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List of symbols

Symbol Definition

Ad compressed cross sectional area of beam-web

Af cross sectional area of beam flange

As tensile stress area of bolt

ét design strength of a bolt

E modulus of elasticity

E force in the design state

Ed design force of the compressed part of the column web

F1 design strength of the 1th boltrow (lower value of design

X strengths of end plate, column flange and bolts)

Es design value for the shear strength of the column web

Ele design strenath of the end plate at the first boltrow

Elf design strength of the column flange at the first boltrow

F1k design strength of end plate or column flange when the
design formula can be applied for both components of the
connections)

Elt lower value of the strengths of end plate, column flange
and bolts added in the first boltrow

Elw design strength of the column web at the first boltrow

Ef] design strength of the beam flange

FWS design value for the shear strength of the beam web over

X the length of the haunch.

let design strength of the end plate at the bolts added in

A the first boltrow

Flft design strength of the column flange at the bolts added

X in the first boltrow

F1kt design strength of end plate or column flange when the

X design formula can be applied for both components

Fs,d design strength of the column web when shear or compression

A governs

1sum F1 ¥ Flt

I moment of inertia

I moment of inertia of the connection
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design moment capacity in the beam section where the
haunch flange is connected to the beam flange
elastic moment of a cross section

plastic moment of a cross section

design moment capacity of the connection

tensile force in the beam flange
elastic section modulus

throat thickness of fillet weld

leg size of fillet weld at the end of the haunch flange
throat thickness of fillet weld between haunch web and beam
throat thickness of weld between the end plate of a column
and the column flange

throat thickness of the fillet weld between stiffener and
column flange

throat thickness of the fillet weld between end plate and
beam web

generally the width of column or end plate

width of the haunch flange

width of the end plate on top of the column

width of the beam flange

effective width or Tength

factor which depends on the required rotational capacity
factor used in the computation of the connection stiffness
which depends on the number of boltrows.

reduction factor for prying action

distribution factor

depth of the haunch
depth of the compressive zone of the haunch

th

lever arm of the i boltrow

index of the botlrows, numbered from the boltrow adjacent to
tensile beam flange

flexibility factor or compliance of the connection (4 = k.M)
haunch Tength

horizontal distance between the centre of the bolt and
the root of the fillet
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vertical distance between the centre of the bolt and
the root of the fillet

=my o+ O.Zrk p t 0.2 /hw

plastic moment per unit Tength of column flange or end

plate

or m=m

distance between the centre of the bolt and the edge of
column flange or end plate

distance between the centre of the bolt and the assumed
point of application of the prying action

vertical pitch between the boltrows

haunch flange thickness

thickness of the end plate on top of the column
end plate thickness

flange thickness

web thickness

web thickness of haunch

thickness of stiffener

horizontal distance between the bolts Tocated in one half of
the column flange

horizontal distance between the bolts located on both

sides of the column web

centre distance between bolt and stiffener or beam flange
distance between two horizontal yield Tines
angle of rotation

comparison stress
design value of yield stress
tension strength






The formulae of the design method have been tabulated in tables 1 to 9
inclusive to facilitate the application.

In each table it is referred to sections where explanations of the for-
mulae and examples of the application are given.

Sometimes the results of reports 6-81-15 and 6-81-23 are also used as
examples.

In the formulae the index k is used for the design strength when the
formula 1is valid for the column flange as well as for the end plate.
Otherwise either the index f is used when it is only valid for the
column flange or the index e is used when it is only valid for the end

plate.

The design method is based on the philosophy that semi-rigid connec-
tions may be applied in steel structures provided that the reduced
stiffness of the connection is taken into account and the connection
possesses sufficient rotational capacity (see Witteveen et al (1980)
|1] and Bijlaard (1981) |2| ).
The Tatter conditions are not necessary for structures with rigid con-
nections because then the stiffness is assumed to be infinitely and
the strength of the connection is such that a plastic hinge may be
formed in the cross section of beam or column adjacent to the connec-
tion so that the required rotation is delivered by this plastic hinge.
However, connections with flush end plates without a haunch generally
do not possess sufficient strength and stiffness to be assumed rigid,
so that special attention is given to the rotational capacity of this
type of connection in the design method reported here.

The formulae with which the design strength of a particular component
of the connection can be computed have been developed using theoretical
models according to the theory of plasticity and the failure mechanisms
observed in the tests in the ultimate Timit state. Generally the tests
were stopped because large plastic deformations occurred.

It has appeared that the 1imit state of large deformations reached due
to bending of column flange or end plate is predicted sufficiently
accurately with the yield Tine theory.



0.2. Features of the existing and proposed design methods

0.2.1.  Existing_design methods
In the Netherlands, two versions of the existing design method are
valid. In the first version a completely rigid column flange and end

plate are assumed.

0.2.1.1. First version

A location of the centre of rotation is assumed in line with the com-
pressed flange of the beam. With these assumptions it is possible to
compute the bolt forces because then the bolt elongations are pro-
portional to the distances between the horizontal boltrows and the
centre of rotation.

The connection reaches its ultimate 1imit state when the uppermost

bolts (the first boltrow) reach this state.
These assumptions yield the design formula:

. ) Zhiz
M, = 2B, i (0.1)

Where:
ZBt is the design strength of two bolts in the uppermost boltrow

-

MV is the design moment capacity of the connection

h1 is the distance between boltrow and the location of the

compressive force.

A disadvantage of this design method is that the designer often has

to apply stiffeners as shown in figure 2a because adequate design
criteria are lacking with which may be proved that stiffeners may be
avoided whereas completely rigid flanges are assumed.

The result of so many stiffeners may be fracture of the bolts before
any deflection of column flange or end plate has taken place. In that
case the connection may have insufticient rotational capacity. Tnis may
be disastrous when the adjacent material does not yield..

With flush end plates this is generally the case, because the strength
of the connection is insufficient to cause a plastic hinge to form in

the adjacent beam material.

0.2.1.2. Second version

In the Netherlands the research of bolted beam-to-column connections
has always been aimed on the avoidance of stiffeners in order to
decrease the welding costs of the structure and to obtain rotational



capacity when the design strength of the connection is smaller than
that of the adjacent beam. That is why the second version of the

existing design method was introduced in which the design method of
the connection may also be governed by failure of the column flange
without stiffeners. The design formula for this version is (see fig. 2b):-

S T

M, = F, i, (0.2)
Where:
E is the design strength of the column flange without stiffeners

Z
at the second boltrow. The latter design strength is determined

with the formulae as given in tabhle 4 and developed in reference 14].
The effective length of the column flange at the second boltrow is
chosen equal to the vertical pitch.
The end plate thickness is adapted to the design Toad FZ’ with the same

formulae.
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Fig, 2 : Formulae of the old and new design methods.
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Despite that the column flange and end plate are not completely rigid
a boltforce distribution is assumed which is also proportional to the
distances between the horizontal boltrows and the centre of rotation.
This approach is on the safe side as is shown by test results |9, 10].
This will be explained for different situations.

In the first place the uppermost (first)horizontal boltrow transmits

more force than is assumed in the existing design method.

far more rigid than at the second row; because the force is distributed
to the stiffener as well as to the column web. The same situation exists
on the beam-side of the connection where the end plate is supported by
beam web and beam flange at the first boltrow.

mitted by the first and second boltrow are equal if the flush end

plate and bolts have sufficient strength to cause the yield Tine mecha-
nism as observed in connections with extended end plates |4].

In that case the effective length of the second boltrow is equal to that
~of the first row and larger than the pitch between the bolts. This implies
that the forces transmitted by the first as well as the second boltrow
are larger than assumed.

When at the first and second boltrows sufficient deformations occur,

the other boltrows may also transmit more force than with the recti]ineak
proportional boltforce distribution is assumed. ‘

That is why in the proposed method the Tatter assumption is abandoned.

The design strength of each boltrow is computed

with the formulae given in tables 2 to 4 inclusive.

Subsequently the design moment capacity is computed by adding up the
products of design strength and lever arms.

Hence: M = Xt Fy + by ) {0.3)

In figure 2 the assumed bolt force distributions and formulae of

the various design methods are summarized.
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The proposed design method contemplated as an extension of the

existing design methods

The condition for the proposed design method is that at the first bolt-
row the column flange (or end plate) deform so much that an extension
of the yield Tine mechanism caused by the other boltrows can be assumed.

This is only possible when the ultimate Timit state of column flange

(or end plate) is reached before the bolts fail. This statement will

be discussed with the help of the graph on top of table 1 (see figure 3).
In this graph the horizontal axis represents the ratio between the

design strength of the column flange (or end plate) and bolts at the
first boltrow; thus:

-~

F1k _ design strength of column flange (or end plate) at the first boltrow
design strength of two bolts in the first boltrow

B bolt failure
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Fia. 3 : Relations between the design strengths of column flange,
bolts and connection.

It is evident that this ratio increases proportionally with the quadrate
of the thickness of column flange (or end plate) when the bolt strength
is kept constant.

The vertical axis represents the design strength of the connection F, ,
also expressed as a ratio with respect to the design strength of the bolts.



0.4.

= Tl =

The design strength of Phe connection, Fl’ is equal to that of the column
flange (or end plate), Flk’ as long as the design strength of the bolts
is larger than that of column flange (or end plate).

Thus when:

~

F
}k < 1

ZBt

then the relation between the design strengths is represented by Tine OA
in the graph. If the design capacities of column flange and end plate
are larger than that of the bolts then the design strength of the con-
nection is restricted by that of the bolts. Thus:

-~

F

F'
—i-= 1  when —lk > 1
2Bt ZBt

This Tatter relation is represented by the horizontal Tine through

point A. In that area the first version of the existing method is valid.
The validity of the proposed design method is limited to the situations
represented by Tine OA. In those situations the Timit state of Targe
deformations of column flange (or end plate) is reached before the bolts
fail, so that the deformation at the first boltrow is sufficient to
cause the extension of the yield line mechanism at the other boltrows.
However, a reservation should be made for a transitional area indicated
by the hatched area in figure 3.

Influence of prying action

The deformation of column flange (and/or end plate) causes extra forces
(prying action) as shown in figure 4.

e s

5. I8

Fig. 4. : The deformation of column flange or eﬁd plate causes prying
action (extra forces in the bolts).
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These prying actions are incorporated in the design formulae developed
for unstiffened column flanges and extended end plates |2, 4]

These prying actions are also measured in tests with stiffened column
flanges and flush end plates, but it has not been possible to incorporate
them in the design formulae.

The prying actions may cause premature failure of the bolts because

they enlarge the bolt Toad. This phenomenon is taken into account by

the hatched area in the graph on top of table 1.

The result is that the separation between the proposed design method

and the existing elastic method becomes less clear because a transitional
area CB arises in which at the Teft hand side much deformation of column
flange (or end plate) occurs but premature failure may happen due to
prying action.

This is taken into account by reduction of the design strength of the

bolts with a factor fpr'

-~

" ZBt

Thus: F1 = g (0.4)
pr

In section 1.1.2. rough experimentally found values are given for the
factor fpr' At this moment the available testresults are mainly situated
in the area on the left hand side of point C.
In this area prying forces have been measured which were equal to the
applied load. In that case fpy = 2 and the design strength would be
reduced to 50% of that of the bolts e.g. indicated by point D in the
graph. However, this is not important as long as this reduced design
strength of the bolts is larger than the design strength of column flange

(or end plate).

Based on the test results |5, 6] a factor fpr = 1.5 is accepted in
point C when the bolt is located near to the edge of column flange
(or end plate), whereas fpr = 1.25 is taken into account (point C')

when the bolts are Tocated near to the column web and stiffener.

Prying action does not occur when column flange and end plate are far
stronger and stiffer than the bolts. For the time being it is assumed
that this happens at a value:

Elk
=— > 2 (point B in graph)

ZBt
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It seems to make sense that future tests are executed of which the
results are situated in area CB, to get more accurate values for fpr
and to investigate the transition from the existing to the proposed
design method.

For the time being it is advised to avoid the transitional area in

the design or to make a computation which is on the safe side e.g. by
neglecting the cooperation of the second and other boltrows when it
appears that the column flange (or end plate) yields at these boltrows
according to the formulae valid for the unstiffened column flange (see
the formulae in table 4 and example 8). "

F
In test 2 of the reports 6-81-15 and 6-81-23: 0,8 < — < 1.

