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Abstract: This paper describes a finite element model for the characterization of the nonlinear behavior of bolted T-stub connections that
idealize the tension zone of bolted joints. Two different types of T-stub elements are considered: rolled profiles that are cut along the web,
and two plates, flange and web, that are welded in a T shape by means of a continuous fillet weld. The results of existing experimental
work are used to calibrate the models. It is found that the numerical approach allows the quantitative actual response to be accurately
reproduced. In the case of welded T-stubs, the differences between the numerical model and the experiments are greater due to the effects
of residual stresses and modified mechanical properties close to the weld toe, which are not easy to quantify. A parametric study is also
undertaken to provide insight into the overall behavior, failure modes, and deformation capacity of the various specimens. A proposal for
prediction of failure criteria of these simple connections is also presented and discussed.
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Introduction

The rotational behavior of structural joints is inherently nonlinear.
Such behavior results from a multitude of mechanisms that in-
clude, in the particular case of bolted end plate beam-to-column
bare steel connections: �1� web panel zone deformation; �2� col-
umn flange and end plate bending deformations; �3� combined
tension/bending bolt elongation; �4� beam deformations within
the connecting zone; and �5� weld deformations. In the context of
the component method �Weynand et al. 1995� these sources of
deformability, generally known as joint components, are as-
sembled into a mechanical model made up of extensional springs
�components� and rigid links. Each component is characterized by
a force-deformation �F-�� response. The spring assembly is
treated as a structure and the moment-rotation response of the
whole joint is derived from the F-� behavior of the individual
components.

Bolted end plate beam-to-column joints should exhibit large
rotation capacity, ideally characterized by initial yielding of the
beam�s� and column web panel zone, followed by yielding of the
column flange and/or end plate under tension and elongation of
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the bolts. In this common case, the joint rotational response is
mostly governed by the deformation of the latter components,
which form the tension zone of the joint. This zone can be
modeled by means of “equivalent T-stubs” �Zoetemeijer 1974;
Yee and Melchers 1986� �Fig. 1�a��, which correspond to two
T elements connected through the flanges by means of one or
more bolt rows. The T elements on the column flange side are
in general hot rolled profiles �HR-T-stubs� �Fig. 1�b�� while on
the end plate side such elements comprise two welded plates
�WP-T-stubs�, the end plate and the beam flange, and a further
additional stiffener that corresponds to the beam web �Fig. 1�c��.

T-stub connections as a standalone configuration have been
widely studied over the past years. The emphasis in most of the
research on this subject was mostly placed on the assessment of
the connection resistance and stiffness properties �Kato and
McGuire 1973; Nair et al. 1974; Zoetemeijer 1974; Packer and
Morris 1977; Astaneh 1985; Thornton 1985; Yee and Melchers
1986�. Several experimental tests were carried out for the predic-
tion of the F-� response �Bursi and Jaspart 1997; Gebbeken et al.
1997; Piluso et al. 2001b�. However, these studies were restricted
to HR-T-stubs. Piluso et al. �2001b� refer to a single experimental
test on WP-T-stubs. The information extracted from those experi-
ments was used for validation of analytical and numerical finite
element �FE� methodologies. In particular, regarding the FE
analyses, Bursi and Jaspart �1997�, Zajdel �1997�, and Wanzeck
and Gebbeken �1999� all implemented three-dimensional nonlin-
ear models that were able to account for most of the T-stub fea-
tures, showing a good agreement with the experimental results.

More recently, Swanson �1999� and Swanson et al. �2002� per-
formed several tests on individual T-stubs and implemented a
robust FE model to supplement their research. This sophisticated
model provided insight into the characteristics of the T-stub be-
havior and stress distributions �namely, contact stresses� and was
compared and calibrated with a single experimental result. The
authors explored many features of the T-stub model, such as the
bolt response and the prying effect. However, they used nominal

properties instead of measured material properties. The results of



this model were used to validate a simpler two-dimensional
model.

All FE simulations discussed above were basically aimed at
the accomplishment of a reliable FE model, calibrated against
experiments to validate the FE response. However, none of
the authors used their models to broaden the scope of their analy-
sis �e.g., prying effect� or to determine the mechanisms and pa-
rameters that influence the T-stub behavior. Furthermore, those
authors did not attempt to bridge the gap between the available
�predictive� analytical approaches currently available in terms of
code provisions �CEN 2003; AISC 2005� and the experimental
evidence. This is particularly true with respect to the evaluation of
the ductility of T-stub connections.

