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Abstract. It is well known that, in order to accurately predict the behaviour of steel structures a requirement the
definition of the mechanical behaviour of beam-to column joints is of primary importance. This goal can be achieved
by means of the so-called component method, which, in order to obtain the whole behaviour of connections, provides
to break up joints in basic components of deformability and resistance. One of the main joint components used to
model bolted connections is the so-called equivalent T-stub in tension, which is normally used to predict the
behaviour of bolted plates in bending starting from the behaviour of the single bolt rows. In past decades, significant
research efforts have been devoted to the prediction of the behaviour of bolted T-stubs but, to date, no particular
attention has been devoted to the characterization of their plastic deformation capacity. To this scope, the work
presented in this paper, taking into account the existing technical literature, proposes a new theoretical model for
predicting the whole behaviour up to failure of bolted T-stubs under monotonic loading conditions, including some
complexities, such as the bolt/plate compatibility requirement and the bolt fracture, which are necessary to accurately
evaluate the ultimate displacement. After presenting the advances of the proposed approach, a comparison between
theoretical and experimental results is provided in order to verify its accuracy.
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1. Introduction

In past years, the actual behaviour of joints in steel structures was frequently disregarded and,
normally, the structural behaviour was modelled by making the extreme assumptions of rigid or
flexible behaviour (analysing continuous or pendular frames). Of course, these simplifications
made structural calculations easier, but the structural model was not able to account for the actual
behaviour of connections.

In the last few decades, the interest towards the prediction of the joint rotational behaviour in
steel structures has significantly grown, as a consequence of the benefits deriving from the
accuracy of such prediction. As a result, basing on the outcomes of many experimental and
theoretical studies (Zoetemeijer 1974, Jaspart 1991, Girdo Coelho et al. 2004a, b, Piluso et al.
2001, Bernuzzi et al. 1996, Faella et al. 2000, Latour et al. 2011b, Hantouche et al. 2012a, b, 2013,
Lemonis and Gantes 2006, Takhirov and Popov 2002, Nair et al. 1974), modern codes have
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introduced approaches aimed at the accurate prediction of the joint behaviour. In particular, the
European methodology codified in last version of EC3 is based on the so-called component
method (CEN 2005a, b), which consists in breaking up the joint in basic components contributing
to the joint rotational deformability or resistance. Each component is separately modelled in terms
of force-displacement or moment-rotation law and finally assembled in a mechanical model in
order to obtain the whole joint behaviour.

Theoretically, this approach is very general and it is able to describe the behaviour of any kind
of connection, provided that the basic components of deformability and strength are accurately
identified and modelled. To date, even though the component method codified in EC3 is already
very advanced and provides designers with significant information regarding the joint behaviour, it
still provides some drawbacks especially dealing with the prediction of the plastic deformation
capacity and of the cyclic behaviour. In fact, even though some authors have already investigated
some aspects related to the prediction of the plastic deformation capacity (Latour and Rizzano
2013, Latour et al. 2014, Girdo Coelho et al. 2004b, Beg et al. 2004) and of the cyclic behaviour
of connections (Piluso and Rizzano 2008, lannone et al. 2011, Latour et al. 2011a, Hu et al. 2012,
Bravo and Herrera 2014), past experimental and theoretical researches have often focused their
attention mainly on predicting stiffness and resistance of joints. Therefore, dealing with the
prediction of the plastic deformation capacity of connections, at the present time, further efforts
are still needed towards the codification in EC3 of a methodology for the prediction of the
rotational capacity of joints.

In particular, in this paper, aiming to provide a contribution towards the codification of a
procedure for the prediction of the plastic rotation capacity to be included in EC3, the attention is
focused on bolted connections. In such connection typologies, usually, the most important
components, such as the column flange or the end plate in bending, are modelled by means of
equivalent T-stubs, i.e., two equal T-shaped elements connected through the flanges by means of
one or more bolt rows. Therefore, in order to develop a theoretical approach for predicting the
whole force-displacement response up to failure of bolted T-stubs, a new refined model is
presented, starting from the existing literature.

To this scope, in this paper, the current state-of-the-art is presented and the assumptions and the
theoretical framework are described, focusing the attention on the main advances of the proposed
model. Successively, the constitutive laws adopted to define the behaviour of the materials
composing plate and bolts (the sub-components of the T-stub) are described and the basic
equations to derive, from the constitutive laws, the force-elongation response of bolts and the
moment-rotation response of the plastic hinges forming on the T-stub flange plate are reported.
Finally, the procedure adopted to assembly the sub-components of the T-stub in order to get the
whole force-displacement response up to failure is described and a comparison with the
experimental results is provided in order to evaluate the accuracy of the model. A particular
attention is paid on to the prediction of the T-stub ultimate displacement.

2. Previous research

It is well known that the prediction of the force-displacement behaviour of bolted T-stubs is a
complex matter, because its response is affected by many complicated phenomena, such as
mechanical and geometrical non-linearities or contacts. As already said, to date, many attempts to
model the structural behavior of T-stubs have been provided, but past researches have been mainly
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focused on the prediction of stiffness and resistance, so that there are still some open issues
especially dealing with the characterization of the T-stub plastic deformation capacity, which is a
basic parameter in order to get the rotational capacity of bolted connections.

Historically, the problem of characterizing the force-displacement behaviour of bolted T-stub
has been addressed by following mainly two approaches: the finite element or the mechanical
modelling. In particular, in past years, finite element models have been largely applied both to
structures and structural elements (Abidelah et al. 2014, Saberi et al. 2014). Nevertheless, even
though, on one side, FE models allow to obtain very accurate predictions, on the other side, they
need also the introduction of very detailed information regarding mechanical and geometrical non-
linearities. Furthermore, they require specialized users and a high computational effort. Due to
such reasons, in order to provide simpler and faster approaches, starting from the 60s also many
simplified mechanical models have been presented by different authors. Looking back to past
technical literature, models already available could be divided in: models for predicting the
resistance (Yee and Melchers 1986, Zoetemeijer 1974, Douty and McGuire 1965, Swanson 2002,
Reinosa et al. 2013), models for predicting the initial stiffness (Swanson 1999, Faella et al. 1998,
Hantouche and Abboud 2014) and models for predicting the whole force-displacement curve of
the T-stub up to failure (Jaspart 1991, Piluso et al. 2001, Swanson and Leon 2001).

