence rotational 

restraint. The magnitude of the end stresses is greater for the tests with eight 

press join connections confirming the greater fixity. For the tests with eight press-join 

connections the mid-span and support point bending stresses are of very similar 

magnitudes during the initial linear stages. As the joint group reaches its moment 

capacity so the end stresses become constant until at the end of the test the support 

position bending stress is approximately 15ON/mm2 which is 60% of the mid-span 

bending stress which is approximately 25ON/mm2. The situation with equal magnitude 

bending stresses at both mid-span and support positions provides the ideal case for 

maximising load capacity of a section as was shown in Figure 6.1. 

Negative axial stresses occur in each of the beams at some point during the test 

indicating that compression is apparently occurring. It would be expected that if axial 

stresses were to occur then only tension stresses would be evident due to possible 

catenary action between the supports. The axial stresses are of such a small magnitude 

that this may be due to experimental errors or a slight shift in the actual neutral axis 

position due to the section being unsymmetrical. 

6.5.4, Discussion of Moments Derived from Strain Gauge Analysis 

In order to compare the behaviour of the beams in bending, the bending moment as 
derived from Equation 6.6. was plotted against load and the plots are shown in 

Figures 6.14.1. to 6.14.8. Hogging bending moments were evident when the fixity of 

the end connections was increased and sagging bending moments were evident in the 

central constant moment zone. The results were reasonably consistent within each test 

although some anomalies were found. Each series of tests will now be discussed in 

detail. 

The results for the simply supported tests are shown in Figures 6.14.1. and 6.14.2. and 
it can be seen that the bending moments associated with beams 7 and 8 were 

reasonably consistent. The moments increased linearly throughout the test and were 

symmetrical indicating experimentally consistent results. Sagging bending moments 
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Figure 6.14.1. Plot of Bending Moment v Load for Simply Supported Test 
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Plot of Bending Moment v Load for Beam 5 
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Figure 6.14.3. Plot of Moment v Load for Test with Bolted Connection 
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Figure 6.14.4. Plot of Moment v Load for Test with Bolted Connection 
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Plot of Bending Moment v Load for Beam 1 
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Figure 6.14.5. Plot of Moment v Load for Test with Four Press join Connections 
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Figure 6.14.6. Plot of Moment v Load for Test with Four Press join Connections 
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Figure 6.14.7. Plot-of Moment v Load for Test with Eight Press join Connections 
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were observed at all points along the beam. Sagging moments were also observed 

near to the supports but part of this was due to the placing of the strain gauges at a 

distance of 65mm into the span of the beam away from the support points. However, 

the moments were still approximately twice that which would be expected purely by 

the offset of the strain gauges from the support position. The magnitudes of the 

moment are comparatively small when compared to the central span moments and are 

within the bounds of experimental error. 

The results for the bolted connection tests are shown in Figures 6.14.3. and 6.14.4. 

where it is shown that the moments of beams 5 and 6 increased linearly up to the peak 
load and were consistent on both sides of the beam. Much smaller bending moments 

were observed at the supports compared to the simply supported beams even though 

the strain gauges were placed the same distance into the span of the beam. In this case 

the calculated moments were slightly smaller than those predicted purely due to the 

offset of the strain gauges from the support position. The central span moments 
increase linearly in sagging throughout the test, thus exhibiting the same behaviour as 

the simply supported tests. This means that the behaviour of the moments for the 

bolted connection tests is the same as the deflection, i. e. both were linear up to peak 
load. 

For the tests with four press join connections it is shown from Figure 6.14.5. that in 

beam 1 the central span moments were almost identical to each other whilst the 

support moments were somewhat different. One support showed moments similar in 

magnitude to the central span whilst the other showed approximately half of the 

moment resistance. This could have been due to inadequate restraint of the column 
piece although no undue rotation was observed during the test. The support point 
moments are negative indicating that some rotational restraint has occurred. All 
defective strain gauge readings have been removed from the analysis and so this cannot 
be a cause of the inconsistency. 
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The moments associated with beam 3 which also had four press join connections were 

more in line with expectations as can be seen in Figure 6.14.6. The central span and 

end moments were very similar indicating symmetrical behaviour in this case. Midspan 

moments continued to increase in sagging throughout the test whilst the support 

moments were in hogging and became constant after reaching a third of the ultimate 

load. This indicates that significant plastic behaviour was attained by the press join 

connections. The onset of plasticity in the connections coincided with the change in 

slope of the load deflection curve as shown in Figure 6.9. 

For the tests with eight press join connections, similar behaviour was evident in beams 

2 and 4 with the mid-span moments and the end moments being equal in value but 

opposite in sign at the start of the test as can be seen in Figures 6.14.7. and 6.14.8. If 

the connection was fully fixed, the connection moments would be twice as great as the 

mid span moments. The behaviour is therefore the ideal solution giving moments 

identical in magnitude at each of the load and support points. Plastic behaviour was 

again evident in beams 2 and 4, beginning at approximately half of the ultimate load. 

The plastic moments at the support positions were approximately twice that recorded 

in beam 3. The support position moments were twice the magnitude of those 

occurring in the four press join connection tests thereby confirming the increased fixity 

of the connection. 

6.5.5. Discussion of Axial Forces derived from Strain Gauge Anal 

The plots of axial force versus load for beams 1 to 8 are shown in Figures 6.15.1. to 
6.15.8. It is shown that the results are reasonably consistent but that compressive axial 
stresses are evident in each of the tests. It was shown in section 6.5.3. when 
discussing the axial and bending stresses that the axial stresses were generally very 
small when compared to the bending stresses. When the axial stresses are used to 

calculate the force then it would appear that the axial forces are large with respect to 

the applied loads. 
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Plot of Axial Force v Load for dun 7 
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Figure 6.15.1. Plot of Axial Forces v Load for Simply Supported Test 
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Figure 6.15.2. Plot of Axial Forces v Load for Simply Supported Test 
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Plot of Axial Force v Load for Beam 5 
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Figure 6.15.3. Plot of Axial Load for Beam with Bolted Connection 
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Figure 6.15.4. Plot of Axial Load for Beam with Bolted Connection 
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Figure 6.15.5. Plot of Axial Force v Load for Beam with Four Press join Connections 
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Figure 6.15.6. Plot of Axial Force v Load for Beam with Four Press join Connections 
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Figure 6.15.7. Plot of Axial Force v Load for Beam with Eight Press join Connections 
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Except for the two simply supported tests the axial forces at the supports are very 

consistent. The plots for each end of the beam follow the same trends and have 

approximately the same value. Some compressive forces occur at the start of the test 

but these change to tension as the load is increased. For the two simply supported 

tests the plots for each end of the beam diverge midway through the test with the left 

hand support increasing in compression whilst the right hand support progresses more 

rapidly towards tension. Theoretically there should be no axial force at all with the 

simply supported tests so the recorded force may be due to experimental errors. 

The plots for the load points show a much greater variation in the behaviour of the 

beams. The plots for beam 7 are very consistent with both load points showing 

compressive stresses whereas the plots for beam 8 diverge midway through the test 

with one point showing tension and the other point showing compression. The plots 
for beam 3 are very erratic with the forces increasing and decreasing throughout the 

test whilst the plots for beams 4 and 5 show very different values depending upon the 

load point. Towards the end of the tests the axial forces appear very erratic. This is 

due to the behaviour of the beam at the failure load. The section twists due to the 

reduced stiffness at failure and this will inevitably lead to non-linear strain distributions 

through the depth of the section. 

It is shown that the axial forces are less consistent than the moments along the beam. 

It has been shown in Section 6.5.3. that the axial stresses are always very low even 

when the fixity at the end of the beams is relatively high as with the eight press join 

tests. The maximum calculated axial stresses were approximately ION/mm2 and this 

compares to the yield strength of 293N/mm2. The axial forces can therefore be 

ignored for all practical purposes. The stresses were calculated assuming that the 

neutral axis of the member was at the mid-depth of the web. If the neutral axis moved 
due to incomplete effectiveness of the compression flange then the assumption would 

not hold true and the calculated stresses and hence the moments and axial forces would 

also change. The neutral axis position would also change if the section were not 

completely symmetrical. It is probably for this reason that compressive axial forces are 
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evident in the beam although due to the small magnitudes of the stresses this could also 

be within the bounds of experimental error. 

6.5.6, Comparison of Behaviour between Full-scale Beam Tests and Moment- 

Rotation Tests of Chapter 5 

Figures 6.16.1. to 6.16.4. show the experimentally derived moment-rotation curves for 

the full-scale beam fixity tests based on the inclinometer readings and the strain gauge 

analysis plotted with the average moment-rotation curve derived from the tests of 

Chapter 5, for a joint group with the same press join configuration. It can be seen in 

each case that the behaviour observed from the beam tests show much greater stiffness' 

and moment capacities. The beam test moments are in the order of twice those of the 

moment-rotation test values. The general moment-rotation behaviour is observed 

reasonably well with the non-linear behaviour being evident in both series of tests. 

The reason for the difference between the behaviour of the moment-rotation tests and 

the beam tests is due to a number of factors. The moment-rotation test joint groups 

were positioned within a zone of constant moment. In the beam tests the joint group is 

also subjected to both a shear force and an axial force due to the secondary catenary 

effects. This catenary effect will be discussed later in conjunction with the axial forces. 

The combination of the three force actions will lead to a very complex strain 

relationship at the supports which will lead to errors in the analysis assuming purely 

linear elastic behaviour. The moments measured within the central span of the beam 

are predicted very accurately and it is in this area that no shear forces occur. It can be 

noted however that the effects of shear lag will not be significant for the beams being 

tested. Winter76 considered the effects of shear lag on the stress distribution of flanges 

and concluded that the effect was negligible for beams with a span/flange projection 

width greater than 10, For the beams used in this test series the ratio is over 80. The 

method of measuring the rotation was also different for the two types of test. For the 

small scale tests the rotation was calculated from the measured deflection of the 

sample. For the beam tests the rotation is calculated from a factored electrical signal 
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Figure 6.16.1. Plot of Moment v Rotation for Beam with Four Press join Connections 
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Figure 6.16.2. Plot of Moment v Rotation for Beam with Four Press join Connections 
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and hence is not measured directly. This may provide a greater inaccuracy although 

the inclinometers were calibrated before use. 

6 . 
6. Theoretical Analysis 

661 Prediction of Behaviour of the Beams using Press join Connection Behaviour 

from Shear and Moment-Rotation Tests 

The moment-rotation behaviour of the joint groups from the small scale tests of 

Chapter 5 was idealised using the curve fitting technique of Kishi and Chen3' based on 

the Colson and Louveau" technique described in Section 5.7.2.2.1. Although this 

technique was not suitable for predicting the general behaviour of press joins it did 

provide a very good relationship for individual joint groups. The derived equations are 

shown below. 

M= Rkie 
GRki nJn ('ý(t) 

where for the four join tests R ti; = 34.9 kNmhad 

N% =0.266kNm 

n= 1.3 

and for the eight join tests Rti; = 70.3 kNm/rad 

M =0.550kNm 

n= 1.1 

Equation 6.7. 

The stiffness of the connections in shear was also modelled by the results obtained in 

Table 4.12. For an individual join the relevant factors are: 

Loading at zero degrees k. = 65.65 kN/mm 

F0 = 3.945 kN 

n=1.2 

and for ninety degree loading Rti; = 40.8 kN/mm 

Fu=2.11 kN 
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n=0.95 

For the bolted connection the stiffness was calculated from the equation given by 

Bryan 12. 

c= 5n(ýi + 10 
-2)x10-3 Equation 6.8. 

c=0.27mm/kN (Stifffness = 1/c = 3.75kN/mm) 

where c =Flexibility (mm/kN) 

n=5.0 (factor based on number of bolts and position of shear plane) 

t, , t2 = Sheet thickness' 

The analysis technique used for incorporating the joint flexibility into the beam 

behaviour was a beam line analysis which was carried out as shown in Figure 6.179. 

This technique can be derived from the slope-deflection equations for any particular 

structure. 

MC = MF - 
2LI 0 Equation 6.9. 

where M' = Connection Moment 

MF = Moment for fixed end beam 

0= Connection Rotation 

L= Member length between supports, 3270mm 

E= Young's Modulus 

I= Second moment of Area 

The two ends of the beam line are defined as the moment which would occur if the 
joint was fully fixed and the rotation is that which would occur if the beam was simply 
supported for this loading condition. For a simply supported beam M& =0 and hence 
in this particular case for a beam with two point loads positioned at third points 
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CL2-d2) 

eC =P Equation 6.10. 
16EI 

where 6' = Rotation at support with simple supports 

d= Length between load points, 11 16mm 

P= Total load on member 

For a fixed end beam the support moment would in this case be 

MF = 0.361 P kNm Equation 6.11. 

Equation 6.9. defines a straight line and substituting in Equations 6.10. and 6.11. gives 

M-(P x 0.361) _ 
ß"361x 160 (0-0) Equation 6.12. 
32702-11162 

Compatibility between the beam-line and the moment-rotation curve of the joint will 

occur at the intersection point and this is used to calculate a secant stiffness which can 

be used in a frame analysis program. The frame analysis program used here was a 

modified version of a program found in Jenkins32. Modifications were made to the 

program to allow for the moment-rotation behaviour of the joint being updated at the 

end of each iterative cycle. The program can be found in Appendix B. Iterations are 

necessary so that the predicted moments and rotations lie on the moment rotation 

curve as shown in Figure 6.17. The iteration is carried out using the rotation 

calculated from the frame analysis and calculating the moment on the moment rotation 

curve (point X). The secant stiffness in the frame analysis program i. e. the joint 

rotational stiffness, is updated and the process continues until convergence is attained. 

For the first order analysis only the secant stiffness of the connection for both moment 

and shear is updated since no second-order effects are predicted. For the second order 

analysis the deflections of the beam are also updated at each iteration. The secant 

stiffness' of the connection in each of the axial, shear and rotation directions are 

updated and the analysis continues. Convergence is achieved when each of the 

deflections and secant stiffness' are within a specified tolerance of the previous cycle of 
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iterations. The only difference between the first and second order analyses therefore is 

that the geometry of the beam is updated for the second order analysis. A flow-chart 

of the analysis procedure is given in Figure 6.18. The inclusion of non-linearity in the 

material properties was not necessary because the load deflection plots of beams 7 and 

8, which were simply supported, were linear up to the peak load. 

662 Comparison of Test and Predicted Failure Loads 

It can be seen from Table 6.3. comparing the average test and predicted failure loads 

that the results are very similar for each of the tests considered. The failure moment of 

the section, set to I. 67kNm, was found from the small scale tests. This indicates that 

the loads can be predicted very accurately when including the moment rotation 

behaviour of the joints in the analysis. 

6 
. 
6.3. Comparison of Load-Deflection Plots with Predicted Behaviour 

The derived first order load-deflection plots for the mid span of the beam are shown in 

Figures 6.19.1. to 6.19.3. It can be seen that the predicted load-deflection plots 

provide a reasonably good estimate of the test behaviour. In all cases the test 
deflections are smaller than predicted until the onset of failure in the section when the 

test deflections increase rapidly. 

The second order load deflection plots are also shown in Figures 6.19.1. to 6.19.3. It 

can be seen that for the four press join connection tests the second order analysis more 

closely predicts the deflection of the beam. For the beams with eight press join 

connections the first order analysis more closely predicts the behaviour of the beam 

with a trend of reducing stiffness with increasing load. It can be seen in both cases that 
the effect of any catenary action is over-predicted. It is possible that the combined 

effects of the shear forces, the axial force in the member and the moment in the 

connection would reduce the stiffness of each of the springs considered. This would 
increase the predicted deflections. The deflections of the beam can however be more 
closely predicted when the moment-rotation behaviour of the connection is included in 
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1. Select load 

2. Calculate beam-line from Equation 6.12. 

3. Calculate intersection point of moment-rotation 

curve and beam-line 

4. Calculate secant stiffness (NI/6) 

5. Apply secant stiffness to joint in frame analysis 

6. From the analysis find the joint moment and joint 

rotation 
7. First Order Analysis 

Compare joint moment/joint rotation with 
intersection point of moment-rotation curve and 
beam-line. If values are within tolerance and 

deflections of the beam have converged then 

solution has been obtained. 
If convergence not obtained calculate the moment 

on the moment-rotation curve for the calculated 

rotation and update stiffness'. 
8. Second Order Analysis 

Compare joint moment/joint rotation, shear force, 

axial force and deflection with previous cycle. If 

convergence has occurred then solution has been 

obtained. 
If convergence not obtained calculate the moment 
on the moment-rotation curve for the calculated 
rotation and update stiffness' and deflected shape of 

Figure 6.18. Flow chart for Beam Line Analysis 
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Test Configuration Average Failure Load 

(kN) 

Predicted Failure Load 

(kN) 

Simply Supported 6.11 6.20 

Bolted Joint 3.10 3.10 

Four Press joins 3.69 3.55 

Eight Press joins 4.25 4.35 

Table 6.3. Comparison of Average Test and Predicted Failure Loads 

from First Order Analysis 
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Figure 6.19.1. Plot of Load v Deflection for Tests with Bolted Connections 
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both first or second order analyses rather than assuming either fully fixed or pinned 

connections. 

64. Comparison of Moments in the Beam with Predicted Behaviour 

The predicted moments from the beam-line analysis are compared with the average test 

moments calculated from the strain gauge analysis and are shown in Figures 6.20.1. to 

6.20.8. It can be seen that the first order analyses consistently over-predict the span 

moments and under-predict the connection moments. The general behaviour is 

predicted closely with the plastic behaviour of the connections being predicted. The 

analysis would lead to a safe design for the beam capacity but would lead to an unsafe 

prediction of the connection moments. It can be seen from the second order analyses 

that the central span moments are more closely predicted than was the case with the 

first order analyses. The predicted connection moments are marginally smaller than 

those predicted by the first order analysis and hence are not as good a prediction of the 

test moments. The predicted connection moments for both the first and second order 

analyses are similar but both are approximately half of those calculated from the strain 

gauges in both the four and eight press join connection tests as was noted in 

section 6.5.6. when comparing the moment-rotation behaviour of the small scale tests 

with the full scale tests. It would appear that the assumption of a linear strain 
distribution is not valid in this case when the section is also subjected to a shear force, 

as the moment in the central constant moment zone was accurately predicted but the 

accuracy was less good near the supports. The strain distribution is more complicated 

near to a support point due to localised effects before the strains distribute evenly 
throughout the section away from any supports. The effect of placing the strain gauge 
so close to the support will inevitably lead to errors with the assumed linear 
distribution. Harper29 tested a number of roof trusses where it was found that the 

moments and axial forces could be calculated accurately for those members with only 

predominantly axial loads but less accurately for those members subjected to both 

bending and axial force actions. Further research is required to accurately establish the 

strain distribution around sections subjected to the combined actions of axial force, 

shear force and bending moment. 
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Plot of Moment v Load for Beam 2 (8 Press joins) 
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The connection behaviour has been modelled using the moment-rotation behaviour 

from the small scale tests. The results of the beam analysis show that both the 

deflections and the mid-span moments can be accurately predicted but that the 

moments at the connections are under-predicted. From this it must be assumed that 

the behaviour of the beam can be accurately predicted whilst accounting for the actual 

connection behaviour. The apparent moments at the connections, being greater than 

the moments from the small scale tests, are probably due to a deficiency in the analysis 

of the strains rather than an accurate reflection of the beam behaviour. 

6 
. 
6.5. Comparison of Axial Forces in the Beam with Predicted Behaviour 

It can be seen from Figures 6.21.1. to 6.21.6. that the axial forces are not as consistent 

as the moments derived from the same strains. Each beam shows that at least one of 

the points is in compression during the test. This is physically impossible as the beams 

are either simply supported in which case there should be no axial force or working 

partially as a catenary in which case tension would be expected. The reasons for these 

inconsistencies are discussed below. 

The support point axial loads tend to be more consistent showing very small axial 

forces at low loads and increasing in tension at higher loads as would be expected. 

The axial loads calculated at the load points are more inconsistent particularly for 

beam 3 which shows some erratic behaviour. In general the calculated axial forces are 

greater at the load points than the support points. Theoretically, according to the 

second order analyses, the axial load should be slightly higher at the support point due 

to the greater slope of the member. The reason that greater axial loads were evident at 

the load point could in part be due to the greater bending moment in the central span. 
The reduced effectiveness of the compression flange would mean that the apparent 

centroid of the section would be offset and hence the assumption that the strains due to 

moment would be symmetric is incorrect. This in turn would affect the calculation of 

the strains due to axial load. This would appear to be the case as compressive axial 
loads were calculated for the two simply supported tests where there should be no 

axial loads at all. 
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Some of the anomalies can be explained by the fact that a difference of 10 microstrain 

represents an axial load of 0.84kN whilst the same strain used for calculating bending 

moment represents only 8.1x10''kNm. It can be seen therefore that small variations in 

strain cause a significant change in axial force but is relatively insignificant for bending 

moments. Figure 6.22. shows the forces acting on the beam including the second 

order effects. It can be seen that even for the beams with the greatest number of joins 

at the connection the moment attributed to second order effects is only 5% of that due 

to the primary bending moment. The magnitude of the second order effects seems to 

be greater with relation to the deflections than the bending moment. A reduction 

factor could be assumed for predicting deflections but bending moments can be 

adequately predicted ignoring any second order effects. 

6.7. Conclusions 

A series of eight tests of varying connection fixity were tested and analysed using both 

first and second order analyses. A number of conclusions can be drawn from both the 

tests and the analyses. 

1. Press join connections can develop fixity in a frame. A 40% increase in load 

was observed for the beams with press join connections over the simply 

supported case. 
2. An analysis of the beams indicated that the press join connections could 

provide up to 30% fixity with regard to stiffness although this could be 
increased by increasing the spacing and number of joins within the group. 

