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Abstract: This study introduces a new precast concrete (PC) double-wall system designed to simplify
the complex fabrication process of existing PC double-wall systems and eliminate laitance and
other defects that can occur during the manufacture of concrete panels. An experiment and finite
element analysis were conducted on 11 specimens to determine the tensile resistance performance of
rectangular steel tubes that maintain spacing to avoid damage to the PC panels during transportation
or on-site installation. Specimens varied in terms of the end details of the rectangular steel tubes, such
as the presence of welded steel plates or embedded concrete and total length in terms of whether
longer or shorter specimens were used. As a result, the specimens showed a 20-30% increase in
maximum tensile strength compared to the control specimen according to the end details, except
for the case where side steel plates were cut and bent inward. The control specimen filled with
concrete was the most suitable for connections when constructing PC double-wall systems. It has
significant tensile resistance according to the experiment and finite element analysis and does not
require additional construction steps or costs.
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1. Introduction

Building a precast concrete (PC) double-wall system involves fabricating two concrete
panels in a factory, connecting them vertically or horizontally with reinforcing steel, and
then completing the wall structure by placing concrete on-site [1,2]. This approach retains
the benefits of traditional PC methods, such as a shorter construction time, reduced labor
and material costs, and superior quality control, while also addressing the vulnerabilities of
traditional PC structures, such as leakage and thermal problems at the joints and difficulty
in ensuring the integrity between components [3-6].

Existing types of PC double walls can be categorized as shown in Figure 1. Table 1
summarizes the features of the four types of PC double walls presented in Figure 1. The PC
truss wall (PTW) connects inner and outer panels with steel trusses [7], whereas the mega
double wall (MDW) forms an integrated wall via a concrete connection between the inner
and outer panels [8]. The stable, strong, and sustainable wall (3SW) is a double wall with
vertical and horizontal reinforcing bars (rebars) placed between two panels. The vertical
rebars connect the inner and outer panels, whereas the bent horizontal rebars (S-bars)
are exposed at the joints to ensure improved integrity between the PC components and
cast-in-place (CIP) concrete [9]. The I-wall differs from the previous PC wall systems as the
PC panels are placed vertically and the connectors are constructed simultaneously, thus
ensuring integrity between the two panels [10].
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Figure 1. Description of PC double-wall types. (a) PTW (precast concrete truss wall); (b) MDW (mega
double wall); (c) 3SW (stable, strong, and sustainable wall); (d) I-wall.

Table 1. Types of PC double walls.

PTW MDW 3SW I-Wall
Components (Slab + Truss) + Slab (Slab + Con) + Slab (Slab + Rebar) + Slab Wall + Concrete + Wall
Simple Complicated (mold for Simple Complicated (mold for
Mold complexity (mold for concrete concrete panels and (mold for concrete concrete panels and
panels only) concrete joints) panels only) concrete joints)
Number of concrete 2 2 2 1
casting procedures (top slab + bottom slab)  (top slab + bottom slab)  (top slab + bottom slab)
Laitance @) (@) (@) X
. Bond . Bond .
Integrity (angle steel + stud) Connecting rebar (dowel) Connecting rebar
Cracking, . Cracking, Difficult
Drawback low productivity Cracking low productivity demolding

Note: PTW—precast concrete truss wall, MDW—mega double wall, 3SW—stable, strong, and sustainable wall.

Many recent studies have focused on reducing the size and weight of PC double-wall
systems [11,12], increasing the thermal resistance of the panels [13,14], and verifying the
performance of PC double-wall systems to be utilized in irregular infrastructure such as
apartment frameworks, balconies, stairs, railings, and underground parking lots [15-19].
However, few researchers have addressed the problems that occur during the manufactur-
ing of PC double-wall systems [20].