Given the essential role of T-stub connections as a controlling
part of the behavior of end plate joints, the assessment of the
overall deformation response and the description of the basic
mechanisms of T-stub behavior in the framework of a numerical
FE modeling are the main topics of the paper. A three-
dimensional FE model is hence proposed to predict the nonlinear
F-� overall T-stub response. The validation of the model is based
on experimental data available in the literature for the HR-T-stubs
�Bursi and Jaspart 1997� and test results from an experimental
program carried out by the authors are used for the WP-T-stubs
�Girão Coelho et al. 2004�. The model provides insight into the
pressure distributions on contact surfaces and, consequently, it
affords some basis for a thorough description of the prying effect
�evaluation of the prying forces and their location with the course
of loading�. Additionally, it highlights the main differences be-
tween HR-T-stubs and WP-T-stubs. A parametric study is also
introduced in order to gain insight into the main differences be-
tween both assembly types and to analyze the influence of the
key geometrical and mechanical connection parameters. This
study also constitutes a database to calibrate simplified models for
design purposes, particularly for prediction of the deformation
capacity of the connection. Finally, it leads to the proposal of

Fig. 1. T-stub identification and representation
failure criteria for T-stub connections.

JOU
Finite-Element Modeling of Isolated Bolted T-Stub
Connection

The behavior of a bolted T-stub connection is three dimensional
in nature. Such behavior is highly nonlinear, involving complex
phenomena such as material plasticity, second-order effects, and
unilateral contact boundary conditions. In the following sections,
the procedures for the implementation of a FE model using the
commercial FE package LUSAS �2000� for the analysis of this
type of problem are described.

Description of Model

The T-stub connection is generated with three-dimensional ele-
ments, solid, and joint compatible elements. In particular, the sol-
ids are hexahedral eight-node bricks �HX8M� and are used to
model the continuum. The joint elements �JNT4� are employed
in the simulation of element contact. The brick elements belong to
a family of serendipity isoparametric elements. The elements
have three translational degrees-of-freedom per node and are nu-
merically integrated �full integration, 2�2�2 Gauss points�. The
kinematic description of the solid elements in nonlinear geometri-
cal analysis is based on the updated Lagrangian formulation.

For the material nonlinearity, an elastoplastic constitutive law
with isotropic strain hardening based on the Von Mises yield cri-
terion is adopted. The constitutive model is integrated by means
of the explicit forward Euler algorithm. A true stress-logarithmic
strain measure ��n−�n� is used for the definition of the uniaxial
material response.

Node-to-node nonlinear contact friction elements simulate the
interface boundary conditions. The contact between two bodies is
modeled with a joint mesh interface, which uses a “master” and
“slave” connection to tie the two surfaces together at their nodes.
The sliding and sticking conditions are reproduced with the
classic isotropic Coulomb friction law. The joint element JNT4
connects two adjacent nodes by means of extensional springs in
the three local directions.

To determine the structural response of the nonlinear problem
an implicit solution strategy is used, which is suitable for prob-
lems involving smooth nonlinear analyses. A load stepping
routine is hence used. The increment size follows from accuracy
and convergence criteria. Within each increment, the equilibrium
equations are solved by means of the Newton–Raphson iteration.
The following convergence criteria were used �LUSAS 2000�: �1�
Euclidean displacement norm �3%�; �2� Euclidean incremental
norm �3%�; and �3� work norm �0.05%�. With respect to the in-
cremental method, a load curve is defined. Loads are applied to
the specimen in a displacement-control fashion that enforces a
better conditioning of the tangent stiffness matrix when compared
to the classical load-control procedure.

Calibration of Model with Experimental Evidence

The FE model for both T-stub assembly-types is identical. The
only difference lies in the representation of the flange-to-web
connection. For the HR-T-stub, flange and web are connected by
means of a fillet radius �r� that ensures the continuity between
both plates. In the case of WP-T-stubs, a continuous 45°-fillet
weld �throat thickness aw� links the flange and the web, though
the two plates are not necessarily in contact.

The calibration of the FE model for the HR-T-stub is based on
the experimental test program carried out by Bursi and Jaspart

�1997�. The specimen T1, which was obtained from an IPE300
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beam profile, with snug-tightened bolts is selected for the follow-
ing study. Regarding the WP-T-stub, the approach is validated
with experimental evidence from a series of 32 tests on this
type of assembly that were carried out at the Delft University of
Technology �Girão Coelho et al. 2004�. The specimen WT1 is
selected for calibration of the numerical procedure.