3. The load-deflection behaviour of the beam can be predicted accurately by 
including the moment-rotation behaviour of the connection in the analysis. 

4. A good correlation between central span moments measured by strain gauges 
and the predicted results was observed but the calculated moments near to the 
supports were poorly predicted which was probably due to the complexity in 

the strain distribution close to the support. The assumption of linear strain 
distribution may be invalid under the combined actions of moment, shear and 
axial force. 
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5. The effect of catenary action significantly reduced the mid-span deflections but 

the axial forces generated by second order effects were not measured with a 

good degree of accuracy. Compressive forces were calculated from the strain 

gauges whereas tension is expected. 
6. The behaviour of the beams with press join connections were non-linear 

whereas the beams with either bolted or simply supported ends exhibited linear 

behaviour. This was because the connections exhibit non-linear behaviour as 

was shown in Chapters 4 and 5. 
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CHAPTER 7 FULL SCALE TRUSS TESTS 

7.1. introduction 

In the previous chapter a series of beams was tested with press join end connections. 

In this chapter structures of increased complexity in the form of trusses will be tested 

to include bending moments, axial forces and shear forces within the joint group. The 

purpose of the truss tests was to study the performance of the press joins within a 

typical full scale structural application. 

Pedreschi and Sinha`3 performed a series of comparative tests to establish whether 

press joins could be used in pitched trusses. Four tests with members connected using 

rivets, self drilling screws and press joins were conducted. It was found that similar 

failure loads were evident in all of the tests, primarily due to a localised failure of the 

tie connection due to twisting in the members. This twisting was a problem because 

the members being used were channel sections which could not be loaded through the 

shear centre. In an effort to maintain plane frame conditions within the test and to 

limit the complexity of the behaviour to in-plane conditions, the members used in the 

current study were chosen to be zed-sections. These were supplied as standard 

sections from Metsec PLC. 

In order to establish the behaviour of press joins in structures, a total of ten trusses 

were tested in two basic configurations. Trusses 1 and 2 had internal members whilst 
the remaining trusses were of an open configuration as shown in Figure 7.1. The 

trusses were adapted for the following reasons : 

The first two trusses were typical of the configuration used in practice". The primary 
load path through the structure is through axial loads due to the presence of the 
internal members. It became evident from these tests that buckling at the eaves 

connection was a problem due to the large area of steel that had to be removed for the 

members to be connected. The configuration of the trusses was changed for two 

reasons. The eaves connection was redesigned to reduce the possibility of local 
buckling and the bending moments in the structures were increased to facilitate a link 
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between the moment rotation tests of Chapter 5. Both of these factors can be 

influenced by the removal of the internal members. In this case the rafter member was 

reversed thereby reducing the section removed at the eaves connection. Trusses 3 and 

4 were used to establish the relative components of axial force and bending moment 

with pitch, whilst trusses 5 to 10 were all of the same dimensions to establish the 

change in behaviour with changing eaves connection detail. The first four trusses each 

had ten press joins at the eaves connection whilst join numbers were increased from 

four to eight press joins on trusses 5 to 10. Trusses 5,6 and 7 each had four 

press joins but the spacing of the joins was varied. Trusses 8 and 9 had six press joins 

and truss 10 had eight press joins at the eaves connection. Trusses 8 to 10 also had 

doubled-up rafter members to increase the section capacity and retain the likelihood of 

joint failures with the increased number of joins. 

7.2. Construction Details 

The trusses were all constructed from standard cold formed steel sections supplied by 

Metsec and British Steel with section dimensions as shown in Figure 7.2. The external 

members are formed using Material 1, defined in Table 3.2. and the internal members 
of trusses 1 and 2 are formed using Material 3. The dimensions of the structures can 
be seen in Figure 7.1. whilst the details of the joint groups can be seen in Figures 7.3.1. 

to 7.3.3. The positioning of the press joins within the joint group was limited by both 

the flanges of the sections and the reach of the jaws of the available press joining tool 
which can be seen in Figure 2.5. Member to member connections were used at all 
positions except the apex which required the use of an additional plate to allow the 
press joins to be located. 

7.3, Test Method 

7.3.1. Load Application 

Load was applied by hydraulic tension rams with cables looped over the rafter member 
of the truss, thus imparting point loading as can be seen in the case of truss 2 in 
Figure 7.4. The hydraulics were controlled by a Losenhausen testing machine. The 
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cables were placed on wooden blocks which were glued to the truss, thereby holding 

the location of the load point. Blocks were also attached to the webs at the load points 

to reduce the possibility of local buckling. In the first four tests these web blocks were 

glued to the truss, but due to a problem of slippage as the member was subjected to 

bending, the detail was changed. In the remaining tests the blocks were bolted to the 

section with a single bolt through the centre of the web. This allowed the member to 

rotate in plane but out of plane movements of the web local to the load point were 

restricted. 

7.3.2. Measurement of Load 

Load was measured at the two reaction points using 10 tonne load cells. These were 

calibrated prior to use in an Avery compression testing machine. Loads were recorded 

on the data logger in the form of a voltage which was then converted into a load by a 

calibration factor provided with the load cells. 

7.3.3. Measurement of Deflections and Rotations 

Mechanical dial gauges were used to measure the deflection at various points on the 

truss. On each truss the deflections at the load points on one side of the truss were 

recorded. The gauges were positioned on the centreline of the member on the blocks 

over which the loading cables were positioned. Deflections were also recorded at the 

apex and at the mid-member position of the tie member on some of the trusses. The 

positions of each of the gauges on each truss can be seen in Figure 7.1. 

On trusses 5 to 10 the rotation at the eaves connection was also measured by electrical 
inclinometers Type RDP 685B. Inclinometers were positioned on either side of the 

eaves connection on one side of the truss and were bolted to the truss with a single 
bolt along the centreline of the member as close as possible to the eaves connection. 
The inclinometers were calibrated prior to use. The meters were attached to an 
integral display unit that were calibrated to show change in angle in degrees. 
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7.3.4. Measurement of Strain 

Strain gauges were placed on the trusses at a number of points, the positions of which 

will be described in detail later. The gauges were placed on either side of the section 

at the top and bottom of the web. The strain gauges were 5mm foil type and were 

attached to the section using a cyanocrylate adhesive. The strain gauge circuit was a 

half bridge with a single dummy gauge on an unstressed section of steel. The strain 

gauges were wired directly into a data logger where the readings were converted into 

strain by the use of a gauge factor. 

No strain readings were taken for truss 1. For truss 2, gauges were placed at the two 

eaves connections and at the apex. For trusses 3 and 4, gauges were positioned on 

one of the rafter members at the eaves joint, the load point and at the apex. For 

trusses 5 to 10, gauges were positioned on the rafter at the eaves, mid member and 

apex and on the tie member close to the eaves joint. All strains and loads were 

recorded at each increment of load and printed from the data logger. 

7.4. Test Results 

The test results are first discussed in terms of the failure loads and failure modes of the 

trusses which are summarised in Table 7.1. The load-deflection behaviour will then be 

discussed and this will be followed by a discussion of the strain readings. 

7.4.1. Failure Loads and Failure Modes 

7.4.1.1. Trusses I and 2 

Trusses I and 2 were identical apart from some additional connections at the eaves of 
truss 2 where the flanges of the two members were connected in order to stiffen the 

connection. 

Truss 1 failed by local buckling at the eaves joint. In this truss a large proportion of 
the section at the eaves was removed in order to overlap the sections. It was this 
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overlapped region that buckled due to the compressive loads and the long unstiffened 

edge. This can be seen in Figure 7.5.1. 

Truss 2 also failed at the eaves joint by a combination of buckling and twisting as 

shown in Figure 7.5.2. An effort was made with this truss to stiffen the joint by joining 

the flanges of the two sections on the rear of the truss. It can be seen from Table 7.1. 

that the failure load of truss 2 was 14.3kN which was 2.3kN lower than that of truss 1. 

The additional joins attracted more force to the flanges than was evident in Truss 1 and 

this contributed to the twisting of the eaves joint due to the eccentricity of the load. 

All other parts of the truss were unaffected. 

7.4.1.2. Trusses 3 and 4 

As a result of the behaviour of the first two trusses, trusses 3 and 4 were developed 

such that the bending moment in the section and in the joints was significantly 

increased. This increased the possibility of joint failures and produced a simpler truss 

that is easier to interpret by reducing the number of load paths within the structure. 

This was facilitated by the removal of the internal members which also had the 

advantage of altering the eaves detail so that less removal of the section was necessary 

as can be seen in Figure 7.5.3. This reduced the possibility of the eaves connection 

buckling as occurred with the first two trusses. 

Trusses 3 and 4 were of a similar configuration but with different spans and pitches 

and both failed by bending in the section below the load point as shown in 

Figures 7.5.4. and 7.5.5. The eaves joints with ten press joins were unaffected. 
Buckling of the plate connection at the apex occurred during the test as shown in 

Figure 7.5.6. but higher loads were carried after this time. This buckling could have 

been prevented if the access of the press joining equipment had been improved. Due 

to the limited size of the jaws of the available tool it was not possible to place 

press joins in this location. The buckling could also have been prevented by placing 

self-drilling screws at this location but as the buckling did not adversely affect the 
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behaviour of the rafter member or the eaves connection, which were under more 

detailed examination than the apex, then no remedial action was deemed appropriate. 

7.4.1.3. Trusses 5 to 7 

Trusses 5 to 7 were identical apart from the spacing of the joins at the eaves 

connection. Each truss had four press joins at the eaves connection. Truss 6 had the 

most closely spaced joins with a distance of 18.8mm from the centroid to the joint with 

truss 7 the greatest with 31.1mm as can be seen in Table 7.1. The peak loads increase 

as the spacing of the joins increases. This is to be expected due to the greater moment 

transfer at the eaves as the joint group increases in both stiffness and capacity but the 

results are very close and are within the bounds of experimental error. 

For truss 5, buckling of the apex connection plate occurred as in Trusses 3 and 4 at a 
load of 7kN. Failure occurred due to a bending failure of the section at the lower load 

application point. This then caused a secondary rotational failure of the eaves joint as 

shown in Figure 7.5.7. due to the unrestrained deflections of the rafter with the loss of 

section stiffness. A shearing failure occurred in three of the press joins. This failure is 

consistent with the combined shear and moment theory proposed in Chapter 5 where 

the combined action of shear and rotation increases the deformation in some joins 

whilst reducing the deformation in other joins. This leads to some joins being more 
highly loaded and hence failure occurs in just three of the joins within the group. 

Truss 6 failed due to a bending failure at the mid length of the rafter member as shown 
in Figure 7.5.8. This again caused a secondary rotational failure of the eaves 

connection due to the excessive deformation. Buckling at the apex plate also occurred 

at a load of 3.5kN. 

Truss 7 failed due to a shear failure of the eaves connection without a bending failure 

of the section as shown in Figure 7.5.9. Buckling at the apex occurred again at a load 

of 5.5kN. 
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The buckling of the apex connection plate occurred at a range of loads between 3.5kN 

and 7. OkN due to the nature of the connection. The rafter members butted against one 

another in addition to the connection plate joining the members together. Buckling 

occurs once the rafter members are able to slide past each other as the bearing stress 

becomes too high. The range of loads over which buckling occurs is due to the precise 

interaction of the two members which can vary depending upon how the members butt 

against each other. Where the rafters butted against each other tightly and in 

alignment with one another then the buckling load was increased. In the cases where 

the members did not align with the same precision then the webs of the two members 

were able to slide past one another and buckling occurred at a lower load. 

7.4.1.4. Trusses 8 to 10 

For the remaining tests, the number of press joins at the eaves were increased, but this 

would probably have led to member failures of the rafter, as a combined failure mode 

of bending in the section and a rotational failure of the eaves connection occurred in 

both tests 5 and 6 with just four press joins. The moment capacity of the member was 

therefore increased and the simplest way to do this with zed-section is by overlapping 

the members and press joining at regular intervals on both the webs and flanges as can 

be seen in Figure 7.5.10. This is possible due to the varying flange dimensions at the 

top and bottom of the section. 

Trusses 8 and 9 had 6 press joins at the eaves and truss 10 had 8 joins and the spacings 

of the joins can be seen in Table 7.1. The increased spacing of the joins in truss 9 

created a greater capacity than truss 8 and this was reflected in the peak load with an 

ultimate load 7% higher. This increase was limited however due to the collapse of the 

supporting scaffold leading to a premature collapse of the frame. Truss 10 did not 

experience a joint failure but failed by bending in the section at the upper load point, 

recording the highest load of all the trusses at 23.5kN. 
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Truss 8 failed by a shear failure of the eaves connection with no bending failure of the 

section as shown in Figure 7.5.11. Buckling of the apex plate was evident at a load of 

UN. 

Truss 9 failed by a shear failure of the eaves connection but this occurred prematurely 

due to a failure of the supporting scaffold as shown in Figure 7.5.12. The failure of the 

scaffold led to out of plane deformations of the section causing a prying action on the 

joint group which then led to a reduced shear capacity and hence shear failure of the 

connection. Buckling at the apex had occurred again at a load of 8kN. 

Truss 10 failed by bending in the section below the upper load point as shown in 

Figure 7.5.10. Buckling of the apex had occurred at a load of 7kN but no signs of 

failure were evident in the press joins at the eaves connection at the end of the test. 

The web of the tie member had buckled, however, at the support position as can be 

seen in Figure 7.5.13. 

7.4.1.5. Summary of Truss Failure Loads 

Trusses 5 to 10 are readily comparable because each was of the same overall 
dimensions. It can be seen that as the number of joins is increased so the peak load 

also increases. When the number of joins is constant it is possible to increase the 

capacity of the truss by increasing the spacing of the joins. Shear failures of the eaves 

connection without a bending failure of the section were obtained in two trusses. 
These were trusses 7 and 8 with 4 and 6 joins respectively. Truss 8 also had a doubled 

section on the rafter member. It can be seen in Table 7.1. that the failure loads were 
12. OkN and 20. lkN respectively which equates to a load of 3. OkN and 3.35kN per 
press join at the eaves. This is not a proportional increase when moving from 4 to 6 
joins indicating that the increased stiffness of the member in truss 8 could be a factor in 

increasing the capacity. The increased stiffness of the member when the section was 
doubled would reduce the rotation in the joint group. The difference in load per 
press join could also be due to the rafter member bearing onto the tie member during 

the test. This would limit the load applied to the press joins and increase the load 
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capacity of the truss. It can be seen that the number of joins at the eaves connection 

that are necessary to induce a bending failure in the section is relatively small with just 

four press joins required for the unstiffened trusses and eight for the stiffened trusses. 

Bending failures of the member would be safer as they do not lead to a complete 

collapse of the structure and also represent the most efficient use of material in the 

section. 

For design purposes it is important to increase the efficiency of the structure as this 

could lead to greater truss spacing and reduced costs. It has been shown with trusses 

7 and 8 that an effective bearing of the rafter member on to the tie member increases 

the load capacity of the truss. Doubling of the section to increase the capacity is also 

easily carried out and leads to a significant increase in load which is very important for 

trimmer details around windows or openings where a complete truss cannot be used. 

7.4.2. Load-deflection Behaviour of the Trusses 

The position of the deflection gauges for trusses I to 10 can be seen in Figure 7.1. In 

trusses 1 to 4, the deflections at the load points were recorded along with the mid 

position of the tie member. The apex deflection was also recorded on truss 3. For 

trusses 5 to 10 only the load point deflections were recorded. In all the load deflection 

plots only the final loading cycle is shown after the initial bedding-in load cycles have 

been completed. 

7.4.2.1. Comparison of Load-Deflection Plots for Trusses 1 to 4 

7.4.2.1.1. Rafter Deflections 

The deflections of truss 1 have been shown in Figure 7.6.1. in a simplified form to 

account for the loading conditions. Problems were experienced in attaching the 
loading cables and hence the load dropped suddenly as the cables slipped. Only the 

upper points of the load-deflection path have been plotted, i. e. the unloading/reloading 

paths have been removed. From the plot it can be seen that deflections were initially 

linear but increased more rapidly as the load was increased. 
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The deflections of truss 2 can be interpreted more easily because there was no 

difficulty in attaching the load points. It can be seen from Figure 7.6.1. that the 

behaviour is initially linear and then becomes non-linear in the later stages. The upper 

load point shows a greater deflection than the lower load point. 

It can be seen from Figure 7.6.1. that the deflections for truss 3 are reasonably 

consistent. The load point deflection is linear in the early stages and becomes 

non-linear at approximately half of the ultimate failure load. The apex deflection is 

very small as would be expected and is downwards in the early stages but then begins 

to reverse and move upwards at a load of 3kN. This reversal of deflection coincides 

with the buckling of the apex connection plate and is due to the interaction of the two 

rafter members as they bear against each other. The transition from linear to 

non-linear behaviour coincides with the buckling of the apex connection plate. 

The deflections of truss 4 can be seen in Figure 7.6.1. Problems were again 

encountered attaching the load points securely and, for clarity, the unloading/reloading 

cycles have been removed. Behaviour was essentially linear until the later stages of the 

test, changing to non-linear behaviour at approximately 70% of the ultimate load. This 

transition is again due to the buckling of the apex connection plate. 

7.4.2.1.2. Tie Deflections 

The deflections of the tie member were recorded on each of trusses 1 to 4. It can be 

seen in Figure 7.6.1. that for trusses 1 and 2 the behaviour matched that of the load 

point behaviour with the deflections being initially linear before becoming non-linear in 

the later stages. This is because of the internal members imposing greater deflections 

upon the tie member. 

It can be seen from Figure 7.6.1. referring to trusses 3 and 4 that the behaviour is 

linear during the whole of the test. This is because there are no internal members 
transferring load between the ends of the member. The recorded deflection is entirely 
due to the rotation of the eaves connections, as a result of the fixity in the joint group, 
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as there is no load applied directly to the tie member. The deflections recorded are 

approximately a third of those recorded for trusses 1 and 2 which is partly due to the 

shorter span and partly from the lack of internal members imposing load directly onto 

the tie. 

7A. 2.2. Comparison of Load-Deflection Plots for Trusses 5 to 10 

7A. 2.2.1. Rafter Deflections 

Comparing trusses 5 to 7 with 3 to 10 from Figure 7.6.2. it is evident that the trusses 

with the doubled section exhibit much stiffer load-deflection behaviour. It can be seen 

from Figure 7.6.2. that the increase in stiffness of the eaves joints reduces the 

deflection of the rafter with Truss 6 having the greatest deflections and Truss 7 having 

the least. The behaviour of the joint groups has therefore been confirmed, as the peak 

loads of the trusses also followed the same trend of increased load with increased join 

spacing. 

It can be seen from all of the load-deflection relationships that only up to the first 20 to 

25% of the ultimate load are the deflections linear. After this the deflections increase 

more rapidly as the load increases. This is to be expected due to a number of factors. 

The presence of axial load will reduce the stiffness of the rafter member and hence 

increase the deflections. The behaviour of the joint group has also been shown to be 

non-linear in both shear and rotational modes of deformation. The buckling of the 

apex connection plate would significantly reduce the stiffness of the connection and 
hence increase the deflection of the rafter. Similar load-deformation characteristics 
have been found by other researchers testing purlin systems" and roof trusses29. 

7.4.2.3. Experimental Strain Measurements 

The strain measurements were taken on trusses 2 to 10 at the locations shown in 

Figure 7.1. The gauges were attached at the top and bottom of the web on each side 

of the section so that an average could be taken when calculating the axial forces and 
bending moments. The plots of average strain reading versus load are shown in 
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Figures 7.7.1. to 7.7.9. where only the load cycles after the initial bedding-in load have 

been plotted. In the interests of clarity the reloading curves associated with the 

loading cables slipping have been removed for trusses 3 to 5. The plots for each test 

have been plotted at the same scale for each test so that the relationship between the 

strains around the truss can be more readily visualised. The convention used in this 

case is that tensile strains are positive. 

The strain readings for truss 2 in Figure 7.7.1. show very consistent readings for the 

two eaves connections. It can be seen that the strains increase linearly in compression 

from the start of the test and that the readings for each position are of similar value 

indicating that the bending moment in the section is very small. For the right hand 

eaves the strain readings diverge at a load of 9kN with the strains at the bottom of the 

section decreasing whilst those at the top of the section increase. This is due to the 

onset of buckling as shown in Figure 7.5.1. For the left hand eaves connection again it 

is the strain readings at the bottom of the section that diverge from the linear path. 

This is associated with the eventual failure of the truss at the eaves due to a 

combination of local buckling and twisting of the joint. For the apex connection the 

strains at the bottom of the section initially increased linearly but then became constant 

as the load was increased. This could be due to the onset of buckling in the apex 

connection plate but the strain gauges were positioned over 400mm from the apex so 

this is not entirely clear. The strain gauges at the top of the section show the greatest 

variation. The strains increase linearly throughout the test except for the deviation 

from the path between 5 and 12kN. There is no clear explanation for this behaviour 

although it could be due to some local interaction of the members at the apex. 

From truss 3 onwards the internal members were removed in order to increase the 

bending in the section. It is immediately apparent that the bending has increased due 

to the occurrence of tensile strains in the rafter section which could only occur with 

bending. The increased separation of the strains at the top and bottom of the section 

also indicate that the bending moments have increased. At the apex the strains are 

non-linear throughout the test and it can be seen from Figure 7.7.2. that the strains 
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peak at a load of 3kN which is associated with the buckling of the apex connection 

plate. The strains then reduce in magnitude indicating that the joint is becoming less 

effective. The increase in strain towards the end of the test is due to the bearing of the 

rafter members against one another as the rotation of the members at the apex 

increases. However, the readings are at the most just 20% of the strains at the load 

point indicating almost pinned behaviour. For the load point strain measurements, the 

magnitudes of the strains are of a similar magnitude for the top and bottom of the 

section in compression and tension respectively. This suggests that the load action is 

predominantly in bending. The strain behaviour is linear throughout the test until the 

last reading, when the gauges deviate from the linear with a sudden increase for the top 

strain readings. This sudden change in behaviour is due to the imminent bending 

failure of the section at that point as shown in Figure 7.5.4. For the eaves rafter 

position it can be seen that the magnitudes of the strains at the top of the section are 

reasonably constant throughout the test, whilst those at the bottom of the section 

increase throughout the test. This is consistent with the nature of the joint at that 

location. The joint would be subject to a combined compressive axial force and a 
bending moment due to the deflection of the rafter. This action would increase the 

compressive stresses at the bottom of the section and reduce those at the top of the 

section. The fact that there is a separation between the readings at the top and bottom 

of the section indicates that there is some fixity being provided by the joint. 