The first attempts to define the mechanical behaviour of T-stubs have been proposed by
(Zoetemeijer 1974, Douty and McGuire 1965, Yee and Melchers 1986). In a first work developed
by (Douty and McGuire 1965), after investigating the effect of the material strain-hardening on the
T-stub resistance, the authors proposed a simplified model for the strength prediction based on the
adoption of the ultimate strength of the material composing the flange rather than on the yield
stress. Successively, the role played by 3-D effects on the resistance of the T-stub (Zoetemeijer
1974) has been investigated. In particular, after presenting an approach based on the yield line
method, the author found the expressions of the equivalent effective lengths. Practically, the
approach presented (Zoetemeijer 1974) allows to use simplified beam models to obtain the T-stub
resistance also for the cases where significant 3-D effects are expected. A methodology to define
equivalent T-stubs for the column flange and end-plate to be used to model the behaviour of bolted
connections has been also presented by (Yee and Melchers 1986). In addition, they proposed some
empirical formulas calibrated on the available experimental tests able to predict the whole force-
displacement behaviour of extended end-plate connections. Afterwards, models for predicting the
resistance of the flange plate of T-stubs have been presented also in (Kulak et al. 1987) and
(Jaspart 1991) which, with the previously cited work, represent the main theoretical basis of the
expressions reported in EC3 part 1-8 (CEN 2005b). In particular, Kulak (Kulak et a/. 1987) and
Jaspart (1991) presented similar models based on simple translational and rotational equilibrium
equations, whose main differences regard the assumptions made on the position and distribution of
the forces under the bolt head and on the position of the plastic hinges arising on the flange plate.
During the 90s significant work dealing with the prediction of stiffness and resistance of bolted T-
stubs has been presented by other research (Swanson 1999, Piluso ef al. 2001) facing also the issue
of the prediction if the plastic deformation capacity. As advances of previous studies (Faella ef al.
1998b; 2000, Swanson and Leon 2001, Swanson 2002), both authors presented a model for the
prediction of the whole force-displacement behaviour of T-stubs able to predict the behaviour up
to failure.

The approach proposed by Swanson (2001) is based on a multi-linear incremental model
mainly developed for application into a computer program. In particular, such a model includes,
even though in an approximate way, non-linear material properties, variable tension bolt stiffness
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and elastic-plastic hinges to model the plate plasticity. Conversely, the limitations of the Swanson
approach mainly regard the sensitivity to the strain-hardening parameters and to the bolt ductility,
the approximations made to define the behaviour of the plastic hinges and the definition of the
strain at failure of the materials composing the plate and the bolt which are not individuated using
a standardized procedure. In addition, the bolt action is considered concentrated in one point
consistently with the model proposed by Kulak (Kulak et al. 1987) and, therefore, the actual shape
of the contact force distribution under the bolt head is not accounted for in the equilibrium
equations.

The approach proposed by Piluso et al. (2001), still with some approximations, aims to provide
a simple model to predict the force-displacement curve of the T-stub in line with Eurocode 3 and
suitable for hand calculation. Such a model is based on the following hypothesis: geometrical non-
linearities and 3-D effects are neglected, the compatibility between bolt and flange is disregarded
as well as the shear interaction, prying forces are considered located at the tip of the flange plate
and secondary flexural effects in the bolts are neglected. The procedure for obtaining the T-stub
behaviour, in Piluso et al. (2001) model starts from the definition of the potential failure mode
which is used to define the kinematic mechanism of the T-stub at collapse and the bending
moment diagram arising on the flange plate. Afterwards, by making the hypothesis of fixed
position of the point of zero-moment during the whole loading process, the behaviour of the plastic
hinges arising on the flange plate is defined by means of the integration of the moment-curvature
diagram of the rectangular cross-section representing the plate. Finally, the relationship between
forces and displacements is evaluated by means of equilibrium equations and simple geometrical
considerations. In addition, the failure of the T-stub is related to the ultimate rotation of the plastic
hinges, which is defined as the rotation corresponding to the attainment of the plastic strain in the
most extreme fibres of the section where the plastic hinge is located. The comparisons made
versus the experimental tests show that the model of Piluso et al. (2001) is able to provide a very
good approximation of the force-displacement curve if the failure mode of the T-stub is type-1,
while it provides an underestimation of the resistance and an overestimation of the ductility supply
if the failure mode is type-2 (as specified in the following sections). This is mainly due to the
approximations the model makes with respect to the bolt. In fact, in the model, the compatibility
between the elongation of the bolt and the deformation of the plate is neglected and, furthermore,
the influence due to the bolt head size is not accounted for in the equilibrium equation.

More recently, a further model was presented (Girdo Coelho et al. 2004b). Basically, it contains
the same principles individuated by Swanson (2001) and Piluso (Piluso et al. 2001) for defining
the behaviour of plate and bolts, but it introduces some complexities. In particular, the stress-strain
relationship of the material composing the plate is modelled with a continuous law up to failure
and the possibility of modelling the bolt action with a distributed load is considered. The
comparisons made by the author show that the behaviour predicted by the model of Girdo Coelho
(2004b) is accurate in terms of resistance, but it reflects an overestimation of the plastic
deformation capacity.

3. Main features of the proposed model
In general, the mechanical modelling of a T-stub can be provided starting from the definition of

the geometry of the elements, the boundary conditions and the non-linear behaviour of its sub-
components, i.e., the plate and the bolts.
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Fig. 1 T-stub model

The approach proposed in this paper aims to provide a modelling of the T-stub in line with the
methodology already individuated by Eurocode 3. To this scope, the flange plate is modelled with
a simplified beam, whose length is defined according to EC3 criteria, i.e., the distance between the
bolt line and the plastic hinge arising at the T-stub stem is equal to m = d - 0.8r, while n is defined
as the distance between the bolt line and the end of the plate (Fig. 1(a)). In order to model the
influence of the bolt head on the resistance of the T-stub, which can provide a significant
contribution to the resistance, the bolt action is assumed uniformly spread under the bolt head,
over a length equal to the washer diameter (d,) (Fig. 1(b)). At the same time, the bolt shank is
modelled with a translational spring. Such a spring is defined in order to check the resistance of
the bolt and to evaluate the respect of the compatibility condition between the elongation of the
bolt and the deformation of the plate. Always in line with the EC3 approach, it is assumed that the
beam composing the T-stub flange is constrained in correspondence of the stem, due to symmetry
condition, with a bi-pendulum. To model the contact zone, as an advance on with respect to the
existing models, the prying forces, which are usually assumed concentrated at the end of the plate,
are considered applied in a point in between the tip of the plate and the edge of the bolt head. The
position of such a point is determined by evaluating the compatibility of the vertical displacements
of the plate in order to respect the horizontal symmetry condition.

