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Abstract

The use of Perfobond Leisten (PBL) shear connectors in building structures has
attracted increasing interest. A new approach for using perforated steel plates in
concrete-filled steel tube (CFST) column splices was implemented in this study.
The shape of the perforation opening in perforated steel plates is generally a cir-
cle, similar to that of PBL shear connectors. However, in this study, an oval-
shaped perforation was used to increase the double shear area of the concrete.
A pull-out experiment was conducted on perforated steel plates with oval-
shaped perforations in a CFST block to evaluate the tensile performance of the
perforated steel plates. A total of 29 specimens were tested, and the pull-out
strengths of the perforated steel plates were determined and analyzed under
passive confinement from the steel tube. The contribution of the stress transfer
was discussed in terms of the double shear of the concrete in the perforation
and the bond and/or friction between the surface of the steel plate and concrete.

Formulas for determining the maximum pull-out strength were also developed.

Keywords

bond, double shear, friction, mechanical shear connector, perfobond shear

connector

1. Introduction

In column splices of concrete-filled steel tubes (CFSTs), the
steel tube parts of the upper and lower columns are commonly
joined by onsite full penetration weld while ensuring the
strength of both steel tubes. The strength of the splices should
be maintained even if partial welding or bolt joints are used.'
In recent years, the shortage of welding workers has become a
significant concern, in addition to the difficulty in realizing
full-strength joints between super-high-strength steel material.
The authors focused on the existence of filled concrete in
steel tubes and proposed a CFST column splice that transmits
stresses between steel tubes through the infilled concrete using
the shear resistance of perforated steel plates between the steel
and the concrete” (see Figure 1). The proposed CFST column
splice can be employed to connect perforated steel plates to a
steel tube using only fillet welds and it does not utilize full
penetration welds that require high-quality welding skills, such
as a conventional column splice. Perfobond Leisten (PBL)
shear connectors are commonly used as shear connectors
between the floor slabs and steel girders of bridges.> The use
of PBL in architectural buildings has attracted increasing

research interest, because of the superior structural perfor-
mance of PBL compared to that of headed studs, which are
commonly used shear connectors, in a small range of displace-
ments. However, the section sizes of architectural buildings
are smaller than those of civil engineering structures. There-
fore, it is difficult to apply PBL to architectural buildings
because it can lead to crack initiation in concrete. The pro-
posed column splice is assumed to have a small effect on the
section size and can effectively utilize the high initial slip
rigidity. In addition, the shear slip resistance can be improved
by the lateral confinement of the steel tube.

Furthermore, PBL is generally used as shear slip-resistance
elements between steel and concrete. However, fillet-welded
perforated steel plates resist via concrete as tensile elements in
the proposed column splice. Therefore, the use of tensile resis-
tance elements and their double shear resistance behaviors
have not been examined extensively. In Japan, the “AlJ Rec-
ommendations for Structural Design of Steel-concrete Shear
Connections® was published in 2022. However, the use of
shear connectors subjected to a pull-out force is unacceptable
per these recommendations because of the paucity of available
experimental data. The authors previously conducted an
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FIGURE 1.

E Prototype of CFST column splice using perforated steel
plates

experiment on perforated steel plates embedded in a CFST
block subjected to tensile force under passive confinement by
a steel tube, and examined the effect of the number of perfora-
tions and embedded length of perforation on the pull-out
strength of perforated steel plates.” Additionally, besides the
authors’ experiments, pull-out experiments on perforated steel
plates embedded in steel tubes are yet to be conducted.

In addition, the PBL perforation shape is normally a circle;
however, the double shear area of the concrete can be
increased by using an oval-shaped perforation. Zheng et al.
conducted a parametric experiment on long-hole perfobond
shear connectors parametrically to determine the shear capacity
of PBL with an oval-shaped perforation.®

In this study, a pull-out experiment on perforated steel plates
with oval-shaped perforations embedded in a CFST block was
conducted to clarify the basic pull-out performance of the per-
forated steel plates to be attached to the CFST column splices
and to determine the tensile capacity of the perforated steel
plates. The shear area of the concrete in the perforation could
be increased using an oval-shaped perforation, which would
decrease the splicing length of the column splices. A total of
29 specimens were tested, and a calculation method for the
pull-out strength of perforated steel plates with oval-shaped
perforations was developed. The length of the oval-shaped per-
foration for the double shear of concrete that would effectively
resist tensile force was discussed.

