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PREDICTION OF THE FLEXURAL RESISTANCE OF
BOLTED CONNECTIONS WITH ANGLES

C. Faella, V. Piluso, G. Rizzano
Department of Civil Engineering. University of Salerno. Italy

Summary
A new procedure for evaluating the flexural resistance of top and seat angle connections
including web angles is presented in this paper. The main feature of the proposed procedure
is its ability to account for ail joint components, without any preliminary assumption
concerning the failure mode. Therefore, it can be well inserted within the framework of Annex
J of Eurocode 3 which, up-to-now. do not include this very common beam-lo-column joint
typology. The reliability of the proposed procedure is confirmed by a wide comparison with
available experimental data.

1. Introduction
The procedures for evaluating the rotational behaviour of beam-to-column joints have been
recently codified in Eurocode 3 with its Annex J [IJ, where the component method is developed

with reference to the most common joint typologies: welded connections, bolted end
plate connections and top and seat angle connections. The case of connections including
web angles is, up-to-now, not included in Annex J, perhaps due to the additional difficulties
arising with this connection typology as soon as all joint components are accounted for. In
fact, even though simplified methods have been already developed for evaluating the
rotational behaviour of connections with angles [2,3,4], these models refer to the behaviour of
the connection only rather than to the joint as a whole, including the significant influence of
the column components. In addition, the influence of some connection components is
neglected. The case of bolted connections with angles becomes even more complex than the
case of bolted end plate connections as soon as the interaction with the column components
is accounted for.

The aim of this paper is to propose a comprehensive procedure to evaluate the flexural
resistance of bolted connections with angles. The innovative feature of the proposed procedure

is its ability to include all joint components without any preliminary assumption regarding
the failure mode. In addition, it can be well inserted within the framework of Annex J

covering the corresponding gap in modern European code. Studies to extend the procedure
to the prediction of the joint rotational stiffness are currently in progress aiming at the
complete development of the component approach also for this very common joint typology.

2. Prediction of the flexural resistance of connections with angles
The Annnex J methodology for evaluating the joint flexural resistance can be extended to

the case of connections with top and seat angles including also web angles considering that
the contribution of web angles to the overall joint resistance can be determined through a
procedure similar to that adopted, within the codified approach, for evaluating the flexural

• resistance of extended end plate connections.
The bolt rows in tension are defined as those connecting the top and web angles to the

column flange. The first bolt row is the one connecting the leg of the top angle adjacent to
the column Hange. The second bolt row and subsequent ones arc those connecting the web
angles to the column (lange, starting from the upper bolt row.

For each bolt row the effective design resistance has to be computed as the smallest
design resistance of the basic components. The basic components involved in the evaluation
of the joint flexural resistance, according to Annex J provisions, are: column web panel in
shear, column web in compression, beam (lange and web in compression, column flange in
bending, column web in tension, beam web in tension, flange cleat in bending, bolts in
tension, bolts in shear, bolts in bearing, plate in tension (top angle), plate in compression
(seat angle).

The resistance of some of these components is independent of the bolt rows connected to
the column flange and, therefore, they represent only a limitation to the overall design rcsi-
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Fig. 1 - Proposed procedure lor evaluating the joint llcxural resistance

stance of holt rows in tension. This is the case of the column web panel in shear V,the
column web in compression F,.„., Ä,/, the beam flange and web in compression F, the
bolts in shear connecting the seat angle to the beam flange F,the bolts in bearing both
with reference to the compressed beam flange FhjbM and to the seat angle /•},and
finally the plate in compression (scat angle) Fc.,

On the contrary, the resistance of the remaining components is involved in the evaluation
of the design tension resistance of the individual boll rows considered both as a single bolt
row and as belonging to a bolt group. This is the case of the column flange in bending
(including bolts in tension) /"„./, /(,/ (being i the boll row index), the column web in tension
Fii.m.iu, the beam web in tension F,mm, the top angle in bending (including bolts in
tension) F,i.,the web angle in bending (including bolLs in tension) F,the bolts in shear
connecting the lop angle F,-\m and the web angle F,;.r,/ with the column flange, the bolts in