The behaviour of the plate is defined adopting a lumped plasticity approach by means of non-
linear plastic hinges located at the T-stub web and bolt line (Fig. 1). The characteristics of the
plastic hinges are derived starting from the moment-curvature diagram of the cross-section
representing the plate, according to the approach already presented by Piluso et al. (2001). In a
similar way, also the non-linear spring modelling the bolt shank behaviour is characterized starting
from the knowledge of the stress-strain law of the basic material according to the approach
reported in the next section. The failure of the sub-components of the T-stub, i.e. the bolts and the
plate, is modelled by checking the ultimate condition on the stress-strain laws of the materials. In
particular, the failure of the plastic hinges of the plate is individuated as corresponding to the
plastic rotation leading to the attainment ultimate strain at the most external fibre, while the failure
of the bolt is identified in correspondence to the uplift value leading to the fracture elongation of
the material composing the bolt.

In conclusion, still providing a simplified approach, the model proposed in this paper aims to
define the response of the T-stub up to failure including the following advances:
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e The bolt forces are considered uniformly distributed under the bolt head,

e The position of the contact forces is determined by evaluating the deformed configuration of
the plate in the zone contained in between the bolt line and the tip of the plate;

e Mechanical non-linearities of plate and bolt are accounted for by means of integration of the
stress-strain laws of the materials by extending the approach proposed by Piluso et al. for
determining the moment-rotation response of the plastic hinges arising on the plate to the
bolt force-elongation response;

e The failure of the T-stubs is modelled by checking the ultimate strain of the basic materials
composing the plate and the bolts;

e The compatibility condition between the displacements of the plate and the uplift of the bolt
is taken into account;

e The displacements of the T-stub are evaluated step-by-step as the sum of the elastic and
plastic parts.

Despite these improvements, the following assumptions are still made:

3-D effects are neglected;

Secondary bending effects on bolts are neglected;

The effect of moment-shear interaction on resistance of the materials is neglected;

The effect of shear forces in the bolts are neglected;

Second order effects are neglected;

The compatibility of the deformed shape of the plate in the zone contained between the
prying force and the tip of the plate is not considered.

It is useful to note that, as far as 3-D effects are not considered, the model presented in this
paper is mainly devoted to reproduce cases where the yield line pattern is the so-called beam
pattern, which is, in practical cases, the pattern usually arising in T-stubs modelling the end-plates.
In order to overcome this limitation, the model could be generalized also to other cases, at least for
defining the resistance, by adopting the effective lengths already defined in (Zoetemeijer 1974). In
addition, second order effects and shear forces in bolts are usually arising only at large
displacements and therefore the model remains enough accurate in the range of sufficiently low
displacements. In addition the effect of shear forces on the resistance of the materials are neglected
and, therefore, in cases of T-stubs characterized by small values of the m/t; ratio a slight
overestimation of the resistance is expected.

3.1 Materials’ constitutive laws

The plastic deformation capacity of steel plates strongly depends on the inelastic properties of
the material and, above all, on the value of the ultimate strain. For this reason, in order to predict
the ductility supply of T-stubs, an accurate modelling of the stress-strain relationships up to failure
of the basic materials composing bolts and plate is necessary.

Preliminarily, it is useful to note that a conventional stress-strain relationship measured in
common tensile tests is not representative of the punctual behaviour of the material. In fact, as it is
well known, during a tensile test, the engineering stress o, defined as the ratio between the force
measured during the test (V) and the initial area of the specimen (A4,), after necking, starts to
decrease due to the reduction of the cross-sectional area of the specimen. Notwithstanding, after
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the beginning of necking, the true (natural) stress o, referred to the actual cross-sectional area A4
increases and the relationship between true stress and true strain of steel always follows an
hardening behaviour up to failure.

Therefore, normally, in order to get the true stress—true strain behaviour starting from the
results of coupon tensile tests, in the range before the necking phenomenon starts, it is necessary to
transform the engineering values of stress and strain in actual values by means of the following
relationships (Malvern 1969, Pozzati 1980, Davids et al. 1982)

g, =1In (1+gn); o, =0, (l+sn) €]

where ¢, is the actual (material) strain and ¢, is the nominal strain. In addition, in order to define
the behaviour of the material in the range after necking up to failure, it is necessary to evaluate the
ultimate natural stress oy at fracture and the corresponding natural deformation ¢, (RILEM 1990)
by means of the following expressions

F.

/ 4

o= ;0 &, =In (2)
Af Af

where Fyis the force measured by the testing machine at fracture and 4, is the area in the necking
zone at the end of the test. The relationships here reported can be applied to obtain the actual
stress-strain behaviour of steel provided that the results of coupon tensile tests are available. Such
tests, are usually carried out only for the plates but not for the bolts some simplifying assumptions
concerning the bolt material modelling have to be made.

The material composing the flange plate, as far as the results on coupon tensile tests are
available, can be modelled in terms of actual strain vs. actual stress by means of a quadri-linear
approximation, which can be derived starting from the experimental results by simply equating the
area under the experimental curve with the area under the simplified quadri-linear curve (Fig. 2(a)).

Conversely, the material composing the bolts is not easy to accurately characterize as far as no
experimental results are usually available. Nevertheless, bolt elongation is very important for the
prediction of the ductility of joints. In fact, it may increase significantly the ultimate plastic
deformation, allowing the uplift of the plate, in case of mechanisms type-2 or type-3. Also in
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Fig. 2 Stress-strain laws of the materials composing the T-stub
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EC3 no information is given with reference to the ultimate displacement of bolts and, since bolts
are designed to remain in elastic range, in technical literature there are only few studies dealing
with the characterization of the ultimate deformation of bolts. Within a wide experimental program
dealing with the assessment of the behaviour of isolated T-stubs subjected to tension, four series of
tests on high strength bolts axially loaded have been carried out (Girdo Coelho et al. 2004a). The
average ultimate deformation resulting from experimental tests indicated by the authors for short-
threaded bolts of 8.8 and 10.9 class, is contained in the range 0.11-0.13. Other research, in a work
devoted to propose a model to predict the ductility supply of joints, the authors indicated a value of
the ultimate bolt deformation capacity equal to 0.1 (Beg et al. 2004).

