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Abstract

this study is focusing on H steel sections embedded in concrete by evaluating various shear connectors, including
headed studs, bolts, steel angles, perfobonds, and self-connected variants. This comprehensive examination of nine
specimens aims to understand their load-bearing capacity, failure mechanisms, and overall performance in structural
composite connections. The paper thoroughly compares and analyzes the load-slip curves, average initial shear stiffness,
ultimate load, ductility, and fracture energy for these connectors. The research highlights self-connected connectors with
rebars passing through flanges demonstrating substantial increases in ultimate load (41 %) in comparison to natural bond
only, and maintaining ductility post-peak. Moreover, through this study it has been found that when shear studs and shear
angles are designed for equivalent loads exhibit remarkably similar performance. Additionally, adding extra connectors
to the web of H-sections enhances load capacity and stiffness but reduces ductility. The double shear in 10 mm diameter
8.8 bolted (with two nuts inside and outside flange) connectors raise the ultimate load but shift the curve of load slip from
ductile to brittle in comparison with the same diameter studs.
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1. INTRODUCTION effectiveness [3]. According to Eurocode

The efficiency of shear connectors is
crucial for maintaining the structural integrity of
steel-reinforced concrete (SRC) constructions,
pivotal components are facilitating composite
action between steel sections and concrete. These
connectors play a fundamental role in harnessing
steel's tensile strength alongside concrete's
compressive strength, thereby fortifying the
overall structural resilience [1]. The requirements
for bond stress and mechanical connections are
critical components in concrete-encased steel
constructions. The behavior of SRC elements is
profoundly swayed by bond stress, mandating the
provision of shear connectors when the demanded
bond stress exceeds the capacity [2]. However,
there is still a lack of comprehensive research to
evaluate them against one another.

In the realm of engineering, the selection of
connectors transcends mere strength
considerations, extending to factors such as
ductility, sustainability, ease of assembly, and cost-

standards, shear connectors should exhibit slip at
90% of the ultimate load exceeding 6 mm to
qualify as ductile—a criterion critical for ensuring
ample ductility and energy absorption capacity in
structural connections [4]. This study encompasses
a spectrum of connector types, including headed
studs, bolts, steel angles, perfobonds, and
innovative self-connected variants. Through
rigorous push-out tests on H steel sections
embedded in concrete, The evaluation of these
connectors provides insights into their load-
bearing capacity and failure mechanisms. [5]. The
load-slip relationship governs the linear and
nonlinear characteristics of shear connections in
the design of SRC structures. [6].
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Shear connectors in composite
construction, such as headed stud shear connectors,
are chosen for their significant shear capacity and
load-slip behavior. [7]. Despite being subject to
factors, like hole slip and thread penetration [8],
bolted shear connectors approach the performance
of traditional welded studs, achieving nearly 95%
of the latter's shear resistance under static loads.
Their substantial fatigue strength makes them
suitable for uses that require durability, such
as reinforcing bridges [9]. Although bolted stud
connectors have a somewhat lower shear resistance
than headed stud connectors, their performance
characteristics are  harmoniously  blended,
highlighting their value in specialized structural
applications. [10].

In many construction situations, self-
connected connectors are widely used, particularly
in buildings and bridges where smooth component
integration is crucial. Highly regarded for their
effectiveness in  transferring load, these
connections are commonly used in cable-stayed
bridges. [11]. The pioneering Perforated Web
Connection (PWC) in Concrete-Encased Steel
(CES) bridges augments the shear-slip response,
piloting a transition from brittle to ductile failure
mode[12]. For perfobond shear connectors, a
recommended strip thickness exceeding 9 mm
ensures a double shear failure in the rebar—a
specification pivotal for structural robustness [13].
Finite element analysis affords intricate insights
into connector behavior under diverse loading
conditions, supporting the comprehension of their
mechanical properties and facilitating
prognostications of long-term performance [14].

In vertical concrete casting for structures,
like columns or pile caps, the susceptibility to
concrete settlement or air pockets beneath shear
connectors is heightened, particularly for angle-
type connectors due to their larger surface area, this
juxtaposes slabs where horizontal concrete casting
mitigates such concerns. Vigilant assessment and
mitigation of these risks are indispensable for
preserving structural integrity [15].

