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ABSTRACT: Panel zone is a part of a column web where surrounded by the continuity
plates and the column flanges. Panel zone plays a vital role in the connection behavior.
Despite the upward tendency of using cruciform section in many seismic regions, few studies
have focused on the behavior of these columns, and especially on the behavior of their panel
zone. As well, some recent studies have shown that axial load has a remarkable effect on the
yielding process of the panel zone. In this research, a mathematical model is presented to
consider the effect of axial force on the behavior of the panel zone in the cruciform columns.
The model included the shear stiffness of the panel zone in the elastic and non-elastic region,
the yield shear and the ultimate shear capacity of the panel zone. Consequently, 432 Finite
Element Models (FEM) in a wide range of dimensions are performed and a parametric study
has been done. The comparisons of the results of proposed mathematical model with the
results of all Finite Element models demonstrate that the average and maximum deviation
for yield and ultimate shear strength of the panel zone are respectively 5.32%, 8.12%, 6.2%,
and 8.44%. This matter exhibits the accuracy and efficiency of the proposed mathematical
relations.

Keywords: Axial Force, Beam To Column Connection, Cruciform Column, FEM, Panel
Zone.

INTRODUCTION

A column is one of the main components of
two orthogonal moment resisting frames. The
columns are one of the relatively complex
components in the structures due to the fact
that they must have sufficient stiffness and
strength in both directions. In addition, these
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columns should provide a rigid connection in
both directions. This feature is not achievable
by using the usual sections of the H and W
shapes since they have only one strong axis.
In these frames, attending both strong and
weak axis bending in an intersecting segment
might conduce different bending behavior
contrasted with a solitary H-formed one
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(Kiani et al., 2015). This drawback led to the
use of sections with similar behavior in both
orthogonal directions. Including these
sections are cruciform sections which have
the same behavior in both directions, and
because of the opening of the section,
performing continuity plates and beam-to-
column connections are easier than the other
types like box sections. Furthermore; they
have a simpler constructional process. These
sections usually are manufactured by two H-
shaped sections. Somehow firstly, one of
them is splitting into two similar T-shaped
sections and then these sections and another
H-shaped section are welded to each other in
the middle of their webs (Figure 1).

Despite the lack of sufficient experimental
research for this kind of segments, AISC

Column

(2016) has proposed them for using in special
moment resisting frames (SMRFs). They
have mentioned in AISC (2016) as Flanged
Cruciform Columns (FCCs). AISC relations
of panel zone are derived based on H-shaped
beam to column connection and for the other
type of sections has emphasized engineering
interpretation. In reality, there is a difference
between the behaviors of these two sections
in designing of panel zone. In cruciform
sections, as we know two flanges which are
parallel to the web have also a significant
contribution in the shear capacity of the panel
zone. Panel zone is a rectangular zone of the
column web, which is surrounded between
the continuity plates and the column flanges
and have a significant role in the connection
behavior (Figure 2).
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At first, Sherbourne and Jensen (1957) and
Graham et al. (1960) started experimental and
analytical research on the behavior of panel
zone and the beam to column connection,
then Krawinkler et al. (1971), Bertero et al.
(1973) and Popov (1998) mentioned
characteristics like high accumulate strength
after vyielding, large ductility, permanent
hysteresis loops, and remarkable cyclic strain
hardening are exist in the panel zone. The
expansive damages to steel Moment
Resisting Frames (MRFs) in past huge
earthquakes have emphasized the need to find
out the nonlinear inelastic behavior of such
systems (Kasar et al., 2017).

After the Northridge earthquake in 1994, a
large number of researches activity was
launched at universities and related
institutions to investigate damaged structures
(lbrahim et al.,, 2006). During these
investigations, the failure factors were
carefully studied. On the other hand, the
standards and design criteria were also
carefully reviewed in the design regulations.
In these investigations, it was stated that the
majority of the failures were related to the
connections in the structures, and it was also
explicitly stated that excessive distortion in
the panel zone has a remarkable effect on
failure developments in the connections. In
order to raise the ductility of the pre-
Northridge connections, two strategies have
been suggested. The first one is strengthening
the connections (Engelhard and Sabol, 1998;
Kim et al., 2002) and the next is weakening
the beam section (Popov et al., 1998).

