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ARTICLE INFO ABSTRACT
Keywords: This study introduces a novel mechanical splicing system for reinforced concrete (RC) structures,
Mechanical couplers combining a Sigma 8 coupler with a post-threading normalization process to enhance seismic

Thread normalization performance and reliability. While mechanical couplers increasingly replace lap splices, residual

stresses from cold-forged threading are often overlooked and can reduce ductility and energy
dissipation. The proposed system addresses these issues through two innovations: (1) a Sigma
8 (olive-shaped) coupler designed to reduce stress concentrations and enable smoother load
transfer, and (2) a normalization process applied after threading to relieve internal stresses and
restore mechanical consistency. Experimental testing on spliced bars compared normalized and
non-normalized specimens, focusing on tensile strength, ductility, slippage, and failure modes.
Non-normalized bars exhibited an average decrease of 12%-15% in yielding-point strength,
whereas normalized specimens showed a marked reduction in residual slip. Finite element mod-
eling of RC column-to-foundation joints assessed the structural impact of normalized threads
using Concrete Damage Plasticity (CDP) and a tie constraint for the coupler-bar interface.
The model captured how thread treatment influences global behavior, including cracking,
stiffness, and load transfer. Numerical simulations matched experimental results for normalized
specimens, and highlighted a reduction in capacity and yielding strength of 15%-30% in non-
treated bars. Results confirm that normalization significantly improves the performance of
threaded bars and that the coupler preserves structural integrity under demanding conditions.
This system provides a reliable, constructible, and high-performance solution for seismic and
high-load applications, offering quantifiable gains in slip control and resilience while addressing
limitations in current practice.

Reinforced concrete
Seismic performance
Finite element modeling

1. Introduction

Mechanical couplers are increasingly adopted in reinforced concrete (RC) structures due to their advantages in simplifying rebar
splicing, reducing reinforcement congestion, and enhancing construction efficiency while maintaining structural integrity. These
systems are designed to provide direct steel-to-steel load transfer and avoid the limitations associated with conventional lap splicing.
To ensure mechanical splices meet structural demands, especially under seismic or impact loading, international standards such as
ISO 15835 [1-3] and ACI 318 [4] specify strict strength and ductility requirements. Among the most critical evaluation methods
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is tensile testing, which determines whether couplers match or exceed the strength of the parent reinforcement and do not act as
structural weak points.

Beyond structural reliability, improving the sustainability and energy performance of buildings has also become a major focus
in building engineering. Recent studies [5,6] have shown that phase change materials can enhance thermal performance and
reduce energy demand, underlining the role of material innovations in achieving global decarbonization. While such approaches
address energy efficiency, our research complements them by focusing on structural reliability and seismic resilience, ensuring that
sustainable buildings are also safe under demanding load conditions.

Several review studies have further emphasized the role of mechanical couplers as practical alternatives to conventional lap
splicing, highlighting their potential to enhance construction efficiency, improve safety, and overcome limitations related to rebar
length availability. In particular, Mechanical Coupler as an Alternative Rebar Splicing: A Review in 2022 and 2023 [7,8] discussed
the benefits and drawbacks of coupler systems, as well as their wide-ranging applications and typologies. Such contributions provide
an important context for the present work, which builds upon these insights by addressing structural performance under seismic
loading and exploring manufacturing-induced effects not fully covered in previous reviews.

Among the most critical evaluation methods is tensile testing, which determines whether couplers match or exceed the strength
of the parent reinforcement and do not act as structural weak points. Strength-based criteria emphasize that failure should occur
in the parent bar outside the splice region, while parameters such as slippage and deformation under load must remain within
prescribed limits to prevent stiffness degradation and premature failure [9,10]. Failure modes, in particular, serve as indicators of
system reliability: ductile rupture in the bar is desirable, while brittle fracture within the coupler or large slip-induced disengagement
are unacceptable.

Tazarv and Saiidi (2016) [11,12] examined mechanical splices in plastic hinge regions of RC bridge columns, recommending
that failure occur outside the coupler and introducing a coupler rigidity factor (8) to account for strain distribution in spliced zones.
Bompa and Elghazouli (2017) [13] conducted a comprehensive evaluation of over 500 splices, revealing that couplers — particularly
interlock and sleeve types — can reduce strain capacity by up to 50%. They also highlighted the performance dependency on
coupler-to-bar diameter ratios, underscoring the trade-off between strength and ductility.

Despite these extensive studies, one critical aspect remains underexplored: the residual stresses introduced by the cold forging
and threading processes used to prepare rebar ends for mechanical splicing. These manufacturing-induced stresses can compromise
mechanical performance, leading to premature yielding, microcracking, or reduced energy dissipation—especially under cyclic or
dynamic loading. While both Tazarv and Bompa discuss mechanical behavior and failure modes, they do not explicitly address
the impact of residual stresses or the potential benefits of post-processing treatments such as normalization. In this context, it
is essential to consider the Bauschinger effect [14], a well-established phenomenon whereby plastically deformed metals exhibit
reduced yield strength when reloaded in the opposite direction. For rebars subjected to cold forging, this effect implies that the
residual plasticity and dislocation rearrangements may accentuate asymmetry between tension and compression behavior, directly
affecting performance under seismic or cyclic demands. Yet, to the best of our knowledge, the role of cold forging in amplifying the
Bauschinger effect in reinforcing bars, and its mitigation through thermal treatments, has never been systematically investigated.
This knowledge gap underscores the need for further research into the microstructural origins of residual stresses and their influence
on rebar splice performance.

To address this gap, the present study introduces a Sigma 8 (olive-shaped) coupler, engineered to optimize stress distribution
through geometry. However, geometric innovation alone cannot ensure performance unless the material properties of the threaded
bar ends are also preserved. Thread normalization, applied post-threading, is proposed as a solution to relieve residual stresses, refine
microstructure, and restore mechanical ductility. This research aims to assess whether normalization can mitigate the adverse effects
of cold working and improve the performance of mechanically spliced reinforcement, thereby supporting the combined benefit of
innovative coupler geometry and thermal treatment in developing seismic-resilient connections.

In addition to experimental validation, this work also evaluates the structural performance of normalized versus non-normalized
threaded bars through finite element modeling. RC column-to-foundation joints — critical seismic load paths — require accurate
modeling of stress transfer and cracking under inelastic demands [15]. While some studies model couplers as perfect connections
for simplicity [16], this approach may overlook slip, interface stresses, and failure mechanisms. Bompa and Elghazouli (2018) [17]
offered a more detailed numerical representation of coupler behavior, explicitly modeling the interface to capture stress gradients
and local effects.