Data was normalized by dividing the
maximum force that each shear connector could
sustain by the strength of the material when various
materials with differing capacities were used for
the connectors. However, this method isn't fully
equitable since the shear strength capability is the
most important aspect, as it's taken into account for
this research [16].

1.1 Research significance

This  study  integrates  practical
experiments with a comprehensive analysis to
thoroughly evaluate various types of shear
connectors with similar shear capacity. The
primary objective is to closely examine these
connectors and discern their distinctive attributes
compared to one another. It meticulously examines
and contrasts load-slip curves, average initial shear
stiffness, ultimate load, ductility, and fracture
energy.

2. EXPERMENTAL PROGRAM
2.1 Materials

The materials and components used in the
specimens were carefully selected to ensure their
reliability and integrity. The Badush expansion
facility provided the ordinary Portland cement
Type 1[17], and Mosul City/Knhash provided fine
aggregate and naturally rounded river gravel that
complied with 1QS:45/2010 regulations [18]. Steel
reinforcement was composed of stirrup bars (410
mm), transverse reinforcement (&8 mm), and
longitudinal reinforcement (@12 mm) deformed
bars. A particular H steel section measuring H
200*200*7*10 mm  dimensions  confirmed
following ASTM A36 standards was selected for
its load-carrying capabilities [19]. Material
properties of the five different types, as they
represent some of the most widely used
connections, are shown in Table 1. and are
graphically configured as depicted in Table 2., this
all-encompassing strategy guarantees careful

inquiry.

Table 1. Connectors material properties

No. | connection Specimen Dimension Yield Ultimate
name mm Stress Strength
1 Shear stud HS1, HS2 10*50 shank 429 661
7*19 Head
2 Steel Angle HAL, HA2 36*36*3 mm 369 463
Length 60 mm
3 Perfobond HP1 70*50*10 mm 288 457
Plate Hole ®30 mm
4 Self-Connected | HSF, HSW Bar ®8 mm 445 625
5 Bolt HB1, HB2 75 @10 mm 850 905
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Table 2. Connectors configuration

Specimens Connectors configuration | Test Configuration for control HO0
HS1, HS2 .
(studs) L T' —d
HA1, HA2
(angle)
HP1 -
(perfobond) Bl g

-
HSF, HSW
(self-connected) r’\f{%’ T“"(

L e

=1 .8

I ¥
HB1
(bolt and nuts) i l

2.2 Design of specimens

The nine specimens involved embedding
an H steel section within different connections as
shown in Table 2. embedded in 400x400 mm
concrete block. The concrete which has been used
had a compressive strength of 28 MPa, with the
steel section embedded to a depth of 300 mm and
leaving a 100 mm gap beneath it. The purpose of
this setup was to assess the effectiveness of
different mechanical connections, such as headed
shear studs, angle shear connections, perfobond,
self-connected methods, and bolt with nuts
configurations, the detail of each specimen
connection is shown in Table 3. These connections
were designed to achieve an ultimate shear value
of approximately 65 kN *3 kN, ensuring
consistency for comparative analysis of steel-
concrete interaction under various = stress

conditions. The following equation was used to

design the connectors.

1- Headed shear studs: V= 0.54,./E.f, < Asfy
------ AASHTO Eg. (1) [20]

2- Angle shear connectors:
Vi, = 0.3(ty + 0.5t ) Lo/ Ecf) - AISC
(16.1-106) Eqg. (2)[21]

3- Perfobond connectors:
V, =176 x 7 (D* — d})f! + 1387 d2f,, -
------- Zhao and Liu Eq. (3) [22]

4-  Self-connected is used as equation 3 when the
web is perforated

5- Bolted connectors with the same diameter and
height as studs (10mm x 50mm).

