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Abstract

When a steel moment frame is subjected to seismic forces, in positive bending due to the
RC slab resisting compression, flexural strength and stiffness of the beam can be
increased due to ‘“composite action”. At the same time despite these advantages,
composite action increases the strain at the beam bottom flange and it might affect the
plastic rotation capacity of beam.

However, in current structural design, rotation capacity of composite beam is supposed to
be equal to the bare steel beam. Furthermore, in the case of composite beam-to-RHS
column connection, due to effects of out-of-plain deformation of column flange, stress
condition of web in the composite beam might be more severe, comparing with bare steel
beam.

This research is aimed to clarify the mechanical mechanism how composite action affect

to the web connection and what determine web connection behavior. As the first part of

this research, elasto-plastic behavior of composite beam is studied through experimental

tests on full scale sub-assemblies. Behavior of composite beams which were connected

to RHS columns with two different width-to-thickness ratios (B/t) of 29 and 22 are

studied. Bare steel beam specimen with width-to-thickness ratio of 29 was also prepared

as a reference for beam behavior.

Experimental test showed that reduction of RHS column width-to-thickness ratio in

composite specimens, did not result to considerable difference in the elastic stiffness and

actual plastic strength in positive flexure, but considerable improvement in the

cumulative rotation capacity and 10% increase of beam ultimate strength was observed.

Experimental test results revealed another specific difference between composite

specimens. It was observed that in the specimen with smaller width-to-thickness ratio

severe concrete bearing crush happened at the vicinity of column face. Investigations

about the contribution of concrete slab on the different strain condition of flanges were

conducted and it was observed that following to occurrence of this crush in the slab,

reduction in the rate of strain of lower flange happened. However, in the composite

specimen with larger width-to-thickness ratio of 29 clear crush was not observed and

strain condition was quite higher than the bare steel beam. It is believed that this

behavior resulted to significant effect on the improvement of rotation capacity.

During the experimental test, observations regarding the occurrence of damages in the



steel beam and concrete slab were studied, especially focusing on flange fractures which
mainly determine rotation capacity of beams. It was observed that in all specimens
regardless of existence of concrete slab or width-to-thickness ratio of RHS column, first
crack initiation was occurred at the root of weld access hole (scallop). For the composite
beam specimen with large width-to-thickness ratio of 29 this occurred at earlier stage
with higher progress, comparing with the bare steel beam with same width-to-thickness
ratio. Final failure pattern was determined by propagation of this crack. Composite
action resulted to 1.27 times increase of actual plastic strength and 1.92 times increase of
stiffness in positive flexure, comparing with bare steel beam connected to RHS column
with same with-to-thickness ratio. But cumulative rotation capacity of composite beam
reduced to half of bare steel beam. Strain study in the first cycle of +2.0 6, showed that
composite action increased the strain amount of lower flange 2.2 Times of bare steel
beam. This strain condition resulted to early crack initiation with higher progress, and
finally reduction of rotation capacity of composite beam.

In the composite beam connected to RHS column with smaller width-to-thickness ratio
of 22, strain behavior study showed that in the first cycle of +2.0 6, , the amount of strain
in the lower flange was 0.55 times smaller than composite specimen with width-to-
thickness ratio of 29 and 1.2 times more than bare steel beam, but after the occurrence of
sever crush in the concrete slab, sudden reduction of strain in the lower flange happened.
This resulted to smaller rate of strain increase, even comparing with the bare steel beam.
Finally, this resulted to initiation of crack in the later stage of loading. Considerable
higher rotation capacity was observed in this specimen.

Occurrence of concrete crush can be considered as the start of removal of composite
effect and start of closing to the bare steel beam condition. This showed that further
investigation about the mechanism of stress transfer and strain concentration in the
composite beam is needed.

Following to the experimental test observations of three full-scale beam-to-RHS column
sub-assemblies, further comprehensive understanding of elasto-plastic behavior of
composite beam was needed to show the effect of out-of-plain deformation of RHS
column on the behavior of composite beam.

In the second part of this research, finite element analysis and limit analysis were
carried out to clarify the structural condition of web connection. By the limit analysis,
investigations about the ultimate flexural capacity of web connection was conducted.

iv



According to past researches, effect of out-of-plain deformation was mostly considered
based on the concern regarding reduction of web flexural capacity. This limit analysis
were conducted to clarify the structural condition of web, not only based on the flexural
capacity considerations, but also by considering the effect of axial force subjected to the
web connection. Actually it is already known that increase of RHS column width-to-
thickness ratio results to movement of neutral axis (NA) toward top flange, but
according to this research approach interaction of different width-to-thickness ratio and
different axial force (N) can be considered simultaneously. Furthermore, FEA study is
conducted to understand the mechanical effects of composite action and out-of-plain
deformation of RHS column on the elasto-plastic behavior of composite beam.
Mechanism of mechanical stress transfer and strain concentration is explained and
correspondence between FEA and limit analysis is shown.

It was found that start of concrete bearing crush is corresponding to the start of stress
increase of top flange. It was also found that maximum web axial force does not always
happen at same time with start of softening of slab concrete. In fact, in large width-to-
thickness ratios reduction of axial force is first treated by flange. Top flange yield can be
considered as a bench mark in the change of behavior of composite beam.
Mechanism of strain concentration is explained. It is shown that in the bare steel beam
and composite beam the difference between strain corresponding to the reduction of web
flexural capacity is small. However, difference between strain condition of bare steel
beam and composite beam is determined by the axial strain. It is shown that reduction of
web flexural capacity does not result to further additional strain concentration,
comparing with the bare steel beam. While axial strain due to movement of neutral axis
result to more sever condition of strain in the composite beam.

It was shown that effect of composite action to the curvature in not considerable. While
effect of width-to-thickness ratio to the curvature and movement of neutral axis is
considerable. So, the additional axial strain in the composite beam is strongly depending
on the width-to-thickness ratio of RHS column
According to experimental test observations and findings of FEA, it was understood that
in composite beam connected to RHS column with large width-to-thickness ratio of 29
effect of axial force to the out-of-plain deformation is considerable and as a result high
amount of strain on the lower flange exists and this may result to significant reduction of
rotation capacity. In order to prohibit strain concentration on the lower flange, it is

\Y



recommended to avoid composite action. Application of slit between the column face
and concrete slab is recommended in this width-to-thickness ratio which has been
proposed by Tagawa et al. The behavior of this type of composite beam is studied in the
next part of this research.

According to that proposal, slit may reduce the composite action effects, but
comprehensive investigations regarding contribution of studs which are located on
transverse beam and loading beam in the composite action has not been carried out yet.
Experimental test results showed that existence of slit could reduce the strain on the lower
flange, but improvement of behavior regarding rotation capacity could be obtained by the
removal of studs at the vicinity of connection.

Finite element study showed that application of slit result to considerable reduction of
axial force on the web connection. But in large width-to-thickness ratio of 29 despite the
existence of slit, still web is subjected to axial force. Removal of first stud on the loading
beam did not result to reduction of web axial force, but removal of stud on the transverse
beam resulted to the reduction of web axial force to almost half.

Studs of transverse beam contribute in the composite action. It could be explained that
these studs provide constraint condition for the slab and it may be the reason of
contribution in the composite action. It is shown that roll of studs of transverse beam are
similar to bearing stress transfer between slab and column face.

Contribution of studs of transvers beam depends on the location of stud. Due to torsional
behavior of transvers beam, second stud shear force is considerably smaller than the first
stud. So number of studs can be kept according to calculations, and just movement of first
stud away from the column face is recommended. Considering the actual seismic loading,
removal of studs at the vicinity of connection on both loading and transverse beam is
recommended.

Finally, following to experimental test observations and mechanical investigations by
FEA, a model is proposed to represent the restraining characteristics of composite beam
connected to RHS column. In all specimens acceptable good correspondence obtained

from conducted analysis by this model and experimental test results.
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Chapter 1. Introduction

1. Introduction
1.1 Background

Commonly in steel frames, steel beam and concrete slab are connected together by shear
keys to work as a unit member which is called “composite beam”.

When a composite beam is subjected to positive bending, flexural strength and stiffness
of the beam can be increased due to “composite action”. At the same time despite these
advantages, composite action increases the strain at the beam bottom flange and it might
affect beam plastic rotation capacity.

In Japan, during the 1995 Hyogo ken-Nanbu earthquake, a number of steel moment
frame buildings were found to have experienced fracture at beam-to-column
connections?™V12  After the earthquake, based on extensive researches, welding
process and weld joint details were revised to improve beam plastic rotation capacity.
These extensive researches were mostly conducted on the bare steel beam and limited
test data regarding the composite beam is available.

In the case of beam-to-RHS column connection, beam flanges are usually connected to
column by through diaphragms to achieve smooth stress transfer from beam flange to
column. On the other hand, beam web is connected to RHS column wall (flange) directly
without any reinforcement. This might cause local out-of-plane deformation of column
flange at the beam web-to-column connection due to flexural moment transmitted by
the beam web. It has been already known that in the case of bare beam connected to
column with large width-to-thickness ratio, full capacity of beam web cannot be
transmitted in the web-to-column connection. This strength reduction due to local out-
of-plane deformation causes strain concentration of beam flange at the vicinity of
connection, and finally reduction of plastic rotation capacity of beam-to-column
connection happen. Actually in Japan these effects have been considered in
“Recommendation for Design of Connections in Steel Structures” for design of beam-

to-column connections'®, but in the case of composite beam to RHS column connection,



Chapter .1 Introduction

effects of out-of- plane deformation of column flange have not been well understood.
In fact, due to the composite action, stress condition of web in the composite beam
might be more severe compared to bare steel beam, shown in Figurel.1.

Considering the fact that in the current structural design, rotation capacity of composite
beam is supposed to be equal to the bare steel beam, importance of further study on the

elasto-plastic behavior of composite beam-to-RHS column can be understood.

(a) Bare steel beam (b) Composite beam

Fig 1.1 Strain concentration on the lower flange of composite beam in the positive

flexure

1.2 Past researches and investigations about rotation capacity of composite beam

According to past researches conducted by Okada et al.!™), plastic rotation capacity of
composite beam connected to RHS column decrease to almost half of bare steel beam.
That investigation was conducted on specimens which were consisted of RHS column
with width-to-thickness ratio of 21. Further Research by Okada'® were conducted on
the composite beams which were connected to the H-section and RHS columns with
larger width-to-thickness ratio of 24 and 38, and it was shown that significant reduction
of composite beam rotation capacity will occur in the case of RHS column with large
width-to-thickness ratio. Okada showed that out-of- plane deformation of RHS column
is affected by reduction of web flexural capacity and movement of neutral axis toward
beam top flange. However, in these two investigations, post-earthquake connection
details for the beam weld access hole (scallop) geometry were not considered.

Matsuo®-® could apply post-earthquake provisions in his study on the rotation capacity
of composite beam, but that investigations were just focused on the RHS column with

2



Chapter .1 Introduction

width-to-thickness ratio of 29. According to his test results, rotation capacity of

composite beam specimens were almost half of bare steel beam specimens, shown in

Figure 1.2.
120 (tp})l y 120 (t'm)l : .
-[AN-1 [D90-1
60 - - SS - 60 F - .............. P _
4 - N _|
%0 | 20— ;
60 | . 60 F ..... L ]
_120 . 4 L N 1 " _120 1 N N ! i
-0.080.04 0 0.040.08 -0.080.04 0 0.040.0
b6O(rad) b&(rad)
(a) Bare steel beam (b) Composite beam

Fig. 1.2 Results of experimental test on the composite beam conducted by Matsuo*®

Evaluation of rotation capacity of composite beam connected to RHS column was
investigated by Tanaka et al. 1™ through series of experimental tests on the specimens
with two different width-to-thickness ratios of 16 and 38. Post-earthquake provisions
were used in that investigation, but the specimens were subjected to repeated plastic
strain and the applied loading protocol in that research had constant amplitudes of 1.26,,
2.0 6p and maximum 3.0 6p.

Further experimental study on the rotation capacity of composite beam connected RHS
column with application of post earthquake provisions and sever loading protocol is

needed.

1.3 Features of this research

According to past researches, effect of out-of-plane deformation was mostly considered
based on the concern regarding reduction of web flexural capacity. However, effects of
axial force subjected to the web connection needs further considerations and
investigation. This research is aimed to clarify the mechanical mechanism how
composite action affect to the web connection and what determine web connection
behavior.

Behavior of composite beam connected to the RHS column with two different width-to-
thickness ratios are studied through experimental tests. Results of different strength and

3



Chapter .1 Introduction

rotation capacity of beams are discussed through the study on the different damages in
the steel beam and concrete slab. Also strain studies were carried out to investigate the
effects of lower flange strain on the rotation capacity of composite beam.

Following to the experimental test observations, and in order to obtain comprehensive
understanding of elasto-plastic behavior of composite beam, finite element analysis
(FEA) and limit analysis and were carried out to clarify the structural condition of web
connection. Mechanism of mechanical stress transfer and strain concentration is
explained and correspondence between FEA and limit analysis is shown.

In the case of composite beam connected to RHS column with large width-to-thickness
ratio of 29, recommendations for improvement of seismic behavior and rotation capacity
are shown based on the experimental test and finite element analysis study.

Finally, based on the understanding of mechanical behavior, a model for prediction of

restraining characteristics of composite beam connected to RHS column is proposed.

1.4 Description of chapters

This dissertation is consisted of six chapters as follows:

Chapter 1. Introduction

Background of previous researches regarding the rotation capacity of composite beam

is presented, motivation and features of this study are described.

Chapter 2. Effects of Width-to-Thickness Ratio of RHS Column (B/t) on the Elasto-

Plastic Behavior of Composite Beam

Results of experimental study on the elasto-plastic behavior of composite beam
connected to Rectangular Hollow Section column (RHS column) in the steel moment
resisting frame buildings are presented in this chapter. In order to investigate the effects
of width-to-thickness ratio of RHS column on the rotation capacity of composite beam,
cyclic loading test were conducted on three full scale beam-to-column subassemblies.
Detail study on the different steel beam damages and concrete slab damages are
presented. Investigations about the contribution of concrete slab on the different strain
condition of top and bottom flanges are also conducted through the study on the strain

behavior. Results of different strength, stiffness and rotation capacity of beams are

4



Chapter .1 Introduction

reported. It is shown that lower flange strain condition affect the rotation capacity of
composite beam.

It was found that occurrence of concrete crush can be considered as the start of removal
of composite effect and start of closing to the bare steel beam condition. This showed
the importance of further investigation about the mechanism of stress and strain

transfer of composite beam.

Chapter 3. Mechanism of Elasto-Plastic Behavior of Composite Beam Connected to
RHS Column

In this chapter, research is conducted to clarify the structural condition of web
connection, not only based on the flexural capacity considerations, but also by
considering the effect of axial force subjected to the web.

Investigation about the ultimate flexural capacity of web connection is conducted by the
limit analysis. Interaction effects of both axial force and flexural moment on the
capacity of composite beam web connection is shown simultaneously. Reduction of web
connection capacity of composite beam due to increase of RHS column width-to-
thickness ratio is shown by equations which are derived by limit analysis. Furthermore,
FEA study is conducted to understand the effects of composite action and width-to-
thickness ratios of RHS column on the elasto-plastic behavior of composite beam.
Mechanism of mechanical stress transfer and strain concentration is described with
application of FEA.

Correspondence between FEA and limit analysis is shown and a method for evaluating
the ultimate flexural strength of connection is presented by considerations regarding
out-of-plane deformation of column flange. Finally the accuracy of proposed method is
confirmed by the results of experimental loading tests which were presented in the
Chapter 2 and also previous experimental research studies.

