Journal of Constructional Steel Research 200 (2023) 107648

Contents lists available at ScienceDirect HODRNAIG
CONSTRUCTIONAL
STEEL RESEARCH

Journal of Constructional Steel Research

ELSEVIER journal homepage: www.elsevier.com/locate/jcsr

Check for

Experimental and numerical investigation of I-beam to concrete-filled tube  [w&s
(CFT) column moment connections with pipe-stiffened internal diaphragm

Alireza Habibi?, Nader Fanaie”, Shahriar Shahbazpanahi®"

@ Department of Civil Engineering, Sanandaj Branch, Islamic Azad University, Sanandaj, Iran
Y Department of Civil Engineering, K. N. Toosi University of Technology, Tehran, Iran

ARTICLE INFO ABSTRACT

Keywords: This paper presents an experimental and numerical investigation of two full-scale I-beam to concrete-filled tube
Concrete-filled steel tube column (CFT) column internal-diaphragm moment connection specimens. In this type of connection, to allow the passage
CFT

of concrete through the column tube wall, the internal diaphragms are perforated, which, as a result of drilling,
creates stress concentration in these plates, reducing their strength and stiffness. In this study, first, to improve
the diaphragms’ performance, these plates were stiffened utilizing steel pipes, and the effect of this stiffening on
the connection behavior under cyclic loading was investigated in the laboratory. In the second part, the speci-
mens were analyzed by the finite element (FE) method in the Abaqus software. Results indicated that stiffening
the internal diaphragm plates with the pipes increased the connection’s flexural strength and cumulative energy
dissipation by 20% and 22%, respectively. It also prevented the yielding of the diaphragm plates and increased
the connection’s stiffness by 8% to 22%. Furthermore, the stiffening of the internal diaphragms led to better
stress distribution at the plastic hinge region in the beam and shifting of the maximum rupture index location
from the outer edge of the beam flanges by about 40% of the beam flange width towards the beam’s longitudinal
axis. It was also concluded that the proposed connection with stiffened internal diaphragm meets the criteria for
utilization in intermediate moment frames (IMFs) in seismic regions.

Internal diaphragm

Stiffened internal diaphragm

WUF-W connection

I-beam to CFT column rigid connection

buildings with moment frames by increasing their stiffness. However,

1. Introduction the necessity of pouring concrete inside the CFT columns makes it very
difficult to assemble the continuity plates at the connection zone [6].

Concrete-filled tube (CFT) columns, constructed using both concrete Various methods have been proposed to eliminate continuity plates,

and steel, simultaneously provide the advantages of each of the two but most are still under investigation and have not been yet included in

mentioned common building materials. Through the joint contribution the building codes. Jahanbakhti et al. investigated the possibility of

of concrete and steel, a structural member with excellent properties such eliminating the continuity plates in I-beam to column moment connec-

tions by theoretical and experimental approaches. Assuming the elimi-
nation of the continuity plates and using theoretical methods, they
determined the column web and flange thicknesses in the connection

as high load-bearing capacity in compression, bending, shear and tor-
sion is created. CFT columns have high energy absorption capacity and
suitable ductility and are appropriate for use in seismic regions. The

steel boxes in these columns eliminate the need for molding, enabling a zone and subjected the full-scale laboratory specimens to cyclic loading
quick fabrication process. CFT columns are also more economical than [7]. Hosseini and Rahnavard proposed innovative short and large collar
concrete and steel columns [1-3]. Also, the steel tube creates the connections to eliminate the continuity plates in box-columns by the FE
confinement effect for the concrete core and, as a result, increases its method.. It was found that t.he seismic.l?ehav.ior of .the large collar
compressive strength and ductility [4]. Since the 1970s, research has connection is favorable, and it can be utilized in special steel moment
shown that moment frames with CFT columns and I-beams are much frame systems [8]. ) o o

more efficient than conventional steel or reinforced concrete structures, In moment connections, the continuity plates are utilized inside the
and hence, they have been widely used in mid-height and tall buildings column to distribute the forces evenly and prevent local instabilities of
in Japan [5]. One of the advantages of CFT columns is their high stiff- the column components, and their poor performance can lead to weak

ness; therefore, they could be used to control the displacements of connection behavior. According to AISC 360-16 and AISC-341-16,
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Nomenclature

b inside width of the column tube

by width of beam flange

CFT concrete-filled tube

CPJ complete joint penetration

dp, overall depth of beam

E young’s modulus of the steel

ESW electro slag welding

FE finite element

Fy yield stress of the steel

Fy tensile strength of the steel

hy, height of beam web

IMF intermediate moment frame

K; secant stiffness in the story drift angle i

Ko initial stiffness

LVDT linear variable displacement transducer

Mppb nominal plastic moment strength of the beam

Mpe nominal plastic moment strength of the column

(Mp)p,  maximum probable moment at the location of the plastic
hinge of the beam

Mi maximum bending moment in the jth cycle of the story
drift angle i

PEEQ plastic equivalent strain index

SCC self-compacting concrete

SMF special moment frame

t flange and web thickness of column

te thickness of beam flange

tw thickness of beam web

WUF-W  welded unreinforced flange-welded web

Zy plastic section modulus of the beam

B stiffness degradation coefficient

& equivalent plastic strain

& yield strain

ol story drift angle corresponding to Mi

n friction coefficient between steel tube and concrete core

v poisson’s ratio of the steel

Oeff von mises stress

Om hydrostatic stress

> M;C sum of the projections of the nominal flexural strengths of
the columns above and below the joint to the beam
centerline

> M;b sum of the projections of the expected flexural strengths of
the beams at the plastic hinge locations to the column
centerline

fe specified compressive strength of the concrete

;’:f triaxiality ratio (TR)

moment connections must have sufficient rigidity and ductility and
transfer the bending moment of the beam to the column. To provide
ductility in the joint, the minimum rotation capacity due to inter-story
drift angle in the inelastic range is required to be 0.03 rad in special
moment frames (SMFs) and 0.01 rad in intermediate moment frames
(IMFs) [9,10].

Beam to CFT column moment connections are fabricated in different
ways, each with advantages and disadvantages. Because of the tension

S

CFT Column

and compression created in the beam flanges caused by the connection
moment, a large shear force is created in the panel zone borne by the
column tube wall and diagonal concrete compression [11]. In CFT col-
umns, due to the presence of concrete filling the steel tube, it is not
possible to use continuity plate similar to those incorporated in steel box
columns, and it is necessary to strengthen these columns at the beam to
column connections using other methods, the most common of which
are as shown in Fig. 1 [12].

