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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 cvaluating the flexural resistance of top and seat angle conncctions
including web angles is presented in this paper. The main feature of the proposed procedure
is its ability to account for all joint components, without any preliminary assumption con-
cerning 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-to-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 [!], where the componcnt method is deve-
loped 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 (hough simplified methods have been already developed for evaluating the rota-
tional behaviour of connections with angles [2,3,4], these models refer to the behaviour of
the connection only rather than to the joinl as a whole, including the significant influence of
the columin components. In addition, the influence of some connection components is ne-
glected. 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
1s 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 proce-
dure is its ability to include all joint components without any preliminary assumption regar-
ding 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 stiffncss are currently in progress aiming at the
complcle 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 [irst bolt row is the one connecling the leg of the top angle adjacent to
thie colummn flange. The second bolt row and subsequent ones are those connecting the web
angles to the column flange, 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 flange and web in compression, column f{lange 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, thercfore, they represent only a limitation to the overall design resi-
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Fig. 1 - Proposed procedure for evaluating the joint flexural resistance

stance of bolt rows in tension. This is the case of the column web panel in shear V. gq. the
column web in compression I, gs, the beam flange and web in compression 7 gy pe. the
bolts in shear connecting the scat angle to the beam flange Fysrq. the bolts in bearing both
with reference to the compressed beam flange Fypre and to the seat angle Fipra. and
finally the plate in compression (seat angle) £ up -

On the contrary. the resistance of the remaining components is involved in the evaluation
of the design tension resistance of the individual bolt 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) Fijgs (being i the bolt row index), the column web in tension
Fii v ra. the beam web in tension £, r4 the top angle in bending (including bolts in ten-
sion) Fipara. the web angle in bending (including bolts in tension) Fyjyras the bolts in shear
connecting the top angle Fujgs and the web angle F;zs with the column flange, the bolts in
.bearing (with reference to the beam tension flange F, , za. to the top angle plate £ ra and
to the web angle plate Fj, ..., rs) and, finally. the plate in tension (top angle) Pl

Starting [rom the first bolt row, the proposed procedure evaluates the design tension
resistance I py of cach bolt row as the minimum- values of the resistance of its basic compo-
nent (Fig.1) 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 onc or morc
bolt rows. The contribution of each bolt row to the design moment resistance of the joint is
obtained multipling /g, 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 [lange.

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

~ The strength of the joint components, excluding the resistance of the web angles in ben-
ding (Fiiware which is analysed in the next section) and the top angle in bending (£ 1y
which is discussed in the section 4) arc 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].



A C. FAELLA, V. PILUSO. G. RIZZANO 311

3. Design resistance of web angle in bending

The contribution of the web angles can be computed according to the model developed by
Chen et al.[2,3.4). This model is based on the following assumptions: a) the collapse mecha-
nism of the web angle involves all its height; b) the Tresca’s yield criterion combined with
the Drucker shear-moment interaction is considered.

Therelore, the plastic shear force distribution V,,, along the height of the web angle L,
can be oblained by solving the following fourth-order cquation:

Vs ) A Ve = th
vl’" Tea V/m

where gy represents the distance between the two plastic hinges, developed in the web angle
leg attached to the co-
lumn flange, measured
at the distance y from
the lower edge of the
web angle and 1 is the
web  angle  tickness

e - (Fig.2).
! _pwu The solution of eq.(1)
- can be obtained through
Pl A P L, & numerical procedurgc.
Pl T ™ Thercfore, in order to
P simplily the procedure,
T Chen et al. propose to.
T asswne a linear distribu-

tion of the plastic shear,
as shown in Fig.3, and
to locate the overall pla-
stic shear V,, of the
web angle in the corre-
sponding barycentre.
Therclore, the contribu-
tion to the flexural resi-