Geometry
The geometrical characteristics of the specimens are depicted in
Fig. 2 and specified in Table 1 for the two specimens reported
herein. By adopting the adequate boundary conditions only one
eighth of the T-stub is modelled, owing to symmetry consider-
ations �Fig. 2�. The xy and yz planes are geometrical planes of
symmetry. Though the xz plane does not meet such a criterion,

Table 1. Nominal Geometrical Properties of Various Specimens

Test
ID

Assembly
type

T-elements geome

h
�mm�

tf

�mm�
tw

�mm�
w

�mm�
n

�mm�

T1 Rolled 150 10.7 7.1 90 30

WT1 Welded 200 10.0 10.0 90 30
a

Fig. 2. T-stub specimen general characteristics
ST=short threaded.
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since the bolt elongation behavior is not symmetrical along the y
direction, some authors �Bursi and Jaspart 1997; Wanzek and
Gebbeken 1999� propose numerical models that account for a
symmetric behavior of an “equivalent bolt” complying with the
requirements for symmetry in the xz plane. The “equivalent bolt”
is defined in such a way that its geometrical stiffness is identical
to that of the actual bolt, i.e. the elongation of the “equivalent
bolt” represents half of the elongation behavior of the actual bolt.
The xz symmetry plane between the two flanges is then modeled
by contact elements on a rigid foundation. The interface bound-
aries between the flanges and washer or bolt head, and between
web and flange plates in the case of WP-T-stubs, are also modeled
by means of contact elements. In order to reduce the number of
contact planes, the bolt head or nut and the washer, if any, are
assumed fully connected. This simplification leads to slightly
stiffer deformation behavior, but the overall response is not
greatly influenced, as already shown in the literature �Zajdel
1997; Bursi and Jaspart 1997; Wanzek and Gebbeken 1999�.

The bolt modeling must account for the various sources of
flexibility: head, nut, and shank �threaded and nonthreaded part�.
In the proposed numerical model, the “equivalent bolt” has half
of the conventional bolt length, Lb, as defined in Eurocode 3
�CEN 2003� and the “equivalent shank” has a threaded part
�cross-sectional area As� and a nonthreaded portion �actual bolt
diameter�. The length of these parts is proportional to those of the
real bolt.

Boundary and Load Conditions
The nodes in the symmetry planes xy and yz are fixed with sym-
metric geometrical boundary conditions. The nodes in plane xz
between the flange and the rigid foundation and between the
washer/bolt head and the flange and between the two plates in the
welded assembly are restrained with contact elements, as already
pointed out. The nodes on the rigid base are fully restrained. Also,
complying with geometrical symmetry, the bottom surface bolt
nodes are fixed in the y direction.

Regarding the interface boundary conditions, no friction is as-
sumed between the flanges interface because of the T-elements
symmetric behavior. For the flange-washer/bolt head and web
flange �WP-T-stubs only� interfaces a friction coefficient, �, of
0.25 is adopted �Vasarhelyi and Chiang 1967�.

A uniform total prescribed displacement of 0.1 mm is applied
at the top of the T-element in the positive y direction. In the
nonlinear analysis, the total load factor is increased from 1.0 to
collapse.

Steel Components Material Properties
For good correlation with experimental results, the full actual
stress-strain relationship of the materials must be adopted in
the numerical simulation. The constitutive laws are reproduced
with a piecewise linear model �Bursi and Jaspart 1997; Girão
Coelho et al. 2004�—Fig. 3. The material properties for the rigid

Bolt characteristics

e
�mm�

r /aw

�mm�
d0

�mm�
�

�mm�
Washer

�mm�
Type
�mm� Number

20 15 14 12 Yes STa 4

20 5 14 12 No STa 4
try

p /2
�mm�

20

25



foundation are also defined, a linear material being assumed,
with a Young modulus, E, of 1015 MPa and Poisson’s coefficient,
�, of 0.45.

Specimen Discretization
A mesh convergence study with respect to the degree of discreti-
zation of the flange, in order to represent the bending dominated
problem, and the number of elements through thickness, to check
the capability of representing the yielding lines, has been per-
formed within the framework of this research work. The FE
mesh depicted in Fig. 4�a� meets the requirements for a reliable

Fig. 3. True stress-logarithmic strain material laws: �a� HR-T-stub
specimen T1 �data adapted from� Bursi and Jaspart 1997;
�b� WP-T-stub specimens �Girão Coelho 2004�

Fig. 4. Specimen finite element mesh: �a� global mesh �3,588
elements and 5,680 nodes�; �b� bolt discretization
JOU
simulation and satisfies the convergence study that was carried
out. For the bolt discretization, in order to simulate the complex
state of stress in the bolt, a reasonably refined mesh is essential.
The number of elements is determined decisively by the discreti-
zation of the circumference of the bolt. The literature suggests a
minimum of 12–16 nodes around the circular hole �Virdi 1999�.
The bolt mesh represented in Fig. 4�b� also complies with the
requests for an accurate modeling.

Failure Criteria

The deformation capacity of a bolted T-stub connection first and
foremost depends on the plate strength/bolt strength ratio and
eventually is governed by bolt fracture or cracking of the plate
material. In both situations, the modeling of the failure condition
can be ascertained by assuming that cracking occurs when the
ultimate strain �u is attained, either at the bolt or at the T-element
critical sections �Gioncu et al. 2000; Piluso et al. 2001a�. Due to
the nature of the materials, the available bolt deformation is sub-
stantially less than the plate. While for high strength bolts the
ultimate strain is �5–6%, for constructional steels, ultimate
strains of 25–30%, at least, can be expected. As a result, bolt
fracture is likely to govern most ultimate conditions and its as-
sessment is of primary importance.

