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ABSTRACT: Buildings behave according to their geometrical types, the profile specifications of static structural
elements and the classifications of their materials. This structural behavior is a kind of structural reaction to an
earthquake. This reaction may be absorbed by the ductility of the structure. There is an indefinite situation in the
description of the level of ductility for a static system in the earthquake occurrence calculation for the
moment-shifting steel-frame system that consists of square or circular profile elements.

This objective of this manuscript is to overcome local buckling on welded RHS column/beam assemblies and thereby
establish a design algorithm. We conducted experimental analysis under the cyclical loads by added rigidity plate
having different dimensional parameters to a RHS at the assembly point. We optimized the design and the dimension
of the plate with the expansion of the subject models of the experimental analysis by using the Ansys finite-element
program.
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welded moment resisting connections with rigidity plate, moment resisting steel frame systems, cyclic static loading,
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1. INTRODUCTION

The energy of an earthquake and the reaction of the structure against that energy define the
behavior of a structure under the seismic effect. In other words, a construction uses kinetic energy,
the energy of elastic creep, viscose absorbing energy and hysteric energy to absorb the energy
applied by an earthquake. If the absorbing energy is greater than the energy from the earthquake, it
is blocked by absorbing energy. Contrastingly, if the absorbing energy is less than the energy from
the earthquake, the difference between absorption and the energy of the earthquake is balanced by
hysteric energy. This difference is referred to as the ductility of a structure. The behavior of the
structure against an earthquake and the rigidity of its static elements are crucial in the design of a
structure against an earthquake as well as in regard to ductility. It is not desired to have decreases in
load-bearing capacity and rigidity while the ductility increases. For that reason the greater rotations
are awaited in plastic behavior with no decrease in load-bearing capacity. However, the static
elements have failed to meet the large plastic rotations to compensate for the earthquake, due to
some negative situations such as local buckling, cracking and torsion.

Steel static elements, having different assembly and design geometries, are used in practice. The
relationship between profile effect and creep is unique to each system and its particular assembly.
This situation affects the structure's ability to absorb energy (ductility). The types of materials of
the assembly parts (welds, bolts and strengthening plates) in the system, the application quality and
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dimensions are the main factors in the ductility of the steel structure. Therefore, certain details have
been developed to prevent brittle breakage in the assembly points at the frame system and to ensure
that the assembly points behave in parallel with the ductility of the system. However, the use of
measures against the details described in the literature and local creep are for the hot-rolled
standard profiles of types I, C, T and L. There are differences in the behavior and creep of the
square profiles or static hollow elements commonly used in practice. For that reason it is not
possible to consider the square profiles with the details for the standard profiles, nor is it
appropriate to conduct analysis according to them.

The local buckling situations described in Euro Code 2003 Section 1-8 and CIDECT Division 3 [7]
are shown in Figure 1. Deformations have been reviewed in two parts as axial load and bending
effect for the circular profile. They are submitted for comparison in Figure 1.
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Figure 1. The Deformation Positions Described for Square-profile Assemblies in
EURO Code and CIDECT

The behavior of steel structures under horizontal load is related to the specifications of the material,
the geometry of the profile and the details of the assembly. Accordingly, the material and profile
specifications are vital in defining the rotational capacity of the assembly. It is preferable not to
have brittle breakage at beam-column assembly points, and consequently the assembly points must
behave in parallel with the ductility of the system. This ductile behavior at the assembly is one of
the most important factors affecting the rotational capacity at the assembly point of the static
element. For that reason many studies have been conducted, reviewing the position of creep that
could affect the rigidity, ductility and the structural behavior at square-profile assemblies.

The assemblies in node points of the "Vierendeel" system --the first type of shear system to be
designed with the use of square profiles-- were used in the studies included in the Design Guide
(CIDECT) Euro Code. Moreover, many studies have been conducted in regard to assembly types,
representing the rigid and semi-rigid assemblies, including the moment-rotation relationship and
strength (Figure 2, Vierendeel-type node point). Rigidity plates have been used to overcome the
local bucklings incurred on the profiles. Some examples of the rigidity plates are shown in Figure 2.
Moreover, some of the dimensional parameters regarding the plates used for the type-T assembly
are covered in this study and included in the Design Guide. Accordingly, it is advised that the
t-value of the head plate is equal to or greater than two times the beam thickness involved in the
assembly. The limits for the length and width of the plate are defined according to the dimensions
of the column or beam included in the assembly.
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Figure 2. Node Points of Vierendeel Type Rectangular Square Profile (RHS)

