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Abstract

In conventional seismic design, reinforced concrete (RC) frames are typically detailed to form plastic hinges that dissipate seismic 

energy through inelastic deformation, but this strategy also leads to significant local damage under severe loading. Recent research 

has focused on low-damage strategies that shift inelastic demand from primary RC members to dissipative components. In this study, 

a frictional and elastomeric seismic device, originally developed for steel structures, was numerically integrated into an RC beam. 

Initially, the 3D nonlinear finite element modeling approach was calibrated against the load-deflection response of an experimentally 

tested RC beam from the literature. Subsequently, the calibrated modeling approach was used to evaluate the cyclic response of 

device-integrated RC beams. A parametric study was performed to investigate the influence of the friction coefficient, bolt pretension, 

and embedment configuration of longitudinal steel plates. Numerical results indicate that the device can substantially increase 

the cumulative energy dissipation capacity of the RC beam. When a single, short embedded longitudinal plate is used to transfer 

high resisting moments, severe strain localization is observed, leading to premature damage in the surrounding concrete. Using 

multiple embedded longitudinal plates distributes plastic deformations across a larger concrete volume, preventing the formation of 

a single dominant strain localization band and allowing the friction mechanism to maintain stable hysteretic behavior at larger drift 

levels. Although these findings are based on numerical analyses and require experimental verification, they support the concept as 

a promising solution for low-damage RC applications, provided that embedment detailing is carefully designed.
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1 Introduction
Reinforced concrete (RC) structures subjected to seis-
mic loading are susceptible to significant damage in 
their main load-carrying members. In conventional seis-
mic design of RC frames, plastic hinges are intentionally 
formed at the beam-end regions, allowing earthquake-in-
duced energy to be dissipated through inelastic deforma-
tion of both concrete and reinforcement [1]. While this 
approach ensures global ductility, it also leads to consid-
erable local damage, residual deformations, and degrada-
tion of structural components. As a result, the reparability 
of RC structures following seismic events is limited, and 
immediate re-occupancy is generally not possible without 
substantial repairs [2].

To overcome these limitations, recent developments in 
performance-based seismic design have focused on dam-
age control strategies that transfer inelastic demand from 
primary structural members to dedicated, replaceable, and 
repairable components. In this context, fuse-type energy 
dissipation systems have been proposed to localize dam-
age within sacrificial elements, thereby maintaining the 
integrity of the main structure. In the field of RC, several 
studies have investigated low-damage connection con-
cepts based on this approach. For example, Soydan et al. [3] 
introduced fuse-type mechanical couplers for precast RC 
beam-column joints, demonstrating that seismic energy 
can be dissipated through controlled plastic deformation 
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of the couplers instead of plastic hinge formation in the 
beams. Their nonlinear numerical analyses verified sta-
ble hysteretic behavior and increased energy dissipation 
capacity at large drift levels. Colajanni et al.  [4] studied 
friction-based hybrid joints for RC frames and found that 
frictional interfaces at the joint region effectively dissi-
pate seismic energy while reducing damage in concrete 
members. Both experimental and numerical investigations 
confirmed the stability and reparability of these systems. 
Qu et al. [5] examined precast prestressed RC joints with 
controlled yielding steel elements and observed reduced 
residual deformations and more balanced cyclic responses 
under repeated loading. A further study by Sonda and 
Pollini [6] also showed that concentrating damage in 
replaceable components may improve seismic perfor-
mance and reduce irreversible damage in RC members.

Compared to the limited number of studies focused on 
RC structures, fuse-type energy dissipation systems have 
been extensively developed and validated for steel struc-
tures, where they are widely used as an effective seismic 
protection strategy. Early investigations into structural 
fuses established that concentrating inelastic deformation 
within sacrificial steel elements can enhance ductility and 
energy dissipation, while protecting beams and columns 
from severe damage [7, 8]. Yielding steel fuses with opti-
mized geometries, including slit plates, butterfly-shaped 
elements, and hourglass-shaped links, have demonstrated 
stable hysteretic behavior, high energy absorption, and con-
trolled post-yield stiffness [9–12]. Numerous experimental 
and numerical studies have confirmed that geometric opti-
mization is essential for preventing premature buckling and 
improving the cyclic performance of steel fuses [13–16].

Friction-based fuse systems have also been widely 
implemented in steel structures as alternative or supple-
mentary energy dissipation mechanisms. In these devices, 
seismic energy is dissipated through controlled sliding, 
which is governed by the friction coefficient and clamping 
force, resulting in stable hysteresis with limited strength 
degradation [17–20]. Experimental studies on both sym-
metric and asymmetric friction dampers, including 
those utilizing brake pads and sprayed aluminum inter-
faces, have demonstrated reliable cyclic performance and 
straightforward post-earthquake replacement [21–24]. 
Parametric studies have indicated that the friction coef-
ficient and the level of bolt pretension have a significant 
effect on slip initiation, energy dissipation capacity, and 
overall system stability [25, 26].