The apex strains of truss 4 show a similar trend in behaviour to truss 3 as shown in 
Figure 7.7.3. with the magnitudes of the strain reaching a peak and then remaining 
approximately constant. It can again be seen that the magnitude of the strains is 

significantly less than at the load point. The behaviour of the strains at the load point 
position is linear until the ultimate load is approached. Towards peak load, the strains 
increase more rapidly at the top of the section as this part of the section is in 

compression and is approaching the buckling load. The behaviour of the eaves 
connection is also very consistent with a linear variation up to peak load. Again the 

magnitude of the strains is greater at the bottom of the section due to the combined 
influence of bending and axial compressive forces. 
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The behaviour of truss 5 can be seen in Figure 7.7.4. For the apex the buckling of the 

connection plate is clearly evident with the peak in the magnitude of the strains. The 

separation of the curves indicates that significant fixity is being attained and the 

magnitude of the strains prior to apex buckling are similar to those of the load position. 

At the end of the test the strains have returned towards zero indicating that there is no 

fixity. For the mid point of the rafter the same trends in behaviour are observed. 

Initially the strains increase linearly until the load nears the ultimate load when the 

strains increase more rapidly. The rapid increases shown in trusses 3 and 4 do not 

occur because the failure point of the truss is at a greater distance from the strain 

gauges. The strains for the eaves rafter position are initially linear with the greater 

compression on the bottom of the section as would be expected under the combined 

axial and bending action. At a load of 7kN the strains at the bottom of the section 

begin to reduce. This would be consistent with the redistribution of loads within the 

joint group as those press joins at the bottom of the group pass their peak load. The 

load would be redistributed towards the stronger, stiffer joins, i. e. those at the top of 

the section. The strains at the eaves tie position are linear throughout the test with the 

bottom gauges showing the greatest tension indicating sagging bending moments. 

The strain readings for truss 6 are shown in Figure 7.7.5. The readings for the apex 
initially indicate hogging bending moments with tension on the top and compression on 
the bottom of the section. After buckling of the connection plate, which occurs at a 
load of 4kN, the magnitudes of the strains reduce and finally "cross over" so that the 
joint is in sagging at the end of the test. The strains of the mid-rafter position initially 
increase linearly with tension on the bottom of the section as would be expected. 
Towards the end of the test the strains on the top compressive edge increase more 
rapidly as the section approaches failure. For the eaves rafter position the strains 
increase linearly in compression and it can be seen that the strains at the top and 
bottom of the section are of a very similar magnitude indicating that there is very little 
bending in the section. This is to be expected as the press joins are at the closest 
spacing of all the trusses. For the eaves tie position the strains at the top and bottom 

of the section are also of a similar magnitude and are in tension as would be expected. 
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It can be seen that when comparing the strain readings at the eaves connection with 

truss 5, there is much less separation of the readings for the top and bottom of the 

section indicating that the fixity has been reduced. 

The strain readings for truss 7 can be seen in Figure 7.7.6. The behaviour of the apex 

and mid rafter positions is the same as that observed for truss 6. For the eaves rafter 

position it is noted that the strains initially increase linearly in compression with the 

greater compressive strains on the bottom of the section as would be expected under 

the combined axial compressive force and hogging bending moment. At a load of 9kN 

the strains at the bottom of the section begin to reduce in magnitude whilst those on 

the top of the section increase. This is due to the redistribution of forces from the 

bottom press joins that have been carrying the greater force to the top press joins that 

have carried less load. As the bottom press joins begin to fail so the load is shed to the 

stronger press joins. The behaviour of the eaves tie position is also very predictable. 

The combined bending and axial tension force causes the bottom gauges to have the 

greater tension strain. Again at a load of 9kN the strains in the top of the section begin 

to reduce as the load is shed from one press join in the group to another. The 

increased separation of the strain paths for the top and bottom gauges at the eaves 

position, compared to truss 6, indicates that higher bending moments are being carried, 

as would be expected, since the press joins are at the most widely spaced of the four 

join groups. 

The strain readings for truss 8 are shown in Figure 7.7.7. where it can be seen that the 

apex and mid rafter positions follow the same behaviour observed in each of the three 

previous trusses of this type. For the eaves rafter position the strains increase linearly 

with load towards the failure load. The greatest compressive strains are on the top of 
the section indicating that the joint must have a sagging bending moment. Hogging 
bending moments would be expected, but this could be due to secondary bending 

actions due to the compressive force in the member. The strains of the eaves tie 

position increase linearly and only decrease just before failure. The top gauge is in 

compression and the bottom gauge in tension indicating that the load in the section is 
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predominantly in bending. This bending could be caused by both the moment transfer 

through the eaves joint and any secondary moments caused by the offset of the line of 

action in the joint group and the line of the support. 

The strains for truss 9 are shown in Figure 7.7.8. where the trends in behaviour are 

very similar to truss S. At the apex position it can be seen that the strains reduce in 

magnitude and then become constant before reducing in magnitude once again. This 

behaviour is probably due to the bearing of the rafter members against one another 

after the buckling of the apex connection plate. Again, at the end of the test the strains 

have changed in sign from compression to tension and vice versa indicating that the 

apex is subjected to a sagging bending moment. The strains for the mid rafter position 

increase linearly until near the end of the test where the top gauges suddenly change. 

This was due to one of the gauges becoming unattached from the section probably as a 

result of very large strains at that point. The strains on the eaves rafter position are 

reasonably linear throughout the test. In this case the greatest compression is on the 

bottom of the member indicating hogging bending moments. This is the expected 

behaviour but is different from truss 8 where sagging bending moments were observed. 

The behaviour of the eaves tie positions is very similar to truss 8. 

The strain readings for truss 10 can be seen in Figure 7.7.9. The strains at the apex 

show the same general trend as the previous trusses. The behaviour of the mid rafter 

position is the same as the previous trusses. At the eaves rafter position, initially the 

strains at the top and bottom of the section are very similar in value indicating a purely 

axial force. As the load increases the strains at the bottom of the section increase more 

rapidly whilst those at the top become reasonably constant. This confirms the 

expected behaviour where, due to the combined axial force and bending moment, the 

press joins at the bottom of the group carry a greater load than those at the top. For 

the eaves tie position the strains at the bottom of the section increase linearly in tension 

throughout the test whilst the gauges at the top of the section become increasingly 

compressive. A small deviation from the linear path is observed for the top gauges and 

this is probably associated with the buckling of the web at the eaves connection. 
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743. Summary of Experimental Results 

The aim of this thesis is to ascertain whether press join connections can be used in 

full-scale structures and whether any benefits can be obtained from their use. This 

includes whether or not the joints are capable of carrying moment. It was shown in 

Chapters 5 and 6 that moment connections were possible and there is evidence in the 

experimental results of the trusses that moment continuity is again occurring. 

Trusses 3 and 4 both show that the tie member is deflecting. This can only occur if 

there is some continuity around the joint as no loads are directly applied to the 

member. In all of the tests where strain gauges were used it can be seen that the strain 

values are different for the top and bottom of the section at the connection points. 

This indicates that some bending is occurring in the section which is particularly 

evident at the apex connection. The failure loads of the trusses also indicate the 

positive influence of the press join connections. When comparing trusses 5 to 7, which 

all had four press joins at the eaves connection, the failure load increased as the 

spacing of the joins was increased. The same result was observed when comparing 

trusses 8 and 9. All of the experimental evidence indicates that connection fixity is 

possible using press join connections. 

7.5. Analysis of Experimental Results 

7.5.1. Analysis of Strain Measurements 

The axial stresses and bending stresses in the section were derived from the recorded 

strains on the sections. Each pair of recorded strains, i. e. those on each side of the 

section, were used to calculate the strains of the extreme fibres at the top and bottom 

of the section. The two sets of strains from each position along the member were 

averaged and these were then used to calculate the axial and bending stresses, as 

shown in Figure 7.8. Using this convention, positive axial stresses are tensile and 

positive bending stresses are hogging. The strains were multiplied by the value of 
Young's Modulus derived for material I in Chapter 3. The average stress was then 

multiplied by the area to find the axial force and the stress due to bending was 

multiplied by an area and a lever arm to calculate the moment. The method of 

calculating bending moment was different to the beam tests to remove the influence of 
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Figure 7.8. Calculation of Strains due to Bending Moment and Axial Force 
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measuring the second moment of area and hence the elastic section modulus. This 

method requires only the stress to be calculated and the section dimensions to be 

measured thereby removing the difficulty. 

The bending moments derived from this analysis were compared to the free body 

bending moment as will be shown later in section 7.6.2.4. Whatever the fixity 

provided by the connections, the actual free body bending moment cannot be different 

to the calculated free body bending moment. From a preliminary analysis it was found 

that the calculated moments derived from the strain gauge analysis were different to 

the free body moment. This is due to the simplifications used in the calculation of 

bending stress from the strain readings. The actual stress distribution under bending is 

more complicated in that the stresses in the flanges are not uniform across their 

width; '. In the compression flange, the stress varies from compression at the web 

intersection to tension at the stiffener intersection. The ratio of the strain calculated 

free body moment to the theoretical free body moment was found to be reasonably 

linear at loads of up to 50% of the failure load before increasing towards the end of the 

test. A typical example can be seen for Truss 10 in Figure 7.9. An average value of 

the ratio was calculated and this was used to factor the recorded bending moments and 
hence the bending stresses, so that the calculated values of moment match those of the 

free body moment at the start of the test. The ratio's for trusses 3 to 10 are shown in 

Table 7.2. The analysis was not carried out for truss 2 because the bending stresses 

were small in relation to the yield stress. Towards the end of the test, as the calculated 

moment increases more rapidly, then the free body moment diagram will no longer 

correlate with the theoretical value. The apparent increase in moment will be due to 

the strain distribution in the section becoming non-linear or the section losing 

effectiveness as the stresses increase. 

7.5.2. Discussion of Stresses Derived from Strain Gauge Analysis 

Stresses were calculated assuming a linear strain distribution through the depth of the 

section and separated into the components of axial and bending stress as was discussed 
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Plot of Ratio of Experimental Free Bending Moment to Theoretical Free Bending Moment 

Figure 7.9. Plot of Ratio of Experimental Free Bending Moment to Theoretical 

Free Bending Moment versus Load 

Truss Number Ratio of Calculated Free Body Moment to 

Theoretical Free Body Moment (%) 

3 93.3 

4 79.5 

5 119.7 

6 139.0 

7 106.1 

8 140.9 

9 129.8 

10 127.8 

Table 7.2. Ratio of Free Body Moment Calculated from Strain Gauge Values 

to Theoretical Free Body Moment 
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in Section 7.5.1. The plots of axial stress and bending stress versus load for trusses 2 

to 10 are shown in Figures 7.10.1. to 7.10.5. 

The stresses for truss 2 are shown in Figure 7.10.1. where it can be seen that the 

behaviour is essentially linear up to approximately lOkN, at which point the bending 

stresses begin to increase. It is apparent that the nature of the loading in the sections is 

predominantly axial with the bending stresses at the connections being less than 

5N/mm2. Even at the failure load the greatest stress in the section is only SON/mm2 

indicating that the truss could have carried a substantially greater load if the premature 

failure of the eaves connection could have been prevented. 

The stresses for truss 3 are shown in Figure 7.10.2. where it is immediately apparent 

that the stresses in the structure have increased over those of truss 2 due to the 

removal of the internal members. In this case the bending stresses at the load point are 

greater than the axial stresses but the bending stresses at the eaves and apex are similar 

in magnitude to the axial stresses. The buckling of the apex connection plate can be 

seen with the bending stresses where the stress peaks and then returns towards zero. 

It is for this reason that the eaves bending stresses are greater than the apex stresses 

towards the end of the test. The load point stresses are linear up to approximately 

5kN when both the axial and bending stresses begin to increase more rapidly. This 

could be because of the start of yielding in the section and, together with a shift in the 

neutral axis, would mean that the assumption of linear strain distribution no longer 

holds valid. The actual stresses in the section will therefore be smaller than presented 

after this point. 

The stresses for truss 4 are shown in Figure 7.10.2. where it can be seen that the trends 
in behaviour are very similar to truss 3. The behaviour at the load point is again linear 

until a bending stress of 290N/mm2 is reached at which point the stresses then begin to 
increase more rapidly. Bending stresses of approximately 80N/mm2 are evident at the 

end of the test at the eaves connection indicating that the joint is providing some fixity 

to the rafter. 
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The stresses for truss 5 are shown in Figure 7.10.3. It is evident in this case that the 

bending stresses predominate with the axial stresses being less than 50N/mm2 

throughout the test. In this case significant bending stresses of over 65N/mm2 are 

attained at the apex before buckling, indicating that considerable fixity is being 

provided. Eaves connection stresses peak at about 30N/mm2 but it would be expected 

that the eaves stresses would be smaller than the apex because of only four press joins. 

As the apex buckles and the stress at the apex falls then the stress at the mid rafter 

position increases more rapidly indicating that the stresses are being redistributed 

throughout the length of the member. 

The stresses for truss 6 are shown in Figure 7.10.3. where the same trends are 

observed that were seen with truss 5. Hogging stresses are again observed at the apex 

connection but the bending stresses at the eaves connection are negligible in this case. 

This is due to the close spacing of the joins which will minimise the rotational stiffness 

of the connection. The bending stresses at the mid rafter position are essentially linear 

up to approximately 200N/mm2 at which point it is possible that some parts of the 

section may be close to the yield stress under the combined effects of the bending 

moment and axial force. 

The stresses for truss 7 are shown in Figure 7.10.4. where it can be seen that the 

predominant action is bending in the section. The buckling of the apex connection 

again relieves the stress towards the mid rafter position which increases the stress more 

rapidly. Bending stresses of 16N/mm2 are evident at the eaves rafter position 
indicating that some fixity is being attained. Stresses at the mid rafter position reach 

only 280N/mm2 at the end of the test thus indicating why the truss failed at the eaves 

connection and not in the section as occurred with trusses 5 and 6. 

The stresses for truss 9 are shown in Figure 7.10.4. where it can be seen that the same 
behaviour is evident as in the last three tests. Axial stresses at the eaves rafter position 

peak at approximately 85N/mm2 whilst the bending stresses peak at just 25N/mm2. 
The interesting point about the bending stresses at the eaves rafter position is that they 
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are negative throughout the test indicating a sagging bending moment. This could be 

due to secondary moments created by the offset of the joint group from the centreline 

of the member or the bearing of the rafter onto the tie which would change the nature 

of the eaves connection. 

The stresses for truss 9 are shown in Figure 7.10.5. where the same general trends are 

observed again. Axial stresses remain linear throughout the test at each of the four 

positions. The bending stresses vary depending upon the position. The apex buckles 

at a stress of approximately 60NT/mm2 at which point the stresses reduce. At a load of 

12kN the stresses become more constant as the members at the apex come into contact 

and bear against each other. It can be seen that the bending stresses around the eaves 

connection are approximately four times greater on the tie than the rafter. This could 

again be due to secondary stresses due to the offset of the joint group from the support 

or due to the bearing of the rafter onto the tie member. The bending stresses at the 

mid rafter position increase steadily up to approximately 275N/mm2 at which point 

they reduce rapidly. This may be due to the strain gauges becoming unattached as the 

strains increase rapidly towards failure although nothing was observed during the test. 

The stresses for truss 10 are shown in Figure 7.10.5. where the same trends are 

observed again. Axial stresses remain relatively small compared to the bending 

stresses. In this test, bending stresses in both the eaves rafter and eaves tie positions 

continue to increase throughout the test. This is due to the increased number of 

press joins at the connection compared to trusses 5 to 9. The stresses at the mid rafter 

position increase linearly up to the point of the apex buckling and then increase more 

rapidly, but also linearly, up to approximately 200N/mm2. The stresses then increase 

more rapidly again as failure of the section is imminent. 

7.5.3, Discussion of Calculated Moments 

The calculated moments for the trusses based on the analysis of the strain gauge results 
as given in section 7.5.1. can be seen in Figures 7.11.1. to 7.11.3. 

364 



Plot of Bending Moment v Load for Truss 2 
0.05 

0.00 

E-005 

9-01o 

-0.15 

-020 
0,0 

5.0 r 

Eaves 

00 

E 

-5.0 

-10.0 

-15.0 
0.0 1.0 2.0 10 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

Load (W) 

1.0 

0.0 
Apex 

, ý-1.0 E 
z 

-z. 0 
6 

-3.0 

00 

.6 -4.0 
Load Point 

-6.0 

. 7.0 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 11.0 

Load (kN) 

Figure 7.11.1. Plots of Moment v Load for Trusses 2 to 4 
365 

Apex i 

Left EavesI 

Right 

50 10.0 
Load (kN) 

Plot of Bending Moment v Load for Truss 3 

15.0 

Load Pont 

Plot of Bending Moment v Load for Truss 4 



Plot of Bending Momcnt v Load for Truss 5 
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Plot of Bending Moment v Load for Truss 8 
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7.5.3.1. Trusses 2 to 4 

7.5.3.1.1. Apex Moment 

In Figure 7.11.1., the magnitude of the moments for truss 2 are small compared to any 

of the later trusses. This is due to the inclusion of internal members. The moment 

close to the apex for truss 2 is in sagging throughout the test. This would be 

consistent with having an apex behaving as a pinned connection. The apex moments 

for trusses 3 and 4 are shown in Figure 7.11.1. It can be seen that the moments are 

negligible in each case indicating that the apex connection is providing no continuity. 

It was expected that the connection would have provided some resistance but no 

explanation can be given for the magnitudes being so small. 

7.5.3.1.2. Load Point Moment 

The load point moment was calculated for trusses 3 and 4 as shown in Figure 7.11.1. 

It can be seen that the behaviour is essentially linear, nearly up to peak load, but then 

increases as the section begins to fail. 

7 , 
5.3,1.3. Eaves Rafter Moment 

The eaves rafter moment for truss 2 is shown in Figure 7.11.1. It can be seen that the 

behaviour of the two sides of the truss are reasonably similar with both ends beginning 

in hogging and then moving into sagging at the end of the test. The magnitudes of the 

moment are comparatively small and so the stiffness of the eaves connection will not 

affect the behaviour of the truss to any great extent. For trusses 3 and 4 hogging 

bending moments are evident as shown in Figure 7.11.1. and the magnitudes of the 

moment are approximately 10% of the load point moments. Assuming fully fixed 

connections the eaves moments would be of the order of 20% of the load point 

moment. It is evident therefore that significant stiffness' can be obtained using 

press join connections. 
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7.5.3.2. Trusses 5 to 10 

7.5.3.2.1 . 
Apex Moment 

The apex moment begins in hogging as would be expected due to the fixity provided 

by the connection as shown in Figures 7.11.2. to 7.11.3. In all cases the moment 

peaks at values ranging from approximately 0.5kNm to 0.75kNm, this being associated 

with the connection plate at the apex buckling as shown in Figure 7.5.6. Under 

increasing load the moment reduces and, in all cases except truss 5, the moment 

becomes negative indicating a sagging moment. 

7.5.3.2.2. Mid-span Moment 

The mid-span moment on all the trusses increased non-linearly in sagging under all 

loads as shown in Figures 7.11.2. to 7.11.3. The increase in moment with load 

increased once the apex buckled, illustrating the shedding of the moment from the apex 

to the mid-span. 

7 
, 
5.3.2.3. Eaves Rafter Moment 

The moments calculated at the eaves rafter position did not show any consistent results 

as shown in Figures 7.11.2. to 7.11.3. The bending moment for truss 5 is positive at 

all times indicating hogging bending moments. It can be seen that the moment peaks 

and then reduces towards the end of the test. This is the same trend as was observed 

with the moment-rotation tests of Chapter 5. The moment of truss 6 begins in hogging 

before moving into a sagging moment at the end of the test but the magnitude is 

negligible compared to the mid-span moment. Truss 7 shows the same trends as 
truss 5 in that the moment begins in hogging but reduces towards the end of the test. 
At the peak load the moment has returned to zero. This behaviour is similar to the 
behaviour observed in the moment-rotation tests discussed in Chapter 5. The moment 

on truss 8 remains in sagging at all points throughout the test. The increase is not 
linear but has a series of peaks and constant moment areas under increasing load. The 

behaviour in this case could be due to one of two possibilities. Either the peak 

moment of the joint group has not been exceeded or the rafter member has come into 
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contact with the tie member and increased the moment resistance of the joint group. 

The moment of truss 9 increases linearly in hogging with increasing load before 

peaking and reducing towards the end of the test. The moment in truss 10 increases 

slowly in hogging at the start of the test before increasing more rapidly towards the 

end of the test. 

