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Abstract

Beam-to-column joints must be ductile
enough to sustain plastic deformation with-
out premature failure when the moment
resistance of the joint is less than the
moment resistance of the connected beam.
In order to prevent premature failure, the
Eurocode 3 imposes that the rotation capac-
ity of a joint must be checked if the design
moment resistance of the joint is less than
1.2 times the design plastic moment resis-
tance of the connected beam. The Eurocode
3 gives a simple rule for the rotation capac-
ity of bolted joints, based on the assumption
that joints designed with that rule are duc-
tile enough to prevent premature failure of
the bolts. This paper analyses the Eurocode
3 ductility rule and shows that this rule is in
certain cases unsafe and can lead to brittle
failure of joints. An alternative rule is pro-
posed for beam-to-column bolted joints at
ambient and elevated temperatures.

Introduction

The ductility of steel structures is a
research topic that has deserved the atten-
tion of the scientific community. A compre-
hensive overview on this topic was made by
Gioncu and Mazzolani,! mainly for seismic
resistant steel structures, but also important
in the case of other structural actions.

In what concerns the ductility of joints,
the research is much less abundant. In the
case of beam-to-column joints, the trend has
been to avoid the formation of a plastic
hinge at the joint, by using expensive full
strength joints or, for instance, by using the
technique of the dog bone, developed by
Plumier,? that imposes the formation of a
plastic hinge in the beam.

Modern design codes like the Eurocode
3 (EN 1993-1-1:2005, EN 1993-1-
8:2005)3* permit the use of partial strength
beam-to-column joints where a plastic
hinge may form. These joints have to
accommodate the required rotations, mainly
due to plastic deformation of ductile com-
ponents. Failure of brittle components has
to be avoided which implies an accurate
evaluation of the ductile component
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strength. However, the main difficulty is to
evaluate the behaviour of plate components
like end-plate or column flange.’

Numerical simulations by finite ele-
ments have been used to analyse the
behaviour of bolted joints. Complex dis-
cretization is necessary to obtain accurate
enough results but the conclusions are lim-
ited.® Haremza et al.” presented the results of
an experimental investigation on a two
dimensional composite steel-concrete beam-
to-column sub-frame. The main objective of
the research was to provide a detailed analy-
sis of the heated joint behavior subject to
variable bending moments and axial loads
when the column fails. The loss of a column
under localised fire induces large vertical
displacements in the above floors. To reach
equilibrium in the deformed configuration
and avoid progressive collapse of the build-
ing, membrane forces in the slabs, and cate-
nary forces in beam elements should devel-
op.®? The connections are required to have
sufficient ductility in order to sustain large
rotations without brittle failure. It was con-
cluded that due to the low slenderness of the
composite beam this topology of composite
joint does not possess sufficient capacity of
rotation to reach the equilibrium deformed
configuration.

Analysis of the Eurocode 3 duc-
tility rule

According to the Eurocode 3.* the rota-
tion capacity of a joint must be checked if
the design moment resistance of the joint is
less than 1.2 times the design plastic
moment resistance of the cross section of
the connected member. One possibility is to
determine the rotation capacity of the joint
by testing in accordance with EN 1990,
Annex D. As an alternative to testing, the
following rule is given in EN 1993-1-
8:2005, 6.4.2:4

A joint with either a bolted end-plate or
angle flange cleat connection may be
assumed to have sufficient rotation capacity

for plastic analysis, provided that both of

the following conditions are satisfied: (a)
the design moment resistance of the joint is
governed by the design resistance of either
the column flange in bending or the beam
end-plate or tension flange cleat in bend-
ing; (b) the thickness t of either the column
flange or the beam end-plate or tension
flange cleat [not necessarily the same basic
component as in (a)] satisfies:

t<0.36d JZ
g
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where d is the nominal diameter of the bolt,
is the yield strength of the relevant basic
component and f,, is the ultimate strength of
the bolt.