The first equivalent group A (HS1, HA1, HP1,

HSW)
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The second equivalent group B (HS2, HA2, HSF,
HB1)

Table 3 Specimens details

specimen Sl Lo Connection Details
connectors

HS1 4 studs 2 Attach to each Flange

2 Attach to each Flange Shaft @10 *43mm, Head ¢19 *7 mm
HS2 8 studs 2 Attach to each side of the

Web
HAL 2 angles one attached to each Flanges

one attached to each Flanges | L 36*36*3 mm Long 60 mm
HA2 4 angles one attached to each side of

the Web

. Strip 70*70*7 mm,

HP1 perfobond Strip attached to each Flanges Hole 30 mm, rebar Smm
HSW Self-Connected Rebar pass throw web Two Hole in web ¢ 30 mm, rebar ¢ 8 mm
HSF Self-Connected Rebar pass throw Flanges Two Hole each flange ¢ 30 mm, rebar ¢ 8 mm

2.3 Test setup and instrumentation

The test setup was carefully designed to
measure the performance of each specimen under
controlled conditions. A Universal Test Machine,
equipped with a hydraulic jack system of 1000 kN
capacity, formed the core of the experimental
setup. Each specimen was placed on this machine,
ensuring uniform load distribution through a steel
bearing plate. To minimize friction, a fine sand
layer was spread beneath each specimen.
Alignment was meticulously verified using a
plumb bob between the two vertical surfaces, and
a bubble level was employed for continuous
monitoring.  Linear  Variable  Differential
Transformers (LVDTSs) were attached to each
specimen to measure differential displacement. An
automated data logger, TDS-530, was used to
collect and record data from strain gauges, LVDTS,
and the load cell. This setup allowed for precise
control and monitoring of the load applied,
ensuring a thorough evaluation of the specimen's
structural  behavior under various loading
conditions.

3. EXPERIMENTAL RESULT AND
DISCUSSION

3.1 Load-Slip relationship comparisons for
group A

Figure 1 presents a comparison of the
load slip properties of the HS1, HA1, HP1, and
HSW specimens against the HOO specimen, which
depends exclusively on natural bonding. Despite
being theoretically engineered to withstand the
same ultimate shear loads, the observed behaviors
of these specimens differ, as detailed in the
subsequent sections:

1- HOO (control specimen): An important insight
into the load-slip behavior of steel-concrete
interfaces is provided, the control specimen is
distinguished by its absence of mechanical
connections and reliance only on natural bonds,
such as chemical adhesion and friction. With an
Ultimate Load of 307 kN, this specimen set a
fundamental standard by which additional
specimens may be evaluated. It displayed a Slip
of 0.67 mm at Ultimate Load, indicating that the
displacement is at maximum load. The
connection's intrinsic stiffness under initial
loading conditions was shown by the
measurement of the initial stiffness, which was
527 kN/mm. Furthermore, the reported Fracture
Energy of 5508 indicates that the specimen
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possesses the ability to absorb energy up to the
point of residual load stabilized.

2- HS1(two studs attached to each flange):
demonstrated superior performance compared to
the natural bond HO0. It reached an Ultimate
Load of 337 kN, which is 10% higher than HOO,
and a significantly increased Slip at Ultimate
Load of 6.1 mm, marking an 810% rise and
indicating an enhancement in ductility. Its Initial
Stiffness improved by 28% to 673 kN/mm, and
Fracture Energy rose by 12% to 6168. Notably,
it showed an increase in post-peak ductility, with
a 7.56 mm slip at 90% of the ultimate load.
These results suggest that the studs significantly
boost both load capacity and flexibility,
beneficial for applications requiring high energy
absorption and deformation tolerance.

3- HAZL(Single steel angle attached to each
Flanges): the specimen outperformed the HOO
natural bond specimen in a significant way. With
an Ultimate Load of 328 kN, 7% more than HOO,
it demonstrated a marginally but significantly
higher load capacity. With a significant 558%
increase, the Slip at Ultimate Load was
measured at 4.41 mm, indicating an
improvement in ductility. The initial stiffness of
the material increased by 19% to 627 kN/mm,
referring to a considerable improvement. With a
10 % rise to 6062, Furthermore, at 90% of the
ultimate load, HA1l demonstrated post-peak
ductility with a slip of 6.20 mm.