7.5.3.2.4. Eaves Tie Moment 

The behaviour of the eaves tie moment should be similar to the behaviour of the eaves 

rafter position allowing for the effects of secondary moments. Due to the rotation of 

the joint group, sagging moments would be expected to occur in the tie member. The 

moments are shown in Figures 7.11.2. to 7.11.3. The moment for truss 5 increases 

linearly before becoming approximately constant for the remainder of the test. The 

joint capacity of the eaves group may have been reached and could be deforming 

plastically. The moment in truss 6 increases in sagging approximately linearly 

throughout the test. The trend shown in truss 7 mirrors the behaviour of the eaves 

rafter position in that the moment increases in sagging before peaking and reducing but 

the moment does not return to zero as the eaves rafter moment does at the end of the 

test. The moment on truss 8 increases linearly in sagging throughout the test. The 

moment of truss 9 increases linearly at the start of the test but becomes reasonably 

constant towards the end of the test. This mirrors the behaviour of the eaves rafter 

position. The moment in truss 10 increases reasonably linearly in sagging throughout 

the test with no signs that the capacity of the joint has been reached. 

7j. 3.3. General Comments on Moments 

It has been shown that the behaviour of the apex and the mid-member are generally 

very consistent. The moments calculated around the eaves connection show a greater 

variability in behaviour. This is due to a combination of many effects. The fact that 

the support points are close to the strain gauge position increases the localised effects 

of the loading. The eaves rafter member is subjected to secondary moments due to the 

joint group not being on the centreline of the rafter member. The presence of the axial 
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load will create a secondary moment due to the eccentricity of the joint group from the 

member centreline. 

7.5.4. Discussion of Calculated Axial Forces 

The axial forces calculated from the strain gauge analysis follow the expected results 

reasonably consistently as can be seen in Figures 7.12.1. to 7.12.3. The positions on 

the rafter member usually show compressive stresses whilst the tie usually gives tensile 

stresses. The results are generally linear with only the mid member of the rafter 

showing a consistently non-linear behaviour. 

The axial forces for truss 2 can be seen in Figure 7.12.1. The two eaves positions 

show a very consistent behaviour and are linear at all points throughout the test. The 

behaviour at the apex is also reasonably linear but the force is greater than at the eaves 

position whereas it would be expected that the force would be a minimum at the apex. 
One possible reason for this anomaly is that the strain distribution across the section 

was not linear due to the localised effects of the four members connected at the apex. 
The behaviour of trusses 3 and 4 were more in line with the expected results as can be 

seen in Figure 7.12.1. The behaviour at the eaves and apex connections was linear 

throughout the test with the apex having the smaller axial force in this case. The 

behaviour at the load point was essentially linear in the early stages but increased more 
rapidly towards the end of the test. This is probably due the fact that the strain 
distribution across the section will not be linear, as was assumed in the analysis, due to 
the combined compressive actions of bending and axial force reducing the effectiveness 
of the section. The behaviour of the remaining trusses can be seen in Figure 7.12.2. to 
7.12.3. The mid rafter position is generally linear in the early stages but increases 

more rapidly towards the end of the test as was observed with trusses 3 and 4. The 

eaves rafter and eaves tie positions are reasonably linear throughout the test apart from 

truss 10, where the force at the eaves tie position increases and decreases suddenly 
during the test, possibly as a result of buckling in the web at the eaves connection. 
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Plot of Axial Forces v Load for Truss 8 
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Trusses 7 and 8 failed in pure shear at the eaves connection. The calculated axial 

forces at the eaves rafter position were 12.97kN and 32.81 kN respectively which 

equates to 3.24 and 5.47 kN per press join. For a press join at 33 degree angle of load 

and using the strength equations given in Section 4.7.4. for material 1 the predicted 

failure load is 3.52 kN. The 55% discrepancy with the results of truss 8 is due to the 

additional bearing strength obtained by the rafter member coming into contact with the 

tie member. This relieved some of the force from the press joins resulting in the 

apparent increase in load capacity of the press joins. 

7 
. 
6. Theoretical Analysis of Trusses 

7.6.1. Experimental Section Properties 

The behaviour of cold-formed steel members is very complex due to the nature of the 

thin steel used. Localised deformations and twisting can easily occur due to the 

difficulty of ensuring that the load passes through the shear centre and to the relatively 

low torsional stiffness. For zed sections which have no axis of symmetry the principal 

axes of the section do not align with the web or the flanges". Any load imposed in the 

line of the web will therefore cause both vertical and horizontal deflections. As soon 

as the beam deflects horizontally then twisting will occur due to the non-alignment 

with the ends of the beam. It is important therefore to base all predictions on recorded 

section and material properties. The second moment of area of the section used in the 

trusses was derived in a test which used a span of 3.4m which was the same as the 
length of the rafter member in trusses 5 to 10. Restraint against lateral buckling was 

provided near the loading positions to closely match the restraint in the truss tests. 
This restraint limits the horizontal deflections and hence the twisting but does not 
completely eradicate the effect. The average derived value for the second moment of 
area from three tests was 674123mm4 using the following equation6'. The actual test 

values are shown in Table 7.3. 

PL3 3a_ ra1 32 

6EI 4L \L/ Equation 7.1. 
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Test Number Second Moment of Area (mm4) Failure Moment (kNm) 

1 736337 2.58 
2I 636555 3.07 

3 649476 2.83 

Average 674123 2.93 

Table 7.3. Second Moment of Area for Zed-Section Tests 
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where 
S= Deflection (mm) 

P=Load(kN) 

E= Young's Modulus (kN/mm2) {220.1 kN/mm2) 

I= Second moment of area (mm; ) 

L= Span (mm) {3350 mm} 

a= Distance from support to load point (mm) { 1117 mm} 

The theoretical value based on the measured dimensions shown in Figure 7.2. is 

877315mm;. The experimental value is lower than predicted due to the difficulty in 

ensuring completely in-plane conditions in the test. Any slight twisting of the section 

will lead to an apparently lower value of the second moment of area due to the 

increased recorded deflections. The moment capacities of the section are also shown 

in Table 7.3. 

7 
. 
6.2. Prediction of Experimental Behaviour 

The level of complexity in the behaviour of the trusses is greater than that of any of the 

previous tests. For the first time the joint groups were subjected to the combined 

action of bending moment, axial force and shear force. It has been shown that the 

behaviour of the trusses is highly dependent upon the action of the joint groups, both 

at the eaves and apex connections. The buckling of the apex connection plate 

significantly affected the deflection of the truss due to the pinned nature of the joint 

after buckling, and at the eaves connection the behaviour has been shown to be 

affected by the bearing of the rafter member onto the tie, thereby creating both a 

stronger and stiffer connection. For these reasons of increased complexity, a level of 

analysis similar to that used for the prediction of the behaviour of the beam tests would 

not be appropriate. In this case the two extremes of rotational connection stiffness are 

analysed, i. e. assuming pinned or fully fixed connections. The stiffness of the joints in 

the shear and axial directions of loading are of relatively minor significance as the 
deflections associated with these are very much smaller than those associated with 
bending and so the stiffness' of these connections are ignored in this case. 
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The trusses were each analysed in a standard linear elastic structural analysis package 

called QSE Space using the recorded value of Young's Modulus for material 1 from 

Table 3.2. and the measured value of second moment of area from section 7.6.1. The 

dimensions for the trusses were taken as the centreline dimensions and the joints were 

modelled as being either pinned or fully fixed. 

7.6.2.1. Prediction of Failure Loads 

It has been shown that the behaviour of the trusses are very complex depending upon 

the buckling of the apex connection and the moment-rotation behaviour of the eaves 

connection. It was shown in section 7.5.3. that the moments at the connections were 

relatively small at the end of the test. For these reasons, it will be assumed that the 

connections at the eaves and apex are pinned connections. 

The forces and moments in the section were derived for a unit load using a standard 

structural analysis package. The rafter member will be checked for the combined 

action of bending and axial compression in accordance with British Standard 5950 

part 5: Cold formed Steel10. This provides an equation for the allowable loads. 

Mx My 
Pc + Mcx + Mcy S1 

where P= Axial Force 

Mx = Applied Moment about x-x axis 

MM = Applied Moment about y-y axis 
P" = Buckling Resistance under Axial Load 

M= Moment Capacity about x-x axis 

MCY = Moment Capacity about y-y axis 

Equation 7.2. 

In this case, the relationship can be simplified to give the following as both the applied 
moment and moment capacity are measured in the same plane. 

Pc+Mc -1 Equation 7.3. 
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where M= Applied Moment 

Mc = Experimental Moment Capacity of Section 

The moment capacity of the section was given in Table 7.3. and the buckling load can 

be calculated from BS 5950. The procedure will be shown in an example relating to 

trusses 5 to 7 but can be equally applied to all of the trusses. The example is given in 

Figure 7.13. The failure load by shearing of the eaves connections can be predicted 

from the equations given in Table 4.2. for Material I and the results of the analysis. 

A summary of the predicted failure loads for both section failure by bending and shear 

failure of the eaves connection can be seen in Table 7.4. It can be seen that the 

predicted failure load for section failure is always less than that for shear failure 

indicating that bending failure should always occur first. It can be seen that the 

predicted failure loads are for the most part close to the actual test failure load, with 

the worst result being within 11% of the test load, indicating that the procedure is 

suitable for the prediction of the loads. The test failure loads are generally lower than 

the predicted results for a number of reasons. Firstly, the eaves joint does in fact carry 

some moment and hence the loads in the press join group will not be carried evenly 

throughout the joint group. The joins on the bottom of the group will be more highly 

loaded due to the combined axial and bending actions. This was shown with the strain 

readings of truss 7 where at high loads, the strain began to redistribute towards the 

joins at the top of the group which were less highly stressed. The failure load of the 

truss will therefore be slightly reduced because the joints are not able to sustain the 

combined actions of bending and axial force. 

For relatively simple connections such as that at the eaves connection, the failure load 

can be predicted accurately assuming pinned joints. If the apex connection was 

stiffened in such a way that local buckling of the plate did not occur, then it may be 

necessary to modify the analysis to assume a fixed joint at the apex. 

379 



(2800,1850) 

Y4 

(0,0) (5600,0) 

Dimensions for Analysis of Truss 5 

Moment // Axial Force 0.310P 

O. 448P 

0.237P 
0.586P 

0.233P 

Calculate Allowable Axial Stress 

Slenderness Y= 1160 =69 

Area Factor 
QYS 

= 
0.72x388.2 

280 280 

where 1= Length between restraint points 
rY = Radius of gyration 
Y. = Yield Strength 
Q= Effective Area Factor 

(Ael 
AJ 

A. = Effective Area calculated using BS 5950 Pt 5 
A= Gross Area of Section (388mm2) 

Following the procedure in BS 5950, the effective area Q is calculated as 0.72. 

From the two derived values, a buckling stress can be read from Table 10 in BS 5950 

Part 5. In this case p. = 231N/mm2 and P. = p0A =89.6kN 

Substituting into equation 7.3. 

0.586P + 0.233P 
5 

.62.93 

P=11.6kN 

Figure 7.13. Example of Failure Load Calculation 
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Truss 

Number 

Predicted Section 

Failure Load (kN) 

Predicted Joint 

Failure Load (kN) 

Actual Failure 

Load (kN) 

Percent. Ratio 

Test/Predicted 

3 8.4 48.8 9.1 108.3 

4 11.1 59.6 9.9 89.2 

5 11.6 23.6 11.9 102.6 

6 11.6 23.6 11.8 101.7 

7 11.6 23.6 12.2 105.2 

8 23.2 35.5 20.3 87.5 

9 23.2 35.5 21.8 94.0 

10 23.2 47.3 23.5 101.3 

Table 7.4. Table of Predicted and Test Failure Loads 
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7.62.2. Comparison of Experimental and Theoretical Deflections 

The experimental plots of load versus deflection for the trusses are shown in 

Figures 7.14.1. to 7.14.7. Overlayed are the theoretical plots assuming fully fixed and 

pinned connections calculated using the experimental values of Young's Modulus and 

second moment of area. The test plots for trusses 1,3,4 and 5 have all been corrected 

to take account of the fact that the loading cables slipped during the test. The 

reloading curves have been ignored and only the deflections for loads greater than 

those reached on the previous cycle have been plotted. For truss 1 the deflection at 

the lower load position falls outside either of the predicted results whilst the upper load 

position generally falls between the predicted results. The deflections for the mid tie 

position are significantly greater than either of the predicted results but this could be 

due to the twisting of the tie that was observed during the test. The predictions for 

truss 2 can be seen in Figure 7.14.2. where it can be observed that the actual 

deflections are generally greater than either of the predicted results. This could be due 

to some rotation in the section being recorded as a deflection. For truss 3 the 

predicted results are shown in Figure 7.14.3. where it can be seen that the deflections 

of the load point are greater than predicted and the deflections of the tie position falls 

between the extremes of the predicted results. For the apex the recorded deflections 

are significantly different from the predicted results but this is probably due to the local 

butting and interaction of the two members as the deflections are very small. The 

results for truss 4 are shown in Figure 7.14.4. where the experimental plots fall 

between the extremes for the tie position but are greater than predicted for the load 

position. The experimental plots for trusses 5 to 10 are shown in Figures 7.14.5. to 

7.14.7. and it can be seen that the plots all follow the same behaviour with the 

experimental deflection plot generally beginning close to the pinned line before 

increasing more rapidly than predicted under increasing load. Only in truss 7 are the 

test deflections between the range of predicted values. It would appear from the 

load-deflection plots that little if any stiffness can be attained with the connections but 

this probably has more to do with the difficulty in recording deflections for the thin 

walled structures. It was shown that significant stiffness' were attainable with 

press join connections for the beam tests of Chapter 6. 
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At first glance it would be expected that the experimental behaviour would be close to 

the predicted behaviour because the span of the beam used in the stiffness tests is 

representative of the length of the members used in the truss. But there are a number 

of reasons why this may not be true. Firstly, it was noted by Zbirohowski-Kosciaa' 

who was working on the practical applications of the work of Vlasov'= that under an 

axial load applied solely to the web of a zed section that the section would twist. This 

twisting would not occur for loading spread evenly over the whole section. The axial 

load for the truss tests was applied through the webs due to the web to web 

connections used. The sections would then be subjected to a twist which would then 

be exacerbated due to the effects of the loading on the top face of the section and the 

fact, as mentioned earlier in section 7.6.1., that the principal axes of the zed section do 

not align with the web. This behaviour is confirmed when looking at the theoretical 

value of the second moment of area which was earlier calculated as 877315mm;. 

The behaviour of thin-walled sections is very difficult to predict due to the possibility 

of twisting and torsion unless full restraint is given to the section. In the truss the 

compression flange is not continually restrained and hence the section cannot be 

assumed to be fully effective. The behaviour in full structures where the sections are 

attached to sheeting or purlins giving effective lateral restraint would be easier to 

predict. The primary purpose of these tests, however, was to determine the behaviour 

of the press joins within the structural context. 

7.6.2.3. Moment-Rotation Results for Eaves Joint of Trusses 5 to 10 

Inclinometers were positioned on the rafter and the tie as close as possible to the eaves 
connection on trusses 5 to 10 to measure the rotation around the eaves connection. 
The moments were calculated from the recorded strain measurements as shown in 

section 7.5.1. The plots of moment versus rotation for the eaves joint group are 
shown in Figures 7.15.1. to 7.15.2. Overlayed are the theoretical moment-rotation 
curves calculated from the load-deformation characteristics developed in Chapter 4 for 
Material 1, and the analysis program developed in Chapter 5 assuming rotation about 
the centre of the joint group. In the moment-rotation diagrams, hogging moments are 
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positive and sagging moments are negative. In Figure 7.15.1., it is evident that for 

truss 5 the rafter member is in hogging and the tie member in sagging. The tie member 

appears to show plastic behaviour with the moment being almost constant. The initial 

stiffness of the connection is accurately predicted for the rafter position and the peak 

moment is also closely predicted. The behaviour of truss 6, as shown in Figure 7.15.1. 

is such that the tie member is initially in hogging whilst the rafter member is in sagging. 

This behaviour quickly reverses into the expected behaviour. Under increasing load 

the moment in the rafter member reduces to the point where it is again in sagging. 

However, the magnitudes of the test moment are very much smaller than predicted 

which is probably due to the additional effect of the axial force on the joint group. In 

Figure 7.15.1., it is shown that the behaviour of truss 7 is closer to the expected 
behaviour with the rafter member always in hogging and the tie member always in 

sagging. The moment in the tie member increases rapidly in the early stages and 
follows the predicted results closely. Towards the end of the test both the moments in 

the rafter and tie reduce, as would be expected from the moment-rotation behaviour, 

but at a rotation that is very much smaller than would be predicted. It can be seen in 

Figure 7.15.2. that the behaviour of truss 8 is very different to those previously 

observed. Both the rafter and tie member are in sagging at all times. This shows 

significant secondary moments in the frame due to the presence of axial forces. The 

behaviour of truss 9 is very similar to truss 7 with the rafter always in hogging and the 

tie in sagging as shown in Figure 7.15.2. Once again the moments in the tie are greater 
than the rafter. This implies that the flange of the rafter member is in contact with the 
tie and is transferring some of the axial force in the rafter through this point. Plastic 
behaviour can be observed on the rafter member with a constant moment towards the 

end of the test. The behaviour of truss 10 is shown in Figure 7.15.2. The moments 
increase reasonably linearly throughout the test with the rafter in hogging and the tie in 

sagging. Once again the moments in the tie are greater than the rafter member and 
both moments reach significantly higher moments than would be predicted. 

From Figures 7.15.1. to 7.15.2., it can be seen that there is a consistent trend in the 
behaviour between the trusses. Hogging moments are evident in the rafter member 
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and sagging in the tie member except for truss 8 where both members indicate sagging 

moments. Each of the connections reveals a quasi-plastic behaviour with the moment 

becoming constant towards the end of the test. From a comparison of the test and 

theoretical moment-rotation plots it can be seen that the maximum rotations observed 

in the tests tend to be only 25% of the full predicted rotation capacity. The 

magnitudes of the test moments are also very different to the predicted moments. In 

an ideal world the moments calculated on the members either side of the eaves 

connection would be identical. There are a number of reasons why this will not be the 

case. The fact that the joint behaviour at the eaves connection is very complex will 

lead to variable behaviour between trusses. Secondary moments will occur in the 

members if the joint group is not positioned exactly on the line of action of the axial 

force which is the case for all of the trusses. The eccentricities are shown in Table 7.1. 

The eccentricity of the axial force from the centroid of the joint group will produce a 

bending moment. In the tie member, secondary moments can be created through a 

non-alignment of the centroid of the joint group and the centre of the support position. 

The supports were aligned in such a way that they were positioned directly below the 

joint group. If the rafter member moved and came into contact with the tie member as 

it did on a number of the tests, the position of the load applied to the tie member 

would move. 

The full moment-rotation behaviour of the joint group is not required as the relative 

rotation of the joint is only a small part of the predicted rotational capacity. The 

addition of the axial forces in the structure, and the difficulty in ascertaining the exact 

nature of the connection, make the prediction of the moment-rotation behaviour very 

difficult. 

7.6,2.4. Bending Moment Diagrams for Rafter Member 

The bending moment diagrams for the rafter members of trusses 3 to 10, based on the 

factored strain readings, for the load just prior to the apex buckling are shown in 

Figures 7.16.1. to 7.16.2. In trusses 5 to 10, the load point moments were not actually 

recorded and so these have been derived from the end moments, the mid span moment 
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and, the shape of the free body diagram as shown in Figure 7.17. For trusses 3 and 4 

the apex moments are between the bounds expected from the theoretical behaviour. 

Truss 3 shows approximately 40% fixity whilst the apex of truss 4 behaves as a pinned 

connection. The eaves connections show moments of magnitudes similar to that 

predicted using fully fixed connections with truss 4 actually showing moments greater 

than predicted. The moments recorded at the load points show very different 

behaviour. The test moments for truss 3 appear to be greater than would be expected 

even assuming pinned behaviour whilst that of truss 4 is very close to the pinned 

behaviour. It would appear in this case that the behaviour of the trusses has become 

non-linear because the factor used to modify the moments, described in Section 7.5.1., 

has not produced moments within the expected bounds in behaviour. For trusses 5 to 

10 which were all of the same overall dimensions a consistent trend is observed with 

the apex connections. In all of the tests the fixity appears to be at least 50%. The 

eaves connections also provide a reasonable estimate of the actual connection 

moments. From trusses 5 to 7, that all had four press joins at the eaves connection, it 

can be seen that the joint group of truss 6 provides very little fixity whilst trusses 5 and 

7 both carry moments close to those that would be predicted using fully fixed 

connections. Trusses 8 to 10 do not fit the predicted results so closely. It would be 

expected that the fixity provided at the eaves connection would be greater than any of 

the previous tests but in both trusses 8 and 10 there appears to be little if any fixity. 

On the other hand, truss 9 appears to have fully fixed connections. Applying the 

averaging factor described in section 7.5.1., the load point moments all lie within the 

bounds of the theoretical behaviour. 

It can be seen that the behaviour of the rafter in the test is dependent upon a number of 
factors. The apex moment generally provides 50% of the moment expected from the 
fully fixed connections except in truss 4 where the connection behaves as a pin. The 

eaves connections are more difficult to generalise partly due to the differing connection 
details in each truss and partly due to the second order effects associated with the axial 
load. The bearing of the rafter member onto the tie member also affects the 

connection behaviour. It was expected that as the number of press joins in the 
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connection was increased then the fixity of the connection would also increase, but as 

was seen with trusses 8 and 10, this is not the case. Factors of safety for cold-formed 

steel structures are of the order of 1.67' and so the connections could reasonably be 

assumed to provide 50% of the fully fixed connection moment over the working load 

range provided that at least six press joins are used. The load point moments all fall 

within the extremes of behaviour for trusses 5 to 10 but fall outside the range for 

trusses 3 and 4. This is probably due to the close proximity of the strain gauges to the 

load point which would affect the strain distribution in the section. The same 

difficulties in calculating the moments in the section were found in Chapter 6 for the 

beam tests, where the connection moment results were greater than predicted. 