Chapter 4. Improvement of Seismic Behavior of Composite Beam Connected to RHS
Column with B/t=29

In order to prevent excessive reduction of composite beam rotation capacity, in this part
of study “slit” is provided between the concrete slab and column face. It is already
known that slit may reduce the composite action effects, but comprehensive

investigations regarding contribution of studs which are located on the transverse beam

5



Chapter .1 Introduction

and loading beam in the composite action has not been carried out yet.

In this chapter, results of behavior of composite beam with slit and different
arrangement of studs are compared with the behavior of bare steel beam and
conventional type of composite beam through a series of experimental test study and

finite element analysis.

Chapter 5. Modeling of Composite Beam Connected to RHS Column

Following to experimental test observations and mechanical understandings obtained by
finite element analysis, in this chapter a model is proposed to represent the restraining

characteristics of composite beam connected to RHS column.

Chapter 6. Conclusions

Observations, results, findings of behavior of composite beam, and new model which is

developed during this research are summarized and concluded in this chapter



Chapter 2. Effects of Width-to-Thickness Ratio of RHS Column (B/t) on the Elasto-Plastic behavior of Composite Beam

2. Effects of Width-to-Thickness Ratio of RHS Column (B/t) on the Elasto-

Plastic Behavior of Composite Beam
2.1 Introduction

It is already well known that in the bare steel beam connected to RHS column with large
width-to-thickness ratio, full capacity of beam web cannot be transmitted in the web-
to-column connection due to out-of-plane deformation of column web. In composite
beam connection, due to the composite action, stress condition of web might be more
sever compared to the bare steel beam. Limited experimental test data about the
composite beam connected to RHS column exist. Effect of RHS column width-to-
thickness ratio were studied by Okada et al.?"%, and it was shown that plastic rotation
capacity of composite beam connected to RHS column decrease to almost half of bare
steel beam. That investigation was conducted on specimens which were consisted of
RHS column with width-to-thickness ratio of 21. Further Research by Okada®? were
conducted on the composite beams which were connected to the H-section (representing
a RHS column which thickness of wall is infinite) and RHS columns with larger width-
to-thickness ratios of 24 and 38, and it was shown that significant reduction of
composite beam rotation capacity will occur in the case of large width-to-thickness ratio.
But in these two investigations, post-earthquake connection details for the beam weld
access hole (scallop) geometry were not considered.Matsuo®® could apply post-
earthquake provisions in his study on the rotation capacity of composite beam, but this
investigations were just focused on the RHS column with width-to-thickness ratio of 29.
Evaluation of rotation capacity of composite beam connected to RHS column was
investigated by Tanaka et al. ) on the specimens with two different width-to-thickness
ratios of 16 and 38. But the loading protocol in that research had constant amplitudes
of 1.2 6p, 2.0 6, and 3.0 6.

Further experimental study on the rotation capacity of composite beam to RHS column
with application of post earthquake provisions and sever loading protocol is needed. In

this research, results of behavior of composite beam connected to the RHS column with



Chapter 2. Effects of Width-to-Thickness Ratio of RHS Column (B/t) on the Elasto-Plastic behavior of Composite Beam

two different width-to-thickness ratios are studied by experimental tests. Differences in
rotation capacity of beams are discussed through the study on the steel beam damages
and concrete slab damages. Strain studies were carried out to investigate the effects of

strain amount on the rotation capacity of beam.

2.2 Experimental test specification
2.2.1 Test specimens

In order to investigate the effects of RHS column width-to-thickness ratio on the
rotation capacity of composite beam, cyclic loading test using T-shaped subassembly
were conducted on three subassemblies of H-Beam(500x200x10%x16) connected to
RHS column with two different width-to-thickness ratios of 29 and 22 (0-350x350x12
& 0-350%350x%16). As shown in Table 2.1, one bare steel beam specimen and two
composite beam specimens were prepared. Figure 2.1 illustrates the configuration of

specimens, test setups and steel deck geometry, respectively.

Table 2.1 Experimental test specimen specification

Specimen Concrete RHS Column width-to-
Slab thickness ratio
BS-29 Not 29
CB-29 Existed 29
CB-22 Existed 22

Column: o-350x350x12

Beam: H-500%200%x10%16 0-350%350%16
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Fig. 2.1 Configuration and test setups of composite specimens
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As shown in Figure 2.1, concrete slab with width of 1500 mm and thickness of 80 mm
were used for composite beam specimens. In these specimens, deck plate type QL 99-
50-12 applied and two stud bolts of $16 were welded to the beam flange with pitch
distance of 300 mm. Transverse distance between studs were 80 mm. The number of

shear studs is common to all specimens.

2.2.2 Weld joint details

Weld Joint detail for beam-to-RHS column connection is illustrated in Figure 2.2. Beam
flanges are connected to the column by through diaphragm to preventing local
deformation of RHS column wall. Beam web is connected to the wall of RHS column
without reinforcement, and fillet welds were applied in both sides of the beam. In all
specimens shop welded joint type used by complete joint penetration (CJP) groove
welds. CO: gas shielded metal arc welding method (GMAW) using YGW11 electrodes
was conducted. Ceramic run of tabs were used and backing bars left in place. The weld
access hole which is known as “scallop”, was consisted of two arcs with radiuses of 35
and 10 millimetres, which is corresponded to post Hyogo ken-Nanbu earthquake scallop
geometry type and it is recommended in JASS 6 2007. This type of connection is

common in Japan.

t=12 &16 t=12 &16
L N
Column |
ﬂange\__*
35° Backing Bar
FB-9x19 FB-0x25 - 35R
Beam flange 10R
W Em == — Wr=—==—i01 n[ e ===
ot OR
iaphragm 7 FB x5
FB-9x19 35R FB-9x19 *
25
L] L
t=12 &16 t=12 &16
(a) Upper flange (b) Lower flange

Fig. 2.2 Weld Joint detail
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2.2.3 Material properties

The material utilized for the specimens were hot rolled sections with steel grade of
SM490A and cold formed BCR295 for beams and columns, respectively. Diaphragm
plates material were used with steel grade SM490A. Actual material properties obtained
by tensile coupon tests are reported in Table 2.2 and shown in Figure 2.3.

Regarding the beam material toughness, Figure 2.4 plots the values of material Charpy
V-Notch (CVN) impact test results associated with “fillet” area, which obtained from
coupon tests. Fillet area is defined as the meeting point between the web and the flange
which is illustrated in Figure 2.4(a). Studs material were used with steel grade JIS
B1198-1995, and push-out tests were also carried out for the purpose of evaluating the
shear strength and elastic stiffness of shear studs, summarized in Table 2.3.

The design strength of concrete used for composite beam specimens was 21.0 N/mm?.

The average concrete strength from cylinder tests was 28.4 N/mm? .

Table 2.2 Material properties

Material oy ou YR= EL
Member Grade (N/mm?) oyI0y (%)
Flange 383 551 69.5 40.6
Beam web | SMA0A T 541 784 36.6
RHS CB-29 | BCR295 | 328 425 77.0 48.9
Column | CB-22 369 471 78.3 43.4
Diaphragm SM490A | 370 531 69.7 49.9
Weld Metal YGW11 420 536 78.3 31.4
Table 2.3 Shear stud push out test results
Elastic Shear Ultimate O max
Stiffness Strength | Shear trength (mm)
(kN/mm) Qy (kN) Qmax (kN )
347 65.5 88.9 2.36
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Fig. 2.3 Tensile coupon test results
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Fig. 2.4 Charpy impact test results for “k” area of beam sections
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2.2.4 Design of specimens
Figure 2.5(a) and (b), illustrates the plastic stress distribution in the positive moment

for bare steel beam and composite beam, respectively.

BfT

(a) Bare Steel Beam

B’(eﬁ'ective width of slab )
ba B_f ba ! fe

oy p— x [ N S =1

T ‘ o)

Total (1) 2)

stress distribution
(b) Composite Beam

Fig. 2.5 Plastic stress distribution for positive moment in the bare steel beam and
composite beam

In the case of bare steel beam?®), according to Figure 2.5(a), plastic moment strength
of beam ,Mp , is calculated by:

1 D, -2t
bMp :|:Bf g (Db —y )"’Z(Db — 2ty )thw:|b Oy = (Db —tys )Abf b Oy + %Abwbwo_y (2.1)

Where, A, is beam web section area, and A is beam flange section area.

6 is the rotation corresponding to plastic moment capacity of bare steel beam (,Mp),
which is obtained by dividing beam’s plastic moment by its initial stiffness, calculated
as:

I 1
= + wM 2.2
ba) (3Ess| GsAowl j b ( )
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Where

Es 1is Young’s modulus of elasticity

Gs is Material shear modulus

| is beam length (distance from loading point to the column face)

Deformation corresponding to the beam plastic rotation angle will be obtained by
multiplying beam length to the 6, .

20,=,0,.] (2.3)

In the case of composite beam?®, the nominal plastic moment resistance of a composite
section in positive bending is given by the following equation:

M, =M, +M, (2.4)
Where
M,=C-e (2.5)
2t O
and, M, =, MP—W (2.6)
In here, e=0.5Dp+h+0.5t¢ (2.7)
C=13x fc-tc-BI (28)

B’ is effective width of slab, and determined according to Ref. 2.6: B'=B; +2b,  (2.9)

A, S £
.d o 2n(l-t?)

If pe- 5 , heutral axis (NA) is located in the web (here,

A =A;+A,, t=t/sd, and Young modulus ratio n=15), So, location of Neutral Axis

Xn, is calculated by :

2
Xn =h+—2r]p‘.s (2.10)
2(ti+n- pr)
Moment of Inertia of composite beam cln, is calculated by
B't, |t t ) )
chh = €I 4l Xn—= +sl + sd — Xn 2.11
- {12 ( 2) } A (d —xn) (2.11)
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M_ 12 M
A B . (2.12)
3'5 E'c In G'b Abw
and
1)
6 =< (2.13)

The nominal shear force between the steel beam and the concrete slab transferred by
studs, Q,, shall be determined as the lowest value in accordance with the concrete

crushing, or tensile yielding of the steel section. So, Design of studs is conducted by
considering the minimum of :

Q, =min(C,,F, ) (2.14)

1h y

Where: C = Effective compression strength of the concrete slab
bFy= The tensile yield strength of steel section(= 0, 4;)

The nominal shear strength of one stud s, shall be determined as follows:
4 = 0'5Xsc CRY 1:c ) Ec (2.15)

Where sa = cross-sectional area of the stud [mm?]
Ec = Concrete modulus of elasticity [N/mm?]
f. = Concrete compressive strength [N/mm?]
Concrete Young modulus is calculated by :

15
E, =21000x| 2| «x fo (2.16)
23 20

The required number of studs shall be equal to the horizontal shear divided by the
nominal shear strength of one stud :

nr :Qh/ qs (217)

Table 2.4 summarizes the calculated plastic moment strength, plastic rotation angle
and deformation corresponding to the beam plastic rotation angle for the bare steel
beam and composite beam specimens.

Table 2.4 Calculated strength and deformation of specimens

Specimen Mp (kNm) Op (rad) Op (mm)
Bare steel beam 824 0.0088 25.1
Composite beam 1154 0.0064 18.3
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2.2.5 Test procedure

As shown in Figure 2.6, specimens were simply supported at both ends of column and
the lateral load was applied at the top of beam. 6, is beam rotation angle based on
definition presented in Figure 2.7 and Equation 2.17. The cyclic loading program was
applied. The test protocol for this cyclic reverse loading is shown in Figure 2.8 which
is consisted of 2 cycles in each £2.0 6, , £4.0 6, and other cycles in £6.0 6, until the
failure. 6 is the rotation corresponding to plastic moment capacity of bare steel beam
(Mp), which is obtained by dividing beam’s plastic moment by its initial stiffness.
Failure was defined as the fracture occurrence or 10% degradation from actual

maximum strength obtained during the loading test.

_ S8 _v1=6ch' v,
Op = =—p1— [rad] (2.18)
: B i
O€E»n || - ) —
L gl —om— o

3000
I
o
&
3000

3 s — * FFL—)E
n . " [ m m
) = = =1
1 3000 | ‘ — ‘ 3000 | 1

(a) Bare Steel beam specimen (b) Composite beam specimens
Fig. 2.6 Bare steel beam and composite beam specimen test setup

~
v

=

Fig. 2.7 Definition of beam rotation Fig. 2.8 Cyclic loading protocol
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2.3 Test results
2.3.1. Mp- 6y Hysteresis diagrams

Mb-6p hysteresis graphs are shown in Figure 2.9. In these graphs My represents beam
moment at column face and 6y is beam rotation angle. From the Figure it can be observed
that rotation angle of composite beam in the specimen which was connected to the RHS
column with large width-to-thickness ratio of 29 (CB-29) was almost half of bare steel
beam specimen with same width-to-thickness ratio (BS-29). But in the composite
specimen which was connected to the smaller width-to-thickness ratio column (CB-22),
considerable improvement of beam rotation angle was observed. It can be seen that in
CB-22 specimen, by increase of beam rotation angle, sudden reduction of strength
occurred in 0.025 rad. After this drop, strength kept constant until further progress of

loading.

Mp(kNm) Mp(kNm)

504 } 500

1000 1O00F
00 \\

. . / . Ieb(rad) . ) . Ieb(rad)
-0j6 -0.04 fo.02f" 0.2 0.04 0.0p -(.06 -0.04 -0.02 0.02 0.04 0.6

04

—TO00+

560 1300

(a) BS-29 (b) BC-29

s (0al

Fig. 2.9: Mp-6y Hysteresis graphs
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2.3.2 Steel beam damage observations

2.3.2.1. Crack initiation and progress

In all specimens, regardless of width-to-thickness ratio and existence of slab, crack
initiation happened at the root of weld access hole of bottom flange. But in the
composite specimen with large width-to-thickness ratio of 29 (CB-29) this crack
occurred in the considerable early cycle of loading, which was second cycle of +2.0 6.
While in the composite specimen with smaller width-to-thickness ratio of 22 (CB-22)
this crack occurred in the later stage of loading, which was second cycle of +4.0 6.
Stage of loading which the crack initiated in the bare steel beam specimen (BS-29) was
first cycle of +4.0 6, , which was later than CB-29 and earlier than CB-22. Crack
initiation was defined when 0.2 mm crack was observed using crack scale. In Figure
2.10 typical crack initiation and progress at the root of weld access hole is shown for
all specimens in the first cycle of +4.0 6p. Summary of first crack initiation of all
specimens is illustrated in Figure 2.11. It was observed that for the composite beam
specimen which was connected to the RHS column with larger width-to-thickness ratio
(CB-29), speed of crack growth was higher than the specimen with smaller ratio (CB-
22 specimen). However, local buckling was observed in the last cycle of loading of this
specimen, shown in Figure 2.13.

2.3.2.2. Final failure mode

Final failure of all specimens was determined by progress of above mentioned crack at
the root of scallop of beam lower flange, shown in Figure 2.14. These fractures
reproduced the failure modes of connections in the 1995 Hyogoken-Nanbu earthquake.

Final failure manner of all specimens, were determined by quite ductile manner.

