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Abstract

A procedure for the evaluation of ductility in steel joints is presented. Using the component method as background,
a non-linear analysis for a number of end-plate beam-to-column joints is performed that is capable of identifying the
“yield” sequence of the various components and the failure of the joint. Each component is characterised using a bi-
linear approximation for the force—displacement relation. Comparing these results with the corresponding experimental
results leads to a proposal of the post-limit stiffness of the various components. A component ductility index is pro-
posed for each component as a means of classification with respect to ductility, using the three ductility classes currently
proposed in the literature. A joint ductility index is also proposed, which can be used to verify available rotation against
the structure required rotation. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is never enough repeating that the behaviour of
joints is complex, falling between the traditional as-
sumption of pinned or fully rigid response. A consider-
able effort was undertaken over the past two decades
to give consistent predictions of the behaviour of steel
joints. However, until now, most research studies on the
behaviour of semi-rigid joints were focused on deter-
mining resistance and stiffness characteristics [8,17,19]
leading, for example, to the code specifications for the
evaluation of strength and stiffness of steel joints that
were prepared for Eurocode 3 [2].

The evaluation of joint ductility constitutes an es-
sential characteristic to ensure that sufficient rotation or
deformation capacity is available to allow the chosen
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analysis type (elastic, plastic). Fig. 1 illustrates the mo-
ment-rotation response of a very stiff, overstrength joint
(rigid in practical terms) that, for a given applied mo-
ment M, exhibits a rotation H; < 0y, 0, denoting the
corresponding beam rotation. In contrast, for the same
applied moment, a semi-rigid joint will reach a rotation
6}’ > 0,, thus requiring much higher ductility from the
joint. This ductility demand may easily reach 0.03 rad
for some joints where a plastic hinge is required, in
plastic design conditions.

The prediction of the deformation of beam-to-
column or beam-to-beam steel joints requires the consid-
eration of bending moments and axial and shear forces,
that are usually present in a steel frame. Concentrat-
ing solely on the rotational deformations arising from
bending moments of the connected beam, it is necessary
to define the various contributions for the total rotation
of the joint. In analogy with member rotation, and given
that non-linearity in the moment-rotation response of
steel connections starts at low values of rotation, duc-
tility ratios are proposed in this paper, aimed at the
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Nomenclature

A cross-section area

A tensile stress area of the bolt

A effective web area in compression zone

Ay effective web area in tension zone

Ay effective shear area

Awe shear area of the column

Bird tensile resistance of bolts

E Young’s modulus

F strength of component

Forera  resistance of column flange in bending

Fypra  resistance of end-plate in bending

F.mra  compression resistance of a beam flange and
the adjacent compression zone of a beam
web

F.wcra resistance of an unstiffened column web
subject to transverse compression

Fwra tensile resistance of the beam web

Fiwcra tensile resistance of the column web

F,rq shear resistance of bolts

G shear modulus of steel

K elastic stiffness of the connection, obtained
from the following: k,E

K post-limit stiffness of the connection

Koy stiffness of component column flange in
bending

Kop stiffness of component end-plate in bending

Ko we stiffness of component column web in com-
pression

Kb stiffness of component bolt in tension

Kiwb stiffness of component beam web in tension

K we stiffness of component column web in ten-
sion

K, stiffness of component weld

Kup stiffness of component column web panel in
shear

Ly bolt elongation length, taken as equal to the
grip length (total thickness of material and
washers), plus half the sum of the height of
the bolt head and the height of the nut

M moment

M. ra moment resistance of the beam cross-sec-
tion, reduced if necessary to allow for shear

Myra  flexural resistance of end-plate or column
flange

(0] shear force of the column web

Vaera  shear resistance of column web panel

a effective thickness of the weld

b flange width

besi effective width

betrewe  effective width of the column in compression

zone

beff.t‘wb

beff Jtwe

N

Ytk
Af

effective width of the beam web in tension
zone

effective width of the column web in tension
zone

clear depth of the beam

clear depth of the column

ultimate tensile strength of the weld
ultimate tensile strength of the bolts

yield stress

yield stress of end-plate

yield stress of a beam web

yield stress of a column web

depth of the column

distance from the tensile force to the centre
of compression

smallest of the effective lengths (individually
or as part of a bolt group)

stiffness coefficients for basic joint compo-
nents

distance between the bolt centre-line and the
face of the weld connecting the beam web to
the end-plate; number of faying surfaces or
shear planes in a bolted joint, equal to 1.0
for bolts in single shear and 2.0 for bolts in
double shear

effective distance to the free edge

number of bolt-rows

root radius of the web-flange junction
flange thickness

thickness of a beam flange

thickness of a column flange

thickness of end-plate

web thickness

thickness of a beam web

thickness of a column web

lever arm between the compressive resis-
tance, and tensile resistance

Poisson’s ratio

transformation parameter, see Part 1-8,
EC3

correlation factor

rotation

0’; 07; 0, design rotation to rigid joint; semi-rigid

joint and beam, respectively

reduction factor to allow for the possible
effects of shear in the column web panel
reduction factor for plate buckling
deformation that correspond to yield stress
deformation that correspond to failure
deformation for basic joint components
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Rigid joint

