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Abstract: In welded connections, beam-end and panel zone (PZ) are the only sources to dissipate the seismic
energy released during an earthquake. Energy dissipation at the PZ is accompanied by the inelastic shear
deformation at PZ. In seismic codes, in order to reach to the maximum plastic rotation capacity of connection,
the inelastic shear deformation is controlled by a balance condition with respect to the initiation of flexural
yielding of beam flanges. Hence, connections are classified as weak, balance and strong panel zone
connections. In the case of weak PZ, balance condition can be obtained by increasing the thickness of the
column’s PZ or using doubler plates. This study was aimed to obtain balance condition for connections with
strong panel zones. Therefore, a circular hole was opened at the column web in the PZ region. A pre-tested
post-Northridge connection which has a strong panel zone was modeled using finite element analysis. Then the
effects of different diameter holes on the behavior of this type of connection were investigated. Further, a
function was proposed to determine the PZ shear yielding resistance in the presence of a circular hole in PZ.
Analytical results showed that the column with a PZ hole ratio (hole diameter divided by PZ height) of 18%
associated with a PZ hole of 50 mm radius and balance ratio of 0.81 appears to be the best configuration for
increasing the PZ plastic rotation from 0.05% to 0.2%. This increase in plastic rotation capacity of PZ would
only increase the total plastic rotation capacity of the connection by 10%. This indicates that a connection of
this type also require modifications at the beam-end to increase both the total plastic rotation capacity and
contribution of panel zone to the inelastic behavior of connection.
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1 Introduction

Steel special moment-resisting frames (SMRF) are Energy dissipation at the beam-end is accompanied
believed to have the capacity to develop the strength by flexural yielding developed at the beam section
and ductility required to resist strong seismic near the column face. However, the panel zone
loading. The released seismic energy is dissipated dissipates seismic energies by developing the
by forming plastic hinges in the steel frames. In inelastic shear deformation when it yields.

steel connections, there are generally three sources

to dissipate the seismic energies. These are panel In order to investigate the effect of PZ yielding on
zone (PZ), connecting elements to connect the the behavior of welded connections, several
beam-end to the column flanges and beam-end. The experimental and analytical studies have been
connecting elements include end-plate in extended performed. The elastic and inelastic fracture
end-plate bolted connections or angles in top-seat analyzes of pre-Northridge and post-Northridge
and two web angles connections. Among the three connections have shown that high shear stress in the
sources, connecting elements usually have the panel zone and high stresses in the column flanges
highest capacity to dissipate seismic energies [1]. In increase the fracture potential of the connection [2].
pre and post-Northridge welded connections, where Therefore, fractures usually initiate at the CJP weld
the beam-end is directly welded to the column between the beam flange and column flange for pre-
flanges, without any connecting element, the role of Northridge connections or around the weld access
other two sources, PZ and beam-end, become very hole for post-Northridge connections. The brittle
important. failure prevents the welded moment connections
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from exhibiting the inelastic behavior required to
resist earthquake loading and consequently reduces
the capacity of the second energy dissipation source,
beam-end. The most serious rupture modes of such
connections [3] are shown in Fig. 1. Furthermore,
the Crack Tip Opening Displacement (CTOD)
ductility demand was higher in connections with
higher panel zone vyielding which implies that
greater Charpy V-notch (CVN) toughness is
required from the steel and weld metal if extensive
panel zone yielding occurs [2].

The ABAQUS computer program was used to carry
out a wide range of 3-dimensional nonlinear
analyses of connections [4]. The potential for plastic
yielding and fracture were evaluated at critical
locations by using the Von-Mises and hydrostatic
stress state parameters. These analyses showed that
large panel zone deformations increase the
hydrostatic and principle stresses at critical areas of
the connection and increase the potential for
connection fracture.