Fig. 2 - Joint geometrical parameters

stance due to double web angles is given by:
e
M}.I:'d” =2 V,m dy (2)
whete d4 is the distance between the point of application of V4 and the centre of compres-
sion.
An alternative method, which leads to a closed form solution, can be proposed starting
from 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 critcrion leads to the following

relationship:
2 3
(Y| L 2 8 (Ver)_y )
‘/i}t} J3 ’\I'(i V[l()

(4

which has the positive solution:

where o = gmax/twa (Fig.2).
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In this case, the overall plastic shear force duc to the web angle V,, can be obtained by
integrating V,, over the entire height L., of the web angle:

[ V3In3 rlll[VaZ+ 3 +o] | V3Voi+3 3o . (5)
pa = 4 o 20 6 - 6 “wa ¥ po

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

1 I Vp»\’ ¥ (l_\' 4 Lua [((12 +3)|.5 _ (x-‘ -3 \/3_1 (())
dy = -— — =
Ty 4y del23m(V e 43+ ra (o3 —0) | - In27|
py =
4]

In oxdex to predict the web angle design resistance through a procedure based on the
T-stub model adopted by
Annex J, an approximale
distribution of the plastic
shear forces (Fig.3) can
be considered. To this
scope, the cilective length
lg of cach bolt row can
be defined as suggested in
Adopted plastic distribution  "Fable 1. According to the
Proposed model teq. 4) above distribution, the
contribution of each bolt
row is computed as
leg Vpvi (Where V. is gi-
ven by equation (4) con-
sidering the location y; of
the i-th bolt row). Fur-
thermore, with reference
to an cquivalent T-stub
T failing according to the
flange complete yielding
mode [}, the above resi-
stance of the single bolt row corresponds to assume that the resistance of a couple of web
angles (2 V,.ilg) is equivalent, for each bolt row, to that of a T-stub 4 Mg/’ with the
paramcter my” given by:

Approximate Chen model

Clhen model (eq.

0 "‘23 04 06 08 \h
! Veo

Fig. 3 - Plastic shear of the web angle

3 , b (7)

Therefore, within the framework of Annex J approach, the design resistance of the single
bolt row of double web angles Fy...re can be computed as the smallest value among three
possible failure modes:

Mode 1: complete yielding of angle legs

4 M,ira (8)
F — P
“twaRd = - .
i

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

Bult row considered individually Boll row considered as part
circular pattern ly, » other pattems Lo, ulatoit-gioun
Bol row adjacent to the upper edge of 2rm dm+ 125 (Lip+en
e web angle
tnner bolt row Jam dim+1.25¢ r
Bolt row adjacent 1o the lower edge of dnm 4m+1.25¢ DSp+ew
the web angle
- {
Mura + 1Y Bira )

DwaRkd =
m + n
where By gy 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 {1]. .
Mode 3: bolt failure

I"l].wd.Rr’ = Z ljf.R(f ( 10)

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 characteri-
zed by l=0.5b,, where b, is the length of the cleat, and m is the following geomctrical
parameter:

m= 1, — Cmin — I — 0.8 Iy fOl‘ 8 S f{ llnd n = [, = Cmin — r/2 fOl‘ g > f[ (l I)

where g. Iy, emin, 1. ry arc given in Fig.2.
Therefore, the contribution of the top angle to the joint flexural resistance can be obtai-
ned as:
M:'}éz)l = Fijana M (12)

provided that the weakest component {or the first bolt row is represented by the top angle in
bending. 7 ra.rd 1s the design resistance of the top angle computed through equations (8-10)
with the m parameter given by cquation (11), assuming in this case m;"=m, and h; is the
distance between the bolt row axis of the top angle leg attached to the column flange and
the centre of compression.

A different model for evaluating the flexural resistance of lop and seat angle conncctions
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 scat angies to the connection flexural resistance is
given by:

Migh = Mo + Mp + Vyy d2 (13)

where M5 is the plastic moment of the seat angle leg adjacent to the beam flange, Mpr and
Vpr are the combined plastic moment and shear force of the top angle leg adjacent to the
column flange and d7 is the distance shown in Fig.2.

