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Abstract

The “column web panel in shear” is known to be a key component in the design of steel and steel-
concrete composite joints as it can provide a reserve of ductility at the joint when activated and
appropriately designed. Therefore, its behaviour has been studied for years and was thought to have
been fully understood. However, some recent research projects have demonstrated that, in many
cases, the simple analytical model proposed in Eurocode 3, Part 1-8, significantly overestimates the
actual resistance of this component. In this context, this paper will look at the first results of
investigations into that problem conducted at Liege University. In particular, beam-to-column welded
joints have been studied in order to: i) highlight the aforementioned problem through comparisons
between existing experimental results and Eurocode 3 predictions, ii) develop a sophisticated finite
element model using the Abaqus® software, iii) validate this FE model using existing experimental
results and iv) develop an extensive parametric study in order to highlight the key parameters
governing the resistance capacity of the component studied. Based on the investigations conducted,
the final goal consists of providing a new analytical formulation that is able to predict more accurately
the shear strength of the column web panel.

1. Introduction

This article deals with the rotational behaviour of single- or double-sided beam-to-column steel joints
loaded as illustrated in Fig. 1. Their response may be divided into different contributions. These are
illustrated in Fig. 2, as an example, for joints in which the beams only transfer bending moments and
shear forces.
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— The deformation of the connection under the tensile and compressive forces Fi, statically
equivalent to the moment M, at the beam end. This includes the deformation of the
connection elements (e.g. bolts, endplate, ...) and that of the column web under the Fj load
introduction forces and results in a relative rotation @. between the beam and column axes,
which makes it possible to establish a first deformation curve M, — @.[1]. It may generally be
assumed that the shear force does not affect the rotational response of the connection
significantly.

—  The deformation of the column web panel in shear under the combination of the couple of
forces F, and the shear forces V. in the column at the level of the beam flanges. This shear
force Vup, which may be evaluated with Eq. (1) below, results in a relative rotation y between
the beam and column axes, thus leading to a second deformation curve Vi, —y. In view of a
simplified modelling of the joints for structural analysis, it is sometimes suggested to substitute
a M, —vy curve for the V,, — ¥ curve through the use of a so-called transformation parameter
B defined by Eq. (1), see [1].

Mp1— Mp2 Vei— Voo Fp

pr = h - 5 = F (1)

where:
B transformation parameter
h lever arm between centres of tension and compression

The present paper focuses on the behaviour of the column web panel (CWP), which together with the
surrounding elements (i.e. stiffeners, column flanges, root fillets, ...) forms the so-called panel zone
(PZ). This zone turns out to govern the joint resistance in a significant number of situations under static
loads, but even more so under seismic loading conditions. Part 1-8 of Eurocode 3 ([3]) proposes a
simple trilinear analytical model to predict the behaviour of the PZ in terms of shear resistance vs.
shear distortion y of the PZ, as depicted in Fig. 3. This model features an elastic branch up to the elastic
shear resistance of the PZ, then an elasto-plastic branch to reach the plastic shear resistance of the PZ
(i.e. Vezreecs) and, finally, a plateau. The elastic stiffness Kep; is given by Eq. (2). The elastic shear
resistance of the PZ may be assumed to be equal to two-thirds of Vezriecs. The value of Vezriecs is given
by Eq. (3) and can be divided into the contribution of the CWP (see Eq. (4)) and that of the surrounding
elements (see Eq. (5)). However, the latter may only be taken into account in the presence of
transverse column web stiffeners that are aligned with the beam flanges and which, together with the
column flanges, form a resisting frame. Finally, it is assumed that the level of deformation associated

. H i K
with Vezriecs is proportional to eéPZ'

E
zar AV

(2)

Ke,PZ =

VpzriECs = VyRriecs + AYyriEC3 (3)
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with:

VyRrkEC3 = P % - Ayc (4)

0 if no transverse column web stiffeners are used

AVyRiEcs = {4- . MLf:’Rk if transverse column web stiffeners are used (5)
where:
E Young’'s modulus
Avc shear area of column defined in [4]
P a reduction factor to take account of the stress interaction within the CWP (equal to 0.9)
Sywe characteristic yield strength of steel