A PC double-wall system consists of two PC panels manufactured in a factory, trans-
ported to the construction site, and filled with CIP concrete on-site. Therefore, it is crucial
to ensure the integrity between the connection components or connecting steel and the PC
panels to prevent any damage to the panels from unexpected loads during transportation
or lateral pressure during CIP concrete placement [21]. The PC double-wall method devel-
oped in this study, as shown in Figure 2, aims to simplify the existing complex process of
fabricating PC double-wall systems and eliminate defects like laitance that can occur during
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the manufacture of concrete components. As the wall is erected vertically, laitance does not
occur on the inner surfaces of the vertical panels. Furthermore, as the concrete is placed
only once in standardized molds, defects are minimized and productivity is improved
compared to traditional horizontal-placement PC double walls, which require flipping
the PC components for concrete placement [10]. As shown in Figure 2, this system was
developed to connect the PC panels using rectangular steel tubes and horizontal rebars
within the panels, which serve as the connecting steel, penetrating the ends of the steel
tubes and thus allowing for integrity via dowel action. However, the connection between
the PC panels and connecting steel, as well as the attachment performance and overall
integrity based on the embedded length, need to be clarified. In this study, 11 test specimens
were fabricated for an experiment and finite element analysis (FEA). Figure 3 illustrates the
potential failure modes when the rectangular steel tubes embedded in the PC panels resist
direct tensile forces. According to the concrete structural design criteria provided by the
Korean Design Standards Code [22], the potential failure modes when steel embedded in
concrete resists tensile forces can be categorized into tensile failure of steel, pullout failure,
and concrete breakout. In this study, the possibility of concrete side-bursting failure was
excluded, assuming that the embedded length of the rectangular steel tube and the distance
from the steel tube to the end of the concrete section are sufficient.

Steel tube

Horizontal reinforcement
Vertical reinforcement

\—*Precast concrete panel

Figure 2. Description of the proposed double-wall system.
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Figure 3. Failure modes between panel and steel tube. (a) Concrete breakout failure; (b) pullout

(b) (c)

failure; (c) steel-tube failure.
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This study aimed to evaluate the tensile resistance performance of the connections in
rectangular steel tubes, which are influenced by the dowel action of the horizontal rebar
passing through the tubes, rather than verifying the bond strength between the steel tubes
and concrete panel. A tensile test and FEA were conducted on the rectangular steel tubes to
evaluate the end details of the steel tube, such as the presence of welded or bent steel plates
and embedded concrete for securing dowel action. The findings of this study provide a
comprehensive understanding of the structural performance of steel tubes with various
tube end reinforcements under tension. Furthermore, the results of this study can be used in
the development of the newly proposed PC double-wall system that simplifies the existing
complex process of fabricating PC double-wall systems and eliminates defects like laitance
that can occur during the manufacture of concrete components.

2. Experimental Scheme
2.1. Specimen Details

Steel tube types with 7 different connection details and lengths were designed and
11 test specimens were fabricated, including some with identical details so we could
evaluate the tensile strength of the rectangular steel tubes through which horizontal rebars
pass. The steel-tube type used for all test specimens was determined according to the
general structural rectangular steel-tube standard [23]: SRT275 steel with a minimum yield
and tensile strength of 275 MPa and 410 MPa was used. As shown in Figure 4, the total
lengths of the rectangular steel tubes were 325 mm and 400 mm, with a width and height
of 30 mm and 60 mm, respectively, and a nominal wall thickness of 3.2 mm. The ends of
the rectangular steel tubes embedded in the PC panels were cut open, and high-strength
bolts were connected to imitate the horizontal rebars that induce dowel effects through the
opening. For the high-strength bolts, M16 was used as per the KS bolt standard [24]. The
key variables of this experiment were the total length and the tube end details such as the
presence of welded or bent steel plates and embedded concrete, as summarized in Table 2.
The ST shown in Figure 4a was the control specimen, whose tube ends had the sides cut and
removed. The ST_CP, ST_W1, ST_W2, and ST_CON specimens shown in Figure 4b—e were
designed to effectively resist the dowel action force exerted by the bolts. The fabrication of
ST_CP involved bending a cut steel plate inward toward the end of the tube. ST_W1 and
ST_W2 were manufactured by welding one and two steel plates inside the tube opening,
respectively. Additionally, the ST_CON specimen in Figure 4e was filled with concrete up
to 90 mm from the tube end to simulate the composite steel-concrete resistance.