Zepeda et al. (2003) investigated the cyclic
behavior of four steel connections.
Laboratory samples were subjected to
different axial forces. The results of this study
showed that the samples had a brittle behavior
without significant loss of lateral capacity.
Silva et al. (2004) conducted a series of
experiments on two types of beam-column
connections. The connections were subjected
to flexural moment and axial and
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compressive forces. The results of their study
demonstrated that the presence of axial force
has a significant effect on the behavior of the
connection. Nasrabadi et al. (2013) have done
comprehensive research on the evaluation of
the beam to cruciform column panel zone.
They suggested a new model for flanged
cruciform columns by an analytical solution.
The results of their proposed model depicted
good agreement with FEM analyses.

Mansouri and Saffari (2014) and then
Sarfarazi et al. (2016) emphasized that
enhancing the ductility of the connections is
not achievable unless carefully consider
panel zone behavior and all the forces which
play a major role in that region. Kosarieh et
al. (2015) using Finite Element method by
ABAQUS software considered the influence
of various amount of column axial load on
seismic performance of connections. They
concluded that by enhancing column axial
load, cyclic behavior were not considerably
affected. Pan et al. (2016) conducted
experimental study in order to evaluate the
effect of continuity plates on shear strength of
cruciform column panel zone. They reported
that the continuity plates are effective in
alleviation of the shear capacity of the panel
zones.

Saffari et al. (2016) using Finite Element
method and parametric study, proposed a
mathematical model to determine the shear
capacity in the cruciform columns panel zone.
El-Khoriby et al. (2017) examined the effect
of axial force on the performance of a series
of steel beam to column connections. They
noticed large values of axial force in several
cases lead to remarkable effort on the
connection behavior. They also asserted level
and direction of the axial force might
remarkably influence the connection
response.

Ronga et al. (2018) using nonlinear Finite
Element models (FEMSs) carried a study and
presented an analytical model in order to
examine the effect of web and flange
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thicknesses in the shear capacity of the steel
tubular column panel zone. Their suggested
model showed reasonably good agreement
with Finite Element analysis results.

Because of the widespread use of
cruciform columns in steel buildings, the
study of their panel zone seems necessary. It
should be noted that control relation of the
panel zone in the AISC (2016) is derived
from laboratory results of the H-shaped
columns with a thin web. Due to the fact that
two flanges of the T-shaped sections in the
cruciform column are parallel to the web of
H-section and resist shear, it is expected that
these relations which only consider the effect
of the web are not sufficiently adequate. On
the other hand, most beam-to-column
connections are usually subjected to the axial
force. Investigating the effect of axial force
variations on the behavioral characteristics of
structural elements has always attracted the
researchers' attention (Ebrahimi et al., 2019).
The amount of axial force transmitted from
the beam can greatly reduce the failure
capacity of the connection. This is especially
important in ordinary frames that are subject
to significant horizontal loading, irregular
frames at elevations that are loaded
horizontally and gravity, as well as sloping
frames. As a result, a detailed study of the
panel zone of the cruciform column under
axial force is a necessity that is evaluated in
this investigation. Using the parametric
Finite Elements, panel zone behavior in the
cruciform columns is studied. Based on the
results and by implementing excessive
nonlinear  Finite  Element  analyses,
mathematical models are proposed to be
applied on the linear and non-linear behavior
of the panel zone.