Myisre  characteristic plastic moment resistance of a column flange

ds distance between centrelines of stiffeners
N
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Fig. 1. Single- and double-sided joint configurations (adapted from [1])
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Fig. 2. Joint deformability sources (adapted from [2])
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Fig. 3. EC3 trilinear model

2. Comparison with experimental results and conclusions

First of all, EC3 prediction formulae were compared with a wide range of experimental results from
the scientific literature ([5]-[8]) in order to highlight potential inconsistencies in the analytical model.
The experimental tests differ according the type of connection being used (welded vs. bolted) as well
as the presence or otherwise of transverse column web stiffeners, and all are characterized by a web
panel failure mode. Fig. 4 illustrates the results of the comparisons for one test per experimental
campaign.

The results are presented in terms of moment-rotation curves, the rotation being either the shear
distortion y of the CWP or the total rotation of the joint when the former is not available. Therefore,
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the EC3 trilinear model introduced in section 1 above in terms of a Vrc—y curve had to be transformed
into a Fre— ¥ curve through the use of the transformation parameter f (see Eq. (1)), and then to a Mk«
—y curve by multiplying the resisting force Fr« by the lever arm (see the solid lines in red in Fig. 4). The
goal of the paper being to assess the accuracy of the EC3 formula for the plastic shear resistance My ecs,

it was also necessary to define the experimental plastic resistance Mpiexp. This was defined similarly to
Moec3 as the intersection between the experimental curve and the straight line starting from the origin

of the graph and characterized by a stiffness equal to one-third of the elastic stiffness.
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Fig. 4. Comparison between experimental results and trilinear EC3 predictions: a) test NR4 [5], b) test 07 [6], c) test BCC6 [7],

d) test E2-TB-E-M [8]

Two general conclusions can be drawn from Fig. 4, which seem valid whatever the type of connection:

—  Good agreement is observed between EC3 predictions and experimental results in terms of

initial stiffness.

— By contrast, a significant discrepancy may appear as far as plastic resistance is concerned, EC3
predictions often overestimating (Fig. 4a, Fig. 4c and Fig. 4d) the actual shear plastic resistance of

the PZ.

These observations show that Egs. (3), (4) and (5) need to be improved, whereas Eq. (2) may be left

unchanged.



Published in : Steel Construction (2019), vol. 12, n°3, pp. 222-230 =
DOI: 10.1002/stco.201900020 < 4 L I EG E
Status : Postprint (Author’s version) ‘b universite

3. Development of an FE model and validation

In order to investigate further the conclusions thus drawn, a numerical model was built using the
commercial finite element software Abaqus® and validated against available experimental data.
Configurations NR4 and NR16, taken from [5], were selected for the purpose of validation. Those two
configurations consist of an IPE330 beam welded to an HEB160 column and an HEB500 beam welded
to an HEB300 column respectively. All actual geometrical data may be found in [5].

The choice of these two joints is not meaningless as they had already been numerically modelled in [9]
using the FINELG® software. Therefore, material laws were taken directly from [9]. Moreover, fillet
welds were not modelled explicitly, although an initial geometrical imperfection was taken into
account similarly to [9]. The magnitude of the initial imperfection was fixed at “d/200”, where d is the
clear depth of the column.

A major difference between the studies carried out by means of FINELG® and Abaqus® concerns the
type of element used: shell elements in [9] and brick elements in the present study. This is due to the
fact that the root fillets of the column section are believed to play a significant role in the behaviour of
the CWP and therefore have to be modelled properly — something that is not possible with shell
elements. Nevertheless, eight-node linear bricks with reduced integration (C3D8R elements) were
used for almost all the elements except for the root fillets, which were modelled using six-node
triangular prisms with full integration (C3D6 elements). Fig. 5a gives a general overview of the final
mesh. Both mesh density and finite element type were selected based on a preliminary sensitivity
analysis.

