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SYNOPSIS

This thesis examines the parameters associated with the failure
of triangular steel gusset plates. Eighty two results are presented
investigating the position of the applied load, the gusset plate
height to length ratio, size, thickness, internal angle and the
removal of the inside corner. The thickness of the loaded plate and
its influence on the gusset plates failure is also investigated.
Twenty two similar gusset plates were tested to investigate the welds
connecting the gusset plate to the adjacent loaded and support edges.

The experimental results are compared with existing methods, none
of which cover all the variables tested. Some methods do not consider
buckling and most of those that do are inadequate. Most of the
methods-do not accurately take account of the load position. An
alternative method based on experimental observations is presented for
design purposes. The method covers any combination of the variables
tested. To test assumptions made in the theoretical work forty seven
strut tests took place to investigate buckling characteristics and
fifteen special gusset plates. were also tested.

The gusset plates were found to fail in an elastic-plastic
buckling manner. A gusset plate has a specific moment of resistance
capacity about its inside corner and the ultimate load that can be
applied is dependent upon the position of the load relative to the
supported edge. There is an optimum height to length ratio for
strength and any increase in the internal angle from 90 degrees
produces little change in moment capacity. The removal of small
portions of the inside corner of a gusset plate has little effect upon
its moment capacity. The loaded plate does not provide any
significant moment of resistance to the applied load at failure. The
main functions of the loaded and supported edge welds is to prevent
the gusset plate from slipping from between the plates.

Gusset plate - Buckling Steel Welded Bracket
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1.1.G 1 introduatic

The majority of steel buildings consist basically of a main
strucfural framework of beams and columns connected together by
joints., This framework forms a skeleton which supports the floors,
roof, external and internal walls etc., togethe} with the external and
internal applied loads.

In previous decades it was usually the main structural framework
that was designed to take all these dead and live loads, and not the
infilling walls and floors ete. Architectural and engineering trends
produced structures with many internal partitioning walls consisting
of materials, such as brick and stone which possesed strength and
mass., The external walls were also-of similar materials. In many
situations the strength of the walls was not taken into consideration
in the design calculation, but because of their weight, the member
sections of the framework were relatively large, The main structural
framework was therefore designed to provide the structural rigidity,
and the joints were designed accordingly. However, a considerable
amount of extra bracing and rigidity was provided by the numerous
strong partitions and external walls which made the joints partly
redundant. The design of the joints was therefore not so critical
because any inadequacies would have been supplemented by the stiffness
provided by these strong partitions etc.

The continuing demand for more economical structure; necessitates
reducing the quantity of material used and only incorporating heavy
structural materials where absolutely necessary. This has led to
structures being designed on an "open plan" basis with fewer internal

partitioning walls, which are made from far lighter and weaker



materials with virtually no structural strength or rigidity.
Similarly, external walls and decoration are of very much lighter and
weaker materials, with the external decoration being in the form of
cladding panels, which are hung onto the structural framework. In
office blocks, for example, extensive use of glass has prevented any
form of cross bracing being used. As a result, in modern structures,
there is very little extra bracing or rigidity provided by these
lighter partitions and cladding, and in some cases, where they do have
some strength, as with corrugated steel panels on factory buildings,
it is used in the design calculation. This means that  far more
reliance is placed upon the joints to take the loads for which they
were designed, as the present day partitions are not capable of
providing the necessary support to supplement any inadequately
designed joint. Therefore a particular joint design which was used in
an old structure will not necessaril§ be adequate in a structure of
today and has led to the need for the joints to be justified in terms
of their self strength.

In previous decades the design of steel structures was based on
simple conservative assumptions regarding the behaviour of the members
and the joints. The allowable stress design approach was used based
on elastic analysis where the conditions of buckling or the initiation
of yielding were recommended as design criteria., Plastic methods of
design were not generally used. The design stresses obtained by these
methods were generally conservative producing structures with
relatively large member sizes,

The ability to produce steels of a far more consistant yield
strength has facilitated the accurate specification of yiéld strengths
allowing more efficient use of the material with a resulting reduction
in the member sizes and materials factor. The specified allowable
stresses are also higher than before, resulting in a further reduction

of the overall safety factor.



Following the need to use materials more efficiently, it has been
necessary to design the structural framework more efficiently,
utilising the strength provided by the structural materials, This has
resulted in research into the behaviour and design of the main
members, involviﬁg the development of more elaborate structural
analysis techniques, which make use of tﬁe plastic strength and the
stiffness of the joints. These methods are-more accurate at modelling
the stresses in the structure, resulting in less conservative design
stresses which are much closer to the actual stresses. For these
methodé to be accurate, further knowledge of the structural behaviour
of the joints is required. Although there has been a considerable
amount of research into the main members of a structure, providing
engineers with a better understanding of their behaviogr, the
behaviour and design of the joints connecting these members has been
neglected and there is a scarcity of information on real behaviour.

The British steel code 449(1) and more recently the proposed
British draft steel code (2) give very little information on joint
design and therefore encourage designers to spend the minimum time and
effort on such details. The detailing in many design offices is
allocated to those with lower academic and professional qualificatioﬁs
and in some cases is even left to the tracer/draughtsmen. In some
circumstances the contractor who is involved in the fabrication and
erection of the structure, and not directly involved in the design of
members themse;ves, is either left to design the connectioqs or may
alter the design to suit his needs. Because of this, the basic
assumptions in joint design are often not correct and the distribution
of forces within the joints are not understood. This has gecome very
apparent with the proposed introduction of the British draft steel
code (2), where for the first time calculations are required at the
ultimate limit state.

Designers still have to rely on the "rule of thumb™ methods as
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used for the structures of the past. Design of this nature may be
attributed to engineering judgement and common sense based on years oﬁ
experience. However, this experience was based on structures which
had relatively largé member sections with relatively low stresses.
The structures also had a considerable reserve of strength and any
inaccuracies in the joints would have been absorbed. In many cases
the design was what looked right. The result is a reduction in the
size of these details with the member sizes and therefore a
corresponding reduction in their strength.

As.the reserve strength is gradually reduced in the design of the
new structures, then the actgal safety factors for the individual
components and the structure as a whole are reduced. In the old
structures the actual factors of safety for each component may not
have been the same, nor would they have been reduced by the same
amount. The reserve strength haé and still is continually being

eroded,

1.2 Economic factors

Economic factors are also important 'in relation to design.
Professor Van Dowen in a paper to the 2nd International ECCS Symposium
in 1978(3), calculated that in the developed world the cost ratio of a
man-hour of labour to a kilogram of steel had risen from 5 in 1945 to
no less than 40 in 1978, a trend which is still continuing. Even
allowing for doubled productivity flowing from the introduction of
sophisticated machine tools, a factor of at le;st four is apparent.
Thus Van Dowen maintains that in a steel structure designed,
fabricated, painted and erected, material cost will only range from
some 20% to 40% of the final cost of the structure. Further that a
design fully optimising labour and material costs, will no longer be

the optimum two years later. It therefore follows that a design based

on achieving a minimum total weight considers only the minor part of



the problem, and is likely to be counter-prodﬁctive if any increase in
labour content is involved.

Generally in connections with an advanced technology, labour
'costs are high and it is therefore more economical to use more
material and less labour. .Professor Van Dowen, in his paper,
presented relative material and fabrication costs for alternative
design examples of some typical connections. One of the examples
presented was the column base plate connection. He points out that
many columns are designed with relatively thin ﬁase plates with
stiffeners, insteﬁd of using a thick base plate. Althougy the former
detail would require less material in the base plate it would require
the use of additional material for the stiffeners and more manhours to
cut the stiffeners and for the additional welding., He also points out
that due to the economic situation in 1946 the stiffened base plate
was then the most economical design overall. However, as the economic
circumstances have changed, where a thick base plate is a possible
alternative to the stiffened base plate, then the thick base plate
without stiffeners will generally be the most economical design
solution today. However there will be situations where a thick base
plate would be totally inadequate and impractical, with the stiffened
base plate being the mﬁét practical solution. In some of the
developing countries.where the labour is relatively cheap in
cdmparison with the cost of materials the stiffened base plate

connection is still the most economical solution.

1.3 Triangular steel gusset plates

The subject of joints in structural steelwork is extensive and
complicated, which is probably why investigation has been limited in
the past. This research is an attempt to provide a design method for
one small aspect of the subject, namelﬁ the triangular steel gusset

plate.



Triangular steel gusseé plates consist of a flat, roughly
triangular shaped plate whiech is usuaily welded in place. They oceur
in structures as a form of stiffener, mainly in joint construction
such as sﬁpport brackets for beams and crane girders, and as
stiffeners in heavy bolted and welded frame joints and column bases.
In the majority of cases they are required to sustain in-plane
compressive loads, although in some cases they are loaded in tension.
However, the compressive load condition is the least understood and
therefore the most difficult to design for.

This work is concerned with the type of steel gusset plates found
in the situations as shown in Figure 1.1. The basic shape of the
gusset plate is triangular with two built in edges, and free on the
third side as shown in Figure 1.2(a). The load is applied as a form
of distributed compressive load and failure occurs by buckling as
shown in Figure 1.2(b).

The following chapter contains a review of the relevant research
and existing methods related to the design of steel gusset plates,
Very little experimental work was found and most of the methods have
no experimental verification. Experimental results were therefore
necessary to complement the existing work and to determine the
validity of the existing methods. Chapter 3 contains the test
programme, testing and specimen details. Chapter 4 contains the
experimental results and in Chapter 5 they are compared with the
existing methods. An alternative method suggested by the author is
developed for the gusset plates in Chapter 6 and for the welds in
Chapter 7. Chapter 8 presents the method in a form suitasle for use
in design practice. The author!s conclusions and recommendations for

future work are given in Chapter 9.
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2.1 Introduction

The behaviour of triangular gusset plates has received little
attention and for many years the design of such plates was either
- based on experience without benefit of theory or tests. When in doubt,
angle or plate stiffeners were used along the diagonal free edge of
the plate rather than attempting to determine the thickness necessary
to-prefent buckling without diagonal edge stiffeners. As a
consequence there is very little ihformation oﬁ the design and
behaviour of triangular gusset plates without edge stiffeners and the
current British steel code B.S.449 (1) gives no advice on the design
of such gusset plates. The following sections contain a review of the

relevant research and existing methods.

2.2 Jensen's experimental & theoretical work

As far as can be determined the first work related to the design

of triangular steel gusset plates was an experimental investigation by
Jensen (4) in 1936, concerned with the design of the rigid type of
welded steel brackets, of which there are many designs. The rigid
type of bracket generally consists of two plates, a top loaded plate
and a supporting gusset plate, or it may be a shopt section of an I or
H section.

Jensen's (4) investigation was divided into three parts.
1. Eight celluloid models were tested by polarised light, to determine
the lines of stress in the gusset plates.
2. Two brackets of steel were tested which were built to a linear
scale of seven times the celluloid models, to measure more precisely
the stresses in the gusset plates.
3. The testing of twenty-two small bracketé, generally with 3/8 inch
plates to determine the reserve strength of the bracket ggsset plates,

9



the accuracy of a proposed method for designing the gusset plates and
to check a method proposed by Priest (5) for designing the welds.

The Celluioid models of eight bracket shapes are shown in Figure
2.1, The loaded length, supported length, position of the applied load
and its magnitude are assumed to be the same in each case. The
results of these tests indicated very low stresses in the extra
material added to the free edge of the basie triangular gusset plate
shape and also on the inside corner of the gusset plate, indicating to
Jensen (4) an excess of material. This suggests to the author that
the removal of these portions would have little influence on the load
carrying capacity of the brackets.

With the triangular shaped gusset plates, with and without the
inside corner removed, specimens a and b in Figure 2.1, the line of
action.of the compressive stress in the gusset plate was roughly
parallel to the diagonal free edge of the plate. The stress in the
plates decreased from the outside edge inward along section BC and DE.
This variation suggested touJensen (4) the possibility of using the
design formula for eccentric loads on prisms.

The plates with extra material added to the free edge, specimens
c to e, in Figuré 2.1, indicated that the section KL perpendicular to
the applied load was the critical section and that specimens d, e énd
f would probably carry the same load as c.

Specimens g and h in Figure 2.1, represent brackets consisting of
short sections of I-beam. Two methods of welding were used, (1) top
and bottom welds as simulated by specimen g, and (2) top and bottﬁm
- welds plus a web weld as simulated by specimen h. A better stress
distribution was obtained for specimen h than for g. The section FG
perpendicular to the applied load was taken as the critical section,
the same as for specimens ¢, d, e and f.

The two steel prototype brackets, specimens a and b of Figure 2.1

10
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Figure 2.1 Jensen's celluloid model bracket shapes.
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were built to a linear scale of seven times the celluloid models. The
loaded length, supported length and position of fhe applied load from,
the face of the column were 9, 12.74 and 6.55 inches respectively.
The thickness of the plate was not given. The stress trajectories
~ obtained from the celluloid models indicated that in the steel
prototype the principal stresses in each gusset plate could be
measured along the critical section. This was done by setting
Huggenberger tensometers parallel to the free edge of the plates. The
stresses perpendicular to the sections BC and DE were compared with
those obtained from the model analysis and those computed by the
eccentric loads on prism method suggested. The results are shown in
Figure 2.2.

The steel prototypes were retested inan attempt to place the
load so that a uniform stress distribution would be obtained in the
gusset pates. However, this condition could not be obtained and was
explained as ignorance as to where the applied load changed direction
from the vertical to the direction parallel to the free edge of the
gusset plate. The moment arms selected were based on the assumption
that the load line extended vertically' through the top plates and then
suddenly change to a line parallel to the free edge as shown in Figure
2.2.

As a uniform stress distribution was not obtained, Jenson (14)
concluded that the resultant force was not parallel to the free edge
of the gusset plate but was inclined more steeply downward. This
conclusion was confirmed by the abnormal strains in the region between
- G and the outer edge of the gussét plate from the tests, as shown in
Figure 2.2. In addition the point of computed r'esult.ant‘ compressive
stress in the welds using the method suggested by Priest (5), is in
the region of F and G, Figure 2.2.‘

Other conclusions made by Jenson (4) from these tests were that a
large bending moment existed which subjected critical parts of the

12
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Figure 2.2 Comparison of stresses in Jensen's steel models,

gusset plate to compression, and the top plate to tension. The
shearing load on the bracket was mainly carried by the gusset plate.

Jensen (U4) went on to test to failure, sixteen small steel
brackets constructed of 3/8 inch plates, two brackets with 1/8 inch
gusset plates and four larger brackets. Two of these with 1.25 inch
gusset plates and the other two of 8 inch I section.

In all of the small brackets the loaded edges were three inches
long and the load was applied two inches from the face of the column.
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The top plates were two inches wide with a 1/4 inch fillet weld
acrosas the top connecting it to the column. Other weld sizes were not
specified and are therefore assumed to be the same. Two sets of the
3/8 inch thick specimens were made with different lengths of the weld
connecting the top loaded plates to the column. One set had the weld
all the way across the top loaded plate, the other only part the way
across. The latter produced lower ultimate loads.

Another two sets of the 3/8 inch thick specimens were made up
with the supported edge of the gusset plate not in contact with the
column. It was thought that the plates in contact would be stronger,
but this made very little difference to the ultimate loads. Each set
of specimens consisted of three triangular gusset plate specimens with
the supported edges of lengths 5.2, 4 and 3 inches respectiﬁely.

Another two 3/8 inph thick specimens were made up with
rectangular profiles and with the lower corners cut off at 459, The
loaded lengths were the same as before, i.e. 3 inches, and the
supported edges were 5.2 inches. The weld details for one of these
_specimens the same as the previous specimen, but the second specimen
had a 3/8 inch fillet weld on the top loaded plate.

The two specimens made with 1/8 inch gusset plates were thé only
two specimens made to produce buckling of the gusset plate; The
computed stresses on these plates at the buckling loads were slightly
above the yield stress. These two gusset plates had loaded and
supported ‘edge lengths of 3 and 5.2 inches respectively. One specimen
had a triangular gusset plate, the other had a rectangular gusset
plate with the lower corner cut off at 45°,

Two specimens were made with the 3/8 inch gusse£ plates to
investigate the effect of removing the inside corner and were compared
with the two triangular gusset plate brackets with supported lengths
of 5.2 and 4 inches respectively. The ultimate loads in both
comparisons were approximately the same however, but the amount that
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was removedwas not indicated.

The four larger size specimens were tested as a final check oﬁ
the design formulas used-in his paper., The two specimens with 1.25
inch thick gusset p;ates had loaded edge lengths of 4 inches and the
load was applied at 3.2 inches from the face of the column. The top
plates were 4 x 1.25 x 4.25 inches. The two specimens had rectangular
gusset plates with the lower corners cut off at 459, The supported
edges were of lengths 8.6 and 10.0 inches respectively. The former
had a 3/8 x 3.5 inch weld on top of the top plate and the latter had a
1/2 x 3 inch weld on the under side of the top plate, The fillet
welds on the rest of the specimens were assumed to be of the same
size.

The other two specimens were made from 8 inch I-sections with two
different welding arrangements.. The specimen with the extra weld
along the web was stiffer, although the other specimen, in spite of
the excessive deflection, carried 6.7 per cent more load.

The testing arrangement is not quite clear but, it is assumed
that the cplumn to which the brackets were welded was rigidly
supported. The load was applied to the top plate as a point load in
the form of a wedge and spanning it laterally. The loads at which the
first appearance of strain lines on the whitewash coating and at which
strain lines were generaliy distributed over the éussef plate were
noted. With the exception of two plates which buckled, failure
occurred in the top welds, with the gusset plates still carrying load,
although in many cases there was excessive deformation.

The load at which the appearance of the first strain lines
occurred was taken to be the load at which the yield at a point was
first reached in the gusset plate. The load at which strain lines
were generally distributed over the gusset plate was taken to be the

plastic load of the gusset plate. This latter load condition was
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compared with computed loads which assumed that the yield stress had
been reached, presumably across the plate, and that a rectaﬁgular
distribution of stress was obtained. The computed loads were slightly
lower than the experimental values and was partly accounted for by the
fact that the vertical load carried by the top welds was not
considered.

It is understood from Jensen's (4) paper that after the plastic
load of the gusset plate had been reached, the gusset plates deformed,
whilst still taking load, unﬁil the top welds failed giving the
ultimate load readings. The gusset plates at this point were still
capable of sustaining a load. Therefore the predicted ultimate load
based on weld strength should compare favourably with the actual
ultimate load. Jensen (4) reasoned that the experimental values
should be less than the theoretical values because the top welds were
subjected to tearing stresses due to deformation of the gusset plate
and the top plate, Jensen (4) concluded that these tearing stresses
were not, however, so important as to cause actual failure before the
predicted failure,

The method of designing the steel brackets proposed by Jensen (4)
is as follows. A method suggested by Priest (5) was used to design
the welds. The method treats the fillet welds as if they were single
lines and the centroidal axis in the vertical plane is determined.
The resultant stress in the top weld is then calculated, assuming that
this is the most highly stressed weld, and combining the shearing and
bending stresses at this point by vector addition.

Priest (5) placed his top weld on the under side of the top plate
in order to avoid harmful contact between beam and weld. However,
Jensen (4) in another paper, found that welds on the top of the plate
are so much stronger than those at the bottom (tension instead of
shear), that top welds should be used whenever possible,

For the design of gusset plates, Jensen (4) suggested the use of
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the design formula for eccentric loads on prisms as follows. A
section is chosen which is considered to be the most critical, For
rectangular plates this section is taken to be the section
perpendicular to the applied leocad, sections KL and FG in Figure 2.1 ¢
and g. For triangular gusset plates it is usually the section taken
across the plate from the inside corner and perpendicular to the free
edge, sections CB and ED in Figuf‘e 2.1 aand b, It is also suggested
that section CA in Figure 2.1 a, may be the critical section when the
loaded length L is large in comparison with the supported edge H;

For the triangular gusset plates the general solution is as
follows. The method assumes that the gusset plate acts as an
eccéntrically loaded prism and buckling does not occur as in Figure
2.3. The maximum stress in the plate is assumed to be along the free
edge and the stress at the free edge on the critical section is
computed from

fmax = P'/A + M'/z (2.1)

where fpay

compressive stress at B

pP?

component of the applied load normal to section CB

A = area of section = t(BC).

M' = bending moment due to eccentricity of load = Pte!

z' = section modulus = [t(BC)2]/6

It is not clear at which section Jensen (4) considered the change

in direction of the applied vertical load, which affected the value of
the eccentricity e! used. In one}n‘Jensen's(ﬂJ diagrams the change
in direction is shown to be at the centroid of the loaded plate. In
the test it was assumed to be_at the bottom of the loaded. plate. The
former assumption gives a smaller v;lue for the eccentricity e!' and a
_greater failure load for the same gusset plate the thicker the loaded

plate. The theoretical values presented in Jensen's experimental work

are not in agreement with either of these assumptions.
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Figure 2.3 Stress distribution and geometry assumed by Jensen.

Jensen's (4) work was directed towards the testing and design of
stiffened beam seat brackets. Although these brackets fall into the
category of triangular gusset plates, they are so thick relative to
the other dimensions that buckling is no problem. However, as these
were the only tests available the method proposed by Jensen (4) for
beam seats was adopted and extended for designing other gusset plates.
Variations in this method have been developed to cope with the effects
of buckling.

The method proposed by Jensen (4) is suggested for use by the
A.W.S. Welding Handbook (6), Beedle et al (7) and Salmon et al (8).
Each of these references takes the change in direction of the applied
load as being at the bottom of the loaded plate, althouéh the latter
fwo references show the change in direction at the top of the loaded
plate in their diagrams. Each of these references has expressed
Jensen's (4) theory in a general equation form as‘follows.

Assuming that the change in direction is at the bottom of the
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loaded plate, Equation 2.1 can be expressed in terms of the load
eécentricity e as

P
fmax - —--"--""é""(1 + Eoe/L) (2.2)
L.t.coscn

or expressed in terms of the distance s, the position of the applied
load along the loaded plate
fmax = -----E——-(G.s/L - 2) (2.3)
L.t.cos?x

Equations 2.2 and 2.3 calculate the maximum stress along the free
edge at the critical section. The problem is to determine this stress
for design purposes., In an elastic allowable stress design this would
be a factored elastic critical stress, which must be defined. If the
plate fails by yielding then this stress would be the yield stress.
If the plate fails by buckling then the stress should be an elastic
critical buckling stress which is less than the yield stress. Jensen
(4) takes the yield stress as the elastic critical stress which is
factored to give an allowable stress for design purposes and ignores
the effects of buckling.

The A.W.S. Welding Handbook (6) uses an allowable stfess based on
yielding and does not consider the possibility of buckling. Beedle et
al (7) suggests that the possibility of buckling can be checked
separately and conservatively. This is done by assuming that the
component of the applied load P normal to the section CB being
considered irrespective of its position along the loaded edge, acts
concentrically on a strip of the gusset plate which is assumed to form
a column of the length of the free edge AD (=L/sin a) and one quarter
of the width of the critical section CB as shown in Figure 2.4.

Tﬁe implications of this are not c¢lear., Either the load that can
be sustained by assuming this quarter width strip of plate is checked,
assuming some slenderness ratio limitation and buckling equation or
alternatively the buckling stress of this strip of plate is calculated
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Figure 2.4 Beedle et al's stability check assumption.

and used as a limiting value for use in Jensen's equation.

The former method is in fact another method ﬁhich, as shown
later, is highly conservative., The latter method seems the most
obvious, but requires the centre line length if considering a quarter
width plate, otherwise a unit width is sufficient if considering the
length of the free edge. |

The problem is then to define the slenderness ratio limitation
and buckling equation to be used to calculate the.buckling stress..
Beedle et al k?) gives no information but Salmon et al (8) suggests
considering a similar strip of plate of the same width (L cos o /4)

acting as a column and using the plate buckling equaition

b kmE | '
- 4\/ - _ (2.4)
t 12(1 - v2)fy

with k = 1.0 for a pin-ended plate; letting b = Ld (=7/8 L/sina ), the

centre line length of the strip of plate and putting the buckling
stress fy equal to the yield stress to give a limiting plate thickness
to ensure yield occurs before buckling. However, assuming the load is
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supported by a pin ended quarter width strip of plate appears to be a
highly consérvative way of ensuring that a plate thickness is not
chosen that will buckle. This method will probably result in a very
thick gusset plate. ‘

Equations 2.2 and 2.3 express the maximum stress fp,4 at the
outer free edge of the gusset plate, along the critical section with
the load applied at an eccentricity e or a distance s along the loaded
edge respeétively. These équations imply that any value of s or e can
be used with negative values of e for s < L/2; where the equation is
expressed in terms of e. The theory, howeveb, implies that at a value
of e = -L/6 or s = L/3 there will be zero stress along the free edge
and for values of e <—L/é or 8 < L/3 there will be a tensile stress
along the free edge.

The method assumes that the maximum loéd is governed by the
stress along the free edge only. However, the theory implies that the
stress at the inside corner could be critical if the load is applied
at a distance of s < L/2 with plates that fail by yielding.

Equaﬁions‘é.z and 2.3 are usually re-arranged to give the plate
thickness t, given the allowable stress p as follows

3 .
t > e (6.8/L - 2) (2.5)
L.p.cos2y

This equation will give a rapidly decreasihg plate thickness from
s = L/2 to a value of zero a% s = L/3. Négative plate thicknesses
will be given for values of s < L/3. Even when the equation is given
in the form of Equations 2.2 and 2.3, the same sort of pattern is
- given for the stress. Therefore Equations 2.2, 2.3 and 2.5, which are
derived from Jensen's (4) theory, are limited to values of s > L/2.

This limitation is not stipulated in the references.

on' eqQre = e

The buckling of non~symmetrical triangular plates with non-
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symmetrical and non-uniform loading conditions was first analysed
theoretically for stress distribution and elastiec buckling propérties
by Salmon (9) in 1962. Salmon (9) chose to approach the problem using
elastic plate buckling theories. Prior to Salmon (9) the buckling of
triangular plates under various loadings and edge conditions had only
been investigated analytically for special types of triangular plates,
such as equilateral and isosceles, with regular or symmetrical edge
loadings. The general results and conclusions being summarised by
Bulson (10). |

Salmon (9) pointed out that the problem differs from many
buckling problems in that triangular plates have an unknown stress
variation throughout the plate, thus making it difficult if not
impossible to apply the well-known differential equation for the
buckling of plates as given by Timoshenko (11). In addition, any
expression used for the deflection perpendicular to the plate must
satisfy the complete boundary conditions of the plate. Because of the
diagonal free edge, Salmon (9) considered the determination of such an
expression formidable if not impossible, although a finite difference
approach using the differential equation might hafe conceivably led to
a solution.

For solution, Salmon (9) chose to use the approximate Rayleigh-
‘Ritz energy method, making use of the feature that the conditions of
equilibrium need not be satisfied by the original displacement
expression but, only the boundary geometry restrictions must initially
be satisfied.

The theory assumed that the loaded and supported edges, y = 0 and
x=0 respeetively{ are acted on by unknown distributidns of shear,
normal forces and, in the case of fixed edge plates, moments. It was
assumed that whatever the load distribution along the loaded edge of
the plate, the edge remains a straight line during the elastic
deformation, as well as during small buckling deflections. The
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assumption was also made that no deformation occurs along the loaded
or supported edges. These assumptions were selected in the belief
that they approximated actual behaviour. The plate geometry as

assumed by Salmon (9) is shown in Figure 2.5.

-_— e X

>

loaded edge y=0

free edge

supported edge x=0

Figure 2.5 Triangular platé geometry assumed by Salmon.

The method of analysis was to assume double power series to
approximate the displacements, u, v and w, in the direction of x, ¥y

and z respectively, of the plate that satisfied the following boundary

conditions:
(i) at x =0, u=v=w=0,
(2.6)
(ii) at y =0, u=w=0, v a X

Expressions for the strain energy due to bending, and for the
strain energy due to membrane stresses in the neutral .plane of the
plate could then be evaluated in terms of u, v and w. The total
strain energy was then minimised by differentiating with respect to
each of the arbitrary constants and setting the resulting expressions

to zero. With many boundary conditions not inherently satisfied by
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the displacement equations, a large number of terms of the power
series had to be used to obtain sufficient accuracy. Utilisation of a
very high-spegd compute; was therefore a necessity.

Large deflection theory using double power series expressions for
displacements was used to determine the loaded edge deformation at
which elastic buckling was imminent, so that the buckled deflection w
could be determined. This was obtained by varying the loaded edge
deformation until the buckled_displaeement Jjust vanished. Once this
had been obtained, general expressions for u, v and w were determined,
and from these the distribution of supported load on edge x = 0
computed.

Two extréme; for restraint of edge rotation along the loaded and
supported edges, both simply supported and both fixed were
investigated providing the maximum and minimum buckling strengths.

A large number of sﬁecific theoretical plates were investigated
for stress distribution along each edge and the theoretical critical
buckling stresses were compared to try and find some relationship
between the various sizes. It was found, after trying ;arious
parameters, that the elastic eritical buckling stress in the gusset
plate for both the fixed edge and simply supported plates could be
expressed by

fop = K E/(L/t)2 (2.7
for any given L/H ratio. Where f,, is the theoretical stress at
which elastic buckling is imminent, and the constant K depends on the
L/H ratio and Poisson's ratio. The constant K has a single value.for
all plates having the same L/H ratio and thé same support condition.

The theoretical.analysis also indicated that fop-a given L/H
ratio:

1. the ratioc of compressive stress along the diagonal to the stresses
along the loaded and supported edges is a constant,
2. the maximum principal stress (compression) occurs albng the
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diagonal free edge, and

3. the critical stress occurs at the mid point of the diagonal fo;
L/H equal to unity and at the edges of the diagonal for either a ratio
of 0.5 and less, or a ratio of 2 and more, |

Values of K were determined for ratios L/H from 0.25 to 4.0 for
both simply supported and fixed edged plates., The accuracy of the
approximate solution, whicech the energy method provides, was
established by comparing the boundary stresses determined from the
displaéement equation with those necessary to satisfy equilibrium.
The results were reasonably abcurate for ratios of L/H from 0.5 to
2.0.

The results obtained were based on the assumption that the load
was transmitted to the plate, such that the vertical deformation of
the loaded edge would be linear, with no deformation in the direction
of the axis of either the loaded or supported edges. The loading
distribution required to produce such a deformation was found
analytically to be essentially parabolic with its resultant
approximately 0.6L from the supporting edge. This parabolic loading
is of the type which in many practical engineering applications, is
assumed to be uniform. Thus Salmon (é) considered the results to be
useful for bracket plates, where the load is applied in a form bf
distributed load, with its resultant approximately in the middle and
transmitted through a thick flange to the bracket.

Following Salmon's idealised theoretical study Salmon et al (12)
tested eighteen triangular bracket plates and compared the results
with Salmon's theory. The experimental aims were:

1. To determine the actual ultimate load that various size plates can
sustain.
2., To determine whether yielding or buckling occurs first, and whether

these are valid criteria for determining safe loads.

25



3. To locate the position of maximum stress along the free edge of
the plate. .

4, To establish the exact edge stress distribution to which the plates
are subjected. (Effort was made in applying the load to achieve,
along the tob edge, the parabolic distribution derived from the
theoretical study.)

5. To establish from the two preliminary tests whether or not the
maximum stress occuring anywhere in the plate can be expected to occur
along the free edge.

6, To determine the relationship between the maximum stress on the
free edge and- the applied load.

T. To adjust the design procedure suggested in the theoretical work to
account for the expected deviations between assumed conditions and
actual behaviour,

The test specimens were chosen with four L/H ratios ranging from
0.75 to 2.0. There were two plate sizes with the same L/H ratio and
two plate thicknesses of 1/4 inches and 3/8 inches. The plate sizes
and thicknesses were selected to include both plates which were
expected to fail by yielding and by buckling. There was one
duplication for the low range of L/H and one for the high range for
preliminary testing.

The test specimens were designed to duplicate theoretical
assumptions as nearly as possible, To prevent lateral movement of the
bracket, a wide, thick, top plate was used, the dimensions of which
were not given in the paper. To eliminate moment from being induced
by the loading head-and to confine the loads to the plane of the
gusset plate, a bar was added to the top plate. It is unaerstood that
the load.was applied at 0.6L from the supported edge to achieve, along
the top edge, the parabolic distribution derived from the theoretical
study. The predicted buckling or yielding loads were computed using
curves derived from the theoretical study.
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Figure 2.6 Testing frame and gusset plate bracket used by Salmon et
al,

The gusset plates were made up in the form of brackets, the
gusset plate being welded to a supporting plate and a loaded plate.
The sizes of the welds were not given, and it is not clear whether the
loaded plate was welded to the supporting plate. The brackets were
supported in the testing machine by an L-shaped steel frame as shown
in Figure 2.6. The brackets were attached to the frame with high
tensile strength bolts passing through holes in the supporting plate
of the bracket and in the flange of ﬁhe vertical leg of the support
frame.l

As a latge quantity of information was desired concerning the
stress distribution throughout the plates, Salmon investigated the use
of a brittle lacquer material that cracks under load at points of high
stress, and a 3/4 inch wide photoelastic strip of material cemented
along the free edge, to try to obtain a general stress distribution

quickly and cheaply. However, neither of these methods was successful
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(a) typical theoretical normal stress (b) typical experimental normal stress
distribution distribution

Figure 2.7 Typical theoretical and experimental normal stress
distributions presented by Salmon et al. .
and he reverted to using strain gauges. The two preliminary specimens
had strain gauge rosettes fixed‘on both sides of the plates along the
loaded and supported edges. Strain gauges were also fixed on both
sides of the plates along the free edge to measure the strains. Dial
gauges were also used to measure the extension of the loaded plate,
vertical deflection of the end of the loaded plate and the out-of-
plane movement of the gusset plate.

The strain gauge results indicated that large shear stresées
exist along the loaded edge, and tension stresses occur along the
upper part of the supported edge. These stress distrihutiong were not
indicated by the theoretical study, however, Salmon et al (12) did not
consider this deviation to be significant to invalidate the general
theoretical findings and important relgtionships. Typical theoretical
and experimental normal stress distributions are shown in Figure 2.7.

The theoretical work predicted the maximum stress in the plate to
occur as compression along the free edge. The results of the strain

gauge rosettes showed the lines of maximum compressive stress to be
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essentially parallel to the free edge. From this Salmon et al (12)
concluded that the maximum stress along the free edge was the maximum
in the plate.

-Af'ter the two preliminary tests to determine the general stress
distribution a further sixteen were tested to determine the load-
carrying capacity and type of failure i.e. yielding or buckling. As
the maximum stress was believed to be on the free edge, only three or
four strain gauges were used on each side of the plate along the free
edge. Dial gauges were used only to determine out-of-=plane movement.

The behaviour of the plates was variable, seemingly fitting into
no predictable pattern. The test critical load was assumed to be at
first yield for the yield type qf failure, and for the buckled failure
the buckling of the f:ree edge as determined by the continuing out-of-
plane movement of the gusset plate with no increase in load. The test
critical load at which yielding along the free edge occurred and.for-
cases in which elastic buckiing occurred, did not agree with the
predicted values. The experimental critical loads were closest to
those predicted by the theory for L/H less than unity. As L/H
increased, the test critical load was less than the theoretical values
and became less accurate as L/H increased.

The experimental ultimate load, which Salmon et al (12) do not
define, in all cases was higher than the test critical 1load,
indicating that the ceritical load, especially yielding is not the
proper criterion of strength., In cases in i:hioh elastie buckling
occurred, the ultimate strength was approximately 10% higher, but
where yielding of the free _edge occurred, the ultimate strength was
from 70% to 400% greater., Only one plate deviated from 'this, and it
was considered that the yield load was essentially the buckling load
as well, and that the plate should belong in the first category. The
experimental ultimate loads in comparison to the theoretieal critical
loads were still lower for the plates with high values of L/H.
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It is not clear what Salmon et al (12) adopted as the
experimental ultimate load. Salmon et al (12) states that the
attainment of the ultimate load, in most cases, occurred without large
permanent, noticeable deformation and, upon reloading several times,
approximately the same ultimate load was reached. As he ad;pted the
load at which first yield or the elastic ceritical buckling load was
reached as the critical load, then it is assumed that his ultimate
load was possibly the plastic limit for plates failed by yielding.
For plates which failed by buckling, the ultimate load is less clear.

No weld failures were detected, and the size and method of
'designing the welds is not stated.

In nearly all the tests, throughout the entire range of loading,
the ratio of the compressive strains along the free edge from point to
point continued to change during each succeeding increment of load.
In other words, during the loading, the distribution of stresses
throughout the plate was not constant. This effect was considered to
be due to the loaded edge deforming downward and changing the
direction of the machine load applied to the plate, rather than
yielding occuring at a point other than along the free edge. The out-
of-plane deformation, as well as compressive strain, caused the loaded
edge downward deflection.

Many of the variations in results appeared to be directly related
to the amount and type of out-of-plane deformation. Four plates
buckled elastically and pregented out-of-plane buckling deformation
patterns. Two of the four plates buckled with two Mloops", or typiéal
higher mode shapes, but this was probably due to intitial
imperfections.

The distribution of compressive stress along the free edge did
not agree with the theofetical predictions and generally was in two

categories. Either it was a maximum away from the support, as was
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typical for the plates with L/H ratio 1.0 or less, or it reached a
peak at the bottom of the plate, as was typical for the plates with
L/H greater than 1.0.

Salmon's (9) idealised theoretical study showed that for any
specific L/H ratio, there is a family of curves relating plate size to
the elastic critical buckling stress in the diagonal free edge.‘

Replacing K in Equation 2.7 by km2/12(1- v2) gives the expression

n2E
fcr. = k (2-8)
12(1 - v2)(L/t)2

where f,n is the maximum stress along the free edge when elastic
buckling is imminent, E is the modulus of elasticity, v is Poissonks
ratio and k represents the elastic buckling constant. From the
theoretical study the curves for the two extremes of moment restraint
at the loaded and supported edgeé were obtained, the upper bound with
both edges fixed and the lower bound with both edgesISimply supported.
Two other curves were presented in the experimental paper of Salmon et
al (12), which were arbitrarily selected at a point equivalent to the
plate being one-third fixed on both edges., It was one of these latter
curves that was used to calculate the failure loads of the specimens.

In Salmon's theoretical paper he plotted the curves of the
coefficient K = km2/12(1 -v?2) for values of the ratio L/H, where in
the experimental paper the curves of the coefficient k for values of
the ratio L/H have been plotted. It was also pointed out that the
theoretical work was only considered reasonably accurate for the range
of L/H= 0.5 to 2.0 and so only that range is included for the one
third fixity curves.

In order to make the critical buckling stress a direct function
of the total applied load, another curve was developed from his
theoretical work giving the ratio (Z) between the average stress on
the loaded edge and the maximum compressive stress on the free edge
for values of the L/H ratio.
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Average stress - loaded edge fayg P/L.t
Z = = =

(2.9) .
Max stress - free edge foax frax

The curve for Z based on the theoretical study however, gave
somewhat higher values for Z than the experimental test results, i.e.
the experimental stresses along the free edge were higher than theory
predicted. This theoretical curve was therefore superseded by an
experimental curve based on the test results. The following equation
was given, which approximates to the experimental curve

Z = 1.39 - 2.20(L/H) + 1.27(L/H)2 = 0.25(L/H)3 (2.10)
for values of L/H from 0.75 to 2.0.

On the basis of this curve, the theoretical curves expressing the
coefficient k for values of L/H, as used in determining the critical
free edge buckling stress in Equation 2.8, were redréwn to give the
coefficient k' for values of L/H, which would give the elastic
buckling stress in terms of the average stress on the loaded edge.

The equation for the average stress on the loaded edge when

buckling is imminent becomes

P k' it 2E
avE T o5 by
Lt 12(1 =v2)(L/t)2

P (2.11)

From the experimental work a recommended k' curve was produced,
the arbitrarily selected one~third fixety curve being abandoned.
Unfortunately the plate sizes and thicknesses selected produced only
four plates that failed by buckling and none of theseé failed with L/H
ratios greater than 1.0. This latter part of the recommended k' curve
was obtained by assuming the experimental yield loads in this region
to be buckling loads. This gave a conservative curve for the region
from L/H equal to 1.0 to L/H equal to 2.0, because the theoretical
buckling stress is higher than the yield stress for those plates.
This highlights an important point concerning Salmon's (9) theoretical

work. The theoretical curves do not take into account yielding and
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are based purely on the elastic buckling critical stress. The theory
implies that plates with the same shape and size, but with different
thicknesses, will all have the same k' value. However, as the plate
thickness increases then the failure mode will transfer from buckling
to yielding with the very thick plates and the k! value will only be
the same for plates failing by buckling. The experimental value of k!
for the yielded plates would then be less the thicker the plate.

The recommended k' curve is closely approximated by the foliowing
equation:

k' = 3.2 = 3.0(L/H) + 1.1(L/H)2 (2.12)
for L/H from 0.75 to 2.0, This curve is applicable to the particular
experimental results of Salmon et al (12). If for example, the plates
were-ehosen of such a size and thickness that yielding occurred with
plates having L/H ratios of less than one and buckling of plates with
L/H ratios greater than one, then a recommended curve would have been
produced with a lower v;lue of k' for L/H ratios of less than one, and
higher values of k' for L/H ratios greater than one, in comparison
with the curve given.

To check for yielding the elastic critical buckling stress f . as

calculated by Equation 2.8, is replaced by the yield stress fy when

used as fpax in Equation 2.9 to give

P
favg - E—E = Z.fy (2.13)

To simplify design, the plate thickness is usually restricted to
a thickness which should ensure that yielding is achieved without
buckling, gnd therefore eliminating the use of Equation 2.11 for
buckling design and using only Equation 2.13 for yield désign. To do
this the conditions of buckling and yielding, Equations 2.11 and 2.13,

can be equated, and the following L/t requirement is derived.

k!'2E
12(1 - v23)(L/t)2
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Therefore

L K'n2E _
- £ (2.15)°
t V1201 =v23)£y.2

This equation together with Equations 2.10, 2.12 and 2.13 are
recommended by Beedle et al (7) for the allowable stress design of
plates to fail by yielding with the resultant load approximately in
the middle of the loaded edge. Equation 2.11 is also given if plétes
are required to be designed for buckling failure. In the reference,
the appropriate units are incorporated into Equations 2.11 and 2.15.
In the text book by Salmon et al (8) the recommended experimental
curve or k' Equation 2.12 is no longer recommended, and neither is the
use of Equation 2.11 for buckling design. The design method presented
is to ensure that the plates do not fail by buckling and to design
them for yielding. Equations 2.10 and 2.13 are still used but,

Equation 2.15 has been re-arranged so that

4 (2.16)

ct 1

Q
.‘.E?
Separate linear values for (L/t) {? = Q are then given for 0.5 < L/H
< 1.0 and 1.0 < L/H € 2.0 in the appropriate units. The value of Q
can be expressed as

G e (2.17)
12(1 - v23) ‘

k is the same coefficient as in Equation 2.8 and replaces the value
k'/Z in Equation 2.15., Effectively the new values of k recommended by

Salmon et al (8) are

0-5<L/H<100 k=2l38
L 1 [2.38 =n2E
giving = = e 0 0 . e
b Ty 12(1 - v2)
(2.18)
1.0 < L/H € 2.0 k = 2.38(L/H)2
L (L/H) /2.38 n2E
giVing - \{ - - ——
t Vfy 12(1 - v2)
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which give a more conservative value for k than that given by the use
of the experimental curve for k' Equation 2.12. That is, Equation,
2.18 gives a greater limiting thickness than Equation 2.15.

To confuse the sibue;tion even more Salmon's old recommendations
based on his original theoretical work (9) can still be found in old
text books of Beedle et al (7) and is still used in Sweden. Salmon's
(9) original theoretical equation for Z, which he found to be

incorrect and ammended to Equation 2.10, is approximated by
Z=0.6 -0,21(L/H) (2.19)

which when substituted in Equation 2.9 gives the Swedish equation

P 1
T L.t (0.6 - 0.21(L/H))

fmax (2.20)

By restricting the design to yielding then fp,x would be fy. (In‘-
allowable stress design this WOﬁld be factored).

The design is restricted to yielding by limiting L/t ratios as in
Salmon et al's text book (8). Expressing these limitations in terms

of k to eliminate units, the original values of k are

0.5 ¢ L/H € 1.0 k = 2.38
: L 1 [2.38 x2E
t Iy 12(1 =v?2) _
(2.21)
2 L\2
1.0 { L/H £ 2.0 kK = 2.38(= + = =
3 H
1
) L 1 /1 2L /2.38 n2E
giving « & ===+ = =~ —e—naana——
t Vfy\3 3H 12(1 -v )

which are similar, but slightly more conservative than Salmon's
limitation. However, these limitations were reduced even further by
dividing all of the curves for (L/t) \/f—y = Q with L/H by a factor of

safety of 1.4.
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Figure 2.8 Comparison of k curves
method.

used by each variation of Salmon's

This effectively reduces the Equation 2.21 to

0.5 ¢ L/H £ 1.0 k = 1.21
1
L 1/1.21 n2E
giving =& = [  meeeme—ae-
t Vfy 12(1 - v?2)
1 2 L\2 (2.22)
3 3 H
|
L 1 0 2L 1:24 n2E
giving =~ § e=|= 4+ = =] | coccmaaaa-
t Vfy\3 3 H 12(1 - v2)

As a comparison the curves for k plotted against L/H for each variation of

Salmon's method are given in Figure 2.8.
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2.4 The | ethod -

One version of Salmon's method has been adopted for the allowable
stress design of gusset plates where there is a form of distributed
load -on the loaded edge with its resultant acting approximately in the
middle of that edge. When the resultant load is applied close to the
free edge then either a version of Jensen's (4) method, as previously
'mentioned, is used or other methods are used as follows.

Other methods of designing gusset plates are used but they are
not supported by experimental work. Some of these methods are given
in boo‘ks on structural steelwork and others are used in industry.

One method of designing gusset plates for stiffened column bases
is based on a beam analysis. This method is given by the Steel
Designers Manual 4th Edition, 1972 (13), MacGinley (14) and the

British Draft Steel Code of Practice 1977 (2).

|__C

max

|V TTIITIVSTSTEEEEEL

assumed critical
section CC

max

y

Figure 2.9 Stress distribution and geometry for the beam method of
analysis
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The main assumption is that the gusset plate acts as a beam with
its critical section along the supported edge C-C as shown in.Figurg
2.9. The base plate is not considered to be part of the beam section
and it is not assumed to take any horizontal loads or bending moments
at the section concerned.

Moments are taken about section C-C for the gusset plate to give

the maximum stress along this section.

fmax = "" (2.23)
zZ

The bending moment M at section C-C for the gusset plate is
M= P.s

At section C-C of the gusset plate the section modulus is

t.He
Zt = mmese (2121‘)
6
Therefore 6P.s
fray = ==——= (2.25)
t.H2

The British Draft Steel Code of Practice (1977) proposes only

Equation 2.23 and presents it as the design formula
M < fpay.z' (2.26)

The eritical section is not defined and there is no guidance in
the use of the equation.

The Steel Designer's Manual (13) uses Equation 2.25 to check the
maximum stress f ;4 assuming values of t and H, L. being governed by
the size of the base plate required. The maximum value of fp,y is not
specified exactly but it is suggested that it should be less than the
allowable bending stress fy, as the gusset plate is unstiffened along

the compression edge.

Therefore

6P.s
——— < fy (2.27)
t.H2
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MacGinley (14) uses Equation 2.25 to calculate the depth of the
plate H required assuming a value for t, and assuming fp,¢ to be the

allowable bending stress fj,. No reduction is assumed for the

6P.s
H= [onsS . (2.28)
t‘fhe

In each case the shear stresses along the section C-C in the gusset

compression edge i.e.

plate are checked and H adjusted accordingly, and not t. The shear

stress fq along section C-C in the gusset plate is checked as follows.

P .
— < f 2.2
Hot ¢ (2.29)

The weld lengths and sizes are calculated and if necessary H is
adjusted as required.

The design of the welds in the latter two references, is based on
shear along the vertical edge and compression on the loaded edge L.
In the Steel Designer's Manual (13) the derivation of the shear forces
on the vertical edge is not based on Equation 2.29, as would be
expected but, is based on the assumption that the column is supported
by onl& the vertical welds connecting it to each of the gusset plates
as shown in Figure 2.10. The combined shear force from both the
verti?al load and the bending moment is then calculated for each
gusset plate vertical weld. The vertical load may be reduced to 60%
for mathined surfaces between the end of the column and the base
plate. The vertical welds to the gusset plates are then designed to
take the combined load in longitudinal shear.

It must be pointed out that the gusset plate along the same
vertical edge adjacent to the vertical welds to the column, has only
been designed to take the.distributed load under the gusset plates and

P << [(V/2) + M/V]/2 (2.30)

A nominal sized fillet weld is then used for the other welds,
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MacGinley (14) assumes the same distribution of forces, but also
assumes that the weld connecting the column to the base plate at the
same section, see Figure 2.10(b) also resists part of the load as well
as the gusset plate welds. The horizontal welds along the loaded edge
of the gusset plates are then designed to resist the maximum pressure
under the base. A strip 1mm wide at the edge of the base is
considered as shown in Figure 2.11.

A modification of the beam method is to include the base plate in.
the assumed critical section C-C as shown in Figure 2.12, The section
modulus z for section C-C including the base plate is obtained and

substituted for Equation 2.24.

fmux
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o
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|
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Figure 2.12 Stress distribution and geometry assumed for a beam
method which includes the base plate.
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2.5 The approximate strut methods

The approximate strut method has already been mentioned as a
check for buckling with Jensen's (4) method. The method is also used
separately and will be outlined again here for comparison with other
methods. The stut method assumes that the component P/cosa of the
applied load P normal to the section AB, irrespective of its position
along the loaded edge, acts concentrically on a strip of the gusset
plate, which is assumed to form a column one quarter of the width of

the section AB (=L/Y4 cos o) as shown in Figure 2.13.

Lcos o<

Plcos

i 4
¥ pl |LH.
L

Figure 2.13 Approximate strut method assumption.

This then gives the design equation

--------- ~$ ljc (2031)

The allowable stress p, being the allowable buckling stress of the
assumed strut.

A slenderness ratio limitation and buckling equation must be
selected to calculate the allowable buckling stress. The effective
lengths that are used vary from the length of the free edge to half of

its length.
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A modification to the strut method althougﬁ less conservative is
t§ assume thaf a unit strip along the free edge of the gusset plate
acts as a strut., Calculate the maximum allowable buckling stress of
this strip and assume that it applies to the full width of the section
AB. Again, irrespective of the position of the applied load P, the
component P/cosa of the applied load is applied normal to the section
AB, The design equation is

el 232

Again the value of the allowable stress must be determined.

P'=Pkos «

Figure 2.14 Approximate concentric strut assumption.

Another similar method is to assume a strip of the gusset plate
of such a width that the load is applied concentrically as shown in

Figure 2.14. The resulting design equation is

P

\< pQ (2.33)
2(L - s)t.cos2x

Equation 2.33 is an attempt to take account of the effect of the
position of the applied load P. The obvious limits are when s = L/2,
the whole section AB is assumed to take the load, and when s = L, then
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no part of the plate takes the load. If values of s < L/2 are
taken then a section greater than AB is assumed to take the load,
which is obviously not correct. One reference suggesting this method
gives a limitation on the thickness of the plate used. First a
thickness of tq is calculated by using Equation 2.33, assuming an

allowable sbress Pe based on the yield stress

P
ty = — (2.34)
2(L ~ s)pgeos?u

If tq satisfies
¢

cmmmmmm—— > .05 2.35
(L + H)/2 FR3RD

which is effectively a limiting slenderness ratio based on the average
lengths of the loaded and supported edges, then the plate is assumed
to fail by yielding_and Equation 2.34 is assumed to be correct,
therefore | |
t >ty (2.36)
If Equation 2.35 is not satisfied, then to prevent the risk of
bueckling, the plate thickness calculated by Equation 2.34 is increased
by the following approximate equation
t > 0.65ty + 0.009(L + H) (2.37)
The origins of Equations 2.35 and 2.37 are not known.
Another method ;s a combination of ideas. Salmon's (9) original
Equation for Z, Equation 2.19, relating the average stress favg on
the loaded edge to the maximum stress fp,y« along the free edge is used

as a base to the equation giving

fav
7 % e % (0.6 = 0,21 L) : (2.38)
fma.x

The load is applied concentrically to a width of strut to take
account -of the load position. The average stress fayeg on the loaded

edge is calculated on the assumption that the load only acts on this
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Figure 2.15 Adaption of Salmon's method to take account of load
position.

area as shown in Figure 2.15. The resulting design equation is

expressed in terms of the allowable stress along the free edge giving

p
-— <
2(L - 8)£(0.6 = 0.21.L/H)

fa11 (2.39)

The allowable stress is determined by considering a unit strip
along the free edge which buckles as described in other methods.
5.6 Plastic desi f tp ] lates

With the introduction of plaétie design, a method was required of
designing gusset plates at ultimate load. Jensen was concerned with
allowable stress design at working load and although no equations or
diagrams were given, it is understood that the ultimate loads
calculated for gusset plates were based on an extension of his elastic
design. At the ultimate load it is assumed that the full plastic
strength in bending is developed on the critical section i.e. a
rectangular stress distribution as shown in Figure 2.16. It appears

that this assumption was also made by Beedle et al (7) and Salmon et
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Figure 2.16 Plastic design assumption derived from Jensen's work.

al (8) in their plastic design methods.

The maximum value of P = Pyt consistent with this stress
distribution, with the centroidal axis at the centre of the critical
section, is computed by equating the resultant of the stresses on the
critical section to the component P' which is parallel to the free
edge and by taking the equilibrium of moments anywhere along the
critical section produced by the stress and P'. The ultimate value of
P is then given by

P = fy.t.cos?a (-2e + fhe? + L2') (2.40)

The top plate is assumed to carry the horizontal component

(P.tana ) and thus its area is given by

Atop plate = ====——--= (2.41)

This method again is only applicable for values of s » L/2.

According to the elastic theory and the plastic theory the maximum
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load is obtained when the load is applied at the centre of the loaded
edge. With Equation 2.40, if a negative value of e is put inserted
for loads applied at s < L/2 then the load will increase. However, if
positive values of e are inserted for s < L/2 then the équation gives
the same load-for the load applied at s = 0 as s = L. Similarly for
positive e values in Equation 2.2 in the elastic design. If e in both
methods is replaced by s then the equation breaks down for values of s
< L/2.

Beedle et al (7) recommended that the plastic method only be used
for triangular plates of sufficiently sma}l L/t ratios where the full
plastic strength can be developed without buckling. The limiting L/t
ratio to be used varies with different references. Beedle et al (7)
suggests that a conservative solution can be obtained by assuming that
- the material is isotropic and the modulus of elasticity in all
directions is equal to the strain-hardening modulus. The limiting L/t
ratios are then found by equating the buckling stress based on the
strain-hardening modulus to the yield stress. Beedle et al (7) used
Sélmonus(g) equation for the average stress on the loaded edge,
Equation 2.11, with the experimental Equation 2.12 for the value of

k'. To ensure that yielding is achieved without buckling,

K'n2E _
< (2.42)
t 12(1 = v2)fy

This gives a thicker plate than for the elastic design based on the

e

limiting thickness.

The text book of Salmén et al (12) suggests that to develop the
plastic capacity of the bracket, it may be realistic to use half of
the the value of L/t limitations as used in his elastic design method,

that is reducing Equations 2.18 to
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L 0.5 /2.38 n2E
0.5 K L/HL 1.0 & e [T e ——
t  Vfy 12(1 - v3) ,
: (2.43)
L (L/H) [2.38 x°E
1!0 \< L/H \§ 2-0 - \< 0.5 ke N -
t VEy 12(1 = v 2)

2.7 Ultimate limit state design of triangular gusset plates

In 1979 Martin (15) investigated methods for the limit state
design of triangular steel gusset plates, He reviewed the design
methods of Salmon et al (12) and the Draft British Steel Code (2).
These two methods were originally derived for the allowable stress
design and the allowable stress was based on a failure load defined by
either first yield or the elastic critical buckling load. The Draft
British Steel Code (2) was based on fifst yield. For use in ultimate
limit state design these failure loads were taken to be the ultimate
loads. Salmon et al (12), however, céneluded that this was not the
proper criterion of strength as the actual ultimate load was much
higher, especially with plates that failed by yielding. Martin (15)
therefore presented an alternative theoretical approach for 'the
ultimate limit state design based on experimental observation.

As there was little experimehtal work available for comparison,
it was necessary initially for Martin (15) to provide further
experimental evidence. Salmon et al (12) only presented‘15
experimental results which were of the non-slender type of gusset, so
Martin (15) concentrated on producing results for slender gusset
plates. To produce gusset plates with high slenderness ratios, Martin
(i5) tested 43 slender non-welded model gusset plates made from mild
steel sheet 0.263mm thick and yield strength of 350N/ mme2.-

Each steel gusset plate was, fastened along its supported and
loaded edées to a timber frame using wood screws. A hinge was
introduced in the frame at the junction of the loaded and supported

edges to eliminate the resistance moment from the loaded plate that
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occurs in many practical cases.

Three parameters were investigated. One series of experiments
investigated the effect of varying the plate size by varying L(=H)
from 25 to 125mm with s = L/2. To simulate specimens with and without
the loaded plate, two types of specimens were used, one with the 90°
corner removed to the level of the hinge to represent specimens
without the loaded plate, and the other a complete triangle to
represent specimens with the loaded plate.

Tbe second series investigated the effect of varying the ratio
H/L by varying H from 37.5 to 225mm x;ith L fixed at 75mm and s = L/2.
Again two types of specimens with and without the 90° corner were
tested.

The third series investigated the effect of adding material
parallel to thé free edge with L = H = 75mm and s = L/2, for both
specimens with and without the 90° corner.

Another 7 non-slender welded gusset plates of nominally 6émm thick
plates, with different dimensions were tested to complement the
experimental results by Salmon et al (12).

The gusset plates in the experiments appeared to buckle at
failure, and after failure when the load was removed they did not
regain their original shape, which indicated that part of the material
" of the gusset plate had yielded. From the bghaviour of the specimens
during the experiments Martin (15) developed the following theory.

Martin's (15) theoretical approach is based on assuming, for
theoretical purposes, that the plate acts as a series of struts
parallel to the free edge instead of assuming one strut as in other
meth?ds. However, with the loaded plate being fixed to'the'vertical
support, the loaded plate was taken to rotate about this point, which
was observed in the experiments and also assumed by Salmon et al (12).
The theoretical point of rotation is referred to as the theoretical
hinge in Martin's (15) work and is shown in Figure 2.17. By taking
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Figure 2.17 Geometry and stress distribution assumed by Martin.

moments about this theoretical hinge the forces passing through it are
removed from the equilibrium equation. Therefore the moment P.s,
about the theoretical hinge, produced by the applied load is resisted
by the bending resistance of the loaded plate at the theoretical hinge
and the summation of all the resistance moments produced by each of
the assumed elemental struts ébout the theoretical hinge. It is tﬁen
assumed that at the ultimate load the loaded plate reaches its plastic
moment of resistance and all of the struts reach their ultimate load
at the same times If all of the struts fail by yielding then the
stress distibution across the critical section can be plotted from the
stress in each strut giving a rectangular stress distribution and the
Ifull plastic strength will have been reached. With the load applied
at s = L/2 and neglecting the loaded plate, this would give the same
result as the plastic design method derived from Jensen's (4) work.

However for other values of s the two methods are different.
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For the gusset plate that fails by buckling the maximum stress in
each strut will be the buckling stress, The maximum stress in each
strut is then dependent on its slenderness ratio and Martin (15) used
the empirical Rankine (16) formula

£
fpy = =mmmmmmmmmm (2.44)

1+ fy 1)2
I:;E(;
to express the buckling stress. This formula was used because it is
conservative and easily integrated. Therefore, the maximum axial
stresses on the short strqts close to the 90° corner will be at yield
while at the free edge the stresses depend on the slenderness ratio.
The stress distribution across the plate at the ultimate load will
therefore be of the shape shown in Figure 2.17(b).

The main problem with any method for designing gusset plates
assuming struts is to determine the effective lengths to be used for
calculating the slenderness ratio. In other methods only the
effective length of the free edge has been required. With Martin's
(15) theory the effective lengths of all the assumed struts are
required. Initially Martin (15) assumed all of the struts to be fixed
ended struts. For the devélopment of the theory the effective length
1 of each strut was expressed in terms of of the lever arm distance w
from the theoretical hinge (see Figure 2.17). When H/L # 1, the
actual 1ength of each elemental strut is 2w, and the effective length
1 is half this value, i.e. of length w. When H/L = 1 the actual
length of each elemental strut in terms of w is w(L/H + H/L), but .
Martin (15) found from his experiments that the effective length was
less than half this value, because the deflected shape ﬁad more than
one "loop". The value adopted in his theoretical wogk was 1 = W,
This would then give the slenderness ratio for the free edge of

1 2y3 L
L, () (2.45)
r (L7872 + 1\t
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Taking moments about the theoretical hinge and equating the applied
moment produced by the load to the resistance moments assumed by thé
loaded plate and the gusset plate at the ultimate load P,, an equation

is formed relating P, to the buckling stress fy,
W
o

Mp is the resistance moment at the hinge and varies depending on the
experimental or practical conditions. Combining Equations 2.44 and

2.46 and solving gives

2
n2E t3 [1 . 12fy (L/t) ] Mp

Py = S-S-i2 1n + - (2.47)
2ls n?E [(L/H)2 + 1] s

Martin's (15) experimental results showed a slight increase in
strength was obtained by adding material to the free edge. He
suggested that an ap'proximate theoretical value of the increase in
strength may be obtained by extending the previous stress distribution
as shown in Figure 2.17. An arbitary parabolic sif.ress distribution
was assumed, extending the previous buckling stress at the original
free edge to zero at the new free edge, as shown in Figure 2.18. The
increase in buckling load P,' is obtained by taking moments about the

inside corner again, giving

W'.t fy W
Py' = (W + ==) (2.48)
3s [1 + 12fy(w) 2 4
En? \t

where W is the original width of the critical section and W' is the
extension produced by the added material. However, Martin (15)
concluded that the relatively small increase resultir'lg from this
calculation is probably not worth considering practically.

The disadvantage of the previous theoretical approach is that
Equation 2.47 is not easily arranged to obtain the value of t directly
for design situations where the thickness t is the unknown. Martin
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Figure 2.19 Martin's linear approximation to Rankine's buckling
stress distribution

(15) therefore suggested an alternative approxn}mate method for gusset
plates of low slenderness ratio. The previous equilibrium Equation
2.46 remains the same but, the buckling stress distribution produced
by using Rankine's (16) Equation 2.44 is approximated to -a triangular
distribution as shown in Figure 2.19. Provided the slenderness ratio
of the free edge is less than 185, the buckling stress equation then

becomes
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. - (1i/r (w/r)
Phows & P o ] 1z Pl & s 2.4
bw Y[ 185 ] Y[' 185 ] (2.49)

Combining Equations 2.46 and 2.49 and integrating gives
fy L.t 1 V3 (L/t) M

p
Pu = - - o A (2-50)
277.5?(L/H)2 + 1 s

] (s/L) [(L/H)2 + 1] |2

Rearranging to obtain t directly gives
2(Py = Mp/s)(s/L)[(L/H)2 + 1] 3.L

t= +
fyL 138.75V(L/H)2 + 1

Alternatively the original design Equation 2.47 may be rearranged

(2.51)

to a non-dimensional form for design purposes relating (s/L)(Pu-
Mp/s)/L2E to H/L for values of t/L. This can then be plotted
graphically or expressed in tabular form. A separate table or graph
must be produced for each value of the design stress.

Martin (15) did an optimum weight analysis with his theoretical
Equation 2.47 which produced an optimum value for H/L =1.

As for the value of Mp used in Martin's (15) equations, for his
experimental work he used

Mp = B.T(T/2 + t)fy (2.52)
based on experimental observations that the hinge appeared to form
inside the welds. In practice he suggested that a conservative value
of

Mp = B.T2fy/4  ° (2.53)
may be more acceptable.