2. Pull-Out Experiment of Perforated Steel Plates with
Oval-Shaped Perforation

2.1 Outline of experiment

Figure 2 and Table 1 present the dimensions of the specimens.
The perforated steel plate was embedded in the center of a
square CFST block (length: 290 mm, tube thickness: 6 mm)
with a width and depth of 250 mm. The width of the perfo-
rated steel plate (SM490A) was 90 mm and its thickness was
22mm (f, =356 MPa). The experimental parameters included
the shape of the perforation and compressive strength of the
concrete. A circular or oval-shaped perforation was formed in
the embedded part by laser cutting. The diameter of the circu-
lar perforation and the edge arc of the oval-shaped perforation
were both 35 mm. For the specimens with circular perforations,
the number of perforations was 1 or 2. For the specimens with
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oval-shaped perforations, the length between the center of the
edge arc was 35mm or 70mm. The designed compressive
strength of the concrete was 21 and 45 MPa. The concrete was
placed upside-down in the steel tube blocks to prevent bleed-
ing at the upper part of the perforation, as shown in Figure 2.
The top of the steel tube and concrete are flush at the top end.
A form release agent to the surfaces of the steel plates of all
specimens to remove the bond between the steel plate and con-
crete. Additionally, a styrene board of 1 mm was attached to
the side of the steel plate to remove the bond between the steel
and concrete almost completely. The 1 mm styrene board con-
siderably decreased the bond/friction strength between the steel
and concrete.” The perforated plate specimens were designed
to ensure double shearing of the concrete inside the perforation
prior to the other parts.

Figure 3 illustrates the loading apparatus used in this study.
Pull-out concentric monotonic loading was applied using a
hydraulic jack. The CFST block was fixed using PC tendons
and fixing beams. The fixing beams fasten the top surface of
the steel tube and concrete to prevent slipping between the
steel tube and concrete and the pull-out failure of concrete.
The relative displacement of the steel plate and concrete was
measured using displacement transducers. Figure 4 shows the
positions of the displacement transducers, and Figure 5 depicts
the positions of the strain gauges on the surface of the perfo-
rated steel plate. Four gauges were placed 35 mm above and
below the center of the edge arc of the perforation. Two
gauges were placed on the sides of the perforation.

2.2 Relationship between bond and/or friction stress and
relative displacement

Figure 6 shows the bond and/or friction stress f,, versus the
relative displacement relationship of the specimens with no
perforation (21-0 series, 45-0 series). The blue lines indicate
the behavior of the 21-0 series specimens, and the red lines
represent that of the 45-0 series specimens. The bond and/or
friction stress f,; was obtained by dividing the measured pull-
out force at the steel plate surface area on the long side of sec-
tion A,. The steel plate surface area on the long side of section
A, was derived by reducing the area of the perforation from
the area obtained by multiplying the plate width by the embed-
ded length. For specimens with no perforation, the relative slip
displacement at the maximum pull-out strength was very
small, and the tensile strength decreased drastically after the
maximum strength was achieved. The maximum bond and/or
friction stress fi; max Was 0.542 and 1.061 MPa for the 21-0
series and 45-0 series specimens, respectively. The average
bond and/or friction stress at a relative displacement of 2 mm
Sor, 2mm was 0.362 and 0.666 MPa for the 21-0 series and 45-0
series specimens, respectively. The effects of concrete strength
on the maximum bond and/or friction stress fpr max and of
average bond and/or friction stress on the relative displacement
of 2mm fur >mm can be observed. The relative displacement
of 2 mm was selected as the displacement after which the bond
and/or friction stress was stable. The measured maximum bond
and/or friction stress exceeded the calculated maximum shear
stress (0.350 MPa) without confinement at the grease-applied
surface in Ref. [8], even for the Fc21 series. The Fc45 series
specimen exhibited larger shear stress, and the residual shear
stress exceeded the calculated stress reported in Ref. [8].