7.6.2.5. Comments about the Predicted Moments at Eaves Connection from 

Computer Analyses 

The plots of eaves moment for both the single rafter member and the doubled rafter 

member show a significant change in the eaves moment. Assuming fully fixed joints, 

the bending moment at the eaves connection for trusses 5 to 7 at a load of lOkN is 

0.375kNm whereas for trusses 8 to 10 at the same load the bending moment is 

0.246kNm. The doubling of the section has therefore reduced the bending moment at 

the eaves by 34%. The relative stiffness of the tie member has been reduced in relation 

to the rafter and this reduces the moment transferred though the joint. This explains 

the increase in load capacity obtained in trusses 8 to 10. The peak load has increased 

by more than 50% for truss 8 over truss 7 as the number of press joins is increased 

from 4 to 6 joins because the eaves moment has been reduced. The moment is reduced 

at the eaves and hence doubling the section up and keeping the same number of joins 

would increase the capacity of the frame. 

7.7. Conclusion 

A number of full scale structures in the form of roof trusses using press join 

connections have been tested. The following conclusions can be drawn. 
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1. The rotational fixity provided by press join connections can be assumed to 

reach a maximum of 50% at the apex connection, in most cases over the 

working load range. The eaves connections showed significant secondary 

effects making it difficult to generalise about stiffness'. 

2. Ultimate loads can be very accurately predicted assuming pinned connections at 
failure. This could change however, if the apex connection plate was stiffened 

to prevent buckling. 

3. In all of the trusses, a section failure mode was predicted rather than a joint 

failure which indicates that the combined effect of the axial force and the 
bending moment can reduce the load capacity of the connection. Further 

research should be carried out on this combined effect.. 
4. The load-deflection behaviour of the trusses cannot be accurately predicted 

because of the difficulty in measuring the deflections of the trusses. Localised 

deformations of the section significantly affect the recorded deflections. 

Non-linear load-deflection behaviour was observed throughout each test. 
5. It is possible to design a truss where member failures will occur rather than 

joint failures, thereby providing a safe structure which will not collapse upon 
failure, and which fully utilises the capacity of the section. Member failures 

were attained with just four press joins at the eaves connection for the 

unstiffened trusses and with eight press joins for the stiffened trusses. 
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CHAPTER 8 CONCLUSIONS 

8.1. Introduction 

An extensive experimental study into the behaviour of press joining in structures has 

been carried out. Small scale tests on single joins in shear and groups of joins 

subjected to moment were followed by large scale tests incorporating press join 

connections. The effects of material strength, thickness, angle of loading on the join 

and number of joins within a joint group were established. 

8.2. Conclusions 

8.2.1. Shear Tests 

1. The shear strength of press joins depends upon the material strength, the sheet 
thickness and the angle of loading on the join. Join strengths increase with 
thickness and strength of the sheet. For the first time a generalised formula 

incorporating all of the dependant factors has been established. This is based 

on the work of five researchers and 136 tests covering material thickness' 
between 0.7mm and 2.0mm and ultimate tensile strengths between 282N/mm2 

and 689N/mm2. 

2. Strengths are a maximum when the load is applied perpendicular to the long 

axis of the join and are a minimum when the load is applied parallel to the long 

edge, typically reaching only 60% of the greatest peak load. The peak load 

varies linearly between these two extremes. 
3. The deformation capacity of the join increases as the angle of loading on the 

join increases. 

4. When two different thickness' of material are used to form the join then a 
greater peak load is obtained when the thicker material is placed on the punch 
side of the join. 

8.2.2. Moment-Rotation Tests 

1. The moment capacity of a group of press joins increases as the number and 
spacing of the joins is increased. Moment capacities can be increased by 
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orientating the joins such that the load is carried perpendicular to the long axis 

of the join. 

2. Moment capacities increase with material thickness, confirming the behaviour 

of the shear tests. 

3. Moment capacities of the order of 60% of the section capacity were obtained 
for groups of six press joins and this could have been increased still further by 

increasing both the spacing and the number of joins. 

4. The moment-rotation behaviour can be accurately predicted based on the 

results of the shear tests. 

8.2.3. Full Scale Tests 

1. Press join connections in full scale structures demonstrate partial fixity. 

Increases in load capacity of 38% were obtained when using press join support 

connections in a beam compared to the simply supported case. Further 
increases in capacity could have been obtained using more press joins. 

2. It is possible to design a truss where member failures will occur rather than 
joint failures. Member failures were attained with just four press joins at the 

eaves connection for the unstiffened trusses and with eight press joins for the 

stiffened trusses. 

3. Moments and axial forces can be reasonably well predicted taking account of 
the joint behaviours but the prediction of deflections is not so accurate. For the 
truss tests the prediction of the deflections was very inaccurate possibly as a 
result of twisting of the section reducing the apparent stiffness or affecting the 
measured deformations. 

8.3. Suggestions for Further Research 

The research carried out for this thesis has shown that press joins are structurally 
adequate for the structures to which they are likely to be applied. There are, however, 

a number of areas where the work should be extended before the technique becomes 

more widely used for structural purposes. 

402 



8.3.1. Shear Tests 

1. The shear tests carried out for this research were performed on the Eckold 

S-type Press join as shown in Figure 2.9. It has been shown by other 

researchers that other types of press join such as the H-type are capable of 

carrying greater shear forces. Up to this date, generalised formulas for 

calculating the strength of press joins for particular cases of material properties 

and loading direction have not been created. The equation developed in this 

thesis is the first general formula for calculating the strength of press joins. 

Similar equations could be developed for all of the types of press join. 

2. All of the shear tests in this thesis have been carried out on joins using two 

layers of steel. For more general structural purposes it may be necessary to 

join more than two layers together as was the case with the Tri-chord framing 

systems'. Research should be carried out to ascertain the behaviour of 

multi-layered joins and the effects of the position of different thickness sheets 

on join strength. 

3. It was shown that the initial stiffness of the press joins was highly variable and 

could not be definitively predicted. However, in Chapter 5 when looking at the 

moment-rotation behaviour of groups of press joins it was shown that the 

behaviour was linear along the unloading/reloading path. According to 

standard non-linear theories the gradient of any reloading paths will correspond 

to the initial stiffness. It should therefore be possible to measure the initial 

stiffness of the shear tests more accurately along an unloading/reloading path 

than by measuring the initial tangent gradient. 

4. Little research has been carried out into the allowable edge distances and 

separations of press joins. Only Bober-' has carried out any tests on these 

effects but the range of materials used was very limited. Further research 

would be necessary for press joining to become a more widely used structural 

connection. 

5. It was shown in the shear tests that as the load was increased in the joins then 

the two plates forming the join began to separate. It was also shown in the 

moment-rotation tests that as the number of joins within the group was 
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increased so the peak moment became increasingly greater than predicted. One 

possible reason for this behaviour is that the shear strength of a press join may 

increase if the plates forming the join are kept from separating as would be the 

case in the moment-rotation tests with some joins carrying only a small load 

whilst other joins further from the centre of rotation carry a greater load. Tests 

should be carried out on press joins such that the two plates are held together 

in a direction perpendicular to the surfaces of the sheets to prevent separation. 

This would confirm whether increases in join strength are possible as the 

number of joins is increased. 

8.3.2. Moment-Rotation Tests 

1. In this thesis, a large number of tests were performed on groups of press joins 

in regular formation patterns. In all of the tests the centre of rotation was 

nominally at the geometric centroid position even though the rotation position 

moved due to join variability. Further tests should be carried out on groups of 
joins where the formation pattern is in some way irregular or on groups of 
three joins for instance where it was shown in the theoretical analysis that the 

centre of rotation never coincides with the geometric centroid of the group. 
2. The small scale tests carried out in this thesis examine the behaviour of 

press joins in pure shear and pure moment. An analysis method was proposed 
in Chapter 5 for predicting the capacities of groups of joins subjected to 

combined shear and moment. It was predicted that the full shear and moment 
capacity of the group could be carried simultaneously. Further tests should be 

carried out to confirm this behaviour. 

8.3.3. Full Scale Tests 

I. Tests have established that significant bending moments are obtainable within 
the connections of full scale structures which in turn lead to increased load 

capacities and improved structural efficiency. The tests carried out within this 
thesis have not been carried out to develop a specific structural system but 

research could be carried out into developing a fully integrated system 
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4 

incorporating the benefits of cold-formed steel with an advanced joining 

technique such as press joining. 

2. Only a limited number of tests were carried out for Chapter 6 to verify the end 

fixity. Further tests are required so that a method of analysis can be produced 

for design purposes. This could be particularly applicable to continuous purlin 

systems. 

3. Stiffening the apex connection plate of the trusses, to prevent buckling, would 

significantly increase the load capacity of the truss. Further tests could be 

carried out to establish whether the fixity obtained during the early part of the 

load cycle could be assumed up to the failure load. 

8 
. 
4. Summary 

It has been shown that the use of cold-formed steel products is ever increasing. The 

roll forming techniques available can create increasingly efficient use of material in the 

section but some of this efficiency can be lost through inefficient connection 

techniques. Press joining has been shown to be a structurally sound technique that is 

efficient in both time and energy usage and is highly adaptable with the correct tooling. 

Whether the technique becomes more widespread as a structural connection will 
depend more upon economic reasons than engineering reasons. 
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APPENDIX A 

This computer program calculates the moment-rotation behaviour of a group of 

press joins based on the load-deformation behaviour of a single press join and the 

moment-rotation behaviour of a single press join as idealised in Figure 5.24. The 

program incorporates the equations developed in Tables 4.2. to 4.5. to create an 

idealised load-deformation path for a press join loaded at any angle to its axis. 

The program shown is for the centroid predicted method described in Chapter 5, but 

the joint predicted method can also be calculated using this program by specifying the 

'avx' and 'avy' terms as particular values. 

The program is written in Microsoft QBasic. 
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APPENDIX B 

This program can be used to analyse the beams with variable connection stiffness as 

discussed in Chapter 6. It is a modified version of a program by Jenkins72. 

Modifications have been made to allow data input from a file and to allow iterations 

for the solution of beam-line analysis. 

An example of the test data input is included together with a description of the values 

and form of input. Once the basic data for the frame has been entered, then the only 

figure that changes is the connection stiffness. This value of secant stiffness is 

calculated from a solution of a beam-line analysis as described in Section 6.6. which 

can be solved through any spreadsheet program. Iterations continue until the 

deflections of the beam are the same as on the previous cycle. At this point, the 

rotation of the connections can be found and this is used to calculate a new figure of 

secant stiffness. This figure is updated in the input data file and the analysis continues 

until both the deflections of the frame and the secant stiffness are the same as on the 

previous cycle. 

The program was written in Microsoft QBasic. 
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APPENDIX C 

This contains copies of papers that have been published by the author in conjunction 

with fellow researchers dealing with particular aspects of the research contained in this 

thesis. 
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ABSTRACT 

This paper describes a relatively new joining technique for cold formed steel 
structures called press joining. Press joining is a technique whereby a joint 
is created from the sheets to be connected, requiring no additional fixing 
items. A series of shear test results are given. 

The effect of UTS, steel thickness and angle of inclination of the join on 
both strength and deformation characteristics of the press join are 
discussed. 

A theoretical expression based on the results is developed linking all of 
the influencing factors to the shear strength of the join. Copyright © 1996 
Elsevier Science Ltd. 

INTRODUCTION 

In buildings the use of cold-formed steel is increasing. Many elements such 
as profiled steel decking, purlins and sheeting rails are established 
standard components. The use of cold-formed steel elements in structural 
systems is also increasing. Stud and portal frames, both now use cold- 
formed steel channel and zed sections. 

The sections are generally roll formed and then fabricated into 
structures using conventional technologies such as welding, bolting or 
riveting. The use of cold-formed steel allows very efficient material 
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utilisation, however some of the benefits may be offset by costs of 
fabrication. Therefore, the most efficient and effective connection 
techniques are of particular importance in the development of cold- 
formed steel systems. 

Press joining is a relatively new process for connecting thin steel 
plates. At present it is used thin sheet metal working, automobile and 
aerospace industries. It has many advantages over more conventional 
techniques: 

" The join is formed using material of the plates to be connected, 
thereby requiring no additional fixing items 

" It is very energy efficient, approximately 10% of spot welding 
" It does not destroy protective coatings such as galvanising 
" It is very rapid, taking less than one second to form a joint 
" Multipoint joining tools can be made which allow numerous joins to 

be produced simultaneously 
" Quality control can be checked either visually or using computer 

based systems allowing 100% checking on joints 
" The joint can be made air and watertight. 

At present there is little published evidence on the strength and 
behaviour of press-joining. Liebigl"2 published some test results but 
these were geared more to the behaviour and use of press-joins in sheet 
metal work industries, rather than the more critical area of building 
structures. There is no guidance in the current British Standard 
B. S. 5950 Pt. 4.5(3). 3 

This paper describes a series of shear tests on cold-formed steel plates 
connected using press joins. The main parameters include the effect that 
UTS, steel thickness and angle of inclination of join have on the shear 
strength and deformation of the join. 

FORMATION OF A PRESS-JOIN 

The production of a press join is a single step process with the two phases 
of shearing and deformation occurring simultaneously. The first phase 
occurs when the layers of steel are cut along two parallel edges by the 
action of the punch and a bulged area is created out of the sheets. The 
second phase occurs as the punch continues its motion until the layers of 
steel are pressed between the anvil and the punch. This pressing causes the 
layers of steel to be spread laterally against the spring plates. The layers of 
steel become wider than they were when originally sheared and this 
prevents the plates from coming apart as shown in Fig. 1. 
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Punch Metal Is Sheared Metal Is Compressed 
between Punch and Anvil 

T 

Metal 
Sheets 

Die 

Finished Press-Join 

Fig. 1. The formation of a press join. 

TEST PROGRAMME 

A series of lap shear tests were carried out. A typical test sample is shown 
in Fig. 2. A total of 39 shear tests were carried out. Four different types of 
steel were used. These were taken from standard channel and zed sections 
and plate. The material properties are given in Table 1. The thickness of 
the steel varied from 1.5 to 2.0 mm. 

Typically press joins are approximately 10.0 mm by 4.0 mm in plan. See 
Fig. 3. 

TABLE 1 
Material Properties of the Steel Used in the Shear Tests 

Material UTS 0.2% Proof stress Young's modulus 
number (N/mm2) (N/mm2) (kN/mm2) 

Value Average Value Average Value A verage 

476 363 202 

1 
485 479 372 

366 202 196 
472 358 198 
484 370 193 

361.2 297.5 360 
2 363.3 369.3 311 310 148 233 

383.3 321.5 190 

367.1 293 267 
3 366 370.4 286 293.6 190 214 

378.3 301.8 186 
373.8 295.5 184 

4 364.8 368.9 299.5 298.8 162 178 
368 301.5 187 
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G 

'2>ý - 31 fi ie 
Fig. 2. Typical test specimen dimensions. 

The surfaces of the join that provide resistance to shear will tend to vary 
according to the angle of force relative to the join. In the test programme 
this angle was 0,30,45,60 and 90°. An angle of 0° implies that the load is 
perpendicular to the long edge of the join and 90° that the load is applied 
parallel to the long edge of the join. 

The shear tests were carried out on an `Instron' testing machine with a 
constant rate of movement of I mm/min of the crosshead. The 
deformation of the press-joins was measured by a 100 mm demec gauge 
and by recording the movements of the crosshead. Demec measurements 
were taken on both sides of the sample. The demec gauge was used as it 

Fig. 3. Press-join. 
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allowed a more accurate measurement of the joint deformation than the 
movement of the crosshead as it is not affected by possible slip between 
the sample and the jaws of the test machine. The measurements were 
adjusted to allow for the strain in the steel using the values for Young's 
Modulus obtained in material tests. The steel strain accounts for less than 
5% of the total recorded joint deformation. 

The load was applied in increments of 25 kg with deformation and load 
recorded at each stage. Additional readings were taken near to peak load as 
necessary. The full load-deformation history of the test pieces was recorded. 

TEST RESULTS 

The principle characteristics considered in the paper concerning the 
behaviour of the joins are the strength of the joint, the failure mode and 
the deformation. 

All joins exhibited similar general characteristics. See Fig. 4. This is 
discussed in more detail later in the text. 

Peak load and failure mode 

The peak load is the maximum recorded load during the tests. The results 
are summarised in Table 2. 

2.5 

2.0 

z 1.5 

0 
'a 1.0 

0.5 

0.0 

Unloading 
stiffness 

Deformation (mm) 

Fig. 4. Typical load-deformation of a press join. 
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The influence of UTS on peak load 

Comparing the results of the material 1 (UTS 450 N/mm2) and material 3 
(UTS 370 N/mm2) both with nominal thicknesses of 1.5 mm, it can be seen 
that material I exhibited consistently higher peak loads. The difference 
between the peak loads was not constant but changes with the angle of 
inclination of force to the press join. With the load applied parallel to the 
long edge (0°) then material 1 is approximately 7% stronger, as the angle 
increases then the difference in strength increases also. When the load is 

applied at 90° the difference in strength is 21 %. 

The influence of material thickness on peak load 

Comparing the results of material 2 with material 3 with nominal 
thickness of 2.0 and 1.5 mm, respectively, then it can be seen that the 
thicker steel exhibits greater strength. Similar to the influence that steel 
strength has on peak load, the difference in strength increases as the 
angle of applied force increases, ranging from 22 to 41% as the angle 
changes from 0 to 90°. 

Influence of angle on peak load 

In the previous two sections the angle of load relative to the press-join had 
an effect on the influence that material thickness and strength has on the 
peak load. 

Figure 5 shows the influence that angle has on the strength of join for a 
particular material thickness and strength. 

For all samples a similar trend was observed. Maximum peak load 
occurs when the load is applied perpendicular to the long edge of the join, 
i. e. 0° and this reduces as the angle increases with the weakest direction 
being when the load is applied parallel to the long edge, i. e. 90°. 

The decrease in load is linear for each material. On average the peak 
load reduces by 40% when the direction of load changes from 0 to 90°, i. e. 
from perpendicular to parallel to the bed joint. 

Influence of angle on failure mode 

The mode of failure is strongly influenced by the direction of applied load 
to the press join. 

When the load is applied parallel to the long edge, i. e. at 90° then failure 
was by pullout of the joint as shown in Fig. 6. 
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5.0 
o Material I 

  Material 2 
0 Material 3 

4.5 0 Material 4 

4.0 
z 
Y 

3. s 
Y 
:d 
:J 

Z. 
3.0 

\ 
0 

z. s 0 

z. o 
U 15 30 45 60 75 90 

Angle 

Fig. 5. Plot of peak load vs angle. 
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The 'male' part of' the join pulls out leaving the remaining part 
essentially intact. 

The second failure node occurred when the load is applied 
perpendicular to the long edge. i. e. at 0. Shearing occurs breaking the 
extended part of the join. See Fig. 7. 

The mode of failure for angles between 0 and 90 exhibited 
characteristics of both modes of failure. 

Normalisation of peak load 

The results from all the tests can be combined into a normalised peak load 
that takes into account steel thickness and UTS. A nominal 0.05 mm was 
subtracted from the measured thickness to allow for galvanising. The 
results are, therefore, applicable to base metal thickness. 

The form of the normalising equation is as follows: 

normalised load = 
peak load 

UTSm x thickness" 

where peak load -- value of peak load from a shear test (kN); 
UTS = ultimate tensile strength (Nlmm2 ); thickness=steel thickness 
(mm); and in, is = constants. 

I nip I, iilinr 



The shear behaviour of press joining in cold formed steel structures 163 

0.007 

0.006 

0 
"v 

0.005 

ö 

z 

0.004 

0.003 
15 30 45 60 75 90 

Angle 

Fig. 8. Plot of normalised load vs angle with best-fit line. 

The resulting line of best fit is shown in Fig. 8. The following expression 
for peak load using angle, UTS and thickness is produced: 

peak load = {5.6309 x 10-3 - 2.6540 x 10-5 (angle)} 

x (UTS0'98 x thickness' -45) 

Deformation characteristics of press joins 

The results from the tests are shown in Figs 9-12. 
The load-deformation characteristics were similar for all tests. These 

characteristics are shown in Fig. 4. 
There is a linear load deformation response up to peakload. There then 

follows a ̀ quasi plastic' response. After which there is a rapid drop in load 
with increasing deformation. In a few tests a lower plastic region 
developed. At approximately 20% of the peak load the load is held 
constant while the deformation continues. This lower plastic section is due 
to a two part failure of the extended parts of the join. When the load is 
applied at 90°, one of the extended parts of the join is in tension and the 
other in compression as shown in Fig. 13. The part in tension breaks first 
leaving the join connected purely by the compressive part of the press join. 
As the deflection of the join is increased the remaining part turns over and 
begins to work in tension. A small rise in load is seen at this point until 
this also breaks leading to a complete failure of the join. 
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Fig. 9. Load-deflection plot for material 1. 
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Tension compression 

Now in tension 

Break 

Complete failure 

Fig. 13. Two-part failure of a press-join. 

Influence of angle of inclination on load-deformation response 

It can be seen from Figs 9-12, that there is a clear pattern of behaviour. As 
the angle changes from 0 to 90° the peak load reduces. The shape of the load 
deformation curve changes. It tends to become broader and flatter with the 
plastic zone increasing. The total deformation increases. This change in 
behaviour is most likely due to the differences in deformation modes as the 
angle changes. At an angle of zero then deformation occurs primarily due to 
shear of the material connecting the two elements; see Fig. 14. With the load 
applied at 90° then greater levels of deformation are due as the material 
forming the join can actually deform partially by bending and shear. 

Figure 15 shows the relationship between initial tangent stiffness and 
angle. Clearly, the stiffness decreases as the angle increases. Again this is 
likely to the change in deformation pattern of the joint as the angle 
changes. 

Influence of UTS on load-deformation response 

Comparing Figs 9 and 11 the shape of the load-deformation curves 
are similar. At angles of 45 and 600 the curve for steel with UTS of 
450 N/mm2 exhibits a horizontal section that is not apparent in the 
lower UTS steel of Fig. 10. 

