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APPROXIMATED METHOD FOR DETERMINING
MOMENT RESISTANCE AND STIFFNESS

OF BOLTED BEAM TO COLUMN JOINTS MADE
WITH ANGLE WEB AND FLANGE CLEATS

Bolted beam to column joints with angle cleats are often used in braced and unbraced
steel frame structures. It is related to their simple technology which does not require
expensive welding process. Works on the estimation of moment resistance and
stiffhess of such connections were already carried out in the 1930s. However, the lack
of appropriate computational tools forced researchers to introduce simplifications and
some assumptions in determining the strength of a joint in a complex load condition.
Currently, computing techniques allow for taking into account the actual resistance
and stiffness of connections at the stage of global static analysis of the structure.
Advanced computer methods as well as applied analytical models allow for a fairly
precise determination of the parameters of this type of joints. However, these methods,
due to their complexity, are quite time-consuming and labor-intensive, and they are
suitable for verification of resistance of the connection or analysis of the structure in
the final design phase. The paper presents simplified formulas for calculating the
moment resistance and rotational stiffhess of the beams to column joints with the use
of angle sections connecting both the flanges and the web of the beam. An outline of
the component method for determining the moment resistance and stiffness of such
connections is also presented. The analysis of the influence of individual components
of the joint on its global resistance and stiffness was conducted. The presented
formulas, developed on the basis of the component method, preferred by Eurocode 3,
can be used in the preliminary determination of the characteristics of the joints, used in
the global structure analysis.

Keywords: bolted joint with angle web and flange cleats, moment resistance,
stiffness, joint characteristics, simplified formula, component method

1. Introduction

Bolted beam to column joints with angle cleats (Fig. 1) are often used in
steel frame structures. It is related to their simple technology (fast assembly, lack
of the expensive welding processes), and the possibility of easy rectification of
executive deviations.
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Fig. 1. Angle cleats joint; a) flange angle cleats connection, b) web angle cleats connection, c) flange
and web angle cleats connection

Connections of this type are widely used in the USA and Great Britain [1-4]
as a natural transition from riveted joints. Angle cleats are also often used to
reinforce joints in existing structures, especially in places where welded processes
are avoided due to fire reasons. Beam to column joints with using angle cleats
connecting the beam web are treated as nominally pined connections,
transferring only shear force from the beam to the column [5]. The bending
moment created as a result of the eccentric application of this force, causing
twisting angles, due to the small value was neglected. Similarly, in bolted beam
to column joints using the web and flange angle cleats, it is assumed that the
bending moment carries the angle cleats connecting flanges of the beam,
whereas the angle cleat connecting the beam web only transmit shear force.

Experimental tests show that the
moment resistance of the joint using
angle cleats connecting both the kNm]
flanges and beam web is greater by 8T
several dozen percent in relation to
the same joint using only angle cleats
connecting only the beam flanges [6] 60l

(Fig. 2).
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Fig. 2. Moment rotation characteristics for angle cleats joint, based on [6]
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2. Moment resistance bolted joints with angle web and flange
cleats

The analytical model for calculation characteristics of the joints, introduced
in [7], is based on the component method. In this method, the whole connection
is composed of basic components. Moment resistance of the joint is based
on the lowest resistance of the joint components. In the case of a joint using
angle flange cleats only, only the compression zone relative to the bottom angle
cleat, the shear zone relating to the column web panel and the tension zone
relating to the upper beam angle cleat are distinguished [8]. In the case of
connection using angle cleats connecting the flanges and web of the beam, the
bolt rows joining the beam web are considered as successive bolt rows in the
tensile zone [9]. In addition, some basic components are considered for the
individual bolt row and as part of the group of the bolt rows. The list of basic
components for individual bolt row is shown in figures 3 and 4.

First bolts row .
: top angle leg in bending Fy, zy1)
; top angle leg in bearing Fy,; zy)
column web in tension Fycrygy— /

top angle leg in tension Fy gy

top angle bolts in shear F, gy
column flange in tension Fy gy : #=H-6 top beam flange in bearing Fyy, gy
_____________ B=Re-f - - - - -
FETIPN beam web and flange in compression F 4 ¢4
1] bottom beam flange in bearing F ¢ o4
. — bottom angle bolts in shear F_ o4
column web panel in shear V,; c4

bottom angle leg in bearing F o4

column web in compression F . oy bottom angle leg in compression F, 4

Fig. 3. The basic components of the joint refer to the first bolt row (bolts connecting
the column flange with the top angle)

The design resistance of most components can be calculated according to
the principles presented in Eurocode [7]. Only, due to the dependence of the
collapse mechanism of the web angle cleats from its height, the strength of the
angle web cleats in bending are not directly presented in the Standard.

Angle flange cleats in bending can be treated as single T-stubs (Fig. 5).
The T-stub should be considered for each individual bolt row as well as for the
group of bolt rows. In each case, three possible types of failure are considered.