In comparing the design methods of Salmon et al (12), the Draft
British Steel Code (2) and Martin (15), with the 15 experimental
results by Salmon et él (15) and the 50 experimental results by Martin
(15), the following conclusions were derived by Martin.

i) The.Draft British Steel Code (2) method using the design
equation ‘

Pys < py.z’ (2.54)
was shown to be based on the wrong assumptions, i.e. bending, is
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unsaf'e and inaccurate.
[ ]
ii) The Salmon et a (12) method using the design equations

a) for stability, Equation 2.11, rearranged

Py B (2.55)

where k' = 3.2 - 3.0 (L/H) + 1.1 (L/H)2
b) for yielding, Equation 2.13, rearranged
Py = Z.fyL.t (2.56)
where Z = 1.39 - 2.20 (L/H) + 1.27 (L/H)2 - 0.25 (L/H)3
is based on the correct mode of failure, i.e. buckling is considered,
is conservative and not very accurate.

iii) The method developed by Martin (15), Equation 2.47, based
on elastic-plastic buckling failure is less conservative and more
accurate. The alternative approximate method, Equation 2.50, for
gusset plates where the slenderness ratio of the free edge is less

than 185 is also shown to be of comparable accuracy.

2.8 Conclugion of literature survey

From the literature survey of methods of designing triangular
steel gusset plates the following conclusions were derived. Although
triangular steel gusset plates have been used for many years and used
in many different applications there are relatively few experimental
results, and as a consequence little is known about their behaviour,
This has led to many different design methods being suggested without
any experimental evidence to support them. ,

Until 1962 fhe only experimental results that were related to
triangular gusset plates were 22 experimental results oﬁ welded beam
seat brackets presented in 1936 by Jensen (4). However, these
brgckets had gusset plates which were very small and thick, and had
such a small slenderness ratio that buckling was no problem.

The design method suggested by Jensen (4) waé specifically for
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these small brackets and was intended for use in allowable stress
design. However, as there were no other results available, the method
was extended for the design of larger gusset plates, Some designers
were aware of the possibility of buckling but, did not know how to
deal with it, which is probably why there are so many empirical
methods and variations,

The failure of gusset plates is essentially a plate buckling
problem of a very complex nature. Although the classical plate
buckling methods have been used to solve rectangular and circular
plates with many loading and support conditions, there are not many
solutions for triangular plates. The main reason is that'the methods
are very difficult to apply to triangular plates, especially non-
symmetrical triangular plates with non-symmetrical and non-uniform
loading conditions as found in triangular gusset plates. Salmon (9)
took on the formidable task of using the most appropriate of these
classical methods to produce a solution for such plates. However,
after such an exercise he had to adjust his theoretical results to
such an extent that he effectively produced én empirical equation from
his 15 experimental results. It is important to note that Salmon et
al (12) concluded from experimental work that the critical load,
expecially yielding, is not the proper criterion of strength. The
classical plate buckling theories produce solutions that are based on
the elastie eritical buckling load which do not take into account
yielding or the post buckling strength.

The 15 experimental results presented by Salmon et al (12) were
the first of practical sized welded gusset plates. However, they were
of the non-slender type mainly failing by yieiﬁing and were of an
exploratory nature. Salmon et al's (12) design recommendations have
had several revisions, each revision is more conservative than the

previous one and diverting further from the original theoretical work.
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In 1979 Martin (15) presented 43 results for slender non-welded
‘gusset plates and only 7 non~slender gusset plates together with an

alternative theoretical approach for the ultimate limit state design.
The slender gusset plates were of a model form and the non=-slender
gusset plates were of an exploratory nature., Where Salmon et al's
(12) method was discontinuous from the buckling to the yield condition
and was only based on the elastic critical loads, Martin's (15)
method was continuous and was based on the ultimate failure load.

It is apparent that there is a scarcity of experimental results
of practical sized welded gusset plates. There has not peen any
systematic experimental investigation of the various parameters on
practical sized welded gusset plates. Martin (15) systematically
investigated the effect of varying the size and the H/L ratio of his
slender model tests but, these need to be repeated for practicél sized
welded gusset plates, The variation in the gusset plate thickness
has not been investigated systematically. Salmon et al (12) only
chose two values. The variation in the loaded plate thickness has not
been investigated. Martin (155 is the only investigator to include a
term for the loaded plate in his theoretical work. The effect of
moving the position of the applied resultant load has not been
investigated experimentally. Salmon's (9) theory does not allow for
this as it assumes the loading to be of a certain type which would
produce the required boundary conditions for its solutioh. Martin's
(15) theory does cater for the resultant load position and so do some
of the other theories to some degree, including Jensen's (4), "however,
they have nbt been checked experimentally. The effect of varying the
internal angle between the two fixed edges has‘never been
investigated. The effect of removing the inner corner of the gusset
plate has only been investigated exploratory by Jensen (4) for one
specimen and it therefore requires further investigation as it is
sometimes necessary to remove this portion.
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There is no adequate means of designing the welds in relation to
the gusset plate. The method used'by Jensen (4) which was proposed bf
Priest (5) is specifically for the small brackets with the load
applied at appréximately 0.8L along the loaded edge of the gusset
plate. The design is also only for the combined weld attaching the
gusset and loaded plate to the column. Any nominal weld size is
suggested for the gusset plate to loaded plate weld. The design
methods suggested by MacGinley (14) and the Steel Designers Manual
(13) are not directly related to the gusset plate and there is an
‘inconsistency in the design method adopted.

It is the aim of this research Eroject to investigate
systematically the parameters associated with practical welded

triangular steel gusset plates and to recommend a design method that

is simple enough to be used in design practice.
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3.1 Introduction

The main test program consisted of 82 triangular steel gusset
plate tests which investigated parameters associated with the failure
of triangular steel gusset plates. The parameters investigated were:-

a(i) gusset plate size L=H, s=L/2, H/L=1 (series 3)

a(ii) gusset plate ratio H/L, s=L/2 (series 4)

a(iii) variation of s, i.e. the point of application s of the

resultant applied load P (series 5)

a(iv) continuation of the loaded plate (series 6)

a(v) loaded plate thickness T (series T)

a(vi) gusset plate thickness t (series 12)

a(vii) removal of inside corner of gusset plate (series 8)

a(viii)variation of internal angle © between loaded and

supported edges (series 13).

To assist in the theoretical work various subsiduary tests were
undertaken. A series of 47 strut tests investigated the buckling
characteristics of the plate used in the gusset plates under various
loading conditions. 15 special gusset plates were made to test
assumptions used in the theoretical work. The subsiduary tests were
as follows:-

b(i) pin ended directly loaded strut tests (series 1)

b(ii) fixed ended directly loaded strut tests (series 9)

b(iii) ineclined indirectly loaded fixed ended strut tests

(series 10) -

b(iv) multiple strip plate test (series 11)

b(v) loaded plate bending resistance tests (series 2)

b(vi) rigid loaded plate strain gauge tests (series 5a).

Further series of tests were undertaken to investigate the
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behaviour and influence of the welds connecting the gusset plate to
its adjacent loaded and supported plates. A total of 22 similar
gusset plates were tested with different weld sizes and arrangements
as follows:-
e(d) the size of the loaded edge weld (series 14)
c(ii) the size of the supported edge weld (series 15)
c¢(iii) the size of both the loaded and supported edge welds
simul taneously (series 16)
c(iv) the shear, normal and frictional forces on the’welds
(series 17).
Specimens, test rig and test procedure are described in this

chapter and all relevant materials are referred to.

3,2 Main test program
3.2.1 Methods of testing

The main aim of the experimental work was to obtain the actual
ultimate collapse load of welded gusset plates of & practical size
used in industry. The gusset plates used in industry range from small
thin gusset plates, as used in support brackets, to very large and
thick gusset plates as used in large moment resisting column base
plates. The limitations on-the maximum thickness, size and shape 6f
the gusset plates that could be tested were dependent on a combination
ofy the maximum load capacity of the testing machines and their
availability; the maximum and minimum dimensions of the specimens that
could be tested in each testing machine; the ease of manufacture,
transporting, setting up and testing of the specimens and rig; and the
relative costs of rigs and specimens. It was also considered that the
worst case type of failure would be with the thinner gusset plates.
The consideration of all these points led to the general use of 4mm

steel plate.
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In testing it was necessary (a) to produce simple consistant
loading conditions which related to conditions and (b) to be able to
isolate individual parameters without diverting too far from the
practical situation.

Various testing arrangements were consid;red to simuiate
practical loading conditions. One method used by Salmon et al, was to
construct a frame with a column supporting a single gusset plate in
the form of a bracket, which was bolted to the column, as shown in
Figure-3J. For economic reasons it would have been desirable to
construct one column for all tests, The column would therefore have
to have been fairly large to withstand the testing of large plates and
would have necessitated occupying one tesiing machine for the duration
of the testing program. The size of the column would have also
restficted testing to a rig with a capacity of Jjust under 1000kN. It
was also considered undesirable to bolt bhelgusset plates to the
support as problems were foreseen in the testing of large plates. The
possibility of bolt, flange or gusset support plate failure could not
be ruled out. The size and shape of the gusset plates tested would be
restricted by the position of the bolt holes in the column flange.
With the repeated use of the same bolt holes in the column flange and
the possible distortion of both the flange and the gussep support
plate, problems in lining up bolt holes accurately were foreseen

Another method considered was to bolt or weld a gusset plate in
the form of a bracket to the end of an I beam, as shown in Figure 3.2.
The same problems, concerning the bolting of the gusset plates to the
end of the beam were expected. Alternatively the gusset plate could
- have been welded to the end of the beam and after testing, cut off and
another gusset plate welded on, This method was, however, restricted
to one machine with a capacity of just under 1000kN due to the size of

the beam required.

61



machine load

4

i
i

Figure 3.1 Column support testing arrangement as used by Salmon et al.
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(a) bolted
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1 (b) welded

Figure 3.2 I-beam support testing arrangements.

Figure 3.3 Other possible testing arrangements.
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With both of the previous methods, difficulties were also
expected with horizontal loads in the testing of gusset plates witﬁ
varying internal angle between the loaded and supported edges.

| Other methods considered were to test singlelgusset plate
specimens as shown in Figure 3.3 but, these were nqt considered to be
true representations of practical loading conditions as the loads were

not applied perpendicular to the edges of the gusset plates;

machine load

Figure 3.4 Back to back gusset plate testing arrangement adopted.

- The method that was finally adopted was to weld two siﬁilar
gusset plates back to back to the same vertical support, as shown in
Figure 3.4. This had the advantage of producing a symmetrical
specimen with very simple symmetrical loading requirements. By nature
of its symmetry the vertical support was automatically as stiff as
required with the forces on both sides of the vertical support being
equal and opposite. This eliminated the need to design a vertical
support that would have to withstand large bending moménts or to be
stiff enough to prevent distorting. As the specimens were self
contained all connections were welded, eliminating the complications
of using bolts. The support plate only had to be str;ng enough to
prevent the top end, where the machine load was applied, from
crushing. Aﬁy size or shape of gusset plate could be made and tested
as the specimens were self contained. They were relatively easy to
make, transport, set up and test due to their size and symmetry. Any
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of the testing machines could be used as size and load required.
3.2.2 Testing arrangements

Three testing machines were utilized in the testing program.
Most of the tests were performed on a Denison 500kN testing machine.
Where the specimens were too tall to fit between the platens of this
machine, a iarge portal frame testing rig with a Mitchell Hydraulics
1000kN hydraulic test fam was used. Where the capacity of these two
machines was exceeded a Losenhausenwerk 5000kN hydraulic test ram and

rig were .used. -
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=) . .
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Figure 3.5 General testing arrangement for main series.

The general testing arrangement is shown in PFigure 3.5. The
gusset plates were made from steel plate 4mm thick, e%cept for the
series investigating the variation in gusset plate thickness. Each
steel gusset plate was fillet welded along the loaded and supported
edges on both sides of the plate, Two similar gusset plates were
welded back to back to the same vertical support. The loaded plates
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and the vertical supports were made from mild steel section 20mm thick
and 150mm wide. The exceptions to this were the series investigating
the H/L ratio and the series iﬁvestigating the loaded plate thickness.
The loaded plates were terminated at the bottom of the vertical
supports to eliminate the resistance moment of the loaded plate that
oceurs in many practical cases. The exceptions to this were the
series investigating the effect of continuing the loaded plate through
and the series investigating the thickness of the loaded plate. Each
loaded plate was held in place laterally with a lateral fillet weld
along its top edge to the vertical support. All fillet welds were 4mm
except for the series investigating the gusset plate thickness.

The function of the loaded plate is to distribute the load to the
loaded edge of the gusset plate. In practice the externally applied
load is often in the form of a distributed load, but in the tests, to
ensure accuracy in the positioning of the load, it was applied through
a roller. This also ensured that it was only applied perpendicular to
the loaded edge of the gusset plate. With all but the series
investigating the position of the applied load, the rollers were
placed at s=L/2. For the majority of tests, the internal angle §
between the loaded and supported edges was 900, and so the two rollers
rested on the horizontal test bed of the testing machine.

In testing the variation of the internal angle 0 between the
loaded and supported edges, the loaded plates were not horizontal.
Therefore a small rig was required to support the specimens on rollers
in order to apply the load perpendicular to the loaded edge of the
gusset plate. The rig was designed to support the specimens with the
load applied at a distance s=L/2 for each angle tested. The rig
details are shown in Figure 3.6 and two typical testing arrangements
are shown in Figure 3.7,

For the majority of the tests the specimens were supported by two
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20mm diameter steel rollers 150mm long, resting on the flat bed of the
testing machine. The exceptions to this were the series investigating
the thickness of the gusset plate and the variation of the internal
‘ angle between the loaded and sﬁpported edges. With the former, the
loads were considerably high for the 9,11,13 and 15mm thick gusset
plates and so 50mm diameter tool steel rollers 210 mm long, resting on
the flat bed of the testing machine were used. Spreader plates 100 x
150 x 20mm thick were also used between the roller and the loaded

plate for this series of gusset plate tests.
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Figure 3.6 Details of roller support rig for series investigating the
variation of the internal angle 6.

For the series investigating the variation of the internal angle,
the rollers could only be supported by their ends. To prevent bending
50mm diameter tool steel rollers were used.

The machine load was applied through a ball joint to remove any
eccentricity of loading caused by specimen inaccuracies and to allow

accurate positioning of the machine load.

66



machine lead

D
AMANNARRNRNRNNNNN NN N NN NVNNN N NN VN NN N N U NN

machine load

& b
RN N R R AN A L N N

Figure 3.7 Typical testing arrangement for series investigating the
variation of the internal angle 8,
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3,2.3 Material | tepdal bopi

The material used for the test specimens was steel throughout;
The gusset plates were generally made from rolled steel plate of 4mm
nominal thickness. Only the series investigating the gusset plate
thickness used gusset plates made from rolled mild steel section 15mm
thick and 300 mm wide. The loaded plates and vertical support plates
were generally made from mild steel section 20mm thick and 150mm wide,
except when 150mm width was unavailable and was substituted with 100mm
width. The series investigating the gusset plate thickness used
blocks of mild steel 50mm thick for the vertical supports of the
thicker plates and 25mm thick for the mid range plates to prevent them

crushing.
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Figure 3.8 A typical stress-strain relationship for the steel used.

The thickness of each gusset plate was obtained by random
sampling along the free edge of each specimen with a micrometer. The
tensile yield strength of each batch of test sﬁecimens were determined
by tensile tests on specimens 4J00mm long and 25mm wide using a Denison
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500kN tensile testing machine. The tensile yield strengths of the
loaded plates were also determined in a similar manner, where
required.

The average value of Young's modulus of elasticity was found to
be 206kN/mm2, A typical stress-strain relationship for the gusset

plate steel is shown in Figure 3.8.

3.2.4 Welding of the gusset plates

Each gusset plate was fillet welded on both sides of the plate
along the loaded and supported edges.‘ Two similar gusset plates were
welded back to back to the same vertical support. To reduce the
effects of distortions associated with welding the gusset plates were
welded in the following manner,

For the specimens with the internal angle ¢ between the loaded
and supporting edges equal to 909, the loaded plates of the two gusset
plates on one specimen were both clamped down to a horizontal, rigid,
rotating work-bench. The vertical support plate was held vertically
in place by clamping it to a steel block which was clamped to the
loaded plate and work-bench as shown in Figure 3.9(a). Both gusset
plates were tack welded into position. Each plate was then fillet
welded into place using the step back technique in the order and
direction shown in Figure 3.9(b). The’'loaded plate welds of both
gusset plates were completed first followed by the vertical welds
‘using the same technique. The lateral weld connecting the loaded
plate to the vertical support was the last to be done. The only
difference with the plates with an internal angle other than 90° was
that they could not be clamped down to a work-bench.

All 4mm fillet welds were of single run, using 3.25mm Fastex
electrodes made by B.0.C. The 6mm and 8mm welds used in the series
investigating the gusset plate thickness were multi run welds using

the same electrodes and technique. In the welding process the loaded
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plates had a tendancy to 1lift and the welds pulled the gusset plate to

the loaded plate and the support plates,

A f] '\j:ﬁéh
J U U g

(@) method of clamping specimens for welding

(b) order in which welds were done

~ Figure 3.9 Welding arrangement.

3.2,5 Instrumentation
Measurements of strain, deflection and rotation were possible

with the use of electrical resistance strain gauges and mechanical

70



dial gauges. Types and method of fixing are described in this

section.

3.2.5.1 Strain gauges

Three types of electrical resistance strain gauges were used in
measuring strain on the steel; a one element strip strain gauge and
two types of three element rosettes. All strain gauges were
manufactured by Tokyo Sokki Kenkyujo Co., Ltd. The strain gauge
details and the symbols used in the specimen descriptions are shown in

Figure 3.10.
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Figure 3.10 Details of the strain gauges used and their associated
symbols.

The positions of the strain gauges were carefully prepared and
the strain gauges were glued to the steel with M=-Bond 200 adhesive, a
Micro-Measurements product, and left to dry. The gauge wires were
insulated from each other and the steel with adhesive tape. The exact
positions and numbers of each gauge element on each specimen are given

with the specimen details in Section 3.7.
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3.2,5,.2 Deflection measurement

Batty dial gauges of 0.01mm per division were used for the
measurement of displacements of various points of the specimens., The
exact positions and numbers of each dial gauge on each specimen is
given with the details in Section 3.7. Generally the total vertical
deflectian of the specimen and the mid-lateral deflection of the

gusset plate's free edge were measured.

3.2.6 Test procedure

Oné gusset plate was temporarily.stiffened to produce failure of
the other by clamping the gusset plate between two steel plates. With
the testing of the second sidé of the Ymm gusset plates, the first
side was flattened again when the steel stiffener plates were clamped
in place. However, the thicker gusset plates of the series
investigating the gusset plate thickness, could not be flattened and
so stiffeners were welded in place on either side of the gusset plate
that had previously been tested. The stiffeners also had to be welded
in place with the very small angles of the series investigating the
variation of the internal angle. |

The specimens were set up in the testing machine with the
vertical support plumbed and with the support rollers and ball joints
in the correcﬁ positions, Shims were inserted between the rollers and
loaded plate to remove any rocking or out of plumbness, ensuring the
rolling action was not impaired.

Deflection gauges were positioned as required and the strain
gauges connected to the junction box of the Compulog Alpha 16 Data
Logger. This computer was utilized in reading and recording all
strains_during the test period., This computer was later replaced,
during the testing program, by a new computer, Compulog System Four.
The program from the Compulog Alpha 16 Data Logger had to be
interpreted, updated and adapted for use on the Compulog System Four

T2



computer, which used a different operating and data storage system.
Installation and setting up problems were encountered with the new
computer which took time to sort out. Details of the program and use
of the new computer are given in Appendix 1.

The tests commenced by reading the initial dial and strain gauge
readings. The load was applied in increments with dial and strain
gauge readings taken at each increment, after allowing time for the
gauges to settle, The magnitude of the increments was determined by
the behaviour of the specimen. If the lateral or vertical deflections
increased or took longer to settle then the load increments were
reduced. Deflection and strain gauge readings were taken as close to
the actual failure as possible. The failure load was determined by

the collapse of the specimen.

3.2.7 Specimen details

This section contains information on the ﬁarameters investigated,
specimen dimensions, positions of strain gauges and deflection gauges
for the main test series. A general account of the testing
arrangements and specimen dimensions is set out in Section 3.2.2.
Therefore only variations to this will be covered in detail.

The specimen numbers incorporate the series number, the.value.of
the variable(s) being investigated and the sample number of that type
of specimen. For example S5-300-2 is from series 5, which
investigated the point of application s of the applied resultant load
_ P. s is the variable being investigated and in this case is equal to
300mm. Three samples of this specimen were actually tested and the
specimen referred to here is the second sample. Another example is
S7-6-150-1 which is from series 7, which investigated the loaded plate
thickness with the load applied at two different positions. In this
case the loaded plate thickgess is 6mm with the load at s=150mm and it
is the first sample.
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Figure 3.11 Specimen details for series investigating the gusset
plate size L=H, s=L/2, (series 3).

This series of tests investigated the effect of varying the size
of the gusset plate. This was achieved by varying the loaded edge L
and the supported edge H with the ratio H/L=1. The plate thiqkness t
remained constant and the load P was applied at a distance s=L/2. The
values of L(=H) tested were 100, 200, 300, 400 and 500mm, with two
plates of each size tested. Each specimen was made from the same
batch of steel, with the gusset plates having a yield strength of 378
N/mm2. The specimen details are shown in Figure 3.11.

T4



1. L=200 ' | 20

10

h |
J

| G ) ST B
| DS T T

H=varies

Lmm welds

*‘ Qt
s=100 . s=100 ™~
™ -

o — |
) S S |

M\
2
]

g PG .
H 1
HH
"
100

1 1 1.1

values of H=50, 100, 150, 200, 250, 300, 400, 500 & 600

Figure 3.12 Specimen details for series investigating the gusset
plate ratio H/L, s=L/2 (series 4).
3.2.7.2 Gusset plate ta;jg H/L, s=L/2 (series 4)

This series of tests investigated the effect of varying the ratio
H/L. The value of L was fixed at 200mm, with s=L/2 and the values of
?l tested were 50, 100, 150, 200, 250, 300, 400, 500 and 600mm, with
two plates of each size tested. Each specimen was made from the same
batch of steel as series 3 . The loaded plates, and the central
vertical support were 100mm wide and not the general 150mm width. The

specimen details are shown in Figure 3.12.
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Figure 3.13 Specimen details for series investigating the point of
application of the resultant applied load P i.e. varying s (series 5).

3.2.7.3 Point of application of the resultant applied load P
emcianis!

This series of tests investigated the effect of'varying the
distance s which controlled the position of the resultant applied load
P. All specimens tested were of the séme general diﬁensiona. The
minimum practical value of s tested was THmm because, as s decreases

the load required to fail the specimen increases rapidly. The maximum
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Figure 3.14 Extra dial gauge positions on the loaded plate of
specimen S5-300-3.
value of s tested was 300 mm with the load applied at the end of the
gusset plate. Other values of s tested were 100, 150, 200 and 250mm.
Two more specimens were tested with s=150 and 300mm. Each specin;en
was made from the same batch of steel as series 3. The general
specimen details are shown in Figure 3.13. Extra deflectic_m gauges
were put on specimen S5-300-~3, as shown in Figure 3.14, to measure the
loaded plate deflection profile.

Electrical resistance strain gauges were put on spec:i.mens S5«150e
1, S5-150-2, S5-75-1, 55-300-.1, S5~300-2 and S5-300~3 as shown in
Figures 3.15, 3.16, 3.17, 3.18 and 3.19. Strain gauges were fixed
along a line from the inside corner perpendicular to the free edge of
the gusset plate on both faces of the plate for specimens S5-150-1,
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Figure 3.15 Strain gaugeé locations and numbers for specimen S5-150-1.

S5-150-2, S5-75-1, S5-300-1 and S5-300-2, to measure strains parallel
to the free edge. Specimen S5-300-~3 had a similar line of strain
gauges to measure strains paréllel to the free edge. These were
offset from- the perpendicular bisector, which was a fold line, in an
attempt £o obtain strain gauge readings as close to the failure load
as possible without excessive bending strains. Specimen S5-150-2 had
two other lines of gauges parallel to the perpendicular bisector for
the same reasons, as shown in Figure 3.16.

Specimens S5-150-1 and 35-150-2 had strain gauges fiied along £he
supported edge of the gusset plate to measure strains perpendicular to
the supported edge of the plate, Strain gauge rosettes were used to
measure the magnitude and direction of the principle strains in the
gusset plate, mainly along the perpendicular bisector but, also at
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Figure 3.16 Strain gauge locations and numbers for specimen S5-150-2.
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numbers in brackets - far side

H=300

245

L=300

Figure 3.17 Strain gauge locations and numbers for specimens S5-75=1
and S5=300-1.

.

numbers in brackets - far side

H =300

s=b= 300

Figure 3.18 Strain gauge locations and numbers for specimen 55-'300-2.
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other points as indicated in Figures 3.15, 3.16 and 3.17.

Strain gauges were fixed to the loaded plate of specimen 55—150-2'
across the inside corner adjacent to the vertical support, to measure
the bending strains at this point. Strain gauges were also fixed to
the loaded plate of specimen S5-300-3 in an attempt to measure the
longitudinal strains in the loaded plate.

Strains were measured at each increment of load until failure of
the gusset plate occurred and the readings were converted to average

stress.

numbers in brackets - far side

H=300

s=L=300

— =

150

)

60T T 708) 8019 9200 1020+ (22)

48 1 60 | 60 | 60 _| 60 |
| I 1 T ]

-

Figure 3.19 Strain gauge locations and numbers for specimen S5-300-3.
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Figure 3.20 General specimen details for series investigating the
effect of continuing the loaded plate (series 6).
o te erie

This series of tests investigated the effect of continuing the
loaded plate through at the bottom of the vertical suppoﬁt. Only two
gusset plates were tested for comparison with two tests from series 5,
which were identical apart from the loaded plate being continued
through at the bottom of the vertical support in this series. The
dimensions of the gusset plates were the same as in series 5 with
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Figure 3.21 Extra dial gauge positions on loaded plate of specimen
S6-300-1.

L=H=300mm and the values of s tested were 150 and 300mm. The test
specimen was made from the same batch of steel aé series 3. The
general specimen details are shown in Figure 3.20. Extra deflection
gauges were put on speciﬁen S6-300-1 to measure the loaded plate
deflection profile as shown in Figure 3.21.

Electrical resistance strain gauges were put on both specimens )
S6-150-1 and S6-300~1 as shown in Figure 3.22. Strain gauges were
fixed along a line from the inside corner perpendiculaé to the free
edge of the gusset plate on both faces of the plate to measure strains
parallel to the free edge as in series 5. Strain gauges were fixed to
the loaded plates to measure the longitudinal strain at various points
along the loaded plate.
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Figure 3.22 Strain gauge locations and numbers for specimen S6-150-1.
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Figure 3.23 General specimen details for series investigating the
loaded plate thickness T (series 7).

3,2.7.5 Loaded plate thicl T ( ies 7)
This series of tests investigated the effect of varying the
thickness T of the loaded plate over its whole 1ength} the loaded
plate being continued through at the bottom of the vertical support.
The dimensions of the gusset plates were the same as in series 6. The
objective was to test as thin a loaded plate as practical to see if
local buckling of the gusset plate would occur at the load point. The ,
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s=L=300

Figure 3.24 Extra dial gauge positions on loaded plate of specimen
ST=-6-300~1.

loaded plates wefe all made form the same 20mm x 100nm mild steél
section and machined down to thicknesses of 16, 13, 10 and 6mm
respectively, before being welded to the gusset plates. Practical
limitations were found due to distortions associated with the welding.
The distortions increased, the thinner the loaded piate and the larger
the weld size. Using 4mm fillet welds the minimum thickness of loaded
plate that could be used with an acceptable amount of distortion was
10mm. Using the smallest practical weld of 2mm it was possible to
test a specimen with a loaded plate of 6mm thick. All the fillet

welds for the 6mm thick loaded plate specimen were 2mm, One side of
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Figure 3.25 Extra dial gauge positions on loaded plate of specimen
S7-10-150=~1.

each specimen was tested with s:1§0mm(s=L/2) and the second side bf'
each specimen was tested with s=300mm(s=L). The gusset plates were
made from the same batch of steel as series 3. The central vertical
support was made from the same 20x100mm mild steel section as the
loaded plates.,

The general specimen details are shown in Figure.3.23. Extra
dial gauges were put on specimens S7-6-300-1, S7-10-150-1 and S7-13-
300-1 to measure the loaded plate deflection profile as shown in
Figures 3.24, 3.25 and 3.26.

Electrical resistance strain gauges were put on plates
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s=L=300

Figure 3.26 Extra dial gauge positions on loaded plate of specimen
S7=-13-300~1.

ST-10-150-1, S7-6-150-1, S7-13-150-1 and S7-16-150-1 as shown in
Figures 3.27 and 3.28. Strain gauges were put on specimen S7=10=150=1
along the offset from the perpendicular bisector of the gusset plate
to measure strains parallel to the free edge. Strain gauges were also
put on the gusset plate of this specimen to measure the longitudinal
strains in the loaded plate at the inside corner of the loaded plate
adjacent to the ver-tir:.'al support and along'the length of the loaded
plate. With the other specimens, strain gauges were only put on the
loaded plate adjacent to the vertical support, to measure the bending

strains at this point.
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Figure 3.27 Strain gauge locations and numbers for speeim'en

S7T-10-150-1.
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Figure 3.28 Strain gauge locations and numbers .t‘or' specimens
S7-6-150-1, S7-13-150-1 and S7~16-150~1.
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Figure 3.29 General specimen details for series investigating the
gusset plate thickness t (series 12).
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3.2.7.6 Gusset plate thicl b ( . 12)

This series of tests investigated the effect of varying the
thickness t of the gusset plate. The values of L and H were fixed at
300mm with s=L/2=150mm. All gusset plates were machined down on one
face, before welding, from the same 15mm thick mild steel plate with a
yield strength of 263N/mm? to avoid using plates of varying yield
strength. The values of t tested were 5, 7, 9, 11, 13 and 15mm with
one plate of each size tested, with two adjacent sizes back to back,
j.e. the 5 and. Tmm plates. The loaded plates projected under the
vertical support and terminated there. A fillet weld along the top
edge of the loaded plate provided a lateral connection to the vertical
support. The central vertical supports were made from mild steel

section. The section sizes were chosen to prevent the crushing of the

—

H= 300

s=L/2 ?

L =300

Figure 3.30 Extra dial gauge positions on specimen S12-5-1 to
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top of the support. All weld sizes of a specimen were the same and the
weld sizes used for each specimen, together with the general specimen‘
details, are shown in Figure 3.29. Two. extra deflection guages were
used as shown in Figure 3.30.

Two extra gusset plates were tested which were identical to the
13 and 15mm thick gusset plates except for the loaded plates, which

were continued through at the bottom of the vertical support.

L=300 20
2
) k
Lmm welds i
i [
) A
:!é

— e |
ELEVATION Bae =300

LI L 1.1

B

M
W
150

PLAN

values of G =45, 90, 135 & 180
and s = 268, 236, 205 & 173 respectively

Figure 3.31 General specimen details for series investigating the
removal of the inside corner of the gusset plate (series 8).
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2.2.7.7 R 1 of the insid X t plate ( . 8)

This .series of tests investigated the effect of varying the'
amount of the inside corner removed from a gusset plate. As with
previous tests the values of L and H were fixed at 300mm. The inside
corner of each gusset plate was removed parallel to the free edge of
the plate leaving a strip of plate of width G. The values of G tested
were 45, 90, 135 and 180, with two plates of each. One gusset plate
was tested with the load applied at the mid point of the loaded edge,
s = L/2, as with previous tests, the other with the load applied at
the centre of the remaining loaded edge of the gusset plate. Each
specimen was made from the same batch of steel as series 3. The loaded
plates projected under the vertical support and terminated there. The
general specimen details are shown in Figure 3.31. Extra deflection
gauges were put on specimens S8-45-2, S8-135-2 and S8-180-2 as shown

in Figure 3.32.

H =300

S

L=300 J

— T

Figure 3.32 Extra dial gauge positions .on specimens S8~45-2, S8-90-2,
S8-135-2 and S8-180-2.
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Figure 3.33 General specimen details for series investigating the
variation of the internal angle (series 13).
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This series of tests investigated the effect of varying the
internal angle between the loaded and supported edges. For
comparison with previous tests fhe 90° specimen was made with
L=H=300mm and s=L/2=150mm., So that a wide range of angles could be
tested, the perpendicular from the free edge to the internal angle was
fixed at 212mm, which is its dimension on the 90° specimen. Fixing
L=H would have reduced the practical range of angles that could be
tested, The maximum practical angle tested was 1409, the minimum
considered necessary was 30°, with intermediate angles of 50, 70, 90,
110 and 1309 Two plates of each angle were tested. Other parameters

and testing conditions were kept as close as possible to those of the

Figure 3.34 Extra dial gauge positions on specimens S13-30-1, S13-30-
2, 3813-50-1, S13-50-2, S13-70-1, S13-70-2,S513~-90-1 and S13-90-2.
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H=L

& T @

Figure 3.35 Extra dial gauge positions on specimens S13-110-1,
S13-11=2, S13=-130-1, S13-130-2, S13-140-1 and S13-140-2.
other test series. The load was applied perpendicular to the loaded
edge, as with the other series, at a distance s = L/2 by means of a
rig. The rig and testing arrangements used for this series are
described in Section 3.2.2.

The gusset plates were made from the same batch of steel plate
Ymm thick with a yield strength of 245 N/mm2, The general specimen

details are shown in Figure 3.33. Extra deflection gauges were put on
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numbers in brackets
on far side

Figure 3.36 Strain gauge locations and numbers for specimen S13-50-1.

all specimens and the gauge positions referred to are as in Figure
3.34 and 3.35.

Electrical resistance strain gauges were put on specimens 813-55-
1, S13-70-1, S13-110-1 and S13-130~-1 as shown in Figures 3.36, 3.37,
3.38 and 3.39 respectively. Strain gauges were fixed along a line
from the inside corner perpendicular to the free edge of the gusset
plate, on both sides of the plate, to measure strains parallel to the
free edge of these specimens, Specimens S13-70-1, S13-110-1 and S13-
130-1 had gauges fixed along the free édge of the'gusset plate, to

measure strains along the free edge and parallel to it.
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Figure 3.37 Strain gauge locations and numbers for specimen S13-70-1.
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numbers in brackets on far side

H=L

Figure 3.38 Strain gauge locations and numbers for specimen S13-=110-1.
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Figure 3.39 Strain gauge locations and numbers for specimen S13-130-1.
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3.3 _Subsidi Eani

The mode of failure of the gusset plates in the aforementioned
tests suggested that the plates react in a similar way to a series of
fixed ended struts running parallel to the free edge, as suggested by
Martin (15), each strut taking a certain amount of the load applied
to the gusset plate by the loaded plate., The maximum load taken by
each strut would then be dependent upon its slenderness ratio and
“yield stress. It was therefore considered necessary to investigate
the failure load of strips of the plate in the form of struts, both
directly loaded and indirectly loaded as in the assumed gusset plate.
The effect of cutting the gusset plate into strips and other special
gusset plates were investigated as presented in the follo;ing section.
Only those details deparfed from the general ﬁesting arrangement are

covered.

e i € t ie

This series of tests were designed to obtain the buckling
stresses for the 4mm thick plate, by testing a series of directly
axially loaded pin ended struts 25mm wide and 4mm thick. The lengths
of the struts tested were 100, 200, 300 and 500mm. The ends of the
struts were rounded off to 2mm radius to reduce the end fixity to a
minimum. The struts were axial;y loaded beﬁween two platens of a
Denison testing machine until failure. The tensile yield strength of
the plate used was obtained from tensile tests and was found to be

349N/ mme.

e ire e e ie
This series of tests was designed to obtain the buckling stresses
for a Series of direcply axially loaded fixed ended struts 25mm wide
and 4mm thick made from 4mm steel plate with a tensile yield stress of

350N/mm2,
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Figure 3.40 Specimen details for fixed ended directly loaded strut
tests (series 9).

Blocks of steel 100x50x20mm thick were welded to each end of the
struts using 4mm fillet welds to provide the end fixity. This allowed
accurate placing of the struts between the platens of the testing
machine so that the locad was applied axially and without inducing any
bending moments. This was achieved by the introduction of shims
between the machine platens and the end blocks of the struts. The
lengths of struts tested were 399, 348, 296.5, 246, 195, 144 and 93mm
with three specimens of each tested. The lengths were chosen for
comparison with the next series of tests, The general specimen
details are shown in Figure 3.40, For the second and third set of
eaéh strut length tested the total axial compression of the specimen
and the mid-lateral deflection of the strut were measured.
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Figure 3.41 Specimen details for inclined fixed ended indirectly
loaded strut tests (series 10).
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This series of tests was designed to obtain the buckling stresses
for a series of inclined indirectly loaded fixed ended struts 25mm
wide and 4mm thick made from 4mm steel plate with a tensile yield
stress of 356N/mm2. Each strut spanned diagonally at 45° between the
;oaded plate and the supported edge as shown in Figure 3.41. The
centre line lengths of each strut were chosen so that if each strut
was fixed to the same specimen then they would lie parallel with a
0.5mm gap between them. For comparison, the centre line lengths of
these strdts coincide with those of the previous tests. These lengths
being 399, 348, 296.5,246, 195, 144 and 93mm with two specimens of
each tested. The load in each case was applied to act at the centre of
the loaded edge of the strut. The loaded plates projected under the
vertical support and terminated there. The total vertical deflection
of the specimen and the mid-lateral deflection of the strut were

measured. The general specimen details are shown in Figure 3.41.

e (serie

This series of tests was designed to investigate the effect of
cutting a gusset plate into strips running parallel to the free edge.
The standard plate dimensions, as used in the main series of tests,
were used with L=H=300mm and s=L/2=150mm, The gusset plate was made
from 4ymm steel plate with a tensile yield stress of 363N/ mm2, The
gusset plate was cut into strips with a 0.5mm gap betweeg them to
prevent interference between the strips. Due to the difficulty in the
manufﬁcture of such a specimen only one gusset plate was made. The
loaded plates projected under the vertical support and terminated
there. The total vertical deflection of the specimen and the mid
lateral deflection of the end three strips were measured. Measuring
the lateral deflection of the other strips was impractical due to the
congestion of gauges, The general specimen details are shown in
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Figure 3.42 Specimen details for multiple strip plate test (series 11)
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H=300

Figure 3.43 Extra dial gauge positions on specimen S11-150-1.

Figure 3.42. Extra deflection gauges were put on the loaded plate of
specimen S11-150-1 as shown in Figure 3.43 to measure the deflection
profile., Electrical resistance strain gauges were put on the centre

line of the strips of specimen S11-150-1, as shown in Figure 3.44,
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L=300

Figure 3.44 Strain gauge loeétions and numbers for specimen
S11-150-1. -
e_be e 2

This series of tests investigated the possible contribution of
tbe loaded plate at its supported end to the load carrying capacity of
the gusset plate. This was investigated by reducing the thickness of
the loaded plate at its supported end by machining the 20mm thick
loaded plate over a length of 20mm at its supported end to thicknesses
of 0, 4, 8, 12, 16 and 20mm respectively. Reducing the thickness of
the loaded plate at this point only, was done to avoid introducing the

possible further complication of local buckling of the gusset plate at
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Figure 3.45 Specimen details for loaded plate bending resistance tests
(series 2).

the 'load point with the thinner loaded plates, which have a less
distributing effect, Better control over the yield strength of the
lbaded plate was also obtained by machining from the same plate. The
values of L and H were fixed at 300mm and the point of application of
the load was fixed at s=L/2=150mm and two specimens of each were
'tested. Each specimen was made from the same batch of steel. The

gusset plates were made from mild steel plate 4Ymm thick with a yield
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Figure 3,46 Specimen details for rigid loaded plate strain gauge
tests (series 5a).
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strength of 350N/mm2. The general specimen details are shown in

Figure 3.45.

Rigi ade e ayge test erd

This series of tests investigated the effect of making the loaded
plate as stiff as possible for two extreme points of application of
the load. Two speeimgns were made up with L=H=300 and the point of
application of the load at s=75 and s=300mm.

The loaded plates terminated at the bottom of the vertical
support and were stif'fened with vertical stiffeners welded to the
underside. The general specimen details are shown in Figure 3.46.
Electrical resistancé strain gauges were put on both specimens as
shown in Figure 3.47 to measure the strain across the plate parallel

to the free edge.

-—

numbers in brackets - far side

H=300

s=| =300 *

Figure 3.47 Strain gauge locations and numbers for specimen
S5a-300-1.,
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3.4 Gusset plate weld tests

No experimental work was found on the welds connecting the gusset
plate to the loaded and supported members. The methods of designing
these welds as suggested by the Steel Designers Manual (13) and
MacGinley (14) were not consistent and not Qiréetly related to the
designing of the gusset plate, To gain some experimental information
and to try and clarify the situation the following were investigated.
A general account of the testing arrangement and specimen dimensions
is set out in Section 3.2.2. Therefore, only variations from this are

covered,

e loaded edge we ize erie

This series of tests were designed to investigate the behaviour
of the loaded edge weld and its influence on the behaviour of the
gusset plate. The normal gusset plate dimensious-were used with L = H
= 300 mm and the load P applied at s = L/2., The gusset plate needed
to be thick enough to apply a significant load on the welds and thin
enough to buckle. A gusset plate that buckles is assumed to rely upon
the weld to provide edge fixity. From the results of series 12, a
plate thickness of 10mm was the most convenient size that fitted this
category. The gusset plate material in these tests had a tensile
yield strength of 281 N/mm2, The same weld of 6 mm, as in series 1é,
was used on all but the loaded edge weld. The smallest practical
fillet weld of 2.5 mm was used along the loaded edge of two specimens
ahd no weld along this edge on another two specimens. To try and
maintain the same contact friction between the gusset plate and the
loaded plate, the two adjacent surfaces were machined, Series 16
provided two results for a 6mm weld along the loaded edge.

The loaded platés continued through at the bottom of the vertical
support and the vertical supports were made from mild steel section 25

by 200 mm. This size was chosen, as in series 12, to prevent the
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Figure 3.48 Specimen details for series investigating the size of the
loaded edge weld (series 14).

failure of the central load point. At the roller supports 150 x 100 x
20mm mild steel spreader plates were used between the loaded plate and
the 50mm diameter tool steel rollers to reduce high local stresses
which normally do not occur. The general specimen details are shown
in Figure 3.48.

Two extra deflection gauges were used to measure the horizontal
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s=L/2 J

L=300

Figure 3.49 Extra dial gauge positions on series 14 specimens.

movement of the top and bottom of the vertical support ,as shown-in
Figure 3.49, to measure rotation. The relative slip between the
loaded plate and the gusset plate was measured at the end of the
horizontal weld using a 0.002 mm mechanical dial gauge. |
Initially two specimens of each weld size were tested. However,
the results were not considered satisfactory as problems were
encountered with the testing of two of the specimens and so the series

was repeated. All the results have been included.

a tio E el i erie
This series of tests were designed to investigate the behaviour
of the supported edge weld and its influence on the behaviour of the _
gusset plate., This series is very similar to the previous series
investigating the loaded edge weld. The only difference is that the
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Figure 3.50 Specimen details for series investigating the size of the

supported edge weld (series 15).

welding details have been reversed,

i.e.

two specimens used the

smallest supported edge weld of 2.5 mm and another two with zero weld.

These were compared with the results provided by series 16 using 6 mm

welds along the supported edge.

All other specimen details and

testing arrangements were the same as for series 14. The general

specimen details are shown in Figure 3.50.
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e e ie

This series of tests were designed to supplement the previous two.
series investigating the loaded and supported edge welds separately.
In this series both the loaded and supported edge welds were varied
simultaneously to see what influence they had on the behaviour of the
gusset plate. The fillet weld sizes chosen were 6 mm and 2.5 mm
respectively. The 6 mm fillet welds were chosen to provide a common
specimen for the previous two series. The 2.5 mm fillet welds on the
other spécimens were the smallest practical, and provided an extreme
value for compariscen with the 6 mm welded specimens. The contact
surfaces on both the loaded and supported edges were machined in the
same manner as for the previous two series.

The relative slip between the loaded plate and the gusset plate
was measured using a 0.002 mm mechanical dial gauge. All other
specimen details and testing arrangements were the same as for

series 14,

This series of tests were designed to investigate the proportion
of the load resisted by the welds. Short 4 mm welds were placed at the
outermost edges of the loaded and supported edges in zones which were
mainly subjected to shear forces even when there was slip along these
edges. The problem with continuous welds is that the loaded edge weld
interferes with the supported edge welds making the two difficult to
isolate.

Two specimens were tested with 25 mm long 4 mm fillet welds on
both sides of the plate at the outer end of both the loaded and
supported edges.” These were expected to fail before the gusset plate.

Another two specimens had their supported edge welds increased to 75mm
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Figure 3.51 Specimen details for series investigating the shear,
normal and frictional forces on the welds (series 17).

to produce failure of the loaded edge welds. The contact surfaces

" along the loaded and supported edges were machined as in the previous

series to try and provide a consistent coefficient of friction.
During the test the contact zones along these edges were monitored by

the use of feeler gauges.
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The relative slip along the loaded edge and supported edge welds
at the ends of the gusset plates were measured using 0.002 mechanical
dial guages. All other specimen details and testing arrangements werel
the same as for series 14. The general specimen details are shown in
Figure 3.51.

To obtain the shear strength of the 4 mm fillet welds used on the
gusset plate specimens three weld épecimens were made with the same 10
and 25 mm thick plates. The welds were identical as far as type, size
and method to those used on the gusset plate specimens. The specimen
details ére shown in Figure 3.52. The specimens were loaded in
compression between the platensof a testing machine to shear the two
sets of 4 mm fillet welds 25 mm in length., The total vertical
movement of the specimen was measured using 0.002 mm mechanical dial

gauges.
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Figure 3.52 Weld test specimen details for series 17.
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CHAPTER FOUR
EXPERIMENTAL RESULTS

4.1. Main test ; 1t

This section contains the ultimate loads, deflections and strain
gauge results together with the modes of failure of the main gusset
plate test series as presented in Chapter 3 Section 3.2.

Presented in this section are the experimental results for the
series investigating:-
(i) gﬁsset plate size, L=H, s=L/2, H/L=1 (Series 3)
(ii) gusset plate ratio, H/L, s=L/2 (Series i)
(iii) variation of s, i.e. the point of application of the resultant

applied load P, (Series 5)

(iv) continuation of the loaded plate (Series 6)
(v) loaded plate thickness, T (Sefies 7)
(vi) gusset plate thickness, t (Series 12)
(vii) removal of the inside corner of the gusset plate (Series 8)
(viii) variation of the internal angle 0 between loaded and supported

edges (Series 13)

The specimen dimensions and ultimate load results are given in
Table A.2.1. (Appendix 2). As the same gusset plate material was used
for each specimen the relationships between the ultimate 1oéd Pu and .
the gusset plate size L=H for s=L/2 are plotted graphically in Figure
h.1. The ultimate loads for each paif of nominally identical
specimens are in good agreement with each other. The firét impression
from the results is that the ultimate load is approximately the same
for each gusset plate size. However, the experimental curve must
start at the origin because for a zero sized gusset plate there must
be zero load. Also this series is an extension of one of Martin's
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Figure 4.1 Relationship between ultimate load P, and the gusset plate
size L=H (series 3). ’
(15) experimental series which tested the gusset plate size. Although
Martin's (15) results were for very thin gusset plates, their
slenderness was equivalent to the author testing gusset plate sizes
greater than L=500 mm. Martin's (15) results indicated a reduction in
the ultimate load as the gusset plate size was increased. Therefore,
the author's results are of the peak of the complete range, with a
maximum of approximately 90kN when L=200mm. Beyond this size the
failure load reduces, although the largest plate tested w;Lth L=500mm,

shows an increased strength compared with the L=400mm specimen.

4,1.1.2 Deflect] 11

It was difficult to produce specimens with perfectly flat gusset
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plates, especially with the larger plates. The effects of the welding
produced distortion of the gusset plates and in the majority of the.
specimens there was some degree of initial lateral deflection visible
along the outer free edge and possibly other out of plane deformations
throughout the gusset plate. The maximum initial lateral deflections
were noted and are given in Table A.3.19 (Appe.ndix 3). The amount of
initial lateral deflection varied, but generally appeared to increase
with the size of the gusset plate and the maximum value was
approximately at the mid-point of the free edge.

The deflection gauge results measuring the total vertical
deflection of the specimen and the lateral deflection of the mid point
of the gusset plate's free edge, referred to as the mid-lateral
déflection, were intended to be used as an indication of the
specimens' behaviour relative to each other. However, the total
vertical deflection that was measured can be approximately linearly
related to the vertical ,deflection of the load point relative to the
Qertical support, and also to the change in the internal angle of the
gusset plate. For the most part of the tests the vertical supports
remained vertical and the loaded plates remainedl straight. Close to
failure the vertical supports moved towards the side under test as
buckling commenced and the loaded plates began to bend slightl?.
Therefore, for the latter part of the tests the relative vertical
deflection and the angle of rotation were slightly greater than the
total vertical deflections indicate. The total vertical deflections
and the mid-lateral deflections are given with the corresponding
" applied load increment in Table A.3.1. From this data, load deflection
curves were produced and compared. Due to the number of graphs
involved the general result is described and only representative
graphs are presented in Appendix 4.

From the deflection data the deflection per unit load inerement
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can be determined at any point and is referred to as the deflection
rate., If the deflection rate is the same for consecutive péints, i,e,:
the ;oad deflection curve is linear then the deflection is referred
to as being linear, otherwise it is non-linear, Hith the non-liner
deflections the deflection rates are either increasing or decreasing.

The magnitude of the total vertical deflections of the specimens
were similar. There was usually some initial settlement of the
specimen interpreted from the reducing deflection rate, after which
the vertical deflections for the majority of the tests were steady and
approximately linear for at least 80% of the ultimate load. The
exceptions were for one of the specimens with L=100mm and the two with
L=400mm which were linear for only 60% of the ultimate load. The
vertical deflection rates for thié linear section varied slightly.
Two specimens, one with L=100mm and the other with L=400mm, had
slightly higher deflection rates than the rest. Beyond the linear
section the rate of the vertical deflection increased slowly and
éteadily at first and then fairly rapidly when the deformation of the
gusset plate approached the ultimate load. The deflection readings
were stable, i.e. they stopped increasing with the load increment, at
the initial part of this non~linear section but, closer to the
uitimate load the deflection readings required increasingly more tiﬁe
to stabilize.

The mid-lateral deflections of the free edge varied and appeared
to depend on the initial deformed shape of the gusset plate and its
size. Generally the plates buckled in the direction of the initial
" lateral deflection of the free édge, as would be expected. However,
if there was more than one "kink" on the free edge the plates had a
tendency to deflect in.the opposite direction. In some instances the
plates initially deflected in one direction and then finally buckled

in the other. The initial deformed shape appeared to increase or
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decrease the stability of the plate, depending on the nature of thg
deformation, and appeared to influence the load capacity.

The magnitude and the rate of increase of the lateral deflection
along the free edge was greater for plates with a large initial
lateral deflection in one direction. The maximum lateral deflection
was approximately at the mid-point of the free edge. For the small
plates the lateral deflection was very small for most of the loading
and then suddenly increased close to the ultimate load when the
deflection took longer to stabilize., With the larger plates the
lateral deflection started from the initial 1loading and progressively
increased with the load, tending to a relatively large deflection just
before failure. The lateral deflection for the 400mm specimen was
approximately 13mm just before failure. Although the lateral
deflections were relatively large for the larger plates, they were
stable with no signs of creep for the most part of the loading as were
the vertical deflections.
| In Appendix U4 the.total vertical and mid-lateral deflections for
specimens S3-100-2 and S3-500-2 are shown in Figures A.4.1. and A.4.2.
respectively. These represent typical deflection results of the two
extremes of the series with the others being a transition between the
two. The total vertical deflection of specimen S3-100-2 has the
typical initial settlement deflection that usually occurred. Specimen
S3-500-2 resisted the loads immediately and shows the linear portion
starting from the initial loading. The mid-lateral deflection of
specimen S3-100-2 shows very little lateral deflection for most of the
- loading while specimen S3-500-2 shows the deflection starting from the .
initial loading. The small lateral deflection of specimen S3-100-2
may in fact have been due to lateral movement of the specimen as it

settled down.
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Figure 4.2 Gusset plate fold line patterns (series 3).

4,1.1,3 Failure modes

The failure modes for each specimen in this series were very
similar. The specimens appeared to behave elastically for most of the
.loading and failed in an elastic plastic buckling manner. The
buckling appeared to be progressive. The outer free edge of the
gusset plate deflected laterally first but restrained by the inner
part of the gusset plate. The outer free edge then buckled and the
lateral buckling progressed towards the inside corner of the gusset
plate. The vertical and lateral deflections showed no signs of creep
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for most of the loading, but close to the ultimate load took an

. .
increasingly longer time to stabilise. A load was eventually reached
where the deflection increased rapidly and the specimen gradually
buckled into a less stable shape along well defined fold lines. These
fold lines were very similar for each specimen, with three fold lines
running from the inside corner of the .gusset plates, as shown in
Figure 4.2. One line ran approximately along the angle bisector to
the free edge and the other two followed the loaded and supported
edges so far and then curved towards the free edge to intersect it
nearly perpendicularly. The actual formation of these fold lines,
however, was from the free edge inwards, towards the inside corner.
Prior to collapse the free edge deflection profile was a smooth
transition of curves, afterwards the profile was angular. When the
dial gauges were continuing to move close to the ultimate load it was
possible to reduce the load until the dial gauges did not register.
This léad depended upon how far the buckling had progressed.

The loaded plates of the small gusset plates during loading
remained relatively straight. However, with the larger gusset plates
the loaded plates were concave on the surface adjacent to the rollers
through which the load was applied. This suggested that as the loaded
plates became longer with the larger gusset plates, they were not able
to distribute the concentrated applied resultant load along the loaded
edge of the gusset plate as effectively as with the smaller gusset
plates. At the ultimate load of the gusset plates the loaded plates

appeared to pivot about the inside corner of the gusset plate.

Specimen dimensions and ultimate load results are given in

Table A.2.2. The relationships between the ultimate load Pu and the
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Figure 4.3 Relationship between ultimate load P, and the gusset plate
height H (series 4).

gusset plate height is plotted graphically in Figure 4.3. The
ultimate loads for each pair of nominally identical specimens in most
cases were in good agreement, although three pairs showed a difference
of approximately 11%. The plotted results indicate a gradual increase
in the ultimate load with a peak of approximately 115kN when H=250mm
which corresponds to a value of H/L=1.25. For values of H/L from
1.25 to 3.0 the failure load is approximately constant. There appears

to be a slight dip in the curve at H/L=1.
ectio e
The vertical and lateral deflections of each specimen are given

in Table A.3.2. The vertical deflections were similar in nature to

series 3, with an initial settlement deflection, a middle
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approximately linear section and non-linear section up to the
ultimate load. The vertical deflections were linear to approximately:
95% of the ultimate load, with very little non—liﬁear deflection for
the majority of the specimens, and some of them failed suddenly. The
exceptions were, one of the specimens with H=50mm, one with H=100mm
and two with H=600mm, These exhibited noticeable non-linear
deflection. Generally the vertical deflection rates of the linear
section reduced as H increased up to approximately H=250mm, and then
remained - approximately constant with the'exeeption of the specimens
with H=600mm. These two specimens appeared to have a higher
deflection rate similar to that of the specimens with H=200mm.

As with Series 3 there were some initial distortions due to
welding. The initial lateral deflections were relatively small and
only noticeable with the larger values of H. Generally the lateral
deflections, which were measured at approximately the point of maximum
lateral deflection, were very small for most of the loading but
increased close to the ultimate load. The smaller plates, and where
the platés were initially virtually flat, failed suddenly with little
warning. The lateral deflections started to increase close to the
ultimate load typically around the 80% mark. The lateral deflections
were apparent before the ultimate load for the 500 and 600mm
specimens, with relatively large lateral deflections approximately 6
to 9mm, just before failure. Generally the specimens deflected in the
same direction as the initial deflection.

In Appendix 4 the total vertical and lateral defleétions of
specimens S4-150-2 and S4-500-2 are shown in Figures A.4.3 and A.4.4
respectively. Specimen S4-150-2 is representative of the smaller
plates having a very small non-linear vertical deflection. The
léieral deflection only started to increase very close to the ultimate

load. Specimen S4-500-2 is representative of the taller plates where
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Figure 4.4 Gusset plate fold line patterns (series 1).
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the lateral deflections start at a lower load. The deflection rate of
the linear section is lower with the S4-500-2 than with the S4-150-2

specimen.,

4,1.2.3. Failure modes

The failure modes were similar to those of series 3. With the
larger values of H, the rate of collapse was slower and more apparent
whereas with the smaller values of H collapse occurred relatively
quickly. Although the plates were not symmetrical the fold lines still
ran froﬁ the inside corner of the gusset plate. One followed the
angle bisector and the other two followed the loaded and the supported
edges part of their length and tended to interséct the free edge
perpendicularly. The effect was a concentration of fold lines near the

shortest edge of the gusset plate for H/LZ1.0 as shown in Figure 4.4,

4,13, Point of 140t e the g am lied load P (Sapd 5)
3 e loa e

The specimen dimensions and ultimate loads are given in Table
A.2.3. The relationships between the ultimate load Pu and the point
of application s of the applied load is shown in Figure 4.5. The
ultimate load results for the whole range formed a curve and the
repeated results of specimens with s=150 and 300mm were consistent.
Therefore, these results were considered adequate and duplication for
the other values of s was not considered necessary. The results of
these were in good agreement with previous values. The plotted
results indicate a non-linear relationship with a rapid increase in
the ultimate load as the load is applied closer to the supported edge,
i.e. as s is reduced, and conversely the load reduces as the load is

applied towards the outer free edge, i.e. as s increases.
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Figure 4.5 Relationship between the ultimate load P, and the distance
s of the applied load (series 5).
4,1.3.2 Deflection results

The vertical and mid-lateral deflections are given in Table
A.3.3. After initial fluctuations at low load, the verticél
deflections for the majority of the tests were approximately linear to
at least 80% of the ultimate load, with only a small amount of non-
linear vertical deflection. Although the deflection rates of the
linear section varied, they generally increased as the load was moved
towards the outer free edge, i.e. as s increased.

The initial lateral deflections associated with the welding were
more noticeable than in the previous series, The lateral deflections
again were not of a consistant nature. The mid-lateral deflections

were noticeably greater at lower loads with the load applied towards
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the outer free edge of the gusset plate. However, just before the
ultimate load, the maximum mid-lateral deflections on the outer free:
edge were approximately the same for all positions,

In Appendix 4 the total vertical and mid-lateral deflections of
specimen S5-75-1 and S5-300-2 are shown in Figures A.4.5 and A.4.6
respectively as examples of the two extreme types of behaviour. The
two vertical deflection curves are very similar in shape, the only
difference being the rate of deflection. The mid-lateral deflections

are also similar in shape.

4,1,3.3 Failure modes

The failure modes were similar in nature to those of series 3
with the fold line patterns as shown in Figure 4.6. The rate of
collapse was slower and more apparent with the load applied towards
the outer edge.

With the load applied to the outer edge of the locaded plate, the
loaded plate was convex on its underside adjacent to the roller.
Deflection gauges along the loaded plate of specimen S5-300-3,
measured this curvature and the deflection are given in Table A.3.3.
This bending of the loaded plate was in the reverse direction to that
obtained in series 3 for the largest plate. With the load applied
close to the support there was a visible concave curvature to the

underside of the loaded plate in the region of the applied load.

e re t
Strain gauges were placed on some of the gusset plates to measure
the stresses across their width and across their supported edges. The
average stress results are given in Tables A.5.1 to A.5.8. The
significance of these results will be discussed later; Some strain
gauge rosettes were used to measure the magnitude and direction of the

major principal stress at different points in some of the gusset
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Figure 4.6 Gusset plate fold line patterns (series 5 & 6).
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plates and these results are given in Tables A.5.30 to A.5.33. These
results suggested that the major principal stress was roughly parallel.
to the free edge. The concentrated point load that was used, however,
. appeared to realign the direction of the major principal stress
towards it, at the loaded edge of the gusset plate.

Strain gauges were also attached to the loaded plates of
specimens S5-150~2 and S5-300-~3 and the results are given in Tablés
A5.22 and A.5.23 respectively. With specimen S5=150-2, strain gauges
were placed across the width of the loaded plate at its supported end,
to obtain the longitudinal stress distribution across its width.
Al though the loaded plate was teéminated at the supported edge,
readings were obtained for the gauges on the bottom face. The
readings indicated that there was a net axial stress in the plate at
this section, which was relatively uniform across it. There was a
greater tensile stress across the top surface than across the bottom.
This was expected as the lateral weld, connecting the loaded plate to
its support and the gusset plate, were on its top surface. The
maximpm stress encountered at the ultimate load was only 91N/mm2 on
the top face.

The strain gauges for specimen S5-300-3 were placed at different
sections along the loaded plate adjacent to the gusset plate to obtain
the longitudinal stress distribution along its length. With the load
at the extreme end of the loaded plate, the loaded plate was subjected
to bending, which put the top face into compression and the bottom
into tension towards its outer free end. However, the bending
stresses at the supported end remained relatively low,-and the net
axial stress was tensile. This axial tensile stress progressively

reduced towards its free end.
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The specimen dimensions and ultimate load results are given in
Table A.2.4. Only two specimens were tested for comparison with the
two similar specimens in the previous series. The ultimate load of the
specimen with the load at s=300mm was 17% higher than the specimen
with the cut loaded plate of the previous series The ultimate load of
the specimen with the load at s=150mm was 32% higher than the specimen
with the cut loaded plate. Because the results were different from
the previous series by different amounts, the results were not
considered conclusive and a separate series of tests Qas considered

‘necessary to investigate the effect of the loaded plate thickness.

4,1,4,2, Deflection results

The vertical and mid-lateral deflections are given in Table
A.3.4, The vertical deflections, in comparison with the two
eorreéponding in the previous series were very similar. For the
specimen with the load applied at s=L/2 the vertical deflection had a
similar linear section, as with thé discontinuous loaded plate, but it
extended to a greater load followed by a slightly greater non-linear
section. With the load applied at the end of the loaded plate (s=L)
the initial vertical deflections were very similar, with the linear
section extending to virtually the same load as with the discontinuous
loaded plate. However, the continuous loaded plate specimen was able
to tolerate even more deformation resulting in a considerably greater
post-linear deflection.

The outer free edges of the gusset plates had the usual initial
deflections associated with welding, The mid-lateral deflections were
similar'to the appropriate two in the previous series and continued to
give greater lateral deflections before failure, especially with the
load applied at the end of the loaded plate.
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4,1.4.3, Fajlure mode

The failure mode of the specimen with s=L/2 was very similar to-
those of previous series. The lcaded plate did not appear to bend at
the inside corner until after the gusset plate had buckled and folded
along the.usual fold lines.

With the load applied at the end of the loaded plate, the loaded
plate remained perpendicular to the vertical support but, it
progressively deformed upwards at the outer end. As the load was
increased, more of the gusset plate deflected laterally and a greater
portion of the loaded plate bent upwards. This type of deformation
gradually progressed inwards until the inner section of the gusset
plate collapsed resulting in the collapse of the specimen itself.
This mode of failure resulteq in a large lateral deflection of the
gusset plate's free edge and a large vertical deflection of the end of
loaded plate just before failure, At the ultimate load the specimen
buckled and folded along similar fold lines as described in the
previous series. The loaded plate again appeared to have been bent at
‘the inside corner after the failure of thé gusset plate and it also
had a convex curvature on the under side édjaeent to the roller, The

loaded plate deflection readings, are given in Table A.3.4.

trai e re

Strain gauges were placed across the width of the gusset plates.
The average stresses were calculated and are given in Tables A.5.9 and
A.5.10. The significance of these results will be discussed later.