The bond and/or friction stress is affected by the concrete
strength and expressed in an exponentiation form in this study.
The exponent of the compressive strength of concrete, that is,
the ratio of the bond and/or friction stress with both the
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FIGURE 2. Dimensions of the specimen (unit: mm)

TABLE 1. Dimensions of the specimens

Number of Shape of Shape of

Specimens F. (MPa) perforations perforation steel plate Ap (Mm?) Ags (Mm?)
21-0-1, 2, 3 21 - - 1 245 44100 -

 ———
45-0-1, 2, 3 45 ;
21-1C-1, 2, 3 21 1 Circle 42176 1924
45-1C-1, 2, 3 45

105 70 70

21-2C-1, 2, 3 21 2 40252 3848
45-2C-1, 2, 3 45

. 105 35 105
21-1L35-1, 2, 3 21 1 Oval-shape 35 mm ; 39726 4374
45-1L35-1, 2, 3 45

. 105 70 70
21-1L70-1, 2, 3 21 Oval-shape 70 mm ] 37276 6824
45-1L70-1, 2 45

Note: F,, designed strength of concrete; Ay, surface area on the long side of the section; Ay, double shear area of concrete.

maximum stress and at a relative displacement of 2mm
become small, is approximately 0.8, which can be expressed
as shown in Equations (1) and (2).

Sbfmax = 0.038 x f .08 (¢))

fb_f,2 mm — 0.025 Xfco'g (2)

where f,r max and fir > mm represent the maximum bond and/or
friction stress and the average bond and/or friction stress on
the relative displacement of 2 mm, respectively. Further, f, rep-
resents the compressive strength of concrete (MPa).
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The coefficients in Equation (1) were obtained by utilizing a
trial-and-error method until the residual error from the mea-
sured behavior became small. The values obtained by applying
Equations (1) and (2) are indicated by the dashed green lines
and green circles in Figure 6.

2.3 Relationship between pull-out force and relative
displacement

Figure 7 shows the relationship between the pull-out force and
relative slip displacement of the perforated steel plate speci-
mens. The blue lines indicate the measured behaviors of the
Fc21 series specimens, whereas the red lines represent those of
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FIGURE 4.

Positions of displacement transducers (unit: mm)

the Fc45 series specimens. The behaviors of the perforated
steel plate specimens after the maximum pull-out strength
showed that they have higher load-carrying capacities than
those without perforations. The relative slip displacement at
the maximum strength was larger if the shear area at perfora-
tion was large. The strength and behavior variations of the
Fc45 series were larger than those of the Fc21 series. The fail-
ure mechanism was the double shear of the concrete at perfo-
ration for all specimens. The Fc45 series specimens with
larger concrete strength had larger maximum strength and
residual pull-out strength than those of the Fc21 series speci-
mens; the effect of the concrete strength was observed. In the
steel plates with circular perforations, the deterioration in the
behavior of the Fc45 series specimens after the maximum
strength was slightly steeper than that of the Fc21 series speci-
mens, although this trend was not observed for the steel plates
with oval-shaped perforations. The measured maximum pull-
out strengths and the slip displacements at maximum strength
are listed in Table 2.

Figure 8 depicts the relationship between the double shear
strength of the concrete in the perforation and shear areas.

FIGURES5. Example positions of strain gauges (unit: mm)

The double shear strength at the maximum pull-out strength
P, was evaluated by reducing the equivalent bond and/or
friction strength from the maximum pull-out strength of each
specimen using the bond and/or friction stress versus the slip
displacement behavior (Section 2.2). The mean of the corre-
sponding strengths of the three specimens with the same
shape was used as the equivalent bond and/or friction
strength. Figure 8 shows that the double shear strength and
double shear area have an almost linear relationship for the
perforated steel plates; the larger the double shear area of the
concrete in the perforation, the larger the double shear
strength P,. The strength per unit area P,/A, was obtained
by dividing the double shear strength at the perforation P
by the double shear area of the concrete (A,). In this study,
A, means twice the area of the perforation. The strengths
per unit area of the Fc2l series specimens varied from
approximately 30 MPa to approximately 35 MPa, and that of
the Fc45 series specimens varied from approximately 40 MPa
to approximately 60 MPa, although some variations can be
observed. The effect of the shape of the perforation on P,/
Ay Was not observed.
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Figure 9 presents the relationship between the relative slip
displacement and double shear area when the pull-out force
reaches 0.9 times the maximum pull-out strength o ,Pmax
before reaching the maximum strength. The larger the double
shear area at the perforation, the larger the relative slip dis-
placement at a strength 0.9 times the maximum pull-out
strength. For the oval-shaped perforation specimens that the
length between the two edge arc centers was 70 mm, the rela-
tive slip displacement at the maximum strength was larger than