4-HP1(Perfobond): The specimen incorporating a
Perfobond strip attached to each flange,
demonstrates distinct characteristics compared
to other specimens. It achieved an Ultimate Load
of 337 kN, matching HMO0S1 and marking a 10%
increase over HM000. However, it exhibited a
significantly lower Slip at the Ultimate Load of
just 0.22 mm, a 67% decrease from HOO,
indicating a reduction in ductility. The Initial
Stiffness of HP1 was 1360 kN/mm, showing a
substantial 158 % increase. Its Fracture Energy
also saw a considerable rise to 7300, denoting a
33% enhancement in energy absorption.
Notably, HP1 did not exhibit ductility post-peak,
with a slip of only 4.20 mm at 90% of the
ultimate load. The perfobond connector in HP1
results in high stiffness and load capacity but
limits ductility, suggesting that its application
might be constrained in scenarios where high
deformation capacity is essential.

5-HSW (Self-connected): With two ¢ 8 mm rebars
going through two ¢ 30 mm holes in the web, the
specimen  displays special performance
characteristics. Its ultimate load of 383 kN,
which represents a noteworthy 25% increase
over HOO, suggesting that its load-bearing
capacity has improved significantly. Its Slip at

Load kN

Ultimate Load, however, was just 0.27 mm—
60% less than HOO—indicating a decline in
ductility. With an initial stiffness of 1500
kN/mm, HSW had the highest initial stiffness of
all the previous specimens tested, marking a
significant increase of 185%. Its fracture energy
increased respectably as well, rising to 6150
(11%), pointing a better absorption for energy.
Even with these strengths, HSW showed only a
small slide of 0.49 mm at 90%

450

=—=H00
=—=HAl
—HSI1
HP1
=——HSW

400

350

300

250

200

150

100

50

0
0 -5 -10 -15 =20 -25 -30
Slip mm

Figure 1. Load-Slip for group A

Despite minor variations, with HS1
slightly outperforming HA1 in certain aspects,
their overall performance is remarkably similar.
HP1 and HSW, while providing higher load
capacities and stiffness, exhibited reduced
ductility. HS1 and HA1 are suitable for scenarios
requiring both strength and flexibility, whereas
HP1 and HSW are better suited for situations
where high load capacity and stiffness are
prioritized over ductility.

3.2 Load slip relationship for group B:

Figure 2 illustrates a comparative analysis
of the load slip characteristics for the HS2, HA2,
HB1, and HSF samples with the HOO specimen. It's
important to highlight that the inclusion of the HB1
in this comparison is significant, as the presence of
nuts both inside and outside the flange in this
specimen contributes to an enhanced resistance,
thereby elevating the ultimate load capacity.
1-HS2 (8 Studs): HS2 demonstrated a marked

improvement in the steel-concrete interface,
with a 54 % increase in Ultimate Load to 474 kN
and a 403% rise in Slip at Ultimate Load to 3.37
mm. The Initial Stiffness increased by 142% to
1275 kN/mm, signaling a stiffer connection.
Fracture Energy also increased by 52% to 8360,
but the specimen lacked post-peak ductility, with
only 4.86 mm slip at 90% of the ultimate load.
2-HA2 (4 Angles): HA2, with four angle
connectors, saw a 28% increase in Ultimate
Load to 392 kN and a 198% rise in Slip at
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Ultimate Load to 2.0 mm. Initial Stiffness
improved by 35% to 711 kN/mm, and Fracture
Energy increased by 13% to 6220. However,
HAZ2 showed limited post-peak ductility, with a
4.33 mm slip at 90% of the ultimate load.

3-HSF (Self-connected): The HSF specimen, with
self-connected rebar through flanges, achieved a
41% increase in Ultimate Load to 433 kN, a
428% increase in Slip at Ultimate Load to 3.54
mm, and a 160% rise in Initial Stiffness to 1371
kN/mm. It also showed the highest increase in
Fracture Energy by 59% to 8763, and maintained
ductility post-peak with a 6.10 mm slip at 90%
of the ultimate load.

4-HBI (Bolts): HBI, featuring bolted connections,
reached an Ultimate Load of 394 kN, a 28%
increase, but had a reduced Slip at an Ultimate
Load of 0.37 mm, showing lesser ductility. The
Initial Stiffness rose by 119% to 1152 kN/mm,
and Fracture Energy increased by 56% to 8581.
However, it showed a limited post-peak ductility

with a 0.59 mm slip at 90% of the ultimate load.
500

e=—H00
450 —HS2
400 HA2
350 ==HSF
~=HBI
% 300
=l
E 250 \-——»
150
100
50
0
0 -5 -10 -15 -20 -25 -30

Slip mm
Figure 2. Load-Slip for group B.