Table 2. Types of specimens.

Variables
Specimens - —
Opening Characteristics Length (mm)

ST basic 325 400
ST_CP curved plate - 400
ST_W1 one-plate welding 325 400
ST _W2 two-plate welding 325 -

ST_CON embedded concrete 325 -

2.2. Test Setup and Measurement

Figure 5 shows the test setup and measurement conducted in this study. A total of
11 specimens were tested using a universal testing machine (UTM) with a 1200 kN capacity,
applying force at a displacement-controlled rate of 2 mm/min. As depicted in Figure 5,
the upper part of the steel tube was secured with multiple layers of 9 mm thick steel plates
bolted together. High-strength bolts were inserted into the openings of the tubes to apply
tensile forces. A rectangular solid steel prism that filled the longitudinal hollow space of
the steel tube was inserted into the lower part of the steel tube and fixed onto the UTM jig
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to prevent local buckling at the tube end. Strain gauges were installed on both sides at the
center of the height of the specimens to measure their vertical strains.
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Figure 5. Experimental setup.
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3. Experimental Results

Figure 6 shows the load—displacement curves for all the test specimens. Multiple
specimens with identical characteristics were tested to ensure the reliability of the test
results. Furthermore, Table 3 presents the maximum tensile strength and initial stiffness
measured for the steel-tube specimens in the experiment.
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Figure 6. Experimental load—displacement results.

Table 3. Experimental and simulation results.

Experimental Results Simulation Results Nominal Strength

No. Specimen Tensile I.nitial Tensile I'nitial Yield Tensile
Strength Stiffness Strength Stiffness Strength, Strength,
(kN) (MPa) (kN) (MPa) Fyy(kN) F,i,(kN)
1 ST _325 64.36 - 68.77 199,259 44.23 65.95
2 ST_400 61.33 200,315 56.57 199,633 (bolt) (bolt)
3 ST_CP_400_1 61.97 204,740
4 ST_CP_400_2 62.70 199,842 70.40 104.96
5 ST_CP_400_3 69.68 194,406 61.12 199,940 (plate) (plate)
6 ST_CP_400_4 63.90 200,251
7 ST_W1_325 79.74 284,174 80.01 199,251 70.40 104.96
8 ST_W1_400 83.47 196,953 81.08 199,487 (plate) (plate)
9 ST_W2_325 83.05 282,960 84.14 201,393 70.40 104.96
(plate) (plate)
10 ST_CON_325_1 78.39 259,016 ) i
11 ST_CON_325 2 80.54 265,737 78.42 200,243

Note: ST_Variable_X, X = specimen length.

The control specimen ST exhibited a maximum tensile strength at a load of 62.85 kN.
The ST_CP, ST_W1, ST_W2, ST_CON, and ST_REB specimens showed maximum tensile
strength at loads of 61.97 kN, 81.61 kNN, 83.05 kN, 79.47 kN, and 74.95 kN, respectively.
Compared to the control specimen ST, the maximum tensile strength of the ST_CP, ST_W]1,
ST_W2, and ST_CON specimens increased by approximately 3%, 29%, 32%, and 26%,
respectively. The ST_CP specimens, with the steel-tube sides cut and bent, showed almost
no increase in maximum tensile strength compared to the control specimen. The ST_W1
and ST_W2 specimens, with one and two layers of steel plates welded to the cut sides of
the steel tubes, respectively, had the highest maximum tensile strength.
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As shown in Figure 6, all specimens exhibited similar initial stiffness up to approxi-
mately 2 mm of displacement; however, a sudden drop in stiffness occurred in the ST_CP
specimen, for which the steel plate was cut from the side of the steel-tube end and bent
inward. The stiffness was significantly lower in this specimen because the steel plates
were plastically deformed due to bending to resist the tensile force introduced by the bolt.
According to Choi et al. [25], the yield and maximum tensile strength of bent rebars are
lower than those of unbent rebars, leading to fractures at the bent portion of the rebar.

