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SUMMARY 

Tests are described on semi - rigid beam-to- column connections with flush 

end-plates and haunched beams . 

The results are checked with limit state design methods for stiffened 
and unstiffened column- flanges. 

It appears that these methods can also be used for the design of the 
flush -end- plates, provided that the beam-web or beam- flange do not 
fail . 

The methods to check the latter fail ure mechanisms are developed. 
Formul ae to determine the limit state design load of the haunch are also 

~iven. 
The dimensions of the welds appear to depend on the failure -mechanis m 
which determines the limit state moment and en the desired rotational 

capacity. 
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0. INTRODUCTION 

0 . 1 

The ai ms of t he tests reported herein were: 
- to check a new design method for the te nsion side of f lush -end 

plates in con nections with haunched beams . 

- to check new ideas of st i ffening which are desirable from an eco

eco nomi c point of vi ew . 
to s how undergradua tes the inf luence of vari ous kinds of st iffe 

ners on t he behaviour of beam- to - column co nnections. 

New design-method 

In t he first plctce this research has to confirm t he adequacy of a lim i t 
state de s ign method for t he tension side of beam-to- co lumn connections 

with st iffened column-flange s or flush-end plates. 

This design method was initially developed by Doornbos \11 , for 

stiffened column-flanges. 
I t wa s t hen exte nded to flush-end plates and modified by Zoetemeijer 

as described in 121 • 

Another purpose of the tests wa s to detennine the contribution of bolts 
added in the first boltline and the force distribution when more boltrows 
wi t hout st iffeners are applied whereas the column flange thickness i s small. 

first boltline 

-t·- - • ~- II .,._ second boltline 

-rt .... - } 
.,,,. .r-

11 ,("ii. 
11 

jl 
11 

Fig . 1: Purpose of the tests : - to confirm the design method of t he corner boits 
- to develop a design method which take s into ac 

coun t the con tri bu ti on of the other bolts. 
- t o check t he behaviour of t he haunched beam. 
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It was doubted t hat t he co ntr ibu t ion of t he bol trows wi t hout stiffeners 
is recti linear wi t h t he dista nce t o t he po in t of rotat i on 

0 .2. New ideas of st i f fenin g 

An other poin t of resea rch was t he strengtheni ng of t he co lumn-web on 
t he compress ion-s i de of t he connect ion . 

The use of di aphragms to avoid buck l ing of t he column-web i s no t advi sab l e 

from an economi c poin t of vi ew j3/ . 
However avoiding t he use of st iffe ners i s no t always poss ibl e. An econo 
mi c solut ion seemed t o be t he welding of a pl ate f l at on t he column-web 
as shown in f ig . 2 j4/ v1h i ch i s ca ll ed "web do ubl er" . 

f 
- . -<l,- b' 

bs s 

dnt=-(? 

L 
,; 

-<1> 
'~ 

b ' / t < 40 
. dn 

s s - -tt-
Q, I / t < 40 t=~~-j s s 

d > t 
bs 

n - s 

Fig . 2. : Methods of stiffe ning of column-webs 

The methods proposed f or wel ding,eitherfill i ng t he space betwee n pl ate 
and f l ange over t he f ill et or grinding t he pl ate to cov er t he f ill et, are 

rather expensi ve as has appeared in practice . That is why another method 
of weldi ng as shown tn fig ure 3 was tried . 
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The plates as shown in figure 2 are mainly designed to transfer the 
shear force in an unbalanced connection. The behaviour of the plate 
as shown in figure 3 is only checked on the compression force in a 
balanced connection . 

Fig. 3.: A more economic way of welding of the stiffener. 

In order to facilitate t he use of mechanical equipment for tigbtening 
the bolts, a question was risen: Can the haunch-flange be avoided if 
the haunch -web is given a larger thickness? 
This question ts also stud ied in this report. 

Research with undergraduates 

It is the policy of the Department of Civil Engineering of the Delft 
University of Technology that undergraduates majoring in Structural 
Engineering have to carry out some research in the laboratory . 

The intention of this policy is that the undergraduates get knowledge 
about the possibilities in the laboratories and some background to be 
able to assess the implications of technical reports. 
The undergraduates carry out this research in their third year of 
education when they have studied the basic theories in the fields of 
structures. 

The tests carried out, had to give sufficient contents in the applica
tions of the basic theories. 

The section 11 Steel structures" uses this possibility for research main 
ly to check new design methods and to find out answers on questions 
asked by engineers working in the field of practice. 

It is evident, that serving all the aims mentioned caused rather com

plicated types of testspeci mens. 
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DESCRIPTION OF THE TESTSPECIMENS 

General 

A review of thetestspecimensv1ith the dimensions is given in figure 4. 

The dimensions of all the fillet welds were made 4 mm with the exception 

of the inner fillet weld between the end- plate and the beam- flange at 
the tension side as shown in figure 5. 

i•t f = 13 
--------

·► 

0 : 5 

Fig. 5.: Fillet weld between end-plate and beam-f lange at the 

tension side of the connections 

The reason will be explained in chapter 4.2.3.2. with the methods of 
computation. 

The hori zontal distances between the bolts are based on the expecta

tion that the deformation of the column-flange due to bending remains . 

small when the distance between the bolt- head and the toe of the fillet 
is smaller than 1.25 times the flange thickness . 

This expectation was risen by the results of tests with flush - end 

plates where the distance between the fillet weld and the bolt- head 
was smaller than 1.25 times the end-plate thickness j2\ . 
In that case the actual load of a bolt below the corner bolt was pro
portional to the load in the corner bolt and the distance to the point 
of reaction at the compression side as shown in figure 6 . 



1.1. 

Observed force distribution in 

end- plate connections l2j 

12 

I_ __ 

I 

· I 

Expected force distribution 
in these tests 

Fig. 6.: Consideiations which determined the hori zontal bolt distance 

The hori zontal distance between the bo l ts i s chosen to confirm the ex
pectation that this behaviour will also occur with column- flanges . 

In tests 1 through 4 the haunch - flanges used were 20 mm thick to ensure 
t hat no failure of this part of the connection would occur. 

In chapter4.2.8with the methods of computation, it will be shown that 

this thickness is sufficient . 

Testspecimen 1 

This testspecimen was meant as a reference to check the effects of the 

various stiffening methods. 

The end- plate thicknes s 15 . 3 mm was based on the wish to reach yielding 
of the bolt simultaneously with yielding of end plate and column- flange . 
Owing to the higher bolt strength than expected , thi s purpose was not 
fulfilled . 
Th e end- pl at e t hi ckness 20 mm was based on the wi sh t o t ransfe r t he bol t 

force more by shea r t han by bending of t he end-p l ate. 
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During test ing, parts of the connection were stre ngthened as indicated 

in t he discussion . 

Testspecimen 2 

Instead of using an IPE 400 section, a beam section of HE 300A wa s used 

to check the contribution of a bolt added in the uppermost boltline 
parallel to the beam-flange and the stiffener. 

The end- plate thickness 13 mm was chosen equal to the column- flange 

thicknes s. The end- plate thickness 20 mm was based on the idea that 

t he contribution of the second bolt would become larger with an increase 

of the end-plate thickness. 
This idea may only be true if the column- flange has sufficient strength. 
The column-web was strengthened with a web doubler plate weld ed on one 
side of the web with fillet welds a = 4 mm. 

The slope of the haunch - flange was taken as 1:2 in order to decrease the 

vertical component of the force transferred by the flange to avoid buck 

ling of the beam-web. 

Buckling of the column-web was meant to be avoided by the web doubler 

plate . 

Testspecimen 3 

After having carried out test 2, the strengthening of the column-web with 

one plate appeared to be inadequate. 

That was why in test 3 through 5 the plates were attached on both sides 

of the column-web with fillet welds a = 4 mm . 

In order to check the infl uence of the distance, s,between the toe of the 
fillet-weld and the fillet of the section (figure 7), two different values 

we re eh osen . 
The smaller distance was chosen on the side with the thicker end~plate . 

The stiffener on the tension side was welded with butt-welds between the 

flanges because there was no room for the bolt- heads . 

As far as the slope of the haunch - flange i s concerned the same consider

ations are valid as mentioned with test 2. 
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150 
50 

Fig. 7.: Web doubler plates on the 
compression-side of test 3 
through 5. 

Testspecimen 4 

Fig. 8. : Strengthening- plates 
on the tension - side 
of test 5. 

The purpose of this specimen was to confirm the phenomena observed in 
test 1 but with a different bolt dimension and bolt configuration . 
Since test 1 failed prematurely on the compression-side of column and 
beam,.stiffening was applied at these places to cause failure of the 

tension-side of the connection. 

Testspecimen 5 

This testspecimen was used to show the adequacy of a haunch without 
a flange. 

To be able to research the behaviour of the haunches the column was 

strengthened on the tension- side. 
This was done by applying backing plates (16 mm) along the column

flanges to avoid yielding at the vertical boltlines. 
Due to the use of these backing plates it was expected that the force 

distribution would be more linearly proportional than in the previous 

tests. 
In order to avoid failure by yielding of the column-web on the tension 

side, this part of the connection was strengthened with a plate of 8 mm 
thickness. This plate was welded over the fillets on one side of the 

web as shown in figure 8. 
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MATERIAL PROPERTIES 

Dimensions 

The actual and nominal dimensions of the European rolled sections used 
in these tests are given in figure 9. 
Mechanical properties 

The mechanical properties were determined for all the plate -material and 
the material of the European rolled sections. 
The results are summari zed in table 1. 
Load deformation curves of the bolts in appendix 1 

The load- deformation characteristics.,necessary for determining the bolt 

loads frol'l the measured bolt elonqations, , were obtained before the tests 
were carried out. 

For this purpose two bolts were calibrated with the grip of the bolt equal 
to that of t he corresponding bolts used in the test specimens. 
The loads of the bolts were increased step by step until fracture occurred . 
At each increment the elongation of the bolt was measured . 

,,: 
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Fig . 9.: Di mensi ons of t he European roll ed section s· use d. 
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3. TEST SET-UP AND PROCEDURE 

The test arrangement i s shown schematically in figure 10. 
The loads, were applied by mean s of two hydraulic jacks on both sides 

of t he column, each wi t h a capacity of 200 kN. 
The loads were meas ured with load ce lls , in ser i es with the hydrauli c 

jacks. 

The load cells had a capacity of 100 kN each. The defl ections of the 
various parts of the testspecimen were measured with linear displace 
ment transducers and gauges as shown in the photograph of figure 4, 

at locations indicated in figure 11 . 

I 

_J_l_ -

.-- displacement transducer 

Fig. 11.: Locations of displacement transducers . 

Because attention was particularly drawn to the local behaviour of the 

various components of the connection, overall behaviour was neglected. 

It was initially thought that the moment- rotation characteristic of the 

connection could be derived f rom the local meas urements. 
This appeared t o be not the case because yielding al so occurred in t he 
haunched part of t he beam, while deflections were measured only between 

t he centre line of the co lumn and t he end plates . 
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The bo l t e longa tions were meas ured with extensometers (see fig. 36 ) . 

The elongat ion of t he bol t ca used the l eaf spri ng s in t he extensometers 

to bend. The changing of the el ectri ca l resistance of t he strain gauges 

due to this bending served as a meas ure of bol t elongation. 

The high strength bolts were tighte ned arbitrari ly with hand wrenches. 

The initial e longat ion due to t he tighteni ng was meas ured and taken into 

accoun t in compu ti n~ t he bolt loads . 

Prior to testing, the tests peci mens were white -washed to provide a visual 

di splay of t he yielding patterns. 

In each test the load was appli ed in specific increments and the data 
were recorded directly if no yielding occurred. 
Otherwise , meas urements were recorded only after the def l ect ions had 

stabili zed when yielding occ urred. 

It was t ri ed to increase the loads s imultaneous ly on both s ide s of the 

column. 
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COMPUTATION METHODS 

General 

During testing many failure mechanisms were observed . 

These failure mechanisms were analyzed by following the path of t he 

forces starting from t he centre lineoftrecolumntothe cross section 
of the beam where the haunch starts. 

The failure mechanism which gives the lower limit state design strength 

determines the limit state design moment of the connection. 

Starting from the centre line of the column, the possible failure me

chanisms on the tension side are: 

lo. failure of the col umn-web due to tension 
20. fail ure of the col umn- flange due to bending in combination with 

failure of the bolt 
30_ failure of the end-plate due to bending in combination with failure 

of the bolt 
40. failure of the beam-web due to tension 
50. failure of the beam-web due to shear 
60. failure of the beam in the section where the haunch starts. 

The possible failure mechani sms on the compression-side are: 

7° . failure of t he column-web due to buckling or yielding 

8°. failure of the haunch-flange due to yielding 

a. at the column-s ide 

b. at t he beam-s ide 

9°. fai lure of the beam-web due to compression 

10°. failure of t he beam-flange due to buckling. 

The locations of these failure-mec hanisms are indicated in figure 12 . 

The computation methods will be explained in the same sequence as the 

failure modes are mentioned. 

The computations are given in appendix 2,(page 83). The results are 

summarized in table 2 and 3 at pages 21 and 23. 
Table 2 gives the limit state loads mainly determined by the dimensions 

of the column and the end-plate. 

Table 3 gives the limit state loads determined by the failure mechanisms 

which occur in the haunched part of the beam. 
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Ii s connected to 

Figure 12.: Locations of the failure mechanisms contemplated 

4.1. Conversion of limit state de s i9n strength into limit state desiqn moments 

4 .1.1. Table 2 

The lower limit state des ign strength at a boltline, determined by one of the 

first four fa ilure modes, i s indicated with an asteri sk intable2 and is 
use d for the computation of the limit state design bending moment . 
If the sum of the limi t state desi9n loads determined by tension is l arger 

t han the limit state de sign load on the compression - side dete rmined by fa ilu re 
of co lum-web or haunch , then the limit state design loads at the boltlines 

are reduced as indicated in column (10) of table 2. 
Thi s reduction i s only executed for test 1. 

It is performed by starti ng with t he lower bolt; taki ng into acco un t 

t hat t he poin t of rotation depends on t he strength of the compressio n 

side. 

If t hi s strength is exceeded, t he deflection on the compress ion-side 

will increase rapidly. 