.bearing (with reference to the beam tension flange F/,//,«,/, to the top angle plate F/,and
to the web angle plate Fhi R,i) and, finally, the plate in tension (top angle) F,

Starting from the first bolt row, the proposed procedure evaluates the design tension
resistance F,of each bolt row as the minimum values of the resistance of its basic component

(Fig.l) considering also the limitations, due to the components independent of the bolt
rows, to the resistance of any bolt group constituted by the i-th bolt row and one or more
bolt rows. The contribution of each bolt row to the design moment resistance of the joint is
obtained multipling F,,.r,i with the distance /;, between the i-th bolt row and the centre of
compression which is located at mid-thickness of the seat angle adjacent to the beam flange.

The numerical procedure for evaluating the joint resistance is described, step by slop, in
the Appendix given at the end of this paper.

The strength of the joint components, excluding the resistance of the web angles in
bending (F„„„/(,, which is analysed in the next section) and the lop angle in bending (F,|.
which is discussed in the section 4) are determined according the Annex J. In addition,
exception is made with reference to the column web panel in shear and column web in
compression whose design resistance is evaluated according to the suggestions given by the
authors in previous works [5,6].

1(4+3+2+1) we R(
F 1(4+3+2) we.Rif
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3. Design resistance of web angle in bending
The contribution of the web angles can be computed according to the model developed by
Chen ct al.[2.3,4J. This model is based on the following assumptions: a) the collapse mechanism

of the web angle involves all its height; b) the Trcsca's yield criterion combined with
the Drucker shear-moment interaction is considered.

Thcicl'orc, the plastic shear force distribution V,„ along the height of the web angle
can be obtained by solving the following fourth-order equation:

(I)
V„, ht a V/,

l

where s'v represents the distance between the two plastic
b.i

Fig. 2 - Joint geometrical parameters

stance due to double web angles is given by:

2 v,mck

hinges, developed in the web angle
leg attached to the
column flange, measured
at the distance v from
the lower edge of the
web angle and /,V(l is the
web angle tickncss
(Fig.2).

The solution of eq.( l)
can be obtained through
a numerical procedure.

a Therefore, in order to
simplily the procedure,
Chen el al. propose to
assume a linear distribution

of the plastic shear,
as shown in Fig.3. and
to locate the overall plastic

shear V,„, of the
web angle in the
corresponding baryccntre.
Therefore, the contribution

to the flexural resi-

(2)

where c/4 is the distance between the point of application of Vl>a and the centre of compression.

An alternative method, which leads to a closed form solution, can be proposed starting
front an approximate moment-shear interaction based on the assumption that the external
fibres withstand the bending moment, while the internal ones are subjected to shear stress
only. In this case, the application of the Hencky's yield criterion leads to the following
relationship:

V,
111 + -L-&-

V3 t„„
Vn-

v,„

which has the positive solution:

(3)

(4)

l_
jI/2

a + 3 - a -*

where a s'max/A (Fig.2).
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In this case, the overall plastic shear force due to the web angle V,„, can be obtained by
integrating V;„ over the entire height L»„ of the web angle:

s/Jln 3 43 In [V oT+3 + a ] 43 Va2+ 3
+ t—: 1 +Vpu

43 a
4 a 2 a

/.»„ V,,
(5)

In addition the distance between the overall plastic shear force, due to the web angle, and
its lower edge is given by:

f Vpy y </.V

tip
4 Lmt L(oC + 3) a -343]

T V,„ dy
3 a j 2 [ 3 ln( V or + 3 + a) + a (V a" + 3 - a) J - In 27]

(6)

In order to predict the web angle design resistance through a procedure based on the
T-stub model adopted by
Annex J, an approximate
distribution of the plastic
shear forces (Fig.3) can
be considered. To this
scope, the effective length
l,ff of each bolt row can
be defined as suggested in
Table 1. According to the
above distribution, the
contribution of each bolt
row is computed as

W VpyJ (where Vis
given by equation (4)
considering the location y, of
the i-th bolt row).
Furthermore, with reference
to an equivalent T-stub
failing according to the
flange complete yielding
mode [IJ, the above resi-

Approximate Chen model

Chen model (eq. 1)

Adopted plastic distribution

Proposed model teq. 4)