(a) BS-29: Crack initiation(at+3.06p) (b) CB-29:Crack progress(width:0.9mm) (c) CB-22: No crack

Fig. 2.10 Typical crack initiation and progress at the root of scallop in the first cycle of +4.06,
6.0 Bp(+1)
4.0 0p(+2) |
4.0 0p(+1) -

2.0 0p(+2) -
2.0 Bp(+1) I
= | T

BS-29 CB-29 CB-22
Fig. 2.11 First crack initiation during the loading test
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Loading BS-29 CB-29 CB-22
cycle Root of Weld Access Hole (Scallop) of Lower Flange
i G4y, -
2.00,(+2)
No Crack No crack
4.00,(+1)
Cycle
+3.00, — Crack initiation: 0.2 mm 2.00,(+3) -Crack progress: 0.9 mm No crack
4.00,(+1)
Peak
+4.00, — Crack progress: 0.6 mm Before peak(2.46,) No crack
Crackprogress:1.4mm
4.00,(+2)
+3.00, — Crack progress: 1.2 m Peak of cycle- Crack
initiation 0.2 mm
6.00p(+1)

Fig. 2.12: Crack initiation and progress at the root of scallop during loading cycles
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Lower Flange CB-22
BS-29 CB-29
Local Buckling

2.00p(-2)
" No buckling No buckling

Peak of cycle

4.00p(-1)
Peak of cycle

6.00p(-1)
Peak of cycle

Fig. 2.13 Local buckling of lower flange of specimens
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iy ‘ R RUGHILL SR

Fig. 2.14 Typical final failure mode

2.3.3 Concrete slab damage observations

The concrete slabs were subjected to subsequent tensile and compressive load and the
formation of cracks traced as loading progressed. In both composite specimens, three
patterns of slab damage were observed during the test. “Longitudinal crack” which was
parallel to the steel beam, “transverse crack” which formed perpendicular to the steel
beam, and “bearing crush” which occurred due to direct compression and formed at the
vicinity of column face.

In both width-to-thickness ratios of 29 and 22 specimens, comparable transverse cracks
and longitudinal cracks occurred at similar cycle of loading which was first cycle -0.56,

and +2.0 6y, respectively (Figure 2.15).
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(a) CB-29 Specimen (b) CB-22 Specimen
Fig. 2.15 Formation of longitudinal and transverse cracks (end of first cycle of +2.0 6y

Initiation of bearing crush at the corners of RHS column were also happened at similar
cycle of loading which was first cycle of +2.0 6, in both composite specimens, shown
in Figure 2.16(a) and (b). However, in CB-29 this crush did not progressed due to failure
of specimen, while for the specimen with smaller width-to-thickness ratio (CB-22), by
progress of loading cycles, sever concrete crush occurred at the vicinity of column face
and over the whole slab depth during the first cycle of +4.0 8, , shown in figures 2.17
and 2.18. This crush resulted to the sudden strength degradation which can be seen in

Figure 2.9(c) hysteresis diagram and was discussed in sec. 2.3.1.

— | |

(a) CB-29 (b) CB-22

Fig. 2.16 Initiation of bearing crush at corners of RHS column in comparable loading
cycle of +2.0 6p(+1)
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(a) CB-29 (b) CB-22

Fig. 2.17 Comparable development of bearing crush at corners of RHS column, until
end of loading cycle +2.0 6,(+2)
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(a) CB-29 (b) CB-22

Fig. 2.18 Final condition of concrete crush adjacent to the of RHS column face
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2.4 Effects of width-to-thickness ratio of RHS column

2.4.1 My-0y Skeleton curves

The skeleton curves obtained from My-6h hysteresis diagrams are plotted in Figures 2.20
(a) and (b). The method for plotting the skeleton curves, is shown in Figure 2.21 .
Figure 2.20(a) corresponds to skeleton curve obtained from positive loading, and Figure
2.20(b) corresponds to skeleton curve obtained from negative loading. In these graphs,
actual plastic strength values are shown with solid circles, which are corresponding to
one-sixth stiffness reduction, obtained by definition shown in Figure 2.22.

In positive flexure, regardless of difference in column width-to-thickness ratio(B/t),
considerable increase in the elastic stiffness of composite specimens can be seen. The
elastic stiffness of CB-29 and CB-22 are 1.93 and 1.83 times of bare steel beam,
respectively. But in the case of negative flexure regardless of existence of slab, from
the early stages of elastic region the stiffness is almost same.

Figures 2.23(a) and (b) illustrate the amount of elastic stiffness of specimens in the
positive and negative flexure, respectively. In the figure, the amount of elastic stiffness
in £0.56, and £2.0 #,(second cycle) are shown, and the calculated stiffness is plotted with
horizontal dotted line. In +0.560, positive flexure, considerable increase of stiffness in
both composite specimens comparing with the bare steel beam specimen (BS-29) can
be seen, But by progress of loading and development of damages in the concrete slab
until +2.0 6p(+2), stiffness of both composite beam specimens reduced, and finally
reached to the bare steel beam stiffness.

As shown in Figure 2.23(b), in the negative flexure considerable difference for reduction
of stiffness was not found between specimens. It can be explained that this behavior is
resulted from removal of composite action in the negative flexure.

Regarding the actual plastic strength, from Figure 2.20(a) it can be seen that in the
positive flexure both composite specimens showed almost similar increase of plastic
strength comparing with BS-29. The plastic strength of CB-29 and CB-22 are 1.27 and
1.31 times of bare steel beam, respectively. Also it is shown that in the bare steel beam
specimen BS-29, after reaching to actual plastic strength, almost steady increase of
strength can be seen until 0.05 rad. After reaching to this rotation angle, strength
degradation happened due to development of crack in the root of weld access hole
(scallop), which was explained in Sec. 2.3.2. In the case of composite beam specimens,
it can be seen that both specimens showed similar behavior until 0.02 rad, but in CB-29

specimen degradation of strength gradually happened due to initiation and progress of
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crack at the root of lower flange weld access hole (scallop). On the other hand, in CB-
22 specimen increase of strength continued by progress of loading until 0.025 rad . But
sudden strength degradation can be seen in the skeleton curve of this specimen which
was associated with concrete bearing crush at the vicinity of RHS column, which was
discussed in sec. 2.3.3, and resulted to 5% strength reduction. After this drop in the
strength, constant moment transmitted until 0.05 rad.

Figure 2.20 (b) shows that in the negative flexure, actual plastic strength of all
specimens were comparable to the calculated plastic moment capacity of bare steel beam,
which is plotted with dotted horizontal line in the figure.

Table 2.5 summarizes the results of observed ultimate strength of each specimen. Due
to composite action, 8% increase in the ultimate flexural capacity of BC-29 observed
comparing with bare steel beam specimen BS-29. Reduction of RHS column
width-to-thickness ratio in CB-22 resulted to 10% increase in the ultimate strength of

this specimen comparing with CB-29.
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(a) Negative flexure

Fig. 2.20 My-6s Skeleton curves
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Fig. 2.22 Definition of actual plastic strength

Fig. 2.21 Method for plotting the Skeleton curve
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(a) Positive flexure
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(b) Negative flexure
Fig. 2.23 Elastic stiffness of specimens
Table 2.5 Test results
Plastic Moment Ultimate flexural
Specimen (kNm) Capacity (knm)
Mp+ Mp' Mmax+ Mmax'
BS-29 711 803 961 974
CB-29 903 842 1042 922
CB-22 934 801 1145 986
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2.4.2 Strain behavior and rotation capacity
Figure 2.24 depicts the strain distribution across the length of beams upper and lower

flange in the first cycle of +2.0 6, . Horizontal axis is the length and vertical axis is the
amount of strain, measured by gauges attached at the 30 mm position from column face.
As shown in Figure 2.25(a),(b) and (c) in each specimen, strain of flanges was measured
by the strain gauges which were mounted on the steel sections. Strain gauges were
attached to the inside of upper flange and both sides of lower flange.

According to Figure 2.24(a), it is found that the strain on the upper flange of both
composite specimens remained almost zero, while in the bare steel beam specimen BS-
29, upper flange strain amount reached to 2.7% negative strain. This behavior is resulted
from existence of slab, which provides constraint condition for the upper flange of
composite specimens.

Furthermore, for the lower flange it can be seen that flanges were subjected to positive
strain. In both sides of lower flange of composite beam which was connected to the
RHS column with large width-to-thickness ratio of 29 (CB-29 specimen), amount of
strain is 2.2 times of bare steel beam specimen with same width-to-thickness ratio (BS-
29). By reduction of RHS column width-to-thickness ratio in CB-22 specimen, 55%
reduction of strain comparing to CB-29 can be seen in both sides of flange. The amount
of strain in CB-22 is just 1.2 times more than bare steel beam BS-29.

£ (%) £ (%) € (%)
2.0 8.0 8.0 | —o-Bs2
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Fig. 2.24 Strain distribution across the length of beams flange in first cycle of +2.0 6,
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Fig. 2.25 Strain gauges arrangement on the steel section flanges
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The above strain condition is associated with the specific loading cycle of +2.0 6.
The strain versus beam rotation angle is illustrated in Figure 2.26. It is shown that
during the entire loading steps, for all specimens regardless of existence of slab or
difference of width-to-thickness ratios, by the progress of loading and increase of beam
rotation angle, the amount of strain in the flanges increased. But upper flange of
composite specimens sustained considerable smaller amount of strain comparing to
bare steel beam specimen BS-29. On the other hand for the lower flanges, although in
the bare specimen BS-29 the strain condition was comparable with its upper flange,
but considerable increase of strain happened in both composite specimens BC-29 and
BC-22.

It is also found that in the composite beam specimen with smaller width-to-thickness
ratio CB-22, after the beam rotation angle reached to 0.025 rad and sever concrete
crush occurred, sudden reduction in the slope of strain curve happened in the lower
flange. At the same time, slope of strain curve in the upper flange increased. This
behavior can be explained that following to sever concrete bearing crush in CB-22,
reduction of upper flange constraint condition occur, and this resulted to change in the

slope of strain curves of flanges.
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Fig. 2.26 Strain versus beam rotation angle (6b)

According to strain behavior study and damage observations which were explained in
sec. 2.3.2, it is found that strain condition of lower flange affected the crack growth and

progress in each specimen, and finally this resulted to different rotation capacity of
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beams. In CB-29 specimen, higher amount of strain resulted to earlier initiation and
faster progress of crack comparing to bare steel beam BS-29. In CB-22 specimen,
despite the higher amount of lower flange strain comparing with BS-29, but after the
occurrence of concrete bearing crush, reduction of strain in the lower flange resulted to
later initiation of crack at the root of weld access hole.

Figure 2.27 depict the crack growth in each specimen. Crack growth was investigated
by plotting the measured crack opening (d¢r) versus beam rotation. In this figure, n is
the beam cumulative plastic rotation based on the definition shown on Figure 2.28. Table
2.6 summarizes the results of cumulative rotation capacity of each specimen. Smaller
amount of strain on the lower flange of CB-22 resulted to later crack initiation, slower

development and finally higher beam rotation capacity.
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Fig. 2.27 Crack growth Fig. 2.28 Definition of cumulative rotation capacity

Table 2.6 Cumulative rotation capacity

Specimen n
BS-29 20.4
CB-29 10.7
CB-22 45.3

Figure 2.29 illustrates the beam cumulative plastic rotation () versus connection factor
(a) for this experimental test and also for specimens of Ref.(2-3) in Matsuo’s
experimental test results. Connection factor (a) is based on bare steel beam.
In this figure, black is representing the results of specimens of this chapter and white is
representing the results of Matsuo’s test. Triangle is associated with bare steel beam
specimens and circle is associated with composite beam specimens.

Due to difference in materials between this test and Matsuo’s test (SN400B), higher
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cumulative rotation capacity can be seen in the specimens of Matsuo’s experimental
test, but it can be seen that in both tests for same Connection factor (o) cumulative
rotation of composite beam is reduced to almost less than half of bare steel beam.

80 T

Fig. 2.29 Cumulative rotation capacity(s) versus connection factor(a) for test
specimens and Matsuo’s test specimens (Ref. 2-3)
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2.5 Conclusions

This study was performed through the experimental test on three full scale

subassemblies to investigate the elasto-plastic behavior of composite beam connected

to RHS columns with different width-to-thickness ratios. The conclusions and

recommendations presented in this chapter can be summarized as follows:

1-

w
1

4-

In all specimens regardless of existence of concrete slab or width-to-thickness
ratio of RHS column, first crack initiation was occurred at the root of weld access
hole (scallop). For the composite beam specimen CB-29 this occurred at earlier
stage with higher progress, comparing with the bare steel beam connected to the
RHS column with same width-to-thickness ratio (BS-29 specimen) and composite
beam connected to RHS column with smaller width-to-thickness ratio (CB-22

specimen). Final failure pattern was determined by propagation of this crack.

In the beam connected to RHS column with width-to-thickness ratio of 29,
composite action resulted to 27% increase of actual plastic strength and 92%
increase of stiffness in positive flexure, comparing with bare steel beam connected
to RHS column with same with-to-thickness ratio. But cumulative rotation
capacity of composite beam significantly reduced comparing with bare steel beam.
Strain study in the first cycle of +2.0 8, showed that composite action increased
the strain amount of lower flange 2.2 Times of bare steel beam. This strain
condition resulted to early crack initiation with higher progress, and finally

reduction of rotation capacity of composite beam.

Reduction of RHS column width-to-thickness ratio in CB-22 specimen, did not
result to considerable difference in the actual plastic strength and elastic stiffness
in positive flexure comparing with CB-29, but 10% increase of beam ultimate
strength observed. Also considerable improvement in the cumulative rotation
capacity observed which was 4.2 times of CB-29. Experimental test results
revealed another specific difference between composite specimens. It was
observed that in the specimen with smaller width-to-thickness ratio severe

concrete bearing crush happened at the vicinity of column face.

Strain behavior study in CB-22 specimen, showed that in the first cycle of +2.0 6,
the amount of strain in the lower flange of CB-22 specimen was 55% smaller than
33
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CB-29 and 20% more than bare steel beam BS-29, but after the occurrence of sever
crush in the concrete slab, sudden reduction in the tangent of strain in the lower
flange happened. This resulted to smaller rate of strain increase, even comparing
to the bare steel beam BS 29. Finally, this resulted to higher rotation capacity of
CB-22 comparing with CB-29 and also BS-29.

5- Occurrence of concrete crush can be considered as the start of removal of
composite effect and start of closing to the bare steel beam condition. Further
investigation about the mechanism of stress and strain transfer of composite beam

is needed, which is presented in the next chapter of this research.

6- It was observed that for same connection factor (o) cumulative rotation of

composite beam () is reduced to almost less than half of bare steel beam.
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3. Mechanism of Elasto-Plastic Behavior of Composite Beam Connected to
RHS Column

3.1 Introduction

Following to observations of experimental test shown in Chapter 2, considerable
difference between rotation capacity of composite beam connected to RHS column with
different width-to-thickness ratios was observed. Another specific difference was also
found that in the composite beam connected to RHS column with smaller width-to-
thickness ratio. Occurrence of bearing crush of concrete at the vicinity of column face
resulted to significant change in the condition of strain of lower flange. Further
comprehensive understanding of elasto-plastic behavior of composite beam is needed to
show the effect of out-of-plane deformation of RHS column on the behavior of

composite beam.

This research is conducted to clarify the structural condition of web connection. In this
chapter FEA study is conducted to understand the mechanical effects of composite
action and out-of-plane deformation of RHS column on the elasto-plastic behavior of
composite beam. Mechanism of stress transfer and strain concentration is shown by the

means of FEA results.

Furthermore, investigation about the ultimate flexural capacity of web connection is
conducted by the limit analysis. Correspondence between FEA and limit analysis is
shown and evaluation of ultimate flexural capacity of composite beam connection is

proposed.
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3.2 Limit analysis of web connection

According to past researches, effect of out-of-plane deformation was mostly considered
based on the concern regarding reduction of web flexural capacity. This research is
conducted to clarify the structural condition of web connection, not only based on the
flexural capacity considerations, but also by considering the effect of axial force
subjected to the web. This investigation is helpful to understand the interaction effects
of both axial force and flexural moment on the capacity of composite beam web
connection simultaneously. In fact in the case of composite beam, web connection has
to play two different roles: transmission of flexural capacity (same as bare steel beam)
and transmission of axial force resulted from concrete slab compression force. This
research is conducted to investigate the interaction of both effects. Actually it is already
known that increase of RHS column width-to-thickness ratio results to movement of
neutral axis (NA) toward top flange, but according to this limit analysis location of
neutral axis can be shown by interaction of different width-to-thickness ratio and
different axial force (N).