Table 3 shows the strength of the specimens compared to their nominal strength
as calculated using their yield and tensile strength. The strength of each specimen was
determined by using the smallest value between the tensile yield, tensile fracture, and
crushing of the steel tube due to the bolt. In this experimental study, the strength of
the specimens was determined considering the bearing force exerted by high-strength
bolts, because the cross-sectional area subjected to this bearing force was the smallest. For
specimens reinforced with steel plates that were either bent or cut at the longitudinal hollow
section, additional resistance was expected due to the reinforced steel plate in addition
to the bearing force exerted by high-strength bolts. Therefore, the area used to calculate
nominal strength was adjusted differently, considering the bearing area influenced by the
semicircle of the high-strength bolt and the length of the cut area. Accordingly, the nominal
yield strength (Fy,;,) and nominal tensile strength (Fy,) were, respectively, calculated as

Fny:Aefy (1)

Fu = Aefu (2)

where A, represents the effective bearing area, calculated as ¢7/2 x 2t;, for the case of
high-strength bolts. For steel-plate reinforcement, as shown in Figure 4, A, was determined
considering that the length of the reinforced steel plate was 40 mm, thus 40 X t;. Moreover,
¢ represents the diameter of the high-strength bolts and t; denotes the thickness of the
rectangular steel tube. f, and f; are the yield and tensile strength of the rectangular steel
tube, respectively. To calculate the design’s nominal strength, the minimum yield and
tensile strength (275 MPa and 410 MPa) specified by KS for SRT275 were used. Therefore,
in Table 3, the nominal yield strength (F,,_pot) and nominal tensile strength (F,;;,_p,1;) due
to bolt bearing force, as well as the nominal yield strength (F,y_piate) and nominal tensile
strength (Fy_piate) due to the reinforced steel plate, are presented. However, nominal
strength is not indicated for the ST_CON series with concrete-filled reinforcement, as their
strength cannot be evaluated using the same method.

According to Figure 6, all specimens exhibited a strength greater than the nominal
yield strength due to bolt bearing force (F,, po1¢), although the ST and ST_CP specimens
showed a lower strength than the nominal tensile strength due to bolt bearing force
(Fuu_port)- Other specimens showed a strength exceeding the nominal yield strength due
to the reinforced steel plate (F,; piq) but failed to reach the nominal tensile strength
imparted by the reinforced steel plate (F;;,_piate). Therefore, these results indicate that
steel-plate reinforcement provides sufficient additional resistance to achieve the nominal
yield strength (Fyy piate)-

In the experimental study, the total length of the steel tube varied, in addition to
the details of the ends of the tubes. The ST and ST_W1 specimens were fabricated in
two lengths: 325 mm and 400 mm. The ST specimens exhibited a maximum tensile
strength of 64.36 kNN and 61.33 kN for each length, whereas ST_W1 specimens showed a
maximum tensile strength of 79.74 kN and 83.47 kN. Therefore, these results indicate no
significant correlation between the total length of the specimen and its maximum tensile
strength. Table 3 shows the experimental initial stiffness calculated from the stress—strain
results of the specimens. The stress was calculated by dividing the tensile force measured
according to the cross-sectional area of the steel tube. The strain was derived from the
strain gauges attached to the center of all specimens. The strain obtained from the strain
gauges in all specimens did not reach the typical yield strain of conventional steel materials
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(0.002~0.0025), possibly because the location where the strain gauge was attached was
distant from the point of failure of the specimen. For the 325 mm specimens, an average
initial stiffness of 272,972 MPa was observed, whereas the 400 mm specimens showed
an average initial stiffness of 199,836 MPa. The strain gauge of the ST_325 specimen was
damaged during the experiment; thus, it was excluded from Table 3. Strain gauges were
attached to the middle of the specimens regardless of their length; however, stress and
strain would be concentrated around the failure points near the openings. Thus, openings
in the connection details significantly influence the tensile performance of rectangular
steel tubes.