At elevated temperatures, the ductility
condition (1) will be necessarily different
because the reduction of f,, is different from
the reduction of f,. The EN 1993-1-2:2005'
defines strength reduction factors for plates
(k,») and bolts (k, ») at elevated temperatures
(Figure 1). Following the procedure indicat-
ed in the EN 1993-1-2:2005' to evaluate
the design resistance of plates in bending,
the term f/y), (at ambient temperature)
should be replaced by k,f,/y; (at elevated
temperature). When the design resistance at
ambient temperature depends on the ulti-
mate strength (for instance, shear failure),
the term £,/y,,, should be replaced by &, .f,/y;.
For the design resistance of bolts at elevated
temperatures, the term f,./y,, should be
replaced by k,f,,/y; In all cases, y; is a
national determined parameter with a rec-
ommended value y,~1.0 (EN 1993-1-
2:2005).1

The Eurocode 3 rule (1) is based on the
assumption that bolted joints have sufficient
rotation capacity if the resistance of each
individual bolt is greater than the resistance
of one of the connected plates (end-plate,
column flange or cleats) in order to prevent
premature failure of the bolts. The design
resistance of a bolt in tension is given in the
EN 1993-1-8:2005* as:

F - OgAsfub

tLRd
YMZ

2

where 4, is the tensile stress area of the bolt
and y,,, is a partial safety factor.
According to the EN 1993-1-8:2005,*
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the design resistance of a plate reaches the
maximum value in the case of a circular
mechanism, which is

at’f,

Vo

Fons 3)

where ¢ is the plate thickness and y,,, is a
partial safety factor.

The base assumption of ductility condi-
tion (1) may be written in the form

YouFora = Fipa )

where y,, is an overstrength factor, F,, is
given by Equation (2) and F), ,, is given by
Equation (3). By introducing the equivalent
diameter given by the approximate relation
d~0.88d (Table 1) and the partial safety
factors given by the recommended values
yu—=1.0 and y,,,=1.25, the inequality (4) is
rewritten in the form

037d (£,

T 1. (5)

The inequality (5) becomes identical to
the Eurocode 3 rule (1) if the overstrength
factor takes the value

=

7,~1.08 ©)

Gioncu and Mazzolani' and ECCS!
discuss the overstrength factors, proposed
in the Eurocode 8 (EN 1998-1:2004)," to
prevent brittle failure of steel joints in the
case of seismic design. They indicate that
the overstrength factors should be
increased.

Results and Discussion

Bolt head diameter

The EN 1993-1-8:2005% assume in
Equation (3) that the force applied by the
bolt head or nut is concentrated in a point,
i.e., the actual dimension of the bolt head or
nut is not taken into account. In the follow-
ing, the resistance of a circular plate is eval-
uated as a function of the mean diameter d,,
of a bolt head (or nut), Figure 2, which is
defined by

s d +d, (7)

The mean diameter d,, is frequently
greater than three times the thickness ¢ of
the plate. In fact, taking for instance f,,=800
MPa and =355 MPa, the ductility condi-
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tion (1) gives for the plate thickness
t<0.54d. And, using the approximate value
of the mean diameter of the bolt head
d.~1.7d, the condition (1) becomes

d,>3.2t (3)

Equation (3) under-evaluate the maxi-
mum resistance of a plate loaded by a single
bolt mainly because it considers that the
bolt act as a point load. In the following, a
detailed plastic analysis of a circular plate is
performed in order to determine the influ-
ence of the bolt head diameter d,, on the
resistance of the plate, considering bending
failure as well as shear failure mechanisms.

Bending failure mechanism

If a yield line is formed by bending
only, i.e., if normal and shear forces are
negligible, the plastic moment per unit
length of a plate is given by

my =31, ©)

where ¢ is the plate thickness and f, is the
yield strength. The yield line method of
Johansen (1962)"3 uses a square yield crite-
rion given by

mﬂxﬂ"ﬁ[s|mz‘)= i) (10)

where m; and m, are the bending moments
per unit length in the principal directions 1
and 2. The square yield criterion of
Johansen is compared in Figure 3 with the
criterion of Tresca, represented by the
hexagon, and with the criterion of Von
Mises, represented by the ellipse.

The failure load of a clamped circular
plate with a rigid central core representing a
bolt head and nut (Figure 4) is given by the
criterion of Johansen as:

nt’f,
Flonansex = Txy (1D
where
x=d,/D (12)

If we neglect the dimension of the bolt
head, i.e., if we consider that the bolt act as
a point load (x=0), equation (11) becomes
identical to the Eurocode 3 formula (3) with
yw—1.0, depicted in Figure 5 by the hori-
zontal line.