Fig. 3 • Plaslic shear of the weh angle

stance of the single bolt row corresponds to assume that the resistance of a couple of web
angles (2 Vpyj len) is equivalent, for each bolt row, to that of a T-stub 4 M,,im/iiu' with the

parameter hi / given by:
3 t, (7)

HI i -
-
/ \

2

a j1- + 3
L>wd

V

1/2

- a y i

L«,i

Therefore, within the framework of Annex J approach, the design resistance of the single
bolt row of double web angles can be computed as the smallest value among three
possible failure modes:
Mode I: complete yielding of angle legs

4 Mfii.Rd (8)
Fi I wtl.Rtl

HI,

where Mpi.Rd is the plastic moment of the web angle plate with the effective length given in
Table 1 and hi' defined according to equation (7).
Mode 2: bolt failure with angle leg yielding
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Tab. 1 - Effective length for web angles

Bull row considered individually Boll row considered as part
of a holt-groupcircular pan em Kn,r olher patterns

Boll row adjacent lo the upper edge of
Ihe web angle

2 K III 4 m 4 1.25 e (1.5/' + e„H

tnnci boil row 2 Jt m 4 m F 1.25 e V

Boll tow adjacent lo the lower edge of
lire web angle

2 /i m 4 m *- 1.25 c 0 5 /> + t

Mpl.M + II ]£ß|.IM W

where Bi.Ril is the design tension resistance of a bolt-plate assembly, m is the distance
between the bolt axis and the plastic hinge, n is the distance between the bolt axis and the

prying force. Both m and n are defined according to Annex J 11].
Mode 3: boll failure

Fß.»;,M,l .Ii,I CO)

Obviously, in the case of single web angle connections the above contributions have to
be halved.

4. Contribution of the top angle in bending to the overall joint resistance

According to Annex J, the top angle can be modelled as an equivalent T-stub characterized

by l,ff 0.5b,„ where b„ is the length of the cleat, and m is the following geometrical
parameter:

m I,- ('„un - h - 0.8 /? for g <t, and m /, - em,„ - 'h for g> t, (11)

where g. h, e,nin, h. rt arc given in Fig.2.
Therefore, the contribution of the top angle to the joint flexural resistance can be obtained

as:

Fu„.Kd h I
1

provided that the weakest component for the first boll row is represented by the top angle in
bending. FuaM is the design resistance of the top angle computed through equations (8-10)
with the in parameter given by equation (11), assuming in this case /»/' /», and lit is the
distance between the bolt row axis of the top angle leg attached to the column Dange and
the centre of compression.

A different model for evaluating the flexural resistance of lop and seat angle connections
has been proposed by Chen et al. [2.3,4], This model is based on the complete yielding of
the cleat. The contribution of the top and seat angles to the connection Dexural resistance is
given by:

Mj.'iih M„, + M,„ + V,„ d2 (13)

where M„s is the plastic moment of the seat angle leg adjacent to the beam Dange, M,,t and
Vpt arc the combined plastic moment and shear force of the top angle leg adjacent to the
column Dange and di is the distance shown in Fig.2.

The main differences between the Chen model and the Annex J model are due to the fact
that the former considers also moment-shear plastic interaction. In addition, with reference
to the complete yielding failure mode, different definitions of the distance between the plastic

hinges are used. In fact, according to Chen model, the above distance is given by:
III I h ~ Ciiiin — df/2 — 1.5 ti — l~t 14)

(where d, is the bolt head diameter), while it is defined through the parameter m in Annex J

(11). It is evident that m and mc provide the upper and the lower bound, respectively, for
the distance between the plastic hinges in complete yielding failure mode.
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In order to evaluate the reliability of the models previously described, the avalaiblc
experimental results concerning top and scat angles with single/double web angle connections
have been analysed. In particular, 29 experimental results collected in the SCDB data Bank
[7] and in the Sericon data bank [8] have been considered. A first group of experimental
tests, due to Azizinamini et al. [9.10], provides the behaviour of top and scat angles with
double web angles connections (T-S-DW), while a second group of tests, due to Schleich et
al. [8], refers to top and seat angles with single web angle connections (T-S-SW).