Fig. 1. Comparison of moment-rotation response between
beam and various joint types.

objective of ensuring ductility compliance, within the
framework of the component method, as explained later
in this paper.
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2. Joint models
2.1. Component method

Identification of the various components that con-
stitute a joint (bolts, welds, stiffeners) gives a good pic-
ture of the complexity of its analysis, which requires
proper consideration of a multitude of phenomena,
ranging from material non-linearity (plasticity, strain-
hardening), non-linear contact and slip, geometrical
non-linearity (local instability) to residual stress condi-
tions and complicated geometrical configurations. Al-
though numerical approaches using non-linear finite
elements may deal with all these complexities, they re-
quire lengthy procedures and are very sensitive to the
modelling and analysis options. In practical terms, a
predictive approach must thus be based on simpler
models that eliminate much of the variability arising
from the analysis procedure itself. The so-called com-
ponent method corresponds precisely to a simplified
mechanical model composed of extensional springs and
rigid links, whereby the joint is simulated by an appro-
priate choice of rigid and flexible components. These
components represent a specific part of a joint that,
dependent on the type of loading, make an identified
contribution to one or more of its structural proper-
ties [17], as illustrated in Fig. 2a. Typical examples of

Fig. 2. Component method applied to a typical beam-to-column joint: (a) component model; (b) equivalent rotational spring.
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components for bolted steel joints are (i) column web
panel in shear, (ii) end-plate in bending, (iii) column
flange in bending, (iv) beam web in tension, (v) column
web in compression, (vi) column web in tension, (vii)
beam flange and web in compression, (viii) bolts in ten-
sion and (ix) welds. In general, each of these components
is characterised by a non-linear force-deformation
curve, although simpler idealisations are possible.

Several alternative spring and rigid link models have
been proposed [6], which share the same basic compo-
nents. In the following, the simplified component model
of the revised Annex J of EC3 (1998) will be selected,
that, for simplicity, combines the bending behaviour of
the joint with the shear behaviour of the column panel to
yield an equivalent rotational spring, as shown in Fig.
2b.

Application of the component method to steel joints
requires the following steps:

(1) selection of the relevant (active) components from
a global list of components (13 different components
currently codified, for example, in Annex J of EC3);
(ii) evaluation of the force-deformation response of
each component;

(iii) assembly of the active components for the evalu-
ation of the moment-rotation response of the joint,
using a representative mechanical model (Fig. 2a).

Its application may correspond to different levels of
refinement, simplified characterisation of the compo-
nents being possible whenever only the resistance or the
initial stiffness of the joint is required.

2.2. Component characterisation

Describing the mechanical behaviour of the various
components of a joint allows the analysis of a large
number of different joint configurations with a relatively
small number of repeating components. A key aspect to
the component method thus relates to the characterisa-
tion of the force—deformation curves for each individual
extensional spring. For the evaluation of the initial
stiffness of a joint, only the linear stiffness of each
component is required, whereas the evaluation of duc-
tility requires the knowledge of the non-linear force—
deformation response of each component.

Concentrating on the components relevant for steel
beam-to-column joints, a brief review of their behaviour
is presented below. With reference to Fig. 3a, it is noted
that analytical expressions are only presented for
strength and initial stiffness because of lack of data for
the post-limit response, here presented only in a quali-
tative way, according to research results from various
authors. Of particular relevance to a ductility evaluation
is the deformation capacity of each component. Here, in

>

(b) A A

Fig. 3. Components with high ductility: (a) actual behaviour;
and (b) bi-linear approximation.

direct analogy with the classification of cross-sections,
three classes are proposed [10], described below.

2.2.1. Components with high ductility

According to Kuhlmann et al. [10], these components
present a force—deformation curve that changes from an
initial linear elastic mode into a second carrying mode
which allows increasing deformation with increasing
force. The deformation capacity of the component is
nearly unlimited, not imposing any bounds on the
overall rotation ability of the joint, and is typically il-
lustrated in Fig. 3a or, as a bi-linear approximation, in
Fig. 3b, where K¢, kP!, F¥ and 4" denote, respectively,
the initial elastic stiffness, the post-limit stiffness, the
strength and the yield displacement of the component. It
is noted that A", the limit displacement of the compo-
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nent, is very high, so that, in practical terms, A /47 may
be taken as infinity. Some components falling into this
classification are described below:
2.2.1.1. Column web panel in shear. This component has
been studied by Jaspart [8], typical experimental results
being reproduced in Fig. 4, that clearly show the stable
post-limit response.