Researchers have considered the welded assemblies of square profiles under the effect of moment
as rigid and semi-rigid assemblies according to the B (b, /b,) coefficient between the profiles

combining the assembly. If B is 1.0, the assembly is rigid, but if B is less than 1.0 the assembly is
identified as semi-rigid. In the condition of <1, it is defined that the rigidity plates are added to the
node point to increase the rigidity of the plate according to the details described in Figure 2b, c, d
and e. The frame of this subject has not been expanded to cover all types of square profiles of
assembles Design Guide 3 [5]. Other than the rigidity description, the deformation limit and
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maximum stress values have been described in Zhao [23] study for the type-T node point. It is
defined that the deformation value occurring at the head of column could be the maximum strength
capacity for the type-T assembly. It is shown that the deformation limit for the square profile with
welded assembly is up to the coefficient B, which is described as the ratio of cross/pillar width to
the width of the column. Mashiri and Zhao [14], in their study, tied the circular cross/pillar element
to the rectangular square profile with the type-T assembly using welds. The profiles used in the
assembly of the study are thin-walled, and the wall thickness is equal to 4 mm or less. There has
been identified a model for a column having deformation in determining the displacement limit for
the resulting capacity of a node point being assembled in that study. Plastic analysis has been
conducted for a digital model designed by using the theory of a strain model derived from the study.
It has been verified by comparing the resulting tension value obtained through the use of a digital
model and the value acquired from the experimental result. Wang et al. [21] tested the assembly of
being in the "I" form and circular profile column against horizontal force under a constant axial
load affecting the integrity of the cylinder. The assembly is composed of two different
combinations like strong column / weak beam and weak column / strong beam. There were eight
experiments in that respect, of which five pertained to the strong column/weak beam combination.
The column-strengthening process was applied, being covered by a ring through the use of an
additional plate. The strengthening method using a ring was conducted for all eight experimental
samples. Additionally, five circular profile columns filled with concrete were used in some
examples of the strong column / weak beam design. The experimental analysis showed that a
weakened beam gave high seismic performance results in terms of the dissemination of tension and
the diffusion of energy under the horizontal load for the five weakened beam samples as the strong
column / weak beam combination. It was observed that weakened beam, when used at assemblies,
played a key role in structural behavior, while the calculation of the resulting load made a vital
contribution in defining the formation order of the plastic joint. It was shown that the ring type of
rigidity plate prevented the buckling at the column in the study by Hwang et al. [8], and
experimental research has been conducted regarding the strength of structure and the form of the
dents at the assemblies, consisting of square beam / circular columns constructed in the form of
steel scaffolding. Eight experiments were conducted, whereby the use of monotonic loading
experiments showed that the circular columns are more rigid than the rectangular columns. The
contribution to the rigidity of concrete filling at the assembly of the square beam / circular column
was also reviewed. The mode of dent/collapse could be described more accurately, and it proposed
more reasonable values for equivalent body width. Also Duff [6], Redwood [17], Cute [3],
Mehrotra and Redwood [15], Lazar and Fang [11], Wardenier [22], Mehrotra and Govil [16], Korol
and Mansour [9], Korol and Mirza [10], Mang et al. [12], Davies ve PanjehShahi [4], Szlendak and
Brodka [18], Brodka and Szlendak [2], Mashiri et al. [13], Szlendak [19], studied these subjects.

2. SPECIMENS

It is aimed to have a design algorithm and prevent local buckling at the assembly of welded
square-profile column/beam. In that respect an assembly (B is 0.75) composed of D215, 1/5 mm
circular column 150x200x4 mm square beam was tested. Some rigidity plates having different
dimensional parameters were added at the assembly point to reach f=1.0. It is aimed to verify the
combination of strong column / weak beam and rigid assembly under cyclical loading. Some
experimental samples were tested. We endeavored to optimize the design and plate dimensions
whereby the models used in the experimental analysis were extrapolated with the Ansys
finite-element program [1]. There has been some undesirable local strain at square-profile assembly
parts (column, beam, cross-diagonal) under the effect of bending. The placement and formation of
strain affect the capacity of node-point ductility and rigidity. We strove to prevent the local stress at
the assembly by using rigidity plates having different dimensional parameters or by changing the
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location and formation of strain. The welded circular profile (D219, 1/5) column and rectangular
(150x200x4 mm) beam were tested under the cyclical horizontal load. The general appearance and
dimensional parameters regarding the experimental models are shown in Figure 3. The load was
applied to the sample vertically and continuously, and the loading lever and strength conditions of
the sample were designed in a hinged manner.
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Figure 3. General view of experiment model