An experimental investigation was carried out on
pre-Northridge connections, and on connections
with the same geometry but with notch-tough weld
filler metals [5]. The aim was to evaluate the effects
of panel zone yielding and notch-tough filler metals.
Some of the specimens were designed to have very
strong panel zones while others had intermediate or
very weak panel zones. The results did not provide a
clear picture of the effect of panel zone yielding,
since all specimens displayed minimal ductility. In
some specimens, panel zone yielding caused a slight
increase in ductility when compared to specimens
with no panel zone vyielding. Inelastic shear
deformations were observed in specimens with
weak panel zones, but, experiments indicate that
they may have less plastic rotation capacity than
those specimens with strong panel zones.

In addition, if the panel zone is very strong then no
panel zone yielding occurs and the ductility may
reduce. This means that the second source of
dissipation of energy is eliminated [6]. Hence, a
balance condition is defined in seismic codes as the
achievement of both adequate plastic rotation and
sufficient energy dissipation. This balance condition
is achieved when shear yielding of the panel zone
and flexural yielding of the beam occur at
approximately the same load. If, however, the
yielding of PZ starts before the yielding of the beam
flanges then the connection is called a weak PZ
connection. In the reverse case, it is known as a
strong PZ connection.
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In references [7] and [8] doubler plates were added
to the column PZ to convert a weak PZ condition to
a balance PZ condition. The results showed that an
increase in PZ thickness can decrease the rupture
index at the beam web welds; however, there is no
reduction in rupture index at the root of the weld
access hole (WAH) and at the complete joint
penetration (CJP) weld between the beam flanges
and the column flange.

So far, several attempts have been made to achieve a
balance condition from weak PZ conditions, but no
attempts have been made to achieve a balance
condition from strong PZ conditions. This study
aimed to achieve a balance condition from a strong
PZ connection by opening circular holes in the
column web at the PZ region. A pre-tested post-
Northridge connection with a strong panel zone was
modeled by using finite element analysis and its
analytical results were compared to experimental
results to verify the accuracy of modeling. Then,
nine circular holes with different radiuses were
considered at the column PZ and their effects on the
behavior of the connection investigated. In addition,
a function was proposed to determine the PZ shear
yielding resistance in the presence of a circular hole
at PZ. Finally, the most suitable circular hole radius
was determined. The presence of this optimum
radius helps to achieve the largest plastic rotation
capacity of connection, and lowest PEEQ and
rupture indexes at critical regions (CJP weld at
intersection between beam flange and column
flange, WAH root and CJP beam web welds).

2 Finite Element Modeling

Many factors are believed to contribute to the
occurrence of brittle fracture at the weld joints, such
as weld defects and notch effects, fracture toughness
of deposited weld metal, high stress triaxiality due
to severe structural restraint conditions and
geometry of weld access holes. Therefore, the finite
element method [9][10] was used to investigate the
behavior of welded connections.

A pre-tested post-Northridge connection, specimen
S6 of reference [11], was modeled using the general
purpose finite element program ANSYS [12]. The
size of members and the configuration of the weld
access hole are shown in Fig.2. Fig.3 depicts the
mesh of the finite element models of specimen S6
and the modified specimen with a typical circular
hole opening in the PZ. The finite element model
consisted of 15799 nodes and 9695 elements.

Issue 5, Volume 3, May 2008



WSEAS TRANSACTIONS on
APPLIED and THEORETICAL MECHANICS

Solid element 45 was used to model the beam,
column, shear tab, weld metal and bolts. The
interaction between the surfaces of the shear tab and
beam web, bolt head/nut and shear tab, and bolt
shank and shear tab were modeled using node-to-
node contact elements. For analyses, the Von-Mises
yield criterion was used to account for material
nonlinearity. Isotropic hardening was assumed for
the analysis with monotonic loading, whereas
kinematic hardening was assumed for the analysis
with cyclic loading.

The stress—strain relations for steel plates and welds
were simplified as a bilinear relationship with strain
hardening, with a 4 percent modulus of elasticity.
For the bolt materials, the three-linear relationship
of reference [13] was used. The modulus of
elasticity, yield stress and ultimate stress of bolts
were selected as 217000 MPa [14], 893 MPa [15]
and 974 MPa [15] respectively. The performed
analysis included nonlinear geometric behavior
where the effect of large deformations considered.
The constraints applied to the model are in
accordance with those applied to the test.