The main differcnces between the Chen model and the Annex J model are due 1o the fact
that the former considers also moment-shear plastic interaction. In addition, with reference
to the complete yiclding failure mode, different definitions of the distance between the pla-
stic hinges are used. In {uct, according to Chen model, the above distance is given by:

me =1~ eyin — dr/z - 1.5 L=t (14)
(where d; is the bolt head diameter), while it is defined through the parameter m in Annex J

(11). It is cvident that s and m. provide the upper and the fower bound, respectively, for
the distance between the plastic hinges in complete yielding failure mode.
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Inn order to evaluate the reliability of the models previously described, the avalaible expe-
rimental 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 seat angles with
double web angles connections (T-S-DW), while a second group of tests, due to Schlcich 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 cqual
to the cxperimental value of the M - ¢ curve corresponding to a secant stiffness cqual to
Kox=Kqi/3. where Ky, is the initiad rotational stiffness (the slope of the clastic reloading
branch of the M — ¢ curve, when it is not specified by the test authors). In addition, in order
1o 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 cvaluated on the basis of the threc parateters Ky, M, and
and by adopting for the shape factor » the values suggested in [11].

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 thosc obtained
with the procedure previously described and by assuming an m definition compaltible with
‘Annex J (11). Furthermore, in Table 3, the main statistical parameters of the ratio
M pa/Meyy between the predicted joint resistance Mgy and the cxperimental one My, arc
shown, both with reference to the single groups of tests and with reference to all the availa-
ble experimental results (M, x, defines the knee of the M — ¢ curve).

It is important 10 underline that generally the Chen model provides a slight overestima-
tion of the design flexural resistance while the use of an m value compatible with Annex J
gives rise (o 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 conncction. 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 - Influence of m parameter

N.test | CODE AUTHORS Joint type | M. Chen model Muodel m as (BF) 5. 1,
(kNm) M, Mige | Mg M Mas | T T
. (kNm) | (kNm} Mo (kNm) Mo
I 851 Azizingmini et al. T-S-hw 30,39 18.55 3783 1,24 17,79 0.59 256 ] 208
2 852 Azizinamini et al. T-5-bw 38,43 50.73 47.78 1.24 22.54 0.59 2.56 P71
3 853 Azizinaminieral. | T-S-DW 3y.12 47.15 46.02 1.18 20.78 0.53 236 | 205
4 854 Azizinamint et al. | T-S-DW 20.65 2115 21.15 1.62 13.39 0.65 2.56 LT
5 8S5 Azizinaminot et al. T-8-bW 33.49 43.12 42,73 1.28 21.82 0.03 2.50 .71
6 856 Azizinamini eral. | T-S-DW 25.13 27.24 27,16 1.08 15,29 0,61 256 ] 203
7 857 Azizinanini ¢t ab. T-5-bW 40.50 35.56 35.30 0.87 18.59 046 2.56 t.71
8 858 Azizinamini et al. T-5-DW 336 40.86 19.41 1.08 17.31 0.48 2.56 2.08
9 859 Arizinamini_et al, T-5-DW 35,28 32.80 45.88 1.30 21.93 0.62 2.50 1.71
10 8S10 Azizingnini ct . T-5-DW 44.21 70.64 39.19 0.89 15.43 0.80 2,560 1.28
At 1451 Azizinamini et al, T-S-DW 63.20 81.78 78.15 1.24 41.47 .66 3.60 2.40
12 1482 Azizinmuini et al. | 1-§-DW 87.45 168.17 153,83 1.76 80.05 0.92 3.60 1.80
13 1483 Azizinamini_et al, T-S-DW 65.31 TL1s 0653 102 35.84 035 1 3,601 2.40_
LA 1484 1 Avidienini et al, L T-S:DW 77.22_ 1 103.80 | 98.85 1.28 3919 0.717 2401 _2.40_
15 I4»S‘i_‘T Azizinpmini et af, 89.44 84,53 78.07 .87 40.3 0.45 160 240
16 14560 | Azizinamninictal. | T-S-DW 89.30 1 13301 (8.01 076 060.23 .67 3,6/) 1.80
171 ___t4S8 | A mini etal. | T-S-DW 130,40 178.32 91,18 .69 88.31 0.67 3.60 1.44
18 1459 amini et at. 99.17 133.01 68.01 0.69 060.23 0.61 3.60 180
19 103008 Schleich et al. 3791 70.44 61.63 1.63 25.03 0.08 141 1.41
20 130002 Schieich et al, 47.92 82.88 4238 (.88 29.96 0.63 N 1.11
21 103003 Schieich et al. 43.99 107,27 54.85 1.25 36.96 0.84 1.41 1.41
22 [ 13004 Schileich ¢t al, 6001 123.02 | 6291 | 105 | 4394 | 073 | 111 | Li1
23| 103005 Schicich et al. 7733 ) 14408 | 73.068 0.5 4622 | 060 | 141 | 141
24 103045 Schigich et at. 44.59 70.44 61.63 .38 0.57 1AL | 14l
25 103046 Schieich_ et al, 42.97 8288 | 42.38 0.99 070 b bt