In recent years, hybrid fuse systems that combine yield-
ing, frictional, and elastic or self-centering mechanisms 

have been developed to achieve multi-stage energy dis-
sipation and improved control of residual drifts in steel 
frames. Investigations of hybrid and replaceable fuse links 
integrated into beam-column connections have demon-
strated increased seismic resilience, reduced residual 
deformations, and rapid post-earthquake repair capabil-
ity  [27–30]. These systems represent an advancement of 
the fuse concept, with the objective of balancing energy 
dissipation, stiffness control, and reparability through spe-
cifically designed mechanical interactions.

Although extensive research has been conducted on 
energy dissipation mechanisms in steel structures and 
there is increasing interest in low-damage RC connections, 
the direct integration of such dissipative devices within 
RC members remains insufficiently studied. Most appli-
cations in RC structures have focused on external devices 
or connection-level solutions, leaving the internal inter-
action between an integrated device and the surrounding 
concrete and reinforcement largely unexplored. In partic-
ular, devices combining friction-based dissipation with 
elastomeric components have received limited attention in 
this context, and the influence of embedment detailing on 
local damage distribution within the RC member remains 
an open research question.

The objective of the present study is to investigate the 
adaptation and integration of an existing frictional and elas-
tomeric device, which was originally developed for steel 
moment-resisting frames by Yılmaz [31], into an RC beam. 
The device-integrated RC beam is intended to dissipate 
seismic energy within the device itself, thereby reducing 
the deformation demand imposed on the surrounding RC 
beam. The effectiveness of this integration was assessed 
solely through nonlinear finite element analyses using 
Ansys Mechanical 2024 R2 [32]. This study is therefore 
presented as a numerical feasibility assessment rather than 
a finalized or experimentally validated design methodol-
ogy. The numerical modeling approach was first validated 
by reproducing the response of an experimentally tested RC 
beam from the literature. Subsequently, the cyclic responses 
of a bare RC beam and device-integrated RC beams were 
compared with respect to hysteretic behavior, energy dissi-
pation capacity, plastic strain distribution, and force transfer 
among the internal components of the device.

2 Overview of the frictional and elastomeric seismic 
device
The frictional and elastomeric seismic device examined in 
this study was initially developed by Yılmaz [31] for applica-
tion in steel structures. A patent for this device was registered 
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with Yılmaz and Bekiroğlu as inventors [33]. The device has 
been further improved and its configuration refined in subse-
quent research studies [34, 35]. The geometric configuration 
and main components of the device are illustrated in Fig. 1. 
The basic assembly consists of two outer plates, a central 
inner plate, friction members, elastomeric elements, a mas-
ter pin, additional bolts, and stiffness members. An exploded 
view is provided in Fig. 1 (b) to clarify the internal mecha-
nism and the arrangement of the dissipative core.

The interface comprising the friction members and elas-
tomers, which is formed between each outer plate and inner 
plate, or between two adjacent inner plates when multiple 
inner plates are used, is referred to as a layer. In the con-
figuration presented in Fig. 1, a single inner plate is placed 
between two outer plates, producing two layers (one on each 
side of the inner plate). The modular design of the device 
permits the addition of further inner plates to increase the 
number of layers as needed to achieve the required capacity.

The device is designed to allow rotation about the cen-
tral master pin. Energy dissipation is primarily achieved 
through the friction members, which provide frictional 
resistance against the inner plate. The magnitude of this 
resistance is determined by the clamping force generated 
by pretensioning the master pin and the additional bolts. 
Although the friction members can be configured in var-
ious ways, optimization studies have indicated that arc-
shaped friction members provide more stable cyclic per-
formance than alternative geometries [31].

The mechanism of force transfer and moment genera-
tion within the device is illustrated in Fig. 1 (c). The total 
resisting moment of the device is derived from the com-
bined contribution of the frictional resistance and the 
elastic moment contribution provided by the elastomers. 
The  frictional moment (MF ) generated by the friction 
members is calculated as follows:

M T xF F F� � , 	 (1)

where μ is the friction coefficient of the sliding interface, 
TF represents the total pretension force applied to the bolts, 
and xF is the effective distance from the center of rotation 
to the friction members.

The elastomeric components contribute to the moment 
capacity through their shear deformation. As the device 
rotates by an angle θ, each elastomer undergoes a tangen-
tial displacement ( yE,j ), corresponding to the shear defor-
mation across the elastomer thickness. The total moment 
contributed by the elastomers (ME ) is the sum of the contri-
butions from the individual elastomers (   j), as expressed:
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In Eq. (2), m is the number of elastomers in a single 
layer, kE is the shear stiffness of the elastomer, xE,j is the 
radial distance of the j-th elastomer from the center of the 
device, and ME,j is the moment contribution of the indi-
vidual elastomer. The term yE,j represents the tangential 
displacement of the elastomer, which is linearly related to 
the rotation angle.