Jpn Archit Rev | 2023 | 5
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Pull-out force versus relative pull-out displacement relationship of perforated steel plate specimens

2mm. If the length of the adopted perforation is longer, the
assumed design strength needs to be estimated moderately, and
the strength at a small slip displacement should be ensured.
Therefore, the length between the centers of both edge arcs
should be the same as the perforation diameter or shorter.
Further, the relative slip displacement at the maximum
strength decreased at a larger concrete strength. Although a
further examination is necessary, this factor is one of the rea-
sons why stronger concrete is more rigid and occurs during
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Shape and Strength Slip Strength of Max. strength  Slip

number of of concrete  Max. strength  displacement at concrete expPrmax displacement

perforations Specimens  (MPa) expPmax (kN) 0.9 expPmax (Mm)  Specimens  (MPa) (kN) at 0.9 expPmax (Mm)

No perforation 21-0-1 27.7 253 0.240 45-0-1 59.8 56.0 0.012
21-0-2 28.2 21.5 0.187 45-0-2 44.8 0.117
21-0-3 25.5 0.215 45-0-3 41.0 0.187

1 Circle 21-1C-1 89.3 1.232 45-1C-1 123.5 0.684
21-1C-2 81.8 4.195 45-1C-2 126.8 1.353
21-1C-3 76.3 1.100 45-1C-3 57.5 161.0 1.149

2 Circle 21-2CA1 28.5 132.8 1.644 45-2C-1 60.0 161.0 1.554
21-2C-2 27.2 137.5 3.077 45-2C-2 180.0 1.665
21-2C-3 135.3 3.252 45-2C-3 165.0 1.091

1 Oval 35mm  21-1L35-1 28.5 147.5 3.147 45-1L35-1 57.5 217.3 2.988
21-1L35-2 180.5 2.407 45-1L35-2 281.5 1.960
21-1L35-3 27.2 147.3 4.304 45-1L35-3 190.8 6.979

Oval 70mm  21-1L70-1  28.5 242.3 5.299 45-1L70-1 292.5 5.633
21-1L70-2 261.8 5.759 45-1L70-2 60.0 331.5 6.480
21-1L70-3  27.2 247.0 6.124
350 : : ‘ ‘ : ‘
300l O Fc45 series 1 L O]

P, (kN)

FIGURE 8.
unit area
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double shear resistance in the perforation. The steel plates with
oval-shaped perforations can be used in CFST column splices.
The strength of the concrete in CFST tends to be high; there-
fore, it is advantageous for the relative slip displacement to be
lower with an increase in concrete strength.

2.4 Load bearing ratio of double shear at the perforation and
bond and/or friction

To determine the contribution of stress transfer attributed to
the double shear of the concrete in the perforation and the
bond and/or friction between the surface of the steel plate and
concrete, the net axial resistances at several sections of the
steel plate were derived using data from strain gauges placed
on the steel plate. The shear resistance at perforation (Py),
bond and/or friction force above the first perforation (Py), and
bond and/or friction force below the deepest perforation (Ppy,)
were determined based on differences between the axial forces
in each section. Each shear resistance and bond and/or friction
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resistance  was
procedures:

calculated by applying the following

1 The axial force in a certain section was derived by multiply-
ing the Young’s modulus times the average strain of a cer-
tain section with strain gauges.

2 The shear resistance at the perforation (P,;) was determined
as the difference between the axial forces above and below
the perforation.

3 The bond and /or friction resistance (P, Pr) was deter-
mined using axial forces above the first perforation and
below the deepest perforation.

Figure 10 provides an example of the relationship between
the bearing force and relative slip displacement. The black
lines indicate the pull-out force and relative pull-out displace-
ment relationship shown in Figure 7, and the red, blue, and
green lines correspond to the shear resistance at perforation
(Py), bond and/or friction resistance above the first perforation
(Py), and bond and /or friction resistance below the deepest
perforation (Py), respectively. The cross marks indicate the
maximum pull-out strength.