CFT Column CFT Column

(2)

4 AL

(©)

Fig. 1. Connections with: a) Through diaphragms; b) External diaphragms; c) Internal diaphragms [12].
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Internal and through diaphragms have openings that allow concrete
passage and sometimes also feature vent holes for better concrete
curing, which according to the Chinese specification are recommended
to be at least 25 mm in diameter [13,14]. Internal diaphragms are
usually used for high-rise buildings with box columns, and their open-
ings should be large enough so that the tremie pipe can pass through
them, and the concrete fills inside the column and panel zone. These
diaphragms are very practical and economical for columns with very
large dimensions, where the welder can go inside the column and
perform the welding of the continuity plates to the column. For smaller
columns, diaphragms are first welded to three sides of the column, and
the welding to the fourth side of the column is done by dividing it into
three sections or using electro slag welding (ESW) [15].

Yaghoobi Zadeh and Fanaie, through analysis of moment connec-
tions with internal diaphragms by FE method, showed that internal di-
aphragms with circular openings are a better option than other forms of
drilling because of better stress distribution [16]. Doung et al. investi-
gated beam to box-column moment connections with and without
concrete filling using experimental and theoretical methods and pro-
vided the relationships for designing internal diaphragms [17].

Qin et al. suggested a new type of internal-diaphragm I-beam to CFT
column moment connections strengthened using tapered plates along
the beam flanges at the beam-column interface. They reported that the
proposed connection type could be used in intermediate moment frames
in seismic regions [18].

Internal diaphragms do not interfere with the beam to column
connection mechanism. Nonetheless, due to the significant moment
transferred to diaphragms from the connection, the stress concentration
around the openings in these plates increases, and hence they must be
strengthened with a suitable approach. Increasing the thickness of the
diaphragm plates or reducing the diameter of the openings can improve
stress distribution. However, increasing the thickness of these plates also
increases welding volume, residual stresses and the possibility of column
tube wall deformation. Reducing the openings’ diameter also hinders
concrete passage and increases the likelihood of the concrete honey-
combing at the connection zone. Xiao and Zhang presented the FE
analysis of moment connections using internal-diaphragm. They
concluded that the seismic behavior of the connections with internal
diaphragms with three welded edges, which are easier to construct, is
not much different from those with internal diaphragms with four
welded edges [19]. Doung and Sasaki, through a theoretical and nu-
merical study of the beam to column moment connections with internal
diaphragms with circular openings, concluded that larger diaphragm or
column dimensions lead to better connection performance. Also, they
found that the thickness, diameter and shape of the diaphragm openings
play the most important role in changing the connection strength [20].
In other studies, Nie et al. compared the seismic behavior of composite
beam to CFT column moment connections with internal diaphragms and
those with the shear studs welded to the column wall at the panel zone.
They found that connections with internal diaphragms have good
strength but low ductility [21,22].

There are no obstacles blocking the concrete passage at the panel
zone in connections with external diaphragms. However, these stiffeners
at the beam to column connection interfere with the structure’s archi-
tectural design and the connection of the beams. The methods for
calculating the panel zone strength in connections using external dia-
phragm are provided in structural design provisions by the Architectural
Institute of Japan [23]. These connections shift the plastic hinge away
from the column wall, making it less likely to rupture at the beam to
column connection [24].

In fabricating through diaphragm connections, the column is divided
into three sections of upper, lower and connection zone, and each sec-
tion is connected to the diaphragm plates through fillet or CPJ groove
welds. Nonetheless, such connections have not become very popular due
to the necessity of cutting the column and extensive welding at the
connection zone. Rong et al. investigated the hysteresis behavior of
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three frames with moment connections and through diaphragms under
cyclic loading by experimental and numerical methods. In order to
investigate weak panel zones, they reduced the tube wall thickness of
the CFT columns at the panel zones in two of the specimens. The fracture
modes observed included the buckling of the column webs and flanges at
the panel zone and weld ruptures in the connection region [25].

Lu et al. tested beam to CFT column moment connections with in-
ternal, external and through diaphragms. They found that external di-
aphragms have the highest shear strength and the lowest ductility, and
internal diaphragms have the highest ductility and the lowest shear
strength. Through diaphragms exhibited similar shear strength to in-
ternal diaphragms but lower ductility [26]. Filling box columns with
concrete increase the initial stiffness and maximum load-bearing ca-
pacity of beam-to-column moment connections with horizontal and
vertical diaphragms. The shape of the edges of diaphragm openings and
their reinforcement also affects the initial stiffness and connection
strength [27]. Choi et al. tested four beam to CFT column moment
connection specimens with perforated internal diaphragms, perforated
through diaphragms, combined perforated diaphragms and pipe-
reinforced combined diaphragms. All of the specimens failed at the
drift angle of 0.03 rad [28].

In some cases, architectural limitations or seismic provisions in
building codes force us to utilize moment frames, in which beam-to-
column connections must be rigid. In these connections, external di-
aphragms or continuity plates (internal diaphragms or through di-
aphragms) must be utilized to properly transfer the large amounts of
forces due to bending moment from the beam flanges to the column. In
CFT columns, to allow the passage of concrete through the column tube
wall, the continuity plates need to be perforated, which reduces their
strength and stiffness and hence decreases the connection’s flexural
performance. In this study, steel pipes were utilized to stiffen the in-
ternal diaphragms, and by conducting a detailed full-scale experimental
study, the effect of this reinforcement on the seismic behavior of the
rigid beam to the CFT column connection was investigated. Stiffening
the internal diaphragms with pipe may increase the stiffness and
strength of these plates and improve the seismic behavior of the
connection.

Experimental results, including hysteresis curves, cumulative dissi-
pated energy, stiffness degradation, connection failure modes and strain
values in the plastic hinges formed, were compared for a specimen with
the pipe-stiffened continuity plate and a similar specimen with a non-
stiffened continuity plate. It should be noted that in all previous re-
searches, no effective solution has been presented to stiffen the perfo-
rated continuity plate with the pipe.