To obtain the longitudinal stress distribution across the width
of the loaded plate along its length, strain gauges were also placed
across various sections along its length of both specimens. The
results are given in Tables A.5.24 and A.5.25. The results for
' specimen S6-150~1 indicate a diminishing net tensile stress from the
supported end up to the load point. The bending stresses are
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relatively low at the supported end. The effect of the point load at
the mid-point of the loaded plate produced bending, so that there was
compression'on the top face towards the supported edge and compression
on the bottom face towards the free.edge.

The results for specimen S6-300-1 indicate a diminishing net
tensile stress from the supported end towards the free end. The
bending stresses along the loaded plate agree with the deflection
profile, i,e. they produce a compressive stress in the top face and a
tensile stress in the bottom face, The greatest bending stresses are
around the mid-point which reached the yield stress just before
failure. However, the bending stresses at the supported end of the
loaded plate remained relatively low and only yielded after the gusset

plate itself had failed, as indicated by the last set of readings.

4.1.5. Loaded plate thicl T ( ies 7)
ti e load re

The specimen dimensions and ultimate load results are given in
Table A.2.5. The relationship between the ultimate load Py and the
thickness T of the loaded plate, with the applied resultant load at
positions s=L/2 and s=L, are shown in Figures 4.7 and 4.8
respectively. Except for one abnormally high load for specimen S7-16-
150-1, the two sets of results for both lcad positions indicate that
the thickness of the loaded plate has no effect on the ultimate load
results of the gusset plates. All the ultimate load results for the
load applied at s=L were lower than for the load applied at s=L/2 and

are in agreement with the results of series b.

4,1.,5,2, Deflection results
The vertical and mid-lateral deflections are given in Table

A.3.5. All the specimens with the load applied at s=L/2, the vertical
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Figure 4.7 Relationship between the ultimate load P, and the loaded
plate thickness T, for s=L/2 (series 7).

deflections were of a similar nature and varied as for previously
testéd.specimens with the same dimensions and load conditions in
series 3, 5 and 6., All the specimens had small non-linear verticél
deflections. The specimens with the thinnest loaded plate of 6mm did
show a slightly increased rate of vertical deflection of the linear
section in comparison with the others, The vertical deflections of
the specimens with the load applied at the outer edge of the loaded
plate were also similar to those of comparable specimens in series §
and 6., All the specimens tested with the load applied at the end,
including those in series 5 and 6, were linear to a load of 20kN. The
exception was the thinnest loaded plate specimen of 6mm in this

series, which was linear to 13kN. The rate of deflection of the
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 Figure 4.8 Relationship between the ultimate load P, and the loaded
plate thickness T, for s=L (series T).
linear section for the specimens with 16 and 20mm loaded plates were
the same as those tested in series 5 and 6. The deflection rates of
the 13 and 10mm loaded plates were sligh&ly greater, with the Gﬁm
loaded plate specimen being even greater still. The non-linear
deflections were virtually all the same except for the 6mm loaded
plate specimen which was considerably higher. The non=linear
deflection of the appropriate specimen in series 6 was greater and it
supported a greater load.

The usual distortions associated with the welding were visible in
these specimens with the gusset plate having a slight initial lateral
deflection along the free edge. The thin loaded plates also exhibited

distortion associated with the welding. The mid-lateral deflections
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of the specimens with s=L/2 were as variable as with other series.
Neglecting the 16mm loaded plate specimen, which appeared to be an
abnormally strong specimen, it appears that the lateral deflections at
the mid-point of the free edge increased with an increase in the
loaded plate thickness, However, the lateral deflection results of
the 20mm specimen do not agree with those of series 6. It is
interesting to note that the lateral deflection of the 16mm loaded
plate specimen, with the abnormally high strength, was relatively
small for most of its loading and actually changed direction close to
the ultimate load. .

The mid-lateral deflections of the specimens with the load
applied at the end of the loaded plate were not the maximum lateral
deflections of the free edges, except for the 20mm thick loaded plate
specimen, which was similar to those tested in series 5 and 6. As a

result, the others did not show as much lateral deflection.

4,1.5,3. Failure modes

The mode of failure of the gusset plates with the load-applied at
s=L/2 was similar to that of previous tests. From observation and the
deflection profile results of the 10mm loaded plate specimen, as given
in Table A.3.5, the loaded plates deflected into a concave profile on
the underside, adjacent to the applied load. This deflection was more
noticeable with the thinner loaded plates and as a result the outer
free edge of the gusset plates, did not deflect as much laterally.
The loaded plates after failure were bent at the inside corner of the
gusset plates and were concave on the underside.

The failure modes of the specimens with the load applied to the
outer edge of the loaded plate failed in a different manner, as
follows, The specimen with the 20mm plate failed similarly to that of
the series 6, as would be expected. As the thickness of the loaded
plate decreased, the length of the loaded plate which curved and the
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Figure 4.9 Gusset plate fold line patterns (series 7).

area of gusset plate which buckled both decreased. For a thin loaded
plate only the length of the loaded plate and area of gﬁsset plate
nearest the load point were involved. That is, the loaded plate only
transmiﬁted load to a short length of the gusset plate at the end
where the load was applied as shown in Figure 4.9. With the smallest
gusset plate only the end 110mm was affected. As fhe poinp of maximum
deflection along the free edge of the gusset plate moved towards the
end of the loaded plate, the mid-lateral deflections of the gusset

plates reduced with a reduction in the loaded plate thickness.
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4.1.5.4, Strain gauge pesults

Strain gauges were placed across the width of the gusset plate of-
specimen S7-10~-150-1. The average stresses' were calculated and are
given in Table A.5.11.

Strain gauges were also placed across various sections along the
length of the loaded plate of Ispecimen S7T=10-150-1 and at the
supported end of specimens S7-6-150-1, S7=-16=150-1 and S7=13-150=1.
The results are given in Tables A.5.26 to A.5.29. The results from
specimen S7-10-150-1 indicated a diminishing net tensile stress up to
the load point. The bending stresses for all of the tests at the
supported end of the loaded plate were relatively low prior to the

gusset plate failing.

et e i e ie
4.,1.6,1, Ultimate load results |

Initially each loaded plate was terminated at the bottom of the
vertical support and connected to it by a 1a£eral weld. However for
two of the initial six specimens, these lateral welds failed before
complete failure of the gusset plates had occurred. The weld failure
loads are, therefore, low and the other two tests. where the gusset
plates f‘ail.ed completely are slightly higher. The specimen dimensions
and the ultimate load results are given in Table A.2.6.

The relationship between the failure load P, and the thickness of
the gusset plate is shown in Figure 4.10 which shows an increase in
the failure load with an increase in the gusset plate thickness. The
13mm gusset plate was the first to be tested and the lat:eral loaded
plate weld failed before the gusset plate had failed completely. The
failure . of the weld may have also induced premature buckling,
contributing further to a reduced ultimate load. After this loaded
plate weld failure the loaded plates of the 9 and 11mm gusset plates
were welded together with an 8mm butt weld and the loaded plate of t‘he
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15mm gusset plate with a 15mm butt weld. However, weld failure still
occurred with the 11mm and 15mm gusset plates. The 9mm gusset plate
appeared to fail as previously described and the 15mm gusset plate wés
also very close to failure when the loaded plate weld failed., The 11mm
gusset plate, however, had not deflected laterally to any appreciable
extent when the loaded plate weld failed, which in turn caused the
gusset plate to buckle, giving a low ultimate load. The load at which
the loaded plate weld of the 11mm gusset plate failed was
approximately the load at which the 9mm gusset plate failed, which was
the adjoining gusset plate in the testing arrangement using the same
weld sizes. This suggests that the loaded plate weld of the 9mm éusset

plate was also very cleose to failing when the gusset plate failed.
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The 5mm gusset plate specimen failed in the normal manner without
any weld failures, With the Tmm gusset plate, the lateral loaded"
plate weld of the previously tested side failed at the same time, As
the same weld size was used for the loaded plate of the Tmm gusset
plate, then it is quite possible that this weld was also very close to
failure and had an influence on the failure of the gusset plate., This
failure load, therefore, may not have been the full ultimate load of
the gusset plate.

To obtain gusset plate failures as intended, rather than the
loaded plate weld failures, two more gusset plates were tested, which
were identical to the 13 and 15mm thick gusset plate specimens, except
for the loaded plates which were continued through at the bottom of
the vertical support. The results of series 7, investigating the
loaded plate thickness, indicated that the bending.resistanee of the
loaded plates had very little, if any, effect on the ultimate load.
Complete gusset plate failure occurred with the 13mm gusset plate but,
the supported side of the 15mm gusset plate failed before the gusset
plate had completely failed. The gusset plate, however, was close to
failure and the failure load was approximately that obtained for the
previously tested 15mm gusset plate specimen. These two extra results
have also been plotted with the other results in Figure 4.10 and shaw
good agreement with the results which include the low weld failure

results.

4,1,6.,2, Deflection results

The usual distortion associated with the welding were most
noticeable with the thinner gusset plates with the outer free edges
showing a slight initial lateral curvéture. The thicker gusset plates
appeared to be less affected, with very little distortion visible.

The vertical and mid-lateral deflections are given in Table
A.3.6. The vertical deflections of each specimen exhibited the usual
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initial settlement deflection with an approximately linear middle
section. The deflection rate of this middle section varied for each’
plate thickness. The thicker the gusset plate, the lower the
deflection rate. However, the experimental results were not very
consistent, possibly due to the weld failures. The extent of the
linear portion was also not very consistent. However, it appears that
the linear part extends for a smaller percentage of the ultimate load,
the thicker the gusset plate. For example, with the 5mm gusset plate
the linear portion extended for at least 80% of the ultimate load
while for the 15mm gusset plate the linear section extended for only
60 - 70% of the ultimate load. Beyond the linear section, the rate of
the vertical deflection increased slowly at first and then rapidly
with the deformation of the gusset plate close to the ultimate load.
For the thin gusset plates, this non-linear deflection was small
before the specimen collapsed at the ultimate load. This behaviour
agrees with similar 4mm thick gusset plates previously tested. With
the thicker gusset plates, however, a larger amount of deflection
occurred before the ultimate load.

From the readings of the mid-lateral deflection of the free edges
of the gusset plates, the gusset plates generally remained virtually
straight for at least the range of the linear part, of the vertical
deflection. The lateral deflection then increased slowly at first and
then rapidly as the ultimate load approached. The lateral deflections
measured were not the maximum because these points did not always
coincide with the mid-point of the free edge. With specimen S12-15-1
the middle fold, where the maximum lateral deflection occurred, was in
such a position that the deflection gauge was measuring the
displacement of the lower fold moving in the opposite direction,

In Appendix 4, the total vertical and mid-lateral deflections of

specimens S12-5-1, S12-9-1 and S4=15-2 are shown in Figures A.4.7,
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A.4.8 and A.4.9, respectively. These are considered to be
representative of gusset plates failing normally. The three graphs-
show typical vertical deflection curves with the deflection rates
decreasing as the gusset plate thickness increases. The graphs also
show that non-linear deflections increase as the gusset plate
thickness increases and that the mid-lateral deflections are

relatively small until just before the ultimate load.

4,1.6.3., Failure modes

For fhe thinner plates the failure modes were virtually the same
as with the previous series with the plates buckling and folding:soon
af'ter the plates had started to deform laterally. The thicker gusset
plates on the other hand still buckled from the outer free edge
inwards but they appeared to deform slowly and plastically. The
thicker plates were able to tolerate considerably more deformation
before failure and they did not necessarily collapse at failure, In
the deformed load range, the thick gusset plates continued to deform
foy a short period after each increment of load had been applied. The
deformation eventually stabilised giving the appearance of a re-
distribution of stresses within the gusset plate. With the very thick
gusset plates a load was reached where the gusset plate deformed
plastically, i.e. the‘plate maintained the load but continued to
deform slowly. Further load increments could be applied with an
increased rate of creep, or the load could be reduced until the
deflections stabilised. This reduction in load depended upon the
deformation of the gusset plate, but generally it was only necessary
to reduce the load a small amount,

The effect of the weld failures is apparent on the vertical and
lateral deflections. With the Smm and 9mm gusset plates, which failed
normally, there was relatively little non-linear vertical deflection.
With the Tmm gusset plate, however, the progressive failing of the
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weld on the previously tested side showed as a larger vertical
deflection with a small lateral deflection of the gusset plate. The:
11mm gusset plate which had a sudden weld failure, with very little
gusset plate deformation, produced a sméll non-linear vertical
deflection and virtually no mid-~lateral deflection. The non-linear
vertical deflection of the 13 and 15mm thick gusset plates, which had
weld failure, started at a lower load than for the 13 and 15mm thick
gusset plates, which did not have weld failures. Also the non-linear
vertical deflections of the 13mm gusset plate, with weld failure,
progressed at a greater rate.

The fold lines at failure of the specimens were similar to the
previous tests. The weld failures appeared to have influenced the
position of the fold lines. The fold lines of the S5mm gusset plate
and the two extra gusset plates with continuous loaded plates had the
three fold lines in the normal position. However, with all of the
other specimens which had failed or near failed loaded plate welds,
the three fold lines were in a similar pattern but, positioned towards
the top corner of the gusset plates, with the fold lines not
intersecting at the inside corner of the gusset plate but, a distance
along the supported edge. Approximately the bottom 50mm of the gusset

plate was unaffected as shown in Figure 4.11.

v e 4

4,1,7.1, Ultimate load results

The specimen dimensions and ultimate load result; are given in
Table A.2.7. The relationship between the ultimate load P,, and the
width G of the gusset plate with the load applied at s=L/2 and at the
centre of the remaining loaded edge of the gusset plate are shown in
Figures 4.12 and H4.13 respectively. The experimental results with the
load applied at the centre of the loaded edge (s=L/2) indicate no
reduction in the strength of the gusset plate with up to 36% of the
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inside corner removed (i.e. G=135mm). This also corresponds to the
maximum load. Beyond this amount the strength reduces with a
reduction in the remaining area of gusset plate. The experimentﬁl
results with the load applied at the centre of the remaining loaded
edge of the gusset plate indicate a reduction in strength with a
reduction in the remaining area of the gusset plate. This curve also
indicates a relatively high strength for the gusset plate with up to
36% of the inside corner removed, but it should be noted that the
point of application s moved out towards the free edge of the gusset

plate as the remaining amount of the gusset plate G decreased.
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4,1,7.2, Deflection regults

The vertical and mid=lateral deflections are given in Table
A.3.7. The vertical deflections were cﬁaracterised by an initial
settlement followed by a linear section which in all but two instances
continued to failure, These two instances were for the gusset plates
with G=180, where there was a small amount of non~linear deflection
similar to the fuil plates. With both loading positions the vertical
deflection rate of the linear section changed with the remaining width
of gusset plate, The deflection was greatest with the narrowest wigth
of gusset plate and least with G=135mm which was the strongest plate.
The larger widths of gusset plate showed a slight increase in the
deflection rate. Although the load positions were different, there
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was very little difference in the deflection rates of the two sets.
The plates with the loading position at the mid-point of £he remaining -
gusset plate were slightly greater than the other loading position.

The distortions associated with welding were apparent in all of
the specimens producing some initial lateral deflection of the free
edges which appeared to iuflueﬁce the amount and rate of the mid-
lateral deflection during the tests. All the plates deflected in the
same direction as the initial lateral deflection, and the mid-lateral
deflections during testing were very similar for both loading
positions. The amount of lateral deflection that occurred before
failure w;s noticeably greater for both sets of the G=180mm guséet
plates -and the full gusset plates, The others had approximately the
same amount of deflection before failure,

In Appendix 4 the total vertical and mid-lateral deflections of
specimens S8-45-2, S8-135-2 and S8-180-2 are shown in Figures A.4.10,
A.4.11 and A 12 respectively . These are representative of the
specimehs‘with the load at s=L/2, and are very similar to the
specimens with the load at the mid-point of the remaining loaded edge.
The result for the complete gusset plate is also very similar to that

of specimen S8-180-2.

4,1.7.3. Failure modes

The modes of failure of the specimens were similar for both
loading positions. The 45 and 90mm specimens deflected laterally
across the width, with a greater deflection along the outer free edge,
i.e. the strip twisted slightly. Close to failure the strip took up an
elastic deformed buckled shape which finally yielded, buckled and
folded up along three well defined fold lines. The other two larger
plates deformed laterally from the free edge first and worked inwards
similar to a complete gusset plate. Finally the specimen buckled and
folded up along three well defined fold lines similar to the full
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Figure 4.14 Gusset plate fold line patterns (series 8).

gusset plate.

The fold line patterns for the 135 and 180 mm specimens were
similar to the corresponding area of the full gusset plate. The two
smaller gusset plates of 45 and 90mm produced loaded and-supported
edge fold lines further out towards the ends of the free edges. These
fold lines were curved, following the fixed edges to the centre line
of the strip of gusset plate and then ran perpendicular to the free

edge. The fold line patterns are shown in Figure 4.14.

The specimen dimensions and the ultimate load results are given

in Table A.2.8. The relationship between the failure load P, and the
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internal angle 0 between the fixed edges is shown in Figure 4.15.
The ultimate loads for each pair of nominally identical specimens are
in good agreement with each other, The results are reasonabiy
consistant showing a decrease in the.ultimate load as the angle
inecreases from 30° to 140°. Taking the 90° angle as reference, the
failure load increases considerably as the angle reduces to 309, with
an approximate 385% increase. As the angle increases from 90° to 140°

the reduction is less, the 140° specimen is 45% of the 90° specimen.

4,1,8,2 Deflection results

The vertical and mid-lateral deflections are given in Table
A.3.8. The vertical deflections measured in this. series were not
exactly the same measurement as in the previous serieg because of the
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varying internal angle, and this makes comparison between each anglel
difficult, The vertical deflections measured did show a small
settlement deflection followed by an approximately linear section for
the majority of the specimens. Only the first specimens of the 30°
and 50° gusset plates showed any significant amount of non-linear
vertical deflection. The first specimens of the 110° and 140° gusset
plates had a curved characteristic which did not appear with the
second specimens. All the other specimens showed virtually no non-
linear vértical deflection.

The distortions associated with welding were most nptieeable with
the larger angled gusset plates as the size of the plate and the
length of the frée edge increased with the size of the internal angle,
The smallest angled gusset plates exhibited very little, if any,
initial lateral deflection of the free edge. From the 90° plate
upwards the initial lateral deflections were noticeable, although the
largest angled gusset plate of 140° did not have the largest initial
lateral deflection. The initial lateral deflections of these larger
plates ranged from 2 to 6mm with one of the 110° specimens having the
6mm initial lateral deflection, which was an exception. The 140°
specimens had only a 2mm initial laterai deflection.

The lateral deflections during testing varied and appeared to
depend on the initial deformed shape and the initial lateral
deflection. The 30° and 50° gusset plates were virtually straight
initially and remained so throughout Ehe tests. The other specimens
deflected laterally from the initial loading and progressively
increased to give relatively large lateral deflections before failure,
All of the specimens deflected in the direction of the initial lateral
deflection. Generally the rate of lateral deflection increased with
an increase in the internal angle.

In Appendix Y4 the total vertical and mid-lateral deflection of
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specimen S813-30-1, S13-70-2 and S13-140-2 are shown in Figures A.4.13,
A.4.14 and A.4.15 respectively. These are chosen to represent the
series, with the other results being a transition between these,
Specimen S13-=30-~1 shows little mid-lateral deflection until just
before failure, and then it is not excessive. Specimen S513-140-2 on
the other hand shows the mid-lateral deflection starting from the
initial loading with a much larger deflection before failure,
Specimen S13-70-2 has a little more lateral deflection than specimen
S13-30-1 but still not excessive before failure. The deflection rate
of the linear section of the vertical deflection can be seen to
increase with the internal angle and appears to be related to the
ultimate load. Although specimen S13-30-1 shows a non-linear vertical
deflection most of the other gusset plates have very little as shown
with specimen S13-70-2. Specimen S13-140~-2 also has a relatively

small non~linear vertical deflection.

4.1.8,3. Failure modes

The failure modes were similar to those in previous series.
There was very little deformation of the 30° and 50° angled gusset
plates before failure. These specimens failed suddenly and folded
along three well defined fold lines. The two 709 specimens failed in
a more progressive manner with the gusset plates deforming laterally
along the free edge from the initial loading. This lateral deflection
was small for most of the loading and increased towards the ultiméte
load as more of the inner part of the gusset plate deflected. At the
ultimate load the gusset plate buckled slowly from the outer free edge
inwards. The 90° specimens behaved in a similar manne; to the 90°
specimens tested previously, and were similar to the 70° specimen but,
with more lateral deflection before failure, The failure modes for
the three largest angled gusset plates were similar., The rates of the

lateral deflections were greater and as a result, and so were the
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amount of lateral deflections before failure in comparison with the
smaller angles.

At failure all the specimens had three fold lines symmetrically
placed about the perpendicular bisector, as with the other series.
These fold lines on the 30° plates ran along both the loaded and
supported edges of the gusset plate, and the third line ran along the
angle bisector. From the 50° specimens upwards the ends of the loaded
and supported edge fold lines curved towards the free edge to
intersect it perpendicularly. The extent of the curved section
increased with the angle. The middle fold line was always
approximately along the perpendicular bisector and the other two fold
lines tended to intersect the free edge perpendicularly. This
tendency produced failure of the central section of the gusset plate.
The size and shape 6f the pattern of fold lines for the three largest
plates greater than 90° were very similar, The extra gusset plate
material towards the outer ends of the loaded and supported edges had
little effect on the fold line pattern in these cases. The fold line
patterns of the 7T0° and 90° specimens were effectively a transition
from the small angled gusset plates to the larger ones, with the
pattern gradually increasing. The fold line patterns are shown in

Figure 4,16,

4.1.8.4  Strai 11

Strain gauges were placed on some of the gussét plates to measure
the stresseé across the width of the gusset plate and along the free
edge. The average stress results are given in Tablgs A.5.12 to

A.5.18. . The significance of these results will be described later.

e e etween e
In each series of tests there was usually at least one specimen

that was similar to a specimen in another series. This was done to
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provide some form of reference between all of the series of tests. In
this section the related specimens from the different series are
compared. '

In series 3 (L=H varied), and series Y4 (H/L varied), specimens
S3-200-1/2 and S4-200-1/2 were the same except for the widths of the
loaded plates, which were 150 and 100mm respectively. The series 3
results are plotted with the series Y4 results in Figure 4.17, and the
series 4 results are plotted with the sefies 3 results in Figure 4.18.
The failure loads for the two sets of results are approximately the
same and compare well with the rest of the results in the series. The
results indicate that there is no significant difference between using

100 or 150mm wide loaded plates which terminates at the vertical
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support.

There were a number of specimens which were similar to the series
3 specimeg with t=4mm and L=H=300mm. These specimens occurred in
series 5 (s varied), series 6 (continuous loaded plate), series 7 (t
varied) and series 13 (8 varied). Series 8 (G varied) included the
results for a complete gusset plate from series 5. For the majority of
these specimens the load was placed at s=L/2 but with some the load
was placed at s=L. All the results with s=zL/2 are plotteﬁ with those
of series 3 in Figure 4.18.

Specimens S3-300-2 and S85-150-1/2 are identical and, ,therefore,
directly interchangeable. The failure loads for series 5 are slightly

lower, but close to that of series 3.
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Specimen S3-300-2 and S6-150-1 were similar except that the
loaded plate of S6-150-1 was continuous. This result is approximately
20% higher than the series 3 result.

Specimens from series T with s=L/2 differed from specimen S3-300-
2 by having 100mm wide loaded plates, as compared with 150mm, which
were continuous and of different thicknesses, However, three of the
results are approximately the same as the series 3 resqlts, one is
slightly lower and about the same as the series 5 results, and another
is 50% higher than all the other results. This result is also found
to be unusually high in the series 7 results as well and is,
therefore, considered to be an abnormally high load.

Specimen S13-90-1/2 differed from specimen S3-300-2 by having a
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Figure Y4.20 Relationship between the ultimate load P, and the loaded
plate thickness T for s=L (series 7) with points plotted from other
series.

yield strength of 245N/mm2 compared with 378N/mm2, Despite this lower
yield strength the series 13 results are only slightly lower than the
series 3 results and comparable with series 5 and series 7. This
suggests that for this particular plate shape, size and thickness the
yield strength does not have a significant influence on the ultimate
load result,

Comparing all these results with the  rest of tpe series 3
results, suggests that the majority are similar and compare favourably
with the rest of the series 3 results. The two exceptions are the
unusually high results found in series 6 and 7 for specimens S6-150-1
and S7-16-150-1 respectively.

The comparable results with s=L/2 from series 3, 5, 6, 7 and 13
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Figure 4.21 Relationship between the ultimate load P,; and the loaded
plate thickness T for s=L/2 (series T) with points plotted from other
series.
have also been plotted with the results of series 5, 7, 8 and 13 in
Figures 4.19, 4.20, 4.21, 4.22, 4.23 and 4.24 respectively (two graphs
for éeries 7 & 8). The relevant specimen differences have been
included with each graph. The general impression from these graphs is
that the majority of the set of results with s=L/2 compare favourably
for all of these series. This includes series 13 where the specimens
had a different yield strength. The two unusually high results of
specimens 86-150-1-and S7-16-150-1 were the exception for these series
of tests,

For the set of specimens with s=L from series 5, 6 and 7 the
failure loads are plotted with the series 5 and 7 results in Figures
4,19 and 4.20 respectively. The results for all of those specimens
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Figure 4.22 Relationship between the ultimate load Py, and the
gusset plate width G for s=L/2 (series 8) with points plotted from
other series,

with s=L are similar, with the results from series 6 being slightly
higher than the rest. All of these results are in good agreement with
those from both series 5 and 7. It is interesting to note that the
results for both s=L and s=L/2 in series 5, which had cut loaded
plates, and those of series 7 which had continuous loaded plates with
different thicknesses, show no significant difference in their
ultimate loads.

Interchanging results with series 13 suggested that the different
yield strength does not have any significant influence on the failure
load of the gusset plates with t=4mm and L=H=300mm. A typical failure
load of T3kN for this type of plate with s=L/2, compares favourably
with the results of series 12 as shown in Figure 4.24, which again
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This section contains the ultimate loads, deflections and strainl
gauge results together with the failure modes of the subsidiary test
series as presented in Chapter 3 Section 3.3. Presented in this
section are the experimental results for the series investigating:-

i) pin ended directly loaded strut tests (series 1)

ii) fixed ended directly loaded strut tests (series 9)
iii) inelined fixed ended indirectly loaded strut tests (series 10)
iv) ﬁultiple strip plate test: (series 11)

v) loaded plate bending resistance £ests (series 2)

vi) rigid loaded plate strain gauge tests (series 5a)

The first four series were undertaken to investigate the
possibility of considering the gusset plaie as a series of fixed ended
struts running parallel to the free edge. The first three of these
were various strut tests rather than gusset plate tests. The
derivations of the buckling stress equations are presented in Section

601013.

4,2.1, Pin ended directly loaded strut tests (series 1)
e es

The specimen dimensions and ultimate load results are given in
Table A.2.9. Also in this Table are the theoretical buckling stresses
using the equations of Euler, Rankine-Gordon and Perry Robertson,
assuming an effective length 1l=L for a theoretically pin ended strut.
With the Perf& Robertson equation two values have been calculated
based on two values of the Robertson constant. The experimental and
theoretical buckling stresses have been plotted against the effective
length in Figure 4.5. The experimental results were on or slightly
higher than the Euler curve, which is the theoretical upper bound.

Al though the ends of the struts were rounded to a radius of 2mm, the
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Figure 4.25 Comparison of theoretical and experimental relationship
between the buckling stress f and the effective length 1 of a pin
ended strut (series 1).

application of the load probably flattened the ends slightly and this

may have produced sufficient restraint to rotation to reduce the

effective length and increase the failure load.

; ) ) ( ; Q)
4,2,2.1, Ultimate load results
The specimen dimensions and ultimate load results are in Table
A,2.10. Included in this Table are the theoretical buckling stresses
assuming an effective length 1 of 1l=L/2 for a theoretically fixed
ended strut. The experimental and theoretical buckling stresses have

been plotted against the effective length in Figure 4.26. The
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between the buckling stress fi, and the effective length 1 of a fixed
ended strut (series-9).

experimental buckling stresses were all below the Euler curve, For
effective lengths greater than 100mm the experimental results were
close to the Euler value and approximate to the Perry Robertsbn
equation with a=1. For the shorter struts some of the experimental
buckling stresses were greater than the Perry-Robertson values, and
with the 93mm strut, two of the specimens failed at stresses greater
than the tensile yield stress. Generally, the Perry Robertson
equation with a=1 agrees with the experimental results. "The two low
Iresults of the specimens of length 196.5mm are most probably due to
imperfections in the specimens or loading conditions, and lie close to

the Rankine-Gordon curve.
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4,2.2.2. Deflection results

Axial deflections and mid-lateral deflections were measured on.
two of each specimen sizes and the results are presented in Table
A.3.9. All of the specimens were approximately straight initially,
and most specimens displayed some initial settlement. After the
intial settlement the deflection curves were approximately linear,
with a small increase in the rate of axial deflection just before the
specimens collapsed. The axial stress/strain relationships calculated
from the axial loads and deflections varied but, generally they were
lower than the modulus of elasticity calculated from the tensile
tests, the longer struts having a lower value.

The lateral deflection for the two short struts were small for
almost the complete test time with a small increase just before
failure. The ipitial lateral deflection of the longest struts were
small but then gradually increased with a relatively large deflection
occuring before failure. The intermediate struts were a transition
between the two extremes.

Figures A.4.16, A.4.17 and A.4.18 in Appendix 4 are examples of
short, intermediate and long struts respectively. The deflections are

plotted against the axial stress in the struts,

Due to the magnitude of the load, weld size and deflections, the
moment resistance of the lateral weld connecting the loaded plate to
the support was assumed to be negligible and the connection was
assumed to be pinned. The bending moment in the strut and the moment
of resistance of the strut connections in the plane of the strut were
also considered to be negligible, Using these assumptions the axial
compressive out of plane buckling stress was calculated for each
inclined strut, The specimen dimensions and ultimate load results are
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Figure 4.27 Comparison of theoretical and experimental relationship
between the buckling stress fy and the effective length of an inclined
fixed ended strut (series 10).

given in Table A.2.11. Also in this Table are the theoretical out of
plane buckling stresses assuming an effective length 1 of 1=L/2 for. a
theoretically fixed ended strut. L in this case is the centre line
length of the strut. The experimental and theoretical buckling
étresses are plotted against the effective length in Figure 4.27.

The results are similar to those of the directly loaded fixed
ended struts. All but one result. are below the Euler curve. The
buckling stresses for the longer struts appear to be slightly lower
than for the directly loaded struts. This may be due to the lateral
deflection before buckling for the longer struts being greater than
with the directly loaded struts. The two short struts, where 1 =
93mm, produced buckling stresses greater than the tensile yield
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stress. Generally the results are represented with reasonable
accuracy by the Perry Robertson equation with a=1. The lowest:
stresses, as in previous tests, approximated to the Rankine Gordon
equation. These tests suggest that for the 4mm plate at least, the
buckling stress of an indirectly loaded inclined fixed ended strut can
be approximated to the equivalent directly loaded fixed ended strut

whose length is equal to its centre line length.

4,2.3,2, Deflection results

The.vertical and lateral deflections were measured for both pairs
of specimens and are presented in Table A.3.10. From the vertical
deflections, the axial deflection of the inclined struts were
calculated and within the accuracy of the measurements taken, the
following was observed.

The sho;ter struts were approximately straight with the longer
struts having a small initial laterai deflection. The axial
deflections were similar to the directly loaded struts of the previous
series. The axial stress/strain relationship calculated from the
axial deflections and based on the centre line length of the ineclined
struts showed a small variation and were slightly lower than for the
directly locaded struts of the previous series.

The lateral deflections were similar to those of the directly
loaded struts, with the shorter struts deflecting very little, until
Just before failure. The lateral deflection of the longer struts,
increased at a slightly greater rate than those of the directly
axially loaded struts, with a resulting greater lateral deflection
before failure.

Figures A.4.19, A.4.20 and A.4.,21 in Appendix 4 are examples of
short intermediate and long inclined struts respectively. The
vertical and mid-lateral deflections are plotted against the axial
stress in the struts.
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This plate was effectively all the separape ineclined struts of
the previous series put onto the same specimen. Irrespective of the
sequence of construction of the plate the two outermost strips of
plate buckled due to the effect of welding and suggested that welding
stresses were relatively large for this thickness of plate. The
presence of the welding stresses in the complete gusset plates were
not so apparent, with only small initial lateral deflections being
observed. With the gusset plate cut into strips, the lateral
restraint provided by the inner part of the gusset plate was removed
allowing the individual strips to buckle. The complete gusset plates
were therefore stressed before the external load was applied and this
may have affected their resistance to external loading. Although the
outer strips had buckled due to the welding, the multi-strip gusset
plate failed at a 1load of 55kN compared with approximately 73kN for
the same complete gusset plate in the main series. The yield stress
for the strip plate was 363N/mm2 compared with 378N/mm2 but the
results of the main series suggested that for this particular plate
size and thickness the yield stress had very little effect on the
ultimate load. The specimen dimensions and ultimate load results are

presented in Table A.2.12.

eflectio e

The load deflection results are shown in Table A.3.11 for
specimen S11-150-1. The total vertical deflection is comparable with
the equivalent complete gusset plate. There was an initiai settlement
deflection followed by a linear section which continued until failure,
The deflection rate of the linear section was the same as for a
complete gusset plate.

As previously mentioned the outer two struts deflected and in
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opposite directions when the specimen was constructed. The initial
lateral deflection at the mid-point of the outer two struts were 8 and:
2.5mm respectively, while the rest of the struts remained
approximately straight. During loading the lateral deflection of the
outer edge and the third from the outer edge strut deflected at a
similar rate to that of the outer free edge of a complete gusset plate
under similar load conditions. The second strut from the outer edge
deflected in the opposite direction and at a greater rate. Figure
A4.22 in Appendix Y4 shows the vertical and mid-lateral deflections of

specimen S11=-150-1.

4,2,4.3, Failure modes

The failure mode of the multi-strip plate buckled from the outer
free edge inwards as with a complete gusset plate. The outer two
strips had effectively buckled before the load was applied, but the
remaining strips were still able to take the applied load. As each
strip deflected laterally and buckled the remaining strips were still
able to take the applied load until the remaining number of strips was
insufficient to maintain the load and they collapsed together. The
effective fold line pattern of the multi-strip plate was differen£
from the complete gusset plate. Where with the complete gusset plate
the fold lines tended to curve inwards to intersect the free edge
perpendicularly. The multi-strip plate fold lines ran along the
loaded and supported edges and so effectively the strips had a longer

effective length and, therefore, were weaker.

4.,2.4,4, Straipn gauge results

Strain gauges were attacﬁed to each strut to measure the axial
stréss across the width of the gusset plate. The average stresses
have been calculated and tabulated in Table A.5.19. The significance

of these results will be discussed later.
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e bendi esistance test ie
§,2.5.1 Ultimate load 1t

The specimen dimensions and ,ultimate load results are presentéd
in Table A.2.13. The relationship between the experimental ultimate
load Pu and the machined thickness T of the loaded plate is shown in
Figure 4.28.

The results from this series of tests were not consistent and,
due to the scatter it is difficult to determine whether the thickness
of the loaded plate has any influence on the ultimate load. Four of
the thicknesses tested produced maximum values of approximately 105kN
with a fifth of 100kN for T=0. The results indicate that the loaded

plate does not influence the load carrying capacity and that the
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scatter may be due to the initial deformed shape of the gusset plate
produced by welding as mentioned previously. The lack of influence of
the loaded plate thickness on the strength in this series is in

agreement with the tests in series 7.

4,2,5,2, Deflection results

The vertical and mid-lateral deflections of each specimen are
given in Table A.3.12. The deflections were similar to comparable
gusset plates in the main series with the load applied at s=L/2. The
vertical deflections had the usual initial settlement deflection,
followed by a middle approximately linear section which extended
almost to the ultimate load with a very small non-linear deflection.
The deflection rates of the linear sections were approximately the
same as similar plaﬁes in the main series.

-The mid-lateral deflections were of a similar shape to the main
series but with varying rates of deflection, i.e. they were generally
curved with increasing rates of deflection as the load increased.
This deflection rate differed from one plate to another and was not
related to the loaded plate machined thickness. However, it did
appear to be related to the ultimate load, i.e. where the lateral
deflection rate was high, the load was low, and vice versa.

In Appendix 4 the total vertical and mid-lateral deflections of
specimens S2-0-1 and S2-0~2 are shown in Figures A.4.23 and A.4.24,
respectively. The figures illustrate the two types of lateral
deflection and the relation to the ultimate load, and also show that
the vertical deflection rates are the same but are increased linearly.
They also show that two nominally identical specimens can fail at a

large difference in ultimate loads.
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4.2.6.1, Ultimate load results

The specimen dimensions and ultimate load results are presentéd
in Table A.2.14., Comparing with the appropriate specimens in series 5
the ultimate loads are higher as shown in Figure 4.29,

f ti e

The vertical and mid~-lateral deflections of each specimen are
given in Table A.3.13. In comparison with the corresponding plate in
series 5, the vertical deflections are similar in shape and there is a
slight reduction in the deflection rates. The deflection rates of the

lateral deflections are lower, especially at the lower loads. Figures

A.4.25 and A.4.26 in Appendix 4 show the vertical and mid-lateral
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deflections of specimens S5a-75-1 and S5a-300-1, respectively, These
can be compared with the respective deflections of Figures A.4.5 and-
A.4.6 from series 5,
4,2,6.3, Strain gauge results
Strain gauges were attached across the width of both gusset
plates and the average stresses have been calculated and presented in
Tables A.5.20 and A.5.21. The s_ignif‘icance of these results will be
discussed later.
3.3, Hglﬁ test geries results
This section contains the results and modes of failure of the
experiments on the welds connecting the gusset plate to its loaded and
supported plates. The full specimen descriptions are given in Chapter
3 Section 3.4. Presented in this section are the experimental results
for the series investigating
i) the size of the loaded edge weld (series 14)
ii) the size of the supported edge weld (series 15)
iii) the size of both the loaded and supported edge welds
simul taneously (series 16)
iv) the shear, normal and frictional forces on the welds
(series 17)
The results of series 14, 15 and 16 are interrelated and are,

therefore, presented together.

') the ed e e erie
4.3,1.1. Ultimate load results
The specimen dimensions and the ultimate load results are given
in Table A.2.15. With the first batch of specimens tested in this
series, problems were encountered with the load head of the testing
machine and specimen S14-0-2 had to be re-loaded. A new load head was

used and the series repeated. The results of the two series, however,
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were in reasonable agreement with one another and all results are
considered acceptable. It was noticed with this series, and with
other series that followed, that the second side of each pair 6f
specimens failed at a higher load than the first side. In the testing
of the first side, the second side had plates clamped on both sides of
it to prevent it from buckling. In the process of testing this did
not, however, restrict the compression of this gusset plate. The
vertical support plate remained vertical for most of the test and only
started to move as the side under test began to deflect laterally. As
the restrained side was effectively pre-loaded, it is likely that it
yieldéd in such a way as to increase the strength, possibly by

relieving stress concentrations, or by making the gusset plate
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slightly thie&er and so increasing the load at which it started to
buckle. By comparing like sides with one another a pattern emerged}
with the second side failing at approximately 20 percent higher load
than the first as shown in Figure 4.30.

The most significant fact from this series is that even with no
weld along the loaded edge, the gusset plates failed in the same way
as a welded gusset plate. The gusset plates with a 2.5mm weld had a
slightly lower failure load than the 6mm welded plate. The gusset
plates with no weld failed between 15 and 20 percent lower than the

6mm welded plate.

4,3,1.2, Failure mode

The gusset plates with no weld along the loaded edge had a small
amount of relative slip between the gusset plate and the loaded plate.
The gusset plate moved outward with respect to the loaded plate by a
very small amount, until just before failure, giving a maximum slip of
only 1.964mm. Although no weld failures were apparent before failure,
the presence of slip between the gusset plate and the loaded plate
suggests that the supported edge weld close to the inside corner must
have been resisting this slip. It must, therefore, have been
resisting direct tensile forces and may have been yielding close to
the ultimate load. In the delay of removing the load after the
specimen had failed at the ultimate load, the supported edge weld at’
the inside corner fractured as the gusset plate folded. This suggests
that the 6mm weld on the supported edge was close to failure and if a
smaller weld had been used, it would have failed beforg the gusset
plate had buckled. The gusset plates with welds along the loaded edge
showed no slip or any signs of weld failure, This suggested that the
horizontal weld resists the longitudinal shear forces, and that in its
absence these forces are resisted by the tensile strength of the

supported edge weld close to the inside corner. These shear forces
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will also be resisted by the frictional forces between the loaded
plate and the gusset plate, which were apparent as the gusset plate’
made noises as these forces were overcome. The loadedlplate did not
remain straight throughout the loading and so this will have provided
some resistance to slipping along this edge.

Another effect which was noticeable just before failure, and
quite apparent afterwards, was the rotation of the loaded edge of the
gusset plate due to the lack of fixity. This was most noticeable at
the free edge end and very quickly reduced to zero at the mid-boint.
It appears that the thickness of the gusset plate used has provided a
certain amount of the fixity which may normally be provided by the
weld. Therefore, the weld may not have to provide much bending
resistance for the thicker gusset plate. Although with thin gusset
plates the mechanical fixity is less, the loads are much smaller and
the bending resistance will be very small. The lack of fixity caused
only a small change in the fold line pattern of the gusset plate and
it is most probably this lack of rotational fixity that caused the

slightly lower load of these gusset plates.

eflection re

The vertical and mid-lateral deflections are giveﬁ in Table
A.3.14 and did not appear to be affected by the variation in the
"loaded edge weld. The vertical deflections of all the specimens
exhibited the usual settlement deflection followed by an approximately
linear middle section which extended for most of @he loading. This
was followed by a slow increase in the deflection rate as the ultimate
load was approached. The deflection rates for all the first sides
tested were the same and agreed with those of series 12 of the main
serieé investigating the gusset plate thickness. The second sides of
some of the gusset plates demonstrated a slightly lower deflection

rate than the initial side.
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The mid=lateral deflections were very small for most of the
loading with an increase close to the ultimate load as the gusset

plate progressively buckled.

the ) e

4,3,2,1, Ultimate load results

The specimen dimensions and the ultimate load results are given
in Table A.2.15. As with the previous series of tests the second
sides tested gave failure loads that were slightly higher than the
initial éide by approximately 20 pépeent. Therefore, in Figure 4.31
the load comparisons are made between like sides. It is interesting
to note that the ultimate load results of this series are virtually
the same as those for the previous series, shown in Figure 4.31. That
is, even with no weld along the supported edge, the gusset plate
failed in the normal way. The failure load of the gusset plates with
only a 2.5mm weld failed only slightly lower than the 6mm welded
plate, and the gusset plates with no weld along the supported edge

failed between 15 and 20 percent lower,

ailure mode

With the gusset plates with no weld along the supported edge
there was slightly more relative slip between the gusset plate and the
supported plate than with the loaded edge of the previous series. The
supported plate moved downwards relative to the gusset plate. This
slip was not measured, but was apparent by the noise it made as it
overcame the frictional forces. It was apparent that the loaded edge
weld close to -the inside corner was resisting this slipping. As the
gusset plate was progressively buckling the loaded edge weld was
visibly yielding and the loaded plate was also deforming. The
vertical support plate remained straight, therefore there was less

resistance to slipping as with the loaded edge weld, in the previous
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series. Consequently the loaded edge weld was subjected to a greater
tensile tearing force. As a result, this weld failed by tearing just
before the gusset plate failed.

The rotational fixity of the gusset plate along the supporﬁed
edge, was provided by its thickness and there was very little rotation
even at the ultimate load. With a weld, along the supported edge, the
gusset plates showed no signs of slip or weld failure and the gusset

plates failed in the normal manner,

e io e .
The vertical and mid-lateral deflections of the gusset plates
have been tabulated in Table A.3.16 and were very similar to those of

the previous series. The only noticeable difference was with the
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first of the gusset plates with zero weld along the supported edge.
This specimen started off normally but, the linear section was cut.
short as the slip along the supported edge caused the vertical
deflection to increase as expected. The second side was not so

noticeable, possibly due to the stiffening effect of the previously

tested side.

Specimen dimensions and the ultimate load results are given in
Table A.2.15. As with the previous series of tests the second sides
tested produced higher failure loads than the initial sides by
approximately 15 pércent. The 6mm fillet welded gusset plates are
used to supplement the previous two series. The gusset plates with
2.5mm fillet welds are related to the gusset plates with one of its
welds 2.5mm and the other 6mm. The results of this series are plotted
with those of the previous series in Figures 4.31 and 4.32. The
gusset plates failed in the normal manner and without any weld
failures. The failure loads of the 2.5mm welded gusset plates are
approximately 15 percent lower than those with the 6mm welds. This
loweriload may be due to the increased effective area of the gusset

plate because of the reduced size of the weld,

4,3.3.2. Deflection results

The vertical and mid-lateral deflections of the gusset plates
are given in Table A.3.16 and were very similar to those of the
previous two series., The only noticeable difference was between the

first and the second sides to be tested.
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The specimen dimensions and the ultimate load results are given
in Table A.2.16. With the specimens having 25mm fillet welds on both
the loaded and supported edges, the supported edge welds failed in
longitudinal shear without any deformation of the gusset plate or the
loaded edge welds. The other set of specimens ﬁith the supported edge
fillet welds increased to 75mm in length, the loaded edge weld failed
in longitudinal shear without any deformation of the gusset plate or
failure of the supported edge weld. From the ultimate load results it
can be seen that a higher load was required to fail the loaded edge
weld than the supported edge weld of the same length. However, it was
noted that the loaded plate did deform slightly whereas the supported
plate did not.

With the two specimens that failed by the supported edge welds,
specimens S17-25-1 and S17-25-2, there was no slip of the loaded edge
weld throughout the test. The supported edge weld, on the other hand,
started to slip in the initial loading stages. The slip of the first
specimen was 0.5mm before failure and the second was 1.0mm.

With the two specimens that failed by the loaded edge weldé,
specimens S17-75-1 and S17-75-2, the supported edge welds slipped more
than the loaded edge welds, although they only slipped by a very small
amount. The loaded edge welds only slipped a small distance before

they failed suddenly.

one re .

The contact zones were also monitored along the loaded and
supported edges, and they were in agreement with the weld slips. With
specimen S17-25-1, initially both edges were in contact for their full
lengths and the loaded edge remained in contact for most of_the
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loading. Close to the failure load the loaded plate progressively
parted from the gusset plate and extended the gap from the insidel
corner outwards, leaving approximately 200mm still in contact just
before failure. The supported edge parted from the inside corner
outwards soon after the initial loading, which gradually extended the
gap, leaving approximately 100mm still in contact just before failure.

With specimen S17-25-2 the supported edge initially was in
contact along a small length at its outermost end. The loaded edge
also had.a very small gap with just the outer third in contact. As
the load was applied this gap along the loaded edge closed and the
contact zone extended inwards past the load point. As the ultimate
load approached, the loaded plate parted and the gap extended
outwards, reducing the contact zone. The supported edge gap, which
extended beneath the welded section, closed slowly at the outermost
end and increased the contact area by a small amount as failure
approached. Just before failure the loaded and supported edge contact
zones were 170 and 76mm respectively.

With specimen S17-75-1 the loaded edge contact zone behaved in a
similar manner as described with S17-25-=2, except it did not opén as
much at the inside corner, ending with a contact zone of 180mm just
before failure. Initially the supported edge contact zone covered
over two thirds of the outermost end of the supported edge. As the
supported plate parted from the gusset plate near the inside corner
the contact zone was gradually reduced. Just before failure the
contact zone was 85mm and terminated under the supported edge weld.

With specimen S17-75-2 the loaded edge gap initially was
relatively small and did not extend to the load point, So long as the
load was applied there was very little difference, with the gap
closing by only a small amount, leaving a contact zone of 180mm just
before failure. The supported edge was initially in contact and
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gradually parted from the gusset plate from the inside corner outwards
as the load was applied, until just before failure the contact zone

was 85mm, which terminated under the supported edge weld.

f 10 e

The vertical and mid-=lateral deflections are given in Table
A.3.17. The vertical deflections, within each pair of specimens, were
in-agreement with each other. They were of a similar shape as
previous gusset plates but, with a reduced non-linear section. With
the 25mm long supported edge weld failures the vertical deflection
rates were greater than the other two specimens, which had loaded edge
weld failures and 75mm long supported edge welds. As these sﬁpported
edge welds slipped 3lightly,-the deflection rates were greater than
for a fully welded gusset plate.

Lateral deflections were very small and their nature suggested
that it was not the gusset plates deflecting laterally but, they were
rotating a little due to their reduced restraint, i.e. the inside

corners of the gusset plates were deflecting laterally slightly.

4.3,4.4, Weld shear tests

Three specimens were made using the same steel and 4mm fillet
weld so as to measure the actual ultimate longitudinal shear strength
of the welds used in this series of gusset plate tests. The welds are
assumed to be in pure shear and the frictional forces are considered
negligible. The ultimate stresses are given in Table A.2.17 and

deflection data in Table A.3.18.
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The existing theories and methods of designing triangular
unstiffened steel gusset plates are outlined in the Literature Review,
Chapter 2. In this chapter each of these existing methods is compared
with the experimental results obtained for each gusset plate series of

the main testing programme as presented in Chapter 4.

: th

In Figures 5.1 to 5.9 the critical loads calculated using
Jensen's (4) method £ogether with the variations presented in Section
2.2, are plotted with the experimental ultimate load results obtained
for each of the main gusset plate series. The ecritical 1loads
presented for Jensen‘s(h) method are the loads based on the elastic
critical stress, that is elastic buckling or first yield, which is
factored to give the allowable stress and in turn the allowable load.

Jensen's (4) original method'is basically to apply the prism
equation in the appropriate manner and to assume the critical stress
to be the yield stress with no buckling occurring. In the figures,

curve 1 is Jensen's (1) original method which is given by

t.L.fycoszu
Pz ot (5.1)
(1 + 6e/L)

However the generalised Equation 2.3 which is usually used to express
Jensen&s(ﬂ) method gives
t.L.fycosau
Pz oot (5.2)
(6s/L = 2)
which should not be used for s<L/2. As generally s=L/2 in the test
series it is just applicable and gives the same results as Equation

5.1. Curve 1a in Figure 5.3 for series 5 where s was varied
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demonstrates its inaccuracy for s<L/2. The curve is assymptotic with
s=L/3 and negative for values s<L/3.

Curve 1 in comparison with each series has overestimated the
strength of most of the gusset plates with the exception of the non-
slender gusset plates. This is because the yield stress has been
used for all gusset plates.

Essentially the suggestions made by Beedle et al (7) and Salmon
et al (8) to modify Jensen's (4) method to take account of buckling
are the same. Taking Salmon et al's (8) suggestion of using the pin
ended plate equation (Equation 2.4) gives a maximum stress to use in

Jensen's (4) equation of

(5.3)

2g, t2 (8 sin u)2

This is represented by curve 2 in the figures, which is based on the

buckling stress and therefore should be used in conjunction with curve
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1, otherwise the loads will tend to infinity in certain cases as
demonstrated in Figures 5.1, 5.6 and 5.9. However, this buckling
stress assumption has prqduced an over conservative curve,
Alternatively Salmon et al (8) suggested using the plate buckling
equation to give a limiting thickness to maintain the yield strength.

7T L 2(1 - v2)fy
t2- (5.4)
8 sinua n 2E

This limiting thickness has terminated curve 1 just within the
experimental results of series 3 and 12, and it has also correctly
rendered.the gusset plates of the other series not applicabie to
Jensen's (4) method. However, a limiting thickness is not always
suggested.

A convenient alternative buekling stress equation which takes
account of yielding is the Rankine-=Gordon buckling stress equation
(Equation 2.44) which is a transition curve from the elastic critical
stress to the yield stress in a strut. Beedle et al's (7) intention
was possibly to use a similar buckling stress equation.

A conservative assumption is for a pin ended strut, but a more
appropriate assumption is for a fixed ended strut. Curves 3 and 4 are
the result of such assumptions. The pin ended strut, curve 3 in
Figures 5.1, 5.6 and 5.9, shows quite well the transition from the pin
ended plate curve 2 to the yield curve 1. However, it is very
conservative and virtually the same as the pin ended plate, curve 2,
for slender gusset plates.

The fixed ended assumption, curve Y4, shows a similar transition
curve at a higher load. This curve shows some resemblance to the
experimental results but, it is still very eonservative; The fixed
ended plate buckling stress equation produces a curve similar in shape
to curve 2 and has a similar relationship with the fixed ended
Rankine-Gordon curve 4, as curve 2 has with the pin ended Rankine-
Gordon curve 3.
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Comparing the shape of the curves with each series, the use of
the Rankine-Gordon buckling stress equation in Jensen's (4) equation
gives the best result. There is a similarity with some of the series,
However, the method is inaccurate for s<L/2 as clearly shown in Figure
5.3.

Jensen (4) intended his method to be used for gusset plates with
the internal corner removed parallel to the free edge, as with series
7. Effectively the remaining plate is assumed to be a prism and e, in
Equation 5.1, becomés

G
e = |S =L 4 e i (5.5)

also L.cosw is replaced by G, the remaining width of the gusset plate.

With the load at s=L/2, the effective eccentricity is similar to
the load being applied at s<L/2 for a whole gusset plate. That is,
based upon the stress on the inside edge, which is the yield stress in
Jensen's (4) case. Curve 1b in Figure 5.7 is the resulting curve. As
the effect is similar to s<L/2 for a complete gusset plate, similar
curves cannot be plotted using the generalised équation or buckling
stréss modifications. Therefore only the curves for a whole gusset
plate are plotted in Figure 5.7 to see if the equations can be used
for small amounts of the corner removed. The experimental results
suggest that possibly up to one third of the inside corner may Be
removed. However, this depends on how conservative the equations are.

With the load applied at the centre line of the remaining gusset
plate, the eccentricity'e is zero and so is equivalent to the load
being applied at s=L/2 for a whole gusset plate. Therefore, all the
methods are applicable to some extent. Curve 1c¢ in Figure 5.8 uses
the same equation as curve 1b in Figure 5.7. With the buckling stress
modifications the buckling stress curves are calculated based on an
effective length of a quarter width of a whole gusset plate despite

the fact there is not one quarter width of gusset plate remaining in
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some instances.

None of the existing equations presented have a factor for the
variation of the internal angle and none of them can rationally be'
used as an approximation in their existing form. However, the basic
assumption of considering an eccentrically loaded prism can be

extended to include a variation of the internal angle giving

tolis Py (w)2

P = cmemmmemem - (5.6)
(1 + 6e/L) \L
where e = |s - L/2|
L.H.sinB
W= e
v
V =yL2 + H2 = 2.L.H.cos8

This is curve 1d in Figure 5.9 and similarly the buckling stress
modifications are curves 2d, 3d and 4d. These have also had an
additional modification to take account of the change in the centre
line length of the quarter width strip of plate with the variation in
the internal angle. The limiting slenderness Equation 5.4 when
modified gives the intersection point of curves 1d and 2d, which

safely terminates curve 1d within the experimental results.

a L eth
In Figures 5.10 to 5.17 the elastic critical loads calculated
using Salmon's (9) (12) method together with the associated variations
presented in Section 2.3, are plotted with the experimental ultimate
load results obtained for each of the main gusset plate series.
In the design methods found which use Salmon's (9) (12) work,
Equation 2.9 is used as the basis for design, which when-re-arranged

gives
P - Lgtof}'.Z (5.?)

where Z is given by Equation 2.10.
This equation assumes yielding without buckling and is represented by
curve 1 in the figures. To take account of buckling there are two
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options, either the buckling stress is used in the design or it is
ensured that buckling does not occur and the yield stress is used.
For the elastic buckling condition Salmon (9) (12) produced Equation

2.11, which when re-arranged gives

k!'n2E, t3 .
 Je g (5.8)

12(1 - v2)L
where k' is given by Equation 2.12.
This equation is represented by curve 2 in the figures and should be
used in conjunction with curve 1. Alternatively one of the
slendernéss ratio equations presented in Section 2.3 can be used to
terminate the yield curves and are included in the figures. Curve 3
is Salmon's (9) original theoretical yield curve (Equation 2.10 in
Equation 5.7) which is included as it is still suggested in some
references.

As the load for most of the specimens is applied at s=L/2
Salmon's (9) (12) method can be used, although it is not striectly
correct, Generally the yield curves 1 and 3 are inaccurate and unsafe
without the use of the buckling stress curve 2 with curve 1, or
alternatively the use of the appropriate limiting thickness equation.
Salmon's (9) (12) method is also restricted to 0.5 £ H/L £ 2.0, the
limits of which are indicated in Figure 5.11. Beyond these limits the
curves are inaccurate, -

As Salmon's (9) (12) method is based on a parabolic load
distribution with its centroid at approximately s=0.6L it is not
strictly applicable to other load conditions. However, Salmon (9)
(12) stated that it could be used for approximately uniformly
distributed locads. The assumed load position is indicated ;n Figure
5.12 and as only the buckling curve 2 is applicable in this series
Salmon's assumption is correct. His method is safe to use for load
positions s€0.6L although it is not very accurate and it is
increasingly conservative thé closer the load is applied towards the
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supported edge. It ishinaocurate and unsafe to use it for load
positions s>0.6L, this is also reflected in Figure 5.14 where the load
is applied at the end of the loaded plate. |

Although Salmon's method is for complete plates the comparison
with series 8 results is made to determine how much can be removed and
the method remain safe., As only the buckling curve 2 is applicable it
appears'that up to half the inside corner of the gusset plate can be
removed with the load at s=L/2 and one third removed with the load
applied at the mid-side of the remaining loaded edge. However, the
latter case is suspect as the load position is varied as well,

As Salmon;s method is based on a 90° internal angled gusset plate
it cannot be applied to or modified for gusset plates with an internal

angle other than 90°,

5.4 The beam method

In Figures 5.18 to 5.23 the elastic eritical loads calculated
using the beam method and associated variations presented in Section
2.4, are plotted with the experimental ultimate load results obtained
for each of the main gusset plates series.

Ihis method assumes the gusset plate to act as a cantilevered
.bgam with the critical stress being at the free edge of the critical
section which is taken to be along the supported edge. The bas; plate
iﬁ not normally included as part of the critical section and so this

gives Equation 2.25 which when rearranged gives

P 2 mmommmmme (5.9)

Normally no allowance is made for buckling and so curve 1 in the
figures shows the effect of using the yield stress. Curve 2
demonstrates the effect of using some buekiing stress assumptions.
With Jensen's (4) method the stress based on-assuming one quarter

width of the gusset plate at the free edge and using the fixed ended
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series 3.
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Rankine-Gordon buckling stréss assumption was found to give the best
result, therefore, this assumption is used.

From the figures it is apparent that the yield assumption curve f
is inaccurate and very unsafe, As the curve is within the
experimental results for the small plates of Figure 5.18 and 5.19 and
for the thick plates of Figure 5.23, this suggests that some form of
limiting thickness, to ensure yielding, may make the method safe to
use in some situations. The other alternative is to use some buckling
stress assumption as with curve 2, This curve resembles the
experimehtal results, but it is very much on the conservative side.

. Although the method assumes the gusset plate to act as a
cantilevered beam, no account is taken that the critical section is
not necessarily at the supported edge. For such a triangular profile
the critical section is at

x =2s = L (5.10)
where x is measured from the supported edge. From this equation it is
apparent that the critial section is only at the supported edge for
s<L/é. Only series 5 and series 7 (s=L) shown in Figures 5.20 and
5.22,‘respectively, have loads at s>L/2. Curves 3 and 4 in Figure
5.20 are appropriate modifications to curves 1 and 2 respectively.
Both curves 3 and 4 tend to zerc at s=L which does not agree with the
experimental results. As the load is zero at s=L, curves 3 and 4 are
at zero in Figure 5.22.

If the loaded plate is taken into consideration then the combined
section modulus z,opp of both the gusset plate and ﬁhe loaded plate at

the critical section is used in Equation 2.25, giving

frax+Zcomb
P = cmcmaccaaa (5.11)

Only series 7 (s=L/2), 7 (s=L) and 12 shown in Figures 5.21, 5.22 and
5.23, respectively, have continuous loaded plates. Curves 5 and 6 in
these figures are appropriate modifications to curves 1 and 2
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respectively. Curve 5 is veﬁy inaccurate and very unsafe., Curve 6 is
conservative in each case. It is not in agreement with the variations
in loaded plate thickness of series 7 but it is the best curve to fit
the variation in gusset plate thickness, as shown in Fiéure 5.23,

The beam method cannot readily be applied to gusset plates with
varying amounts of the inside corner removed or with variations in the
internal angle. Therefore no comparisons are made with series 8 and

13 results.

5.5 The approximate strut method

In Figures 5.24 to 5.32 the elastic critical loads calculated
using the approximate strut methods and associated variations
presented in Section 2.5, are plotted with the experimental ultimate
load results obtained for each of the main gusset plate series.

These methods are based on-assuming a portion of the gusset plate
to act as an axially loaded strut. The main problem is in determining
the buckling stress. As the fixed ended Rankine-Gordon buckling
stress was a reasonable choice in the previous methods, the author has
chosen to use it in demonstrating the approximate strut methods.

The one quarter width method assumes that the component of the
applied load parallel to the free edge, irrespective of its position
along the loaded edge, acts concentrically on a quarter width, strip 6f
the gusset plate along the free edge which is assumed to act as a
strut. The centre line length of the strip is taken to be the length
of the strut. This gives Equation 2.31 for the stress, which when re=-

arranged for the load gives

P = - pyl.t.cos@q (5.12)

1
4
This is represented by curve 1 in the figures and is shown to be very
conservative and inaccurate. The theory does not take into account

the load position as demonstrated in Figure 5.26 for series 5.
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Assuminé the free edge length for a quarter width strip instead
of the centre line length will produce an even more conservative
result, However, another method assumes the free edge stress applied
to the whole width of the gusset plate., This then gives Equation 2.32
for the stress which when re-arranged for ﬁhe load gives

P = fpayL.t.cosa ; (5.13)
This is represented by curve 2 in the figures and although it is
approximately four times greater than curve 1, it is still very
conservaéive and inaccurate. Likewise curve 2 does not take into
account £he ldad position,

In an attempt to take account of the load position another method
assumes only the width of plate to which the load is applied
concentrically. This then gives Equation 2.33 for the stress which
when re-arranged for the load gives

P=2(L - s)pct.cosza (5.14)
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When s=L/2, as in the majority of the tests, Equation 5.14 gives the
same value as Equation 5.13, i.e. curve 2, otherwise it gives curve
2a. The effect of this equation is demonstrated best in Figure 5.26
with the series 5 results. For s>L/2 it is more conservative than the
previous method. For s<L/2 it assumes a gusset plate width greater
than the actual width thus giving an increased load. Although it may
appear to be safe in Figure 5.26, it is very unsafe for very thick
gusset plates where the free edge stress is approaching the yield
stresé.

An aiternative to using a buckling stress in Equation 5.14, is to
use a limiting thickness equation to ensure yielding. A method of
obtaining a limiting thickness is presented in Section 2.0, Only
series 3 and 12 in Figures 5.24 and 5.29 have this limit marked on
with the yield curve of Equation 5.14, represented by curve 2b., None
of the other series were applicable., The limiting thickness has
terminated curve 2b just within the experimental results.

The method based on Salmon's (9) original equation for Z and
applying it to the width of the gusset plate concentric with the
applied load is an attempt to extend Salmon's equation to take account
of the load position. The resulting equation is Equation 2.39 for the
stress, which when re-arranging for the load gives

P=2(L - s)t(0.6 - 0.21L/H) fpax (5.15)
This is rebresented by curve 3 in the figures which gives similar but
more conservative results than Equation 5.14.