Influence of steel thickness on load-deformation response 

Comparing Figs 10 and 11, with steel thicknesses of 2.0 and 1.5mm, 
respectively, the shape of the curves are similar. The range of deformation 
varies more with the 2.0 mm thick steel. The lower plastic region is again 
evident in both Figs 10 and 12, with the 2.0 mm steel but not in Fig. 11 
with the 1.5 mm steel. 
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Fig. 14. Deformation behaviour at angles of 0 and 90°. 
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Fig. 15. Plot of initial tangent stiffness vs angle. 

Influence of angle on press-join stiffness 

From Fig. 15, it can be seen that there is a general trend of reducing initial 
tangent stiffness with increase in angle. This is consistent with the joint 
acting in a shear mode at small angles and a bending mode at larger 
angles. From Fig. 16, it can be seen that there is no discernible trend in 
unloading stiffness for any of the materials. 

Influence of steel thickness on stiffness 

From Figs 15 and 16 it can be seen that steel thickness does not have any 
significant effect upon stiffness. 
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Fig. 16. Plot of unloading stiffness vs angle. 

Influence of UTS on stiffness 

From Figs 15 and 16 it can be seen that UTS does not have any significant 
effect upon stiffness. 

Influence of angle of inclination on plastic limit 

From Fig. 17, it can be seen that there is a clear trend of increasing plastic 
limit with angle. The plastic limit is increased by a factor of at least three 
when moving from 0 to 90". 

Influence of steel thickness on plastic limit 

Comparing materials 3 and 4 from Fig. 17, which have the same UTS, it 
can be seen that material 4 has consistently higher plastic limits, typically 
over 1 mm greater. The plastic limit of press-joins increases with increasing 
thickness. 

Influence of UTS on plastic limit 

In Fig. 17, comparing materials I and 3 with UTS of 479 and 382 N/mm2, 
respectively, it can be seen that there is no discernible difference in plastic 
limit. 



The shear behaviour of press-joining in cold-formed steel structures 169 

6 

4 
E 
E 

E3 

.Z 

Angle 

Fig. 17. Plot of plastic limit vs angle. 

SUMMARY AND CONCLUSIONS 

A series of tests have been carried out on the shear behaviour of steel 
sheets connected by press-joins. The following conclusions can be drawn: 

(1) The shear strength of press-joins is dependent upon the strength 
and thickness of the parent material and the orientation of the 
press-join to the direction of applied load. 

(2) The shear strength of press-join is greatest when the load is applied 
perpendicular to the long edge of the join. The shear strength 
decreases linearly as the angle of application of the load changes to 
a minimum at 90'', when the load is applied parallel to the long 
edge. 

(3) The load-deformation response of the press-joins is greatly 
affected by the orientation of the press-join to the applied load. As 
the angle of application of the load changes from perpendicular to 
the long edge of the join to parallel to this edge the stiffness of the 
join reduces. 

(4) The shear strength of press-joins can be predicted using the 
equation given in this paper. The equation takes into account the 
given material properties, its thickness and the angle of applied 
force. Further work is needed to establish the expression for a wide 
range of materials and thicknesses. 

0' 
0 15 30 45 60 75 90 
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(5) The plastic limit of press joins depends upon the angle of loading, 
and the thickness of the material but not the UTS. 
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ABSTRACT 

This paper describes the behaviour of groups of press joins in cold formed 
steel subjected to pure bending moment. The influence of material thickness 
and spacing of the joints have been studied. It appears that the thickness 
and spacing of the joints have a marked effect on the peak moment and 
rotational characteristics. A computer program has been developed that 
predicts the moment-rotation characteristics accurately. © 1997 Elsevier 
Science Ltd. All rights reserved. 

1 INTRODUCTION 

Press joining is a relatively new process for connecting thin steel plates. At 
present it is used in sheet metal working, automobile and aerospace 
industries. It has many advantages over more conventional techniques 
such as rivets, bolts and spot welds: 

" The join is formed using material of the plates to be connected, 
thereby requiring no additional fixings such as rivets or bolts. 

" It is energy efficient, approximately 10% of spot welding. 
" It does not destroy protective coatings such as galvanising. 
" It is rapid, taking less than one second to form a join. 
" Multipoint joining tools can be made which allow numerous joins to 

be produced simultaneously. 
*Corresponding author. 
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" Quality control can be checked either visually or using computer 
based systems allowing 100% checking of joins. 

" The join can be made air and watertight. 

The production of a press-join is a single step process with the two phases 
of shearing and deformation occurring simultaneously. The first phase 
occurs when the layers of steel are cut along two parallel edges by the 
action of the punch and a bulged area is created out of the sheets. The 
second phase occurs as the punch continues its motion until the layers of 
steel are pressed between the anvil and the punch. This pressing causes the 
layers of steel to be spread laterally against the spring plates. The layers of 
steel become wider than they were when originally sheared and this 
prevents the plates from coming apart as shown in Fig. 1. A diagram of a 
press-join is shown in Fig. 2. 

Press-joining machines come in a range of sizes to suit the application to 
which they will be applied. A typical machine is shown in Fig. 3. 

The behaviour of press-joins in shear was discussed by Davies et al. 1 
Joint rigidity has a significant effect on the behaviour of framed 

Punch 

Metal 
Sheets 

Die 

Metal Is Sheared Metal Is Compressed 
between Punch and Anvil 

I 

Fý Fq 
FYnished Press-Join 

Fig. 1. The formation of a press join. 

Lone applied at 0 degree 
Thanwerw LoadbV 

Load applkd at 9o degree 
Longftodhml Loading 

View from Above View from Below 

Fig. 2. Views of a press-join. 
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structures. Greater joint rigidity increases end moments and reduces 
span moments which leads to better distribution of moments 
throughout the structure and reduced section sizes. In this paper the 

experimental behaviour of groups of press-joins subjected to pure 
bending moment will be discussed. This will be followed by a compu- 
ter based method for predicting the moment rotation behaviour of 
groups of press-joins. 

2 MATERIALS AND TEST PROCEDURE 

An extensive experimental test programme was undertaken using a 
specially designed two point load rig as shown in Fig. 4. 

The material used for the tests was pre-galvanized steel, G275. The 
material properties of the steel were measured on an Instron controlled 
strain testing machine and are shown in Table 1. The test sample was 
made from two back to back channel sections joined together through 
the webs using the press-joining tool MDZ60 as shown in Fig. 3. The 
sections were nominally 80x4Omm in size. The load was applied 
through the use of a screw jack. This allowed the deflection of the 
specimen to be controlled and hence the full moment rotation beha- 
viour past peak moment was measured. Deflection was measured using 

Fig. 3. Typical press-joining machine. 
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Fig. 4. Test rig. 

TABLE I 
Material Properties of the Steel 

Material Nominal A verage Young's 0.2% Proof Ultimate 
number thickness (mm) measured modulus stress (N/mm2) tensile 

thickness (kN/mm2) strength 
(mm) (N/mm2) 

1 1.6 1.63 217.6 293.3 382.3 
2 2.0 1.96 213.1 322.1 378.7 
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a dial gauge placed on the specimen at a known point. The rotation of 
the specimen was then obtained. The joint rotation was obtained by 
correcting the specimen rotation taking account of the bending in the 
section. This then leaves purely the rotation due to the joint group. The 
load was measured by a3 tonne capacity load cell fitted behind the 
screw jack. 

The main variables considered in the test programme were: 
(1) Material thickness. Two thicknesses were used: 1.6 and 2.0mm. 
(2) Number of press joins. Tests with two, four and six joins were 

carried out. 
(3) Press join spacing. A variety of combinations of horizontal, x, 

and vertical, y, spacings for groups of two joins, four joins and 
six joins. 

3 RESULTS AND DISCUSSION 

A number of general characteristics of the moment-rotation were 
observed. A typical moment-rotation curve is shown in Fig. 5. It can be 
seen that the stiffness is almost linear up to about 75% of the peak 
moment. In most cases there is only a very small plateau region before the 
moment begins to fall as the rotation continues to increase. A typical test 
sample after failure is shown in Fig. 6. The results are summarised in 
Tables 2-4. 

o. 4o 

0.30 

I oso 

o. ýo 

0.00 

Rotation (RadhnN 

Fig. 5. Typical moment-rotation curve. 
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3.1 Influence of material thickness 

Two material thickness' were used in the test programme. From Tables 2- 
4, summarising the values of peak moment, it can be seen that there is an 
increase in capacity of the 2.0mm steel over the 1.6mm steel. These 
increases are on average 67% for the two join samples, 30% for the four 
join samples and 33% for the six join samples. The relationship for four 
and six joins is consistent with the findings on shear strength behaviour' 
where the strength of press-joins in 2.0mm steel is between 21 and 45% 
greater than 1.6mm depending on the orientation of the applied shear to 
the press-join. 

3.2 Influence of joint spacing 

The increase in spacing or the distance from the centroid has a major 
influence on the moment capacity of groups of press joins. For example, 
comparing the four join tests with x and y spacings of 15 and 15 with 50 
and 50, there is an increase in moment of 285%. This is in line with the 
increase in spacing which is 233% greater. 

The precise orientation of the press-joins also has a major influence on the 
moment capacity of the group. Table 5 compares the moment capacity of 
groups of press joins with the same distance to the centroid but with different 

Fig. 6. Typical test sample after failure. 
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TABLE 2 
Table of Test Moments for Two Joint Tests 

Joint arrangement Peak moment (kNm) 

steel thickness 1.6mm 
Peak moment (kNm) 

steel thickness 2.0mm 

X Y Angle to Test value Average Test value Average 

(mm) (mm) press join 

15 0 0.015 0.014 0.024 0.024 
0.013 0.024 

25 0 0.038 0.037 0.089 0.068 
0.035 0.064 

0.050 
0.050 

35 0 0.056 0.057 0.090 0.090 
0.058 

50 0 0.130 0.130 
15 90 0.012 0.012 0.011 0.011 

0.012 
25 90 0.025 0.025 0.042 0.042 

0.024 
35 90 0.051 0.039 0.083 0.083 

0.032 
0.034 

50 90 0.064 0.064 0.115 0.115 
0.064 

angles of applied shear to the individual press joins. The resultant angle is 
critical and can result in differences of up to 30% in moment capacity. 
Increasing the x spacing reduces the angle of applied shear on the press join 
whilst increasing the y spacing increases the angle of shear loading. It can be 
seen from the following equation linking the join strength with the material 
properties and the loading angle which was developed previously' that 
increasing the angle reduces the load capacity of the join 

Peakload = {5.6309 x 10-3 - 2.6540 x 10-5(Angle)} 

x (UTS°"98 x Thickness' 45) 

The moment capacity of the sections were found experimentally to be 1.10 
and 1.44kNm for the 1.6 and 2.0mm sections, respectively. The greatest 
moments from the press join groups were 0.630 and 0.886kNm for the six 
join tests. This represents 57 and 62% of the section capacity. There is room 
for a further row of press joins within the spacing of that joint group and this 
would improve the moment capacity still further. Alternatively, the overlap 
distance of the sample could be increased allowing a further increase in the 
number of joins and hence moment capacity. 
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TABLE 3 
Table of Test Moments for Four Joint Tests 

Joint Distance to centroid Peak moment (kNm) Peak moment (kNm) 

arrangement of group (mm) steel thickness 1.6mm steel thickness 2.0mm 

X (mm) Y (mm) Test value Average Test value Average 

30 12 16.2 0.190 0.247 0.271 0.299 
0.263 0.314 
0.260 0.305 
0.275 0.305 

15 15 10.6 0.125 0.132 0.167 0.178 
0.132 0.165 
0.140 0.182 
0.132 0.198 

15 25 14.6 0.235 0.222 0.272 0.240 
0.221 0.244 
0.210 0.205 

15 30 16.8 0.256 0.257 0.299 0.297 
0.257 0.297 

0.295 
15 35 19.0 0.297 0.275 0.371 0.371 

0.248 0.375 
0.281 0.368 

15 50 26.1 0.406 0.400 0.435 0.448 
0.395 0.451 
0.398 0.457 

25 15 14.6 0.144 0.156 0.205 0.231 
0.168 0.238 

0.251 
25 25 17.7 0.206 0.266 0.287 0.319 

0.305 0.287 
0.289 0.322 
0.262 0.363 

0.338 
25 30 19.5 0.263 0.263 0.323 0.348 

0.361 
0.359 

25 35 21.5 0.288 0.335 0.372 0.423 
0.349 0.454 
0.360 0.429 
0.344 0.437 
0.332 

25 50 28.0 0.384 0.446 0.569 0.575 
0.503 0.561 
0.70 0.594 
0.470 
0.402 
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Joint Distance to centroid Peak moment (kNm) Peak moment (kNm) 

arrangement of group (mm) steel thickness 1.6mm steel thickness 2.0mm 

x (mm) Y (mm) Test value Average Test value Average 

35 15 19.0 0.231 0.214 0.281 0.293 
0.222 0.305 
0.189 0.294 

35 25 21.5 0.270 0.314 0.340 0.397 
0.347 0.388 
0.355 0.421 
0.338 0.437 
0.262 

35 30 23.0 0.281 0.280 0.422 0.417 
0.279 0.408 

0.421 
35 35 24.7 0.356 0.349 0.464 0.460 

0.329 0.474 
0.363 0.441 
0.350 
0.350 
0.347 

35 50 30.5 0.440 0.456 0.549 0.556 
0.459 0.564 
0.470 0.555 

50 15 26.1 0.274 0.262 0.342 0.370 
0.250 0.379 

0.389 
50 25 28.0 0.343 0.369 0.429 0.451 

0.376 0.454 
0.380 0.470 
0.376 

50 50 29.2 0.373 0.373 0.483 0.491 

50 35 30.5 

50 50 35.4 

0.371 0.371 

0.489 
0.484 
0.533 
0.541 

0.512 

0.492 
0.497 
0.557 
0.500 
0.512 
0.615 
0.632 
0.676 
0.693 
0.718 

0.523 

0.667 

3.3 Deformation characteristics of groups of press joins 

Figure 7 shows the average moment-rotation curves of two series of four 
join tests with join spacing of 35 by 35mm. The 2.0mm tests show 
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TABLE 4 
Table of Test Moments for Six Joint Tests 

Joint Distance to centroid Peak moment (kNm) Peak moment (kNm) 

arrangement of group (mm) steel thickness 1.6mm steel thickness 2. Omm arrangement 

x (mm) Y (mm) Test value A verage Test value Average 

15 15 16.8 0.294 0.301 0.367 0.382 
0.299 0.379 
0.309 0.398 

0.385 
15 25 19.5 0.364 0.373 0.528 0.542 

0.397 0.545 
0.359 0.553 

15 50 29.2 0.499 0.514 0.680 0.682 
0.525 0.691 
0.517 0.675 

20 15 21.4 0.362 0.366 0.469 0.462 
0.382 0.450 
0.353 0.467 

20 20 22.4 0.545 0.548 
0.553 
0.545 

20 25 23.6 0.422 0.402 0.545 0.548 
0.384 0.537 
0.400 0.562 

20 50 32.0 0.579 0.581 0.746 0.743 
0.573 0.737 
0.591 0.747 

25 15 26.1 0.470 0.453 0.558 0.629 
0.438 0.644 
0.451 0.668 

0.644 
25 25 28.0 0.480 0.486 0.660 0.638 

0.484 0.652 
0.493 0.602 

25 35 30.5 0.809 0.817 
0.825 
0.817 

25 50 35.4 0.629 0.630 0.836 0.886 
0.632 0.874 
0.630 0.916 

0.916 

consistently higher moment capacity with slightly higher rotation capacity 
over the 1.6mm tests. The tests of both thicknesses reach peak moment at 
the same rotation. 

It was previously shown in Table 5. that the moment capacity is very 
much dependent upon the join configuration. This dependence is also 
manifested in the deformation behaviour. Figure 8 shows the moment- 
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TABLE 5 
Comparison of Test Moments for Tests with Same Joint Spacing but Different Configuration 

Steel xY 

thickness (mm) (mm) 
(mm) 

Angle 
to press- 

join 

Peak 

moment 
(kNm) (1) 

xY 
(mm) (mm) 

Angle 
to press- 

join 

Peak 
moment 

(kNm) (2) 

(1)1(2) 

1.6 25 15 31 0.156 15 25 59 0.222 0.703 
2.0 25 15 31 0.231 15 25 59 0.240 0.963 
1.6 35 15 23 0.214 15 35 67 0.275 0.778 
2.0 35 15 23 0.293 15 35 67 0.371 0.790 
1.6 50 15 16 0.262 15 50 74 0.400 0.655 
2.0 50 15 16 0.370 15 50 74 0.448 0.826 
1.6 35 25 35 0.314 25 35 55 0.335 0.937 
2.0 35 25 35 0.397 25 35 55 0.423 0.939 
1.6 50 25 26 0.369 25 50 64 0.446 0.827 
2.0 50 25 26 0.451 25 50 64 0.575 0.784 
2.0 50 35 34 0.523 35 50 56 0.556 0.941 
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Fig. 7. Effect of material thickness on deformation characteristics. 

rotation plots of two tests with identical distances to the centroid but with 
the joins at a different orientation. It can be seen that the test with the 
greater y spacing shows a lower peak moment but an enhanced rotational 
capacity. Again, this is due to the differing load-deformation character- 
istics of press joins at varying angles of loading. It can be seen from the 
load-deformation plots of Fig. 9 that increasing the angle of loading 
reduces the load capacity but increases the plasticity of the join. 

4 THEORETICAL ANALYSIS OF THE RESULTS 

A computer program was written which is based on the results of 
regression analysis procedures from the load-deformation plots of the 
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Fig. 9. Typical load-deflection plots. 

shear tests. ' Values of initial stiffness, unloading stiffness, peak load 
and plastic limit from each shear test were plotted against the angle of 
loading. These variables are defined as in Fig. 10. These values were 
then subjected to another regression analysis to obtain relationships of 
the variable against angle of loading. The equations used for the 1.6mm 
steel were as follows: 

Initial stiffness = 23.0145-(0.12030 x Angle of loading) (kN/mm) 
Unloading stiffness= - 1.54875-(0.00945 xAngle of loading) (kN/mm) 
Peak load = 3.83375-(0.02108 xAngle of loading) (kN) 
Plastic limit = 0.555 + (0.035 x Angle of loading) (mm). 
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Fig. 10. Definition of load-deflection terms. 

The equations used for the 2.0mm steel were as follows: 

Initial stiffness= 24.166-(0.22 x Angle of loading) (kN/mm) 
Unloading stiffness = -5.2-(0.03433 xAngle of loading) (kN/mm) 
Peak load = 4.6425-(0.02037 x Angle of loading) (kN) 
Plastic limit =1.0075 + (0.05717 xAngle of loading) (mm). 

Angle of loading is determined as the angle at which the force in the 
press join acts relative to the axes of the join. 

During the initial loading of the press joins the curve is non-linear and 
has been defined by the expression developed by Colson and Louveau 2 
The equation has the format 

Force 
Sib 

=n,, (i+(. ) 
I. 

where 

(1) 

Force = force in join, 
S1= initial stiffness, 
S= deflection, 
bo = deflection at which initial stiffness would intersect with peak force, 
n= power constant. 
The power constant is taken as 3. This value was determined to be a 

suitable value when the shear test data was examined. 
The computer program works by applying an increment of rotation to 

the join group and the resulting movements in the join are used to find the 
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force in the join. This force is then multiplied by the distance to the centre 
of rotation of the joint group to find the moment of resistance for that 
join. This is carried out for each press join in turn to find the total 

moment of resistance. The moment capacity of a single join is also inclu- 
ded. 

The joins were assumed to rotate about the geometric centroid of the 
joint group, as shown in Fig. 11. The failure pattern for the two join tests 

was that there was only one join intact at the end of the test. For the four 
join tests, at the end of the test there was only one join intact, the other 
three having sheared completely. For the six join tests the four outer joins 
failed leaving the two central joins intact. As rotation continued one of 
these joins also failed. The reason for these failure modes will now be 
discussed. It is recognised that the variability of the press join parameters 
will have an influence over the behaviour of the joint group, in the same 
way that joint groups that are not symmetric will have different beha- 

viours. This is because of the differing load-deflection paths of press joins. 
Some press joins will have an increased peak load or increased deforma- 
tion capacity and this will affect the behaviour of the joint group. 