2. Experimental investigation
2.1. Specimens

Specimens in this study included two I-beam to CFT column con-
nections, built according to the AISC 358-10 specifications for the
prequalified welded unreinforced flange-welded web (WUF-W) moment
connection. According to the provisions of this standard, in these spec-
imens, the beam web and flanges and the single shear tab were con-
nected to the column flange using CJP groove welds [29]. The specimens
were constructed as T-shaped exterior joints connecting a beam to a
column with sections similar to those in a 15-story special moment
frame steel building. The support conditions selected were such that the
beam and column deflections in the specimens resembled those of
members in moment frames subjected to lateral loads. Accordingly, the
two column ends and the beam end in the specimens were considered as
the inflection points in the middle of such members in a moment frame
undergoing lateral loads in the form of hinge supports (Fig. 2). Figs. 3 &
4 shows the configuration of the tests performed. It can be seen that the
actuator applies horizontal movement along the column axis to the tip of
the beam. Furthermore, Fig. 5 illustrates the location of the strain gauges
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Fig. 2. Exterior joint in a moment frame: a) Frame subjected to lateral load; b) Idealized exterior joint; C) Angular rotation.
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(a) (b)

Fig. 6. Tested connection specimens: a) Specimen 1: Internal diaphragm (ID);
b) Specimen 2: Stiffened internal diaphragm with pipe (SID).

and LVDTs used to measure the displacements during loading. The hy-
draulic jack in the configuration applied the intended cyclic displace-
ment according to the loading protocol specified by AISC 341-16. In
order to prevent lateral-torsional buckling of the beam, lateral bracings
were utilized per the AISC provisions.

The width to thickness ratios of the beam and column components
were determined according to the AISC 341-16 seismic provisions to
prevent the local buckling in the members before the formation of the
plastic hinge in the beam, which leads to decreasing the load-bearing
capacity [11]. Creating openings in the diaphragm plates for concrete
passage weakens these plates and cuts off the transfer path of the con-
nection’s force due to bending moment. In this study, it has been
attempted to solve this issue by stiffening the diaphragm plates with
pipes to improve their performance and thus improve the overall per-
formance of the connection. Fig. 6 illustrates the tested connection
specimens using internal-diaphragm and stiffened internal-diaphragm,
referred to as specimen 1 (ID) and specimen 2 (SID), respectively.

2.2. Specimens’ details

The I-beam and box-column sections in the two full-scale laboratory
specimens, shown in Fig. 6, were built using steel plates and pipe, which
were subjected to standard tensile and Charpy tests. The properties and
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effect of the hydraulic jack during loading and the lateral beam bracing
intervals were also controlled and determined accordingly [10]. The
internal diaphragms in the specimens were designed with circular
openings to reduce stress concentration within them. The Eurocode 4
guidelines for the dimensions and specifications of openings in internal
diaphragms, shown in Fig. 7, were also followed accordingly [30]. In the
constructed specimens, the diameter of the internal diaphragm openings
was large enough for the tremie pipe to pass easily through them, and
thus concrete pouring could be done without considerable free-fall
leading to concrete segregation.

Furthermore, because the height of the columns was about 3 m, it
was not possible to use a needle vibrator for suitable concrete compac-
tion. Therefore, self-compacting concrete (SCC), which does not require
vibration, was used to fill the columns in the specimens. The mixture
proportions of the SCC poured inside the column tubes are given in
Table 5. Round river aggregate with an absorption capacity of 0.5% was
selected for use as coarse aggregate. River sand with a fineness modulus
of 2.9 and an absorption capacity of 1.62% was also selected as a natural
fine aggregate.

Figs. 8 and 9 present the detailed drawings of the specimens. The CJP
groove welds were all made using the E7018 electrode. The charpy
impact toughness of this electrode is sufficient for the rigid connection of
the beam to the column in special moment frames, and the weld does not
experience cracks and ruptures during cyclic loading, also allowing a
more detailed analysis of the diaphragm plates’ behavior. The E7018
electrode is also compatible with base metal and has a higher strength
than base metal [10].

For building-up a box column reinforced with internal diaphragms, a
U-shaped section is built first. Then, all three sides of the diaphragms
were welded using CJP groove welds. The prepared U-shaped section is
covered and welded by a plate with limit length as the box column’s
fourth side. The diaphragm is manually welded to the fourth side of the
box column by a welder. The fourth sides of the box column are welded
to the U-shaped section at each story level, and the remaining parts are
completed and welded. Fig. 10 shows the columns in the specimens
before the welding of the plates on their fourth side. As shown in the
detailed drawings presented in Figs. 8 and 9, the beams were connected
to the side of the columns opposite to their fourth side.

Table 2
Mechanical specifications of the pipes used to stiffen the internal diaphragms.

K L X . Length Outside Thickness Fy Fu Elongation
mechanical specifications of plates, pipe and design parameters of the (mm) Diameter(mm) (mm) (MPa)  (MPa) (%)
specimens are given in Tables 1 to 4.

i . . .. .. 200 219.1 10 271.6 495.3 28.9
The connection design was done according to the seismic provisions
of AISC 341-16 for special moment frames. The strong column-weak
beam criteria, panel zone shear, the maximum beam shear under the
Table 1
Mechanical specifications of the plates and concrete utilized to construct specimens.
Steel Concrete
Member Thickness (mm) Fy (MPa) F, (MPa) Elongation (%) Toughness(J) Toughness(J) f ‘.(MPa)
20(°C) —20(°C)
Beam web 8 307.6 481.8 35 - - 50
Beam Flange 10 304.8 425.6 29 289.7 213.6
Column & 10 289.2 412.6 32 288.1 68.7

Internal Diaphragm
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Table 3
Design parameters of the columns and internal diaphragms.
Spec. No. Name Column Tube (b> Internal Diaphragm Concrete infill Stiffened Internal Diaphragm with Pipe M, (kN.m)
(mm X mm X mm) e Thickness(mm) Hole(mm)
1 D 320 x 320 x 10 30 10 199.1 SCC No 386.48
2 SID 320 x 320 x 10 30 10 199.1 SCC Yes 386.48
Table 4
Design parameters of the beams.
Name Built-up I-beam (bf > (hw) Z,x10° (Mpob > M;c
or T 3
kN. 3
dp (mm) bg (mm) t¢ (mm) ty (mm) 2/ W/ (mm®) (N.m) My,
D 520 150 10 8 7.1 62.5 1265 479.51 1.51
SID 520 150 10 8 7.1 62.5 1265 479.51 1.51

2.3. Loading protocol

The loading protocol in this study, shown in Fig. 11, was chosen
according to the AISC 341-16 provisions for moment frames. This
loading was applied in a cyclic manner by applying displacements to the
beam end in the connection specimens (Figs. 3 & 4). The standard load
history protocol proposed by the AISC 341-16 starts with applying
several consecutive cycles at different story drift angles and continues
with an appropriate rate of story drift increase until the connection’s
failure [10].