The resistance of the panel zone in shear is given by

WCAWC
Vipra = fy—ﬁ (1)

where fy . is the yield stress of the column web and Ay,
is the shear area of the column. In case of welded sec-
tions, the shear area of the column coincides with the
area of the web, whereas in the case of rolled sections it
is given by

ch = Ac - 2bc[fc + ([wc + 2rc)tfc (2)

where A, is the total area of the column, b, fr. and fy
are, respectively, the flange width, the flange thickness
and the web thickness of the column and 7, is the root-
radius of the web-flange junction. Eq. (1) neglects the
column axial load; otherwise, using the Von Mises yield
criterion it would be possible to evaluate a reduced value
of resistance that takes the column axial load into con-
sideration. Jaspart [8] suggested a reduction coefficient
of 0.9 that approximately takes care of this problem, an
approach currently adopted in Annex J of EC3, yielding

_ ngy,wc.A we

Vwc.Rd - \/§ (3)

Mb(kNm)

kNm

IPE 200| 6681 | 772
IPE 300]168.6 | 190.1

002 004 006
J(rad)

Fig. 4. Experimental results taken from Jaspart [8].

According to Janss and Jaspart [7], Jaspart [8] and
Shi et al. [16], the contribution of the shear deformation
of the column web panel to the overall initial rotation of
the joint is given by

__ 9
T GAye

4)

where Q denotes the shear force on the column web,
taken as 2 F; (F; denoting the force in each bolt row
and i the bolt row), and A, already defined above. The
corresponding axial stiffness becomes

GAye  0.38EA,

Kyp =
P z z

(5)
where z denotes the lever arm between the compressive
and the tensile areas. From Eq. (4) it can be observed
that the stiffness of this component depends on the ap-
plied shear force on the column web. Given that, in
general, internal forces transmitted by the lower and
upper column and (for internal nodes with unbalanced
moments) left beam may also be present, the applied
shear force must also be modified by a factor f§ to deal
with this effect, Eq. (5) becoming

0.38EA4 .
A

For a stiffened web panel the shear deformation may
be neglected (K, = 00). Finally, it should be noted that
for slender webs, instability becomes the governing
factor, currently not covered in code specifications.

(6)

2.2.1.2. End-plate in bending. The deformation of this
component is usually evaluated using a simple substitute
model, the T-stub [18,19], assumed to represent the be-
haviour of the tension zone of the joint and illustrated in
Fig. 5a. In terms of resistance, the T-stub exhibits three

(a)

Type 1 Type 2 Type 3

A, L

S A

Fig. 5. Equivalent T-stub assembly.

P

<« T
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alternative failure modes, typically shown in Fig. 5b,
described next:

(1) Type 1—end-plate yielding without bolt failure.
(ii) Type 2—simultaneous yielding of end-plate with
bolt failure.

(iii) Type 3—bolt failure without end-plate yielding.

Eq. (7) describes the corresponding axial strength,

4M,
Z7pLRd Type 1
m
Fira = 2IWpLRd +n ZBt‘Rd Type ) (7)
m-+n
> Bird Type 3

where m denotes the distance between the bolt centre-
line and the face of the weld connecting the beam web to
the end-plate, n is the effective distance to the free edge,
By rq corresponds to the resistance of the bolts in tension
and Mpirq is the flexural resistance of the end-plate,
given by

lefftlzu Jyp
: ®)

My ra =

where I is the effective width of the end-plate in
bending, and ¢, and fy, are the thickness and yield stress
of the end-plate, respectively.

Analytical expressions for the initial stiffness of the
T-Stub (end-plate in bending) can be derived from
classical beam theory [16,18], once an effective width has
been properly evaluated, giving

0.85El ¢t
Kip = ———p® 9)

m

typical force-deformation results obtained from experi-
mental work being reproduced in Fig. 6 [5], showing a
stable (positive) post-limit stiffness.

300
250
200

150

Force F (kN)

100

50

40 50 60

0 10 20 30
Deformation A (mm)

Fig. 6. Force versus deformation for T-Stub assembly taken
from Gebbeken et al. [5].

2.2.1.3. Column flange in bending. Except for the re-
straint provided by additional stiffening of the column,
this component behaves similarly to the end-plate in
bending, the T-Stub approach being equally valid. The
same degree of ductility and post-limit stiffness is thus to
be expected, the relevant equations for strength and
stiffness being reproduced below.

aM,
Z7plRd Type 1
m
Fira = { 2Myira + 1) Bird Type 2 (10)
m-+n
> Bira Type 3
0.85El4t
Kbﬁf — Tﬂfc (l 1)

the various quantities having the same meaning as
for the end-plate in bending, just replacing the end-plate
for the column flange.

2.2.1.4. Beam web in tension. For bolted end-plate joints,
the tension resistance of the beam web is given by

Fiword = Defr t,wotwb fywb (12)

where the effective width b, i, should be taken as equal
to the effective length of the equivalent T-Stub repre-
senting the end-plate in bending and #,, and f; w, denote,
respectively, the thickness of the beam web and the
corresponding yield stress. The initial stiffness for this
component may be taken as infinity (K w, = 00).

2.2.2. Components with limited ductility

These components are characterised by a force—defor-
mation curve exhibiting a limit point and a subsequent
softening response, as shown in Fig. 7a or, as a bi-linear
approximation, in Fig. 7b. In this ductility class, it is
required to define the collapse displacement of the
component, AL

2.2.2.1. Column web in compression. This component has
been studied by Kuhlmann [9], who concluded that it
exhibited limited ductile behaviour with a softening
branch after reaching its maximum load carrying ca-
pacity, as reproduced in Fig. 8.