This causes a rise of t he rotation centre and a decrease of t he deform
ation of the lower bolt firstly. 
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rl ~!~ I .:,(;2. >~26 319 ':02 1r,2 0 ,S 3 : r, c, 

F 2 . 300 1·,•1' 1,0 l 'J0 • ·1 •1 l ' '' (' ,11(, '3 ,,, 
JJ(I ., 

'3 JcJO I ''•' > l~O 190 1'''' 13/l (J. '?'J 'A ,v ,,, 

r ~ 3;m j1'1' > 1,0 191) 1·,,, 13e fJ , 32 /4/4 5 - 21 
,,, ,., 

F ,, ;;:(J : 1::' > l'.O l'J IJ 1·,·, )'•'I 'J '('.J ·:r, ,,, 
'" --·- - --

re 1r,~o l~r,lj i:!A WA :!',(, ':/;: 

Table 2: Limit state design loads with limit state design moments determined 

lw ·n lumn and end-p late dimensions, 

I 

I 
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Test S~ear ~~am- •,,e!) Forces 1 n the cross-~ect i on ~~ere the Re$ ul t ' Limi t s,o:e . .:..: : •;~ 1 number 

haunch i s connect ed to the ~es l9n morce nt cl :\r::3,;; and beam 
mor::e nt end- plate Force Fo rce Force f orce Haunch Buckling beam Limi t Lever at st ar t at thickness nota t ion notation Web state arm haunch in terface 

Reduction des ign 
fig. 22 fig. 22 

ye s no load 
page 34 page 34 

kN kN kN kN kN kN m kNm kNm kllm 
( 1) (2) ( 3) (4) (5) {6) (7) (8) (9) ( 10) ( 11) (12) ( 13) 

1 - 15, 3 F7 53 Flo 369 530 442 517 369 0 ,39 144 

Fa 91 Fll ..1i.. 94 0 .34 32 
F9 319 463 77 . 0, 19 14 - --463 Fl2 77 540 190 212 287 

540 
1 - 20 F7 90 Flo 419 530 442 517 419 0,39 163 

FB 117 F 11 107 107 0,34 36 --
F9 319 526 88 0, 19 17 

526 Fl2 88 614 216 240 29 3 --
614 

2 - 13 F7 64 FlO 476 699 948 1101 476 0,28 134 

Fa 73 Fll .E... 75 0,24 18 
F9 414 551 29 9,12 3 -

551 Fl2 29 580 155 179 235 --
580 

2 - 20 F7 150 FlO 583 699 948 1101 583 0,28 . 163 

Fa 111 Fll 92 92 0 ,24 22 

F9 414 675 _j§_ 0, 12 _ 4 
6 75 Fl2 36 711 189 220 235 --

711 

3 - 18 F7 75 FlO 565 666 757 1008 565 0 ,39 220 

Fa 106 Fll M 207 0, 34 70 

F9 591 772 177 0, 19 --11... 772 Fl2 177 949 324 398 380 
949 

3 - 21 F7 118 - Flo 565 666 757 1008 565 0,39 220 

Fa 143 F 11 207 - 207 0,34 70 

F9 591 772 355 0 ,13 _J_§_ - -
852 Fl2 355 1127 336 412 382 

1127 

4 - 18 F7 75 FlO 389 827 n.a n.a 389 0 ,39 152 

Fa 106 Fll 112 112 0, 34 38 -
F9 320 501 71 0,19 13 - -

501 F12 71 572 203 226 322 -
572 

4 - 21 F7 118 FlO 451 827 n.a n.a 451 0 ,39 176 
. Fa 143 Fil 130 130 0,34 44 -

F9 320 58 1 _§L 0,19 ..1§_ -
581 Fl2 82 663 236 262 315 -663 

5 - 18 F7 75 FlO 422 n. a n.a n.a 422 0,39 165 

Fa 106 Fll 121 121 0,34 41 -
F9 362 543 77 0 ,19 --1.i_ --

543 Fl2 77 620 221 250 345 -
620 

5 - ·21 F7 118 FlO 483 n.a n.a n.a 483 0,39 188 

Fa 143 Fil 139 139 0,34 47 --
F9 361 622 88 o, 19 17 --622 Fl2 88 710 252 285 328 --710 

--
Remark : All loads are converted into loads 1n the hori zontal direct ion of the f l anges 
Ta bl e 3: Limit state des ign loads with limi t state des ign moments de t ermined by haun ch 

and beam di mens ion~ 



The lever- arms as stated in column ( 11 ) of tab le 2 are determined by 

assuming the reaction point being present at 10 mm from t he edge of t he 
end - plate for test 1 through 4. 

In test 5 t he reac ti on- point is determined by failure of the haunch as 
it will be explained later. 

4.1.2. Table 3 (p age 22) 

The limi t sta te de s ign loads determined by t he fa ilure modes in t he haunched 

part of t he beam should be in balance with t he forces in t he beam-section 
where t he haun ch- f l ange i s conn ected to t he beam . 
This requirement i s used in determining the limi t state design bending 
moment as indicated in table 3. 

The limit state design strength determined by shear in the beam-1-,eb(co -

lumn (3) ) , ha s been converted into a force di stribution in the beam-section 
where t he haunch - flange is connected to. This force di stribution is restri c

ted by t he limi t state design loads determined by yielding of the beam-f lan ge 

ca used by bending stresses (see result of test 3 column (5) ) . 

The mean ing of the force symbols is defined in the description of the com

putation of the limit state de s ign loads (fig . 22 on page 34). 

On the compression s ide, the limi t state des ign load i s determined by yielding 

of the haunch - flange or buckling of the beam-web . The limi t state design loads 
determined by these failure modes are converted into limi t state design loads 
of t he beam- flange in the section where the haun ch- flange i s conn ected to. 

Thi s implies that the force s present in the beam- flange and beam-web are su p
posed to be tran sferre d along the dotted lines as indicated in figure 13. 

The resulting limit state des ign bending momen t in the beam-s ection (column (1 1 

i s co nverted into a bending moment at the in terface of end plate and co lumn . 
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' ) ' .. I 

force in the 
beam - web 

force in the 
beam - flange 

Fig. 13.: Current of forces assumed in the computation of the limi t 
state bending moment determined by failure of the compres 

s ion side . 

4.2. Limit state design loads 

4.2.1. Failure of the column-web due to tension 

( 1) 

. 
where : F. 

l 
= force transferred by the bolts at boltline i 

= number of boltline, numbered from the uppermost 

twc = thickness of the column web 
0 Ywc = actual yield stress of the column-web 

ewe = effective length of the column-web 

bolt ( 1) 

The effective length is restricted to the centre distances of the bolts 
as far as the inner bolts are concerned. 

The effective length of the uppermost bolt depends on the situation. 

For the unstiffened situation the same formula is used as mentioned in 15 I 

ewe=~ fa+ 2m + 0 .625 n' (2) 

in which: 
a = centre distance of bolts 

m }=same distances as used in t he compu tation of the limit state 
n' loads due to bending of the column- flange (see chapter 4.2 .2.) . 
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With the stiffened col umn- flanges, failure of the co lumn-web due to 

tension may only occur when t he column- flange fails due to bendin g 

as indicated in figure 14. 

- ·- ·- · ·-·- · ◄ ~ MPfc 

\ ~] J '\.. y - ~ 
~~ 

_,_ 
Mp~ ·s a ~ 1 [§c{Y~ct~] ~20 

- --

-

- ·--·- ·--·-· 

Fig . 14.: Failure of t he column-web due to tension in the situation 

with stiffened flanges . 

According to this figure : 

where: 

Mpfc = plastic moment of the column- f lange 
y = di sta nce between t he boltline and t he stiffener. 

4.2.2. Fai lure of t he column- flange 

Different methods of compu tati on are used: 

- for t he unstiffened column- flange 

- for t he stiffened column- flange 

4.2.2.1. The unstiffened col umn-fl ange 

This method wa s developed in \ 6\ and it is applied in \ 5\ 



The de s ign formulae used are : 

T * m -

T * m 

where : 

Bt = 

T = 

Mp = 

(Bt-T) * n < M 
= p 

< M + M I 
= p p 

1 i mi t state desiqn strenqth 

1 i ;~i t state design strength 

and bolt at one side of the 
plastic moment that causes 

of the 

of the 
column . 

bolt 

( 4) 

( 5) 

combi nation of flange 

a plastic hinge to form at a 
distance of 0.8 * the root - radius from the column-web . 

M ' = plastic moment that causes a plastic hinge to form at the 
p 

vertical bolt- line. 

m = distance between the plastic hinges formed by MP and MP' . 
n = distance from the boltline to the location of the prying 

action being assumed at the outer edge of the end- plate 

but not greater than 1.25 * m. 

n' = distance from the vertical boltline to the edge of the 

column- flange in the same direction as n. 

For convenience , the definitions of the parameters are given in 
figure 15. 

r 
r r I- n' -I 

0 Sr 1-m+ .
1
n~ 1.25 m 

Mp 

Fig . 15 .: Parameters used in formul ae (4) and (5) . 
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In the case t hat Mp' ~ ( Bt-T) * n formula (4), bolt failure is t he 
determining factor, while in formula (5) failure of the flange due to 
bending determines the limit state design strength. 

The pla stic moments Mp and Mp' depend on t he effective length of the 
column- flange . 

The formu l a of t he effective length : 

efc =a+ 4m + 1.25 n' ( 6 ) 

was developed in j6 j . 

This effective length is restricted by the centre distance of the bolts. 

Thus: 

F. = 2T 
l 

where T i s determined se parately for each bolt . 

4.2.2.2. The sti ffe ned column-flange 

For t he stiffened column- flange t he computation method i s used as devel oped 

i n 11 I an d mod if i e d I 2 I . 
An in finitely long plate bounded by two fixed edges and one free edge, 

loaded with a conce ntra ted force, was analysed wi t h yi eld line t heory . 
The result i s a chart as shown in figure 16 with which the ultimate design 
load of a stiffened column - flan~e or f lu sh end - plate ca n be determined. 

The vari ous yield line patterns whi ch gi ve t he lower upper bound value s 

of t he plate are depicted in t he chart. 

The ·graphs represent locations of the bolts which give t he same limit statede 
sign.load. This load can be calculated by multiplying t he value written at the 

ends of t he graphs with the plastic moment per uni t l ength of t he plate 

The coordinates of t he bolt locat ion are made dimensionless by 

dividing them by t he width of t he plate . 
Though prying action has some effect on where t he yield- lines may form , 

it is ass umed t hat it does not contribute to t he internal energy di ss ipation . 

Th us: F. 
l 

= 2.* T = 2cx m p (7) 

where : ¼ * 
2 

mp = Gyf C * tfc 

tfc= t hi ck ness of column-fl ange 

0 Yfc= actual yield stress·of the column-flange 
ex = factor determined in the chart in figure 16 
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Fig. 16 .: Chart for the de s ign strength of the st iffened column-f l ange. 

In order to determine t he limi t state design strength of a bolt added be s ide 

the corner bolt in the boltline adjacent to the stiffener, formulae (4) and 
(5) of the unsti ffened column- flange may be used. 

The effective length for this bolt i s restricted to t he flange width 
available beyond the failure mec hani sm caused by the corner bolt . 
Th e width required for the fa ilure mechanism of the corner bolt is sup
posed to be twice the smaller value of the distances m1 and m2 as shown 

in figure 17. 

4.2.2.3. Dimensions of stiffener and welds 

The formulae for the stiffened column- flange are only valid if t he sup
porting column-web and stiffener do not yi eld . 

Yi elding of the column web is checked with formula ( 3 ) as described in 

4.2.1. 
Yi elding of the stiffe ner and t he weld between stiffener and f l ange may 
be checked in t he same way as described for t he connection of beam- flnnge 
with end- pl at e in chapter 4.2. 3.2. 
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I I 

I I 
I I 

_ _ l_'L__ 

r J:.25m 
effective width for 
additional bolt 

Fig. 17.: Effective length with assumed failure mechanism for an addi
tional bolt adjacent to the stiffener 

If the stiffener is located at the same height as the beam-flange , certain
ty about the strenght will always be reached if the dimensions of the 

stiffener are chosen equal to those of the beam-flange. 
In the case that the stiffener is located between two hori zontal bolt
lines, the stiffener with welds should be dimensioned according to the 

sum of the limit state loads of the bolts present in !he two boltlines.· 

Failure of the end- plate 

4.2.3.1. Comparison with failure of the stiffened column- flange 

The methods us ed for the computation of the limit state design strength of 

the column- flhnge are also used for the computation of the end ~plate. 

However the computation of the end-plate with the additional bolt in 

the uppermost boltline of test 2 has been changed with respect to the 
computation of the column- flange. The distance mi staken equal to t he 
centre distance of bolt and flange (see fig. 18) . 
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The bending moment Mp is determined by the plastic moment per unit l ength 
of the beam- flange . The effective length for t he additiona l bolt is 
determined in the same way as described for the column - flange (see chapter 

4.2.2.2. ) . The reason for t hi s way of computation becomes evident after ob -

1. 25 rn 

Fig. 18: Bending of the beam-flange caused by the additional bolt. 

serving the deformation of the beam-flange as shown in fig. 18 . 

The beam- flange yields due to the bending caused by t he bolt. 

4.2.3.2. Welds between end- plate and beam 

The dimensions of the welds have to be in accordance with the limit 
state design stren9th of the end plate. 

M p 

- M p 

The distribution of the limit stateiesign load of the corner bolt is take n 
as inversely proriortional to the distances fill and m2 (see figure 19). 

The effective length of the weld is supposed to be twice the distance 
m1 or m2, provided that this length is available. 

However , there are situations that the welds should also be dimensioned 

so,that bending of the beam- flange may occur . 

Thi s is the case when a bolt is added to the corner bolt or when fai 1 ure 

of the beam-web occurs due to tension (see chapter 4.2.4.) 

In this case it may be shown by an iterative process t hat t he fillet 
weld sizes a1 and a2 according to fig ure 20,are sufficient if t hey are 
chosen 0. 3 and 0. 35 times the flange thickness, provided that the edge 

.of the endplate coincides with the centre of the flange . 
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e = effective width of the weld ',v 

Fig. 19 . : The distribution of force F1 over the welds is taken as 

inversely proportional to the distances m
1 

and m
2

. 

-......~--'-'1/4 a1VL ½ tf 
1htt 

Fig. 20.: Assumed force equilibrium in the welds and the beam- flange 

when the flange yields due to a combination of tension and 
bending. 



Assuming various values of th e tensile force Fn as a fraction a1 of 
the bending force Fb, the ai -values of table 4 can be calculated 
with an iterative proces s. 

In table 4 the required weld dimensions are given as a fraction of t he 
flange thickness tf . 

Fn = a/b tb = a2tf F I 

b = a/b al = a4tf a2= a5tf 

Cll Cl2 Cl3 Cl4 Cl5 

( 1) ( 2) ( 3) (4) ( 5) 

0.0 0.5 0.685 0 .343 0 . 343 
0. 1 O .476 0.633 0. 301 0 . 349 
0.2 0.454 0.577 0 .262 0 . 353 

0.3 0.434 0.519 0.225 0. 356 
0.4 0.417 0.458 0 .191 . 0.358 

0.5 0.400 0. 395 0.158 0. 358 
0.6 0.385 0 .330 0.127 0 . 358 

0.7 0. 370 0. 265 0.098 0.357 

Tab l e 4.: Results of the formula of f ig. 20 reached with an 
iterative process. 

In t he computation of t he values of table 4, the Dutch code of practice 

171 is used, which takes into account that t he weld material is better 

than the parent materi al with a factor 0.7. 

It is evident, t ha t it is very unfavourable assuming t he normal force Fn 
comp l etely transferred by t he weld at the lower side. Thus a smaller value 

for t he dimension of a2 is to l erable, provided t ha t a1 is enlarged cor

responding. However, a2 > a1 is more in agreement with t he tra nsfer of forces. 
A connection between end- plate and beam- flange, where the edge of t he 
end-p late i s higher than · t he flange - centre, is more fa vourabl e because 

t he l ever- arm between the fillet welds increases . 

The dimensions of the fillet welds between end- plate and beam-web shoul d 

be taken equal to half of the web - thickness, because a compl ete connection 

is assumed in the compu tation; if yielding of the beam-web due to tension 

is the governing failure mechanism . 
4.2.4 . Failure of the beam-web due to tension 

Similar formulae as used for the computation of the limit st ate des ign 

strength of the column-web are used for the comp~tation of t he beam-web. 
For t he uppermost bol ts, t he same situation exi sts as expl ained for t he 

uppermost bol ts in t he col umn- f l ange. 
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However, mostly the beam-flange has a smaller plastic moment than 

the end-plate ha s. This implies that the plastic moment at the edge 

of the end-plate can never be higher than the plastic moment of the 
beam- flange because it is assumed that the beam-web yields complete 

ly . This is the same situation, as shown in figure 18. 

~bf 
t 

(·MpMb nr 
y F. 

qy 

~4-~ 1 
a [lPte 

qy~ ]½ □ ~._ 

Fig. 21.: Failure of the beam-web due to tension of the uppermost bolt 

This results in the following formula: 

Where: 

MPte = plastic moment of the end-plate 

Mpfb = plastic moment of the beam-flange 

(8) 

y =· distance between the centres of the uppermost bolt and the 

beam-flange 

a = distance between the centres of the bolts 

qy = twb ~ oy 

in which : 
twb = thickness of the beam-web 
ay = actual yield stress of t he beam-web 
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4.2.5 . Failure of the beam-web due to shear 

The forces present at the interface of column and end-plate should 
be distributed into the beam by the cooperation of end- plate and 
beam-web . Owing to the phi 1 osophy of the design method used for the 

end- plate, this occurs partly by bending of the end-plate, but the 
main part should be transferred by t he beam-web. 

