DUCTILITY REQUIREMENTS FOR THE DESIGN OF BOLTED SHEAR

CONNECTIONS

J. Henriques', J. P. Jaspart’ and L. Simdes da Silva®
'|SISE, University of Coimbra, Civil Engineering Department, Coimbra, Portugal
Universily of Ligge, ArGEnCo Department, Ligége, Belgium

%|SISE, University of Coimbra, Civil Engineering Department, Coimbra, Portugal

Abstract: The resistance of shear bolted connections is ftraditionally evaluated by
considering an equal distribution of internal forces amongst the bolts. In fact, such an
assumption may only be seen as the result of a plastic redistribution of the internal forces, what
requires shear ductiiity in the vicinity of the bolis. in the present paper, ductility requirements are
proposed that ensure that, in the presence of real imperfect bolted shear connections, plastic

resistance can be attained.

Keywords: Shear bolted connections, equivalent bolt zone component, available

deformation capacity, required deformation capacity, ductility criteria.
1. Introduction

A connection can be classified as a Shear Boited Connection when the forces
transferred between the elements induce pure shear in the bolts. Two types of shear
connections, also called lap connections, may be found: single and double overlap connections.

The difference consists in the number of shear planes that cross the bolt shanks (Figure 1).
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Figure 1 —Single and double overlap connections.



In shear bolted connections, two different elements may be distinguished: connectors
(bolts) and connected elements (plates). The term plate is used to refer to column flanges,
beam flanges, beam webs, splice plates, etc.

When a bolted connection is submitted to shear, forces are transferred from one plate to
the other {others) by plate-to-bolt contact. Neglecting the small friction developed between the
plates and the negligible bending of the bolt, four different resistance and deformation modes

should be considered:

v

Bearing of the plate and/or bolt;

v

Shear in the plates;

% Tension in the plates;

¥

Shear in the bolt shanks.

From these, the behaviour of a shear bolted connection can be defined by the response
of two different parts: bolt zone, where bearing and shear forces develop; and the plate belween
holes where direct forces develop in the plate. The work presented in this article focuses on the
bolt zone; so the failure of the connection by excess of tension in the connected plates is here
not considered.

In these types of connections, the load to be transferred between the plates is
distributed non-uniformly amongst the bolt-rows (Figure 2a), Ju et al. [9]). If sufficient
deformation is provided around each connector, a full plastic redistribution of forces may be
noliced, otherwise failure is reached by lack of ductility and the maximum external force to be
transferred is lower than the one corresponding to a full plastic distribution. Schematically, the

different stages of forces distribution in a shear bolted connection may be represented as in

Figure 2.
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Figure 2 —Different stages of force distribution in shear bolted connections.

In the same study, Ju el al. [9] showed that in the nonlinear range the maximum load
achieved by the connecticn is almost linearly proportional to the number of bolts arranged in the
connection. In part 1-8 of Eurocode 3 [1], a full plastic distribution of forces can be assumed as
long as the connection length is limited.

Pietrapetrosa ef al. [15] approached the subject by only considering fitted boits. Their
study showed thaft, inside the limits given by the code and by practical guidance, sufficient

ductility to achieve a full plastic distribution of internal forces is available. However, the common



practice is the use of non filted bolts and the presence of imperfections is also a reality.
Consequently, the lack-of-fit will increase the demands of ductility as some bolts bear before the
others, as verified by Wald et al. [16]. They showed that for certain values of gap in some bolt
rows, failure was first attained in the extreme bolts and therefore a full plastic resistance was not
reached.

Based on the principles of the component method, it is the objective of the present
paper to derive general formulae to determine the deformation capacity required in the bolt zone

components that allows to reach, in actual shear bolted connections, full plastic resistance.

2. Eurocode 3 design procedure for bolted connections in shear

Part 1.8 of Eurocode 3 [1] is dedicated to the design of joints in steel structures. It
prescribes the component approach for the evaluation of the mechanical properties of the joints,
Jaspart {10] and Weynand ef &/, [17]. However, the analysis of shear bolted connections is not
specifically treated, although the code gives recommendations for the evaluation of the sfiffness
and resistance properties of several individual components. According to the principles of the
component method, it is up to the designer to identify the relevant components and to assemble
them according to a representative mechanical modet In order to be able to predict the
respanse of the whole connection.