200

Z. Pisarek

Second bolts row

column web in tension Fy,. ryc1i2

column flange in tension Fy p(1.p,]

column web in tension Fy.rae 1

column flange in tension Fy. gyp, ]

column web panel in shear V,, g4 A

column web in compression Fy,,gg

web angles leg in tension Fy,, g
web angles leg in bearing F,, . ry2
beam web in tension Fy, oy

beam web in bearing F, .. oo

Third bolts row

column web in tension Fy. py1:2:24

column web in tension Fy,.gq(.3
column web in tension Fy.rqa)

column flange in tension Fy s,

column flange in tension Fy o4 w//

column flange in tension F, gy

column web panel in shearvaﬂ/

column web in compression Fy, gy

web angles bolt in shear F,, gy

web angles in bending Fy,. zio

beain web and flange in compression F g, =4

bottom beam flange in bearing F . =y
bottom angle bolts in shear F,, o,

bottom angle leg in bearing F_; oy

bottom angle leg in compression F_, o,

web angles leg in tension Fy, pyo.s
web angles feg in bearing Fy ., pyo.)
beam web in tension Fy; pyo.s
beam web in bearing Fy,, ra:3)

web angles leg in tension Fy,, gy
web angles leg in bearing Fy,, . rys)

beam web in tension Fy; rqc

—
|
-t
=&
—
10

Fourth bolts row

column web in tension Fy. py14043:4)

column web in tension Fy, rypiaia)

column web in tension Fy,sraaes | ]

column web in tension Fy,. raw

column flange in tension Fy. pys.0iai471 |
column flange in tension Fy pyo.aum—1 ]
column flange in tension Fy gy.0 11
column flange in tension Fﬁc‘Rdm/f

column web panel in shear prﬂ/

column web in compression Fy,,zg

F:
!

beam web in bearing F,,.;, ryi3)

web angles bolt in shear F,,.. 43

web angles in bending Fy . gy,
-web angles in bending Fy,. g3

beam web and flange in compression F 4 =4

bottom beam flange in bearing F ¢ zq
bottom angle bolts in shear F, . o,

bottom angle leg in bearing F_;, o4

bottom angle leg in compression F__ o,

web angles leg in tension Fy,, gyo.5.4)
web angles leg in bearing Fy,., rypi3+4)

beam web in tension Fy; pyp.a:4)

beam web in bearing Fy, ryoia+4)
web angles leg in tension Fy, cya.4)
web angles feg in bearing Fy,., pyz:4)
beam web in tension Fy, rqe:4)
beam web in bearing Fy,u,raes)

r
|

J

/WQJ angles leg in tension Fy,. ey

web angles Teg in bearing Fy,., ryu

beam web in tension Fy, gy

beam web in bearing F,.,, RA(4)
web angles in bending Fy,, gyoia.4)

web angles in bending Fy , gyz.4)
web angles in bending F,. zya

web angles bolt in shear F.,, rqu

beai web and flange in compression F 4 <4

bottom beam flange in bearing F . 4

bottom angle bolts in shear F, 4

bottom angle leg in bearing F . oy

bottom angle leg in compression F_ ¢4

Fig. 4. The basic components of the joint refer to the second, third and fourth bolt row
(bolts connecting the column flange with the angle web cleats)
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With reference to the equivalent T-stub failing with complete yielding
mode, the resistance of the single bolt row correspondingly assumes that the
resistance of a couple web angles is equivalent, for each bolt row with the
parameter m’; (Fig. 5) [9].

. _3 tw
my =2 e (1)
[(mmax'hi)z ]2 Mmaxhi
twa'lwa twa'lwa

where: t,,, — thickness of legs of the angle web cleats,
Mynax — Maximum distance between angle leg and bolt axis,
l,yq — height of angle web cleats,
h; — lever arm i-bolt row.
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Fig. 5. Method of determining the parameters of the T-stub of the angle web cleats
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Fig. 6. Mechanical model for evaluating initial stiffhess of joint with flange and web angle cleats
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The initial stiffness of the joint is calculated on the basis of the mechanical
model. This procedure is able to account for all sources of deformations,
including the angle cleats, bolts, beam and column components. Mechanical
model to determine the initial stiffness of the joint with angle web and flanges
cleats is presented in figure 6.

3. Worked example

For the performance of the procedure, was presented a worked example.
This example illustrated beam to column joint with use angle web and flange
cleats (Fig. 7).

;=120

e=24 e=24
14 M16 kI 8.8 :
°®
A L80x80x10
mw‘m
L
L
- ¢_ -4/ - - |h,=240
ot ¢
=10,
Y
© i ©

Fig. 7. Geometrical details of joint for calculation example

Basic data:
Steel grade S275  f, = 275 N/mm?, f,, = 430 N/mm?, ¢ = 0,92
Beam IPE 240: W, ,,; = 367 - 10°mm3, A, = 39,1 - 10°mm?,
hy = 240 mm, by, = 120 mm, tr, = 9,8 mm,
twp = 6,2mm,r, = 15 mm.
Column HEB 180: W, ,,; = 481,4 - 103mm?3, A, = 65,3 - 10*>mm?,
h. =180 mm, b, = 180 mm, t;. = 14,0 mm,
twe = 8,5mm, ., = 15 mm.
Angle cleats L80x80x10: b, = 80 mm, t, = 10 mm, r, = 10,0 mm.
Bolts M16 class 8.8: 4, , = 201 mm?, 45, = 157 mm?.
Beam and column sections are in class 1.
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Design moment resistance of the joint.
e Column web panel in shear