ZBt
According to the latter advise, the cooperation of the other boltrows should

have been neglected because failure at these rows is governed by yielding

of the flange.
However, the testresults show a cooperation of these boltrows; thus it is

possible that the design method should be changed when more testresults
with this favourable behaviour come available.
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Restriction for the existing design method

Table 1 gives a summary of the properties of the existing and proposed
design method. Herein it is stated that is is not allowed to apply the
existing design method in statically undeterminated structures unless
the design strength of the connection is larger than that of the con-
nected beam. This 1is based on the following considerations.

From the foregoing it will be evident that the connection itself has
practically no deformation capacity when the existing design method is
used. Column flange and end plate are made infinitely stiff and bolts
grade 8.8. fracture at a plastic elongation of about 2 mm whereas this
elongation for bolts grade 10.9 is only about 1 mm.

The deformation of column flange and end plate is negligible. This may
result in bolt fracture when a connection computed according to the
existing design method is used in a statically undeterminated structure
and unexpected deformations occur e.g. by settlement of the foundation.
When the design strength of the connection is larger than that of the
connected beam, the required rotation can be delivered by yielding of
the beam flanges.

If this is not the case, the rotation should be delivered by the connec-
tion. This 1is only possible when the column flange or end plate yields
before failure of the bolts occur, thus when the column flange or end
plate is net infinitely stiff i.e. desidgned in accordance with the pro-

posed design method.
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Advantage of the proposed design method when the compressive or shear

zone governs failure

In the foregoing only the tensile zone of the connection has been con-
templated. However, the sum of the design forces of the boltrows may be
restricted by the design capacity of the shear zone or compressive zone
in the column web.

According to the existing design method, which is based on the theory
of elasticity the design moment is then determined by the formula:

M, =F h (0.5)

where:

Fs . is the design capacity of the shear or compressive zone and

2
Ehs
' js the distance between the centre of gravity of the bolt forces

and the Tocation of the compressive force.
The Tlatter distance and thus the moment capacity Mv becomes smaller when
more boltrows are applied. This seems odd, but it is in fully agreement
with the conditions based on the theory of elasticity.
With the proposed design method, formula (0.3.) remains valid but another
condition should be fulfilled too. This latter method is based on the
philosophy that the first boltrow causes to form a yield line mechanism
in the column flange (or end plate) and the other boltrows cause an ex-
tension of this mechanism when the load increases. This extension ceases
when either the compressive zone or shear zone of the column web fails.
That is why the condition should be fulfilled that:

F 0.6
ZFi Fs,c ( )

/AN

If the condition of formula (0.6) is not met, then a part of the design
strengths of the boltrows should be neglected.

Based on the knowledge that the yield Tine mechanism extenses from the
first bolt row, reduction of the sum of the design strength, ZFi’ may
occur by neglecting the bolt rows with the smaller Tever arms.
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Comparison of design methods with test results

Table 10 gives the results of the computations carried out with the
first and second version of the old design method and the computation
with the new design method for the testspecimens of reports 6-81-15 |9],
and 6-81-23 |10].

A11 values can be compared with the design strengths computed with the
formulae of the new design method because these are adequate as being
shown by comparison of these results with the moment rotation curves

in figure 13 and figure 14 of report 6-81-23 |10].

The design strength computed with the formulae of the first version of
the old design method are generally too high because failure of the
column flange and failure of the beam web have not been taken into
account.

If failure of the column flange due to bending is taken into account
according to the second version, then the design capacities are too low.
They are also too Tow in the first version of the old design method when
it appears from the proposed design method that the mechanism due to shear
or compression of the column web governs.

In the proposed method, the failure of the beam web due to shear in the
part over the haunch is specifically defined.

This does not mean that this type of failure would be neglected in the
old design method but it could not occur due to the application of very
thick end plates as followed from the design method.

Thus the new design method augments the design labour, but give the pos-
sibility to reduce the Tabour of manufacturing.

The new design method gives adequate design capacities for the tests of
reports 6-81-15 and 6-81-23.




Existing or old design method nProposed or
new design method
Test 1° version 2° version Conclusion Connection Beam-web
numberflonly boltfail. contemplated| flange failure failure of column-web 1°%ersion 2%ersion
Design zh. 2 o [pesign =2 o h.2 . . . . )
strength ; v strength ~F— v Shear Compr. h MV MV MV MV MV
|1 boT trow T 2%boT trow 2 2
kN m KNm kN m KNm kN kN m kNm kNm KNm kNm

1-15 350 1.75 612 84 1.98 166 598 0.41 245 245 ¢ 166 B 275 199

1-20 294 1.75 514 92 1.98 182 598 0.41 245 245 ¢ 182 B 281 222

2-13 350 0.90 316 60 107 64 598 0.30 179 179 ¢ 64 B 173 170

2-20 294 0.90 264 92 1.07 98 598 0.30 179 179 ¢ 98 B 181 204

3-18 470 1.48 696 92 1.71 157 1020 0.41 418 418 ¢ 157 B 344 366
3-21 456 1.48 674 97 1.71 157 1020 0.41 418 418 c 157 B 377 418

4-18 470 1.48 696 92 1.71 157 1020 0.41 418 418 ¢ 157 B 265 206 '
4-21 456 1.48 674 92 1.71 157 1020 0.41 418 418 c 157 B 265 234 t?
5-18 464 1.52 706 118 1.76 206 1020 0.42 428 428 ¢ 206 B 378 S248

5-21 464 1.52 706 138 1.76 242 1020 0.42 428 428 c 242 B 378 358

1 294 1.75 514 92 1.98 182 411 598 0.41 169 169 s 169 s 200 s 222

2 294 1.75 514 92 1.98 182 617 598 0.41 245 245 ¢ 182 B 283 ¢ 418

3 456 1.48 674 92 1.71 157 411 598 0.41 169 169 s 157 B 204 s 418

4 456 1.48 674 92 1.71 157 617 598 0.41 245 245 ¢ 157 B 276 ¢ 234

5 456 1.80 820 92 2.04 188 617 1020 0.47 290 290 s 188 B 324 s 417

Table 10: Design strengths computed with the old and new design methods for the testspecimens of reports 6-81-15 |9| and 6-81-23 |10].

O
1}

o »n
1

shear of the column web

compression of the column-web

is the mechanism which determines the design capacity.

bending of the column flange
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Design strength of the column flange and the flush end plate at

the first boltrow

Formula (4a) example 1

Doornbos (1979) |5| tested specimens as shown in figure 5. With the
help of yield Tine theory he composed a chart with which the design
strength of a plate can be computed.

The tests show good agreement between the limit states of Targe deform-
ations and the design strengths computed with the chart.

The chart is given in table 2. In the chart the contemplated yield line
mechanisms are indicated.

R

pus i

Fig. 5: Testspecimen of a column section with stiffeners; the flanges

are loaded transversely.

The chart gives the design strength of column flange (or end plate)
in the following way. Determine the distances my and m, between the
boltcentre and the flange toes of the fillets (or fillet welds). Make
the distances my and m, dimensionless by dividing them by the width

m, + n'; this gives the values X; and X,.

1
Plot a point with the coordinates A; and X, and read the value a at
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the end of the curve indicated with the plotted point.

The value o multiplied with the plastic moment per unit Tength gives
the design strength of the column flange (or end plate). Formula (4a)
gives the design strength of the column flange for a boltrow with two
bolts (see e.g. the computation of the Timit state loads at the first
boltrow of test 1 to 5 inclusive for the column flange and the end
plate in report 6-81-23).

It is already explained in the introduction that extra forces (prying
forces) arise due to deformation of colomn flange (or end plate).

These prying forces may reduce the design strength of the connection.

In contradiction to the design formulae developed for the extended

end plate |4| these prying forces have not been incorporated in the design
formulae for the flush end plate.

However, the testresults show the presence of these prying actions.
Moreover, it appears that the increase of prying action becomes larger
with respect to the increase of the applied load when the design strength
of column flange (or end plate) is exceeded.

In figure 6 a representative example is given of the measured current
of the boltforce (horizontal axis) with the increase of the applied
bending moment (vertical axis) on the connection.

The dotted line gives the relation between the applied moment and the
expected boltforce. Initially the boltforce does not increase due to
the preload in the bolt. After exceeding of the preload, the difference
between dotted and solid line gives the prying action which increases
fast when the design strength of the connection is exceeded.

, prying action

SR ,
1 &Q?/ eag\)(‘e

i !) <, //’/Aesign strength

4 vz

/
/
L A -
. rd
d 1oad
,/ el _» boltforce

Fig. 6 : Relation between applied moment and measured boltforce.
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In a structure the design strength may be exceeded by several causes.

Firstly when the structure has been designed in accordance with the
theory of plasticity. In that case it is accepted that the design strength

of a connection isexceeded under working Toad provided that the deformations
of the whole structure remain within certain Timits.

It is required that the connection in which the design strength is reached
firstly, give so much deformation that the failure mechanism of the whole
structure may be reached. This implies that the design strength is exceeded
because the ratio between failure load and design strength is larger than
unity. (For most beam to column connections which do not fail due to buck-
1ing of the compression side or fracture of the bolts, the ratio between

failure Toad and design strength appears to be about 1.7.).

Sometimes it is stated that connections do not need rotational capacity

if used in structures computed in accordance with the theory of elasticity.
This 1is only true if all loading situations which occur during 1lifetime
have been contemplated in the design . Generally this is impossible e.qg.
with unexpected settlements of foundations. Thus the design strength may
also be exceeded in connections applied in statically indeterminated struc-

tures computed in accordance with the theory of elasticity.

That is why the magnitude of the prying action should be determined
in the situation that the design strength is exceeded and large deform-

ations occur(thus at the end of the test).

The influence of the prying action is only important with connections
where bolt failure may occur. However, the design strength of the test
specimens was mainly reached due to yielding of column flange (or end

plate) before bolt failure could occur.

A clear view of the influence of prying action on the deformation capacity
and the strength of the connections can only be developed when more test
results are known in which bolt failure is the determining factor.

That is why the values stated here are on the safe side.

For the determination of the magnitude of prying action two areas of bolt
location are distinguished. One area in which the bolt is located adjacent
to the supports of column flange (or end plate). It is assumed that this
area is limited by A; and XA, < 0.5.
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Outside this area, the second area is assumed . The distinguish is made

because different mechanisms of prying action are observed in the different
areas.

K877

¢V2F

Figure 7 : Bending of the flange causes prying action.

Within the former area, the mechanism of figure 7 arises in which the
plate forms a lever arm between the bolt head and end plate due to the
deformations. For the time being, based on the testresults, it is stated
that within the area with A; and X, < 0.5;

S (2a)
pr F
4 + }k
ZBt
=
when: 0.8 —lh <2
ZBt A
Fix
The magnitude of the prying force is made dependent on the ratio —— ,
because the chance of occurrence of prying action decreases ZBt

with the decrease of the deflection of column flange (or end plate) with
respect to the plastic bolt elongation, thus with the increase of the
ratio mentioned.

-

F
At values of: —lﬁ £ 0.8
ZBt

the ultimate 1imit state of column flange (or end plate) governs,
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:
When: —LK 5 2
2B,

it is assumed that prying action does not occur and bolt failure
governs.

In the area where X; and X, > 0.5.
4

fpr = ———Ff——— (2b)
1k
2 +—=
AZBt
F
when: 0.67 <€ 1k <2
ZBt

In this area prying action arises at the edge of column flange (or end
plate) see figure 8.

Fig. 8 : Prying action arises at the edge of column flange (or end plate).

In example 2 some applications of formula (2a) are given. Example 3 gives
an application of formula (2b).

In examples 4 and 8 attention is given to the influence of prying action
on the deformation capacity. Example 8 is also used to show the neglect
of the cooperation of the second horizontal boltrow when the first bolt
row fails prematurely due to prying action.

It is already stated that this latter measure may be too conservative

as is shown by the results and computation of test 2 of reports 6-81-15
and 6-81-23.
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Formula (4a) table 2, example 3 and 4

The ultimate Timit state Toad of the first boltrow in the flush end

plate will mostly be determined by that of the column flange, because

the end plate thickness shall be adapted to the design strength of the
latter mechanism.

That is why formula (4b) is given although it is identical to formula
(4a) but only written in another form.

The value o will mostly be less than that of the column flange because
the distance my is larger due to the fact that the magnitude of the
fillet weld is smaller than the fillet radius of the column section.

The application of formulae (1) to (3) inclusive, see table 1, is similar
to that for the column flange.

See example 3 for the design of an end plate without deformation capacity
and example 4 for the design of an end plate which has to give deformation

capacity.

Design strength of the column flange and the flush end plate at the first

boltrow with four bolts (table 3).

Adding more bolts in the first bolt row does only make sense when the
bolts in the corner between web and stiffener, either:

- have sufficient strength to form a circular yield 1ine mechanism, or
- fail before the column flange (or end plate) deforms.