Considering that, in technical literature, there is a common approach and usually the tests on
the material composing the bolts used in the T-stub specimens are not available, in this work a
simplified approach based on the application of an approximate tri-linear law is adopted (Fig. 2(b)).
In particular, the proposed simplified tri-linear law is defined starting from the knowledge of the
average values of the yield and ultimate stress of the material composing the bolt (i.e., for bolts
class 8.8 [CoV = 0.07]: f,.ave= 723 MPa, f, se= 904 MPa; bolts class 10.9 [CoV=0.02]: f, u.= 930
MPa, f, ...= 1034 MPa), the stiffness of the second branch, which is characterized by a value of the
Young modulus equal to 0.1E (Leon and Swanson 2000) and from the ultimate strain of the bolts.
Such a strain value, since there are no specific indications in technical literature, is assumed equal
to the elongation at fracture provided by the manufacturer of the bolts. This value, according to the
manufacturer may vary in a minimum/maximum range according to prescribed values of the
coefficient of variation. In particular, it is assumed that for bolt class 8.8, CoV = 0.1, 4, = 0.12,
Amax = 0.18, while for bolt class 10.9, CoV = 0.1, Ay = 0.09, Apax = 0.14 (Fontana 2004).

3.1.1 Flexural behavior of the flange plate

Classically, the failure mechanisms of a bolted T-stub is dependent on the resistance of the
composing elements, i.e. the bolts and the plate. In particular, in failure mechanism type-1, which
is the most ductile as it provides the formation of significant plastic deformations in the flange
plate under bending, the collapse is due to the formation of four plastic hinges contemporarily
arising in correspondence of the flange-to-web connection and bolt line. Conversely, in failure
mechanism type-3, the failure mechanism is characterized only by the bolt collapse. Finally,
failure mechanism type-2 is intermediate between mechanisms type-1 and type-3, as it provides
the collapse of the T-stub due to the failure of the bolt or of the flange plate due to the attainment
of the ultimate rotation of the plastic hinges arising at the flange-to-web connection (Fig. 3).

Considering the classical definition of failure modes and their kinematic mechanisms, it is clear
that, in order to accurately predict the complete behaviour of a bolted T-stub, first of all, it is
important to accurately define both the rotational capacity of the plastic hinges arising in the flange
plate and the force-elongation relationship for the bolt. In fact, in case of mechanism type-1, as the
collapse is due to the plate failure, the behaviour and the ductility capacity of the T-stub mainly
depends on the ability of the plastic hinges to rotate and, in particular, on their moment-rotation
response, while, in case of mechanism type-3, as failure is governed by bolts, it mainly depends on
their force-elongation response. Obviously, in case of mechanism type-2, which is intermediate
between mechanism type-1 and type-3, both the rotational response of the plastic hinges and the
force-elongation response of bolts are of concern, because in this case the failure of the bolt or of
the plate mainly depends on the relative resistance and ductility of the two components.

In particular, in the proposed model the plate behaviour is characterized by following an
approach similar to that already provided in (Piluso et al. 2001). Within this approach, the
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Fig. 3 Classical definition of the failure modes

moment-rotation behaviour of the plastic hinges is derived passing from the true stress-true strain
response of the basic material composing the plate to the moment-curvature relationship of the
plate and, afterwards, it is obtained by means of integration of the curvatures along the plate.

Moment—curvature relationship

Following the same methodology provided by (Piluso et al. 2001), the behaviour of the plastic
hinges arising on the flange plate is defined starting from the moment-curvature M-y relationship
of the rectangular cross-section representing the flange plate. Such a relationship assumes four
different mathematical laws in correspondence of the boundary strains ¢, &, €, €, (Fig. 2(a)).
Under the hypothesis of pure bending, the significant values of the curvatures can be defined as

P 2= r=2 3)
y - h — - m - u
ty Iy ty Iy

where ¢ is the flange plate thickness. For each one of these curvature values, by writing the
equilibrium equations the following branches, expressed in terms of non-dimensional bending
moment vs non-dimensional curvature M/M,— y/y,, can be obtained:

e FElastic Branch (y/y, <1):

M
y /1/)'
e Yield Plateau (1 < y/x, < yu/x):
2
M1l [%_J )
M, 2 V4

e Hardening Branch (xi/x, < x/xy < xw/2y):
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where M, = (bt7/6) f, is the T-stub width and f; is the material yield stress. From the previous

equations, it is useful to observe from previous equations that the M,/M,, M,/M,, M,/M, ratios
depend only on the properties of the material composing the flange plate (Fig. 4).

(7

Moment-rotation behaviour of the plastic hinges

By exploiting the definition of the moment-curvature relationships, the moment-rotation curves
of the plastic hinges modelling the non-linear behaviour of the T-stub flange plate can be
determined. Following the same approach provided by Piluso er al. (2001) such plastic rotations
can be evaluated by means of the following steps:

e Evaluation of the bending moment diagram along the T-stub flange;

e Definition of the curvatures along the flange plate by inverting the moment-curvature
relations previously defined;

e Integration of the curvatures on single cantilever beams in order to obtain the rotations of
the plastic hinges.
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Fig. 5 Assumed kinematic collapse mechanism

The diagram of the bending moment arising on the T-stub flange plate is not known a priori and
it depends on the system of equilibrium and compatibility equations to be solved according to the
procedure reported in next section. Nevertheless, it is useful to note that the shape of such a
diagram, in any point of the force-displacement T-stub curve, depends only on the applied loads
and on the value of the bending moment arising in correspondence of the plastic hinges, whose
ratio, consistently with the kinematic collapse mechanism reported in Fig. 5 can be defined as yM,,.

Therefore, it is linear in the zone in between the plastic hinge arising at the web and the tip of
the bolt head, parabolic in the zone of the bolt head and again linear in the zone contained in
between the bolt head and the prying force (Fig. 6).

Following Piluso et al. (2001) approach, starting from the moment distribution arising along
the T-stub flange depicted in Fig. 6, the mathematical laws defining the rotations of the plastic
hinges can be obtained by considering, in a simplified way, the three simple cantilever schemes
reported in Fig. 6, which are characterized by a maximum value of the bending moment equal to
M, =M, M, = M; = wM and lengths L,, L, and L3 equal to

m my
L=—— L,=—— L=n
1 I+y ? I+y ' ®)

Within this work, the parabolic part of the bending moment diagram is approximated with a
linear segment internal to the actual diagram. This approximation is made in order to simplify the
expressions of the mathematical laws providing the values of the rotations of the plastic hinges. It
is worth observing that, this approximation leads to a slight overestimation of the rotation of the
plastic hinge arising at the T-stub web §,; and a slight underestimation of the plastic rotation
arising at the bolt line $,,.