For single-sided joint, the design plastic shear resistance of unstiffened
column web is obtained from:

V _ 0;9'fy,wc'Avc _ 0,9:275:2029
wp.Rd V3¥mo V31,0

= 289932N = 289,9kN )

where

Apye =Ac — 2+ betre + (bye +2°72) " tre =
65,3102 — —2- 180 - 14,0 + (8,5 + 2 - 15) - 14,0 = 2029 mm?
3)
e Column web panel in compression

wkyeberfewetwe fywe Wkye'Pbeffcwetwe fywe (4)

chc,Rd = and chc,Rd <

YMmo YMmo

effective width of column web in compression:

berrewe =2t +0,6-1,+5(trc+5s)= 2-10,0+ 0,6 -10,0 +
45 (14,0 + 15,0) = 171 mm (5)

Transformation parameter, for single-sided joint is equal § = 1,0, and reduction
factor for § = 1,0is w = w;
1 1

Wy = = = 0,774 (6)

171-8,5

b twe) 2 J 2
1+1.3-(7eff'c'wc wc) 1+1'3'( 2029 )

Ayc
If the maximum longitudinal compressive stress in column 0.pm g nNOt
exceed 0,7 * f), q, then reduction factor k. can be adopted as 1, then:

0,774+1,0-171-8,5:275

Fewe,ra = s =309377 N = 309,4 kN (7)

The reduction factor for web panel buckling p, is depending on the web
slenderness:

Ty _ . [beffewcdwefywe 171122275
Ap = 0,932 /—E'tfvc = 0,932 /—210.103_8'52 = 0,573 ()

dwe =he =2 (tre +7.) = 180 —2- (14,0 +150) =122mm  (9)

where:

if/Tp < 0,72 then p = 1, and finally: F.\yc g = 309,4 kN
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e Beam flange and web in compression

_ Mppg _ 100,910° _
Fcfb_Rd = ho—trn = 4008 438423 N = 438,4 kN

: Wy pi'fy 367:103-275
with M, =M = XY
b,Rd plLRd Yo 10

¢ Bottom angle leg in compression

=100,9 - 10 Nmm

lra'tfa'fya Plratfafya
Fca,Rd = Yo and Fca,Rd < Yoo

(10)

(11)

The reduction factor for angle leg buckling p, is depending on the

slenderness:

/Tp =0,932- M = 0,932 %03'2752 = 0,330
\I E'tf, \,210-10 10
if/Tp < 0,72 then p =1, and:

120-10,0-275

Feqra = = 330000 N = 330,0 kN

¢ Bolts in bottom angle leg in bearing

ki-ap fydtsg £ 2,03-0,741:430:16:10,0

Fcab,Rd =2 Yoz =2 125 = 165586 N =
= 165,6 kN
er 24
28-——17=28-—-1,7=2,03
where k; = min{ do 18 = 2,03
2,5
— & _ 40 _
(ag = a; =315 = 0741
ab=min fﬂ=@=186 =0,741
fua 430 !
\ 1,0
¢ Bolts in bottom beam flange in bearing
_ o kvapfudtsy 5 2,031,043011698 _ _
Fevfpra = 2 Yl:z =2 25 = 218993 N =
= 219,0 kN
er 24
28-——17=28-—-1,7=2,03
where k; = min{ do 18 = 2,03
2,5

(12)

(13)

(14)

(15)
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(g === = oo
3d, 318
ap, = min fﬂ=@=1,86 =10
fua 430
\ 1,0

¢ Bolts in shear

Shear plane passes through the unthreaded portion of the bolt

@y fupAvp _ - 06800201
YMz 1,25

Focara =2 = 154368 N = 154,4kN  (16)

o Column flange in bending
Tension resistance of the bolt:

0,9 fup'Asp _ 0,9:800-157

Fyp — 90432
F, pg = min YL e 1,25 =
tRd = et 72210.0- =
Byna = 06Tl tyfy _ 06T2410,0430 _ ey
’ YMm2 1,25
= 90432 N = 90,4 kN (17)
Parameter m = (py=twe=2087c) _ (72-85-20815) _ 19,75mm, and

2 2

= DetPr 180772 _ oprm bute < 1,25-m = 1,25 - 19,75 = 24,7mm

- 2 2

Effective length of equivalent T-stub:
- Circular patterns: leffep =2 m-m=2-1m-19,75 = 124mm

- Non — circular patterns:  lerrne =4-m+1,25-e=4-19,75+ 1,25
24,7 = 109,9mm,
0,25 leffme “the " fy  0,25-109,9-14,0% - 275
Ymo 1,0
The resistance of the column flange in bending is taken as minimum values
from three modes of failure.