2.4. Experimental results

Laboratory observations of the specimens, including deformations,
local and general buckling, whitewash flaking, as well as cracks and
fractures based on the loading rate, are presented as follows:

2.4.1. Specimen 1 (ID)

By the end of the loading cycle with the story drift angle of 0.005 rad,
the specimen was subjected to 12 complete loading cycles. Comparing
the measured strains with the yield strain of the plates indicated an

Opening for casting

A215% Ac

Fig. 7. Detailing of the internal diaphragm plates [30].

elastic behavior, and no sign of whitewash flaking was seen. With the
gradual increase of the loading up to the story drift angle of 0.0075 rad,
whitewash flaking was observed in very small areas in the beam flanges
near the beam-column interface. At the story drift of 0.01 rad, the
whitewash flaking in the vicinity of the beam flange-to-column CJP
groove welds increased, and it was also observed in some points of the
welds themselves. At the story drift of 0.015 rad, the whitewash flaking
in the beam flanges near the beam-column interface and the flange-to-
column CJP groove welds further increased. With increasing hydraulic
jack force and reaching the story drift of 0.02 rad, the whitewash flaking
began to also occur in the column webs at the location of the continuity
plates and continued to increase in the beam flanges. At the story drift of
0.03 rad, local buckling of the beam flanges started, and their first crack
was observed near the beam flange-to-column groove welds.

At the story drift of 0.04 rad, the local buckling of the beam flanges
increased, and they underwent local bending. Ultimately, the loading
ended with the opening of the cracks in the beam flanges.

By the end of the test, except for minimal amounts in the column
webs at the location of the continuity plates, no whitewash flaking was
found at the panel zone, and none of the welds in the whole specimen
cracked or ruptured.

The plates’ yield strain values were obtained by dividing the yield
stress (Fy) values from Table 1 by the modulus of elasticity (E). This
strain was calculated to be 1446 pe for the internal diaphragm and
column wall plates, 1538 pe for the beam web and 1524 pe for the beam
flanges. By comparing the measured strains with the calculated yield
strains, it was observed that the column web in the panel zone and the
middle region of the beam web next to the single shear tab behaved
elastically. Moreover, as expected in the AISC provisions for the WUF-W
connection, the beam flange yielded at a distance of about the beam
height, leading to the formation of a plastic hinge. Fig. 12 shows the
status of specimen 1 during different loading cycles.

2.4.2. Specimen 2 (SID)

By the end of the loading cycle with the story drift angle of 0.005 rad
and after 12 complete loading cycles, the specimen was observed to
exhibit elastic behavior with no whitewash flaking. After reaching the
story drift of 0.0075 rad, whitewash flaking was observed in very small
areas on the edges and the inner parts of the beam flanges near the
beam-column interface. At the story drift angle of 0.01 rad, the white-
wash flaking increased in the inner parts of the beam flanges near their
connection to the beam web in the vicinity of the beam-to-column

Table 5

Mixture proportions of the self-compacting concrete (SCC) used to construct the specimens (kg/mS).
Cement Water Micro-Silica Coarse aggregate Fine aggregate Filler Superplasticizer
400 170 72 700 816 148 10
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Fig. 10. Columns in the specimens before the welding of plates on their
fourth side.

connection. With the increase of the load applied and at the story drift
angle of 0.015 rad, whitewash flaking increased near the beam flange-
to-column CJP groove welds, and the beam flanges in this area
became slightly distorted. At the story drift of 0.02 rad, whitewash
flaking was observed in the beam flanges near the beam flange-to-
column CJP groove welds and the inner parts of the beam web and
flanges at a distance of about 10 cm from the beam-column interface.
Also, while the distortion of the beam flanges increased, no whitewash
flaking was observed in the column webs at the location of the conti-
nuity plates. At the story drift of 0.03 rad, the local buckling of the beam
flanges increased, and whitewash flaking occurred in more parts of the
beam flange along its length near the beam-column interface. White-
wash flaking was also observed in small areas in the CJP groove weld
connecting the single shear tab to the column, and in the last cycle at this
story drift, cracks started to form in the beam flanges.

At the story drift of 0.04 rad, the local buckling of the beam flanges
increased further, and the experiment ended with the expansion of the
cracks in the beam flanges. None of the welds in the whole specimen
cracked or ruptured until the end of the test. After cutting the column at
the panel zone, no cracks or damage were observed in the welds con-
necting the diaphragm plates to the column.

Journal of Constructional Steel Research 200 (2023) 107648

No whitewash flaking was observed in the column webs and flanges
in this specimen. Also, local bending of the column flange did not occur
at the connections to the beam flanges. The stiffened diaphragm plate
was observed to behave appropriately, preventing the column flange
from bending. Fig. 13 shows the status of specimen 2 during different
loading cycles.

2.4.3. Specimens’ behavior assessment

By comparing the specimens at the moment of their rupture, it was
observed that the stiffening of the internal diaphragms with the pipes
prevented the protruding of the column flange at its connections to the
beam flanges. This indicates that in specimen 2, the stiffened di-
aphragms behaved well and prevented the local bending of the column
flange at its connections to the beam flanges. Also, while the rupture of
the beam flange in Sample 1 occurred in the vicinity of the beam flange
to column CJP groove welds, this distance increased to about 5 cm in
Sample 2.

Using pipes to stiffen the diaphragm plates significantly reduced
their deformation and increased their stiffness. The increase in white-
wash flaking along the beam flanges in Sample 2 indicates a more sig-
nificant redistribution of stress at the plastic hinge in the beam, which
caused the rupture location of the beam flanges to shift away from the
connection.

