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Summary

This study assesses the performance of reinforced concrete (RC) shear walls utilizing mechanical cou-
plers in comparison to traditional overlapping splices under both axial and cyclic loading conditions.
Employing larger diameter splicing methods is critical for ensuring structural integrity in large con-
structions, where safety is paramount. Overlapping splices can result in congestion and poor construc-
tion quality due to the intricate detailing required in the joints. Conversely, mechanical couplers provide
efficient installation and economic benefits. Three RC shear walls with various splicing configurations
were tested under quasi-static cyclic lateral loading. The results demonstrated that mechanical couplers
can improve ductility, energy dissipation, and stiffness. These findings suggest that mechanical cou-
plers are a better alternative to traditional rebar overlapping splicing methods, to improve the overall
performance of RC structures in large-scale construction projects as nuclear facilities.

1. Introduction

Rebar splicing in reinforced concrete (RC) structures is crucial for ensuring structural integrity, partic-
ularly in large-scale constructions like skyscrapers and industrial facilities. Commonly, the lap splice
method, which connects rebars by overlapping them, is used. However, this method presents challenges
when large rebars (greater than 16 mm in diameter) are involved. Codes such as Eurocode 2[1], UBC
97 [2], and ACI 318-19 [3] provide guidelines for lap splicing. Eurocode 2 specifies that lap splices
should not be placed in high-moment areas and must be symmetrically arranged. Where the lap length
factors are influenced by the rebar's position, concrete strength, and rebar diameter. with a lap length
calculated as:

a s
La = 10205056 q U reg = () (32)) = logmin s Where foa = 225017 fora ()

where d,,: is the bar diameter o,,: is the design stress, and f;,4: is the bond strength, and f..4: is the
concrete tensile strength.

The lap splice method has limitations, particularly in large structures where rebar congestion, concrete
honeycombing, and stress concentration are concerns. These issues impede concrete placement and can
create air bubbles, leading to poor performance under static and dynamic loads [4], [5], [6], [7]- Lap
splicing is simple to implement but often requires long rebar lengths, increasing both material and labor
costs. The additional dead load from overlapping rebars (about 20%) also negatively impacts the struc-
ture.
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Mechanical couplers offer a more efficient solution, improving ease of installation and reducing rebar
usage. Couplers transfer stress directly between rebars, bypassing concrete interaction. Threaded cou-
plers, the focus of this study, are particularly useful, as they allow the connection of rebars without
requiring lap splices. International standards, such as 1SO[8], dictate that slippage between the coupler
and rebar must not exceed 0.10 mm.

Studies have demonstrated that mechanical couplers can meet or exceed the performance of lap splic-
ing. Bompa and Elghazouli [9], [10]showed that threaded couplers improve ductility and energy dissi-
pation in cyclic and monotonic tests. Dabiri and Kheyroddin [11] also confirmed that mechanical cou-
plers perform well in terms of stiffness and elastic behavior when compared to continuous rebars. Ben-
dahou et al. [12] carried out pull-out tests and bending tests on concrete beams which used compact
mechanical couplers to connect rebar, and the results showed that the failure mode was the same as
ordinary beams

In this study, four key aspects were investigated: (i) the bond strength between rebars connected using
overlapping versus mechanical couplers, (ii) the mechanical influence of a new olive-shaped threaded
coupler from LINXION The original of BARTEC, (iii) the effect of coupler positioning within col-
umns, and (iv) the installation of double couplers spaced 320 mm apart on the same rebar. Cyclic load
tests were performed to evaluate the performance of the couplers in column-to-foundation connections.
The results indicated that mechanical couplers significantly improved the mechanical behavior com-
pared to lap splices. The failure modes, crack openings in the plastic hinge zone, and nonlinear behavior
of columns were analyzed and validated using the flexure-controlled ultimate and yielding chord rota-
tion models defined in Eurocode 8[13].

2. Experimental setup

The primary aim of this study was to assess the impact of using mechanically spliced bars in reinforced
concrete (RC) shear walls subjected to axial and cyclic loading. Three RC shear walls were constructed
and tested. The experimental specimens consisted of two main parts: the foundation and the shear wall.
The width, height, and length of the shear walls were 200 mm, 600 mm, and 2100 mm, respectively.
The foundation was deliberately over-reinforced with a meshing of @16@85 mm, adhering to Eurocode
8 seismic provisions with dimensions of 1800 mm x 1100 mm x 600 mm., to prevent foundation failure
and focus on the behavior of the connection between the shear wall and foundation. The study’s design
ensured that failure would occur within the shear wall and not the foundation. A lateral load was applied
1900 mm from the bottom of the shear wall using a setup fixed on both sides of the wall, as shown in
Figure 1(left). The lateral load was determined based on the control displacement protocol, as shown
in Figure 2(right).