Although none of the approximate strut methods have a factor for
the removal of the inside corner, the methods are used assuming a
complete gusset plate, As the methods are so conservative they could
be used with up to half of the inside corner removed for the least
conservative curve 2, for both load positions.

The slope of curves 2a and 3 representing Equations 5.14 and 5.15
in Figure 5.31 is only a result of the load position and not the
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reduced width of the gusset plate. However, because the ioad is
applied concentrically to the remaining width of gusset plate it so
happens to be the width considered by the equations.

Only the full width assumption Equation 5.13 has been modified
such that only the remaining width G is used. Equation 5.13 then
becomes

P = fpayG.t.cosa (5.16)
This is represented by curve 2b in Figure 5.30 and gives the same
results as curve 2a in Figure 5.31.

None of the existing methods have a:factpr for the variation in
the internal angle and none of them can rationally be used as an
épproximation in their existing form. However, the basic assumption
of the gusset plate acting as a form of strut with its axis parallel
to the free edge can be extended to include a variation of the

internal angle. The quarter width method Equation 5.12 now becomes

Wwa

P= pctzr (5.17)

1
4
Also the full width assumption Equation 5.13, now becomes

W2
P = Pet-- (5.18)

and the modification for the position of the applied load, Equation
5.14, now becomes

P=2(L - s)fat(W/L)2 (5.19)
where w in the above is given in Equation 5.6.

The adapted Salmon Equation 5.15, however, cannot be
realistically extended to include the variation in the internal angle
as it is based on a 90° triangle.

Equation 5.17 is represented by curve 1c¢ in Figure 5.32 and is
shown to be extremely conservative. As s=L/2 Equations 5.18 and 5.19
give the same results as represented by curve 2c which is of a similar
shape to the experimental results but still very conservative.
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5.6 Plastic desi thod

In Figures 5.33 to 5.41 the loads using the plastic design method
as presented in Section 2.6 are plotted with the experimental ultimate
load results obtained for each of the main gusset plate series., The
critical loads presented for the Plastic design method are the
ultimate loads based on the plastic strength.

Basically this method is Jensen's allowable stress design
extended to the plastic limit resulting in Equation 2.40 which is
reproduced below.

| Py = fyt.cos?u(-2e + V4e2 + L2)
This is represented by curve 1 in the figures.

When s=L/2 the plastic design curve produces the same result as
using Jensen's (4) method when the yield strength is assumeﬁ. This
method also has the same problems concerning the position of the
applied load as Jensen's (4) method as demonstrated in Figure 5.35.

As this method assumes the full plastic strength then buckling
must not occur. Therefore, a limiting thickness must be specified to
ensure yielding. Equations 2.42 and 2.43 are such limiting thickness
equations which are related to Salmon's work. These limitations are
presented in Figures 5.33, 5.34 and 5.38. Equation 2.43 terminates
curve 1 well within the experimental results while Equation 2.42 is on
the limit. All the other results are rendered not applicable.

The plastic design equation does not have a factor for the
removal of the inside corner and to apply the equation assuming
complete gusset plates would result in considerably higher failure
loads than the experimental results. However, the method can be

modified to give

Py = fyt.cos2u(-2e + J4e2 + [G/cos 12') (5.20)
This is represented by curve la in Figures 5.39 and 5.40. As the

method is not strictly applicable to the plates thickness in the

212



175

< 4 fy=378 N/mm2
- N 1 Plastic Eqe. 2.40 A Fhae
= mm
h g i .-': +=dnm
,fe
~ Q. 5 Z
=z = =
s=L/2
e 5 2],
2 L
3
28 o
= 5
a x
9 =
w o ' X *
Pl o
T X
o
= B
1 |
(3]
o
@ 109 200 300 4o 500

GUSSET PLATE SIZE L=H (MM)

Figure 5.33 The plastic method compared with the experimental results

of series 3.

ULT IHATE LOAD PU (KN)

w
&
3 g lln

o &
Tp] L L
[aVE g :11 "

s L % %

3.3 b4 X
S 9,8 - X
S - 9,8
b v w

=] o

Ells

ElE
X £, E

n- fy=378 N/mm2

T 2N\ 2>100mn
T=20mm
=
2 t=4mm
wn = 4
Wy
7
Q- =
s=L./2
.—-pu
1 Plastlc Eq. 2.40 L=200mm
=2 T T T T ;
a 100 209 300 4gg 529

GUSSET PLATE HEIGHT H (MM)

600

‘"Figure 5.34 The plastic method compared with the experimental results

of series 4.

213



175

N/A

Q 1

u

LN
-~
z —
x
T 8
a
[an
o
|

wn |
‘s‘—J o %
S A fy=373 N/mm2
= AN 3= 150mm
i 7] . T=20mm
=l e - 4 =4mm X

=| 1
2 X
i | L4 %
o /1
I §
Py 1 Plastic Eq. 2.40
L=300mm
E i l [] 1] 1] 1|
a t51%) 199 158 203 250 300

DISTANCE s (HMM)

Figure 5,35 The plastic¢ method compared with the experimental results
of series 5,

L

o~

- fy=578 N/mm2 curve 1 Is off the graph and N/A

_{ 8= 100mm
Q T=varled
w2 +=4mm
= 1 Plastic Eqe 2.40

n
2 51 sz :
§ = Pu X
d : L=300mm
p]
T 8.
a
a
O
-
W W % X p: 4
£ X
=
a
5 B

wn

QN

= T T T

a S 10 1S 20

LOADED PLATE THICKNESS T (MM)

Figure 5,36 The plastic method compared with the experimental results
of series 7 (s=L/2).

214



175

fy=378 N/mm2 1 Plastic Eq. 2.40
8=100mm
T=20mm
E_ < s T=dnm
[1p]
— (_‘\1_ — ::,ui
& ‘ s=L=300mn
o=
o =
an
[w]
|
mn
=
@
=
o
S 8-
o ¥ X pie X X
0 -
= T J i
7} 5 7] 1S 20

LORDED PLATE THICKNESS T (MM)

Figure 5.37 The plastic method compared with the experimental results

of serie; 7 (s=L).

2
|
~ T
A fy=263 N/mm2 I
T/ 3= 150mm ™~ IX
7 S
S 7 T=20mn * |
2 |+ 4 t=varled ™ ;](
8] = /] .I v
A w | |
; l'-'ll E Q
y 2 gl
— Ve 1 [ ] = |
- & s=L/2 c ol
= %- Py 2 | n IIEI-
ﬂ:_) ) =
o + |
2o £ E |
[~ =
S © 1 Plastic Eq. 2.40 *_;l
L = |
= | I
Z 1 1
= |
=
> |
|
|
|
/A |
—~—]
|
]
4 - 16

GUSSET PLATE THICKNESS t (MM)

Figure 5.38 The plastic method compared with the experimental results

of series 12.

215



ULT IMATE LOARD PU (KN)

Figure 5.39 The plastic method compared with the experimental results

125 150 175
! 1

102
1

HeL
SONONNNNANANNY

la Eq. 5.20, part plate mod. of Eq. 2.40

fy=373 N/mm2
35=150mm

T=2Cmm

t=4mm

N/A

—
517 109 158
PLATE WIDTH G (MM )

of series 8 (s=L/2).

ULT IMATE LORD PU (KN)

Figure 5.40 The plastic method compared with the experimental results

175

200

125 158
! !

122
1

NOUNNNANANNNANY

la Eqs 5.20, part plate mod. of Eq. 2.40

fy=378 N/mm2 N/A
8= 150mm
T=20mm

t=4mm

50 102 158
PLATE WIDTH G (MM)

of series 8 (s=varies).

216

2098




280

N
b4 ib Eq- 5032, internal Ell'lgle mod. of Eq. 2.40
Q fy=245 N/mm2
Q] 8= 15 0mm
T=20mm
X _r_",’ t=4mm
=
-~ ]
=z N X
'
— A
s=L/2
3. *Py l
a
(]
- s
L N
= X
=
O Q
= @
X
: X
S : X % N/A
X
= T T T T i T T T :
] 2d 4@ 60 82 128 120 4@ 160 180

INTERNAL ANGLE @ (DEGREES)

Figure 5.41 The plastic method compared with the experimental results
of series 13.
experiments used it is not a fair comparison. However, as with
Jensen's method the effect of the assumed eccentricity'in the method
causes problems. As the load is appliéd'concentrically on the strut
in Figure 5.40 it produces the same curve as for Jensen's (4) method
assuming the yield stress.

The existing equation does not have a factor for the variation in
the internal angle and it cannot rationally be used as an
approximation in its existing form. However, as with Jensen's (4)

method it can be modified to give
H.sing 2
Py = fyt -—-o-- (-2¢ + J4e2 + 12) (5.21)

where V is given in Equation 5.6.
This equation is represented by curve 1b in Figure 5.47 which is the
same result as assuming the yield stress for Jensen's (4) method.

This curve is higher than the majority of the results, intersecting
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them at approximately the 60° angled plate., As the two limiting
slenderness equations are based on Salmon's work, which was based on
900 gusset plates, they cannot be applied to these plates. However,

the use of such a limitation may be effective,

smata 1461 Gii

In Figures 5.42 to 5.50 the ultimate loads calculated using
Martin's (15) methods presented in Section 2.7 are plotted with the
experimental ultimate load results for each of the main gusset plate
series.

The method assumes the gusset plate to act as a series of fixed
ended struts rather than just one, and moments of equilibrium are
taken about the inside corner of the gusset plate. The loaded plate
is also assumed to contribute to the moment of resistance.

The main problem with any method assuming struts is to determine
the efflective length and the buckling stress equation to use. Martin
(15) chose to use the Rankine-Gordon (16) formula because it is
conservative and easily integrated, From his experiments he chose an
effective length based on the width of the gusset plate. This

produced Equation 2.47 which is reproduced below.

n2E. t3 12fy  (L/t)2 Mp
Py = ==——- 1n|1 + —- e i
2l4s n2E [(L/H)2 + 1] s

This is represented by curve 1 in the figures. Because of the
difficulty re-arranging this equation to give the gusset plate
thickness, Martin (15) suggested an alternative approximate method for
gusset plates of low slenderness ratio. The Rankine-Gordon buckling
stress distribution is approximated to a triangular distribution which
gives Equation 2.50, which is reproduced below

£y L.t 1 V37 (L/t) Mp

Pu- - - T e y

i (s/L) [(L/H)2 + 11 |2 277.5/(L/H)2 + 1 s

This is represented by curve 2 in the figures. Martin (15) defines
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Figure 5.50 Martin's method compared with the experimental results of
series 13.
the slenderness ratio of the gusset plate by Equation 2.45,

As the majority of the loaded plates were terminated at the
supported edée the factor for the bending resistance Mp=0. Also, as
the experimental results suggested, it is not necessary and so it is
omitted from curves 1 and 2. However, Martin (15) suggested two
values for Mp, Equations 2.52 and 2.53, therefore these are used in
Equation 2.47 to produce curves 3 and 4 respectively in Figures 5.45
and 5.46.

Curve 1 compares well with the normal variations in the gusset
plate parameters with only relatively small deviations from the
experimental results. Curve 2 is very similar to curve 1 within its
slenderness limitation range. Outside this range the curve tends to
zero and would be safe to use but inaccurate. Virtually all the
gusset plates tested were within the required range. Curves 3 and 4,

which include the factor for the loaded plate, overestimate the gusset
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plate strength. The curves without the factor give the best results.

Although none of Martin's (15) equations have a factor for the
removal of the inside corner they are used assuming a complete gusset
plate. Both curves 1 and 2 in Figures 5.48 and 5.49 may be used for
up éo one third of the inside corner removed. By integrating over the
remaining width of the gusset plate only then can Martin's (15) method
be extended to include the effect of removing the inside corner, so

that Equation 2.47 becomes

Gt
y
Py = ====- [1n(1 + kgW2) = 1n(1 + ky(W = G)2)] (5.22)
2s.kp
L.H
where W o= emeeeeee
Le + H
12fy
kp = ====—=
E.n2t2

which is represented by curve 1a in Figures 5.48 and 5.49

and Equation 2.50 becomes

Gy [fw2 - (W - G)2) iz

e s it DU 5 TN G)%] (5.23)
2 555t

Py =

S

where W is given in Equation 5.22.

Both curves are very close to each other and of similar shape to the
experimental results, All these gusset plates passed thé limiting
slenderness Equ$tion 2.45.

Neither of the existing equations have a factor for the internal
angle and cannot rationally be used in their present form, even as an
approximation. This is because the width of the gusset plate assumed
is based upon the width of right angled gusset plates. However, if
the more general term for the width, given in Equation 5.6, is used
then Equation 2.47 becomes

t.fy

Pu - - 1[1(1 + kmwg) (5-2“‘)
2s.kp

where kj is given in Equation 5.22 and W is given in Equation 5.6.
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This is represented by curve 1b in Figure 5.50.

Similarly Equation 2.50 becomes

£ £ W2 [1 Vi2 w}

3 " et (5.25)
where W- is given in Equation 5.6.

This is represented by curve 2b in Figure 5.50. The term for the
loaded plate has not been included as the loaded plates were
terminated at the vertical support.

Both curves 1b and 2b are similar and compare well with the
experimental results for angles greatér than 90°. However, they are
increasingly conservative for angles less than 90°  These curves are
the result of using Martin's (15) assumption for the effective length
of each strut equal to its distance from the inside corner i.e. l=w.
Therefore, these curves are effectively the failure 1loads of
equivalent 90° angled gusset plates having the same width of plate W.

The effective length should be related to the critical angle so that

full ;ength fixed ended struts are assumed. Equation 2.47 then

becomes
t.fY 1
Py = ==== === 1n(1 + kW?) (5.26)
s Zkp
12f.
where Ky = === tan®6/2
E.n2t2

and W is given in Equation 5.6.
This is represented by curve 1c in Figure 5.50.

Similarly Equation 2.50 becomes

t.f‘yh‘a[1 2 W ]

Py = =mmm== | = = === - tang/2 (5.27)

s 2 565 t
where W is given in Equation 5.6

This is represented by curve 2¢ in Figure 5.50.
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Also the limiting slenderness ratio Equation 2.45 becomes

1 2V3' sinB.tanf/2 L
- = =< 185 (5.28)
r J(L/H)2 + 1 - 2(L/H)coso t

Both curves 1c and 2¢, for angles greater than 90°, are similar
and of a similar shape to the experimental results. They are more
conservative the smaller the angle. For angles greater than 90° curve
2c is no longer applicable and curve 1c¢ is not of a similar shape and

is conservative.

5.8 Conpclusions:

All the methods use the stress along the free edge at least and
require some means of determining it, either directly or indirectly,
to determine the limiting slenderness equations to prevent buckling.
All the methods are unsafe if the yield stress is assumed for all
cases, The main problem is in determining the effective length to use
in some buckling equation. The method of determining the effective
length should take into consideration the change in L/H ratio and the
internal angle. The choice of a buckling equation is another problem
in itself, Only Martin's(15) method gives any specific details as to
the effective length and buckling stress equation to use, which
appeared to work properly; although he did not cover all the
situations tested. However, the author has modified his method ﬁo
suit, Salmon's (9) method is the only other method to specify some
definite guidance along these lines but, they were not very
satisfactory and can not be modified to cover all the situations
tested.

Another major problem is with the position of the applied load.
The assumption of the gusset plate acting as an eccentrically loaded
prism, as with the Jensen and Plastic design methods, does not give
satisfactory resulté and is inaccurate for s<L/2. The approximate

strut method is ineffective, as the method is so conservative, and
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Salmon's (9) method does not have any means of taking it into account.
Martin's (15) method handles the load position very well and the beam.
method is similar. The common element in both these methods is that
moments are taken about the supported edge.

Only Martin's (15) method is satisfactory at handling the removal
of the inside corner after modification by the author. It also gives
reasonably safe results with the change in the internal angle after
modification by the author. Generally speaking only Martin's (15)
method could be modified by the author to handle all the situations
tested and gives reasonably satisfactory results, although it requires
some refinement. The method is also an ultimate limit state design,
which will be required when the ultimate limit state design of steel

structures is introduced for general use.
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There are several approaches to producing a mathematical means of
designing the triangular type of steel gusset plates tested in this
investigation. One approach is the purely theoretical solution using
mathematical methods based on plate buckling theories, finite
difference techniques and the finite element technique . These
methods are related to each other and they suffer from similar
problems regarding a solution for triangular gusset plates. The
triangular shape and the boundary conditions at the free edge make a
solution difficult. They are all limited to the elastic critical
buckling load which as Jensen, Salmon and the author discovered is not
the correct crtiterion for failure, as the majority of gusset plates
have a considerable reserve of strength beyond this load. An
important drawback is that a separate solution has to be obtained for
each gusset plate size, shape and position of the l1load. Therefore a
considerable number of solutions are required to cover the parameters
associated with the gusset plates. It is then necessary to analyse
all the solutions as a whole, as with experimental results, to produce
a solution for design purposes. Furthermore a few experimental
results are necessary to check the theoretical solution which usually
requires adjusting as a result. All of these methods require a
considerable amount of time and effort and the use of a high speed
computer which is expensive,

Salmon's plate buckling theory produced an elastic buckling
solution, using the approximate Rayleigh-Ritz energy method and large
deflection theory to determine the loaded edge deformatio? at which

elastie buckling occurs.
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The solution is specifically for a complete right angled triangle
with a specific load condition and was obtained from examining a
considerable number of individual solutions of plates with different
length to height ratios to find some limiting equation. The
theoretical solution was eventually considerably modified as a result
of experimental results.

Another approach is to produce a considerable number of
experimental results, testing all variables, of which there are many
and to statistically analyse the results to produce an empirical
solution. However, experiments are expensive and time consuming.

It was decided, therefore, to develop a theoretical solution
based on the simplest assumption and then make adjustments based on
experimental results that systematically tested the main parameters,
with the smallest number of specimens. The main assumption made is
that if the method is satisfactory with two parameters varied
separately, then it is reasonable to assume that the method is also
satisfactory for a combination of the two parameters being varied.
This method is likely to reduce the number of.experimental results
reqpired in comparison with a purely empirical solution, and also to
reduce the time and effort required ip deriving the initial
theoretical solution as compared with a more complex, entirely
theoretical method. The theoretical methods may produce a more
accurate initial solution but, will most probably require adjusting as

a result of experimental evidence.

6.2 Basis of theory

The behaviour of gusset plates under test is the major influence
fér choosing this theoretical approach. All of the plates failed in
the same characteristic manner, At the ultimate load the gusset
plates collapsed by folding along three well defined fold lines with

the loaded plate rotating about the inside corner at the supported
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edge. The free edge of a gusset plate where L/H=1, viewed end on
resembled the characteristic shape of a buckled fixed ended strut, and
sections taken parallel to the free edge progressively towards the
inside corner also resembled buckled fixed ended struts. The gusset
plate at the inside corner showed signs of axial yielding as would
ocecur in a squat fixed ended strut. The only difference with the
gusset plates where L/H#1 and with gusset plates where 6 > 909, was
the relative area of the gusset plate that folded was less. This
resulted in the free edge end-on profile still having the
characterstic buckled fixed ended strut appearance, but not over the
entire length of the free edge.

As a result of the experimental observations, a buckled gusset
plate is assumed theoretically to be composed of a series of fixed
ended struts. The loaded plates remained relatively straight for the
majority of the tests and appeared to rotate about the supported edge
at failure. This mode of behaviour suggested that equations of
equilibrium could be formed by taking moments about the inside corner
of the gusset plate, a theoretical technique that was used by Salmon

(9) and Martin (15).

6.3 Theoretical approach
.A gusset plate, although simple in shape, has many interacting
parameters resulting in a complex behaviour, especially at the
ultimate load. For design purposes a simple mathematical model is
required. It is therefore necessary to simplify gusset plate
behaviour as much as possible and to restrict the number of parameters
to those which are important.
Rigi oade ate tio
Figure 6.1(a) shows a simple way of modelling a gusset plate by
assuming individual fixed ended struts with rigid supported and loaded

plates which are pinned together at the inside corner © of the gusset
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(a) finite number of fixed ended struts. (b) infinite number of fixed ended shruts.

Figure 6.1 Basis of theoretical model.

plate, Figure 6.1(b) shows the model with an infinite number of
elemental struts of width dw. Each elemental strut is assumed to
buckle out of the plane of the gusset plate irrespective of its width.

As a load is applied to the rigid loaded plate, each elemental
strut is strained axially, with the loaded plate remaining straight
and rotating about the inside corner of the gusset. plate as shown in
Figﬁre 6.2. As a result each elemental strut is strained axially by
the same amount. Further, if the axial stress is taken to ﬁe
proportional to the axial strain, then the stress in each elemental
strut is the same.

Figure 6.3 shows an exploded diagram of the lower part of the
gusset plate and the loaded plate, with the resulting stress
distributions and reactions. The loaded plate distributes the
resultant applied load P to the gusset plate as a rectangular
distribution in the elastic range, witﬁ a vertical component Hy at the
hinge, The resultant R of the stress distribution is supported by the

horizontal component Ry in the loaded plate and the resultant axial
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Figure 6.2 In piane deflection of theoretical model.
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Figure 6.3 Resulting stress distribution and reactions in theoretical
model. ) :
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component R' of all the assumed elemental struts which produce a
rectangular stress distribution across the critical section OC.
Taking moments about the theoretical hinge for the loaded plate
stress distribution gives
2.P.s
e £6.1)
t.L2
and taking moments about the theoretical hinge for the critical
section stress distribution gives
£
flz ceee- (6.2)

0032 1.8

Resolving vertically and horizontally gives

Ry= P(2.8/L - 1) . (6.3)

- 2.8.0 -

Rys ==wmw- (6.4)
H

Consider a gusset plate where all the elemental struts fail by
yielding and not buckling. The stress distribution across the
critical secpion remains rectangular, and all of the elemental struts
reach the yield stress and fail at the same time,

Now consider a gusset plate where the outer elemental struts fail
I-by buckling. The failure envelope is then that of a buckling stress
distribution form and not rectangular. Assuming initially that after
an elemental strut has reached its buckling load its resistance falls
to zero, then this produces the stress distribution as shown in Figure
6.4, As the outer elemental struts buckle, the load they
sustained is distributed to the remaining elemental struts. This
process gradually transfers the load towards the inner elemental
struts, until eventually the resulting moment of resistance is
insufficient and the gusset plate collapses.

Martin (15) in his theory assumed that all the elemental struts
reached their ultimate load at the same time, even when they buckled.
This assumption requires a buckling stress distribution to be
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Figure_6.u Theoretical stress distribution assuming elemental struts
colapse after buckling.

transmitted from the loaded plate to the gusset plate, which cannot be
achieved with a rigid loaded plate and requires a specific loaded
plate deflection, which is not likely. However, the stress
distribution assumed by Martin (15) does produce a solution which
agrees with experimental results as shown in Section 5.

After a strut buckles it does possess a certain amount of post
budkling strength, which depends on its slenderness. Therefore, its
resistance after buckling does not reduce to zero; Also the elemental
stéuts that are assumed to make up the gusset plate should not be
considered indepéndant of each other. Although the bending moments,
lateral and longitudinal shear forces that may exist between each
adjaceht elemental strut are not easily quantifiable their effects
were observed,

Each elemental strut is effectively supported laterally by the
inner elemental struts, which are stvonger.due to their lower
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Figure 6.5 Theoretical stress distribution assuming post buckling
strength and the interaction of adjacent elemental struts.

slenderness. This increases the stiffness of the outer elemental
struts and increases their buckiing‘load, but conversely it reduces
the buckling load of the inner struts. As a result it is possible for
the outer struts to sustain a higher stress than the buckling stréss
envelope suggests before they start to buckle and after buckling they
may sustain a stress close to the buckling stress as shown in Figure
6.5. So at failure the stress distribution may be similar to the

buckling stress distribution.

exible Jloade
In practice the loaded plate is not rigid and so it deflects into
a shape depending mainly on the load position and on its thickness
relative to that of the gusset plate.
’ The effect of the concentrated load used in the experiments is to
produce a greater deflection of the loaded plate at the load poiné. As
a result the stress distribution across the width of the gusset plate

does not increase as a rectangular distribution but, with a stress
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bulge at the load point. Therefore, it is not necessarily the outer
free edge that reached the failure stress envelope first. With gusset
plates that fail by yielding the stress bulge reaches the failure'
envelope first, as shown in Figure 6.6, which is at the yield stress.
With further load increase more of the gusset plate reaches the yield
stress until at the ultimate load,- the stress distibution is

rectangular.

[=—=—==

L Ep

Figure 6.6 Theoretical effect of a flexible loaded plate on the
stress distribution of a yielding gusset plate.

As the failure envelope for gusset plates that fail by buckling
is not rectangular then the point at which the stress distribution
curve reaches the failure envelope is not necessarily at the load
point as shown in Figufe 6.7. Also when the failure envelope is
reached, then unlike the yielding condition, the stress is reduced
depending on how the stress distribution curve reaches the failure
envelope. The net result is, irrespective of where the stress
concentration starts, it moves inwards until at the ultimate load the
stress distribution is similar to the buckling stress distribution.
The stress distributions leading up to failure are, however, quite
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different depending on the position of the load.
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Figure 6.7 Theoretical effect of a flexible loaded plate on the
stress distribution of a buckling gusset plate.

- gt Residual st ’ ! 141

As the multi-strip gusset plate was welded, the outer two strips
of plate deflected laterally by a noticeable amount, which suggested
that the outer strips had been pre-=loaded with residual axial
compressive stresses as a result of welding. Also the initial frée
edge lateral deflections are attributed to the effects of welding,
with the continuity of the gusset plates reducing the deflections,
Without specifically investigating these residual stresses it is
difficult to determine exactly how they are produced and how they
affect the behaviour of the gusset plates.

As the residual stresses are caused by differential contraétion,
then, with the gusset plates, one possibility is that the lateral
contraction of the welds pull the gusset plate towards the adjacent

loaded and supported plates by the same amount along both edges. For
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example, consider the worst case of welding all the supported edge
first. As the weld cools it contracts and pulls the gusset plate to
the supported edge. This causes relative slip along the loaded edge;
As the loaded edge is welded, it contracts and pulls the gusset plate
to that edge. However, if at the junction of the supported and loaded
plates this contraction is prevented, then the weld and the gusset
plate towards the inside corner, are in tension. The loaded plate
effectively pivots about its supported edge, and in the process of
resisting bending it puts the outer weld and gusset plate into
compreséion. The residual stresses increase as the weld size
increases and decrease as the gusset plate thickness increases. This
was evident with the thin plates showing more initial lateral
deflection than the thicker plates. The complete gusset plates were
welded using the step back technique to try and reduce this effect,
With the multi-strip gusset plate this was not possible and so the
effects were greater.

Longitudinal and lateral contraction of the welds caused the
curling of the thin loaded plates, but this effect is considered to

have very little effect upon the strength of the gusset plates.
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Figure 6.8 Position of plastic hinges of a fixed ended strut.
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6.5 Equal sided right angled gusset plates

1i ibilit

Consider the failure mechanism of a fixed ended strut. For the
initial loading it remains straight and compresses axially until it
reaches the elastic eritical load, when it starts to deflect
laterally., This in turn causes further axial compression. Finally
plastic hinges form at either end and at the mid-point as shown in
Figure 6.8, producing a mechanism and collapse occurs. With a
triangular gusset plate the corresponding fold lines which produce a
geometrically compatible mechanism are along the angle bisector and

the two supported edges, as shown in Figure 6.9. The inclined struts
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Figure 6.9 Geometrically compatible fold line pattern of a gussét
plate, -

tested in series 10, and the individual struts in the multi-strip
gusset plates, series 11, produced fold lines as shown in Figure 6.10,
which is a compromise between the two. The resulting net fold lines
of the multi-strip gusset plate were in the geometrically ideal
positions. However, increasing the width of the inclined strut to a
full gusset plate, as in series 8, produced fold lines as given in
Figure 6.11: The possible reason for the difference, is thét the

outer free edge is initially supported by the inner part of the
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Figure 6.10 Fold line pattern of an experimental inclined strut.
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Figure 6.11 Fold line pattern as the strut width increases to the
full width of a gusset plate.
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inclined strut/gusset plate, to such an extent that it behaves as
though it is a fixed ended strut equal to approximately the centre
line length of the inclinded strut/gusset plate. As the outer free
edge deflects laterally first, then it determines the start position
of the fold lines along the free edge. As the buckling progresses
inwards, the inner part of the gusset plate starts to buckle, but it
has to buckle in a manner compatible with the geometry of the gusset
plate. To do this it must modify the outer free edge which has
already-started to buckle in another way. This effectively requires
increasihg the length and the lateral deflection of the outer free
edge relative to the inner gusset plate, as shown in Figure 6.12.
This may induce a tensile load in the outer free edge which reduces
the compressive stress already in it. As a result the outer free edge
starts to support the inner part of the gusset plate by restricting -
its lateral deflection. Eventually this is overcome and the gusset

plate collapses.

fold lines at required fold pattern

section AA to be compatible with
influenced by section AA
compatible position

start of fold lines
along free edge

existing fold
pattern on

free edge

(a)

Figure 6.12 Progress of fold lines in a gusset plate to maintain
compatability.
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6.5.2, Experimental stress distributions

From the previous sections it can be seen that the resulting
stress distribution across the width of a gusset plate is complex. IE
is very difficult to accurately take account of all the interacting
factors so, in order to determine a simplified stress distribution
which can be acceptably used at the ultimate load, a number of gusset
plates had strain gauges attached across their width to measure the
axial stresses parallel to the free edge. Because of the complex
nature of the gusset plate, the strain gauges were not used as a means
of obtaihing absolute values, but as a means of trying to understand
the behafiour of gusset plates during loading and at the collapse

load,

eth taipi appro e e
sStrain gauges

From the raw data the average stresses across the width of the
gusset plate parallel to the free edge were calculated at load
increments which give a reasonable picture during the loading and are
tabulated in Appendix 5. Due to the way in which the gusset plates
buckled some of the strain gauges were subjected to bending strains
which went beyohd the yield strain close to the ultimate load. If
these gauges were ignored, the resulting stress distributions revealéd
little about the behaviour of the gusset plates close to the ultimate
load. As only an approximate indication of the plate behaviour is
required, the following approximate method was used to obtain
approximate axial stresses from such gauges.

As the strain gauges measured strains in excess of the yield
strain for one or both faces due to bending, with one face in tension
and the other face in compression, then until a plastic hinge is
formed there will be a zone, in the middle of the plate section, that

will still be straining elastically, as shown in Figure 6.13(a).
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(a) section through gussedt plate parallel to free ()strain distribution at section AA
edge

Figure 6.13 Stress distribution assumed across a section of plate
subjected to bending strains greater than the yield strain.

Therefore, for the accuracy that-is required and the thickness of
plate used, it is reasonable to assume that the material is isotropic
with Young's modulus being the same in tension as in compression, and
the tensile yield strain is the same as.the compressive yield strain.
It is also reasonable to assume that the strain distribution within
the elastic region is linear between be, Figure 6.13(b), and for
compatibility of strain across the section, the linear strain
distribution is also carried on into the plastic zones, ba and cd,
such that abed is linear. That is, it is assumed that plane sections
remain plane. The condition will exist where the outer edges have
reached the yield strain and will continue to strain plastically
without any additional stress. However, as they are attached to the
inner layers, which are still straining elastically, they are
-restrained. The stress within the plastic zone will, however, only be
the yield stress. Therefore, knowing the surface strains €4 and € o,
the yield stress and Young's modulus of elasticity, the shaded area of
the strain diagrams in Figure 6.13(b) can be summated, taking note of
the signs, and converted to give an approximate axial stress in the
séction. As the strain gauges are actually measuring strain and not
stress, then they give &4 and Ep, although these will depend on the
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accuracy of the gauges to measure larger strains than the yield
strain. The tensile yield stress is also used for the yield stress,
which is most probably lower than the compressive yield stress, which
is more appropriate but is more difficult to obtain accurately.

Based on the multiple elemental strip assumption it seems
reasonable to assume that, as long as the strain gauges are measuring
strain parallel to the free edge they can be placed anywhere along a
line parallel to the free edge and read approximately the same axial
stress. Therefore, one specimen was tested with two additional lines
of gauges off-set 50mm either side of the eéntral set go test ghis
assumption. Both sets of readings gave similar results as the middle
set, although not identical. Therefore, on some specimens a line of
gauges were placed running across the gusset plate from the inside
corner, but off—set from the fold line onto an area of gusset pléte
that did not bend as much during testing. These gauges did allow
strain gauge readings to be taken at higher loads, but still not close
enough to the wultimate load without adjustment as previously

described.

Ana is of experime e i i ie)

From the experimental stress distributions presented in Appendix
5 only the relevant specimen results are plotted and presented in the
following. Those points obtained from gauges measuring strains beyond
the yield strain are indicated. Tables are also presented for all the
specimens, indicating the resultant force R', moment arm W and
resistance moment R'.W produced by the stress distribution across the
width of the gusset plate for each load increment, and compared with
the applied moment M. The former were calculated from the area under

each curve. R! and w are as shown in Figure 6.3.
| As the model is based upon assuming a fixed ended buckling stress
distribution across the width of the gusset plate, which is then
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possibly modified by other factors, then such a buckling stress
distribution curve is shown on the graphs. As Martin's (15) theory -
gives reasonable results using the Rankine-Gordon buckling stress

distribution, it is used as a first approximation.
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Figure 6.14 Build up of the average stress across the width of the
gusset plate of specimen S5-150-1.

Figures 6.14, 6.15 and 6.16 show the stress distribution of
specimens S5-150-1, S5-75-1 and S5-300-1, respectively, with the load
applied in different positions. Although the terminated loaded plates
were 20mm thick, they were relatively flexible and as a result, stress
concentrations occurred in the stress distributions corresponding to
the load positions., With the load at the mid-point and ihner
positions, this was in the form of a stress bulge, which became more
pronounced as the load increased. This resulted in the stress

distribution towards the outer half of the gusset plate reaching the

buckling stress at the same time and so resulted in a low buckling
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stress for the free edge. As the free edge started to deflect
laterally the stresses were distributed to the inner plate,_which in
turn started to deflect laterally but was restrained by the‘
incompatible lateral deflection of the outer free edge. This
increased the buckling strength of the inner plate and caused the
outer free edge to go gradually into tension. This lateral deflection
incompatibility was accentuated with the load at the inner position as
shown in Figure 6.15. The stress bulge moved inwards and increased in
magnitude as it followed the buckling stress distribution curve but,
at a highér stress until it reached a point where it did not produce a

sufficiently large moment of resistance, and the specimen collapsed.
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Figure 6.15 Build up of the average stress across the width of the
gusset plate of specimen S5-T75-1.

With the load applied at the outermost edge, the resulting
initial stress distribution has a slope in the opposite direction to
that of the buckling stress distribution as shown in Figure 6.16. So
the inner plate supported the outer plate allowing it to reach a_far
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"higher stress than the buckling stress curve suggests before it
started to buckle. As the outer plate buckled the stress was:
redistributed to the inner plate, as shown by the stress bulge, moving
inwards. The magnitude of this stress bulge is not as high as with
the load applied further inwards, nor is there a tensile stress in the
outer free edge. This is because the lateral deflection
incompatiblities were reduced by the end of the loaded plate

deflecting.
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Figure 6.16 Build up of the average stress across the width of the
gusset plate of specimen S5-300-1.

Specimen S5-150-2 was a repeat of specimen S5-150-1 and gave
similar results, Two similar specimens to S5-300-1 were also tested,
one with the same strain gauge arrangement S5-300-2 and the other, S5-
300-3, with strain gauges off-set from the central fold line as
previously described. Unfortunately with the former readings were not

taken to the ultimate load due to data logger malfunction but those
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taken were in agreement with S5-300~1. With the latter, the stress
distributions were very similar to specimen S5-300-1.

The moment comparisons for specimens S5-150-1, S5-150-2, 85-75-1,'
S5-300-1, S5-300-2 and S5-300-3 are given in Tables 6.1 to 6.6,
respectively. With each of these the applied moment and the moment of
resistance of the stress distributions are shown to be within the same
range. These two sets of readings are not expected to be exactly the
same, firstly because the gusset plate is more complicated than the
theoretical model assumes, and secondly, some of the stress readings
are only.approximate. With specimens S5-150-1, S5-150-2, S5-75-1 and
S5-300~1, the last readings were taken very close to, or at, the
failure load. Although the resultant force produced was greater than
the previous load increment, its moment of resistance was less, and

less than the applied moment. The moment of resistance produced by

SPECIMEN S5-150-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
30.0 150 4.50 || 35.9 111 4.00
60.0 150 9.00 80.4 106 8.52
65.0# 150 9.75 131.3 95 10.56
70.0# 150 10.50 140.3 79 11.10
70.0#* 150 10.50 159.4 56 8.88

Table 6.1 Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5-150-1.

SPECIMEN S5-150-2
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant | Moment Resultant

force arm moment

P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
30.0 150 4.50 40.6 115 4.68
62.5 150 9.38 94.2 105 9.92
67.5 150 10.13 || 114.4 98 11.20
70.0# 150 10.50 141.3 88 12.38
71, 6#* 150 10.74 159.6 54 8.56

Table 6.2 Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5-150-2.
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SPECIMEN S5-75-1

FROM APPLIED LOAD FROM STRESS DISTRIBUTION

Load Position Moment Resultant | Moment Resultant
force arm moment
P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
30.0 75 2,24 24,7 78 1.94
50.0 75 3.75 45.7 78 3.54
80.0 75 6.00 74.6 72 5.37
100.0 15 7.50 100.6 68 6.86
110.0 15 8.25 119.7 66 7.91
120.0 75 9.00 138.7 63 8.73
125, 0# 75 9.35 156,.2 60 9,37
130.0# 75 9.75 172.6 5§ 9.56
135.0#* 75 10.13 167.9 49 8.20

Table 6.3 Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5-75-1.

SPECIMEN S5-300~-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
15.0 300 4.50 32.0 149 4.78
20.0# 300 6.00 56.0 150 8.42
25.0# 300 7.50 86.4 136 1173
28.0# 300 8.40 97..2 121 11.76
29, 0# 300 8.70 109.3 109 11.90
29, 9# 300 8.97 138.9 83 11.52

Table 6.} Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5-300-1,

]

SPECIMEN S5-300-2
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
.15.0 300 4.50 29.9 140 4.19
20.0 300 . 6.00 48.4 145 7.00
22,0# 300 6.60 60.7 145 8.80
23.0# 300 6.90 68.7 144 8.88
31.0 300 9.30

Table 6.5 Comparison of applied moment with that obtained frum the
experimental stress distribution of specimen S5-300-2.
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SPECIMEN S5-300-3 :
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ W R".w
kN mm kNm kN mm kNm
15.0 300 4.50 30.4 154 4.68
22.5 300 6,75 46.5 152 7.05
28.0 300 8.40 65.6 140 9.16
30.0 300 9.00 79.2 128 10.14
31.0 300 9.30 89.4 119 10.68
32.0# 300 9.60 118.7 101 11.99

Table 6.6 Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5-300-3.

assuming the Rankine-Gordon fixed ended buckling stress distribution
at failure gives a similar value of 10.64kNm. Also the moment arm of

the stress distribution is shown to move in towards the inside corner

of the gusset plate as the load increases.
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Figure 6.17

Build up of the average stress across the width of the

gusset plate of specimen S6-150-1,
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Strain gauges were also attached to two specimens which were
similar to the previous specimens but with the loaded plate continued
through at the supported edge. These were specimens S6-150-1 and S&—I
300-1 the stress distributions of which are shown in Figures 6.17 and
6.18 respectively. Comparison of the stress distribution of S6-150-1
with that of specimen S5-150-~1 shows a similar build up of stress.
The stress distribution curve at the ultimate load is different but,
this was taken actually in the process of failing and the strain gauge
readings may not be accurate, The loads for similar stress

distributions are a little higher with the continuous loaded plate.
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Figure 6.18 Build up of the average stress across the width of the
gusset plate of specimen S6-300-1,

The stress distribution of S6-300-1 in comparison with tﬁat of
specimen S5-300-1, Figure 6.16, shows a slightly different build up
of stresé. For the initial load increments the stress distributions
are the same until the plate starts to deflect laterally. Then the

251



flexing of the loaded plate was such that it accentuated the lateral
deflection incompatibilities rather than reducing them as with
' :
specimen S5-300-1, This produced a tensile stress in the outer free
edge which did not occur with specimen S5-300-1 and it also increased
the buckling stress of the inner plate. The stress bulge moved
inwards following a higher stress than the buckling stress curve
suggests. The last reading was taken as the specimen was in the
process of failing and the yield stress was reached on the inside
corner and the stress in the rest of the plate was reducing.
The.moment comparisons of specimens S6-150-1 and S6~300~1 are
- shown in Tables 6.7 and 6.8 respectively. With both these specimens
as with the others, the moment of resistance appears to agree with the
applied moment reasonably well and the moment arm moves inward as the
load increases. At the ultimate load the moment of resistance has,
dropped while the force is still increasing as in previous tests. The
moment of resistance assuming the Rakine-Gordon buckling stress
distribution gives a value of 10.76 KNm, which is a little lower than
that obtained for the stress distribution and even lower than for the
applied moment, of specimen S6-150-1. However, the ultimate load
result obtained from this specimen appeared to be unusually high in

comparison with other tests.

SPECIMEN S6-150-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant

force arm moment
P s M=P.s R’ w R'.w'

kN mm kNm kN mm kNm
30.0 150 4.50 36.6 111 4.06
70.0 150 10.50 88.3 108 9,53
80.0 150 12.00 114.2 97 11.07
87.5# 150 13.13 132.0 91 12.02
92.5# 150 13.83 147.0 82 12.06
95 ., 0#* 150 14.25 153.6 60 9.28

Table 6.7 Comparison of applied moment with that obtained from the
experimental stress distribution for specimen S6-150-1.
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SPECIMEN S6-300-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ w R'.w
kN mm kNm kN mm kNm
10.0 300 3.00 18.4 146 2.70
20.0 300 6.00 42.8 144 6.15
25.0 300 7.50 672 139 9.35
27.5# 300 8.25 79.0 130 10.27
31.0# 300 9.30 108.1 104 11.24
32.0# 300 9.60 130.9 88 11.52
33.0# 300 9.90 146.3 79 11.56
34,84+ 300 10.44 174 .5 60 10.47

Table 6.8 Comparison of applied moment with that obtained from the
experimental stress distribution for specimen S6-300-1.

Two specimens were tested with effectively rigid loaded plates
S5a=75=1 and S5a-300-~1, which corresponded to the two load extremes,
as tested with the flexible loaded plates, specimens S5-75-1 and S5-
300-1, respectively. The loaded plates were terminated at the

supported edge and the strain gauges were offset from the central fold
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Figure 6.19 Build up of the average stress across the width of the
gusset plate of specimen S5a-75-1.
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line, The stress distribution obtained for specimen S5a-75-1 as shown
in Figure 6,19, is similar to that of specimen S5-75=1, Figure 6.15.
The stress distribution for arigid loaded plate in the theoretical
model is rectangular for the initial loading. However, the
experimental stress distribution is not rectangular but it is
relatively linear in comparison with specimen S5-75-1, Figure 6.15.
The slope is most probably due to the compression of the supported
edge, which is not assumed in the theoretical model. As the gusset
plate started to defiect laterally the incompatibilities between the
1aterél deflection of the inner and outer plate started to take place,
However, the effect was not as great as with the flexible loaded plate

which accentuated this effect with the load in this position.
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Figure 6.20 Build up of the average stress across the width of the
gusset plate of specimen S5a-300-~1.

The stress distribution obtained for specimen S5a-300-1, Figure
6.20, appears to be a little uneven. Whether this is correct or a
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malfunction of a gauge is not known. However, the general appearance
gives the impression that, although the stress distribution is not:
rectangular as in the theoretical model, the stress distribution is
tending to be linear and sloping towards the supported edge, opposite
to the previous specimens and for a similar reason. That is, the
supported edge was extending which is not assumed in the theoretical
model. The resulting distribution of stress increased the load at
which the outer free edge started to deflect laterally. Therefore,
the lateral deflections only became incompatible close to the ultimate
load and so had little effect on increasing the buckling stress of the

inner plate and on inducing a tensile stress in the free edge.

SPECIMEN S5a-75-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm noment
P s M=P.s RY W R'.w
kN mm kNm kN mm kNm
40.0 75 3.00 22.2 79 1.75
110.0 15 8.25 67.0 79 5.30
140.0 75 10.50 88.1 77 6.80
150.0 75 11.25 102.5 75 T:72
155.0 15 11.63 119.7 70 8.37 .
157.5# 75 11.81 142.5 66 9.40
160.0# 75 12.00 163.1 62 10.18

Table 6.9 Comparison of applied moment with that obtained from the
experimental stress distribution of specimen S5a-75-1.

SPECIMEN S5a-300-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R' W R'.w
kN mm kNm kN mm kNm
9.7 300 2.91 25.3 127 3.23
26.6 300 7.98 67.1 125 8.40
33.9 300 10.17 85.8 124 10.68
38.9 300 11.67 102.3 122 12.46
41.1 300 12.33 119.5 113 13.54
42.6 300 12.78 131.1 108 14.17
44.3 300 13.29 150,35 97 14.60

Table 6.10 Comparison of applied moment with that obtained from the
experimental stress distribution for specimen S5a-300-1.
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The moment comparison of specimens S5a-75-1 and S5a-300~1 are
shown in Tables 6.9 and 6.10 respectively. The moments of resistance
are similar to the applied moments as with other specimens and the
last reading in each case was taken before the specimen actually
failed and not in the process of failure, and so do not show a drop in
the moment of resistance at the ultimate load. The moment of
resistance calculated from the Rankine-Gordon buckling stress
distribution of 10.76 kN, is similar to the S5a-75=1 specimen but
lower than for the S5a-300-~1 specimen.

Strain gauges were also placed at the midpoint of each strut of
the multi-strip sbecimen S5-150-1 and so measured the equivalent
stress distribution across its width, which is shown in Figure 6.21.
As the gusset plate was made up of strips then there was no lateral
restraint provided by adjacent struts and so all the struts buckled as

individual full length fixed ended struts. There was no lateral
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Figure 6.21 Build up of the average stress across the width of the
gusset plate of specimen S11-150-1.
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deflection incompatibility which increased the bﬁekling stress of the
inner plate or induced a tensile stress in the outer plateﬂ
Therefore, the buckling stress in each strut was similar to that
suggested by the buckling stress distribution curve. As previously
mentioned the outer two strips of plate were pre-stressed due to the
effects of welding and so the strain gauges measured the additional
stress due to the load being applied. Therefore, the outer two struts
at least buckled at a lower stress than the buckling stress
distribution curve suggests. With the buckling of the middle two
struts between 50 and 55 kN the stress was redistributed to the
adjacent inner struts and the process continued until all the struts
had buckled. Although the outer struts had effectively buckled they

still had a relatively high stress in them.

SPECIMEN S11-150-1 .
FROM APPLIED LOAD FROM STRESS DISTRIBUTION

Load Position Moment Resultant| Moment Resultant
force arm moment

P ] M=P.s R’ w R'.w

kN mm kNm kN mm kNm

20.0 150 3.00 35.3 83 2.94

40.0 150 6.00 679 80 5.43

50.0 150 7.50 90.1 81 7.32

55.0 150 8.25 106.8 75 8.04

Table 6.11 Comparison of applied moment with that obtained from the
experimental stress distribution for specimen S11-150-1.

As with all the other specimens tested Table 6.11 shows a close
agreement between the applied moment and the moment of resistance
obtained from the stress distribution for this specimen. This
specimen demonstrated that although each strip of plate attained the
buckling stress as given by the buckling stress distribution curve,
they did not do so all at thg same time, but progressively from the
outer strips to the inner qtrips. Therefore, the actual moment of
resistance at the ultimate load of this specimen was less than that
assuming the Rankine-Gordon buckling stress distribution.
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Al though the fixed ended buckling stress assumption is not
entirely correct, the results of these stress distributions show that'
the combined effects of the flexing of the loaded plate, the load
position and the lateral restraint between each elemental strut has
the effect of producing a similar stress distribution at the ultimate
load in each case, which has a similarity to the fixed ended bucklihé
stress distribution. More importantly to a good approximation the
stréss distribution across the gusset plate obtained approximately at
the ultimate load, was similar to the moment of resistance produced by
the assumed buekliﬁg stress distribution.

Other points of interest were that the loaded plate did not
contribute to the moment of resistance directly, but it did influence
the way in which the stresses were distributed, by the way'it flexed
under ioad. Strain gauges attached across the loaded plate at the
supported edge did not show high bending stresses during loading and
only showed yield stresses after the gusset plate itself had.

collapsed.

equal sided r e sset
ompatibilit

These gusset plates buckled in a very similar manner to the equal
sided gusset plates. Figure 6.22 shows a few of the fold line
patterns obtained from series 4. Superimposed on these are the angle
bisector, and another chain line perpendicular to it and passing
through the nearest corner. Examination of the fold lines within the
dashed line show that they are almost symmetrical and very similar to
those of the equal sided riéht angled gusset plates. The fold lines
outside this line tend to intersect the free edge perpendicular, as
though it is a strut. Because of this similarity with the equal sided
right angled gusset plates, most of the discussions relating to them
can be applied in this case.
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Figure 6.22 Comparison of series 4 fold line patterns with those of
equal sided gusset plates.
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Figure 6.23 Theoretical strip.model for 90° gusset plates assumed by
Martin.
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Figure 6.24 Theoretical strip model for 9g©

gusset plates by author,
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The experimental results show that a small increase in the height
beyond that of an equal sided gusset plate causes only a2 small
increase in its strength and any further increase in height makes very
little difference. Therefore, beyond a certain height a gusset plate
has an equivalent strength to a gusset plate having both its fixed
edges slightly greater than its shortest side. Extending the
assumption of a gusset plate consisting of full length fixed ended
struts running parallel to the free edge results in effective lengths
of the struts of half their actual length. However, this results in a
reduced moment of resigtance of a gusset plate as its height increases
from the equal sided gusset plate. Martin (15) used an effective
length that was equal to the width of the gusset plate. This
assumption is a convenient mathematical way of approximating this
effect, as the increase in the width reduces, as the height increases
and therefore, is virtually the same beyond a certain height. Figure
6.23 shows how this mathematical assumption can be related to the
theoretical model assuming fixed ended struts parallel to the free
edge. Figure 6.24 shows another fixed ended strut interpretation
suggested by the buckled gusset plates, of assuming the equivalent
gusset plate with both fixed edges of equal length, and using the same
mathematical assumptions. From this latter model, the position of tﬁe
fold lines can be approximated, based on those of equal sided gusset

plates.

6.7 _Equal sided gusset plates with internal angles other than 90°
ost i ti
These gusset plates buckled in a similar manner to the 90 degree
gusset plates as shown in Figure 4.16. The iqner plate tended to
buckle with the fold lines in the geometric ideal position along the

angle bisector and the two fixed edges. However, the outer free edge
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tended to deflect laterally first, as though it was a strut running
parallel to the free edge. For the gusset plates with internal angles
less than 90 degrees, the fold lines were forced closer together and
affected the whole of the gusset plate. With the'gusset plates with
internal angles greater than 90 degrees, the fold lines could have
occupied a greater area of the gusset plate but, because of the
greater restraining effect of the free edges as the angle increases,
are concentrated about the central section, and affected roughly the

same area of the gusset plate as with a 90 degree gusset plate.
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Figure 6.25 Graph of the failure moment against the internal angle.

Extending the assumption of gusset plates consisting of full
length fixed ended struts running parallel to the free edge results in
effective lengths of the struts half their actual léngths. This
suggests, for specimens of the same width, as in series 13, that the
moment of resistance increases rapidly as the internal angle decreases
from 90 degrees, and it reduces rapidly as the internal angle
increases from 90 degrees. In Figure 6.25 the failure moment of each
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plate in series 13 was calculated based on the failure load and its
lever arm distance s, and plotted against its internal angle, Figure
6.25 does show a rapid increase in the failure moment as the internal
angle reduces from 90 degrees but, does not show a rapid reduction in
the moment of resistance as the internal angle is increased above 90
degrees. In fact, the results suggest that gusset plates with an
internal angle greater than 90 degrees have the same moment of
resistance as a 90 degree gusset plate of the same width. Figure 6.26

shows how the mathematical assumption of using the effective length

Figure 6.26 Strip model for equal sided gusset plate with varying
internal angle based on full length fixed ended struts,
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based on the full length of the assumed struts parallel to the free
edge is represented in the theoretical model. Figure 6.27 shows how
the mathematical assumption of using a maximuj;l effective length basedl
on the equivalent 90 degree gusset plate, is represented in the
theoretical model. Comparison with the fold lines of series 13 shown
in Figure 6.16 suggests that this latter model is a better
representation. Again, from this latter model, the position of the

fold lines can be predicted based on those of equal sided right angled

gusset plates.

Figure 6.27 Strip model for equal sided gusset plate with varying
internal angle based on reduced fixed ended strut length.
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6,7.2. Analysis of experimental stress distribution

The stress distribution across the width of specimens S13-50-1,
513-~70~1, S13-110~1 and S13-130~1 are presented in Figures 6.28 tol
6.31 respectively. In a similar manner the Rankine=-Gordon fixed ended
strut buckling stress distribution has been added. With angles
greater than 90 degrees this stress distribution is based upon that
for a 90 degree gusset plate as suggested by the fold 1line patterns.
Generally the stress distribution had similarities to the 90 degree
gusset plates. Stress concentrations corresponding to the load
position were more pronounced with the smaller angled plates, possibly
due to the smaller area of gusset plate available to distribute the
stress across the width. With the 50 degree gusset plate the stress
concentration was such that the middle area of plate started to
deflect laterally before the outer free edge. This caused the outer

free edge to go into tension, while the middle section was at the
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Figure 6.28 Build up of the average stress across the width of the
gusset plate of specimen S13-150-1.
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Figure 6.29 Build up of the average stress across the width of the

gusset plate of specimen S13-70-1.

SPECIMEN S13-50-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R' W R'.w
kN mm kNm kN mm kNm
39,2 117 4.59 41.3 97 4.00
58.7 117 6.87 66.9 96 6.39
78.3 117 9.16 88.0 92 8.10
97.9 117 11.45 111.9 91 10.15
130.5# 117 15.27 143.8 89 12.76
169.7# 117 19.85 159.0 87 13.91
215.4# 117 25,20 177.3 91 16.19
221.9 117 25.96

Table 6.12 Comparison of applied moment with that obtained from the
experimental stress distribution for specimen S13-50-1.
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Figure 6.30 Build up of the average stress across the width of the
gusset plate of specimen S13-110-1.

compressive yield stress., Eventually the specimen buckled with a
sudden collapse at the ulFimate load. The incompatible lateral
deflections allowed most of the gussét plate to go into compressive
yield. Comparison of the moments of resistancg with the appliéd
moments in Table 6.12 shows good agreement up to 97.9 kN, which
corresponds to the last curve before yielding in Figure 6.28. Beyond
this the applied moment has increased at a greater rate than the
momént of resistance obtained from the stress distribution, which was
based on the tensile yield stress being the maximum stress obtainable,
However, the experimental results suggest a higher yield stress. The
buckling stress distribution shows a lower stress than the yield
stress and so its moment of resistance at 15.8 kNm is considerably

lower than the experimental values.
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Figure 6.31 Build up of the average stress across the width of the
gusset plate of specimen S13-130-1.

With the 70 and 110 degree gusset plates the stress distributions
built up roughly parallel to the buckling stress distribution of the
outer half of the gusset plate which buckled approximately at the same
time, With the 110 degrée gusset plate more stress was distributed to
the outer free edge, and with the inner plate not so highly stressed
it allowed the outer plate to sustain a greater stress than the
buckling stress distribution indicates before it buckled.

In Tables 6.13 to 6.15 the applied moments and the moments of
resistance of the stress distribution of specimens S13-70-1, S13-110-1
and S13-130~1 are shown to be in reasonable agreement. The moment of
resistance obtained using the buckling stress distribution is slightly
lower at 12.13 kNm than the experimental moments for specimen S13-70-1

and similar to the other two at 8.79 kNm.
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SPECIMEN S513-70-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant
force arm moment
P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
26.6 129 3.43 32.4 103 3.35
47.9 129 6.18 57.8 102 5.89
69.2 129 8.93 91.5 102 9.37
90.8# 129 1471 132.3 101 13.39
106.4# 129 13.73 1531 102 15.62
111.7# 129 14.41 157.6 98 15.52

Table 6.13 Comparison of applied moment with that obtained from the
experimental stress distribution for S13-T0-1.

SPECIMEN S13-110-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION
Load Position Moment Resultant| Moment Resultant

force arm moment

P s M=P.s R’ W R'.w
kN mm kNm kN mm kNm
16.0 185 2.96 ||+ 25.7 108 2.78
31.9 185 5.90 57.3 102 5.83
39.9% 185 7.38 84.7 100 8.47
45.2# 185 8.36 101.9 97 9.85
47. 9% 185 8.86 110.9 93 10.35
50.5# 185 9.34 121.5 88 10.66

Table 6.14 Comparison of applied moment with that obtained from the
experimental stress distribution for S13-110-1.

SPECIMEN S13-130-1
FROM APPLIED LOAD FROM STRESS DISTRIBUTION

Load Position Moment Resultant| Moment Resultant

force arm moment
P s M=P.s R’ W R'.w

kN mm kNm kN mm kNm

20.9 251 5.25 35.1 125 4.40

33.9 251 8.51 58.0 125 7.27

43.1# 251 10.82 81.3 117 9.53

44 .4# 251 11.14 88.4 113 9.95

45.17 251 11.47

Table 6.15 Comparison of applied moment with that obtained from the
experimental stress distribution for S13-130-1.
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No experimental gusset plates were tested of this nature;
However, from an understanding of the behaviour of gusset plates with
the two variables independantly varied, a theoretical model is
developed as follows.

With all the gusset plates tested there was a tendency for the
inner gusset plate to buckle in the geometric compatible manner. That
is, with the fold lines symmetrically about the angle bisector. This
had the éffect of the gusset plates tending to fail in as similar a
manner as possible to a gusset plate having both fixed edges the same
length. Therefore, when considering a gusset plate with an internal
angle greater than 90 degrees with its fixed edges of different
lengths, it is expected to buckle in a similar manner to a 90 degree
gussét plate with its fixed edges the same length. It is also
expected to buckle symmetrically about the angle bisector.

Assuming full length fixed ended struts running parallel to the
free edge with their effective lengths based mathematically upon the
plate width and internal angle, gives a good simulation for equal
sided plates with varying internal angles, and a reasonable simulation
for unequal sided, 90 degree plates. However, using this assumption
with the unequal sided, varying angled plates does not give such a
satisfactory model simulation, as shown in Figure 6.32. It is
difficult to fit this model in with the fold line requirements.
Figure 6.33 shows the same mathematical assumption modelled in a
slightly different way, to fill the requirements of the gusset plates
tending to buckle symmetrically and in a similar manner to an equal
sided 90 degree gusset plate. This is an extension of the model
expressed in Figures 6.24 and 6.27 for the other types of plate. This
model appears to comply better with the fold line requirements, and
the position of the fold lines can be estimated more easily? as
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before, based on those for equal sided gusset plates.

&

Figure 6.32 Strip model for unequal sided varying angled gusset
plates assuming fixed ended struts running parallel to free edge.
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Figure 6.33 Strip model for unequal sided varying angled gusset
plates assuming fixed ended struts of an equivalent equal sided gusse
plate, :
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free edge
6.9, Post biakl tibilit

So far only complete gusset plates are considered, however,
incomplete gusset plates are sometimes used in various situations in
practice. In developing the mode of failure of the equél sided 90 .
degree gusset plates; reference is made to gusset plates with varying
amounts of the inside corner removed. With only small amounts
removed, the behaviour is similar to a complete
gusset plate. With large amounts removed, the gusset plates were
gradually reduced to just strips of plate spanning between the loaded
and supported plates. Also a series of tests were performed on
different lengths of strips of plate inclined at 45 degrees. These
narrow strips of plate behaved in a similar manner to fixed ended
struts equal to approximately their centre line lengths. That is,
their effective length was equal to half their centre line length, the
same as the equivalent strip of plate in an equal sided gusset blate.
Therefore, for an equal sided gusset plate the load capacity of a
strip of gusset plate can be calculated irrespective df its size, by
deducting the load capacity of the gusset plate that is removed from
the load capacity of a complete gusset plate.

A similar narrow strip of plate inclined at an angle other than
45 degrees, also behaves in a similar manner to a fixed ended strut
with its effective length equal to approximately half its centre line
length. The equivalent strip of plate in a gusset plate with its free
edge inclined at the same angle carries a higher load, because it has
an effective length less than fits centre line length, as previously
discussed, Therefore the method discussed for the equal sided gusset
plate cannot be used for unequal sided gusset plates with the inside
corner removed parallel to the free edge., The error will be greater

the greater the amount of gusset plate.removed. A gusset plate with a
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small amount removed behaves very much like a complete gusset plate,
whereas a gusset plafe that has had so much removed that there is only
a narroﬁ strip of plate left, behaves as though it is a strut;
Therefore, the effective lengths of the struts in the model have to
change from the shorter lengths calculated for a complete gusset plate
to the longer length calculated for a strut. The controlling factor
is the proportion-of the original gusset plate that is left or more
conveniently, that which is removed.

As the calculation of the effective lengths is based on the plate
width, it is convenient to use the ratio of the amount of plate width
removed C to the origin;l width W. For a complete gusset plate this
ratio is 0 and for the absolute limit of an infinitesimally wide strip
of plate, this ratio is 1. Therefore, it is convenient to relate the
effective lengths calculated for each strip to this ratio such that
when a complete plate is used then the effective lengths are
calculated based upon that for a complete gusset plate, and when an
infinitesimally wide strip of plate is used, then the effective
lengths are calculated based upon the full centre line length of each
strut. Further, for mathematical convenience it is assunmd that the
relationship is linear between these two extremes. Calculation of the
load capacity of a particular remaining strip of gusset plate then
involves the calculation of the load capacity of the gusset plate
removed, using the appropriate ratio, and then deducting it from the
load capacity calculated for the complete gusset plate, again using

the appropriate ratio.

e 1 ode
Having developed the theoretical model it now requires expressing
mathematically.
o e et ate

Consider the general complete gusset plate as shown in Figure
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6.34, Basically the mathematical model converts the gusset plate into

(a) internal angle 9 <90

(b) internal angle 6> 90

Figure 6.34 Mathematical model of a complete gusset plate.
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an equal sided gusset plate having the same width and internal angle
up to a maximum of 90 degrees. The moment of resistance is then
calculated for this gusset plate based upon assuming it consists of a
series of full length fixed ended struts running parallel to its free
edge. Therefore, the effective length of any given elemental strut is
given by

ly = Ww.tan ©/2, where 8 ¥ 90° (6.5)
where w varies from 6 to W.
Special case when 6 = 90°, Equation 6.5 gives

1y ="..-¢'
this is the value used by Martin (15).

Also where 6 > 90° as in Figure 6.34(b), Equation 6.5 gives

o ete e late

Now consider the incomplete gusset plate taken almost to the
extreme with only a thin_strip remaining. Figures 6.35(a) and (b)
show such plates correspond to the full plates as shown in Figures
6.34 (a) and (b) respectively. The fixed ended strut length used for
the outermost elemental strut, in such a narrow remaining strip of
gusset plate approaches the free edge length as C tends towards W, and
each corresponding elemgptal strut approaches v where

v=w.V/W (6.6)

Therefore, the effective lengths of an elemental strut, at the two
limits are:
for a complete plate C/W = 0

1y

zwtan8/2 = w.tan 6/2, 6 % 90°

therefore =z 1
and for a strip of plate C/W = 1

l; = z.Ww.tan/2 = v/2 = w.V/2W , 8 } 90°

therefore z = V/(2W.tan8/2)
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(a) internal angle 8 <90

2l =y as (=W

(b} internal angle 8 > 90" -

Figure 6.35 Mathematical model of an incomplete gusset plate.
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Assuming a linear relationship i.e. y = m.X + ¢
z = [V/(2.W.tanB/2) = 1]C/W + 1
L]
Therefore the general expression for the effective length of all

gusset plates becomes

ly = {[V/(2.W.tan8/2) - 1]C/W + 1}w.tan6/2 , where 63 90° (6.7)

where \ JEZ + H2 - 2,L.H.cos8

and W= (L.H.sin8)/V

Note the 6 3 90° does not apply to the calculation of V and W.

e emati 1
Now that the effective lengths for the elemental struts used in
the mathematical model are established, the next step is to determine
which buckling stress equation to use. Martin chose the empirical
Rankine buckling equation because of the ease by which it is
integrated. Derivation of this equation is based upon the elastic

Euler buckling stress and the yield stress as follows.