The potential failure mechanisms of a bolt under axial loading
are: �1� tension failure; �2� stripping of the bolt threads, and �3�
stripping of the nut threads. Swanson �1999� points out that high-
strength fasteners are designed so that tension failure of the bolt
occurs before stripping of the threads. Therefore, the ultimate
deformation of the bolt is governed by tension failure. A com-
prehensive numerical study on the behavior of a single bolt in
tension was hence carried out to evaluate its maximum deforma-
tion capacity and has been recently reported by Girão Coelho
�2004�. It has been concluded that since the bolt, as a T-stub
element, is subjected to combined tension and bending deforma-
tions, failure should be assessed by comparison of the maximum
average principal strain, �11.av.bolt with �u.bolt. Should the flange
section be critical, a similar criterion based on the maximum prin-
cipal strain, i.e., �11.av.flange=�u.flange, seems appropriate.

Numerical Results for HR-T-Stub T1

The most significant characteristic describing the overall behavior
of the model is the load-deformation curve. Fig. 5 compares
the actual T-stub behavior with the numerical predictions �the

Fig. 5. Global response of specimen T1: numerical and experimental
results
curves include the web deformation�. The numerical results are
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compliant with the experimental response �Bursi and Jaspart
1997� showing that the proposed model is rather accurate. The
end of the numerical curve, i.e., the deformation capacity of the
connection is established by application of the above failure cri-
terion. For the T-stub specimen T1, experimental observations
indicate that the collapse is due to inelastic phenomena in the
bolts and significant flange yielding �Bursi and Jaspart 1997�.
Under the above failure criterion, the ultimate conditions are gov-
erned by bolt fracture. The maximum average bolt strain �11.av.bolt

equals �u.bolt for a global deformation of 9.20 mm. This value is
very close to the experiments �9.49 mm; ratio=0.97�.

Fig. 6 plots the evolution of the ratios of prying and bolt forces
with the applied load, per bolt row, F, Q /F and B /F, respectively.
It clearly shows the increase of such ratios with plastic straining
in the flange. The evolution of the flange yielding is represented
in Fig. 7. The yielding of the flange starts at a load level
2F=96 kN �Fig. 7�a��. The ratio Q /F for this load level is 0.22.
At failure �2F=208 kN� it increases to 0.34 �1.5 times larger�.
This information on the contact pressures provided by the FE
model is very useful and cannot be obtained from experiments.
Furthermore, the model gives detailed results for the bolt behav-
ior, particularly in terms of bolt elongation behavior.

The location of the prying forces changes during the course of
loading. Fig. 8 shows the evolution of the contact area with the
applied load. Clearly, as the load increases, the contact area
spreads to the bolt axis �Q is shifted inside, from the tip of the
flanges�.

Numerical Results for WP-T-Stub WT1

Two tests from series WT1 �WT1g/h� are selected for further
comparisons �Girão Coelho et al. 2004�. Fig. 9�a� compares the

Fig. 6. Numerical results for specimen T1: bolt and prying force

Fig. 7. Flange yielding evolution with applied load
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load-carrying behavior from the numerical model with the experi-
ments. Fig. 9�b� shows the bolt elongation response for specimen
WT1h, for the broken bolts: �LB� left back and �LF� left front.
The bolt elongation was carried out by means of a special device
that records the deformation directly that was removed prior to
collapse.

The FE model yields stiffer results than the experiments, al-
though the agreement is good. The differences may derive from
the insufficient geometrical and mechanical characterization of
the fillet weld and also because of the modeling of the heat af-
fected zone near the weld toe. In fact, some authors �Piluso et al.
2001b� have already highlighted the fact that due to the welding
process, the connection behavior and the cracking of material, in
particular, is influenced by the presence of residual stresses and
modified microstructure in the heat affected zone. It is very diffi-
cult to quantify these effects and therefore they are not included

Fig. 8. Evolution of contact area with applied load

Fig. 9. Global response of specimen WT1: numerical and
experimental results: �a� load-deformation behavior; �b� bolt
elongation behavior



in the simulations. However, it should be borne in mind that if
cracking of material governs the collapse model, a reduction of
the ultimate strain with respect to the unaffected material is ad-
vised. For both specimens WT1g/h, bolt fracture determines the
failure mode. Yet, for specimen WT1g there was a combined
failure type involving cracking of the flange in the heat affected
zone and bolt fracture. The graph from Fig. 9�a� also shows this
type of fracture: at a deformation level of �14 mm there is a
smooth drop of load that follows on until fracture of the bolt at
20.5 mm. Numerically and under the above proposed failure cri-
terion, it is established that bolt determines collapse. This is in
line with experimental observations and the numerical prediction
�13.98 mm� matches the experimental results for WT1h
�15.11 mm at maximum load�. The average maximum principal
strain level in the heat affected zone is 6.8% with a local maxi-
mum of 14% �FE results�. For the flange plate, the maximum
�natural� strain measured in standard material tensile testing is
30.8%.