Using the criterion of Tresca, the failure
load of a circular plate with a rigid central
core of diameter d,,, Figure 4, calculated by
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Ilyushin,'* is equal to the failure load of a
circular plate with a linear load on a circum-
ference of diameter d,, calculated by
Sawczzuk and Jaegar.!> This failure load,
depicted in Figure 5 by the curve TRESCA,
is given by

(13)

0 400 800
Temperature (°C)

1200

Figure 1. Strength reduction factors for
plates and bolts at elevated temperatures.
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Figure 2. Mean diameter d,, of a bolt head
or nut.
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Figure 3. Yield criteria of Johansen, Tresca

and Von Mises.
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Fi%ure 4. Bending failure mechanism of

Johansen.
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where the values of r are obtained from the
equation
p—x(1-Inp)=0 (14)
and x is given by Equation (12).

There is no analytical solution by the
criterion of Von Mises for the circular plate
with a rigid central core, Save et al. (1997).
However, if we multiply by 2/3 the values
of Frpgsca, We get

F

—2 E,
VONMISES[chupc}-JE TRESCA.

(15)

which is an upper bound solution since the
ellipse of Von Mises is circumscribed by the
hexagon depicted in Figure 6 as Von Mises
(envelope). The failure load obtained by
this upper bound criterion is shown in
Figure 5.

Figure 5 shows that the yield line
method of Johansen provides a solution
almost always between the Tresca and the
Von Mises solutions, except for x<0.3. In
particular, when x tends to zero (point load),
the Tresca and Von Mises solutions are 50
and 57.7% of the Johansen solution, respec-
tively. However, very small values of x are
uncommon since minimum values of x are
imposed by the ductility condition as, for
instance, condition (8). Therefore, because
the values of x are in general greater than
0.3, the method of Johansen gives a good
solution for the bending failure load of cir-
cular plates used in ductile joints. Figure 5
also shows that, in general, the Eurocode 3
failure load given by Equation (3) under-
estimates the failures load.

Shear failure mechanism

In the case of a punching shear failure
mechanism, the maximum shear force
occurs in the yield line around the bolt head
or nut (Figure 7). According to the Von
Mises criterion, the maximum shear stress
is j}/\/3. Thus, the plastic shear force per
unit length of yield line reaches

o,

Vp] =ﬁ (16)

Considering the bolt and nut as a central
core with diameter d,,, the force per unit
length of yield line F/(nd,,) reaches the plas-
tic value v,. In this case, the shear failure
load is

nd,tf,

17
7 (17

F,

shear
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=nd,v, =

Combined bending and shear mech-
anism

The combined bending and shear mech-
anism of a clamped circular plate with a
central rigid core is depicted in Figure 8.
The central core is representative of a bolt
head or nut with mean diameter d,,. The
failure mechanism is defined by the virtual
displacements 9,, J, and A. The yield line 1
around the central core is subject to the rota-
tion ¢ and the shear displacement J,, simul-
taneously, while the yield line 2 is subject to
the rotation @ and the shear displacement J,.
Supposing small rotations (f~tan ), the
displacement A and the rotation € are related
by the geometric relation:

A==S0m0 (18)

Interaction m-v: normality law

A combined bending and shear yield
line is represented by a section in a plane
perpendicular to the yield line. The yield
line is characterized by the rotation ¢ and
the shear displacement ¢ (Figure 9), related
to the bending moment m and the shear
force v per unit length of yield line, respec-
tively.

There is no exact solution for the inter-
action m-v.'® However, the approximate
solution of Drucker'” may be used in the
form (Figure 10).

(19)

where m,, and v, are given by Equations (9)
and (16), respectively.