8m m or

Thus only when, either F1 b

or F1 2B

t

In all other cases it is not certain which mechanism will develop and it
is possible that the added bolts are located within the yield Tine mechanism
already formed by the bolts in the corner and do not give an extra con-

tribution to the transfer of forces.

When a circular mechanism is formed, then the effective width available
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b - w2 - 2m

: _ 1.2
for an added bolt: bm = 5
where:
m1 5 is the smaller value of the distances my and m2.

Formulae (5), (6) and (7) are identical to the formulae developed

for the unstiffened column flange and T-stub connection |4].

However, here the value of n is always taken: n = 1.25 m.

In the case that yielding of column flange (or end plate) is avoided,
the previous design method with the proposed effective width is con-

servative.

Formula (10) implies that the design strength of the first bolt row is
equal to the sum of design strengths of corner and added bolts (see
example 5 and the computation of tests 2-13 and 2-20 in appendix A4 of
report 6-81-23).

Formulae (8) and (9) are identical to formulae (5) and (6) with the
difference that the plastic hinge may be formed in the end plate on top
of the column when the column does not continue (or in the beam flange
on the flush end plate side). (see example 6 and the computation of the
end plate of tests 2-13 and 2-20 in appendix A4 of report 6-81-23).




- 26 -




Zale

- 27 -

Design strength of column flange and flush end plate at the second

bolt row (table 4)

h1 = B o

Formulae (11) and (12), example 7.

The second horizontal bolt row is located in a part of the column flange
where no stiffeners are applied.

The formulae developed for the unstiffened column flange are valid.

The effective length of the column flange available for the second bolt
row consists of two different parts. The part on the side of the first
bolt row is Tlimited by the vertical pitch and reduced by the Tength
already used for the mechanism at the first bolt row.

The part on the other side of the bolt is equal to 2m + 0,625n' as shown
in |4]|, provided that the distance between bolt row and centre of rotation
(compressive side) is sufficient in order that the yield Tine mechanism
can develop. That is why the contribution of the second bolt row is
neglected when h2 < 2(2m + 0,625n"), unless an elastic bolt force dis-
tribution can be assumed. The Tatter assumption is possible when the force
computed with formula (11) or (12)is Targer than:

h1 =P

ZBt thus when F2k > hl ZBt.

hy

When it follows from the computation that a circular mechanism is formed

at the first bolt row ( a = 4m ), then the value of m o2 is equal to the
lower value of my and Mo otherwise the larger value of m1 and m, is chosen.
(see example 7 and the computation of tests 2-13 and 2-20 in appendix A4

of report 6-81-23).

The previous explanation is also valid for the third and other bolt rows
as far as the effective length is concerned. But when the third bolt row
is located within the effective Tength of the second row, then this length
is reduced to the overlap of both lengths that is equal to the vertical
pitch, see e.g. the computation of the second bolt rows in appendices

Al and A4 of report 6-81-23.
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Formula (13), example 8

Formulae (11) and (12) are based on the assumption that the flange
deflects sufficiently at bolt row 1 in order that the mechanism of
bolt row 2 can develop.

This is not possible when the bolts at the first bolt row fail prema-
turely, thus when F1 is determined by formula (2) or (3).

In that case a linear distribution of bolt forces occur. However,
then the rotational capacity will be small.

In the tests of report 6-81-15 and 6-81-23 this situation did not
occur because the deflection of the column was always sufficient even
in the situation of test 3 and 5 of report 6-81-15 where stiffeners
and backing plates were used respectively.
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Design strength of column- and beam web (table 5).

General

The formulae are rather complicated, but the computation can be avoided
if with a rough computation is shown that the sum of the design strengths
of the bolt rows determined by yielding of column flange (or end plate)
is smaller than the tensile strength capacity of the column web between
the outermost boltrows, provided that the mechanism of figure 9 does not

occur between the bolt rows.

Thus: ZFi < n.p.t .o, (3:1.)

where:

F. s determined with the formulae of tables 2, 3 and 4
n is the number of bolt rows

p is the vertical pitch

is the web thickness

If the requirement of formula (3.1.) is not fulfilled, then it may be
shown with a more complicated computation in accordance with formulae
(14) to (20) inclusive that the strength of the column web is sufficient.
In that case the support of the stiffener at the first bolt row and a
larger effective length at the lower bolt row is taken into account.

Formulae (14), (15) and (16), example 9.

With the computation of the chart of table 1 it is assumed that the sup-
ports of column flange (or end plate) do not deform. However, it is pos-
sible that the dimensions of the section is such that the mechanism of
figure 9 occurs.

In this mechanism, the column web and flanges fail simultaneously..

The ultimate Timit state load of this mechanism is reached theoretically

when adjacent to the boltrow and at a distance:
b
z=t:.V 3
f tw

yield Tines are caused to form in the flanges.
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Fig. 9 : Failure mechanism in which the column web and flanges yield
simultaneously.

The design strength of this mechanism is given by formula (15).

When the distance m, is smaller than z, then the web is supported by the
stiffener and the design strength increases with a decreasing value of
m, because bending of the flange becomes more difficult.

This behaviour is taken into account with formula (16). Some computations
have shown that with European rolled section and a distance m, < 1.5dn

(dn = nominal bolt diameter), the value of z is always larger than m,

so that formula (15) never governs in that case.

However, formula (15) is given for the sake of completeness (see example 9).

See example 13 for the application in the design of the flush end plate.

Formula (17), example 10.

The column flange on the unstiffened side of the bolt Tine shows the
same behaviour as the unstiffened column flange of which is shown that
the effective length is (2m + 0,625n'). Thus this effective Tength is
also adapted for the column web.

Formulae (18) and (19), example 11.

When the column does not continue beyond the upper beam flange, a plas-
tic hinge may be formed in the end plate of the column. In that case
formuke (18) and (19) may give lower values than formulae (16) and (17),
unless the end plate is made much thicker than the column flange.

The same reasoning is valid for the part of the connection formed by the
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end plate and the flange of the beam.
See example 13 for the application in the design of the flush end plate.

Formula (20), examples 12 and 13.

When more bolt rows are applied, the situations of formulae (15) to

(19) inclusive remain valid for the first bolt row. The other bolt rows

It is possible that the column web has some over capacity of strength

at the first bolt row due to the influence of the stiffener. It is

assumed that the bolt forces are distributed uniformly over the web

length when yielding of the web occurs. Then it is sufficient when the

sum of the design strengths of the bolts determined by yielding of the
column flange (or end plate) is smaller than the total strength of the
column web (see example 12 for the check of the column web, and example 13
for the check of the beam web).

Formula (21), example 14.

PN

The design strength determined by shear of the column web (Fs) or yielding
and buckling of the column web on the compression side of the connection
(%d) ought to be larger than the sum of the design strengths on the tension
side, because otherwise Fhe equj]ibrium requirement can not be fulfilled.
The design formulae for F_ and F, are given in |1] and |2|, but are repeated

here for the sake of completeness.

Fs = 0,58 Oy'twk'(hk_thk) {3.5.1.)
Fa = -ty tey *+ 5(tp ) (3.5.2.)
where:

twk = column-web thickness

tfk = column-flange thickness

tf] = beam-flange thickness

Py ® fillet radius of column

hk = column depth

Reduction of the sum of the forces can be executed by neglecting the
bolt rows with the smaller lever arms as explained in the introduction

in section 0.6.
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See e.g. the computation of test 1 and 3 in appendix Al of 6-81-23
where the shear force capacity determines the design moment and test 2
where the design strength of the compression side determines the

design moment.
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Dimensions of stiffeners and welds (table 6)

Formulae (22) to (25) inclusive, examples 15 and 16.

From measurements in tests | 5| it appeared that the force transferred
by the corner bolt is distributed over web and stiffener reversed
proportional to the distances my and m,.

2
That is why a distribution factor :

is intreduced.

Stress distributions as shown in figurel0 are also measured in tests .
It appears that the stresses are not uniformly distributed.

In three tests where A, > 0.5, weld fracture occurred on the very edge
of the stiffener (point A in figure 10).

|
YA,

88

>0 (N/met)

o
1

Fig. 10 : Measured stress distributions in stiffener and column-web.

At that instant, the stresses in the stiffener were still low. Probably
failure was caused by bending of the weld |6|.

An excessive stiffener-thickness has small financial consequences.

That is why no research has been executed on this part of the connection
and a rough method of computation is given.

Hence fv = 1, when A1 > 0.5, moreover, it is assumed that the force

is transferred by half the stiffener-thickness.
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The effective width of the stiffener is taken 2mp (formula (22) ) pro-
vided that this width 1is available, thus if m, > n'. Otherwise the
effective width is equal to m, + n' (formula (23) ).

An excess of the required weld size has large financial consequences
especially when the throat thickness of the fillet becomes larger than
6 mm. In that case more welding runs are necessary.

That is why a good approach of the weld size is required. The proposed
method is based on the test results (6-81-15 and |6| ) where weld
fracture occurred.

In the situations that the rotational capacity should be delivered

by bending of end plate or column-flange, bending occurs too in the
fillet weld (see figure 11).

The fillet size should be sufficient in order that the weld can deliver

the required deformations.

Fig. 11 : Bending of the end plate causes bending of the inner fillet
weld.

The required deformation depends on the statical system of the struc-
ture. This is expressed with a magnification factor fc’ where:

fc =1 for statically determinated structures
fc = 1,4 for braced frames '
f =1,7 for unbraced frames.

C
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The values of fc are based on moment rotation curves found in tests
and they represent the ratio between the bending moment at the required
rotation and the design bending moment capacity as indicated in figure 12.

¢D = required rotation
for braced frames -

4 M
M 2 =f =1,4
M o
Mb Vv
~ p = required rotation
Mv i U for unbraced frames -
Mu
— =f_ = 1,7
c
Mv

Fig. 12 : Relationship between f. and the statical system of the structure.

Formulae (24) and (25) are based on the assumption that the force
will be transferred by the weld at one side of the stiffener.
However, a reduction factor of 0.7 is applied based on the following

two considerations:

- The weld on the unloaded side of the stiffener will also contribute
when yielding of the weld on the loaded side occurs.
- Loading of the weld until fracture is allowed in order to reach the

required rotation.

See e.g. the computation of test 1 in appendix Al of report 6-81-23
which shows that formula (25) is conservative.

When yielding of the web behind the first bolt row occurs as it is
assumed in the mechanisms represented by formulae (16) to (19) inclusive,
it is proved in report 6-81-15 on page 32 that yielding of the flange

is reached when ay = 0.41:d or ac = 0.4tf.

See e.g. the discussion of test 1 in report 6-81-15, pp 53-55.
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The stiffness of a connection with flush end plate anda column

with or without stiffeners (table 7)

Formula (26), example 17

Formula (26) represents the summation of all rotations caused by
the deformations of various components of the connections on the
levels of the first bolt row and the compression side.

The rotation caused by bolt elongation is e.qg.:

F.oo 1

g = E%—égjﬁs (5.1.1.)
where:
F1 = the loading of the first bolt row with two bolts
]b = the bolt Tlength
h1 = the distance between the first bolt row and the compression side
AS = the stress-area of a bolt
E = modulus of elasticity

The rotation in accordance with formula (5.1.1.) is the elongation of
the bolt according to Hooke's Taw divided by the distance h1 between
the first bolt row and the compression side. Because the bolt force:

1 o
M M b .
F, = s P ==9 == = kM k = —
1 Ehe 2, Eq?
where: 1
b "
a3 = ?ﬂ; when F, = F, (see table 7).
When more bolt rows are present F. = M
1 fih1
where:
fi = factor which takes into account the contribution of the

other bolt rows.

Here another approach of the stiffness is chosen than in |2].

The changes are:

- the factor k instead of the moment of inertia IV of the connection
- the factor k increases quadratically with the bending moment.
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In |2| the moment of inertia is given for an arbitrarily chosen
length equal to half the column depth.

This choice appeared necessary for computer applications. Now most
of the computer programmes have the opportunity to compute with the
moment rotation relations of the connections represented by the
compliances k.

The designer who has not available such a program can still use the

method with a substitute beam with length 1 =1 hk and moment of
_ thg !
k.E

inertia I
v

The stiffness formula given in |2]| is mainly applicable for connections
with extended end plates.

The mistake in the prediction of the stiffness behaviour of a structure
depends on the difference between the computed and actual stiffness of
the connections. This mistake increases with decreasing connection stiff-

ness (see appendix A3 of report 6-81-23).