6.10.3.1 Rankine-Gordon buckling stress formula

The theoretical elastic eritical stress of an axially loaded
straight strut is referred to as the Euler buckling stress fg curve
ABC Figure 6.36, and is related to the slenderness ration 1/r by

fe = m2E/(1/r)2 (6.8)

where fgo is the elastic critical stress, E is Youngs modulus, 1 is the
effective length and r is the radius of gyration. The strut cannot
theoretically sustain a mean stress greater than the yield stress fy.
The line DB, Figure 6.36, therefore, represents an absolute upper
limit to the load=-carrying capacity of the strut.

Tests on real struts show that the ultimate stress lies somewhat
below the composite curve DBC in the region of B, the corner at B is

rounded off. A rough estimate of the ultimate stress may be obtained

from the interaction formula
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Figure 6.36 Theoretical buckling stress curves.

1 =1+ 1 (6.9)
f fe fy
This provides an arbitrary transition curve between the two extreme
cases. If Equation 6.8 is used to eliminate f from Equation 6.9 the
latter can be written as

Fi

£y/(1 + k(1/r)2) (6.10)

Tp

where k

£y/(n2.E)
This relationship between f} and 1/r appears as the broken line in
Figure 6.36 and is the Rankine formula. It has been customary to
alter the value of k in Equation 6.10, and even the value of fy,'in
order to adjust the position of the curve to match the results of
tests. Martin(15) chose not to alter these values and from-the
comparison of his method with the experimental results, it gives
reasonable results where applicable.
6.10.3.2 Perrv-Robertson buckling stress formula

Martin(15) also used a linear approximation to the Rankine
formula, which also gave reasonable results, within its limits of use,
However, to put the method into context with other buckling problems,

and make it more acceptable, the method is developed using the Perry-
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Robertson buckling equation which is presently in use and accepted in
this country. In a similar way other buckling equations used in other
parts of the world can be adapted to suit the requirements of éther.
buckling codes.

The Perry-Roberston formula is obtained by considering the
initial bow or crookedness of a strut. It can be shown that if an
unloaded elastic pin—ended strut has the initial deflected shape

Zo = a¢sin(m.x/1) (6.11)
then the transverse displacement of the loaded strut is .

z = aysin(n.x/1) | (6.12)

1]

where a1 = a1/(1 - (P/PR))
(z and Zo are measured from the load axis)

The bgnding moment at the midpoint of the loaded strut is P.3,
and the maximum stress in the strut is the sum of the axial and
bending stresses

fmax = P/A + P.3;.n/I (6.13)
where h is the distance from the centroid of the section to the
extreme fibre on the concave side. Equation 6.13 can be simplified by

writing I = Ard

fmax = fpl1 + n/(1 = £/£¢)] (6.14)

where N = aj.h/r2 = constant

Ag the mean stress f is increased, the maximum stress increases at a
progressively greater rate until, eventually, it reaches the yield
stress. If the mean stress is increased still further, a plastic zone
forms on the concave side of the strut, the stiffness of the strut
deteriorates and collapse follows, The load at which fp,4 reached fy
may therefore be taken as a lower bound to the collapse load. If fpay
is replaced by fy in Equation 6.14, the result is a quadratic equation

to be solved for the unknown mean stress fp. The solution is

fp = fp = V[£22 = fyfe] (6.15)

where f2

[fy + (n+ 1)f1/2
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Equation 6.15 was derived by Perry and defines the mean stress fy, at
which yielding begins, in terms of the slenderness ratio 1/r. (fy is,
a property of the material, n can be determined in principle from
measurements of real struts, and fg is a function of 1/r).

If it is assumed that the initial lack of straightness aq is
proportional to the length of the strut, then aj; = k41 and h = kor,
where kg and k, are constants. Hence

n= a;h/r2 = kqkol/r = constant x (1/r)
Robertson suggested that n = 0.001(1/r) corresponds to the average of
points obtained from tests, while that n = 0.003(1/r) gives a lower
bound to test results. The value n = 0.003(1/r) was used in BS 449(1)
until 1969, when it was replaced by an expression proposed by
Godfrey.(1 ) The expression is
n= 0.3(1/r)2 x 10-4 _ (6.16)
The new British draft Steel code (2) now suggests
M= 0.001a( A= Ag), but <0 (6.17)
which is referred to as the Perry factor, where a is the Robertson
constant, which is obtained from a table relating it to various
sections, A is the slenderness ratio (1l/r),and Ay is the limiting

slenderness given by

 Ao= 0.2Vn2E/ £y (6.18)

By altering the assumptions made about the nature of the
coefficient n, the shape and position of the curve can be adjusted to
obtain the best agreement with experimental results. The Perry-

Robertson formula, Equation 6.15, is therefore regarded as an

empirical formula despite the logic by which it was derived.

eve e the ematica i e Perry-
for
Using the effective lengths selected and the latest version of
the Perry-Robertson strut formula as given in the British draft steel
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Figure 6.37 General theoretical model of a complete gusset p_late.

code B20 (1977) (2) the model is as shown in Figure 6.37. Taking
moments about the inside corner of the model gusset plate shown in

Figure 6.37(b) gives

w .
PyS =J- foyb.wedw (6.19)
0

where fp, is the buckling stress of the elemental strut of width dy at
a distance w from the inside corner of the gusset plate of width. W.
As the Perry-Robertson equation is used, f, is given by Equation 6.15
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with™ the new value of n Equation 6.17 giving

fow = foy = VI2,2 - fyfeyl + (6.20)
where foy = [fy +.(ﬂw + 1)feyl

fou = R2E/(1y/r)2

Ny = 0.001a(hy = Ag), Dbut £8

Aw = ly/r

Ao = 0.2VnZE/fy

Combining Equations 6.19 and 6.20 gives
W
PyS = tj{fgw - Va2 = fyfeyllvidw (6.21)
o]

For complete gussef plates the effective length 1, of the elemental
strut at a distance w from the internal corner is given by Equation
6.15 which is reproduced below.

l, = w.tan8/2 , where 8 % 90°
Unlike the Rankine strut formula, the Perry-Robertson strut formula,
Equation 6.20 is not easily integrated and so a numerical solution is

as follows.

Figure 6.38 Numerical version of theoretical model.

The moment of resistance Myj produced by strip i at failure, as
shown in Figure 6.38, is
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Myj = fpit.widw (6.22)

* where fy,i = Perry buckling stress for strip i
= fp3 = ([£p32 = fyfeil (6.23a)

fei = Euler buckling stress for strip i

n2E/(13/r)2 = n2E.t2/(12.152) (6.23b)

fy = yield stress
= [fy + (ng + 1)fei1/2 (6.23¢)

Nj = Perry factor for strip i

= 0.001a(A; = Ag) , but £.0 (6.23d)
a = Robertson constant
A{ = slenderness of strip i .

= 13/r = 13127t (6.23e)

Ao = limiting slenderness

= 0.2V[n2E/fy] (6.23f)
l; = effective length of strip i
Wi = moment arm distance of strip i
Now :
wi for 1st strip, wy = dw/2
Wy for 2nd strip, wp = dw/2 + dw
wi for 3rd strip, w3 = dw/2 + dw + dw = dw(1/2 + 2)
wj for ith strip, wj = dw(1/2 + (i ~ 1))
Therefore

wij = dw(1/2 + (i - 1)) (6.24)
Also from Equation 6.10, the effective length of strip i is

1; = wjtan8/2 , where 6 #90° (6.25)
If there are n strips and W is the total width of all strips then

dw = W/n . (6.26)
Therefore the total ultimate moment produced by n strips is given by

n
Mui = Z fbit.WidH’ (6-27)
i=1 i=1

g

My, =

If this is equated to the externally applied moment then
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n
Pys = ) fpit.widw (6.28)
i=1 ,

Which is Equation 6.19 expressed as a numerical summation instead of
an integration.

For the model to be used with gusset plates with varying amounts
of the internal corner removed then the more generalised equation for
calculating the effective lengths, Equation 6.7, can be used instead
of Equation 6.5. Therefore,

1; ={[V/(2.W.tan8/2) = 1le/w + 1}witan8/2  (6.29)
where 8 # 90°.
also Equation 6.24 becomes

wi = C+ dw(1/2 + (i = 1)) (6.30)
and Equation 6.26 becomes

dw = (W - C)/n (6.31)

In the following, the mathematical model, (Equation 6.28), using
the Perry buckling stress equation, (Equation 6.2 ), for the stress
distribution and the genefalised equation, (Equation 6.29), for the
effective lengths, are compared with the experimental ultimate load
results in a similar manner as with the other theories presented in

Chapter 5.

ice of Robertson consta

In using the Perry_buckling equation, as presented in Section
6.10.3.2, by altering the assumptions made about the nature of the
Perry factor 1, the shape and position of the buckliﬁg stress curve
can be adjusted to obtain the best agreement with experimental
results. The Perry factor used in the mathematical model is that
which is recommended in the British draft steel code of practice,
(Equation 6.17). This equation has another factor, a, which is
referred to as the Robertson constant and is obtained from a table in
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the code relating it to various sections. The greater the value of
the Robertson constant, the more conservative the buckling stress is.:
The largest value used is a=8 The nearest category in which the
gusset plates may be placed would be for welded plate I or H-section
up to 40mm thick which gives a value of a=3.5 for the x-x axis and
a=h,5 for the y-y axis. A value of a=0 corresponds to the upper limit
and gives the combined Euler and yield stress curves. The
experimental buckling stresses obtained from the strut tests, were
' very close to the Perry curve with a=1. Therefore, in the comparison
with the experimental results, the two extreme values of the Robertson
constant are used, with a=1 corresponding to an upper bound and a=8

corresponding to a lower bound.

er o ri e

As a numerical solution is given using the Perry buckling stress
equation it requires the plate to be considered as a finite number of
strips. The number of strips required to produce an accurate solution
depends mainl} on how quickly the slenderness changes across the width
of the gusset plate. Therefore, it is not possible to choose a
specific gusset plate to determine the number of strips. As it is
considered impractical to relate the number of strips to the change in
slenderness across the gusset plate, thecoretical curves aré calculated
using different numbers of strips for both values of a and all the
experimental series. It is found that the accuracy of the solution
increases very quickly as the number of strips are increased. The use
of one strip is noticeably inaccurate. The use of two strips is
reasonably close with all except the series investigating the gusset
plate size. The use of three strips is slightly inaccurate with the
series ;nvestigating the gusset plate size and the series
investigating the gusset plate height. With the other series and
other number of strips, the results are very qlose to the solution.
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Convergence is found with ten strips for all but the series
investigating the gusset plate size, which &s found to have converged.
with 15 strips. However, a reasonably accurate solution can be
obtained with as few as four strips. In the following examples 15
strips are used, which is taken to give an accurate soluftion for all

gusset plates.

£.11.3 Comparison of ultimate loads

In Figures 6.39 to 6.47 the ultimate loads calculated using the
Perry buékling stress equation in the mathematical model using 15
strips and for a=1 and 8 are plotted with the experimental ultimate
load results obtained for each of the main gusset plate series.

With the variation in the gusset plate size, Figure 6.39, the two
thecoretical curves are in reasonable agreement with the experimental
results which lie between the two curves. The theoretical and

experimental peaks coincide at L=H=200mm.
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Figure 6.39 Comparison of theoretical with experimental ultimate
loads for series 3,
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With the unequal sided gusset plates, Figure 6.40 the effect of
considering the mathematical equivalent sided gusset plate having the
same width gives satisfactory results. This assumption is not
expected to give the same curve, because the plate width slowly
increases as the height increases beyond the equal sided plate and
then remains approximately the same. None of the experimental results
lie below the lower limit curve and most of them are between the two
curves.

With the variation in the load position, Figure 6.41, the
theoretical curves are very similar in shape to the experimental
results which are very close to the lower curve. The experimental
results fall slightly lower as the load moves towards the outer edge
of the plate. This is attributed to the deflection of the loaded
plate reducing the post buckling incompatibility as the load position
moves out towards the free edge and so reduces the restraining éffeet
and in turn the load capacity of the gusset plate.

With the variation of the loaded plate thickness, Figures 6.42
and 6.43, the theoretical curves do not include a term for the
resistance of the loaded plate, as suggested by Martin (15). However,
the experimental evidence does not support the necessity of including
such a factor, with the lower limit curve closely following the
experimental results. The experimental failure loads for s=L/2 lie
slightly higher than this curve, and for s=L they lie slightly lower,
which is in agreement with the previous results.

With the variation of the gusset plate thickness, Figure 6.44,
for small thicknesses the experimental results lie between the two
theoretical curves, which is in agreement with the other series. As
the plate thickness is increased the experimental failure loads
increase at a greater rate than the theoretical curves and so are
conservative for the thicker gusset plates. With the theoretical
curves, the tensile yield strength is used. From observations in the
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tests and the separate strut tests, this value may be low and a
crushing strength should perhaps be substituted.

Despite the experimental peaks with the two thirds remaining
width of gusset plate, Figures 6.45 and 6.46, the smooth theoretical
curves fit satisfactorily. The two extremes of remaining gusset plate
width are very close to the lower limit curve, and the mid range
remaining widths are slightly higher than the upper limit curve.

For internal angles greater than and equal to 90 degrees the
experimental results (Figure 6.47), lie between the two theoretical
curves satisfactorily. .As the angle is reduced from 90 degrees, the
experimental results gradually increase far more rapidly, resulting in
higher failure loads for the very small angles than the theoretical
curves predict. As with series 12 investigating the gusset ﬁlate
thickness, this may be due to the tensile yield strength being used

instead of the crushing strength.

of i he i wi the
experimental re

Considering the complex behaviour of the gusset plates and the
scatter of results that normally accompany most buckling tests, the
theory compares well with all the parameters tested. The theoretical
curves follow the same pattern as the experimental results. The
majority of the experimental results have fallen within or close to
the theoretical band denoted by the upper and lower curves, with a=1
and 8 respectively. The only departure from this is with the thick
gusset plates of series 12 and those with small internal angles of
series 13, which are greater than the theoretical upper curve. This
is most likely due to the tensile yield strength being used instead of
a crushing strength. Furthermore, for very low slenderness ratios,

the effects of strain hardening may be quite significant. Therefore,
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this makes the theoretical curves conservative and safe for non-

slender gusset plates.

efle
e _deflectio a ome otatio

Examination of all the vertical deflection data related to the
gusset plates tested reveals a characteristic vertical deflection
curve, The curve usually consists of a small initial settlement
deflection followed by a linear main section and finally a non-linear
section as it approached failure. With the testing arrangement, it
was inevitable that some gusset plates would show some initial
settlement deflection and others not, With a very small number of the
gusset plates the linear section is not quite apparent, with a
curve taking its place. However, with repeated results it is evident
that it was masked by other interfering deflections. The gradient of
the linear section varies, and despite some scatter, it is evident
that there is some relationship with some of the parameters tested.
There is also a similar relationship with the extent of the linear
section. With some gusset plates there was virtually no non-linear -
deflection, whereas with others there was quite a large amount.

Because of the nature of the vertical deflection curves it is
only considered possible to obtain some estimate of the gradient of
the linear section, Attempts were made to obtain some theoretically
derived equation for the moment rotation characteristics of the gusset
plates, from which the vertical deflection gradient at the load point
could be calculated., Unflortunately, due to the complex behaviour of
the gusset plates no siﬁple theoreticaly derived equation was obtained
that matched the experimental results. However, when considering the
deflection perpendicular to the loaded plate and at the load point,
that the graphs of the load deflection gradients P/dv plotted against

the respective variables for each series of gusset plates, has a
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similar shape to the ultimate load curves. That is

Therefore - = - (6.32)

furthermore, with P and P; in kN, and d in mm

k = 1mm (6.33)
Using Equation 6.28 to calculate P, with a=8, the gradients are
calculated and plotted with the deflection graphs. It is found that
the gradients are in the same range as the experimental gradients,
éllowing for the scatter in the experimental results and for the
effects of the thin loaded plate tests. The only series in which the
_results are not satisfactory is the series in which the inside corner
was removed. The results are in agreement with the complete and near
Epmplete gusset plates but, they underestimated the load deflection
gradients of the narrow strips of plates. That is the_predicted
deflections are greater than the experimental deflections for these
plates, Therefore, for a complete gusset plate the deflection d of a
point load P perpendicular to the loaded plate is given by Equation
6.32. Furthermore, the moment rotation relationship of the gusset

plate M/d@ can be related to P/dv by considering similar triangles

to give
M P.8L
do dv
; M Pys.L
Therefore = — (6.34)
de k

where dB is in radians.

The implication of using Equation 6.33 in Equations 6.32 and 6.34 is
that the ultimate load is attained after the load P moves a
perpendicular distance dv, to the lcaded plate by 1 mm. Also the
predicted values of P/dvand M/d® are dependant on the value of P, used
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and as to how close it is to the actual value, Therefore, the more
conservative the estimated value of P, used, the greater the estimated.
value of the deflections and rotations, The theoretical vertical
deflection curves for a=8 are plotted with the experimental curves in

Appendix 3.

6.12,2 Out of plane deflections

Examination of all the lateral deflection data related to the
gusset plates tested reveals a range of different types and amounts of
out of plane deflections. However, they can be split into two groups.
The first group consists of relatively small lateral deflections for
most of the loading, typically less than 1 mm for 90% of the ultimate
load, with virtually no deflection at 50% of the ultimate load. The
second group consists of relatively large deflections, in some cases
stérting from the initial loading. The curves in this latter group
vary considerably and appear to be influenced by the initial lateral
deflection, the load position and loaded plate thickness. Other
gusset plates that are related to those belonging to the second group,
start to buckle in one direction and then fail in the other.

With the series having both types of gusset plates it is possible
to select two gusset plates between which the transition occurs. In
series 3, in which the size of the gusset plate was varied, the
transition is between the gusset plates with L=H=200 and 300 mm. The
smaller gusset plates are of the first group, and the larger are of
the second. In series 4, in which the height of the gusset plate was
varied, there appears to be a transition between H=500 and 600 mm, the
lower values of H belonging to the first group. Series 13, in which
the internal angle was varied, the transition is bétween the gusset
plates with 0 =70 and 90 degrees, with the smaller angles belonging to

the first group. Also in series 12, in which the thickness of the
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gusset plate was varied, for values of t > 5mm they belonged to the
first group. All the other series belong to the second group.

The group to which each gusset plate belongs appears to be
related to the slenderness of the gusset plate, i.e. those in the
first group were of a lower slenderness than those of the second.
Therefore, the slenderness ratio of each gusset plate is calculated
based on Equation 6.7 in which w is replaced by W, to give the
effective length 1 of the free edge, which in turn gives the

slenderness ratio A when divided by the radius of gyration r giving

A= 1= V12.2.H, tang/2; © # 90° (6.35)
r t
where z = [V/(2.W.tan0/2) = 1]C/W + 1

(=1 for complete gusset plates)

The results are as given in Table 6.16.

Slenderness ratio of gusset plate
Series Variable Group 1 Group 2
3 L=8H < 122.5 2 183.7
it H < 160.8 > 164.3
5 S | 183.7
7 T 183.7
12 t < 146.9 > 146.9
8 G 183.7
13 8 < 128.6 > 183.7

Table 6.16 | Slenderness ratios of gusset plates in the two out of
plane deflection groups for each series of tests

Therefore, the transition is between X\ =160.8 and 164.3,
Examination of the associated deflections suggests that the former
would be in the second group. Therefore, a value of A = 160 is taken

to be an upper limit of the first group.
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1.1 _Introduction

In the following a theory for the failure of welds along the
loaded and supported edges is developed with the aid of the
experimental results obtained from the weld series. The theory is
related to the theory for the gusset plates and is developed in a

similar manner.

eye I e the we e

Consider the simplest gusset plate with the loaded and supported
edges of the same length and the internal angle 90°. The loaded and
support plates are assumed to be rigid, in the sense that they are
straight, and are free to rotate about the inside corner of the gusset
plate, as shown in Figure T7.1(a). As the load P is applied the loaded
and supported edges close together on the gusset plate and reduce the
internal angle as shown in Figure 7.1(b). However, with no shear
resistance between the adjacent surfaces the gusset plate effectively
moves outwards from between the two closing surfaces under wedge
action as shown in Figure T7.1(c) thus preventing any load being
applied to it. With shear resistance this movement is resisted and a
load is applied to the gusset plate. The magnitude of the loéd
depends upon the shear resistance along the loaded and supported
edges.

With the shear resistance along the loaded and supported edges
sufficiently high to prevent any movement along these edges then the
gusset plate is loaded with full contact as shown in Figure 7.1(b).
However with slip along these edges the gusset plate is loaded towards
the free edge of the loaded and supported edges. This concentration
of loading deforms these edges, either elastically, or if the load is

high enough, plastiecally, to produce contact zones as shown in Figure
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Figure 7.1 Theoretical model showing effects of with and without
shear resistance along the loaded and supported edges.
T<1{d).

With the full contact zone along both the loaded and supported
edges, the applied resultant load P, is transmited to the gusset plate
with a resultant reaction P" at the point s", and from the gusset
plate to the vertical support, with a resultant reaction P' at point
s', as shown in Figure 7.2(a).

In the development of the gusset plate theory it is shown that
such a model, with gusset plates that are still in the elastic range,
or in the fully plastic range without buckling, then the gusset plate
reactions P" and P' are at the mid points of their respective sides.
That is s"=L/2 and s'=H/2. For plates with post buckling the values
of s™ and s' are more complicated and are not considered at present in
the development of the weld theory.

As slip occurs, the contact zones are reduced and move out
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Figure 7.2 Resultant contact reaction points and éontact zones along
the loaded and supported edges.

towards the free edges, the resultant reactions P' and P" on the
gusset plates must be within these contact zones and therefore move
with them, as shown in Figure 7.2(b). The positions s!' and s" of the
resultant reaction P' and P" within the contact zones ¢! and cf,
respectively, depend upon the way the gusset, loaded and support
plates deform. However, for a first approximation it can be taken as
half of the contact zone. With the resultant applied load used in the
'experiments, the defleeﬁfn of the loaded plate alters the contact zone
similar to that shown in Figure 7.2(c¢). The initial effect is to move
the contact zone outwards. Also in this case, the more flexible the
ioaded plate, the closer the resultant reaction P" is to the applied

load P, i.e. s" tends to s. As the actual amount of bending of the
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loaded plate is very small the bending resistance is considered

negligible.

We alon edge ject £ ea e
At this stage it is assumed that slip is prevented along the
loaded edge solely by the shear resistance along the loaded edge
itself gpd not by normal forces along the supported edge. Similarly
with the shear resistance of the supported edge. This form of shear
resistance can be provided by friction alone. If welds are placed
only within the contact zones then the supported edge weld does not
interfere with the shear resistance of the loaded edge and similarly
the other way round. This then gives the arrangement as shown in
Figure 7.2(d), which was the'arrangement of series 17.
Referring to Figure T7.2(d) consider the equilibrium of the gusset
plate alone.
Resolving vertically we have
P" = P'p + Fyy (7.1)
Resolving horizontally we have
P' = P"n + Fyp (T2}
Considering the loaded plate alone and taking moments about 0 and
neglecting the bending resistance of the loaded plate, as deflections
are small, then

pngn B.s

therefore pn P.s/s" (7.3)

Similarly for the equilibrium of the specimen as a whole then
Plgl = P.s

therefore pt P.s/s! (7.4)

Eliminating P' and P" from Equation 7.1 using Equations 7.3 and 7.4

gives P.s = P.s.p + Fyy
s™ s!
therefore Fuy = P.s(1/s" - p/s') (7.5)
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Similarly by eliminating P' and P" from Equation 7.2 gives

Fyn = P.s(1/s' - p/s") (7.6)
Equations 7.5 and 7.6 give the required weld strength for a givenl
loading_Ps knowing the coefficient of friction ) and the position, s'
and s", of the resultant reaction, P' and P", along the supported and
loaded edges respectively.

The main problem is in determining the values of s!' and s". In
the elastic range of the gusset plate with full contact zones on both
the loaded and supported edges the values of s' and s" are H/2 and L/2
respectivély for a rigid loaded plate. With a flexible loaded plate
P" is expected to move towards the position of the applied load P.
When considering the ultimate strength of the welds, slip occurs
before the welds fail. Thérefore the slipped condition exists with
the reduced contact zones. So the resultant reactions move further
than the mid-point position on both the loaded and supported edges for
a rigid loaded plate. But, with a flexible loaded plate the loaded
edge resultant reaction P" may bg anywhere between the applied load
and the rigid condition, depending on the amount of slip and the
flexibility of the loaded plate. The possible extreme ranges of
resultant reaction contact positions for varying degrees of weld slip

and - loaded plate flexibility are shown in Figure 7.3.
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Figure 7,3 Possible extreme ranges of resultant reaction contact
positions.
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experime e

Series 17 specimens were tested with only short lengths of fillet
weld in the contact zones of the loaded and supported edges. 1In Table.
T.1 the experimental ultimate loads and contact zones are used in
Equations 7.5 and 7.6 to calculate the theoretical shear loads iﬁ the
welds., These are compared with the strength of the weld based on
separate ultimate shear stress tests as described in Section 3.4.4.

The theoretical loads in the welds based on a friction
coefficient of 0.45 indicated the correct weld failures. The
theoreticél coefficient of friction based on these welds failing is
the same for three of the tests i.e. p =0.395. When this value is used
to calculate the loads in the weld, they still indicate the same weld
failures.

The accuracy of this theory is based on knowing the contact zones
or more accurately the position of the resultant reaction on the two
edges of the gusset plate. For specimen S17-25-1 the theory gives a
higher ultimate applied load P given the actual weld strength. This
specimen however was in full contact all the way across the loaded

~
edge for most of the test, while the other three specimens started off
with a gap which closed when loading. This suggests that with the
latter three the resultant contact point started towards the free edge
and moved inwards as the loaded plate deformed to close the gap. This
left the resultant contact point somewhere in the middle of the
contact zone on the loaded edge, as assumed. However with specimen
S17-25-1 the plate was already in contact and on loading, the
resultant contact point was at the point of loading i.e. at s=1/2. It
then moved only slightly out towards the free edge as the load was
applied, but not necessarily to the centre of the contact zone. To
verify this assumption the theory was used to determine the position
of the contact point s" that would produce the required weld failure.
The theory gave s"=177Tmm which is approximately midway between the
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middle of the contact zone and the load point, which is in the area

expected.

T.2.2 Continuous weld along loaded edge only

Consider the same gusset plate in the elastic range of behaviour
and a rigid loaded plate with a weld along the full length of the
loaded edge, as shown in Figure T7.4(a). The weld along the loaded
edge not only provides resistance against slip along the loaded edge,
but also provides resistance against slip along the supported edge by
its tensile strength adjacent to the supported edge. Effectively the
shear resistance that would be provided by the missing supported edge
weld is replaced by the tensile resistance of a section of the loaded
edge weld. The tensile stress distribution will be the highest,

adjacent to the supported edgé and gradually reduce away from it.
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Figure 7.4 Effects of only a loaded edge weld.

Equation 7.5 for the shear force in the supported edge weld Fuv
now becomes the equation for the tensile force Typ in the loaded edge
weld. With Equation 7.6 for the shear force Fyup in the loaded edge
weld remaining the same.

Py = P.s(1/s" - p/s!) (7.7)

The tensile force Ty, produced by the loaded edge weld is given by
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therefore the maximum tensile stress f¢ in the weld becomes

£y = —=——- (7.8)

The shear force Fyp produced from the loaded edge weld is given by

2afqoLnt
Byl B sem=wme
V2
Therefore, the maximum shear stress fq in the weld becomes
Fyuh- V2
f'q i Sewermmne (709)
2.L.t

With f¢=1.3fq the simplest equation combining these stresses is given

.by

Q =W(£/1.3)2 + £2 (7.10)
Where Q is a constant and equal to the shear strength of the welds.

Substituting Equations 7.8 and 7.9 into Equation 7.10 gives

Twn'2 \ 2 (th\’éz
+

————— (T.11)

Substituting Equations 7.6 and 7.7 into Equation 7.11 gives

P.sy2 (1 p) 2 P.s/2 (1 p) 2
Q = |wem———- - - - d | mm— - e

sh s! s! s

and re-arranging for the load applied to the gusset plate P gives

Q.t 1
B = = 1 (.1. -n)2+ _‘L(_‘L—.u)2
/2.s 1.3c¢t \s* 8! 2.L \s' s

The main problem with Equation 7.12 is in determining the values

(7.12)

of s', s" and c¢. s' and s" will vary as described in Section 7.2.1.
With a full weld along the loaded edge, which will prevent
longitudinal slip, the value of s' will be approximately H/2. With a
little slip it will move outwards, and with the buckling of the gusset
plate it will move inwards.

The length of the tensile zone will vary depending upon the
deformation of the gusset plate and the loaded plate. Fo; example,
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. Figure 7.5 The effects of supported edge slip on the distribution of

the load transmitted from the loaded plate to the gusset plate.
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with a rigid loaded plate and an elastic gusset plate the direct load
distribution from the loaded plate to the gusset plate before any.
slip, that is before friction is overcome, is rectangular as shown in
Figure 7.5(a). As the friction is overcome gnd slip occurs along the
supported edge, a bending moment is applied to the gusset plate. This
increases the compressive load towards the outer end of the gusset
plate, pushing the reaction P" outwards. Eventually a tensile load
Tyn is produced at the inner end as shown in Figure 7.5(b).

In practice, the loaded plates are flexible and redistribution of
the load takes place depending upon the load position as described
with the short weld in Séction'h2.1. With the load at the mid point,
the load distribution is as in Figure 7.5(c). The tensile zone moves
towards the supported edge and the resultant compressive reaction P"
moves inwards again. Further, with gusset plates that buckle, it is
shown in Section 6.5.2.3 that their resultant reactions move inwards
as the ultimate load is approached. Therefore, it can be expected
~that the compressive reaction P" moves even further inwards as shown-

in Figure 7.5(d).

is0 ith experimenta e t

Of the weld series, specimens S15-0-1 and S15-0-2 were tested
with only fillet welds along the loaded edges. These specimens failed
by the loaded edge weld failing in tension adjacent to the supported
edge just before the gusset plates themselves failed by buckling. The
failure loads were 375 and 437 kN'for the first and second sides,
respectively. The first side result is considered to be the most
realistic value as discussed in the experimental results Section
§.3.1.1.

From Series 17 with only small welds, the remaining gaps along
the loaded edge were approximately 100 to 120mm in length, Taking
into account that for the gaps to extend so far, the sliplwas
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relatively greater than with the weld running its full length. Then,
a tension zone of 90mm was estimated. The ultimate shear strength of
the welds was found by experiment to be 449N/mm2 and from series 17
the coefficient of friction was shown to be approximately 0.395.

Initially the values of s' and s" started off at the mid point
and then moved outwards as slip occurred. s' moved, say to 180mm and
s" to 220mm, Substituting these values into Equation 7.12 for the
failure load based on the weld strength gives a value of 603 kN,
greater than the failure load of 375 kN. As the load was further
increased the loaded plate deflected and the gusset plate started to
buckle. s' moved inwards say to 170mm and s" to 190mm, Substituting
these values into Equation 7.12 gives a failure load of 490 kN, still
greater than the ultimate load, Further deformation and buckling
brought both s' and s" further in, and if at the ultimate load,
s'=140mm and s"=150mm then Equation 7.12 gives a failure load of
377TkN, which is approximately the experimental failure load.

It is interesting to note that if the section of the loaded edge
weld which is subjected to the tensile force is considered to only be
subjected to this force and not the shear force, then the failure load
would be 386kN. Therefore the failure load of the loaded edge weld is
effectively dependent upon the tensile resistance of this section 6f

the weld.

tinuo we alo e .e e
Consider the same gusset plate in the elastic range of behaviour
with a rigid loaded plate, and with a weld along the full length of
its supported edge, as shown in Figure 7.6. This gusset platé and
weld arrangement will effectively behave in the same manner as a
loaded edge weld. The only difference is that.all the factors are

interchanged in Equation 7.12 giving
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Figure 7.6 Effects of only a supported edge weld.
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The difference lies in the values of s', s" and cgy. With a full

weld along the supported edge which prevents longitudinal slip, the
distance s" is located close to the mid point of the loaded edge.
With a little slip it may move outwards but, because of the
flexibility of the loaded plate, this movement is dependent upon the
load point. With the load at the mid point this movement is unlikely
to be great. As the gusset plate starts to buckle it moves inwards
again and the reaction P" is located approximately at the load point.
The supporting plate remains effectively rigid, and with the initial
slip along the loaded edge the load distribution along the supportéd
edge is closer to that shown in Figure 7.5(b) than that in Figure
-7.5(0% The supported edge reaction P' is expected to move further
outwards from its mid point as more slip takes place, compared with
its counterpart P" which occured with the loaded edge weld. Also, the
tensile zone is spread over a greater length of the supported edge
weld. As the gusset plate begins to buckle, the supported edge
reaction P' moves inwards a little., The experimental results suggest
ﬁhét there is a resistance to slip along the loaded edge provided by

the deflection of the loaded plate which effectively reduces the
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amount of tensile force applied to the supported edge weld.

with experimenpta: e

In series 14 four specimens were tested with only welds along the
supported edges. In each case the gusset plates failed before the
welds failed in tension at the inside corner of the supported edge
weld. Some welds, however, did fail as the gusset plates folded after
they had failed. The failure loads were 362 and 395 kN for the first
sides tested, and 425 and 475 kN for the second sides tested. The
tensile zone will most likely be greater than with the loaded edge and
a value of 120mm seems reasonable. The ultimate shear strength of the
welds was 449 N/mm? and the coefficient of friction was approximately
0.395.

The values of s' and 8" initiated at the mid points and then
moved outwards as slip occurred. s" moved little because of the
flexible loaded plate and remained roughly at the mid point throughout
the loading. s' moved out considerably as slip occurred and then
moved back in as the gusset plate began to buckle, s'=225mm, which
is a little less than that measuped for series 17, to take account of
the weld extending the full length of the supported edge.
Substituting these values into Equation T7.13 gives a weld failure load
-of 894 kN. As s' reduced to say 180mm with a reduction of the tensiie
zone to 100mm due to the buckling of the gusset plate at failure, the
weld failure becomes 536kN which is higher than the failure load of
the gusset plate. Further folding moved s' further in and reduced the
tensile zone and consequently reduced the failure load of the weld.

As with the loaded edge weld, if the section of the supported
edge weld that is subjected to the tensile force is considered to be
subjected solely to the tensile force, then the failure load based
upon this weld failuré in tension only, would be 564 kN. Therefore,

the failure load of the supported edge weld is effectively dependent
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upon the tensile resistance of this section of weld.

onti e oaded edge

It was shown with the equal sided 90 degree gusset plates that
with slip the reactions P! and P" move towards the free edge. The
effect of this was to unevenly load the gusset plate and so reduce its
failure load. The effect upon the welds was to reduce the load
applied to them. With no slip, the gusset plate is loaded evenly and
its full capacity is reached. With an equal sided yielding gusset
plate the reactions P' and P" remain at the centre of their respective
edges. With a buckling gusset plate the reactions P' and P" start to
move in as the failure load is approached and are relatively greater
than if they remained in the middle. The positions and magnitudes of
these reactions are determined by the stress distribution across the
gusset plate.

In the development of the theory for the gusset plates, it was
found that all complete gusset plates at the ultimate load behaved in
a similar manner irrespective of their shape, and can be represented
by an equivalent equal sided gusset plate of the width and inﬁernal
angle up to a maximum of 90 degrees. Figure 7.7(a) shows such a
gusset plate together with its equivalent equal sided gusset plate and
its stress distribution at the ultimate load. The resultant reaction
of the stress distribution R!' is taken to run parallel to the free
edge of the equivalent equal sided gusset plate for complete gusset
plates and not parallel to the free edge of the actual gusset plate.
This assumption is based upon the way in which the gusset plates
failed. under test. This resultant reaction is taken to be resisted by
direct forces, P" and P', and shear forces, F; and Fj along the loaded
and supported edges respectively. The direct forces P" and P' are
assumed to be transmitted directly from the gusset plate to the

adjacent loaded and supported plates. The shear forces F; and Fp are
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assumed to be resisted by both the frictional forces Fg; and Fep, and
the longitudinal shear resistance forces Fy; and Fyp of the welds. It
is considered that if all the shear forces are resisted by shear
resistance along the respective edges then there will be no tensile

force in the other weld.
stress distribution across
equiv.alent equal sided
gussef plate

equivalent equal sided
gussef plate

R R

loaded plate

_.!__;L =

Figure 7.7 General weld model. .

Only the loaded edge is considered, as the supported edge is
derived in a similar manner. Figure 7.7(b) shows the triangle of

forces along the loaded edge. Taking the frictional force Fpy; to be.

p. P (7.14)

Fr1
then Ful

R'(cos¥y =~ p.sinY¥g) (7.15)

With complete gusset plates the above equivalent equal sided
assumption gives the same value of Fun as Fyj. However, with the
incomplete gusset plates, their failure modes changed as more of the
inside cofner was removed, which prompted the modification in the
gusset plate design with the incorporation of the factor z, which
increased the effective lengths in relation to the amount of the
inside corner removed. The same experimental behaviour suggested that
the removal of the inside corner reduced the tendency of the gusset
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plate to fail in a similar manner to an equal sided gusset plate, and
more'fowards an inclined strut. The result is a change in the angle
of incidence of the reaction R' to the loaded edge from the equivalent
equal sided free edge angle Yo for a complete gusset plate i.e. C/W=0
to the actual free edge angle ¥; for an extremely narrow strip of

plate, i.e. as C/W—1. Therefore

for C/W.z 0 Y1 = Yo = (90 - 8/2) (7.16)
and for C/W = 1 Y1 = ¥q = sin=1(W/L) (117
assuming a linear transition gives

¥1' = [sin=1(W/L) - 90 + 6/2]C/W + 90 - 6/2 (7.18)
Equation 7.15 then becomes

Fy] = R'(cos¥y' - p.sin¥p!) (7.19)

Replacing L with H in Equation T7.18, Equation 7.19 then gives the
shear force in the supported edge weld, Fyp.

With two full length fillet welds either side of the gusset
plate, the fillet weld size required along the loaded edge is given by

tyy = F 1 (7.20)
.y L(1 - C/W)

where fy is the ultimate shear strength of the weld.

Similarly for the size of the supported edge weld.

Co i ith experime e

The accuracy of the theory is compared preferably with
experimental results where the welds failed. There were no weld
failures with fully welded gusset plates, however, even when using the
smallest practical weld on a relatively thick gusset plate. An
approximate method is to compare the theoretical loads in the welds,
based on the experimental gusset plate ultimate loads, with the
theoretical strengths-of the welds., As thé welds did not fail the
theory should give lower loads in the welds than their actual

strength.

345



The only series with any gignificant shear forces in the welds
was series 12 and the comparison is presented in Table 7.2 as an
example. In the theory, the shear force in the weld is related to thel
resultant reaction in the gusset plate which is in turn related to the
gusset plate's Qltimate load. As the experimental gusset plate
ultimate load was generally higher than the theoretical ultimate load,
the theoretical loads in the welds are adjusted by the same ratio as
the gusset plate theoretical ultimate loads, to arrive at the
experimental value. In all cases the theoretical load in the welds
were much lower than the ultimate weld strengths and even lower than

the yield strengths.

Specimen Pu exp. Py theo.|Tyl theo.|Tyl theo.| Twl exp.| Twl exp.
= factored ult. yield
Twh theo. from from
(a=1) (a=1) welds welds

p=0

(kN) (kN) (kN) (kN) (kN) (kN)
S512-5-1 119.5 137.6 161.7 140.4 762.0 586.1
S12-7-1 215.0 234 .4 250.4 229,17 762.0 586.2
S12-9-1 450.0 333.3 342.3 462.1 1143.0 879.2
S12-11-1 425.0 423.3 429.5 431.2 1143.0 879.2
S12-13-1 550.0 500.5 505.6 555.6 1524.0 1172.3
S12-15-1} 1125.0 589.2 593.4 1133.0 1524.0 1172.3

Table 7.2 Comparison of theoretical loads in the gusset plate welds
with their theoretical strength for series 12 specimens.
7.3 Summary

From the analysis of the experimental weld tests the welds along
the loaded and supported edges are mainly there to prevent the gusset
plate from sliding out from between the loaded and supported plates.
The actual shear forces along these welds are resisted in several
ways. There is the frictional resistance that exists between the
adjacent surfaces which are pushed together by the compressive load
applied to the gusset plate, there is the shear resistance of the
welds along these edges, and there is also the tensile.pesistgnce
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provided by the adjacent section of the weld running along the other
edge of the gusset plate, The experiments show that the shear forces,
along these edges are relatively low and can be resisted by a
relatively small weld., The experiments also show that the shear
resistance provided by a weld along one edge can be replaced by the
tensile resistance of a weld along the inside corner of the other
edge. However, with no weld along one edge, the full capacity of the
gusset plate is not obtained as the loads are not transmitted to the
gusset plate in the desired manner, Also with no weld along one edge
there is a reduction in the amount of lateral rotational restraint and
so the gusset plate will buckle at a slightly lower load. From the
experiments, it appears that most of the lateral rotational restraint
is provided by the physical thickness of the gusset plate, and the
welds only supplement this by a small amount.

Slip along either edge influences the way in which the load is
transmitted to the gusset plate and so influences the way in which it
fails, and the.load at which it fails., The flexibility of the loaded
and supporting plates influences the sensitivity of the gusset plate
to slip., Slip along one edge may change the way in which the load is
transmitted and in turn cause another part of the gusset plate as a
whole to actually fail. Therefore, for the full strength of the
gusset plate to be developed, the welds have to be designed to produce
the minimal amount of slip along the loaded and supported edges. If
the welds are designed to prevent slip, then no tensile load will be

applied to the other weld and the tensile load can be ignored.

7.4 Development of loaded plate theory

The function of the loaded plate is to ensure that the gusset
plate is restrained and loaded in the correct manner so that its full
capacity can be obtained. To do this it is required to distribute the
load over the whole.or the loaded edge of the gusset plate, It is
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also required to restrain the gusset plate from moving away from its
support by the shear forces between it‘and the loaded edge.

Consider the way in which the loaded plate distributes the load
to the gusset plate. For it to distribute any load to the gusset
plate it has to deflect., If it deflects then it must provide a moment
of resistance to the applied load. However, the experiment;l
deflections were measured on a few specimens and were found to be
negligible. Furthermore the width and thickness of the loaded plates
did not have any apparent influence on the ultimate loads.

The experiments did show that the thickness of the loaded plate
determined the area of the gusset plate to which the load was
distributed. With the load applied at the end of the loaded edge it
was found that as the thickness was reduced so was the area of the
gusset plate that buckled. The whole of the gusset plate buckled with
the 20mm thick loaded plate.

With the load applied at the mid point of the loaded plate,
irrespective of its thickness, all the gusset plates failed in the
normal way. Problems therefore only appear to occur with the load
applied towards the free edge.

On the whole the experimental results suggest that there is some
relationship between the position of the applied load, the thickness
of the loaded plate and the thickness of the gusset plate, which
deterﬁines whether the loaded plate distributes the load to the whole
of the gusset plate. The results were too few to determine any
definite relationship and this is one area that requires further
investigation,

For the loaded plate to distribute the load to the gusset plate
with the applied load anywhere along the loaded edge, then there must
be a lateral reaction at the supported end of the loaded plate, which

is shown as Hy in Figure T7.7.
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Theref'ore, resolving perpendicular to the loaded plate at the ultimate

load
Py + Ry + P" =0
now from Figure 7.7 P" = R'sinﬁ{
Therefore Ry = R'sinY)' - Py (7.21)

The loaded plate is also required to restrain the gusset plate
from moving away from the supported plate. Therefore, the shear force
transmitted to the loaded plate will be resisted by the reaction Rx at
the supported end of the loaded plate as shown in Figure 7.7(a).

Therefore resolving parallel to the loaded plate

Fi1 = Ry =0
now from Figure 7.7 Fy = R'cosﬁ{,
therefore Ry = R'eoﬁ!{ (7.22)

For a continuous loaded plate Ry is the maximum shear force in
the loaded plate at the ultimate load, and Ry is the maximum tensile
force in the loaded plate at the ultimate load. For a loaded plate
welded to the support, then these will also be the forces in the weld

at the ultimate load.

0 i ith experime e t

To check the theory for the loaded plate thickness and weld size
it is best compared with experimental results where the welds actually
failed. Series 12 investigating the gusset plate thickness was the
only series where this type of failure occurred and so the comparison
is made with the results of this series. In the theory the weld size
is related éo the resultant reaction in the gusset plate which is in
turn related to the ultimate load. In order to make a comparison it
is necessary to cbmpare like with like, therefore the theoretical
loads in the welds based upon the experimental ultimate loads are
obtained in a similar manner as with the gusset plate welds, Also as
the welds actually failed, then the ultimate strength of the welds is
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used and not just the yield strength. In some cases the loaded plate
weld consisted of a fillet weld connecting it to the vertical support.
plate, and a butt weld connecting the ends of the loaded plates of the
back to back specimens. Although the weld metal was stronger than the
parent metal, the fillet welds themselves failed across the throat as
the effective cross sectional strength was lower than for the parent
metal interface. With the butt welds it was the parent metal that
failed along the interface as its cross sectional area strength was
lower., So the corresponding strengths are used. Table 7.3 compares
the uitimate tensile force in the loaded plate based upon the theory
with that calculated from the weld sizes and strengths. Also included
are the calculated tensile yield forces based upon the weld sizes and
strengths., With the load applied at the mid-point the theoretical
shear stresses at the supported end of the loaded plate were
relatively small and as the loaded plate is welded to the gusset plate

its actual presence was considered negligible.

Specimen Pu exp. Py theo.|Rx theo.|Rx theo.] Rx exp.| Rx exp.
ult. ult. ult. yield
factored from from
(a=1) (a=1) welds welds
(kN) (kN) (kN) (kN) (kN) (kN)

S12-5-1 119.5 137.6 161.7 140.4 247.6 ¥ 190.5
S12-7-1 215.0 234.4 250.4 229.7 247.6 H 190.5
S12-9-1 450,0 333.3 342.3 462.1 761.4 *| 585.7
S12-11-1| 425.0 423.3 429.5 431.2 761.4 #| 585.7
S12-13-1| 550.0 500.5 505.6 555.6 495.3 # 381.0
S12-15-1| 1125.0 589.2 593.4 1133.0 1226.5 #| 943.5

* no weld failure
failure of previous side weld
weld failure

H o+

Table 7.3 Comparison of theoretical load in loaded plate welds with
theoretical strength for series 12 specimens.

Table 7.3 shows that the theoretical ultimate loads in the welds
of the two specimens that did not fail, specimens S12-5-1 and 51259—1,
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were lower than both their ultimate and yield strengths. Both of
these specimens were the first sides of a pair tested, together with.
specimen S12-13-1. With the latter specimen the weld failed and its
theoretical ultimate load in the weld is higher than its theoretical
strength and so is safe,

With the testing of the second sides these particular welds will
most likely have been weakened with the flailing of the first side. So
the calculated loads based upon the weld sizes and strengths can be
expected to be higher than the actual values. With specimen S12-7-1
it was the weld of the previously tested side that actually failed but
it was the same as that tested. As a result the theoretical ultimate
load in the weld was a little lower than that based upon the
calculated ultimate strength of the welds, and higher than the yield
strength. With specimen S12-11-1 the theoretical ultimate load was 43
percent lower than the calculated ultimate strength of the weld and 26
percent lower than the yield load. With this gusset plate the loaded
plate butt weld was considered to have been badly damaged in the
process of the initial side folding up after failing. The loaded
plate would have been under bending and direct tensile stresses above
those calculated during loading. Therefore its strength will most
probably_have been reduced considerably below that estimated. This is
supported by the fact that the failure load of this gusset plate was
lower than the previously tested side.

With specimen S12=15=1 the fillet weld will most probably have
been damaged from the testing of the initial side. However, the butt
weld'connecting the loaded plates was put in after the testing of the
initial side and therefore was a full strength weld. As a result the
theoretical ultimatg load in the weld is only a little lower than its
ultimate strength above its yield strength.

From the results of this series, giving more weighting to the
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initial side results, it appears that the theoretical ultimate loads
are reasonably accurate. Further support is given by the fact that
the ecalculated ultimate loads of the loaded plaée welds for all otherl
series are lower than the actual weld strengths and no weld failures
occurred.

In the above weld comparison with series 12 the theoretical shear
force in the weld was calculated to be very small as ﬁhe load was
applied at the mid point., As this shear force is based upon the
position of the applied load relative to the reaction produced by the
gusset piate, then the largest values will be obtained with the
applied load at either end of the loaded plate. ‘It is therefore
considered only necessary to check shear forces in theloaded plate weld
or the loaded plate itself when the applied load is towards either end
of the loaded plate. Generally speaking the tensile force is
dominant, If the shear forces are relatively high then it may be
necessary to combine the shear and tensile stress in the weld
connecting the loaded plate to the support.

In a similar manner the loaded plate thickness can be checked as
for the weld. The theoretical loaded plate thicknesses were governed
by the tensile stress and even when the yield stress waé used with all
but series 12 Fhe loaded plates were found to be more than adequate,
.even the 6mm used in series 7. Series 12 was the only series where
the loaded plate stresses were above the yield stress and that was
because the gusset plate itself failed at a greater load than the

theoretical load.
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CHAPTER EIGHT
DESIGN
8.1 Introduction
This chapter demonstrates how the theoretical work can be used in
the design of gusset plates. Each part of the gusset plate is dealt

with in turn. A design summary and examples are given in Appendix 6.

In designing gusset plates using the limit state design method,
two'limit states are considered, the ultimate limit state and the
serviceability limit state. The theoretical model is developed to
predict the ultimate 1limit state i.e. the load at which the gusset
plates collapse.

The serviceability limit state is concerned with the .conditions
at service loads, such as deflections, vibrations, ete. With the
gusset plates the deflections are of a major concern. The in plane
deflections are related to the moment rotational characteristies,
which are important in the design of the members connected by the
gusset plates. The out of plane deflections are also important,
especially with the gusset plates. Although the gusset plates can
sustain the required load, in some cases the out of plane deflections
are relatively high and may cause some alarm or damage to its
surroundings. Therefore, they should be kept small enough not to be

visible, and not to cause any damage.

8.3 Designing the gusset plate

8.3.1 Choice of theoretical curve for design purposes

As with any experiment, éspecially buckling tests, the
experimental results can fall within a range of values and the theory

can be adjusted to give an average or a range of theoretical values to
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suit the- experimental results. However, when considering a method for
designing the gusset plates it is necessary to provide a safe value
without being too conservative. For the ultimate limit state, thel
method can be applied to all gusset plates with the appropriate value
of 'a', The lowest range of 'a' used in the British draft steel code
(2) is 8, and from the experimental results this is safe for virtually
all the gusset plates, except those with the load applied towards the
outermost end of the loaded plate. However, in this case, it must be
taken into consideration that the results are of the worst possible
loading éondition of a concentrated point load applied in the worst
possible position along the loaded edge of a relatively slender gusset
plate. Even then the experimental values are only slightly lower.
This type of loading condition is considered to be far worse than any
encountered in practice and so a value of a=8 is considered to be safe
under practical conditions,

It is found in Section 6.12.2 that the out of plane deflections
become unacceptable for gusset plates with slenderness ratios greater
than 160. That is, to sa.tiésfy the serviceabil:'i.ty requirements the
slenderness ratio of the gusset plate given by Equation 6.35 should be
limited to 160. Therefore

A< 160 (8.1)

As it is usual for the serviceability limit state to be used as
well as the ultimate limit state, then the slenderness ratio can be
applied to the ultimate 1limit state requirement. In this case, a
value of a can be chosen based upon the experimental results
satisfying this requirement. From such experimental results a value
of a = 3.5 produces safe results., As mentioned in Section 6.11.1 the
nearest category in which the gusset plates may be placed, as
presented in Table 6.2.1 of the British draft steel code (2), is for
welded plate, I or H-section up to 40 mm thick, giving a value of a =
3.5 for bending about the x-x axis and a = 5.5 for bending about the
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y-y axis. Therefore, the value of a obtained for the non-slender
gusset plates, fits into this category on the safe side. As to which,
axis category the buckling is considered to be, is debatable, To be
conservative the latter case is taken with a value of a = 5.5 for
gusset plates up to 40 mm thick., There is no reason for the method
not being applicable for gusset plates over 40 mm, and so the code
value of a = 8 can be used. Note 3 of Table 6.,2.1 of the draft code
suggests that if it is guaranteed that the edges of the flanges are
_only flame-cut, then a = 3.5 may be used for buckling about the y-y
axis for flanges up to 40 mm thick, and a = 5.5 for flanges over 40 mm
thick., The reference to the flanges may be applied to the gusset

plate.

esi re h

For the different grades of steel the characteristic yield
strengths are given. These strengths refer to the strength of the
material., However, the variation of strength in the actual structure
may be greater than that of the material, due to conditions such as
corrosion and variation of cross section. So those effects are
allowed for in design by dividing the characteristic strength by a
partial safety factor for strength Y, to obtain the design strength.
The' value adopted depends on the design code in use. With the British
draft steel code (2) the design strengths are given in Table 5.7.1 for
the appropriate material, thickness and grade of steel.
Alternatively, in Section 5.7.1 of the code, the design strengths can
be calculated based on 0.93Ys but } 0.73Us, where Ys and Us are,
respectively, the minimum yield stress and the minimum value of the
ultimate tensile strength specified in BS4360, which is the basis for
Table 5.7.1 of the code.

When buckling occurs, the strength of the member is no longer
based upon the yield strength but upon the buckling strength.
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“However, the buckling strength is a function of the yield strength and
the ceritical buckling strength based either on elastie stability:
theory or on inelastic buckling. The buckling strength is generally
below both the yield strength and the critical strength due to
imperfections present, including residual stresses, small variations
in material properties, initial curvature and other minor variations
in the geometry. There are two alternative methods of calculation for
design purposes : either the materials factor is applied to the
buckling stress after its calculation or to the characteristic yield
strength before the buckling stress is calculated. The reasoning for
the former is to ensure that the effect of the materials factor will
always be present. The reasoning for the latter method is whereas the
yield strength is a material property, the buckling strength is a
mechanical property related to the dimensions of the structural
element which uses the design strength obtained from the factoﬁed
yield strength. Also the buckling stress equation used is based upon
experimental results and already takes into account all the expected
imperfections related to buckling. The British draft steel code (2)
adopts the latter reasoning which will also be adopted by the author.

In addition to the %pplication of a form of materials factor to
obtain the design strength, the British draft steel (2) code requirés
the design strength for sections fabricated from plates by welding to
be reduced by 20N/nnn2, as given in Section 6.2.3 and note 2 of Table
6.4.1 of the draft code. Therefore, the design stress that is used
for fy is that given by Section 5.7.1 and Table 5.7.1 of the code less

20 N/mm2,

esi oa
The characteristic load is determined from the normal variation
in load. In practice the design load may be larger than the
characteristic load for the following reasons.
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a) theré is no pretence that the characteristic load is an absolute
maximum, with 5% probable values greater than the characteristic load..
b) the effect of some limit states can be more disastrous than
others.

¢) the lack of dimensional accuracy of construction can lead to
larger or smaller loads.

d) there may be inaccuracies in the assessment of the loading and
stress redistribution within the structure.

e) there may be unusual increases in lcad beyond those envisaged when
determining the characteristic load.

Each characteristic load (dead, imposed or wind) is therefore
multiplied by a partial safety factor and the loads are added to
produce a design load. Therefore, for any limit state, the design
load is given by the sum of the characteristic loads each multiplied
by its own partial safety factor.

ice P= YpyGp + YpqQp + YryWy (8.2)
where

Gy is the characteristic dead load

Qg is the characteristic.imposed load

Wy is the characteristic wind load

and the appropriate 7Yp factors.

At the ultimate limit state the partial safety factors for load
are much greater than 1.0, with the exception of dead and wind loading
condition where the dead load factor is less than 1.0. At this limit
state the important consideration is one of strength. At the
serviceability limit states the partial safety factors will be equal
to 1.0. Values of the design loads will be given in the appropriate

design code.
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table

As Equation 6.28 is a numerical solution involving the summation
of adjacent strips of gusset plate, it is best presented in tabularl
form. It can be used by hand using 4 strips to give an approximate
solution, but this would be tedious. Alternatively, a programmable
calculator can quite easily be programmed. However, in practical
design situations it is usually the gusset plate thickness t that is
required, the other factors being known from other considerations.
Unfortunately, Equation 6.28 is nof in a suitable form to obtain t
directly; A solutioﬁ may be obtained by tedious iteration but, the
best method is to use design tables or graphs.

The main problem with design tables or graphs is that there are
many parameters to be considered. The best way to overcome this
problem is to non-dimensionalise the design Equation 6.28 thus
reducing the number of variables that have to be tabulated. In the
following the general form of the equation will be non-
dimensionalised, which includes incomplete gusset plates.

Consider the general gusset plate as shown in Figure 8.1. The
ultimate load P, is given by Equation 6.28 which is reproduced below

n
Pys = Z fpit.widw
i=1

Divide both sides by 1.W2E to non dimensionalise gives

Pys n fp; t wy dw
----- = e e e (8.3)
1.WeE i=1 E 1 W W
dw
Consider =--
W

now from Equation 6.31

dw = (W= C)/n
dw 1

therefore -— = =(1 - C/W) (8.4)
W n
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t= thickness

Figure 8.1 General gusset plate,

. Wi
Consider ==
W

now from Equation 6.30

wi = C+ dw(1/2 + (i - 1))
Wi C dw
therefore - = =+ ==(1/2 + (1 = 1))
W W W
fpi
Consider ===
E

now from Equation 6.23(a)

fpi = f21i - v./faia - fyfei

1
foi  f2i  [f21\% fy fei
therefore ——— cun o f|am- - _— -

E E E E E

foi
Consider -=--
E
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{= effective length of
free edge

fy =yield strength
E= Youngs modulus

of elasticity

(8.5)

(8.6)



now from Equation 6.23(b)

“2 t
12 1
fei 2 [t\2
therefore —— = e |-
E 12 \14
t
Consider -
1

now from Equation 6.29
1; = Z.wjtan6/2 , © 3 90°
where 2 = [V/(2.W.tan8/2) - 1)C/W + 1

also from this equation

1 = 2,W.tan8/2 , © 3% 90°
. Wi
therefore 1 =1 -
W
t tiW
therefore - = |-
13 1lwy
fa3
Consider ==
E

now from Equation 6.23(c)
f21 = [fy + (ng + 1)fey1/2
foqi fy faill
therefore =z =+ (g + 1)===]| =
E E E 2
Consider nj
now from Equation 6.23(d)
n = 0.001a( ) = A\g) but < 0
Consider \j
now from Equation 6.23(e)
1i
M = |- iz’
t
Consider A,
now from Equation 6.23(f)
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B
Ao = 0.2nf| =

fy

From the above equation it can be seen that the ratio P,.s/1.W2.E
on the left hand side is related to the ratio fy/E, C/W and t/1 on the
right hand side. Further examination shows that if Equation 6.28 is
divided through by 1.Wefy instead of 1.W2E, then Pu.s/l.w2.fy can be
related to fy/E, C/W and t/1. Now only a total of three variables can
be presented on one-table or graph._ Therefore, if only complete
gusset piates are required, then Pu.s/l.wz.E or Pu.s/l.wz.fy can be
related to fy/E for values of t/l. Alternatively, as fY/E is a
materials factor, a table can be produced for a specific material
relating Pu.s/l.wz.E or Pu.s/l.wz.fy to C/W for values of t/1l. As E
is taken to be constant for steel with different yield strengths, then
fy/E can be replaced with fy in the appropriate units. If a table is
produced for a specific system of units then the E or fy on the left
hand side can be replaced by actual values so that the non-dimensional
value_?u.s/l.waE or Pu.sll.wz.E can be replaced by the dimensional
value P,.s/1,W2,

For example, consider a general gusset plate as shown in Figure
8.1. The thickness t of the gusset plate is required and
eﬁLLqC,a,fy,E and P, are known from other considerations. V,W and 1

are required and are obtained using the following equation

-1

W= L.H.sin0
v
1= {[V/(2.W.tanB8/2) - 1]C/W + 1}W.tanB/2, but 6 } 90° (8.10)

With these the non-dimensional values Pu.s/l.wz.E or Pu.s/l.wz.fy,
fy/E, CfW can be calculated and used with the appropriate table to
give t/l:.

Table 8.1 is a non-dimensional table relating P,.s/1.W2.E to C/W
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for values of t/l1l for one value of f‘y/E = 970.87 X 10"5, which

corresponds to a steel of fy = 200 N/mn? and E = 206 kN/mn?2, This

table is also dimensionalised by multiplying all the Pu.s/l.WE.EI
values by E giving P,.s/1.W2 values in N/mm2. A separate table is
required for each value of fy/E.

If only complete gusset plates are considered then 1 is
simplified to

1l = W.tan6/2 but 6 } 90° (8.11)

Table 8.2 is a non-dimensional table relating Pu.s/l.wz.E to fy/E
for values of t/l. Also included in Table 8.2 are the dimensional
values relating Pu.ss/l.'--.‘2 to fy for E = 206 kN/mm2,

Both Tables 8.1 and 8.2 are produced using a value of the
Robertson constant a=5.5 which is in agreement with that given for
welded plate or I section up to 40 mm as given in Table 6.2.1 of the
British draft steel code (2). Also the value of f‘y = 200 H/mmz, used
for Table 8.1, is the design stress for grade 43A welded plate up to
and including 40 mm thickness, py = (220 - 20) N/mm2. 220 N/mm? from
Table 5.7.1 of the code and 20 N/mm2 from Section 6.2.1 of the code
and note 2 Table 6.2.1 of the code.

As a Robertson constant of a = 5.5 is used, then the slenderness
of a gusset plai&e as defined by Equation 6.35 is limited to 160,
which when rearranged gives

t/1 » 21.65 x 10~3 (8.12)
The limit is indicated on both Tables 8.1 and 8.2. Any value less
than this _will not satisfy the author’s serviceability requirements
concerning out of plane deflections.

As for the in plane deflections, the ultimate load used to obtain
the gusset plate thickness can be used in Equations 6.32 and 6.3%4
together with Equation 6.33 to give the deflection rates at the load
points or the moment rotation rate, respectively as required. If the
selected gusset plate thickness is different from that obtained from
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the table, then the table should be used in reverse to obtain a value

of P, to be used in Equations 6.32 and 6.34.

e the ade
8.4.1 Design considerations

From the analysis of the experimental results it is apparent that
the function of the loaded and supported edge welds is to prevent the
gusset plate dlipping from between the two edges. Therefore, they are
mainly subjected to longitudinal shear forces, which are relatively
low. Usually in design the frictional forces are not taken into
account as they are not easily determined, and so they are used as
reserve strengths. However, with the gusset plates in compression
they are of an appreciable amount so they may be taken into account.

The experimental results indicated that it is not necessary to
consider the direct load as it can be assumed to be transmitted
directly through edge contact. It is also not necessary to design the
welds for rotational restraint of the gusset plate.

A gusset plate and its welds can be designed with no weld or part
welds along one edge.

The theory for the welds is related to that of the gusset plates
which is based upon the ultimate load. From the analysis of the welds
this is the worst possible condition.