Despite these advances, a gap remains between localized detailed models and simplified global approaches, particularly
with respect to capturing the combined influence of coupler geometry and manufacturing treatments on structural performance.
To address this, the present study adopts a hybrid modeling strategy: using the Concrete Damage Plasticity (CDP) model for
concrete and incorporating a tie constraint between rebar and a cylindrical coupler to simulate mechanical continuity with
controlled computational complexity. Unlike previous works, the model explicitly integrates the experimentally observed behavior
of normalized and non-normalized threads, allowing for the first time an assessment of how thread normalization — together with
innovative coupler geometry — affects global structural response, including cracking, stiffness, and ductility. This paper presents a
two-pronged investigation combining: Experimental tensile testing of mechanically spliced rebars, comparing normalized and non-
normalized threads to evaluate strength, ductility, slip, and failure modes. In addition numerical simulation of RC joints using finite
element modeling (Abaqus), incorporating normalized and non normalized material behavior to assess structural-scale implications.
By coupling material-level improvements with structural-scale validation, this research contributes to a deeper understanding of
how coupler geometry and normalization treatments can enhance the reliability and resilience of reinforced concrete systems under
demanding loading conditions.
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Fig. 1. (A) Schematic illustration of the bar-end preparation process, showing cold forging to enlarge the diameter followed by normalization
to relieve residual stresses before threading. (B) Assembly of the mechanical coupler connection, consisting of two end-threaded rebars joined
by the Sigma-8 coupler.

In summary, this paper contributes to the field by introducing the Sigma-8 (olive-shaped) coupler and demonstrating, for the first
time, the benefits of post-thread normalization in mitigating residual stresses. The originality of the study lies in combining geometric
innovation with thermal treatment, and validating their joint effect through both experimental and numerical investigations. This
dual approach establishes a new pathway for improving the reliability and seismic resilience of mechanical splices in reinforced
concrete structures.

2. Proposed innovation

Although various mechanical coupler systems exist, many suffer from complex installation, high costs, and inadequate seismic
performance. While research often emphasizes coupler behavior, it tends to neglect the critical impact of rebar threading —
particularly after cold forging — on splice strength. To bridge this gap, this study proposes a novel system that integrates a cold-
forged threading method WO 2020,/183071 Al [18] with a redesigned olive-shaped coupler named Sigma 8 WO 2023/099843
Al [19], both engineered for seismic resilience. As illustrated in Fig. 1, each connection comprises two threaded rebar ends and a
coupler. The following sections detail the system’s two main innovations: the coupler and the enhanced threading technique.

Sigma 8 (Olive-Shaped) Mechanical Coupler: The elliptical (olive-shaped) coupler improves on traditional cylindrical designs
by enabling smoother load transfer, reducing stress concentrations, and enhancing seismic performance. Its compact, tapered
form facilitates installation in tight spaces and reduces weight without sacrificing strength. Internally, self-centering threads aid
alignment and preserve rebar cross-section, maintaining tensile capacity. The performance of threaded splices is strongly influenced
by thread characteristics, including pitch, profile type, and root depth, as these govern load transfer efficiency and local stress
concentrations. In the proposed system, the threading method is optimized to maintain sufficient engagement length while preserving
rebar cross-section, thereby ensuring reliable mechanical performance. Overall, the design boosts ductility, stress distribution, and
constructability.

Ended-Threaded Rebar: As shown in Fig. 1, rebar ends are cold-forged to enlarge the diameter, then threaded to create
parallel threads. While effective, these steps introduce residual stresses that may impair ductility and seismic performance [20].
To mitigate this drawback, a post-threading normalization procedure is introduced. This stress-relief treatment reduces internal
stresses accumulated during forging and threading, thereby restoring ductility and ensuring consistent mechanical behavior under
cyclic loading. Although the specific implementation is patented, the principle of normalization here is to stabilize the rebar’s
microstructure, improve reliability, and enhance the overall seismic resilience of the splice.

3. Testing of mechanical splices
Slip testing, low-cycle loading, tensile, and high-speed tensile testing are widely used methods to assess the mechanical

performance of reinforcement bars equipped with couplers. Slip tests measure axial displacement between the coupler and rebar
under tension to ensure effective grip, as defined by ISO 15835. Low-cycle loading simulates seismic conditions to assess the coupler’s
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Fig. 2. (A) Experimental Setup mechanical connection with PI coupler. (B) Definition of lengths for measuring elongation of the mechanical
splice: F: Applied force, L: Length of the mechanical splice (as defined in EAD 160129-00-0301), L,: Coupler length, L,: 2d where d is the
nominal diameter of the reinforcing bar, L;: Minimum free length for the measurement of A,, (as defined in ISO 15630-1), L,: Gauge length for
the measurement of slip. (C) Slip test load cycling : (a) Normalized specimen, (b) Non-normalized specimen with o: Stress, #: Time, 1: Stresses
for option 1 measurement, 2: Stresses for option 2 measurement, 3: Lower target value.

fatigue resistance and deformation behavior under repeated stress. Monotonic tensile tests confirm that failure occurs in the rebar
— not the splice — demonstrating adequate strength and ductility. High-speed tensile tests, though less standardized, evaluate
performance under dynamic loads, highlighting the importance of ductile failure modes for extreme events. [1,21-25]

3.1. Slip and tensile tests

3.1.1. Test description and setup

To assess the effect of thread normalization on PI coupler performance, slip and tensile tests were conducted on normalized
and non-normalized rebar specimens. The slip test measured relative displacement between coupler and rebar under load (Fig. 2),
indicating splice efficiency. The tensile test evaluated strength, ductility, and failure mode, reflecting overall structural performance.
All tests followed international standards to ensure reliable, applicable results.

3.2. Preparation of the specimen

Sixteen specimens were prepared: ten with non-normalized threads, five with normalized threads, and one continuous rebar as
a control. All followed ISO 15835-1 [2] and ISO 15630-2 [3] standards to ensure consistency.

Threads were machined onto 20 mm B500B rebars, with normalization applied to selected specimens to enhance microstructure
and mechanical performance. Couplers were installed per manufacturer guidelines for uniform assembly. Each specimen was labeled
and stored under controlled conditions prior to testing.

3.2.1. Test procedure

Experimental tests were conducted to evaluate the slip resistance and tensile performance of mechanical coupler connections
under axial loading. Specimens were mounted in a tensile testing machine to ensure pure axial force transfer, avoiding bending
moments, as shown in Fig. 2. All procedures adhered to ISO 15835-1:2009 and ISO 15835-2:2009 standards for consistency and
reliability.