Regarding the ratio Q /F and the evolution of the location of
the prying forces for specimen WT1, their evolution with the
external load is identical to the aforementioned for specimen T1
�see Fig. 6�. In the elastic regime, Q /F=0.26 and at failure,
Q /F=0.37. There is amplification in Q /F of 1.42 and the prying
force shifts to the bolt vertical axis as the load increases.

Parametric Study

Description of Specimens

In order to identify the dependence of the T-stub behavior on
the main geometrical and mechanical variables a numerical FE
parametric analysis is undertaken. For the WP specimens, two
series without stiffeners and with parallel webs are chosen from
the whole experimental program �Series 4A and 7—Girão Coelho
et al. 2004�. Three supplementary WP-T-stubs derived from
HR-T-stub T1 are also considered to compare the behavior of the
two assembly types. The main geometric parameters that are var-
ied in the study are: �1� gauge of the bolts, w; �2� pitch of the
bolts, p; �3� distance between the bolt axis and the tip of the
flanges, n; �4� edge distance, e; �5� flange thickness, tf; �6� bolt
diameter, �; and �7� thread length of the bolt and �8� bolt pre-
loading, S0. The steel constitutive law is the mechanical variable
in the study. Additionally, the question of the number of bolt rows
is also tackled. The main characteristics of the several specimens
are summed up in Girão Coelho �2004�.

In the following sections the numerical load-carrying behavior
of several specimens is compared to assess the influence of the
main parameters.

Influence of Assembly Type and Weld
Throat Thickness

The influence of welding and the size of the fillet weld on the
overall behavior is analyzed in this section. The equivalent
WP-T-stub �generally labeled Weld�T1 hereafter� is identical
to T1 in terms of geometrical and mechanical properties. The
flange-to-web connection radius is thus replaced with a continu-
ous 45° fillet weld of throat thickness: �1� aw=0.5tw=3.55 mm
�Weld�T1�i��; �2� aw= tw=7.10 mm �Weld�T1�ii��; and �3�
aw=10.00 mm �Weld�T1�iii��. The values for aw are chosen to
meet the Eurocode 3 �CEN 2003� requirements. The first value,

aw=0.5tw, complies with the minimum dimension prescribed in
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the code �3.0 mm�, and is commonly used in practice. The value
aw= tw can be regarded, in design practice, as an upper value for
the size of the fillet weld. Finally, the latter value yields a similar
distance m �distance between the bolt axis and the critical section
at the flange-to-web connection, where the plastic hinge is ex-
pected to form� as the HR specimen T1, computed according to
Eurocode 3 �CEN 2003� provisions.

The numerical results for both specimens T1 and Weld�T1 are
compared in Figs. 10 and 11. In terms of overall behavior, the
connections clearly yield different responses. Bolt fracture deter-
mines the collapse of all T-stubs. Comparison of the F-� re-
sponses of the welded specimens shows that as the weld throat
thickness increases, the stiffness and resistance improve but the
deformation capacity significantly decreases �Fig. 10�. It should
be noted that the increase of aw leads to a decrease of m. To
determine the influence of welding itself, comparisons have to be
made between specimen T1 and Weld�T1�iii� that have similar
values of the distance m. Clearly, if the flange-to-web connection
radius is replaced with a fillet weld, the stiffness and the resis-
tance of the connection improve, but the deformation capacity is
greatly reduced: it drops from a gap between flanges of 8.70 and
6.22 mm. For specimens T1 and Weld�T1�ii�, the F-� curves are
surprisingly coincident. However, in the welded case, the ductility
is smaller. Table 2 sets out the main characteristics of the various
F-� curves.

Regarding the bolt force and prying forces, their magnitude in
relation to the applied load is higher for smaller weld throat thick-
ness, in the case of the welded specimen for all courses of loading
�Fig. 11�. The location of the contact forces also changes with the
increase of loading. For the welded specimen Weld�T1�i�, with

Fig. 10. Overall response of specimens T1 and Weld�T1

Fig. 11. Prying analysis for specimens T1 and Weld�T1
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smaller aw, Q is located closer to the bolt axis than in the remain-
ing specimens. With reference to the influence of the assembly
type, Fig. 11 shows that in the elastic regime the ratios Q /F for
specimens T1 and Weld�T1�iii� are coincident but as the load
increases the same ratios decrease in the welded case. It is worth
noting that even though T1 and Weld�T1�ii� yield identical F-�
behavior, the evolution of Q /F with the course of loading is dif-
ferent �Fig. 11�.