The cross - section of t he beam-web just abo ve the 

should be checked against shear (see figure 22 ) . 
uppermost bo l t 

F. F.: D beam -f lange C F. 
__. 7 7.-- ,::=========~======::::i--. 10 

1 end-Rlate beam - web __..F,1 
Fa~-5>01t'b' A 

II , _ 
beam - web 

L 

B 

bend ing 

L..t~ shear 

bend ing 

_lwb 
""tz,.,Z""V.,..Z.,.Z-rz-rz-r1..,.Z.,../.,./..,./.,./..,./.,./~/-,/-,/...,/"'"'Z"'"'Z"'"'Z""'J -

1 

Fig. 22.: The forces F10 +F 11 should be tra nsferred mainly by shear in 
t he web. 

From t he deformed situation it may be decided that the failure mechanism 
is caused by: 

- shear in the beam-web (force F9) 
-shear in t he end- plate (force F8} 
-bending of the end- plate(force F7) 

The sum of the forces F7,F8 and F9 can never be larger than t he sum of the 
forces F1o + F1i present in the beam- flange and beam-web-in .the cross - section 
where the haunch ·f.1 ange is connected to the beam- flange . 
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This resu l ts in t he fo ll owing formul a: 

(9) 

Where : 
F
7 

= force transferred by bending of t he end- plate 

For simpli ci ty it is proposed to apply the tota l width of the end

pl ate for the computat ion of t he force transferred by bending but 

to ta ke into account only t he bending moment on one side of t he 

deformed p l ate . 

Th us: 
A lt 2 b 0 

4 e Y 
F 7 = y ( 10) 

in which: t e = t hickness of the end- pl ate 

b = width of the end- plate 

0 = actual yield stress of the end plate y 
y = cent re distan ce between bolt and flange 

F8 = force tra nsferred by shear of the end- plate 

It is not easy to decide which part of t he end- plate tra nsfers t he 
force by bending or by shear . 

The proposal of taking a width of four times the web thickness as 

effect ive width for shear of t he end- pla te seems to be a good one. 

Thus: 
A 

F8 = 4twb * te * 0 .58 ay ( 11) 

in whi eh: twb = thickness of the beam-web 

t e = thickness of the end- plate 
a = act ual yield 

y st ress of the end-p l ate 

F9 = force transferred by shear of t he beam-web 

F g = twb * l * 0. 58 a y 

in which: twb = 

1 

thickness of t he beam-web 

= length of t he haunch 

( 12 ) 

a = actual yield stress of the beam-web y 
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The s um of t he forces F7, Fa and F9 determines t he magnitude of t he 

stresses in t he beam-section where t he f l ang e is connected to. 
These stresses are represented by forces F10 and F11 
where: 

F10 = represents t he force in t he beam- f l ange 

F11 = represents t he force in the part of the beam-web between 

boltline and beam- f lange 

If the forces F10 and F11 remain below t he limi t statedesign loads d::termined 

by complete yielding of the beam, i t i s suppos ed that bending of the 

beam occurs symmetrically with respect to the axis of gravity ,thu s the 

neutral axis coincides with the axis of gravi ty . 

Thus an elastic redistribution is supposed. 
The resulting bending moment i s converted into a bending moment at the 

interface of end- plate and column- flange as described in chapter 4.1.2. 

Failure of the beam due to bending 

The forces F10 and F11 as discu~sed for the failure of the be am-web 
are restricted by the yielding of the beam- flange and the beam-web 
due to bending . 

If ·the sum of the forces F7, Fa and F9 is large enough to reach t hi s 
situation, the bending moment is restricted by the plastic force 

di stribution in the beam . 

The -resulting plastic moment is also converted into a moment at the inter

face of endplate and column- flange. 

Failure of the column-web on the compression-s ide 

The limit state desi~n load of the compression s ide i s determined by buckling 

of the column-web~ This · limit state des ign load i s computed with the formul a 

where : r = radius of t he root of the co lumn 
C 

tfc= t hi ck ness of t he co lumn- f l ange 

tfh = t hi ck ness of t he fla nge of t he haun ch 
twc= thickness of the column-web 

crywc=actual yield stress of t he col umn-web 

( 13) 
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This formula is the same as used in \4\ and \5 \ for bolted- connections 
with extended end-plates. 

It is thought to be unadvisable to apply a formula which takes into 

account the spread ing effect of the end- plate, because the flange of 

the haunch is connected to t he edge of the end-plate. 

Moreover, shrinkage of the welds caused bending of the end- plate. 

This unfavourable effect for t he deformation of t he connection was 

minimi ze d in tests 1 and 2 by inserting a shim in t he gap between end

plate and column. The shim had a width of 20 mm . 

In tests 3 t hrough 5 the end-plate was co unter-bended before welding 

so as to give a straight alig nment of the end- plate after shrinkage occurs. 

The limit state desian loads of t he column -webs with doubler rlates 

are computed with a formul a which takes into account half the plate t hi ck 

ness as described in 141 and 151. 

where: t Pwc = t hi ck ness of t he web doubler. 

Failure of the haunch 

( 14 ) 

4.2.8.1. Haunch with f l ange 

The force on t he compress ion side of the co lumn should be transferred 

by t he haunch into t he beam. 

For the haunches sti ffe ned with flanges this i s ass umed to occu~ by mea ns 

of axi al forces through the haunch-fl ange and the end- pl ate as indicated 

in fig ure 23. 

It should be checked whether: 
Fe - t he force cot a ca n be transferred by t he end- plate 

- t he force ~~s a or ~~s a can be transferred by the haunch - flange 
Fb - the force cot a can be applied at the beam-web without failure due 

to buckling. 

The latter check will be discussed in chapter 4. 2.9 . 
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The possibility whether the force~ or £..12. may be transferred by cos a cos a 
the haunch - flange depends not only on the flange - thickness and yield -
strength but also on the effective width of the haunch- flange. 

Without stiffeners in column or beam it is not possible to assume a 

complete contribution of the haunch - flange . 

In j7j a formula is given to determine the limit state load of the con
nection as shown in figure 24. 

Fig. 23.: Distribution of the compressive force into the haunch - flange 

and t he end-p l ate 

Ib~ 
t 

4-1 
t 

Fi g. 24.: Effective wid t h of haunch-fl ange accordin g t o I 7j 
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This same formula may be used for the effective width of t he haunch 

flange on the beam-s ide . 

This results in: 

Fb = { lOtfb + 2twb} tfh * oyfh * cosa ( 15 ) 

where: 

tfb = thickness of the beam- flange 

twb = thickness of the beam-web 

tfh = thickness of the haunch - flange 

~Yfh = actual yield stress of the haunch - flange 

Fb = limit state design load of the haunch at the beam-side . 

On the column- side, the effective width may be increased with the thick 

ness of the end-plate, thus: 

where: 

tf C = thickness of the column- flange 
t . e = thickness of the end- plate 

twc = thickness of the column-web 

Naturally , the effective width can never be larger than the width of 

the haunch itself, thus: 

(17) 

where : bfh = width of the haunch - flange 

4.2.8.2. Haunch without a flange 

For haunches which are not stiffened with flanges, the following aspects 
hold true. 

The compression force introduces forces in part of the haunch as indicated 
in figure 25 . 



I· ta~~ { tan oc 

. ~ F 

I-
h 

tan o1.. 

40 

h 

Fig. 25.: Force and stress distribution for a haunch without a flange. 

This force distribution introduces shear and normal stresses in the 
haunch which may be approached with the following formulae: 

F tan a 
'T = .,----,--

h * th 

where the definitions of the parameters are given in figure 25 . 

Thus: a 
Yh = 

F = 
h;1;th-1.0Yh 

/i+ 2:t;an2a + tan"a 

F = (h ~ th * 0yh)cos 2a 

(18) 

To give an impression of the values for F with various slopes of t he 
haunch some values are given . 



41 

tan a = 1 F = 0.5h * t h * oyh -
tan a = l F = 0 .80 * th * Oyh 2 

1 tan a = 3 F = 0 .90 * t h * 0 Yh -
ta n a= l F = 0 .94. * t h * Oyh 4 

An addi t ional lo ad tra nsferred by bending of t he end- plate may be 

taken into account because co mpl ete yielding of t he haun ch is assumed. 

Fig. 26 . : Bending of the end- pla te restrains yielding of t he haun ch 

Thus: 

Because 

F = h.th. oYh + 2MPe 

✓ 1 +3 tan 2 a +.ta rfci 2M h 
F = (h th. 0 yh)cosa++ 

the limit state desi~n load mainly 

( 19) 

depends on the assumed heigh t h. 

formula (19) determines where t he resultant of t he compress ive force should 

be taken . 

The absolute value of t he limit state design load is determined by t he 

forces transfe rred by t he ·bolts or by t he limi t state design load due to 

buckling of column -web. 

At t he beam- side of t he haunch ano ther s ituation exists. 

The force computed with t he failure mechanism due to shear of t he web 

on the tens ion side should be in balance with t he force transferred 
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by the haunch as shown in figure 27. 

I 

I 
F,: I 

- ~~-Jin e of failure due to shear 
I 

: equilibrium 

yielded part. of 
the haunch 

Fig. 27. : Equilibrium between the forces on the compression-

and tension- side determines the magnitude of the forces 

The length of the distanc~ h, should be computed such that equilibrium 
between the force on the tension - side and compression- side is reached . 
Thus the computation of the forces is an iterative process in which the 
length h should be chosen such that the value F computed with formula 

(18) should be balanced by the sum of the forces F7, F8 and F9 as 
described tn chapter 4. 2.5 . 

Failure of the beam-web due to compression 

Formula (13) used for buckling of the column-web may also be applied to 
check failure of the beam-web due to the vertical component of the 
force transferred by the haunch . 

Tests carried out earlier I 8 I showed, however, an influence of the 

bending stress on the failure of the web. 

The limi·t state design load will be computed with and withou t. reduc t ion 
due to bending momen t. 

The computa t ion with reduc t ion can only be ca rri ed ou t i teratively , 
beca use t he reduct ion formul a i s: 



F = (1.25 - 0.5 ~) F 
(J w (20 ) 
y 

where: 
(J = a bending stress which depends on the value of F 
F = limit state design load of the web without reduction 
w 

(J = actual yield stress of t he beam- flange 
y 

F = limit state design load of the web with reduction 

Formula (1 3) and (20) can be reduced to a single formula by resolving 

the force components as shown in figure 23 . 

where: 

Fb = limit state desi9n load of the beam- flange 

Fyf = yield force of the beam- flange 
cot a = slope of the haunch 

tfb = thickness of the beam- flange 

rb = radius of the root of the beam 

tfh = thickness of the haunch - flange 
0 Yw = actual yield stress of the beam-web 

tl'lb = thickness of the beam-web 

Thus the computation of the limit state design load due to buckling of the 

beam-web with reduction induced by bending is an iterative process. 

4.2.10. Failure of the beam- flange 

In the failure mechanism of the tension- side it is assumed that in the 
beam-s ection where the haunch· starts, a linear strain distribution is 

present. 

Thus the actual load of the beam- flange on the compression side is 

assumed to be eq ual to that of the beam- flange on the tension- side. The li 
mit statedesi'gnload of the beam- flange on the compression side is taken 

equal to the load which causes yielding of the beam-flange. This is done 

de spite the situation, t hat buckling of the beam- flange may be initiated 

by the deformation caused by t he haunch - flange if no stiffeners are used (seefig 
Thus t he chance of buckling depends on t he dimensions of t he haun ch-flange. 
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However, this is the same situation as exists in the co lumn- flange of 

the unstiffened welded beam- to- column connection. 
The limit state design bending inorrent of this situation, is governed by the 
limit state design loads of the failure mechanisms due to buckling of the 

beam-web and/or yie lding of the haunch . 

Fig. 28.: The haunch -flange may initiate buckling of the beam- flange 

if no stiffeners are used. 
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Test num- Limi t state des ign Actua l 
ber and moment s 

end- plate Column 

t hi ckness and 

Beam 

and 

end- plate haun ch 

( 1) 

1 - 15 , 3 

1 - 20 

2 - 13 

2 - 20 

3 - 18 

3 - 21 

4 - 18 

4 - 21 

5 - 18 
5 - 21 

kNm kNm 

( 2) 

249 

25 7 

142 

178 

272 

235 

235 

302 

356 

( 3) 

212 

240 

179 

22 0 

398 

412 

ultimate 

moment . 

kNm 

(4) 

287 
310 

293 
330 

235 

235 

380 

382 

322 

315 

345 
328 

Determining 

fa ilure mechani sms and 

remarks. 

Shear of the beam-web 
310kNm was ultimately reached 
after strengthening of beam and col umn 

Shear of t he beam-web 
1..ieb 

330 kNm was ultimately reached 
after strengtening of beam and column 

web 
Tension beam - web uppermost bolt 
Bending end- plate other bolts . 

Tension co lumn-web uppermost bolt 
Bending end- plate other bolts. 

Tension beam-web uppermost bolt 
Bending end- plate second bolt 
Bending column- flange other bolts. 
(Shear of the beam-web ) : 

Bending column- flange uppermos t bol t. 
Bending end- plate second bolt. 
Bending column- flange other bolts . 
(Shear of the beam-web) . 

Shear of t he beam-web. 

Bending column- fla nge. 

Shear of the beam-web and the haunch. 
Shear of the beam-web and the haunch. 

Table 4. Limit state design moments at interface of co lumn and beam 
with determining failure mechani sms . 



Failure mechani sm Test number and end- Plate thickness. 
with component of 1- 15 1- 20 2- 13 2-20 3-18 3-21 4-18 4-21 5- 18 5- 21 
the connection . 

( 1) ( 2) ( 3) (4) ( 5) (6) ( 7) (8) ( 9) ( 10) ( 11) 

1. Te nsion column-
web. --
Uppermost bolt 0.66 0 ,62 1,58 [LB] 1,05 0,97 0 ;66 0,65 0 ,36 0,32 --
Second bolt 0,45 0,66 0,50 0,84 0 ,36 0,52 0 ,66 0,65 0,38 0,33 
Other bolts 0 ,61 0,66 0,62 0, 76 0,68 0 ,63 0,66 0,65 0,35 0,33 

2. Be nding column-
f1 ange. 

11 '271 
r--

Uppermost bolt 1,15 1,14 1,32 1,10 1,38 1,37 1, 34 1,04 0,92 - -- r-

Second bolt 0,78 1,14 0,78 

~ 
0,47 0,69 1,37 1,34 0,78 0,92 --
11 ,4ol 

r--

Other bolts 1,05 1,14 1,08 2 Jl ,271 1,37 1,34 0,98 0,92 -- - - ~ 

3. Bending end-
pl ate 
Uppermost bolt 0,87 < 0,81 · 1, 36 < l, 14 0,90 < 0,83 0 ,67 < 0,65 0,74 < 0 ,65 
Second bolt ~ 0 ,99 

~ 
1,18 11 ,4ol 11,271 1,34 0 ,82 1,14 0,85 -- --

Other bolts 1,15 0, 75 5 0,87 1, 09 0 ,63 1,07 < 0 ,82 1,14 <D,85 -- -- --
4. Tension b~am-

web. •• e ,05 ll,01 
Uppermost bo 1t 0 ,97 0,90 ~ 1,05 11 ,4oJ 1, 11 1,03 0 ,87 1,14 0,87 : -- --
Second bolt 0,59 0 ,64 0 ,50 0,49 0,69 1,00 0,66 0 ,64 0,71 0,67 

' 
Other bolts 0 ,59 0,64 0 ,62 0 , 76 0,67 0,62 0,66 0,64 0,71 0,67 

I 

I 

~ ~ 11,421 [J] 
i 

5. Shear beam-web 1,31 1,07 0,95 0,84 1,20 0,98 I 

! 1, 4i1' 1,40'• 
I 
I 

6. Beam Tension- 0,88 0 ,91 0,58 0,58 0,95 0,93 0,98 0 ,96 1,00 0,96 I 

side. ----
7. Buckling co lumn 1,15 1,14 1,22 1,26 0,89 0 ,87 0 , 77 0,76 0,81 0, 77 

-web --
Sa.Haunch at col umn 1,02 1,00 0,56 0,53 0,87 0,85 0 , 77 0,57 1,14 0,92 

Sb.Haunch at beam 0,94 0,97 0,89 0,89 0,81 0 ,79 0 ,6 7 0,66 n.a n.a 
9. Buckling beam- l ,02~ 1,ol 0,66 0,66 0, 71 0 ,69 n.a n. a n.a n.a 

web. 