PANEL ZONE SHEAR STRENGTH
CAPACITY IN THE AISC 2016

In recent seismic criteria defined by the AISC
(2016) the nominal shear strength, Rn, of a
panel zone is categorized based on the axial
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forces applied to the column as follows:
a) Not considering the influence of inelastic
deformation of panel zone on frame stability:

R, =0.6F, d, t,

1)
for P, <04P,

R, =06F, d, t, (1.4- i j
P

c

()

for P.>0.4P,

b) Considering the influence of inelastic
deformation of panel zone on frame stability:

2
R, =0.6F, d, t,,| 1+ —oe tar_
d, d

c tCW

©)
for P, <0.75P,

2
R, =06 Fy d, t., 1+3b°f—t°f
db dc tcw
[1_9_ 1.2P
PC

J (4)

P >0.75P,

for

where, dc: is depth of the column section, tew:
is web thickness of the column, db: is beam
depth, ber: is flange width of the column, ter:
is flange thickness of the column, P:: is the
factored axial force of the column and Pc: is
the axial yield resistance of the column. In
addition, Fy: is yield stress of the column.

FINITE ELEMENT MODEL OF
CRUCIFORM COLUMN PANEL ZONE

Modeling Process

To achieve a suitable model, regarding the
effective parameters on the behavior of the panel
zone, an extensive parametric study is carried out
by ABAQUS (2013) software. These parameters
consist of column web thickness (tw), column
flange thickness (i), the thickness of continuity
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plates (tp) and the ratio of axial loads. Since
empirical results on seismic responses of
cruciform columns do not exist in the pre-qualified
connections database, the results of a well-known
experimental program on “SP7 of SAC01” (Lee et
al., 2000), are considered in order to validate the
modeling accuracy. All parametric studies were
conducted for CP3, CP5 and CP7 specimens
whose columns are constructed by two W-
shape sections as shown in Table 1. Column
sections of CP3, CP5 and CP7 are chosen
from the equalization of their plastic capacity
with SP3, SP5, and SP7 column sections of
SACO1 (Lee etal., 2000), respectively. Beam
sections are also depicted in Table 2.

Furthermore, to avoid yielding in beams
before yielding in panel zone, beam sections
used in CP3, CP5, and CP7 are selected in
such a way that yielding in panel zone
precedes beams yielding.

Poisson’s ratio (v=0.3) and The Young’s
modulus of elasticity (E=200 GPa) were
considered. Stress-strain diagram of steel is
considered bi-linear (Lee et al., 2000) as seen
in Figure 4. For all specimens, beam length
and column length are 342.9 and 365.8 cm,
respectively. Other geometric parameters of
these specimens are available in Table 3.
Both the shear tab and continuity plates were
ASTM A36 (yield stress=250 MPa).

Table 1. Columns sections (all dimension in mm)

Specimen Column section Flange tro (Flange two (Web Outside Yield stress
P width thickness) thickness) height (MPa)
CP3 W21x101 312.42 20.32 12.7 543. 56 345
CP5 W27x146 355.6 24.765 15.367 695.96 345
CP7 W33x201 398.78 29.21 18.161 855.98 345
Table 2. Columns sections (all dimension in mm)
. . Flange tro (Flange two (Web Outside Yield stress
Specimen Section width thickness) thickness) height (MPa)
CP3 W24x68 227.84 14.86 10.54 601.2 250
CP5 W30x99 266.7 17.018 13.2 754.38 250
CP7 W36x150 304.8 23.88 15.875 911.86 250
Table 3. Geometric parameters of specimens
Shear tab No. of A325  tepo (Continuity Weld type and size (mm)
Specimen SC bolts plate thickness)
(mm) Beam flange Shear tab
(mm) (mm)
CP3 400x127x10 60922 16 CIP. root opening = 9 mm Fillet, 8mm, E70T-7
CP5 610x127x13 8¢p25 19 | —ano e Fillet, 8mm, E70T-8
CP7  765x127x16  10¢25 25 Angle=30"and E70TG-K2 iy’ gmm, E70T-7
(¢}
486.4N/MN |-
3
|
332.8 N/mm | _ ;
| |
| |
| |
| |
| |
| |
| |
| |
| |
0.0017 0127 ¢

Fig. 3. Stress-strain diagram of steel (Lee et al., 2000)
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For implementing the models in ABAQUS
software (2013), shell elements (S4R) have
been employed with decreased integration
that the amount of integration points through
the element thickness is considered five.
Shell element has been used successfully in
several studies (Tawil et al., 1998;
Broujerdian et al., 2017; Yousaf et al., 2017,
Tartaglia et al., 2018; Kosari et al., 2019).
Concerning the assessment of panel zone
behavior to be the major aim of this research,
the specification of the beam and connection
are considered elastic to guarantee yielding in
the panel zone area.