Evaluation of ultimate flexural strength of web connection in the bare steel beam
connected to RHS column is shown in AIJ “Recommendation for Design of Steel
Structures” 31732 In this section, a method for evaluating the flexural strength of
composite beam web connection is presented by considerations regarding out-of-plane
deformation of column flange and application of the yield line theory.®®=34 According
to that theory, yield lines are developed at location of maximum moments. Yield lines
are straight, and constant ultimate moments are developed along them. Elastic
deformations within segments are negligible.

In this section, derived equations are introduced to take count in the reduction of web
connection capacity of composite beam due to increase of RHS column width-to-

thickness ratio and axial force.

3.2.1 Collapse mechanisms

According to past researches, in order to evaluate flexural strength of composite beam
Tanaka et al. 3" conducted numerical calculation with referring to the collapse
mechanism shown in AIJ “Recommendation for Design of Steel Structures” 3-5).
Adopted collapse mechanisms are shown in Figure 3.1(a) and (b). Mechanism | is same
as bare steel beam collapse mechanism shown in Ref. 3-5 except the difference in the
location of neutral axis (N.A). Mechanism Il is adopted according to the collapse

mechanism which was proposed in Ref.3-7. In this figure, “f” is the unknown parameter
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for the location of neutral axis of composite beam. “a;” and “a;” are unknown
parameters for the depth of web yield region. “s” is the parameter regarding scallop
height. * ;M,,,,” and “N,,” are the ultimate flexural strength of web connection, and axial

force acting on web, respectively.
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Fig. 3.1 Collapse Mechanisms

According to Figure 3.1, application of virtual work in these mechanisms is represented
by equation (4.1). Right side of this equation is internal energy dissipation.

My + Ny (B —2)d;60 = X d; (3.1)

Here, the acting point of :M,,,, and N, , is considered at the center of gravity of steel

]
beam. Hereinafter, in this paper m,and n will be considered as nondimensional ultimate

flexural strength and nondimensional axial force of web respectively, which is defined

as.
me = jMwu/wa ) (3.2)
n =N, /Ny, (3.3)
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where:
1.2
My, = Zdj tbw- pwOy (3.4)
Ny, = dj tow- pwOy (3.5)

3.2.2 Mechanism |
According to Figure 3.1(a) dissipated energy in the yield lines of regions 1 to 7 are

summarized in Table 3.1.

Table 3.1 Dissipated Energy based on Mechanism |

Region Rotation Angle Dissipation (d;)
1-8 1-pB
1 91_<au —1)9 be(au —1)mpa
d] d.z
2(X2) 0, =2(1-p-ay), 0 8b4(1—ﬁ)(1—ﬁ—au)mpe
J J
d] d.z
3(%X2) 03 = 2(,3—0%); 0 BbLﬁ(ﬁ—aL) m,0
J J
_ (B B
4 94_(a—L—1)9 ij(a—L—1)mp9
5 5= 6 2bm, 6
_(1-p 1 (ay — s)? )
6 O —( @y ) 0 Ea—u(l - B)d;" ny,0
(B 1(a,—9)?2
7 67 = (OCL) 6 7 q Bd;” nyy6

— 2
where m, = .o,t;/4

Differential of equation (3.1) based on collapse mechanism | over «ay, a; and B reach

to:
Vkr3sz +1 3.6)
o =y = —— )
L v rvkr — 4
1 1
,B—gnkr+5 (3.7)

where “k” and “r” in the above equations are as follows:

k= (bj/tcf)z(tbw/dj)(bWGY/ Oy)
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By substituting «;, ay and B in the equation (3.1), equation of m, is obtained by:

m, = 2 VkrISZ+ 1 — o4 = — 4s— inZkr (3.8)

According to equation (3.6), depth of yield region of web (a;, ay) are equal to the depth
of bare steel beam in Reference [3.2]. Also m, which is obtained by equation (3.8) is
same to the equation of bare steel beam which is introduced in that reference, except
the last term of equation.

According to Equation (3.7), location of neutral axis (N.A) is dependent on the amount
of axial force (n) and may move toward upper flange. Considering the constant depth of
web yield region shown by Equation (3.6), it is necessary to consider £ limitation as :

ﬁSl—(lU

According to this limitation, in this mechanism for application of equation (3.8) the
following requirement of n must be satisfied:

4 < 2Vkr3s? + 1)
1= - (3.9)

n<s—
kr rvkr — 4

In the case of non scallop beam, these equations are applicable by just substituting
s=0.
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3.2.3 Mechanism 11

Figure 3.1(b) illustrates the collapse mechanism after n exceeding the requirement of
equation (3.9). Dissipated energy in the yield lines of regions 3 to 7 are summarized in
Table 3.2.

Table 3.2 Dissipated Energy based on Mechanism Il

Equivalent
Region Rotation Angle hinge Dissipation(d;)
Length
d; d;?
3()(2) 93 ZZ(B_aL)b_j 0 ZXZBd] SEB(ﬁ—(IL) mp9
B B
4 94=<a—L—1>9 ij 2b] (a—L—1>mp9
5 0; =6 2b; 2bjm,, 6
1
6 0, =0 (1 - B-s)d; E(1—[;—5)2(1,-%‘”9
B 1 (aL - 5)2 2
7 0, = (OC_L) 0 (a, — s)d; ETdf B Ny 6

Differential of equation (1) based on collapse mechanism Il over «; and g, again

reach to the same «; given by equation (3.6), and £ is defined by:

_kr*(n+1) = vVkr —4Vkr3s?2 +1

r(kr +4)
(3.10)
By substituting a; and g in the equation (3.1), m, equation for mechanism Il is
obtained by:
2
m, =——-=<[n+1) (—Vkr — 4\ kr3s2+1+4— krn)
(kr +4) T
kr — 4
— 2s(kr +4(1 —5))] (3.11)

According to Equation (3.10), location of neutral axis may move toward top flange,
shown in Figure 3.2. So limitation for boundaries of g in the Mechanism Il can be
explained as:

ay<p<1l-s
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For application of equation (3.11) the following requirement of n must be satisfied:

4 1 2Vkr3s2+1
kr rvkr—4

)SnSk—iz[r(l—s)(kr+4)+\/kr—4\/kr3sz+1]—1 (3.12)
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(a) Beam with scallop (b) Non-scallop beam

Fig. 3.2 Upper boundary of Mechanism 11

Same to mechanism I, by substituting s = 0 in the above equations result to evaluation

of non scallop beam strength.
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3.3 Finite element analysis study

Following to the experimental test observations of three full-scale beam-to-RHS column
sub-assemblies, numerical investigation is conducted to understand the mechanism of
mechanical behavior and effect of out-of-plane deformation on the elasto-plastic
behavior of composite beam.

In order to study the stress and strain transfer mechanism of composite beam, finite

element analysis results are explained in this section.

3.3.1 Outline of analysis and modeling

Following to experimental test results, and in order to conduct investigation regarding
the effect of RHS column out-of-plane deformation on the behavior of composite beam,
finite element study were carried out by general finite element analysis program
ABAQUS Ver.6.5. Analysis conducted for 8 models as shown in Table 3.3. The
configuration of finite element model is illustrated in Figure 3.2. In this model slab is
modelled by truss element to make the analysis simple. Considering the actual geometry
of steel deck, concrete is consisted of 2 parts: continues concrete slab over the ribs and
concrete located in the ribs (lower part of deck). So two truss elements were prepared
corresponding to these two regions of concrete slab. In the truss element corresponding
to the main slab part, effective width is equal to 1.3 times of width of RHS column from
the column face to the first stud, and after first stud and in the remaining part of beam,
effective widths is determined according to the “Design Recommendations for
Composite Constructions”, (Al1J 2010) *%. In the second region of concrete slab located
in the ribs, width of concrete is considered 140 mm and thickness is 50 mm, which is
same to the actual steel deck geometry.

Another slab is also prepared from the first stud to the centre of RHS column. From the
centre of column it is connected to transverse beam by rigid constrain. This part is
representing bearing stress transfer. In this model it is assumed that bearing crush will
occur between the column face and first stud.

Another truss element with different length were prepared to represent stress transfer to
the transverse beam.

If truss element is connected to the RHS column wall directly, concentration of load
transfer might happen. To prohibit such problem, some stiffening is provided in the

region that slab is attached to the RHS column face.

42



Chapter 3. Mechanism of Elasto-Plastic Behavior of Composite Beam Connected to RHS Column

Studs are modelled by spring elements which are connected to the beam flange by rigid
element. Half model is prepared due to symmetry and appropriate constraints have been
applied on the symmetry part. The yield criterion on the basis of Von Mises and

associated flow rule were employed to model plastic behavior of steel material.

Model Info: CiUsershadmi\Desktopieslamitbc29truss3.hm*

Transverse beam
Loading beam

Truss element representing

concrete slab over the deck
Truss element representing

~L concrete in the ribs of deck

L 2 Stiffening of RHS
i column face at the region

camibezatuss bt connected to the slab by

rigid bars

Slab from the first stud to

the centre of RHS column

Fig. 3.2 Finite element model of composite beam
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Table 3.3 FEA models specifications

Width-to-thickness

Specimen | Concrete Slab ratio of RHS column
BS00 No 0
BS16 No 16
BS22 No 22
BS29 No 29
CBO00 Exist 0
CB16 Exist 16
CB22 Exist 22
CB29 Exist 29

For the steel material, yield stress and ultimate stress are taken from the laboratory test
performed on the materials of tested specimens. Concrete material model is shown in
Figure 3.3 which is decided based on previous research on bearing capacity of concrete,
conducted by Inoue®®. Calibration of concrete model in comparison with Inoue study
is shown in Figure 3.4. The strain at which maximum compressive stress occur is
extended in the plateau part of curve comparing with Inoue’s model. The first softening
part of curve is parallel to Inoue’s curve and more gradual softening is decided in the

next part.

Stress
- CB22
25 ©

20
15
10

0 . . .
0.00 0.05 0.10 | Strain

Fig. 3.3 Compressive stress-strain curve used for concrete

15
—&— |noue
1 \ --4-- Model
0.5 e

0.0 2.0 4.0 6.0 8.0
Fig. 3.4 Calibration of concrete model according to previous study conducted by Inoue
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3.3.2 Correspondence of FEA and experimental test results

Results of numerical monotonic loading are compared with skeleton curves obtained
from experimental cyclic loading test for beam rotation in Figure 3.5 (a). In these graphs
the horizontal axis is beam rotation angel (6y) and the vertical axis is beam moment at
the column face (Mp). Thicker solid line is associated to the FEA results and thinner
solid line is associated to the experimental test result. For all specimens regardless of
RHS column width-to-thickness ratio and existence of concrete slab, acceptable
correspondence between numerical analysis and experimental test results can be
observed. In the case of composite beam, the model is capable of taking count in the
effects of concrete crush in the restraining characteristics. Considering the fact that in
CB-29 actual failure was determined by progress of crack at the root of scallop, and
FEA result has correspondence to the maximum strength, it can be concluded that even
in CB-29 concrete was near to reach to its ultimate capacity, but premature failure
prohibited reaching to this capacity.

In the case of strain behavior, the correspondence between strain versus beam rotation
angle of specimens are illustrated in Figure 3.5 (b) which depicts that in the case of
width-to-thickness of 29 regardless of bare or composite, some less estimation of strain
by the model exist (which is more considerable for the bare steel beam) . But globally
it can be seen that model estimation of strain is not significantly different with the actual

strain behavior.
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Fig. 3.5 Correspondence of FEA and experimental test results
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3.4 Mechanism of behavior of composite beam connected to RHS column
3.4.1 Finite element analysis results
1) Global behavior

Figure 3.6 illustrates the effects of width-to-thickness ratio of RHS column in My-6
curves. Regardless of existence of concrete slab, in both bare steel beam and composite

beam effect of RHS column width-to-thickness ratios can be seen.

However despite this similarity, difference in characteristics of strain hardening can be
seen.

In the case of bare steel beam, for different width-to-thickness ratio premature yielding
happen, but by keeping high strain hardening and after significant rotation, regardless
of premature yielding finally closing to the rigid condition happen. While in the case of
composite beam, strain hardening manner is different for different width-to-thickness
ratios.

In the smaller width-to-thickness ratio of composite beam, by progress of rotation
tendency of reaching to higher capacity exist. After that sudden strength reduction occur

and keeping the constant strength after that reduction.
So, much more considerable difference in the characteristics of strain hardening can be

observed in the composite beam.

According to experimental test observations of chapter 2 for CB-22 specimen, it is know
that this sudden reduction of strength has correspondence with bearing crush in the
concrete.

Considering the point that some difference in the moment amount at 0.06 rad between
bare and composite beam exist, it is found that after concrete softening still some

difference in the different B/t composite beams exist.
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Fig. 3.6 Effects of width-to-thickness ratio of RHS column in My-0, curves
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2) Web moment

According to Figure 3.7 for the web moment condition, similarity of effect of width-to-
thickness ratio of RHS column can be seen in both bare steel beam and composite beam.
Almost same effect can be found for different width-to-thickness ratios.

However, in the case of composite beam, increase of web moment consists of 2 stages.
After reaching to a certain rotation, effect of width-to-thickness ratio is decreasing. It
seems that it can be related to the rotation which maximum moment was observed in
Figure 3.6. It can be seen that effect of composite action is considerably different after

certain rotation. This behavior will be discussed later.
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= 100
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Fig 3.7 Web moment

3) Strain behavior

Effect of RHS column width-to-thickness ratio in the strain condition of both composite
and bare steel beam flanges can be seen by the Figure 3.8 .According to Figure 3.6 it is
already known that in the case of composite beam, around 26, corresponds to before
start of concrete softening. So it can be seen that in this rotation angle strain of top
flange is quite small, while bottom flange strain is considerably high. In the case of bare
steel beam (right side Figures), strain of bottom flange is smaller comparing to
composite beam.

Ratio of strain increase by increase of width-to-thickness ratio is higher in the composite
beam rather than bare steel beam. Larger width-to-thickness show much higher strain
compare to the bare steel beam.

Beam rotation angle 46, correspond to almost after concrete crush. Strain of top flange

is considerably increased, but still some width-to-thickness effect can be seen.
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Fig. 3.8 Strain behavior of flanges

3.4.2 Stress transfer
1) Global behavior

Figure 3.9 illustrates flexural moment of beam at column surface. Comparison between
bare steel beam and composite beam global behavior is shown. Thick black solid line
represents composite beam, and thin gray line represents bare steel beam. It can be seen
that effect of composite action in moment capacity is increased by reduction of width-
to-thickness ratio of RHS column.

In these figures, each moment component of composite beam contributed by slab and
steel beam are shown by gray thick solid line and broken line, respectively.

Slab moment component is estimated by axial force of slab elements at the vicinity of
connection multiplying to the distance from center of gravity of steel beam for each slab
element. Steel beam moment component is estimated by remaining of total moment
excluding the slab moment component.

Steel beam moment in composite beam shows correspondence to the bare steel beam
moment in the elastic region. But reduction of yield moment of composite beam can be

seen because of effect of axial tensile force in steel part, generated by composite action
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corresponding to slab compression force. This reduction of yield moment is reduced by
decreasing of width-to-thickness ratio of RHS column.

Nsiw shown in figures represents the condition that slab axial compressive force reach to
the maximum capacity which is corresponding to bearing crush of slab at the vicinity of
column.

Steel beam moment component of composite beam start to increase higher rate after
slab force reach to maximum. Vertical broken line shows the correspondance between
ultimate condition of slab Nsjy and change in the rate of steel component curve , shown
by white triangle. Finally, after certain increase of beam rotation, steel beam component
reach to almost same capacity of bare steel beam model regardless of width-to-thickness
ratio of RHS column.