The semi-rigid connection with extended end plate has generally a consider-
able stiffness. Thus with these connections the mistake in the stiffness
behaviour of the structure is generally small.

The stiffness of connections with flush end plates is less than that of
connections with extended end plates. A mistake in the computed stiffness
of a flush end plate connection has a larger effect on the determination
of the moment distribution and deflections than the extended end plate.
That is why is strived for a better approach.

The factor a; to as inclusive are approached theoretically and if necessary

adapted experimentally.

The quadratic term (El)z in the factor a; to og inclusive give a reason-
able approach to theFforce deformation characteristic until yielding of
the specific component of the connection.

Formula (26) gives the rotation at the design moment capacity.

The rotations at other bending moments are obtained by multiplying the
result with the factor (E!.)Z. (see e.g. the computations in appendix Al
of report 6-81-23). My

The factors o, to ag inclusive are determined experimentally with tests
in which no special attention was given to the tightening (preload) of
the bolts and the location of the contact force.
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Research|12| shows that the rate of tightening as well as the Tlocation

of the contact force is of great importance for the stiffness of the
connection.

Another point is that various possible failure mechanisms are not
incorporated in the stiffness formula. That is why formula (26) may
only give an indication of the stiffness. With special measures the
stiffness may be enhanced considerably.

Moreover, stiffness formula (26) mostly gives an underestimation of the
stiffness as is shown for the tests of report 6-81-23 in appendix A3.

In order to reach a more accurate prediction of the connection stiffness
more research is necessary.
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Connection with haunch and flush end plate

General

The haunch on the compression side of the connection according to
figure 1 serves to improve the stiffness and enlarge the design
strength of the connection.

In the case that the ultimate 1imit state moment of the connection

is Targe enough to cause yielding of the beam flanges, no rotational
capacity is required from the connection. In that situation the end
plate thickness is not restricted and a simple formula based on the
assumption that the tensile force in the beam-flange should be trans-
ferred by bending of the end plate gives the end plate thickness.

2 [
Tf ¥y =3b.t o te =2 5 5, (6.0.1.)
where:
Tf = tensile force in the beam flange
y = distance between centres of beam flange and first bolt row
b = width of the end plate
te = end plate thickness

However, the result of this formula is generally a large end plate
thickness.

In that case the capacity of the bolts should be such that fracture
does not occur before the plastic moment of the beam is reached and
the moment capacity of the connection can be computed by assuming an
elastic bolt force distribution.

When the strength of the connection is too small to cause yielding

of the beam flanges, rotational capacity is required from the connec-
tion and the design method explained in the previous sections should
be applied with addition of a check of the following components:

- shear of the beam web

- failure of the beam section at the end of the haunch
- failure of the haunch flange and welds or

- failure of the haunch web when a haunch without a flange is applied.
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The formulae which enable this check are given in tables 8 and 9 and
discussed hereafter.

Shear of the beam web

Formulae (27)

The torce in the beam flange should be transferred to the bolts in the
end plate. If the bending capacity of the end plate is not sufficient
then the force will be transferred via the beam web (see figure 13).
This may cause failure of the beam web due to shear stresses in the
section just above the first bolt row.

+
e}
A

Fig. 13 : The force in the beam web is transferred by the beam web
if the bending capacity of the end plate is insufficient.
The bending moment in the beam section at the end of the haunch (MC)

is determined by:

- failure of the beam web due to shear over the length of the haunch
in combination with
- failure of the end plate due to bending and shear

The load transmitted by beam web and end plate in the ultimate limit
state situation can be computed with:

. bt 2
e

2t .t t .1
Fo=A{ r 2
WS 4y V3

w C
t bl § ow (6.1.1.)

where:
]c = length of the haunch as indicated in figure 13.
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and the other parameters as already mentioned,

The first term in formula 6.1.1. gives the bending moment capacity
of the end plate, the second term is the Toad determined by shear
of the end plate and the last term the shear force capacity of the
beam web. Theoretically the second term is not possible because
the complete section area of the end plate is already used for the
bending capacity, but the resistance delivered by bending of the
beam flange is neglected in this computatidn.

The results of tests 1, 4 and 5 of report 6-81-15 and test 4 of
report 6—8}—23 confirm the correctness of this approach.

The force FWS should be in equilibrium with the resultant of the
stresses in the beam flange and beam web above the first bolt row
in the beam section at the end of the haunch (see figure 14).

17

il l
il

Fig. 14: In the beam section at the end of the haunch equilibrium
should exist between the force transmitted by shear of the
web and the resultant of stresses in the beam section.

-~

Hence: FWS = Ff] + FWn

If the situation is assumed, that the flange yields whereas the ma-
terial below the flange behaves elasticly, then the forces Ff] + FWn
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can be approached with:

" - B
Fey * Fun = {Af ey (1-5 )} o,
where:
Af = the section area of the beam flange

h = the beam depth

If: M =S.o
e y ;

where: S = elastic section modulus of the beam, then the Timit state

bending moment MC at the end of the haunch can be expressed

as follows:
, bte
- 0.58t (1 +2t ) + "
Mo = g & G N (27)
/ -y
Af + tw.y (1 h)

This formula is rather complicated. That is why it is advised to check

first whether:

" Y
W' c
MC < 2Af Me or (6:1:5.)
M <M -h .ZF. (6.1.6.)
c v c i

If one of these conditions is fulfilled, then formula (27) does not

govern.

Condition (6.1.5.) is developed from formula (27) by neglecting the
cooperation of the end plate and assuming : Af + tw.y = 1:186 Af.
The Tlatter assumption can be made when normal dimensions and European

rolled sections are applied.

Condition (6.1.6.) is explained with the help of figure 15. If at the
end of the haunch the same force distribution exists as just behind

the end plate, then shear forces do not exist in the cross section just
above the first bolt row. With the assumed distribution of figure 1l4a:

~ -~

M. =M = (F) +F,) h (6.1.7.)
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‘15a: Shear stress = 0 15b: Shear stress # 0
MC = MV - (F1+F2) hC MC > MV = (F1+F2) hC
Fig. 15 : Conditions for shear stresses in the beam web.
If: MC o MV - (F1+F2) hC (6.1.8.)

then the Tevel arm between tensile and compressive forces at the end

of the haunch has to become larger than at the end plate. This is only
possible when the bolt forces are transferred to the tensile flange

via the beam web. Generally the situation of (6.1.8.) will apply because
otherwise the function of the haunch is small.

With insufficient end plate thickness or haunch length the shear stres-

ses will be too large.

If: M_< M. (Fj+F,) h (6.1.9.)

then also shear stresses are present in the beam web, but these stres-

ses are checked with the formula:

_ D 6.1.10
t (h-2t,) ( )

i

where: D is the shear force in the beam
h is the beam depth

t. is the flange thickness

f
tW is the web thickness

According to the existing code of practice formula (6.1.10) will always
be checked. That is why no special attention is given to the shear forces
behind the flush end plate when a haunch is not applied.



_46_

Formula (27) indicates that the stress distribution in the cross
section of the beam just at the end of haunch is also determined
by the end plate thickness. This is illustrated by the result of
test 4-18 and 4-21 of report 6-81-15.
The computation of these tests is given in appendix A4 of report
6-81-23. Figure 16 shows the result.

Fig. 16 : Despite the stiffening of the compressed flange, yielding
occurred due to shear of the beam web.

~ Despite the stiffening of the compressed beam flange and beam web,
failure of the beam flange occurred prematurely with respect to the
computational result.
Actually the neutral axis shifted to the compressive side due to yiel-
ding of the beam web and end plate on the tensile side, which implied
a larger loading of the compressed beam flange.

6.2, Haunch with flange

6.2.1. Joint_of_haunch-_and_beam_flange

Formula (28)
The force transmitted by the haunch flange can be resolved in components

as shown in figure 17.




4

o
F ];F tan o
T d/cos 2 d

Fig. 17 :. The force transmitted by the haunch flange is resolved
in a web force and a flange force.

If all forces are expressed in the flange force, then the following

relations exist:

flange force : Ff]
web force : Ffy tan a
haunch force : Ffl/cos o

The web force may cause yielding, buckling or crippling of the beam
web when stiffeners are avoided. This can be checked with the same for-

mula as used for the check of the column web |1].

Hence:

Feq tan o = {5(tf +r) + t. } t.%e (6.2.1.)
where:

tC = the thickness of the haunch flange

If in the longitudinal direction of the beam flange compressive stresses
exist larger than half the yield strength, then the force Ff1tan o should
be reduced with a factor:

o
(1,25 = 0.5)'%]| (6.2.2.)

Y
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where: Oeq = the maximum axial stress in the flange.
If {5(tf +r) + tc} t, = Ad
and b.tf = A]c

then formulae (6.2.1.) and (6.2.2.) can be combined to

~

: F e
Foqtana = A, o (1.25 - 0.5 — (B:2.8.)
fl d “e AfOq

This may be rewritten as:

Foy = -nE EHL G Ao (6.2.4.)
717

—f-+ 0.5cot o
A

When the left and right hand side of the Tatter equation is multiplied
with the depth of the beam, then it follows that:

M = 1:25cota Y (28)
C e
Af

— + 0.5 cot o
Aq

However, it should be checked whether:

M < cot o M

e

= _>
-+

d

to avoid an abusive application of the reduction factor.

The haunch flange should be dimensioned on a force Ff]/c05a(see figure 17).

If it is assumed that this force is uniformly distributed over the width
of the haunch flange, then:

-

F

f1 -

tC 2 b—O,'EOSOL (6.L.5.)
cy

Because:

l; - ¢ Ao

f1 M f oy
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Formula (6.2.5.) can be rewritten as:

% ol e (29)

If stiffeners are avoided, then the situation of figure 18 arises.
The force 1is concentrated in the centre of the cross section because

the flanges bend upwards.

Fig. 18 : Without stiffeners, the force is concentrated in the
centre of the haunch flange

The Dutch welding code of practice |13| gives a formula for the effec-
tive width of the haunch flange, viz.:

b, = 10t

q £ + 2tw

If this effective width is taken into account then formula (29) changes

in: -
A
i f (6.2.7.)

tc - M (10tf+2tw) coS o,
e

However, when the haunch flange is compressed as shown in figure 18, then
the haunch web is compressed too. That is why it may be assumed that a
part of the force in the haunch flange is transmitted by the haunch web.

(see figure 19)



w
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Fig. 19 The force in the beam web is partly transmitted by
the haunch web into the haunch flange.

This is taken into account with a reduction factor 0.7,so that for-
mula (6.2.7.) changes in:

MC 0.7 Af

(10t, + 2t

t.2
et 2tw) COS a

. (30)

Me

To avoid buckling of the haunch flange it is required that:

o

C
t. %15 (31)

|

The welds between haunch- and beam flange should be dimensioned such
that the parent material is not overloaded at the interface of weld
and beam flange.

If the Teg size 1is a, (see figure 19) then the shear stress on the in-
terface is :

-~

ﬂg 0.7 Af Oy

TS (I0ETE Ja (6. 2.3)
e
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The normal stress in the lateral direction to the flange is approached
with:

M 0.7 A o, tan o

C f
G = (6.2.10)
Me <10tf+2tw)ac

Combination of the stresses according to the Huber-Hencky von Mises

criterion gives:

M 0.7 A

.F
a_ %= \/ 3+tan%a (32)
(10t +2tW5

N £
e

Haunch without a flange (table 9)

If the use of stiffeners is avoided, then the application of a haunch
flange is strictly speaking irrational.

For, the distribution of the forces in beam and column web is perpendicular

to that in the haunch flange.

In figure 20 a structure is shown, which is more in agreement with

the current of the forces.

A thick web plate (25 mm) is welded between beam-and column web so that the

transfer of forces can occur in the plane of the webs.

Fig. 20 : Connection with a haunch without a flange.
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The computation of the web plate is based on the assumption of a depth
hycos o over which the force distributes in the haunch (see figure 21)

l .
"“‘i :
<H---——--- §7i
drukpunt | F
fl
‘I’ \‘ =
\ -
he! -

;Q2d¥—4>:( o

/2 f——1 1 = S

d | hetge 'y 7 0,33 0,5 hy

Fig. 21 : Parameters used in the computation of the haunch without a

flange.

More research is necessary to be able to give a solid advice for the

magnitude of the depth hd.
For the time being, the following assumptions are accepted for design

purposes:

- hd = 0.3 - 0.5 hC

- the resultant of the compressive force is located half-way the
depth h

4
- the transmission of the force between haunch and beam occurs over

a length hdcot o

Hence:

F i AN cosza oy {6:3.1:)

f1 7 "we''d
where: tWC = the thickness of the haunch web.