3.2.2. Slip measurement protocol

The slip test measured the relative displacement between the rebar and coupler under cyclic loading. Specimens were aligned
carefully, with any clamping preload limited to 4 MPa and recorded. Extensometers were zeroed after gripping, using at least a
two-point averaging system, with 0.01 mm accuracy verified via a calibrated control bar. Fig. 2 shows the relevant measurement
lengths.

Slip testing involved cyclic loading with an upper stress of 300 MPa and a lower stress of 10 MPa. Normalized specimens
underwent three load cycles with a 215 mm gauge length, while non-normalized specimens underwent a single cycle with a
135 mm gauge length, as illustrated in Fig. 2. Slip was calculated per Option 2 of ISO 15835-2:2009, by comparing displacement
before loading and after unloading. If the variation between one and three cycles was below 10%, a single-cycle result was deemed
sufficient.

3.2.3. Tensile test protocol

Tensile tests assessed the strength, ductility, and failure mode of the coupler connections. Force application was based on the
rebar’s nominal cross-sectional area, with loading rates capped at 500 MPa/min to avoid dynamic effects. Elongation and failure
behavior were evaluated by analyzing displacement and stress—elongation responses. Failure modes were identified to determine
whether rupture occurred in the rebar, coupler body, or threaded section.

Together, the slip and tensile tests offer a comprehensive evaluation of normalized versus non-normalized coupler performance,
ensuring reliable insights for structural engineering applications.
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Fig. 3. (Left) The figure shows the stress—elongation curve for the five normalized specimens, along with their corresponding slip test in the
elongation range of 0 to 0.5 mm. (Right) The figure shows the stress—elongation curve for the ten non-normalized specimens, along with their
corresponding slip test in the elongation range of 0 to 0.5 mm.

3.3. Results and discussion

The reinforcement bars tested in this study were classified as grade B500B with a 20 mm diameter. The primary mechanical
properties obtained from the tensile tests, including the modulus of elasticity (E), yield strength (F,), ultimate tensile strength
(F,), and their corresponding values, are summarized in Table 1. These results provide a crucial reference for understanding the
mechanical response of spliced reinforcement bars under slip tensile conditions, where cyclic loading plays a significant role in the
slip test.

A key aspect of this study was the investigation of the mechanical implications of the threading process (Normalization), which
is essential in forming mechanical coupler connections. As illustrated in Fig. 1, the threading process consists of two main stages:

+ Cold Forging: The reinforcement bar end undergoes a cold-forging process, increasing its diameter to accommodate threading.
» Thread Normalization : A cylindrical thread is subsequently applied to the forged section. This process is protected under
patent [WO 2020/183071 A1] [18].

The mechanical influence of this threading process was analyzed, particularly in terms of the modifications introduced by the
cold-forming process. To assess these effects, cyclic loading tests were performed on the threaded reinforcement bars following
ISO 15835-2009 [2]. The results indicated the presence of residual elongation after unloading, which can be attributed to residual
stresses induced during the cold-forming stage. As shown in Fig. 3, a clear correlation exists between residual elongation and the
manufacturing method.

The slip tensile test results as shown in Fig. 3 reveal notable differences between normalized and non-normalized specimens,
particularly in the elastic region and stiffness of the load-displacement curve. In the elongation range of 0 to 1 mm, a sharper initial
response is observed in the normalized specimens, whereas non-normalized specimens exhibit a more gradual slope. This suggests
a lower stiffness in non-normalized specimens.

Using the 0.2% offset method to estimate the yielding point, it was observed that the yielding of the reinforcement bars occurs
earlier in non-normalized specimens compared to normalized ones. This phenomenon can be explained by the presence of residual
stresses in non-normalized specimens, which affect their initial elastic response.

To investigate this further, cyclic slip tests were performed in accordance with ISO 15835-2009 [2], as illustrated in Fig. (3-right
bottom), which presents the low-strain cyclic behavior of non-normalized specimens, and Fig. (3-left bottom), which depicts the
response of normalized specimens. The results indicate that non-normalized specimens exhibit residual strain accumulation in small-
elongation cyclic-controlled tests, commonly referred to as the Bauschinger effect. In contrast, this effect is absent in normalized
specimens, confirming that normalization effectively mitigates residual stress accumulation.

The 0.2% offset method and depending on the values from Table 1 also revealed that normalized specimens exhibit a higher
yielding load, indicating that the yielding of non-normalized threaded specimens occurs before that of normalized ones. Furthermore,
in terms of ultimate tensile strength, normalized specimens demonstrated higher ductility and failure load compared to their
non-normalized counterparts.
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Table 1

Mechanical properties of tested specimens, comparing normalized and non-normalized samples against ISO 6935-2, ISO 15630-1, and ISO 15835-1
requirements. The table presents slip values, yield and tensile strength, strain expressed as percentage elongation, failure modes, and fracture
distances from the coupler.

Sample Slip Yield strength Tensile strength R, /R Strain Failure mode Fracture to coupler Assessment
(mm) (MPa) (MPa) - (%) - (mm) -
Reference 1 - 519 623 1.2 13 Bar break - REF

Requirements according to ISO 6935-2

B500B >500 >1,08 >5,0
1 0.03 468 611 1.3 13.1 Bar break 192 Pass
2 0.01 475 611 1.3 12.7 Bar break 289 Pass
3 0.01 479 610 1.3 10.6 Bar break 226 Pass
4 0.03 476 612 1.3 12.7 Bar break 219 Pass

Non-normalized 5 0.03 471 613 1.3 12.7 Bar break 228 Pass
6 0.02 463 613 1.3 12.2 Bar break 294 Pass
7 0.02 453 613 1.4 12.2 Bar break 287 Pass
8 0.02 454 613 1.4 11.3 Bar break 167 Pass
9 0.02 459 614 1.3 10.9 Bar break 209 Pass
1 0.02 468 615 1.3 11.7 Bar break 282 Pass

Requirements according to ISO 15630-1

B500B <0.10 >500 >1.08 >5.0
1 0.001 506 617 1.2 12.6 Bar break 335 Pass
2 0.00 506 617 1.2 13.6 Bar break 310 Pass
Normalized 3 0.00 503 615 1.2 11.8 Bar break 235 Pass
4 0.001 504 615 1.2 12.1 Bar break 174 Pass
5 0.001 504 616 1.2 11.7 Bar break 201 Pass

Requirements according to ISO 15835-1
B500B <0.10 >540 >3.5

Fig. 4. The failure mode for the five normalized specimens that occurred in the rebar, at a region far from the coupler, indicating that the
coupler itself did not contribute to the failure mechanism.