In a combined bending and shear yield
line, the rotation 6 and the shear displace-
ment 0 are related by the normality law,
according to which the vector defined by
the couple (J,6) is perpendicular to the
interaction curve m-v (Figure 10).
Consequently, the normality law is given by

g -1
5 dam (20)
dv

Using the interaction curve (19), the
normality law (20) imposes

a dv Vo @0

Va

5 d.m_4m,,,[ v]

Taking into account Equations (19) and
(21), the internal virtual work by unit length
of yield line is given by

[Fire Research 2017; 1:26]
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Figure 5. Failure load by bending mecha-

nisms. Influence of the yield criterion.
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Figure 6. Comparison of different yield
criteria.
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Figure 7. Punching shear failure mecha-
nism.
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Figure 8. Combined bending and shear
failure mechanism.
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4
m@ +vd =m,0|1+3 Y
Vot

Failure load

The plastic failure load may be obtained
by the principle of virtual work,

Wml =W, ext (23)
where the external virtual work is
W, =F(8,+68,+A) (24)

and the internal virtual work is given by the
sum of the three parts

W =W+ W, + W, (25)

where W, is the virtual work in the yield
line 1, subject to m, and v,

W = “dm(”ﬁg+ V:‘st] (26)

W, is the virtual work in the yield line 2,
subject to m, and v,

W, = nDm, 0 +v,3,) @7n

and W; is the virtual work in the zone
between the two yield lines, subject to m,,

H]] - K(D - dm }nplﬁ (28)

The shear forces in the yield lines 1 and
2 are, respectively

q=;;-@d%-—— (29)
From Equation (21) we get

4mm Vv, :

d =8—%|—+ (30)

Vo \ Vi

dmy, (v j

&,=0—"|+ 31
Voo \ Vot

Furthermore, introducing Equation
(19), the failure load for the combined
bending and shear mechanism may be
obtained from Equation (23), which
becomes the following fourth degree equa-
tion
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%[%+l]+y(l—x)—l-0 (32)
where

i 33
ye gz (33)
a= -t-% (34)

and x is given by Equation (12). The value
of a is equal to the value of y for x=1.

Figures 11 and 12 depict the resistance
of circular plates with slenderness D/t equal
to 10 and 7, respectively. In these two fig-
ures the curve Bending, the line Shear and
the curve Bending & shear represent
Equations (11), (17) and (32), respectively.
The Eurocode 3 Equation (3) is also repre-
sented in these figures, showing that this
equation clearly underestimates the failure
load. The curve Bending & shear is always
under the curve Bending meaning that the
failure load is always less than that given by
the bending mechanism. The failure load
may be less or equal to that given by the
shear mechanism, which means that, in the
case of Figure 11, for x<0.2 the failure is
determined by the shear mechanism while
the combined bending and shear mecha-
nism governs for x>0.2.

In the case of thick plates, for instance
D/t<7, the failure load becomes slightly
lower than or equal to the Shear load
(Figure 12).

Design formulae at ambient and ele-
vated temperatures

At ambient temperature, the design
resistance F,pq of the circular plate with a
central core, representative of a bolt head
with mean diameter d,,, may be determined
from Equation (32) with a slight modifica-
tion of the parameter o that takes into
account the safety factors (yy, and v,,) as
well as strain hardening (f, instead of f).
The non-dimensional parameter o becomes
then

e

a £ (35)
if,
F = u 36
R (36)
where
2z
ol (37)
yMD

Thus, the design resistance F,gq at
ambient temperature may be obtained from
the equation
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where x and o are given from equations (12)
and (35), respectively, and
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Figure 9. Combined bending and shear
yield line.
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Figure 10. Interaction between bending
moment m and shear force vs normality
law.
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Figure 11. Failure load for D/z=10.
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Figure 12. Failure load for D/z=7.
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y=-2k

pRd
F (39

At elevated temperatures, following the
procedure indicated in the EN 1993-1-2:
2005, the term f;/y\, in equation (37) should
be replaced by k,of,/y; and the term f£,/yy;, in
Equation (36) should be replaced by
kyof,/ys, where pg is a national determined
parameter with a recommended value
y5=1.0. Therefore, the design resistance
F,res at elevated temperatures may be
obtained from Equation (38) where y and «
are modified as follows:

Fras
y=—1= 40
Fys (40)
Fs
o =—
By 41)
where
nt’f,
Foa= ky,& 2 (42)
Vs
aDif,
Fis =kpo—r 43)

the plate’s membrane effect is well docu-
mented.!®

In this sense, instead of inequality (4),
the ductility rule should be written in the
form

yov Bp.llﬂ = F‘I.Rﬂ (44)

where y,, is the overstrength factor, B,y is
the design resistance of the plate in punch-
ing shear, given in EN 1993-1-8:2005* as