Fig. 1 The frictional and elastomeric seismic device: (a) General 3D 
view; (b) Exploded 3D view showing internal components; (c) Force 

distribution and mechanics of moment transfer
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Finally, the total moment capacity (Mdev ) of the device, 
accounting for the number of layers (n), is obtained by 
summing the frictional and elastomeric components:
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3 Validation of the finite element model
All nonlinear finite element analyses in this study were car-
ried out using Ansys Mechanical 2024 R2 software  [32]. 
To verify the accuracy and reliability of the finite element 
model of the RC beam, the experimental study conducted 
by Arduini et al. [36] was used as the reference benchmark. 
The RC beam designated as "Beam A1", which served as 
the unstrengthened control specimen in that experimental 
program, was selected for the validation analysis.

The cross-sectional details, loading and boundary condi-
tions of Beam A1 are presented in Fig. 2. The beam features 
a cross-section of 200 × 200 mm and is reinforced with two 
longitudinal bars of 14 mm diameter (ϕ14) in both the ten-
sion and compression zones. Shear reinforcement consists of 
6 mm diameter stirrups spaced at 150 mm centers (ϕ6/150).

The finite element mesh was generated to capture the 
interaction between concrete and reinforcement, as well 
as the stress distribution within the beam. The concrete 
volume was discretized using SOLID185 elements, which 
are 3D 8-node solid elements. For the longitudinal rein-
forcement and stirrups, REINF264 discrete reinforcing 
elements were utilized. These elements are embedded 
directly within the SOLID185 base elements, allowing for 
the simulation of reinforcement behavior without the need 
for shared nodes, assuming a perfect bond between the 
steel and concrete. Based on a mesh convergence study 
conducted to ensure solution accuracy, a global element 
size of approximately 25 mm was adopted. The mesh 

configuration and the element types employed in the 
developed model are illustrated in Fig. 3.

The Menetrey-Willam failure criterion, available in the 
Ansys library, was utilized to simulate the nonlinear behavior 
of the concrete. The compressive strength � �� �fc 33 MPa  
tensile strength (   ft  =  2.6 MPa), and Poisson's ratio (0.2) 
reported in the experimental study [36] were adopted 
directly. The remaining parameters required by the consti-
tutive model, namely the biaxial compressive strength (   fcb ), 
the dilatancy angle, and the post-peak softening parameters, 
were not specified in Arduini et al. [36] and were therefore 
determined through the calibration procedure. Exponential 
softening was adopted for both the compressive and tensile 
post-peak responses. The constitutive model for concrete 
and the calibrated parameter values are summarized in Fig. 4 
and Table 1. For the steel reinforcement, a bilinear isotropic 
hardening model was adopted to represent plastic behavior. 
The mechanical properties were also adopted from Arduini 
et  al.  [36] as follows: elastic modulus (Es ) of 200 GPa, 
Poisson's ratio of 0.3, yield strength (Fy ) of 540 MPa, ulti-
mate strength (Fu ) of 700 MPa, and an ultimate strain of 0.1.

Although the elastic modulus of concrete (Ec ) was reported 
as 25 GPa in the experimental study, this value was adjusted 
during model calibration to 20 GPa. This adjustment accounts 
for the heterogeneous nature of concrete, micro-crack forma-
tion during testing, and deviations in the initial stiffness of the 
specimen. In addition, the parameters not specified in Arduini 
et al. [36] were calibrated against the experimental load-de-
flection curve. This calibration yielded a biaxial compressive 
strength of  fcb = 36.3 MPa (corresponding to 1.1  ′fc ), a dila-
tancy angle of 12°, and the post-peak softening parameters 
listed in Table 1. The post-peak softening parameters were 
selected within the typical ranges reported for the Menetrey-
Willam model and refined to ensure that the load-deflection 
response captured both the post-yield plateau and the overall 
load-carrying capacity observed experimentally.

The load vs. mid-span deflection curve obtained from the 
finite element analysis of Beam A1 is presented in Fig. 5, 

Fig. 2 The cross-sectional details, loading and boundary conditions of 
Beam A1

Fig. 3 Finite element mesh of the beam and details of the element types 
(SOLID185 for concrete and REINF264 for reinforcement)
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in comparison with the experimental results reported by 
Arduini et al. [36]. As shown in Fig. 5, the numerical model 
exhibits a high degree of agreement with experimental 
data. The calibration of the elastic modulus ensured that 
the initial stiffness of the model matched the actual beam 
behavior. Furthermore, the model successfully predicted 

the nonlinear response following the onset of cracking and 
the yielding of the reinforcement. The ultimate load-carry-
ing capacity was predicted to within close agreement of the 
experimental value (≈ 72 kN), demonstrating that the cal-
ibrated model satisfactorily reproduces the experimental 
response. The calibration of multiple constitutive param-
eters against a single load-deflection curve represents 
a  consistency check rather than independent validation. 
The  agreement obtained provides sufficient confidence 
in the modeling approach for the comparative parametric 
analyses presented in Sections 4 and 5.