The difference in performance of the HP-T-stub T1 and the
welded equivalents Weld�T1 is rather surprising. In terms of
the overall deformation behavior, the differences can arise due to
the redefinition of the length m that slightly increases in the
welded case. This justifies the fact that stiffness and resistance
also decrease. Regarding the deformation capacity the increase
of the same distance m improves the ultimate deformation of the
connection, �u. With respect to the prying effect, the disparity of
results was not expected.

Influence of Geometrical Parameters

This section highlights the influence of the T-stub geometry

Table 2. Results for Various Examples �Values in Bold Correspond to A

Speciman

Stiffness �kN/mm�

ke.0 kpl.0 ke.0 /kpl.0

T1
83.54 2.68 29.60
49.00 1.73 28.32

P1 63.27 2.01 31.48

P2 117.06 3.49 33.54

P3 72.62 2.30 31.62

P4 97.86 4.24 23.08

P5 101.23 6.00 16.88

P6 76.56 2.36 32.44

P7 91.45 2.97 30.79

P9 128.47 6.19 20.76

P10 43.88 0.90 48.63

P11 122.80 6.82 18.01

P13 81.31 2.19 37.17

P14 81.97 1.07 76.69

P16 111.23 8.44 13.18

P17 138.31 3.86 35.81

P18 171.57 2.56 66.96

P24 80.46 1.89 42.51

P25 127.66 2.59 49.29

Weld�T1�i� 73.50 1.70 43.12

Weld�T1�ii� 88.04 2.51 35.07

Weld�T1�iii� 107.29 3.31 32.41

WT1 69.29 1.57 44.24

71.09 2.09 34.01

WT4A 88.12 2.84 31.03

86.96 4.37 19.90

WT7�M12 84.26 2.99 28.14

91.18 3.78 24.12

WT7�M16 116.09 5.08 22.85
WT7�M20 137.70 5.61 24.54
on the overall behavior. The graphs from Figs. 12 and Table 2
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compare the F-� response of some HR-T-stub specimens with the
original response �T1�. The collapse condition of several speci-
mens is determined by bolt tension fracture �black circles�
or cracking of the flange �black square�. The results show the
following:
1. If the gauge of the bolts increases, consequently increasing

the distance m between plastic hinges, the connection
strength and stiffness decrease but the deformation capacity
improves �Fig. 12�a�� �variation of the gauge of the bolts:
specimens P1, w=100 mm, and P2, w=80 mm�.

2. The enlargement of the pitch of the bolts and/or the edge
distance implies larger T-stub widths and therefore higher
stiffness and resistance values but reduced deformation
capacity �Girão Coelho 2004� �variation of the pitch of
the bolts: specimens P3, p=30 mm, P4, p=65 mm, P5,
p=80 mm, P16, p=70 mm; variation of the edge distance:
specimens P6, e=15 mm, P7, e=25 mm, and P16,
e=35 mm�.

3. As the flange thickness decreases, the component ductility
improves considerably, while stiffness and resistance de-

d Experimental Results; Underlined Values Include Web Deformation�

Strength �kN� �u Q /F

Fu �mm� K–R
Ultimate
resistance

85 103.99 8.70 0.24 0.34
87 102.81 9.49 — —

73 91.76 10.77 0.33 0.44

00 116.72 6.18 0.18 0.25

75 95.41 10.17 0.26 0.40

03 115.97 4.68 0.20 0.26

20 130.20 3.63 0.18 0.18

75 95.53 10.06 0.26 0.42

93 111.34 7.56 0.22 0.29

20 131.43 3.31 0.13 0.16

47 76.79 32.75 0.56 0.77

10 121.15 2.94 0.20 0.21

72 93.71 11.38 0.24 0.42

65 86.57 24.15 0.24 0.53

12 125.69 3.06 0.19 0.20

65 192.01 9.29 0.22 0.36

00 266.57 26.07 0.27 0.44

87 108.14 13.80 0.24 0.31

85 104.26 8.72 0.32 0.34

78 92.02 10.85 0.34 0.45

87 102.75 8.01 0.27 0.36

97 113.10 6.22 0.22 0.28

76 94.98 14.20 0.27 0.37

69 183.83 14.33 — —

98 107.95 5.18 0.23 0.27

98 103.26 4.33 — —

95 107.52 5.56 0.23 0.27

96 100.64 4.44 — —

04 132.34 11.00 — —

18 145.72 8.77 — —
verage

K–R

65–
58–
60–

70–1

60–

70–1

90–1

55–

70–

85–1

40–

90–1

55–

45–

85–1

115–1

150–2

65–

65–

50–

60–

75–

55–

58–

68–

70–

65–

60–

80–1
88–1
crease; in this case, the flange-bolt stiffness decreases and, as



a consequence, the degree of plastic deformation in the
flange increases �Fig. 12�b�� �variation of the flange thick-
ness: specimens P9, tf =14 mm, P10, tf =7 mm, and P11,
tf =14 mm�.