Since weakening of connection often causes the
buckling of beam/column elements, Riks method
was used to perform nonlinear analyses. In this
method, first of all, using a separate buckling
analysis, buckling mode shapes of a specimen were
computed and then were used to perturb the original
perfect geometry of the model. At the end, the
imperfect model obtained was analyzed to consider
the buckling behavior.

The analyses for monotonic behavior were
conducted by applying a monotonic displacement
load to the beam tip until a 3 percent plastic rotation
was achieved. Meanwhile, the load history (Fig.4)
was used for cyclic behavior. In load history, A,
represents the displacement at the end of cantilever
when the beam has reached its yield moment.

In order to verify the accuracy of the modeling of
specimen S6, the experimental and analytical results
obtained from the finite element modeling were
compared in terms of load and beam tip
displacement. Fig.5 shows a good correlation
between the analytical and experimental results.

3 Parametric Study
In FEMA [6], the balance condition is defined by

ratioVpy’ /V, , where V1 is the panel zone shear
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force associated with the initiation of flexural
yielding and Vy is the panel zone shear force when
panel zone yielding occurs. The recommended
interval for this ratio is 0.6 to 0.9 such that, those
specimens with a ratio greater than 0.9 are weak and
those with a ratio less than 0.6 are very strong. The

best results are achieved when the ratio is close to
0.9.

For a panel zone without any holes, V, can be
calculated by using equation (1):
V, =055xF xd_xt,. (1)

This equation is based on the idea that yielding of
PZ occurs when Von-Mises stress at PZ reaches the

yield stress of PZ material. In this equation ch,

d.and t, are column web yield stress, column

depth and panel zone thickness respectively.
A
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Fig. 1. Some failure modes of the welded beam-to-
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Fig.2. Connection geometry [11] of specimen S6
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Fig.3. Finite element mesh for specimen S6 and
specimen with a typical circular hole opening at the
PZ

The balance ratio for specimen S6 is 0.7 and its total
and PZ plastic rotations are 1.9 percent and 0.056
percent respectively. Since, the balance ratio is close
to the lower bounds (0.6), it may be concluded that
this specimen has strong PZ and that the
contribution of the panel zone to the total plastic
rotation of connection is very small. A circular hole
was cut in the PZ area to increase the PZ plastic
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rotation and consequently increase the balance ratio
so that it will be close to the upper bounds (0.9).
This would cause the PZ stiffness to decrease and its
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plastic rotation to increase.
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Fig.4. Displacement load history applied to the
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Fig.5. Experimental and analytical hysteresis curves
for specimen S6: (a) experimental [11]; (b) finite
element analysis.
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It should be noted that excessive PZ rotation
increases the stresses in beam flange and beam web
(or shear tab) groove welds and consequently
increases the fracture potential of connection.
Therefore, a parametric study was needed to
determine the optimum hole diameter to achieve the
highest connection performance. Nine circular holes
with different radiuses were considered in the PZ
area (Fig.3).

The details of the circular holes and their balance
ratios are tabulated in Table 1. This table shows that
by increasing the PZ hole radius, R, the balance
ratio also increases. This is due to the reduction in

the PZ yielding resistance,V, , which was calculated

based on the elastic region of the PZ, using the PZ
shear force versus PZ distortion curves. The end of
each curve in Fig.6 indicates the failure of
connection. Table 1 and Fig.6 show that by
increasing the radius of the PZ hole, the stiffness of
the PZ reduces, therefore, the total and the plastic
PZ rotation also increases.

Post-Northridge connection failure was usually due
to the fracture of the beam flanges at the access-hole
region. In this study, the failure criterion was
defined as the Von-Mises strains at whole beam
flange widths at the weld access-hole region
exceeding the strain associated with the ultimate
strength of beam flange materials.