Starting from the situation that the vertical component (Ff]tan a) of the
haunch force should be transmitted over the length hdcot o, of the beam web
it follows that:

t

W
t < (33)
He s1'n2 o
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It is allowed to apply a Targer thickness than computed with formula
(33), provided that the restriction of the thickness is taken into account
when the design strength of the connection is computed,otherwise the yield

strength of the beam web may be exceeded.

Formula (6.3.1.) can be rewritten as:

>

(34)

If a specific bending moment should be reached then the thickness of the
haunch web can be computed with formula (6.3.1.) rewritten as:

==
=

__—f_ (35)

It is allowed to apply a larger thickness than with formula (33) is
computed, in order to avoid buckling of the haunch web. The buckling
mechanism can be avoided by choosing:

hdcos o

twc B 8.5

or by computing a web plate thickness with the buckling formula of a
pin ended column with a width hdcos o and a length ]C/cos O

The size of the fillet welds between haunch plate and beam determines
mainly the costs and thus the attractiveness of this type of haunch.

If it is assumed that no gap exists between haunch plate and beam flange
before the welding procedure is started, then contact stresses arise,
due to shrinkage of the welds. In that case the welds are only loaded

by shear forces.

If it is assumed that the shear force is distributed over the Tength ]c’

then the weld size can be computed with:

a 3= —1 (37)

The results of tests 5 of reports 6-81-15 and 6-81-23 indicate that the
approach of formula (37) may be followed, but more tests are necessary

to show the adequacy.
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Fi EXAMPLES

Example 1

Formula (4a)

By

+ |

pree sy Lpsusey ;:1[ tg
Lo Si o e T, Y haataas asf
= 300 - 120
m, 1 wi =

bh =

Column section HE 3 00-A

300 mm, tw 8,5 mm, t I mm, r = 27 mm

f

14 mm, ag = 6 mm

120 mm > m, = 120"8’;':2X27 = 28.75 mm

90 mm

1]

2

Ai & 2870 = g
1~ 28.75 + 90 =

50 mm t_ = 14 mm~>m, = 50 - W-6v/2 =27.5 mm

7.5 _
A2 T 28.75 + 90 Blale

From the chart in table 2 it follows that o = 4w

- 1,2 s
Flg™ 2.4m.7.147.240= 296 kN

Example 2
Formulae (1),(2) and (3)

-

The situation is simular to that in example 1,so Flf: 296 kN with
bolts M24,grade 8.8
F
= 1 296
~ 28t2395kN =+ —:—335'5—50,7” _ R
2B = = 296 kN (1)
L F1 = Fie
Al = 0,24 en AQ‘: 0,23
= f'lf 296 _-
Bolts M20,grade 8.8 2B = 275 kN » — = =— = 1,07
it t = 275
B = 2B
F Y 2B t
0,8 < _éi & B, =W Fl = %—E (2) see the explanation in 0.4 and 1.1.2
r
.’ZBt P
6
2 = 1,18 (2a)
pr 4 + 1,07 i
« B BB . e . ,
Fl T F 1,18 2 (the rotational capacity is not certain)
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_ F
Bolts M16,grade 8.8 2B, = 176 kN - 2 m S = 1.68
T 2§ 176
- - t
E & 2B '
1f it 6
£ —/— £ Z — = — = 1.06 2
g By *W Fl £ (2) fpr b + 1.68 k2a)
2B pr
t
= 176 _ . o
Fl o 166 kN (rotational capacity is small)
Example 3

Formulae (1) to (4) inclusive applied for the design of the flush
end plate.The flush end plate is a component in the connection of
a beam section IPE-400 and the:column section HE-300A of example 1

F, = 296 kN (see example 1) ) e, = 50 mm

l 200 l
n' w, n' 200 -
l«ﬂ-——24+4 w = 120 mm n' = ————5—129 = 40 mm af = 6 mm

T .
e m = i = X =
]rl + + I 2 a2 mm tw 8.6 mm tf 13f5 mm
e =
m = 120 - 8.6 -8 v2 _ ., -

= = m
B x 2

- 50 "
{ dy ¥ 50 + 5o - ©-°8

n'm m.n' _
Lo d l m, = 50 - 13.5 - 6 V2 = 28 mm

28
2 50 + 40 ~

_.‘.}‘_‘tw
From the chart in table 2 it follows that a = 10.5
Now the end plate thickness should be designed such that the design

strength Fl = 296 kN with bolts M24,grade 8.8,of which 2Bt = 395 kN

-

Hence:—gl = 295 =0.75
B 393
- o
A > 0.5
u
- = — = 1.45
" for 5 7% 0.75 (2b)
0,67 § —=— & 2
2Bt
2B
= t 396 _
Fl = F 145 - 272 kN (2)
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This value is too low,thus the end plate thickness should be
395 _

increased so that: f =—— = 1.34 &
pr 296 F R
Hinax: Y o_z18n (b)) 0 —=F=1 > P =39 kN
L% t
QB¥'——*

Now the end plafe'thickness can be computed with formula (4b).

_ 396000 g
te = 2 // > % 10.5 % 240 17 772 mm-——%-te = 18 mm

However,with this end plate thickness all rotational capacity
should be delivered by the deformation of the column flange,because

the bolt will fail before yielding of the end plate occurs.
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Example 4

Application of formulae (1) to (4) inclusive for the design of

an end plate which can give rotational capacity.In example 3,the

end plate thickness was adapted to the force which could be transmitted
by the column flange.There the rotational cépacity of the end plate was
not important because the bolts had sufficient strength to cause
yielding of the column flanges.

In this example the end plate has to deliver the rotational capacity.
The situation is simular to that of example 3. Thus the end plate

is a component of a connection between a column section HE 300-A

and a beam section IPE 400 ,however now with bolts M20,grade 8.8,

at a distance w2:105 mm and e,=45 mm.

il
The computation of the column flange is as follows:

o 2105 - 8.5 - 2% 27 _ 5y oo h
1 2
nt = 2300 2105 - g7 5
2
21.25
%y Be—mf = § 1H
b 21,25497.5 . & = Ui
m, = 4§ = 1§ - 7v2 = 21,1 mm
21,1
T — = 18
Ao = 5154975 . y
‘ 1w Al -
Formul (4a) Flf = 8T % ¢ % 14 % 240 = 296 kN
E F
1f _ 296 _ < I <5 5 -8 -1.18
= Eggg T 108 Y 088 €2 P Tt
. 275 , . : .
Fl w i b 233 KN+ but the magnitude of the rotational

may be small

With one bolt row the design strength of connection becomes

0.014
2

-

MV = 233 & (0,4 ~ 0,045 - ) = 81 kNm

The plastic moment of a section IPE 400 is Mp: 314 kNm.

Thus the connection cannot transmit the plastic moment of the
connected beam,which implies that the connection should have

sufficient rotational capacity,which in this case should be

(2a)
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delivered by the end plate.

Computation of the end plate:

105 - 8.6 - 8/2

m, = > = 42.54 mm
m, = 45 - 14 - 6V2 = 22.5 mm
Assume that a small width of end plate is chosen with n' = 1.5 times the

boltdiameter.In that case n'= 30 mm. and

u2.5y4
Ay =—=E " = .
1 = 4254430 - 0-°9
22.5
. = =
2 = 47.5u430 - 0031

Because \A; > 0.5 the end plate thickness should be chosen such,that

F
—%E £ 0.67 in order to reach that the end plate gives sufficient

QBt
rotational capacity.(see graph in table 1)

But in that case : Fl £ 0.67 x 275 = 184 kN.

In order to reach a larger design strength of the connection,a larger

width of the end plate is chosen.

42,54
"= = =
n" =50 mm > A ¥ % 0.46
o = um
22,5
Ay ® 42,5 +50 Gy 2%
Now:  F < 0.8 % 275 = 220 kN
220000
- N e
Bemeld _ %, W Youramy & U- B (4b)
In that case t+ = 12 mm
5 0.014
and M = 220 % (0.4-0.045- ”"E—_) = 77 kNm

v
Thus,in order to reach rotational capacity,the end plate thickness

should be limited; wiith the concequence that the design strength is

lower than the column flange capacity.
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Formulae (5) to (7) inclusive and applied for a connection with bolts

added in the first bolt row. Column section HE 300A, bolts M20, grade

8.8.

= 14 mm r = 27 mm ts=lu mm aS= 7 mm

5
y y w2‘: 105 mm
M el‘—"-lS mm )
T 71 7T _— 105 - 8.5 - 2 = 27 = 9% .95 mn
1 1 2
ES _______ | P—
B 300 -
ielT :: n' = “—2“——392 = 97,5 mm
AR SR 2
H 21.25 ra: uyr
H A *373 o785 = 018
|
f, m2=45-1u—7f3:21.1mm
i
R LI 21.1
Ay =31 35 v o785 - 018 J
formula (4a) Flf = 8M % ¢ =% 142 % 240 = 296 kN
Formula (2) 2Bt = 275 kN - Fl = 232 kN (see example 2)
b =b -w2 - 2m = 300 - 105 - 2 % 21.2 = 152,6 mm
m 1.2
- 2b thU
F = _m T e (5)
1ft Um
2
- 142 240
P < 152.6 = ¥ = 170 kN
1ft L % 21.1
b t2 g + lOg m
Z _m fe t 2
F = (6)
1ft 9 m
2
= 2
F e 152.6 % 14~ % 240 + 10 % 137250 % 21.1 = 190 kN
1ft g £ 21,1
Flt = 170 xn
F = 232 + 170 = 402 kN - (10)

1 som
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In example 4 it is concluded that bolts M20 can not cause yielding

of the column flange in order to achieve sufficient rotational capacity.

That was why a 12 mm thick end plate was applied. According to formula (5)

the added bolts cause yielding of the column flange before bolt failure

occurs. It is questionable whether the capacity of the
also sufficient to cause yielding of the column flange
the corner. The test results known are insufficient to

question positively. That is why it is advised here to

added bolts is
at the bolts in
answer this

maintain an end

plate thickness of 12 mm to accomplish sufficient deformation capacity

from the end plate. In that case the computation of the end plate becomes

(see example 4 for the data) as follows:

b =b - w2 - 2m = 300 - 105 - 2 % 22.5 = 150 mm
m 1,2
& 2b t 2 o
- m e e
let 4m2
- 2.150 122 240
_ o B . : = I N
Flet b.22.5 15
; 2 A
- b .t .0 + 10B. .m
F - _m_e e t 2
let 9.m2 ]
A ' 2 :
_150.127.240+10.137250.22.5 _
Eiet = 9.22.5 = A7E BN
2
s b (t 2 + t ) O
F _m e £l e
let Ly
£, 150(122 13 52) 240
F - a2 = 77 kN
let L, 38
b .t . o + 105 y
E _mTfl e %
let Sy
= 2
F - 150.13.5%240+410.137250.38 = 179 kN
let g . 38 _

-~

Thus, it appears that formula (8) governs with Flt

Fq = 220 + 77 = 297 kN.
sum

(5)

(6)

(8)

(9)

77 kN, so that
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Example 6

Formulae (8), (9) and (10) (added bolts with an end plate on top of the
column), see figure.

The situation is similar to that of example 5, with the exception that
the column does not continue.

_ - = _ 2
e1 = 45 mm td = 14 mm y el th

y = 45 - 7 = 38 mm

2 2
(b - w2 - 2m1,2)(td + tf) Oe

Fiee © by VA
- 2 2 ;

B _ (800 - 105 -2 % 21.1)(I4" + 14" ) % 2UO0 _ ¢,y

ift - Lx 38

= 232 + 94 = 326kN
1sum

This latter value is considerably lower than the value computed in example 5

for the column flange. However, this is

T
‘ d not serious because the end plate is the
f 1y N failing component.
" “1som
t
JlEe

Example 7

Formulae (11) and (12) (design forces of the second boltrow).

A reinforcement of the connection with more boltrows is only possible
when either:

- the boltforce capacity is sufficient to cause yielding of the column

flange (or end plate) at the first boltrow.

or:
- The bolts in the first boltrow fail before they can cause yielding

of the column flange or end plate and the value computed with for-
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mula (12) is larger than that computed with formula (13) which is based

on a linear proportional bolt force distribution.

But in the latter case the connection has not sufficient rotational

capacity and either:

- the connection can only be applied in statically determinated struc-
tures or

- the design strength of the connection ought to be larger than the

plastic moment of the connected beam.

In this example the boltforce capacity is sufficient to cause yielding
of the column flange at the first boltrow.

In example 8 the other possibility is given. The situation for the first
boltrow is similar to that of example 1.