Moy indicated in figures represents the condition that total beam flexural moment of
composite beam reachs to maximum capacity. In the case of CB00 and CB16, beam
rotation corresponding to Nsiyw and Mpy are amost same, but in the case of CB22 and
CB29, beam rotation corresponding to Myy is larger than the rotation corresponding to
Nsiw. Namely, maximum flexural moment capacity of composite beam occur in the

certain increase of beam rotation after slab bearing capacity.
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Fig. 3.9 Global bahivior of composite beam
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2) Axial force of each component

Figure 3.10 shows axial force of bottom and top beam flange behavior at column face
with different width-to-thickness ratio of column. Horizontal two lines in figures
correspond to yield capacity, Nty, and tensile capacity, Ny, of beam flange.

In the case of bottom flange behavior shown in Figure 3.10(a), axial force increases
with increasing of width-to-thickness ratio of column after axial force reach to yield
capacity. This is resulted from effect of out-of-plane deformation of column flange at
beam web connection. Finally this effect results to reduction of beam rotation, which
correspond to bottom flange axial force reach to tensile capacity by increasing of width-
to-thickness ratio of column. This result shows conformity to the reduction of rotation
capacity by the increasing of width-to-thickness ration of column, seen in test results
described in chapter 2.

On the other hand, axial force of top flange behavior shown in Figure 3.10(b) reduces
with increasing of width-to-thickness ratio of column. In the case of lager width-to-
thickness ratio, it can be found that considerable amount of beam rotation is required to

reach to the yielding of top beam flange.
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(a) Bottom beam flange (b) Top beam flange

Fig. 3.10 Beam flange axial force behavior

Figure 3.11 and 3.12 show slab axial force and beam web axial force behavior at column
face respectively. In the case of slab axial force, behaviors are almost same regardless
of the difference in width-to-thickness ratio of column. On the other hand, beam web
axial force considerably reduces with increasing of width-to-thickness ratio.
Horizontal line shown in Figure 3.11 and 3.12 shows slab bearing capacity calculated
by Equation 3.13.
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N, =1.3(B, -t + A F, (3.13)
Here, Be, te and Aq correspond to width of column, effective thickness of slab and slab
concrete section area corresponding to region of concrete filled on the top beam flange,
respectively. <Nsiu gives good estimation to the maximum capacity of slab axial force.
Beam rotation which correspond to maximum axial force are almost 0.022 rad (2.5 6hbp).
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6, (rad) G, (rad)
Fig. 3.11 Slab axial force behavior Fig. 3.12 Beam web axial force behavior

Figure 3.13 shows each component of axial force to beam rotation relationships. In each
figures, Nfs and N¢r correspond to the axial force of bottom and top beam flange at
column face, respectively. Also, Nsi and Ny correspond to the component of slab and
web at the column face, respectively.

In each figures, vertical two broken line show the beam rotation when total beam
flexural moment reach to the maximum capacity, Myy and slab bearing force between
slab and column flange reach to the maximum capacity, Nsjy .

As described in global behavior in this section, beam rotation corresponding to Mpy iS
larger than the rotation corresponding to Nsiy in the case of lager width-to-thickness
ratio of RHS column. Except CB0O, discontinues of slope in Nt behavior can be seen
when beam rotation reach to Mpy condition. In this point, axial stress at bottom flange
behavior reach to unloading condition and again loading condition instantaneously.

In the case of CBOO, difference between axial force of top and bottom flanges is not
considerable, and difference between axial force of slab and web is not also considerable
too. In fact, difference of axial force of top and bottom flanges must be equal to the
difference of slab axial and beam web due to force equilibrium requirement to the axial
direction. Namely, steel beam section is subjected to tensile axial force corresponding

to slab compressive axial force introduced by composite action. Since steel beam web
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connection in the case of CB0O has sufficient rigidity and strength, so beam web can
transmit most of amount of tensile axial force subjected to steel beam section. This
sufficient capacity of web connection results to less difference of top and bottom flange
axial force. On the other hand, considerable reduction of web axial force can be seen in
CB29. Eventually this reduction of axial capacity of web connection result to
considerable reduction of top flange axial force.

After slab axial behavior reach to softening condition, increase of slope in top flange
axial force behavior can be seen except CB00 and especially in the case of lager width-
to-thickness ratio of column. This increase of the slope in lager width-to-thickness ratio
of column result to total flexural moment increase even after slab axial force behavior
reach to softening condition until beam rotation corresponding to Myu. Hollow circle
shown in figures represent that top flange axial force reaches to yield capacity. It can
be said beam rotation corresponding to total flexural maximum capacity, Myy, iS
determined by the yielding of top flange except CB00. Also decreasing of web axial
force is determined by the yielding of top flange, except CBO0O. In the case of CBO0O,

yielding of top flange can be seen prior to the beam rotation corresponding to Nsu.
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Fig. 3.13 Axial force component of each part
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3) Web connection behavior
Figure 3.14 show beam web flexural moment versus beam rotation. In here web flexural

moment, My, is estimated at the face of column. In this figure, web flexural moment of
bare steel beam model and composite beam model are compared, and also web axial
force, Nw, is shown by broken line. Scale of N is shown vertical axis of right side.

In early stage of beam rotation, behavior of bare steel beam model and composite beam
model are almost same. But, web flexural moment of composite beam model is reduced
compared to bare steel beam model because of the existence of axial force of beam web.
As mentioned formerly in axial force component behavior in this section, when total
flexural moment reach to maximum capacity, which is determined by yielding of top
flange in the case of larger width-to-thickness ratio of column, web axial force Ny start
to reduce. Web flexural moment start to increase with reduction of web axial force, Nw,
and finally, web flexural moment behavior of composite beam model is closing to

behavior of bare steel beam model.

100 7 CB29 400 150 1 CB22 [ 800
BS29 BS22
====Nw ===-Nw
= = 100
E - E E 1 E
£ 50 R - 200 = é) ! - 400 <
: % ( £ 02 2
= '! -..\\ = 50 - , \_‘-“
' -'."Q “.“‘.---
0 T T 0 0 T T 0
0.02 0.04 0.06 0.02 0.04 0.06
6, (rad) G, (rad) ( a)
(a) CB29 (b) CB22
200 - CB16 - 1200 200 - 1200
BS16 Pl
150 - == ==Nw 50 f ) ——CB00
= - 800 _ = - 800
: 4 s E , S0 | S0
2 100 - 5& =2 100 \ éi
2 ES ‘o
= ; “ -S40 =X Seo 400 =
50 - ‘\._“ 50 : ‘*s‘
o P ,
0 : : 0 0 : : 0
0 0.02 0.04 0.06 0 0.02 0.04 0.06
6; (rad) g, (rad)
(c) CB16 (d) CBOO

Fig. 3.14 Axial force component of each part

Figure 3.15 shows M-N interaction of web connection obtained from results of FEA and

also limit analysis. M-N interaction which is indicated by “Rectangular Section”
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corresponds to the interaction of web effective section considering the effect of lack of
section by existence of scallop.

It can be seen that results of limit analysis give good estimation to results of FEA. In
the case of large width-to-thickness ratios web connection capacity due to axial force
and flexural moment is considerably reduced. However, in the case of CB16 it can be
considered as close to CBOO.

According to FEA results shown in Figure 3.15, in the early stages of beam rotation
angle, steady progress of M and N can be seen. After a certain rotation angle, change in
the rate of increase of N happen, but in this stage N increase is not accompanied by
reduction of M. It means that in this condition, connection is not in the plastic condition
and it corresponds to initiation of yielding and development of plastification in the
connection. This stage is corresponding to plateau part of M curve which was shown in
Figure 3.14.

By progress of beam rotation angle, increases of N continue until web reach to almost
full plastic condition. After this condition reduction of N due to concrete crush happen

and at the same time increase of M can be seen.
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Fig.3.15 M-N interaction curves
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4) Longitudinal distribution of axial force component

Longitudinal distribution of top and bottom flange axial force, at certain loading
condition of 26, and 46, are shown in Figure 3.16 (a) and (b). Beam rotation angle 26,
is corresponding to the condition that concrete almost reach to its maximum capacity
(almost final condition before concrete start softening behavior), and 46, is representing
almost final stage of concrete softening.

In Figure 3.16 (a) and (b) horizontal axis is beam length (x) and the vertical axis is
positive tensile and negative compression force of bottom and top flanges, respectively.
Black circles represent bottom flange and white circles represent top flange force .
According to the Figure 3.16 (a), it can be seen that by reduction of RHS column width-
to-thickness ratio, the diferrenc between bottom and top flanges reduces. Relation
between slop of distribution of top and bottom falnge is also depond on the width-to-
thickness ratio. In large width-to-thickness ratio of 29 both flanges are almost parallel
while in the CBO0O are not parallel and diferenc of slop at the vicinity of connection is
reducing. This Figure is also helpful to undrestand level of stress of top flange and
length of yeild region in the bottom flange.

However, after the occurrence of concrete crush, both flange forces become comparable
at the vicinity of connection, as it is shown in 3.16 (b). But it can be seen that in CB29
still difference of flange forces exist, indicating that some width-to-thickness ratio
effect still exist after concrete crush (but considerably reduced comparing with 2 6p).
This behavior can be explained that in larger width-to-thickness ratio, concrete
softening and reduction of axial force should significantly increase top flange stress, as

previously described in the part 2 of this sec. by Figures 3.10(b) and 3.13.
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(b) Distribution of flange axial force at beam rotation angle of 46,

Fig. 3.16 Longitudinal distribution of top and bottom flange axial force

Longitudinal distribution of axial force in the web and concrete slab in 26, and 46, are
shown in Figure 3.17 (a) and (b). Horizontal axis is beam length (x) and the vertical axis
Is positive tensile and negative compression force of web and slab, respectively. Black

circles represent web and white circles represent slab force.
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According to Figure 3.17 (a), It can be seen that slab force is less affected by width-to-
thickness rarios and almost comparable condition of slab force can be seen in CB29 to
CBO00. This was already pointed out in Sec. 3.4.2 (Part2) and Figure 3.11. However,
considrable effect of width-to-thickness ratio is obsereved in the web axial force.
Significant amount of web axial force is obtained in the small CBO0O0.

Eeffect of width-to-thickness also can be seen in the difference of amount of web and
slab forces. For large width-to-thickness ratio this difference is considrable, while for
small width-to-thickness ratio this difference is not significant.

Since axial force subjected to the composite beam is proportional with the amount of
concrete slab force, so the ratio between black and white circle correspond to ratio of
axial force which is transmitted by web connection. The portion of force which is not
transmitted by web is transmitted by differnce of flanges stress levels. It can be seen
that in CBOO at the vicinity of column face almost all the axial force is transmitted by
web connection. So the distance between salb and web in Figure 3.17 (a) is comparable
with the distance between flanges shown in Figure 3.16 (a).

Following to the occurrence of concrete crush, reduction in the amount of axial force of
concrete slab and web occurred, which is more considerable for the slab and shown in
Figure 3.17 (b). It can be observed that despite concrete crush and considerable
reduction of slab force, but still some slab axial force exist, which is almost constant
and comparable for all different width-to-thickness ratio specimens. It also can be seen
that in 46, away from the column face, some minor increase happened in the slab
compression force. It can be explained that following to concrete crush, studs located
away from the vicinity of column face transmit more shear force resulted from the
compression force in the slab. This behavior of slab in 46, is vice versa of slab behavior
in 26, which showed reduction of slab force along the beam length.

Removal of slab constraint at the column face resulted to this change of behavior in the
slab compression force. By the way, in CB0O in around x=500 mm away from the column
face, almost all axial force is transmitted by the web, which indicates that effect of

connection capacity is appeared in around less than 500 mm away from the column face.
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(b) Distribution of web and slab axial force at beam rotation angle of 46,
Fig. 3.17 Longitudinal distribution of axial force in the web and concrete slab

5) Evaluation of total ultimate flexural moment capacity of connection

According to Figure 3.1, consideration of moment equilibrium condition for the

connection reaches to the total flexural strength of connection ;M,, , defined as:

M, = N_h, +NfT +NfB bt My, (3.13)

j

For calculation of :M,,, in the above equation, estimation of “web axial force” is

J
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needed which is derived according to force equilibrium condition of Figure 3.1, and
represented by:

Ny = Ne+ Nyr— Nep (3.14)
Inequation (3.14), Nfr, Nfg and N, are top flange compression force, bottom flange
tensile force and concrete slab compression force, respectively. According to finite
element study shown in Sec. 3.4.2 (part 2) , condition of flanges forces shows that
composite beam top flange stress level is hardly to assume as tensile strength(o,). So in
this report, Ngr and Ngp are assumed as:

N¢ g = 0. Ay (3.15)

Ner = 0y. Aps (3.16)
Where, o, isyield stress and Ay is section area of beam flange.
For calculation of N, , equation (3.17) is conventionally used as an empirical formula.

N, = 1.3 f.(t. B.) (3.17)
This model is prepared for the conditions which the neutral axis remain in the beam
web.
After the neutral axis exceed the boundary of Mechanism Il and enter the upper
flange, modification in the stress condition of upper flange is needed, which is
explained as:

Ney = 0y Apy — (Ne = Ny (woundary Mech.n) ) (3.18)

In this condition, according to modification of upper flange stress, total flexural strength
of connection ;M, which is defined in equation (3.13) can be can be shown by Figure

3.18.
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Fig 3.18 Evaluation of total moment after reaching to the boundary of Mechanism Il
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For the specimens which were mentioned in chapter 2 and Ref.3-7 to 3-10, total strength
are evaluated based on proposed model. Figure 3.19 illustrates the M-N interaction
curve for the web connection of these specimens.

According to equation (3.3), for CB-22 specimen n=0.251 and corresponding m, in
Mechanism Il will be 0.372. For CB-29 the nondimentional axial force of web exceed
the boundary of Mechanism 11, so the m, corresponding to the boundary is selected,
which equals to 0.146 .

Table 3.3 summarizes the calculated ;M, and ratio between test results and the model.
According to Figure 3.20, despite the differences in width-to-thickness ratios,
acceptable agreement between the model and experimental test results can be observed
for specimens which the web axial force did not exceed the boundary of Mechanism II.
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Fig. 3.19 Web connection M-N interaction curve for reference specimens
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Table 3.3 Evaluation of total strength of reference specimens

Test Specimen | B/t n m, M M| Memax Ratio
Reference (kN.m) | (kN.m) (test) | (Mumax/ ;M)
Chapter 2 | CB-22 22 | 0.251 | 0.312 72.3 1145 1145 1.00
Chapter 2 | CB-29 29 | 0.2517 | 0.146 33.7 1108 1042 0.97

Matsuo AN-1 29 | 0.263" | 0.186 34.7 994.7 904 0.91
Matsuo AN-2 29 | 0.263"| 0.186 | 34.7 994.7 | 926.6 0.93
Tanaka | CSCS-3.0 | 16 | 0.108 | 0.805 175 1156.7 | 1102.6 0.95
Tanaka CSCW-

3.0 38 | 0.108 | 0.144 31.4 1013 1021.2 1.01

Okada 3 24 | 0.258 | 0.521 | 174.3 | 1581.3 1650 1.04

Okada 4 38 [0.196" | 0.156 52.2 1244.5 1430 1.14
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Fig. 3.20 Correspondence between ultimate strength evaluation by proposed method

and test results

62




Chapter 3. Mechanism of Elasto-Plastic Behavior of Composite Beam Connected to RHS Column

3.4.3 Strain behavior

1) Global behavior

Comparison between strain condition of bottom flange versus rotation angle in the bare
steel beam and composite beam is illustrated in Figure 3.21 for different width-to-
thickness ratios. Average of strain of beam lower flange at the face of RHS column is
shown in this Figure. Effect of composite action on the strain condition can be seen by
comparison between bare steel beam and composite beam in each specimen. It can be
seen that effect of composite action is highly depend on with-to-thickness ratio. It is
observed that by increase of rotation angle, difference between bare and composite beam
strain is considerable in large width-to-thickness ratio specimen CB29, while reduction
of difference can be seen in CBOO.