The loading history followed was the same as in [14], [15] , [16], where sinusoidal displacement-con-
trolled loading was applied at 200 mm/min until the post-peak strength dropped to 85% or significant
damage occurred. For the axial load, a self-compression technique was employed, with a hydraulic jack
fixed on top of the shear wall, secured by a steel beam and 32-mm rebars connected to the foundation.
A steel plate was installed at the top to ensure even distribution of the applied axial force across the
shear wall. The axial load applied was n = 0.1 x f'c x A,. The experimental setup was designed with
a safety factor of three. The experimental details are depicted in Figure 1(left). The setup was connected
to a displacement control machine capable of pushing and pulling, anchored to the diaphragm wall to
ensure stability.

The shear walls were reinforced with ten 16-mm diameter rebars for longitudinal reinforcement and
10-mm diameter rebars as stirrups for transverse reinforcement. The concrete and rebar properties re-
mained the same in all configurations. To evaluate concrete strength, 18 cylindrical specimens (@16 x
32 cm) were tested for compressive strength, and 6 specimens were subjected to tensile tests for splitting
tensile strength. These samples were tested on the day of the experiment, ensuring 28 days had passed
since casting. The average compressive strength and splitting tensile strength were 37 MPa and 3.2
MPa, respectively.
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The B500B ribbed threaded steel rebars were threaded using a Linxion (Bartec) machine, with rede-
signed olive-shaped couplers that are thinner than typical cylindrical ones, as shown in Figure 2(left).
Two splicing techniques were used: overlapping splicing and mechanical coupler batching. For the
overlapping reference (OLR) specimens, two mechanical couplers were spaced 320 mm apart. The
coupler connections were placed at varying heights (CSL) couplers at the same level and (CDL) cou-
plers at different level, as illustrated in Figure 1(right). To ensure effective lateral load transfer to the
top of the shear wall, a high-resistance steel plate was designed and fixed at 1900 mm from the base of
the wall. This steel plate was connected to the lateral load machine and treated as a pin connection to
restrain both vertical and horizontal degrees of freedom. The connection between the load cell and
frame was designed as a roller, allowing movement under lateral loads.
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Figure 1. (Left) Schematic representation of: (a) foundation, (b) shear-wall experimental
setup, and (c) connection method. (Right) Reinforced concrete (RC) detailing for the three
specimens, showing both top and side views. The red-highlighted sections indicate the
olive-shaped coupler, while the arrow labeled "800 mm" represents the overlap length ex-
tending from the foundation.

As shown in Figure 1(left), three linear variable differential transformer (LVDT) sensors were installed
at critical points: one at the top of the shear wall, at 1900 mm from the base, and two on the foundation
to measure its horizontal and vertical movements. These sensors ensured accurate data collection
through corrections in the experimental results. Three key parameters from [17] were incorporated to
promote flexural failure and optimize the design:2 <A = Hy/D < 6,1% < p, < 3%, andn < 0.2,
where A is the shear aspect ratio, p,, is the volume of transverse reinforcement, H, is the effective height
of the shear wall, D is the column depth, and n is the axial load ratio. These parameters were crucial for
ensuring flexural failure in the RC shear walls, facilitating a clear and accurate analysis of the experi-
mental results.
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Figure 2 : (Left) Geometry of the olive-shaped coupler and splicing technique used for
integrating shear walls with foundations. (Right) Loading protocol following ASTM
E2126.
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3. Hysteries Curve and Eurocode Verification of Chord Rotation
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Figure 3: Force—displacement hysteresis curves for the three specimens.

The Figure 3 below illustrates the hysteresis curves, with the envelope curves extracted by taking the
maximum values at each loading cycle. These envelope curves are critical for deriving the chord rota-
tion, which measures the displacement capacity of structural elements, and for calculating the ductility,
reflecting the structural behavior under seismic loads. While the global behavior of the different speci-
mens appears generally similar, a detailed evaluation of stiffness, energy dissipation, and ductility is
necessary to demonstrate their distinct performance under cyclic loading conditions. These assessments
provide a deeper understanding of their seismic performance. The following section transitions into
Eurocode 8 (EN 1998-3)[13] validation, where chord rotation parameters, including yielding and ulti-
mate curvatures, are assessed. These parameters are crucial for evaluating the seismic performance of
the shear-wall, ensuring that the experimental results align with Eurocode standards. To provide a con-
cise overview of the key findings, the table below summarizes the main points for each specimen,
including the yielding point, ultimate load, peak load, drift ratio, and theoretical ultimate values. A
comparison between theoretical and experimental results is also presented.