According to the classification system for joints in Eurocode 3 part 1.8 [1], the
connections considered here belong to category A: Shear Bolted Connectlions — Bearing Type.
These ones resist by transferring forces through plate/bolt contact and bolt shearing. Non
preloaded bolts are used and the small friction resistance between the contact surfaces is
neglected. Considering the resistance and deformation modes listed in the introduction and that
are relevant for shear bolted connections, among the fist of individua! components presented in
Table 6.1 of part 1.8 of Eurocode 3 [1], the following should be considered: boit in shear,
plate/bolt in bearing and plate in tension. Furthermore it is then assumed that the failure mode
of a bolt zone (i.e. a zone where a shear force is locally transferred from one plate to another) is
associated to that of the weakest component. Through this procedure, the resistance and

stiffness properties of the bolt zone may so be evaluated. It is noted, however, that part 1.8 of



Eurocode 3 gives no information on the deformation capacity of these components. Table 1

summarises the characterization of the relevant components.

Table 1 — Eurocode 3 expressions to evaluate the characteristic resistance (R.) and the

stiffness {S,) of the basic components.

S R
Plate in tension o [::: ol S = EAp, Ry=min(A £, 0,9 Az )
Baolt in shear 8y = 8 d* fun/dus Ry = .o As
Plate in bearing  <fgm » = Sp=12kb Kkt dfu Ry =kiees fud't

Equivatent [ﬂj - Seq = — i
component < (Sy" +8p "+ 8,77 Req = min(Ry, R, Rpz)

E Young Modulus d diameter of the bolt

A gross area of the plate af diameter of the bolt hole

Anet net area of the plate dMi6 nominat diameter of a M186 baolt

pb pitch distance (/# to load transfer) e2 edge distance (/ to load transfer)

eb end distance {// fo foad iransfer) P2 pitch distance (£ to load transfer)

#y yield strength of the plate ke = minfksr Koo}

fu ultimate strength of the plate kbt =0,25eb/d + 0,5 but kb1 < 1,25

¢ thickness of the plate kb2 = 0,25 pb/d + 0,375 but kb2 < 1,25

Ab shear area of the bolt (nominal or stress ki =156t/ dM16 butkt < 2,5

area) av =050r0,6

fub ultimate strength of the bolt ah = minfeb/3d0; ph/3d0 - 0,25 ; fub/u; 1,0}
k1 = min(2,8 82/d0— 1,7; 1,4 p2/d0— 1,7; 2.5)

The evaluation of the response of a shear bolied connection (Figure 3a) by assembly of
the relevant components is accurately obtained using the mechanical model of Figure 3b,
Pietrapetrosa el al. [15] and Greisnigt ef al. {5}, Each individual component is modelled through
extensional springs. In the bolt zone, one cbserves that three springs act in series; the bolt in
shear (Sp); and twice the plate/bolt in bearing (S,;). Assembling these three springs into an
equivalent spring Seq {describing the bolt zone response) leads to the simplified model of Figure
3¢ where the components at the boll zone are represented by a so-called equivalent boit zone

component (Table 1).

]

a} Shear connection with three bolts
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Figure 3 ~ Mechanical models

For shear connections with more than one bolt zone “in length”, two recommendations
given by the code are relevant, The firstis related to the resistance of connections with a limited
number of bolt zones along the length:
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Vi= Foi = ZF;,RJ,:

if not Fy, =nmin {E«n} with Fy, = min(F, gy 5 Fy pa)

where:

- Fpryis the resistance of the whole connection;

nis the number of bolt zones “in length;

i indicates the bolt zone number;

- Fyresand F, pg; are, respectively, the bearing and the shear resistances of bolt zone /.

The second rule is related to long joints where the shear resistance should be reduced if
the connection length (L;} exceeds 15d. In this case, the following reduction factor should be

applied to the shear resislance (F, g4} of the bolts:

=]-—t— 15db!075<,8 <1.0 2
B, = ut 0,75< 6, <1,
H 200d [ e )



3. Evaluation of imperfections/lack of fit

As in every construction type, impsrfactions related to fabrication have to be considered
in steel structures. As far as the response of shear conneclions is concerned, the discrepancy
between the nominal and the actual values of bolt diameters, hole diameters and positions
(pitches and end distances) may affect the behaviour of the connections as the imperfections
will lead to a non simultaneous fransfer of forces between the bolts, as it would be the case for
"perfect” connections {for instance, connections with fitted bolts).