To reach actual models, shear tab, and
interaction between the shear tab and the
beam web were modelled. However, the bolts
were ignored and bolt holes just considered
(Figure 5). For modelling welds and base

Hinge

364

T

3658 mm

Hinge
Fig. 4. Three-dimensionally specimen

metals shell elements have been used and for
each one, the associated material property
was defined. Tie constraints are used to
consider the interactions between welded
component parts, so that no relative motion
between the surfaces in contact would be
probable. In addition, other parts of
connection such as beam, column and
continuity plates are merged in ABAQUS
software  (2013). To decrease the
computational efforts, after conducting a
mesh sensitivity study by keep refining the
mesh until reaching no difference in FEA
results, dense meshes have been used in the
panel zone area, while the other areas have
coarse meshes (Figure 6). Column flanges are
modelled in 5 layers of elements.
Imperfection value is taken into account with
a factor of 1% of the beam flange thickness
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from first buckling mode and distribution of
geometric imperfections matched the first
eigenvector of the loaded connection
configuration. Incompatible with the support
situations of the experimental tests (Lee et al.,
2000), the ends of the column were restrained
against translation only (i.e., a pinned
connection) and the supports of column ends
are taken into account hinged (as in
experiments). The free end of the beam
moves vertically under displacement control
analysis and it is regarded as 230 mm.

For producing the models, thickness value
for specimen's column flange, te, is 0.75, 1,
1.25, and 1.5 times of reference specimens,
tcro (Table 1). The thickness of column web
specimens, tew, is equal to 0.75, 1, 1.25, times
of reference specimens, tewo (Table 1).
Moreover, to analyze the effect of continuity
plate’s thickness on panel zone behavior, the
reference continuity plates thickness, tcpo
(table 2), has been multiplied by the values of
0.75, 1, 1.25, and finally, to consider the

effect of axial force, ratio of Pr/Pc are
selected as 0.2, 0.5, 0.75 and 0.9. Therefore,
total numbers of produced specimens in
ABAQUS (2013) are:

432 specimens = (3 continuity plate
thicknesses) x (3 column web thicknesses) x
(4 column flange thicknesses) x (4 axial load
ratio) x (3 specimens (CP3, CP5 and CP7))

Shear Computing Method

To find panel zone shear force the
following equation considered (Brandonisio
etal., 2012):

Vo =M (1. p)

pz ht (5)

he  tor: is the
H-d,
beam flange thickness, db: is the depth of the
beam cross- section, Mp: is the moment in the
beam and H: is the average value of the story
heights.

where h, =d, -t , 5=

A
/‘/ ///%

Column

Continuity Plate

Beam

Shear Tab

Fig. 5. Sample connection detail

365



Sarfarazi, S. et al.

Calculating Panel Zone Distortion
The suggested formula by Ricles et al.

(2004) is used to obtain the panel zone
distortion:

-y rhy

y= 6)
2 d,b,

where 4*: and 4 diagonal deformations of
panel zone, and dp: and bpz: are vertical and
horizontal dimension of panel zone,

Fig. 6. Finite Element modeling
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respectively (Figure 7).

Verification of Study

To verify the results, specimen SP7 (Lee
et al., 2000) is modeled by the ABAQUS
software (Figure 8). The free end of the beam
moves vertically under displacement control
analysis and the results are compared with
those in experiments. As seen from Figure 9,
outcomes of the SP7 modeling in finite
element simulation are in good agreement
with those obtained in experiments.