Equation 2 was obtained by introducing a reduction
factor into Equation 1 and it can be used to

determine the PZ yielding resistance, Vy, in the

presence of a circular hole at PZ. The reduction
factor is a polynomial, based on the ratio of hole
diameter to PZ height, o (a=D/H, where D and H
are the hole diameter and clear PZ height
respectively), and is obtained through a trial and
error method. Fig.7 shows the results of the
proposed PZ shear yielding resistance, equation 2,
and actual yielding resistance obtained using finite
element analyses. These are in good agreement.

V, = Eq.1><[1+Z(—a)‘] 2)

Fig.8 shows the total connection rotation versus
normalized fracture moment curves, based on the
beam plastic moment, for all specimens. Connection
total rotation was calculated by dividing the beam
tip deflection to the distance from the beam tip to
the column web center and fracture moments were
calculated at column face. As this figure shows, PZ
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holes did not cause a remarkable reduction in
normalized fracture moment even with the largest
hole radius of 160 mm. The initial rotational
stiffness of each connection was normalized with
respect to the initial rotational stiffness of
connection with no opening at PZ and is shown in
Fig. 9. By increasing the hole PZ radius, R, the
connection initial rotational stiffness reduced.
However, for small value of R (0<R<100), the
reduction in initial rotational stiffness was
negligible.

Increase in the hole radius did cause a decrease in
the total connection rotation. It is due to the increase
in stresses (or strains) at critical locations (WAH
root, CJP beam flange weld) caused by excessive
panel zone distortion. Figs. 10.a and 10.b show
normal strain distribution at specimens of an
opening of 50 mm and 160 mm radius at PZ
respectively. The spread of normal strains at bottom
beam flange are higher for specimen of smaller void
size (Fig. 10.a) when is compared with specimen of
bigger void size (Fig. 10.b). However, the maximum
normal strain at the most critical location, WAH
root, of specimen of 160 mm void size was higher
than smaller void size specimen (2 percent). These
indicate firstly, the lower contribution of beam-end
of specimen of 160 mm void radius and secondly
higher possibility of fracture at specimen of 160 mm
void size at WAH root.

Figs. 11.a and 11.b show shear strain distribution at
specimens of an opening of 50 mm and 160 mm
radius at PZ respectively. As these figures show and
reported by other researchers, shear strains are at a
minimum level at the center of the beam web, near
the column face. However, shear stresses are
maximum near the column flanges, especially at the
most critical location, WAH regions (inverse of the
classical beam theory). Comparison of Figs. 1l.a
and 11.b shows that by increasing the void radius
from 50 mm to 160 mm, the maximum positive and
negative shear strains increase 20 percent and 35
percent at WAH regions respectively. Combination
of shear strains and normal strains at the beam
flanges promotes the brittle fracture of welded
connections. It is the reason of reduction of
connection total rotation due to an excessive
increase in PZ radius (Fig. 8).

Therefore, an increase in the plastic PZ rotation does
not necessarily lead to an increase in total plastic
rotation. Hence, the highest plastic rotation capacity
is achieved with the optimum hole radius.
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Table 1. Specimens with different PZ hole radiuse
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PZ (Mp) (fail)y  \/.(MY) (failure) _ total . plasti
ho_le Vy VP(;A Y VF’Z VPZ \P/Z Vpi/ 9|tboztal 6 Pp;astlc Qconn Hconn v
radius y y
(mm) (KN) (KN) (KN) (KN) (%) ) ) &)
1 0 3400 2387 2657 3580 0.70 1.05 0.32 0.056 3.18 1.9 2.68
2 30 3110 2387 2657 3569 0.77 1.15 0.37 0.12 3.18 2.04 2.59
3 40 2983 2387 2657 3561 0.80 1.19 0.41 0.154 3.18 2.06 2.56
4 50 2935 2387 2657 3552 0.81 1.21 0.44 0.2 3.18 2.1 252
5 60 2827 2387 2657 3523 0.84 1.25 0.48 0.221 3.11 2 2.49
6 70 2743 2387 2657 3512 0.87 1.28 0.52 0.263 3.11 196 2.45
7 80 2691 2387 2657 3501 0.89 1.30 0.57 0.298 311 195 242
8 100 2547 2387 2657 3454 0.94 1.36 0.67 0.379 3.05 187 2.34
9 120 2410 2387 2657 3402 0.99 1.41 0.78 0.466 298 1.81 2.27
10 160 2144 2387 2657 3275 1.11 1.53 1.04 0.65 285 164 21
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Fig.12 shows the PZ plastic rotation versus the
radius of the PZ hole. As the PZ hole radius
increases from zero to 50 mm, there is an increase in
both the connection and PZ plastic rotation. Despite
the increase in the contribution of PZ to plastic
rotation, the total plastic rotation decreases for PZ
radius holes greater than 50 mm. This is due to the
reduction of the contribution of the beam-end to
plastic rotation.