BTy L4l | 141
022 | |

.93 1.41 1.41
(.88 .11 .01

00.27 107.27 | 54.85 0.91
21 103048 Schleich et al. 36.00 123.02 | 6291 1,78
28 103049 Schieich et al. 49 .85 144.08 | 73.68 1.48
20 103050 Schlcich ct al. T-S-SW 02.27 164.91 84.313 |15

20 103047 Schieich et al.
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Tab. 3 - Statistical results of the comparison

Chen et al. modet Model with m as (1)
A\'c}agc Standard Average Standard
deviation deviation
Azizinamini ¢t al. 1.08 0.27 0.631 0.12
- Schieich et al. 1.24 .30 .76 .19
Tornl 1.14 0.29 0.68 116

that of the column flange. In particular, with reference to the web angle, the above mentio-
ned 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.ra and web r.ava angles) in the specimens tested by Azizinamini ct al.
On the contrary, a significant intcraction between the column flange (1./¢) and web angles
oceurs in the tests of Schleich ct al.

The proposed method can be improved provided that, with reference to the case of com-
plete yiclding. a more appropriatc value m” of the distance between the angle plastic hinges
1s defined considering 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” = -y (d/2+6/2402r) (15)

where ¥ is a cocfficient ranging from O 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 m” defines the location of the yield line at the level of the
upper bolt row of the web angle (Fig.2).

The coefficient y can be related to the ratio between the flexural stiffness of the angle
leg attached to the column {lange and the axial stiffness of the bolts connecting the angles to
the column. On the basis of the expcrimental tests of Azizinamini et al., which are characte-
rized by the collapse of top and web angles, the following relationship has been found:

Tah. 4 - Reliability of the proposed method including the coclficient y

N. | CODE AUTHORS Mesp Lopased Jicihad
test (kINm) Collapse mode MRy M Mprpa My
row | row | row | row | top | web § (kNm) | (kNm) | (kNm) Mg
IR WS SR K SN 7
. 851 Azizinaming ¢t al. 039 § tta ftwaltwal - FO86| LUOF 2563 903 | 34.68 114
2 852 Azizinanini ctal 18.43 tta | tLwa | {,wa - 063! 1O0F 3036 8.40 38.70 1.01
3 853 dzinuminietal, | 39,12 Lt | twa | twa - _JORG L EOOF 3417 7.54 41,71 107
4 884 | __Avizinamini et al, 20.65 § tda ] twa | Lwa - 100 | 1.00 8.84 1072 19.56 0.95
S 883 Azizinamini et al, 3349 ¥ tda_ )l twa | twa - 0831 1,004 2854 7.64 36,18 1.08
_6 386 Azizinamini et al, 25.13 Lta | tawa | twa - .00 ] 1.00 3 15796 19.21 2597 1.03
7 887 4050 0t [owaftwa| - FORITIOON 2141 9.14 30.55 0735
8 ! 858 | 16.36_4 tia  twa | twa - D94 1 108 35.19 7.90 43.00 1.19
9 859 3528 fotta Jtwajtway - 10731 1.00F 3851 71.53 46.04 1.31
0 8510 44,21 tia | twa | twa 10251100} 419 7.39 49.30 1,12
i1 1481 6320 F tta ftwa | twaltwa 0831003 4387 2247 06,34 LO5
12 1482 | 87.45 tta | twa jtwafowa042 1 1000 8411 15.4] 99.52 1.14
13 1483 unini ¢t at, 05.31 fla [ twa | twa | twap JOS3I | 100} 4387 15.33 59.20 0.91
A 14S4 4 Avizipamini et} 7722 ¥ tta_Jtwa | twa | twa §0.83 | 0.95] 4387 41.17 85.04 110
.15 1485 Azizinaninictal. ] 8944 B tia lowa fewa b twa f091 1 LOOY 5095 | 220 | 7327 0.82__
16 1456 Azizinsming et al, $9.30 Caa_f twa | twa { twa 053 1008 72.17 1993 92,10 103
17 488 Azizimuning et al. 13040 f 102 [ owa ltwa | twad0.00] 100 Y 80.20 14,15 9435 1 0.72
I8 1489 Agzizingniii et al 9917 ¥ wta fowa [pwaltwa d053] 0008 7217 19.93 92.10 0.93

19 103001 Schicich el al 379 ¥ taa | bwa | (¢ - 0401 057 ¢ 2787 - 2983 | 079

20 130002 Schicich ¢t al. 47.92 tta | vfe | tic - 00010178 27387 - 29.90 0.63

251 103003 Schieich et al. _4399 Lta_ ] twa i uic - 05610708 43138 - 52.15 149 ]
22 103004 o).01 faa_} tfc | tic - 0.16 | 034§ 4325 - 418,26 0.80

23 1030015 Sch h el a 77.33 taa ! twa ) Lfc - 0.56 107086403 - 65,73 0.83
24 | 10345 Schicich et al, 4459 § tta | twa | tfe - 04010573 2787 - 29.83 067 |
25 ] t0AdMe Schicich et al. 42.97 tan | oedfe | tfe -_10.00,017F 2787 - 29.96 0.70 |
a6 1 10347 Schicich et al, 00.27 f tia [ twa |l Lic - 05610708 44.38 - 52.15 0.87

27 103048 Schleich et al. 30.00_F tia | tfc | tic - .46 1 034 § 43.25 - 48.260 | IRE)
2% | 103049 Schicich et al. 49.85 Jtta {ewa| the | - fouselo70f 6403 - 65.73 1.32

29 | [0S0 Schicich et al 6227 tta | tfe | Lic - 301610351 57.19 - 60.59 0.97
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duni/dy,

In Tab. 4 and fig. 4¢, the comparison between the predicted values of the flexural resi-
stance M gy, evaluated with the proposcd procedure including also the coefficient y. and the
cxperimental ones are shown.

A good degree of accuracy can be observed, as it is evidenced by the average value and
the standard deviation of M;ra/Mexp ratio (Tab.5). In particular, the cheek of the resistance
of all joint components has led to a good degree of approximation also with refercnce to the
tests of Schieich et al.