It is found that in the composite beam, strain behavior consists of two stages, and by
progress of beam rotation to a certain angle, sudden change in the rate of strain happens,
while in the bare steel beam continues increase of strain exist. From the figure it can be
seen that in the composite beam, rotation angle which change in the behavior of strain
occur is not corresponding with slab maximum capacity Nsw (shown by red triangle).
Steady effect of composite action continue, even after Nsi until My, sever effect of
composite action has continued and after that effect of composite action to the strain is
reduced (shown by black triangle).In small width-to-thickness ratio 29, concrete
maximum capacity Nsjy is considerably prior to this change of strain behavior. However,
in CBOO both phenomenal of Nsjy and My, happen at almost same time.
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0.06 0.06

0.04 0.04

0.02 0.02

0.1 0.1

0.08 0.08
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Fig. 3.21 Comparison between strain behavior of bare steel beam and composite beam
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2) Longitudinal distribution of strain

In Figure 3.22, distribution of strain over the beam length is shown at beam rotation
angle of 26, and 46, for different width-to-thickness ratios in the bare steel beam and
composite beam. Bottom flange subjected to tensile strain is plotted on the positive side
of vertical axis and top flange subjected to compression strain is plotted on the negative
side of vertical axis. Horizontal axis is corresponding to the beam length.

It can be seen that in the bare steel beam regardless of width-to-thickness ratio both
flanges are subjected to comparable increase of strain condition at the vicinity of column
face. However, in the case of composite beam before the concrete crush at 26,
considerable difference in the amount of strain can be found between top and bottom
flanges.

Increases of width-to-thickness ratio for the bare steel beam does not result to
considerable increase of strain in the flanges, while this results to significant increase
of bottom flange strain in the composite beam.

By increase of beam rotation angle to 46, comparable increase of strain in both flanges
of bare steel beam happen. While in the composite beam this rotation angle is
corresponding to almost end of concrete crush and removal of constraint of top flange,
increase of strain appear in both flanges. But still bottom flange is encountered with
higher amount of strain and effect of width-to-thickness ratio can be found more in the

condition of this flange.
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Fig. 3.22 Distribution of strain over the beam length
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Figure 3.23 illustrate the difference between strain condition of bottom flange of bare
steel beam and composite beam. It can be seen that effect of composite action is highly
depending on the width-to-thickness ratio. At the vicinity of column face, significant
difference in CB29 exist, while for CB0O the difference is smaller.

Difference of bare and composite disappear in the x almost 250 for CB29, while this

difference disappear in longer length of beam for small width-to-thickness ratio.
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Fig. 3.23 Comparison between strain condition of bare steel beam and composite

3) Effect of reduction of web flexural capacity

Web flexural moment distribution along the beam length is illustrated in Figure 3.24 for
different width-to-thickness ratios of bare steel beam and composite beam.

Effect of existance of concrete slab on the web flexural moment can be seen by
comparision between the bare steel beam and composite beam.

It can be seen that web flexural capacity of composite beam is reduced to almost half
due to existance of axial force (N) resulted form concrete compresion force.

However, according to this Figure it can be explianed that reduction of web flexural
capacity based on the axial force (N) does not result to further strain concentration on
the lower flange. Because this reduction is almost comparable with the amount of

reduction in the bare steel beam. So this does not result to aditional moment which
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flange must transmite.
To summarize, reduction of flexural capacity due to existance of concrete slab, does not
introduce further additional strain concentration and it can be considered as almost

comparable to the bare steel beam.
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Figure 3.24 Web flexural moment distribution along the beam length

Figure 3.25 illustrates curvature distribution along the length in the bare steel beam and
compoite beam for different width-to-thickness ratios.

It can be seen that difference between curvature of composite and bare at the vicinity of
connection is quite small. This result is confiming the previouse discussion, and
describe that reduction of web flexural capacity does not result to additional stress

concentration on the bottom flange.
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Fig. 3.25 Curveture distribution alonge the beam length

4) Effect of movement of neutral axis (NA)

Figure 3.26 depicts location of nutral axis (NA) from the center of gravity at certain
loading condition of 26,. Beam rotation angle 26, is corresponding to the condition that
concrete almost reach to its maximum capacity (almost final condition before concrete
start softening behavior). In this figure effect of composite action on the movement of
neutral axis is shown and it can be seen that just vicinity of connection location of nutral
axis is quite high and in other parts is almost constant.

Effect of composite action to the movement of neutral axis is deponding on the width-
to-thickness ratio. In the case of CBOO also location of nutral axis is high, but for larger
width-to-thickness ratios much higher location of nutral axis can be seen in CB29.
Figure 3.27 illustrates curvature versus beam rotation angle for different width-to-
thickness ratios in the bare steel beam and composite beam. Although it was shown that
in the same beam rotation angle curvature is not affected by composite action (especially
in the case of 26p), but it can be seen that curvature is affected by width-to-thickness
ratio.
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Fig. 3.26 Location of nutral axis (NA) in the rotation angle 26,
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Fig. 3.27 Curvature versus beam rotation angle

Axial strain can be calculated by multiplying curvature to the location of nutral axis,
which can be explained by Figure 3.28 and Equation 3.20.

Axial strain distribution along the length of composite beam is shown in Figure 3.29 .
It can be seen that at the vicinity of connection, axial strain is affected by width-to-
thickness ratio. Higher amount of axial strain can be seen for the large width-to-
thickness ratio specimen CB29 comparing with CB0O0.

Fig. 3.28 Effect of movement of neutral axis of composite beam to the curvature

Epare = QD(% (319)
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Fig. 3.29 Axial strain distribution along the length of composite beam

Strain resulted from reduction of web flexural capacity, and axial strain due to
movement of neutral axis for each width-to-thickness ratio is shown simultaneously in
Figure 3.30.

It can be seen that in the bare steel beam and composite beam difference between strain
corresponding to reduction of web flexural capacity is small. However, this Figure can
describe that difference between strain condition of bare steel beam and composite beam
is determined by the axial strain.

Strain due to reduction
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Fig. 3.30 Strain resulted from reduction of web flexural capacity and axial strain
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Following to concrete crush and removal of composite action effect, neutral axis moves
toward center of gravity, and this result to reduction of axial strain, shown in Figures

3.31 and 3.32, respectively.
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Fig. 3.31 Curvature versus beam rotation angle
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Fig. 3.32 Axial strain versus beam rotation angle
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3.7 Conclusion

Following to experimental test observations, in this chapter effect of out-of-plane

deformation was studied based on the approach to clarify the structural condition of web

connection. Limit analysis and finite element analysis were carried out and the

following conclusions are made:

1-

Derived equations obtained from limit analysis could show both effects of RHS
column width-to-thickness ratio and axial force on reduction of composite beam

web connection flexural strength, simultaneously.

Adopted finite element model could show acceptable correspondence with test
results. Finite element study showed that in both bare steel beam and composite
beam effect of RHS column width-to-thickness ratios is considerable in the
global behavior. But despite this similarity, different behavior in characteristics
of strain hardening of composite beam can be seen. In the smaller width-to-
thickness ratio of composite beam, by progress of rotation tendency of reaching
to higher capacity exist. After that sudden strength reduction occur and beam

keep the constant strength after that reduction.

In both bare steel beam and composite beam considerable effect of width-to-
thickness ratio was shown in the strain behavior of flanges and web moment
capacity. Finite element study showed that in the case of composite beam, effect
of width-to-thickness is significant in the axial force subjected to the web

connection, but slab force is less affected by width-to-thickness ratio.

Mechanism of stress transfer is shown. It was found that start of concrete bearing
crush is corresponding to the start of stress increase of top flange. It was also
found that maximum web axial force is not always happen at same time with start
of softening of slab. In fact, in large width-to-thickness ratio reduction of axial
force is first treated by flange. Top flange yield can be considered as a bench
mark in the change of behavior. Sudden reduction in the total strength of My-6s

curve corresponds to top flange yield.
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5-

Mechanism of strain concentration is explained. It is shown that in the bare steel
beam and composite beam difference between strain corresponding to reduction
of web flexural capacity is small. However, this difference between strain
condition of bare steel beam and composite beam is determined by the axial strain.
It is shown that reduction of web flexural capacity does not result to further
additional strain concentration, comparing to the bare steel beam. While axial
strain due to movement of neutral axis result to more sever condition of strain in

the composite beam.

It is shown that effect of composite action to the curvature in not considerable.
While effect of width-to-thickness ratio to the curvature and movement of neutral
axis is considerable. So, the additional axial strain in the composite beam is

depending on the width-to-thickness ratio of RHS column.

By application of above findings a method proposed for evaluation of ultimate
flexural strength of composite beam connection. This method is prepared for
the conditions which the neutral axis remain in the beam web. After the neutral
axis exceeds the boundary of Mechanism Il and enters the upper flange,
modification in the stress condition of upper flange is needed. Accuracy of the
model is verified by correspondence between the test results and model. Good
agreement was observed for specimens which the web axial force did not exceed

the boundary of Mechanism II.
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4. Improvement of Seismic Behavior of Composite Beam Connected to RHS
Column with B/t=29

4.1 Introduction

According to past experimental investigations %) and test results shown in Chapter 2,
considerable reduction happen in the rotation capacity of composite beam connected to
RHS column with large width-to-thickness ratio of 29. In order to prevent excessive
reduction of beam rotation capacity, in this study “slit” is provided between concrete
slab and column face, which was proposed by Tagawa et al., (2003) 2, shown in Figure
4.1. According to that proposal, slit may reduce the composite action effects, but the
question arise that if application of slit results to removal of composite action or still
some partial composite action remain due to contribution of studs? Actually,
comprehensive investigations regarding contribution of studs which are located on

transverse beam and loading beam in the composite action has not been carried out yet.

In this research, the results of behavior of composite beam with slit is compared with
the behaviour of bare steel beam and conventional type of composite beam through a
series of experimental test study and finite element analysis. Post-earthquake provisions
are applied in the design of specimens and sever loading protocol is used. Differences
in rotation capacity of beams are discussed through the study on the steel beam damages
and concrete slab damages. Also strain studies were carried out to investigate the effects
of slit and stud layout on the strain condition of lower flange. Finally the discussion

regarding the rotation capacity of beam is presented.

| i i j‘m
== s

rl—l.
~ —

Fig. 4.1 Effect of application of slit on the strain condition in the composite beam
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4.2 Experimental test specification

4.2.1 Test specimens

Cyclic loading test using T-shaped subassembly were conducted on four subassemblies
of H-Beam(500%200x10x16) connected to RHS column with the width-to-thickness
ratio of 29 (0-350%x350%12). As shown in Table 4.1, one bare steel beam specimen and
three composite beam specimens were prepared.

In order to conduct investigations about improvement of composite beam plastic
behavior, in two of composite beam specimens 50mm “slit” between concrete slab and
column face was provided. The difference between two slit specimens is the layout of
studs at the vicinity of connection. Figure 4.2 illustrates the configuration of specimens
and test setups

Table 4.1 Specimens specification

Specimen Concrete Slab Slit
BS-29 Not -
CB-29 Existed Not
CBS-29 Existed 50 mm

CBS-29M Existed 50 mm

Beam: H-500%200%10x16 | Column: 0-350x350x12
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Fig. 4.2 Configuration of specimens and test setups of composite specimens
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As shown in Figure 4.2, concrete slab with width of 1500 mm and thickness of 80 mm
were used for composite beam specimens. In these specimens, deck plate type QL 99-
50-12 applied and two stud bolts of $16 were welded to the beam flange with pitch
distance of 300 mm. Transverse distance between studs were considered as 80 mm.

The number of shear studs is common to all specimens.

4.2.2 Weld joint details

Weld Joint detail for beam-to-RHS column connection is illustrated in Figure 4.3.
Beam flanges are connected to the column by “through diaphragm” to achieve smooth
stress transfer from beam flange to the column, and preventing local deformation of
RHS column wall. Beam web is connected to the wall of RHS column directly, and
fillet welds were applied in both sides of the beam. This detail is widely used in Japan
and it is recommended in JASS 6 2007 as an effective method. In all specimens shop
welded joint type used by complete joint penetration (CJP) groove welds. CO2 gas
shielded metal arc welding method (GMAW) using YGW11 electrodes was conducted.
Ceramic run of tabs were used and backing bars left in place. The weld access hole
which is known as “scallop”, was consisted of two arcs with radiuses of 35 and 10
millimetres, which is corresponded to post Hyogo ken-Nanbu earthquake scallop

geometry type.

Column ™|
ﬂange\_)
35° Backing Bar

7"7/ FB-9x25
Beam flange
22[ 5 P —=—=——T16 2]
Diaphragm OR |->\ FB.9x25
FB-9x19 35R FB-9x19 7 X
25
¥ —a
L] L]
12 12
(a) Upper flange (b) Lower flange

Fig. 4.3 Weld Joint detail
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4.2.3 Material properties

The material utilized for the specimens were hot rolled sections with steel grade of
SM490A and cold formed BCR295 for beams and columns, respectively. Diaphragm
plates material were used with steel grade SN490B. Actual material properties obtained
by tensile coupon tests are reported in Table 4.2.

Regarding the beam material toughness, Figure 4.4 plots the values of material Charpy
V-Notch (CVN) impact test results associated with “fillet” area, which obtained from
coupon tests. Fillet area is defined as the meeting point between the web and the flange
which is illustrated in Figure 4.4(a). Studs material were used with steel grade JIS
B1198-1995, and push-out tests were also carried out for the purpose of evaluating the
shear strength and elastic stiffness of shear studs, summarized in Table 4.3.

The design strength of concrete used for composite beam specimens was 21.0 N/mm?.
The average concrete strength from cylinder tests was 28.4 N/mm? .

Table 4.2 Material Properties

Material oy ou YR= EL
Member

Grade N/mm2 Oy/Ou (%)
Flange 383 551 69.5 40.6

Beam SM490A
Web 422 541 78.1 36.6
RHS Column BCR295 | 328 425 77.0 48.9
Diaphragm SM490A | 370 531 69.7 49.9
Weld Metal YGW11 | 420 536 78.3 31.4

Table 4.3 Shear stud push out test results

Shear Ultimate Shear 0 max
Elastic Stiffness
Strength Strength Qmax (mm)
(kN/mm)
Qy (kN) (KN)
346.92 65.56 88.90 2.36
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Fig. 4.4 Charpy impact test results for “k” area of beam sections
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4.2.4 Test procedure

As shown in Figure 4.5, specimens were simply supported at both ends of column and
the lateral load was applied at the top of beam. 6, is beam rotation angle based on
definition presented in Figure 4.6 and Equation 4.1. The cyclic loading program was
applied, so the drift of the tip of beam increases as the loading cycle advances. The test
protocol for this cyclic reverse loading is shown in Figure 4.7 which is consisted of 2
cycles in each £2.0 6, , £4.0 9, and other cycles in £6.0 8, until the failure. 6y is the
rotation corresponding to plastic moment capacity of bare steel beam (M), which is
obtained by dividing beam’s plastic moment by its initial stiffness. Failure was defined
as the fracture occurrence or 10% degradation from actual maximum strength obtained
during the loading test.

§ v,—6.h—v,
0p = = X [rad] (4.1)
: - :
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o e — o n
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(a) Bare Steel beam specimen (b) Composite beam specimens

Fig. 4.5 Bare steel beam and composite beam test setup
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Fig. 4.6 Definition of beam rotation Fig. 4.7 Cyclic loading protocol
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4.3 Test results
4.3.1. Mp- 6y Hysteresis diagrams

Mb-60p hysteresis graphs are shown in Figure 4.9. In these graphs My represents beam
moment at column face and 0y is beam rotation angle. From the Figure it can be observed
that in all specimens by increase of beam rotation angle, increase of strength happened.
Larger amount of beam deformation was observed in the bare steel beam BS-29
comparing with conventional composite beam CB-29 and composite beam with slit
CBS-29 specimen. But in the CBS-29M specimen that in addition of slit application,
modification of stud layout was performed, considerable improvement of beam rotation

capacity was observed.
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Fig. 4.9 Mp-6p Hysteresis graphs
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4.3.2 Steel beam damage observations

3.3.2.1 Crack Initiation and progress

According to experimental test results, crack initiation in all specimens, regardless of
bare steel or composite beam, happened at the root of scallop of beam lower flange.