Therefore, for each simple cantilever scheme, the value of the plastic rotation is obtained from
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Fig. 6 Cantilever scheme for evaluating the plastic rotations

the inversion of the moment-curvature diagram reported in previous paragraph and the integration
of the curvatures along the cantilever. Such an integration provides the values of the following
functions already defined by Piluso ef al. (2001):

M}’
Casel: £<¢ :V

u

9,=0 )
Case2: & <&<E, =%
8, =L p(¢) (10)
Iy
Case3: &, <&<E=—H1
9, =L F() (11)
ly
Case4: £, <&<1
9, -26() (12)
Iy

where ¢ is equal to the ratio between the bending moment and M,, and the functions D(¢), F(&) and
G(¢) depend only on the mechanical properties of the plate. For the sake of clarity, the complete
expressions of the functions are reported in the Annex A of this paper. A typical non-dimensional
moment-rotation behaviour of the plastic hinge is delivered in Fig. 7.

With reference to the kinematic collapse mechanism reported in Fig. 5, it is easy to verify by
means of geometrical considerations, that the plastic displacement of the T-stub can be expressed
as a function of the plastic hinges rotation by means of the following relationship

5p,T—stub = lgplm + ('9p1 - lng )n>l< (13)
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Fig. 7 Typical moment-rotation behavior of the plastic hinge

Ptf

where 9, is the plastic rotation of the first cantilever scheme characterized by the length L, and the
bending moment M;; $,, is equal to the sum of the plastic rotations of the other two cantilever
schemes defined in Fig. 6. In addition, due to compatibility requirements with the vertical
displacement of the plate in the contact zone, 3,; has to be greater than 9,,, otherwise 4,; = ..

3.1.2 Axial behavior of the bolt

As aforesaid, analogously to the flange plate, the force-elongation behaviour of the bolt can be
characterized starting from the definition of the stress-strain law of the basic material. It is easy to
understand that, in this case, the translational spring representing the bolt behaviour can be defined
by multiplying the strains and the stresses of the constitutive law by the length (L,) and the net
section area (4,,) of the shank respectively. Consistently with the Eurocode 3 approach, the
conventional length of the bolt can be defined as

t,+1t,

L,=2t,+ + 2t (14)

w

where t, 1s the nut thickness, 7, is the thickness of the bolt head and ¢, is the thickness of the
washer.

Therefore, the force-elongation behaviour of the bolt can be characterized by means of the
following tri-linear behaviour:

e I Branch: Elastic (5 < 6)):
B=K, S (15)
e 2" Branch: Inelastic (6, < 6 < Jy):

B=010-K,-5 (16)
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e 3" Branch: Plateau (6 > 6)):
B=B, (17)

where the contribution of the initial stiffness of the bolt, with reference to the single tee element, is
equal to

2E
KO — AT&‘S

I (18)

while the boundary displacements, dividing the different branches are
L
6 — f, vb
' 2E

5 g 1 Bu=B) (19)
Y010k,

o,=¢,L,

u u

Finally, the yielding and ultimate bolt forces are given by
B y = Ares : ](y

BU :Ares ‘f;l

(20)

4. Model assembling

As far as the basic assumptions and the mathematical laws defining the non-linear behaviour of
flange plate and bolt are defined, it is possible to define the procedure to assembly the sub-
components of the T-stub (i.e., the plate and the bolt) in order to get the whole force-displacement
curve up to failure. According to the assumptions made and to the bending moment distribution
depicted in Fig. 6, for a fixed value of the bending moment M; = M, acting in correspondence of
the T-stub web, there are five unknown parameters (Fig. 1(b)). The force transmitted through the
T-stub web (F), the prying force (Q), the value of the distributed load corresponding to the action
provided by the bolt head (g), the ratio between the bending moment acting at the bolt line and that
arising at the T-stub web (y) (Fig. 6) and the location of the prying forces in the contact zone (n*).
In order to solve the problem, five equations can be written: the translational equilibrium, the
rotational equilibrium around the plastic hinge located in correspondence of the web, the rotational
equilibrium of the left portion of the plate beam around the point of application of the bolt force,
the compatibility equation between the T-stub flange and the elongation of the bolt at the bolt line
and the compatibility equation of the vertical displacements in the contact zone. Therefore, the
system of equations to be solved, in its general form, can be written as follows:
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§+Q—qu=O
Q[ern*J—qdmeer =0

2
Qn*—%—WMjIO 21)

d
é‘b.e; + ['gpl(l//) - '9122(1//)}1* = ;]{_W

sec

{Vl (Zl ) + [‘9p1 (l//)_ ‘9172(‘//)]21 }min >0

where J;,; is the elastic part of the vertical displacement evaluated at the bolt line, K. is the value
of the bolt secant stiffness determined on the force-elongation curve previously defined, $,1(y) and
9,0(y) are the plastic rotations of the hinges to be evaluated according to the procedure previously
reported, whose values depend on the parameter w, vi(z;) is the distribution of the plate elastic
displacements in the contact zone and z; is the value of the abscissa starting from the tip of the

5 T
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6pl
sz
AN i I
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(b) Plastic
dror

A\ :
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(c) Total

Fig. 8 Deformed shape of the flange
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It is worth noting that fourth and fifth equation of system (21) depend on the elastic part of the
plate displacement (Fig. 8(a)) and, due to this reason, it is necessary to define the mathematical
laws of the vertical deflections of the plate in a closed form. To this scope, the static beam
equations for the three portions 0 < z; < n- d,/2,0<z,<d,and 0 <z;< m - d,/2 have been written
imposing appropriate boundary conditions. For the sake of clarity, the solutions providing the
deflections of the plate, are reported in Annex B.

Observing Eq. (21), it is easy to understand that the solution of the system is untrivial in a
closed form. In fact, the equations providing the expressions of the flange plate plastic rotation are
quite complicated (Annex A) and, in addition, the point where the prying force is applied is not
directly evaluable because it depends on the expression of the vertical deflection of the plate in the
contact zone (Annex B).

Select 0 < M; < M,

!