The experimental flexural resistance of the joints has been conventionally assumed equal
to the experimental value of the M - (p curve corresponding to a secant stiffness equal to

K.r.,/3. where K<fJ is the initial rotational stiffness (the slope of the elastic reloading
branch of the M - (p curve, when it is not specified by the test authors). In addition, in order
to define for the moment-rotation curve predicted according to the Chen power model
[2,3,4] a knee (i.e. a design value) compatible with Annex J, the same procedure has been
applied considering the curve evaluated on the basis of the three parameters M„ and ;i
and by adopting for the shape factor ;i the values suggested in [II].

The influence of the m and m,_ parameters is evidenced in Table 2 and Figures 4a and 4b
by the comparison between the results obtained with the Chen model and those obtained
with the procedure previously described and by assuming an m definition compatible with
Annex J (11). Furthermore, in Table 3, the main statistical parameters of the ratio

between the predicted joint resistance MjRcI and the experimental one A7cxp are
shown, both with reference to the single groups of tests and with reference to all the available

experimental results (MiK,i defines the knee of the M - <p curve).
It is important to underline that generally the Chen model provides a slight ovcrestima-

tion of the design flexural resistance while the use of an m value compatible with Annex J

gives rise to an underestimation of the resistance.
The role of all joint components can be evidenced by comparing the results obtained for

the different groups of tests. In fact, the tests of Schleich et al. are characterized by the use
of the same angle both for the beam web-to-column flange connection and for the beam
flange-to-column flange connection. In addition, the angle thickness is very significant, as
the ratio between the column flange thickness and the angle thickness is close to 1.0 (Table
2). On the contrary, the tests of Azizinamini et al. have a small angle thickness compared to

Tab. 2 - Inriueiicc (if m parameter
N lesl CODE AUTHORS Joint type A/,,r

(kNm)
<Jhen mode! Model / .is 11 11 !L

/»,.A/„
(kNm)

At ,RJ
(kNm)

A1 ,RJ
Af..i»

A/*/
(kNm)

M) m
À/T

I HS I A/i/.inanimi el al
_

A/i/inamim et al
T-S-DW 30 39 38 .55 37 83 1.24 17.79 0 59 2,56

2 56
„2

1.712 8S2 T-S-DW 38 43 50 73 47 78 1 24 22 54 0 59
3 8S3 A/izin.unini cl al 1-S-DW 39 12 47 15 46 02 1.18 20 78 0 53 2 56 2 05
4 8S4 Azizinamini cl al T-S-DW 20 65 21 15 21.15 1.02 13.39 0 65 2 56 1 71
5 8S5 A/i/inainint cl al T-S DW 33 49 43 12 42 73 1 28 2! 82 0 65 2 56 1.71
6 8S6 Azi/mainmi et al T-S-DW 25 13 27 24 27.16 I 08 15 29 0 61 2 56 2 05
7 1 8S7 Azizinaintnt et al T-S-DW 40 50 35 56 35 30 0 87 18 59 0 46 2 56 1 71
8 8S8 A/i/tnamini cl al T-S-DW 36 36 40 86 39 41 1 08 1731 0 48 2 56 2 05
V 8S9 A7«7innjnini cl ai T-S-DW 35 28 52 80 45 88 1 30 21 93 0 62 2 56

2 56

1 71
1 2810 8SI0 A/i/inamim cl a! T-S-DW 44 21 76 64 39 19 0.89 35 43 0 80

n 14SI Azizinamini ct al. T-S-DW 63.20 81 78 78 15 1 24 41 47 0 66 3 60 _24(1_
1 80
2 40 _