Key Yielding point Peak point Ultimate point Drift Ratio
points
Speci- Ay Vy Ap Vp a4y Vu Gy(exp) ey(ﬂw) Gu(exp) eu(the)
men  (mm) (kN) (mm) (kN) (mm) (kN) /vel
OLR 313 16192 4222 182.8 76 155 1.64 1.75 4 3.8
CSL 30.6 159.5 47.9 182 85 154 1.61 1.75 4.4 4.2
CbL  27.77 160.5 485  183.75 90 156 149 1.75 47 4.2

Table 1 : Key points extracted from the hysteresis curves, including the yielding point
(onset of yielding), peak point (maximum lateral load capacity), and ultimate point (15%
reduction from peak load). Both theoretical and experimental values for elastic and ulti-
mate deformations (drift) are provided for comparison, based on the formulas proposed by
Biskinis and Fardis. [18] .

The seismic design principles outlined in Eurocode 8 (EN 1998-3) [13] emphasize displacement capac-

ity as a key measure of structural performance during seismic events. This capacity is expressed through

chord rotation, calculated using the yielding curvature (¢,) and ultimate curvature (¢,,). For elastic

chord rotation (6,), For shear walls with continuous longitudinal bars in the plastic hinge region, the

ultimate chord rotation (6,,), and for columns with lap-spliced bars, the ultimate chord rotation is de-
fined by equation 7-8-9 respectivly:
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Both theoretical and experimental values of fu align well, validating the accuracy of the test results.
When applying a safety factor (y.; = 1.5), the recalculated displacement leads to a force reduction to
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85%-80% of the maximum force . This Eurocode validation confirms the reliability of the experimental
test in simulating real-world seismic behavior compared to the experimentale tests already done.

4. Crack Opening observation by digital image corelation

We can observe several key findings from the failure mode of the shear wall in Figure 4(left). First, the
crack accumulation is notably less in the OLR (overlapping rebar) specimens compared to those with
couplers (CSL and CDL). Specifically, in the region between 0 to 500 mm, which is considered the
plastic hinge zone of the columns, the number of cracks in the OLR specimens is lower. The total top
displacement is influenced by two primary factors: crack development along the column height and the
edge uplifting of the column as shown in Figure 4(right)(a). Using Digital Image Correlation (DIC), we
were able to quantify the crack distribution within the plastic hinge zone, we observed that the CSL and
CDL specimens exhibit similar behavior, while the OLR specimens show fewer cracks Figure
4(right)(c). Additionally, by identifying the edge uplifting of the column Figure 4(right)(b), we found
that the OLR specimens experience a more significant and sharper increase in uplifting, indicating that
stress concentration is accumulating near the base of the column where the overlapping begins. In con-
clusion, our observations suggest that the use of couplers, compared to overlapping rebars (OLR), re-
sults in a more uniform stress distribution, which leads to less catastrophic failures. This is reflected in
the reduced edge uplifting and more controlled failure mode in the specimens with couplers.
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Figure 4: (Left) Shear wall failure mode. (Right) (a) Total displacement demonstration, (b)
Edge uplifting of the shear wall, and (c) Sum of crack openings in the plastic hinge zone of
the shear wall.

5. Discussion
a) Ductility of Shear Walls

Ductility is calculated using the equation:
A, 5
“7h,

Where Au represents the displacement at a 15% decrease in F,,,,, indicating significant load reduction
post-peak [19], and A,, is determined using the secant stiffness method. This method accounts for stiff-
ness reduction due to cracking, with the yield displacement determined by intersecting the hysteresis
curve at 0.75V,qx Figure 5(left). Key points from the hysteresis curves, including the yielding, ulti-
mate, and peak points, are summarized in Table 1. Figure 5(right) shows ductility values, with compar-
isons to a reference shear wall OLR. The specimen with overlap splices (OLR) exhibits the lowest
ductility. Among shear walls with parallel-threaded couplers, CSL shows a 14% increase in ductility
compared to the reference, while CDL has the highest improvement at 33%. This demonstrates that the
placement of threaded couplers significantly influences shear wall ductility. Specifically, placing all
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threaded couplers at the bottom of the shear wall results in a slight ductility enhancement compared to
OLR, while positioning half of the couplers 1000 mm above the bottom increases ductility by 33%. So
OLR has the lowest Au . All specimens with mechanical coupler connection show increased ultimate
displacement, with configurations placing half the couplers at the bottom yielding the highest Au as