= 1480902Nmm

My ra =

I( 4"Mpl,Rd _ 4-1480902 = 299930
m 19,75
F, = min{ 2:Mpyrat Y Ferq  2:1480902+24,7-2:90432 =
tfekd m+n - 19,75+24,7 = 167135
\ Y Fira = 290432 = 180864
= 167,1 kN (18)
e Column web panel in tension

Fowera = Wbesftwetwefywe _ 0774:109,9:8,5-275 _ 198834 N = 1988 kN

YMo 1,0

(19)
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¢ Bolts in top angle leg in bearing

Fopppg = 2- kvap fudtra _ 5 . 203:0741:43016:100 _ 165586 N =
’ YM2 1,25
= 165,6 kN (20)
ez _ 40
(g = 0. =318 = 0,741
where ap = min be — @ =186 = 0,741
fua 430
\ 1,0
o Bolts in top beam flange in bearing
Fonpopa =2 k1"xb);::2'd'tfb —9. 2,03-0,64-f-24l-530-16-9,8 — 141908 N =
= 1419 kN (21)
_ef—g _ 40-5 _
(ag = a. = 310 = 0648
where ap = min be — 800 =186 = 0,64‘8
fua 430
\ 1,0

¢ Bolts in shear
Shear resistance of the bolts in top flange is the same as in the bottom flange:
tha,Rd = Fvca,Rd = 154,4 kN

o Angle cleat in bending
The effective length of the angle flange cleats is taken as half of width of the

cleats, then l,ry = 60mm, value m for large gap m = e; —05-t, =40—-0,5-

10,0 == 35mm, and e = 40mm

0,25 lor -t f, 025-60-10,0%-275

M = = = 412500Nmm
P Yoo 10
I( 4Mled 4412500 _ 47142
Fiara = mm{ 2- Mled+nZFtrd 2:412500+40-2:90432 _ 107461 =
| m+n 35+40
k Y Frra = 2-90432 = 180864
= 47,1 kN (22)
o Angle cleat in tension
lfa)-/ta-fya _ 120-110;)0-275 — 330000
_ . Mo ’ —
Ftapa =min ((ra=2'do)ta'fua _ (120-2'18)-10,0430 _ 328364 328,4 kN

YM2 1,1

(23)
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Finally, the design resistance of the first bolt row:

Fi ra
= min (Vwp ra> Fewe,rar Fepp,rar Fearas Feab,ras Fevpv,rar Focaras Fpe,ras
Frwerar Frab ras Fevf ras Fota,ra» Frardr Fra,ra)

F ra = min (289,9; 309,4; 438,4; 330,0; 165,6; 219,0; 154,4; 167,1; 198,8;
165,6; 141,9; 154,4; 47,1; 328,4) = 47,1 kN

Second bolt row:
e Column flange in bending for first and second bolt rows
Effective length of equivalent T-stub:
- Circular patterns:
lefpep=2'm-m+2-p; =2-m-19,75+ 2105 = 334 mm
- Non — circular patterns:

legrnc=4-m+1,25-e+p1=4-19,75+1,25-24,7+105=214,9 mm

wherep1=%+el—p7w=2;ﬂ+40—12io=105mm

0,25 lorme " tic fy _ 0,25-214,9-14,02 - 275
Ymo 1,0

The resistance of the column flange in bending is taken as minimum values
from three modes of failure.

Mpl,Rd = = 2895778 Nmm

I( 4Mpird _ 42895778 _ cop0n
m 19,75
F, = min{ 2:MpLRat X Ferq _ 2:2895778+24,7-4-90432 =
tre(+2)Rd I m+n - 19,75+24,7 = 331299
\ Y Firq = 490432 = 361728
= 331,3kN 24)
e Column web panel in tension
F _ wbeffrwetwefywe  0,774:214,9-8,5:275
twc(1+2),Rd — Yo - 1,0 -
= 388802 N = 388,8 kN (25)
e Bolts in web angle leg in bearing
Fowap pa = -t Pete - 2OOTABIS 200 — 178637 N = 178,6 kN (26)
M2 ’
28-2_17=28-2-17=219
where k; = min{ do 18 =219
2,5
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=% _ 10 _
(aa = dy 315~ 0741

ap = min fub — 800 =1,86 = 0,741
fua 430
\ 1,0

e Bolts in beam web in bearing

kiap fuditywy _ 2,50,648430:166,2

Fewbpra == .r =55282N =553kN (27)
M2 )
hp—DPw 240-110
282 W _17=28-"—"-_17 =284
where ki = min{ 8 2:dg 7 8 2-18 7 =8, =25
2,5
__e—g _ 40-5
(ag = e "3 0,648
ab=min fﬂ=@=186 =0,64‘8
fua 430 !
\ 1,0

¢ Bolts in shear.
Shear resistance of the bolt in web is the same as in the flange:
Fvwa,Rd = Fvca,Rd = 154,4 kN

e Angle cleat in bending
Value of m for large gap my max =€ —05-t; =40—-0,5-10,0 =
35 mm, and e = 40mm.