4 Application of the device at the RC beam end
4.1 Structural idealization and geometric information
The structural idealization was established based on the 
characteristic response of a moment-resisting frame under 
lateral seismic loading. As shown in Fig. 6, the theoret-
ical bending moment diagram for such frames exhibits 
a zero crossing near the mid-span of the beam and attains 
maximum values at the beam-to-column connections. 
Therefore, the structural model was idealized as a cantile-
ver beam with a length corresponding to half of the clear 
span of the actual beam (Lspan/2).

In this modeling approach, the fixed support was 
assigned at the location representing the beam-to-col-
umn interface. The free end corresponds to the mid-span 
inflection point, where the transverse load (Pload ) repre-
senting the seismic shear demand is applied. It should be 
noted that the assumption of a fully fixed support does 
not account for the rotational flexibility of the column or 
the shear distortion of the joint panel zone, both of which 
would contribute to the total inter-story drift in a  real 
frame. Consequently, for a given beam-end rotation, the 
global drift in an actual structure would be somewhat 
larger than the values calculated here. This idealization 
is justified because the present study targets the hysteretic 
response, energy dissipation, and damage distribution of 

Fig. 4 The constitutive model for concrete: (a) Uniaxial compression; 
(b) Uniaxial tension

Table 1 Calibrated Menetrey–Willam material parameters for concrete

Parameter Value

Plastic strain at uniaxial compressive strength (κcm ) 0.002

Plastic strain at transition from power law to exponential 
softening (κcu )

0.0025

Relative stress at start of nonlinear hardening (Ωci ) 0.4

Residual relative stress at transition from power law to 
exponential softening (Ωcu )

0.8

Residual compressive relative stress (Ωcr ) 0.2

Mode 1 area specific fracture energy (Gft, N/m) 140

Residual tensile relative stress (Ωtr ) 0.1

Fig. 5 Comparison of load vs. mid-span deflection curves
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the device-integrated RC beam in isolation, rather than the 
global drift response of the surrounding frame.

The geometric properties, reinforcement configura-
tion, and finite element mesh of the reference RC beam 
are illustrated in Fig. 7. The beam section is rectangular, 
with dimensions of 250 × 500 mm and a total length of 
4000 mm. To satisfy flexural requirements, the cross-sec-
tion is symmetrically reinforced with six longitudinal 

bars of 20 mm diameter (6ϕ20) placed in both the tension 
and compression zones. Shear reinforcement consists of 
6 mm-diameter stirrups spaced at 150 mm (ϕ6/150).

The finite element model was developed using the 
same meshing strategy and element types (SOLID185 
for concrete and REINF264 for reinforcement) as val-
idated in Section 3. Rigid steel plates with dimensions 
of 600  ×  600  ×  30  mm were attached at both the fixed 
end and the loading tip of the beam to apply boundary 
conditions and displacement loading without inducing 
localized stress concentrations. This modeling approach 
prevents premature local failure of the concrete at the 
load  application points and improves convergence in 
the nonlinear analysis.

4.2 Integration of the device
Fig. 8 shows the finite element mesh of the device-inte-
grated RC model. To preserve the overall model span of 

Fig. 6 Idealization of the half-span beam model from the moment 
distribution of a frame under lateral loading

Fig. 7 Geometric details, reinforcement layout, and finite element mesh of the reference RC beam

Fig. 8 Component details and finite element mesh of the device-integrated RC beam
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4000 mm, the length of the RC segment was decreased by 
390 mm, which matches the horizontal length of the device.

In this application, the device consists of six layers, assem-
bled from two outer plates and five inner plates. For clar-
ity in describing boundary conditions and force transfer, the 
inner plates are classified by their position: the two plates on 
the support side are defined as 1st inner plates, and the three 
plates on the RC beam side are defined as 2nd inner plates.

The 1st inner plates are welded to the 1st end-plate. In a real 
structure, this end-plate would be anchored to the column 
face; in the present model, however, the back surface of the 
1st end-plate is treated as a fixed boundary, consistent with 
the cantilever idealization established in Section 4.1. The 2nd 
inner plates are welded to the 2nd end-plate, which interfaces 
with the RC member. A longitudinal plate is welded to the 2nd 
end-plate and embedded into the RC beam to transfer forces 
from the device to the surrounding concrete.

All steel components of the device were discretized 
using SOLID185 three-dimensional solid elements, con-
sistent with the approach used for the concrete volume. 
For the pretensioned bolts, an M30 bolt was selected as 
the central master pin, with a clearance hole diameter of 
33 mm. The additional bolts were specified as M20, each 
requiring a hole diameter of 22 mm. The thickness of both 
the friction members and the elastomeric pads was speci-
fied as 10 mm per layer.

The geometric specifications of the device components 
are detailed in Fig. 9, including the locations and radial 
distances of the friction members and elastomeric pads 
with respect to the device center, as well as the hole con-
figurations for both the outer plate and the 1st inner plate. 
A semi-transparent view of the RC beam is provided to illus-
trate the embedment of the longitudinal plate. It should be 
noted that the stirrups were omitted along the embedment 
length (Llong ) of the longitudinal plate, since the plate occu-
pies the entire section depth and does not allow for a contin-
uous vertical path for stirrup placement. In this region, shear 
forces are primarily transferred through the embedded plate.