Values of tolerances are given in the Eurcpean Standard for the Execution of Steel
Structures and Aluminium Structures, EN 1080-2 [2], in ISC/DIS 4759-1 [7] and in 1SO286-2 [8].
Based on these values, the lack of fit in bolted connections may be quantified. However, due to
the multiple parameters involved, this task is complex. In order' to simplify, and have in
consideration the evaluation of the maximum required deformation in a bolt zone, some
assumptions are established in order to get the “worst siluation” {i.e. the one for which the
highest demand in terms of ductility is required from a bolt zone):

» Possibility to have different values of actual hole diameters in every plate;

¥ Possibility to have different hole deviations in every plate, and consequently different
values of pitch and end distances in every plate;

» The boll initially in contact with the plates is one of the outer bolts (henceforth this belt
will be designated as FBW [First Bolt Working], white the notation RB [Rest of the Bolts]
will be used for ail the others), this altows to maximise the requested deformation
capacity for the FWB bolts;

¥ The *worst situation” results from the combination of all these possibilities. Even if this is
not the more realistic pattern, it could anyway happen; and for sure it is the one leading

to the highest request in terms of ductility.

Using the standards values for tolerances and the previous assumplions, several

connection layouts may be drawn to identify the “worst case”, as illustrated in Figure 4.
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Figure 4 — Connection layout considering the presence of imperfections.

Analysing several situations, as different bolt diameters, one obtains the gaps to be
considered in a bolted connection that respect the previous assumptions. Table 2 presents
maximum gaps that may be observed in a connection layout according to the bolt diameter
used. The main factors which distinguish the different values obtained are the hole clearance

and the tolerances allowed by standards, for different bolt diameters.

Table 2 — Gaps in bolted connections

2, 3 or more bolls

Bolts
FBW gap RB gap Max. Gap
M12-M14 0.00 3.08 3.08
M16 6.00 4.54 4.54
M18-M24 0.00 4,66 4.66
m27 1.00 5.66 4.66
over 1.00 5.78 4.78

4, Response of the individual components

As mentioned before, two different individual components interact in the bolt zone: the
bolt in shear and the plate/bolt in bearing. And in order to analyze shear bolted connections, the
behaviour of these components has first {o be predicted. Hereafter, code recommendations and

results of former investigations are used to achieve it.



4.1 Bolt in Shear

In Moscow, Karmalin ef al. [12] have performed numerous experimental tests on bolls in
shear. Resistance, stiffness and deformation capacily of bolts subjected io shear have been
measured for M18, M20 and M24 with grades 5.8, 8.8 and also for bolts with a minimum tensile
strength equal to 1100 MPa (high strength). The tested specimens consisted of single bolted

connections with two-shear planes, see Figure 5. Table 3 presenis the test resulls.

&0 mm

Figure 5 ~ Test set-up of Moscow experiments.

Table 3 —~ Moscow test results

Run [KN} Bup {mm]
Bolts Grade
M16 M20 M24 M18 M20 M24
58 63--72 97 - 110 137150 29-34 34-38 41-44
8.8 81 -93 124 -141 175193 22-25 26-30 31-358

High-strengln 126150 195-220 275-308 16-20 18-22 21-27

Based on the EC3 part 1.8 [1] expressions (see Table 1) and on these experimental
results, expressions to determine the ultimate deformation capacity, ultimate resistance and
strain-hardening stiffness of bolts in shear have been derived. With the aim to refer explicitly to
Eurocode 3, the here-above listed parameters are expressed as a function of the initial stiffness
{S,) and of the nominal resistance (R,}{see Table 1). Table 4 presenis these expressions. A

detailed derivation being found in Henriques thesis [6].



Table 4 — Ultimate resistance, ultimate deformation capacity and sirain-hardening stiffiness for

the "bolt in shear” component.