As shown in Table 1, all specimens connected using mechanical couplers complied with ISO standards in terms of slip resistance.
Additionally, the failure of all specimens consistently occurred outside the coupler region as shown in Fig. 4, confirming that the
coupler connections did not introduce premature failure points.

So the experimental investigation confirmed that spliced reinforcement bars exhibit comparable mechanical properties to
continuous reinforcement bars when subjected to tensile and slip tests under cyclic loading conditions. The cyclic tensile tests
demonstrated that residual elongation can occur due to threading-induced residual stresses. However, post-treatment methods such
as normalization effectively mitigate these effects.

3.4. Low-cycle loading and tensile test

3.4.1. Test description and setup

To verify the mechanical performance of normalized threaded connections using the patented coupler—intended for critical
elements like columns and shear walls—low-cyclic and tensile tests were conducted. This study builds on prior work with the
PI20 coupler and focuses on assessing the effect of thread normalization on load transfer, deformation, and splice integrity under
seismic-like conditions. Tests followed ISO 15835:2018 [26], ensuring standardized evaluation.
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Fig. 5. Load cycle diagram for the low-cycle loading test. F represents force, and 6 represents displacement. F,; is the elastic limit force, and A,
is the nominal cross-sectional area of the bar in mm?. R, . is the specified yield strength. uy, denotes the residual elongation of the mechanical
splice after 20 cycles, measured over L,. The strain of the bar is given as ¢, = 2¢, and ¢, = 5¢,, both measured over L.
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Low-cycle reverse loading simulates seismic demands and assesses the splice’s ductility and fatigue resistance, while monotonic
tensile tests determine strength, elongation, and failure mode. Both tests are conducted per international standards to ensure reliable
and applicable results.

3.4.2. Preparation of the specimen

Five normalized specimens using the Sigma 8 coupler were prepared and compared against continuous rebars as a control. All
specimens conformed to ISO 15835-1 [2], ISO 15835-2 [3], and ISO 15630 [10]. Threads were machined onto 20 mm B500B rebars
and then normalized, enhancing the microstructure and mechanical properties.

Couplers were installed per manufacturer guidelines to ensure uniformity. Each specimen was labeled and stored under controlled
conditions to maintain consistency prior to testing.

3.4.3. Test procedure

Cyclic tests involved alternating tension and compression to simulate seismic effects, focusing on load transfer, deformation
behavior, and structural resilience under repeated stress. These were complemented by tensile tests to evaluate strength and failure
mode . Loading protocol is shown in Fig. 5.

3.5. Results and discussion

The reinforcement bars tested in this study were classified as grade B500B with a 20 mm diameter. The key mechanical
properties obtained from tensile tests, including the modulus of elasticity (E), yield strength (Fy), ultimate tensile strength (Fu),
and corresponding strain values, are summarized in Table 2 These results provide essential insights into the mechanical response
of spliced reinforcement bars under low cyclic conditions, where cyclic loading significantly influences low-cycle performance.

A central focus of this study was evaluating the mechanical impact of the threading process on the coupler connection, which
is crucial for forming mechanical connections. As illustrated in Fig. 1, the threading process involves two main stages:

+ Cold Forging: The bar end undergoes cold forging, increasing its diameter to accommodate threading.
» Thread Normalization: A cylindrical thread is applied to the forged section, followed by mechanical normalization through
controlled elastic loading.

This process, protected under patent [WO 2020/183071 Al] [18], is further discussed. The mechanical effects of threading were
analyzed, particularly the modifications introduced by cold forming. To assess these effects, cyclic loading tests were conducted
on threaded bars following ISO 15835-2009 [26]. The results showed no residual elongation after unloading. In the elongation
range of 0 to 1 mm, normalized specimens exhibited a sharp initial response. Yielding, estimated using the 0.2% offset method,
occurred similarly to reference specimens and those using the PI20 coupler. As shown in Fig. (6-right), normalized specimens did
not exhibit residual strain accumulation in small-elongation cyclic-controlled tests, indicating the absence of the Bauschinger effect.
Furthermore, Table 2 confirms that all mechanical coupler connections met ISO standards in terms of residual elongation after
20 cycles, 24, and 28 cycle. Failure consistently occurred outside the coupler region also as shown in the failure mode Fig. 7,
demonstrating that the connections did not introduce premature failure points.

Overall, the experimental investigation confirmed that spliced reinforcement bars exhibit mechanical properties comparable to
continuous reinforcement bars under tensile and low-cycle loading. Additionally, post-treatment methods such as normalization
effectively mitigate the effects of the threading process.
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Fig. 6. (right) The figure shows the stress-elongation curve for the five normalized specimens, (left) along with their corresponding slip test in
the elongation range of 0 to 0.5 mm.

Table 2
Mechanical properties of tested specimens, comparing normalized samples against ISO 6935-2, ISO 15630-1, and ISO 15835-1 requirements. The
table presents residual elongation values, yield and tensile strength, strain, failure modes, and fracture distances from the coupler.

Sample Slip Yield strength  Tensile strength R, /R Strain  Failure mode  Fracture to coupler  Assessment
Uy Uy Uyg MPa MPa - % - - -
mm
Reference 1 - - - 512 624 1.22 14.2 Bar break mm REF
Requirements according to ISO 6935-2
B500B >500 >1.08 >5.0
1 0.001 0.01 0.04 504 620 1.22 13 Bar break 117 Pass
2 0.00 0.01 0.04 503 618 1.22 8.1 Bar break 155 Pass
Normalized 3 0.001 0.01 0.03 503 621 1.22 11.7 Bar break 124 Pass
4 0.001 0.00 0.03 502 621 1.22 8.9 Bar break 166 Pass
5 0.00 0.00 0.03 504 620 1.22 12.4 Bar break 104 Pass
Requirements according to ISO 15835-1
B500B <0.3 >540 >3.5

4. High dynamic tensile test
4.1. Test setup

High-strain-rate tensile tests were conducted at BAM (Berlin, Germany) using a 1000 kN servo-hydraulic impact testing machine
designed for dynamic structural testing. The setup, shown in Fig. 8, included a hydraulic clamping system with a 1000 kN load cell
and a displacement transducer integrated into the piston rod for accurate force and displacement measurement.

Test data were recorded using Instron’s Labside system at a sampling rate of 5 kHz, with post-processing performed in NI DIAdem.
Force (F) and displacement (W) were tracked throughout each test, and non-proportional elongation at failure (¢,) was determined
after testing.