With reference to the cases in which the weakest component is represented by the top

and web angles, it is uselul 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 globai
joint resistance with an average value equal to 26% as it can be noteu wable 4 where

the contributions to the joint flexural resistance Mjky and M) due w i p 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
are 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 valuc given by
equation (5) and equations (9) and (10). where .y = L., 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-Stub model (equation
(8)) provided that the foliowing value of the parameter m” is adopted:

— V3 fva (17
Vimm3 BhNe+3 +a] VByYad+3 V3o
2 |- + + -
4 a 20 6 §)

Thercfore, the joint design resistance can be evaluated by means of the following rela-
tionship:
/wj.kd = Fura e + Foera (]8)

where Fyrq4 is the design resistance of the top angle evaluated according to the previous
section, FpeRd 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 hy, of the web angle contribution is given by dp, (cquation (6)) plus the distance between
the lower edge of web angles and the center of comipression (d1), when the gomplete yiel-
ding of flange ariscs, or by the distance between the middle length of the web™umgle and the
centre of compression for collapse modes 2 and 3.
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Tab. 5 - Statistical results of the comparison between the predicted and experimental resistance

Proposed procedure Simplified proposed procedure
(all joint components) (top and web angle components}
Average Standlard deviation Average Standard deviation
Azizisannini ¢t al. 102 0.15 105 0.17
Schlcich et al. 0.92 0.25 L3 0.37
Total 0.98 0.20 1S 0.29

In table S, the comparison between the predicted values and the experimental ones of the
joint flexural resistance is given with reference to the main statistical parameters of the ratio
A’\/.R.I/Mexp- '

A good degree of approximation of the simplificd method can be mainly observed with
reference to the Azizinamini el al. tests, which satisfy the basic hypotheses of the mcthod.
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 usc 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), duc 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 Anncx J. However, it should
be underlined that a parametric analysis with the general method including all joint compo-
nents 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 sugge-
sted procedure has been confirmed by the comparison with the available experimental tests
on this conncction typology. The importance to account for all joint components has been
underlined considering tests from different authors, i.e. characterized by different geometri-
cal details. In addition, a simplified procedure has been also proposcd. This procedure can
be applied provided that the web angles fail involving their full depth.

7. References

I Gurocode 3, part 11 Revised Annex J: Joints in Building Frames

12] N. Kishi, W.F. Chen, K.G. Matsuoka. §.G. Nomachi: Moment-Rotation Relation of Top- and Seal-Angle
with Double Web-Angle Connections. Proc. Workshop on Connections and the Behaviour, Strength and
Design of Steel Structurcs, Elsevier Applied Science, London 1987

{3] N. Kishi, W.I. Chen, K.G. Matsuoka, $.G. Nomachi; Moment-Rotation Relation of Single-Doubic Web-
Angle Conneclions, Proc. Workshop on Connections and the Bchaviour, Strength and Design of Steel
Structures. Elsevier Applied Science, London 1987

[4] N. Kishi. W.F. Chen: Moment-Rotation Relations of Semirigid Connections with Angles, Journal of Struc-
tural Engincering, ASCE, Vol.116. No. 7. July, 1990.

I5] C. Faclla. V. Piluso. G. Rizzano: Modelling of the moment-rotation curve of welded connections: propo-
sals to improve curocode 3 Amnex 1, CTA., ltalian Conference on Steel Construction, Riva del Garda,
October, 1995,

{6} C. Faclla. V. Piluso, G. Rizzano: Some proposals to anprove EC3-Annex J approach for predicting the
monent-rofation curve of extended end plale connections, C.T.A.. ltalian Conference on Steel Construc-
tion, Riva del Garda, October, 1995.

171 N. Kishi. W.I. Chen: Database of Steel Beam-to-Column Connections, Structural Engincering Report, No.
CE-STR-86-26. School of Civil Engincering, Purdue University, 1986.

181 K. Weinand: SERICON - Databank on joints in building frames, Proceedings of the Ist COST Cl Wor-
kshop. Strasbourg, 28-30 October.

(91 A. Azizinamini. J.H. Bradburo. J.B. Radziminski: Initiai Stiffness of Semi-Rigid Steel Beam-to-Column
Comnections. Journal of Constructional Stecl Research, Vol. 8, 1987.

{10] A, Azizinamini, J.B. Radziminski: Static and Cyclic Performance of Semirigid Stecl Beam-to-Columnn
Connections. Journal of Structural Enginecring, Vol.115, No.12, 1989.