6u,b
Bolls Grade Sas Rup
M16 M20 M24
5.8 4.7 RuiSs 5.5 Ru/Sy 6.7 Rp/Se Su/2.5 1.58 Re
8.8 3.0 Ru/Ss 3.5 RefSs 4.2 RufSs Sul?.0 1.05 R,

High-strength 2.6 RIS, 2.9 RulSy 3.4 RIS, Sufi5 1.44 R,

4.2 Plate/bolt in bearing

Bearing problems are complex as they deal with coniact between fwo bodies. The
development of a numerical model for the simulation of bearing phenomena was carried out
using the Lagamine code [13], a software developed at the ArGEnCo Department of the
University of Liége. Available lests made in other universities were used to calibrate the
numerical model: tests on shear bolted connections at the University of Ljubljana [14] and at the
Technical University of Delft [4].

The idealized numerical mode! consisted in a plate wilh a hole fixed in one edge (width
edge) and free in all the others. In the hole was placed a rigid element which simulated the bolt.
This element is “pulied” against the plate in the opposite direction of the supports. Figure 6

llustrates the idealized model.

Figure 8 — ldealized model for bearing.
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The plate was modelled using 3D volume elements (BLW3D) available in LAGAMINE.
This element is defined by 8 nodes and 1 Gauss integration point. The bolt was modelled as a
rigid body (FOUNDATION). As in the experiments, double overlap connections have been
tested, only part of the external plates has been modelled. The confinement effect provided by
these plates has been simulated, but only in the region where its influence is relevant, see
Figure 7. For these plates the same type of 3D volume elements has been used. Finally, to
model the contact, plane elements (CIF3D) able to simulate three-dimensional mechanical
contact problems were used. This element is composed by 4 nodes and 4 Gauss integration
points. Two contact zones have been defined: bolt — plates contact; main plate — external plate

contact.

Figure 7 — Model with cover plate.

One of the main objectives was to be able to model bearing fallure; this goal was not
completely achieved. As one can see, as an example, in Figure 8, for one of the tested
specimens, the numericat model can rather well approximate the whole connection behaviour,
but no reliable failure criterion, indicating when the simulation should be stopped, has been

finally identified. Further related investigations are therefore still needed.
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Figure 8 — Simudation of A2020 specimen [4] and comparison with tests.

As a consequence, the characterization of the plate/bolt in bearing behaviour is based
hereafter on the existent knowledge: the elastic sliffness and the nominal resistance are
determined using code recommendations {see Tabte 1), while, for the other parameters (strain-
hardening stiffness, ultimate resistance and ultimate deformation), expressions from previots

works ([6], [10] and {15]) are used.

hY
S — p.h
S0 40
(3)
R,,,=125R , (4)
RM
Sy pp =11 (5

b

4.3 Plate in tension

Although present research work focuses on the boilt zone and on its capability to

redistribute forces, the deformability of a plate in tension has an imporiant influence on the

12



distribution of forces amongst the bolts. The stiffness of the plate in tension has therefore also

to be predicted; an expression is provided in Table 1.

5. Assembly of the basic components

In this section, the individual basic components are assembled with the objective to
derive the avallable ductility of the equivalent bolt zone components and the ductilily required to

allow a full redistribution of internal forces in shear bolted connections.

5.1 Available deformation capacity of the equivalent bolt zone component

The deformation avallable in the equivalent bolt zone component is obtained through
the “association” of the two basic components: the boit in shear and the plate/bolt in bearing.
Each basic component is characterized and the deformation capacity evaluated according to
the previous sections. Subsequently assembly is done according to their resistance and
deformability. The complete behaviour of the equivalent bolt zone component is then obtained.

The derivation of formulae to determine the available deformation capacity of the
equivalent component depends on several factors such as: single or double overlap
connections, plates with equal or different responses {different thickness, different stesl
properties), and the relation between the resistances of the individual components. So, many
cases may be obtained. Figure 9 exemplifies one of these cases and Table 5 presents a list of
expressions for several common cases. A comprehensive list of cases can be found in

Henrigues [B].
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Figure 9 — Assembly of the individual component responses.

" Table 5 ~ Derived expressions to determine the available deformation capacity.