It should be noted that opening a hole in the column
web decreases the column plastic capacity. Since
limited strain hardening occurs in post-Northridge
welded flange-bolted web connections, then the
probability of the occurrence of weak column
bending failure mode increases. In order to control
plastic deformation of columns and to ensure that
the strong column-weak beam behavior is achieved,
the limit ratio, which is defined in FEMA [6],
should be greater than 1.1. This limit ratio is

XZo(f, ~FIA)
XZ,xf,

©)
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Fig.11. Shear strain distribution at specimens
of a circular opening at PZ area of radiuses: (a)
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where, Z, fyc,

plastic section modulus, column yield stress, column
axial force, column section area, beam plastic
section modulus and beam yield stress. The limit
ratios for all specimens are given in Table 1. Since
these ratios are well over 1.1 the weak column
bending failure mode will not occur.
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The results of finite element analyses are also
presented in the form of PEEQ and rupture indexes.
The PEEQ index is defined as the plastic equivalent

strain (PEEQ) divided by the yield strain (&) of the

beam material (equation 4), which represents local
strain demand. Rupture Index, RI, (equation 5)
indicates the potential for fracture, such that, areas
of connection with higher values of RI have a
greater potential for fracture.

PEEQ Index=,/5¢&7&; 1 &, 4)
g,le,
Rupture Index= - 5)
exp(-1.5—™m)
O et
In these equationsey, &,, &,, 0, and oy are

plastic strain components, the equivalent plastic
strain, yield strain, hydrostatic stress and VVon-Mises
stress respectively.

Figs. 13.a to 13.c show the PEEQ distribution at the
WAH region for specimens of a circular opening of
radius 0 mm, 50 mm and 160 mm at PZ area
respectively. Increasing the void radius from zero to
50 mm, reduced the spread of PEEQ at WAH region
and the maximum PEEQ reduced from 0.0946 to
0.092. However, excessive increase in void radius
(160 mm) not only increased the spread of PEEQ at
WAMH region, but increased the maximum PEEQ up
to 30 percent, from 0.092 to 0.1196 (compare Figs.
13.aand 13.c¢).

Figs.14 and 15 show the PEEQ index and rupture
index for all specimens at four critical locations,
WAH root, CJP welds at beam flange center, CJP
welds at beam flange edge, and beam web welds or
shear tab weld. Fig.14 shows that opening a circular
hole of radius 60 mm in the PZ achieves the lowest
level of the PEEQ index. Increasing the size of hole
beyond 60 mm radius reduces the PEEQ index at
WAH root and CJP welds at beam flange edge. On
the other hand the PEEQ index increases for the CJP
welds at the beam flange center.