Fig. 13 plots the numerical results obtained for specimen
WT4A �p=45 mm; e=30 mm� against the experiments �Girão
Coelho et al. 2004�. The load-carrying behavior is traced in
Fig. 13�a� showing good agreement of the results. Fig. 13�b� com-
pares the numerical results for WP-T-stub specimens WT1 and
WT4A. In both cases the bolt determines failure. In terms of
overall behavior the conclusions drawn for specimen T1 and P16
are identical to this case. The comparison of the bolt experimental
and numerical responses is shown in Fig. 13�c�. The results are
accurate despite the fact that the numerical prediction underesti-
mates the bolt deformation capacity.

Finally, in order to assess the influence of the number of bolts,
the numerical/experimental results for tests WT4A �two bolt-
rows� and WT7�M12 �one bolt-row� are taken into account. These
specimens are similar except for the number of bolts. The re-
sponses are identical though the specimen with only one bolt row
shows improved ductility.

Influence of Bolt

Fig. 14�a� illustrates the influence of the bolt diameter on the
overall behavior of HR-T-stubs �specimen P16, �=12 mm, speci-
men P17, �=16 mm, and specimen P18, �=20 mm�. Essentially,
if the bolt diameter is bigger, the initial stiffness, the strength, and
the ductility improve greatly but the postlimit stiffness decreases.
Also, for a given geometry, the bolt ceases to be the determining
factor of collapse. The bolt-threaded length has an effect on the

Fig. 12. Influence of geometrical distances on overall behavior
�examples from HR-T-stub series�: �a� gauge of bolts, w; �b� flange
thickness, tf
overall response if the bolt governs the specimen collapse. In

JOU
that case, if the threaded portion of the bolt is longer, the defor-
mation capacity of the whole connection increases. The remaining
properties do not change much �Fig. 14�b�; specimen P25, full-
threaded bolt�. The effect of the bolt preloading is the enhance-
ment of the initial stiffness �Fig. 14�b�; specimen P24, preloaded
bolt�. Comparison of the behavior of the specimens with larger
bolts �M16 and M20� confirms the previous considerations. This
conclusion is also corroborated with experimental evidence
�specimens form series WT7� �Girão Coelho et al. 2004�.

Fig. 13. Results for specimen WT4A: �a� load-carrying behavior; �b�
influence of variation of pitch of bolts and edge distance on overall
behavior �numerical results�; and �c� bolt elongation behavior
�experimental results shown correspond to broken bolts from
specimen WT4Ab�
RNAL OF STRUCTURAL ENGINEERING © ASCE / JUNE 2006 / 925



Influence of Flange Steel Grade

Regarding the effect of the flange steel grade, Fig. 15 shows that
the initial stiffness is not affected by the steel properties �as long
as the Young modulus is constant� but as the yield stress of
the flange, fy.f increases resistance and postlimit stiffness also

Table 3. Summary of Main Conclusions Drawn from Parametric Study �
x↑ Þy↓ Means That If x Increases Then y Decreases�

Strength

FRd Fu

�a� As

WPÞFRd↑ WPÞFu↑
�b� Throat thickn

aw aw↑ ÞFRd↑ aw↑ ÞFu↑
�c� Conne

w w↑ ÞFRd↓ w↑ ÞFu↓
p p↑ ÞFRd↑ p↑ ÞFu↑
e e↑ ÞFRd↑ e↑ ÞFu↑
tf tf ↑ ÞFRd↑ tf ↑ ÞFu↑

�d� Bolt

� �↑ ÞFRd↑ �↑ ÞFu↑
Ltg —a —a

S0 —a —a

�e� Pl

fy.f ↑ ÞFRd↑ fy.f ↑ ÞFu↑
a

Fig. 14. Influence of bolt dimensions on overall behavior �examples
from HR-T-stub series�: �a� bolt diameter, � and geometry from P16;
�b� bolt thread length, Ltg and preloading, S0
No influence.
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increase and deformation capacity decreases. Specimens P13 and
P14 employ nominal S355 and S275, respectively.