The predicted moments are shown in Tables 6 and 7 for the four and six 
join tests. The predicted moments show good agreement with the experi- 
mental results generally within 10-15%. However, it can be seen that the 
predicted moments consistently underestimate the test moments. In only 
three cases for the four join tests is the moment over-predicted. For design 
purposes these errors are small and err on the safe side. For the two join 
tests the predicted moments are much greater than the test moment as can 
be seen in Table 8. The errors increase as the spacing is reduced. This is 

F 

F 

F 

FF 

F 
F NFZ 

Fig. 11. Position of centres of rotation. 
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TABLE 6 
Comparison of Predicted Moments with Peak Test Moments for Four Joints 

x 
Spacing 
(mm) 

Y 
Spacing 
(mm) 

1.6mm Steel 

Peak Predicted 
moment moment 

(kNm) (1) (kNm) (2) 

(1)1(2) 

2.0mm Steel 

Peak Predicted 

moment moment 
(kNm) (3) (kNm) (4) 

(3)/(4) 

30 12 0.247 0.228 1.08 0.299 0.281 1.06 
15 15 0.132 0.132 1.00 0.178 0.168 1.06 
25 15 0.222 0.195 1.14 0.240 0.244 0.98 
30 15 0.256 0.229 1.12 0.297 0.285 1.04 
35 15 0.275 0.265 1.04 0.371 0.327 1.13 
50 15 0.400 0.373 1.07 0.448 0.459 0.98 
15 25 0.156 0.161 0.97 0.231 0.211 1.09 
25 25 0.265 0.214 1.24 0.319 0.273 1.17 
30 25 0.263 0.244 1.08 0.348 0.309 1.13 
35 25 0.335 0.275 1.22 0.423 0.347 1.22 
50 25 0.446 0.376 1.19 0.575 0.468 1.23 
15 35 0.214 0.195 1.10 0.293 0.260 1.13 
25 35 0.314 0.241 1.30 0.397 0.314 1.26 
30 35 0.280 0.267 1.05 0.417 0.345 1.21 
35 35 0.349 0.296 1.18 0.460 0.379 1.21 
50 35 0.456 0.388 1.18 0.556 0.490 1.13 
15 50 0.262 0.249 1.05 0.370 0.339 1.09 
25 50 0.369 0.289 1.28 0.451 0.385 1.17 
30 50 0.373 0.312 1.20 0.491 0.411 1.19 
35 50 0.371 0.336 1.10 0.523 0.440 1.19 
50 50 0.512 0.418 1.22 0.667 0.537 1.24 

TABLE 7 
Comparison of Predicted Moments with Peak Test Moments for Six Joints 

1.6mm Steel 2.0mm Steel 

XY Peak Predicted (1)/(2) Peak Predicted (3)1(4) 
Spacing 
(mm) 

Spacing 
(mm) 

moment 
(kNm) (1) 

moment 
(kNm) (2) 

moment 
(kNm) (3) 

moment 
(kNm) (4) 

15 15 0.301 0.263 1.14 0.382 0.330 1.16 
20 15 0.366 0.334 1.10 0.462 0.413 1.12 
25 15 0.453 0.406 1.12 0.629 0.495 1.27 
15 25 0.373 0.297 1.26 0.542 0.384 1.41 
20 25 0.402 0.361 1.11 0.548 0.465 1.18 
25 25 0.486 0.430 1.13 0.638 0.540 1.18 
15 50 0.514 0.414 1.24 0.682 0.556 1.23 
20 50 0.581 0.464 1.25 0.743 0.616 1.21 
25 50 0.630 0.520 1.21 0.886 0.681 1.30 



218 

00 
w a 

R. Davies, R. Pedreschi, B. P. Sinha 

a 

o, 
0 

d ti 
V_ 

L 

-h 

ri: -Z 
v 

0> 
y0t 

ON(> ofOýOc+1 
N ýO cn M ýD O Oý 
In v1 nN vl 00 l- 
ÖOOÖOÖO 

Vl . t- %D (- V1 M Vl 
t- ýO M It t- O ýt ONOO-- 
6Ö6OO6ÖÖ 

le OO O-NM v1 
N 10 O, -Z oo- 

ÖÖÖOÖÖ 

H 

e oý 
0 

"ý 
oý 
U 

0! 
L 

b 

öü `' 

ý-O CI'Ol- MNN(- 
fV ll- . -r ý W1 f- It N Nm oen Itt v1ýD 
Ö6Ö6ÖOÖ6 

NOt- NttMNN 
10 OM Oý M 4n np Q- "" .rOOO .r 
OCCCÖÖÖÖ 

IT nn0Nono"3 
M V1 M . --i NM ýO Cl OO.. 0OOO G6CÖÖÖÖÖ 

tn 
Nen kn 

M 

i 

J 
en O 

- - NMh 



Groups of press joins in cold formed steel structures 219 

because the capacity of the group will be limited by the weakest join in 

order to maintain equilibrium. There is therefore no possibility of redis- 
tribution of forces which would allow an increased moment capacity. The 

moment capacity of a single join is approximately 0.0025kNm. 
The predicted moment rotation curves for the four and six join tests are 

shown in Figs 12 and 13. It can be seen that there is a good agreement in 
the general behaviour. This is particularly so in the case of six joins except 
close to peak moment. 

In order to ascertain the general behaviour of a group of press joins with 
variable deformation characteristics, an analysis of the moment-rotation 
behaviour of a group of two press joins was performed. The only restriction 
is that equilibrium of the join forces must be maintained. Although not 
providing a good prediction of moment capacity the two join test is useful in 
that the rotation position can only vary along a line between the two joins 

and the angle of loading on the join therefore cannot change. One join was 
considered to have the average deformation characteristics and the second 
join to have the characteristics of the join that recorded the greatest peak 
load for the angle of loading considered. The two load deformation plots are 
shown in Fig. 14. The spacing was taken as 25mm. Figure 15 shows the 
effect on the rotation position. It can be seen that the small differences in 
load-deformation behaviour cause a large change in the centre of rotation. 
The initial rotation position is determined by the ratio of the initial stiff- 
nesses whilst the change in rotation position is due to the varying peak loads 
of the two joins. The join with the greater peak load must stay within its 
elastic range in order to maintain equilibiium. This in turn means that the 
deformation of the stronger join is limited and hence the centre of rotation 
moves towards the stronger join. The moment capacity of the two join 
group is limited by the weaker join and is the product of the peak force of the 
weaker join and the spacing of the joins. 

For the tests with four and six joins the rotation position will again move 
towards the stiffest join and this will lead to an increase in strength over that 
predicted by the average join characteristics due to the redistribution of 
forces within the joint group. As the rotation position changes so the angle 
of loading on each join will change and this will change the load-deforma- 
tion characteristics of the join. Although the test moments can be predicted 
with a degree of accuracy suitable for design purposes this behaviour helps 
to explain the consistent underprediction of test moments. 

5 CONCLUSIONS 

A series of tests have been carried out on groups of press joins in cold- 
formed steel channel sections. 
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Fig. 12. Comparison between computer predicted results and experimental results for 
four joint tests. 

(1) The moment capacity of groups of press joins increases as the 
distance from the centroid increases. 

(2) The moment capacity increases as the steel thickness increases. 
(3) The precise orientation of the press joins around the centroid has a 

marked effect on the moment capacity. The moment capacity 
increases as the angle of resultant shear on each press join increases 
towards perpendicular to the long axis of the press join. 



Groups of press joins in cold formed steel structures 221 

035 Average 
ExpeYneMal 

020 

025 Rotation 
1020 About 

Cantrold 

V t 0.15 

0.10 

OAS 

0.00 
0.00 0.05 0.10 0.15 0.20 025 0.90 

Rotation (Radians) 

x spacing 15mm, y spacing 15mm 

0.60 

0.50 

o. 4o 

o. ýo 

soso 

0.10 

It 

0.00 
0.00 0.06 0.10 0.15 0.20 

Rotation (Radians) 

0 60 Average 
Experimental 

Rotation About 
0.40 Cwntroid 

0.30 
in. 

j020 

0.10 

0.00 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 
Rotation (Radiant) 

x spacing 25mm, y spacing 15mm 

0.70 

0.50 Expwk^"atal 

0.50 
Rotation Maut 

0A0 Controld 

9.30 

0.20 

0.10 

0.00 

0.00 0.10 020 
Rotation (Radians) 

x spacing 15mm, y spacing 50mm x spacing 25mm, y spacing 50mm 

Fig. 13. Comparison between computer predicted results and experimental results for six- 
joint tests. 

(4) Groups of press joins exhibit varying degrees of plasticity, depending 
on the resultant angle of applied shear to the individual press join. 

(5) The strength and deformation of groups of press joins can be 
predicted with a reasonable degree of accuracy, based on the load- 
deformation characteristics of individual press joins. 
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ADVANCED CONNECTION TECHNIQUES FOR COLD-FORMED 

STEEL STRUCTURES 

By R. F. Pedreschi, ` B. P. Sinha, ̀  and R. Davies' 

ABSTRACT: Cold-formed steel structures are used extensively in buildings. The use of structural frames and 
trusses fabricated from cold-formed steel sections is increasing. A key element in the manufacturing of such 
structures is the nature of the connection between sections. Many conventional connection techniques have some 
disadvantages. The paper describes and summarizes a major investigation into the application of a new technique. 
known as press-joining. An extensive program of small-scale shear and bending tests was carried out. A series 
of full-scale trusses was constructed and tested. It is shown that effective structures can be constructed using 
the technique. A theoretical method for predicting the strength of joints is presented. 

INTRODUCTION 
The use of cold-formed steel in buildings is increasing. 

Roll-formed, custom-designed sections facilitate the efficient 

construction of lightweight steel structures. Many buildings 

use simple Zed and channel sections as purlins and sheeting 

rails and these are now used more extensively than timber or 
hot-rolled steel sections. In the U. K., there is a growing use 
of cold-formed steel sections in fabricated structures such as 
stud-framed housing, lattice beams, roof trusses, and support 
structures for curtain walling. In such structures, the connec- 
tions make an important contribution to the performance, ef- 
ficiency, and economics of the building process. Welding, riv- 
eting, and bolting are all used. Most cold-formed steel sections 
are pregalvanized; welding destroys the galvanizing, produces 
noxious fumes, requires more energy, and the weld itself may 
become contaminated. Using conventional bolts, a situation 
similar to timber construction occurs, namely that local failure 

of the connected material is likely to occur before failure of 
the bolts. Essentially, the bolt is not used to its full capacity. 
Rivets and self-tapping screws can be sensitive to operator 
control and require good fit up of the parts to be connected. 
Efficient fabrication relies heavily on the connection methods 
available. A key element, therefore, in the ongoing develop- 

ment of lightweight steel structures using cold-formed sections 
is the adoption of effective connection techniques. 

In recent years, a number of proprietary fastening systems 
have been developed, essentially for use in semi- or nonstruc- 
tural applications and primarily used in a variety of manufac- 
turing industries such as automobile, heating and ventilating, 
and domestic appliances. There is considerable potential for 
the use of these techniques in cold-formed steel structures. 
There is, however, a major difference between the conven- 
tional use of these techniques and their application to building 

structures. A more precise understanding of the structural char- 
acteristics of the fastening systems, that can be readily checked 
and verified, is necessary. It is also important to demonstrate 
that the available technology can be readily used to construct 
realistic and effective structures. The principal aim of this pa- 
per is to summarize an extensive experimental research pro- 
gram focused on the structural behavior and application in 
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cold-formed steel structures of a technique known as press 
joining. The program ranged from the structural characteristics 
of individual press joins, the structural behavior of groups of 
press joins, to the behavior of full-scale structures with con- 
nections formed using press joins. 

PRESS JOINING 

Press joining is a relatively new technique for joining cold- 
formed steel sections. It has many advantages over currently 
used techniques, such as welding, riveting, and bolting. 

" It does not require heat and therefore does not destroy 
protective coatings. 

" It is a rapid process, formed in a single operation and is 
ideally suited to automation. 

" It does not require a great deal of skill in its operation. 
" It is has a low energy consumption, using only 10%- 15% 

(Pedreschi and Sinha 1993) of an equivalent spot weld. 
" It can be readily checked for quality control using com- 

puter-based methods. 
" The joint is formed using the parent metal of the sections 

to be connected, thus there are no consumables such as 
bolts or rivets. 

The process of forming the joint is shown in Figs. 1 and 2. 
The tools used to form a press join consist of a male and 
female punch and die. The die consists of three parts, which 
are held together by a specially designed rivet. The two outer 
parts of the die have parallel cutting edges. A press join is 
produced in a single step, with two phases of shearing and 
deformation occurring. As the punch closes on the die, the 
first phase, shearing of the steel sheets along the two parallel 
edges of the female die, occurs. The second phase, deforma- 
tion of the steel, occurs as the punch continues to close on the 
steel sheets and they are pressed into the die. The steel sheets 
come to a rest on the middle section of the die. The continued 
application of pressure means that further deformation of the 
steel can only occur in the lateral direction. The three-part 
nature of the die allows controlled lateral deformation of the 
steel as the two outer parts spread sideways. 

male cutting tool 

steel thicknesses to he 
joined 

shear along inside edge 

spreading dies made 
from spring steal 

FIG. 1. Press Joining Tools 
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FIG. 2. Sequence of Forming Press Joins 

ýrýýcc5ti I, tilt 
punch and die is sthown in 'ihr lini, hcc press joi, is 
characterized by the penetration depth ET and the insertion 
depth DT, as defined in Fig. 1. The insertion depth is set by 

the die itself and a range of dies has been produced in which 
DT increases as the combined thickness of the steels to he 

connected increases (Eckold 1990). For an effective join, the 

spread of the steel should be greater than 30c» of the original 
hole formed (Handbuch 1990). as illustrated in Fig. 4. 

There is, in fact, a variety of press-ioin configurations. The 

most common form of press join is rectangular in shape. The 
force needed to form the join is delivered by hydraulic pres- 
sure. The pressure varies during the stroke. A characteristic 
pressure variation during the forming process, also known as 
the force-path (Leibig and Bober 1986) is shown in Fig. 5. 
Many tools have been custom designed to suit specific appli- 
cations, often forming a number of press joins simultaneously, 
typically in car body panel assembly. Quality control of the 
joint can be carried out either manually, by checking the 
spread of the press join, or. due to the relatively simple action 
of pressure applied perpendicular to the steel sheets, by a com- 
puter-controlled monitoring system. During each forming op- 
eration, the computer compares the actual pressure-time curve 
with an experimentally determined ideal curve and provides 
either an acceptance or a rejection with an appropriate diag- 
nostic response. A typical joint using press joins is shown in 
Fig. 6. 

TEST PROGRAM 
There are no published data on the use of press joining, in 

cold-formed steel structures. Research has been published 
(Leibig and Bober 1986; Leibig 1987; Beyer 1988) but, to 
date, has concentrated on the use of the technique in its more 
conventional applications in general manufacturing. The struc- 
tural design of joints using press joining is not covered by 
current U. K. building codes (British Standards 1987). 

A test program was carried out to study the structural be- 
havior of press joins in typical cold-formed steel structures. 
The main aims of the test program were 

To study experimentally the structural behavior of indi- 
vidual press joins in shear, taking into account the fol- 
lowing variables 
" Orientation of press join to direction of applied shear 
" Number of press joins per connection 
" Thickness of connected sheets and strength of steel 
" Effect of edge distance on shear strength 
" Combination of different sheet thicknesses in joint 

configurations 

17) 

-acting 
pushed 

wider 
to the 
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FIG. 6. Typical Joint Using Press Joins 



TABLE 1. Material Properties 

Ultimate Tensile 0.2% Proof Modulus of 
Strength Stress Elasticity 

Thick- 
(N/mmz) (N/mm2) (kN/mm2) 

Material Hess Aver- Aver- Aver- 

number (mm) Value age Value age Value age 
(ý) (2) (3) (4) (5) (6) (7) (8) 

1.5 467 479 383 366 208 220 
487 386 239 
483 378 219 

2 2.0 387 379 328 322 216 213 
380 320 207 
370 319 216 

3 1.5 392 382 302 293 216 218 
366 265 214 
388 312 221 

2.0 384 378 325 321 228 226 
378 322 226 
373 317 224 

: ac 

press join 
; 6Omm 

370mm applied force 

FIG. S. Shear Test Sample 

2. To conduct a series of moment/rotation tests on small- 
scale specimens. The main variables considered were 
" Material thickness and the ultimate tensile strength 

(UTS) 
" Number of press joins. tests with two, four, and six 

press joins 
" Press join spacing 
In most applications, connections will consist of multiple 
press joins. Given the dispersion of the joins, the ability 
to transfer moment as well as shear becomes an impor- 
tant characteristic. 

3. To investigate the design and structural behavior of full- 
scale structures using press joins. While the research in 
aims I and 2 will provide the basic data on the structural 
behavior of press joins. we felt that it was important to 
examine the behavior of press joins in full-scale, repre- 
sentative structures. A series of ten pitched roof trusses 
was fabricated and tested to failure. 

MATERIALS AND JOINING EQUIPMENT 

Four different steels were used, supplied in the form of stan- 
dard channels, Zeds, and flat sheet. All materials were galva- 

nized to G 275 (275 g/m, ). The material properties are sum- 
marized in Table 1. Two different press joining pliers were 
used for manufacturing of the small-scale and full-scale test 
specimens. Both were standard tools intended for general use 
in light steel fabrication workshops. for example the manufac- 
ture of air-conditioning ducting. The first tool was the largest 

standard size of maneuverable press joining pliers, type 
MDZ60. The pliers were suspended from a roof-mounted 
spring balance, as shown in Fig. 7. The pliers were connected 
by high-pressure hoses to a dedicated hydraulic pump unit. 
The maneuverability was essential in the construction of the 
full-scale trusses to achieve access to all the joints without 
moving the truss itself. These pliers were also used in making 
some of the small-scale test specimens. However, the maxi- 
mum reach of the jaws was only 60 mm and it was not pos- 
sible to produce all of the small-scale samples with this tool. 
The remaining small-scale specimens were connected using a 
larger, floor-mounted machine, type MD500, with a reach of 
480 mm. 

SHEAR TESTS 

The shear tests were carried out on simple single lap test 
samples, as shown in Fig. 8. The samples were cut from either 
flat sheet or cold-formed sections. The specimens were tested 
in an Instron controlled strain testing machine with a constant 
rate of head movement, thus enabling the full load-deforma- 
tion response to be studied. The deformation can be obtained 
by the relative movement of the heads of the Instron during 
the test. However, there is the possibility of slippage between 

TABLE 2. Summary of Shear Test Results 

Ultimate 
tensile Nominal Angle of ap- Average 

Material stress thickness plied shear peak load 
type (N/mm2) (mm) (degrees) (kN) 
(1) (2) (3) (4) (5) 

1 479 1.5 0 4.22 
30 3.50 
45 3.26 
60 2.63 
90 2.55 

2 369 2.0 0 4.81 
30 3.92 
45 3.59 
60 3.35 
90 2.97 

3 370 1.5 0 3.96 
30 3.21 
45 2.78 
60 2.39 
90 2.11 

4 368 2.0 0 4.88 
30 4.62 
45 3.99 
60 3.36 
90 3.07 

peak load kN 

4.0 

2.0 

=EEi 
angle of applied 
shear 

angle of applied shear 
(degrees) 

FIG. 9. Typical Relationship between Angle of Applied Shear 
and Peak Load 
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TABLE 3. Summary of Results for Groups of Four Press , loins 

Joint Spacing 
(mm) 

Peak Moments 
(kN m Comparison between I \perimental and Predicted Moments 

Steel thickness Stee', thickness 1.6 mm pre- 2.0 mm pre- 

xy 1.6 mm ' 2.0 mm dicted moment (3) dicted moment (4)/(7) 

(1) (2) (3) (4) (5) (t ý) (7) (8) 

30 12 0.247 0.299 . 22 8 0 1" 0.281 1.06 

50 12 0.357 - 73 0.3 0 ')c - 
15 15 0.132 0.178 0.132 1 

. to 0.168 1.06 

25 15 0.222 0.240 0.195 1.1.1 0.244 0.98 

30 15 0.256 I 0.297 0.229 1.1. 0.285 1.04 
35 15 0.275 0.371 0.265 1.01 0.327 1.1 

50 15 0.400 0.448 0.373 I .o 0.459 0.98 

15 25 0.156 0.231 0.161 0.211 1.09 

25 25 0.265 0.319 0.214 1 '-I 0.273 1.17 

30 25 0.263 0.348 0.244 l 
. Ut% 0.309 1.13 

35 25 0.335 0.423 0.275 1.:. 0.347 1.22 

50 25 0.446 0.575 0.376 1Iv 0.468 1.23 
15 35 0.214 0.293 0.195 11 0.260 1.13 
25 35 0.314 0.397 0.241 1. tiý t 0.314 1.26 
30 35 0.280 0.417 0.267 0.345 1.21 
35 35 0.349 0.460 0.296 l lx 0.379 1.21 
50 35 0.456 0.556 0.388 1I iý 0.490 1.13 
15 50 0.262 0.370 0.249 0.339 1.09 
25 50 0.369 0.451 0.289 1.: t-, 0.385 1.17 
30 50 0.373 0.491 0.312 1.., 11 0.441 1.19 
35 50 0.371 0.523 0.336 1.01 0.440 1.19 
50 50 0.512 0.667 0.418 1. _, " 0.537 1.24 

the jaws of the heads and the test specimen. To eliminate this 

potential source of error, the deformation of the joint was mea- 

sured using a mechanical strain gauge, straddling the overlap 

of the two sheets. Demec gauge points were attached to both 

sides of the test sample. The total deformation recorded by the 
Demec gauge is a combination of the deformation of the press 
join and the elastic deformation of the steel itself. The defor- 

mation of the press join itself was obtained by subtracting the 

elastic deformation, calculated using the Young's modulus ob- 
tained from the tests in Table 1, from the total recorded de- 
formation. Typically, the deformation due to elastic strain of 
the steel was approximately 5% of the total recorded move- 
ment. A total of 85 shear tests was carried out. The results are 
reported in more detail elsewhere (Davies et al. 1996). The 
finished press join is approximately 10 mm by 5 mm. The 

Iýrnnm 

SUMM 

100 L mm 
+ý 

7ýý 

"i,. wý section 4 

FIG. 11. Moment-Rotation Test Sample 

convention adopted its this paper is that the angle of shear is 
zero when it is applied perpendicularly to the long edge of the 
press join. The resultb , tre summarized in Table 2. 

As would be expectxd, increasing the thickness and the UTS 
of the steel sheets resulted in an increase in the peak load. The 
orientation of the load in relation to the joint has a particularly 
marked effect on the ]xak load and deformation characteristics 
of the joins. The greatest peak load occurs when the load is 
applied perpendicular to the long edge of the join and the 
weakest peak load occurs when the load is applied parallel to 
the long edge of the JI, in. As the angle changes from 0° (per- 
pendicular to the long edge of the join), there is a linear re- 
duction in peak load reaching a minimum when the load is 
applied parallel to till; long edge (90°). This is illustrated in 
iig. 9. The failure M-le. is influenced by the direction of ap- 
plied shear. When the zhear load is applied at 90°, failure tends 
to occur by pull out w, d separation of the joint, whereas, when 
the shear is applied cf 0°. failure tends to occur by shearing 
occurring across the ; (tended pan of the join (Davies et al. 
1996). 