shown in Table 1 : Key points extracted from the hysteresis curves, including the yield-
ing point (onset of yielding), peak point (maximum lateral load capacity), and ulti-
mate point (15% reduction from peak load). Both theoretical and experimental val-
ues for elastic and ultimate deformations (drift) are provided for comparison, based
on the formulas proposed by Biskinis and Fardis. [18] ..
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Figure 5: (Left) Method used to determine key displacement values: Ay (yielding displace-
ment), Au (ultimate displacement), 4, g5, (displacement at 15% peak load reduction),
Ay 75p (displacement at 25% peak load), and Ap (peak displacement). (Right) Force-drift
ratio envelope curves for the specimens.

b) The dissipated energy (DE)

ED is measured by the area enclosed within the hysteresis loop for each load cycle Figure 6 [19], [20],
and cumulative dissipated energy (CDE) is calculated by summing the DE from previous cycles. Ini-
tially, up to a 1.5% drift ratio, all shear-walls performed similarly with low CDE values, indicating
minimal impact of different bar splices on cyclic behavior under low loads. From 1.5% to 3.5% drift,
CDE increased significantly in all specimens, with the CDL specimen the highest CDE beyond a 3.5%
drift ratio. Conversely, OLR exhibited the lowest CDE, while CSL showed slightly higher CDE com-
pared to the OLR.
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Figure 6: (Left) Method used to determine ED (energy dissipated). (Right) Cumulative dis-
sipated energy of the specimens.

c) Secant Stiffness

As shown in Figure 7(left), the stiffness under cyclic loading is calculated using the equation:
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where F;*and F;~are the maximum loads in the forward and reverse directions of the j* loading level,
respectively, and dfand & j are the maximum displacements in the forward and reverse directions of
the j** loading level, respectively. The stiffness degradation coefficient is defined as the ratio of the
secant stiffness to the initial stiffness, as illustrated in Figure 7(left) [21]. Initially, as shown in Figure
7(right) CSL and CDL showed enhanced stiffness to OLR, OLR had a considered reduction. Before a
1.5% drift ratio, overlapping splices exhibited greater stiffness degradation, but all specimens demon-
strated consistent behavior after the 1.5% drift. This analysis highlights the differential impacts of the
splice type and configuration on the stiffness degradation behaviour of RC shearwall under cyclic load-
ing.
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Figure 7 : (Left) Method used to determine Ks (Secant Stiffness) (’)T(positive drift dis-
placement), Vf’(positive shear load), &; (negative drift displacement), and V;~(negative
shear load). (Right) Stiffness curves for all specimens.

6. Summary and Conclusions

This study focused on the performance of reinforced concrete (RC) shear walls with mechanical cou-
plers compared to traditional overlapping splices under axial and cyclic loading. In large-scale RC con-
structions, splicing is crucial for maintaining structural integrity, especially when using large-diameter
rebars. While overlapping splices are widely used, they can create issues such as rebar congestion,
reduced construction quality, and complications in achieving proper concrete pouring, particularly in
critical joint regions. Mechanical couplers, in contrast, offer advantages in terms of easier installation,
economic efficiency, and improved structural performance.

Three RC shear walls with different splicing configurations were subjected to quasi-static cyclic lateral
loading to assess key parameters such as ductility, stiffness, and energy dissipation. The experimental
tests provided detailed insight into the behavior of shear walls with mechanical couplers under loading,
revealing that these couplers significantly enhance structural performance.

1. Ductility and Energy Dissipation: Shear walls incorporating mechanical couplers demon-
strated higher ductility and energy dissipation compared to those with traditional overlapping
splices. These couplers improved the overall seismic resilience of the structures, especially
at higher drift ratios.

2. Stiffness: The stiffness degradation of shear walls with mechanical couplers was better the
overlapping rebars, maintaining stability throughout the cyclic loading. Walls with overlap-
ping splices showed greater stiffness reduction, particularly beyond the 2% drift ratio.

3. Eurocode Verification: The use of mechanical couplers complies with Eurocode standards,
confirming their ability to meet seismic design requirements, including displacement capacity
and ultimate deflection.
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In conclusion, mechanical couplers in RC shear walls significantly enhance ductility, stiffness reten-
tion, and energy dissipation, making them a superior alternative to traditional overlapping splices.
These findings support the use of mechanical couplers for improved structural performance and com-
pliance with Eurocode seismic design standards.
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