10. Beam Com~ression 0,88 0 ,91 0,58 0,58 0,95 0,93 0,98 O ,96 1,00 0,96 
-s ide . --

Remarks: 1( Without strengthening-p l ate added during testing and computed 
with reduction due to bending . 

*1( after strengthening. 

Table 5. Ratios between actual ultimate load s and limit state Jesign loads. 
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5 .1. 

RESULTS 

Computation 

The results of the computation are given in appendix A2 (page 83). 

Tables 2 and 3 at pages 21 and 22 give a summary of the computation. 

Table 4 at page 45 gives the failure mechanism which determine finally 

the limit state d~sign bending moment of a test-specimen. 

However, the actua 1 moments were 1 arger than the 1 imi t state d.es i gn 1 oads 

This implies that more failure mechanisms came successively into being 

durin~ the increase of load. 

That is why the ratios between the actual loads and limit state design 

loads of all possible mechanisms are summarized in table 5 at page 46. 
The ratios are computed as follows. 

The limit state design loads used in the computation of the limit state 
design bending moments are multiplied by the ratio between the actual ben 

ding moment and the limit state design moment. The loads found in this way 

are then divided by the limit state design loads of the failure modes con

cerned. Table 5 gives the possibility to check which failure modes occurred 

successively provided that the design formulae used are the appropriate ones. 

5.2. Boltforces 

The results of the boltforce measurements are given in figures A3.1; 

A3.2 and A3.3. (pp. 115- 117). 
In figures A3.l and A3.2 the moment- boltforce curves of the cornerbolts 
and additional bolts of testspecimens 1 and 2 are given . 

The boltforces are averaged values of two bolts on both sides of the 
column-web. 

The moment- boltforce curves of the other specimens are not given, because 

they are not important for the review of the behaviour of the testspeci 
mens . 

Instead of the moment- boltforce curves, figure A3.3, gives a review of 

the boltforce distribution at specific bending moments. Again these bolt

forces are averaged values of two bolts on both sides of the column-web. 
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5.3. Deformations 

The deformations are presented in moment-deforma tion graphs in figures 

A3.4 through A3.19. (pp . 118- 128) . 

The deformation s are averaged of the two values mea sured at either s ide 

of the co lumn-web . 

In each figure it is indicated which deformation the graph refers to. 

Figures A3 .4 through A3.8 give all the moment- deformation relationships 
of the deformations mea sured.(pp . 118-122 ) 

Figures A3.9 through A3 . 13 give an impression of the rotations of t he 

connections. (pp . 123- 125) 

These rotations are con verted from the deformations mea sured between the 

centre line of the co lumn and t he end -plate at the centre height of t he 

upper- and lower bea~-flanges. 

The actual rotations of t he connections were larger due to the deforma

tions over the haunched part of t he beam , but th0se were not measured . 

The limit state design loads of the connections .are indicated in these mo 

ment rotation curves. 

Figures A3.14 through A3 .19 give the moment- deformation curves related to 
specific failure modes. (pp. 126- 128 ) 

These moment- deformation curves are converted from the deformations mea
sured. The curves of all spec imen s are gathered in one fig ure to facili ~ 

tate comparisons . 
The limit state design load of t he failure mechanism which the curve refers 

to is also indicated . 
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DISCUSSION OF THE RESULTS 

General 

Firstly a review of the failure modes is given on the basis of the moment 

deformation curves in figures A3.14 through A3 .19. 

This is followed by a review of the behaviour of the tests using the 

ratios between actual and limit state loads summarized in table 5. 

Next the measured boltforces are compared with the computed ones . 
Finally the limit statedesign bending moments are compared wi th the moment 

rotation curves and t he values computed with a former design method\ 5\. 

Comparison of limit state desiqn loads with deformation curves 

Column-v1eb (te nsion side at first boltrqw) (Figure A3.14, page 126) 

Figure A3.14 gives moment-deformation curves mea sured on the uppermost 
bolt line. 
A compari so n of these curves with the limit statedesign loads (indi cated in 

the figures )shows no good agreement between the test - results and t he 
computation method . 

This is especia lly true for test 2 and test 4. 

According to table 5 the ratio between actual load and limit state design 
load of test 2 is such that yieldinq of t he column web should have occurred. 

The photograph of test 2 in figure 4 shows that crumbling of the white 

wash occurred in the co lumn-web, but mainly between the innermost bolts . 

This suggests that a redistribution occurred whereby the forces of the 
innermost bolts increased. 

This might be caused by a decrease of t he uppermost boltforces as .a resu l t 
of shear in the beam web . This is suggested by the ratios in table 5. 

The photograph of test 4 in figure 4 shows t hat an extremely large ben -

ding of the column- flange occurred which was probably partly included in the 
measurement of the deformation of the web as given in figure A3.14. 

Column- flange (bending)(Figure A3.15 , page 126 ) 

Figure A3. 15 gives moment- deformation curves measured on the uppermost 

boltline . A co mp arison of the curves with the limit state design loads for 
bending gives the impression that the computation methods i s in good 
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agreement with the actual situation, with the exception of test 3. 

This can be explained by the fact that the distance between bolt- head and 

stiffener was so small that the load caused flange deflections due to 

shear and not due to bending. 
This phenomenon has already been observed in other tests 121 , and 
is confirmed by the fact that crumbling of t he whitewash was slightly 

present as shown in t he photograph of fig. 4. (paqe 10) 
Figure A3.16 gives the sum of t he deformations due to tension of the 

column-web and bendinq of the column- flange on the uppermost boltline 

It is evident t hat the deformations of the column - components on the 
uppermost boltline are smaller, with smaller thickness of the end 
plate. 
This confirms the idea that redistribution occurs when the uppermost 
bolts have reached the limi t state load of the end plate. 

Tension or shear in the beam-web (Figure A3.17, page 127) 

The me chanisms of tension and shearfa ilure in the beam-web are not 

separable. They interact and measurement of the deformations due to 
one of the mec hani sms is impossible. 

~spite this pheno~enon t he limit state desi~n load of large deformations may b( 

approached computing the failure mechanisms separately (see figure A3.17) . 

Apparently the lower limit state load initiates the large deformations. 

Buckling of t he column-web (Figure A3.18 ) . 

Comparison of the moment- deformation curves of test 3, 4 and 5 with that of 

test 1 in figure A3.18 s hows an improvement of the strength capacity due 
to the web doubler plates welded according to the si mpl e method as described 

in the introduction. 
However, improvement occursonlywrenplatesareai:plied :,on both sides of the 

column-web as it is shown in the result of test 2. 
In that test the plate was only present on one side. Buckling occurred at 
a 1oad which was 26% higher than the limit state load computed without 

taking into account the plate, but 74% lower than the value compu t ed wi t h 



51 

an assumed contribution of t he pl ate. 

Theoretically t he plate on one si de of the column -web may even initiate 

a buckling because the transfer of t he load occurs eccentrically with 
respect to the centre of gravity of t he cross -section . 

Former tests j9 j showed this unfavourable effect would not be harmful 
when the plate was welded as shown in figure 2. 

- · - · -·-· 

"" 

- -

--------- . -- . -- . -

Fig. 29.: The transfer of load occurs ecce ntrica lly with respect to 
the ce ntre of gravity if one plate i s attached . 

The influence of the di stance p (see figure 29 ) is questionabl e because 
t he development of large deformations had already started in test 3, 4, 

and 5 befo re the limit state desiqn load was reached. 
For a thoroughly research in this behaviour, it may be better checked 

with detail tests. 

It is evident that deformations of other parts of the connections in

fl uence t he behaviour as is shown by t he result of test 4 where t he lar

ger deformations occurred probably because t he beam-web was stiffened. 
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Haunch - f l ange on the column - side (A3.19, page 128). 

In figure A3.19 the difference between the deformations of the co lumn 
web and the end- pl ate are given . 

It is true t hat in these deformations the closure of the gap between 
end- plate and co lumn are al so incorpora ted. 

Despite t hi s phenomenon the curves give an impression of the deformations 

of t he haunch - f l ange by comp aring t hem with the results of test 5 where 
no haunch - flanqe was present . 

The limi t state design loads due to yi el ding of t he haunch are too l ar2e with 
respect to the loading,so,no conc lusion can be drawn about t he adeq uacy 

of the compu tation method. 

Comparison of t he ratios of tab le 5 with the testresu l ts 

General 

As already stated , table 5 gives the poss ibility to check which failure 
modes occ urred s uccessi vely provided that the formul ae used to determine 

the limit statedes i gnloads are t he appronriate on es. 
A ratio l arger than uni ty m~ans t hat t he actual ul ti mate bending moment 

was that factor l arger t han t he bending moment present at t he instant 

t hat t he limit state design load wa s reached. 

It appears fro m t he tab le e.g. t hat t he limi t state design loads for bendin~ 
of t he co lumn- flange at the corner bolt are exceeded for all specimens 

except of test 5. 

However, for test 2-13 tensil e fa ilure in the column-web was obviously more 
harmful than failure due to bending of t he column- flange, whereas failure 
at t he corner bolt due to te ns ion in t he beam-web together with bending of 

t he end-pl ate on t he second and other bolts ultimately determin ed the 

limi t state moment. 

This conclusion is drawn by checking column (4) of table 5 where all the 

factors of test 2-13 are summarized. 

Testspecimen 1 

St rengthening of the beam was necessary at a bending moment of about 260 kNm 

because crumbl ing of the whitewash gave the i mp ression t hat buckling of the 

beam-web might occur . 
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This situation is shown i n figure 4. 

Fig. 30.: The beam-webs of test 1 have been strengthened to avoid 
web- buckling ( -260 kNm ) . 

The strengthening of the beam-web is shown in figure 30. 
After strengthening, the bending moment was increased until buckling of 
the column-web at the compression- side prevented a further increase of 

the load ( ~29 0 kNm) . 
After unloading,the -column-web was strengthened on the compression as 
well as on the tension- side by mean s of plates welded directly between 

the column-flanges. 
Furthermore the beam-flanges were strengthened to avoid buckling whi ch 
had already started to occur . This situation is shown in the photograph 

of figure 31. 

The phenomenon of flange buckling whereas yielding of the flanges had not 
started theoretically will be discussed with test 4 where the same effect 
was observed . 

After strengthening it was tried to increase the load again, however, 

this is not shown in t he moment-deformation graphs . The increase of 
loading was possible until a bending moment of about 310 kNm . 
At that moment failure of the beam-web occurred due to shear and fracture 
of the weld between the 15 mm thick end- plate and the beam- flange as 
shown in fig. 32. 



Fig. 31.: The co lumn-web as well as t he beam fla nges of test 1 have 
been strengthened . 

..,. 

Fig. 32.: Fracture of the weld between the end- plate and the beam- flange 
occurred after complete yielding of the flange (M = 310 kNm). 
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The ratio between act ual load and limi t statedes ign load of the we lds com
puted according to chapter 4.2.3.2. was 1.05 ~t t hat moment . 

The rotation of t he connection was certa inly more than 0.04 radians , 
t hus suffic i ent rotational - capacity was reac hed at t hat moment . 

This result and t he results of t he other tests ga ve the indication t hat 

su fficie nt rotational - capac i ty is reached when t he dimensions of the welds 
are chosen acco rding to chapter 4.2.3.2. 

In t he ot he r tests the welds did not fracture at bending moments l arger 
t han 310 kNm. 

The crumbling of t he whitewash from the beam-web as vi sibl e in t he photo

graphs in fig ure 31 and 32 shows the presence of t he failure mechani sm 
due to shear in t he beam web. 

The behaviour of test 1 proves the actuality of the described failure 

mode s as i s shown by the photograph s. 

Test specimen 2 

As appears from table 5, tension in the beam-web at the corner bolt and 

bending of the end- plate at the other bolts was theoretically the deter

mining factor for t he connection with t he 13 mm - thick end-plate, but 

not for the connection with the 20 mm - thick end- plate . 

The photographs in figure 33 show the situation of the end-plates after 

finishing t he test and these pictures confirm the behaviour as 

Fi g. 33.: The 13mm- t hi ck end- pl at e of t est 2 fail ed wh ereas with t he 20mm 
t hi ck end- pl ate fai lure occurred due t o bendin g of t he column- f l ange . 
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expected from table 5 and described previously. 

The photographs of figure 34 show the failure of the various components 

of the column to be in agreement with the ratios indicated in table 5. 

As already shown in figure 18 and here in fig ure 34, the welds which are 
designed according to chapter 4 .2. 3.2. have a large deformation capacity. 

Fig. 34.: The yielding of the column-components shown by crumbling 
of the whitewash . 

Testspecimen 3 

The photograph in figure 35 shows that failure occurred ultimately by 
buckling of t he beam- flange on the compression side . 

This seems to be in contradiction with the ratios stated in table 5. 
According to t hi s table test 3- 18 should have failed due to a combination 

of tension in the beam-web at the uppermost ·bolt , bending of the end- plate 
at the second bolt and bending of the column- flange at the other bolts . 
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Fig. 35.: Failure of test 3 by buckling of the beam- flange. 

The photograph shows that yielding of the beam-web occurred significantly. 

It is possible that due to this yielding a redistribution of stresses oc
curred in the beam- section where the haunch flan9e is connected to. 

The result might be a sinking of the neutral - axis and an increase of the 

stresses in the beam-flange. 

Thus the conclusion is that failure occurred due to buckling of the beam

flange introduced by yielding of the beam-web which was caused by a com
bination of tension and shear. 

This behaviour is however sufficien t ly limited by the limit state design 

lo ad for tension in the beam web. 

The failure of the connection with the 21 mm thick end- plate is already 

discussed in the chapter concerning the failure mode of the column- flange 

due to bending (6 .1.2. ) . 

. It was concluded there, that the column- flange may transfer a larger load 

owing to the small distance between bolt- heads and column-s tiffener . 
In that case failure occurs due to tension of the beam-web. 

Testspecimen 4 

The failure modes of buckling of the column-web and beam-web were prevented 
from the beginning by strengthening with plates. 

Thi s i s why the behaviour of this testspeci men should be comparable wi t h 

the results of test 1 as far as buckling of t he beam f l ange is concerned. 

Thi s behaviour was confirmed. 
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Buckling of the beam- flange occurred at a bending moment at the interface 
of about 280 kNm. 

This corresponds with a stress of about 225 N/mm2 at the most stressed 

f ibre of the beam if a linear stress distribution is assumed(see fig. 37). 
The latter assumption is however questionable. 

According to table 5 failure due to shear in the beam-web at the upper

most boltline was already present before buckling occurred. 

This is not only theoretically true but also proved by the crumbling of 
the whitewash as shown in the photograph in figure 4 and in the photo
graphs in figure 36. 

Fig. 36 .: Yielding of t he beam-web due to a combination of shear and 
tension with buckling of the beam-flange on the compression

side. 

It is evident that it is not correct to assume an elastic stress dis

tribution when the web has already yielded. 

In order to get a general idea about the force distribution in the 
haunched part of the beam an approximation of the shear and tensile 
forces has been made as shown in figure 37. 
The assumptions are a linear stress distribution in the beam- section 
where the haunch starts and equilibri um of the forces in the hori 

zontal direction. 

The limit state loads due to shear are indicated in brackets . 
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It follows from t he figure that the limit state loads are exceeded. 

This implies a redistribution whereby the stresses on the tension-s ide 

should decrease in the vicinity of the flange and should increase in 
t he centre of gravity of the cross-section. 
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Fig. 37.: Assumed force -distribution in the haunched part of the beam 

when buckling of the beam-flange occurred. 

The re sult is that the lever- arm between the forces on the compression 

and tension - side decreases. 