The bond and/or friction resistance above the first perforation
with respect to the entire pull-out force was very small com-
pared with the other resistance values, regardless of the perfora-
tion shape. The relative slip displacement at the maximum
bearing bond and/or friction resistance was <0.5 mm, which is
considerably small. The bearing ratio of the bond resistance was
large at a small relative slip displacement; however, that of the
double shear resistance increased with the slip displacement.
The largest contributor to the bearing ratio in the pull-out force
was the double shear of concrete at the maximum pull-out
strength. The bond and/or friction resistance above the perfora-
tion was almost zero at the maximum pull-out strength. Further,
the bearing pressure from the concrete in the perforation was
included below the perforation in the bond and/or friction resis-
tance as a negative strength; therefore, the actual bond and/or
friction resistance could not be appropriately evaluated after an
increase in the bearing shear force at the perforation.

3. Strength Evaluation of Perforated Steel Plates

The effect of concrete strength on shear stress ., f; was eval-
uated in the bond and/or friction area of the perforated steel
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TABLE 3. Comparison of experimentally obtained and calculated strengths

Specimens expPas (KN) calPas (kN) expPaslcalPds catPu (kN) expPmax/ catPu
21-1C-1 71.5 64.9 1.101 80.2 1.113
21-1C-2 67.6 64.6 1.046 79.9 1.023
21-1C-3 57.9 65.3 0.887 80.6 0.946
21-2C-1 117.2 129.0 0.908 143.8 0.923
21-2C-2 123.7 126.7 0.977 140.9 0.976
21-2C-3 121.4 126.4 0.961 140.7 0.961
21-1L35-1 133.7 147.5 0.907 162.1 0.910
21-1L35-2 166.3 147.9 1.124 162.4 1.111
21-1L35-3 133.9 144.9 0.924 159.0 0.926
21-1L70-1 229.9 226.2 1.016 239.9 1.010
21-1L70-2 249.4 2254 1.107 239.0 1.095
21-1L70-3 234.6 220.7 1.063 233.9 1.056
45-1C-1 89.0 88.6 1.005 116.5 1.060
45-1C-2 96.5 88.3 1.092 116.5 1.088
45-1C-3 129.5 86.5 1.497 113.8 1.415
45-2C-1 133.2 173.1 0.769 199.8 0.806
45-2C-2 152.2 173.3 0.878 200.3 0.898
45-2C-3 134.9 174.2 0.775 201.0 0.821
45-1L35-1 191.9 195.6 0.981 221.1 0.983
45-1L35-2 254.9 195.6 1.303 221.1 1.273
45-11L35-3 165.3 195.3 0.847 220.8 0.864
45-1L70-1 269.1 299.2 0.899 323.2 0.905
45-1L70-2 307.6 303.1 1.015 327.9 1.011
plates at the pull-out strength using the double shear strength 350 ‘ ‘ —
at the perforation P,, which is considered the entire surface ! ‘ ! ‘ 3 . Jo)
area of the steel plate on the long side of section A,. The : : ‘ : +10%, : 1
double shear strength of concrete at the perforation was 300 oo o . o ,’,17
expressed in an exponentiation form in this study for consid- f } Q ‘ .7
ering the effect of concrete strength. The exponent of the 250 Lo SR SO 77%7{3”7/1:00/
compressive strength of concrete, that is, the strength ratio ! : 3,’ )3’ - ‘ °
with the double shear strength at the measured maximum = } 3 o/
pull-out strength P4, which has an almost linear relationship X 200 R A H i~ S R I
regardless of the concrete strength, was approximately 0.4. § ! o,
The shear stress used to predict the double shear stress at the Q 500 o . S S i
maximum pull-out strength can be expressed as shown in g @ JB
Equation (3). ! v/ } ! ‘

In the investigation of the bearing force presented in the 100 - i””',”‘,’ """ ”””” 7]
previous section, the bond and/or friction force ratio above =748 ‘ ! ‘
the first perforation was almost eliminated at the maximum 50 p O F‘ 455 S ,
pull-out strength. Here, the shear stress at the pull-out ! ¢ er%es !
strength ., f;. was obtained, and only the surface area of the O  Fc2l Series :
steel plats; below the de@p@st perforation was considered as 00 50 1001 ‘50 2(‘)0 2‘50 3(‘)0 350
the effective bond and friction area A,.. The exponent of the

cal Pds (kN)

compressive strength of concrete at which the strength ratio
with double shear stress at the maximum pull-out strength fi,
has an almost linear relationship was approximately 0.44.
The shear stress used to calculate the double shear strength
at the maximum pull-out strength can be expressed as shown
in Equation (4).