Excluding the ST_CP specimens, all specimens demonstrated a strength improvement
of over 20% compared to the control specimen ST. If ST_W1 or ST_W2 is used for connecting
steel details, additional construction steps and costs will be incurred in welding steel
plates to the rectangular steel tubes before fabricating the PC panels. However, ST_CON,
which involves filling the inside of the steel tube with concrete, requires no additional
construction steps or costs during the PC double-wall production process, thus making it a
feasible option for steel-tube end details during the manufacture of PC panels. Therefore,
considering both the strength and construction procedure, ST_CON is regarded as the most
suitable steel-tube end detail for the PC double-wall system.

4. Finite Element Analysis

The finite element analysis (FEA) of the steel-tube specimens was established using
Abaqus/Static General considering nonlinear geometry effects. The FEA models followed
the dimensional details of the specimens in the experiment. The 3D model of the specimens
consisted of steel tube, bolt, plate, and concrete depending on the steel-tube type.

4.1. Constitutive Material Models
4.1.1. Steel

The material model of the steel tubes and plates consisted of three parts in this paper:
the elastic part, plastic part, and ductile damage part. The ductile damage initiation criterion
is a model that predicts the damage caused by the nucleation, growth, and aggregation
of voids when the steel structural members undergo large plastic deformation [26]. With
the introduction of the damage evolution ability in ductile damage, the material hardness
of steel structural members gradually degrades, leading to material failure and element
deletion. The following equations show brief mathematical expressions for the three parts
of the material model in the FEM [26,27]:

7= {walExX(i—ey) (E . Z%) ®

c=(1-D)7 (4)

where 0; is the stress of the element in FEA up to the necking, ¢ is the stress of the element in
FEA at the necking, E is the elastic modulus of the steel, E; is the strengthening coefficient
of the steel entering the plastic stage, ¢, is the yield strain of the steel, ¢, is the yield stress of
the steel, D is the overall damage variable, and ¢ is the stress that exists in the undamaged
material. The material properties of the steel tube were assigned referring to the material
test results shown in Figure 7.
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Figure 7. Material properties of the steel.

4.1.2. Concrete

The concrete damage plasticity (CDP) model was assigned to concrete for the ST_CON
specimen. The CDP model considers the inelastic behavior of concrete by defining damage
factors in both compression and tension [28]. The stress—strain relationships of concrete
were assigned referring to the material test results shown in Figure 8. For the damaged
part’s input parameters in the CDP model, the recommended values for the concrete
materials used in a steel-concrete composite girder in the existing study [29,30] were used,
as presented in Table 4.

30 45
4
25
_ 35
< -]
E 20 E 3
25
3" 5
2
10 L5
@ n
1
5
0.5
0 0
0.000 0.001 0.002 0.003 0.0000 0.0004 0.0008 0.0012 0.0016
Strain Strain
(a) (b)

Figure 8. Material properties of the concrete. (a) Compressive strength; (b) tensile strength.

Table 4. Input parameters for the concrete damage plasticity model.

Dilation Angle . . Viscosity
(Degree) Eccentricity Foolfeo K Parameter
38 0.1 1.16 0.6667 0

4.2. Boundary Condition, Contact Mode, and Mesh

For the steel-tube specimens, the bolt was inserted inside the opening of the steel tube
to apply the tensile force. The bolt and lower end of the steel tube, which is opposite to the
loading end, were defined as the rigid body by connecting the reference points to them,
as shown in Figure 9. The lower end of the steel tube was fixed in all degrees of freedom,
while displacement in the z-direction was applied by the bolt.
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Figure 9. Boundary conditions and mesh of the model.