An increase of the stresses on the compression- side is necessary to reach 

a balance of forces . 
Thus the stresses in the beam-flange might be much higher than the assumed 

ones. 
· Again, as already stated with test 3, it could be concluded that failure 

due to buckling of the flange is introduced by failure on the tension 

side due to shear in the beam-web . 
The limit state load i s ultimately restricted by the latter failure mode. 

The crumbling of the whitewash on the tension-s ide of the column-web , as 

can be seen in t he photographs , can also be expl ained by the previous 

analysis. 
Owing to t he redistributi on , the uppermost bol t does not get the force as 

assumed. This implies t hat the other bolts should transfer more. 



6. 2 .5. Testspecimen 5 

The photograph in figure 4 shows that yielding occurred in the haunch 
plates and in the beam-web . 

This is completely in agreement with the as sumptions made in the com

putation . 

Fig. 38.: Yielding patterns of test 5. 

Failure due to the bending of the end-plate as suggested by the compu
tation of the limit state design load of the other bolts is not confirmed 
by crumbling of the whitewash as is shown in figure 38. 

The crumbling of the whitewash on the compression-side of the column
web just above the web doubler plate (see figure 4) shO½JS that the loca -

tion of the reaction force has risen due to the yielding of the haunch
plate as assumed in the computation. 

The crumbling of the whitewash from the beam-web just above the start of 
the haunch indicates that the force, introduced from the haunch, is 

not concentrated. This is favourable in order to avoid buckling of the 

beam-web . It seems to be a good approach when the thickness of t he haun ch
plate is chosen such that the limit state design loads per unit length of the 
haunch and that of the beam-web are balanced. 
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6.3 . Boltforces 

The review of bo lt forces measured at specific bending moments as given 
in fig. A3.1 . shows that: 

- there is no linear relations hip between the boltforce and its distance 

t o the reaction point (as expected before t he tests were carried out), and 
- t he second bolt f rom t he upperside has often got a lower boltforce 

tha n t he other bolts . 

The linear force di strib ution was expected beca use the di sta nce p between 

bolthead and t he toe of the root wa s small er than 1.25 times t he thickness 
of t he co lumn- flange, as described in chapter 1.0. 

Fig . 39 The di stance p between bolthead and toe of t he root wa s small er 

than 1. 25 * tf 

The result shown in fi~ure A.3 . 1. wa s the reason to compute the limi t state 

design loads of flange and end ~pl ate in combinati on with t he bol t in ac

cordance with formulae (4) and (5) . 
In figure 40, a comparison is made between t he meas ured boltforces and t he 

boltforces compu ted accordin g to form ul ae (4) and (5) or formul a (7) . 
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11easure d boltfo rce in kN Computed boltforce in kN 

21,7 ...-- 196 - 180( 175) .--- 156(147) 
- 145 .--121 -57 - 68 
- 150 .- 99 .-78 - 68 
-- 138 _. 92 ,-78 i- 68 

- <)6 t- 95 i-7 8 .- 68 

--- 68 .... 37 .- 54 12 

Testnumber 1- 15 1-2 0 1-1 5 1- 20 
Actual moment 280 kNnr 273 kNw 280 kNru 273 kNm 

F7 F f, F 21,2 190 216 162 

2 08 1 2 

Testnumber 2 - 13 2 - 20 2 - 13 2- 20 
Actual moment 235 kNm 235 kNm 235 kNm 235 kNm 

- 290 275 .-- 194(228) I. 177( 228 ) 

>--- 124 .---- 200 .- 99 --144 

,____ 167 ,__ 140 ,_ 9 2 ,__ 84 

i-- 16 1, - 163 t- 92 .-- 84 

----139 .-- 117 .-- 92 r-84 

Testnumbe r 3 - 18 3 - 21 3- 18 3- 21 
Actual moment 38 0 kN111 382 kNm 380 kNm 382 kNm 

298 278 r---- 200 ( 228 ) .---196 ( ::!28 ) 

- 148 t--129 .-- 88 r- 86 

- 170 225 - 88 i- 86 

- 147 -- 157 ,_ 88 .- 86 

-- 142 -- 152 .- 88 - 86 

Testnunrbe r 11 - 18 4-21 4- 18 4- 21 
A.ctual moment 322 kNm 325 kNm 322 kNm 315 kNm 

295 290 252 ( 231 .---- 213 ( 231 ) 

- 148 - 132 - 77 .---98 

- 190 - 206 - 101 .-98 

228 - 185 - 101 - 98 

- 188 - 156 - 101 r-98 

Testnumbcr 5- 18 5- 21 5- 18 5- 21 
Actual moment 345 kNm 328 kNnr 3 li5 kNm 328 kNm 

Fig. 40. Comparison of measured and computed boltforces. 



The computed boltforces are the limit state design loads either of co·· 
lunn flange or end plate, increased with the orying action according 

to t he computed values multiplied by the factor between actual bending 

moment and li~it state design moment . 

The values in brackets are the limit state destgn strengths of the bolts 

(0 .7 times the actual fracure load). 

Obviously the actual loads are much higher than the computed bolt

forces. 

Apparently the prying action is much higher than that assumed in the 

computation. 

This may be explained by the effect of strain-hardening in the plastic 

hinge formed in the boltline or a smaller distance from the boltline 

to the assumed point of action of the prying force. 
This effect might be harmful for the connection if a large rotational 
capacity is required. However, it appeared,e.g. from the result of 

test l,that a redistribution of forces occurred when the uppermost bolt 

reached the region of plastic deformations in the vicinity of the frac

ture 1 oad. 

The uppermost bolts in the other tests did not reach the fracture load 

but evidently they reached the region of plastic deformations independent 
of what end-plate thickness was used . 

This favourable behaviour might only be reached with grade 8.8 bolts. 

6.4. Limit state design moments 

In the moment- rotation curves in figures A3.9 through A3 .13 the limi t state 

design bending moments are indicated . 
All limit state design bendinq moments are at the end of the elastic state 

of the connection while already some plastic deformation has occurred . 

They have definitely not too high values for limit state design . 

The limit state design moments are also compared with the limit state design 

moments computed according to the method described in \ 5 \. 

At the moment that the latter method was developed, only the testresults 

of \10\ were available. 
It was then decided to base the limit state design moment on t he limit state 

design strenqth of the second bolt and to assume a linear distribution of 

forces over the bolts as shown in figure 41. 



These assumptions were made , because it was expected that the uppermost 

bolt could transfer more load than the second bolt,due to the support 
of beam-flange and beam-web . 

However a method to compute this load was not known . 
Table 6 gives the limit state design bending moments of this former method 

and the method used in t hi s report, t he difference is~expressed as a ratio be 

tween t he values. 

It is evident t ha t the new method gives better results. 

~ ~-~ ~ ~~ -F t e t t. w i d t h -- ----

Fig. 41.: Computation method according to 151. 

,.. 1 < 2" 
M=- <x ·1.F 

X" F 



Test no Limit state moments Difference 
with o I cl new Ratio 
end- plate method method New 
thickness kNm kNm bld · 

( 1) (2) ( 3) (4) 

1- 15 166 212 1. 28 

1- ~o 182 240 1. 32 
2- 13 64 142 2.22 
2- 20 98 178 1. 82 
3- 18 157 272 1. 73 

3- 21 157 300 1. 91 

4- 18 157 226 1. 44 

4-2 1 157 235 1.50 

5- 18 206 250 1. 21 

5-21 242 285 1.18 

Table 6.: Comparison of the old and new design methods . 
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Conditions for t he use of t he desig n chart 

The testres ults show t hat t he chart used for the design of st iffened 

co lumn- flanges (figure 16), can only be us ed for flus h-e nd- plates when 

t he beam-web and flange do not fail. 
Thi s is why a check against shear fai lure or tensile failure of the beam

web with bending of t he beam- f l anges should be included in t he de sign

method . 
The results of tests 2 and 3 indicate t hat the check agai nst te nsil e 

failure of t he beam-web is satisfactory with the computation method 

as given in chapter 4.2. 4. 

The check agai nst shear failure is only necessary with haunched beams. 
This statement is proved with t he help of fig ure 42. 

Haunched beams 

With haunched beams , the bending moment- capacity increases with t he 
increase of the depth of the haunched part . Theoretically , this may be as in 

dicated by t he do tted line in the moment- capacity diagram of fig . 42a . 
In practice, t he bending moment at the end of the beam i s determined 

by t he moment-capacity of t he end- plate and t he materia l directly be -
hind it . 

In the haunched part , the moment- capacity is determined by t he curre nt 

of the forces which depends on the st reng t h of the endi)l ate, t he bolt 
co nfig urat ion and la st but not l east the shear force capacity of t he 

~ 

A 

\ 

' ..... 

42a . 

£I 
A-A 8-B 

capacity of 
haun ched beam 
· actua l bend in moment 

_o 

II 
L.. ·-C D 

C-C D-D 

capacity of un 
~ ◄haun ched beam 

~~tual bending moment 

' 42b. 
Fig.42: Comparison of active cross-sectional areas of haunched and 

unhaunched beams 
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Owing to this current of the forces, it is possible that the moment 

capacity of t he haunched part has the behaviour as indicated by t he 

so li d line in fig ure 42a. Initially an increase of t he moment - capacity 
will occur due to t he increase of t he depth, but t hen a decreas~ occurs, 

because t he upper f l ange of t he beam does not contribute anymo re in 
the transfer of the forces . 

Fina ll y the moment- capacity wi ll increase agai n,because t he influence 

of t he increased depth becomes larger than that of the decrease of t he 
acti ve beam-web area . 

The test resu l ts indicate t ha t t hi s behaviour is checked satisfactory 
with the computation method as given in chapter 4.2.5. 

Unh aunched beams 

The ~oment ca pa ci ty of a connecti on of a beam without a haun ch is com

pletely dete rmined by the moment - capacity of t he end- plate with t he ma
ter ial directly behind it ( see fig. 42b ) . 

In other cross - sect ions of t he beam th e difference betwee n t he moment 
capac ity and t he actual bending moment i s always larger . 
Thus in that case a check of shear failure ca n be neglected . 

Pre-tensioning,stiffness an~ rota t ional capacity. 

Pre- tensioning 

In some standards I 121 and 1131, controlled tightening of the bolts i s 

require d as moreover the l imi.t state des ign load i s made dependent on the 

mag ni t ude of the pre- tensioning. 
Thi s requiremen t i s mainly meant to govern t he deformation of t he connec

t ion . Research of Bouwman I 14 I , showed t hat this purpose may only be 
reac hed with specific mea sures. 

This is es pecially true with the use of flush - end- plates. This will be 
ex plained in t he following sect ions. 

6.6 .1 .1. Unfavourabl e situat ion 

It is possible t hat t he end-pla tes have t he shape, as shown in fig ure 43, 

after pre- te nsioni ng. Thi s shape may have come into being after shr inkage 
of the welds. 

The contact stresses due to the pre- tensioning are concentrated between th e 
bo 1 ts . 
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(a) (b) 

(a) Deformation of the end- plate after pretensioning. 

(b) Contact stresses due to pretensioning. 
(c) Stress distribution due to bending. 

Fig . 43.: Unfavourabl e situation after pretensioning . 

( C) 

A bending moment act ing on the connection is transferred by a change 

of the contact stresses . 

An increase of the rotation between t he boltlines occur when the co n
tact stresses on the tens ion side are exceeded by the stresses due to 
bending or the yi eld stress on t he compression side i s exceeded. 
In the outlined situation t hi s will already occur with a small bending 

moment because the l ever- arm between t he resultants of t he stresses is · 
small . Moreover an additiona l rotation occurs due to bending of the end 

plates . 

. 6.6.1.2. Favourabl e situation 

A more favourable situa ti on exists when the contact stresses are concen
trated in line with the f langes as shown in figure 44 . Because the limit 

State· bending momen t may be determined by the addition of t he contact 
and bending stresses in t he compressed side of the connection, the shim 

on the compression side has been made larger t han on the tension side. 
As long as contact forces are present between the end plates , whereas t he 
yield stress is not exceeded on the compression side, then the moment ro 
tation characteristics of the connection and any part of the beam agree 
with each ot her. But the agreement depends on th e magnitude of th e pre

tens ion . Thi s will be shown l ate r on wi t h an exampl e (see f igure 46) . 
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(a) End-p l ates with shims 

(b) contact stresses due to pretensioning 

Fig. 44 .: Favourable situation. 

( b) ( c) 

(c) Stress distribution due to 
bending 

6.6.1.3. Agreement between connecti on and beam behaviour 

It is poss ibl e t ha t the pre- tension is suffi cient to reach t he plastic 
moment of t he beam. In that case the end- plate should have sufficient 

t hi ck ness so t ha t a redistribution of t he local forces is possible and 

a compl ete restrain of the beam may be assumed. This t hicknes s i s reached 

with the design method proposed by Mc Guire 111 1. In t hi s me t hod t he end 
plate thickness is determined by t he bending moment at the bol t line 
caused by the force concentrated in t he beam-flange (see figure 45 ) . 
Thi s is a very si mpl e •;1ay of design which agrees with t he actual situa
tion. A support of t he beam-web ca nnot be expected because compl ete 
yie ldin g of t he beam is ass umed in t he limit state situa ti on . 

( 
M 

Fig. 45 .: Analytical model of end-plate according to Mc Guire Il l! 
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It should be noticed that a compl ete agreement of moment- rota t ion 

behaviour of beams and flush -end-plate connections is only possibl e 
with a small portion of t he European rolled sections. 
Thi s is explained with the connection of two beam- sections HE - 300A 
as shown in f igure 46. 

With four M27 bolts of grade 10 .9, a pre- tens ion of1320kN may be 

accepted. With a bending moment above 310 kNm the pretension is ex
ceeded. 

An increase of the moment above this value causes a gap between the 

end-plate on the tension-s ide . This increase of the moment is then 
transferred by tension of the bolts . 
The bolts remain elastic -until a bending moment of 362 kNm and fai l s 
theoretically at a bending moment of 403 kNm. The beam-section ha s a 

plastic momen t of 332 kNm. 
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(a) End- plate connection with shims 
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(b) Force and stress distribuii6n when pre-tansi~nin g is c~ncell~d 
(c) Cnrnrarisor\ ·of moment-deformat ion characte~is'tics 
Fi g. 46 .: Connection where agreement between beam- and connection behaviour 

occurs due to t he pre-tensioning . 
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In the beam-section itself yielding starts theoretically with a bending 
moment of 302 kNm. 

The rotationa l capacity is then delivered by yielding of the beam. 
With larger flange thicknesses yielding cannot be reached with this bolt 

configuration. In that case the rotational capacity should be delivered 
by the bolts, but that i s impossible with bolts of grade 10.9. 

This example shows that it is impossible to reach an agreement in t he 
behaviour of the beam and the connection with flush end- plates and Euro
pean rolled secti ons larger than HE 300A. 

More bolts cannot be used due to the restricted width of the flanges 
and the fact that the effect of bolts located under the first 

boltline is rather small . Moreover, the increase of the contact stres

ses on the compression side enlarges the possibility of prematurely 

yielding . 
Then the only possibility to reach agreement of connection and beam 
behaviour is the use of end-plates extended beyond the flanges. 

The design method of the end-plate extended beyond the tension side is 

already developed in 161 • The behaviour of this type of connection 

is mostly favourable because the contact forces are concentrated 

between the bolts on both sides of the flange in tension. 
The rotational capacity is delivered by bending of the end-plate. 

The design method of the end-plate extended beyond the compression side 

is developed in this report. It is advised to follow this method because 

the end- plate should not be made too thick, when yielding may not occur 

in the beam . 
For the rotational capacity cannot be delivered by yielding of the beam 

and deformation capacity cannot be expected of bolts grade 10.9., where 

as the plastic deformation of bolts grade 8.8. is max . 2 mm . 

The disadvantage of the described design method is that it is ti me-consuming 

and not economi c when the connection is used a few times. 