Pz

bPZ

Fig. 7. Geometry of panel zone to obtain panel zone distortion (Ricles et al., 2004)
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1000

800 -

600 -

400 -

Load (kN)

200 -

e Finite Element = ==« Exprimental (Lee et al. 2000)

20 30

40

50 60 70 80 90

Displacement (mm)

Fig. 9. Comparing experimental results and finite element modeling results for specimen SP7

PROPOSED ANALYTICAL MODEL

Proposing a New Relation for Yield
Capacity of the Panel Zone

Shear capacity and demand of the panel
zone must be analyzed at the design process
to confirm proper response. (Tuna and
Topkaya, 2015). In this section, a new
mathematical model considering axial force
is proposed, in a way which can provide
acceptable results for a wide range of column-
sectional dimensions. There are several
methods to obtain panel zones shear strength
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of the columns. In some of these methods the
shear yield strength of panel zone is
expressed as follows;
Vy=ryAv 7)
where Av: is the shear area of column section
and ty: is the shear yield stress of column
section.
The effective shear area in the cruciform

section is shown by black, dotted and crossed
areas in Figure 10 (Saffari et al., 2016)
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Shear portion of upper

“ & lower flanges

Shear portion of flanges
parallel to web

Shear portion of web

Fig. 10. Portion of shear force resisted by web and flanges (Saffari et al., 2016)

But due to the ease of possibility of
comparing the results of present study with
ones of AISC relationships and also other
previous studies, which are mainly based on
the 1 and H shape columns, at which the shear
is tolerated only by the web, in the following
the shear portion of web from total shear
exerted for a cross section will calculate and
the relationships will be proposed based on
this. Figure 11, shows the various shear areas
considered in three different models.

Figure 1la depict the shear area
considered by the AISC (2016) Code of
Standard Practice that is equal to (Av=dc.tew).
Figure 11b also displays the shear area
adopted by Wang (1988) whose value equals.
Figure 11c represents the area considered by

Wang (1988) and Krawinkler (1971) have
presented the yield shear stress according to
the VVon Mises criterion in accordance with
the following relation.

PY _.
(KJ :Fy '372

The portion of the shear force resisted by
the web for a cruciform section can be

determined using V_:!jQ 4A. formula.
o i

(8)

Saffari et al. (2016) calculated the shear
portion of web from total shear exerted for a
cross-section as follows:

Krawinkler (1971) that is equal to (dc- AVy = Vo, ©
2tcr).tew, in the above relatio nships, tew is the A1 Ba-22° )+ (10)
web thickness of the column; and the rest of 3+ p?
the parameters were previously defined. Both
a b C
N [P—— 3
[ 3
(@) (b) (c)

Fig. 11. The considered shear area: a) AISC (2016); b) Wang (1988); c¢) Krawinkler (1971)
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in which a and B consist of:

_le g Py
ad,B r (11)

Cc C

Analysis of 432 cruciform column panel
zone models is shown that the shear yield
strength obtained by Krawinkler (1971) for
P <0.5P, is close to Finite Elements results.

Nevertheless, for P >0.5P, , the Krawinkler

model underestimates the shear yield
strength. Considering the finite element
analysis, in the present study the shear yield
strength is presented by the following
formula;

V. =

y 0.6F,d t, « (12)

RN

where the coefficienta , which is then called
the coefficient of reduction of resistance
caused by the axial load (R.F.), is:

2
[ r/ ]
y

a :1.12—0.5£ For P >0.5

For P <05 (13)
Py

As demonstrated in Eqgs. (3-4) the
decreasing coefficient in the AISC Code of
Standard Practice is as follows:

ap=1 For p£30.75
y

ap=19-12— For 2 >075
Py by
Moreover, the amount of the decreasing
coefficient in the Von Mises theory is as
follows:

(14)

Comparison  between the adopted
decreasing coefficient in the proposed
relation, the AISC code and that suggested by
VVon Mises relationship is presented in Figure
12. 1t should be noted that « in AISC code
(2016) has derived based on |1 shaped
columns, whiles the ones have been proposed
in this study is obtained for cruciform
sections. The purpose of comparing them is
to illustrate the need of proposing new
relation for sections like cruciform which are