The vertical pitch between the first and second boltrow is 70 mm.

Hence:
Wy = 120 mm 3 p = 70 mm 5 omy = 28.75 mm m, = 27.5 mm ,
n' = 90 mm 5 0 = 4w Fl = 296 kN ml,? = 27.5 mm ,
m = 28.75 + 0,2 x 27 = 34.15 mm.
brn =p - ml 5 + 2m + 0.625n' = 70 = 27.5 + 2 #® 34,15 + 0.625 % 90 = 167.05
bl
- L t2 .0 .
P - bm tf e (11)
2£ m
167.05 = 142 # 240
F = = kS . = 230 kN
2f 34.15
5 -
_ bm t £ Oe + HBt
Fop = c (12)
2(m+n)
~ 167,05 % 142 % 240 + 791000 % 1.25 % 34.15 _
F = = - = 271 kN
2f 2% 2.25 % 34.15

Thusz = 230 kN

Condition is that: 2m+0.625n" <%h2thus h > 2(2m + 0.625n') =
b % 34,15 4+ 1.25 % 90 = 249 mm

With a beam section IPE-400 and the end plate of example 3 the situation
is as follows:

70 mm m=50+ 0.2 - 4/2 = 51 mm

120 mm P

w2

4O mm n 40 mm

o]
B}

b =p-m + 2m + 0.625n' = 70 - 50 + 2 . 51 + 0.625 . 40 = 147 mm
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;. - bm . te2 p oe )
2e (11)
m P
= 17 . 18 . om0 ' 7
F = d . = 224 kN
2e 51 .
5 -
= bm te Oe + HBf « M
- 12
F2e 2(m+n) E

- 147 . 182 . 240 + 791000 % 1,40
2e 2(51+40)

236 kN

1

Conditions are that: h2 >Um 4+ 1.25n' = 4 % 51 + 1.25 % 40 = 254 mm

and Fl = Flk' o
The situation is that: h2 = 400 - 50 - 70 - 13.5 = 267 mm and F1§F1f2296 kN.
Thus the latter conditions are satisfied. If this would not be the case,
then the next step would be the check whether:
P hl—p -
> 2B (13)

2e hl E

If the latter condition would not be satisfied then the end plate thickness

might be enlarged to accomplish the linear proportional bolt force distri-
bution for the end plate side. Here, this is possible because the rotational
capacity is delivered by yielding of the column flange. The latter measure
would not be possible when the end plate had to deliver the rotational capacity.

The following is valid for the end plate side:

- -

Fl = Flf = 296 kN hl = 337 mm ~and

267 mm > Y4m + 1.25n" = 249 mm

=n
1

230 kN

g
1]

In this example the design strength is reached with yielding of the column
flange at the first boltrow and yielding of the end plate at the second bolt

row whereas the bolts behave elasticly.

MV = 296 % 0.34 + 224 % 0.27 = 161 kNm.

Example 8
Application of formulae (11) and (12) whereas the end plate has to deliver

the rotational capacity. Beam section IPE 400, column section HE 300A, with

end plate of example 4, where te = 12 mm and F, = 220 kN determined by

I
yielding of the end plate.
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Further the following is valid for the end plate.

’ml = 42.54 mm
m2 = 22.5 mm
n = 50 mm
m = 42.54 + 0.2 % W2 = 43,7 mm

b =p-m ,t2m+0.625n" = 60 - 22.5 + 2 # 43.7 + 0.625 % 50 = 156 mm
3

o _
- s « @

_ bm te e (11)
F =

2e m

- 156 122 240 -

= = : = 12 N
F2e u3.,7 o

5 -

2 bm " te . Ge + HBt « 0l
F2e B 2(m+n) (12)
Z 156 122 240 + 550000 50

» & . . - N
oe 2(43.7+50) 176 %

Um + 1.25n' = 4 = 43.7 + 1.25 x 50 = 237.3 mm

h2 = 400 - 45 - %; - 60 = 288 mm

Thus h2 = 288 mm 4Um + 1.25n' = 237 mm, so the yield line mechanism

can develop in the end plate.

Conelusion: F2 = 123 kN as far as the end plate side is concerned.

For the column flange side the following is wvalid.

ml = 21.25 mm
n' = 97.5 mm o = ym
m2 = 21.1 mm

m=m, + 0.2p = 21.25 + 0.2 % 27 26.7 mm

1
n = 1.25 % 26.7 = 33.4 mm
Um + 1.25n' = 4 % 26.7 + 1.25 * 97.5 = 228 mm

h. = 278 mm Um + 1.25 n' = 228 mmen F, = F
2 1 le

Thus also in the column flange the yield line mechanism can develop
because the distance h2 is sufficient and the end plate yields at the

first boltrow (see example 4).
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b =p-m + 2m + 0.625n' = 60 - 21.2 + 2 . 26.7 + 0.625 . 97,5 = 153 mm

& bm . tf2 5 oe '
= (11)
F2f m ’ \ .
- 153 142 240
= e = = N
2 26.7 219 K
9 =
= b « t .0 + 4B . n
F - _m £ e T (12)
2f : 2(m+n)
2
Z 152 4" ., 240 + 550000 . 33.4
= 2 = 212 kN
For 2(26.7 + 33.4)

-

Conclusion: F2 = 123 kN determinated by the end plate side according to
formula (11).

Mv = 220 % 0.35 + 123 #® 0.29 = 113 kNm.

If the end plate is made thicker than 12 mm, then the end plate does not
yield at the first boltrow and F, = Flg = 232 as computed with formula (2)
in example 4.

In that case the second boltrow may also be taken into account because:

h, =«

A 2 _ 0.29 _
Fp = 212 kN > e F, = 555 * 232 = 192 kN

and as far as the strength of the column flange is concerned a linear bolt-
force distribution may be assumed.
However, then the end plate must be able to transmit a force of 192 kN at

the second boltrow, thus:

F..m
2
te = 5 o (as follows from formula (11) )
m ' e
1
182000 . 43.7 _
te—\/ 156 . om0 - > mm

-~

At this end pléte thickness: FQe = 192 kN, according to formula (12).

In this case: MV = 232 % 0.35 + 192 % 0.29 = 137 kNm.

This design strength of the connection is smaller than the plastic moment
of the connected beam and the connection has no rotational capacity. Hence,
this connection with an end plate thickness of 15 mm and bolts M20, grade

8.8. can not be applied in a statically indeterminated structure.
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Now an end plate thickness of 12 mm is assumed again. If a third bolt
row is added, the following computation is valid for the end plate side:
2 = 6
bm P 0 mm
2
& b t o
F - m e e . (ll)
3e m
- 60 ‘122 240
= : : = 48 kN
F3e 43.7 .
9 =
2 bm ‘ te Oe + HBt ¢ T
_ (12)
Fae 2(m+n)
- 60 122 240 + 550000 50
= : : . = 158 kN
Fae 2(43.7 + 50)

provided that: h3 =228 m > 1.25n' = 4 ®x 43.7 + 1.25 % 50 = 237.3 mm

-

The latter is not the case thus: F3 = 0, unless:

hl = 2P - _
h t 3y8 °

_ 228

2B 275 = 180 kN

Again this is not true and the end plate can not be made thicker for the

sake of rotational capacity, thus FB = 0.

Summary

of the results of examples

Column HE-300A, Beam IPE-400

Example

o 93 F W

Bolts w2 Rot..cgpacity ot Fl F2 M,
obtained from

mm mm kN kN kNm

M24 8.8 120 column flange 18 296 & a3

M20 8.8 105 end plate 12 220 = 77

M24 8.8 120 column flange 18 296 224 161

M20 8.8 105 end plate 12 220 123 113
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Example 9

Formulae (14), (15) and (16) (column web at first boltrow) with a column
which continues beyond the connection. Further the situation is similar

to that in example 1. Thus a column section HE-300A with bolts M24, grade

grade 8.8.
B /b 300" _ :
% = tf S 1y vy 5% ° 83 mm » (1w)
W
m, = 27.5 mm < z = 83 mm, dus formule (15) overslaan.
m th

= _ /EJ 2 f
Fpo =W+t Vv ) £ 5= b o, {163

W 2

— 2

- 300" 27.5 300 % 14 ~
Byor B {(24 + 14 /8.5 ¥ —2 ) 8.5+§—m—}240 = 503 kN

-

But according to formula (1), Fl = 296 kN (see example 1).

Example 10

Formula (17) (column web with continuing columm).

Situation similar to examples 1 and 9. Thus column section HE-300A with

bolts M24, grade 8.8. and w2 = 120 mm.

m, = 28.75 mm n' = 30 mm m, = 28.8 mm

1 2
N m2 bt?
P, ={{o2m +0.625n"' #~") t +=—=1}g¢g (17)
1w : 2 W 2m2 e
m = ml + 0.2 # v = 28,75 + 0.2 % 27 = 34.15 mm
-~ 27.5 300 % 14°
Eqpy = {(2 % 34,15 + 0,625 % 90 + > ) 8.5+W}240=539kN

It appears that formula (16) gives a lower value than formula (17) in this

case. The difference would be larger when the value mj would be taken larger.
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Example 11

Formulae (18) and (19) (column web of a column with an end plate).

The situation is similar to that in examples 1, 9 and 10. With the exception
that the column does not continue. The end plate has a thickness td = 14 mm.
Here, formula (18) is applied only, because in the continuing column formula

(16) governed.

J bt2+bt2

S ‘ /.y Prte T P4y

By =1 M, + %, t to) t — & | % (18)
(

- 300", 50 - 7 300 % 14° + 300 # 14°

F =94 (24 + 14 + 8.5 - =

1w ( 5.5 5 ) + e 240 = 427 kN

\.

The latter value is lar less than F, = 503 kN computed with formula (16)

1w
as valid for a continuing column (see example 9).
Example 12

Formula (20) (column web when more boltrows are applied). The situation is
similar to that in example 7 with a column section HE-300A which continues.

Bolts M24, grade 8.8. Beam section IPE-400.

Formula (14) z = 83.15 mm > m. = 27.5

2
¥

Conclusion: neglect formula (15) see example 9
Formula (16) -~ Elw = 503 kN see example 9
Formula (17) - %1w = 539 kN . see example 10

F =p.t o +F =70 % 8.5 % 240 = 142 kN

pw W o e pw :
Thus : F. +F__ =503+ 142 = 645 kN

1w pw

Formulae (1) to (3) inclusive - Fl = 296 kN see examples 1 and 2

Formulae (11) to(13) inclusive - F, = 224 kN see example 7

Hence: F.+ B, = 520 kN, thus ckay. (20),
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Check of the strength capacity of the beam web behind the flush end plate.

This check is carried out for the end plates of examples 3 and 7 where
te = 18 mm and the end plates of examples 4 and 8 where te = 12 mm because
the latter end plates had to deliver the rotational capacity of the con-
nection.
End plates of examples 3 and 7
"
te = 18 mm Fl = 297 kN (column flange fails)
F2 = 224 kN (end plate fails)
m, = 50 mm m, = 28 mm e = 50 mm m = 51 mm  BEE ammples
3 d T
t. = 13.5 mm b_ = 200 mn b = 180 mm n' = 40 mm o
t_ = 8.6 mm P = 70 mm
v J
- _e _
z =t / s (14)
w
. 200" _
z = 18 8.6 86.8 mm
z = 86.8>m2 = 28 mm

Formulae (16) and (17) combined with formula (20) give higher values than

the combinations of formula (20) with formulae (18) and (19) because:

te = 18 mm > tf = 13.5mm eny =50 -7 = 43 mm > m, = 28 mm
That is why the latter combinations are checked only.
S S bt + bt

= — 8
pr +F {(p + d_ +t, t # 2 ) tot e Jo, (20) + (18)
. = 00 , 43 ©200.18°+180.13.5°

= - ) 8. . = = 554 kN
pr+1w {(7O+24+18.6+2>86+ T } 240 = 554 k
& o v e e2 * btf2

= . ! — 20 19
- ¢ B, {(p +2m+0.625n" + 2 )t + e Yo, (20) + (19)
- " 43 200 182+180 13 52

= i —) 8, : —t 240=
pr+F1w {(70 + 2 51 + 0,625 40 + 2) 8,6 + TR }-

587 kN
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The requirements of formulae (18) and (20 ) are fulfilled, because:

-~

_F, + F,.= 296 + 224 = 520 kN <F + F = 554 kN
1 2 . pwW 1w ‘

End plates of examples 4 and 8.

te = 12 mm Fl = 220 kN (end plate fails) ) ‘
‘FQ = 123 kN " (end plate fails)
m = 42.5 mm m, = 22.5 mm ey = 45 mm m = 43.7 mm
1
tg = 13.5mm  b_=205m b = 180 mm n' = 50 mm & 5S¢ examp-es
i 4 and 8.

tw = 8.6 mm P = 60 mm y = 45-7= 38 mm

5 |
7 = -te -_t—— (l‘-l-) ‘

W

_ 205 .

z = 12 56 53 mm , !

z = 59 > m, = 22,5 mm

Now it is not certain which formulae give the determinant value, so
that all combinations of formula (20) with the other formulae will be

checked.