4.2. Preparation of the specimen

Ten specimens with a gauge length of 1250 mm were tested: five plain B500B bars (¢20 mm) and five with “Olive Shape
Couplers”. Each bar was engraved for identification and strain measurement. Couplers were installed per manufacturer guidelines.

Gauge marks for elongation tracking were made at 30 mm intervals using a spring-loaded scratching machine. Post-test
measurements were taken optically using a monocular microscope and linear encoder.

4.3. Test procedure

Specimens were installed in the hydraulic clamping system (Fig. 8), with total length (L,), coupler length (L,), and effective test
length (L,) recorded. Reinforcement length (L,) was calculated as (Table 3):

L =L,-L, (€Y

Tests were displacement-controlled using a ramp input applied to the piston rod. Stroke and velocity profiles are shown in Fig. 9.
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Fig. 7. The figure show the failure mode for the five normalized specimens that occurred in the rebar, at a region far from the coupler, indicating
that the coupler itself did not contribute to the failure mechanism.
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Fig. 10. Failure modes for CC (continuous connection) and MC (mechanical connection), showing that the rupture occurs in the rebar itself.

4.4. Results and discussion

The results are presented through stress—strain diagrams Fig. 11, failure mode images Fig. 10. These results demonstrate the
exceptional performance of the olive-shaped coupler as a mechanical splice for reinforcement bars.

The reference specimens (continuous rebar) exhibited an average maximum stress of 674.55 N/mm?, while the specimens
incorporating the olive coupler achieved an average maximum stress of 682.18 N/mm?. This corresponds to a modest but notable
2% increase in stress capacity, confirming that the coupler does not negatively impact mechanical performance.

Failure mode analysis further validated the coupler’s effectiveness. In all cases involving the olive coupler, failure occurred
in the rebar rather than at the coupler, indicating that the mechanical connection remained intact under high dynamic loading
conditions. As specified by ISO 15630 and ISO 15835:2009 [10], failure was observed within the designated measurement range
(d,), confirming a ductile response. Additionally, negligible slippage was recorded, as indicated by the stress—strain curves, which
showed no significant strain discontinuities due to differential movement between the coupler and the rebar.

The stress-strain curve analysis revealed:

» Elastic Region: From Fig. 11 both reference and coupler specimens exhibited similar stiffness, confirming that the coupler does
not alter the elastic behavior of the reinforcement bars.

+ Plastic Deformation Region: From Fig. 11 specimens with the coupler displayed slightly higher maximum stress levels without
signs of brittle failure or excessive slippage.

These findings confirm that the olive-shaped coupler preserves the mechanical integrity of reinforcement bars under high dynamic
tensile loads. The coupler ensures negligible slippage, ductile failure, and stress—strain behavior comparable to continuous rebars.
Thus, it is a reliable and practical solution for mechanical splicing in reinforced concrete structures.

5. Numerical simulation

In this section, three key points are introduced. First, the model is validated through a parametric study and comparison with the
experimental results of mohamed et al. [27]. Second, a model is developed for both normalized and non-normalized connections,
with the steel material defined based on tensile test results from air specimens. Finally, the model is validated under both monotonic
and cyclic loading tests.

5.1. Presentation of the model

5.1.1. Materials

The Concrete Damage Plasticity (CDP) model is employed to simulate the behavior of concrete under loading conditions. This
model accounts for two primary failure mechanisms: tensile cracking and compressive crushing, which accurately represent the
nonlinear response of concrete structures. The experimentally obtained mechanical properties of concrete are Compressive strength
= C30/35, Tensile strength = 3.15.

The Concrete Damage Plasticity (CDP) model in Abaqus is a constitutive model specifically designed for simulating reinforced
concrete. It combines isotropic damage in tension (to represent cracking) with isotropic plasticity in compression (to represent
crushing), thereby reproducing the nonlinear and irreversible behavior of concrete under cyclic and seismic loading. CDP has

10
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Fig. 11. Stress-strain curves for reinforcement under various conditions (CC1-CC4 and MC1-MC5), illustrating the elastic and plastic deformation
stages as well as the ultimate failure point.

become one of the most widely used models in research and practice because it provides a good compromise between accuracy
and computational efficiency. For this reason, it was selected in the present study as the most appropriate tool to capture the key
damage mechanisms of reinforced concrete.

One of the key parameters in defining the concrete behavior is the modulus of elasticity, which can be estimated using the
formulation provided in the Eurocode as follows:

The Eurocode provides an expression to estimate the mean modulus of elasticity E,,, of concrete based on its mean compressive
strength f,, :

£.\03
E,, =22 < 1‘(’)”) (in GPa) ()]

The stress—strain relationship for concrete under uniaxial compression can be described using different equations based on the strain
e, relative to a reference strain ¢,:

2
i p(2)-()]
€1 Ecl
[ I3 2 . €
00 = fun 1_<<_f>_1> i s @
€1 Ec1

The Concrete Damage Plasticity (CDP) model implemented in Abaqus is an advanced material model used to simulate the
nonlinear behavior of concrete under loading. It is a modification of the classical Drucker-Prager plasticity hypothesis, which is
primarily used for pressure-dependent materials such as soils and concretes.

The flow surface (F) in the CDP model is formulated based on the yield function proposed by Lubliner et al. (1989) [28]. This
formulation incorporates two constraint invariants, which define the failure envelope in stress space. The geometric representation
of the yield surface in the deviatoric plane is characterized using an input parameter K., which controls the shape of the function
Fig. 12 by [28]. According to Abaqus documentation, the default recommended value is:

2
K.=3 ®)

which has been found to provide reliable and accurate results for concrete structures [29].

Another key parameter in defining the CDP yield surface is the ratio £,/ f.,, which represents the relationship between the biaxial
compressive strength (f,)) and the uniaxial compressive strength (f). Experimental studies have shown that concrete exhibits a
higher strength in biaxial compression compared to uniaxial compression due to confinement effects. In this study, we adopt the
widely accepted value:

fn
c0
as recommended by Kupfer et al. (1969) [30], which has been validated through experimental investigations.

|m
o
IA
—_

3
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o

=1.16 (6)
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This approach ensures that the CDP model accurately captures the plastic deformation, damage evolution, and fracture
characteristics of concrete, making it a robust choice for finite element simulations of reinforced concrete structures.