Plates with equal mechanical and geometrical properiies

Single Overfap Connections Double Cverlap Conneclions

Case: R, >1.25R,,

R R 025K, R, R, 0I25R, O0125R,
S,=428s,,, -y ——2 . 8, = Lald, , ~—L)+ - + 22
s, S, S, Sen 5., s, 5,
Case: R, >aR,
R R, a—NR R, R_12 «—-1)R,, (e—1)}R_ /2
8, ==+, ——,‘i)+2*7( R R . o D L Dy
ch S, Sp.b ‘Stq Sy Srﬁ SN'
Caseli< kR, <125
R R, R, —R 1258 - R I R 0.123R8 R,-03 06258 - R
8, =245, -yt DR R R 6, ey OB R 03ROGO~ Res)
"ra ’ Sp.n!- Sb Su’ﬂ *qu 5;& ‘\"p,b -"n 5, //U
Casel1<p /R s«
R, R R..-R, L25R - R R R /2 R.,-2R, (2eR_-R w* R, 12
PR RS L A i 40! — ) 8, =LA (F,, Ty EE +( o ’*“)4- i
S, 8, S, §,10 5., s, S, Rz S,
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5.2 Required deformation capacity in actual shear bolted connections

The required deformation capacity is the deformation which should be reached in the
most loaded bolt zone in order to get a full plastic redistribution of forces in the connection. In
the work done by Pietrapertosa ef al. {15] expressions to determine the required deformation of
the equivalent bolt zone component for filted bolts have been proposed. Based on that study,
similar expressions for actual connections, taking into account the presence of imperfections,
are here proposed. The derived expressions should consider the most demanding situation that
has been assumed before, i.e. the case where one of the extreme bolis is in contact while the
others are not. Several cases have been analysed and it has been concluded that the most
demanding case is obtained when the middle bolt zone (or middle bolt zones in the case of
even humber of bolt rows) is (are) the last one(s) to reach its {their) maximum resistance. Figure

10 shows the deformed shape and the distribution of internal forces for a connection with 5 bolt

TOWS.
 p(HRGEA) 2 143REA Hi2 DUL42RGEA) A2 p{RJEA)
5 Req 3 1
y 77 5R
T I | B e
Bo/8.itur R./Srtbo R-/Sa RefS.itfize
pUHRGEAD pl(nzmm,)-&.ﬁ/z PAHIRSEAMSI2 pAIHRGEA;) ’
Figure 10 — Connection with 5 bolt rows.
Expressing the compatibility of displacements, the following equations are found:
4R R R
(@) pi1+ ”J+—ﬁ’—+§ﬂz—p,[i+ = J+——‘—"n+ﬁp,
FA, | S, EdA, »
3R R 2R
(b) p |1+ =22 }+ 2 p,(H “']+ L4d,,
Ed, ) S, kA, ”
2R R 3R
e} py| t4 ==L fb et & = pl T+ =2 [ 2
EA, w E4, ) S,
R, § R, 4R 3 R
() pl(H - J—iﬁ’f-+—mi”l+ﬁp_s = p{H- A ]+(‘i+‘—"’+ 8,4
£A, 28, £d, 28, ()

Solving the system of equations, the plastic deformation in bolt zone 1, 2, 3 and 4 is determined;

15



((’) ‘5‘, Y I
R,
(l))(spl = Erf: 1
o Ru
(C) Doy = E/l:, P
4R,

(a’) Bog =0+ b
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Finally, the required deformation for the equivalent bolt zone component is obtained:

Rﬁ‘t 4Ret
5;’«; = + : + (Sgnp + !
S EA,

eif

(8)

This analysis has been extended to other cases {(different number of bolt rows) and the

following generat expression has been obtained:

] 4
5&';} = Req (E-— + phﬂj] + 5!4"'!’
I

e
with
wi2
p= Z(u, —2i) for an even value of n
f=i
{m-1)#2

p= Z(n, —2i} for an odd value of n
p (9

At the same iime, 2 numerical model, based on the use of the Liége home-made
nonlinear FEM software FINELG {3], allowed validating all the analytical results. The numerical
model is based on the simplified model presented in Figure 3¢. This simple model aveids the
confact problems, which are always difficult to manage; the numerical model is then defined by
modelfing the plate in tension behaviour through the use of beam elements and the bolt zone by
means of springs. Using the numerical model, analytical expressions and numerical resulis are
compared: in Figure 11, the required deformation capacity to the bolt zone component
calcutated through expression (8) and the numerical model, for a connection with § bolt rows; in

Figure 12, the plastic deformation achieved by each bolt zone when the last one reaches R by

means of expressions (7}, again for a case with 5 bolt rows.
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The different cases analysed correspond to the different values of defined gap. The
values considered for the gap varies proportionally to the conventional limit of elastic
deformation of the equivalent bolt zone component and are the following: &4.p = Do (case 1);
Ogap = 1.1°0a (case 2); Byap = 1.2°04 (case 3); Dgap = 1.3"0¢ (case 4}. In Figure 12, only case 1
is represented as the resulls for the other cases are the same.