- - ( be m2 bete2 )
= = e o 20
pw ¥ Flw \p # dn 4 te t 2) tw t om e (20) + (16)
1% 2 ‘
5
- = 205 = 22.5 205.12
=3 M= s . - ‘
Ppw b Ey {(60 + 20 + 12 iz T 5 ) 8.6 + E’T‘E?Ts} 240 = 468 kN
v - m2 be.t ?
F +F.  ={(p+2m+ 0.625n' + =) 0+ ——1}0o (20) + (17)
pwW 1w 2 W 2m2 e ‘
& - 22.5 205.12° ‘
= . 43, . =) 8, e} op =
pr +F, {(60 + 2. 43,7 + 0,625 . 50 + 2 ) 8.6 + 5 22’5} 0

549 kN 5

The combination of formulae (20) and (18) gives:

-~ -~

pw ¥ Flw

205.1224180.13.5°

T } 920 =

i

ag
{(60 + 2 . 43.7 + 0,625 . 50 + 7§) 8.6 +

512 kN
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The web of the beam is not the determinant component because:

-~

+ F, =424 KN>F, + F_ =220 + 123 = 343 kN
pw 1w 1 2

)

Example 14

The sum of the design forces of the tension zone of

the connection of example 7 is:

Fl ) F2 = 296 + 224 = 520 kN

According to formula (3.5.2.) a column section HE-300A has a design

strength for the compression side of the connection Fd = 418 kN.

-~

Hence: F2 = 418 - 296 = 122 kN.
In this case: MV = 296 % 0.34 + 122 % 0.27 = 134 kNm.

The sum of the design forces of the tension zone of the connection of

example 8 is:

-~

Fl o F2 = 220 + 1283 = 343 kN.

In this case a reduction is not necessary to fulfil the requirement of

equilibrium.

Example 15

Application of formulae (22) to (25) inclusive for the determination of
the dimensions of stiffeners and welds if rotational capacity is not

required.

For this example the situation of example 5 is chosen. Thus a column sec-

tion HE-300A with 4 bolts in the first boltrow.

-

The bolts in the corner have a design strength Fl = 232 kN and the end

plate has not been chosen such that this can give rotational capacity,
thus: £ = 1.
e

The added bolts caused yielding in the column flange at Flft = 170 kN

(see example. 5).
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™ F)
A, = 0,18 thus t_ 3 (22).-
1 9. 3

S m, G m, 2 m, oe
. 21.25 220000
2 =
Ys 7 2125 + 21.1 7 % 21.1 % oo - 0.8 mm
The design force Flft = 170 kN should be transmitted by the rest of
of the stiffener thus:
e 2 Fige
> g

s (b-w 2 ml,2) o, .

Also here it is assumed that only one half of the stiffener thickness

is active, so:

N 2 % 170000
s (300 - 105 - 2 x 21.2) =% 2u0

t = 9.28 mm

Thus tS = 11 mm

The weld size is 0.7 times one half the stiffener thickness when fc =1,
thus a_ = 0.7 * % % 10.9 = 3.8 mm round offa.S = 4 mm.

If this connection with 4 bolts M20 should be made suitable for application
in a statically indeterminated structure, then the end plate should have

to give the rotational capacity. This will be explained in example 16.

Example 16

Dimensions of stiffeners and welds when rotational capacity is required.

Application of formulae (1) to (10) and (16) to (19) inclusive.

Assume that a beam section HE-300A is connected to a column section HE-300A

then the computation of the end plate is as follows:

m. = 105 - 8.5 - 8V 2 = 42.6 mm

300 - 105 = 92.5 mm
2

_ 42.6

17 42.6 + 92,5

>
1"

0,35

45 mm

D
"
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45 - 14 - 6 V' 2 = 22.5 mm

=
1

22,5

2 " 426 + 92.5 B Bal¥

o = 4w

To be sure of sufficient rotational capacity deliyered by the end plate

it is necessary that:

-~

F
e 0.8 because)ljand ), < 0.5 (see table 1).

2
Bt

2Bt = 275 kN, thus Fle < 0.8 x 275 = 220 kN.

Formula (4b) applied, gives:

F .
L g g F220000 o o om (ub)

i 200 8T#240

+
7N

Now the design strength of the added bolts is as follows:

2
2(b - w2 - le’z) tfoe -

)
1]

let Hmz

_2(300 - 105 - 2 x 22.5) 122 % 240

let b % 22.5 o LS

)
|
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2 Py
g _ (b - w2 - 2ml’2) tf o, + 10Bt * m, )
let 9m2

& - (300—105—2x22_.5)122x240+10::137250*22:;5' - 178 kN
let 8 %£22.5 T

2 2
(b - w2 - 2ml 2) (td + tf)ce

pe _ 5
Flet = T (8)
2 2
_ (300-105-2 % 22.5)(12° + 147)o
Flet © ¥ % (45-7) = B0
(b - w2 - 2 )t20_ + 10B
2 B = m1,2 d e £y (9)
let 9y
5 . (300~-105 ~2 %22.5) 1u23:2404-101:137250::22,5__ 501 Kl
let 9 % (45 - 7) -
Here formula (8) governs with Flt = 80 kN
This implies that: F = 220 + 80 = 300 kN.

1sum
The beam does not yield as appears from a computation with formulae

(16) to (19) inclusive.

The size of the fillet weld between end plate and flange becomes with

the application of formula (24) for statically loaded structures.

42 6 220000

> 0.7 % : = 4.6 =
g *W2 6 +22.5 T % 22.5 x ouo - +-B6 mm > ap =5 mm
For a braced frame:
af 2 1.4 % 4.66 = 6.53 mm > af = 7 mm
For an unbraced frame:
af 2 1.7 % 4,66 = 7.92 mm > af = 8 mm

It seems rather strange that in an unbraced frame the value a_ is larger

£
than half the flange thickness (tf = 14 mm). However, due to the
required bending of the end plate the inner fillet weld is loaded by ben-

ding and tension (see the figure on page 66).
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When one of the formulae (16) to (19) inclusive would be determinant

and yielding of the beam web would occur then bending of the beam flange

would occur too, so that : ar = 0.4 tf = 6 mm.

Now a. = 8 mm, when an unbraced frame is concerned.

i
The size of the outer fillet weld can be restricted to a single weld

with a = 4 mm.

The inner fillet weld between end plate and beam flange is

loaded by bending.

Now the welds between stiffeners and column flange should also be

adapted, thus:

I

1.4 % 3.8.=5.32 mm ~> a & mm | for a braced frame

S S

1

a

11

a = 1.7 % 3.8 = 6.46 mm > a 7 mm for a side sway frame

S
Another aspect may not be neglected. As far as the column side is con-
cerned, boltfailure is the determining factor, whereas the end plate -
fails due to yielding.

The magnification factor f, = 1.7, applied for an unbraced or side sway

frame 1s based on test-results where boltfracture did not occur with bolts.
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In this example the problems arise because the bolts M20 do not have
sufficient strength to cause yielding of the column flange which is

necessary to get the rotational capacity.

In this case it would be better to apply bolts M24 where Fl = 296 kN.

Then the computation is as follows:

= 28.7 = = )
m, 8.75 mm m, 27.5 mm Al 0.24
m, F ¥
1 1 28.75 296000
T 2 = : =
s m +m, 2m o_ 28.75 + 27.5 ® 2% 27.5 % ouo - 11-46 mm

Thus ts = 12 mm

With a statically determinated structure a_ = 0.7 % 2 % 11.46 = 4 mm
In a braced frame aS = 1l.4 %4 =56 > 6 mm
In an unbraced frame aS =1.7% 4 =6.8 > 7 mm

Now the rotational capacity is obtained from yielding of the flanges.
It is not necessary that the end plate give rotational capacity so that

this may be made as thick as wanted to fulfil the strength and stiffness

requirements.
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Example 17

Formula (26) (stiffness formula)
The connection between the column section HE-300A and beam section
IPE-400 as computed in examples and 14 is used to show the appli-

cation of the stiffness formula. The rotation of the connection is

computed at the design moment M. M
The latter rotation is multiplied with the factor P )2 when the
rotation at an specific moment My, is needed. MV

F, = 296 kN S EQ = 418 kN (see example 14)
F,, = 503 kN | (see example 9)
Flf = 296 kN (see example 1)
ilb = 395 kN (see example 2)
Fio = 396 kN (see example 3)
Fd = 418 kN (see example 1Y4)
Fws = ® symmetrically loaded connection, thus shear loading of the

column web is not present.

Column web on the tension side

0.05093 mm

Nt
.
1

Column flange on the tension side

' 2
296 -
o, = (==Z) %12 % 0.23 % L = 0.78857 mm +
2 296 3
14

Bolts

_ ;2962 14 + 18 + 4 + 0,5 % 1.5 % 24 . -1
Qg = (395) > % 353 = 0.04285 mm
End plate

_ (29Q)2 31 SO2 - _ -1
au = (338 i 12% 0, * —3 = 0.839096 mm

18
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Column web compression side

418 .2 1 | =y
oo(d8y2 1 = 0.14706
o (HIB) * 1 mm

1.92047 mm *

206 % 0.34 + 122 % 0.27 . 2
= — = - = 210 kN
T3 296 # 0.3 1,33 & KN/
' - -5
k = Lo BRO = 5.9481_% 10 8 rad/kNmm = 5.848 % 10 =~ rad/kNm

2
1.33 % 210 % 340

o -3
At a moment: M = 134 kNm = ¢ = 7.95 % 10 =~ rad.
v
2 ) =%
At a moment: % M = 89 kNm =+ ¢ = 3.53 % 10 rad.
v

Example 18

Formula (27) (shear loading of the beam web)

The values fs_ are computed for various end plate thicknesses, haunch
lengths Me and values of y.

The results are gathered in the following table

; .
M
2.2
M
(=]
t = 10 mm t = 25 mm
) e e
e y = 50 mm{y = 100 mm|y = 50 mm|y = 100 mm
200 mm 0,42 0,35 0,63 0,46
400 mm | 0,76 0,65 0,98 0,77

It follows from this table that the haunch length has a significant
influence on the moment MC. The influence of the end plate thickness
decreases with increasing haunch length. The influence of the distance y

increases with increasing end plate thickness.



Example 19

Formula (28)

Beam section IPE 400 with a haunch

flange plate t =
thickness e
2430
A = —— = 1.
f/Ad 1665 1. 5%
Y
_e 1.25 cot a

y = 1.47 + 0.5 cot @
e

Example 20

Formulae (29)
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tf = 13.5 mm

r = 21 mm

jo=d
"

d

M

cot O = l~+:9
2 M

e
M

cot g.= 1+:—9
M

e
M

cot o= 2'*i£
M

e

b =

t

180 mm

(compression side of the beam at the end of the haunch).

of which the angle is varied and the

B 2
Af = ?430 mm .

8.6 mm

{20 +5(13.5 +21)} 8.6 = 1655 mm°.

0.
L

S _
i o._3!+ thus 0.34

1 .
157 0.68 thus 0.64
—g——: 1.36 thus 1.0
1.47

to (32) inclusive (haunch flange and weld)

Beam with a haunch of which the angle o is varied (see example 19).



If a complete connection is assumed, then: a, = 13 % v2 = 18.3 mm:

@ .
cot a e coso. tf = 13.5 mm tw = 8.6 mm
& Ap = 180 % 13,5 = 2430 mm
Bl 0.64 0.7071
2 1 0.834y
With cot o = 1 _
2430 B
tc > 0.64 % T80 % 0.7071 - 12.2 mm
0.7 = 2430
2 - . = -
T, * 0B e Te s+ 2 = 5,600,707 © 10-1 mm
t 3 lﬁg = 10.5 mm
c 7
Conclusion: tc > 12.2 mm > tc = 13 mm
0.7 % 2430
= 1!
ac > 0.64 = (10 % 13.5 + 2 % 8.6 v 3+ 1 14.3 mm

(29)

(30)

(31)

(32)

Thus with a computation based on formula 20 a reduction is possible.