In bare steel beam specimen and both composite beam with slit specimens, crack
initiation happened at almost similar cycle of loading, which was first cycle of +4.0 6,.
But in the case of conventional composite beam specimen (CB-29), crack initiation
occurred in much earlier cycle of loading (+2.0 6p). Also speed of crack opening was
higher in this specimen. Typical condition of crack at the root of weld access hole in
the first cycle of +4.06, is shown in Figure 4.10. Summary of first crack initiation of all
specimens is illustrated in Figure 4.11.

3.3.2.2 Final Failure Mode

Final failure of all specimens was determined by progress of above mentioned crack at
the root of scallop of beam lower flange. Final failure manner of bare steel specimen,
conventional composite beam specimen and slit specimen which had stud removal at
the vicinity of connection, were determined by quite ductile manner. On the other hand,
in the other slit specimen with no stud modification (CBS-29), final fracture manner
was determined by brittle fracture, shown in Figure 4.12(a) and (b). This difference of
behavior might be the result of error in the specimen. End of backing bar weld close to

the scallop might be the reason of this brittle fracture.

(c) CBS-29: Crack initiation (d) CBS-29M : Crack initiation(at+3.06p)

Fig. 4.10 Typical crack initiation and progress at the root of weld access in the first cycle of +4.06,
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Fig. 4.11 First crack initiation during loading test

(b) Brittle fracture

Fig. 4.12 Typical final failure mode of specimens
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4.3.3 Concrete slab damage observations

The concrete slabs were subjected to subsequent tensile and compressive load and the
formation of cracks traced as loading progressed. Figure 4.15 illustrates the condition
of slab damages in each specimen. In all specimens, cracks corresponding to
compression are shown in red solid line, and cracks corresponding to tension are shown
with blue solid line.

It can be seen that regardless of existence of slit, comparable condition of tensile cracks
were observed in all specimens. However, considerable developments of cracks
corresponding to compression force were just occurred in the specimen with
conventional composite beam CB-29. In this specimen compression crack developed
parallel to the loading beam. While In both composite beam specimens with slit, CBS-
29 and CBS-29M, limited cracks corresponding to compression force appeared, which

remained almost around the transverse beam.
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Fig. 4.15 Final condition of slab damages
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4.4 Effects of slit and stud layout on the behavior of composite beam
4.4.1 Mp-0y Skeleton curves

The skeleton curves correspond to positive and negative loading are plotted in Figures
4.16 (a) and (b), respectively. In these graphs, actual plastic strength values are shown
with solid circles, which are corresponding to one-sixth stiffness reduction, obtained by
definition which was shown in Figure 2.22.

In positive flexure, comparing with bare steel beam specimen BS-29, considerable
increase in the elastic stiffness of conventional composite specimens CB-29 can be seen,
while slit resulted to reduction of composite beam elastic stiffness.

According to Figure 4.17, it can be seen that in +0.05 6, , elastic stiffness of CB-22 is
1.93 times of bare steel beam, while CBS-29 and CBS-29M are 1.56 and 1.21 times of
bare steel beam. It can be explained that application of slit resulted to reduction of
composite beam stiffness in positive flexure. But in the case of negative flexure
regardless of existence of slab and slit, from the early stages of elastic region the
stiffness is almost same.

Regarding the actual plastic strength, from figure 4.16(a) it can be seen that in the
positive flexure both slit composite specimens did not show considerable increase of
plastic strength comparing with BS-29. The plastic strength of CBS-29 and CBS-29M
are just 1.06 and 1.05 times of bare steel beam, respectively. While conventional
composite beam actual plastic strength was 1.31 times of bare steel beam.

In all specimens regardless of existence of slab and slit, after reaching to actual plastic
strength, almost steady increase of strength can be seen until the ultimate strength. After
that, strength degradation happened in all specimens due to development of crack at the
root of weld access hole (scallop). Just in CBS-29 brittle propagation of this crack
occurred and other specimen’s failure were determined by ductile progress of this crack,
which was explained in Sec. 3.3.2.

Figure 4.16 (b) shows that in the negative flexure, actual plastic strength of all
specimens were comparable to the calculated plastic moment capacity of bare steel beam.
Table 4.4 summarizes the results of observed ultimate strength of each specimen.
Application of slit in CBS-29 and CBS-29M resulted to comparable ultimate strength
condition comparing with bare steel beam BS-29. While 8% increase in the ultimate

flexural capacity of BC-29 observed comparing with bare steel beam specimen BS-29.
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Fig. 4.16 Mp-6, Skeleton curves

Table 4.4 Test results

Plastic Moment | Ultimate Flexural Final Failure
Specimen (kNm) Capacity (kNm) Pattern
Mp+ Mp- Mp+ Mp-
BS-29 711 803 961 974 Ductile
CB-29 903 842 1042 922 Ductile
CBS-29 758 841 972 903 Brittle
CBS-29M 750 769 954 965 Ductile
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Fig. 4.17 Elastic stiffness of specimens
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4.4.2 Strain behavior

Figure 4.18 depicts the amount of strain in the beam flanges across the beam length,
measured in the first cycle of +2.0 6, . Horizontal axis is the beam length from the
column face and vertical axis is the amount of strain, measured by gauges attached at
the 30, 200, 350 and 500 mm position from column face, shown in Figure 4.19 (a) and
(b).

According to Figure 4.18(a), it is found that the strain on the upper flange of
conventional composite specimen remained almost zero, while in both slit specimens
CBS-29 and CBS-29M, upper flange reached to 1.7% and 1.9% of negative strain,
respectively. This behavior is resulted from existence of slit, which resulted to
considerable reduction of constraint condition for the upper flange of composite
specimens. It can be seen that the amount of strain in the upper flange of bare steel beam
is 2.7 % negative strain.

Furthermore, for the lower flange it can be seen that flanges were subjected to positive
strain. At the vicinity of column face, in the lower flange of both composite beams
with slit, amount of strain is almost comparable to the bare steel beam specimen, while
in conventional composite beam CB-29 specimen, the amount of strain is 2.5 times
more than bare steel beam. At 200 mm distance from the column face, amount of strain
in CBS-29M reached to BS-29, while the amount of strain in CBS-29 is higher.

It can be explained that strain condition of bottom flange, resulted to similar crack
initiation behavior in the bare steel beam specimen and both composite beam with slit
specimens, which was discussed in Sec. 3.3.2.

Strain condition of all specimens is comparable at the 500 mm distance away from the

column face.
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Fig. 4.19 Strain gauges arrangement on the steel beam flanges

Similar test result regarding the difference of strain amount between conventional

composite beam CB-29 and slit composite beam CBS-29M was obtained by Tagawa et

al., research (2003). But comparison of test results and finite element analysis shows

that although reduction of stain on the beam lower flange could be obtained by

application of slit in CBS-29, but better performance of CBS-29M specimen was the

result of more reduction of strain due to removal of studs of transverse beam at the

vicinity of connection. Further study about the mechanism of stress transfer is needed

which will be investigated by finite element study in the next section of this chapter.
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4.4.3 Finite element study on effects of slit and stud layout

According to experimental test results, different behaviors in two slit specimens were
observed. The difference of these specimens was the layout of studs at the vicinity of
connection.

In order to conduct investigation regarding the contribution of stud layout in the
composite action and strain behavior, finite element study were carried out by general
finite element analysis program ABAQUS Ver.6.5. Analysis conducted for 5 models as
shown in Table 4.5. The finite element model is illustrated in Figure 4.20. Slab is
modelled by shell element and studs are modelled by spring elements which are
connected to the beam flange by rigid element. Half model is prepared due to symmetry
and appropriate constraints have been applied on the symmetry part. The monotonic
loading applied upward. The yield criterion on the basis of Von Mises and associated
flow rule were employed to model plastic behavior. The Drucker-Prager criterion was
adopted®® for concrete.

Table 4.5 FEA models specifications

] ) Removal of Stud
Specimen | Slit _
Loading Beam | Transverse Beam

BS-29 - - -

CB-29 No No No

CBS-29 Yes No No
CBS-29L1 | Yes Yes (1 stud) No
CBS-29T1 | Yes No Yes (1 stud)

v
P Beam Element

ransverse

: beam
Loading beam <«

. Diaphragm
RHS Column

Weld access hole
(Scallop)

D>

Fig. 4.20 Finite element model
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In Figure 4.21, results of numerical monotonic loading are compared with skeleton
curves obtained from experimental cyclic loading test for beam rotation. Acceptable
correspondence between numerical analysis and experimental test results can be
observed.

In a composite beam , horizontal shear force at the interface between steel and concrete
surface exist 3. Figure 4.22 illustrates cumulative shear force in the studs of loading
beam. According to the equilibrium requirements, in the conventional composite beam,
bearing force is equivalent to the cumulative shear force of studs. It is shown that
application of slit resulted to considerable reduction of shear force in the loading beam
studs(CBS-29). While removal of first stud of loading beam did not make considerable
change in this condition, removal of studs on transverse beam, resulted to more
reduction of shear force.

Figure 4.23 plot strain condition versus beam rotation at the tip of scallop of beam lower
flange. It can be seen that by application of “slit”, considerable reduction of strain
obtained in CBS-29 specimen comparing to conventional composite beam CB-29. It is
shown that removal of stud on loading beam of CBS-29L1 specimen did not result to
more reduction of strain, while removal of studs of transverse beam in CBS-29T2
resulted to more reduction of strain, which became comparable to bare beam condition.
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Fig. 4.21 Mp-6 curves
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Fig. 4.22 Cumulative shear force in studs of loading beam
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Fig. 4.23 Lower flange strain
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According to investigations of chapter 3 it was found that in the case of large width-to-
thickness ratio effect of axial force to the out-of-plane deformation is significant. Figure
4.24 shows that application of slit result to considerable reduction of axial force. But in
large width-to-thickness ratio of 29 despite the existence of slit, still web is subjected
to axial force. Removal of stud on the loading beam does not result to reduction of axial

force, but removal of stud on the transverse beam resulted to reduction to almost half.

300 CB-29—
CBS-29
- = CBS-29L1
‘ > Cd
)V __d
PRENS f’.
100 L/ _,:"
f,”~~___—'
&
0 = T T 1
0 0.02 0.04 0.06

Fig. 4.24 Web axial force

It can be explained that in the case of conventional composite beam, concrete
compression force is transmitted by bearing resistance of column and studs of transvers
beam, shown in Figure 4.25(a). But in the case of slit specimen, constraint provided by
the studs of transvers beam result to contribution to the composite action, shown in
Figure 4.25(b). So just providing the slit is not enough to obtain the removal of axial

force.

(a) Conventional composite beam

93



Chapter 4 Improvement of Seismic Behavior of Composite Beam Connected to RHS Column with B/t=29

(b) Composite beam with application of slit

Fig. 4.25 Contribution of studs of transvers beam in the composite action

Contribution of studs of transvers beam depends on the location of stud. Due to torsional
behavior of transvers beam shown in Figure 4.26, second stud shear is almost 40% of
first stud, shown in the Figures 4.27.

step1 inc33.1=4 850000 +000 TR ] ve
= ‘

Fig. 4.26 Torsion of transvers beam
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Fig. 4.27 Shear force in the first stud of transvers beam
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Considering the fact that in the actual seismic condition, structural roll of transverse
beam might be changed, so number of studs can be kept according to calculations, and
just movement of first stud away from the column face is recommended, shown in Figure
4.28. Based on this approach to consider actual seismic loading, removal of studs at the

vicinity of connection on both loading and transverse beam is recommended.

Fig. 4.28 Movement of first stud of transvers beam away from the column face

4.4.4 Rotation capacity

Figure 4.29 depicts the crack growth in each specimen. Crack growth was investigated
by plotting the measured crack opening (dcr) versus beam rotation. In this figure, # is
the beam cumulative plastic rotation based on the definition shown on Figure 2.28.
According to strain behavior study and damage observations which were explained in
Sec. 4.4.2 and 4.3.2, it is found that strain condition of lower flange affected the crack
growth and progress in each specimen, and finally this resulted to different rotation
capacity of beams.

In conventional composite CB-29 specimen, higher amount of strain resulted to earlier
initiation and faster progress of crack comparing to bare steel beam BS-29 and other
composite specimens with application of slit.

Figure 4.30 illustrates beam moment versus cumulative plastic rotation. Table 4.6
summarizes the test results regarding cumulative rotation capacity of each specimen.
Due to composite action in CB-29 the cumulative rotation capacity was almost half of
bare steel beam BS-29.

Improvement of beam rotation capacity did not obtained by just application of slit in
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CBS-29, while modification of studs layout in CBS-29M resulted to considerable

improvement of cumulative rotation capacity, which is comparable with bare steel beam.
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Fig. 4.30 Beam moment versus cumulative plastic rotation

Table 4.6 Cumulative rotation capacity

Specimen n
BS-29 20.44
CB-29 10.70
CBS-29 10.85

CBS-29M 20.50
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4.5. Conclusion and recommendations

According to this research investigation, conclusion can be summarized as follows:

1-

Experimental test results showed that existence of slit could reduce the strain on
the lower flange. But improvement of behavior regarding rotation capacity could

be obtained by the removal of studs at the vicinity of connection.

Crack initiation in all specimens, regardless of bare steel or composite beam,
happened at the root of scallop of beam lower flange. In bare steel beam specimen
and both composite beam with slit specimens, crack initiation happened at almost
similar cycle of loading, which was first cycle of +4.0 6,. But in the case of
conventional composite beam specimen (CB-29), crack initiation occurred in
much earlier cycle of loading (+2.0 ). Also speed of crack opening was higher

in this specimen.

Regarding the rack pattern of concrete slab, considerable developments of cracks
corresponding to compression force were just occurred in the specimen with
conventional composite beam CB-29. In this specimen compression crack
developed parallel to the loading beam. While In both composite beam specimens
with slit, CBS-29 and CBS-29M, limited cracks corresponding to compression

force appeared, which remained almost around the transverse beam.

Finite element study showed that application of slit result to considerable
reduction of axial force. But in large width-to-thickness ratio of 29 despite the
existence of slit, still web is subjected to axial force. Removal of stud on the
loading beam does not result to reduction of axial force, but removal of stud on

the transverse beam resulted to the reduction to almost half.

Studs of transverse beam contribute in the composite action. It could be
explained that these studs provide constraint condition for the slab and it may be
the reason of contribution in the composite action. It is shown that roll of studs
of transverse beam are similar to bearing stress transfer between slab and column

face.
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6- Contribution of studs of transvers beam depends on location of stud. Due to
torsional behavior of transvers beam, second stud shear is considerably smaller
than the first stud. So number of studs can be kept according to calculations, and

just movement of first stud away from the column face is recommended.

7- Considering the actual seismic loading, removal of studs at the vicinity of
connection on both loading and transverse beam is recommended.
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5. Modeling of Composite Beam connected to RHS column

5.1 Introduction

Following to experimental test observations and findings of mechanical behavior
investigated by FEA, in this chapter a model is proposed to represent the restraining

characteristics of composite beam connected to RHS column.

5.2 Modeling specification

Model for the composite beam connected to RHS column is shown in Figure 5.1. In this
model in order to consider the characteristics of out-of-plane deformation of web
connection, the beam element is used and the web section is partially reduced at the
vicinity of column face (just limited web section reduced near the connection). Plastic
region of web can be obtained according to the result of limit analysis, presented in
Chapter 3. Based on that result, the effective web section is decided.