Py Py neglected in guidelines.
12
1
0.8
L 06
m [
0.4 N
= ===<AlSC == - VON MISES PRESENT STUDY .
0.2 \
0
0 0.25 0.75 1

P/Py

Fig. 12. The comparison between the adopted decreasing coefficient in the proposed formula with the AISC and the
VVon Mises formula
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Yield Shear Strain of Panel Zone

By combination of shear and Von Mises
stress criteria, the shear strain of panel zone
obtained as follows:

2 FZ_ P/ 2
(ij :Fyz-SryZ—H'y—\/ y ~(BTA)

A V3
VFZ_(Pr/ )2
7, =Gy, >y, = : G\@A\: (15)

After the calculation of the yield shear
strength and strain of the panel zone, the only
remaining unknown parameter, i.e. Ky, is
calculable, using:

K,7, =V, (16)

By Substituting the Egs. (12) and (15) in
Eqg. (16), the panel zone initial stiffness (Ky)
can be derived as follows:

1039 G d, t,a

I1-(P,IP,)?

Inelastic Behavior of the Panel Zone

The surrounding elements of the panel
zone continuity plates and column flanges
help to enhance the shear resistance. It should

K,7, =V, >K

y y

(17)

sz

Vsh,pz :f» - -
Vypr A K,

be mentioned that this only occurs when the
continuity plates exist. The plastic moment of
the column flange (Mycf) is, equals to
(Brandonisio, 2012):

b t2
=y -, (18)

M

y cf

Consequently, the shear  strength
increment of the panel zone in the inelastic
region (4Vrz), will be obtained as follows
(Brandonisio, 2012):

M F bt

yef T ycfMcf "cf

h h !

t

AVp; =

(19)
t

where, ber: is the flange width of the column,
and Fycr: is the yield stress of the flange
materials of the column; the rest of the
parameters are defined as before.

Details of the shear strength increment
caused by the boundary elements
contribution are shown in Figure 13. It is
necessary to notice that the ultimate shear
strain, according to the suggestions of
Krawinkler (1978) and Lin et al. (2000) is
assumed four times the yield shear strain
(y=4yy) because of the contribution of the
shear force boundary elements related to the
shear strain.

Vel
—c

My,cf
b
My,cf ">

Mb/ht
\A

=Y

Fig. 13. Shear resistance increment of the PZ resulted from the Boundary Elements contribution (Lin et al., 2000)
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According to the presented relationships in
the AISC code of Standard Practice, the
amount of increment in the shear force in the
inelastic region is considered as follows:

_1.8F, bt

y ~cf “cf

20
a. (20)

Pz

The amount considered by Krawinkler
(1971) is as follows:

bt 2

y "~cf *cf

h,

_1.8f

AV (21)

Pz

Also, the amount considered by Wang
(1988) is given in the following relationship:

_1.01f

Pz

b t.?
(04

y "cf "tcf

AV, s
h,

(22)

As indicated by the models, in all of these
models, the amount of shear force added due
to the participation of the boundary elements
is greater than 1.0.

The results of the Finite Elements
parametrical studies show that the coefficient
for applying the shear resistance increment
caused by the boundary elements is 1.6;
consequently, the shear force increment of the
district after the elastic district is obtained as

P/Py=0

3500
3000
2500
2000
1500
1000
500
0

Abaqus

PZ shear (kN)

== = Present

0  0.002 0004 0.006 0.008
Shear distortion (rad)

(a) Sample No.1, (CP3)

0.01
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follows:

b t.?

y *~cf **cf

h

_16f

Pz = (23)

Thus, the ultimate shear strength of the

panel zoneV,, ., , results as follows:

Vv

sh,pz

=V

ypz T AV,,

(24)

Placing Egs. (12) and (23) into Eq. (24),
the result is obtained by the following
relationship.