4.3 Contact definitions and interface modeling
The friction members were modeled as bonded (welded) 
to the outer plates and the 1st inner plates to ensure proper 
alignment with these plates and uniform contact pres-
sure across the interfaces. In contrast, between the fric-
tion members and the 2nd inner plates, a frictional contact 
behavior was assigned to accurately represent the sliding 
mechanism responsible for energy dissipation. The  spe-
cific contact pairs involving frictional interaction are sum-
marized in Table 2.

For the interaction between the 2nd end-plate and the 
concrete face of the RC beam, a frictionless contact model 
was adopted. This modeling approach ensures that the 
shear forces are primarily transferred through the embed-
ded longitudinal plate rather than through surface friction 
at the 2nd end-plate and the concrete interface, while com-
pressive force transfer is still permitted. All other steel-to-
steel interfaces that are physically welded, such as those 
between inner plates and end-plates, were simulated using 
bonded contact definitions.

In the finite element models, a bonded contact was 
defined between the embedded longitudinal steel plates and 
the surrounding concrete. This modeling approach does not 

Fig. 9 Detailed dimensions of the dissipative components on the outer 
plate, hole configurations on the 1st inner plate, and the embedment of 

the longitudinal plate

Table 2 Contact pairs involving frictional interaction

Interaction group Contact Surface 1 Contact Surface 2

Energy dissipation 
interface Friction member 2nd inner plate

Plate-to-stiffness 
member interface Outer plate Stiffness member

Bolt shank-to-hole Master pin shank / 
additional bolt shank

Holes of outer plate / 
1st and 2nd inner 
plates / stiffness 
member / washer

Bolt head-to-
washer

Bottom surfaces of 
master pin head / 

additional bolt head
Top surface of washer

Washer-to-plate Bottom surface of 
washer Stiffness member
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allow for slip or separation at the steel-concrete interface. 
While this assumption facilitates computational conver-
gence and simplifies the global load transfer mechanism, 
it represents a strong idealization. In reality, the internal 
force transfer between an embedded steel element and con-
crete is governed by complex bond-slip interactions, local-
ized crushing, and potential interface separation under 
high cyclic shear and bearing stresses [37]. As a result, the 
local response is likely stiffer and the stress transfer more 
direct than in physical specimens. The response quanti-
ties reported here should be interpreted with this model-
ing limitation in mind. However, since all models use the 
same interface assumption, the comparative trends across 
the parameter range remain valid and provide a consistent 
basis for evaluating the parametric results.

For both frictional and frictionless contact pairs, the 
Augmented Lagrange formulation was employed in the 
finite element analysis. This algorithm was selected due to 
its robustness in nonlinear analyses, as it provides a stable 
solution by minimizing penetration between contact sur-
faces while maintaining computational efficiency.

4.4 Material properties and constitutive models
The constitutive models and material parameters for the 
concrete and steel reinforcement, including longitudi-
nal bars and stirrups, were adopted identically to those 
described in Section 3 to maintain consistency between 
the validation phase and the parametric study.

Distinct material grades were assigned to the steel compo-
nents of the device based on their structural roles. The steel 
plates and other structural components were modeled as 
ASTM A572 Grade 50 [38], with a nominal yield strength 
of 361 MPa and an ultimate tensile strength of 488 MPa. 
The bolts were modeled as high-strength ASTM A490 [39], 
with a nominal yield strength of 794 MPa and an ultimate 
tensile strength of 1048 MPa, consistent with the high pre-
tension levels required to activate the friction mechanism. 
The cyclic response of steel was simulated using a multi-
linear kinematic hardening plasticity model. The von Mises 
yield criterion was used to define the yield surface, with 
a Poisson's ratio of 0.3. The stress-strain data were taken 
from the study by Gerami et al. [40].

The elastomeric pads were modeled as Neoprene rubber. 
Due to the non-linear stress-strain behavior and large defor-
mations characteristic of rubber, a hyperelastic material for-
mulation was required. Experimental test data, including uni-
axial tension, biaxial tension, and pure shear responses, were 
obtained from the Ansys material library [32] and the study 

by Naeim and Kelly [41]. A third-order Yeoh hyperelastic 
model was selected to represent the material behavior, as it 
provides an accurate prediction of the stress-strain response 
over a wide deformation range. The material constants were 
determined by curve-fitting, minimizing the error between 
the numerical model and the experimental data.

The stress-strain constitutive relationships for the bolts 
and steel components, as well as the fitted Yeoh model 
curves compared with the experimental data, are pre-
sented in Fig. 10. The parameters determined for the Yeoh 
model are provided in Table 3.