In the latter situation it may b_e more economic to use .a less sophisticated 
way of design in which no rotational capacity of the connection is desired. 
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6. 6.2 . Chock of a sti f fness for~uln 

The previous arguments show that controlled tightening of t he bolts does 
only make sense when specific measures are taken to concentrate the contac t 
forces at the centres of t he beam- flanges . 

In all other cases the stiffness of the connection depends on coincidences 
and controlled tightening is not advised . 

Despite these circumstances a formula is developed 121 for the deformation 
of t he end-plate if the bolt is tightened with hand -wrenches without 

specific measures . 

where: 
cS = deformation of the end-plate at t he corner bolt 
T = load of t he corner bolt 
1\ = limit state design stren9th of the corner bolt 

ml = distance m1 as defined in figure 16 

>-2 = parameter as defined in figure 16 

te = thickness of the end- plate 

This formula is checked for various loads with the moment deformation 
curves of test 2. 

The res ults are summari zed in table 7. 

Test Bending QefQtwatj QIJs Limit 
end- plate moment column-flange - . ·~ . End-Qlate state 
thickness measured computed measured computed moment 

kNm mm mm mm mm kNm 

( 2) ( 3) ( 4) ( 5) (6) (7) 

2-13 102 0 0 .16 0 .10 0.52 
153 0 0.55 0.45 1. 75 142 
223 1. 7 1.71 4.65 5.43 

2- 20 122 0.1 0.16 0.20 0.20 
183 1.0 0.55 0.90 0.68 178 
225 3.3 1.01 1. 75 1.25 

Tabl e 7.: Computed and mea sured deformations of t est 2 
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Test 2 is cho sen, because t he co lumn - f l ange is stiffened and formul a (22) 
may al so be applied for t he computation of t he deformation of this part 

of t he con nect ion . 
The results of t he compu tation are not very promi sing as mi ght have been 

expected if the previous consi derations were taken into acco unt . 

With t he 13 mm end- plate t he co mputed values are too large and with the 

20 mm end- plate t hey are too small . 

Rotational capacity 

f- · +· -

I --- ----·- 1 

I·-· i -- · 
_ ___ ..J_ 

Tension 
column-web 

Be ndin g 
column- flang e 

Bending 
End- plate 

Tension Shear beam 
Beam-web web 

Fig. 47 . : Failure mechanisms with deformation capacity. 

Figure 47 shows schematically which fai lure mechanisms on 

/1 

the tension- side of the connection may deliver t he rotational capacity. 
It is important to know which increa se of forces in bolts or welds 
are ne cessary to reach sufficient rotational capacity after t hat the 

limit state load of a specific failure mode is excee ded . 
This knowledge may be used in givinq the bolts and welds such dimens ions 

that rotation of the connection may occur without fracture. 

As appears from figure 47 this i s es pecially true for : 

- t he weld between column- flange and diaphragm 

- t be welds between end-p l ate and beam- flange 

- t he weld between end- plate and beam-web 

If t he limi t state strength of t hese welds is enough to cause 

yielding of the connected material t hen t heir dimensions are sufficient. 



This happens to be with the welds designed in accordance with the failure 
modes due to tension of column-web and beam-web (chapter 4.2.3.2.). 
But this is not the case if these welds are designed proportional to the 
limit state design stren9th of the corner bolt . 

From table 5 it appears that the ratio between the actual load and the lrimit 

state design strength for bending of the column flange or the end plate at 
the uppermost bolt has never been larger than 1.38. 
This value belongs to the result of test 3 with the 18 mm thick end- plate 
which has got a rotational capacity which is sufficient for a connection 

in a braced frame with a spanlength of more than 200 times the beam-depth. 

On the basis of these results the conclusion may be drawn that an extra 

strength of welds and bolts of 38% is sufficient to reach sufficient 
rotational capacity. 
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CONCLUSIONS 

Design chart and check of the beam-web 

The use of the chart in figure 16 i s allowed for the design of flush 

end- plates, provi ded t ha t t he beam- f l ange and beam-web do not fail 

prematurely. 

Thi s is why a check against shear fail ure or te nsi l e failure of t he 

beam-web with bending of the beam- flanges should be included in t he 

design method . 
This check may be executed with the··methods described in chapter 4. 

The res ul ts ca l culated with these methods agree with t he test results. 

7.2. Contribution of t he additional bolt 

The contr ibution of the additional bolt in the uppermo st bol t - line of 

a f lush- end- pla te may be determined with the de sign method us ed fo r one 

side of a T- stub (formulae (4) and (5) ). However , the limit state desi9n 
monent of the flange of a T- st ub is ref)laced by the limit state desion 
r.1or.1ent of the beam flange. 

7.3. Contribution of the ot her bolts 

The limit state design st renqths of t he boltrows belO\v t il e first rO\\' ma~, 

be determined with t he design method of T-stub s. 

The co ntribu tion of these bol ts is not proportional with t he distance to 
t he reaction poin t on the compression-s ide . 

In the tests, a minimum of deformation was suffic i ent t o reach the limi t 
state desic,n st rength determined by bendinr of the column fl anses. 

7 .4. Fi ll et welds 

The dimensions 6f t he fi ll et welds between t he end- pl ate and t he beam-f l ange 

are determined by t he limit statedesign load, either of t he end plate due to 

bending or of t he beam-web due to te nsion. 

In t he ftrst case, t he dimensions should be enl arged with a factor which 

depends on t he de sired rotational capacity of the connection. 

From t hese tests it appears t hat this factor isnot l arger than 38% of the 

computed dimensions . 



In the latter case, the rotational capacity is reached by yielding of 

the beam- flange whereas the fillet welds have dimensions equal to 30% 
and 35% of the flange thickness. 

7.5. Web doublers 

A web doubler on one side of the column -web does not give a 

higher strength capacity on the compression- side of the connection 
when a simple way of welding is used . 

It does when plates are welded on either side of the column -web. 

However, a design method could not be checked with the test results because 

other o~rts of the connection failed prematurely. 
Research with detailed tests are necessary. 

7.6 . Haunth without a flange 

The haunch without a flange has several advantages. The force trans 
ferred by the haunch is not concentrated at a small area of the beam
and column-web as it is with a haunch - flange . 

The use of tightening equipment is facilitated. The welding labour is 

minimi zed. The disadvantage is that a larger haunch is necessary to get 

the same lever- arm as with a haunch with a flange. 
Further research is advised to confirm the proposed design-method . 

7.7. Controlled tightening 

Controlled tightening does not make sense if no specific measures are taken 
to concentrate the contact forces in the centre plane of beam and colu~n. 

The stiffness of the connection depends on the location of the contact forces. 

7.8. Rotational capacity 

Agreement between connection and beam behaviour until failure cannot be 
reached with beam-sections larger than HE-300A and end- plates which do 

not extend beyond the flanges. 
When yielding of the beam can not be reached, the end- plate should not 
be made too thick in order to reach sufficient rotational capacity . 
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Lodd(kN) 
. 320 

240 

160 

80 

----------0 

---------b 

Curve Test no. Plate th. (mm) Bolt size 

a 1 and 2 13 and 15.3 M 20 

b " 20 ,, 

C 3 crnd 4 21 M 24 

d 1B " 

e 5 18 and 21 " 

200 400 GOO BOO 1000 

Elongation {x10-3 mm) 

Lood -elongation charaderis t ics of the bolts 
measured in the tes ts 

Frac turC? load 

250 kN 

2 10 " 

326 .. 
336 " 

332 ,. 
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1.1. 
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Appendix 2 Column-web 

Computation of the limit state desiqn loads 

The limit state design loads due to a s::iecific failure mechanism are 
c0n1puted fer all tests. The processin~, from limit state desi'..)n loads 

to limit state desi9n moments, is given in tables 2 and 3. 

Tension in the column-web 

Column-web uppermost bolt 

1.1.1. Unsti ffened column- flange 

Test 1 

Effective 1 ength 14 7 mm ( see computation of column- flange ) 

F l = 14 7:l\9:l\296 ➔ F l = 394 kN 

Test 4 and 5 

Effective 1 ength 159 mm · ( see computation of column-flange) 

F1 = 159:l\9:l(296 -,. F1 = 431 kN 

1.1.2. Stiffened column-flange 

1.2. Column -web second bolt 

The compu tation of t he limit state design load of the ~ecQnd bolt is the same 

as that of the other bolts with t he exception of test 3. In test 3, 
t he comp utation of the second bolt is equal to that of the uppermost one . 

1.3. Column-web other bolts 

Test 1 and 2 

Fi = 60t9*296->- Fi = 160 kN 

Test 3, 4 and 5 

F. = 70*9t296 ->- F. = 190 kN 
l l 
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co lumn - flange 

2. Bending of the column- flange with failure of the bolt 

2.1. Uppermost bolt 

2.1.1. Unstiffened-column flange 

Test 1 

Ill/ 
1-..-..1 

n' = 300;110 = 95 

m = 
110-9- 2 I 0.8 I 27 = 

2 

n = 35 

28 .9 

effective l ength : 30+2 1 28.9+0.625 1 95 

= 147 mm 

Ttm = M + M '+ Tt28.9 = 2*at147t132i262 
p p 

+ T = 113 kN F1=226 kN 

H m = (IB - T)M = M + T.(28 .9+33) = ¼114711l1262 + 0 . 7J250000*35 
t p • 

with end-plate 15.3 mm Bt = 0 .71250000 + T=l20 kN 

with end-plate 20 mm Bt = 0.712 10000 

T = 107 kN F1 = 214 kN 
Distribution of the forces in the limit state design situation. 

Test 4 

( bptlfortf') 
- 147KJJ 

- 411~ 
( pryi~ Action) 

n' = 300
2

120 = 90 mm n = 50 mm 

m = 120- 9,0-0.82-;l( 2 * 27 = 33. 9 mm 

n = 1.25 1 33.9 = 42 .4 mm 

effective length: 35+2 1 33.9 + 0.625 * 90 = 159 mm 

T*m = M + M '+ T*33.9 = 2*¼*1591132•262 + T = 104 kN 
p p 

Tim - (E§t-T )1n = Mp + T(33.9+42 . 4) =!115911321262+0.7 320.000142.4 
T = 148 kN 



87 column-flange 

104+42= 146 kN 

F l = 208 kN 

Di stribution of the forces in the limit state 

104 KN 

- /46 KN ( bo(tforu) 
- 42 kij ( pryin3 a<tion) 

Test 5 

The column- flange ha s been stiffened with backing _ plates with a 

thicknes s of 16 mm . 
This results in a larger value for M 1 • Because the yield strength 

p • 
of the material is not determined, the value of Mp 1 is chosen equal 

to twice the yield moment of the unstiffened column- flange. 

The bolt configuration is the same as in test- specimen 4. 

Thus: 

hm = M +M 1 ➔ TJt:33.9 = 3lt:a*l59Jt:li*262 ➔ T = 156 kN 
p p 

Tim= ([Bt- T)n = T(33.9+42.4) = a*l59*132*262+0.7*330000*42.4 

T = 151 kN F1 = 302 kN 
Distribution of forces in the limit state B = 231 kN 

design situation. 

15/ KN 
- 231 K~ boll~r~ ( fc:ai\11.r., of ihe bolt) 

- 80 KN ( f~Y'"' a.:tion l 



2.1.2. Stiffened- column flange 

Test 2 

14-
1 

I I 
1' 
11 
I I 

:::::::: I: :::::_ -
+ + : : + + J.1111 

llj I I 
I I 
I I 
I 11111 
I I 
I I 
11 
11 
I I 

Bo l t adjace nt to uppermost bolt 
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Column flange 

ml = 110-~- 2*27 = 23 ,5 

m2 = 60 - 14- 4/2 = 40 . 3 mm 

m1+n 1 = 23.5 + 95 = 118.5 mm 

)\J = 0 . 2 >. 2 = 0 . 34 

T = 4TI*a*132*~62 = 139 kN 
. F1 = 278 kN 2Bt = 0,7x500=350kN 

13 m = 60 - -2- - 0.8*4 ✓2 = 48.9 mm 

effective width or width avai l able 95 - 23.5 = 71.5 mm 

T*m = M +M 1 ➔ T*48.9 = 2*!+71,5*132*262 ➔ T = 32 kN p p 

Test 3 (uppermost and second bolt stiffened ) 

m2 = 70;14 = 28 mm : 

ml = 120-~- 2*27 = 28.5 mm ' 28 5 90 m1 + n = • + = 118.5 mm 

28 
>-1 = 118,5 = 0 .24 \ - 28.5 = 0 24 

/\ 2 - 118.5 . 

T = 4n *a* 132 * 262 = 139 kN F1 = F2 = 278 kN 

2.2. Bend in g of the co lumn flange 

Second and innermost bolts : 

Test 1 

Effect ive width 60 mm 
m = 28.9 mm (see uppermost bolt) n' = 3oo 2 llO = 95 mm 

T * m = Mp + Mp ' ➔ T * 28.9 = 2 *a* 60 * 132 * 262 T = 46 kN 

F. = 92 kN 
1 

Distribution of forces in the limit state 
design situation . 4Hll 

- ~ KtJ (bottf-) 
- 18 kll <pty!•~ o,;t lQII) 



Test 2 
Seco nd bolt 

89 

Width avai l able :30 + 60 - 23.5 = 66.5 mm 
m = 28.9 (see test speci men 1) 

Column- flange 

T * m = M + M ' ➔ T * 28.9 = 2 * ¼ * 66.5 * 132 
i 262 ➔ T = 51 kN p p 

All other bolts 

T * m = M + M ' ➔ T - 60 * 51 = 46 kN p p - 66 . 5 

Test 3 
Third bol t 
Width availabl e= 35 + 60 - 23 = 72 mm 

1 m = 28.5 + 5 * 27 = 33.9 mm 

F2 = 102 kN 

Fi = 92 kN 

n = 50 mm 

T * m = M + M ' + T * 33.9 = 2 *a* 72 * 133 * 262 ➔ T = 47 kN p p 

All other bolts 

Test 4 

70 
T = n * 47 = 46 kN 

B = 46 + ¼ * 70 * 132 * 262 = 

33.9 * 1.25 

Effective width 70 mm 

m = 33 .9 mm (see uppermost bolt) 

46 + 18 = 

F. = 92 kN 
1 

64 kN 

T * m = M + M • ➔ T * 33.9 = 2 * ¼ * 70 ~ 132 * 262 ➔ T = 46 kN p p 

B = 64 kN 

Test 5 

All other bolts: 

T * 33.9 = 3 * ¼ * 70 * 132 * 262 ➔ T = 69 kN B = 69 + 37 = 106 kN 



I) 0 

Column- flange 

End- plate 

T * m - ( Bt - T) n = Mp T (33.9 + 42.4 ) = ¼ * 70 * 132 * 262 + 07 330.000 * 

T (33.9 + 42.4) = } * 70 * 132 * 262 + 0.7*330,000 i 42 .4 

3. Bending of the end- plate with failure of the bolt 

3. 1. Uppermo st bolt 

Test 1 

Endplate : thickness 15.3 mm 

110 - 9 . 5 - 8 ✓2 

a = 270 N/mm2 
y 

m1 = 
2 

= 44 .6 

m2 = 60 - 12,2 - 4/2 = 42 . 1 

flll + n' = 44.6 + 35 = 79.6 

fq = 0,56 >-2 = 0 . 53 

T = 9 .5 * a * 15 .i * 270 -+ T = 150 kN 

F1= 300 kN 

Endplate thickness 20 mm F1 > 300 kN 

Tes t 2 

Endplate : thickness 13 mm 0 y = 270 N/mm2 

ml = 110 - 9.~ - 8/2 = 44.6 mm 

m2 = 60 13 - 4/2 = 41 .3 mm 

m + n' = 41.3 + 95 = 136.3 mm 1 

:\ 1 = 0. 33 :\ 2 = 0.30 

T = 4TT * ! * 132 * 270 = 143 kN 

Bolt adjace nt t o uppermost bolt 
13 m = 60 - 2 = 53.5 mm 

Effect ive width or width avail ab l e 95 - 41.3 = 53.7 mm 

T = 139 kN 

F.= 138 kN , 
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End- plate 

T * m = M + M , ... 
-+ T * 53. 5 = 2 * 1 *53.7*132 

11 270 -+ T = 23 kN p p 4 

Fl = 286 + 46 kN 

End- plate: thickness 20 mm cry = 270 N/mm 2 

Comparison of the limit state design loads of column flange and end plate 
with a thickness of 13 mm shows that a small increase in thickness makes 

t he co lumn f lan ge t he determining factor. 