Fig. 14 shows the hysteresis curves of the two specimens based on the
beam moment at the column face and the story drift angle. The moment
at the column face is the product of the force applied by the jack at the
beam end and its distance from the column face. The story drift angle
according to the FEMA-350 provisions is obtained by dividing the
displacement applied to the beam end by the distance of the applied
force to the column face plus half of the column depth [31]. The hori-
zontal lines in the graphs indicate the moment values equal to 0.8 times
the nominal plastic moment strength (M) of the beam calculated as
follows:

0.8Mpp = 0.8.Zp.Fy = 0.8 x 1265 x 10% x 240 = 242.88 x 10° N-mm

According to the hysteresis curves of the specimens, it was found that
the maximum bending moment values in specimen 1 and specimen 2
were equal to 370.98 and 444.51 kN.m, respectively. Stiffening of the
diaphragm plates using pipes increased the flexural capacity of the
connection specimen by about 20% compared to that of the specimen
without stiffening. It was observed that in both specimens, before the
end of the story drift angle of 0.04 rad, the bending moment capacity of
the connection was less than 0.8 times the nominal plastic moment
strength of the beam. Therefore, compared to the AISC seismic
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Fig. 11. Loading protocol used in the experimental testing and numerical modeling [10].
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[0.04 rad

Fig. 12. Status of specimen 1 (ID) during different loading cycles.

provisions, both specimens comply with the criteria for use in inter-
mediate and ordinary moment frames.

At the end of the test, the conditions of concrete in the panel zone and
the diaphragm welds were investigated by cutting the column in the
specimens. According to Fig. 15, it was found that the diaphragm welds
were completely healthy, and no visible cracks or damage were observed
in the concrete filling the panel zone in the specimens. Due to the local
bending of the column flange at its connection to the beam flange in
specimen 1 (ID), it appeared that the diaphragm in this specimen yielded
in this area as shown in Fig. 15. However, no local bending of the column
flange was observed in the stiffened specimen 2 (SID), indicating that
utilizing the pipes effectively increased the stiffness of the diaphragms
and prevented their yielding.

2.4.4. Backbone curves

In Fig. 16, the specimen’s backbone curves are illustrated based on
the beam moment at the column face and story drift angle. Both curves
are linear and elastic and coincide up to the story drift of 0.005 rad.
Therefore, the stiffening of the diaphragms with the pipes had no effect
until the connection components entered the inelastic range. Nonethe-
less, after the story drift of 0.005 rad, it led to increasing stiffness and
strength in specimen 2 compared to specimen 1.
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2.4.5. Energy dissipation

Structures’ resistance against earthquakes greatly depends on their
energy dissipation capacity. The more energy is dissipated, the better the
performance of the structure. An important indicator in evaluating the
seismic performance of a connection is the determination of cumulative
dissipated energy equal to the total energy dissipated up to the nominal
rupture point. The cumulative dissipated energy increases with the
number of load cycles. To calculate the cumulative dissipated energy,
the absolute value of the area enclosed by each hysteresis loop is
determined, and then these values are added together. Fig. 17 presents
the curve for the cumulative dissipated energy in each loading cycle of
the specimens. It can be seen that this value was equal for both samples
until the 22nd loading cycle, and therefore, until the end of the story
drift angle of 0.01 rad, the stiffening of the diaphragm plates with the
pipes did not affect the connection’s dissipated energy. Nonetheless, the
cumulative dissipated energy values in the last loading cycle (story drift
angle of 0.04) in specimen 1 (ID) and specimen 2 (SID) were equal to
107.8 and 131.4 kJ, respectively. Therefore, stiffening the diaphragms
increased the cumulative dissipated energy of the connection by about
22%.
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Fig. 13. Status of specimen 2 (SID) during different loading cycles.
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Fig. 14. Hysteresis curves of the tested specimens: a) Specimen 1 (ID); b) Specimen 2 (SID).
2.4.6. Stiffness degradation Fig. 16 show that during the cyclic loading, the stiffness of the specimens
Stiffness is an important parameter in the development of compu- decreases because of steel’s yielding and increases failures.

tational models and the study of the seismic behavior of structures. The Stiffness degradation is defined by the stiffness degradation coeffi-
hysteresis curves of the specimens in Fig. 14 and the backbone curves in cient (B) calculated according to the following equations [32,33]:

12
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Beam Connection
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Fig. 15. Specimens cut after testing: a) Specimen 1 (ID); b) Specimen 2 (SID).

K;
M
K; = j:nl ) @)
>0

Where K; is equal to the secant stiffness in the story drift angle i and
Ko is the initial stiffness. Mi is the maximum bending moment in the jth
cycle of the story drift angle i and @} is the story drift angle corresponding
to MJ;. The MJl and 9} values for the specimens were extracted from the
experimental hysteresis curves.

Fig. 18 shows the stiffness degradation curves of the specimens. In
relatively small story drift angles, the stiffness degradation occurred
with a large slope, and by increasing the drift angle, this slope decreased.
Until the story drift of 0.005 rad, the stiffness values of both specimens
were approximately equal. The stiffness values decreased with the in-
crease of the drift angle and the entry of materials into the nonlinear
range. After the story drift of 0.005 rad, stiffening of the diaphragms
reduced the stiffness degradation slope in specimen 2 (SID). At the story
drift of 0.0075 rad, the stiffness of specimen 2 was about 8% higher than
that of specimen 1. With the further increase of the story drift angle, this
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Fig. 16. Backbone curves of the specimens.

difference became more significant. At the story drift angle of 0.04 rad,
the stiffness of specimen 2 was about 22% higher than that of specimen
1.
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Fig. 17. Cumulative dissipated energy of the specimens.
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Fig. 18. Stiffness degradation curves of the specimens.
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Fig. 19. Panel zone story drift angle: a) Specimen 1 (ID); b) Specimen 2 (SID).
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Fig. 21. Finite element modeling and boundary conditions.
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2.4.7. Panel zone assessment

During the testing of specimen 1, a small amount of whitewash
flaking occurred in the column webs at the location of the continuity
plates. Nevertheless, no whitewash flaking was observed in the column
in specimen 2 until the end of the loading. The deformations of the panel
zones were measured by two diagonal LVDTs installed on the column
webs according to Fig. 5(a). Fig. 19 shows the hysteresis curves of the
specimens based on the beam moment at the column face and the panel
zone story drift angle. By comparing the values of the maximum story
drift in the drawn curves, it is observed that utilization of the pipes in the
diaphragms of specimen 2 led to a 64% reduction in the panel zone story
drift angle compared to specimen 1.

2.4.8. Beam plastic hinge assessment

Experimental results of the tested specimens showed that the in-
elastic rotation of the beam at the connection region had the largest
share in the overall rotation of the entire specimens.