The resistance of this component may be subdivided
into two different criteria, crushing and buckling resis-
tance. The crushing resistance must take into account
the interaction between local stresses that arise from the
shear stresses in the panel zone, the vertical normal
stresses due to axial load and bending moment in the
column and the horizontal normal stresses transmitted
by the beam flanges. Using the Von Mises yield criterion
[4], the crushing resistance is given by

F'c,chd = beff,cwctwcf;/,wcwkc,wc (13)
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Fig. 7. Components with limited ductility: (a) actual behaviour;
and (b) bi-linear approximation.

Force F¥ (kN)

0 5 10 15 20 25 30

Deformation A (mm)

Fig. 8. Force-deformation response of column web in com-
pression [9].

where begrcwe 18 the effective width of the column web in
compression, given by, for bolted end-plate joints,

beff,c,wc =1+ 2\/50 + S(Ifc + S) + Sp (14)

a denoting the effective thickness of the weld, s = r for
rolled column sections and s, denoting the length ob-
tained by dispersion at 45° through the end-plate; k.
accounts for the influence of vertical normal stress, o,

hewe = 125 - 0.5-2 <1 (04 > 0.5f¢) (15)
fyA,WC
and w accounts for the shear interaction, given by [8]
1 0.0<B<0.5
o=¢ o +2(1-F1-w) 05<FLI1.0 (16)
o+ (B—1)(w—w) 1.0LLL2.0
with
1
w); = (173)
\/1 + 1-3(beff.c,wctwc/Avc)2
1
@ (17b)

h =
\/1 + 5-z(beff.v:,wctwc/Avc)2

The buckling resistance is taken approximately using
the Winter formula as

F;.wc‘Rd g pbeffﬁc.wctwcfy‘wcwkc‘wc (1 8)

where p denotes the reduction factor for plate buckling,
given by

1 7 < 0.673
)b “ 19
P {ﬁ%@ 7> 0.673 (19)

A

and A denotes the normalised plate slenderness,

be C,wC tWC : wC be C,WwC d : WC
Dettowetustyme _ g3, [Pettamed X fyme (20)
For Ef.

o)
Il

The initial deformation of this component, ®., may
be determined from [16]
N d
© " EA. he

(21)

where N is the resultant compressive force, taken as
2" F; (F; denote the force in each bolt row and i the bolt
row), 4. is the effective web area in compression zone,
Ac = tyeberr e, d the depth between column fillets, and 4.
the beam depth minus beam flange thickness, so that the
initial (axial) stiffness becomes

1 E0~7beff,c.wctwc

Kc,wc =FEA.—~=

p p (22)
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where it is noted that for the stiffness calculation a re-
duction of the effective width used for the strength cal-
culation is adopted (0.7ber ¢ we)-

2.2.2.2. Column web in tension. Excluding instability
phenomena, the resistance of this component is similar
to the column web in compression. Consequently,

E,wcﬁRd = befﬂt,wc X bye X fy,wc X m X kLWC (23)

where the various quantities take the same meaning as
before by replacing ¢ for t. It is noted that Annex J of
EC3 disregards the influence of vertical stresses arising
from the column.

In analogy with the previous case, the initial defor-
mation of this component, @, may be determined from
[16]

T d
where T is the resultant tensile force, taken as 2> F; (F;
denoting the force in each bolt row and i the bolt row),
A, is the effective web area in the tensile zone, 4, =
twebett twe, d the depth between column fillets, and 4, the
distance from the tensile force to the center of com-
pression, so that the axial stiffness becomes

1 0.7beff‘t‘wcwc

Kiwe =FEAi-=FE

y p (25)

2.2.2.3. Beam flange and beam web in compression. The
beam flange and web in compression adjacent to
the beam-connection system provides a limitation to
the resistance of the joint, so that it is required to assess
its maximum resistance, given by

M ra

Ffora = (26)

while its initial stiffness is taken as infinity.

2.2.3. Components with brittle failure

These components behave linearly until collapse,
with very little deformation before failure, as shown in
Fig. 9a or, as a linear approximation, in Fig. 9b, so that
A" =
2.2.3.1. Bolts in tension. Bolts exhibit a linear force—
deformation response up to failure, as shown in Fig. 10,
taken from a tensile test on a single bolt. The resistance
and initial stiffness of each bolt are given by

Fira = 0.9fw4s (27)
1.6EA,
Kl.b = I (28)
b

where 4; is the tensile area of the bolt, £, the ultimate
tensile strength of the bolts and L, is the sum of the

A

Ke

- >

®) A=A 4

Fig. 9. Components with brittle failure: (a) actual behaviour;
and (b) linear approximation.

Stress (MPa)

A
1200
1000
}w
800 f
600
f —— Strain
400
} — Linearised stress-strain approx
200 f

v

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
Strain

Fig. 10. Experimental results for bolt in tension.
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thickness of the connected plates, the thickness of the
washers and the half thickness of the nut and the bolt
head.

2.2.3.2. Welds. Welds are virtually undeformable (K, =
0), a rigid-plastic model being adequate, resistance
being given by

fu/V3
By
where a is the effective thickness of the weld, £, the ul-

timate tensile strength of the weld and f,, is a correlation
factor.