The dimensional parameters of the rigidity plate added to the column upper head at the assembly
were based on alterations on length, width and wall thickness. In that respect there were ten
experimental samples, including replicate samples and 37 digital models. The assembly of the
column beam without a plate was connected by welding at the reference model of the replicate
sample. Experimental samples with rigidity plate the thickness of the plate were consistently
selected as 8 mm while the width and length values were changed. The number of models was
increased in the digital models calibrated according to the experimental samples, each being
designed for five different calculations of wall thickness. There are some variables of dimensional
parameters for the rigidity plates submitted in Fig. 4.

a) Node point b) The view of dimensional c) The view of the plan of
eneral \l?iew parameter profile of the rigidity dimensional parameter for rigidity
s plate plate

Figure 4. The dimensional parameter for the of the rigidity plate-rigidity models

The change in length for the plates added to the assembly is identified as (V) and three main groups
assigned as 300, 350 and 400 mm. There has been established three sub-parameters more by
selecting the width (H) values are 250, 300 and 350 mm in every group below the length V.
Experimental analysis has been conducted for 10 experimental models in total (nine are with the
rigidity plate, and one is with no plate (replicate sample) for the 8-mm wall thickness. The models
having conducted experimental analysis and the dimensional changes used for rigidity plates used
at these models are detailed in Table 1.
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Table 1. Plate Dimensions, Wall Thickness for Experimental Samples and the Names of Models

. Rijidity Plate Parameters
Line Speciment

No Va Ha Y, H ta

50 25 300 250 8

50 50 300 300 8

50 75 300 350 8

5 SP2-1/8 75 25 350 250 8
6 SP2-2/8 75 50 350 300 8
7 SP2-3/8 75 75 350 350 8
100 25 400 250 8

100 50 400 300 8

100 75 400 350 8

We endeavored to optimize the rigidity plate’s wall thickness by analyzing the thickness in the
limits of 5/6/10 mm in addition to 8 mm in the digital models calibrated according to the results of
the experimental samples. The plate dimensions, wall thickness and names of the models used for
all experimental and digital models are shown in Table 2.

Table 2. The plate dimensions, wall thickness and the names of the models

Plate Size

Code
Name P1-1
M 300/250
M 300/250
SM 300/250
M 300/250
P1-2
M 300/300
M 300/300
SM 300/300
M 300/300
P1-2
M 300/350
M 300/350
SM 300/350
M 300/350

P3-1 t
400/250 | 5 | MP1-1/5
400/250 | 6 | MP1-1/6
400/250 | 8 [SMPI-1/8
400/250 |10 [ MPI1-1/10
P3-2 t
400/300 | 5 | MP1-2/5
400/300 | 6 | MP1-2/6
400/300 | 8 |SMP1-2/8
400/300 |10 | MP1-2/10
P3-3 t
400/350 | 5 | MP1-3/5
400/350 | 6 | MP1-3/6
400/350 | 8 |SMP1-3/8
400/350 |10 [ MP1-3/10

Model

Name

MP3-1/5
MP3-1/6
SMP3-1/8
MP3-1/10

MP3-2/5
MP3-2/6
SMP3-2/8
MP3-2/10

MP3-3/5
MP3-3/6
SMP3-3/8
MP3-3/10

M (Numerical Model/Ansys), SM (Numerical&Experimental Model )

in the study.