With cot o = 2

2430

tc > 1 * 780w o.gony - > ™

s * L ¥y 12:; f guios.e)o.sguu B lé‘S =
tc 2 10.5 mm

Conclusion: tc > 15 mm -~ tc = 15 mm -

a > 1% Tad B o0ED /3 + 0.25 = 20.15

c (10 # 13.5 + 2 = 8.6)

mm

(29)

(30)

(31)

(32)
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If a complete connection is assumed then a, = 2 % 15 = 30 mm, thus here

a reduction is possible too.
' aC=20 mm
]

e

\~

(5L 9

If the results of examples 18, 19 and 20 are combined, then the haunch
and end plate are dimensioned as shown in the figure in the case that
98% of the elastic bending moment of the connection may be transferred
by the cross section of the beam at the end of the haunch, whereas no

stiffeners are required and the rotational capacity is delivered by the

connection.
T =
I : 1
50 !
1 IPE 400 [
400 25 [
A ac=20 i
= H
X
1
200 -
t =15
Y ||
o 100 iy
1

Example 21

Formulae . (33) to (37) inclusive (compression side haunch without a flange).

IPE-400 h.=100mm h =200 mm t = 20 mm
d c we

13.5 mm b = 180 mm

tano = 0.50 tw = 8.6 mm t

9 £
cosa = 0.89 cos o= 0.8
sin%0= 0.20 Ap = 13.5 % 180 = 2430 mm2 1.7 400 mm
8.6

£ —= = 33
t.Sg.5 - 3 mm (33)
Fch 20 % 100 % 0.8 ’
%;'_ 13.5 = 180 ~ - - (34)
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=
os}

bolt failure governs

failure with prying
action.

1.

10 i o s s o B i

DESIGN LOAD AT THE FIRST BOLTROW, F,

F =

1= Fax
£ f F

or ‘the value o e
see the chart in table
Explanation : 1.1.1

Example .

L1

e —— N — — — —

~ o3
Fpegt ()

[

| 2
| pr
|

I

| Explanationy 0.53;1.1.2

1
|
[
|
|
1
|
|
| Example 233 and

Explanation:Introduction

DESIGN MOMENT OF

-

THE CONNECTION, Mv

M = %(F..h.)
v 1 1

as explained in
section 0.3 and
example 7

5y

l -
—> T
1 *3

;
™ Fq

|

I

1

|

|

|

|

I

I

|

— I, !
|

|

|

|

|

|

|

New method I
|

[

- - |

M =="%(F.,.h.) I
v i7i

with the condition as

explainedin section 0.5

and examples 7 and 8

i

|

[

|

1

|

I

|

I i
| o Fo=
| "7 2
|

|

|

|

|

|

|

|

01d method

FAILURE CRITERIA

[
Yielding of the column |
flange (or end plate) |
bolts elastic :
|
[

|

| Partly yielding of

! the column flange (or
| end plate) and failure
|
I
1

of the bolts with pry-—
ing action. |

-

Failure of the bolts
Column flange and end
plate behave completely
elastic.

CONNECTION NOT

ALLOWED IN

[
|
|
l
|
[
[
[
[

i [
' More research required
| See the explanation iq
I the introduction (0.5)

Statically indeterminated
structures or structures
with impact loads.

: Unless the design strength of the connection is
§ larger than that of the connected member.

Table 1

Summary of the features of the design methods.
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column flange and flush end plate at the first boltrow.

Formulae Explanation | Example
Column flange at the first boltrow
rp o __|j.—.—_7.
[ — e ] s ,
= |',~ F/:.
? Y \i k:'*\r—-- -~
L =
£ |, N Fie2 O 1y (4a) 1.1.1 1
\
" }5’ :: W For g see the chart
i I
S § RN | . (W ._.!.L.._.L
Chart for the determination of «
Lx 1110 9 815
Ay
T 13
12
11 !
10
0.9
08
07— \ \
08—1., _ My
0.5|— \ wigi |
NN
M \ .
: ! \\ Az_m +n'
0.3 N 1
0.2 ,,\, 5 =T ~ P L ) e
o S Oy= yield strength
0 - .
0 01 02 03 04 05 06 07 08 09 plate thicknesp
Ay o = factor from
End plate at the first boltrow chart
& A\ TN
F A
1 v“‘(\ '
| A | et
' ] :: ) Py
t ' - —_—
el | 1 t = 2|75 () | 1.1.3 b
I e
;__Il L-——_-"\._..__
|
Table 2 : Formulae and chart for the computation of the design strengths of



Formulae Fxplanation |-Example
Column flange (or end plate) at boltrow 1 with added bolts.
Condition:.. = " =
_ lon Fl 8m mp or Fl 2 Bt
m, ,W_ m
I =b -
_%,g_ y bm b w, 2 ml,2
g e e s _ s : -
i ('-J m ,=m Hom < m, otherwise m o, = m,
LSS R p T 2 )
g :*'\{".4" i 2 _ 2 bm.tf.Oe -
4 Ikt 4o
| 5 -
H = b .tz.0_ + 10 B .m,
] : F. .=« =N (6) 1.2:1 5 en 16
= 1kt 9 m,
le b oF
I I _ ~
= (7)
Ikt % Bt ,
t 0
d N b -(t2 + t2 ).0 o
— F - m d £ e (8) 1
1 ¥ 1kt ¥y
> 5 -
. b .td.o + 10 B, .y
t U = = (9) | 1.2.2 6 en 16
JIf | 1kt 9y
El . is the lower value of formulae {5) to (9) inclusive
ik - ;
= 10
Fians Fq * Fye (10)

Table 3

imn the first (uppermost) bolt row.

Formulae fer the computation of the design strength of column flange (or end plate) if bolts are added



Formulae Explanation |FExample
. byt.lo,
Column flange(or end plate) B = ———;;——f (11)
I AT ——— 2 - 2.1 7
- 0 ( -~ b tf 0 + 4B n T
1 F o = m € t (12)
l:i-'m Srtetpel rtreme = emtn)
: . I
> 'ImQ ’C+W*K4F) where : b = - m + 2m + 0,625n'
B ], ! y - A T 7 R
T = + :
A I + J\ m ml 0,2r
hl Foy o *,q :\‘ n £1,25m < n'
h R % : ; X
2 | - 1 = if o =4m; m = m_ AE < otherwise =
: Ip e D I | By ™ Ty M,2 ™™
Y A if o < ym; = if > m_otherwise =
I :! s ml 5 =My m, > m, ml’2 =m,
Condition for (11) and(12) 1s, that
- h2 2 4m + %,25n and Fl = —lk |
If the latter condition is not fulfilled then F?=O, unless:
- h,-p - o - h,-p -
ottt F.. > 2B or then F=—2B
n' m;y mn 2k h, i 2 h,
Belts in boltrow 2
IE Fl is determinated by formula (2) or (3) (see table 1), then:
o hl—p =
FQ = ——‘}T 2B (13) Dis 2 8

Boltrow 3

For this boltrow the same formula are valid as for the second boltrow, unless this boltrow is

located within the effective length of the second row. In that case bm =D

Table 4

adjacent to stiffeners.

Formulae for the computation of the design forces of column flange (or end plate) at the boltrows not located
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Example

Formulae Fxplanation
Column web at boltrow 1 Sometimes formulae (14) to (20) inclusive may be 3.0
N C—_— neglected
pp— o — T— -_l__ o — - b o
:::.::;!::_-: & tf (14)
1" .
N Z If z < m, (generally not)
= 2
3 R O XTSI A
F " = F. = (2d_ + 2t \/-———b ) t
w | 1w n £Vt * (i5) | 3.1
Ll
L
T T g R T Iz m,
=+ j= = ke, o o 2
o —b - _ /57, ™ £
¥, = HE bl & vu Yo, (16)
!!/r W 2
m bt 2 .
- 2 - A
= ' —
F, = {2m+ 0,625 n' + )t + om, Yo (17)| 3.2
= -
4 d
J \ Y " v y btf2+bdtd2}
AT, = L)t 4 6 (18
> d_ By {(dn + tf‘/t + 2) " Iy o (18)
F W 3.3
1w z 2 2 *
- . b tf + bdtd
= ' = + g (19
F,, = {(2m + 0,625n'+ St e Yo (19)
- m = ml;+'0,2r
If more boltrows-are dvailable
| - - 5 =
- T F. +(n- . where =
T - ;€ Foy (n 1)Fm3 pr p.-t .0, (20) ]| 3.4
y n= number of boltrows
t _ -
d o F. is the lower value of fermulae (16) to (18) inclk.,
p
’ n
T >d i : e
32 The same formulde are valid for the check of the
beam web behind the flush end plate.
Compression or shear z Fi < Fd en L Fi:EFs (21) ] 3.5

10

11

12

13

14

Table 5 : Formulae for the computation of the design strength of column and beam web ( a rough estimate may be sufficient)

-~



Formulae ' Explanation Example
Dimensions of stiffener
T —— - F
t,. of £ B F  ceadaw (22)
T d s . v 2m,. O
% S ; 2 e
a ///’ ' F
= —>» tdoftszf 1 (23)
1
Pl (m2+n )Oe
-J — R £ =1 if A1 > 0,5
td v m, 4.1 15
fV = e it )\1 < 0,5
1 2
a
’\5 kemarks: Take into account formulae (16) to (19) inclusive.
F
1
Weld size... —.
Fl
. Y (24)
U ag either a4 or ag 2 0,7 fc'fv'4m2 g
- T F
N . - . 25
as'elther ag or.ac § 0,7 fc'fv'5T§z:;')°e (25)
ltf wWhere:
K Ta fc =1 for statically determinated structures.
< £ fC = 1,4 for braced frame (partial mechanism in beam) ig
Fl fC = 1,7 for sway frame.-
t |
Sl : but,: aS either aa or af—; Y mm if the mechanism of
! formula (15) occurs.
wﬁ::::% and : ay 2 o,u td N
2 if one of the mechanisms of
formulae (16) to (19) inclusive occurs.
af > 0,4 tf

Table 6 : Formulae for the determination of the dimensions of stiffeners and fillet welds.




- 89 -

Formulae Explanation Example L
Rotation ¢ = kM (26) 8+1 17
+o +o +0 +0 +0Q h
. S TR T T TR T Y% %
Where: k = F T .7 I E
i™" ¥ gk E

Column web tension side

F 4m 2
_ il 2 . .
0, = (= 3 for a column without stiffeners
- Fif
- Tex
_J1o2 12Mm? L
a2 = (f— ——3  fora column with stiffeners
1f t £k
Belts:
o = (._.Fl 2 i
3 = 2A
B
2 t s
End plate tension side
- 2
2\
Fl 2 1 2e"1e
o= G- T3
F1e t
le &

Column web compression side

2 1

for a column without stiffeners
0,8t '

k

More Boltrows

2 1

0,24 t

L(F, h,)
£, -’h
F1 1
Table 7 Formulae for an approach of the flexibility of a beam to column connection

with flush end plate and a column either with or without stiffeners.
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cFormulae Explanation | Example
& = T e =
. ; , > . e - w e
The tension side does mot become the determinating factorlch < MV - hc.ZFi or M, € =T Me
Mv f
" ~bt2e-
M 0,5 2 —_—
M_ u, _ 0 gt (L_+2t_ ) + i (27) 6.1. 18
M .
e Af ¥ tw y
M-1line where:
M =W .o
e e e
We = elastie modulus
Af = b.tf
Compression side (haunch with flange)
Mc _ 1,25 got w0 _
- =5 £ i (28)
M £ £
e i 4+ 0,5 eot-@ — B 2471 19
d Ad
where:
Ad = {tC + 5(tf + r)} tw
M A
— v, 2=t —L (29)
— % Me bccosa
M 0,7 A
| M (10 tf+2tw)cosoc 6.2.9. 20
bc
.
tc T (31)
M 0,7 A_. | -
a_ > - - £1/3 + tan’a (32)
\ D% (lOtf+2tw)

Table 8 .. Formulae for the computation of the dimensions of the haunch with flange.




Formulae ‘Explanation | Example
eompression side (haunch without flange)
ty
t e
We 51n2a (33)
M t h, cosqg
= S (34)
M@ &
of
‘M Af
t oy = (35) 6.3 21
S M h. cos™a
e 'd
h. = assumption (0,3 & 0,5h ) h  cosg
4 ump > c ‘t 5 (36)
wC 8,5
M Af
a g proyvided that a.gap between
we © L 1651 ) (37)
e > ¢ Dplate and beam is avoided.

Table 9 : Formulae for the determination of the dimensiens of a haunch without a flange.

...'[6_
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