8.4.2 Design tables

_For the design of the welds it is necessary to obtain a value for
the resultant reaction R'. Now P,.s=R'w, therefore R' can be treated
in exactly the same way as for P,. The equivalent equation to
Equation 6.28 is

n
R' = ) fpit.dw (8.13)
i=1
Similarly a non-dimensional form can be obtained by dividing both
sides by l.W.E to give
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R!? n fp; t dw
e = ) eem - - (8.14)
1.W.E i=1 E 1W '
This equation can be treated in the same way as Equation 8.3, with
R'/1.W.E or R'.f']..lu‘.f:,'r being related to f‘y/E or fy, C/W and t/1.
Similar tables as described in Section 8.3.4 for P,, can be obtained
to give R! for designing the welds. Tables 8.3 and 8.4 are such
tables which are equivalent to Tables 8.1 and 8.2 for P,
The shear force in the loaded edge is given by Equation T7.19.
The factor ¥;' is obtained from Equation 7.18 which for complete gusset
plates reduces to Equation 7.16. The loaded edge weld size is then
given by Equation 7.20. The supported edge weld size is given by

similar equations. The ultimate shear strength of the welds is given

in BS 5400 Part 3 (16).

e i the loade late
esi onsideratio

Whére the loaded plate is continuous as in the base plate of a
coiumn then its thickness will also be governed by other
considerations. Therefore its thickness will only require checking
_concerning the shear and tensile forces induced in it by the gusset
plate. The shear force is likely to be negligible in relation to the
tensile force especially with a distributed load.

Where the loaded plate is part of a bracket which is welded to a
column, then its thickness and the weld connecting it to the column
will have to be checked. If the load is close in or at the end of ﬁhe
loaded plate then the shear may have to be considered if the applied
load is high. However, under distributed loading this may not be
necessary and only the tensile forces need be considered. Preferably
the weldsshould be applied on the loaded side of the bracket loaded
plate. The loaded plate thickness obtained from the theory should be
used as a check, the thickness of the loaded plate is usually
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determined by othér practical consideratons. Where the load is
applied towards the outer end of the loaded plate then the thickness:
should be increased so that it is relatively stiff in relation to the
gusset plate thickness. Further work is required to determine a

theoretical way of determining this.

8.5.2 Desi load
The shear and axial forces in the loaded plate and its weld at
the supported edge are given by Equations T7.21 and 7.23
respectivély. These equations are based on the ultimate load and the
gusset plate resultant reaction R' as obtained in Section 8.4.2 and

given in Tables 8.3 and 8.4.
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1 Géneral

The conclusions presented below are drawn from the main test
programme of 82 triangular steel gusset plates and numerous
subsidiary tests. The subsidiary tests included 47 strut tests to
investigate the buckling characteristics, 15 special gusset plates
to test the assumptions made in the theoretical work and a series of
22 similér gusset plates with varying welds connecting the gusset
plate to the adjacent loaded and supported plates.

9.2 Gusset plate tests

The following conclusions are based on the gusset plate tests.

1. Gusset plates fail in an elastic-plastic buckling manner.
The buckling progresses from the oﬁter free edge towards the
inside corner. The ultimate load is considerably higher
than the load at which the free edge starts to buckle.

2. Provided the loaded plate 1s adequately fixed ¢to the
supported plate and it is stiff enough to distribute the
load to the gusset plate, then the gusset plate has a
specific moment of resistance capacity about its inside -
corner.

3. The effect of increasing the size of a gusset plate for a
given thickness, is to increase its moment capacity until an
optimum point is reached.

4. The moment capacity of a gusset plate increases as H/L
increases until an optimum is reached when H/L £2=1.25.

5. For a given gusset plate the ultimate load, applied as

either distributed or point load perpendicular to the loaded

plate, is dependent upon the position of its resultant from

the supported edge.
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10'

11.

The loaded plate does not provide any significant moment of
resistance go the applied load at failure. It is important,
however, in distributing the 1load and providing lateral,
longitudinal and rotational fixity of the loaded edge.

The moment capacity of a gusset plate increases as its
thickness 1increases, but the relationship is not linear as it is
related to the slenderness. of a gusset plate,

The removal of small portions of the inside corner of a
gusset plate parallel to the free edge has little effect
upon its moment capacity. For large portions the moment
capacity. decreases significantly, especially with slender
gusset plates.

For a constant width and thickness, the moment capacity of a
slender gusset plate 1increases as its internal angle .
decreases from 90 degrees. The amount of increase is
dependent upon 1ts slenderness. Any increase 1in the
internal angle from 90 degrees produces 1little change in
moment capacity.

The main function of the loaded and supported edge welds is
to prevent the gusset plate slipping from between the
respective plates. The frictional forces along these edges
are very high.

The lateral deflection characteristics of the free edge of a
gusset plate are related to its slenderness ratio. With non-
slender gusset plates the deflections are consistent and
relatively small for most of the loading. With slender
gusset plates the deflections vary considerably and are
influenced by the initial lateral deflections, the 1load
position and the loaded plate thickmess. In some cases the
deflections start from the initial loading, in othersthey

change direction.
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9.2.1 Existing methods

The following conclusions are based on comparing the

existing design methods with the experimental gusset plate results.

1'

None of the existing methods can be used for gusset plates
with the inside corner removed nor for gusset plates with
an internal angle other than 90 degrees.

Jensen's method discussed in Section 5.2, does mnot take
account of the effects of buckling and is therefore unsafe.
The use of the limiting slenderness equation however,
appears to safely restrict the use of the method. Generally
the method is -inaccurate especially with the variation in
the load position.

Salmon's method discussed in Section 5.3, does take into
account the effects of buckling. The method 1is
discontinuous using two equations, one for yielding and the
other for buckling. The wvarious limiting slenderness
equations which supersede the use of the buckling equation
appear to safely restrict the use of the method. The method
is not particularly accurate and does not take account of a
variation in the load position, nor should it be used for
0.5>H/L>2.0.

The beam method discussed in Section 5.4, assumes bending
and not buckling and so 1is inaccurate and unsafe. The
loaded plate is not usually considered, but when it is, it
does not improve the accuracy of the method.

The four variations of the approximate strut method
discussed in Section 5.5, do counsider buckling but ére
inaccurate. Two variations do not take the load position
into account and are very conservative, the other two do,

but are unsafe for use with non-sle n der gusset plates.
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The plastic design method discussed in Section 5.6, is only
for use with gussét plates that fail plastically. The
slenderness limitations appear to safely restrict the use of
this method. The method is 1inaccurate especially with
variations in the load position.

Martin's methods discussed in Section 5.7, do consider
buckling. One method is used for all gusset plates, the
other has a slenderness limitation. Martin included a term
for the loaded plate, which if used renders the equations
inaccurate and unsafe. However, 1f the term 1s excluded
both equations are accurate and conservative within the

limits of their use.

9.3 Proposed design methods

9.3.1 Gusset plate design

1I

The proposed method assumes for analytical purposes a gusset
plate consists of a series of fixed ended struts and moments
of equilibrium are taken about the inside corner. (See
Section 6.10).

The method is developed to incorporate any combination of
the variables tested.

The Perry strut formula is used to determine the buckling
stress of each strut, although any buckling equations could
be adopted. (See Section 6.10.4).

With a value of the Robertson constant a =8 in the Perry
strut formula the method safely predicts the ultimate load
for all practical gusset plates. (See Section 6.11.3).

To satisfy the serviceability requirements regarding lateral

deflections the slenderness ratio of a gusset plate, given
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11,

12,

by equation 6.35, should be limited to 160. (See Section
6.12.2).

When the serviceability limit state is used then a value of
a= 3.5 can be used to give a more-accurate value for the
ultimate load. For design purposes a value of a = 5.5 is in
better agreement with values used in the British draft steel .
code (2). (See Section 8.3.1)+

The nature of the Perry strut formula necessitated splitting
a gusset plate into a finite number of strips and
numerically summing their 1load carrying capacity. A
reasonably accurate solution 1is obtained with as few as 4
strips and an accurate solution with 15 strips. (See
Section 6.11.2.).

The solution, equation 6.2.8, expresses the ultimate load of
a gusset plate in terms of 1its dimensions and material
strength. In practice it 1is wusually the gusset plate
thickness that is required, the other parameters being known
from other consideratioms.

The thickness of a gusset plate can be obtained from non-
dimensional désign tables or graphs. (See Section 8.3.4).
For complete gusset plates one design table or graph covers
all the other parameters for various material strengths.
(Table 8.1).

To cover all gusset plate parameters, a separate design
table or graph is required for each material strength.
(Table 8.2).

An approximate indication of the load deflection rate of the
load point, or the moment rotation rate of the load point
can be obtained using equations 6.32 to 6.34. (See Section

6.11.4).
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9.3.2 Gusset plate weld design

1. The loaded and supported edge welds are subjected to shear
forces from the gusset plate as given by equation 7.19 for
the loaded edge and a similar equation for the supported
edge.

2. The design of the loaded and supported edge welds are based
on the strength, slenderness and completeness of the gusset
plate. (See section 7.2.4).

3. The strength and slenderness of a gusset plate are represented
by R', which is obtained fron non-dimensional design tables
or graphs in a similar way to the gusset plate thickness.
(See Section 8.4.4).

4. To account for the removal of the 1inside corner, the
completeness of a gusset plate is represented by ¥ given
by equation 7.18 for the loaded edge and a similar equation
for the supported edge. (See Section 7.2.4).

5. The frictional forces along the loaded and supported edges
can be taken into account in design.

6. Discontinuous welds can be used along the 1loaded and
supported edges.

9.3.3 Loaded plate design

1. Normally the thickness of the loaded plate is determined by
other considerations and only requires checking for shear
and axial load at its supported end using equations 7.2.1
and 7.2.3 respectively.

2. When the load is applied towards the free end of the loaded
plate, then to prevent 1local deformation its thickness
should be chosen so that it is relatively stiff in relation
to the gusset plate thickness. Further work is necessary

to accurately determine the correct thickness.
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9.3.4 Loaded plate support weld design

l.

Where the loaded plate is welded to the support, then the
loaded plate support weld is designed to carry the same

shear and axial loads as the loaded plate. (See Section

8.5.2).

9.4 Recommendations for future work

]-.

The behaviour of the loaded plates requires further
investigation to determine the correct thickness to use in
order to prevent its deformation when the load is applied
towards its free end.

The effects of a load applied eccentrically from the plane
of the gusset plate requires investigation. Out-of-plane
moments may be applied to the loaded edge of the gusset
plate, the magnitude of which may be_related to the loaded
plate stiffness. |

The fatigue life of gusset plates requires investigation as
they are used in fatigue loading situations such as in crane
gantries.

The effect of lateral impact on a loaded gusset plate
requires investigation as it may induce premature buckling.
The addition of stiffeners along the free edge requires
investigation.

The use of rolled sections as an alternative to gusset
plates for column bases and support brackets has received
little attention.

The use of different materials such as aluminium requires
investigation.

To cost when to use gussets on foundation bases.
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NOTATION
Robertson constant
area of section
width of loaded plate
contact zone
tensile contact zone
contact zone between supported edge and support plate
contact zone between loaded edge and loaded plate
width of gusset plate removed
lateral deflection of the free edge of a gusset plate
total vertical deflection
change in length of the free edge of a gusset plate
component of dV perpendicular to the loaded plate

change in length of an element strut at a distance w from the
inside corner of a gusset plate

width of an elemental strut

depth of a column

eccentricity of applied load

component of eccentricity of applied load
Young's modulus of elasticity

average stress

buckling stress

allowable bending stress

buckling stress for strip i

direct buckling stress acting on as elemental strut of width dw
at a distance w from the inside corner of a gusset plate

elastic critical stress
Euler buckling stress
Euler buckling stress of strip i

Euler buckling stress acting on an elemental strut of width dw
at a distance w from the inside corner of a gusset plate
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L

1w

Pe

Py

maximum stress

shear stress , °
yield stress

frictional force along the supported edge of a gusset plate
frictional force along the loaded edge of a gusset plate

shear force between the supported plate and the supported edge
of a gusset plate

shear force between the loaded plate and the loaded edge of a
gusset plate

shear resistance of loaded edge weld
shear resistance of supported edge weld

remaining width of a gusset plate after the inside corner
removed

supported edge length of a gusset plate
elastic buckling constant

an elastic buckling constant defined by Salmon
an elastic buckling constant defined by Salmon
effective length of a strut

effective length of strip i

effective length of a strut at a perpendicular distance w from
the inside corner of a gusset plate

loaded edge length of a gusset plate

bending moment

moment of resistance of loaded plate at its supported end
total ultimate moment of resistance

ultimate moment of resistance produced by strip i

number of strips

allowable stress

ultimate limit state design stress

applied load

ultimate load applied to a gusset plate

additional uvltimate load to produce buckling failure when
material is added to the free edge of a gusset plate
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Pl

pn

=l

perpendicular resultant reaction from the gusset plate to the
support plate

perpendicular resultant reaction from the gusset plate to the
loaded plate

constant equal to the shear strength of a weld
radius of gyration

component of- R! perpendicular to loaded plate
axial force in loaded plate at its supported end
shear force in loaded plate at its supported end

resultant reaction of stress distribution assumed across
critical section of a gusset plate

distance of resultant load Pu from the supported edge measured
along the loaded edge

distance of P' from inside corner
distance of P" from inside corner
gusset plate thickness

leg length of a fillet weld
thickness of a loaded plate

length of an elemental strut at a distance w from the inside
corner of a gusset plate

length of the free edge of a gusset plate

perpendicular distance from an elemental strut to the inside
corner of a gusset plate

perpendicular distance from strip i to the inside corner of a
gusset plate

perpendicular distance from R' to inside corner pf a gusset
plate

width of a gusset plate measured perpendicular to the free edge
of the gusset plate to the inside corner of a gusset plate

width of aditional material added to the free edge, measured
perpendicular to the free edge of a gusset plate

gusset plate completeness factor
elastic section modulus

ratio of average stress loaded edge to maximum stress free
edge

angle between supported edge and free edge of a gusset plate
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angle between the free edge and loaded edge of an equal sided
gusset plate

angle between the free edge and loaded edge

transition angle between Y, and Y; to take account of the
renoval of the inside corner of a gusset plate

surface strain

surface strain

surface strain at which tensile stress is reached

surface strain at which compressive yield stress is reached
Perry factor

Perry factor for strip i

angle between supported edge and loaded edge of a gusset plate
slenderness ratio

slenderness ratio of strip i

limiting slenderness ratio

coefficient of friction

Poisson's ratio
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APPENDIX 1
During the course of the testing programme a new data logger was
purchased and the author was required to write a suitable strain gauge
acquisition and logging program for general use. In the process the
author encountered numerous hardware and software faults which had to

be overcome.

The data logger used is an Intercole Systems Limited Compulog
Four. .This machine is a computer controlled data acquisition and
control s}stem which may incorporate facilities for processing and
evaluation of analogue and digital signals, status and data
storage/retrieval. The system comprises of a main cabinet housing the
central processing unit, two floppy disc drives and a digital volt
meter. 'The computer is operated via the use of a vi;ual display unit
and a printer. A graph plotter is also available. The strain gauges
are connected to the system via four remote connection boxes with 100

channels each.

The strain gauge reading part. of the system is effectively a
Wheatstone Bridge with a choice of quarter, half or full bridge
configurations. The system is set up for half bridge configuration.
That ig the logger acts as one half, and the other half ccnsists.of
the strain gauge to be read and a dummy gauge of a similar electrical
resistance. The logger provides an energising constant current
thrqugh both the dummy and the strain gauges. The logger measures
the voltage difference between the two, which is a result of their
different resistances. As the current is kept constant then the
change in voltage is proportional to the change in resistance of the
strain gauge. Now the rate of change in resistance of a strain gauge

is proportional to the amount by which it has strained. Therefore the
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change in voltage measured by the logger is proportional to the change

in strain of the gauge.

i.e.

V
ﬂE = A—
I.G.R.
where Ag = change in strain
AV = change in voltage
I = energising constant current

G = gauge factor

=
I

gauge resistance before straining.
For convenience a system of prbgrams were developed for:

Preparation of strain gauge information relating to a specific
test.

Experimental data acquisition during test.

OQutput data manipulatioﬂ for plotting purposes.

Plotting of experimental data.

The first program is used to prepare a data file containing the

following information about the test:

Data file number for retrieval purposes.

Title of experiment for identification.

The number of strain gauge types and deflation gauges. Any batch
of consecutive strain gauges having the same gauge resistance,
gauge factor and multiplying factor constitutes a type.

For each strain gauge type the first and last channel numbers,
gauge resistance, gauge factor and Youngs modulus of elasticity.

For each deflection gauge the channel number and gauge factor.
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6. The number of channels and channel numbers to be checked during

the running of the test.

The second program is the main program which is run while the
test is in progress. A general flow diagram of the program is given

in Figure A.l1.1. and a more detailed flow diagram in Figure A.l.2.

The user has the option of selecting a manual mode which allows
the inspection of individual channels. The gauge information has to
be entered at the terminal. This facility allows the continuous scan

of a gauge, which is useful when there is a suspect gauge.

On auto control the information concerning the channels to be
read is obtained from the appropriate pre-writtem channel data file.
All channels are initially zeroed before the test commences. This
process also acts as a form of gauge test . Faulty gauges can be

inspected individually using the manual facility.

At each load increment, each channel is read and the data is
stored on a pre-selected data file. The pre-selected channels for
checking purposes can be inspected or any other specific channel not
included in the selection. At the end of the test the recorded data
is converted into stress, strain or defection whichever is appropriate
for each load increment and output in tabular form. This information

can be retrieved at any time from the data file.
The third program is used to extract from the experimental data

specific information for plotting purposes. This allows the plotting

of load increment against stress, strain or defection as required for
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any selection of gauges. The program produces a data file which can

be read by the graph plotting program.

The fourth program is a general purpose graph plotting program
that is used to plot graphs given the x—y co-ordinates on a data file.
Most of the graphs presented in this thesis are drawn using this

program.

YES Select individual channels and
read voltage (uV) directly.
Return to main program when
required.

Manual channel
select

Input of data om strain gauges and
deflection gauges from data file
=

Next .
load ‘//Enput load //7

Decide on Output

action to
channel N\ be taken

Zero each

ake voltage readings

Measure and record the voltage across

each strain gauge and deflection gauge
channels at that load. A selection of
channels can be checked if required.

Set each channel From the voltage readings stored, calculate
voltage to zero the strain = Vx 1 and the stress = strain
initially. An IxGxR

output is provided x E for each strain gauge channel and each
as a check. load. Followed by the calculation of the

deflection = Vxl for each deflection gauge

e = G
channel. Output all data in tabular form.

(Stop)

Figure A.l1.1 General flow diagram of strain gauge acquisition and

logging program
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Qutput to
V.D.U. Request
for manual
ontrol

Output to V.D.U. Request for,
number of loads stored

|

Output to V.D.U. Request for
" data file number

Open data file on
disc drive "0"

|
Read title of file from data file and
output it to both V.D.U. and printer
|

Read Number of types of strain gauges
and deflection gauges from data file
and output to V.D.U. and printer

for strain

Output to V.D.U. and printer
strain gauge table headings
Repeat for each strain gauge type
—

/Read from data file strain gauge type, lst channel No., last
channel No., gauge resistance (R), gauge factor (G) and
multiplying factor (E) and output to V.D.U. and printer.

|

///balculate 1 for each strain gauge tyﬁ;//
I.G.R.

et

©
Figure A.1.2 Detailed flow diagram of strain gauge acquisition

and logging program
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NO est for

deflector
gauges

L

epeat for each deflector gauge

Output to V.D.U. and printer
deflection gauge table headings
— R

1

Read from data file deflection gauge channel Nos. and
gauge factor (GF) and output to V.D.U. and printer.
[

///Calculate 1 for each deflection gaugj;7
GF

S—

Read from data file the channel numbers to be
checked and output them to the V.D.U. and prlnter
[

Close data file

@ — |

Request
or load. Zero each
channel with load=0
Terminate readings
with load=-

-1, Terminate readings

- ®

>0, Take voltage readings

Load count and load store
for non—zero readings.

Request for each strain gauge channel

gt
Measure voltage across strain
gauge (uV) with D.V.M.

Set the voltage across the gauge
to zero for initial zero reading

Store voltage (pV) across strain gauges in an array.

S—

o

®

Figure A.1.2 Continued
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Test for
deflection
gauges

Measure voltége (pV) across
deflector gauge with D.V.M.

Set the voltage across the
gauge to zero for initial
zero reading.

NO
- J

for zero
reading

Store voltage (uV) across defelction
gauges in an array.

utput to
V.D.U. Request YES Newly selected channels

if results check =
reqfifigff,r/f/r |

YES Output to V.D.U. Request No. of
, channels and channel numbers to
Previously be checked.
selected T

channels
OQutput to V.D.U. with table
headings, channel numbers, D.V.M.
volts (uV), strain & stress or
deflection of channels selected.

Figure A.1.2 Continued
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Output to V.D.U. table heading
for zero reading check

NO

for strain

Output channel numbers and voltage
readings (pV) for each strain gauge
channel to check zeroing operation

.
NO ﬁst
- for deflection
gauges
YES

Output channel numbers and voltage
readings (pV) for each deflection gauge
channel to check zeroing operation

%)

Figure A.1.2 Continued
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Output YES
to V.D.U.

request for

to V.D.U.
request for
terminating

Select strain output

Qutput data file title to
V.D.U. and printer

Set up program to output the
data with a maximum number of
load columns per page

Assign appropriate load headings
to columns.

Strain
==

|

Qutput to V.D.U. & Printer,
./ Strain title block

for deflection

Test Strain
for output i

—0

——0

required

deflec— Stress title block

//butput to V.D.U. & Printe

/

tion or
none

Qutput to V.D.U. and Printer
Deflection title block.

-

—

Z_/{_)utput to V.D.U. and printei//

load title block and loads

Figure A.1.2

Continued

359



Stress and Test Deflection or none

- for output == Repeat for
Strain required each deflec-
tion gauge
reading on
Request for each strain gauge reading page
e} —=rl—
on page
Calculate Calculate
strain = Vx 1 deflection = Vxl
IxGxR c

Stress Qutput to V.D.U. and
= ] Printer Deflection
readings.
Calculate —
stress = strain x E B
— |
"Stress

Qutput to V.D.U. and
Printer Stress readings

- Qutput to V.D.U. and
Printer Strain readings

s

NO ~Have all NO Select stress

loads been -  then deflection-»@

Figure A.1.2 Continued
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OQutput
to V.D.U.
Request another
output

YES

Output
to V.D.U.
Request for terminatio
of program

YES

Figure A.1.2 Continued
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Qutput to V.D.U. Request
channel to be read

f channel
is =-ve, return to
main program

Measure voltage across
channel selected with D.V.M.

Calculate strain = V x 1

I.G.A.
where G = 2.00 x A = 120

Output to V.D.U. channel number,
D.V.M. bits, Scale, D.V.M. voltage,
and strain.

Figure A.1.2 Continued
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APPENDIX 2

This appendix contains the tables of the specimen dimensions and'
ultimate load results for the main series, subsidiary series and the
weld series respectively.

The dimensions presented in the tables refer to the appropriate

dimensions for that series as given in Chapter 3.
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GUSSET PLATE LOADED PLATE
SPECIMEN L H s + G 0 fy |tw T B fy |tw |cut Py
NUMBER mm | mm | mm mn | mm |degse|N/mm2{mm | ‘mm | mm |N/mm2|mm kN
5$3-100-1 100 | 100 | 50| 3.91 70 90| 378 | 4| 2000|150 -1 4| yes 65.0
53_100_2 " " " 3‘97 " " n n m " L1 1] n 65 .0
83_200..' 200 200 ‘I(x) 3‘97 I 4] " n n " " n Lt} L1 88.5
53_200_2 " (1] n 3'96 n L] n n n L1} mn n " gs . 0
§3-300~1 300 | 300 (150 | 4.00| 212 " Lo o n " n -
53_300_2 n n n 4 .00 n n " 1 mn " L " n 79 - 3
$3-400-1 400 | 400 (200 3.9 282 " " " " " " " " 66.4
53_400_2 L1 " n 3.97 " n n " n n " mn n 69 . 2
$3-500-1 500 (500 |250 | 3.96| 353 i L e ) L LA IR L 80.0
83_500_2 n n n 3.95 " 1] n n n n L n 11 ?B . 2
Table A«2.1. Specimen dimenslions and ultimate load results of series 3.
GUSSET PLATE LOADED PLATE
SPECIMEN L H s t G e fy |tw T 8 fy |[tw |cut Py
NUMBER mm | mm | mm mm | mm | degs.| Nmm2|mm mm | mm |N/mm2|mm kN
S4-50~1 200 | 50 | 100 | 3.93| 48| 90 | 378 | 4 [20.00] 100 -1 4| yes 21.5
84_50_2 n " n 3.99 n " n m " " n " n 22.4
54_ 100_] " !00 n 4.0' 89 n " n L1} m Ll n n 57.5
34_‘00_2 n " " 3‘ 96 n mn L [} 1L " " mn " 55.0
S4=-150-1 " 1150 "l 3.97) 119 " w1 " " L ) 85.0
84_'50_2 n n L] 3.97 n n n n 1L L n n n 85.0
S4_,200_ l n 200 1] 3 & 94 I 41 n n " n n " n n 92 .5
54_200_2 n n n 3.92 n 11} " n L] " n m n 87.5
S54-250-1 ] 250 " | 3.97]| 156 ¥ | U s It o [ "1 120.0
84_250_2 n " " 4.00 n n " n mn " m 11 n 107 . 5
54_300_1 n 300 n 3 .99 !66 " n n n n n " n 'I ‘0.0
54_300_2 n n n 3‘95 n n n n L n n m” n 122.0
54-400-1 " | 400 "l 3.97| 178 o) LAl | L o i L e "5
S4_400_2 n n n 3.98 n " " n mn [} " n n l to'o
S4-500~1 " 1500 " | 3.99| 185 " w " " " L T " | 117.5
84_500_2 " n n 3.98 n n n n n mn n n n '20.0
54_600_' n 600 n 3.97 ‘89 n n L n " n n L1 los.o
54_600_2 n n " 3.99 n n 1] n m " L n " 1 17 .5
Table A.2.2. Specimen dimensions and ultimate load results of series 4.
. GUSSET PLATE LOADED PLATE
SPECIMEN L H s t G 8 fy tw T B fy |[tw [cut Py
NUMBER mm | mm | mm mn | mm |degs.| N/mm2|mm mm | mm |N/mm2|mm kN
$5-75-1 300 |300 | 75 | 3.98| 212| 90 | 378 | 4 [20.00] 150 -] 4] yes | 135.0
ss_loo_! n " loo 3.96 " 11} n n 1] " " L L ] I0.0
55_, ‘50_‘ n " 150 3.97 " n m n " n L1} n L) 70.0
55_ 150_,2 n in " 3.97 n n " n n n " " n 71 .6
85_ Z200=1 n n 200 3-98 ] ] n " " " " n n 50.0
55_ 250_' n n 250 3.99 n n n n n n n n n 39'2
85_300_] n n 300 3 .9? n n n " n n n n n 29.9
ss_ 300_2 " n " 4.00 " n " n n " " L " 28 .0
55-300_3 mn " mn 4 .00 " " n [1] n n n " " 3 I > 0

Table A.2.3.

Speclimen dimensions and ultimate load
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GUSSET PLATE LOADED PLATE
SPECIMEN L H s t G ] fy |tw T B fy (1w |cut Pu
NUMBER mm | mm | om mn | mm |degs.|N/mm2|mm mm | mm |N/mm2|mm kN
S6-150-1 300 | 300 (150 | 4.00| 212 90 | 378 | 4 (20.00|150 | 250 | 4 no 95.0
S6-300-1 " " 1300 | 4.00 " " L i " L B n 34.8
Table A«2.4, Specimen dimenslons and ultimate load results of series 6.
GUSSET PLATE LOADED PLATE
SPECIMEN L H s + G 0 fy |Tw B § B fy jtw jout Pu
NUMBER mm | mm | mm mm | mm |degs.|{N/mm2|mm mm | mm [N/mm2|mm kN
S7-6-150-1 |300 1300 (150 | 3.99| 212 90 | 378 | 4 | 5.95{100 | 252 | 4 no 74.4
§7-10-150-1] ™| ® [ | 3.99{ " " wl v l10.01) * ngn " | 75.0
57“13_150_1 n m L 3.99 m n i f 1 2.97 n n " 1 70.0
§7-16=150-1 ™[ | » [ 4.00[ [ v w| v oj15.86) " nlw " | 120.0
87_20__ !50_1 n n n 3 .98 n n n n 20‘01 mn n n n 7 ?’ .5
§57-6-300-1 | " | ™ I300 | 400 | v | w i fe02 | *|w| w1} 30.0
57_10_300_,1 n n n 4.00 n n n n 10.02 n n n n 29.5
5?_ 13-30 (} 'I L1 n n 3. g 9 " mn " n I 2 .9 3 n n " " 30 - 0
S?-16_300_1 " " n 4 .00 n mw n n IS .82 " n n n 3‘ .B
S‘;_ m_soo_‘l L1 " " 4.00 m n n n 20.24 n n " n 30.0
Table A.2.5. Speclmen dimensions and ultimate load results of series 7.
GUSSET PLATE LOADED PLATE
SPECIMEN L H s T G 0 fy Tw T B fy tw | cut Pu
NUMBER mm | mm [ mm mm | mm |degse|N/mmZ|mm mm | mm |N/mm2|mm kN
§$12=5-1 300 {300 150 | 5.19| 212 90 | 263 | 4 |20.00[150 | 250 | 4 | yes 119.5
S12-7-1 " " "1 7.03 " " "l o4 " it " 4] yes | 215.0§
sl 2_9_,[ L1 n i 9.CB " n " 6 " " LU 6 8mm¥' 45 0'0
S12-11-1 " n "11.17 L " L (- n 1 " | 6| Bam*| 45.0t
S12=13~1 m| o ow | n|y3.04] nw| m mle | " " | 8| yes | 500.0f
$12-15=1 " n " 11522 I8 " " 8 " " it 8 | 15mm*{115.0t
312_13_2 n n n 1 2.96 n n n 8 n n " B no T?S .'0
512_15_2 n n n 15 .04 n " n 8 n n n 8 no 103 .511

§ The loaded plate weld on the previously tested side also faflled.
t The loaded plate weld falled causing the gusset plate to fall.

* The butt weld used to weld size the loaded plates together under the vertlical support.
T The previous tested side falled flrst.

Table A.2.6.

Specimen dimenslons and ultimate load results of series 12.
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GUSSET PLATE LOADED PLATE

SPECIMEN [ L | H [ s T 16 0 [ fy [tw | T | B | fy |fw |cuf Pu

NUMBER mm | mm | mm mm | mm |degs.|N/mmZ|mm mm | mm [N/mm2]mm kN
$8-45-1 300 | 300 268 | 4.00} 45| 90 378 | 4 j20.00] 150 -1 4| yes 8.94
58_.45._2 L1} " 150 4.00 n " " " n n n n n 15 .75
38._90_ I n n 25 3 .99 90 n n n n n L1} n L1 30 ‘80
88_90_2 n n 150 4.00 " " " L] " " n n n 39 .50
SB_] 35_] n 1] 205 3 .gg 1 35 n n L1} " n L] L n 5 5 -00
58_'35_2 " n 150 3.99 L n n " n n n L] n 80.00
58-180~1 m| w173 | 3.95| 180 " nlnl w " mln| w5500
58_ 180_2 " " 150 3.99 1L " n " n " n " " ?1 .00

Table A.2.7. Specimen dimensions and ultimate load results of series 8.

GUSSET ALATE LOADED PLATE

SPECIMEN L H s + G 0o fy [tw T =] fy |[Tw |cuf Pu

NUMBER mn [ mm | mm mm | mm |degs.|N/mm2imm mm [ mm [N/mm2imm kN
S13-30-1 220 | 220 (110 | 4.04| 212) 30 245 | 4 |20.00} 150 - 4 | yes | 280.0
SI 3_30_2 n 1] n 4.03 n " n " n n n n n 2?0.0
§13=50-1 234 1234 (117 | 4.01 "1 50 L " " L U "1 222.0
513_50_2 L " " 4.02 L] n L " i W n L L 195.8
S$13-70-1 259 | 259 |129 | 4.00 "l 70 . I " " LA "o-111.7
513_70_2 " L n 4'00 [1] n n 1" n n - " " n 1 ‘ 1 .T
513-90-1 300 | 300 |150 | 4.02 "1 90 " w " " " " " 70.0
s] 3_90_2 n n L1 3 .91 n L] n " n " " n " ?2 - 5
§$13-110-1 370 | 370 |185 | 4.01 1 110 ol [ Ly " i) Ay A " 50.5
313_! 10_2 n n " 3.90 n o n (L] n 1" n n L1 61 '2
S$13-130-1 [502 (502 |251 4.02 "l 130 23 ] L ) " L | . 45.7
313_130_2 n n n 4.02 " " n " " " n " " 43.0
S13-140-1 |620 (620 |310 | 4.03 "1 140 e " " Sl * 32.0
513_140_2 L n n 4.04 n " n n " n " L1 n 32.0

Table A.2.8. Speclmen dimenslons and ultimate load results of series 13.

EXPER | MENTAL THEORETICAL
MEASURED CALCULATED

SPECIMEN |Lnthe«| Width|Thick|Ul+t. Buckling [|Efctv. Buckling stresses
NUMBER =-ness| load siress In. | Euler |[Rankin| Perry{ Perry

L + Py [ind. | avg. | 1=L/2 a=8 a=1

mm mm mm | kN |[N/mm2| N/mm2 mm | N/mm2| N/mm2| N/mm2| N/mm2
S1a-100-1{ 100 |25.00( 4.00]| 26.50| 265.0f 269.5| 100 271.1] 152.8] 152.7| 232.7
Sla-100-2} " I " }127.40] 274.0
S1a=100-3 i ) i - -
S$1a=-200~-1]| 200 " " 9.07| 90.7 82.3| 200 67.8 56.8 52.6 65.3
S1a-200-2 L L ' 6.86| 68B.6 ’
S1a-200~3f " " " 8.77| 87.7
S1a=-300-1{ 300 L il 3.79] 37.9| 34.7| 300 30.1| 27.7| 25.5| 29.4
$1a=300~-2 " n " 3.19] 31.9
S1a=300-3 " " L 3.43| 34.3
S1a~500-1| 500 " " 1.32 13.2| 13.2] 500 10.8| 10.5 9.8| 10.7
Sla=500-2| " i " 1.41| 14.1
51a-500-3 n n " 1.22| 12.2

Table A.2.9. Specimen dimenslons, ultimate load results and theoretical buckling stresses
of serles 1.
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EXPERIMENTAL THEORETICAL

MEASURED CALCULATED
SPECIMEN |Lnth.|Width|ThickjuUlt. Buckling [Efctv. Buckling stresses
NUMBER ~ness| load stress In. | Euler | Rankin| Perry | Perry
L t Pu Ind. avgs 1=L/2 a2=8 a=1
nm | mm mn | kN |[N/mm2| N/mm2| mm | N/mm2 | N/mm2 | N/mm2 | N/mm2
§9=1-1 93 |5.08| 3.99|34.48|344.5| $8.9| 46.5|153.8 | Z73.6 | ZI8.4| 33.4
§9-1-2 " 125.06| 3.99|36.32|363.2
$9-1-3 " 125.04f 3.99(36.87|369.0

§9-2-1 144 |25.01| 3.99|30.49|305.5 | 318.2] 72.0| 522.9 | 209.7 | 213.7 | 313.2
§9-2-2 " 124.88| 3.99|30.89}{311.2
§9-2-3 " 124,77 4.00|33.48|337.9
§9-3~1 195 |[24.98{ 4.00(|23.91[239.3| 241.2| 97.5| B5.2 | 157.1 [ 156.9 | 241.3
§9-3-2 " [25.00| 3.97|24.71|248.9

$9-3-3 " |25.06| 4.01)|23.66]235.5
59-4-1 246 | 24.89| 3.99|17.04[171.6 | 170.9| 123.0| 179.2 | 118.5 | 115.1| 164.7
§9-4-2 " 124.89| 3.94|15.98| 163.0
59-4=3 " 124.88| 4.00|17.74|178.2
§9-5=1 296.5| 24.94( 3.95| 8.53] 86.6| 99.2| 14B.3| 123.3| 91.2 | B86.6| 116.4
§9-5-2 " 124.92| 3.94| B.60| 89.6

$9-5-3 " 124.96] 4.00}12.12]121.4
§9-6-1 348 | 24.65| 3.95| B8.01| 82.3| 81.6| 174.0| 89.5| 71.3| 66.7| 85.6
§9-6-2 " |24.89| 4.00| 8.08f 81.2
$9-6~3 " 125.02] 4.00| B.14| 81.3
§9-7-1 399 | 25.09] 3.96] 6.37| 64.1| 65.6] 199.5| 68.1| 57.0| 62.8| 65.6
§9-7-2 "o125.09| 4.01] 6.69| 66.5

$9-7-3 | " |25.07]| 3.95| 6.66] 6642

Table A.2.10. Specimen dimensions, ultimate load results and theoretical buckling shresses
of series 9.

EXPERI MENTAL THEORETICAL
MEASURED CALCULATED

SPEC.s |Lne|Wdth«|{Thick Ult. |Axial| Buckling |Efct. Buckling stresses
NUMBER -ness load | ult.| stress In. | Euler|Rank.|Perry|Perry

L t =H |s Pu |load | Ind. avg. |I=L/2 . a=8 | a=1

mm| mm mm | mm [mm | kN KN . | N/mm2 N/mm2| mm | N/mm2{N/mm2[N/mm2|N/mm2
$10=7=1] 95|B5.10| 3.98| 83.5| 66|26.90|38.05| 380.9 380.8| 46.5|1253.7{277.3{282.6(344.1
S10-7-2] M|25.05) 3.99| ™ "l 26.90] 38.05| 380.7
S10=6=1|144{25.03] 4.00]{119.5[102| 22.42{31.71}316.7 326.2| 72.0| 522.9|211.8|216.4317.7
$10-6-2] "|25.09| 3.99| " " 23.,76|33.61| 335.7 )
S10-5-11195|5.08{ 3.97[155.5(133| 17.44|24.66| 247.7 244.0{ 97.5| B5.2|158.3(158.4(242.8
S10-5-2 "124.,981 3.99; " " 16.94]23,96| 240,3
S10=4=1| 246| 24.92| 3.95(192.0] 174| 12.75| 18.04| 183.2 157.1| 123.0] 197.2{119.2{115.9]165.0
S10-4-2| "125.07] 3.98( "™ "I 9.24|13.07| 131.0
$10-3-1{296{ 5 .08 3.97(227.0|210{ 8.09{ 11.44} 144.9 113.3| 148.3{ 123.3| 91.58| 87.11116.5
S10-3-2 " 24,99 3.99 " "l 7.89[11.13]111.6
S10-2~1] 3481 24.90| 3.94|264.0| 246 5.31| 7.51| 76.6 B0.6{174.0] 89,5 71.5| 67.0| 85,7
$10-2-2| "{25.02| 3.98] " "l 5.96| 8.42] 84.6
510-1-1| 399|25.00] 4.00]300.0} 2B2| 4.23] 5.99] 59.9 56.4| 199.5 68.1) 57.2] 53.1] 65.7
S10-1=-2{ "|25.03} 3.99| " "I 3.74] 5.28| 52.9

Table A.2.,11. Specimen dimenslons, ultimate load results and theoretical buckling stresses
of series 10
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: GUSSET PLATE LOADED PLATE
SPECIMEN L H s t G © fy |tw T B fy |[tw |cut Pu
NUMBER mm | mm | mm mm | mm |degs.}N/mmZimm mm | mm |N/mm2imm kN
S11-150-1 | 300 | 300 {150 | 4.00| 212 90 | 363 | 4 [20.00] 150 - | 4| yes 55.0

Table A.2.12, Speclimen dimensions and ultimate load results of serlies 11.

GUSSET PLATE LOADED PLATE

SPECIMEN L H s + G 0 fy [+w T™* | B fy {tw [cut |[. Py

MJMEER mm [ mm | mm mm | mm | degs .| N/mmZ2|mm mm | mm { N/mm2{mm kN
§2-0-1 300 | 300 {150 | 3.95| 212 90 | 350 | 4 | 0.00{150 [ =51 | 4 no 79.7
32_0_2 " " L 4 .00 " n L1 " 0 .00 n " n n 99 ’6
52_4_“ " " n 4.01 n LU " " 4.25 " ”n n " 94'6
52_4_2 n " n 4-01 " it 1] " 4-32 L1 " L] " 106.6
Sz_a_l n n m 3.69 n n n n 8.27 n n n n 89.2
52_8_2 n mw " 4 .01 n n n " 8 - 3 n 1L n " 104.6
52_12_1 n n n 3.96 " n n mn 12.57 n n n " 84.7
52_1 2_2 " n L1} 3 - 95 n " n L '[ 2 .03 " " L n 8 4. 7
82_.16_1 " " n 4.00 " " n m ]5 'gg n " n " 101 .6
52_16_2 " " n 4.00 n n n n ]6. ]8 " " n " 10 4.6
82_20..1 " mn n 4'01 "w n n n 20.10 n mn " [} ] 99.6
$2-20-2 wf o} ow| 3.5 wf wiw [19.98] wolow v 1 107.1

*Machined to this thickness over a 20mm length of the loaded plate at the bottom of the
vetical support.

Table A.2.13. Specimen dimensions and ultimate load results of series 2.

GUSSET PLATE LOADED PLATE
SPECIMEN L H s t G ] fy |tw T | B fy |+w |cut Pu
NUMBER mm | mm { mm mm [ mm | degs.| N/mm2|mm mm | mm |N/mm2|mm kN
S$5a~75-1 300|300 | 75| 4.00f 212 90| 378 | 4 = 1150 -1 4| yes 160.0
SSa_300_] n " 300 4 .00 n L LU " 1L n " n L 44. 3

*The loaded plate was stiffened to spproximate a rigid loaded plate.

Teble A.2.14. Specimen dimensions and ultimate load results of series 5a.
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GUSSET PLATE LOADED PLATE

SPECIMEN| L H s t G 2! fy tw* T B fy tw [cut Pu

NUMBER | mm | mm | mm mm | mm |deg.|N/mm2{ mm mn [ mm |N/mm2|mm kN
S14-0-1 | 300 3Q0 150 [ 10.19] 212 S0 281 6 0 |20.00] 150 250 6 no 362.5
s14=0=2 | w| | wlroa7| v | w| wlefof | n| wle| n|ax.0
S ‘l 4_0-3 " 1] n lo. 20 -n n n 6 0 n L n 6 " 395 -0
514_0_4 " n n !0.21 n n " 6 0 n " " 6 " 4?5.0
514_2_1 n " n '0.1? " " n 6 2.5 "n " " 6 " 43?.5
514_ 2_2 n n mn 10. 1 8 " " i 6 2.5 n LU " 6 " 525 .0
814_2_3 m” n " 10.24 n n " 6 2 .5 n " " 6 n 462.5
814_. 2..4 n n n 10.23 n n n 6 2'5 " mn mn 6 n 568.8
815-0_.' n n n ]0. Ig " m 1 0 6 n n " 6 " 375.0
515_0_2 n " n 10' ‘7 " n " 0 6 " n n 6 n 43? .5
515_.2._‘ " " " ]0.19 mn " L 2.5 6 1 it L 6 (1] 456.5
515- 2_2 " " m lo' 18 n L n 2.5 6 " 1" " 6 " 562.5
516..2..' L mn " 10.22 m n " 2'5 2'5 n mn L1} 2'5 L} 425.0
ste=2-2 | | m| wlio.22] | e | wl2sl2.5] v | v | e 25| v | 7.5
st6=6-1 | | w| wijo.20f | | wielsf v | vl wle| w475
816_6-2 n n " 10.21 n m n 6 6 n n n 6 " 550.0

1

*The measurments given are the sizes of the fillet welds used along the supported and
loaded edges respectively.

Table A.2.15. Specimen dimensions and ultimate load results of series 14,15 & 16.

GUSSET PLATE LOADED PLATE
SPECIMEN| L H s + G e fy weld® | T B fy [tw [cut Pu
NUMEBER | mm | mm | mm mm | mm | deg.|N/mm2{mm mm | mm mm | N/mm2{mm kN

S17-25-1(300 | 300 | 150 | 10.15{212 | 92 | 281 |25 |25 |20.00(150 | 50 | 6 no | 100.0

S ‘l 7_ 25_,2 n n n I 0 . 15 n n " L1 n n n n n n l 37 . 5
SI?_?B__ l " " " IO. 'l 5 " n n 75 L n " " i LU 220.0
517-?5"2 " 1L n 10' 15 " n " " " n n n n 11 225'0

*The measurments given are the lengths of the 4mm fillet welds used along the supported
and loaded edges respectively.

Table A«2.16. Specimen dimensions and ultimate load results of series 17.

WELD LENGTHS Weld ult. Ult. |Stress
SPEC IMEN 1 2 3 4 [Total |size load indv. ave.
NUMBER mm mm mm mm mm mm kN N/mm2 [N/mm2
1 27 24 26 27 104 4 130 442 449
22 25 22 26 95 4 124 461
3 26 24 19 22 91 4 114 443

Table A.2.17. Ultimate load and stress results of the weld tests for series 17.
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APPENDIX 3

This appendix contains the tables of load deflection data for the'
main series, subsidiary series and the weld series respectively., With
the strut tests in the secondary series the experimental and

theoretical axial stresses have also been included.

The deflections presented in the tables refer to the appropriate

deflections for that series as given in Chapter 3.

Deflection gauge notation,

Initial lateral deflections are presented in Table A.3.19.
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SPECIMEN
S3=100=1 $3-100-2 S$3-200-1 S$3-200-2
LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION
P lvert. lat. P |vert. lat. P vert. lat. P |vert. lat.
kN mm mm kN mm mm kN mm mm kN mm mm
0.0| 0.00 | 0.00 0.0 0.00 | 0.00 0.0| 0.00 | 0.00 0.0] 0.00 | 0.00
10.0} 0.06 0.08 5.0( 0.31 0.04 10.0] 0.29 0.10 10.0] 0.18 |=0.09
20.0| 0.23 | 0.12 20.0| 0.45 0.06 20.0) 0.4 | 0.17 20.0| 0.34 |-0.13
30.0) 0.37 | 0.14 0.0} 0.57 | 0.06 30.0] 0.62 | 0.22 40.0¢{ 0.58 |-0.15
40.0| 0.53 | 0.16 40.0] 0.68 | 0.06 40.0| 0.74 | 0.31 60.0| 0.79 |-0.12
45.0| 0.62 | 0416 45.0] 0.74 | 0.06 50.0| 0.86 | 0.45 70.0| 0.91 |-0.06
50.0{ 0.72 | 0.16 50.01 0.79 | 0.06 60.0| 0.97 | 0.T71 80.0( 1.03 | 0.07
55.0} 0.84 | 0.17 55.0| 0.95 | 0.06 70.0( 1.09 1.11 85.0| 1.11 0.21
60.0| 1.01 0.18 60.0| 0.94 0.06 80.0} 1.24 1.97 90.01 1.20 0.60
65.0| 1.47 { 0.33 65.01 1.35 | 0.16 85.01 1.35 3.42 92.51 1.26 1.20
65.0] 2.09 1.93 67.5| — - 88.5| - - 95.0| - -
SPEC IMEN
- §3~=300-1 53=300=2 $3=-400=1 S3400-2
LOAD DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION LOAD DEFLECTION
‘P |vert. lat. P |vert. lat. P |vert. lat. P |vert. lat.
kN mm mm KN mm mm kN mm mm kN mm mm
0.0] 0.00 0.00 0.0] 0.00 0.00 0.0 0.00 0.00
10.0| 0.06 | 0.19 10.0{ 0.23 | 0.58 10.0{ 0.08 | 0.33
20.0| 0.29 | 0.40 20.0} 0.37 2.07 20.0} 0.21 0.93
30.0| 0.56 | 0.55 30.0} 0.55 | 6.18 30.0| 0.32 | 2.01
50.0] 1.57 | 0.80 40,0 0.75 | 9.13 40.0| 0.45 5.27
60.0( 3.05 0.92 50.0| 0.9 |11.57 50.0] 0.60 7 .47
65.01 4.00 0.99 60.0] 1.27 | 13.78 55.0) 0.67 8.77
70.0} 5.20 1.07 65.0( 1.70 | = 60.0| 0.76 |10.47
75.0| 7.00 1.18 66.4| - - 65.0| 0.92 | 13.05
77.5| 9.05 1.30 69.2| - -
79.3| - -
SPECIMEN
$3-5Q0=1 §$3-500-2
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. P |vert. lat.
kN mm mm kN mm mm
0.0| 0.00 | 0.00 © 0.0) 0.00 | 0.00
10.0| 0.11 | =0.04 10.0] 0.11 0.20
20.0| 0.29 | -0.03 20.0| 0.24 | 0.48
30.0| 0.43 |-0.03 30.0| 0.37 0.92
50.0| 0.64 |[-0.11 40.0| 0.49 1.95
55.0| 0.69 |-0.11 50.0| 0.61 4.33
60.0| 0.74 | 0.80 60.0| 0.74 | 7.49
65.0| 0.80 2.79 65.0| 0.81 9.20
70.0( 0.86 | 5.50 70.0f 0.90 | 11.28
75.01 0.94 8.09 75.0] 1.06 | 15.28
80.0] 1.14 { =~ 78.21 - -
Table A.3.1. Load def lection data for series 3.
SPEC IMEN
S4-50-1 S54-50-2 S 4-100-1 $4-100-2
LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. P |vert. lat. P |vert. lat. P |vert. lat.
kN mm mn KN mm mm kN mm mm N mm mm
0.0{ 0.00 0.00 0.0] 0.00°| 0.00 0.0} 0.00 0.00 0.0 0.00 0.00
2.5 0.21 0.01 2.5 0.19 0.00 10.0| 0.27 0.08 10.0| 0.22 [-0.10
7.5 0.50 0.05 5.0 0.23 0.00 20.0| 0.8 Q.11 20.0| 0.43 | -0.12
10.0| 0.66 | 0.07 7.5 032 | 0.00 20.0| 0.63 | 0413 30.0| 0.63 | -0.12
_12-5 0.86 0.08 10.0| 0.42 0.01 40.0| 0.90 0.13 40.0| 0.83 | ~-0.12
15.0] 1.31 0.12 12.5| 0.51 0.02 45.0( 1.31 0.14 45.0 1 0.94 | -0.13
17.0| 2.01 0.17 15.0 ] 0.61 0.02 50.0] 1.63 | 0.15 50.0| 0.99 |=0.13
18.0} 2.50 | 0.22 17.5] 0.73 | 0.03 52.5| 2.18 | 0.17 55.0 | - +ve
19.0| 3.13 | 0.27 20.0} 0.91 0.03 55.0| 2.78 | 0.20
20.0) 3.95 0.36 22.01 1.63 0.03 55.0| 2.86 0.22
21.5] - - 22.44{ = = 57.51 = -

Table A.3.2. Load deflection data for series 4.
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SPEC IMEN

Table A+3.2. Load def lectlon deta for series 4 (contlnued).
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S4=150=1 54=150-2 54=200-1 S54-200-2
LOAD DEFLECTION LOAD DEFLECT ION LOAD DEFLECTION LOAD DEFLECTJON
P |vert. | lat. P |vert. lat. P |fvert. | lat. P jvert. | 1at.
kN mm mm KN mm mm kN mm mm kN mm mm
0.0| 0.00 | 0.00 0.0| 0.00 0.00 0.0] 0.00 | 0.00 0.0] 0.00 | 0.00
5.0] 0.12 | 0.03 5.0] 0«11 | -0.01 10.0| 0.52 | 0.00 10.01 0.09 | -0.13
10.0| 0.23 | 0.07 10.0{ 0.22 | -0.02 20.0| 0.69 0.04 20.01 0.6 [-0.11
20.0} 0.41 0.11 20.0| 0.41 |-0.02 20.0( 0.86 | 0.07 30.0| 0.40 |-0.06
40.0 | 0.71 0.17 40.0( 0.69 0.0t 50.0| 1.16 | 0.14 40.0 | 0.53 | 0.00
60.0| 1.04 | 0.24 60.0 0.97 0.03 60.0| 1.32 | 0.20 50.0| 0.67 0.07
65.0 | 113 | 0.27 70.0( 1.12 | 0.06 700 1.47 0.3 60.0 | 0.81 0.15
70.0 | 1.23 | 0.33 75.0( 1.22 | 0.13 80.04f 1.53 | 0.43 70.0{ 0.94 | 0.25
75.0 1 1.33 | 0.43 80.0| 1.34 | 0.40 85.0( 1.63 | 0.63 B0.0 | 1.06 0.46
80.0 | 1.40 0.69 82.5{ 1.41 0.75 90.0 | 1.73 1.35 85.0] 1.14 0.87
85.0 | - - 85.0 | - - 92.5 | 1.73 | - B7.5 | 1.22 2.02
SPEC IMEN
S4-50-1 S4~-50~2 S 4-300~1 S 4-300-2
LOAD | DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION
P vert. lat. P vert. jat. P vert. lat. P vert. lat.
kN mm mm kN mm mm kN mm mm kN mm mm
0.0 | 0.00 | 0.00 0.0| 0.00 | 0.00 0.0 0.00 0.00 0.0 0.00 | 0.00
10.0| 0.10 |-0.03 10.0| 0.14 | 0.04 20.0f 0.41 0.12 20.0{ 0.38 | 0.16
20.0] 0.6 |-0.03 30.0] 0.8 0.07 40.0| 0.63 | 0.21 40.0| 0.56 0.22
40.0 | 0.53 |-0.03 50.0{ 0.74 | 0.11 60.0{ 0.81 0.35 60.0| 0.72 | 0.28
60.0 | 0.81 |=-0.03 60.010.84 | 0.14 70.01 0.90 | 0.44 80.0 | 0.88 0.36
70.01 0.96 {-0.03 70.0| 0.94 | 0.17 80.0{ 0.99 0.56 100.0} 1.05 0.43
80.0 | 1.11 |=0.02 80.0f 1.03 | 0.22 90.0| 1.8 0.72 105.0| 1.8 0.45
90.0| 1.24 |~0.01 90.0| 1.11 0.28 100.0| 1419 0.93 110.0§ 1.15 0.50
100.0 | 1.3 0.04 100.0| 1.22 | 0.44 105.0) 1.24 1.32 115.0| 1.20 | 0.61
110.0 | 1.50 0.23 105.0| 1.28 1.04 110,01 1.36 2.12 120.0{ 1.31 1.88
120.0 | = - 107.5 | - - 122.0| - -
SPEC IMEN
S4=400-1 S4-400~2 $4-500-1 S 4-500-2
LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION
P vert. lat. P vert. lat. P vert. lat. P vert. lat.
kN mm mm kN mm mm kN mm mm kN mm mm
0.0 | 0.00 0.00 0.0] 0.00 0.00 0.0 0.00 0.00 0.0| 0.00 0.00
20.0 | 0.34 |~0.05 20.0) 0.38 |=-0.04 10.04 0.18 | 0.09 20.0| 0.38 0.30
40.0| 0.57 |=-0.04 40.0{ 0.57 | =0.02 30.0| 0.8 0.21 40.0| 0.61 0.48
60.0] 0.75 [-0.03 60.0| 0.73 | 0.03 4.0} 0.59 | 0.25 60.0| 0.80 | 0.73
70.0 | 0.84 | -0.02 70.0 ) 0.81 0.07 60.0| 0.74 0.34 80.0| 0.98 1.09
80.0| 0.94 | 0.01 g80.0| 0.88 0.12 80.0| 0.89 | 0.46 100.0] 1.16 2.02
90.0| 1.04 | 0.10 90.0| 0.%6 0.20 90.0{ 0.97 0.61 1100 1.8 3.35
100.0{ 1.14 | 0.44 100.0| 1.05 0.58 100.0| 1.06 1.36 115.0| 1.32 4.38
105.0] 1.21 1.09 105.0( 1.11 1.66 1100 1.20 | 2.4 1175 1.% 5.18
110.0] 1.35 | - 110.0] 1.26 | 6.48 115.0} 1.39 4.16 120.0| 1.44 | 7.33
111.5{ = - 110.0 ] - - 117.5 ] - - 1200 = -
SPEC IMEN
S$4-600-1 54-600-2
LOAD DEFLECTION LOAD DEFLECTION
P jvert. lat. P vert. lat.
kN mm mm N mm mm
0.0{ 0.00 | 0.00 0.0 0.00 | 0.00
10.0| 0.4 | 0.05 10.0| 0.38 | -0.06
30.0 | 0.86 | 0.03 30.0| 0.80 {-0.10
50.0( 1.6 | 0.12 50.0( 1.11 0.01
70.0| 1.46 0.76 70.01| 1.35 0.17
80.0) 1.63 | 2.88 80.0) 1.8 0.33
90.01 1.81 5.38 90.0| 1.64 | 0.60
100.0 | 2.13 9.3 100.0} 1.82 1.23
105.0 | = - 110.0 | 2.05 3.93
115.0| 2.22 6.53
117.5] 3.53 | 9.13




SPECIMEN

Table A.3.4. Load def lection data for series 6.
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§5-75=1 $5-100-1 55-150=1 $5-150-2
LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION
P | vert. lat. P | vert. lat. P | vert. lat. P | vert. lat.
kN mm mm KN mm mm kN mm mm kN m mm
0.0, 0.00| 0.00 0.0 0.00( 0.00 0.0 0.00( 0.00 0.0 0.00 0.00
5.00 0.11 0.00 10.0{ 0.22| 0.00 10.0{ 0.12| 0.02 10.0{ 0.21 0.16
20.0{ 0.33 0.0 20.0| 0.3 0.03 20.0f 0.19 0.05 20.0] 0.3 0.32
40.0] 0.55| 0.28 40.0} 0.58 0.12 30.0] 0.33| 0.13 20.0| 0.50| 0.51
60.0| 0.73} 0.81 60.0{ 0.74| 0.5 40.0| 0.44| 0.8 40.0| 0.64{ 0.80
80.0{ 0.88 1.79 80.0| 0.90 | 0.50 50.0| 0.56 | 0.61 50.0} 0.75 1.30
100.0] 1.06 3.17 90.0| 1.01 2.65 60.0} 0.89 | 3.64 60.0| 0.83 | 2.84
110.0| 1.17 4.03 100.0} 1.16 5.45 65.0 1.01 5.99 65.0| 0.91 4.50
120.0] 1.29 5.04 105.0| 1.6 7.05 70.0{ - - 67.5]| 0.98 5.71
130.0| 1.47 | 7.19 107.5| 1.36 { 7.25 70.0f 1.12 | 8.45
135.01 1.63 | - 110.0 | - - 71.6 | - -
SPECIMEN
S$5=200~1 S$5-50~1 S$5-300=1 S5=300=2
LOAD DEFLECTICON LOAD DEFLECT ION LOAD DEFLECT ION LOAD DEFLECT ION
P |vert. | lat. P |vert. lat. P lvert. lat. P |vert. lat.
kN mm mm kN mm mm kN mm mm kN mmn m
0.0 | 0.00 | 0.00 0.0 | 0.00 | 0.00 0.0 | 0.00 | 0.00 0.0 | 0.00 0.00
5.0] 0.13 0.00 2.5 | 0.22 0.02 2.5 | 0.12 0.00 2.5 | 0.07 0.00
10.0 | 0.5 0.00 5.0 [ 0.31 0.08 5.0 | 0.21 0.08 5.010.16 0.03
20.0 | 0.41 0.01 10.0 | 0.44 | 0.21 10.0 {0.39 | 0.33 10.0 { 0.34 | 0.25
25.0 |0.8 | 0.07 15.0 [ 0.53 | 0.41 15.0 |0.55 0.99 16.0 {0.8 0.56
30.0 | 0.55 | 0.22 20.0 | 0.62 | 0.91 20.0 [0.73 | 2.82 20.0 | 0.64 1.72
35.0 | 0.66 3.43 25.0 |0.73 2.3 25.0 {1.00 | 5.87 24.0 |0.83 4.46
40.0 {0.77 | 5.83 30.0 | 0.88 4.74 27.0 [1.11 7457 27.0 [ 1.00 | 6.20
45.0 |0.92 8.13 35.0 [1.09 7.8 28.0 |1.2 9.77 28.0 [1.07 7.03
47.5 1 1.04 9.88 37.5 |1.32 9.84 29.0 [1.52 |[11.07 30.0 |1.34 9.75
50&0 - - 3902 - - 29-9 - - 31 IO - -
SPEC IMEN
55=300=3
LOAD DEF LECTION
P |vert. lat. dj d2 d3 d4 ds
kN mm mm mm mm mm mm mm
0.0 0.00 | 0.00 | 0.00 0.00 { 0.00 | 0.00 | 0.00
5.0| 0.8 0.09 0.11 0.11 0.10 0.8 0:05
10.0] 0.43 | 0.21 0.21 0.21 0.19 0.15 0.09
15.0 | 0.57 0.40 0.32 0.31 0.77 0.21 0.12
20.0| 0.71 0.82 | 0.43 | 0.40 | 0.36 0.28 | 0.15
25.0| 0.87 2.24 0.57 0.53 { 0.47 0.% 0.18
26.0| 0.92 | 2.79 0.60 0.57 0.50 | 0.38 | 0.19
2.0 1.03 | 4.43 0.72 0.67 0.58 0.3 0.21
29.0( 1.10 5.47 0.79 0.74 0.64 0.37 0.23
30.0] 1.21 6.70 0.88 0.8 | 0.7 0.42 | 0.24
31.0] 1.36 | - 1.03 | 0.97 0.83 | 0.59 | 0.27
Table A«3.3. Load def lection data for series 5.
SPECIMEN
S$6=150-1 S6-300-1
LOAD DEFLECTION LOAD DEF LECTION
P |vert. lat. P |vert. lat. d1 d2 d3 dg ds
kN mm mm kN mm mm mm mm mm mm mm
0.0| 0.00 | 0.00 0.0} 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
5.0 0.13 | 0.08 5.0 0.23 0.34 | 0.18 0.17 | 0.14 | 0.13 | 0.10
15.0] 0.30 | 0.13 10.0] 0.43 | 0.63 | 0.30 | 0.28 | 0.26 | 0.21 0.15
40.0] 0.9 | 0.5 15.0( 0.56 1.12 0.42 0.40 | 0.3 0.2 0.19
60.0| 0.78 | 0.51 20.0} 0.73 | 2.36 0.56 0.53 | 0.48 0.39 0.24
70.0 | 0.88 2412 25.0{ 1.00 5416 0.80 0.79 0.7 0.55 0.30
80.0| 1.04 | 6.05 27.5]1 1.19 | 6.98 1.10 | 0.99 | 0.90 | 0.68 | 0.35
85.0 | 1.11 722 30.0 | 1.57 9.98 .40 1.40 1.2 0.93 0.43
90.0 | 1.22 | 8.82 32.0] 2.68 [16.13 2.56 2.64 | 2.33 1.59 0.68
92.5 | 1.33 (10.52 34.0 | 4.67 |[23.87 - 4.72 3.9 3.55 1.05
~95.0 1 - - 34.8 | - - - - - - -




~ Teble A.3.5. Load def lection data for series 7.
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SPECIMEN
S7-6-150-1 S7-10-150-1
LOAD DEFLECTION LOAD DEFLECTION
P vert. late. P vert. lat. di dz ds d4 ds
KN mm mm kN mm mm mm mm mm mm mm
0.0] 0.00 | 0.00 0.0} 0.00 | 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.00
5.0 0.18 0.03 5.0f 0.11 0.05 0.06 | 0.06 0.05 0.06 | 0.06
10.0| 0.30 0.06 15.0) 0.24 0.15 0.16 0.14 0.11 0.12 0.13
20.0| 0.45 0.17 30.0} 0.41 0.40 | 0.8 0.23 | 0.16 0.18 | 0.19
30.0| 0.63 | 0.31 45.0] 0.56 | 0.91 0.40 | 0.31 0.19 0.23 | 0.24
40.0| 0.77 0.50 55.0| 0.67 1.63 | 0.47 0.% 0.20 | 0.6 | 0.26
50.0| 0.92 0.80 65.0] 0.79 3.29 0.55 0.41 0.21 0.27 0.27
60.0| 1.05 1.28 70.0} 0.88 5.02 | 0.62 | 0.45 0.22 | 0.7 0.26
65.0| 1.13 1.64 75.0) - - - - - - -
70.0| 1.22 2.44
TJ4.4] - -
SPEC IMEN
57-13-150-1 §7-16-150-1 §$7-20-150-1
LOAD DEFLECT ION LOAD DEFLECTION LOAD DEFLECTION
P jvert. lat. P lverts lat. P |vert. lat.
kN mm mm kN mm mm KN mm mm
0.0} 0.00 0.00 0.0| 0.00 0.00 0.0{ 0.00 0.00
5.0| 0.15 0.00 5.0| 0.11 0.05 5.0 0.13 0.07
10.0| 0.23 0.01 10.0| 0.19 0.09 10.0} 0.22 0.24
20.0| 0.35 0.11 30.0| 0.42 | 0.15 20.0| 0.35 0.75
30.0} 0.46 0.34 50.0| 0.61 0.20 30.0| 0.46 1.79
40.0| 0.56 1.62 70.0} 0.79 | 0.22 40.0| 0.57 3.27
50.0| 0.70 4.57 90.0f 0.96 0.22 50.0| 0.70 5.09
55.0| 0.79 5,92 100.0{ 1.06 | 0.19 60.0| 0.83 | 6.99
60.0| 0.91 7.87 110.0f 1.14 | 0.03 70.01 1.04 | 9.69
65.0| 1.13 | 10.87 115.0] 1.19 |=0.16 75.0] 1.24 1 12.29
70.0| = - 120.0] - -~ 775 - -
SPECIMEN
S$7-6=-300~1 S$7-10-300~1
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. di d2 d3 d4 ds de P |vert. lat.
kN mm mm mm mm mm mm mm mm kN mm mm
0.0y 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.0| 0.00 | 0.00
2.5| 0.22 | 0.02 | 0.15 0.12 | 0. 0.05 0.01 0.08 5.00 0.30 0.15
5.0] 0.35 0.06 | 0.24 | 0.21 0.17 0.12 | 0.06 | 0.09 10.0| 0.52 | 0.31
10.0| 0.61 0.12 | 0.45 0.42 | 0.37 0.30 | 0.16 | 0413 15.0| 0. M 0.52
15.0| 0.97 0.21 076 | 0+74 | 0.69 | 0.62 | 0.41 0.15 20.0| 0.92 | 0.83
20.0| 1.54 0.33 1.31 1.31 1.27 1.22 0.87 0.17 25.0| 1.19 1.54
24.0( 2.24 0.48 1.99 2.00 1.98 1.90 1.41 0.17 27.51 1.39 2.97
26.0] 2.72 | 0.56 2.47 2.50 2.8 2.47 1.82 | 0.11 29.3| - -
28.0) 3.39 0.67 3.15 3.22 | 3.22 3,20 | 2.42 | 0.02
29.0] 3.80 | 0.67 3.56 3.65 3.65 3.66 | 2.80 | 0.03
30.0] = - - - - - - -
SPECIMEN
$7-13-300-1
LOAD DEFLECTION
P |vert. late. di dz2 d3 d4 ds dé
kN mm mm mm mm mm mm mm mm
0.0{ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | Q.00 .00 | 0.00
2.5 0.14 | 0.02 | 0.07 0.06 | 0.09 0.02 | 0.01 0.02
5.0 0.22 | 0.07 | 0.13 | 0.1 0.09 0.02 | 0.03 | 0.04
10.0| 0.40 0.17 0.6 | 0.24 | 0.20 0.11 0. | 0.05
15.0| 0.58 | 0.32 | 0.40 | 0.38 0.33 | 0.26 | 0.16 | 0.06
20.0] 0.78 0.60 | 0.57 0.54 | 0.8 0.42 | 0.24 | 0.07
22.5) 0.88 1.07 0.66 Q.63 0.57 0.49 0.29 0.07
25.0] 1.00 2.22 | 0.78 0.75 0.69 0.55 0.3 | 0.07
27.5| 1.25 5.37 1.03 1.02 | 0.92 | 0.77 0.46 | 0.07
29.0| 1.50 8.17 1.33 1.22 1.18 0.93 0.54 0.06
30.0 = - - - - - - -




SPEC IMEN
$7-16-300-1 $7-20-300-1
LOAD DEFLECTION LOAD | DEFLECTION
P vert. lat. P vert. late.
kN mm mm kN mm mm
0.0] 0.00 0.00 0.0 0.00 | 0.00
5.0] 0.19 0.08 2.5 0.11 0.16
10.0) 0.3 0.20 5.0] 0.20| 0.29
20.01 0.68 0.67 10.0| 0.37 0.62
30.0) 1.22 5.70 15.0f{ 0.52 1.21
31.8| = - 20.0| 0.69 2.47
22.5| 0.81 3.42
25.0| 0.94 4.62
27:5] 1.13 | 6.42
30.0| - -

Table A.3.5. Load def lectlon data for series 7 (contlinued).