Summary of Parametric Study

Table 2 summarizes the principal behavioral characteristics of the
specimens from the parametric study. The main properties of the
F-� curves are: �1� initial stiffness, ke.0; �2� postlimit stiffness,
kpl.0; �3� full plastic strength, FRd; �4� ultimate resistance, Fu;
and �5� deformation capacity, �u. The values of FRd are not easy
to define in this case and therefore are not reported in the table.
Instead, the values indicated below the “K-R” column refer to the
knee range of the curve, which corresponds to the transition from
the stiff to the weak part of the F-� curve. The stiffness and
strength values that appear in the table are computed per bolt row.
The postlimit stiffness, kpl.0, is evaluated by means of a regression
analysis of the F-� postlimit response. Finally, Table 3 sets out
the main conclusions drawn from the parametric study.

on: x↑ Þy↑ Means That If x Increases Then y Also Increases; Similarly,

Stiffness Ductility

ke.0 kpl.0 �u

type

WPÞke.0↑ WPÞkpl.0↑ WPÞ�u↓
P-T-stubs only�

aw↑ Þke.0↑ aw↑ Þkpl.0↑ aw↑ Þ�u↓
eometry

w↑ Þke.0↓ w↑ Þkpl.0↓ w↑ Þ�u↑
p↑ Þke.0↑ p↑ Þkpl.0↑ p↑ Þ�u↓
e↑ Þke.0↑ e↑ Þkpl.0↑ e↑ Þ�u↓
tf ↑ Þke.0↑ tf ↑ Þkpl.0↑ tf ↑ Þ�u↓

teristics

�↑ Þke.0↑ �↑ Þkpl.0↓ �↑ Þ�u↑
—a —a Ltg↑ Þ�u↑

S0↑ Þke.0↑ —a —a

terial

—a fy.f ↑ Þkpl.0↑ fy.f ↑ Þ�u↓

Fig. 15. Influence of flange steel grade on overall behavior
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Conclusions

The T-stub model is widely accepted as a simplified model for the
characterization of the behavior of the tension zone of a bolted
joint, which constitutes the most important source of deformabil-
ity of the whole connection.

The use of partial strength joints is becoming increasingly
common but their design requires greater care since the ductility
demand is much higher. The evaluation of the deformation capac-
ity of single T-stubs is therefore very important since it covers one
of the brittle components of bolted joints, the bolt in tension/
bending. Current design specifications based on the T-stub model
rely on pure plastic yield line mechanisms and the estimation of
the level of prying forces �which increase the bolt force� results
from one-dimensional elastic models that overlook some impor-
tant phenomena. An extrapolation to failure conditions on these
grounds is hardly justifiable.

The numerical investigation presented in this paper provides
accurate deformation predictions �up to failure� of the T-stub re-
sponse. Particular emphasis on the characterization of the T-stub
failure modes and corresponding ductility levels is given. Accord-
ing to Eurocode 3 �CEN 2003� there are three possible models
of failure of an equivalent T-stub: �1� mode 1: complete yielding
of the flange; �2� mode 2: bolt failure with yielding of the flange;
and �3� mode 3: bolt failure. The occurrence of a given collapse
mode depends on the relation between the flexural resistance of
the flanges and axial resistance of the bolts. The computation
of these parameters is based on pure plastic conditions since the
material strain hardening effect is not accounted for in the design
code �CEN 2003�. Furthermore, no limits are imposed to the
ductility of connections that mainly depend on material ductility
�bolt and flange� and structural discontinuities �welds, bolt holes,
etc.�. The assessment of the latter property is linked to the attain-
ment of ultimate conditions, i.e., cracking of material. Concerning
these ultimate conditions, four possible failure �fracture� mode
typologies are proposed: �1� type-11, characterized by a plastic
type-1 mode and cracking of the flange material at ultimate con-
ditions �e.g., specimen P18, Fig. 14�a��; �2� type-13, also a type-1
plastic mechanism but with fracture of the bolt at limit conditions
�e.g., specimen P17, Fig. 14�a��; �3� type-23, where the plastic
mode involves both flange and bolt and the deformation capacity
is governed by the bolt itself �e.g., specimen P16, �Fig. 14�a��;
and �4� type-33, a type-3 plastic mode and deformation capacity
determined by bolt fracture. Each fracture mode exhibits different
ductility properties as clearly shown in the comparative graphs
of Fig. 14�a�, for instance. Previous research from Bursi and
Jaspart �1997�, Zajdel �1997�, Wanzeck and Gebbeken �1999�,
and Swanson et al. �2002� was focused on single examples. Con-
sequently, no conclusions on the ductility performance of
connections could be drawn. Bursi and Jaspart �1997� and Zajdel
�1997� proposed a model for a type-13 T-stub �T1, also analyzed
above�. Wanzeck and Gebbeken �1999� considered two T-stubs
�P1K and P2K�, both corresponding to a type-11 fracture mode.
Swanson et al. �2002� analyzed a specimen failing according to a
type-23 fracture mode.

This research work covers all possible failure modes and high-
lights the parameters affecting the deformation capacity of bolted
T-stubs and their influence on the overall behavior of the connec-
tion has been qualitatively and quantitatively assessed. The next
logical step forward is the provision of design rules concerning

this topic. In addition, the numerical three-dimensional model

JOU
allows the evaluation of the prying forces, thus opening the way
to more reliable design rules that prevent brittle failure of the
T-stub, as detected in some cases.

Finally, the authors are currently developing a simplified ana-
lytical model that looks promising in assessing the failure of the
steel joints.
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