Select d""/z <n*<n ——

v

Select0 <y <1 D

Evaluate 9y, ¥, (Annex A)

v

Calculate F,Q, q, '
Egs. (23)/(24)/(25)-(26)

=0

min

If {vi(z1) + [191;1(1/1) - 19p2(¢)]z1}

Calculate Sr_seyp, Sports Op

y

new increment

If 91 = Oy, (FLANGE FRACTURE)
or 8poir = 8y (BOLT FRACTURE)

T-STUB FRACTURE

Fig. 9 Flow-chart for solving the system of Eq. (21)
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Nevertheless, the system can be solved incrementally by means of the algorithm reported in Fig.
9. In particular, following this algorithm, for every assigned value of the bending moment Af;, the
system of equations can be iteratively solved by preliminarily fixing 7~ and an attempt value of
in order to determine §,; and 9, and, from the first four equations of the system, the values of g, F,
0, and a new value y = y' of the parameter, providing the bending moment of the bolt axis. In
particular, ¢ can be calculated from the following equations, whose application range depends on
the deformation state of the bolt:

Case 1 — Bolt in the elastic range

64K " [3mM , +6M mn” +2M "> +6E1(9,, 8, )(m+n")]

= 22
N G 192 (m+ )+ Kod2m + 1)~ 16d2n (m + 0 )+ Gdmn G+ 20) ]} &7
Case 2 — Bolt in the plastic range
B)’
q2=0.1-q1+0.9-d— (23)
Case 3 — Bolt in the plateau range
By
q2=0.1-q1+0.9-d— (24)
while F, O and y’ can be calculated by exploiting the following relationships
dn +M,
F= 2—(q W )
m+n
qd m—M .
0= lod.m—p,) : ) (25)
m+n

qd,, [dw(m + n*)—8mn*J+ 8Mjn*
8M_/(m+n*)

!

l//:

Afterwards the accuracy of the solution can be evaluated by checking the respect of last
equation of the system and the difference between  and y’.

As far as the force-displacement curve of the T-stub is obtained by progressively increasing the
bending moment acting on the flange, at the end of each loading step it is possible to check also
for the deformation state of plastic hinges and bolt. In this way it is possible to control if the
rotations and the elongations are compatible with the plastic deformation capacity provided by the
basic materials.

In order to verify the accuracy of the model, the authors have developed a specific program
based on the reported algorithm in Visual Basic for Application.
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5. Comparison with experimental results

In order to evaluate the accuracy of the theoretical model, some comparisons with the
experimental tests already carried out at Laboratory of Materials and Structures of the Department
of Civil Engineering of Salerno University (Piluso et al. 2001) have been considered. The tests
concern eleven specimens fabricated by coupling T-stubs obtained from hot-rolled profiles of HEA
and HEB series and one specimen obtained by welding two plates according to a T-shape.

With reference to the notation given in Fig. 10, the measured values of the geometrical
properties of tested specimens are reported in Tab.1. The value of r provided for specimen-12 (the
welded T-stub) corresponds to the value of the throat thickness of the weld connecting the T-stub
web to the flange.

I
]

. o d

Fig. 10 Geometrical configuration of the specimens

Table 1 Geometrical properties of tested specimens (Piluso et al. 2001)

T-stub 1 2 3 4 5 6 7 8 9 10 11 12
dy (mm) 20.00 20.00 20.00 24.00 24.00 24.00 27.00 24.00 27.00 20.00 20.00 20.00
dy (mm) 33.53 3353 3353 3998 3998 3998 4520 39.98 4520 30.00 33.53 33.53
dy, (mm) 37.00 37.00 37.00 44.00 44.00 44.00 56.00 44.00 56.00 37.00 37.00 37.00
tyy (mm) 1272 12,72 1272 1478 14.78 14.78 17.35 1478 1735 12.72 1272 12.72
t,(mm) 16.00 16.00 16.00 19.00 19.00 19.00 27.00 19.00 27.00 16.00 16.00 16.00
tr(mm) 1440 14.60 13.00 1230 1380 163 1390 1330 12.50 10.85 9.50 12.20
t,(mm) 4.00 4.00 400 400 400 400 4.00 400 4.00 400 400 4.00
m(mm) 3930 39.30 4230 48.95 49.75 4565 5245 4520 54.05 32.60 36.40 53.50
n(mm) 4080 40.80 2220 58.10 7490 4520 71.70 19.30 53.00 58.50 38.00 49.90
r(mm) 18.00 18.00 15.00 24.00 27.00 18.00 27.00 15.00 24.00 18.00 15.00 7.50
b (mm) 126.50 119.00 124.00 118.80 115.00 120.00 122.80 112.50 125.10 125.00 159.00 90.25
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Table 2 Mechanical properties of tested specimens (Piluso et al. 2001)

T-stub 1 2 3 4 5 6 7 8 9 10 11 12
Sy (MPa) 291.16 264.95 273.15 299.76 317.72 280.46 307.58 269.42 300.97 293.10 324.33 346.50
fu(MPa) 517.21 501.11 504.33 543.59 546.84 527.76 543.57 482.70 552.27 514.87 530.93 460.77
E,(MPa) 3276 3171 3087 2877 3339 3360 3423 3276 3234 2163 2184 2310
E,(MPa) 371.11 378.32 435.95 465.24 483.15 488.11 516.05 476.80 466.65 406.32 347.93 383.02

(%) 1358 1.135 1.171 1.285 1.362 1.202 1318 1.055 1.290 0.600 2.040 0.870

e, (%) 49.18 48.12 5870 76.77 7843 63.83 77.88 69.40 67.75 9250 96.98 95.29
fu (MPa) 904 904 904 904 904 904 904 904 904 1034 904 904

The mechanical properties of the materials composing the flange plates of the specimens have
been obtained in terms of true stress-true strain starting from the results of coupon tensile tests
(Table 2).

For all the specimens, the proposed mechanical model has been applied and compared with the
corresponding experimental results (Fig. 11). In particular, in the graphs, the predicted curves are
represented by indicating three displacement values corresponding to the attainment of: (1) the bolt
fracture calculated by considering the lower limit of the elongation at break suggested by the
producer (bolt class 8.8/10.9, Anin = 0.12/0.09); (2) the bolt fracture calculate by considering the
upper limit of the elongation at break suggested by the producer (bolt class 8.8/10.9, 4, = 0.18
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Fig. 11 Comparison between experimental results and theoretical predictions