Note: The notations in this table are the same as those used for all graphs and figures

Analysis Workbench Version 14.0 was used in the analysis of the digital models. The digital
models were resized so that the assembly parts (column, beam, rigidity plate) and loading
instrument (load lever, strength conditions) could reflect the experimental samples exactly, and
these digital models have been divided into their respective finite elements. On one hand, the
welded assemblies have been identified as rigid, while on the other hand the connection between
the rigidity plate-column upper head has been described as frictional in the context of numerical
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analysis. The loading lever and strength points of the samples were modeled as having stable
strength and single-way rotational latitude. The identification of model materials for numerical
analysis was defined using the result of tensile testing in regard to the examples gathered from the
samples. The stress/transformation graphs, obtained after the tensile test and the dimensions of
example used in the tensile tests, are shown in Figure 5. (TS EN ISO [20], the "Metal materials,
Tensile Test" standards, was used to determine the dimensions of samples for the tensile tests.)

40 Stress ka/mm? Speciment from Beam Member t=4mm
e 56mm 224mm 56mm
35 E] e 1E
30 YieldStress = 31.4 kg/mm? E ‘ & fm\ll ‘E
RuptureStress = 37.9 kg/mm? Al I8
25 E=20821 kg/mm?*
20 Speciment from Column Member t=5mm
15 64mm 280mm 64mm
g B ~
10 E g] = E
3 ’ 3
2 Deformation (%)
0,05 0,1 0,15 0,2 0,25
a) Stress/creep graph b) Sample dimensions

Figure 5. The results of the tensile test

3. RESULTS OF THE STUDY

The replicate sample (SO) was tested first to see the contribution of the rigidity plate added to the
assembly in the study, whereby it could serve as a reference for other analyses. A local buckling
occurred at the column upper head of the assembly location of the column/beam at the replicate
sample under cyclical loading. The assembly could not have the behavior of the strong column /
weak beam combination, and consequently creep occurred at the column first. For that reason no
sufficiently rigid hinge or mechanism was found to be applicable to the assembly. Some views
regarding the deformations at the replicate sample are shown in Figure 6. based on that figure,
some local buckling was observed, originating from the corners of the beam at the column upper
head, and the capacity of the system has been dramatically less than the theoretical capacity:

I

a ﬁé‘ g ——
a) Local deformation at column upper head b) Local deformation at pressure location
Figure 6. The view of deformation of column upper head at replicate sample

The rigidity plate was used other than the replicate sample to prevent column deformation. It was
used to prevent the local deformations that otherwise occurred on the column for all models
modified with rigidity plates. Consequently, the rigidity of the node point increased and creep was
observed at the beam instead of the column. The deformation under the bending effect at the beam
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is a particular kind of mechanism, so the design principle of the strong column / weak beam was
met. There are some views, demonstrating appearance after the load application, in Figure 7
regarding the experimental samples having a fixed wall thickness but different dimensional
parameters.

a) SP1-1/8 b)SP2-1/8 c) SP3-1/8

b &

d) SP1-2/8 e) SP2-2/8 f) SP3-2/8

— ’_ .\ J "\

g) SP1-3/8 h) SP2-3/8 l) SP3-3/8
Figure 7. Deformation on the column after loading at some models.
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Figure 8. Deformation on the joint after loading at numerical models.(ANSYS Work Bench)

It could be seen that the increase in the "V" and "H" values affects the formation and the location of
the hinge on the beam after the review of the figures. The deformation on the beam at the samples
with P1 (1, 2, 3), P2 (1, 2, 3) plates is concave at the head and convex at the body. However, it has
been observed that the samples SP3-2/8 and SP3-3/8, having the maximum lengths of "V" and "H,"
departed from the node point by sliding and that the resulting deformation was convex at the head
of the beam but concave at the body. A similar situation was identified in the digital models
analyzed for those samples. The situation could be explained whereby the column rigidity increases
in parallel to the increase in the length of the plate, causing the stress on the beam to play a more
active role in creep.

The load-displacement graphs attained from experimental analysis are submitted in Figure 8. The
comparative graphs have been established according to the dimensions of the rigidity plate used
with the samples. The width of the plate is 250 mm (fixed), while the length "V" has some
alteration values of 300, 350 and 400 mm in the graphs in Figure 8. This fixed-width value is the
thinnest among the variations used in this study. It was observed that all the samples achieved a
nearly twofold capacity increase, far exceeding the reference value in regard to capacity with rapid
change, depending on the mechanism at the beam. It was also identified that while the contribution
of the rigidity plates to rigidity and capacity gives very similar results, the model with the shortest
plate P1(300/250/8) gave the peak value. The same situation is observed at the graphs in Figure 8b
and c. The width of the plate is 300 mm in Figure 8b, and the widest plate (350) is in Figure 8c.
The increase in the width of the plate, affecting the wrapping effect surrounding the column, did
not contribute to the capacity in any significant degree. While plates P1 and P2 with a wall
thickness of 5 mm could reach the others, plate P3 with a 5 mm wall-thickness value gave a
dramatically different result in the condition whereby the wall thickness was reviewed together
with the length and thickness.
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Figure 8. The comparison of capacity graphs regarding the experimental models of groups 1, 2
and 3.