my =2 fwa_ =2 199 =9,57mm (28)
[(mmax-hz)z ]5 Mmax-h2 [(35,0-180)2 ]5_35,0-180
twa'lwa twa'lwa 10,0160 10,0160
where hy = (hb+pzw+ta) _ (240+1120+10,0) — 180 mm
Effective length of equivalent T-stub:
- Circular patterns:
2-m-my,=2-1-957 = 60,1
lefrep = min{ o e T = 60,1mm
’ m-my,+2-e,=m-957+2-25=280,0
- Non — circular patterns:
leff,nc
—im { 4-my+125-¢ =4-957+125-12,0 = 533
2-m,+ 0,625 ¢ +e, = 29,57+ 0,625 12,0 + 25 = 51,6

=516 mm

0,25 lorr t5 " fy _0,25-51,6-10,0% - 275
Ymo 1,0

Mpl,Rd = = 354750Nmm
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I( 4"Mp\l,Rd _ 4-354750 — 148276
m, 9,57
Ftwa,Rd — min{ 2:-MpyRa+N Y Ferd _ 2:354750+12,0:2:90432 — 133513 =
| m+n 9,57+12,0
\ Y Frra = 2-90432 = 180864
= 133,5kN (29)
o Angle web cleats in tension
Frpard = leff2talya _ 5162100275 _ Hoa000n — 283.8kN (30)
! YMo lvO
e Beam web in tension
Fth'Rd _ lefrtwb'fyb _ 51,6:6,2:275 _ 87978N = 88.0kN 31)

YMo 1,0

Finally, the design resistance of the second bolt row:

Fora = min (Vi ra-Firas Fowera-F1ras Fera-F1ras Feara-F1ra; Feabra- F1ras
Fevpra-Fi ras Focara-Fi1ras Fyerds Fiferaci+2-F1ra5 Fiwerds Froveraa+2-F 1rds
Frvab,rds Fow,ras Fova,ras Fowvras Fovaras Fowa,ra)

Fira = min (289,9-47,1; 309,4-47,1; 438,4-47,1; 330,0-47,1; 165,6-47,1;
219,0-47,1; 154,4-47,1; 167,1; 331,3-47,1; 198,8; 388,8-47,1; 178.6;
55,3; 133,5; 88,0; 283,8; 154,4) = 55,3 kN

Third bolt row:

e Column flange in bending for first, second and third bolt rows
Effective length of equivalent T-stub:
- Circular patterns:
lefrep = 2:wm+2-(ptpy) = 2:m:19,75+2- (105+110) = 554 mm
- Non — circular patterns:
leftne = 4m+1,25-e+p1+pw=4-19,75+1,25-24,7+105+110=324,9 mm

0,25 lefpne " tfe " fy _ 0,25-324,9-14,0% - 275
Ymo 1,0

The resistance of the column flange in bending is taken as minimum values
from three modes of failure.

My pa = = 4378028 Nmm

( 4Mpira _ 44378028

I = 886689
m 19,75
F, = min{ 2:Mpra+WY Frrq _ 2:4378028+24,7-6:90432 =
tre(+2+3).Rd I m+n - 19,75+24,7 = 498494
\ Y Firq = 690432 = 542592
= 498,5 kN (32)
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e Column flange in bending for second and third bolt rows
Effective length of equivalent T-stub:
- Circular patterns:
lofrep= 2:mm+2-py, = 2:1-19,75+2:110 = 344 mm
- Non — circular patterns:
legtne=4m+1,25-e+p=4-19,75+1,25-24,7+110=219,9 mm

0,25 lofpme " tfe " fy _0,25-219,9-14,0% - 275
Ymo 1,0

The resistance of the column flange in bending is taken as minimum values
from three modes of failure.

Mpypa = = 2963152 Nmm

( 4'MpiRd __ 42963152

= 600132
m 19,75

2:MpiRa+ Y Frrq  2:2963152+24,7-4:90432 —
b 2= = 334330
m+n 19,75+24,7

. Fypq = 4+ 90432 = 361728
= 3343 kN (33)

|
Fire(i+2),ra = min{l

e Column web panel in tension for first, second and third bolt rows

F _ Wberrrwetwe fywe _ 0,774:324,98,5:275 _
twe(14+2+3),Rd — Ymo - 1.0 -

= 587817 N = 587,8 kN (34)

e Column web panel in tension for second and third bolt rows

F _ U)'beff,t,wc'twc'fywc _ 0,774:219,9-8,5:275 _
twc(2+3),Rd — Yo - 1.0 -

= 397849 N = 397,8 kN (35)

o Angle cleat in bending
m'y =2 fwa =3 199 =4,87mm (36)

1 2 1
(mmax-h3)2+3 2 mpaxhs (35,0-70 )2 2 35,070
twa'lwa twa'lwa 10,0160 10,0160

(hp—pw+ts) _ (240-110410,0)
2 2
Effective length of equivalent T-stub:

- Circular patterns:

where h; = 70 mm

2-m-m., =21 487 =306
lefrep = min{ s 4 = 30,6 mm

mTeoms+2-e,=m487+225=6523
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- Non — circular patterns:

leff,nc =

:min{ \ 4-m3+125-¢ =4-4,87+125-6,09 = 27,1 _
2-my+0,625-¢ +e, =2-487+ 0,625 6,09 + 25 = 38,5

=271mm

0,25 lorr " t5 " fy _0,25-27,1-10,0% - 275

M = = 186312Nmm
pLRd YMmo 1,0
I{ 4"Mp\l,Rd _ 4-186312 _ 153029
ms 4,87
Ftwa,Rd - min{ 2:-MpRa+N Y Ferd _ 2:186312+6,092:90432 _ 134497 =
| m+n 4,87+6,09
\ Y Frra = 290432 = 180864
= 134,5kN (37)
o Angle web cleats in tension
lofr2:ty .2:10.0
Fovard = eff Ztafya _ 27,1-2:10,0275 _ 149050N = 149, 0kN (38)
! YMo 1,0
e Beam web in tension
Fowppa = SLLwlob _ 27062278 _ 46205N = 46,2kN (39)
! YMo 1,0

Due to the fact that Y. l.sf = 51,6 + 27,1 = 78,7 mm < p,, = 110 mm,
the resistance of the components for the group of bolts is greater than for
individual bolts, so it can be omitted in the calculations. The shear and bearing
resistance of the bolts for third bolt row are the same as for the second bolt row.

Finally, the design resistance of the third bolt row:

Fsra = min (Vipra-Fi1ra-Fora; Fewera-Fira-Fora; Fora-F1ra-Fords Feara
Fira~Foras Feavra- Frra-Foras Fevpra-Fira-Foras Frcara-F1ra-F2ras
Fierizys Figeraa+2+3-F1rRai-Foras Figera+3-Faras Foverads Fiwerdav2+3)-

Firi-Fora; F rwc,Rd(2+3)-F 2rds Frwabras Fowvrds Fovards Fovrds Fiwards
F, vwa,Rd)

F3 pa = min (289,9-47,1-55,3; 309,4-47,1-55,3; 438,4-47,1-55,3; 330,0-47,1- -
55,3; 165,6-47,1-55,3; 219,0-47,1-55,3; 154,4-47,1-55,3; 167,1;
498,5-47,1-55,3; 334,3-55,3; 198,8; 587,8-47,1-55,3; 397,8-55,3;
178,6; 55,3; 134,5; 46,2; 149,0; 154,4) = 46,2 kN
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Moment resistance of the joint:

Mjrq =2 hy* Frpg =285-47,1+180-55,3 + 70+ 46,2 =
= 26600kNmm = 26,6 kNm.

Rotational stiffness of the joint.

e Column web panel in shear

0,384, _ 0,382029

= = =271
vwp B-hq 1,0:285 71 mm
e Column web panel in compression
0,7-befst 0,7-171-8,5
kewe = eff we = 8,34 mm

dwe 122
e Bolts in bottom flange in shear

k _16mpd®fyp _ 16:1-162-800
vea E-dpie 210-103-16

=098 mm

¢ Bolts in bottom angle cleat in bearing

24nykp ke -d- 241-1,25-0,938:16-430
keap = pkoke dfu = 0,92 mm
E 210-103

1,5¢t, _ 1,5:10,0
where k;, = 1,25, and k, = —2 = =0938<25
dmie 16
e Column web panel in tension
0,7 lefst 0,7109,9:8,5
ke = —LL2¢ = = 5,36 mm
dwe 122

o Column flange in bending

0,9lefft?.  0,9109,9-14,03
ke = — 1 = = 35,23 mm

m3 19,753

e Bolts in tension

_ 1,64y _ 16157
T oLy, 424

kep =592mm

where Ly=t;+,+2:4,40,5-(k+,)=14,0+10,0+2:3,0+0,5 (10,0+14,8) =

For first bolt row
e Top angle cleat in bending

0,9lesrtd  0,96010,03
=5 = am = L26mm

Kta

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

42,4 mm

(48)
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¢ Bolts in top angle cleat in bearing
_ 24mykpkedfy, | 2411,125:0,93816:430
kiap = = 510103 = 0,83 mm (49)
where  ky =22 40,5 = 2222405 = 1,125 < 1,25,
and k, = 2te = 15100 _ 938 < o 5
dmie 16
o Bolts in top beam flange in bearing
_ 24mykpkedf, | 241:1,047:091916:430
ktbfb = £ = 210-10° = 0,76 mm (50)
where k=252 40,5 =222 40,5 = 1,047 < 1,25,
1,5:¢ 59,
and k, = =22 =228 _ 9919 < 25
dMmie 16
For second bolt row
e Web angle cleats in bending
_ 09lefprtd  0,951,6110,03
Kewa = T 52,99 mm (51)
e Bolts in beam web in bearing
_ 24mykpkedf, _ 24051,047:0,58116:430
kewpp = - = 10107 = 0,24 mm (52)
where  k, = 1,047, and k, = 2wk = 1992 _ 9581 < 2,5
M16 16
For third bolt row
e Web angle cleats in bending
_ 09lepprtd  0,927,110,03
kiwa = YT I 211,17 mm (53)
Shear and bearing resistance are the same as for previous bolt rows.
Effective stiffness coefficient for first bolt row
1 1
kefflzzi: £ S S S SV S S
ki1 ktwc kepe kep kta Kvta Keab  Kebfb
1
= 1 1 1 1 1 1 — = 0,21 mm (54)