Fig. 10 Constitutive material models of stress-strain curves: 
(a) For bolts; (b) For steel components; (c) For elastomers, with the 

Yeoh model fitted to the experimental data
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4.5 Loading protocol
The numerical simulation was performed in two consecutive 
load steps representing the pretensioning and cyclic loading 
phases. In the initial step, pretension forces were applied to 
the master pin and the additional bolts to activate the fric-
tion mechanism and to ensure that the device components 
remained properly clamped throughout the subsequent load-
ing. This procedure was implemented for all models con-
taining the seismic device, while it was not applied to the 
reference RC beam, which has no prestressed components.

In the subsequent step, a cyclic displacement-controlled 
loading protocol was applied at the free end of the can-
tilever beam, as illustrated in Figs. 7 and 8. A vertical 
transverse displacement was imposed to induce a bending 
moment at the fixed support.

The loading history was developed as a simplified 
adaptation of the protocol specified in ANSI/AISC 341-16 
standard [42], retaining the progressive drift-level struc-
ture but applying a single fully reversed cycle at each drift 
level rather than multiple cycles per level. The applied drift 
ratios were 0.375%, 0.5%, 0.75%, 1.0%, and 1.5%, respec-
tively. The corresponding vertical displacements were 
determined according to the span length of the beam. This 
condensed loading protocol was adopted for two main rea-
sons. First, the 3D nonlinear finite element models incor-
porate a large number of contact pairs with frictional and 
frictionless behavior, as well as hyperelastic material defi-
nitions for the elastomeric components. These features 
significantly increase the computational demand per load 
increment, making the simulation of additional drift cycles 
computationally prohibitive within the scope of the pres-
ent parametric study. Second, the selected maximum drift 
ratio of 1.5% is considered representative of the primary 

seismic performance range for RC moment-resisting 
frames. Seismic design codes and guidelines for RC struc-
tures generally define interstory drift limits in the range 
of 1% to 2% under design-level earthquake demands [2].

4.6 Prepared models
A total of eight finite element models were prepared for 
the parametric study, including one reference RC beam 
and seven device-integrated RC beams in which the fric-
tion coefficient at the sliding interfaces, the total preten-
sion force applied to the bolts, and both the number and 
length of the embedded longitudinal plates were var-
ied. The details of the prepared models and their respec-
tive properties are presented in Table 4. The theoretical 
moment contributions of the friction members and elasto-
meric pads were calculated using Eqs. (1) to (3), based on 
the geometric dimensions provided in Fig. 9.

The flexural moment capacity of the reference RC 
beam (Mrc ) was determined as approximately 206 kNm. 
This value was obtained using Eq. (4), which provides the 
flexural strength calculation for a doubly reinforced rect-
angular RC section under the assumption that the com-
pression reinforcement remains elastic [43]. The calcu-
lation utilized the cross-sectional dimensions shown in 
Fig. 7 and the material properties given in Section 3.

M A f A d a A d drc s y s s s s� � � �� � �� � � � � � �� �� �2 	 (4)

The seven device-integrated configurations were 
selected to span a range of relative capacities, from  
Mdev/Mrc ≈ 0.69 (T600-F40-1Ls, where the device fully 
governs the response) to Mdev/Mrc ≈ 1.28 (T900-F50-3L, 
where the device capacity exceeds that of the RC beam). 
This range allows the parametric study to investigate 

Table 3 The parameters for the Yeoh model (×10−4)

C10 (MPa) C20 (MPa) C30 (MPa) D1 (MPa)−1 D2 (MPa)−1 D3 (MPa)−1

3614.9 −32.747 0.78785 53.653 −65.26 2.1414

Table 4 Prepared models and their specific properties

Model name Friction 
coefficient

Pretension 
force (kN)

Number of 
longitudinal plates

Length of longitudinal 
plate (Llong) (mm) MF (kNm) ME (kNm) Mdev (kNm)

RC Beam – – – – – – –

T600-F40-1Ls 0.40 600 1 320 140.4 1.04 141.44

T900-F40-1Ls 0.40 900 1 320 210.6 1.04 211.64

T900-F40-1L 0.40 900 1 640 210.6 1.04 211.64

T1100-F40-1L 0.40 1100 1 640 257.4 1.04 258.44

T1100-F40-3L 0.40 1100 3 640 257.4 1.04 258.44

T1440-F30-3L 0.30 1440 3 640 252.7 1.04 253.74

T900-F50-3L 0.50 900 3 640 263.3 1.04 264.34
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not only configurations consistent with capacity-design 
principles, but also limit cases in which the load trans-
fer between the device and the RC member is heavily 
demanded, which is the regime where embedment detail-
ing becomes most critical.

5 Results
5.1 Hysteretic response
The global moment-rotation relationships of the device-in-
tegrated RC beams under reversed cyclic loading are pre-
sented in Fig. 11, with each model shown in comparison 
with the reference RC beam.