Among Group B specimens, HS2 and
HSF demonstrated significant improvements in
load capacity and energy absorption, with HS2
leading in ultimate load and HSF in energy
absorption and ductility. HA2 offered moderate
enhancements but lacked post-peak ductility. HBI
showed an improvement in load capacity and
energy absorption but had limited ductility, both at
ultimate load and post-peak. Overall, each
specimen presents a unique balance between load
capacity, stiffness, energy absorption, and
ductility, making them suitable for different
structural applications.

3.3 Mode of failure

the mode of failure for the connection of
specimens HS1 and HAL, Figures 3a. and 3b.
respectively illustrates that both  models

experienced shear connector failures at the welded
ends, exhibiting a combination of flexural and
shear failures. Despite vertical casting, there were
no vacuums or air bubbles under the flanges due to
fresh concrete consolidation. The mode failure
reveals that these specimens, compared to the
control HOO, showed significant cracking. Two
parallel longitudinal cracks developed along the
flange faces at about 85% load, originating from
the free end and progressing toward the center.

a. Shear stud failure

b. Angle failure

Figure 3. HS1&2 and HA1&2

For HS1, horizontal cracks connected the
longitudinal ones between the studs at a load just
above 307 kN, post reaching the ultimate load of
334 kN. As the load was reduced to 220 kN,
diagonal cracks appeared. A similar pattern was
noted in HAL. The increment in load application
caused these cracks to extend towards the loaded
end, and upon reaching the ultimate load of 328
kN, a horizontal fracture emerged at the angle
connection, spreading to the specimen’s sides. This
was due to the bearing action of the angle
connection. Around 324 kN, the cracks widened
towards the edges, accompanied by audible signs
of the connection breaking and vertical cracks in
the web-side concrete.

The failure mode of the perfobond HP1
connection involving a 30 mm hole and an 8 mm
deformed rebar was marked by distinct stages.
Initial cracks appeared in the concrete at 60—70%
of the ultimate load vertically extending from the
bottom to the loaded end through the steel strip and
bar location as shown in Figure 4. After reaching a
peak load, the concrete's shear capacity decreased,
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and the steel rebar started yielding, stretching up to
10 mm and then showing hardening resistance
until @ 20 mm displacement was reached,

indicating a single shear failure accompanied by an
audible sound.

HOO HS1 HA

HP1 HSW HSF

Figure 4. Specimen failure

The failure mode in self-connected HSW,
where the rebar experienced double shear is shown
in Figure 5. significantly increased the ultimate
shear load in comparison to the perfobond
connection. Despite the similarity in hole thickness
(7 mm) between both the web and strip

Figure 5. Rebar shear failure

in perfobond, the placement of the hole in the self-
connected HSW differed significantly. It was
located in a highly confined concrete zone within
the flanges, which contrasted with the perfobond
strip's position in a partially confined zone. This
confinement increases in the HSW specimens
restricted the rebar's ability to extend freely, unlike
in the perfobond. As a result, the failure in the
HSW system was more brittle, characterized by a
sudden drop in load upon reaching its limit, unlike
the more gradual failure progression observed in
the perfobond connection.

3.4 Test result summary
Data from Tables 4 and 5 provide
insightful observations about the mechanical

properties and performance of different specimens
under stress. In Table 4, the ultimate load capacity,
slip at ultimate load, initial stiffness, and fracture
energy are key parameters in assessing the
structural integrity and materials response under
load. The post-peak ductility, as observed in
specimens HS1, HAL, and HSF, is a crucial
attribute, indicating the ability of these materials to
undergo significant deformation before failure - a
desirable property in structures requiring
flexibility and resilience.