Thus: F1 > 286 + 46 

Test 3, 4 and 5 

End- plate t hi ckness 18 mm cry= 266 N/mm 2 

Uppermost bolt 120 - 9.5 - 8✓2 49.6 ml = 2 = mm 

m2 = 70 - 14 - 4 ✓2 = 50.3 mm 

ml + n' = 49.6 + 50 = 99.6 mm 

/q = 0 .50 /\2 = 0.50 

T = 9.9 * ¼ * 18
2 * 266 = 213 kN 

Fl = 426 kN 

End- p 1 ate th i ck ness 21 mm F l > 426 kN 

3.2. Second and other bolts 

Test 1 End- plate thickness 15.3 mm 0 = 270 N/mm2 
y 

Second bolt: effective length 60 - 44.6 + 30 = 45.4 mm 

m = 4 4 . 6 + 4 ✓2 * % = 4 5 . 7 mm 

T * m = M + M ' -+ T * 45.7 = 2 * ¼ * 45.4 15.32 * 270 -+ T = 31 kN 
p p 

F2 = 62 kN 

A 11 other bolts 

60 T * m = Mp + Mp' -+ T = 45 _4 * 31 = 42 kN Fi = 84 kN 

T * m = (LBt-T) n = Mp -+ T (45 . 7 + 35 ) = ¼ * 60 i 15.i :t 270 + 0.7 250.000*35 

T = 87 kN 
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End-plate 

Distribution of forces in the limit state design situatio n. 
- nm 

69f<N _ 

~=-= 42f<N 

End- plate t hick ness 20 mm : cry= 266 N/mm2 

Second bolt: avai l ab l e l ength = 45.4 mm 

m = 45.7 mm 

T * m = Mp + Mp' + T = 45.7 = 2 * ¼ * 45.4 * 20 2 * 266 + T = 53 kN 
F 2 = 106 kN 

All other bolts : 

T * m = Mp + Mp' + T = ~~- 7 * 53 = 70 kN 

Test 2 

Endplate thickness - 13 mm : 

Second bolt : 

= 270 N/mm2 cry 

Width available 30 + 60 - 41.3 = 48.7 mm 

m = 44 .6 + ¼ * 4✓2 = 45.7 mm 

F. = 140 kN 
1 

T * m = Mp + Mp' + T * 45 . 7 = 2 * l * 48.7 * 132 * 270 + T = 24 kN 
F2 = 48 kN 

All othe r bolts : 

End- plate t hickness 20 mm 

Width available 48.7 mm 

m = 45.7 mm 

2 cry = 266 N/mm 

F. = 60 kN 
1 

T * m = M + M' + T * 45.7 = 2 * ! * 48.7 * 202 * 266 + T = 57 kN p p 

F 2 = 114 kN 

All other bolts 

F. = 140 kN 
1 
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End-p l ate 

Test 3, 4 and 5 
End- plate t hi ckness 18 mm ay = 266 N/mm2 

Seco nd bo 1 t : 

Width ava il ab l e 35 + 70 - 49.6 = 55.4 mm 

m = 49 .6 + ¾ * 4 2 = 50.7 n' = n = 50 mm 

T * m = M + M 
1 
➔ T * 50 . 7 = 2 *a* 55.4 p p 182 * 266 ➔ T = 47 kN 

94 kN 

B = 47 + 

All other bolts : 

! * 55.4 * 18
2 * 266 = 

50 

70 T * m = Mp + Mp' ➔ T = 55 _4 * 47 = 59 kN 

B = 59 + ¼ * 70.4 18
2 * 266 = 

50 

End-plate thicknes s 21 mm 
Width availabl e 55.4 mm 

m = 50 . 7 mm 

a = 310 N/mm2 
y 

F2 = 

71 kN 

93 kN 

F. = 118 kN 
1 

T * m = M + M 1 ➔ T * 50.7 = 2 *a* 55.4 * 21 2 * 310 ➔ T = 75 kN p p 

n = 50 ➔ B = 75 + 38 = 113 kN 

All other bolts : 

70 
T * m = Mp + Mp' ➔ T = 55 _4 * 75 = 95 kN 

F2 = 150 kN 

F. = 190 kN 
l 
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Beam-web 

Tension in the beam-web with bending of the end- plate 

Uppermost bolt 

Test 1- 15.3 

F = (! * 15.32 * 270 + 1 

= 86 + 147 = 233 kN 

Test 1- 20 

2 181 1 , ! * 12 . 2 * 256) 53 + 2 * 47.8* 9.5* 287 + 30 * 9.5 ;l(c 

F1 = (! * 20
2 

* 266 + ¼ * 12 .22 * 256) l~~ + ½ * 47 .8 * 9 .5* 287 + 30 * 9.5 * c 

= 123 + 147 = 270 kN 

Test 2-13 

Fl = (a* 13
2 * 270 +al 13 .5

2 * 266 ) 
3~~ + ½ * 46.5 * 9 * 294 + 30 * 9 * 29l 

= 133 + 141 = 274 kN 

Test 2- 20 

F1 = (a* 20
2 * 266 + ¼ * 13.5

2 * 266) 
3~~ + ½ * 46.5 * 9 * 294 + 30 * 9 * 294 

= 219 + 141 = 360 kN 

Test 3- 18, 4- 18, 5- 18 

F 1 = a* 182 * 266 * 220 + a s- 12.22 * 256 * 181 + l * 57 .8 * 9 .5 * 287 + 35 * 64 64 2 

9 . 5 * 287 = 74 + 27 + 174 = 275 

Test 3-21, 4-2 1, 5-2 1 

F 1 = l 2 220 
4 * 21 * 310 * °64 + a* 12.2

2 * 256 * 181 + l * 57.8 * 9.5 * 287 + b4 2 

35 * 9 .5 * 287 = 117·+-27--+ 174'= 319 kN 
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5 . 

All other bolts 

Test 1 

F. 
l 

= 60 * 9.5 * 287 

Test 2 

F. 
l 

= 60 * 9 * 294 

Test 3, 4 and 5 

F. = 70 * 9.5 * 287 
l 

➔ Fi 

➔ F. 
l 

➔ F. 
l 

95 

= 163 kN 

= 159 kN 

= 190 kN 

Tension beam-web 

Shear beam-web 

Shear in the beam-web over the length of the haunch 

Test 1 
Bending of the 15.3 mm end-plate 

F7 = ! * 181 * 15.3
2 * 270/54 

Shear in the 15.3 mm end- plate 

F; = 4 * 9.5 * 0.58 * 15.3 * 270 

Shear in the beam-web 

F9 = 200 * 9.5 * 0.58 * 290 

Bending of the 20 mm end- plate 

F7 =a* 181 * 20
2 

* 
2 ~~ 

Shear in the 20 mm end- plate 

F8 = 4 * 9.5 * 0.58 * 20 * 266 

Shear in the beam-web 

F 9 = 319 kN 

F10 + F11 = 526 kN 

Test 2 

Bending of the 13·mm end-plate 

F - ¼ * 300 * 132 ~ 270 
7- sr 

Shear in t he 13mm end-p la te 

F8 = 4 * 9 * 0.58 * 13 * 270 

F7 = 53 kN 

F8 = 91 kN 

F 9 = 319 kN 

F10 + F11 = 46 3 kN 

F
7 

= 90 kN 

F 
8 

= 117 kN 

F7 = 64 kN 

F. = 73 kN 
l 



Shear in the beam-web 

F9 = 270 t 9 t 0.58 * 294 

Bending of the 20 mm end- platP 

F = ¼ * 300 * 202 
i 

266 
7 54 

Shear in t he 20 mm end- plate 

F8 = 4 * 9 * 0.58 * 20 t 266 

Shear in the beam-web 

Test 3 

Bending of t he 18 mm end- plate 

F7 = a* 220 * 18
2 

* 
2~~ 

Shear in the 18 mm end- pl ate 

F8 = 4 * 9.5 * 0.58 * 18 * 266 

Shea r in the beam-web 
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F9 = 414 kN 

F10 + Flt 551 kN 

F 7 = 150 kN 

F 
8 

= 111 kN 

F9 = 414 kN 

F10 + F11 = 675 kN 

F7 = 75 kN 

F 8 = 106 kN 

F9 = 370 * 9.5 * 0.58 * 290 F9 = 591 kN 
F10 + F11= 772 kN 

Bending of t he 21 mm end- pl ate 

F7 = ! * 220 t 21
2 

t 
3~~ F7 = 118 kN 

Shear in the 21 mm end- plate 

F8 = 4 * 9.5 * 0.58 1 21 * 310 F8 = 143 kN 

Shear in t he beam-web F9 = 591 kN 

Test 4 
Bending of the 18 mm end- plate 

see test 3 

F10 + F11= 852 kN 

F7 = 75 kN 

Shear beam-v1eb 



Shear in the 18 mm end- plate 
see test 3 

Shear in the beam-web 

see test 1 

Bending of the 21 ·mm end-plate 

see test 3 

Shear in the 21 mm end-plate 
see test 3 

Shear in the beam-web 
see test 1 

Test 5 

Bending of the 18 mm end-plate 
see test 3 

Shear in the 18 mm end- plate 
see test 3 

Shear in the beam-web 

F9_ = 228 * 9.5 * 0.58 * 290 

97 
Shear beam-web 

F 8 = 106 kN 

F
9 

= 320 kN 

F10 + F11= 501 kN 

F? = 118 kN 

F8 = 143 kN 

F9 = 320 kN 

F10 + F11= 581 kN 

F7 = 75 kN 

F8 = 106 kN 

F 9 = 362 kN 

F10 + F11= 543 kN 

The length of 228 mm is related to the computation of the haunch 

as explained in·section 4.2.8.2 of the report . 

Bending of the 21 mm end-plate 
see test 3 

Shear in the 21 mm end-p late 
see test 3 

Shear in the beam-web 

F9 = 228 * 9.5 * 0.58 * 290 

F7 = 148 kN 

F8 = 143 kN 

F g = 361 kN 

F10 + F11= 622 kN 



9 8 Tensi on beam 

6. Tr.nsion in t he bea~ sect ion-,where t he haunch flange is conn ected to 

It ought to be checked whet her the forces F7 + F8 + F
9 

can be transferred 
by the beam section where t he haunch flange is connected to. 

If t hi s is not possible, t he bending moment at the interface of end- pl ate 

and co lumn-web should be reduced proportionally (test 3-20 ) . 
On t he other hand , t he stresses in t he beam section to where t he haunch 
is connected ca n never be larger t han the stresses ca used by the s um of 
t he forces F7, F8 and F9 . 

To facilitate the compu tation, a stress distribution is first ass umed . 

The forces and the bending moment co rresponding with t hi s specific 
st ress distribution are calculated. The act ual situa tio n is compu ted 
by tak ing the forces F7+F 8+F9 into accoun t . The bending moment at the 
inter face is converted from the l atter computed bending moment . 

Test 1 

Elastic 

_ __
1113
f ~------. /OP N/mm

1 

>-----1'18H 
6o 21 83.4 

With end- pla te 15.3 mm 
F7 + F8 + F9 = 463 kN 

463 F10 = 276 i 220 = 369 kN 

Fll = 463 * 
276 56 = 94 kN 

463 kN 

M 
463 

= 276 i 113 = 189 kNm 

At t he in te r fa ce M = 1~8 
-:1{ 189 = 

12.2 ,. 161 I( 'l'!. 5 .,. 220 Kij 

,-,--- ( i:'11 
- ;\:-112/2 )2 ~ 15 
+ ½( '18.'l +7,:, ) 11 q5 * 47.8 
"" 56 KN 

M = 120"' o.~7s + l'l * o . .3o4 + 
37 l( o.~ + 46:11 0. 19 

= es.3s + &.S4 + ,z.o + 8.74 
= 1 l~.47 141 •m 

46 3 
a = m ~ 100 = 167 N/mm2 

< 256 N/mm2 

212 kNm 
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With 20 mm end-p l ate 
F
7 

+ F8 + F9 = 526 kN 

99 

526 
a= 276 * 100 = 

M = 526 * 113 = 276 

190 N/mm2 
< 256 N/mm2 

216 kN 

2 At the interface: M = - * 216 = 240 kNm 1.8 

Test 2 

Elastic 

With 13 mm end- plate 

F
7 

+ F8 + F9 = 551 kN 

i='l7 

551 2 2 
a= 

450 
= 100 = 122 N/mm < 266 N/mm 

M = 551 * 127 = 156 kNm 450 

At the interface: M = 1~73 * 156 = 180 kNm 

With 20 mm end- plate 

F7 + F8 + F9 = 675 kN 

675 2 2 a = 
450 

* 100 = 150 N/mm < 266 N/mm 

M = 675 * 127 = 190 kN 
450 

2 At the interface M = TT3 * 190 = 220 kNm 

Beam-web 

96 * l~.5 * 300 = 3&'l KIi 
1 V S 

( Z7 - T'21 ) if 2 ll 86 
+ t l12+'fo) * 9 j( 46.5 =~ 

460 ~~ 

M = asq * o.USS'-+ Zb 11- o.'lS'J 
t 35 J{ 0.214 t 24 I( 0.110 = 127 /(~·M 
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Test 3 

Elast i c 

-·I :1 
-----,100 N/""11 

1------t q8.9 

1-----1 83.4 

1-----f 66 

18 mm 

772 kN 

100 

W i th end- p l ate 

F7 + F8 + F9 = 

772 
a = 283 * 100 = 273 N/mm2 

> 256 N/mm
2 

thus yielding of t he flange . 

Plastic 

.....------, 256 11/"'"1 

I 

L.....--------' 
mwt...,,. 

Beam-web 

12.2 J< ISI * 9'1.5 = 220 KN 

'-'---2.•(21 1-!-211) * q5 + 
f (qs.q + 65) lE ~.5' * 51.5 =~ 

M = no it OJS78 + 18 * 0. 364 
+ ~s ~ q,330 + 4o jE o.19 
= 114 KN -111 

283 KN 

= 206 Kfl 

71/KJI 

-1-----..... Z67 If 130 Jt '1.5 = 3SS' KN 

From t he above figure , it can be seen t hat yielding of the part above the 

boltline is sufficient to transfer t he loads F
7 

+ F
8 

+ F
9

. 

In that case: 

M = 565 * 0 .3878 + 48 * 0 .364 + 158 * 0 .33 + 177 * 0 .19 = 324 kNm 

At t he in terface 2 M = 1_63 * 324 = 398 kNm 



With end- plate 21 mm 
F7 + F8 + F9 = 852 kNm 

101 Beam-1-1eb 

In this case the failure mechanism due to shear in the beam-web cannot 
be reached, owing to the yielding of the beam section where the haunch 

is connected to . If complete yielding of the beam is assumed: 

M = 324 kNm + 177 * 0.09 = 339 kNm 

At the interface 
2 M = T:63 * 335 = 416 kNm 

Test 4 

For elastic force distribution see test 3. 

With 18 mm end-plate 
F7 + F8 + F9 = 501 kN 

o = 
501 * 100 = 177 N/mm2 

< 256 N/mm2 
283 
501 M = 283 ~ 114 = 203 kNm 

2 At the interface M = ,----;,, i 203 = 226 kNm l.o 

With 21 mm end-plate 

F7 + F8 + F9 = 581 kN 

0 _ 581 ~ 100 205 N/mm 2 
< 256 N/mm 2 

- 283 = 

M = 581 ~ 114 = 236 kNm 283 

At the interface: M = 1~8 * 236 = 262 kNm 

Test 5 

For elastic force distribution see test 3. 
For the magnitude 
haunch -force with 

0 = 543 
283 * lOO 

of the forces F7 + F8 + F9 see the computation of the 
end- plate 18 mm 

= 191 N/mm2 
< 256 N/mm2 

M = 543 * 114 = 221 kNm 283 
2 

At the interface M = 178 * 221 = 250 kNm 

With -21 rnm end-plate 

o = 
622 * 100 = 220 N/mm2 < 256 N/mm2 
283 
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M = ~§~ * 114 = 252 kNm 

2 At the interface M = ·us * 252 = 285 kNm 

Beam-web 
buckling co lumn -web 

Fa ilure of the column web due to buckling or yielding 

Test 1 

F = {5(27 + 13) + 20) * 9 * 302 + F = 598 kN 

Test 2 

F = {5(27 + 13) + 20}*{9 * 302 + 4 * 240} = 809 kN 

If the plate welded on one s ide of the column-web does not contribute 

then F = 598 kN as computed with test 1. 