The reference RC beam exhibited a conventional flex-
ural response. After yielding of the longitudinal rein-
forcement, stable hysteretic loops were obtained at the 
early drift levels; however, the response degraded rapidly 
beyond approximately 0.71% drift, where severe concrete 

damage at the support interface led to ultimate failure. 
The device-integrated RC models generally produced sta-
ble and broad hysteretic loops, with their moment capaci-
ties governed by the predefined pretension forces and fric-
tion coefficients. One exception was the T900-F40-1Ls 
configuration, which exhibited early degradation due to 
localized damage in the embedment region.

To assess the consistency between the analytical capac-
ity estimates and the numerical predictions, the maximum 
moment values obtained from the FE analyses (Mmax,FEA) 
were compared with the theoretical moment capacities (Mrc 
or Mdev ) calculated using Eqs. (1) to (3) for the device-inte-
grated RC beams, and Eq. (4) for the reference RC beam. 
The comparative results are summarized in Table 5.

To further quantify the seismic performance of the 
device-integrated RC models, the cumulative energy dis-
sipation of each model was evaluated. The total energy 

Fig. 11 The global moment-rotation relationships of the device-integrated RC models, each compared with the reference RC beam: (a) T600-F40-1Ls; 
(b) T900-F40-1Ls; (c) T900-F40-1L; (d) T1100-F40-1L; (e) T1100-F40-3L; (f) T1440-F30-3L; (g) T900-F50-3L
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dissipated by the device-integrated RC model was calcu-
lated by numerically integrating the area enclosed within 
the moment-rotation hysteresis loops over the entire load-
ing history. The computed cumulative energy dissipation 
values are displayed in Fig. 12.

The results indicate that the device-integrated configu-
rations dissipated substantially more energy than the ref-
erence RC beam over the imposed loading history. The 
reference RC beam dissipated only 2.77 kNm of energy, 
primarily because it suffered from severe damage and 
reached its ultimate failure state at a relatively low drift 
ratio of approximately 0.71%. In contrast, the device-in-
tegrated RC models, except T900-F40-1Ls, continued to 
dissipate energy stably up to 1.5% drift levels.

The configuration of the longitudinal embedment plates 
played a critical role in the energy dissipation capacity. 
The  models utilizing three longitudinal plates (T1100-
F40-3L, T1440-F30-3L, and T900-F50-3L) consistently 
provided the highest energy dissipation, reaching approxi-
mately 17.4 to 17.5 kNm. By comparison, the T1100-F40-1L 
model with a single plate dissipated 7.99 kNm before its 
hysteretic loops began to degrade, while the T900-F40-1Ls 

model, which had the shortest embedment length, recorded 
only 0.63 kNm. These results indicate that the embedment 
configuration strongly affects the sustained hysteretic per-
formance of the device-integrated RC models.

5.2 Damage distribution and failure modes
The damage progression and failure modes of the ana-
lyzed models were evaluated by examining the equiva-
lent plastic strain distributions at different loading stages. 
The equivalent plastic strain provides a continuum-level 
measure of irreversible deformation, and its spatial distri-
bution reflects  damage processes such as concrete crack-
ing, crushing, and reinforcement yielding. Fig. 13 pres-
ents the equivalent plastic strain contours of the models at 
different loading stages.

For the reference RC beam, the numerical analysis 
indicated a conventional flexural failure characterized by 
severe, localized damage at the fixed support interface. 
During the initial loading cycles (0.375% drift), plastic 
deformations began to develop near the support, reach-
ing a maximum equivalent plastic strain of approximately 
0.0034. This level corresponds approximately to the plas-
tic strain at uniaxial compressive strength of the concrete, 
suggesting the onset of compressive nonlinearity near the 
support. Concurrent yielding of the tension-side longitudi-
nal reinforcement was also observed at this stage. As the 
cyclic drift increased toward the ultimate state at approxi-
mately 0.71% drift, damage became increasingly localized 
at the fixed support interface. At this final stage, the max-
imum equivalent plastic strain reached a very high value 
of 0.045. It is important to note that this magnitude does 
not represent the physical deformation capacity of the con-
crete material itself; rather, it is a numerical manifestation 
of severe strain localization.

In the device-integrated RC models, the equivalent 
plastic strain contours exhibited distinct patterns gov-
erned primarily by the embedment configuration of the 
longitudinal plates and, secondarily, by the level of pre-
tension. In the short single-plate models (T600-F40-1Ls 
and T900-F40-1Ls), plastic deformations developed near 
the plate termination region and progressively localized 
within the embedment zone. This localization was partic-
ularly severe in the T900-F40-1Ls model, where the max-
imum equivalent plastic strain reached 0.0362 by the time 
the analysis terminated due to severe localization.