The interfacial contact between the steel tube and bolt was defined as a hard contact in
a normal direction and friction contact in a tangential direction with a frictional coefficient
of 0.2 for the control specimen ST. For the ST_W1 and ST_W?2 specimens, steel plates with
one and two layers were located inside the opening of the steel tubes, respectively, and a
tie constraint was added between the steel-plate and steel-tube opening surfaces to imitate
welding. For the ST_CP specimen that had cut and bent sides, the lower material properties
at the bent surface were assigned in the model to imitate residual stress after bending.
For the ST_CON specimen, the shear stress limit was introduced in the contact property
definition to ensure bonding between the steel tube and the inside concrete. The idea
behind the shear stress limit is that it allows the shear stress for the interface between the
steel tube and inside concrete to be transferred if the shear stress is not greater than the
critical value of the interface bond stress. However, relative slip will occur between the
steel tube and inside concrete when the value of shear stress is greater than the critical
interface bond stress [27,31], as expressed in Equation (5):

)

< Tyoud (coordination deformation)
T=pp

> Thond (relative slip)

where T is the shear stress, 1,4 is the critical interface bond stress, taken as 1.0 MPa, y is
the friction coefficient of 0.2, and p is the pressure of interfacial contact.

Figure 9 shows the mesh of the model. A structured hexahedral element shape mesh
C3D8R was implemented for the steel tube and a sweep hex-dominated element shape
mesh C3D6 was implemented for the bolt. There were two mesh sizes used for the steel-
tube model. In the section near the steel-tube opening, a fine mesh of 1 mm was created,
while in the other sections, a coarse mesh of 11 mm was created. A suitable mesh size at
the steel-tube opening section was selected by conducting a mesh convergence study. The
convergence study started with a coarser mesh of 8 and subsequently was subdivided until
the convergence issue was overcome and the error between simulation and experimental
results was within the 5% tolerance. Figure 10 shows the results of the convergence mesh
study for the ST_325 specimen. The mesh size of the bolt was made larger than the
steel-tube opening to prevent penetration due to the master and slave surface contact.
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Figure 10. Mesh convergence study results for the ST specimen.

5. Discussion
5.1. Verification of the Simulation Results

FEA of seven different steel-tube types in terms of the total length and tube end
details was conducted by adopting the above modeling methods and material models. The
comparison of the load—displacement curves of the simulation and experimental results
along with FEA failure modes is shown in Table 3 and Figure 11. The tensile strength
capacities obtained in the experiment and simulation are similar, as shown in Table 3. In
general, all the results are in acceptable agreement for all specimens, with a maximum error
of 7.6% between the simulation and experimental results, which proves the reliability of
the simulation results.

5.2. Contributions of Tube End Reinforcements

The failure modes of the specimens were well captured by the simulation. From the
stress distribution of the FEA models in Figure 11, it can be noticed that in the ST_325
and ST_400 specimens, the region around the steel-tube opening and steel-tube end was
subjected to higher stress, while the damage initiation process began at the interaction
region between the steel-tube opening and rigid bolt.

The load—displacement relationship of the ST_CP specimen had two connected curves,
which indicates two phases of failure mode. In the first phase, the tensile load was resisted
by the bent steel plates up to 8.1 mm. Since the bent region of the steel plates was the
weakest part of the model considering the residual stress, the connection between the bent
steel plates and steel tube was lost when the steel at the bent region was damaged, and in
the second phase, the tensile load was resisted by the thin walls of the steel tube only.
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Figure 11. Cont.
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Regarding the ST_W1 and ST_W?2 specimens, welded steel plates actively participated
in the tensile load resistance, and the tensile strength of the specimens increased by 29%
and 32% in comparison with the control specimen, respectively. During the experiment
for the ST_W2 specimen, the bolt applying tensile load moved to the right side, leading
to asymmetrical loading. As a result, the specimen ST_W2 broke through the width of
the steel tube, as presented in Figure 11f. Due to this, there was a trivial difference in the
tensile strength between the ST_W1 and ST_W?2 specimens, and the contribution of the
welded steel plates was not fully determined. Figure 11f shows two simulation results
for the ST_W2 specimen. The dashed blue line represents the bolt load applied from the
center of the steel-tube opening, while the red line represents the bolt load applied from
the bottom side of the steel-tube opening. After changing the location of the bolt from
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the center to the bottom, the tensile strength of the steel tube decreased from 93.46 kN
to 84.14 kN, a 10% decrease. Therefore, the tensile strength of the steel tube could be
influenced by the load-applying location. For the ST_CON specimen, the contribution of
the embedded concrete to the resistance of the tensile load was significant at the early stage
of the load—displacement behavior. However, due to the bond-relative slip definition, the
contribution of the concrete became insignificant after 5 mm, and most of the tensile load
was resisted by the steel in the steel-concrete composite.