4.1

40 B Numerical |
| Numerical

39 @ Analytical
38
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Figure 11 —'Comparison of required deformation between numerical model and

formulae.
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Figure 12 — Comparison of plastic deformation between numerical model and formulae (case 1).
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6. Ductility requirements for bolted shear connections

In order to determine ductifity requirements that a connection should satisfy so as to
ensurse a full plastic redistribution of the internal forces amongst the bolt zones, reference will
obviously be made to the expressions derived before for the available and required ductility in
bolt zone components; hence, such ductility requirements are for sure dependent on all the
geometrical and mechanical parameters that influence the two previously mentioned vaiues of
ductility:

» Stesl grade of the plate;

¥ Bolf grade;

» Geometrical properties of the connection [t, b, ey, ez, Py, P2, d, do};

¥  Number of bolt rows (ny — in the direction of loading) and number of bolt lines {n, —in

the perpendicular direction of loading).

The ductifity criterion which is expressed below and which constitutes the main outcome
of the study is based on an intensive parametrical study where all the above-iisted geometrical
and mechanical parameters have been considered, but for single overlap connections only
(what is not really restrictive). As mentioned before, situations where tension plate failure is
relevant have been omitted.

The problem is dependent on many basic parameters (listed above). Therefore,
fundamental parameters which embady all these and simplify the task by avoiding mulfiple sub-
criteria have heen defined. Two fundamental parameters have been defined in view of the

derivation of a ductility criterion, as illustrated in Figure 13.

o A\ \\\ \

Sufficient Ductility ™

!

-
RevReap

\\\k s,
N

Insufficient Ductility
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Figure 13 — Two fundamental parameters.

The parameter on the vertical axis represents the ratio between the available and the
required deformation capacities. This ratio reflects the sufficient or insufficient ductility exhibited
by the equivalent bolt zone component. The second fundamental parameter represents the ratio
hetween the nominal resistance of the plate/bolt in bearing component and the ultimate
resistance of the bolt in shear component. These two parameters embody all the important
mechanical and geometrical parameters listed before.

This being, the influence of each basic parameter was analyzed and “ductility functions”
were obtained. Figure 14 presents the resuits of the parametrical analysis in which the following
variation of the basic parameters have heen considered:

¥ Slesl grade: 5235 and S355;

»  Bolt diamefers: M16, M20 and M24;

¥» Spacing, end and edge distances: max and min of g4, @,, p; and p,;

¥ Width of the plates: max and min values &, and p, as well as max and min values of b
taken into account;

» Thickness of the plate: the variation of  is made in order io cover the whole ranges of
Roo/Rup;

¥ Finally, the number of bolt rows and lines varies: ny, from 2 to 10, and 1, from 1 to 5.
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L I i L

dav/oreq
n

Sufficient Ductifity T 999
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Figure 14 — Parametric analysis results.
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One can cbserve that the variation of the fundamental parameter Rpp/R,; , close to the
boundary between sufficient and insufficient ductility (8,,/8,,,=7) is small, from 0.94 to 0.99. So,

a safe and simplified ductility criterion may be suggested as follows:

2
If -~ 2 <0.94 = F.o= n,an“}(p!a.s‘!ic' distribution of wnternal forces allowed)
uh

I =2 5094 = Fo<mn R, (p!as!ic disiribution of internal forces not allowed)

s r (10)

Figure 14 clearly identifies the plate/bolt in bearing as ductile component and the holt in
shear as a brittle one. When the plate/bolt bearing is the strongest component and its
contribution to the deformation of the equivalent component is small, insufficient ductifity is
exhibited by the equivalent bolt zone component to reach a complete plastic redistribution in the
connection.