_2_40_
_2A«_

1 80

12 I4S2 Azi/inuuuni ct .1! 1 S DW 87 45 168.17 153 83 1 76 80 05 0 92 3 60
13

14

..15

I4S.3 A/t/in;umm cl .4, DS-DW
I -S-DW

k T-S-DW

__6LAl__
h 221

71 15 6(i 53 1.02 35 84 — 0 55

_ 0 77

0 45

__3 60
_2 40_

3 60

14S4
14S5

A/J/.iimi I im LCLal
A/t/in;immt el al

10.3.80 98 85 L28
0.87

_59 19

40 3489 44 84 53 78 07
L6 I4S6 Azizinamini cl al i_l S-DW 89 30 1 _L33 Oïl 68 01 0 76 60 23 0.67 3.60
17 I4S8 A/i7inamnu cl al T-S-DW 1.31 40 178 32 91.18 0 69 88 31 0 67 3/>0 1.44
18 I4S9 Azizinainint et ai T-S-DW 99 17 133.01 68 01 0 69 60 23 0.61 3 60 1.80
19 103001 Schleich et al. T-S-SW 37 91 70 44 61 63 i 63 25 63 0 68 1 41 1.41
20 130002 Schleich cl al T-S-SW 47 92 82 88 42 38 0 88 29.96 '0 63 I 11 1 11

2! 103003 Schleich cl al
1

1

SA _43 99
60 01

107 27 54 85 1 25 36 96 0 84 1 41 1.41
1 1122 103004 Schleich cl al 123 02 62 91 1 05 43 94 0.73 I II

23 103005 Schleich cl ul T-S-SW 77 3 3 144 08 73 68 0 95 46 22 0 60 „UI
_l 41

1 M
1 41

J 41

I 41

J l L
1 41

24 103045 Schleich cl al r-s-sw 44 59 70 44 61 63 1 38

0 99
25 63
29 96 _
36 96

„0 57
__

_0_70
0.61

25 103046 Schleie hcial
Schleich ct al

T-S-SW
f-s sw

42 97
60 27

82 88__

107 27
42 38

26 103047 54 85 091
27 103048 Schleich cl al T-S-SW 36 00 123 02 62 9! 1.75 43 94 1 22 1.11 J II

-1 AL
1 11

28

20
103049 Schleich cl al T-S-SW 49 85 144 08

164 91

73 68 I 48 46 22 0 93 1 41
103050 Schleich ct al r s sw 62 27 84 33 1 35 55 10 0 88 1 II



/ü%. C. FAELLA, V. PILUSO, G. RIZZANO 315

Tab. 3 - Statistical results ol the compaiison

Chen et al model Model wilh m a> 11

Average Standard

dcM.Uton

Average Standaid

deviation

A7i?in;unini el al 1 08 027 0 6t 0 12

Schleid» cl al 1 24 o to 0 76 0 19

1 otal 1 H 0 20 0 68 0 16

that of the column Hange. In particular, with reference to the web angle, the above mentioned
ratio ranges from 2.40 to 3.60.

As a consequence of the above geometrical features, the weakest component is given by
the angles (both top t.ia and web t.wa angles) in the specimens tested by Azizinammi et al.
On the contrary, a significant interaction between the column Hange (t.Je) and web angles
occurs in the tests of Schleich et al.

The proposed method can be improved provided that, with reference to the case of complete

yielding, a more appropriate value in' of the distance between the angle plastic hinges
is defined considetmg that the values proposed by Annex J and Chen represent the boundary
values of the variability range. The following definition of m* can be adopted:

m' m - \)/ cl,/2 +1,/2 + 0.2 (15)

where v|/ is a coefficient ranging from 0 to 1. Obviously, the 0 value corresponds to the
Annex J definition while the value 1.0 corresponds to the Chen model.

The m
*

parameter is used both with reference to the top angle and with reference to the
web angle. In the latter case in' defines the location of the yield line at the level of the
upper bolt row of the web angle (Eng.2).

The coefficient \|/ can be related to the ratio between the flexural stiffness of the angle
leg attached to the column Hange and the axial stiffness of the bolts connecting the angles to
the column. On the basis of the experimental tests of Azizinamini et al., which are characterized

by the collapse of top and web angles, the following relationship has been found:

Tat). 4 - Reliability of the piopuscd method including the coclllcicnl y
N

ICSI
ODE AUTHORS Me?