_ 0.6nd tf,
Ym2

B

pRd (45 )

and F, g, is the design resistance of a bolt in
tension, given in EN 1993-1-8:2005* by
Equation (2). If we take d,~0.88d (Table 1)
and d,~1.7d, the inequality (44) becomes

17
t=< 0 dfub
Yol
or, considering y,,=1.25, we get the fol-

lowing ductility rule in the case of ambient
temperature

(46)

0.14df,,
s —%
% “n

The ductility rule (47) and the Eurocode
3 rule (1) are compared in Table 2 for one
bolt steel (grade 8.8) and two plate steels
(S235 and S355). The last column of Table
2 shows that the Eurocode 3 rule (1) gives a
plate thickness that may be more than twice
the thickness calculated by the proposed
rule (47), which means that the Eurocode 3
rule (1) may lead to brittle failure of bolts.

At elevated temperatures the ductile
rule becomes

(48)
f u,b
where f, 4 is given by
1.25k,,f, for 8 < 300°C
Suo =1k of,(2-0.00256) for300°C = 6 < 400°C (49)
k,of, for 6 = 400°C

where 6 is the steel temperature and the
reduction factors k,, and k,, are defined in
EN 1993-1-2:2005 (Figure 1).

Equations (41) and (34) are identical if Fy
we take into account Equations (42) and ) .
(43). F, t~Bolt failure Plate failure F e o o
Proposal of a ductility rule * 2
The plate ductility is influenced by 5
membrane effect, as illustrated in Figure
13b. In fact, due to membrane effect, the a) h)
plate resists beyond the plastic limit /7, until - "
punching shear failure occurs around the Figure 13. Membrane effect »s ductility.
bolt head, B, (Figure 13a). The punching
shear resistance B, is an upper bound of the  op1o 1. Equivalent diameter of a bolt.
plate resistance. Thus, in order to prevent
brittle failure, the resistance of the bolt in
tension £, should be greater than the resis-  Nominal diameter d (mm) 16 2 92 30
tance of plate in Punchlng shear B, Tensile stress area A, (mm?) 157 245 353 565
The greater is the slope of the mem- . i
brane effect curve the smaller is the ultimate EquValent diameter ds=2\/A$/J'[ (mm) 14.1 17.7 212 26.8
displacement J, (Figure 13a). The topic of dqd 0.88 0.88 0.88 0.89
Table 2. Comparison of the ductility rule (47) with the Eurocode 3 rule (1).
8.8 800 5235 360 0.31 0.66 2.1
8.8 800 355 510 0.22 0.54 2.5
OPEN aACCESS [Fire Research 2017; 1:26] [page 25]
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Conclusions

In bolted steel joints, the resistance of
bolts in tension should be greater than the
resistance of the steel end-plate, cleat or
column flange in tension. In this paper, the
detailed analysis of a circular plate demon-
strates that it is necessary to evaluate cor-
rectly the resistance of the steel plate taking
into account the actual dimension of the
bolt head or nut, in order to avoid brittle
failure of bolts in tension.

The Eurocode 3 ductility rule may lead
to a brittle failure of the joint. In fact, the
plate components resistance is underesti-
mated by the Eurocode 3, which is safe for
the resistance evaluation but is unsafe for
ductility control.

As a conclusion, in order to avoid brittle
failure of bolted beam-to-column joints, the
currently possibilities are: (a) to prevent the
formation of a plastic hinge in the joint by
using full-strength joints, or (b) to use the
proposed ductility rule for ambient and ele-
vated temperatures.

Finally, it must be noted that the pro-
posed ductility rule is rather restrictive.
Therefore, it is necessary more research on
failure mechanism of plates (end-plate, col-
umn flange, angles, efc.) that will lead to a
less restrictive ductility rule. Experimental
tests could be useful showing that EN 1993-
1.8 formulation may lead to brittle failure of
bolts and thus to insufficient rotation capac-
ity of some joint configurations.
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