(29)

Fyra =a

3. Joint ductility

The assessment of the ductility of a steel joint requires
a non-linear procedure, which takes into account the
non-linear force-deformation response of each compo-
nent. Here a bi-linear force—deformation response with a
cut-off is assumed which highlights, for each compo-
nent, the transition between initial elastic stiffness and
residual stiffness while maintaining sufficient accuracy.
Additionally, direct comparison with ideal linear elastic
components is straightforward using, for example, the
values for component stiffness that were presented above.

4. Post-limit stiffness of bolted end-plate beam-to-column
joints

4.1. Introduction

In order to evaluate realistic values of the post-limit
stiffness of the various relevant components, a set of four
extended end-plate beam-to-column joints tested by
Humer at the University of Innsbruck (1987) were se-
lected from the database of steel joints SERICON II [1].

Table 1
Mechanical properties of Humer tests

Elements Yield strength Failure strength
(MPa) (MPa)
Humer 109.005
Column web 306.6 445.0
Column flange 275.9 400.5
Beam web 315.6 398.0
Beam flange 284.6 413.0
End-plate 323.0 360.0
Backing plate 333.0
Bolts® 900.0 1000.0
Humer 109.006
Column web 309.4 449.0
Column flange 247.6 398.5
Beam web 294.2 427.0
Beam flange 288.0 418.0
End-plate 325.0 360.0
Backing plate 336.0
Bolts® 900.0 1000.0
Humer 109.003
Column web 341.1 499.0
Column flange 300.4 468.0
Beam web 343.8 458.0
Beam flange 322.5 413.0
End-plate 273.0 360.0
Backing plate 368.0
Bolts* 900.0 1000.0
Humer 109.004
Column web 359.0 521.0
Column flange 305.9 444.0
Beam web 315.6 458.0
Beam flange 284.6 413.0
End-plate 323.0 360.0
Backing plate 298.0
Bolts® 900.0 1000.0
E =210 GPa.

#Nominal values.

For all specimens, the (measured) material properties
and geometries are reproduced in Tables 1 and 2, the

Table 2
Geometric properties of Humer tests
Test
109.005 109.006 109.003 109.004
Beam IPE450R: h = 454; IPE6OOR: h = 597; IPE300R: /& = 300; IPE450R: h = 454;
b=192; 1y = 14; b =220; t = 18.6; b=151;4=112; b=192; t = 14.6;
ty = 10.4; r =21 ty =12.1; r =24 ty=T,r=15 ty = 10.4; r =21
Column HEB240R: h = 242, HEB240R: /1 = 240, HEBISOR: 7 = 179; HEBI80R: /& = 180;
b=240; 1 = 16.4; b =240; t = 17, b=180; 1y = 14.1; b=180; t = 14;
ty =10.4; r =21 ty =10.4; r =21 ty=92;r=15 ty=94;,r=15
End-plate 553 x 239 x 41 693 x 243 x 40 383 x 181 x 30 553 x 239 x 41

Backing-plate
Bolts

2 x 185 x 100 x 12
3 bolt rows x M24

2 x 200 x 95 x 12
3 bolt rows x M24

2 x 150 x 70 x 10.8
3 bolt rows x M20

2 x 185 x 100 x 10.4
3 bolt rows x M24

Units: mm.
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Fig. 11. Joint geometry for Humer 109.005.
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Fig. 12. Localisation of displacement transducers.

layout of the joint, instrumentation and corresponding
experimental results for test 109.005 being illustrated in
Figs. 11-13.

For each specimen, a prediction of the moment—
rotation response was attempted using the component

Fig. 13. Experimental results for test Humer 109.005.

model of Fig. 2a. This component model was analysed
either by applying the analytical methodology presented
in [14] or by performing a non-linear finite element ana-
lysis using the bi-linear characteristics of the components.

The adopted procedure for establishing the post-limit
stiffness of the various components involves the follow-
ing steps:

(a) for each specimen, assumption of trial values of
the post-limit stiffness, obtained as a best fit to the ex-
perimental moment-total rotation curves;
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(b) for each specimen, and where available, best fit
calibration of component sub-models with experi-
mental curves for moment versus panel rotation
and moment versus connection rotation;

(c) statistical evaluation (mean and standard devia-
tion) of the normalised post-limit stiffness values ob-
tained above (ratio of initial stiffness versus post-limit
stiffness) for steps (a) and (b);

(d) for each specimen, evaluation of moment-rota-
tion curves for the average values established above.

5. Numerical models

The numerical model adopted in the analysis for the
chosen joint configurations are illustrated in Fig. 14. The
rigid links are modelled using beam elements with elastic
material properties and very high cross-sectional prop-
erties, while the springs are modelled as non-linear joint
elements, reproducing the bi-linear characteristics earlier
described. An incremental non-linear analysis for an
applied bending moment is performed using the non-
linear finite element code [12].

According to the procedure defined above, distinct
numerical models were defined for step (a) (Fig. 15a:
moment versus total joint rotation) and step (b) (Fig.
15b (1): moment versus panel rotation and 15b (2):
moment versus connection rotation).