Fig. 20 reveals the output values of the strain gauges No. 2 to 6
installed according to Fig. 5(a) at different story drift angles for the two
specimens. These values were normalized with respect to the yield strain
of the steel used. Until the end of the test, the maximum strain in the
beam occurred in the beam flanges in the region between the beam-
column interface and the end of the single shear tab of the beam web.
Therefore, the presence of the single shear tab connecting the beam web
to the column did not play any role in shifting the beam plastic hinge.
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Fig. 22. Stress-strain curve of the modeled concrete: a) Compression [40]; b) Tension [48].

Considering the rupture locations of the beam flanges in the speci-
mens, it was observed that a plastic hinge was formed near the column
flange, which was predictable according to the AISC seismic provisions
AISC for WUF-W connections.

As can be seen in Fig. 20, in specimen 1, after a distance of 15 cm
from the column face, the strains and consequently the stresses in the
beam significantly diminished, and a very high stress concentration was
created near the beam-to-column connection. In specimen 2, the
decrease of the strains occurred with a much smaller slope and over the
whole protected zone of the beam. This indicates that the stiffening of
the diaphragms resulted in better stress redistribution and reduced stress
concentration in the beam flanges in the plastic hinge region.

The maximum strain values measured at the story drift angle of 0.03
rad on the beam flange and strain gauge No. 1 in specimen 1 and 2 were
equal to 33,950 pe (22.3 gy) and 95,462 pe (62.6 y), respectively. In the
tensile test, the steel plate is subjected to uniaxial tension stress, whereas
in the experimental connection, it is cyclic loading and the flange of the
beam is under triaxial stress. As a result, these values are much less than
the ultimate strain results shown in Table 1. Because of the multi-
directional stresses have reduced the ductility of steel and its failure at
a lower strain than the ultimate strain. The whitewash flaking in the
specimens showed that the plastic hinge length was not equal to the
beam height and was less than that predicted by the provisions. It seems
that the low ratio of the clear span length to the beam height reduced the
beam plastic hinge length in both specimens.

Increasing the beam height is the most critical parameter in con-
trolling the story drift in buildings with a moment frame system as it
reduces the plastic hinge length and the plastic rotational capacity of the
beam.

Stress 4
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»
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Fig. 23. Stress-strain curve of the modeled steel [41].
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According to the results, in specimen 1 (ID), the strain values
decreased faster at the story drift angles of 0.03 and 0.04 rad. In spec-
imen 2 (SID), the stress in the diaphragm plates was reduced by the pipes
transferring some of the diaphragm force to the concrete. Therefore,
stress redistribution occurred in the beam plastic hinge rather than the
continuity plates and the panel zone.

According to the installation of strain gauges on the outer surface of
the beam flanges shown in Fig. 5(a), the measured strain values are only
valid for those points and differ from the average strain of the plate. This
difference could be considerable in case local buckling occur.

3. Numerical investigation
3.1. Modeling

In order to investigate the tested specimens numerically, they were
modeled and analyzed in the Abaqus software. This software can
analyze models by considering the nonlinear geometric and material
effects. As shown in Fig. 4, in the experimental specimens, the column is
connected to the strong floor at both ends using hinge supports, and the
beam has lateral bracings at distances of 78 cm and 250 cm from the
column face. According to the AISC 341-16 loading protocol, displace-
ment was applied to the beam end using a hydraulic jack. Figs. 5(a) and
21 show the specifications and boundary conditions in the experimental
specimens constructed and the FE model generated. The beam and
column section dimensions, the location of the beam’s lateral bracings,
support conditions at the two column ends and the loading protocol
applied were all modeled according to the experimental specimens and
the testing conducted.

The concrete damage plasticity model was used to model the con-
crete inside the CFT column [34-37]. This model uses the combination
of isotropic tension and plastic compression to display the nonlinear
behavior of the concrete and defines stiffness degradation by consid-
ering the plastic strain in tension and compression. This model is
continuous and based on plastic behavior for the concrete in the
damaged state and the failure mechanisms assumed are tensile cracking
and compressive crushing.

Extensive studies were carried out on confined concrete, and several
papers, including those by Mander et al. [38], Liang [39] and Susantha
et al. [40] presented different behavior curves for this material. In this
study, the model proposed by Susantha et al. [40] was used to define the
stress-strain curve of the molded concrete as shown in Fig. 22(a). This
model was proposed for concrete-filled steel tube sections and verified
with many experimental specimens.

Although there are different behavior models for the tensile phase of
concrete, there is not much difference in the results due to the very
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Fig. 24. FEA and experimental hysteresis curves: a) Specimen 1 (ID); b) Specimen 2 (SID).

brittle behavior of concrete in this phase. Usually, the tensile strength of
concrete is considered between 7% and 10% of its compressive strength,
and 10% of the compressive strength is assumed in this research. It is
noticeable that unlike the compressive behavior of concrete, in the
tensile state of concrete, it loses its strength suddenly with a large slope
and reaches zero strength (Fig. 22(b)). However, the Abaqus software
automatically considers 1% of the tensile strength of concrete in the
calculations to avoid the divergence problem, even if the tensile strength
is assigned zero in the software. Considering the stress-strain curve of
concrete, unlike the compressive behavior, tensile behavior is elastic
and linear before the maximum tensile strength [48].

In numerous studies that are similar to this one, ideal bilinear or
trilinear curves have been utilized for the steel stress-strain curve in
finite element analysis, which have a good agreement with experimental
results and reduces the time and cost of analysis [25,34,41-44]. As
shown in Fig. 23, to consider the nonlinear behavior of steel, the bilinear
stress-strain relationship was used [41]. This model considers the strain-
hardening effects. In the Abaqus model, for all the steel components in
the elastic range, the young’s modulus (E) and Poisson’s ratio (v) were
considered as 200 GPa and 0.3, respectively. Stress-strain variation in
the plastic region is usually considered linear with the slope between 1%
and 10% of the elasticity modulus, and it was considered equal to 0.06E
in this study. The yield stress and ultimate stress values of the steel plates

PEEQ

(Avg: 75%)
+2.340e+00
+5.000e-03
+4.583e-03
+4.167e-03
+3.750e-03
+3.333e-03
+2.917e-03
+2.500e-03
+2.083e-03
+1.667e-03
+1.250e-03
+8.333e-04
+4.167e-04
+0.000e+00

(2)
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and pipes obtained from the standard tensile test are presented in Ta-
bles 1 and 2. These values were used to define the steel material speci-
fications in the modeling software.