= %O.(SFy d. t,o+

y~cf “cf

h,

1.6fb. 1. °«
V -y =

sh,pz

(25)

The stiffness of the panel zone in the
inelastic region, (Ksn) is obtained as follows:

(26)

To illustrate the accuracy of the presented
relationships, the mathematical model has
been compared with the finite element results
for CP3, CP5 and CP7 cruciform specimens
(Figure 14).
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Fig. 14. Comparison of the results by presented relationships and those by ABAQUS

As seen in Figure 14, the new model
proposes reasonable results for a wide range
of columns. Additionally, Finite Element
analysis reveals that the thickness of
continuity plates has slight efficacy on shear
capacity of panel zone.

In order to present all of the results of finite
element simulation, changes of column
flange thickness in non-dimensional yield
capacity (Vy/Vasaqus) for CP3, CP5, and
CP7 are shown in Figures 15-17.

As demonstrated in figures above, the
general trend of diagrams is upward which
seems reasonable, as the thickness of flange
and web in manufactured specimens is

growing. This leads to increasing the value of
(Vy/VaBaqus) for different specimens and
increases deviation of the proposed relation in
estimating yield shear capacity. Nevertheless,
the deviation rate is always in an acceptable
range whose value will be presented in
following states.

Comparing the Accuracy of Different
Methods

Tables 3 and 4 indicate the accuracy of the
presented relations for estimating vyield
capacity and ultimate capacity of panel zone.
As seen from these tables the introduced
model in this study has a good performance.
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Fig. 15. Variations of column flange thickness in non-dimensional shear yield strength of panel zone in generated
specimens from CP3
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Fig. 17. Variations of column flange thickness in non-dimensional shear yield strength of panel zone in generated
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Table 4. Deviation in 432 Finite Element samples for estimating yield capacity of the panel zone

Deviation

Proposed model

Average deviation (%)
Max deviation (%)

5.32
8.12

Table 5. Deviation in 432 Finite Element samples for estimating ultimate capacity of panel zone

Deviation

Proposed model

Average deviation (%)
Max deviation (%)

6.2
8.44

SUMMARY AND CONCLUSIONS

Regarding the importance of the cruciform
columns in the MRFs in seismic areas, the
presentation of a mathematical model for the
panel zones of these columns that would
estimate the behavior of their panel zones
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with higher accuracy seems crucial. In this
study a new mathematical model is presented
to define panel zone behavior of cruciform
column section including axial force effect.
Extensive parametric finite-element analyses
were conducted to validate the mathematical
relation. The models are analyzed by
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ABAQUS and carrying out wide range
nonlinear Finite Element analysis. This
parametric study is performed in which
efficient factors on cruciform column panel
zone such as thickness of column web and
flange, thickness of continuity plates and also
the axial force are taken into account.

As seen in Figure 14, for a wide range of
columns, the new mathematical relations
propose reasonable results. Beside this, Finite
Element analysis demonstrate that the effect
of the thickness of continuity plates on shear
capacity of panel zone is slightly and
negligible. Also changes of column flange
thickness in non-dimensional yield capacity
(Vy/VaBaqus) for CP3, CP5, and CP7
specimens in Figures 15-17 show an upward
trend. This leads to increasing the value of
(Vy/VaBaqus) for different specimens and
increases deviation of the proposed relation in
estimating yield shear capacity. Average
deviation rates with values 5.32% and 6.2%
respectively for estimating yield capacity and
ultimate capacity of the panel zone are always
in an acceptable range and demonstrat that
suggested relations are well-matched with the
outcomes of Finite Element results which

showing the precision, simplicity, and
capability of the suggested model.
Moreover, ignoring to consider the

thickness of the column’s web and flanges in
the equation of the yield shear strain in some
cases led to large value of deviation. In the
proposed relationship for the vyield shear
strain of panel zone, these parameters have
interfered and this led to a reduction in
deviation. Finally, it should be noted that in
most previous studies, the axial load has not
been considered in the experiments.
However, in the parametric studies carried
out in this study, the axial load has changed
in a large range and hence the proposed
relationships can be used for wide range of
axial loads which has been exerted on the
column. However it seems for confirming the
behavior and shear capacity of cruciform
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columns panel zone, more analytical and
experimental investigations should be carried
out.
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