A monotonic displacement history was imposed on the beam tip in order to mimic the real loading
conditions. Furthermore, the beam end section was properly restrained against out-of-plane
displacement. Numerical simulations were performed using a general static analysis.

The model was validated through comparisons between experimental and numerical results in terms
of force vs. vertical displacement at the beam tip, as shown in Fig. 5b. The following conclusions may
be drawn from those comparisons and are valid for both configurations, NR4 and NR16:

— The initial stiffness in the numerical model is significantly larger than the experimental one,
whereas the level of plastic resistance seems to be appropriately captured by the numerical
model.

— This initial stiffness discrepancy can be explained by the initial flexibility of the test setup,
which was not measured and therefore not taken into account in the numerical model.

— In order to compensate for this effect, the elastic contribution of the test setup to the
measured deformations of the specimen was estimated and removed from the experimental
curves (see “modified experimental curves” in Fig. 5b).

— By doing this it becomes clearer that the numerical results fit the experimental ones in terms
of plastic resistance.

— The second part of the curve is overestimated by Abaqus®. This is due to the fact that strain
hardening properties as well as ultimate strength were not made available in [5] and therefore
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had to be assumed in [9]. However, again, this is not of much concern as it is only the first part
of the curve that is being investigated in this study.
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Fig. 5. Finite element modelling: a) meshed model, b) validation of numerical model

4. Parametric study

The effect of three parameters was investigated within the scope of the present study. Those
parameters are listed in Table 1, which also provides a general overview of the different numerical
simulations that were performed. The objective of the numerical study was to appraise the influence
of those parameters on the plastic shear resistance of the PZ. This can be done by studying and
understanding physically in Abaqus® how the stresses flow across the panel and the surrounding
elements as well as how yielding spreads inside the panel.

Table 1. General overview of numerical simulations.

Configuration Transverse column Simulation of root Type of joint Test numbers  Loading situation
web stiffeners fillets in column
X stands for4 or 16 Yes .ccvcevvceccecees I Yes s 1 Single-sided .............. s
No oo 0 NO ccecccvceccveeee. 0 Double-sided ............ d
1 NRX-1-1-s ]
s |
0 NRX-1-0-s
1
1 NRX-1-1-d ]
d +
[ |
0 NRX-1-0-d +
MNERX
1 NRX-0-1-s
s
0 NRX-0-0-s
0
1 NRX-0-1-d
d

0 NRX-0-0-d
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The following assumptions were made with the aim of isolating the behaviour of the PZ:

— The parametric study was performed on welded connections only in order to reduce the
interactions with other components (e.g. bolts in tension, endplate in bending, ...).

— The beam web was first disconnected from the column flange in order to fix once and for all
the value of the lever arm between the centres of tension and compression in Eq. (1) equal to
the distance between the beam flanges. Obviously, this does not reflect the reality and so the
difference between “flanges welded” and “flanges and web” welded situations will be
discussed at the end of this section.

— An elastic-perfectly plastic law (i.e. strain hardening neglected) was assumed for the column
steel material to facilitate the derivation of the plastic resistance of the PZ.

— It was assumed that the steel in the beam section follows a linear elastic law indefinitely in
order to prevent the occurrence of any failure mode (i.e. local buckling or yielding) in the beam
flanges prior to the yielding of the PZ.

350 800

AVimames =

S00

Shear force V [kN]
Shear force V [kN]

Vivkmed 2

0 ).01 0.02 003 0.04 005 0 0.01 0.02 0.03 0.04 0.05

a) Shear distortion of the panel 7 [rad] b) Shear distortion of the panel ¥ [rad]

Fig. 6. Vip— ¥ curves: a) configuration NR4, b) configuration NR16

The results of the parametric study are depicted in Fig. 6 in terms of shear force vs. shear distortion in
the CWP. The influence of the different parameters is discussed below:

— Neither the type of joint (i.e. single- vs. double-sided) nor the presence of transverse column
web stiffeners affects the initial stiffness, this observation being in line with the conclusions
derived in section 2.