Distribution of lack of section plays an important role. Past investigations proposed
linear reduction of web section from the distance of column face. In this model almost
half of beam height is reduced linearly.

Beam element is located in the center of steel beam. Concrete element prepared at center
of concrete slab, corresponding to slab thickness. Concrete part modeled using truss
element. Connection between steel beam and slab are connected by stiff beam element.
Edge of stiff beam elements and concrete slab nodes are connected to shear springs,

corresponding to stud restraining characteristics.

175 300 300 300 Effective
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Fig. 5.1 Model for composite beam connected to RHS column
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Material for steel, concrete and stud in the model is shown in Figure 5.2(a), (b) and (c)
respectively. Concrete Material is selected as no-tension material. After reaching to fc ,
linear softening happen, and concrete capacity is lost at 4% strain.

600 1 o 101 o
(N/mm?) (N/mm?)
0.06 bo 0.03 0.06
€
-0.06 .00 0. . 0.06
-600 - -30
(a) Steel Material Model (b) Concrete Material Model
(Menegotto-Pinto Model) (Kent-Scott-Park + Karsan-Jirsa Model )
150 | F (kN)

0.4 0.6
S (mm)

(c) Stud Shear Spring Model
(bi-Linear based on push out Test )

Fig. 5.2 Material model

5.3 Correspondence of model and test results

Mp-0p Hysteresis graphs are shown in Figure 5.3, which corresponds to column face
moment and beam rotation. Two lines are used, which thicker solid line is corresponding
to analysis and thinner red solid line is corresponding to the test result.

In all specimens acceptable good correspondence obtained from conducted analysis.
Especially in BS29 quiet good correspondence can be observed. In the case of CB-22
effect of concrete bearing crush also simulated by the model analysis.

In the case of analysis quite simple behavior obtained comparing with actual test results,
but acceptable correspondence can be found. In the small range of deformation some

over estimation exist in the model.
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Fig. 5.3 Mp-6y Hysteresis diagrams

5.4 Total moment of each component

Moment components are shown in graphs of Figure 5.4. Black solid line corresponds to
actual composite beam moment. Thin solid line corresponds to component of flange and
thin dotted gray line corresponds to web component. Gray bold line corresponds to slab
moment. Left figure is width-to-thickness ratio of zero, and right side figure is width-
to-thickness ratio of 29 .Both specimens are scallop type of composite beam.

From the graphs it can be seen that model could show when concrete reach to its
maximum capacity. The model could show that when concrete reach to its full capacity,
beam total behavior continue strain hardening .

Model could determine relation between “slop of flange and web” versus “slab part”.
Regardless of concrete reduction, still higher strength increase appear in the flange. So,
still strain hardening is observed in the total behavior.

Maximum strength is appeared in the slop of between slab and steel beam part become
in a comparable condition. After that strength reduction appeared. After around 3.0 6, ,

concrete reduction is finished and it keep zero, so again strain hardening is appeared.
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Fig. 5.4 Moment of each component

Figure 5.5 shows the effect of width-to-thickness ratio in each component. By
comparison of each specimen web in the middle graph, moment reduction of web can
be discussed. It can be seen that model could estimated that in CB29 the moment of
web is quite small, while in CB0O considerable amount of web moment is obtained.
It can be seen that effect of width-to-thickness ratio is more observed in the web moment

component, rather than flange and slab component.

1000 Slab Moment

500

M (kNm)

6/ Oy 6/ Oy

Fig. 5.5 Effect of width-to-thickness ratio in each component moment

5.5 Curvature and strain behaivior

Figure 5.6 illustrates curvature distribution along the beam length. Regardless of

composite or bare steel beam it can be seen that quite comparable curvature distribution

exist.
This is in confirmity with the findings of FEA study in chapter 3 (Sec.3.4.3), which was

explained that curvature in not so different for bare steel beam and composite beam.
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Fig. 5.6 Curvature distribution along the length of bare and composite beam

Figure 5.7 illustrates curvature in the column face for different width-to-thickness ratio
for non-scallop bare steel beam and composite beam specimens. Curvature is defined as
lower flange strain minus upper flange strain multiplying beam depth.

It can be seen that effect of width-to-thickness ratio is considerable in curvature in
composite and bare steel beam. This is also in confirmity with the findings of FEA study
in chapter 3 (Sec. 3.4.3), which was explained that curvature is different for different
width-to-thickness ratio of bare steel beam and composite beam.
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Fig. 5.7 Curvature versus beam rotation for different width-to-thickness ratios

In Figure 5.8 strain of beam flanges at the face of column is shown. Top two figures
showing effect of width-to-thickness ratio in the bare and composite beam. Bellow two
figures show comparison between bare and composite. Negative strain mean
compression and positive strain corresponds to tension. Tension is appeared at lower
flange and compression appeared at upper flange. In order to be in correspondence with
actual geometrical condition, upper side is compression and lower side is corresponds
to tension. Bold solid line is representing fixed connection, which all of section is
effective section, without lack of section.

The model could show that regardless of composite or bare, in lower flange comparable
effect of width-to-thickness ratio can be seen. Increase of width-to-thickness ratio

results to increase of strain.
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In the case of composite beam, upper flange show smaller strain than lower flange
because of concrete constrain. Not only in lower flange, also in upper flange effect of
width-to-thickness ratio can be seen.

In the case of lower flange, larger width-to-thickness ratio show higher strain. In the
case of upper flange, smaller width-to-thickness ratio show higher strain. But when
rotation reach to more than 2.0 6, , significant increase of the strain can be seen in the
upper flange, and finally in larger than 3.0 &, again larger width-to-thickness ratio show
higher strain (no difference in slop). This is corresponding to concrete softening which
is started from 1.00, to 3.06,.

The model could show the effect of composite action, and strain concentration on the
lower flange can be seen by increasing of width-to-thickness ratio. Model is capable of
showing effect of concrete damage. It can be seen that in both flanges strain condition
change following to crush in the concrete.

Comparison of composite and bare can be conducted according to two bellow figures.
Right side graph shows that, until 26, upper flange strain is quite small. While lower
flange strain is quite high, comparing with bare steel beam. After around 3.00, some
higher strain exist, but difference between difference of composite and bare become
small (even if upper flange the strain of composite CB29 became a little more than bare
BS29 ). But left side graph shows that reduction of width-to-thickness ratio resulted to
reduction of lower flange strain, and increase of upper flange strain. CB0O representing
fixed connection, and it can be seen that effect of composite action is quite limited
comparing with CB29. So, the model could show that composite action is significantly
affected by width-to-thickness ratio.
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Fig. 5.8 Strain behavior
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5.6 Estimation of relation of web and slab axial force

According to findings of chapter 2 and 3, effect of web axial force in the behavior of
composite beam is considerable. The model is capable of estimation of relation between
concert compression capacity and web axial force for different width-to-thickness ratios,

shown in Figure 5.9.
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Fig. 5.9 Relation of web and slab axial force
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5.7 Conclusions

Following to experimental test observations and findings of mechanical behavior
investigated by FEA, a model is proposed to represent the restraining characteristics of

composite beam connected to RHS column. The following conclusions are made:

1- In all specimens acceptable good correspondence of restraining characteristics

obtained from conducted analysis by this model and experimental test results.

2- Effect of concrete bearing crush could be considered by the model. The model is
also capable of estimation of each component moment in the composite beam.

3- Curvature distribution along the beam length and strain behavior obtained by the

model has correspondance with the mechanical findings of finite element
analysis in Chapter 3.
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6. Conclusions

In this research, in order to investigate the elasto-plastic behavior of composite beam

connected to the RHS column, cyclic loading test were conducted on T-shaped

subassemblies of beam-to-RHS column connections with different width-to-thickness

ratios. This study could show the effect of composite action on the elastic stiffness,

strength and rotation capacity of composite beam comparing with the bare steel beam.

Also it could clarify the effect of RHS width-to-thickness ratio and contribution of

concrete slab on the strain condition of beam lower flange. Reasons of different

rotation capacity are discussed through the detail study on the occurrence of different

damages in the steel beam and concrete slab. It is shown that Occurrence of sever

concrete bearing crush at the face of RHS column of specimen with width-to-thickness

ratio of 22 resulted to considerable reduction of strain on the lower flange. Strain study

showed that although in the early stages of loading the amount of strain was higher

than bare steel beam with width-to-thickness ratio of 29, but concrete crush resulted to

considerable reduction in the rate of strain increase. This resulted to delay in crack

initiation and progress at the root of scallop. Finally higher cumulative rotation

capacity was observed.

Following to experimental test observations, further research is conducted to clarify the
structural condition of web connection. Finite element analysis study is conducted to
understand the mechanical effects of composite action and out-of-plane deformation of
RHS column on the elasto-plastic behavior of composite beam. Mechanism of stress
transfer and strain concentration is shown by the means of FEA results. Finally, a model
is proposed to represent the restraining characteristics of composite beam connected to
RHS column.

The following conclusions are made by study the effect RHS column width-to-thickness

ratio on the rotation capacity of composite beam in experimental tests:
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- In all specimens regardless of existence of concrete slab or width-to-thickness ratio
of RHS column, first crack initiation was occurred at the root of weld access hole
(scallop). For the composite beam specimen CB-29 this occurred at earlier stage with
higher progress, comparing with the bare steel beam connected to the RHS column
with same B/t ratio (BS-29 specimen) and composite beam connected to RHS column
with smaller B/t ratio (CB-22 specimen). Final failure pattern was determined by

propagation of this crack.

- In the beam connected to RHS column with width-to-thickness ratio of 29, composite
action resulted to 27% increase of actual plastic strength and 92% increase of stiffness
in positive flexure, comparing with bare steel beam connected to RHS column with
same with-to-thickness ratio. But cumulative rotation capacity of composite beam
significantly reduced comparing with bare steel beam. Strain study in the first cycle of
+2.0 0, showed that composite action increased the strain amount of lower flange 2.2
Times of bare steel beam. This strain condition resulted to early crack initiation with

higher progress, and finally reduction of rotation capacity of composite beam.

- Reduction of RHS column width-to-thickness ratio in CB-22 specimen, did not result
to considerable difference in the actual plastic strength and elastic stiffness in positive
flexure comparing with CB-29, but %10 increase of beam ultimate strength observed.
Also considerable improvement in the cumulative rotation capacity observed which
was 4.2 times of CB-29. Experimental test results revealed another specific difference
between composite specimens. It was observed that in the specimen with smaller
width-to-thickness ratio severe concrete bearing crush happened at the vicinity of

column face.

- Strain behavior study in CB-22 specimen, showed that in the first cycle of +2.0 6, ,
the amount of strain in the lower flange of CB-22 specimen was 55% smaller than CB-
29 and 20% more than bare steel beam BS-29, but after the occurrence of sever crush
in the concrete slab, sudden reduction in the tangent of strain in the lower flange
happened. This resulted to smaller rate of strain increase, even comparing to the bare
steel beam BS 29. Finally, this resulted to higher rotation capacity of CB-22 comparing
with CB-29 and also BS-29.
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- Occurrence of concrete crush can be considered as the start of removal of composite
effect and start of closing to the bare steel beam condition. This showed that Further
investigation about the mechanism of stress and strain transfer of composite beam is

needed.

- It was observed that for same connection factor («) cumulative rotation of composite
beam () is reduced to almost less than half of bare steel beam.

The following conclusions are made from study of mechanism of elasto-plastic behavior

of composite beam connected to RHS column:

- Derived equations obtained from limit analysis could show both effects of RHS column
width-to-thickness ratio and axial force on reduction of composite beam web connection

flexural strength, simultaneously.

- Adopted finite element model could show acceptable correspondence with test results.
Finite element study showed that in both bare steel beam and composite beam effect of
RHS column width-to-thickness ratios is considerable in the global behavior. But
despite this similarity, different behavior in characteristics of strain hardening of
composite beam can be seen. In the smaller width-to-thickness ratio of composite beam,
by progress of rotation tendency of reaching to higher capacity exist. After that sudden

strength reduction occur and keeping the constant strength after that reduction.

- In both bare steel beam and composite beam considerable effect of width-to-thickness
ratio was shown in the strain behavior of flanges and web moment capacity. Finite
element study showed that in the composite beam, effect of width-to-thickness is
significant in the axial force of web, but slab force is less affected by width-to-thickness

ratio.

- Mechanism of stress transfer is shown. It was found that start of concrete bearing crush
is corresponding to start of stress increase of top flange. It was also found that maximum
web axial force is not always happen at same time with start of softening of slab. In fact,
in large width-to-thickness ratio reduction of axial force is first treated by flange. Top
flange yield can be treated as a bench mark in the change of behavior. Sudden reduction

in the total strength of My-6y curve corresponds to top flange yield.
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- Mechanism of strain concentration is explained. It is shown that in the bare steel beam
and composite beam difference between strain corresponding to reduction of web
flexural capacity is small. However, this difference between strain condition of bare
steel beam and composite beam is determined by the axial strain. It is shown that
reduction of web flexural capacity does not result to further additional strain
concentration, comparing to the bare steel beam. While axial strain due to movement of

neutral axis result to more sever condition of strain in the composite beam.

- It is shown that effect of composite action to the curvature in not considerable. While
effect of width-to-thickness ratio to the curvature and movement of neutral axis is
considerable. So, the additional axial strain in the composite beam is depending on the

width-to-thickness ratio of RHS column.

- By application of above findings a model proposed for evaluation of ultimate
flexural strength of composite beam. This model prepared for the conditions which
the neutral axis remain in the beam web. After the neutral axis exceeds the boundary
of Mechanism Il and enters the upper flange, modification in the stress condition of
upper flange is needed. Accuracy of the model is verified by correspondence between
the test results and model. Good agreement was observed for specimens which the

web axial force did not exceed the boundary of Mechanism II.

The following conclusions are made from study the effect of slit and stud layout

modification on the rotation capacity of composite beam:

- Experimental test results showed that existence of slit could reduce the strain on the
lower flange. But improvement of behavior regarding rotation capacity could be

obtained by the removal of studs at the vicinity of connection.

- Crack initiation in all specimens, regardless of bare steel or composite beam, happened
at the root of scallop of beam lower flange. In bare steel beam specimen and both
composite beam with slit specimens, crack initiation happened at almost similar cycle
of loading, which was first cycle of +4.0 6,. But in the case of conventional composite
beam specimen (CB-29), crack initiation occurred in much earlier cycle of loading (+2.0
6p). Also speed of crack opening was higher in this specimen.
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- Regarding the rack pattern of concrete slab, considerable developments of cracks
corresponding to compression force were just occurred in the specimen with
conventional composite beam CB-29. In this specimen compression crack developed
parallel to the loading beam. While In both composite beam specimens with slit, CBS-
29 and CBS-29M, limited cracks corresponding to compression force appeared, which

remained almost around the transverse beam.

- Finite element study showed that studs of transverse beam contribute in the composite
action. It could be explained that these studs provide constraint condition for the slab
and it may be the reason of contribution in the composite action. It is shown that roll of
studs of transverse beam are similar to bearing stress transfer between slab and column

face.

- Contribution of studs of transvers beam depends on location of stud. Due to torsional
behavior of transvers beam, second stud shear is considerably smaller than the first stud.
So number of studs can be kept according to calculations, and just movement of first

stud away from the column face is recommended

- Considering the actual seismic loading, removal of studs at the vicinity of connection

on both loading and transverse beam is recommended.

The following conclusions are made from the modeling of composite beam connected to

RHS column:
- Following to experimental test observations and mechanical investigations by FEA, a
model is proposed to represent the restraining characteristics of composite beam

connected to RHS column.

- In all specimens acceptable good correspondence obtained from conducted analysis by

this model and experimental test results.

- The model is capable of estimation of each component moment in the composite beam.
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Chapter 6. Conclusions

- Curvature distribution along the beam length and strain behavior obtained by the model
has correspondance with the mechanical findings of finite element analysis in the
Chapter 3.
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