The key parameters used in the FE models, such as dilation angle (y),
flow potential eccentricity (e), ratio of the biaxial compression strength
to uniaxial compression strength of concrete (fyo/fco), the ratio of the
second stress invariant on the tensile meridian to that of the compressive
meridian (K.) and viscosity parameter are 31, 0.1, 1.16, 0.67, 0.001,
respectively.

Solid elements, which can accurately determine the stress levels,
were used in 3D modeling of the steel and concrete components. The 20-
node quadratic brick with reduced integration (C3D20R) elements was
employed in modeling the steel parts, which are suitable for plasticity
and large deformation. For modeling the concrete core of the column,
the 8-node linear brick elements with reduced integration (C3D8R) were
used. Moreover, mesh sizes of 40 mm for the beam and column ele-
ments, 30 mm for the internal diaphragm and pipe elements, and 25 mm
for shear tab elements (considering the mesh convergence study) were
taken into account to examine the cyclic behavior of connection.

To model the behavior of the contact surfaces of the concrete core
and the CFT column steel walls in the normal direction, the hard contact
formulation was used. With the application of this formulation, the
penetration of concrete and steel into each other and the transfer of

PEEQ
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+0.000e+00

(b)

Fig. 25. Numerical analysis of the plastic equivalent strain (PEEQ) and deformations at story drift angle of 0.04 rad: a) Specimen 1 (ID); b) Specimen 2 (SID).
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tensile stress along the bound sections is not possible. The materials and
surface roughness affect the friction coefficients (p). Different friction
coefficients, ranging from 0.2 to 0.6, were assumed to exist in the
tangential direction [45-47]. however, a sensitivity analysis revealed
that while using different friction coefficients had little impact on hys-
teresis curves. By changing the friction coefficient from 0.2 to 0.4, the
maximum bending moment values in specimenl increases by only
1.15% and the change of this coefficient from 0.2 to 0.6 leads to an
increase of about 2.49% in the bending moment capacity. For specimen
2, by changing the friction coefficient from 0.2 to 0.6, the bending
moment capacity of the connection increase by 1.5%. Smaller friction
was more likely to cause convergence issues in plastic deformation. For
the surface between the concrete core and steel tube, a friction coeffi-
cient of 0.3 is found from the sensitivity study to enable quick conver-
gence and get satisfactory results.

The tangential behavior formulation with the penalty option was
used in the tangential direction of the concrete and steel contact sur-
faces, which considers the friction force created by applying the friction
coefficient between the steel walls and the concrete core. The interaction
between the steel and concrete in the column was considered as surface-
to-surface contact, and the natural cohesion between them was neglec-
ted [48].

Considering that the welds in the specimens did not rupture, it was
evident that welds could not be assumed to determine the connection
capacity. Therefore, tie constraints were used to connect the surfaces
welded together in the FE modeling.

In the conducted numerical analysis, the general method of static
analysis and direct equation solver.

with full Newton solution technique was used. The best and most
reliable model was obtained after some trial-and-error cycles and
different model generations.

3.2. Numerical results of experimental specimens

The hysteresis curves of the numerical analysis and experimental
testing of the specimens up to the moment of rupture are compared in
Fig. 24. The FE hysteresis loops almost coincide with the experimental
loops in terms of bending moment capacity and stiffness up to the story
drift angle of 0.03 rad. However, at the story drift of 0.04 rad, the cracks
created in the beam flanges reduced the resistance in the specimens,
leading to differences in the hysteresis curves from experimental testing
and numerical modeling.

The second-order element meshing suitable for large strains and
deformations with stress concentration was used to model the beam
flanges. In this type of meshing, the residual plastic deformations due to
the compressive loads from bending moment led to out-of-plane

1- Perforated continuity plate

Drift Angle = 0.04 rad,
Cycle = 30

A

Local Bending at Column Flang :

(a)
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deformation of the beam flanges at the plastic hinge location. Fig. 25
shows the deformation of FE models at the story drift angle of 0.04 rad,
and Fig. 26 indicates the failure of the specimens. It can be seen that the
deformation of the beam flanges at the plastic hinge and the local
bending of the column flange at the connections to the beam flanges are
similar in the numerical models and experimental specimens. Therefore,
the proposed numerical model could be suitably used to study the
seismic behavior of I-beam to CFT column moment connections. How-
ever, due to the factors such as geometric differences, the exact appli-
cation of boundary conditions in the Abaqus model, uncertainties in
modeling the mechanical behavior of materials and residual stresses,
there are some differences between the FEA and experimental results.

3.3. Rupture index (RI) of experimental specimens

In order to investigate the fracture potential at each point of the
connection, the rupture index (RI) was calculated by substituting the
FEA results into Eqs. 3 and 4 [49]. Assessment of the specimens indi-
cated that points on line AB on the top beam flange at the connection to
the column had a high stress concentration (Fig. 27). For a more detailed
inspection, the rupture index was calculated in the points corresponding
to the elements on this line. An increase in the rupture index of each

Fig. 27. Line AB marked to check the rupture index at the beam-
column interface.

a a
2- Perforated continuity plate
strengthened with pipe

Drift Angle = 0.04 rad,
Cycle No. = 29

(®)

Fig. 26. Experimental results at drift angle of 0.04 rad: a) Specimen 1(ID); b) Specimen 2 (SID).
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point increases the fracture potential. The points under the bottom beam
flange at the connection to the column were also similar to those on line
AB. In the experimental specimens, the reason for the cracks starting in
the beam flanges at a short distance from the beam-to-column welds was
the higher strength of the CJP groove welds compared to the steel plates.

Ri—_ PEEQ 3)
exp( —-1.5 :T;)
PEEQ = % @

N

In the above relations, €, is the equivalent plastic strain, €y is the
yield strain, oy, is the hydrostatic stress, e is the von Mises stress, PEEQ
is the plastic equivalent strain index, and > is the triaxiality ratio (TR).
Increasing the triaxiality ratio reduces the rupture strain of a given
material significantly and thus limits its ductility.