Ca[.fy = 86 X.f(rOA (3)
cal f_xe = 78 Xf(70'44 (4)
where . f; represents the double shear stress at the maximum
pull-out strength. ., fi. represents the double shear stress at

the maximum pull-out strength using the effective bond and
friction area.
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FIGURE 13. Comparison of experimentally obtained maximum and
predicted double shear strengths

Figure 11 presents the relationship between the ratio of the
shear stresses predicted using the shear stress given in Equa-
tions (3) and (4) and the measured double shear strength (see
Section 2.3) and double shear area.

If it is assumed that the double shear strength at the perfora-
tion can be obtained by applying Equations (3) and (4) and the
average bond and/or friction stress at the relative displacement
of 2mm fus > mm can be used as the residual bond and/or fric-
tion stress at the maximum pull-out strength, the maximum
pull-out strength of the perforated steel plates can be expressed
as
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CalPI = cal Pds +fbf,2 mm X Ab = cal.fs X Ads +.fbf,2 mm X Ab
(5)

L‘alPZ = cal dee +fbf,2 mm X Abe = L‘alf_gg X Adx +fbf,2 mm X Ahe
(6)

where .,,P, represents the double shear strength at the perfo-
ration, and P, represents the double shear strength at the
perforation using the effective bond and/or friction area. Fur-
ther, Ay, Ay, and A, represent the double shear area at the
perforation, bond and friction area of the surface of the steel
plate (entire surface area on the long side of the section), and
effective bond and friction area of the steel plate surface (sur-
face area below the center of the bottom arc of the perforation
on the long side of the section), respectively.

Figure 12 compares the maximum pull-out strength and pre-
dicted pull-out strength, and Table 3 lists the experimental data
and calculated strengths. As shown in Figure 12, Equations (5)
and (6) can be used to estimate the experimental value regard-
less of the effective double shear area within about 10%. If the
strength is determined by utilizing the double shear strength
without using the residual bond and/or friction stress, the mea-
sured maximum pull-out strength can be estimated safely (see
Figure 13).

4. Concluding Remarks

A pull-out experiment was conducted on a perforated steel
plate with an oval-shaped perforation embedded in a CFST
block. The following conclusions were drawn from the experi-
mental results obtained for the 29 specimens used in this
study.

1 The effect of concrete strength on both the maximum strength
and the strength at a relative displacement of 2 mm was eval-
uated for specimens without perforations. The higher the con-
crete strength, the higher the measured strength.

2 A linear relationship was observed between the double shear
strength at the maximum pull-out strength and the double
shear area of the concrete in the perforation for the perfo-
rated steel plate specimens. The effect of the concrete
strength was evaluated, and it was observed that the higher
the concrete strength, the higher the maximum strength.

3 The larger the double shear area, the larger the relative slip
displacement at a strength 0.9 times the maximum pull-out
strength. The relative slip displacement at the maximum
strength decreased at a higher concrete strength.

4 The largest contributor to the bearing ratio in the pull-out
strength was the double shear of concrete in the perforation
at the maximum strength. The bond and/or friction resis-
tance above the perforation was very small.

5 Two types of effective bond and/or slip areas were exam-
ined, and formulas for the maximum pull-out strength were
developed. The predicted strength can be used to estimate
the measured maximum strength effectively within about
10%. If the strength is determined by using only the double

wileyonlinelibrary.com/journal/jar3

shear strength, the maximum pull-out strength can be esti-
mated safely.

The formulas developed in this study are valid only for the
range of experimental parameters considered. However, a more
appropriate coefficient for the formulas can be determined if
perforated steel plate experiments are conducted using more
comprehensive parameter ranges. Developing an appropriate
design formula for the perforated steel plates and establishing
a design method for the CFST column splices are subjects for
future studies.
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