(kNtn)
nirlhnd

Collapse mode M\M
(kNm) (kNm)

3/RJ
(kNm)

Mm
A/„rrow row

->

row
1

row
4

lop web

__l

.t

8SI A/ri/inainim d al. 30 39 _Lta l.wa t.wa 0.86
0 63
0 86j

i.00 25J>3 9 05 34 68 I 14

8S.3
A/i7innnuni et al. .38 43 I ta_ l^wa t.00

1 00
30.36 1

34 17

8 40 38 76 Toi
A/izinjnrni et al. 39J2 l ta l.wa l.wa 7 54 41.71 1 07

4 8S4 A/i/inamini et al 20 65 1 (a 1 wa t wa 1 00j 11)0 8 84 10 72 19 56 0 95
5 8S5 A/.i/tnamini et a! 33 49 _t kc_

l la
I wa I wa 0H3_j 1 00 28 54 7 64 36 18

_25_97_
30 55

1 08

0 757
_ 8S6

857
858
HS9

A/i/inaitnni et al

Azi/m.unini et at

25 13

40 50
t wa t wa 1 00 1 00 15 76 10 21

9 14lia I wa i wa 0 83 00 21 41
8 A/i/tmunim et al

A/izinainini et al
_]6J6_

35 28
44 21

1 Ia__

_I4'3_

lia.

JA>

wa

1 wa 0 94
0 73

_L_oo
t 00

35 19

38 51
__

7 90
7 53

n 09 „
46 04

~
1 19
1.319

10

11

t wa
HS 10 Azizmainmi et al wa 0 25 1 (K) 41 91 7 39 49 30_j 1.12

I 0.5I4SI Azi/mamtni et_ai
A/i/mainim et al
Azi/maimm el a!

63 20
87 45
65 31

t la t wa i wa t wa 0 83 1.00

1.00

Lloo

43 87
84 11

22 47 i (»6 34
12 I4S2

|
1 la
t ta

t wa
t wa

wa l wa 0 J2 15 41 99 52 1 14
13

_jj_
16

_ 14S3_
I4S4

I wa t wa 0 83 4 3 87 15 33 59 20 0 91

A/iiiriJinmi et al 77 22

89 44
r 89 30

t ta t wa l wa t wa 0 83_
i>2LL
0 53

0 95
1.00

43 87 41 17 85 04 1 10
I4S.5 A7i/in;umni et al Ua__

1 (a

l wa i wa t wa J>0J>5

_Z2J 7

22 <2 7 .3 27 0 82
I4S6 _| A/t/inanntii et al. Lwa Lwa 1 wa 1.00 19 93 92 10 I 03

17 I4S8 Azizinamini el at 131 40 lia 1 wa -kWA.
J WiL t wa

0 00 1 00 80 20 14.15 94 35 3172
0 9318 I4S9 A7t7iiiainini et al. 99 17 J_ta_

J la
JLw»L

l wa
0 53 UX) 72 17 19.93 92 10

_L9_
20

JP300I
130002

Schleich el al. 37 9 t Uc 0,40 0 57 -2J 82 29 83

29 96
0 79
0 63
1.19

Schleich et al 47 92 (a i le t fc 0 00 0 17 27 87 _

21_
22

103003 Schleich et al 43 99 i ta 1 wa tfc 0 56 0 70 48 38 52 15

103004 Schleich el al 60 Ol l ta 1 fc t fi0 16 0 34 43 25 48 26 0 80
23

26
27

10 too s Schleich el al 77 3 3 t la t wa de 0 56 0 70 64 03 65 73 0 85
103045

I03046_
103047
103048

Schleich el al
Schleich et ai

44 59
42 97

I ta wa t fc 0 40 0 57 27 87 29 83 0 67

tu l h. tfc
rif<: — ooo_

0 ^6.
o 16

J) 17

21170.

0 34

27 87
48 38

29 96 0 70
0 87

1 34r 1 32

Schleid» el al 60 27 1 (a wa _52 J5
4 8 26Schleich el at 36 00 t ta t le tfc 43.25

28
29

103049 Schleich et al 49 85 t la t.wa I le 0 56 0 70 64 03 65 73
103050 Schleich et al 62 2' tu t fc l le - 0 16 0 35 57 19 60 59 0 97
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Chen el. a), mode! Proposed method

A/i/ui.iiiimi ci :it

cl nl

(a) <1>)
50 KM) 15« 21*1

M it|I 'kNn" (c)
Ml um 15« 2IHI

M,.,plkNlMI

Fir.4 - Reliability of different procedures lor predicting the flexural resistance

0 < \|/ 1.89-3.22 < 1
(16)

In Tab. 4 and fig. 4c, the comparison between the predicted values of the flexural
resistance evaluated with the proposed procedure including also the coefficient \\i. and the

experimental ones are shown.
A good degree of accuracy can be observed, as it is evidenced by the average value and

the standard deviation of MjK<i/M„v ratio (Tab.5). In particular, the check of the resistance
of all joint components has led to a good degree of approximation also with reference to the
tests of Schleich et al.