286 Antonella B. Francavilla, Massimo Latour, Vincenzo Piluso and Gianvittorio Rizzano

T-stub 5 T-stub 6
450.00 500.00
400.00 450.00 pﬁ_. .
5000 400.00
350.00
— 300.00 —
Z Z 300.00
= 250.00 =
[ [ 250.00
200.00 e >
200.00 - =
g
150.00 2 3 = ®
z 150.00 2 2 £
g g g g
10900 & 100.00 g g &
& & & P
50.00 £| 2 2 H
: 50.00 3 s
& 2 2 &
0.00 0.00
000 1000 2000 3000 4000 5000  60.00  70.00  80.00 000 1000 2000 3000 4000 50.00 60.00 70.00 80.00  90.00
8 [mm] 8 [mm]
T-stub 7 T-stub 8
600.00 400.00
= 350.00
500.00
300.00 -
—_ 400.00 ; —_
= / = 250.00
2 : 2
= ] =
Ea 300.00 : Ea 200.00
] 3 3
1 150.00 3 3
ol Y 3
200.00 £l = < @
Eil @ @ s
=l 2 2 g
sl 100.00 2 £ &
&l =1 S fid
ol ] ] &
100.00 St & & )
5l 50.00 = = 2
4l ] o <
= : = = =
0.00 - 0.00
000 1000 2000 3000 4000 5000  60.00  70.00  80.00 000 1000 2000 3000 4000 5000  60.00  70.00  80.00
8§ [mm] 8§ [mm]
T-stub 9 T-stub 10
400.00 400.00
experimental curve
350.00 Y 350.00
300.00 300.00
= 250.00 = 250.00
I I
= =
[ 200.00 [ 200.00
150.00 150.00
o o
2 £
2 E
100.00 ] 100.00 ]
& &
& &
50.00 5 50.00 &
5 g
< =
0.00 0.00
000 1000 2000 3000 4000 50.00 60.00 70.00 80.00  90.00 000 500 1000 1500 2000 2500 3000 3500 40.00  45.00
8§ [mm] 8§ [mm]
T-stub 11 T-stub 12
300.00 250.00
200.00 expel ental curve
200.00
— —
Z L Z 150.00
I I
= =
25 150.00 =
—E _.E 100.00
100.00 = = 2 g
. ® @ 5 3
= 4 2 T
5 S ]
gl 2 g £
] & & 50.00 e
50.00 £ £ & H
= = s
2 2 & =
0.00 0.00 :
0.00 20.00 40.00 60.00 80.00 100.00 120.00 000 1000 2000 3000 4000 50.00 60.00 70.00 80.00 90.00 100.00
8 [mm] 8 [mm]

Fig. 11 Continued
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Table 3 Mechanical model vs Experimental tests

T-stub 1 2 3 4 5 6 7 8 9 10 11 12
Ouep (mm) 2191 22,71 393 63.71 68.16 40.80 70.81 47.61 59.41 38.03 59.08 81.00

Oush min(mm) 1391 14.01 18.41 - - 25.59 - 32.24 - - 39.25 -

Ous max (mm) 2230 22.72 28.08 - - 36.70 - 42.38 - - 63.18 -

Oum(mm) 1811 1837 2324 6749 6227 3125 70.24 3731 64.73 42.84 5122 90.97
Outh I0uey 083 081 059 106 091 076 099 078 1.09 1.13 087 1.12
Foep (KN) 34239 337.14 281.46 343.32 423.61 445.76 479.40 348.75 378.01 323.81 250.41 195.95
Foum min(KN) 304.21 302.76 232.09 - - 420.18 - 27936 - - 27822 -
Foum max (kN) 311.96 310.89 23946 - - 42505 - 28346 - - 29922 -
F,m(&N)  308.09 305.49 235.78 308.27 353.09 422.61 399.56 281.41 325.81 350.27 288.72 190.80
FonlFuep 090 091 084 09 083 095 083 081 086 1.08 1.15 0.97

Table 4 Main results obtained by solving the system of Eq. (21)

T-stub 1 2 3 4 5 6 7 8 9 10 11 12
91 0.114 0.115 0.179 0.663 0.617 0.206 0.662 0.313 0.593 0.644 0.251 0.842
Y 0.002 0.003 0.001 0.621 0.591 0.068 0.636 0.088 0.559 0.615 0.116 0.816
w' 0.516 0.536 0.469 0.834 0.799 0.635 0.818 0.695 0.863 0.756 0.764 0.866

QO [kN] 67.154 67.96 103.313116.415 80.362 111.005126.384178.280169.108 56.495 101.951 86.528

q

[kKN] 5987 5987 5987 6.149 5892 7250 5859 9.016 5955 6.277 6.159 4921
n [mm] 40.800 40.800 22.200 35.720 59.031 42.881 47.667 19.300 31.751 54.501 25.132 32.631

/0.14); (3) the flange fracture.

The comparisons of the model with the experimental tests show a very satisfactory agreement
in terms of shape of the force-displacement curve and in terms of prediction of the plastic
deformation capacity.

In particular, in Table 3, the predicted values of the T-stub displacement capacity and ultimate
resistance have been compared with the experimental ones in terms of ratio d,, 4/, v, and F, 4/ Fy exp-
Dealing with the prediction of the displacement capacity, the mean value of ratio d,, /0, .., 1S equal
to 0.91 with a standard deviation equal to 0.17. Conversely, dealing with the T-stub ultimate
resistance, the mean value of the ratio F, 4/F, .., is equal to 0.92 with a standard deviation equal to
0.11. This results correspond to a slight underestimation of the resistance and ductility supply of
the T-stub. Nevertheless, the obtained results are almost always on the safe side. For the sake of
clarity, in Table 4, the value of the parameters 3,,, 4,0, ¥/, ¢ and n" are summarized for all the
experimental tests simulated.

6. Conclusions

Starting from an analytical model previously developed, a refined model to analyse the whole
force-displacement curve of bolted T-stubs has been proposed. The basic assumptions and the
governing equations, whose solution requires a non-linear incremental procedure, have been also



288 Antonella B. Francavilla, Massimo Latour, Vincenzo Piluso and Gianvittorio Rizzano

presented.

The accuracy of the proposed model has been investigated by means of a comparison with
twelve experimental tests, both in terms of resistance and of plastic deformation capacity.