5,36+35,23 592 1,26 0,98 0,83 0,76

Effective lever arm for first bolt row

_ keppchitkessa(hptta/2)?  2,07:2852+0,23:(240+10,0/2)2
el ™ kosrchatkepsa(hp+ta/2) 2,07-285+0,23-(240+10,0/2)

= 281,5mm

h

(55)
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1 1
where kefrec=— —— =11 = 2,07mm,and
ktwe kepe kep 5,36 7,88 5,92
1 1
keff,a = T .1 1 1 _— T,1_.1_ 1 = 0,23 mm
kta kvta Keab Kebfb 1,26 0,98 0,83 0,76

Effective stiffness coefficient for second bolt row

_ 1 _ 1
keffz_zl_l.l.l.l.l.l.l_
T L L L L L
Kiz  kewe kepe ke ktwa Kvwa Kewbb  Kewab
1
= 1 1 1 1 1 1 — = 0,15mm (56)

536 7,88 592 52,99 0,98 0,24 0,83

Effective stiffness coefficient for third bolt row

keff3 =i ~"1T 1 1.1 1 1 1 _ =
T ae ae ae a ae
kiz  kewe Kepe ke Ktwa Kowa Kewbb  Kewab
1
= 1 T .1 1 1 _ 1 1 =0,15mm (57)

I

536 7,88 592 211,17 0,98 0,24 0,83

Equivalent lever arm

_ Ykefphf  0,21-281,5240,15:180240,15-702

Zog = = 230,1mm 58
€4 Tkeprihi 0,21:281,5+0,15:180+0,15-70 ’ (58)

Equivalent stiffness coefficient

_ Xkeffithi  0,21-281,5+0,15:180+0,15:70

keq = - o1 = 0,42 mm (59)
Finally, stiffness of the joint is equal:
S — E-zezf _ E-z3, _ 1210-1103530,1? __—
] N 1 1 1 i\ 46 L+ L 4 1
“Zki M.(kcivc+kva+kvca+kcab+keq) 10 (8,34—+2,71+0,98+0,92+0,4—2)
= 34233,9-10° ”r’:—;“ = 34233,9 kNm/rad. (60)

4. Proposed estimation of the resistance and stiffness of the joint

As can see in the example, the procedure of the calculating of moment
resistance and initial stiffness of the connection is labor-intensive and complicated.
Therefore, this method is used to check the characteristics of existing connections
or in computer programs. In the initial phase, designers need fast and approximated
methods to estimate the resistance and stiffness of the joints. In such cases
polynomial approximation functions are often used.

Design procedure shown that the moment resistance and initial stiffness are
depend on many different parameters both dependent and independent in relation
to himself. The influence of some of these parameters on the resistance and the
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stiffness of the connection is very similar to the joints with only flange angle cleats
introduced in [8].

In the case of joints with web and flange angle cleats, one of the additional
parameters is the length of the angle web cleat /.. The influence of length of the
angle web cleat on the resistance and the stiffness of the connection are introduced
on Fig. 8 and 9.

After analyzing dozens of different configurations of beam to column joints
with use of angle web and flange cleats was ascertained that on the resistance
and the stiffness the greatest influence had: the height of the beam #,, the depth
of the column /4., the length of flange of the angle cleats b,, the diameter of the
bolts d, length of the angle web cleat /,,, and geometric dimensions which usually
are variable dependent from the elements of the connection.

50 120
i i
40 | [kNm] X1’
[kNm/rad]
100
30
20 30
10
0 I, [mm)] 60 hyq [mm]
50 100 150 200 250 300 350 50 100 150 200 250 300 350

Fig. 8. Influence of length of the angle web cleat  Fig. 9. Influence of length of the angle web cleat
1,,, on moment resistance of the joint 1, on initial stiffness of the joint

For further analysis, typical design assumptions and constant values of the
following parameters were established:
- steel grade for all elements S275,
- bolts grade 8.8,
- bolts diameter for web and angle cleats is the same,
- column with HEB - section,
- beam with IPE - section,
- angle cleats and web cleats are made of the same sections,
- thickness of the angle leg is means thickness of accepted angle section,
- angle flange cleats length is equal to width of column flange,
- the spacing of the bolts is depended on connected elements according to
constructional recommendations,
- edge distance for angle web cleat is equal 1,2-d,.
- gap gis equal 5 mm.
As a variable parameters, the following joint properties were analyzed:
- beam height X1 = h, in range (200 + 450) [mm],
- column depth X = h. in range (100 + 300) [mm],
- length of flange of the angle cleats  x3 = b, in range ( 60 =+ 200) [mm],
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- bolt diameter
- length of the angle web cleat

x4 =d inrange ( 10 + 24) [mm], and
xs =1, in range (4,6-dp + d,) [mm].