— Yielding initiates in the centre of the CWP and is not affected by surrounding elements. This is
due to the fact that the stiffness of the CWP in shear is significantly larger than that of the
surrounding elements, and so the CWP first “attracts” most of the forces.

-~ Yielding very quickly spreads across the entire panel, as depicted in Fig. 6a. The plastic
resistance of the CWP is reached for a ¥y rmod Value. Extra shear forces are then transferred
to the surrounding elements, which most of the time contribute to the resistance of the PZ
with a AV rmod Value before large plastic rotations develop. These two contributions are
clearly highlighted in red in Fig. 6a and Fig. 6b for two particular configurations (i.e. NR4-1-1-
d and NR16-1-1-s). Section 5 will be dedicated to their precise quantification.
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—  For unstiffened single-sided configurations, initiation of yielding occurs earlier because of
strong stresses interacting at the level of the beam flanges, where loads are introduced into
the PZ. Furthermore, the contribution of the surrounding elements remains very low with
respect to the resistance of the CWP (see Fig. 6b).

These conclusions have been derived for particular joints where the beam web has been disconnected
from the column flange. In classical welded joints (see Fig. 7a), loads are introduced into the CWP over
its whole height, subsequently leading to a parabolic distribution of shear forces in the column web.
In order to define the equivalent lever arm /. between the resulting tension and compression forces,
the exact location of the centres of tension and compression is required, but is complex to derive in
practice. Therefore, it was decided to disconnect the beam web from the column flange, as shown in
Fig. 7b. By proceeding like this, the distribution of shear force in the CWP is constant and known.
Centres of tension and compression are located in the beam flanges and the lever arm is known and
equal to the distance d; between the centrelines of the stiffeners. The influence of this parameter was
studied for one particular case, namely, configuration NR16-1-1-s (see Fig. 7c). Results are presented
in terms of force vs. vertical displacement at the beam tip and show good agreement between the two
types of connection, at least until the CWP vyields. A discrepancy may then be observed in terms of
stiffness and resistance when the surrounding elements start playing a role, i.e. further to CWP
yielding. This discrepancy may easily be explained by the fact that the column flange may deform in
bending when it is not connected to the beam web. As a conclusion, for the derivation of the plastic
resistance ¥y rmod Of the CWP, the connection or disconnection of the web may be disregarded. By
contrast, the DV rcmod contribution of the surrounding elements should be derived by explicitly
accounting for this parameter in order to capture the actual stiffness and resistance properties further
to the yielding of the CWP. But as this effect remains rather limited, the same model will be proposed
here, irrespective of the fact that the beam web is or is not connected to the column.
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Fig. 7. Validity of the assumption for the lever arm: a) classical welded joint, b) particular welded joint where the beam web
has been disconnected, c) comparison between these two joints in terms of force vs. displacement at beam tip
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5. Towards a mechanical model of the PZ

The conclusions drawn from section 4 clearly indicate that the behaviour of the PZ may always be
divided into the contributions of the CWP (V,rkmod) and the surrounding elements (AV,rimod), as

follows:

Vpz,Rk,mod = Vy,Rk,mod + A Vy,Rk,mod (6)

This formalism is similar to Eq. (3), the major difference being that both contributions need to be re-
evaluated. In order to do so, it was decided to consider first unstiffened double-sided configurations
to limit the influence of stress interaction in the CWP. The results are presented for configuration NR4-

0-1-d but are also valid for configuration NR16-0-1-d.
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Fig. 8. Estimation of Vi rwmod contribution: a) choice of representative section, b) numerical integration, c) analytical