Test 3, 4 and 5 

F = {5(27 + 13) + 20}*{9 * 302 + 8 * 240} = 1020 kN 
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103 Haunch - flange 

Failure of the haunch -flange due to yielding 

The following formulae are used to compute the forces Fb and Fe as far as 
failure of the haunch is concerned. 

For the definitions of the parameters, see the figure below. 

Fe= bfh i tfh * oyfh~cos a 

Fe = {10 (tfc + te ) + 2 twc} tfh * oyfh* cos a 

Fi. 
fot~ 

I============;:==~-__!~ 

The force, Fb' determines the limit state situation when it is lower 
than the limit state force of the flange itself. In all other cases, 
the force F is the determining factor because it has to transfer 

C 
the sum of the forces of beam- flange and beam-web. 



Ha un ch- flange 

Test 1 

CY, = 45° cot Cl = 1 cos Cl = 0. 707 
r -b - 21 mm r 

C 
= 27 mm bfh = 180 mm 

tfb = 12 .2 mm tf = 13 mm = 20 mm tfh C 

266 N/mm2 twb = 9.5 mm twc = 9 mm ayfh = 
aybw= 293 N/mm2 t = 0 mm te = s 

302 N/mm2 
aye= aye = 

Fb = {10 * 12.2 + 2 * 9.5} 20 * 266 * 0.707 

Fb = 180 * 20 * 266 * 0 . 707 

15.3 

270 

➔ 

➔ 

20 mm 
266 N/mm2 

Fb = 530 kN 

Fb = 677 kN 

F = 180 * 20 * 266 * 0.707 
C + IFc = 677kNj 

With 15.3 mm end- plate 

F = {10 ( 13 + 15.3 ) + 2 * 9} 20 * 266 * 0.707 + F = 1046 kN 
C C 

\✓ ith 20 mm end- r>late 

Fe = {10 (13 + 20) + 2 * 9} 20 * 266 * 0.707 

With 15.3 mm end- plate 

F = 
C 

181 * 15 . 3 * 270 * 1 

With 20 mm end- plate 

F = 
C 181 * 20 * 266 * 1 

Test 2 

Cl = 27.4 cot a = 1.93 

rb = 27 re = 27 

tfb = 13 tf C = 13 

twb = . 9 twc = 9 

aYbw= 296 ts = 0 

aYc = 302 N/mm2 

F = {10 * 13 + 2 i9} 20 * 266 * 0. 888 b 

Fb = 300 * 20 * 266 * 0 .888 

cos 

bfh 

tfh 

Yfh 

te 

aYe 

+ F = 1309 kN 
C 

+ F = 744 kN 
C 

+ F = 958 kN 
C 

Cl = 0.888 

= 300 

= 20 
= 266 N/mm2 

= 13 - 20 

= 270 266 N/mm2 

➔ 

➔ 

Fb = 699 kN 

Fb = 1417 kN 
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Fe = 300 * 20 * 266 * 0.888 

With end-plate: 13 mm 

Fe = 10 (13 + 13) + 2.9 20 * 266 * 0.888 + IFe = 1301 kN 

With end-p l ate:20 mm 

Fe = 10 (1 3 + 20 ) + 2.9 20 * 266 * 0.888 + Fe= 1644 kN 

With end-plate:13 mm 
F e = 300 * 13 * 270 * 
With end-p l ate:20 mm 

F = 300 * 20 * 266 * e 

Test 3 

CL = 27.4 

rb = 21 

tfb = 9.5 
0 Ybw = 293 

1. 93 

1. 93 

cot CL = 1. 95 
r 

C 
= 27 

tf e = 13 

ts = 8 
0 Yc = 302 N/mm2 

+ F = 2032 kN e 

-+ F c = 3080 kN 

cos CL = 0 .889 

bfh = 220 mm 

tfh = 20 mm 
0 Yfh = 266 N/mm2 

0 Ye = 266 - 310 

Fb = {10 * 12 .2 + 2 * 9.5} 20 * 266 * 0.889 -+ Fb = 666 kN 

Fb = 220 * 20 * 266 * 0.889 -+ Fb = 1040 kN 

Fe = 220 * 20 * 266 * 0.889 -+ IFc = 1040 kN I 

With end- plate : 18 mm 

F ={10 (13 + 18) + 219} e 20 * 266 * 0 .889 + F = 
C 

1551 kN 

With end- plate:21 mm 
F ={ 10 (13 + 21 ) + 2*9} 20 * 266 * 0.889 + F = 1693 kN e C 

With end- plate:18 mm 

F = 220 * 18 * 266 * 1.95 + F = 2054 kN C C 

With end-plate:21 mm 

Fe= 220 * 21 * 310 * 1.95 + F = 2793 kN 
C 

N/mm2 
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Haun ch- flange 

!S t 4 

1e s ame data as in t est 1 

= 220 * 20 * 266 * 0. 707 ➔ Fb = 827 kN 

= 220 * 20 * 266 * 0. 707 ➔ !Fe = 827 kN I 
t h end- plate: 18 mm 

= {10 (13 + 18) + 2.9} 20 * 266 * 0 . 707 + Fe = 1233 kN 

t h end- plate:21 mm 

= {10 (13 + 21) + 2.9} 20 * 266 * 0. 707 + Fe = 1346 kN 

:h end- plate: 18 mm 

= 220 * 18 * 266 * 1 ➔ Fe = 1053 kN 

:h end- plate:21 mm 

= 220 * 21 * 310 ➔ F = 1432 kN 
C 

t 5 

t- specimen 5 has no haunch - flange. Failure of the haunch 

urs by yielding due to shear- forces . 

mqgnitude of the part which will yield depends on the magnitude 

t he force necessary to react the boltforces . 

t is why failure of the haunch will be contemplated with the com-

3tion of the limit state bending moment . 
n the computation of the boltforces, the following force distributions 

t he end- plates were found . 

72 3 . 

pl ate :18 mm 

275 

94 

118 

118 

118 

854 

302 

138 

138 

138 

138 

end- p l a tE.' 21 mm 
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Haun ch 

The req uired reaction of t he compression side i s mu ch lower t han t he 

buckling load of t he stiffened co lumn -web . 

App lying t he formu l a: (as explained in chapter 4.2.8.2 . of the report) 

2Mp 
+ --e 

h ( 19 ) 

gives the fol lowin g tables of resu l tant reaction forces at different 

locations . 

End-elate 18 mm End- plate 21 mm 

2 
18

2 * 220 * 266 25 * 240 * h 
2 

21
2* 220 F 20 * 266 h + 4 * F + "Z+" * = = 2 * 1000 1000 h 2f l000 1000 h 

2.66 + 4740 kN = h = 3h 15038 
+ - h-

h 2.66 h 4740 F h 3h 15038 F - h- - h-

100 266 + 94.8 360 100 300 + 150 = 450 
200 532 + 47 .4 5 79 200 600 + 75 = 6 75 
250 665 + 37.9 702 250 750 + 60 = 810 
269 715 + 35 750 266 798 + 56 = 854 

In combination with the boltforces t hi s results in t he fo llowing l ever-

arms fo r the uppermost bolts . 

End- pla te 18 mm 730 70 269 
- - 2- = 526 mm 

End- plate 21 mm 730 70 266 
- - 2- = 525 mm 

and t he fo llowing limi t state momen ts . 

M = 275 1E0 .526 + . 94 1E 0.456 + 118 * 0 .386 + 118 1E 0. 316 + 118 1E 0. 246 = 

= 302 kNm 

M = 302 * 0.525 + 138 * 0 .455 + 138 * 0.385 + 138 * 0 . 315 + 138 1E 0.245 = 

= 356 kNm 

The computation of th e forces on t he beam-s ide i s an iterative process 

(see chapte r 4.2.8.2. ) . 

,. 
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Haun ch 

With end- plate 18 mm 
h = 100 ➔ F7 (see test 3) = 75 kN 

F8 (see test 3) = 106 kN 

F9 = 280 * 9. 5 * 0. 58 * 290= 447 kN 

FlO + Fll = 628 kN 

h = 100 ➔ Fh h = 266 kN aunc 

h = 200 ➔ F7 + F8 + F9 = 75 + 106 + 230 1 9.5 * 0.58 * 290 = 551 kN 
h = 200 ➔ Fhaunch = 532 kN 

h = 210 ➔ F7 + F8 + F9 = 75 + 106 + 225 * 9.5 1 0.58 * 290 = 540 kN 

h = 210 ➔ Fh h = 558 kN aunc 

h = 205 ➔ F7 + F8 + F9 = 75 + 106 + 227 . 5 * 9.5 * 0.58 * 290 = 536 kN 
h = 205 ➔ Fh h = 545 kN aunc 

h = 204 ➔ F7 + F8 + F9 = 75 + 106 + 228 1 9.5 * 0.58 * 290 
h = 204 ➔ Fhaunch = 543 kN 

With end- plate 21 mm 
h = 200 ➔ F7 (see test 3) = 118 kN 

➔ F8 (see test 3) = 143 kN 

➔ r9 = 230 * 9.5 i 0.58 * 290 = 367 kN 

628 kN 

h = 200 ➔ Fhaunch = 600 kN 

= 543 kN 

h = 208 ➔ F7 + F8 + F9 ~ 118 + 143 + 226 i 9.5 t 0.58 t 290 = 622 kN 

h = 208 ➔ Fhaunch = 624 kN 



1 0 9 buck ling beam-web 

9. Fai l ure of t he beam-web due to comp ression 

Th e computation is in accordance with chapter 4.2.9 of the report . 

Fwb = {5 (12 . 2 + 21 ) + 20} * 293 * 9.5 + F = 517 kN w 

Formul a (13) and (20) can be reduced to a single formul a by 

reso lvi ng t he force components as shown i n fig ure 23 . 
Ff 

F b = ( 1. 2 5 - 0 . 5 F ) cot a { 5 ( t f b + r b ) + t f h } o y w * tw b 
Yf 

where: Fb = fo rce in t he beam- f l ange 

Test 

F = w 

Fyf= yi el d force of t he beam- f l ange 

cota = s l ope of t he haunch 

t f b= t hi ckness of t he beam- fl ange 

rb = radiu s of t he fill et of the beam 

tf -h- t hi ck ness of t he haunch f l ange 

OyW = act ual yi eld stress of t he beam-web 

t wb = t hi ckness of t he beam-web 

1 

{5 (tfb + rb) + tfh} oYw * t wb 

F = {5 (122 + 21 ) + 20} 293 * 9.5 ➔ F = 517 kN w w 

cot a = 1 Fyf = 12.2 * 181 - 256 = 565 kN 

Suppose Fb = 480 kN 

Check F = 
480 * 1 * 517 Fb 426 kN (1.25 - 0.5 565) ➔ = b 

Suppose F b = 460 kN 

Check · · 460 * 1 * 517 + Fb 435 kN F b = ( 1. 25 - 0 . 5 56 5) = 
·s up pose Fb = 445k N 

Check F = 
440 * 1 * 517 F b = 444 kN ( 1. 25 - 0. 5 565 ) ➔ 

b 
Thus F b = 442 kN 



Tes t 2 

11 0 Bu cklin g beam-web 
Beam- fl ange 

F = {5(14 + w 27 ) + 20} * 296 * 9 ➔ Fw = 599 kN 
cota = 1.93 Fyf = 13 .8 * 300 * 266 ➔ Fyf= 1101 kN 

Suppos e Fb = 800 kN 
800 

Check Fb = ( 1. ?.5 - 0 . 5 llO l ) * 1. 9 3 * 599 ➔ Fb = 1025 kN 

Suppose Fb = 950 kN 

Check Fb 
950 

Fb 946 kN = (1. 25 - 0 .5 TIOl ) * 1.93 * 599 ➔ = 

Thus Fb = 948 kN 

Test 3 

F = 517 kN (see t est 1) w 
cot a = 1. 95 

If the f lange yi elds t hus Fb = 565 kN , then 

F = 565 I l. 95 = 290 kN w 
Thi s la t t e r value i s small er t han 0 . 75 * 517 = 388 kN thus okay . 

Test 4 
No t app l i cabl e due to the sti f fening ; 

Test 5 

No t appli cabl e due to t he spreading effect ca used by yi el ding of . t he haun ch. 

10 . Failure of t he beam- flange due t o buckling 
Thi s will be contemplated in t he di scuss ion . 

11. Computation of th e welds 

11 . 1 In accordance wi t h chapter 4.2.3 . 2 of t he repo rt. 

Test 1 

Di stri but ion of t he mtnimum limit state load of t he uppermost bolt over 
t he welds between end- pl ate and beam gi ves: 

m~ m * F1 = 4~:~ + 42_1 * 113 = 55 kN 
1 2 
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Effective l ength a3 2 * m1 = 89. 2 

a2 2 * m2 = 84.2 

Weld dimension a2 
58000 

- 240 * 84 . 2 = 

a3 
55000 

- 240 * 89. 2 = 

mm 
mm 

2.87 

2.56 

mm 

mm 

Limi t state l oad 
Beam-web 

The mechani sm of te nsi l e fai lure of t he beam web requires: 

a1 = 0.3 * 12.2 = 3.66 
a2 = 0 . 35 * 12 . 2= 4 . 27 

+ practica l 4 mm 
➔ II 5 mm 

Test 2 

ml 
* Fl 

44.6 * 139 = 41.3 + 44.6 ml + m2 
= 72 kN 

m2 
* F = 

41. 3 278 
ml + m2 1 44.3 + 44.6 * = 6 7 kN 

Effect ive length weld a3 2m1 = 89.2 mm 
II II 

Weld dimension a2 

II a . 2m2 = 82.6 mm 
no6o · 

= ~ 82.6 = 3 .63 mm 

II II 67000 3.12 = 240 * 89.2 = mm 

The mec hani sm of tensile failure of t he beam-web 

al = 0.3 * 13.5 = 4.05 mm + practical 4 mm 

a2 = 0 . 35 * 13.5= 4.72 mm + practical 5 mm 

Test 3, 4 and 5 

Th e largest minimum limit state load is taken 

ml 
Fl 49.6 151 75 kN * = 49.6 + 50.3 * = 

ml * m2 

m2 
* Fl 

50.3 
50. 3 * 151 76 kN = = 

ml + m2 49.6 + 

Effecti ve length weld a3 2m1 = 99.2 mm 
II II II 

a2 2m2 = 100 .6 mm 

requires: 
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Weld dimension a2 
75000 3.10 = 
240 * 1~ = mm 

Weld dimension a3 
76000 3 .19 = 240 ;1r; 99.2 = mm 

The mechanism of tensile failure of the beam-web requires the same 

dimensions of the ·welds as in test 1 {i.e . 4 and 5 mm) . 
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F ig. A. 3.11. Moment - rotat ion curves of test 3 
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Fig. A. 3.12. Moment - -rotation curves of test 4 
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Fig A3 l4 Deformation of the column-web on the 
uppermost boltline. 
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I Fig A3 15 Deformation of co lumn-flange at uppermost t. 
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• boltline . 
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Fig A3 16 Deformation of column-web and flange on 
t he uppermost boltline . 
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Fig A3 .17 Deformation of the end-plate between the 
uppermost boltline and the beam-flange. 
(all tests ) 
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Fig A3 18 Deformation of the column-web on the 
compression side. 
(all tests ) 
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