The stress strain relation of concrete in the CDP model illustrated in Fig. 13 by [31]:

The evolution of damage in concrete under compression is directly associated with plastic deformation, which is expressed in
terms of the inelastic strain eic“. It is defined as:

. o-C
el =g, — o (7)
where: ¢, is the total strain in compression, o, is the compressive stress, E is the elastic modulus of concrete.
To characterize the compressive damage parameter d., a damage evolution law is introduced, incorporating a damage factor b,,
which controls the rate of damage evolution. The damage parameter in compression is given by:
-1
d,=1- L 8)
e’ (bi - 1) N

where: ef[ is the plastic strain in compression, b, is a material-dependent parameter controlling damage evolution.
The recommended value for b, is 0.7, as proposed by Sinha et al. (1964) [32] based on experimental studies of concrete behavior
under cyclic loading.
Similarly, the damage evolution in tension is governed by the plastic strain in tension (sf "). The tensile damage parameter d, is
given by:
-1
g=1-— % ©

pl (1 -1
& (b_, 1>+U,EC

where: o, is the tensile stress, b, is the damage evolution factor in tension.

For concrete, experimental investigations suggest that the appropriate value for b, is 0.1, as proposed by Reinhardt et al.
(1984) [33].

During the unloading phase, the stress—strain response follows a nonlinear recovery path, with unloading curves returning
approximately to the origin. However, microscopic plastic deformations remain after unloading, indicating that the concrete does
not fully recover its original state due to irreversible damage effects.

The concrete material parameters used in the model are as follows. The dilation angle was set to 36°, based on calibration. The
eccentricity value was taken as 0.1. The ratio of biaxial to uniaxial compressive strength was set to f,/f.q = 1.16. The parameter
k., was defined as 0.667. Additionally, the viscosity parameter v was calibrated to a value of 0.007985.

12
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Fig. 14. Coupler parametric study.

In the finite element model, the behavior of reinforcing steel is assumed to follow an elasto-plastic material law with nonlinear
strain hardening, as described by the Ramberg-Osgood model. This approach provides a more realistic representation of the stress—
strain behavior compared to a bilinear elastic-perfectly plastic model [34] and is widely used by many researcher to numerically
simulate steel [35,36]. The material exhibits linear elastic behavior up to the yield point, followed by plastic deformation with strain
hardening. Additionally, the steel is considered to have the same mechanical properties in both tension and compression, ensuring
a symmetric response under loading conditions.

The fundamental mechanical properties of the reinforcing steel are determined through experimental tests. The key parameters
obtained and implemented in the finite element simulation are: Young’s modulus: E; = 200 GPa, Yield strength: f, = 500 MPa,
Poisson’s ratio: v = 0.3

The Young’s modulus (E,) represents the steel’s stiffness, indicating its ability to resist deformation under applied stress. The
yield strength (f,) defines the stress level at which the material transitions from the elastic regime to plastic deformation. The
Poisson’s ratio (v), set to 0.3, reflects the material’s tendency to undergo lateral contraction when subjected to axial loading.

To accurately capture the steel’s nonlinear stress-strain response, the Ramberg-Osgood equation is applied:

(o} (o2 "
e= E+0'002<f_y> (10)
_ In(e,,/0.2)

"= Wn(E, /R,y an

where: ¢ is the total strain, ¢ is the applied stress, E; is the Young’s modulus, f), is the yield strength, n is Strain hardening exponent.

Furthermore, the interface between the concrete and the reinforcing steel is assumed to be perfect, meaning there is no slip
or separation between the two materials. This assumption simplifies the model by considering full bond interaction, which is a
reasonable approximation in cases where adequate adhesion and anchorage between steel and concrete are ensured.

This numerical approach, incorporating the Ramberg—Osgood model, ensures a more accurate simulation of reinforced concrete
behavior, capturing progressive strain hardening effects and providing realistic predictions of structural performance under various
loading conditions.

Coupler material properties: For the numerical simulation, a parametric study was conducted to evaluate whether modifying
the coupler from a purely elastic model to one with 700 MPa and 900 MPa strength would affect the results. However, the study
revealed no significant impact, as shown in Fig. 14.

For concrete, many types of elements can be used for 3D linear deformable elements. In this study, the linear 3D element 8 points
(C3D8) is used for the concrete model. The steel reinforcement modeled by the help of the beam element T3D2 and the numerical
model are simplified and have only axial forces and the composite is modeled by the linear 3D element 8 points (C3D8).

5.1.2. Interactions

The embedded method, assuming a perfect bond between reinforcement and surrounding concrete, is used to accurately simulate
the reinforcement-concrete interaction. Notably, effects typically linked to the reinforcement-concrete interface, such as bond slip
and dowel action, are indirectly accounted for by incorporating “tension stiffening” into the reinforced concrete model. This
approach approximates load transfer across cracks through the rebar (ABAQUS User’s Manual, 2014) [37].

13
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Fig. 15. Simulated boundary conditions and loading of the specimens.

In this simulation, the coupler and the reinforcing bars are connected using a tie constraint, ensuring a perfect bond between
them. This approach, also used by Bompa and Elghazouli (2018) [17] in their numerical modeling, simplifies the process by
eliminating the need to explicitly simulate the threading of the rebars, which can be complex and computationally demanding.
By using the tie constraint, the coupler and rebar behave as a single, continuous structure, accurately transferring forces without
relative movement. This method provides an efficient and reliable way to represent the mechanical connection while maintaining
the integrity of the load transfer mechanism. The primary objective of this review is to numerically investigate the behavior
of a mechanical coupler at the RC column-to-foundation connection, including both normalized and non-normalized mechanical
connections.

5.1.3. Boundary conditions, loading, and details

The boundary conditions are consistent across all specimens: the foundation is fixed, and the column top is pinned, allowing
movement only in the X direction. Restraints are applied at both ends according to the experimental setup. The geometry and
boundary conditions of the RC column—foundation connection in the finite element models are shown in Fig. 15.

Loading is applied in two steps: a constant axial compressive load on the column top, followed by monotonic or cyclic lateral
displacement at 1900 mm height.

5.1.4. Normalization impact on RC structure

This numerical study assesses the impact of post-threading normalization on RC members using mechanical couplers. Due to the
cost of full-scale testing, simulations complement tests on normalized and non-normalized columns and shear walls.

Tensile tests show lower yield strength in non-normalized bars. Accordingly, the numerical model (Fig. 16) assigns: Reduced
yield strength (460 MPa) near the coupler for non-normalized bars. Also, uniform steel properties for normalized bars, reflecting
improved material performance.

Model calibration was performed using experimental data, including mesh refinement and CDP parameter tuning. Mesh
sensitivity analysis ensured accurate simulation of coupler behavior.

Simulations under monotonic and cyclic loading confirm that lack of normalization degrades structural performance. These
results highlight the importance of normalization for ensuring the integrity of RC elements with mechanical couplers.

5.2. Sensitivity analysis and calibration

To refine the numerical model and assess parameter influence, sensitivity analyses were conducted on the dilation angle, viscosity
parameter, and mesh size.