PREDICTION OF THE FLEXURAL RESISTANCE OF BOLTED
318 CONNEGTIONS WITH ANGLES I

[11] 1Y.R. Liew, D.W. White. W.F. Chen: Limit State Design of Semi-Rigid [frames using Advanced Analy-
sis: Part 1@ Connection Modeling and Classification, Journal ol Constructional Steel Rescarch, Vol.26.
1993.

N
APPENDIX
With reference to Fig. . the proposed procedwe can be performed by means of the following steps:
a) evitluation of the design tension resistance of the first bolt row (2 g4 ) as the one ol the weakest component:
Frga=min| Vip ga/B o Foewekd Fomnd - Fosard  Fnsap R - Fesapd < Frigerd -
Fov ekt - Fovaard « For g Fosap R Fpri  Fooapra | (A1)

where $is a coefficient accounting for the influcnce of the actions, at the member ends, on the shear foree in the pane
zone [ 1],

h) compwtation of the design tension resistance Fraps of the second bolt row (i.c. the upper bolt row of the web angle)
through the minimum value provided by the following limitations (A.2-A5):

Fi2 ke = min { Vaprad/B—Fure o Fevwerd—Fara « Feprd = Fare « Frosard — Figa
l"f)..mp,lt‘rl -Fyre e sapRd ™ Fis ka } (A.2)

which accounts for the limitations to the resultant of the first two bolt rows due to the web panel in shear. the colunin
web in compression, the beam flange and web in compression and the seat angle (in shear, bearing axl compression);

Fard=min| Fagrt » Fosngerd = Frrd) (A.3)
which tkes into account the limitations due to the column Mange in bending considering the second bolt row both
individually and as constituting a balt group with the first bolt row;

Farg=min | Fowesrd « Foswerd = Frga | (Ad)
which is a limitation similar 1o the previous one, but with reference o the column web in tension;

F!Z.er:mini Fzward « Fo2rd o Folwapd « Foowbpd « FizwapRd F!Z.u‘f’,Rd: (A.5)

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

¢) cvaluation of the design resistance of the subsequent tension bolt rows (i.c. that of the i-th bolt row Fps) as the
mimimum value obtained from the following limitations (eq. A.G-A12):

i-1 i-1
. ’_I - - v . . -
Frigd = min | Vapwa/B=s Fiird « Fowera= Y, Fira « Vempri~ D, FiRrd .
a =1 =l
i~ i1 il (A.G)
Fosard = z Fijrd - Fh..mfl.le - Z FIj.er . FL'.MI’I_RI’ - Z FIj.R.J }
=l i=t fall
which is similar to limitation (2). but including all the bolt rows above the i-th one;
i-1 A7)
Frigg=miny Foperd o Faisi-ngeRd = FrsDRd o o o Finti-lye 413088 = 2, Fijgd
l
J i1 (A.8)
Frira=ming Friwend o Fasti-ywesd = Fo-nrd o e s Frivi-iestiwerd = 3, Fira
|
] i-1 (A.9)
Figa=min Fiword . Fuivi-tnwaRd — Fei-0Rd o+ oo « Friri-t stvward — 3, Fiird
1
J i-l l (A1)
Figa=min: Fiwapra o Fristi-1naeap td = Fig-hRd « e Fm‘ﬂ:‘—l)L.Al),u-.qy,k.]—Z Fyrd
i i=1 ]
i-1 (A.1TD
Fripd =00 FriwhRi + Fristilnwh Rd = Fi-DRE o oo+ Fiati-tivtlhwb Rd — 3, Fiigd
J=1
Fiiga =min i Feird - F’u.lrup.Rd « Friwenrd } (A 1 2)

d) computation of the design moment resistance Mg of the beam-to-column joint by means of the relationship:
r (A1)
Miga=Y hi Fiiga
= .
in which iy is the distance between the i-th bolt row and the centre of compression and 7 is the number of bolt rows in
tension.
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