139 145 151 157 163
140 146 152 158 164

169
170

171

147 153 159 180

137 143 149 155 178 172
138 144 150 156 179

173
Z Spring element

= Rigid element 174

122 123

126

125

124

Fig. 14. Finite element model: Humer 109.005.

Fig. 15. Component method model: (a) joint model; and (b) (1)
shear panel model, (2) connection model.

6. Results and discussion

Starting, for exemplification, with test 109.005, Table
3 reproduces the strength and initial stiffness values for
all relevant components. Application of step (a) of the
procedure described above leads to the results of Fig. 16,
that compares the experimental results with the numer-
ical/analytical results, showing excellent agreement be-
tween both curves. For the calculated moment-rotation
curve, the yielding rotations of the critical components
are also identified. Similarly, application of step (b)
yields the results of Fig. 17a and b, that compare the
experimental and numerical curves for moment versus
panel rotation and moment versus connection rotation,
respectively.

Repeating steps (a) and (b) for the remaining joint
configurations and defining the normalised post-limit
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Table 3
Component characterisation for Humer 109.005
Component Designation FY (kN) k (mm) K¢ (kN/m) A (mm)
Column web in shear 1 543.83 291 611100 0.88992
Column web in compression 2 602.31 11.71 2459100 0.24493
Column web in tension 3.1 386.24 7.12 1495200 0.25832
3.2 386.24 7.12 1495200 0.25832
Column flange in bending 4.1 435.93 17.85 3748500 0.11629
42 43593 17.85 3748500 0.11629
End-plate in bending 5.1 635.40 114.60 24066000 0.02640
52 635.40 116.87 24542700 0.02589
Beam web in tension 7 877.10 9] 00
Beam flange in compression 8.1 941.21 00 00
8.2 941.21 00 00
Bolts in tension 10.1 635.40 6.25 1312500 0.48411
10.2 635.40 6.25 1312500 0.48411
M (kNm) M (kNm)
450.0 4 450.0 7
400.0 400.0
350.0 4 35007
300.0 q
300.0
250.0
250.0 4 2000 1
20007 Experimental results 1500 1
| N PO EC3 (without partial safety factor) 04 —— EXPERIMENTAL RESULTS
— ANALYTICAL RESPONSE
100.0 4 || X Component | 50.0 4 X_ Component 1
| ®  Component 2 00 i i i i i i i ' Vd
500 1] S Componenisl s ¢ 2 2§ § & & gtm
/ A Component 3.2 S = 2 2 pd b b b b
0.00“ . . . ;P t = : o (rad) (a) = = = = =3 = =] < =]
§ E E é § E § M (kNm)
450.0
Fig. 16. Moment-rotation curve Humer 109.005 joint. 1000 |
350.0 4
300.0 4
stiffness as the ratio, expressed as a percentage, between 2500
the post-limit stiffness and the corresponding initial 2000 |
stiffness,
150.0 4
—— EXPERIMENTAL RESULTS
—— ANALYTICAL RESPONSE
- Kpl 1000 1 @ Component 2
K= Kle x 100 (30) 500 4 * Component 41
; A Component 3.2
- . < p : 5t
leads to the results of Table 4, that illustrates the cali- (b) = = = = S =

brated values for the critical components, together with
the statistical evaluation (mean and standard deviation)
of the normalised post-limit stiffness for each component
(step (c)).

Examination of the normalised post-limit stiffness
values of Table 4 led to the choice of average values for
the various components shown in Table 5. Assuming
these mean values for all specimens, and reanalysing all
cases using these properties (step (d)) yields the results of
Figs. 16,18-20, where the experimental results are plotted
superimposed with the numerical results earlier obtained
by individual calibration of the post-limit stiffness values

Fig. 17. Moment-rotation curve Humer 109.005: (a) shear
panel rotation; and (b) connection rotation.

(““exact” solution, step (a)) and the corresponding results
obtained using the average values of post-limit stiffness.

In order to assess the error of this approach, an adi-
mensional error measure is proposed, given by Eq. (31),

. /z+\r, (31)
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Table 4
Calibrated values of post-limit stiffness

527

Elastic Stiffness

Moment-total joint rotation

Moment-shear panel/connec-

(kN/m) tion rotation
Post-limit stiff- K; Post-limit stiff- K;
ness (KN/m) ness (kN/m)
Component 1 Humer 109.005 611100 48000 7.86% 33000 5.40%
Humer 109.006 468300 20000 4.27% 23000 4.91%
Humer 109.003 573300 27138 4.73% 24000 4.17%
Humer 109.004 388500 16535 4.26% 15000 3.86%
Mean 5.28% 4.59%
Standard deviation 0.016 0.007
Component 2 Humer 109.005 2459100 95000 3.86% 70000 3.05%
Humer 109.006 2553600 22000 0.86% 34048 1.33%
Humer 109.003 2362500 92269 3.91% 90865 3.85%
Humer 109.004 2545200 23622 0.93% 29944 1.17%
Mean 2.39% 2.35%
Standard deviation 0.017 0.013
Component 3.1 Humer 109.005 1495200 16988 1.14% 41073 2.75%
Humer 109.006 1635900 3043 0.19% 42328 2.58%
Mean 0.66% 2.67%
Standard deviation 0.007 0.001
Component 4.1 Humer 109.005 3748500 88184 2.35% 52275 1.40%
Humer 109.006 2499000 14366 0.58% 50023 2.00%
Humer 109.003 2706900 141912 5.24% 331128 12.23%
Humer 109.004 1409100 4464 0.32% 7603 0.54%
Mean (without 1.08% 1.31%
Humer 109.003)
Standard deviation 0.023 0.055
Component 3.2  Humer 109.005 1495200 1048 0.07% 1442 0.10%
Mean 0.07% 0.1%