The number of model has been increased and there has been a change only in the wall thickness of
the rigidity plate (5/6/8/10 mm) by fixing the dimensional parameters for all models for which
experimental analysis was completed. The load-displacement graph derived from the results of
analysis is shown in Figure 9. The blue-colored curves (dashed line) denote experimental analysis,
the red colored curves (dashed line) denote numerical analysis regarding that experiment. Based on
the graph, the data obtained from digital models has conformity with the experimental models. The
alterations of wall thickness/capacity for all dimensions and the behaviors of node points were not
changed by excluding the dimensions of plates P3-2 and P3-3 from the numerical analysis or
experimental analysis. Only the wall thickness of 5/6 mm at plates with the greatest dimensional
parameters gives a different result. Even in this situation there has been a mechanism at the beam,
and consequently creep has been prevented.
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Figure 9. Comparison of capacity graphs regarding the experimental and digital models
of groups 1, 2 and 3

We obtained increases in capacity, ductility and rigidity at the assembly with the addition of a
rigidity plate to the assembly. The rigidity alterations of experimental and digital models are shown
in Figure 10. There is a comparison of rigidity, depending on the alterations of dimensional and
wall thickness of plates P1, P2 and P3 in Figure 10a, b and c. There is also another comparison of
rigidity with some alterations in the values of width and the fixed values of the lengths of plates P1,
P2 and P3 in Figure 10d, ¢ and f. It is observed that the same rigidity values are obtained with the
same wall thickness at plate P1 for the width of 250 and 300 mm, but there is an increase in the
rigidity values for the width of 350 mm. The maximum results have been obtained at the narrowest
profile of 250 mm at plate P2. However, while the values obtained from 350 mm at plate P3 seem
greater, a significant difference was not obtained. Thus, the rigidity changes were stable at the same
values for the same wall thickness. The increase in wall thickness, excluding some extraordinary
situations, gives results in parallel to this increase in terms of wall thickness. There is a comparison
regarding the effect of the length alterations on the rigidity node point for the same width values of
plates P1, P2 and P3, as shown in the graphs of Figure 10d, e and f. We found that the deformation
in length made a positive contribution to rigidity, as shown in the graphs, and that the width of the
rigidity plate has been fixed while varying the length. The rigidity has been increased in parallel
with the alteration in wall thickness.
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Figure 10. Comparison of rigidities regarding the experimental and digital models of groups 1,
2 and 3.
4. RESULTS AND CONCLUSIONS

The replicate sample and the models with rigidity plates were reviewed from their experimental and
numerical aspects. The rigidity plate has been used to prevent the effects of local buckling on the
column at this assembly under bending effect. It has been tried to increase the capacity and rigidity
of the node point through changes in the dimensions of the plate. The samples, analyzed in that
respect, were divided into three main groups in terms of the rigidity plate used, and each group was
divided into three sub-models in terms of plate width. Thus there were three models having P1
(Length V=300 mm) H=250/300/350 mm. We analyzed a total of 10 samples experimentally,
including the replicate sample. There were three models having P1 (Length V=300 mm)
H=250/300/350 mm, three models having P2 (V=350 mm) 250/300/350 mm and three models
having P3 (V=400 mm) 250/300/350 mm. All the models were subjected to experimental analysis.
The number of models, however, was extended through the use of alterations (t=5/6/8/10 mm) in
the width of the plate by fixing the plate dimensions for all models prior to experimental analysis.
A parameter was included in the study by reviewing the effect of wall thickness on behavior. The
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plate, added to the assembly, was reviewed in terms of length (V), width (H) and wall thickness (t),
and the effect of each plate on the capacity and rigidity of the assembly was examined.