With reference to the cases in which the weakest component is represented by the top
and web angles, it is useful to underline that the contribution to the jo> tance of the
web angle is not negligible. In fact, this contribution ranges from 15% of the global
joint resistance with an average value equal to 26% as it can be notée able 4 where

the contributions to the joint flexural resistance M{/m and due to tue top and web
angles, respectively, are given.

5. Simplified procedure for evaluating the joint design resistance

Even though the advantages of a general procedure accounting for all joint components
have been clarified in the previous section, a simplified method could be adopted provided
that the joint resistance is governed by angles and, in addition, the bolts of the web angles
arc closely spaced to assure the failure as a bolt group rather than individually. In this case,
the design resistance of the web angle can be obtained as the minimun value given by
equation (5) and equations (9) and (10). where /,// /.„•„ has to assumed.

Moreover, it can be observed that the resistance corresponding to the first collapse mode,
given by equation (5) can be equivalently obtained by means of the T-Slub model (equation
(8)) provided that the following value of the parameter m' is adopted:

43 /„„ (17)
m =~

VTln 3 V3~ In [Vor+3 + a ] 43 4 az + 3

4 a 2a
Therefore, the joint design resistance can be evaluated by means of the following

relationship:

Mj.Rd - F„m It, + Fm.(18)where Ft,.Rd is the design resistance of the top angle evaluated according to the previous
section. Ftw.Rd is the design resistance of the web angle computed as the minimum value
given by the equations (8) (with m' given by eq. (17)), (9) and (10). In addition, the lever
arm /i„- of the web angle contribution is given by dp (equation (6)) plus the distance between
the lower edge of web angles and the center of compression (<Y|), when the complete yielding

of flange arises, or by the distance between the middle length of the weoTirrgle and the
centre of compression for collapse modes 2 and 3.
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Tub. 5 - Statistical results ol'the comparison between the predicted and experimental resistance

Proposed procedure

(all joint components)

Simplified ptoposed pioceduie

(top and weh angle components)

A\erage Standard deviation Avctagc Standard deviation

A/i/inannni el al. 1.02 0 15 .1)5 0.17

Schleich ci al. 0.92 0 25 1.51 0.37

l ot al 0 os 0 20 1 IS 0 29

In table 5. lite comparison be I ween the predicted values and the experimental ones of the
joint I'lexural resistance is given with reference to the main statistical parameters of the ratio
A/ j Rti/A/cx|i-

A good degree of approximation of the simplified method can be mainly observed with
reference to the Azizinamini el al. tests, which satisfy the basic hypotheses of the method.
This degree of accuracy, as expected, is comparable with the one obtained by the Chen
model. With respect to this, the proposed procedure presents further simplifications. In fact,
the use of the shear-moment interaction according to eq.(3) allows to compute in closed
form the overall shear force (5) and the corresponding location (6). due to the web angles.
Numerical procedures are required by the Chen model. In addition, even though .simplified,
also this approach can be considered within the framework of Annex J. However, it should
be underlined that a parametric analysis with the general method including all joint components

is necessary with the aim to provide the «a priori» knowledge of the validity range of
the simplified procedure.