SPEC IMEN
512=5=1 S§12=7=1
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. dj d? P |vert. lat. d1 d2
kN mm mm mm mm kN mm mm mm mm
0.0] 0.00 | 0.00 | 0.00 | 0.00 0.0| 0.00 | 0.00 | 0.00 | 0.00
10.0] 0.30 |-0.03 0.00 0.36 5.0] 0.21 0.01 0.08 0.20
20.0| 0.43 |=0.05 |=0.05 0.37 25.0| 0.50 0.06 0.06 0.29
40.0| 0.63 |{-0.06 |-0.12 | 0.35 70.0] 0.86 | 0.12 | 0.03 | 0.37
60.0| 0.79 |-0.06 |-0.17 | 0.33 115.0| 1.20 | 0.16. 0.01 0.48
80.0| 0.95 |=0.06 |=0.21 0.29 145.0| 147 | 0422 | 0.02 | 0.60
90.0| 1.04 | 0.31 |-0.22 | 0.26 170.0| 1.85 | 0.31 0.07 | 0.74
100.0] 1.14 1.26 | =0.22 | 0.22 190.0| 3.30 | 0.40 | 0.22 1.01
105.0( 1.21 1.98 [-0.22 | 0.19 205.0| 5.62 | 0.55 | 0.44 1.35
115.0] 1.3 4.91 |-0.17 | 0.10 210.0| 6.64 | 0.68 | 0.57 1.55
119.5| - - - - 215.0] - - - -
SPECIMEN
512-9-1 S12-11-1
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. dj d?2 P jvert. lat. di d2
kN mm mm mm mm kN mm mm mm mm
0.0] 0.00 0.00 0.00 0.00 0.0] 0.00 0.00 0.00 0.00
25.0| 0.14 | 0.02 |=0.12 | 0.70 50.0| 0.18 | 0.01 |=0.13 |-0.36
50.0| 0.29 | 0.04 |-0.18 | 0.80 100.0f 0.31 0.02 |[~0.20 |-0.52
100.0} 0.51 0.07 |{-0.30 | 0.96 150.0f 0.42 | 0.03 |-0.5 |-0.62
200.0} 0.89 | 0.17 |-0.38 1.20 225.0| 0.56 | 0.05 |-0.32 |-0.77
300.0f 1.8 | 0.30 |-0.38 1.32 300.0| 0.70 | 0.05 |=-0.37 |-0.88
375.0) 1.78 | 0.47 [=0.39 1433 325.0| 0.74 | 0.05 |-0.39 |-0.91
400.0| 2.04 | 0.62 |=-0.43 1.27 350.0| 0.78 | 0.05 |=0.41 |-0.94
425.0| 2.47 1.26 |=0.44 1.19 375.01 0.94 0.05 |~-0.44 |-0.96
437.5| 2.82 | 2.66 {-0.33 1.06 400.0| 1.13 | -0.05 | -0.43 |-1.02
450.0| - - - - 425.0| - - - -
SPECI MEN
S12=13~1 S12=15-1
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. | dj d2 P |vert. lat. di d2
kN mm mm mm mm kN mm mm mm mm
0.0| 0.00 [ 0.00 | 0.00 | 0.00 0.0] 0.00 | 0.00 | 0.00 [ 0.00
50.0( 0.27 0.05 |=0.19 |=0.27 100.0| 0.34 0.04 [=0.23 |=0.39
100.0| 0.44 | 0.04 |-0.27 [-0.30 250.0| 0.67 | 0.10 |=0.43 |~0.43
200.0) 0.76 0.03 [-0.0 [-0.33 450.0( 1.02 0.18 | -0.65 |-0.47
300.0] 1.06 { 0.03 |-0.50 |-0.35 650.0| 1.37 | 0.28 | -0.90 {-0.52
350.0| 1.32 | 0.03 |=0.61 [-0.40 800.0| 1.84 | 0.2 |~-1.41 [-0.64
450.0| 2.87 | 0.20 [-1.08 |-0.54 900.0f 2.83 | 0.22 [-2.19 [-0.90
475.0| 3.72 | 0.31 |=1.05 |{=0.52 1025.0| 5.04 | 0.54 | ~3.96 [=1.68
500.0| 4.48 | 0.48 |-0.94 |=0.36 1075.0( 6.26 1.13 | -5.10 [=-2.01
537.5| 6.15 1.12 | -0.69 [-0.12 {| 1100.0] 7.14 | 3.03 |~5.84 |-2.23
550.0( = - - - 115.0] - - - -

Table A.3.6. Load def lection

data for serifes 12.
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SPEC IMEN
S12=13-2 S12-15-2
LOAD DEFLECTION LQAD DEF LECTION
P vert. lat. dy d?2 P |vert. lat. di d2
kN mm mm mm mm kN mm mm mm mm
0.0] 0,00 | 0.00 | 0.00 | 0.00 0.0 0.00| 0.00 | 0.00 | 0.00
50.0| 0.% 0.08 |=0s14 | <0411 100.0| 050 | =0.10 | =020 | =0.24
150.0| 0.76 |=0.12 |=0.24 | 0.20 200.0( 0.77 | =0.11 | ~0.30 | -0.24
350.0] 1.2 |-0.08 |-0.38 0.53 400.0( 1.19 | =0.11 {~-0.45 | =0.19
450.0| 1.77 |-0.04 |-0.50 | 0.65 600.0| 1.59 | -0.08 |-0.59 | -0.09
550.0) 3.20 0.11 |-0.71 0.81 700.01 1.80 | -0.04 | -0.67 | -0.03
600.0| 4.38 0.44 |-0.77 0.93 B800.0| 2.05 0.02 | -0.78 | -0.02
675.0| 6.3 2.32 | =0.72 112 S00.0| 2.74 0.37 | =114 | =0.01
700.0| 7.25 3.85 |=0.65 1.15 950.0| 3.49 1.08 | =1.42 | =0.07
762.5|10.% {13.92 |-0.18 | 0.70 1000.0| 5.45 3.38 | =1.70 | =0.13
775.0] - - - - 1037.5| - - - -
Table A.3.6. Load def lectlon data for series 12 (continued).
. SPEC | MEN
S8-45-1 $8-90-1 $8-135-1 S8-180-1
LOAD | DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION
P vert. lat. P vert. lat. P vert. lat. P vert. lat.
kN mm mm kN mm mm kN mm mm kN mm mm
0.0} 0.00 0.00 0.0 0.00} 0.00 0.0| 0.00 0.00 0.0] 0.00 | 0.00
1.0f 0.12 0.02 2.5 0.17| 0.00 5.0 0.12 0.02 5.0 0.11 0.04
2.0{ 0.18 0.07 5.0 0.23| 0.00 10.0] 0.18 0.03 15.0| 0.8 0.35
3.0 0.23 | 0.15 10.0| 0.34| 0.06 20.0| 0.31 0.13 25.0| 0.41 1.10
4.0 0.8 0.24 15. 0.44| 0.15 30.0| 0.42 | 0.5 35.0| 0.55 2.93
5.0| 0.32 | 0.37 20.0| 0.53| 0.30 35.0| 0.48 | 0.35 45.0| 0.72 | 5.77
6.0 0.3 0.58 24.0{ 0.60| 0.51 40.0| 0.53 0.47 50.0| 0.83 7.49
7.0 0.42 ] 0.90 26.0| 0.65) 0.71 45.0) 0.59 | 0.869 55.0) = ~
8.0 | 0.47 1.53 28.0| 0.69| 1.04 50.0 | 0.64 1.15
8.5 | 0.50 2.19 3.0 0.73| 1.93 52.5 | 0.67 1.65
8.9 - - 30.8 | = - 55.0| = -
SPEC IMEN
S8-45-2 S§8-90-2
LOAD DEFLECTION LCAD DEFLECTION
P |vert. lat. d1 d2 P |vert. lat. d1 d2
kN mm mm mm mm kN mm mm mm mm
0.0} 0.00 | 0.00 | 0.00 | 0.00 0.0!.0.00 { 0.00 | 0.00 | 0.00
1.0 0.15 0.08 0.05 0.07 2.5| 0.45 | ~0.04 0.10 0.11
4.0 0.29 0.27 0.06 | 0.06 5.0] 0.57 | -0.04 | 0.10 | 0.10
70| 0.41 0.58 0.06 0.06 10.0| 0.82 | -0.03 | 0.16 | 0.07
9.0 0.49 0.90 0.06 0.05 15.0] 1.02 0.02 0.16 0.04
11.0] 0.58 T 0.06 0.03 20.0| 1.13 | 0.12 | 0.16 | 0.04
12.0| 0.62 1.67 0.05 0.02 5.0 1.23 0.30 0.16 0.02
13.0| 0.67 2.16 0.05 0.02 30.0( 1.33 Q.62 0.16 0.01
14.0| 0.72 2.78 0.05 |[-0.01 3H.0| 1.43 1.29 | 0.16 |-0.02
15.0 | 0.79 4.01 0.05 |-0.06 3751 1.8 2.03 | 0.16 |-0.04
15.8| = - - - PG5 - - ~ -
SPECIMEN
S8-135=2 S$8=180=2
LOAD DEFLECTION LOAD DEFLECTION
P ivert. lat. di d2 P jvert. lat. d1 d2
kN mm mm mm mm kN mm mm mm mm
0.0| 0.00 | 0.00 | 0.00 | 0.00 0.0| 0.00 | 0.00 | 0.00 | 0.00
5.0 0.19 |[=0.03 0.05 0.00 5.0(0.® 0.05 0.10 | 0.10
15.0| 0.38 |=0.03 | 0.06 0.10 15.0| 0.54 | 0.12 | 0.11 0.12
25.0 | 0.50 0.03 0.06 0.13 30.0| 0.7 0.40 | 0.14 | 0.18
35.0| 0.62 0.11 0.08 0.16 3B.0| 0.77 0.53 0.15 0.19
50.0 | 0.77 0.5 0.11 0.22 45.0 | 0.88 0.85 | 0.18 0.23
60.0 | 0.87 0.43 0.12 0.25 55.0 | 0.98 2.03 0.20 0.25
67.5| 0.9 0.67 0.12 0.8 60.0 | 1.06 3.70 0.21 0.21
72.5 | 1.01 0.97 0.12 | 0.26 65.0) 1.14 | 5.20 | 0.24 | 0.16
77.5 | 1.07 1.52 0.12 0.6 700 | 1.8 7 .65 0+32 0.08
80.01 1.11 2.97 0.12 0.26 71.5 | = > - =

Table A.3.7. Load def lection data for series 8.
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. SPECIMEN
S$13-30-1 §13-30-2
LOAD DEFLECTION LOAD DEFLECTION
P vert. lat. d1 P vert. lat. di
kN mm mm mm kN mm mm mm
0.0| 0.00 | 0.00 | 0.00 0.0| 0.00 [ 0.00 | 0.00
10.0| 0.16 0.00 | =0.01 10.0 0.16 0.03 |=-0.06
30.0{ 0.38 | 0.04 |-0.05 30.0} 0.39 | 0.07 |-0.01
50.0! 0.58 0.12 | =0.25 70.0} 0.76 0.14 0.05
100.01 1.03 | 0.14 [ -0.70 100.0| 0.98 | 0.14 | 0.09
160.0} 1.62 | 0.14 | -0.94 140.0| 1.2 0.15 0.02
200.0} 2.14 | 0.15 {-1.18 180.0( 1.58 0.15 |[-0.27
240.0{ 2.89 0.27 | -1.70 220.0f 1.87 0.15 |=0.41
260.0| 3.43| 0.41 |-2.05 240.0f 2.06 | 0.15 [=0.50
270-0 3077 0464 "203 260!0 2&‘9 0-02 -0'5?
280.0| - - - 270.01 - ~ye -
SPEC| MEN
S$13-50-1 S13=50=2
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. P |vert. lat. dj d?2
kN mm mm kN mm mm mm mm
0.0| 0.00 | 0.00 0.0 0.00 | 0.00 | 0.00} 0.00
13.1] 0.23 0.00 6.5| 0.14 0.00 0.00 | -0.02
39.2| 0.48 | 0.05 26.1| 0.41 0.00 | 0.00 | -0.07
78.3| 0.80 | 0.05 52.2| 0.61 0.00 [ -0.04 | -0.12
117.5] 1.15 0.05 78.3} 0.87 0.00 | =0.07 | =0.16
143.6 1.2 | 0.05. 104.4 1.8 | 0.00]-0.09 | -0.21
169.7| 1.70 | 0.05 130.5| 1428 | 0.00 | =0.11 | -0:26
195.8| 2.8 0.05 1566 | 1.47 0.00 | =0.11 | =0.30
208.9| 2.81 0.05 169.7| 1.59 | 0.00 | =0.11 | =0.32
215.4| 3.16 | 0.05 182.8] 1.72 ] 0.04 | -0.09 | -0.34
221.9) - -ve 195.81 - - - -
: SPECIMEN
S13-70-1 S$13-70-2
LOAD DEF LECTION LOAD DEFLECTION
P |vert. lat. di P |vert. lat. di d2
kN mm mm mm kN mm mm mm mm
0.0{ 0.00| 0.00 | 0.00 0.0| 0.00 | 0.00 | 0.00 | 0.00
5.31 0.12 | 0.04 | =0.03 5.3 0.10 | 0.00 | 0.00 | =0.01
16.0| 0.24 | 0.16 |=0.10 16.0| 0.23 | 0.02 | 0.00 |=0.04
37.2] 0.47 | 0.31 | -0.23 26.6| 0.34 | 0.05 0.00 | -0.05
58.5| 0.69 | 0.48 |-0.28 42.6| 0.50 | 0.12 | 0.00 {-0.08
69.2| 0.80 | 0.60 |-0.28 63.9| 0.68 0.26 | =0.05 | =0.10
90.5| 1.02| 0.97 | -0.28 85.1| 0.87 | 0.51 [-0.08 {-0.13
95.8| 1.07 1.17 | -0.28 95.8| 0.97 0.72 | =0.09 | =0.15
101.1} 1.14 1.65 | =0.28 101.1| 1.04 1.09 |-0.10 [ ~0.16
106.4] 1.21 2.85 | ~0.28 106.4] 1.10 1.79 | =0.10 | =0.17
111.7| - - - 111.7| - - - -
SPECIMEN
S$13-90-1 S$13-90-2
LOAD DEFLECTION LOAD DEF LECTION
P |vert. lat. di d2 P |vert. lat. di d2
kN mm mm mm mm kN mm mm mm mm
0.0| 0.00 | 0.00 | 0.00 | 0.00 0.0f 0.00 | 0.00 | 0.00 | 0.00
2.5| 0.06 0.00 | =0.02 0.00 2.5 0.9 0.00 0.00 | =0.01
5.0 0.10 0.00 | -0.04 0.01 5.0f 0.13 0.00 0.00 | -0.01
10.0| 0.20 | 0.00 | -0.0@ | 0.03 10.0} 0.21 0.04 |-0.04 |-0.02
25.0| 0.44 0.07 | =0.17 0.06 25.0| 0.42 0.29 |-0.12 | -0.02
40.0| 0.64 | 0.3 | -0.24 | 0.09 40.01 0.9 | 0.68 |-0.16 |-0.01
55.0( 0.85 1.61 | =0.29 0.12 55.0f 0.76 1.66 |-0.19 |-0.01
65.0| 1.00°| 3.66 | =0.30 0.13 65.01 0.88 3.06 | =0.19 |-0.01
67.5( 1.04 4.46 | =0.28 0.14 70.0f 0.97 5.47 |=0.17 |=0.01
70.0] 1.10 ] - -0.24 | 0.15 72.5) - - - -

Table A.3.8. Load deflection data for serles 13.
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SPECIMEN
S13~110-1 S13110-2
LOAD DEFLECTION LOAD DEF LECTION
P |vert. lat. d1 d2 P [vert. lat. d1 d2
kN mm mm mm mm kN mm mm mm mm
0.0] 0.00 0.00 0.00 0.00 0.0| 0.00 0.00 0.00 0.00
106 0B | 0.62 0.00 | =0.22 10.6| 0415 0.08 | -0.04 | ~0.21
21.3] 0.18 1,52 | =0.02 | =0.31 21.3{ 0.30 | 0.19 |=0.04 | ~0.27
26.6) 0.27 2.22 0.00 | =0.33 31.9| 0.40 | 0.32 |-0.05 | -0.29
31.9{ 0.34| 3.21 0.02 | -0.34 42.6] 0.51 0.61 | -0.08 | -0.30
37.2] 0.42| 4.42 | 0.06 | =0.34 47.91 0.58 1.09 |-0.09 | ~0.31
39.9| 0.46 | 5.01 0.09 | =0.34 50,5 0.62 155 | =010 | =0.31
42.6] 0.52 5.71 0.11 | =0.31 53.2| 0.66 2.40 | =011 [ =0.31
45.2] 0.57| 6.61 0.15 | =0.28 55.9| 0.72 3.95 [ =0.13 | =0.30
47.9] 0.67 8.07 0.20 | -0.20 58.5| 0.81 5.95 | =0.17 | =0.22
50.5| - - - - 61.2] - - - -
: SPECIMEN
S13130-1 S13130-2
LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. d1 P |vert. lat. d1 d2
KN mm mm mm kN mm mm . _mm mm
0.0 0.00| 0.00 0.00 0.0| 0.00| 0.00] 0.00| 0.00
3.3 0.09 | 0.00 | -0.04 3.3 0.22| 0.10} =0.03 | -0.01
5.2 0.17 | 0.02| ~0.08 6.5| 0.35 0.21 | =0.06 | =0.02
13.1] 0.55 0.2 | -0.16 13.1] 0.50| 0.38 | =0.11| =0.02
23.5| 0.84 | 1.00|-0.20 19.6] 0.77 0.79 | -0.16 | 0.01
2B.71 1.01 1.62 | =0.12 2661] 1.01 145 | =0.23 0.06
33.9{ 1.18 2.50 0.00 32.6] 1.22 243 | =0.33 0.16
40.51 1.3 4.12 0.15 359 1.32] 3.33|-0.40} 0.24
43.1] 1.53| 5.80} 0.19 39.2] 1.46 5.03 | -0.49 0.36
44.4] 1.63 5.92 0.13 42.4] 1.81 9.03 | -0.81 0.69
45.7} - - - 43.1] - - - -
SPECI MEN
S13=140=1 S13~140-2
LCAD DEFLECTION LOAD DEFLECTION
P lvert. lat. d1 d2 d3 P |vert. lat. d1 d?2 d3
kN mm mm mm mm mm kN mm mm mm mm mm
0.0| 0.00| 0.00] 0.00| 0.00]| 0.00 0.0 0.00| 0.00 | 0.00| 0.00| 0.00
3.9 0.07 0.14 0.05 | -0.02 0.03 15| 0.00 0.02 | =0.05 Q.02 0.00
9.3] 0.14| 0.56 0.20 | =0.19 0.20 3.1 0.04| 0.05 | =0.11 0.06 | 0.00
12.4] 0.20| 0.87 0.6 | =0.8 0.30 9.3 0.2Z7 | 0.27 {-0.18 | 0.13| 0.20
15.6| 0.29 1.19 0.29 | =0.37 0.40 15.6[ 0447 | 0.56 | -0.22 ] 0.25 0.39
18.7| 0.37 1.65 0.37 | =0.44 | 0.50 1847| 0.56 | 0478 | =0.27 | 0.30 | 0.48
21.B| 0.46| 2.16 0.43 | =0.46 0.61 21.8| 0.68 1.00 { =0.30 | 0.37 | 0.58
24.9| 0.61 2.91 0.421 =0.42 | 0.72 24.9| 0.84 1.8 | =0.31 0.42 ] 0.68
28.0| 0.82 4.76 0.40 | -0.34 1.03 28.0| 0.99 | 2.27 [-0.33| 0.48 0.80
31.1] 1.15| 8.08 0.8 -0.09 1.21 31.1] 1.23 ] 5.77 | =0.35 | 0.63 1.10
32.71 = - - - -~ 32.7] - - - - -
Teble A.3.8. Load def lection data for series 13 (continued).
SPEC IMEN
§9-1-2 $9-1-3 §9-2-2
LOAD |STRESS| DEFLECTION LOAD |STRESS| DEFLECTION LOAD |STRESS| DEFLECTION
P f vert. lat. P f vert. late. P f vert. lats.
kN N/mm2| mm mm KN N/mm2] mm mm kN N/mm2| mm mm
0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00
2.0| 20.0 | 0.22 | 0.09 2.0 20.0 | 0.04 | 0.00 2.0l 20.0 | 0.16 0.06
5.0{ 9.9 | 0.30 | 0.10 5.0| 50.0 | 0.07 0.00 4.0 40.1 0.21 0.07
10.0] 99.8 | 0. 0.11 10.0] 100.0 0.12 | 0.00 10.0[ 100.3 | 0.32 | 0.10
15.01149.6 | 0.39 0.13 15.0]150.0 | 0.16 0.00 15.0]|150.4 | 0.40 | 0.14
20.01199.5 | 0.43 | 0.15 20.0{200.0 | 0.19 | 0.00 20.0]200.5 0.46 0.20
5.0{249.4 0.48 0.19 5.0 50.2 0.23 0.04 5.0 50.7 0.53 0.26
30.01209.3 | 0.53 | 0.22 30.0{300.3 | 0.5 0.07 27.0] 270.7 0.55 0.8
35.01349.1 0.60 | 0.26 35.0| 3H0.3 | 0.30 | 0.10 29.0]20.8 0.58 0.32
36.01359.1 0.62 | 0.25 3645|2653 | 0.32 | 0.10 30.0|300.8 0.60 0.35
%.9|%8.7 | - - 3%5.9|%9.3 | - - 30.9]309.8 | = -

Table A.3.9. Load def lectlon data for serles 9.
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SPECIMEN
$9-2-3 S9-3-2 S9-3-3
LOAD |STRESS| DEFLECTION LOAD |[STRESS| DEFLECTION LOAD |STRESS| DEFLECTION
P f vert.s lats P f vert. lat. P f vert. lat.
kN N/mm2| mm mm kN N/mm2| mm mm KN N/mm2{ mm mm
0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00
2.0 20.1 0.10 0.01 1.0 10.0 0.03 0.00 1.0 9.9 0.03 0.00
4.0 40.4 0.14 0.01 4.0 40.1 0.13 0.01 2.0 19.8 0.06 0.00
8.0 80.7 0.20 0.01 8.0| 80.2 0.21 0.02 4.0 39.7 0.1 0.02
12.0]121.1 0.24 0.01 12.0]120.4 0.26 0.05 8.0| 79.3 0.17 0.06
20.0]201.9 0.31 0.01 16.0| 160.5 0.31 0.09 12.0/119.0 0.23 0.10
24.04242.2 0.35 0.01 20.0| 200.6 0.36 0.17 16.0{ 15B.6 0.28 0.15
28.0|282.6 0.3 0.02 22.0(220.7 0.3 0.25 20.0|198.3 0.33 0.26
31.5|317.9 0.42 0.05 23.0] 220.7 0.41 0.32 22.01218.1 0.36 0.40
33.0|333.1 0.43 0.07 24.0]1240.7 0.42 Q.44 23.0(228.0 0.3 0.55
334533841 0.44 0.10 24.8| 248.8 - - 23.71235.0 - -
SPECIMEN
59-4-2 S59-4-3 S9-5-2
LOAD |STRESS| DEFLECTION LOAD |STRESS| DEFLECTION LOAD |STRESS| DEFLECTION
P f |vert. lat. P f vert . lat. P f vert. lat.
kN N/mm2| mm mm kN N/mm2|] mm mm kN N/mm2| mm mm
0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00
1.01 10.2 0.22 0.07 1.0] 10.0 0.03 0.00 0.5 5.1 Q.37 0.33
3.0 20.5 0.32 0.09 2.0{ 2.0 0.05 0.01 1.0{ 10.2 0.44 0.34
5.0] 50.8 0.40 0.10 4.0f 40.1 0.0 0.02 2.01 20.3 0.8 0.35
2.0 91.4 0.48 0.16 6.0] 60.1 0.12 0.02 4.0| 40.6 0.54 0.37
11.0(1111.7 0.51 0.22 8.0| B80.1. 0.14 0.03 6.0 6049 0.58 0.3
13.0(132.0 0.55 0.34 12.0]120.2 0.19 0.q4 7.0 71.1 0.60 0.41
14.01142.1 0.56 0.44 15.0]150.2 0.22 0.07 8.0} Bl1.3 0.63 0.44
15.01152.3 | 0.58 0.62 16.51165.2 0.24 | 0.19 8.6] 87.4 | 0.69 0.93
16.0(162.4 0.61 1.45 17.51175.2 0.5 0.50 8.8| 89.4 0.72 1.88
16.0(162.8 - - 17.81178.2 - - 8.8 89.7 - -
SPECIMEN
§9=5-3 59=6=2 §9-6=3
LOAD |STRESS | DEFLECTION LOAD |STRESS| DENLECTION LOAD ([STRESS| DEFLECTION
P f vert. lat. P f vert. lat. P f vert. lat.
kN N/mm2| mm mm kN N/mm2| mm mm kN N/mm2| mm mm
0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00
1.0] 10.0 0.07 0.00 0.5 5.0 0.43 0.18 0.5 5.0 0.0 0.08
2.0 20.0 0.11 0.00 1.0 10.0 0.48 0.18 1.0| 10.0 0.11 0.08
4.0 9.9 0.17 0.01 2.0] 20.0 | 0.52 0.18 2.0| 19.9 0.15 0.08
6.0 59.9 0.21 0.04 3.0 30.0 0.55 0.18 4.0| ».8 0.19 0.05
8.0 79.8 0.5 0.12 5.0| 50.0 0.59 0.12 5.0| 49.8 0.22 0.01
9.5] 94.8 0.28 0.26 6.0| 60.0 0.61 0.05 6.0| 59.7 0.24 |=0.06
10.5104.8 0.30 0.43 7.0y 70.0 0.63 {~0.06 7.0| 69.7 0.6 [-0.19
11.4]113.8 0.32 0.75 7.81 78.1 0.65 {-0.27 75| 74.7 0.27 |-0.33
12.0119.8 0.3 1.51 8.0] 80.1 0.66 {=0.44 8.0| 79.6 0.8 |-0.65
12.21121.4 - - Be2] 8242 - - 8.2| 81.3 - -
SPECIMEN
S9-7-1 S9-7-2 S9-7=3
LOAD |STRESS | DEFLECT!ON LOAD |STRESS| DEFLECTION LOAD |STRESS | DEFLECTION
P f vert . lat. P f vert. lat. P f vert. lat,
kN N/mm2 | mm mm kN N/mm2| mm mm kN N/mm2| mm mm
0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00 0.0 0.0 0.00 0.00
0.5 5.0 0.20 0.11 0.5 5.0 0.20 0.11 0.5 5.0 0.06 [=0.02
1.0 9.9 0.25 0.11 1.0 9.9 0.25 0.11 1.0] 10.1 0.10 |-0.02
2.0| 19.8 0.9 0.11 2.0] 19.8 0.2 0.11 2.0] 20.1 0.17 |-0.01
3.0 29.7 0.31 0.15 3.0 9.7 0.31 | 0415 3.0| 30.2 0.22 0.02
4.0 9.6 Q.34 0.22 4.0 39.6 0.34 022 4.0 40.2 0.5 0.07
5.0 | 49.5 0.36 0.36 5.0| 9.6 0.36 0.36 5.0] 50.3 0.27 0.17
6.0| 59.4 0.3 0.82 6.2| 61.4 0.40 1.05 6.0 60.4 0.2 0.56
6.2) 61.4 0.40 1.05 6.4| 63.4 0.41 1.44 6.4| 64.4 0.31 1.36
6.6 | 65.4 0.44 2.41 6.6 | 65.4 0.44 2.41 6.5 65.4 0.34 2.17
6.7] 6645 - - 6.7 | 6645 - - 6.6 6642 - -

Teble A.3.9. Load def lection data for series 9 (continued).
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SPECIMEN

510-7-1 $10-7-2
LOAD | STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f vert. |axial lat. P f vert. |axial lat.
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00
2.5| 35.3 | 0.02 | 0.06 | 0.00 2.5| 35.3 | 0.11% 0.08 0.01
7.5| 105.8 0.19 0.13 | 0.00 7.5]105.8 0.22 | 0.16 0.02
12.5|176.4 0.8 0.20 0.00 12.5]|176.4 0.32 0.23 0.03
17.5] 246.9 0.38 0.27 | 0.00 17.5]|246.9 0.43 | 0.30 | 0.05
22.0/310.4 | 0.8 | 0.34 | 0.00 22.5|317.5 0.55 0.3 0.06
23.5| 331.5 0.52 | 0.37 | 0.00 24.0|333.6 0.60 | 0.42 | 0.07
25.0| 352.7 0.57 0.40 | 0.00 25.0|352.8 0.63 | 0.45 0.07
26.0| 66.8 0.61 0.43 | 0.01 26.0|366.9 0.66 | 0.47 0.07
26.5] 373.9 0.66 | 0.47 0.03 26.5|373.9 | 0.69 0. | 0.09
27.0| 380.9 0.81 0.57 0.13 27.0/31.0 | 0.72 | 0.51 0.10
SPECIMEN
510-6-1 510=-6-2
LOAD | STRESS DEFLECTION LOAD |STRESS DEFLECTION
P T vert. | axial lat. P f vert. |axial lat.
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00
2.5| 35.2 | 0.16 0.11 0.00 2.5| 35.2 | 0.24 | 0.10 0.10
5.0| 70.4 | 0.24 | 0.17 [-0.02 5.0 70.5 0.35 | 0.25 0.16
7.5| 105.6 0.31 0.22 |[=0.04 7.5[105.7 0.45 0.32 | 0.21
10.0] 140.7 0.38 0.27 (-0.04 12.5]176.1 0.60 0.42 0.24
12.5| 175.9 0.44 | 0.31 [-0.04 17.5]|246.6 0.73 | 0.52 | 0.27
17.5| 246.3 | 0.58 0.41 |-0.03 20.0(281.8 | 0.82 | 0.58 | 0.27
20.0| 281.5 0.65 0.46 |-0.01 21.5|303.0 | 0.88 | 0.62 | 0.28
21.5| 302.6 0.70 | 0.49 0.01 23.01324.1 0.92 | 0.65 | 0.28
22.01309.6 0.72 | 0.51 0.06 23.5(331.1 0.94 | 0.66 0.9
22.5{316.7 | - | - - 23.9|3%.1 | - - -
SPECIMEN
5$10-5-1 5§10-5-2
LOAD | STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f vert. |axial late e f vert. |axial lats
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0f 0.0 | 0.00 | 0.00 | 0.00 0.0{ 0.0 | 0.00 | 0.00 | 0.00
2.5| 35.4 | 0.34 | 0.24 | 0.04 2.5| 35.4 | 0.16 0.11 0.05
5.0 70.8 0.42 | 0.30 | 0.06 5.0 70.7 0.26 0.18 0.06
75| 1062 | 0.8 0.3 0.08 7.5}106.1 0.2 | 0.5 0.08
10.0} 141.7 0.56 | 0.40 | 0.11 10.0]141.5 | 0.44 | 0.31 0.11
12.5(177.1 0.64 | 0.45 0.17 12.5}176.9 0.52 | 0.37 0.16
14.0{198.3 | 0.68 | 0.48 | 0.22 14.01198.1 0.57 0.40 | 0.20
16.0]12256.7 0.75 0.53 | 0.34 15.0]212.2 | 0.60 | 0.42 | 0.25
16+5] 233.7 0.77 0.54 0.38 17.0( 240.5 = = =
17.0]| 240.8 0.78 0.55 0.43
17.5( 247 .9 - - -
SPEC IMEN
S10-4-1 510-4-2
LOAD |STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f vert. | axial lat. P f vert. |axial lat.
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0/ 0.0 | 0.00 | 0.00 | 0.00 0.0/ 0.0 | 0.00 | 0.00 | 0.00
1.0} 14.3 0.12 0.08 0.06 1.0] 14.1 0.10 0.07 0.11
2.0 28.6 | 0.18 0.13 | 0.08 2.0 8.2 | 0.15 0.11 0.18
4.0 573 | 0.27 0.19 0.11 3.0 42.3 | 0.18 | 0413 | 0.26
6.0| 85.9 0:35 0.25 | 0.16 4.0| 56.4 | 0.22 | 0.16 | 0.33
8.0|114.5 0.44 | 0.31 0.23 5.0 70.6 0.5 0.18 0.44
9.0/128.8 | 0.48 | 0.34 | 0.28 6.0| 84.7 | 0.29 0.21 0.58
10.0( 143.2 | 0.52 | 0.37 0.35 7.0] 98.8 0.33 | 0.23 | 0.74
11.0] 157.5 0.56 | 0.40 | 0.46 8.0{112.9 | 0.33 | 0.26 | 0.97
12.0]171.8 0.60 0.42 0.70 9.0(127.0 0.42 0.30 1.51
12.8]| 183.2 - - - 9.31130.9 - - -

Teble A.3.10. Load def lectlon data

for series 10.

380




SPEC IMEN
S10=3=1 510-3-2
LOAD |STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f vert. |axtal | lat. P f vert. |axlal lat.
kN N/mm2 | mm mm mm kN N/mm2| mm mm mm
0.0] 0.0 | 0.00 | 0.00 | 0.00 0.0| 0.0 | 0.00 | 0.00 | 0.00
1.0} 14.2 0.16 0.11 0.08 1.0 14.1 0.13 | 0.9 |[0.10
2.0| 28.3 [ 0.23 | 0.16 0.12 2.0 28.3 | 0.19 0.13 | 0.17
3.0] 42.5 0.8 0.20 0.17 3.01 42.4 | 0.24 | 0.17 0.26
4.0| 56.6 0.33 | 0.23 | 0.23 4.0 56.6 | 0.29 0.21 0.38
5.0 70.8 0.37 0.6 0.34 5.0] 70.7 0.34 | 0.24 | 0.55
6.0 84.9 0.42 | 0.30 | 0.51 6.0 84.9 0.40 | 0.28 0.82
7.0 99.1 0.47 0.33 | 0.83 6.5 92.0 0.43 | 0.30 1.02
7.5|106.1 0.50 | 0.35 1.14 7.0] 99.0 | 0.46 | 0.33 1.31
8.0|113.2 0.54 | 0.3 1.96 7.5 1106.1 0.8 0.3 1.80
Bel |114.6 - - - 79 1111.8 - - -
SPECIMEN
S$10-2-1 S10=2=2
LOAD |STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f- vert. |axial lat. P f vert. |axlal lat.
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0} 0.0 | 0.00 | 0.00 | 0.00 0.0| 0.0 | 0.00 | 0.00 | 0.00
0.5 742 0.10 0.07 0.04 0.5 741 0.07 0.05 0.02
1.0{ 14.4 | 0.15 0.11 0.10 1.5 21.2 | 0.16 | 0.11 0.05
2.0 28.8 0.21 0.15 0.22 2.0] 28.3 | 0.19 | 0.13 | 0.06
3.0 43.1 0.27 0.19 0.41 3.0 42.4 | 0.24 | 0.17 0.11
3.5 503 | 0,320 0.21 0.57 4.0 56.6 0.8 | 0.20 | 0.22
4.0| 57.5 0.32 | 0.23 | 0.82 4.5 63.6 0.31 0.22 | 0.33
4.5| 64.7 0.3 0.5 1.31 5.01 70.7 0.33 | 0.23 | 0.54
5.0| 71.9 0.39 0.28 2.28 5.5 77.8 0.36 0.25 1.03
5.2| 75.5 0.43 | 0.30 | 3.48 5.8 81.3 |0.3 | 0.2 1.58
5.3| 766 | = - - 6.0 84.6 | - - -
SPECI MEN
S510-1-1 S10=1=2
LOAD |STRESS DEFLECTION LOAD |STRESS DEFLECTION
P f vert. |axial lat. P f vert. |axlal lat.
kN N/mm2| mm mm mm kN N/mm2| mm mm mm
0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.00 0.00 0.00
0.5 7.0 0.22 | 0.16 [-0.05 0.5 71 0.10 | 0.07 0.15
1.0 14.1 0.27 0.19 0.01 1.0 141 0.18 0.13 | 0.34
1.5} 21.1 0.30 0.21 0.10 1.5 21.2 | 0.22 | 0.16 0.59
2.0 28.2 | 0.32 | 0.23 | 0.24 2.0 B8.2 | 0.26 | 0.18 0.93
2.5 35.2 0.3 0.5 0.47 2.5 35.3 | 0.31 0.22 1.50
3.0] 42.3 | 0.38 0.27 0.86 3.0| 42.4 | 0.36 | 0.25 2.43
3.5 49.3 | 0.41 0.29 1.69 3.3) 45.9 0.40 | 0.8 3.24
3.8| 52.8 0.44 0.31 2.57 3.5] 9.4 0.45 0.32 4,22
4.0 56.4 | 0.8 0.% 4.03 3.81 53.0 | - - -
4«3 59!9 - - -
Taeble A.3.10. Load deflectlon data for series 10 (continued).
S11-150-1
LOAD DEFLECTION
P {vert. dH1 cH?2 dH3 d4 ds ds d7 ds
kN mm mm mm mm mm mm mm mm mm
0.0} 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
10.0] 0.9 0.10 0.43 0.07 0.12 0.09 0.04 0.04 0.04
15.0(| 0.37 0.19 0.65 0.16 - - - - -
20.0] 0.45 0.2 0.89 0.8 0.21 0.14 | 0.08 | 0.07 0.09
25.0] 0.52 | 0.40 116 | 0.44 | = - - - -
30.01 0.59 0.53 1.44 0.63 0.2 0.19 0.11 0.0 0.12
3».0| 0.66 | 0.69 1.74 | 0.91 - - - - -
40.0| 0.72 | 0.89 2.13 1.8 0.% 0.22 | 0.13 | 0.10 | 0.14
45.0| 0.79 1.23 2.65 1.87 | - - - - ~
50.0| 0.87 1.91 3.53 | 2.78 0.43 0.7 0.14 | 0.09 | 0.12
55.0| - - - - - - - - -

Table A.3.11. Load def lection data for serles
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SPECIMEN
S2-0-1 S2-4-1 S2-8-1 §2-12-~1
LOAD | DEFLECTION ~ LOAD DEFLECT ION LOAD | DEFLECTION LOAD DEFLECTION
P vert. lat. P vert. lat. P vert. lat. P vert. late
kN m mm kN mm mm kN mm mm KN mm mm
0.0{ 0.00 | 0.00 0.0] 0.00 0.00 0.0] 0.00 0.00 0.0| 0.00 | 0.00
10.0f 0.27 0.05 10.0} 0.30 | 0.03 10.0] 0.31 0.14 10.0] 0.47 0.08
20.0| 0.40 0.14 20.0| 0.44 | 0.04 20.0| 0.44 | 0.27 20.0| 0.62 | 0.17
30.0| 0.51 0.27 20.0| 0.54 | 0.10 30.0| 0.55 0.47 30.0| 0.72 | 0.26
40.0| 0.61 0.44 40.0] 0.63 | 0.15 40.0| 0.64 | 0.79 40.0| 0.81 0.3
50.0| 0.70 | 0.67 50.0{ 0.71 Q.23 50.0| 0.73 1.26 50.0| 0.88 | 0.60
60.0( 0.79 1.08 65.0| 0.84 | 0.50 60.0| 0.83 1.97 60.0| 0.96 1.07
65.0| 0.84 1.39 75.0| 0.92 | 0.93 70.0| 0.92 3.00 70.0| 1.04 | 2.48
70.0| 0.89 1.82 80.0| 0.97 1.51 80.0| 1.03 4.76 75.0] 111 4.28
75.0| 0.94 2.59 85.0}| 1.02 2.71 85.0| 1.14 | 6.36 80.0| 1.28 -
80.0| 1.04 8.09 90.0| 1.0 4.71 89.2| 1.33 -
SPEC I|MEN
S2-16~1 $2-20-1 S$2-0-2 §2-4-2
LOAD | DEFLECTION LOAD | DEFLECTION LOAD | DEFLECTION LOAD DEFLECTION
P |vert. lat. P |vert. lat. P |vert. lat. P |verte. lats.
kN mm mm kN mm mm kN mm mm kN mm mm
0.0 0.00 | 0.00 0.0 0.00 0.00 0.0| 0.00 0.00 0.0| 0.00 | 0.00
10.0| 0.34 | 0.03 10.0| 0.72 | 0.07 10.0| 0.30 | 0.03 10.0{ 0.26 | 0.00
20.0) 0.42 | 0.10 20.0] 0.89 0.16 20.0| 0.44 | 0.05 20.0) 0.2 | 0.04
40,0 0.58 0.21 20.0] 0.98 | 0.28 30.0| 0.55 0.08 40.0| 0.55 0.12
60.0| 0.75 0.35 40.0] 1.10 0.43 50.01 0.71 0.16 60.0| 0.68 0.23
70.0| 0.82 0.46 50.0| 1.17 0.63 65.0] 0.83 0.25 75.0] 0.78 0.35
80.0| 0.90 0.63 60.0] 1.24 | 0.90 80.0| 0.%6 0.40 85.0| 0.86 0.48
90.0| 0.98 0.93 70.0| 1.32 1.22 90.0| 1.05 0.51 95.0| 0.93 0.74
95.0| 1.02 1.23 75.0( 1.41 1.73 95.0| 1.10 | 0.656 100.0| 0.98 1.09
100.0| 1.06 1.94 80.0| 1.51 2.66 100.0) 1.16 217 105.0| 1.04 | 3.44
101.7] 1.9 - 85.0| 1.70 | = 105.0f = - 106.7| = -
SPEC IMEN
52-8-2 52-12-2 52-16-2 $2=-20-2
LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION LOAD DEFLECTION
P |vert. lat. P |vert. late. P |vert. lat. P (vert. late
kN mm mm kN mm mm kN mm mm kN mm mm
0.0( 0.00 0.00 0.0| 0.00 0.00 0.0] 0.00 0.00 0.0] 0.00 0.00
10.0| 0.32 | 0.04 10.0] 0.3 0.11 10.0] 0.50 0.03 10.0] 0.23 | 0.01
30.0| 0.59 0.05 20.0| 0.48 0.21 30.0| 0.72 | 0.03 20.0( 0.36 | 0.01
50.0) 0.81 0.01 30.0| 0.58 0.34 50.0] 0.9 | 0.05 30.0] 0.4 | 0.03
'60.0| 0.88 |-0.02 40.0| 0.67 0.51 70.0| 1.07 0.23 50.0| 0.64 0.06
70.0| 0.98 |=0.08 50.0| 0.75 0.75 80.0| 1.13 | 0.45 60.0( 0.72 | 0.09
80.0| 1.05 [-0.15 60.0| 0.83 1.22 85.0| 1.17 0.59 70.0| 1.80 | 0.13
85.0( 1.10 [-0.23 70.0| 0.92 2.21 90.0| 1.21 0.80 80.0( 1.9 0.2
90.0}| 1.14 |-0.34 75.0| 0.98 3.24 95.0f 1.26 1e11 85.0| 2.04 | 0.61
95.0( 1.18 [-0.55 80.0| 1.05 4.64 100.0{ 1.32 1.71 90.0| 2.11 1.49
100.0| 123 [=1.14 85.0| = - 105.0| = - 107.1] = -
105.01 1.33 -
Table A.3.12. Load deflection data for serles 2.
SPECIMEN
$5a=75=1
LOAD DEFLECTION
P lvert. lat. di d2 d3 d4 ds
kN mm mm mm mm mm mm mm
0.0| 0.00 0.00 Q.00 Q.00 0.00 0.00 0.00
10.0| 0.22 | 0.05 0.11 0.10 [ 0.0 0.08 0.06
30.0| 0.41 0.10 0.22 0.21 0.20 0.19 0.17
70.0| 0.66 0.8 0.3 0.31 0.30 0.2 0.25
110.0{ 0.93 | 0.70 | 0.45 0.38 0.36 | 0.33 | 0.29
1300 .27 1.13 | 0.8 0.4] 0.3 0.34 | 0.9
145.0 1.74 | 2.26 | 0.53 | 0.43 | 0.39 0.33 | 0.26
150.0) 1.92 3.44 | 0.55 0.43 | 0.38 0.31 0.23
155.0{ 2.18 5.91 0.58 0.43 0.34 0.24 0.12
157.5| 2.37 B.11 0.61 0.42 0.30 0.15 0.01

Table A.3.13. Load deflection data for series 5a.
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SPEC IMEN
S5a=200~1

LOAD DEFLECTION

P lvert. lat. dy d2 d3 d4 ds5

kN mm mm mm mm mm mm mm

0.0/ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

4.8 0.24 | 0.10 | 0.16 | 0.14 | 0.12 | 0.11 0.08

14.5| 0.51 0.24 0.37 0.34 0.28 0.24 0.17

24,2 0.77 | 0.44 | 0.58 0.52 | 0.44 | 0.3 0.24

31.5| 0.95 0.76 0.74 0.66 0.55 0.46 0.28

36.31 1.10 1.47 0.77 | 0.76 | 0.63 | 0.52 | 0.32

28.71 1.19 2.49 | 0.95 | 0.83 | 0.69 | 0.55 | 0.34

BT 1.5 3.3 1.00 | 0.88 | 0.72 | 0.58 | 0.35

41.1] 1.35 4,67 1.08 | 0.95 | 0.78 | 0.61 0.36

42,6 1.8 | 6.32 1.2 1.05 | 0.84 | 0.65 | 0.38

44.3| - — - - - - -

Teble A.3.13. Load def lectlon data for serles 5a (continued).
SPEC IMEN
S14-0-1 S14-0-2

LQOAD DEFLECTION LOAD DEFLECTION

P verts lat. dw di P vert. lat. dw dl

kN mm mm mm mm kN rm mm mm mm

0.0| 0.00 | 0.00 ] 0.000 | 0.00 0.0 0.00 | 0.00 | 0.000 | 0.00

25.0f 0.15 | 0.04 | 0.000 | 0.04 50.0| 0.23 | 0.04 | 0.004 |-0.10

50.0f 0.5 0.04 | 0.010 | 0.06 100.0] 0.4 | 0.13 | 0.08 |~=0.16
100.0} 0.40 | 0.04 | 0.026 | 0.06 175.0| 0.68 | 0.32 | 0.012 |=0.21
150.0( 0.54 | 0.04]|0.03 | 0.06 275.01 0.99 | 0.58 | 0.028 |-0.30
200.0| 0.68 | 0.09 | 0.064 | 0.06 325.0| 1.17 |} 0.73 ] 0.048 | -0.33
250.0] 0.85 | 0.06 | 0.096 | 0.04 350.0] 1432 ] 0.90 | 0.060 |-0.34
275.0f 0.93 | 0.02 | 0.114 | 0.03 287.5| 1.69 1.64 | 0.096 |~0.28
300.0( 1.09 |=-0.02{ 0.170 | 0.03 400.0| 2.00 | 2.59 | 0.170 | -0.14
35.0( 1.77 | -0.51 ] 0.718 0.25 412.5| 2.34 4,02 | 0.324 0.07
337.5| - - - - 425.0| - - - -

SPECIMEN
514-0-3 S14-0-4

LOAD DEFLECTION LOAD DEFLECTION

P |vert. lat. dy d1 d2 P | vert. lat. dw d1 d2
kN mm mm mm mm mm kN mm mm mm mm mm

0.0| 0.00| 0.00| 0.000 | 0.00 | 0.00 0.0] 0.00 ] 0.00| 0.000 | 0.00 | 0.00
50.0| 027 0.04 | 0.000 | =0.06 |=0.03 25.0] 0.24 0.09 | 0.0C8 0.91 1.55
75.01 0.40 0.04 | 0.000 | =0.06 |=0.02 50.0| 0.42 0.13| 0.009 1.01 1.81
150.0f{ 0.63| 0.07 | 0.005 | -0.06 |-0.01 75.0] 0.56 | 0.15| 0.009 1.8 2.01
225.0| 0.87 | 0.08| 0.022 | -0.15 {-0.07 150.0f 0.79 | 0.16} 0.000 1.25 2.32
275.0( 1.8 | 0.09 | 0.053 [ -0.19 |-0.09 225.0| 0.95 | 0.17 | 0.000 1.% 248
300.0| 125 0.13]| 0.074 | =0.19 |=-0.10 300.0( 112 | 0417 | 0.000 146 | 2.59
325.0| 2.9 | 0.40| 0.690 | =0.20 | 0.01 3750 1.3 0.19 |=0.004 | 1.51 2.69
350.0| 3.09 | 0.85]| 0.996 {=0.25 | 0.00 425.0] 1.45 | 0.19 | 0.000 1.51 2.79
3B7.5| 5.8 6.931 1.964 | -0.44 |-0.04 450.0| 1.70 0.29 |-0.623 1.42 3.01
395.0| - - ~ - - £75.0| - - - ~ -

SPECIMEN
514-2-1 S514=2-2

LOAD DEFLECTION LOAD DEFLECTION

- P |vert. lat. dw d1 P | vert. lat. dw d1

KN mm mm mm . mm kN mm mm mm mm

0.0| 0.00 | 0.001} 0.000 | 0.00 0.0/ 0.00 | 0.00]| 0.000 | 0.00

25.0| 0.12 | 0.04| 0.000 | 0.08 50.0 0.20 | 0.07 | 0.000 | 0.31
100.0| 0.41 0.07 | 0.000 | =0.20 125.0| 0.37 | 0.11{ 0.000 | 0.25
175.0| 0.64 | 0.12] 0.000 | =0.39 200.0| 0.52 | 0.12] 0.000 | 0.21
250.0| 0.91 0.24 | 0.000 | =0.51 275.0] 0.67 | Q.14 0.000 | 0.15
300.0| 1.23 | 0.3 | 0.000 | -0.57 350.0] 0.81 0.14|-0.002 | 0.07
%62.5| 2.14 | 0.75 [-0.002 | -0.67 400.0] 0.93 | 0.14 [-0.002 | 0.01
375.0| 2.4 1.00 |~0.004 | -0.69 450.0| 1.11 0.11[-0.003 | 0.08
400.0| 3.28 2.25 |=0.006 | =0.73 475.0] 1.26 | =0.03 |-0.004 | 0.11
425.0| 4.31 5.80 |~0.006 | -0.90 512.5| 1.84|-1.38[-0.004 | 0.14
437 .5| - - - - 525.0| = - - -

Table A.3.14. Load def lection data for serlies 14.
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SPECHMEN
S$14-2-3 S14-2-4

LOAD DEFLECTION LOAD DEFLECTION

P |vert. |. lat. dy di dz P |vert. lats. dw di dz2
kN mm mm mm mm mm kN mm mm mm mm mm

0.0)] 0.00 0.00 | 0.000 0.00 0.00 0.0 | 0.00 0.00} 0.000 0.00 0.00
50.0f 0.27 |-0.03{-0.002 | 0.03 | 0.07 50.0 | 0.60 | 0.01| 0.000 | 0.5 |=0.30
125.0| 0.53 |-0.01 |-0.003 | 0.05 | 0.09 100.0 | 0.83 | 0.05 (-0.002 | 0.25 [=0.33
200.0| 0.74 | 0.02|-0.004 | 0.05 | 0.08 200.0( 1.04 | 0.09|~0.003 | 0.21 [~0.38
275.0| 1.06 | 0.05 [-0.006 | 0.03 | 0.01 3000 1.24 | 0.12|-0.004 | 0.16 |-0.45
32540 | 160 | 0.03 |=0.007 |=0.04 {=0.10 4000 | 1.46 | 0.15|=0.005 | 0.8 |=0.53
350.0 | 2.11 0.18 |-0.008 |[-0.09 | -0.14 475.0| 1.68 0.19 | =-0.006 0.00 | =0.59
400.0| 3.3 | 0.82|-0.008 |=0.15 |=0.23 500.0 | 1.84 | 0.27 |-0.006 |-0.11 | -0.58
425.0| 4.07 | 2.01 |-0.008 |-0.24 [-0.27 525.0| 2.18 | 0.62|~0.008 |-0.30 |-0.50
450.0| 4.81 4.61 |-0.008 [-0.38 |-0.20 550.0 | 2.64 | 2.54|-0.000 |-0.63 |-0.35
462.5| - - - - - 538.8 | - - - - -

Table A.3.14. Load deflectlion data for series 14 (continued).

SPECIMEN
S15=0=1 $15=-0-2 .
LOAD DEFLECTION LOAD DEFLECT ION
P |vert. lat. di d2 P |vert. lat, di1 d2
kN mn mm mm mm kN mm mm mm mm
0.0| 0.00 | 0.00 0.00 0.00 0.0 0.00 | 0.00 | 0.00 | 0.00
25.0| 0.26 0.03 0.38 0.38 25.0| 0.47 0.06 | 0.43 | 0.65
75.0| 0.52 | 0.0@ «3B 0.38 50.0| 0.60 0.14 | 0.42 | 0.67
125.0] 0.71 Q.10 0.36 0.36 100.01 0.77 0.22 | 0.40 0.70
175.0| 0.92 | 0.10 0.% 0.34 200.0| 1.04 0.27 0.41 0.78
225.0| 1.27 0.10 0.31 0.32 300.0| 1.47 0.31 0.41 0.86
275.0| 1.88 0.9 0.30 0.21 3500 1.8 0.3 0.3 0.90
312.5| 2.75 0.13 0.32 0.08 575.0| 1.64 | 0.44 | 0.35 0.98
337.5| 3.77 0.21 0.35 |-0.12 400.0( 1.94 0.74 | 0.22 1.19
362-5 5-02 0- 42 0-26 -OUIO 425 00 2-59 2-49 0-05 1-73
375.0] - - - - 437.5| - 3.69 | - -
SPECIMEN
515=2=1 $15=2=2
LOAD DEFLECTION LOAD DEFLECTION
P vert. lat. di dz2 P |vert. lat. d1 dz2
kN mm mm mm mm “N mm mm mm mm
0.0 0.00 | 0.00 0.00 0.00 0.0| 0.00 0.00 | 0.00 | 0.00
50.0| 0.27 | 0.07 0.21 0.28 50.0| 0.18 0.02 | 0.56 0.57
150.0| 0.56 0.11 0.5 0.32 100.0| 0.33 | 0.02 | 0.62 | 0.62
250.0| 0.87 | 0.18 0.25 0.31 225.0| 0.59 0.01 0.70 | 0.68
300.0] 1.10 0.27 0.24 0.24 350.0 | 0.85 0.02 | 0.70 0.70
350.0| 1.57 0.49 0.19 0.08 425.0| 1.01 0.03 | 0.70 0.70
B7.5) 2.14 | 0.83 | 0.17 |=-0.08 475.01 1.18 0.02 | 0.70 | 0.69
412.5| 2.77 1.54 | 0.14 |=0.15 500.0| 1.42 | 0.08 | 0.57 0.73
437.5| 3.78 4.94 |-0.03 |-0.21 537.5]| 2.05 0.76 0.04 | 0.89
450.0| 4.74 {17.84 {-0.34 | 0.09 556.3| 2.60 3.08 |-0.19 1.06
456.3| - - - - 562.5 | - - - -

Table A.3.15. Load deflection data for series 15.
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Table A.3.17. Load def lectlon data for series 17.
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SPEC IMEN
S16=6=1 516=6=2
LOAD DEFLECTION LOAD DEFLECTION
P |vert. | lat. dy di * d2 P |vert. lats dw d1 dz
kN mm mm mm mm mm kN mm mm mm mm mm
0.0{ 0.00 | 0.00| 0.000 | 0.00 | 0.00 0.0| 0.00 | 0.00| 0.000 | 0.00 | 0.00
50.01 0.2 | 0.08 | 0.000 0.11 0.09 50.0| 0.3 0.03] 0.000 | 0.70 | 0.69
15.0] 0.52 | 0.12] 0.000 | 0.00 {-0.02 100.0| 0.54 | 0.01| 0.000 | 0.75 0.69
225.0| 0.85 0.21| 0.001 [=-0.03 {-0.03 175.0| 0.78 |{=0.02|-0.001 0.80 | 0.67
300.0( 1.22 | 0.28 [-0.003 |=0.03 [=0.10 300.0| 1.10 |-0.05 |-0.002} 0.83 | 0.58
350.0| 1.80 0.32(-0.005 |-0.04 |-0.18 425.01 1.3 |-0.08{-0.003 | 0.83 | 0.52
400.0| 2.90 | 0.51 [=0.007 |-0.06 ([=0.24 475.0| 1.50 |=0.11[-0.004 | 0.82 | 0.49
425.0] 3.57 1.01 |=0.007 |=0.08 [=0.22 500.0| 1.61 |-0.16|-0.005 0.81 0.8
450.0| 4.27 2.24 |-0.007 |[=0.14 [-0.26 525.0( 1.72 {~0.31|-0.005 | 0.77 0.50
475.0| 5.06 5.40 |-0.,007 |-0.30 |-0.21 537.5| 1.82 |-0.65|-0.006 | 0.72 | 0.54
487.5| 582 |10.86 |=0.007 |-0.63 | 0.04 550.0| 2.22 | - -0.007 | - -
SPECI| MEN
$16=2=1 S16=2=2
LOAD DEFLECTION LOAD DEFLECTION
P vert. lat. dw di dz P |vert. lat. dw di d?2
kN mm mm mm mm mm kN mm mm mm mm mm
0.0| 0.00 | 0.00{ 0.000 | 0.00 | 0.00 0.0| 0.00 | 0.00| 0.000| 0.00| 0.00
50.0| 0.28 0.01 |~=0.001 0.04 |-0.04 25.0| 0.21 | 0.04},0.0001 0.22 | 0.23
100.0| 0.47 0.01 |~=0.002 | 0.11 |=0.03 75.0} 0.49 0.04) 0.000 | 0.17 0.20
200.0| 0.77 0.05|-0.004 | 0.24 | 0.08 175.0 0.77 0.04|-0.001 0.18 0.30
50.0| 0.92 0.10 |-0.005 0.26 0.12 275.0| 1.05 0.06 |=-0.003 | 0.21 0.41
300.0}) 1.21 0.22|=0.006 | 0.27 0.14 375.0] 1.30 | 0.08|=-0.005 | 0.21 0.44
»0.0{ 1.89 | 0.61 |=0.008 0.27 0.16 400.0| 1.37 0.10|=0.006 | 0.20 | 0.43
375.0| 2.50 1.00{=0.009 0.24 | 0.14 425.0( 1.4 | 0.17}=-0.006 | 0.19 0.43
400.0| 3.40 2.80 |=0.010 | 0.19 0.17 450.0| 1.59 | 0.34|-0.006 | 0.15 0.44
412.5| 4.14 | 6.16|-0.011 0.04 | 0.31 475.0( 1.89 1.51|-0.007 | 0.04 | 0.58
425.0| - - - -0.24 | - 487.5| 2.61 7:911-0.007 | 0.31 1.28
Table A.3.16. Load def lection data for series 16.
SPEC|MEN
S17-25-1
LOAD DEFLECTION
P |vert. lat. dwV dwH di d2
KN mm mm mm mm mm mm
0.0 0.00 0.00 0.000| 0.000| 0.00 { 0.00
12.5] 0.21 0.05 0.007 |-0.001| 0.75 0.77
25.0] 0.33 | 0.10 0.029 [-0.002| 0.94 | 0.95
37.5| 0.46 0.17 0.066 |~0.002| 1.09 1.07
50.0| 0.56 0.21 0.126|=0.002{ 1.14 1.15
62.5| 0.67 0.23 | 0.205[|-0.002| 1.18 1.25
75.0| 0.83 | 0. 0.3551|-0.002 | 1.23 1.40
87.5| 0.96 | 0.27 0.510 |-0.002| 1.27 1.55
100.0} - - - - - -
SPEC IMEN
S$17-25-2
LOAD DEFLECTION
P |vert. lats dyy dwH d1 d2
kN mm mm mm mm mm mm
0.0{ 0.00 | 0.00] 0.000 0.000| 0.00 | 0.00
5.0 0.08 0.00 [~-0.001 0.000(-0.01 | =0.05
10.0] 0.16 0.01 [~0.004 | 0.000[|=0.03 | -0.08
3000 0040 0-14 -'0-0% 00000 0003 “0-1 '
60.0| 0.66 | 0.28 |-0.038 0.000| 0.03 | =0.26
90.0| 0.93 | 0.42|-0.0%0 | 0.000| 0.03 | -0.30
100.0| 1.00 | 0.54|-0.126 0.000| 0.03 | -0.39
110.0] 1.12 | 0.61{-0.306 | 0.000| 0.04 |~0.29
120.0] 1.28 0.64 [-0.486 0.000| 0.04 [-0.18
135.0] 1.9 0.67 |=-1.088 0.001| 0.03 | 0.05
137.5] = - - - - -




SPEC | MEN
S$17=75=1
LOAD DEFLECTION
P vert. late dwV dwH dit dz
KN mm mn mm mm mm mm
0.0 | 0.00 | 0.00| 0.000| 0.000 | 0.00 | 0.00
20.0 | 0.22 | 0.04] 0.000(-0.001 |[-0.07 |=0.03
50.0 | 0.47 0.11(-0.001{-0.001 |-0.03 [-0.04
90.0 { 0.70 | 0.20{-0.010| 0.001 {-0.03 [-0.09
130.0 | 0.92 | 0.28(-0.05 | 0.007 |-0.03 [-0.17
150.0 | 1.03 | 0.30}~0.039| 0.011 |-0.05 |=0.20
16040 | 1.09 | 0.30|=0.059 | 0.013 |-0.07 |=0.20
180.0 | 1.23 | 0.25|~0.113| 0.018 [-0.10 |=0.17
200.0 [ 1.3 | 0.22]|-0.151| 0.027 |-0.15 |=-0.12
210.0 | 1.52 | 0.17|-0.169| 0.039 |-0.18 |-0.04
220.0 | - - - - - -
SPECIMEN
S17-75-2
LOAD DEFLECTION
P |vert. late | dwV dwH di d2
kN mm mm mm mm mm mm
0.0 { 0.00 0.00| 0.000| 0.000 0.00 0.00
10.0 | 0.15 0.10|=0.001| 0.000 0.03 0.13
40.0 | 0.4 0.25|=0.006 | 0.000 0.00 |=0.02
75.0 | 0.76 | 0.36|-0.020| 0.000 |-0.13 |[-0.29
105.0 | 0.92 | 0.42]|-0.032| 0.000 |-0.19 |[-0.37
135.0 | 1.08 0.45|=0.049 | 0.000 |=0+25 |[=0.43
165.0 | 1.24 0.47|-0.074| 0.000 [=0.25 [=0.45
190.0 | 1.42 | 0.47|-0.140| 0.000 |-0.25 |-0.44
210.0 [ 166 | 0.47]|-0.216| 0.000 [(~0.24 |-0.35
220.0  1.77 | 0.47|-0.232| 0.002 |-0.24 |-0.30
225.0 | - 0.8| - - - -

Teble A«3.17.