An analysis of the ; near results produced the following ex- 
pression for the peal, - ; r, ad in terms of angle of applied shear. 
UTS, and steel thickless; 

peak load = (5.63 xx 10-5 "a 
" (UTS° °" Xt �`) (1) 

where c( = angle of a; r, iied shear; t= steel thickness; and UTS 
= ultimate tensile sUr-, eth of (I) steel. 

MOMENT/ROTATIC^ TESTS 
In most applicati ,, s, connections will consist of multiple 

press joins. Given tie dispersion of the joins, the ability to 
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TABLE 4. Comparison of Peak Moments for Joints with Four Press Joins and Eoual Different Orlentatfon. 

III 

Steel Spacing of Press Joins Angle of Spacing of PreOA iwri 

thickness shear to Peak Peak ` 
(mm) XY pressjoin moment x moment 5 

(1) (2) (3) (4) (5) (6) (9) (t0) 

1.5 15 25 59 0.156 25 0.222 0702 
2.0 - - - 0.178 - 0.240 ; 741 
1.5 15 35 67 0.214 35 0.275 D.? *a 
2.0 - - - 0. _93 - 0.371 0-90 
1.5 15 50 74 0.262 50 0.400 0.6ss 
2.0 - - - 0.370 - - 0.448 0S 
1.5 25 35 55 0.314 35 0.335 0 93p 
2.0 - - - 0.394 - 0.423 0 dl1 
1.5 25 50 64 0.370 50 = 0.446 53p 
2p - - - 0.451 - - 0.575 -u 

0 35 50 56 0.523 50 0.556 0440 

bending moment 
1cNm 

I 13 
, 50mm ' 

50 mm 

1 mm 

rotation direction of 
applied load 

FIG. 12. Comparison of Moment-Rotation Behavior for 
Groups of Joins with Same Geometric Centrold but Different 
Orientation 

FIG. 14- =ncis of Beam 

transfer moment as well as shear becomes an important char- 
acteristic. A large number of small-scale moment/rotation tests 
were carried out. In these tests, the complete load-deformation 
response was studied through to final failure using a specially 
designed test rig (refer to Fig. 10). The test sample is shown 
in Fig. 11. A screw jack was used to allow a constant rate of 
deformation. A total of 247 small-scale moment/rotation tests 
was carried out. The tests were carried out on groups of two, 
four, and six press joins. The majority of the tests was carried 
out on test samples with four press joins. This arrangement 
facilitates the study of a number of variables as the distance 
of each press join to the geometric centroid of the group is 
constant. The results of the tests on the samples with four press 
joins are summarized in Table 3. In this table, two variations 
of test samples were considered-the first consisting of two, 
1.6 mm thick channels and the second consisting of two, 2.0 
mm thick channels. The tests are reported in more detail else- 
where (Davies et al., in press, 1996). 

In summary, the following were found: 

" As would he 4r; r-, r-- 3ength and stiffness of i1 
joints incretvc =ý =-- -_ of the joins or the i$ 
thickness incrr. ý't - 

" The orthotruptr ý3 ' -- of the press joins sigsýt! 
cantly affect's t! : -ý- - aeformation behau un. lý 
the samplers w1r. ý, = =ýloer of press joins and x 
ing at the : arr, r_ "' --r*ý-'' --- the centroid, the prelim 
orientation of trr- . -n? ~ _ -- entroid is criticri. as Ma 
traced in Fig. l=- -°=sents a compare .n of d 
strengths of rc' 'ý _ _=r; the same geometnc cr 
troid but (meint - ý__ 

__. _ 
äirections. It can `+e sa 

that differerie . '- =- _ .r peak moment :: re pc 
ble. 

"A computer-ha, r: _ ' -_- ' ý°.. chnique was de,, rlormd 
predict the rn', rr: r-T =, __ _ -ýnavior and stren :. h of C 

connection'>. "(rr. - '" - shear tests sserc used 
prepare a rnýt:; ý == ý_- ý ý for the shear/ eforrnst) 
characteristic . -ý'1= ýi -. account the onentacton 
the applied . nom;: _- . -_ __ _- : n. 

Increments of rý, ';::. - .ý__ _- .. _ to the join , zr; u' and t 
resulting deforrn: ýt, ý. ý. ý__. - zz used to Lind the 'orce 
each join. The f(; r,.: .. _ - =_-,: ted by the distance to t 

center of rotation .' ==_ - - _- The moment ::. 'recd 
the join group , "s rho: -. `- -_- - - gum of the moments P 
erated in each loin _ - Wins is assumed t0 reu' 

about the geornctric. ,. '. - _ ...; ugh the rotaticnai surf" 
of an individual pry.:., -- __ rely low comrared 10 

group of joins- rý; : _=_ 

'_- 
-_ = ur. ts for approx; riatcly 

of the total mc, rner r-. _ ý_ to the anal <» 1`I*' 
failure is shown ,nf -__ amp arcs the , k^=nme", 
results wit? the pr`''-. - ._- .;: er: illy. _re, r0 
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FIG. 13. Typical Failure of Moment-Rotation Sample 
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th; ahiiitv o' croup 01 t(, carrv hcndinr 
follow on from this work, a short series of beams with fixed 

ends was tested to investigate the degree of fixity that could 
be developed in representative, full-scale structures. Careful 

strain measurements were taken using electrical strain gauges 
at both the support and midspan location. The beam consisted 
of cold-formed steel channel sections beams spanning 3,350 

mm, with their ends connected using groups of four and eight 
press joins to channel sections running perpendicular to the 
beams. These channel sections were clamped rigidly to rca- 
tion frames. The perpendicular channel section was given ad- 
ditional support by inserting a timber packing piece between 
the flanges to enable high clamping pressures to he applied 
without buckling the web, as illustrated in Fig. 14. Load was 
applied at third points. The test arrangement is shown in Fig. 
15. The bending moments in the section were calculated from 
the strain-gauge readings using the second moment of area of 
the section obtained from simple bending tests and the mod- 
ulus of elasticity from the coupon tests previously carried out 
on the section. Typical results are shown in Fig. 16. The end 
moments are compared to the midspan moments. It can he 
seen that end moments of approximately 6017( of the corre- 
sponding span moments can be developed. As the load in- 

creases toward failure, evidence of plastic deformation of the 
support moments can be seen. 4 Moments at Load Points 

het 
Z 

Support Moments 

.2L 
2 

Load kN 

FIG. 16. Typical Results for Span and End Moments 

is found. The model tends to underestimate the peak moment. 
This is probably due to variations in the stiffness and strengths 
of individual press joins within the group, causing the centroid 
of the group to move from the geometric cenuoid toward the 
stiffer press joins as the load increases. The actual behavior is 

complex, and assuming the centroid of the group to be the 
geometric centroid is appropriate for design. 

FULL-SCALE TESTS 

Beam Tests 

A series of full-scale test,, on trusses and beams was un- 
dertaken. The small-scale moment-rotation tests demonstrated 

Z1 Truss Tests 

One of the main aims of the study was to determine if the 
press joining technique could be applied to representative full- 
scale structures. One potential use for the technique would be 
in the factory production of steel pitched trussed rafters, sim- 
ilar to timber construction. A typical truss is shown in Fig. 17. 
Using a 120 mm deep Zed section, a series of trusses was 
designed and tested to failure. The connection between the 
rafter and tie member was fabricated by notching the rafter. 
permitting the webs to overlap, as shown in Fig. 6. thus avoid- 
ing the need for separate gusset plates. A total of 10 full-scale 
pitched trusses was tested; the span varied from 3.94 m to 
6.20 m and the pitch varied from 25° to 42°. The trusses were 
tested in a specially designed rig. Load was applied using hy- 

et[ Configuration pan height [ um ro Failure Failure 
Number of truss (m) (m) (degrees) joins at eaves load mode 

(kN) 
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FIG. 18. Summary of Full-Scale Truss Tests 
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FIG. 15. Arrangement for Beam Tests 

FIG. 17. Arrangement of Full-Scale Truss Tests 
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End Fixity In Cold-Formed Steel Sections Using Press Joining 

RF Pedreschi, 1 BP Sinha' and RJ Davies' 

Abstract: 

Connections in cold formed steel structures using multiple press joins can develop moment 
resistance. This paper describes and presents the results of a series of tests on cold formed 

steel C sections with multiple press joined connections. The experimental results are compared 
with similar tests on simply supported and pinned end connected beams and the degree of 
partial fixity is assessed. The failure load can be predicted using plastic analysis techniques. 

Introduction: 

With the need to improve efficiency in the construction industry the use of pre-fabricated 
structural elements is increasing. Factory produced components can, generally, be produced 
more quickly and reliably than their site constructed equivalent. An obvious example is the 
ubiquitous use of the timber trussed rafters in residential buildings. Cold-formed steel is now 
very well established as highly effective in the manufacture of individual structural elements 
such as purlins. sheeting rails, light steel studs and cladding frames. In the production of 
fabricated structures such as trusses and stud frames some of the economic advantages may be 
lost due to relatively high fabrication costs. The ratio of fabricated cost to material cost in 
conventionally fabricated structures can be high, particularly in comparison with the fabrication 
of hot rolled steel structures. A critical element in the fabrication process is the connection 
technique. 
Press joining, which forms a connection by deforming the parent metal of the sheets to be 
connected, has considerable benefits over conventional connection techniques in the fabrication 
of cold-formed steel structures. These are: 

" energy efficient 
" does not destroy protective coatings, such as galvanising 
" uses the parent metal of the sheets to be connected, there are no additional fixings such as 

rivets and bolts. 
" it is readily automated. 
" tools are available for multi-joint connection allowing rapid fabrication. 
" quality control can be readily checked, either manually or by computer. 

The process of forming joint has been described elsewhere M. (2) and is illustrated in figure 1. 
The technique has evolved through use in the automobile and manufacturing industries. It is 
now beginning to be used in building structures (3). To date most of the research on Press 
joining has concentrated on production control parameters related to its use in manufacturing(4). 
(5). The applications were either semi or non structural. The individual press joins are relatively 
small and can carry loads comparable to rivets. Groups of press joins can carry significant bending moments. This paper describes an experimental investigation into the end fixity 
obtained in groups of press joins, forming the connections between cold-formed steel channel 
sections. 

Previous research into the structural behaviour of press joins 

The tests repurte; i herein formed part of a larger experimental investigation into the behaviour 
of press joining, in cold-tourned steel structures. The shear strength and load-deformation 
behaviour o press ; eins is tnrluencei by : he orientation of the prey; join to the anale of applied 

' Senior Lecturer Deaarmtcnt öt . ', r: hitecture L'ni'.;: rsity ý)I Ed inburg n, '0 Chambers Street Eýünburz, h EH I IJZ. 2 Reader. Department . )t Civil En!! nee-ing University ()I Edinburgh. Kings Buildin Js, Mavtield Road. Edinburgh 
Fonrter Resear.: h Derart; i e:: it ot . Arciiitet: ture. University )t Edinbursn. 20 Chambers Street 

Edinhurgeh. EH1 1 J7_. 
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shear, the steel thickness and the UTS of the steel being connected'). Press joins demonstrate 

considerable post-peak load deformation, as shown in fig-2. An expression has been developed 

to predict the peak load. 

Peak load = (5.63 x 10-3 - ?. 65 x 1O-5. (). (UTS 0.98. t 1.45) 

The behaviour of Zroups of press joins has also been studied experimentally. Over 240 small 
scale bending tests were carried out (2). Groups of press joins can carry significant moments. 
The bending strength of groups of press joins has been shown to be influenced by the following 
factors: 

" the number of press joins in the group. 
" the distance of the press joins from the centroid of the group. 
" the orientation of the press joins within the group. 
" The moment capacity of the group increases as the resultant angle of applied shear on each 

press join increases towards perpendicular to the long axis of the press join. 
" the moment capacity increases as the steel thickness increases. 

The moment-rotation behaviour of groups of press joins demonstrated similar post peak load 
deformation characteristics to the load-deformation behaviour of individual press joins, fig. 3. 
A theoretical method has been developed to predict the moment capacity of groups of press 
joins based on the load-deformation characteristics of the individual press joins. 

End fixity tests 

The moment-rotation tests were carried out on samples produced from short lengths of channel 
sections, where bending deformations were small, relative to the rotation of the joint group. In 
order to investigate end fixity in more realistic structures a short series of full scale bending 
tests on cold-formed steel channel sections was carried out. A total of eight tests were carried 
out: 

" two tests simply supported 
" two tests with a single bolted connection ( no end fixity, but possible catenary). 
" two tests with four press joins 
" two tests with eight press joins 

The first four tests did not use press joins but were used for comparative purposes and to help 
estimate the degree of fixity in the press joined test samples. 

Test arrangement and procedure 

All test samples consisted of an 80 mm x 50 mm channel section, of nominal 1.5 mm thickness 
and UTS of 383 N/mm2. The span was 3270 mm. For the press joined and bolted test samples 
column pieces were attached to each end of the section using the same section. Details of the 
test beams are given in fig. 4. 
The general test arrangement is shown in fig. 5. Load was applied using two hydraulic rams. These were clamped to a rigid reaction frame, constructed from 300 x 100 mm hot rolled 
channel sections. Timber packing pieces were placed in the channel section to prevent local 
bucking under the clamping forces. Lateral bracing to the channel section was provided at. each load point using a separate : came, constructed using tubular scaffolding. 
A different arrangement was used for the simply supported tests. Two channels sections were 
connected back to back. The -, ections were bolted together using four bolts along the length of the sections. To allow buck. ingg o occur more freely the beams were separated by : )mm spacers 
at each bolt. 
Deflections were measure"' at mid-span using mechanical dial , TauýTes reading to 0.0 l mm. Electrical resistance -, train 2auJes were attached at four points along the length of each beam. 



namely both load points and adjacent to both supports. Four gauges were applied at each 
position. Two at both top and bottom, on either side of the web. Inclinometers were attached to 
each end of the beam. 
Load was measured using 30 k. N load cells under each hydraulic ram. The pressure was applied 
using a hand operated hydraulic cylinder with parallel connection to each ram. 
Load was applied in increments of 0.1 kN. Two cycles of bedding in load were applied and on 
the third cycle the load was applied until failure, with the strains, rotations and deflections 

recorded at each increment. 

Test results and general observations 

Failure loads 

All eight beams failed by local buckling of the compression flange within the region of 
constant moment. Following local buckling, twisting of the section took place, allowing the 
section to come into contact with the scaffolding system. The test was then stopped. The failure 
loads are presented in table 1. 

Table I Summary of test results 
est number Arrangement Load at first buckle Average load at first 

(kN) buckle (kN) 
14 press joins 3.52 

3.69 
24 press joins 3.86 

38 press joins 4.04 
4.25 

48 press joins 4.46 

15 bolted connection 3.26 
3.10 

6 bolted connection 2.95 

simply supported 6.44 
(double section) (3.22 per channel) 3.06 
simply supported 5.77 
(double section) (2.89 per channel) 

It can be seen that the use of press joins increases the load carrying capacity of the section. The 
average increases in load with the press joined connections were 38 % and 20 % of the simply 
supported beams with eight and four press joins respectively. There is also a slight increase in 
load with the bolted connection. 

Load/deflection behaviour 

The load deflection results are presented in fig. 6. For each group of tests there is consistent 
behaviour. The results fof tests 7 and S. simply supported beams consisting of two channels 
back to back were used to determine the experimental value of section stiffness (EI). In order to 
compare the behaviour of the different beams the experimental results for beams 1-6 'were 
subjected tu a : ur-. e fitting exercise. Fig. 7 presents the comparison of the experimental curve fitted results. . ý. ýo shown is the theoretical deflection assuming full end fixity, calculated using 
the experimental! y obtained value of EI. It can be observed that the beams with press joined 
connections were . onsiderably stiffer than the other beams. Table 2 summarises the results of 
the re-lression 



: ýý. 

Trnhle 2 Summary of curve fitted load deflection results 
Beam test numbers Connection type curve fit of deflection m 

(load = in . deflection) 

anui Simply Supported 0.0746 
5 and 6 bolted 0.0948 

1 and 3 four press joins 0.143 
2 and 4 e: Qht press joins 0.155 

theoretical full fixed 0.34.: 

From this table it can be seen that the beams with eight and four press joins provide a degree of 
end fixity. For beams with eight press joins the proportion of full fixity is 30% and 25 % for 

the four press joins. 

Strain measurements and bending moments. 

From the recorded strain measurements it was possible to determine the distribution of strains 
at key locations along the span of the beam. The results are discussed are presented and 
described more fully elsewhere (6). Typical results are shown in figs 8 and 9 for beam 7 (simply 
supported) and beam 4 (8 press joins). Each graph illustrates strains at the top and bottom of 
the section. The strains at the support for beam 4 indicate hogging moments. It is also notable 
that the strains adjacent to the support initially increase linearly with load, however at 
approximately 30"0 of the failure load the strains level off and almost constant until failure. 
Using the strain measurements the bending moment in the section can be estimated using the 
following expression: 

Bending Moment M= (Et-eb) EZ 

The support and end moments for tests 1-4 are presented in fig 10 and 11. Also shown is the 
free bending moment based on the applied load and the free bending moment based on the 
strain measurements. This is simply the sum of the average moment at mid-span and the 
average support moment, calculated from the measured strains. It can be seen that there is good 
agreement between the two sets of results. In all cases the moment at the support increases 
linearly with load initially then levels off and remains approximately constant until failure. 
Using these moments calculated from the strains it was then possible to plot the r.. xio of support 
moment to span moment through out loading cycle. To examine this effect further the ratio of 
support moment to span moment is presented in fig. 12. The beams with eight press joins 
demonstrate consistent behaviour. Initially the support moment is 1.3 - 1.35 times greater than 
the span moment. Once the applied load reaches approximately 30 % of the peak load the ratio 
of support to span moment decreases almost linearly with increasing load to 0.5 times the span 
moment. A similar trend is observed for the beams with four. press joins, although, not as 
consistent. Initially the support moment is 0.75 times the span moment, decreasing to 
approximately 0.3 in the case of beam 3. The theoretical ratio for the fully fixed case is 2.0, 
implying a initial fixity of 65% and 37% respectively. 
The results suggest that initially the effect of the press joins is to impart a significant degree of 
end fixity to the beams. As the load increases the plastic behaviour develops in the press joins, 
allowing continued rotation with little increase in bending moment. This indicates a 
considerable degree of ductility in the press join group. 

Predicted failure load. 

Previous research - on smail scale tests also demonstrate-' plasticity in the joint group. The 
moment-rotation results for the groups of press joins used in these tests are illustrated in fig l?. 
The failure load (or the test beams was predicted using plastic analysis, assuming fall plastic behaviour of the join Troup at the supports. The conditions at failure in the shown in tiv. 14. 

4 



Total internal work 
Total external work 

ext work = in[ work 1.5.6( "vlj +tilg)= l. 5. P. 1.117.6 

P= NIl + NIs total load = 2P 
1.117 

The results of this analysis are presented in table 3. The moment capacity of the section, GIs 

was calculated from the simply supported beam tests, 7 and S. Although the results for beams 5 

and 6 indicate a slight catenary effect this has been ignored in the analysis. 
It can be seen that he failure loads can be calculated to with; r. 10% of the experimental results. 

TnhIP three Predicted failure loads 

Test Moment 
Number capacity of 

join group 
kNm 

Moment 
capacity of 
section 
kNm 

Experimental 
failure load 
kN 

Predicted 
failure load 
kiN 

Ratio of 
experimental 
to predicted 
failure load 

l 0.: 66 1.71 3.52 3.53 0.99 
0.: 66 1.71 3.86 3.53 1.09 

3.0.55 1.71 4.04 4.05 0.99 
4. J 0.55 1.71 4.46 4.05 1.10 

Summary and Conclusions 

A limited series of tests has been carried out to determine the degree of fixity in the 
connections between cold-formed steel structures using groups of press joins. The test samples 
were connected through the webs only and therefore limited in the geometric 

distribution of the 
press joins around the centroid of the group. Nevertheless significant end fixity is apparent. 
During the earlier stages of loading the recorded deflections indicate lower levels of end fixity 
than the strain gauge measurements. The moments calculated from the strains correlate well 
with the free bending moments obtained from the load cells, whereas the methods of test for 
simply supported beams and beams with press joined connections were different. The 
unsymetrical nature of the C section may have given rise to relatively greater deflections, due 
to torsional effects, than the symmetrical simply supported beams. Taking this into account 
then the following conclusions can be drawn. 

The use of press joining in fabricated cold-formed steel structures demonstrated varying 
degrees of end fixity. The degree of fixity increases as the number of press joins 
increases. 

2. The join group demonstrated ductile-plastic behaviour. For the beams tested plastic 
behaviour of the group starts at 35-4017c of the ultimate load. 

3. The effect of the partial fixity of the group of press joins is to increase the failure load. 
For the beams tested increases in load carrying capacity of between 20 and 38 % were 
recorded. 

ý. The taiiure toad of the beams could be predicted with reasonable accuracy using a 
plastic theor. and the moment rapacity of the join group obtained from scale scale 
test. 

Furthe,, - . vor! :> urr tt1 n proý_rc tu consider the --ct-eLt Ot other variables and develop 
conlr user based me hod, of analysis. 

l. s. P. 1.117.0 

i 
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Notation 

oc angle of applied shear to press-join 

Et strain at top of web 

Eb strain at bottom of web 

g angle of rotation 

E modulus of elasticity 
I second moment of area 
M bending moment 
Mj moment capacity of joint group 
Ms moment capacity of cold-formed steel section 
P failure load 

t thickness of connected steel sheets 
UTS ultimate tensile strength 

Z section modulus 

h 
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