As indicated in Figure 9, the stress—strain data were derived from four mesh points
in the finite element model. The first point (FEA_S1) corresponds to the location of the
strain gauge in the experiment (EXP_S1), which is the middle point from the total span
length of the steel tube. The second point (FEA_S2) is located in the middle of the left
end of the steel-tube opening. The third point (FEA_S3) is located in the middle of the
steel-tube opening from the top side. The fourth point (FEA_S4) is in the middle between
the right end of the steel-tube opening and the end of the steel tube. Figure 12 shows the
stress—strain curves obtained from the experimental and FEA results. Points 51, 52, and S3
experienced tensile strain, while 54 experienced compressive strain. For all specimens, the
hierarchy of the strain development ranged from S1 to 54, implying that higher strains were
developed at the locations close to the region of the load application. The experimental
stress—strain curves for short specimens having a total length of 325 mm had different
stiffness values than seen in the FEA results, as shown in Table 3 and Figure 12. The reason
for this deviation is the use of two different stress calculation methods. The experimental
stress results were derived by dividing the load by the cross-sectional area, while the
FEA stress results were obtained from the mesh element, which follows the assigned steel
material properties shown in Figure 7. Despite this, the experimental strain results and
FEA strain results for the first point (S1) are almost identical, highlighting the validity of
the FEA simulation results.
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ST_325 FEA_S3 — .- ST 325 FEA_S4 — .. ST 400 FEA S4 A
350 400 _400_FEA_
300 | e 350 1
= 250 g F00 T —
& / ot 250 | [ 160
S 200 | O e S K IN— S N 10
\"J T i \,.( 200 120 —
Z 150 ¢ e - Z l 100 o
A " T & 150 ® s
= [ - = / =
& 100 i | e R L e e A
50 s M 50 |
0 E-Y____ ’ 0 0.0001 _ 0.0002 0.0003 0.0004 0.0005 0.0006 0 i- _____ ! 0 0.0001  0.0002  0.0003  0.0004 0.0005  0.0006
0 0.002  0.004  0.006  0.008  0.01 0.012 0 0.005 0.01 0.015 0.02 0.025
Strain Strain
(a) (b)
———ST_CP_400_EXP_S1 - — —ST_CP_400_FEA_S1 ———ST_W1_325_EXP_S1 - - -ST_W1_325 FEA_S1
----- ST_CP_400_FEA_S2 ST_CP_400_FEA_S3 -----ST_WI1_325_FEA_S2 ST_W1_325 FEA_S3
— - - ST_CP_400_FEA_S4 — -+ ST_W1_325_FEA_S4
350 400
300 F— e - 350 =
Sas0 | = 300 e =
= ’ 200 [ 250 20
= 200 |} 1 = o =
Y iy 140 | 8200 160 S
% 150 H' 120 S T g . 150 ——
o i 100 = = & 150 :Gg - =
< 100 ! 4 5 = = 50 - =
a Tl e T A0 ff — =
40 ] - 40 Z
50 | | A 50 20|
0 i ’ 0 0.0001  0.0002 0.0003 0.0004 0.0005 0.0006| 0 H ! 0 0.0001  0.0002 0.0003 0.0004 0.0005 0.0006
0 0.02 0.03 0.04 0.005 0.01 0.015 0.02 0.025 0.03
Strain Strain
(c) (d)

Figure 12. Cont.