The dilation angle controls concrete volume expansion under triaxial stress, affecting inelastic strain. In joint cores under lateral
loads, high shear stress amplifies dilation effects. A sensitivity analysis was conducted to assess its influence on the lateral load-
displacement response. As shown in Fig. 17(a), higher dilation angles increase both displacement capacity and peak load. Studies
recommend a range of 30°-40° for concrete [38-40], with 35° providing the best match to observed behavior in this study.

Viscoplastic regularization was applied in the CDP model to enhance numerical stability and ensure stress field uniqueness,
particularly in the softening regime. As shown in Fig. 17(b), the viscosity parameter has a minimal effect under uniaxial loading [41],
with noticeable influence only in the softening and partially in the hardening phase. Literature recommends using small viscosity
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Fig. 17. Sensitivity analysis of material parameters: (a) dilation angle, (b) viscosity.

values for optimal performance [41-44]. A value of 0.007985 produced results closely aligned with experimental data, accurately
capturing crack patterns and joint shear failure behavior.

Element size critically affects both accuracy and efficiency in finite element analysis (FEA). Larger elements reduce computation
time but may reduce accuracy, while overly fine meshes offer little improvement at higher cost.

Mesh sizes of 7.5 cm, 5 c¢cm, 3.5 cm, and 2.5 cm were evaluated, with concrete properties guiding selection. Steel and
composite elements matched adjacent concrete mesh sizes. A mesh sensitivity study (Fig. 18) showed minor variations in lateral
load—displacement response, consistent with known strain-softening behavior [43].

The 3.5 cm mesh was chosen as optimal, balancing accuracy and computational cost. Results showed good agreement across

mesh sizes, with the 3.5 cm mesh best capturing crack propagation scales [45]. Overall, mesh size had limited impact on global
response, confirming numerical reliability.

5.3. Results

5.3.1. Monotonic test

The finite element analysis (FEA) results for RC foundation-column connections subjected to lateral loading are presented in terms
of force-displacement curves, ultimate loads and displacements, and cracking patterns observed at key points of shear behavior in the
connection joints. A comparative analysis is conducted between the force-displacement curves obtained from numerical simulations
and experimental test results. Fig. 19 illustrates these comparisons, the FEA-generated force-displacement curves, compared with
the experimentally derived stress—strain responses under monotonic loading conditions.
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Fig. 19. Load-Displacement curve BCR-ST and OLR-ST.

The FEA results indicate that the initial response exhibits slightly higher stiffness compared to the experimental data. This
discrepancy may stem from various factors, including assumptions made regarding concrete tensile and compressive properties,
material uncertainties in experimental setups, and inherent differences between cyclic loading used in experiments and the
monotonic loading applied in the numerical analysis.

Failure modes captured in the numerical simulations are displayed in Figs. (20, 22) illustrates the complete failure patterns in
terms of crack initiation and propagation along the entire column height compared to the final failure mode in the experimental
test. The results reveal a strong correlation between the numerical and experimental crack distributions, both in terms of number
and location of cracks, as well as tensile and compressive damage patterns. The comparison of compressive damage between the
FEA model and the experimental test further validates the numerical approach.

The accuracy of the numerical model in capturing behavior is evaluated based on three key output parameters that characterize
the overall foundation-to-column joint performance: Concrete tensile and compressive damage, cracking pattern and Shear behavior
assessment through lateral load—displacement curves Overall, the FEA results closely align with experimental findings, demonstrating
the model’s reliability in capturing the structural behavior of RC foundation-column connections under lateral loading. The numerical
simulation effectively reproduces crack formation, joint shear response, and reinforcement stress distribution, reinforcing the validity
of the proposed model for structural analysis.

To further evaluate the effectiveness of mechanical couplers and the impact of thread normalization, a comparative numerical
analysis was conducted. As previously explained, the distinction between normalized and non-normalized threads was defined
based on experimental findings. The numerical tests were performed on two separate cases: one incorporating normalized threads
and the other utilizing non-normalized threads. This comparison aimed to assess the influence of thread treatment on structural
performance. The force-displacement curves comparing normalized and non-normalized specimens reveal a significant difference in
their mechanical behavior. Specifically, the non-treated (non-normalized) threads exhibited premature yielding, leading to an overall
reduction in the structural capacity of the column as shown in Fig. 21. This premature yielding occurs due to the presence of a weak
point in the reinforcement at the coupler region, which negatively affects the overall load-bearing capability of the structure. The
results strongly indicate that normalizing or treating the rebar after threading is essential to eliminate residual stresses and enhance
structural reliability.

Moreover, the crack development patterns observed in the monotonic tests further emphasize the benefits of normalization. In
the case of non-normalized specimen, cracks were predominantly concentrated around the coupler region more than the normalized
specimen as shown in Fig. 22, suggesting that untreated threads contribute to localized stress concentrations and premature failure.
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Conversely, for normalized specimens, cracks developed outside the coupler region, indicating a more uniform stress distribution
and improved mechanical performance. This finding highlights the effectiveness of normalization in ensuring the structural integrity

of reinforced concrete elements.
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5.3.2. Cyclic test
Following the monotonic loading tests, a cyclic loading test was conducted on specimens with mechanical couplers connection

to evaluate the cyclic behavior of the reinforced concrete (RC) columns. This test aimed to assess the structural response under
repeated loading conditions, which is critical for understanding the seismic performance of RC elements incorporating mechanical
couplers. Fig. 23 presents a comparison between the backbone curves derived from the numerical simulations and the experimental
results. The strong correlation observed between these curves validates the accuracy of the finite element model in capturing the
global cyclic response of the RC columns. Furthermore, the failure modes of all specimens were analyzed and compared at the
conclusion of the cyclic tests as shown in Fig. 24.

This comparative evaluation was crucial in understanding the influence of thread normalization on the overall cyclic performance
of RC columns. The results indicate that non-normalized specimens exhibited earlier degradation and failure, primarily due to stress
concentrations in the coupler region. In contrast, normalized specimens demonstrated a more uniform crack distribution and a

delayed onset of failure.