It was observed that the rigidity panels added to the assembly made positive contributions to the
capacity, as demonstrated by all the capacity graphs obtained through experimental and numerical
analyses. The most significant increase in capacity was obtained from plate P1 in Figure 10a, b and
¢, thereby demonstrating the alteration of capacity according to the fixed width and alterations in
length. The rigidity plates were attached to the column by welding across the plate edges. For that
reason, while the plates under the bending effect deformed with the column under pressure, the
plates were forced to creep apart from the surface of the column. Consequently, the more the plate
was extended, the more the potential for deformation increased. The capacity and rigidity were
affected in a negative way.

Additionally, the cross-height was used as a parameter to increase the effect of wrapping on the
column and to limit this situation in the freedom of deformation. The coverage area on the column
was increased by choosing the width values of 250 mm, 300 mm and 350 mm. The change in
capacity for the number P3-3 (V=400 mm; H=350 mm) with maximum width was increased 30%
in comparison with the models of "H" value (250 and 300 mm) in the situation using the longest
plate P3, while the contribution of increase in width to the capacity at plates P1 and P2 did not
change significantly. It was identified that the creep (despite not being visible to the naked eye) for
the models used plates P1 and P2 with the lengths of 300 and 350 mm by reviewing the figures at
the plate edges, thus reaching the plastic area, and that the decline reached a level beyond the linear
limit. For that reason the rigidity of the node point decreased and then the increase of capacity
reached its limit. However, for the model that used the longest plate in terms of height and width,
the situation of expanding the stresses on the column to the larger area helped keep the stresses
within the linear limits. In that respect, the loss of capacity and the rigidity were not experienced
and the mechanism on the beam was identified as an alteration of capacity.

Another reason for the increase in capacity is that the circular profile column’s reaction to the
reversible loads was equal and continuous, depending on the specifications of the column profile.
However, the variable behavior of the plate added to the assembly under the effect of pressure and
tensile strength changed the reaction of the column. Thus the increase of the wrapping effect on the
column of the plate limited the deformation and stress on the plate and the column under the
reversible loads and helped keep the stress within the linear limits by using the advantages derived
from the profile geometry of the circular column.

Additionally, the increase in the wrapping effect of the plate identified the location of hinge on the
beam. For some conditions in which plates P1, P2 and P3-1/2 were used, the distance from the
hinge to the node point was 40, 50 or 60 mm. The increase in capacity can be explained by the
value of 90 mm for plate P3-3.

Numerical analysis revealed the effect of wall thickness on the capacity of the node point, rigidity
and behavior. The increase in the rigidity of the column was accomplished, resulting in a
mechanism at the beam for all the models under cyclical loading (i.e., the models to be prepared for
all plate dimensions). When certain results are excluded, the capacity values are in parallel. The
loss of capacity on the beam with t-values of 8 mm and 10 mm resulted in the rapid loss of load, as
shown in the graphs. However, in some analyses in which the t-values were 5 and 6 mm, the curve
gave greater absorption and smooth results. The capacity alterations of the models having wall
thickness of 5 or 6 mm at P3-3 are different from the others. It has been observed that a wall
thickness of 5 mm or 6 mm has not been sufficient in comparison with the others in the situation
with the plate length (400 mm) at the assembly modified through the use of a plate.
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Rigidity plate that are used in preventing the local buckling in column member. In literature
dimentional parameters of this plate are defined in terms of width and wall thickness that are related
with dimentional of connection members. Such as According to design codes; width of plate
sholud be equal to twice diameter of column and also thicnes of plate should be equal to twice web
thicnes of beam. As shown the parameters are connected to one value. In this study; according to the
results; parameters were defined based on a range rather than a single value . our range of
dimentional parameters are shwed as follows.

If it is preferable to overcome the local deformations using rigidity plate at this type of assembly, in
light of the data gathered through experimental and numerical analysis:

The length V, for the plate should be at the interval of 0,25V, <V _<0,5V,;

<V, <
If V, lengthis 0,25V, <V <0,375V, then wall thickness is tc <t <tb, The width of the
plate H should be selected from the interval of 2r<H<nr (r is radius for the column); and
If the length V, ofplate V =0,5V, then itis offered that the wall thickness is t > 2tb

and H value (the width of the plate) is H=nr.
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