Fig. 28 shows the rupture index results for the Abaqus models
generated in this study. As can be observed, sample 1’s largest rupture
index occurred at the beam flange’s outside edges, but sample 2’s
maximum rupture index happened close to the center of the flange’s
width. Fig. 29 depicts the beginning of both experimental connections’
failure, which is completely consistent with the conclusions of the finite
element model. It should be noted that in sample 1, the diaphragm’s
circular hole has caused stiffness changes in this plate and the back part
of the beam flange. Given that the hole is in the center of the diaphragm,
the stiffness of this part has diminished, which results in less of it being

25
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able to withstand the force of the connection moment. As a result, the
rupture index in the center of the beam flange width is decreased. In
sample 2, the employment of the pipe increased the diaphragm plate’s
middle portion’s stiffness relative to its side portions, which led to an
increase in the rupture index in the middle of the beam flange’s width.

3.4. Parametric analysis of models

This section examines the effects of altering various parameters on
the moment capacity and the cumulative dissipated energy of the con-
nections via FE simulations on the models validated in the previous
section. For this purpose, changes in the diameter and thickness of the
internal diaphragm and the effect of concrete inside the column tube
have been examined in the laboratory connection of sample 1 and
changes in the height and thickness of the pipe and the effect of concrete
inside the CFT column have been examined in sample 2 (SID). Similar to
the numerical models of laboratory connections, the remaining specifi-
cations in these models include the sizes of the beams and columns, the
loading, the stress-strain curves for steel and concrete, the friction co-
efficient, etc. The loading protocol of the AISC 341-16 regulation is
applied to the models up to cycle number 30, which corresponds to the
end of the story drift angle of 0.04 rad, taking into account that the
maximum story drift angle of the tested samples before rupture is equal
to 0.04 rad. Fig. 30 compares the findings of the bending moment of the
connection at column face and cumulative energy dissipation for sample
1 (ID) using a bar chart, and Fig. 31 presents the same results for sample

0 1.5 3 4.5 6

Distance from Middle of Beam Flange (cm)

Fig. 28. Comparison of the rupture index on the AB line for specimens 1 and 2.
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Fig. 29. Location of failure on the beam flange: a) Specimen 1(ID); b) Specimen 2 (SID).
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Fig. 30. Comparison of moment at column face and cumulative dissipated energy in Specimen 1(ID): a) & b) Effect of diaphragm thickness; ¢) & d) Effect of

diaphragm hole diameter.

2 (SID) with a change in pipe specifications.

As illustrated in Fig. 30 (a & b), increasing the internal diaphragm
thickness from 0.6 cm to 2 cm resulted in a 153% increase in flexural
capacity when I-beam connected to the box column and a 57% increase
when I-beam connected to the CFT column. Also, the use of concrete
inside the box column, in the usual case of using a diaphragm with the
same thickness as the beam flange, has caused an increase of about 46%
in the bending moment and 16.5% in the cumulative energy dissipation
of the connection. It should be noted that using an internal diaphragm
with a significant thickness can result in residual stresses in the column
wall and increase welding volume and expense. It is advantageous to use
CFT columns rather than box columns in structures because by using
concrete inside the column, the lowest increase in the flexural capacity
of the connection by using an internal diaphragm with a thickness of 2
cm is equal to 18%. In other words, by increasing the thickness of in-
ternal diaphragm, the influence of concrete reduces and the positive
effect of concrete for the thickest internal diaphragm in increasing the
flexural capacity of connection is 18%. For thinner thickness this percent
increases. Fig. 30 (c & d) shows that extending the internal diaphragm
hole diameter to 25 cm while employing a CFT column instead of a box
column enhances moment capacity by around 95% and cumulative
dissipated energy of connection up to 69%. From a practical standpoint,
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the key consideration in selecting the internal diaphragm hole’s diam-
eter is to facilitate the passage of concrete inside the column tube and fill
the panel zone with concrete, which should be considered in the design
of the CFT column.

As seen in Fig. 31 (a & b), increasing the height of the pipe up to 10
cm results in a significant increase in the bending moment and energy
absorption of the connection. As the pipe’s height is increased further,
the increase in bending capacity and energy absorption continues with a
very slight slope as it is anticipated. It is obvious that increasing the
height of the pipe increases the stiffness and strength of the perforated
continuity plate, yet this increase can improve the beam-to-column
connection performance more effectively to a certain extent. Addition-
ally, the presence of concrete inside the column has increased the
bending moment and cumulative energy dissipation by at least 24%. In
the sample with the CFT column, raising the pipe thickness from 0.63 cm
to 2 cm only resulted in an increase of 3.8% in the connection’s bending
moment, as shown in Fig. 31 (c & d). Increasing the thickness of the pipe
to stiffen the internal diaphragm does not appear to be a suitable
approach to improve the performance of the connection. Instead, it
appears that utilizing a pipe with the appropriate height can increase the
stiffness and strength of the diaphragm adequately.
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Fig. 31. Comparison of moment at column face and cumulative dissipated energy in Specimen 2(SID): a) & b) Effect of pipe height; ¢) & d) Effect of pipe thickness.

4. Conclusion

This study investigated the seismic behavior of the two full-scale I-
beam to CFT column moment connection specimens. Then the experi-
mental samples were analyzed by the finite element method and para-
metric studies were done on the specimens in the Abaqus software. The
most important results of this research are as follows:

1- The hysteresis curves of the specimens showed that stiffening the
internal diaphragms with the pipes caused a 20% increase in the
flexural capacity of the connection and a 22% increase in the cu-
mulative energy dissipation.

Utilization of stiffened diaphragms in specimen 2 prevented the
yielding of these plates and reduced the stress concentration in the
beam flanges at the connection to the column. It also caused a 5 cm
shifting of the rupture location in the beam flanges compared to
specimen 1. The occurrence of no yielding in the diaphragms did not
cause the local bending of the column flange at the connection to the
beam in specimen 2.

Using the pipes to stiffen the diaphragms in specimen 2 led to a 64%
reduction in the panel zone story drift angle compared to specimen 1
and therefore increased the story drift share of the beam. Besides, by
increasing the drift angle, stiffening the diaphragms increased the
connection stiffness by 8% to 22%.

By stiffening the diaphragms with pipes, the corresponding location
of the maximum rupture index (RI) was shifted away from the outer
edge of the beam flange for about 40% of the beam flange width
towards the longitudinal axis of the beam. This shifting resulted in
better stress redistribution across the beam flange width.

N
)
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5- Although stiffening of the diaphragms in specimen 2 increased the
flexural capacity of the connection and led to better stress distribu-
tion in the beam flanges, considering the story drift angle capacity of
the connection at the moment of rupture and comparison with the
AISC seismic provisions, this connection can be suitably utilized in
intermediate moment frames but cannot be utilized in special
moment frame systems.
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