Table 5
Adopted normalised post-limit stiffness values for the various
components

Component K; (%)
1 4.59
2 2.35
3.1 1.67
3.2 0.10
4.1 1.31
10.1 7.19
10.2 0.45
where

ind av
M —M;
ind
Mi

o~ )

2 ind _ pav
> -+ <¢l (/)i.ndqsl

M/ denoting the moment at yield of component i,
superscript j (=ind, av) denoting individual calibration
(step (a)) or use of average values (step (d)). Similarly, ¢,
denotes the corresponding joint rotation at yield of
component i. The second term in Eq. (31) estimates
(where applicable) the error at failure of the joint, given

by
i av 2
¢t — ¢ )

o= )2+<

M; and ¢; having the same meaning as before, subscript
f denoting failure of the joint. Table 6 illustrates the
error for each test.

ind av
M — M
ind
M}

(33)
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Fig. 18. Humer 109.006: moment-rotation curve, experimental
results and analytical response.
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Fig. 19. Humer 109.003: moment-rotation curve, experimental
results and analytical response.
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Fig. 20. Humer 109.004: moment-rotation curve, experimental
results and analytical response.

Table 6
Error evaluation for teach test result

Humer Error (%)
109.005 7.871
109.006 3.863
109.003 1.555
109.004 1.857

7. Component ductility index
7.1. Definition

The evaluation of the ductility of steel joints in the
context of the component method requires, as men-
tioned above, the characterisation of the ductility of
each component, i.e., the identification of the failure
displacement, 4", of each component. Here, assuming
the bi-linear idealisation of component behaviour of Fig.
7b, a ductility index ¢, is proposed for each component
i, defined as,

A
i = A_% (34)

The component ductility index ¢; allow a direct
classification of each component in terms of ductility,
using, for example, the three ductility classes proposed
by Kuhlmann et al. [10]:

Class 1-—components with high ductility (¢, > «).
Class 2—components with limited ductility (f < ¢; < ).
Class 3—components with brittle failure (¢; < f8).

o and f representing ductility limits for the various
component classes, here suggested as « = 20 and f = 3.
In design terms, and in-line with the usual assumptions
in plastic design, it seems reasonable to assume, for
Class 1 components, a ductility index ¢; = co. On the
other end, for Class 3 components, because of brittle
behaviour, a safe estimate can be obtained with a duc-
tility index of ¢, =1 (elastic response). For Class 2
components, lower bounds for the ductility indexes must
be established for each component type, as a result of
experimental and analytical research to be carried out.
As a crude indication, from the experimental results
obtained by Kuhlmann [9] and referring to Fig. 8, a
ductility index in the range of 4-5 seems reasonable for
the component web in compression, if a negative plastic
stiffness is used.

7.2. Application to end-plate beam-to-column joints

Evaluation of the ductility indexes for test 109.005
yields the results of Table 7. Examination of Table 7



Table 7

Ductility indexes for extended end-plate joint 109.005

Failure

Component “yield” sequence (j)
Abs. displ. 4;

—0.8899

)

Q’i(Af/A

Component

y
i

Rel. displ. 4;/4;

1.0000
0.9028
0.7960
0.6121

9.0325
13.235
27.242

9.0325
13.235
27.242

6.3146
8.2450
12.324

4.2635
4.4790
1.0000
0.7693
0.8856
0.6810
0.6120
0.4628
0.6079
0.4675
5.2500

2.3687
1.0000
0.8811
0.6783
0.7807
0.6010
0.5393
0.4093
0.5356
0.4123
2.3889

—3.7941 -5.6194  —8.0380
—-2.0192  -3.2412

—1.0969

—2.1079
—0.2449

INF

0.2211

7.0365
0.2583
0.1338
0.1030
0.0208
0.0157
0.3820
0.2943

0.0565
Rel. rot. 0/6,

3.1832
0.2241
0.1163
0.0894
0.0181

0.2583
0.1987
0.1030
0.0792
0.0160
0.0121

0.2276
0.1752
0.0908
0.0699
0.0141
0.0107
0.2593
0.1996
0.0086

0.2056
0.1581
0.0820
0.0631
0.0128
0.0096
0.2342
0.1801
0.0036

Abs. rot. (radian)