6. Conclusion

The extension of the component method of Annex J to the case of connections with
angles, including web angles, has been proposed in this paper. The reliability of the suggested

procedure has been confirmed by the comparison with the available experimental tests
on this connection typology. The importance to account for all joint components has been
underlined considering tests from different authors, i.e. characterized by different geometrical

details. In addition, a simplified procedure has been also proposed. This procedure can
be applied provided that the web angles fail involving their full depth.
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APPENDIX
Willi icfeience u> Fig. I. I lu* proposed procédure can he performed by means of the following steps:

a) e\uluation of the design tension resistance of the first holt row {!',\ rj as the one of the weakest component:

//I H,I ~ min J Vwr R,I/\\. /•; /i,i, /', jh /?</ > f'\ MI Hii. f'h Mip Hit - /'*( .nip Rti. /'it /<• Kit -

i-'i I >1 « A'./ /•/1 i„ /ill /*", I Ril / h mp fill f 'h lb RJ I't hip Ril \ A. D

where F's a coefficient accounting for the mtluence of the actions, at the member ends, on the shear force in the panel
/one 111.

b) computation of the design tension resistance Ft2R,t of the second bolt row (i.e. the upper bolt row of the web angle)
ihtough the minimum value provided by the following limitations (A.2-A.5):

F,2r,i - min j Vvf>R,i/\\- Ft\ r,i Ft- „•< «,/ - Ft\ /?,/ Fr.fb.Rii - F,\.r,i /•',• u, r,i - Ft\Rj

Fb hip r,i - Fii R,j Ft s„p Rii - Ft\ Rii j (A.2)

which accounts loi (lie limitations to the resultant of the first (wo boll tows due to the web panel in shear, (he column
web in compression, the beam Hange and web in compression and the seat angle (in shear, bearing and compression);

/•/2K</ min I FtifcRd Fn\+2)jc./td - Ft\r,i j (A.3)

which lakes into account the limitations due to the column Hange in bending consideting the second bolt row both
individually and as constituting a boil group with the first boll row:

Ftînd nùn\ FtinrRj Fn\+2).w,.Rii~ Fi\.R,I \ (A.4)

which is a limitation similar to the previous one, but with reference to the column web in tension;

Ft2 Ril Uli n j hl «1 <i Rtl F\ 2 Rit FhlmipRtl Fb2.Mb.Ril Ft2.\uipR,l Ft2» hRil\ (A.5)

which considers the limitations due to the web angle in bending, the bolts in shear, the web angle plate in bearing, the
web beam in hearing, the web angle plate in tension and the web beam in tension.

c) evaluation of (he design resistance of the subsequent tension boll rows (i.e. that of the i-th bolt row F,iRti) as the
minimum value obtained from the following limitations (eq. A.6-A.I2):

«-I /-I
FnRii - min j V„it r,i/\\-% /•),#</ F, r,i - £ Fn.Rii f\ //, rj - /•',//?,/

»-I i-\ »-I

l\ m.Ril ~ X '</ *«' • '•'/' M ~ X F'l *>' • K'1 ~ X F'l *•' i

/-' i-l ri
which is similar to limitation (2). hut including all the holt rows above the i-llt one;

'•»«/ min
J

I'm. a,I I'mm-Du,r.i-I'ih-dr.i I'nim-])t-..i])fi- r.i - X
I Fl I

[ I

i'riRii-min j I'll it'«' R<t /'r(iHi-l))»rRil ~ hu\)li,l /'f(0(i--l)h. » I n I Rif ~ X
I /=I I

I

ItiR.I — mill I Im.-.iR.I I'Hi H/-III H'C Rtl ~ I'tyi-DRi! 7f(o(i-lH-. +1 ).w.i.Ril — X I'llR.I
I H

I'll Ril — Uli 11 j In a/. R.l IRH (i—1 ii'.i/i R.l IHt— i R.l I'tyi+ii-1 )r +1 » iij. R.l - X R'l j

r I I

I'llRcl-mill j ,I,R,I /",|i«i-l)).wi..R,i-l'i(i-[).R,l /v<i+<i-1 +1 J ../. «,/ — X
I Fl

hi RR ini 11 I l'n R.I Himh/iM I'b,... I'M I

d) computation of the design moment resistance M,rr of the bcam-to-column joint by means of the relationship:

A'/«./ X h< ^iiR'l
i=i

(A.6)

(A.7)

(A.8)

(A.9)

(A. 10)

(A.I I)

(A. 12)

(A. 13)

in which /i, is the distance between the i-th holt row and the centre of compression and r is the number of bolt rows in
tension.


	Prediction of the flexural resistance of bolted connections with angles