Table 5, with its focus on the percentage change in
these properties compared to the control specimen
HOO, offers a perspective on how alterations in the
specimen compositions affect their mechanical
behavior. For example, the 54.40% increase in the
ultimate load capacity and 142% increase in the
initial stiffness for HS2 are indicative of an
enhancement in structural strength and rigidity,
which are vital in high-load-bearing applications.
However, the slip increased at ultimate load for
HS2 and HS1 (403% and 810%, respectively)
points towards a potential trade-off between
strength and stability, as a higher slip could imply
less predictability in material behavior under peak
stress conditions.

While modifications can enhance some
mechanical properties like load capacity and
stiffness, they can also lead to significant changes
in other characteristics such as slip behavior and
ductility. This highlights the importance of a
balanced approach in material design, where the
enhancement of one property should not overly
compromise others, especially in applications
where reliability and predictability under various
load conditions are crucial.
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Table 4. Summarize of results for all specimen

Specimens Ultimate Slip at Initial Fracture Slip at 90% Is Ductile
load (kN) ultimate load  stiffness energy Ultimate Load Post-Peak
(mm) (kN/mm) Post-Peak
(mm)
HO00 307 0.67 527 5508 1.75 No
HS1 337 6.10 673 6168 7.56 Yes
HS2 474 3.37 1275 8360 4.86 No
HA1 328 4.41 627 6062 6.20 Yes
HA2 392 2.00 711 6220 4.33 No
HP1 337 0.22 1360 7300 4.20 No
HB1 394 0.37 1152 8581 0.59 No
HSW 383 0.27 1500 6150 0.49 No
HSF 433 3.54 1371 8763 6.10 Yes
Table 5. Percentage increment in comparison to the control specimen
% Change in % Change in . % Change in
Specimens Ultimate Slip at (Iﬁ)itci:e;asntgi]f?f:]r;ss Fracture
Load Ultimate load Energy
HO0O0 0.00% 0.00% 0.00% 0.00%
HS1 10% 810% 28% 12%
HS2 54% 403% 142% 52%
HA1 7% 558% 19% 10%
HA2 28% 198% 35% 13%
HP1 10% -67% 158% 33%
HB1 28% -45% 118% 56%
HSW 25% -60% 185% 11%
HSF 41 % 428% 160% 59%

4. CONCLUSION

The research shows that different types of

shear connectors (headed studs, bolts, steel angles,
perfobonds, and self-connected variants) exhibit

varying performance characteristics

regarding

load-bearing capacity and failure mechanisms.

1-

Specimens incorporating connectors like
headed studs and steel angles exhibited a
substantial increase in both load capacity and
ductility when compared to those relying
solely on the natural bond. This outcome

highlights their potential for applications
where demanding high energy dissipation and
resistance to deformation are critical.

When shear studs and shear angles are
designed to carry equivalent loads, they
exhibit remarkably similar performance in
terms of ultimate load capacity, shear
stiffness, and energy absorption. Additionally,
both types of connectors display comparable
failure modes, albeit with minor variations.

3-

The study also reveals that providing
additional connectors to the web of H-
sections, as seen in HS2 (with eight studs) and
HA2 (with four angles), significantly
enhances the load capacity and stiffness
compared to HS1 and HA1, which have flange
connectors only. However, this increase in
strength and rigidity comes at the cost of
ductility reduction.

The HS2 and HSF specimens showed higher
increases in ultimate load and slip at ultimate
load, compared to HA2. In particular, the self-
connected connector (HSF) showed a 41%
increase in ultimate load comparing to the
natural bond and maintained ductility post-
peak with a 6.10 mm slip at 90% of the
ultimate load. It also showed a better post-
peak ductility when compared to HS2 and
HA2.

The double shear failure in HSW rebar with a
7 mm plate, instead of the required 9 mm, can
be linked to its placement in a highly confined
area within the flanges, unlike perfobond
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connectors located in less confined zones
outside the flange.

6- The double shear in 10 mm diameter 8.8
bolted (with two nuts inside and outside
flange) connectors raise the ultimate load but
shift the curve of load slip from ductile to
brittle in comparison with the 10 mm stud
HS1.

7- In future research, it would be beneficial to
include a wider variety of specimens,
materials, and other types of connections.
Also, using a finite element program approach
can help to overcome the limitations of
physical specimens. This broader approach
would improve the applicability of findings
across different scenarios and support
validation.
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