To finding of the approximation function of was applied the theory of the
planning of the experiment [10], and the computer simulation. For determine of
characteristics of the joins, was adopted a plan the experiment of Hartley PS/DS-
P:Ha5 based at the range of variation on the hypercube, with the arrangement
showing in table 1.

Table 1. Planning of experiment for determination of the resistance and stiffness of the joint

212, | 2 | 2 | 25 X1 Xy: X3 X4 Xs: My S;ini
hy, h, b, d Lya [kKN-m] |[kN-m/rad]

1 [+1|+1|+1|+1|+1]| 450 300 200 24 379 103,18 145239
2 0-1|-1|+1[+1|+1] 200 100 200 24 159 - -

3 -1 |+1|-1]|-1|-1] 200 300 60 10 51 8,08 58962
4 |+1|-1|-1]-1]-1]| 450 100 60 10 51 22,65 126819
S5-1(+1]-1|+1[+1| 200 300 60 24 159 3,43 20213
6 |+1|-1]-1]|+1|+1]| 450 100 60 24 379 39,82 109450
7|+ [+1|+1|-1|-1] 450 300 200 10 51 33,78 117502
8 |-1|-1|+1|-1]|-1] 200 100 200 10 51 17,84 79079
9 | -1|+1|+1|+1]|-1] 200 300 200 24 120 16,41 16098
10| +1| -1 [+1|+1]|-1]| 450 100 200 24 120 63,40 109376
11| +1|[+1|-1|-1]|+1]| 450 300 60 10 379 27,13 131015
12 -1]-11]-1]-11{+1 200 100 60 10 159 11,06 42265
13 -1 [+1|+1]|-1|+1| 200 300 200 10 159 18,09 40379
14 |+1|-1|+1]|-1|+1| 450 100 200 10 379 33,78 100128
15|41 |+1| -1 [+1]-1 450 300 60 24 120 22,85 116191
16| -1|-1|-1|+1|-1| 200 100 60 24 120 3,43 28869
17|+11 00| 0|0 450 200 130 16 233 73,84 73177
18/-1{0|0]0]|0 200 200 130 16 120 15,79 24590
190 (+1[ 0| 0|0 330 300 130 16 177 54,32 40224
2000 (-1{0|0]O0 330 100 130 16 177 41,18 53243
21000 |+1| O[O 330 200 200 16 177 63,68 44586
2210(0(-110]0 330 200 60 16 177 25,36 60854
231000 |+1|0O 330 200 130 24 195 83,11 37264
241000 |-1]0 330 200 130 10 161 23,90 78301
25100 0|0 [+1| 330 200 130 16 271 55,61 47523
261000 |0]-1 330 200 130 16 83 50,85 67749
2710 (0[O0 | 0|0 330 200 130 16 177 53,23 47109

After analyzing with the overlay SOLVER of several variants of the
approximation function, the function giving the least square error was chose.
The resistance of the bolted beam to column joint with the use of angle web

flange cleats can be obtain from:

Mpy = 4,885 1073 - h2,636 . pO0%8 . 0508 . j0,534 . 0222

(61)
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The stiffness of the unstiffened joint can be obtained from:
Sjini = 4,528 1075 - h3°%% - pQ10% . p 0088 . g=0075 . 20031 1 30139 (62)
where: Mgy —in [KNm], S; i; - in [kNm/rad], and hy, h¢, bg, Lyg, d - in [mm].

The equations (55) and (56) refer to one-sided connections of the beam to
the unstiffened column. In the initial stage of the designing they can also be used
for other similar types of joints. After the achievement of calculations was
observed that in the investigated range of joints, the stiffening of the column has
not influence on the resistance of the joint, and only enlarges his stiffness.
The increase of stiffness of the joint, caused by the ribbing of the column, does not
exceed several dozen percent. So, it can be omitted in the preliminary analysis of
the joint. In case of two-sided joints, their resistance is the same as the moment
resistance of the cantilever joints. The initial stiffnes of two-sided stiffened joints
is such alone as stiffness of the stiffened cantilever joints. In case of two-sided not
stiffened joints the stiffness is comparable with the arithmetic mean of the stiffness
of cantilever stiffened and unstiffened joints.

5. Conclusion

The knowledge of the moment resistance and the initial stiffness of the joint
has a basic meaning in the initial stage of the designing, for choice of the suitable
method of analysis of the construction. Proposed in this paper, an approximation
formulas allowed on the preliminary estimation of the joint characteristics, without
the necessity of the usage of arduousness calculations according to the procedure
presented in [7].

Comparing results received according to the exact standard method, and
calculations by means of simplified formulas, differences did not exceed a dozen
percent.

For worked example introduced in the Section 3, from approximate formulas
the moment resistance amounts 25,7 [kNm] (26,6 [kKNm]), and the initial stiffness
39394 [kNm/rad] (34234 [kNm/rad]).
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