INF

3.1

1.0000
1.1505
0.8856
0.7956
0.6005
0.7891
0.6079
15.689

1.0000
1.1505
0.8856
0.7956
0.6005
0.7891
0.6079
15.689

0.8676

INF

32
4.1

1.0000
0.7687
0.6923
0.5240
0.6860
0.5274
9.0556

0.7051
0.5426
0.4896
0.3672
0.4838
0.3720
1.0000

INF
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INF

4.2

INF

5.1

0.0137
0.3321
0.2553
0.0326

INF

5.2

10.1

0.2943
0.2263
0.0189

10.2

Joint

Rotation

clearly shows the “yield” sequence of the various com-
ponents and the corresponding levels of ductility for the
analysed extended end-plate joint. As also observed in
Fig. 16, the first component to yield is the column web in
shear, at a yield displacement of 0.8899 mm (Table 7)
and a total joint rotation of 0.0036 radian, the other
components remaining elastic. Next, in succession, the
following components reach yield: column web in
compression (2), column web in tension (3.1), column
flange in bending (4.1) and column web in tension (3.2).
Table 7 illustrates the relevant values of displacement
and the corresponding values for the remaining com-
ponents. Finally, for this test, the maximum recorded
value of total rotation was 0.056 radian.

A joint ductility index can also be proposed, defined
as

0
Q= 0{ (35)

where 0; denotes the rotation at failure and 6, the ro-
tation when the first component reaches its elastic limit.
For the four examples presented above, the joint duc-
tility index varies between 5 and 43, based on the maxi-
mum experimentally recorded rotation for each test. It
is noted that except for test 109.003, no brittle compo-
nents reached yield, casting some doubts over the like-
lihood of this particular result, since no sudden failure of
the joint was subsequently observed. Also of importance
is the maximum ductility index reached by the compo-
nents with limited ductility, a maximum ratio of 46 be-
ing calculated for the column web in compression
without failure.

8. Conclusions

The evaluation of the ductility of a steel joint within
the scope of the component method requires proper
characterisation of each component. A good balance
between relative simplicity and rigorous results may be
achieved using bi-linear approximations of the force—
deformation behaviour of each component, including
the post-limit stiffness. Because many components are
still not adequately characterised, work remains to be
done in that area before ductility indexes can be estab-
lished for each component that, dependant on its geo-
metric and material properties, correspond to safe
estimates of deformation ability for each component.

This explains some less plausible results for the yield
sequence of the various components that may arise from
a certain conservative evaluation of the yield strength of
some components. A good example of such a situation is
the column web in compression, improved expressions
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Table 8

Proposed code coefficients for the evaluation of rotation capacity

Component Application rules
Resistance Rotation capacity
Initial stiffness Post-limit stiffness K;  Limit displacement
1 Column web panel in shear ~ Vypra = %:’CAM K =E % [4.6%)] A§ =00
Mo
2 Column web in compression  F,ycra = W K, = Ewl%” [2.3%] AL =1[3-35]4
but E < wpbeﬂ',c,wctwc_fy,wc
c,we,Rd X Va1
3 Column web in tension Fiwerd = m K = EM [0.1-1.7%) A =0
: Ym0 de 3
4 Column flange in bending Equivalent T-stub model Ky=E 085”/“” [1.3%)] A =00
[Annex J-EC3, J.3.2] \
5 End-plate in bending Equivalent T-stub model Ks=E ng’# -8 Ag =00
[Annex J-EC3, J.3.2]
7 Beam or column flange and  Fipra = M“‘" K; =0 - AL =[3—5]4}
web in compression
8 Beam web in tension F wbrd = M Kg = o0 8 Ag =00
10 Bolts in tension Fira = 09@:/‘* Kijy=E lf/‘* Components with Afo =4,
brittle failure
11 Bolts in shear Varying according to bolt K 16;3;1“: b Components with A=A
grade brittle failure )
19 Welds Fyra = /’f“/ “{_ Ko = Components with A = A

brittle failure

#Values to be established.

for its resistance being recently proposed by Kuhlmann
and Kuenhemund [11].

The current draft version of Part 1.8 of EC3 [3] al-
ready tries to extend the vague ductility provisions that
were present in Annex J of EC3 by presenting a table
with an unfilled column for rotation capacity, compo-
nent by component. Table 8 presents an improved ver-
sion of this table which includes two columns for
rotation capacity: post-limit stiffness and limit dis-
placement. This subdivision is required since no ductility
limits may be evaluated without the prior knowledge of
a post-limit stiffness [13]. Based on the statistical anal-
ysis performed in this paper for a limited number of
test results (single-sided, extended end-plate beam-to-
column joints with backing plates between an IPE beam
and a HEB column), some trial values are proposed (in
brackets) as a first approximation.

Next, a ductility model is required which is able to
predict the “yield” sequence of the various components
[14] and a safe (lower bound) joint ductility index, here
chosen as a relative value of total rotation with respect
to the initial stiffness of the joint.

Finally, it is worth pointing out that ductility evalu-
ation should be performed on actual values of compo-
nent behaviour (particularly when talking in terms of
strength), because of the unexpected results of over-

strength effects that may produce unsafe results [15].
This may even lead to the requirement of guaranteed
upper bounds on material properties, in particular for
the yield stress of steel.
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