integration

The contribution of the CWP (V},rmod) Was assessed through the use of numerical integration. To do
so, the central section shown in Fig. 8a was isolated, this section being assumed to be representative
of the general state of shear stress in the CWP at yielding. Shear stresses were then integrated over
the area highlighted in Fig. 8b; the result is illustrated in Fig. 9 (see the dotted line). This curve clearly
features a plateau that corresponds to the yielding of the CWP. The distribution of shear stress at
yielding (see Fig. 8b) clearly shows that, strictly speaking, only the clear depth of the column section
yields. Therefore, a uniform distribution of shear stress may be considered over that area, as depicted
by the yellow rectangles in Fig. 8c. Once the flow of shear stress reaches the root fillets and the flanges
of the section, it spreads over a larger area, which coincides with a general decrease in the level of
shear stress. As a first attempt, a linearly decreasing distribution of the shear stress, as shown in Fig.
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8c, was assumed here. This assumption made it possible to derive the level of shear stress fywccc at the
centre of gravity of area A,, this value being used as the mean shear stress for the whole area 4,, as
depicted by the green rectangles in Fig. 8c. Therefore, an analytical estimation of the CWP’s plastic
resistance may be expressed through Eq. (7) as the sum of the two aforementioned contributions. This
analytical prediction is plotted in Fig. 9 (see the solid line) and shows rather good agreement with the

numerical one.

VyRkmod = A -ff/"_;c +2-4, _fy,v\gcc @)

where:
A1 area defined in Fig. 8c

A area defined in Fig. 8c
level of shear stress at centre of gravity of area 4,, assuming a linearly decreasing distribution

j[y,wc,CG
of shear stress

fywe  characteristic yield strength of steel
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Fig. 9. Comparison between numerical and analytical estimations of Vg mod contribution

Beyond the yielding of the CWP, extra shear forces are transferred to the surrounding elements, i.e.

to the column flanges in the case of unstiffened double-sided configurations, until a collapse

mechanism develops. This collapse mechanism is activated regardless of the presence or otherwise of
transverse column web stiffeners and it consists of the formation of four local hinges in the column
flanges at the level of the beam flanges (see Fig. 10). Therefore, Eq. (5) may be reused to characterize
the AV, rcmod cONtribution of the column flanges to the shear strength of the PZ (even if no transverse
column web stiffeners are present and with ds defined as the lever arm between the centres of tension

and compression).
The residual stiffness that the two column flanges contribute to the system may be estimated by Eq

(8). This formula corresponds to the stiffness of a rigid frame, as suggested in [10].
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12 E - Igc
Ke,sur =2- az ! (8)

where:

Ir. moment of inertia of a column flange

ds lever arm between centres of tension and compression

Fig. 10 provides a general overview of the evolution of the shear resistance for configuration NR4-0-1-
d with respect to the level of shear distortion y in the CWP (see the dotted line). It can be seen that
the newly proposed trilinear model, which accounts for the contributions of the CWP and the

surrounding elements separately, clearly yields better results than the current EC3 model, especially
in terms of shear resistance, which was the purpose of this work.
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Fig. 10. Comparison of FEM results, trilinear EC3 predictions and newly proposed mechanical model

6. Conclusions and perspectives

The results clearly show that the plastic resistance of the PZ may always be divided into the
contributions of the CWP (¥, rmod) and the surrounding elements (AV rkmoa), as described by Eq. (6).
Therefore, it is proposed to take account of the beneficial effect provided by the surrounding elements
in all cases and not only in the presence of transverse column web stiffeners, as is currently stated in
EC3.

université
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Those two contributions have been quantified in this paper for the particular case of unstiffened
double-sided configurations and they provide a more accurate estimation of the shear strength of the
PZ than the current model proposed in EC3. Ongoing work is specifically dedicated to quantifying those
two terms in the case of stiffened double-sided configurations as well as in the case of stiffened and
unstiffened single-sided configurations.

For the contribution of the CWP, it also seems that a formalism similar to the one proposed in EC3
could be adopted (see Eq. (4)), with the major difference being that the shear area needs to be re-
evaluated. This conclusion is in line with the main conclusion drawn in [11]. The definition of a simple
analytical formula for the shear area requires additional work and will be reported in a future
publication. The same applies to the stress interaction factor p in Eq. (4), whose use seems relevant
for single-sided joints but is much more questionable in the case of double-sided joints. Finally, an
extension of the whole model to panel zones in bolted connections will have to be achieved.
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