Load deflection data for series 17 (continued).

SPECIMEN
1 2 3
LOAD DEF. LOAD DEF . LOAD DEF .
P vert. P vert. P vert.
kN mm kN mm kN mm
0.0 0.000 0.0 0.000 0.0| 0.000
3.0| 0.226 1.0] 0.208 1.0 0.204
30.0| 0.288 4.0| 0.234 10.0| 0.260
60.0| 0.362 15.0| 0.282 30.0| 0.3202
80.0| 0.434 40.0| 0.362 50.0| 0.350
95.0| 0.522 70.0| 0.446 70.0| 0.438
111.0| 0.632 85.0| 0.500 85.0] 0.526
118.0| 0.710 100.0| 0.576 100.0| 0.648
124.0| 0.830 112.0| 0.698 110.0| 0.880
128.0( 0.988 120.0} 0.956 112.0] 1.031
130.0| = 124,01 - 114.0| -
Table A.3.18. Load def lectlon data to serfes 18.

386



SERIES
3 4 4 5
Inltial Initial Inltial Inittal
Specimen |max. lat.| Specimen |max. lat.] SpecIimen |max. lat.| Speclmen [max. lat.|:
No. def lect . No. def lect. No. def lect. No. def lect. |
(mm) (mm) (mm) (mm)
$3~100-1 0.5 §4-50-1 00 $4-300-1 15 S5-75-1 1.5
$3-100-2 0.0 S$4-50-2 0.0 S4-300-2 1.5 §5-100~1 1.5
§$3-200-1 0.5 S$4-100-1 0.0 $4-400-1 0.5 $5=150~1 0.0
§$3-200-2 0.5 $4-100-2 0.0 S4-400-2 0.5 S$5=150~2 1.0
$3-300~-1 4.0 S4-150-1 0.0 S$4-500~1 0.5 $5-200~1 0.0
§$3-300-2 2.0 S4-150-2 1.0 S$4-500-2 2.0 §5-250~1 0.5
§$3=400~1 0.5 $4-200-1 0.0 S 4-600-1 1.5 S$5-300~1 1.0
§3-400-2 0.0 $4-200-2 1.5 $4-600~2 2.0 §5-300-2 1.0
§3-500~1 1.0 §$4-250-1 0.0 $5-300~-3 1.0
$3-500-2 2.0 S4-250-2 1.0
SERIES
6 - 7 12 8
Initial Initlal Initial Initial
Specimen [max. lat.] Specimen [max. lat.| SpecImen |max. lat.| Speclmen |max. lat.
No. def lect. No. def lect . No. def lect. No. def lect.
(mm) (mm) (mm) {mm)
S6~150~1 0.0 S$7-6-150-1 1.0 $12-5-1 1.5 S$8-45-1 0.5
S6=300~1 1.5 §7-6-300~1 0.0 §12-7-1 1.5 $8-90-1 1.0
§7-10-150-1] 1.0 §12-9-1 0.0 $8-135-1 0.0
$7-10-300~1 1.0 S12=11=1 0.5 $8-180~1 2.0
S7-13-~150~-1 0.0 512-13-1 0.0 S8=45-2 2.0
§7=13=300=1| 0.5 $12-15-1 0.0 $8=90-2 1.5
§7-16-150-1 1.5 $12=13=2 0.5 S$8-135-2 1.0
§7-16-300-1] 0.5 S$12-15=-2 0.5 $8-180-2 2.0
S§7-20-150-1| 0.5
S7-20-300-1 1.5
SERIES
13 9 9 10
Initial Initial Initial Initial
Specimen max. lat.f Specimen |max. lat. Specimen |[max. lat.| Specimen |max. lat.
Noe def lect. No. def lect. No. def lect. No. def lect.
(mm) (mm) (mm) (mm)
S13=30-1 0.0 §9=1=1 0.0 §9-5-3 - 0.0 S10-7-1 0.0
$13-30-2 0.0 59-1-2 0.0 59-6-1 0.0 $10-7-2 0.0
S13-50-1 0.0 S9-1-3 0.0 §9-6-2 0.0 510-6~1 0.0
$13-50-2 1.0 59-2-1 0.0 $9-6~3 0.5 S10=-6=2 0.0
S13=70-1 145 §9-2-2 0.0 §9=7=1 0.0 S$10~5-1 0.0
S13=70-2 1.5 §9=-2-3 0.0 §9=7-2 0.0 S10-5-2 0.5
S13-90~-1 2.0 §9=3-1 0.0 §9-7-3 0.5 S10-4-1 1.5
$13-90-2 3.0 §9=-3-2 0.0 510-4-2 0.0
S13-110-1 6.0 §9-2-3 0.0 S10-3-1 0.5
S13-110-2 2.5 §9-4~1 0.0 S10=3=2 1.0
513-130-1 4.5 59=4~-2 0.0 S10-2-1 0.5
S13=130=2 3.5 $9-4-3 0.0 $10-2-2 1.0
§13-140~1 2.0 $9-5-1 0.0 S10-1-1 0.5
S$13-140-2 2.0 §9-5-2 0.0 510-1-2 1.5
SERIES
Sa 14 1516 17
Initlal Initial Initial Initial
Specimen [max. lat.| Specimen [max. lat. Specimen |max. lat.| Specimen [max. lat.
No. def lect. Now - def lect. No« def lect. No def lect.
(mm) (mm) (mm) {mm)
S5a=75-1 1.0 S14-0-1 0.5 S15-0-1 0.0 S17=75=1 0.0
$5a-300-1 0.5 S14-0-2 0.0 §15=-0~2 .0 §17=75=2 0.0
S14-0-3 0.0 515-2-1 0.5 517-25=1 0.0
S14-0-4 0.0 §$15-2-2 0.0 $17-25-2 0.0
S14-2-1 0.5 S16-6-1 0.0
S14-2=2 0.0 S16-6-2 0.0
S14-2-3 0.0 S16=2-1 0.0
S14-2-4 0.0 S16=2=2 0.0

Table A.3.19. Initial

lateral deflectlons.
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APPENDIX 4

This appendix contains the load deflection graphs selected to -
represent each series of tests as presented in Chapter 6. The load
deflection data for all the specimens are presented in Appendix 3.
With the strut tests in the subsidiary series the deflections are
plotted against the axial stress in the strut rather than against the
applied load.

The positions of the deflections presented are given for the

appropriate specimen in Chapter 3.
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Figure A.4.1. The total vertical and mid-lateral deflections of
specimen S§3-100-2.
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Figure A.4.2. The total vertical and mid-lateral deflections of
specimen S3-500-2.
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Figure A.4.6.
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Figure A.4.9. The total vertical and mid-lateral deflections of

specimen S12-15-2.
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Figure A.4,11. The total vertical and mid-lateral
specimen S8-135-2.
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Figure A.4.12, The total vertical and mid-lateral deflections of

specimen S8-180-2.
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Figure A.4.13. The total vertical and mid-lateral deflections of
specimen S13-30-1.
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Figure A.4.15. The total vertical and mid-lateral deflections of
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397



AXIAL STRESS  (N/HM2)
153 208 258 3@ 3580 420
1 1 1

100
1

5@

X axlal deflection

(1 tateral deflection

(]
dﬂ

Figure A.4.16.
S9-1-2.

4pa

l5

]
1.8 1.5
DEFLECT ION

(MM

2.@

2.5

3.8

The axial and mid-lateral deflections of specimen

AXIAL STRESS  (N/HMZ2)
158 208 258 3p@ 350
1 1 |

1202
1

S

(s

X axlal deflectlon

O tateral deflection

=
'g

Figure A.4.17.
89_4-2.

.5

T

i
1.0 1.5
DEFLECT ION

(HH)

2.0

2.5

3.0

The axial and mid-lateral deflections of specimen

398



423

- X axlal deflectlon
O lateral deflectlion

{N/MH2)
15@ 2080 258 3@ 358

AXIAL STRESS

100

= T T T T T
.4 o 1.9 1.5 2.0 2.5 3.0

DEFLECT ION (M)

Figure A.4.18. The axial and mid~lateral deflectioms of specimen
89=7-2.

4Hea

X axial deflection
? [0 lateral deflection
i

( N/MM2)
250 3@8 358
L 1

20a
L

159
I

AXIAL STRESS
12d
1

1]
!

< T T T T T
.0 S . 1.8 1.5 2.9 2.5 3.9

DEFLECTION  (HH)

Figure A.4.19. The axial and mid-lateral deflections of specimen
510-7-2.

399



upa

X axial deflection
[ 1ateral deflection

{N/MH2)
158 208 258 398 350
1 1 |

AXIAL STRESS

100

= T T : T T T
.0 .5 1.0 1.5 2.0 2.5 3.0

DEFLECTION  (MM)
Figure A.4.20. The axial and mid-lateral deflections of specimen
S10-4-1.

=
T

X axlal deflectlon
O tateral deflectlon

AXIAL STRESS  (N/HM2)
159 208 250 388 350
1 | |

108

1
1y
0

= T T T T T
.9 .5 1.0 1.5 2.0 2.5 3.9

DEFLECTION (MM

Figure A.4.21. The axial and mid-lateral deflections of specimen
s10-1-1.

400



160

X vertical deflectlion
O lateral deflectlion 1
G # " mn 2
E_ < " " 3
=
l;!..
=
E..
=z
bt
. 8-
(]
@
=]
41 3]
©
=
-
. .
o
= 1 1 [] ] T
.8 S 1.0 1.5 2.0 2.5 3.8

DEFLECTION  (HMM)

Figure A.4.22. The total vertical and mid-lateral deflections of
specimen S11-150-1.

LOADR P (KN)
8a
1

X vertical deflection
O lateral deflection

1y

S
lB

Figure A.4.23.

]
.5 1.9 1.5 2.9 2.5 3.9
DEFLECTION (MM )
The total wvertical and mid-lateral deflections of

‘ specimen S2-0-1.

401




160

X vertical deflection
0 1ateral deflectlion
=2
b=
-—
[
o
-
2
Q] h'd [t
© o vt —
=
bt
e -
[m]
[en
(@]
-1 3 ]
w
[
o
Q]
4V}
) T T T T

i
.0 .5 1.9 1.5 2.8 2.5 3.4
| DEFLECTION (MM )
Figure A.4.24. The total vertical and mid-lateral deflections of

. P S o W
SPECIHEIL S4a~U™4,

160

80 128 128 149
1

LOAD P (KN)

60
1

X vertical deflection
O lateral deflectlion
) T = |

i |
N S 1.9 1.5 2.0 2.5 3.8
DEFLECTION  (MM)

Figure A.4.25. The total vertical and mid-lateral deflections of
specimen S_Sa—?S—l.

402




160

X vertical deflectlon
O lateral deflection
=
E_
=
(H\l_
=2
E-
=
<
. 3
a
@
o
1 = ]
O
8 _ fom!
=1l - =
[
Y,
=2 T T T T T
.a 5 1.0 1.5 2.0 2.5

DEFLECT ION

(MM)

3.0

Figure A.4.26. The total vertical and mid-lateral deflections of

specimen $5a-300-1.

4o3



APPENDIX 5

This appendix contains the tables of the strain gauge data for
the main series, subsidiary and the weld series respectively. A
considerable number of strain gauge readings were taken with the aid
of data logging facilities (see Appendix 1 for details of equipment
and computer programs). From each pair of strain gauges the average
stress across that particular section was calculated as described in
section 6.5.2.1. OQut of all the data only the stresses that best
represented the change in stress distribution throughout the tests are
tabulated and presented in this Appendix.

With the gusset plates only the average stresses are tabulated
and they are presented first. With the loaded plates the individual
stresses are tabulated in addition to their average and are presented
afterwards. The rosette strain gauge data for the gusset plates are .
tabulated at the end of this Appendix. Only the results are presented
where all the gauges were within the yield stress.

The gauge positions for each specimen are presented in Chapter 3.

Compressive stresses are taken to be positive.
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Note that in the following tables:-

# at least one of the straln gauges was reading beyond the yleld sirain and so the
average siress was calculated as described In sectlon 6.72.

t the straln gauge readings were taken as the specimen was faillng.

* the stress Is beyond the yleld stress.

STRAIN |SPECIMEN §5-75-1
GAUCE
PAIR LOAD kN
NUMBERS| 30 50 80 100 110 120 125 130 135
1-5 45.5 82.0 138.1 186.1 218.7 261.1 304.3 3268.2f 378.0#
2-6 40.6 71.7 136.2 204.0 250.7 29.3 348.5f 378.0f 378.0¢
10-16 5.5 61.1 93.5 128.0 170.0 208.8 238.4f 252.2f H7.9¢
37 16.5 2.5 51.7 63.4 671 64.8 58.9 50.0 25.4
4-8 7.1 B.4 =18.8 =51.7 =73.9 =101.4 =-123.0 =147.8 -184.6#

Table A.5.1. Average stress (N/mm2) across the width of plate $5-75-1.

STRAIN [SPECIMEN $5-150~1

GAUGE
PAIR LOAD kN
NUMEERS| 30 60 65 70 701

15-24 33.3 75.8 103.9 176.2  378.0#
613 45.9 111.3 183.9 28.3# 320.8#
18-27 4.0 120.8 212.9# 250.4# 191.8#
7-14 45.2 104.2 119.2 101.1#  44.6#
21-30 46.1 54.1 -3.6 =58.9f -=73.4#

Teble A.5.2. Average stress (N/mm2) across the width of plate $5=150-1.

STRAIN |[SPECIMEN $5-150-1

GAUGE

PAIR LOAD kN

NUMBERS| 30 60 65 70 70t
1-8 17.0 29.8 22.9 10.0 4.1
2-9 16.3 16.5 8.2 =32.0f -49.3¢
3~10 13.8 54.2 101.14 15.0f 35.7#
411 By 1% 44.4 74.4F  96.7F 151.0#
5-12 9.0 29.1 52.8 94.9f 119.8#

17=-26 7.0 15.0 17.1 30.0  108.0

Teble A.5.3. Average stress (N/mm2) along the supported edge of plate §5=150-1.

STRAIN |SPECIMEN §5-150-2
GAUGE
PAIR LOAD kN

NUMEERS 30 62.5 67.5 70.0 71.6
31-52 52.4 144.9 227.1# Z13.4# 5B.6#
13=27 49.8 129.5 164.5 158.0f 104.64
34-55 52.1 81.8 55.24 B.3# =42.5#

73-76 33.9 86.5 110.7 163.3  366.2¢
12-26 49.3 133.4 185.9  274.3F 330.4#
37-58 56.3 14945 193.6 234.7# 218.7#
40~-61 48.0 109.6 118.1 114.6# 36.1#
43-64 59.0 74.6 45.5 S5.1# -105.14
46-67 59.0 150.7 191.3  245.2% 246.1#
14-28 41.3 93.8 103.8 106.1 92.3

49~-70 24.5 14.8 =~14.1 -52.2 =-105.4

Table A.5.4. Average stress (N/mm2) across the width of plate $5-150-2.
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STRAIN | SPECIMEN §$5-150-2
GAUGE
PAIR LOAD kKN
NUMBERS| 30 62.5 67.5 70 71.6
1-15 18.0 31.6 27.8 2.5 -0.2
216 18.0 21.7 8.5 -6.2 -38.9
3=7 19.7 13.7 -8.3 =31.9 =75.0
4-18 20.8 60.6 53.9 47.41 14.5¢
5-19 17.8 63.5 82.0# 70.5#  67.7#
6-20 12.8 58.2 96.3% 104.5¢ 114.74
7=21 =-0.2 13.7 27.8 64.1 98.7#
72-75 -9.2 =27.2 =33.4 -34.1 -

Table A.5.5. Average stress (N/mm2) along

the supported edge of plate S5-150-2.

STRAIN | SPECIMEN $5=300-1
GAUGE
PAIR LOAD kN
NUMEERS] 15 20 25 28 2 2.9
1=5 5.1 8.1 15.1 9.6 51.6 216.2
2-6 19.1 34.9 72.7 130.5 186.2¢ 266.74
10-16 6.2 65.1 140.0# 196.0¢# 207.1F 173.2%
=1 58.0 107.2 169.5¢ 155.4f 127.0f BO.Q¥
4-8 90.4 151.7# 121.04 74.7#4 58.7#  44.3#

Teble A.5.6. Average siress (N/mm2) across the width of plate $5-300-1.

STRAIN | SPECIMEN $5-300-2
GAUGE

PAIR LOAD kN

NUMEERS 15 20 22 23
1-6 12.8 17.5 19.4 20.5
2-7 21.3 31.8 39.3 44.7
3-8 3.0 52.9 66.4 76.7
4-9 52.8 80.3 106.4 128.04

5-10 72.2  139.2 167.5# 168.0#

Teble A.5.7. Average stress (N/mm2) across the width of plate $5=300=-2.

STRAIN | SPECIMEN §5-300-3

GAUGE

PAIR LOAD kN

NUMBERS| 15 22.5 pic} 30 31 32
1-12 5.8 9.9 14.5 20.9 30.3 73.3
213 14.5 24.7 52.6 86.3 117.7 218.2¢
314 29.8 4845 93.6 135.3 163.7 = 222.8%
415 55.9 85.6 119.6 131.2 132.7° 128.7
5-16 97.2 139.4 128.0 94.3 69.4 2.7

Table A.5.8. Average stress (N/mm2) across the width of plate $5-300-3.

STRAIN [ SPECIMEN S6-150-1

GAUGE

PAIR LOAD kN

NUMEERS| 30 70 80 87.5 92.5 95
1-24 30.7 79.4 10B.4 136.1 193.7  299.4#
2-25 45.9 119.3 182.3 232.1 281.0# 320.0#
3-26 8.7 129.2 208.6 244.1% D4.6§ H6.4§
4-27 44.3 111.7 129.2 133.3# 117.3% 4.14
5-28 .9 71.0 7.4 -24.7§ =-55.14 -79.0#

Table A.5.9. Average siress (N/mm2) acrass the width of plate S6-150-1.
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STRAIN [ SPECIMEN S6-300-1

GAUGE

PAIR LOAD kN

NUMEERS 10 20 25 27.5 31 32 33 34.8
1-24 4.0 9.6 8.7 9.7 34.1 89.5 171.2 378.0f

&5 12.9 31.1 53.0 75.3 194.5 310.5# 351.9%¢ 371.6f
3=26 19.7 51.5 101.7 145.9  244.6# 250.7# 240.6f 197.6#
427 34.2 79.8  133.0 153.6f 133.6f# 9B.6f TB.7# 55.7#
5=-28 46.2  107.6 99.9 67.8F =18.6F =36.2F ~41.4f -47.34

Table A.5.10. Average stress (N/mm2) across the width of plate $6-300-1.

STRAIN | SPECIMEN 57-10=150-1

GAUGE
PAIR LOAD kN
NUMBERS| 15 45 65 70

1-6 12.3 9.0 57.7 66.3
2~7 24.2 78.6 132.3 161.1
3-8 27.4 80.0 1209 125.0
4-9 19.7 58.0 86.2 93.5
5-10 5.5 18.4 15.0 2.4

Teble A.5.11. Average stress (N/mm2) across the width of plate S7-10-150-1.

STRAIN | SPECIMEN S13-50-1
GAUGE
PAIR LOAD kN

NUMBERS| 39.2 58.7 78.3 97.9 130.5 169.7  215.4

1-6 43.0 10.3 96.3 127.8 197.4  245.0# 245.0#
2-7 67.6 110.2  157.0 210.2  245.0Ff 245.0¢ 245.04
3-8 75.6 125.4 162.9 196.1 245.04# 245.0# 245.0#
4-9 36.6 57.7 66.8 846 116.9 153.8  245.04
5-10 12.9 16.4 14.5 13.8 842 =5.5 17.5

Table A.5.12. Average stress (N/mm2) across the width of plate S13-50-1.

STRAIN | SPECIMEN S13-70-1
GAUGE
PAIR LOAD kN

NUMBERS| 26.6 47.9 69.2 90.8 106.4 111.7

1-10 29.9 53.4 79+6 113.4  143.7 179.0

-1 48.7 97.6 14947  222.3F 245.0F 245.0¢
312 47 .1 81.3 154.8 233.08 232.14 224.47%
413 3247 55.5 81.3 107.0 157.7# 151.8%
5-14 27.2 47.9 70.5 92.8  107.4# 109.5#

Table A.5.13. Average stress (N/mm2) across the width of plate S1370-1.

STRAIN | SPECIMEN S$13-70-1
GAUGE
PAIR LOAD kN
NUMEERS| 26.6 47.9 69.2 90.8 106.4 111.7
6~15 81.7 173.1 245.0§ 245.0# 245.0¢ 245.0#
7-16 37.4 59.7 84.3 101.9 82.7 12.6
5=14 27.2 47.9 70.5 92.8 107.9% 109.5#
8-17 5.6 8.3 7.0 0.5 =23.3 -64.1
9-18 -8.1 -22.6 -34.9 -51.2 =-61.4# -177.1¢#

Table A.5.14. Average stress (N/mm2) along the free edge of plate S13=70~1.
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STRAIN | SPECIMEN S13-110-1
GAUGE
PAIR LOAD kN

NUMBERS| 16.0 31.9 3.9 45.2 47.9 50.5

1-12 23.3 54.6 81.2 107.9 130.1 173.14
2-13 32.0 84.7 129.3  166.4F 183.0Ff 192.04
314 34.7 92.5 140.1 160.0# 168.2¢# 171.9%
415 33.1 68.3 98.1F 109.5F 110.14 106.8¢
5=-16 23.7 5.2 33.0f 28.9F 27.6#  31.0#

.Teble A.5.15. Average stress (N/mm2) across the width of plate S13-110-1.

STRAIN | SPECIMEN §13~110-1
GAUGE
PAIR LOAD kN
NUMEBERS 16.0 31.9 9.9 45.2 47.9 50.5
617 30.1 42.5 44.6 43.8 3B.4 33.8
=18 28.7 13.2 =20.2 =45.7 =66.2 =84.0
8=19 30.7 71.9%4  52.7¢# 30.34 28.7#  20.9#
5-16 23.7 26.2 33.0# 28.9¢ 27.6¢8  31.04
9-20 23.2 22.8 5.3 .-10.8 -26.0 -37.8
10-21 10.8 12.1 -0.6 -12.5 =24.8 -38.5
11=-22 =3.5 -8.9 -9.9  =10.2 -9.6 _ ~10.8

Table A.5.16. Average stress (N/mm2) along the free edge of plate S13-110-1,

STRAIN | SPECIMEN S13-130-1

GAUGE
PAIR LOAD kN
NUMBERS . 33.9 43.1 44.4

20.9
1-14 23.4 39.9 62.6 72.7
2-16 6.4 61.3 99.8 115.6
316 42.6 70.0 108.9 122.5
417 47.9 77.5 103.0 106.1#
5-18 70.5 114.5 118.6f 109.2¥

Table A 5.17. Average siress (N/mm2) across the width of plate S13130-1.

STRAIN | SPECIMEN S13-130-1
GAUGE .
PAIR LOAD kN

NUMBERS| 20.9 33.9 45.1 44.4

6-19 18.8 30.3 35.3 37.0
7-20 2.6 32.9 3.8 35.3
8-21 36.6 53.6 42.4 33.8
9-22 57.2 90.1 73.7 59.5
5-18 7045 114.5 118.9¥ 109.2¢
10=-23 50.9 80.8 81.6 74.5
11-24 10.0 13.8 9.6 7.2
12-25 6.0 -2.9 -12.6 =-13.0
13-26 Q.1 0.0 -0.4 -0.5

Teble A.5.18. Average stress (N/mm2) along the free edge of plate S13-130-1.

408



STRAIN |SPECIMEN S$11-150-1

GAUGE
PAIR LOAD kN
NUMBERS| 20 40 50 55

1-9 45.8 93.4 117.8 152.4
2=-10 60.4 15.6 164.9 233.2
=11 63.3 131.3 177.0  279.1
4-12 64.5 135.1 188.7 168.7

5-13 49.6 103.0 133.0 112.2
6-14 35.6 64.6 66.1 43.9
I=15 12.8 20.3 25.1 13.2
8-16 1.7 3.7 6.2 10.8

Teble AS5.19. Average stress (N/mm2) in each strip of the multi-strip plate S11=150-1.

STRAIN |SPECIMEN S5a-75-1

GAUGE
PAIR LOAD kN
NUMEERS| =~ 40 110 140 150 155 157.5 160

1-6 42.5 125.4 167.3 189.7  213.2 248.6  306.4
=7 34.3 102.5 137.9 168.4 226.9 303.5f 349.8#
>-8 23.0 71.0 98.7 127.6 169.8  208.1 244.0
49 16.5 49.3 65.7 79.5 89.6 95.8 99.0
5-10 9.6 5.1 1844 -11.6 =-67.7 =114.7 =156.5

Table A.5.20. Average stress (N/mm2) acrecss the width of plate S5a-75-1.

STRAIN | SPECIMEN S5a-300-1
GAUGE
PAIR LOAD kN

NUMEERS 9.7 26.6 33.9 38.7 41.1 42.6 44.3

1-6 17.4 45.3 9.3 72.8 92.5 106.3 149.1
2-7 29.2 74.5 94.7 120.4 167.8 201.8 282.3
3-8 24.4 7343 96.5 121.3 158.6 175.8 193.0
100.0

3

49 40.3 125.3 148.8 161.2 164.6 156.7
5-10 48.2 123, 150.6 156.6 12Z7.0  111.1 73.9

Teble A.5.21. Average stress (N/mm2) across the width of plate $5a-300-1.
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SPECIMEN 55-150-2
STRAIN LOAD kN
GAUGE 30 62.5 6745
PAIR GAUGE GAUGE GAUCGE
NUMEERS IsT« 2nd. |Average Ist. 2nd. [Average Ist. 2nd. |Average
9-10 ~Te3 -0.4 =3.9 | =33.6 9.9 | =11.9 | -48.3 13.0 | =17.7
8-11 -3.6 | =12.0 =7.8 | =22.6 | =12.8 | =17.7 | =34.2 | =12.0 | =23.0
22-25 -0.8 -6.3 =3.6 | =14.2 -3.6 -8.9 | =25.6 -1.0 | =13.3
23-24 -7.7 -0.0 =3.9 | -28.1 5.3 | =11.4 | =38.7 7.9 | =-15.4
SPEC IMEN §5-150-2
STRAIN LOAD kN
GAUGE 70 71.6
PAIR GAUGE GAUGE
NUMBERS| 1st. 2nd. |Average| Ist. 2nd. |Average
9-10 | -65.6 17.5 | =24.1 | =91.5 22.8 | -34.4
8-11 | -48.3 | =12.0 | =30+2 | -64.0 | =16.9 | ~40.5
22-25 | =38.9 | = 1.8 | =20.4 | =57.3 | = B.7 | =33.0
23-24 | =53.0 12.0 | =20.5 | -81.1 19.1 | =31.0
Table A.5.22. Stresses (N/mm2) In loaded plate of specimen S$5-150-2.
SPEC IMEN §5-300-3
STRAIN LOAD kN
GAUGE 15 22.5 28
PAIR GAUGE GAUGE GAUGE
NUMEBERS| 1st. 2nd. |Average| Ist. 2nd. |Average| Ist. 2nd. |Average
& 17 -4.8 =9.7 =7.3 -7.3 | =16.1 =-11.7 -9.7 | -23.0 | -16.4
7-18 -3.4 | ~-14.2 -8.8 -6.1 | -22.2 | -14.2 -2.0 | -38.7 | -20.4
g-19 1.4 | =16.5 =7.6 1.8 | =26.1 | =12.2 6.3 | =40.9 " =17.3
9-20 9.3 -26.9 -8.8 13.2 =39.7 -13:3 19.3 ‘50-? =-15.7
10=-21 17.9 | =33.6 =7.9 8.7 | -52.0 | =-11.7 41.6 | -68.1 -13.3
11-22 16.5 | =25.0 -4.3 25.2 | =36.7 -5.8 32.4 | -45.4 6.5
SPECIMEN $5-300-3
STRAIN LOAD kN
GAUGE 30 31 32
PAIR GAUGE GAUGE GAUGE
NUMBERS| 1st. 2nd. |Average| 1Ist. | . 2nd. |Average| Ist. 2nd. |Average
€~17 | -10.6 | =30.5 | -20.6 | =10.6 | =-35.0 | -22.8 -9.3 | -47.1 | -28.2
7-18 3.6 | =54.2 | =25.3 849 | =67.7 | =-29.4 28.5 |=100.5 | =36.0
8-19 12.7 | =54.4 | =21.0 18.7 | =65.4 | =23.4 3.3 | =93.8 | -27.3
9-20 23.8 | =56.7 | =16.5 2647 | =61.3 | =17.3 3649 | =70+1 | =16.6
10-21 47 .5 | =74.4 | -13.5 H.5 | =77.3 | -13.9 55.8 -81.1 -12.7
11-22 35.2 | -48.5 -6.7 36.9 | =50.5 -6.8 38.9 | -52.0 ~-6.6

Table A.5.23. Stresses (N/mm2) In loaded plate of
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SPECIMEN $6-300-1 -

STRAIN LOAD kN

GAUGE 20 25 27.5

PAIR GAUGE GAUGE GAUGE

NUMEERS| 1st. 2nd. | Average| Ist. 2nd. {Average| Ist. 2nd. [Average
6~-29 -2.6 | =-27.3 | -15.0 =3.0 | =39.3 | =-21.2 ~2.4 | -48.7 | -25.6
7-30 1.6 { =-21.0 -9.7 5.7 | =39.7 | -17.0 10.8 | -55.8 | -22.5
8-31 3.6 | =26.1 | -11.3 15.7 | -53.8 | =19.1 2847 | =77.5 | -24.4

9"32 15-9 '4001 -1201 31 2 -6801 "1805 45-4 "'9019 "22-8
10-35 25.9 -45.5 -9.8 32.2 -54.6 -11.2 33.6 -58.7 =-12.6
11=34 20.1 =27.5 =3.7 27.9 | =37.9 =5.0 31.2 | -43.2 | - 6.0

12-35 2.2 =28.1 | -13.0 4.6 | -40.5 | -18.0 6.7 | -49.5 | =21.4
13-36 55 | =269 | =-10.7 19.7 | -49.3 | -14.8 3446 | =69.7 | =17.6

14-37 336 | =37.3 -1.8 41.2 | -48.1 =3.5 45.0 | -54.8 -4.9
15-38 -6.5 | =22.4 | -14.5 -8.7 | -33.0 | -20.9 -9.5 | -41.4 | -25.5
15"39 "3-6 -22-4 "13:0 "'000 -39.9 -20.0 3.8 -54,4 -2503
17-40 9.1 =30.5 | =-10.7 21.6 | -58.5 | -18.5 3542 | =82.1 | =23.5
18-41 18.9 | -38.3 -9.7 34.6 | =66+6 | =16.0 47.9 | -89.7 | -20.9
19-42 23.4 | -46.0 | ~11.3 2647 | =54.2 | -13.8 28.1 =57.9 | =-14.9
20-43 31.2| =35.0 -1.9 3».8 | -44.2 -4.2 37.3 | -48.9 -5.8

21-44 | -11.2 | =146 | -12.9 | =16.1 =20.6 | -18.4 | =17.7 | -26.1 -21.9
22-45 15.5 | =-31.8 =8.2 31.6 | -60.5 | =14.5 46.7 | -84.6 | =19.0

23-46 26.5 | =37.7 =5.6 32.8 | -47.9 =7.6 3645 | =53.6 =-8.6
SPECIMEN S6-300-1
STRAIN LOAD kN

GAUGE 31 32 33

PAIR GAUGE GAUGE GAUGE

NUMEERY  1st. 2nd. | Average| Ist. 2nd. |Average} Ist. 2nd. |Average
6~ 9.5 | =88.1} =39.3 34.0 | -132.3 | -49.2 37.9 |-181.9 | =57.0
7-30 52.6 | -124.4 | -35.9 11.7 | -200.2 | -44.3 | 178.0 | -278.9*
8-31| 107.8 | -176.4 | =34.3 [ 173.5 | -245.9 | =36.2 | 225.8 | -299.0*
9-32 | 10644 | =164+1 | =-28.9 | 143.7 | -204.9 | =30.6 17241 | =23641 | =32.0

10-34 37.3| -62.6 | =12.7 4049 | =67.3 | =13.2 47.5 | =72.8 | -12.7
11-34 38.3| =-45.4 -3.6 41.8 | -51.6 -4.9 45.0 | -56.7 -5.9

12-35 24.0 | -83.6 | -29.8 56.0 | =123.6 | =33.8 98.9 | =171.1 | =36.1
13_% 1 1?'0 —16305 =23.3 184.5 "235 9 -25.7 240.0 ‘294-5*

14=37 579 | =69.5 -5.8 66.6 | =77.7 =5.6 75.4 | =-84.8 =4.7
15-38 2.4 =79.5 | -38.6 27.5 | =123.3 | =-47.9 62.4 | =172.9 | =55.3
16-39 4.1} -125.6 | -39.3 | 105.8 | -201.8 | -47.8 170.5 | =274.9*

17-40 | 116.6 | -184.5 | =34.0 184.3 [=255.5 | =35.6 | 238.8 | =311.6 | -36.4
18-41 1115 | =164.3 | -26.4 | 149.0 [ =204.1 | =27.6 17644 | =233.7 | =-28.7
19-42 336 | =62.0 | =14.2 37.7 | =66.2 | =14.3 42.0 | =71.7 | -14.9
20-43 46.7| -58.3 -5.8 50.7 | -63.2 -6.3 53.8 | -67.7 -7.0
21-44 =5.3| -55.8 | =-30.6 25.4 | -95.4 | -35.0 66.4 | -142.1 -37.9
22-45| 131.7 | =186.6 | =27.5 199.2 | =262.0 | -31.4 | 253.5% -322.8*

23-46 45.4| -66.8 | -10.7 51.6 | =74.6 | =11.5 57.3 | =81.1 -11.9

Table A.5.24. Stresses (N/mm2) in loaded plate of épecimen $6-300~1.




SPEC IMEN $6=150=-1
STRAIN LOAD kN
GAUGE 30 70 80
PAIR GAUGE * GAUGE GAUGE
NUMBERS| 1st. 2nd. |Average| 1st. 2nd. [Average| Ist. 2nd. {Average
629 8.3 | =30.3 | =11.0 21.8 -74.8 =26.5 32.2 |=106+4 | =37.1
7=30 1.0 [ =16.1 =7.6 1.8 | =41.4 | =-19.8 0.4 | ~66.0 | =32.8
8-31 6.1 3.2 -1.5 -9.5 3.4 =3.1 -9.3 ~4.6 7.0
9"32 "‘503 7.9 'I3 "'7-9 18-5 5.3 -10-1 20-8 5!4
10-33 2.6 -0.0 1.3 9.3 1.0 5.2 15.5 4.2 9.8
11-34 -1.2 =643 -3.8 =242 -4.8 =345 -2.4 -4.2 =31
12-35 19.9 | -33.6 -6.9 47.5 | =78.3 | =15.4 67.5 |=109.5 | =21.0
1336 | =16.5 7.3 -4.5 | -39.3 18.1 | ~10.6 | -44.4 15.9 | -14.3
14-37 1.2 -1.4 0.1 2.8 -2.4 0.2 -0.8 -1.2 -1.0
15-38 549 | =28.7 | -11.4 18:3 | =73.6 | =27.7 27.7 |-103.8 | ~38.1
16-39 1.6 | =15.0 -6.7 6.5 | =40.3 | =16.9 13.6 | =64.0 | =25.2
17-40 -4.8 2.2 -1.3 -8.7 2.8 -3.0 -10.4 =5.5 -8.0
18-41 -4.8 9.1 2.2 | =10.1 2.1 5.0 | =13.4 22.4 4.5
‘9‘42 "1 02 -0.4 -0.8 -1.4 0.2 -0-6 =2.4 400 0.8
20-43 1.0 0.4 0.7 0.4 2.4 1.4 -0.8 4.0 1.6
21-44 12.8 | =22.2 =-4.7 37.7 | -66.0 | -14.2 49,3 | =91.3 | -21.0
22-45 | -16.7 7.7 -4.5 -40.7 19.3 | -10.7 -46.2 14.2 | -16.0
23-46 -0.4 1.0 -0.7 -1.2 =-2.6 -1.9 -2.6 -2.0 -2.3
SPEC IMEN S6~150~1
STRAIN LOAD kN
GAUGE 87.5 92.5 95
PAIR GAUGE GAUGE GAUGE
NUMEERS| Ist. 2nd. |Average| 1st. 2nd. |Average| 1st. 2nd. |Average
6~29 42.4 | -132.9 =45.3 67.3 |=174.1 -53.4 242.3 |-694.8*
7-30 =00 | =84.2 { =42.1 =1.0 |=111.3 } =56.2 =-6.3 [=196.8 |~101.6
8-31 | -10.1 -9.7 -9.9 | =12.6 | =16.9 | =14.8 | =17.9 | =29.3 | -23.6
9-32 | -11.6 22.0 5.2 | =12.8 23.2 5.2 | =-19.1 18.7 -0.2
10-33 22.0 6.3 14.2 34,2 10.6 22.4 93.0 19.1 5641
11-34 -2.8 ~3.8 =3.3 ~2.6 =2.0 =23 =2.6 1.2 -1.9
12-35 83.8 | =136.0 | =-26.1 115.6 {-180.0 | =32.2 | 295.3*|-516.0*
13-36 | =-49.1 13.4 | =-17.9 | -53.8 | . 10.8 | =21.5 | =-55.0 ~3.2 | =29.1
14-37 -1.2 -1.4 =143 -3.8 0.2 -2.0 | -11.4 3.6 =39
15-28 36.5 | =129.5 | =46.5 59.5 |[=157.8 | -49.2 | 278.8 [=667.9
16-39 19.9 | =83.6 | =31.9 32.6 |=111.1 | =39.3 98.3 |=209.4 | =55.6
17-40 | -10.8 | =-11.6 | =11.2 | =-14.8 | ~18.1 | =16.5 | -20.3 | =34.0 | =-27.2
18-41 | -14.4 23.0 4.3 | =15.2 23.2 4.0 | -22.8 18.3 -2.3
19-42 -3.6 5.7 1.1 =5.0 8.9 2.0 =-9.5 17.5 4.0
20-43 0.4 4.6 2.5 0.6 547 3.2 0.4 6.5 345
21-44 62.0 | -114.8 -26.4 91.1 |[-156.6 -32.8 304.3%|-493.5%
22-45 | =50.3 11.0 | =19.7 | =56.7 7.3 | =24.7 | =56.7 | =16.5 | =36.6
23-46 -4.4 -2.4 -3.4 =645 -2.0 -4.3 | ~14.2 3.4 ~5.4
Table A.5.25. Stresses (N/mm2) in loaded plate of specimen S6-150-1.
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SPEC I MEN S7=6=150-1
STRAIN LOAD kN
GAUGE 15 45 65
PAIR GAUGE GAUGE GAUGE
NUMEERS| 1st. 2nd. |Average| 1st. 2nd. |Average 1st. 2nd. | Average
1-3 =5.9 | =22.8 | =14.4 | =32.0 | =63.2 | =47.6 | =46.5 | -90.1 | -68.3
2=4 5.7 | =21.2 -7.8 3.2 | =71.3 | =34.1 6.5 |~=101.9 | =47.7
SPEC IMEN S57-6-150-1
STRAIN LOAD kN
GAUGE 70 74.4
PAIR GAUGE GAUGE GAUGE
NUMBERS 1st. 2nd. |Average I1st. 2nd. [Average 1st. 2nd. | Average
1=3 | =48.7 |=101.5 ~74.6 | ~-66.8 |~136.8 |-101.8
2-4 11.2 [=111.3 | =50.1 18.3 |~147.4 | -64.6
Table A.5.26. Stresses (N/mm2) In loaded plate of specimen S7-6-150-1.
SPECIMEN S7-10-150-1
STRAIN LOAD kN
CAUGE 15 45 65
PAIR GAUGE GAUGE GAUGE
NUMEERS| 1st. 2nd. |Average| 1st. 2nd. |Average| Ist. 2nd. | Average
11-18 -104 -7.8 -4.6 -9,5 =-24.,2 =-17.1 =271 -40.4 -33|8
12-19 =59 | =169 | =1144 | =19.7 [ =503 | =35.0 | =35.2 | ~81.5 | =58.4
13-20 ~4.6 | =10.1 =74 | =14.0 | =35.2 | =24.6 | =22.4 | =-63.8 | =-43.1
14-21 5.5 -10.1 =2.3 22.2 | =~34.8 -6+3 40.3 | -64.2 | =-12.0
15=22 7.9 -3.8 2.1 «5 -6.9 10.3 33.0 =3.0 15.0
16-23 =0.0 =2.2 =1.1 3.0 =73 -2.2 6.5 | -13.2 -3.4
17-24 0.6 -0.0 0.3 1.6 0.4 1.0 1.8 0.2 1.0
SPECIMEN S§7-10-150-1
STRAIN LOAD kN
GAUGE 70
PAIR GAUGE
NUMBERS| 1st. 2nd. |Average
11-18 | =39.7 -45.7 -43.2
12-19 | -45.0 | =97.6 | =71.3
13-20 | =25.6 | =B1.5 | -53.8
14-21 43.8 | -78.1 -17.2
15-22 31.0 1.2 161
16-23 B.3 [ -16.9 -4.3
17=24 3.0 =-0.0 15
Teble A.5.27. Stresses (N/mm2) In loaded plate of specimen $7-10-150-1.
SPECIMEN §7-13-150-1
STRAIN LOAD kN
GAUGE 15 30 45
PAIR GAUGE GAUGE GAUGE
NUMBERS| 1st. 2nd. |[Average| Ist. 2nd. |Average| lst. 2nd. | Averacge
1=-3 5.0 =9.1 =-2.1 5.5 | -18.7 -6.6 1.6 | =-35.2 | ~16.8
2-4 17.7 =22.6 -2.5 25.9 -44.0 -9.1 24.6 -74.4 | =24.9
SPECIMEN S§7-13-150-1
STRAIN LOAD kN
GAUGE 65 70t
PAIR GAUGE GAUGE
NUMBERS| 1st. 2nd. |Average Ist. 2nd. |Average
1-3 =5.5 | =93.0 | =-49.3 25.6 [-148.8 | =-61.6
2-4 28.1 |-174.9 | =73.4 70.7 |-274.7 |-102.0

Table A.5.28. Stresses (N/mm2) in loaded plate of specimen $7-13-150-1.
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SPEC IMEN S7-16=150-1

STRAIN | LOAD kN

GAUGE 20 50 65

PAIR GAUGE GAUGE GAUGE

NUMEERS| 1st. 2nd. |Average| 1ist. 2nd. |Average| Ist. 2nd. |Average
1-3 -0.1 =222 | =11.2 3.7 =573 | ~26.8 4.7 =74.8 -35.1
2-4 8.4 | -27.7 =9.7 25.1 | =656 | =20.3 323 | =85.4 | =26.6

SPECIMEN §7-16-150-1

STRAIN LOAD kN

GAUGE 70 100 120t

PAIR GAUGE GAUGE GAUGE

NUMBERS| 1st. 2nd. |Average| I1st. 2nd. |Average| 1st. 2nd. |Averace
1-3 7.2 | -80.1 =36.5 16.5 [-120.9 ~52.4 13.7 |=157.0 | =71.7
2-4 35.9 | -89.8 | =-27.0 55.7 |-127.0 | =35.7 46.6 |=152.3 | ~52.9

Table A«5.29. Stresses (N/mm2) in loaded plate of specimen S7-16~150=1.

SPECIMEN §5=150-1
LOAD Z1 {Average Stress components |Max.shear|Principal N/mm2|Angle of Rotation

P |GAUGE N/mm2 stress siress rotation from fz
kN No . T fz fy N/mm2 f3 f1 ] to
30 15 -0.4 33.3 7.0 30.2 33.5 =26.9 3.47 f3

i 18 22.4 49.5 1.5 5.0 50.9 -27.0 =7.77 f3

" 21 20.3 46,1 13.8 29.0 46.2 -12.2 =3.20 3
60 15 4.7 75.8 15.0 6641 76.0 =563 2.23 f3

o 18 55.2 120.8 13.8 88.7 123.2 ~54.2 =-6.70 f3

il 21 15.5 54.1 20.9 36.0 54.2 ~17.8 2.13 f3

Table A.5.30. Rosette strain gauge data for plate S5-150-1.

b1y




SPEC IMEN S5-150-2
LOAD Z1 |Average Stress components |Max.shear|Principal N/mmZ [Angle of Rotation
P |GAUGE N/mm2 stress stress rotation from fz
kN | MNo.| fx fz fy N/mm?2 35 1 0 to
30 30 -24.8 16.8 52.4 38.6 5245 -24.9 42.83 f3
e 33 =15.1 19.8 52.1 33.6 52.1 -15.1 43.87 i3
" 36 -29.4 31.2 563 46.3 59.9 =-32.9 33.76 f3
" » -19.5 . 31.0 43.0 37.6 52.0 ~23.4 31.82 f3
" 42 -13.6 17.9 44.0 8.9 44.2 -13.8 42.32 3
" 45 =29.7 45.0 59.0 53.7 68.4 =39.1 27.76 f3
. 48 - B.1 17.9 24.5 18.9 27.2 -10.7 29.73 13
" b ) 13.2 33.9 - 9.2 33.8 35.8 =-31.8 =-9.65 f3
50 30 -40.8 28.5 91.9 66.4 92.0 -40.9 43.74 f3
" 33 =-23.7 34.3 B81.3 52.7 Bl.6 -24.0 41.98 f3
n 36 -49.7 50.0 96.8 776 101.4 =54.4 35.07 f3
" 9 =32.5 50.5 B1.5 62.6 87.2 =381 32.76 f3
n 42 =25.5 30.2 77.9 51.8 78.1 -25.6 42.80 f3
" 45 -50.4 75.6 101.4 20.9 116.4 -65.4 28.28 3
" 48 =12.1 27 .1 36.0 28.4 40.3 -16.5 28.86 f3
n 73 22.5 60.6 -17.6 61.4 64.0 =59.0 =9.53 f3
55 30 -44.0 31.9 104.1 74 104.1 ~-44.1 44.77 3
o 33 -24.8 40.5 88.3 57.2 89.0 =25.5 40.58 f3
- 36 -54.9 56.4 109.9 87.2 114.8 -59.8 35.38 f3
s 3 -36.0 55.2 92.5 69.7 98.0 -41.5 33.63 f3
" 42 =301 318 8643 58.2 86.4 =30.2 43.16 f3
" 45 =56.3 83.9 114.7 101.5 130.7 -72.4 28.69 f3
" 49 -12.0 27.1 35.0 28.2 39.8 -16.7 28.20 f3
i ?3 5-? 68-9 "'21 -0 ?0:4 72&8 -6801 -906? f3
62.5 30 =-38.8 49.4 144.9 91.8 145.0 -38.8 -43.86 f1
s 33 =20.5 55.2 81.8 5647 87.3 -2641 32.16 f3
n 36 -64.0 72.4 149.5 110.8 153.6 -68.0 37.24 f3
1 » -45.6 48.0 109.6 79.2 111.2 -47.2 .19 3
" 42 =35.1 16.4 74.6 54.9 74.8 ~35.2 -43.271 f1
¥ 45 =70.7 100.5 150.7 126.2 166.2 -86.3 3065 f3
L 48 - 6.6 1741 14.8 16.8 21.0 -12.8 19.8 f3
" 73 36.3 B86.5 =27.2 87.7 92.4 -83.2 -10.61 f3
Table A.5.31. Rosette strain gauge data for plate $5-150-2.
SPEC IMEN 55-75-1
LOAD Z1 |Average Stress components [Max.shear|Princlpal N/mm2| Angle of Rotation
P |GAUGE i N/mm2 stress stress rotation from fz
KN No« fx fz fy N/mm2 3 f1 ] to
50 10 52.1 47 .3 -19.8 47.5 63.7 -31.4 -24.57 3
L 13 38.9 56.0 2.0 40.0 60.5 -19.6 -13.74 f3
80 10 86.5 93.5 -23.0 82.5 114.3 -50.8 -20.79 f3
" 13 77.0 89.5 -23.6 80.4 107.2 =53.7 -19.36 f3
110 10 125.9 170.0 =-12.7 132.9 189.5 =763 =15.70 3
i 13 111.0 94.0 -54.3 112.3 135.9 -89, 2 ~25.57 f3
Teble A.5.32. Rosette strain gauge data for plate $5-75-1.
SPEC IMEN 55-300-1
LGAD Z) |Average Stress components |Max.shear|Princlpal N/mm2 [ Angle of Rotation
P |GAUGE N/mm2 stress stress rotation from fz
kN No« fx fz fy N/mm2 f3 f1 e to
20 10 11.7 65.1 51.4 39.0 70.5 = 745 15.31 f3
" 13 20.8 52.6 15.3 34.6 52.7 ~16.6 -2.28 f3

Table A.5.33. Rosette straln gauge data for plate $5-300-1.
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APPENDIX 6

This appendix contains a design summary and design examples.

A.6.1 Design summary

Gusset plate design - ultimate limit slate

t= thickness

= effective length of
free edge
fy = yield strength

E= Youngs modulus
of elasticity

Required:- t

Known from other considerations:- ©, H, L, C, s, fy, E & Pu

Calculate:

/T.-2 + H2 - 2.L.H. cos © ; (For O

v = = 90°; V =
e L.H. sin O : (For © = 90°; W = L.H.)
v v
v &
z = {] -1]= + 1, but © » 90°; (For C = 0;
2.W. tan 0/2 W i
L = Z.W. tan 0/2, but © * 90°; (For 0 = 90°; & = Z.W.)
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Calculate for use with tables:-

Pu.s fy C
2W2E E W

Obtain t/f from design Tables (i.e. Table 8.1 or 8.2 if C = 0). This

then gives the value of t required.
Slenderness ratio check:-

; t -
acceptable if — ¥ 21.65 x 10

2

Gusset plate weld design

Obtain R’ using values of:-

£ €. t
E'"W 2
Rl‘
Obtain ]rﬁ—g-from design Tables (i.e Table 8.3 or 8.4 if C = 0). This

then gives the value of R’ required.

Shear force in loaded edge weld:-

_ ’ r_ s ’
le = R (cos Yo ~B sin v, )

where v, = [sin~ ' (W/L)-90+0/2 Jc/W+90-0/2
( = 90-0/2; when C = 0)
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Fillet weld size required either side of loaded edge:-

le

Y2 £ L. (1-C/W)

th =

Shear force in supported edge weld:=-

th = R'(cos Th'—p sin Yh')
where Th' = [sin_1(W/H)-90+@/2]C/W+90—@/2
( = 90-6/2; when C = 0)

Fillet weld size required either side of supported edge:-

th

V2 tt.H{T-C/WJ

Loaded plate design check

The loaded plate size is usually determined by other constraints. The
following is only intended as a check against it failing at its

supported end.

Shear force at supported end:-

Y

R = R’ sin '-p
Yl u

|

Shear stress £
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Axial force at supported end:-

R o= ! F
" R" cos y 9
Rk
Axial stress £ = — .
a T.B

Design of loaded plate support weld

If the loaded plate is welded to the support then the weld must be

designed to carry the loads the loaded plate is subjected to.

R
Y

R
x

i.e. shear load

axial load

Notes on ultimate limit state design stress

The ultimate limit state design strength for grade steel is given in
Table 5.7.1 of the British draft steel code (2) less 20N/mm2 for

sections fabricated from plates by welding.

The ultimate limit state design strength of a fillet weld is given in
Section 14.6.3.11 of BS 5400: ©Part 3: 1982. The stress in a weld,
based on the resultant of all shear forces acting on any part of it,

and the effective area of such part, should not exceed the capacity ft

given by:
ft = 0.215 (fy + 455) for side fillets
ft = 0.334 (fy + 455) for end fillets
ft = 0.239 (fy + 455) for all other welds

where fy is the nominal yield stress of the weaker part joined.
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A.6.2 Design Examples

Example 1 125mm |P 25mm

=  150mm
= 9p°

250mm
"= 200mm

Q B o oo W
[}

250mm

= 125

200N /mm 2
206KN/mm 2
= 280KN

0
[

g ™
I

=

© 200mm

., 0 Wt . s, . T . B WO Wi Wl W0, i V-0 0 U Wb, 9 W 4

A 90° bracket on a column supports a load of 280KN at the ultimate
limit state. The thickness of the mild steel gusset plate and the

size of the welds are required.

Gusset plate thickness:

v = /12 4+ g2 = /2002 + 2502

= 320.2mm
L.H 200 x 250 B
W = 5 = T3z20.2 =
Z = 1
L = Z.W = 156.2mm
Pu. 280 x125 "
- = 2 = 44.58 x 10~ 6
2.W2.E 156.2x156.22x206
£
¥ o 200 = 0.9709 x 10”3
E 206x103
fo 0
W " 156.2 = 0
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From Table 8.2

%» = 95.18 x 10~3
H b = 95,18 x ‘10"3 x 156.2 = 14.8mm
% > 21.65 x 10~3 therefore slenderness 0.K.

use 15mm thick plate

.Gusset plate welds:

From Table 8.4

R -6
= .4 1
T E 90.48 x 10
W R’ = 90.48 x 10~% x 156.2 x 156.2 x 206 x 107
= 454759N
= 454.8kN

Shear force in longitudinal weld

= ' I - . ¥ I
le R (cos ¥y g~ He siny i)
now Y'l = 90 - /2 = 45°
assume no friction i.e. p = 0
& F = 454.8 (cos 45°) = 321.6kN
wi )
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. Fillet weld size required either side of loaded edge

le

fE.ft.L.(1-C/W)

wi

3
_ 321.6 x 10 - 7.5mm

Y2 x 152 x 200

Shear force in supported edge weld

e
i

’ I N I
Wi R (cos v h = Besiny )

454.8(cos 45) - 321.6kN

Fillet weld size required either side of supported edge

th

/Z.Et.H.(1-C/W)

wh

' 3
_ 321.6 x 10 - 6.0mm

/2 x 152 % 250

Use 8mm fillet weld along both sides of the loaded and

edges .

Loaded plate design check:

Shear force at supported end

o . r
Ry = R sin y 3 Pu
= 454.8 sin 45 - 280 = 41.6kN
R 41.6 x 103 '
£ = X = 2 X = 11 N/mm2 O.K.
q T.B 25 x 150
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Axial force at supported end

s r ’
Rx R cos ¥ 9

= 454.8 cos 45° = 321.6kN

_ 321.6 x 103 _ 2 o
fa = 55 =% 150 = 85.76 N/mm 0.XK.

The loaded plate is adequate

Design of loaded plate support weld:

Assume a top fillet weld the full width of the loaded plate.

Combined loading R = /sz - RY2 = /§21.62 + 41.62 = 324.3kN
e = vz B _ /2.324.3 x 103 _ ys
w © E B = 235 x 150 ==

To be consistent with the gusset plate welds, use 8mm fillet weld on

top and bottom for the full width of the loaded plate.

Example 2 300 {
220

= 150mm
= 108°

360

= 300

O ¢ = o W
i

= 92

= 220

= 200N/mm?2
206%N/mm 2
= 150kN

W M@ th W
I
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A bracket on an inclined column supports a load of 150kN at the

ultimate limit state. The inside corner has been omitted to allow

room for pipework.

The thickness of the mild steel gusset plate and

the size of the welds are required.

Gusset plate thickness:

as 0

108" then ©

/Lz + H2 - 2.L.H cos 0O

/éoo2 + 3602 - 2 x 300 x 360 x cos 108°

535mm
L.H sin © _ 300 x 360 x sin 108°
¥ B 535, 1
192mm
v C .
{[2.W.tan 0/2 _1] W + 1}: but © » 90

is taken to be 90° in this equation.

535 92
s - 5 + 1)

1.1884

Z.W.tan @/2, but O » 90°

1.1884 x 192 x tan 90/2

228mm

150 x 103 x 220
228 x 1922

3.9262 N/mm?2

200 W/mm?

92 .o
= 0.479
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From Table 8.1

= = 59.57 x 1073
2 :
Nt = 59.57 x 10~3 x 228 = 13.6mm
%- > 21.65 x 10”3 therefore slenderness O.K.

use 15mm thick plate 100mm wide.

Gusset plate welds:

From Table 8.3

i = 5.365 N/um?2

L.

R’ = 5,365 x 228 x 192
= 234841 N
= 234.8 kN

Shear force in longitudinal weld

¥ g = [sin~}(w/L) - 90 + ©/2]c/W + 90 - ©/2
= [sin=1(192/300) - 90 + 108/2]0.479 + 90 - 108/2
= 37.816

F o r ’ b . . r

wi R (cos ¥ 2 Be sin y o

Assume no friction.

F = 234.8 cos 37.816

wi
= 185.5 kN
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Fillet weld size required either side of loaded edge

Fwi

fi.ft L(1-C/W)

wl

185.5 x 103
Y2 x 152 x 300(1-0.479)

5.5mm
Shear force in supported edge weld

Yy ' = [sin~l(w/H) - 90 + o/2]c/w + 90 - 0/2

= [sin~1(192/360) - 90 + 108/2]0.479 + 90 - 108/2
= 34.195°

th = R (cos y p = Mesin y h)

= 234.8 (cos 34.145°)

= 194.2kN

Fillet weld size required either side of supported edge

F
wh

JE.ftH(1-C/W)

wh

194.2 x 103
Y2 x 152 x 360(1-0.479)

]

4 . 8mm

Use emm fillet weld aldng both sides of the loaded and supported

edges.
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Loaded plate design check:

Shear forces at supported end

R = R'si ' - P
Y sin Yy o u
= 234.8 sin 37.816 - 150 = -6kN
R 3
_ y =6x10 = 2
8 = 7.8 20 x 150 < e s Beks

The loaded plate is adequate.
Design of loaded plate support weld:

Assume a top and bottom fillét weld the fuil width of the loaded

plate

Combined loading R_ = V¥R 2 42
c x y
/185.52 + 62

= 185.6kN
R 3
tw - = c - 1??-6 x 10 - 3.7
/2.ft.B Y2 x 235 x 150

Use a 4mm fillet weld on top and bottom for the full width of the
loaded plate. Alternatively to be consistent with the gusset plate
welds use a full length 6mm fillet weld on top and a 40mm length on

the underside.

427



10.

1.

12.

13.

14,

15.

16.

REFERENCES

British Standard 449 (1969) The use of structural steel in
buildings.

British Standard Institution - Draft standard specification for
the structural use of steelwork in buildings, part 1, (November 19

van Dowen, A.A. Welded and bolted connections. 2nd Intebnational
ECCS Symposium. New developments in steel construction, 1978.

Jensen, C.D. Welded structural brackets, Journal of the American
Welding Society, October 1936, Vol. 15, No10.

Priest, M.H., The practical design of welded steel structures,
Journal of the American Welding Society, August 1933, pp9-23.

American Welding Society welding handbook, 5th edition, section 5,
Applications of welding, London, Macmillan, 1967.

Beedle, L.S., Tall, L. and Galambos, T.V. = Structural steel
design, New York, The Ronald Press Company, 1st edition, pp550-
555.

Salmon, C.G. and Johnson, J. - Steel structures; design and
behaviour, 2nd edition, New York, Harper and Row, 1980.

Salmon, C.,G. - Analysis of triangular bracket type plates,
A.S.C.E. (Mech, Div) Vol. 88, No EM6 Proc. Paper 3363, ppi41-87,
December 1962.

Bulson, P.S. The stability of flat plates, Elsevier, 1971.

Timoshenko, S.P. and Gere J.M. - Theory of elastic stability,
MeGraw Hill Book Co. Inv., New York, 2nd edition, 1961, p348.

Salmon, C.G., Buettner, D.R. and O'Sheridan, T.C. - Laboratory
investigation of unstiffened triangular bracket plates. Proec.
A.S.C.E. (Struct. Div.), Vol. 90, pp257-278, April 1964.

Steel designer's manual - 4th edition, London, Crosby Lockwood
Staples, 1972.

MacGinley, T.d. - Structural steelwork calculations and detailing,
Butterworths, London, 1973.

Martin, L.H. -« Methods for the limit state design of triangular
steel gusset plates, Building and Environment, Vol. 14, pp147-155,
1979.

British Standard 5400 : Part 3, Code of practice for design of
steel bridges.

428