Buildings 2023, 13, 2872

14 of 16

———ST_W1_400_EXP_S1
----- ST_W1_400_FEA_S2
— - ST_W1_400_FEA_S4

- - =ST_W1_400_FEA_SI

———ST_W2_325_EXP_S1 - - -ST W2 _325_FEA_S1
----- ST_W2_325 FEA_S2 ST_W2_325 FEA_S3
— - ST_W2_325_FEA_S4

ST_W1_400_FEA_S3

450 - 450
400 e 400
o -
~350 = - —~350 e —
& 300 T e300 [ —e— s
250 Joioe- ;:3 ,/"/ 250 --I-:-_ ::: -
-~ v Z - 7
2 200 || e Fa— 2200 || | o T
173} 120 7 - 173} 120 5 _
é 150 li"j 1:: // = - -/ é 150 1:: // /,///"/
@£ 100 ! [ ———— s — £ 1900 :; » 60 i _’,./’/
< [ < P
50 0 L= 50 ;v o &=
0 ----- 0 0.0001 _ 0.0002 _ 0.0003  0.0004 0.0005  0.0006 0 i ----- 0 0.0001  0.0002  0.0003  0.0004 0.0005  0.0006
0 0.005  0.01 0015 0.02 0.025 0.03 0.035 0 0.005 0.01 0015 0.02 0.025 0.03 0035
Strain Strain
(e) ()
———ST_CON_325_EXP_S1 = - -ST_CON_325_FEA_S1
===-ST_CON_325_FEA_S2 ST_CON_325_FEA_S3
— -+ ST_CON_325_FEA_S4
450
400
—~350
& 300
2 250 ;
2200 i
D100
50 H
O _____! 0 0.0001 _ 0.0002 _ 0.0003 _0.0004 0.0005  0.0006
0 0.01 0.02 0.03 0.04 0.05 0.06
Strain
(8)
Figure 12. Comparison of the experimental and FEA stress-strain curves. (a) ST_325; (b) ST_400;

(c) ST_CP_400; (d) ST_W1_325; (e) ST_W1_400; (f) ST_W2_325; (g) ST_CON_325.

6. Conclusions

This study introduced a developed PC double-wall system and performed experi-

ments and finite element analysis to evaluate the direct tensile capacity of the steel-tube
connections due to the dowel action of the horizontal rebar. Based on the experiment, FEA
results, and constructability, the most suitable end details for the rectangular steel tubes in
the developed PC double-wall system were determined. The conclusions derived from this
study are as follows:

@

@)

®)
4)

Rectangular steel-tube specimens reinforced with welded steel plates (ST_W1 &
ST_W2) and concrete infill (ST_CON) achieve maximum tensile strength increases of
approximately 20-32% compared to the baseline specimen (ST), without reinforcement
in the hollow section.

Specimens with a steel plate cut and bent inward at the tube end (ST_CP) did not
exhibit an increased maximum tensile strength compared to the control specimen (ST)
because for ST_CP, the steel plate, which endured plastic deformation due to bending,
failed to contribute to an increase in maximum tensile strength.

The length of the rectangular steel-tube specimens does not significantly affect strength.
ST_CON is the most suitable connection as it does not require additional construction
steps or costs compared to other connection details. The specimen has similar details to
the rectangular steel-tube connection used in the PC double-wall system and involves
filling the hollow section of the rectangular steel-tube specimen with concrete.

Future research is needed to clarify the varying performance of PC double-wall con-

nections. Particularly, an in-depth examination of the performance of steel-tube connections
embedded in PC panels is necessary, addressing potential issues such as steel-tube pullout
failure, concrete breakout failure, and material failure of the steel tubes.
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