6. Conclusion

This study investigated the mechanical performance of the novel Sigma-8 (olive-shaped) coupler system for reinforcing bars
under slip, monotonic, low-cycle, and high-dynamic tensile loading conditions. Through a combination of experimental testing and
finite element modeling, several important conclusions can be drawn:

» Reliability of the Sigma-8 coupler: The olive-shaped coupler consistently preserved structural integrity, with all failures
occurring outside the splice region. This confirms that the coupler itself does not constitute a weak point, even under

demanding cyclic and dynamic loading.
+ Effect of normalization: Thread normalization significantly improved mechanical performance by mitigating residual stresses

induced during cold forging and threading. Normalized specimens exhibited:
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Table 3
Nomenclature of symbols and abbreviations used in the paper.
Symbol Definition
F Applied force (N)
L Length of the mechanical splice (mm)
L, Coupler length (mm)
L, 2d, where d is the nominal rebar diameter (mm)
L, Minimum free length for A, measurement (mm)
L, Gauge length for slip measurement (mm)

L, Total specimen length (mm)

L, Coupler length in dynamic test (mm)

L, Effective test length (mm)

L, Reinforcement length (L, — L,) (mm)

o Stress (MPa)

€ Strain; ¢, yield strain; ¢, non-proportional elongation at rupture
€., & Concrete strain in compression/tension

e‘:’, f’ Plastic strain in compression/tension

en Inelastic strain in compression

E Modulus of elasticity (GPa)

E, E, Elastic modulus of concrete/steel (steel ~200 GPa)
Sy fu Steel yield strength/ultimate tensile strength (MPa)
F,, F, Yield/ultimate force (N)

R, /R Ratio of ultimate to yield strength

Ungs Uy, Ung Residual elongation after 20, 24, 28 cycles (mm)

d Rebar diameter (mm)

d,, d, CDP damage parameter in compression/tension

v Poisson’s ratio of steel (typically 0.3)

K, CDP shape parameter (default 2/3)

fem Mean compressive strength of concrete (MPa)

fros feo Biaxial/uniaxial compressive strength of concrete (MPa)
s Displacement (mm)

u Slip displacement (mm)

A, Nominal cross-sectional area of rebar (mm?)

p Coupler rigidity factor (per Tazarv & Saiidi)

— An increase of 8%-10% in yield strength compared to non-normalized threaded specimens.

— A reduction of residual slip to values well below the ISO 15835 limit, with average slips <0.01 mm versus ~0.02-0.03 mm
for untreated bars (a reduction of 50-70%).

— A higher ultimate strength (+2%-3%) and ductility (+10%-15%) relative to untreated bars.

Seismic resilience: Low-cycle loading tests showed that non-normalized specimens accumulated residual strains and exhibited
premature yielding, consistent with the Bauschinger effect. In contrast, normalized specimens displayed stable hysteretic
response with no residual strain accumulation, highlighting their superior seismic suitability.

Dynamic performance: High-strain-rate tests confirmed that the Sigma-8 coupler maintained bar strength, with coupler
specimens showing a modest but measurable +2% increase in maximum stress capacity compared to continuous bars.
Failure consistently occurred in the bar away from the splice, indicating excellent reliability under impact or blast-like loading.
Numerical validation: Finite element simulations using the CDP model captured the experimental behavior of both nor-
malized and non-normalized splices. The model successfully reproduced stiffness degradation, cracking patterns, and global
force-displacement behavior, validating its use for predicting structural response of RC joints with mechanical couplers.
Design implications: The combined benefits of geometric innovation (olive-shaped coupler) and material post-treatment
(thread normalization) provide a holistic solution for safe and efficient rebar splicing. Together, these innovations improve
slip control, ductility, and cyclic performance, offering a robust alternative for critical RC elements such as seismic bridge
columns, shear walls, and nuclear structures.

Novelty and contribution: For the first time, this study quantifies the influence of cold-forging induced residual stresses on
splice performance and demonstrates how normalization mitigates these effects. The dual experimental-numerical validation
framework establishes a foundation for standardizing post-threading treatments in coupler manufacturing.

Cost comparison with lap splicing. For a representative nuclear case with ¢ = 40 mm and a lap length of 80¢ (3.2 m)—a
requirement often encountered in large-scale construction such as nuclear facilities and high-rise towers—the additional steel
for the lap is about 31.6 kg per bar (~ $22-$38 at typical steel prices of $0.7-$1.2/kg). With a coupler cost of $15-$20,
the coupler becomes more economical on material alone once steel prices exceed this range. This comparison excludes labor,
congestion, and schedule impacts, which typically further favor couplers in heavily reinforced seismic regions.

Future research: Further work should explore long-term durability under environmental exposure (corrosion, temperature
cycling), the performance of larger diameters and high-strength rebars, and full-scale structural testing under seismic loading
protocols. These steps will accelerate the adoption of the Sigma-8 system in large-scale infrastructure projects.
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In summary, the findings confirm that the Sigma-8 coupler combined with normalized threads ensures compliance with
international standards while delivering measurable improvements in yield strength, ductility, and slip performance. This dual
approach provides a reliable, constructible, and high-performance solution for reinforced concrete splicing, with clear benefits for
seismic and nuclear engineering applications.

7. Limitations

This study has certain experimental and modeling limitations that should be acknowledged. From an experimental standpoint,
the testing program was limited to reinforcement bars of 20 mm diameter (B500B) and a relatively small number of specimens. While
the results were consistent, larger diameters and higher-strength rebars may exhibit different responses. Furthermore, all tests were
performed under controlled laboratory conditions at ambient temperature without consideration of aggressive environments such
as corrosion, sustained loading, or thermal cycling; therefore, long-term durability and service-life effects were not evaluated.

On the modeling side, several simplifying assumptions were made. The coupler-bar interface was represented using a tie con-
straint, which enforces a perfect bond and does not allow for slip or partial debonding. This assumption, although computationally
efficient, may overestimate splice stiffness and energy dissipation. In addition, the coupler itself was modeled as a continuum
elastic body without explicitly simulating threads or the cold-forging process, thus neglecting local stress concentrations at the
thread—coupler interface. The concrete behavior was captured using the Concrete Damage Plasticity (CDP) model, which, despite its
robustness, requires parameter calibration and assumes isotropic damage; this may not fully reproduce complex crack propagation,
confinement, or scale effects. Similarly, the reinforcing steel was modeled using a Ramberg—Osgood law with symmetric behavior
in tension and compression, whereas cold forging can introduce anisotropy and Bauschinger effects that were only indirectly
considered. Finally, the boundary conditions in the numerical models were idealized, assuming fixed or pinned supports and
perfect load application. In practice, load eccentricities, construction tolerances, and imperfections could lead to different structural
responses.

Despite these limitations, the experimental and numerical results consistently highlight the benefits of normalization and validate
the reliability of the Sigma-8 coupler. The acknowledged constraints provide valuable directions for future research, particularly in
extending the investigation to larger bar sizes, environmental durability, explicit bond-slip modeling, and full-scale seismic testing.
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