In order to apply the criterion, some praclical cases have been considered and the
results have been compared with the present Eurocode 3 rules, This comparison considered
two situations, one where the criterion is verified and another where it is not. The obtained
results are presented in Figure 15, In the horizontal axis is represented the length of the joint,
according fo the code, and in the vertical axis the reduction factor B¢ for long joints. The
analysed cases consider the variation of the connection length by varying the number of bolt
rows (number of bolts along load direction). All the other properties were kept constant. The
number of lines of bolts is 2 {(number of bolts over the transversal direction of the applied load).

The results confirm that if the condition expressed in (10) is verified, the available
ductility is sufficient to achieve a full plastic resistance of the connection even in joints that
exceed the limit imposed by the code. One can also observe that, in the case of a low
contribution by the plate/bolt in bearing component to the deformation of the equivalent one, the
available ductility is clearly insufficient and the maximum load the conneclion is able to fransfer
is considerably reduced.

The comparlson with Eurocode 3 criterion shows a significant difference. The code

establishes as main condition the length of the joint while the proposed criterion is based in the
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contribution of the basic components to the available deformation of the equivalent holt zone
component. For cases where ratioc Ryy/R,, is smaller than 0.94 (high contribution of the
plate/bolt in bearing) the code approach is conservative while for higher values of this ratio the

code is on the unsafe side.
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Figure 15 — Comparison with the Eurocode 3 criterion.

7. Conclusions

The present work proposes a criterion to check whether sufficient ductility for a full
plastic redistribution of internal forces may be contemplated in actual shear connections with
non preloaded bolts. It is based on the presence of imperfections in the connection layout which
can Jead to situations where some balis bear before the others.

All the aspects inherent to shear bolted connections have been approached: the
evaluation of imperfections according to the standards for tolerances; the characterization of the
individual component response; the derivation of expressions to determine the available
deformation capacity in the bolt zone component; the required deformation in the bolt zone
component for a full plastic redistribution of forces.

From the analysis of several layouts it has been verified that imperfections should be
applied in order to minimize the gap in one of the exiernal bolt zone which starts transferring
load first and maximize the gap in all the others. The values proposed vary according to the bolt

diameter, however the general configuration of the connection is the same. These values define
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extreme situations that can be observed in a connection layout obeying to the standards
recommendalions for tolerances.

Empirical functions to characterize the behaviour of bolts in shear have been proposed.
These functions confirmed that ductility decreases with the increase of the bolt grade. Tri-linear
laws have been proposed using Eurocode design functions. The ultimate deformation of bolls in
shear is evaluated using these design functions; thus, a lack in the code could be filled and the
deformation capacity of the bolt in shear estimated.

The expressions proposed to determine the available deformation capacity of the
equivalent component, show that the available deformation depends on the level of conlribution
of the fwo compoenents. The application of these expressions shows the expected results: high
deformation is available if the plate/bolt in bearing has high contribulion to the global
deformation while the opposite is observed if the bolt in shear is the leading basic component.
The presented expressions include a limited group of situations considered as the most usua!
ones. Based on these, any other situation can be derived.

in the work of Pietraperiosa ef al (2004) [15] the evaluation of required deformation
capacity in shear bolted connections with fitted bolts has been done. Using the same principles,
this evaluation has been extended to actual shear bolted connections and the effect of
imperfections introduced. Higher deformation capacity is obviously required. The obtained
expression is similar to the one presented by the referred authors; the modification consists in
the addition of the gap presented by the last bolt zone to reach its yield strength R,

Through the evaluation of the available and required deformation capacity in the
equivalent bolt zone component a ductility criterion has been derived. The proposed criterion,
equation (10}, is simplified by the use of two fundamental parameters which involve all basic

ones that need to be taken into account. One considers the sufficient or insufficient deformation

capacity presented by the equivalent component(a‘-’% ] while the other takes into account the
rea

participation of each basic component in the global deformation of the equivalent bolt zone

component[&% )
R,

The application of the proposed criterion showed considerable differences between the

code criterion and the proposed one. This fact shows that imperfections may have a relevant
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effect in the connection behaviour if the bolt in shear component is the “weakest”. Actually, in
these cases the transferred force is considerably smaller than the one determined according to
the code provisions, as observed in Figure 15. This situation should then be further investigated
in future works. At the same time the evaluation of the imperfections in the connection layout
should be better analysed. The values here obtained (based on the “worst" layout of

imperfections) seem to be loo severe for the case of “weak” bolts, as seen in Figure 15,
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