The results obtained are satisfactory and on safe side. In fact, regarding the prediction of the
ultimate resistance, the average ratio between the value predicted by the model and the
experimental one is equal to 0.92. Similarly, the ratio between the predicted ultimate displacement
and the experimental value is equal to 0.91. These results, compared to the complexity of the
analysed connection component, are enough accurate for practical application. In particular, it has
to be underlined that the model allows to predict with sufficient accuracy the plastic deformation
capacity of bolted T-stubs which is currently not covered by codified rules. Therefore, the model
can be effective in providing a safe side estimation of the plastic rotation capacity of extended end-
plate connections as the ratio between the ultimate plastic deformation of the end-plate component
at the tensile flange level (modelled by means of an equivalent T-stub) and the level arm.
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Annex A

The basic formulations for computing plastic rotations can be obtained with reference to the
simple cantilever scheme depicted in Fig. 7. Four cases can be identified as follows:

My
Casel: £<¢ :V

u

9, =0 (1a)

M
Case2: & <E<E :Vh

u

The rotation corresponding to the attainment of the bending moment £M,, can be evaluated through
the following relationship
L xe
9=[x(2)dz=z. L- [(x)dx (2a)
0

0

where y: is the curvature corresponding to the bending moment &M,,.
Taking into account that

M(z), _M(z)
zZ\y)= L= L
() EYRT (3a)
the following relationship is attained
ze ze
i _ ‘M (Z ) _ ZyLy
gz(;()d;(_Lyg i dy =" (1+c.) (4a)
where the coefficient C; + is given by
e
[, ,
Cl’(f:’”—:L 3_£ﬁj dz:3ﬁ+ﬁ_4 (52)
2Ly Xy 5 V4 Xy Xe
2 )
The rotation corresponding to the occurrence of the first yielding is given by 3, = 2y ; therefore,
the plastic rotation is given by
Y
9,=9-9, =9-= (62)

By combining Eq. (6a) with Egs. (2a), (4a) and (5a), the plastic rotation 9, can be computed

L 1M, , L
9 =9-9, =5 ke " Taiste (B 51y 1_ 2 pe) (7a)
’ 2 Zy fMu Zy Zf tf
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M
D(g):gy ﬁ_l_y 3&4_&_3 -1 (8a)
Zy é: Mu Zy Zf
where y: = function of £.

Obviously, for & = & (which corresponds to y: = y;), the function D(&) provides a value D(&) that
depends on the material properties only.

M
Case 3: §2<§S§3:Fm

u

In this case, the rotation corresponding to the attainment of the bending moment &M, can still be
evaluated using the Eq. (2a) considering that

e ¢

jz(;{)d;{zLyIAﬁz)d;(:ZyZLy (1+c+c,.) (9a)

0 y

where the coefficient C; is given by the Eq. (5a) with y: = y,; and the coefficient C,;is given by

X
2(x)dy f
j L (o) E -l x X
Cp, =% - j3— Lo | Ny + 2 [ £ 4| L | oy Zh | gy =
ooyl E
Ay Ay |y, z o A £ z (10a)
2
B+ ) a3k B (v - x.)
XXX E e,

The plastic rotation can be still computed by means of Eq. (6a) so that, combining Egs. (6a), (2a),
(9a) and (10a), the plastic rotation 3, can be computed

Lyl xe 1M\ x: X E, \X:— 2 L
,9p=9—3y=—y[2—f———f{3—f+—y—3+—hgj—1}=— () (11a)

2\ x, EM 2, e E  yexs t
where
| M E (7. -
P@)me|aZe IM[(y2e 20 B lmn)) (120)
X, SM,\ x, x: E xex

Obviously, for & = & (which corresponds to y: = ), the function F(&) provides a value F(&;) that
depends on the material properties only.

Case4: & <&<1

In this case, the rotation  can still be evaluated using the Eq. (2a), considering that
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Xe Xe
M), xlL
_([z(;()d;(zLy_([ i dy = f’zy(1+cl+cz+c3,§)

where C, = value of C, ¢ for ys = y,,; and the coefficient C; . is given by

e

J-Z(Z)d;t/ | [= p 2 g%,
C3,§=—Z'" = I 3—(—yj dy +—1 X=X I"[l—ﬁj(2+ﬁjd;(+
owh x| X EJ 7, X X
2
4
_E,-E, gz—zm(l_@][%@yl
E 2 X 4

By solving the integrals, the Eq. (14a) can be simplified
o b ) w3 B, -2
je =
: Xy XmX e E XX

B 2= 20)- 30w e = 20)+ 2022 = 22)
E XXX

+

Finally, combining Egs. (6a), (2a), (13a) and (15a), the plastic rotation 3, is given by

L M
4, =9-9, :i{zﬁ_l_y(gﬁJrﬂ_yrﬂGh + E, GuJ—l}ZLG(f)
E E

2 Zy é:Mu Zy Z§ tf
where
1M E E
G(e)=e,| 225232 B 5 B B |
Xy, Mz, e E E
with

2 2 3
Gu ——2+3—2—3—2— 2

(13a)

(14a)

(15a)

(16a)

(17a)

(18a)

Obviously, for & =1 (which corresponds to y: = y,), the function G(&) provides a value C = G(1)

that depends on the material properties only.
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Annex B

With reference to the scheme in Fig. 12, the expressions of the displacements has been computed
by dividing the plate in three parts and writing the static beam equations

TF/Z
iggyysl
I

n*- dw/2 dw | m-dw/2

:Z1l :Zzl :Z3l

Fig. 12 Static scheme for the evaluation of the elastic displacements

For OSZISI’Z*—d%

):_2lel—3(m+n*)2 +z7 I—qdwzl{di +4|z} —3n*(2m+n*)]}

e - (1b)
For 0<z,<d,
vy(2,)= _WlEI{“qdi —df’v[F +16¢ (”* + Zz) +
+4 [qz;‘ -2F (n* +z, X3m2 +6mn” +2n"? —2n"z, — 22 )]+ (2b)
+ 4dw[3F (m -z, )(m +2n" + 22)+ 4q(n* +z, )] [2n*(3m + n*)— 2n'z, — z§]+
+ 6d3,[F (n* + zz)+ 4q (— 2mn" +2n'z, + zf) ] }
For 0<z, Sm—d%
v3(z3)= —ﬁ{di(F - 16qn*)—8F (n* + 23)(3m2 +6mn" +2n"* =20z, + 232)+
+6d? [8qn*(m - Zs)-i- F (n* + 24 )]+ (3b)

+4dw{— 3F (m —23)(m +2n" +z3)+ 4qn [211*2 —3z7 + 6m(n* + 23)]}

where F is the load level, g is the bolt action, E is the Young modulus, / the inertial moment of the
bolt section, m, n” and d,, are the geometrical parameters first shown.

Starting from the definition of the plate deflections it is possible also to determine the value of the
Op.e to be used in Eq. (2.b) (by imposing z, = d,, / 2)

5=~ qd;) - 16;1*[2F(3m2 + 6mn*3;fg;2)+ qd; — Sqdwn*(Bm + n*)] (4b)