Fig.15 shows that WAH root has the highest rupture
index among all the critical locations, indicating
higher potential for fracture at this point. This is
clearly the reason for the initiation of fracture at this
location in most of the pre and post-Northridge
connection tests. Increasing the PZ hole radius
reduces the rupture index at WAH root and CJP
welds at the beam flange edge. However, for the
CJP beam web and flange center, the rupture index
starts to increase once the PZ hole radius exceeds 60
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mm. Therefore, based on the achievement of
maximum plastic rotation capacity of connection
(Fig.12) and the results of the PEEQ and rupture
indexes at critical locations (Fig.14 and Fig.15), it
may be concluded that 50 mm is the optimum PZ
hole radius, achieving a balance ratio of 0.81 and PZ
hole ratio (o)) of 18 percent.
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Fig. 13. Plastic equivalent strain (PEEQ) at the weld
access hole region for specimens of a circular
opening at PZ area of radiuses: () 0 mm; (b) 50
mm; (c) 160 mm.
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By comparing Figs.13 and 14 a question might be
raised that: Increasing the PZ void radius from 0 to
160 mm caused a 30 percent increase in the PEEQ
at WAH region (Fig. 13), whilst such changes can
not be seen in Fig. 14 at WAH root. The reason is as
follow:

The WAH configuration of Specimen S6 (Fig. 2)
was not exact accordance to the modified WAH
configuration (Fig. 16, [16]), but there was still a
small transition part (6 mm). Analytical results of
reference [16] showed that the PEEQ, which is a
measure of the local plastic strain demand, occurred
at the toe of the weld access hole if the transition
angle between the hole and beam flange was
relatively sharp. This reference also showed that the
maximum PEEQ moved up into the web along the
weld access hole if there is a transition part.

In Fig. 14 PEEQ index was calculated at the root of
WAMH not at the transition part. These are the reason
of having approximately constant PEEQ index at
WAH root for specimens of different void size at PZ
area.
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Fig. 16. Modified weld access hole geometry proposed in
reference [16]

Although, a 50 mm circular hole caused a 300
percent increase in PZ plastic rotation, the total
plastic rotation was only increased by 10 percent.
The occurrence of early brittle fracture at these
kinds of connections indicates that the connections
also require modifications at the beam-end where
more energy can be dissipated.

Finally, in order to illustrate the efficiency of the PZ
holes on the development of the plasticization in the
PZ area, plastic equivalent strains (PEEQ) are given
in Figs.17 and 18 for specimens with a 50 mm PZ
hole radius and without a PZ hole. These figures
clearly show the difference between the spread of
plastic strain at this source of dissipation of energy.
: ANSYS
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Fig.18. PZ PEEQ at failure, radius=50 mm
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4 Conclusion

Various diameters of circular holes were made in
the strong PZ area to achieve the FEMA balance
condition for a strong PZ and consequently increase
the contribution of strong PZ to the plastic rotation
capacity of post-Northridge welded connection.
These holes reduce the PZ rotational stiffness and
consequently increase the PZ rotation. However,
excessive PZ rotation increases the stresses at beam
flange and beam web groove welds and
consequently increases the fracture potential of
connections. Therefore, a parametric study was
conducted using finite element analyses to
determine the most efficient hole radius that can
achieve the highest connection plastic rotation
capacity. Analytical results showed that among nine
different sizes of circular holes, a PZ hole radius of
50 mm (with a PZ hole ratio of 18 percent) is the
most effective for increasing the plastic rotation
capacity of connection. At the same time, this 50
mm radius circular hole provided a reduction in
PEEQ and rupture indexes at critical locations. This
reduction was, however, more obvious for PEEQ
index at beam web groove welds. Furthermore, the
presence of a hole in the PZ, has only a small effect
on the reduction of the total connection stiffness and
normalized fracture moment, such that even for the
largest PZ hole of 160 mm normalized fracture
moment was greater than 1.2. Results also indicate
that the circular hole at PZ will not lead to weak
column bending failure mode (weak column-strong
beam behavior).

Despite the increase in the PZ plastic rotation and
total plastic rotation, the latter is still less than what
is required for seismic regions (3 percent). Because
of the occurrence of early brittle fracture in post-
Northridge connections, this study also confirmed
that there is a need to modify the configuration of
the beam-end where more energy can be dissipated,
which in return could also increase the contribution
of the PZ to the plastic rotation capacity
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