In the longer single-plate models (T900-F40-1L and 
T1100-F40-1L), extending the embedment length delayed 
premature damage and shifted the strain concentration 

Table 5 Comparison of the theoretical moment capacities and the 
maximum moments obtained from the FE analyses

Model name Mrc or Mdev (kNm) Mmax,FEA (kNm) Ratio

RC Beam 206 210.9 1.024

T600-F40-1Ls 141.44 133.6 0.945

T900-F40-1Ls 211.64 173.5 0.820

T900-F40-1L 211.64 199.4 0.942

T1100-F40-1L 258.44 240.1 0.929

T1100-F40-3L 258.44 234.7 0.908

T1440-F30-3L 253.74 232.9 0.918

T900-F50-3L 264.34 242.9 0.919

Fig. 12 Cumulative energy dissipation values
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further into the beam. Nevertheless, the plastic strain 
remained largely concentrated along the boundary of the 
single embedded plate, with maximum values of 0.0093 
(T900-F40-1L) and 0.0149 (T1100-F40-1L) at the end of 
the loading protocol.

The multi-plate models (T1100-F40-3L, T1440-F30-3L, 
and T900-F50-3L) exhibited a more distributed strain pat-
tern along the embedment region. Rather than forming a 
dominant localized damage zone, the plastic deformations 
spread across multiple vertical bands within the concrete 
volume. At the end of the cyclic protocol, the maximum 
equivalent plastic strains were 0.0095 for T1100-F40-3L, 
0.0147 for T1440-F30-3L, and 0.0112 for T900-F50-3L. 
While these peak values are comparable to those of the 
long single-plate configurations, the multi-plate models 
exhibited the strain over multiple vertical bands rather 
than concentrated along a single plate boundary, indicat-
ing a more distributed damage morphology.

5.3 Force transfer in internal components of the device
The frictional forces generated in each friction member 
were extracted from the finite element analyses as the resul-
tant tangential contact forces at the friction member-2nd 
inner plate interface, and are presented in Fig. 14. The force 
histories recorded during the applied loading protocol show 
stable and repeatable force transfer loops in all device-in-
tegrated RC models except T900-F40-1Ls. Across all con-
figurations, a consistent difference in force magnitude was 
observed between the support-side and beam-side friction 
members. For a given bolt pretension, friction members 2 
and 4 on the beam side developed higher frictional resis-
tance than members 1 and 3 on the support side.

For example, in the T600-F40-1Ls model, the frictional 
forces stabilized at around 45 kN for friction members 1 
and 3, while members 2 and 4 transferred approximately 
60 kN. The same asymmetric distribution was also observed 
as the applied pretension increased. In the T1100-F40-3L 

Fig. 13 Equivalent plastic strain contours of the models: (a) RC beam (−0.5 rad%); (b) RC beam (0.71 rad%); (c) T600-F40-1Ls (−0.75 rad%); 
(d) T600-F40-1Ls (end); (e) T900-F40-1Ls (−0.375 rad%); (f) T900-F40-1Ls (−0.48 rad%); (g) T900-F40-1L (−0.50 rad%); (h) T900-F40-1L (end); 

(i) T1100-F40-1L (−0.50 rad%); (j) T1100-F40-1L (1.50 rad%); (k) T1100-F40-3L (−0.50 rad%); (l) T1100-F40-3L (end); 
(m) T1440-F30-3L (−0.50 rad%); (n) T1440-F30-3L (end); (o) T900-F50-3L (−0.50 rad%); (p) T900-F50-3L (end)
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multi-plate configuration, which exhibited highly stable 
behavior, the maximum forces in members 1 and 3 reached 
about 80 kN, whereas members 2  and 4 developed fric-
tional forces of approximately 115 kN. Comparable pro-
portional differences were observed in the T900-F50-3L 
and T1440-F30-3L models, with the beam-side friction 
members consistently transferring higher forces than those 
on the support side. In contrast, the T900-F40-1Ls model 
showed irregular and rapidly degrading force transfer his-
tories. In this configuration, the friction members did not 
sustain stable resistance throughout the loading protocol.

The force transfer histories of the elastomeric pads were 
also recorded to assess their contribution to the overall 
moment capacity, as shown in Fig. 15. According to the 
component layout in Fig. 9, each layer consists of 12 elasto-
meric pads, divided into a radially outer group (pads 1–8, 
40 mm diameter) and a radially inner group (pads 9–12, 

30  mm diameter). The numerical analysis indicated that 
the force carried by the elastomeric pads increased steadily 
with applied rotation, reaching maximum values at the peak 
drift level of 1.5%. The outer elastomers (1–8), due to their 
larger diameter and greater radial distance from the center 
of rotation, consistently developed higher resisting forces 
than the inner elastomers (9–12) in all models. At the max-
imum drift cycle, the outer pads in the multi-plate configu-
rations reached peak forces between 0.16 kN and 0.23 kN, 
while the inner pads generally transferred forces below 
0.08 kN. Overall, the elastomeric contribution remained 
small compared with that of the friction members.

6 Discussion
The numerical analyses indicate that the seismic device 
has promising potential for shifting a significant portion of 
the energy dissipation demand away from the conventional 

Fig. 14 The frictional forces developed within the individual friction members: (a) Friction members' number; (b) T600-F40-1Ls; (c) T900-F40-1Ls; 
(d) T900-F40-1L; (e) T1100-F40-1L; (f) T1100-F40-3L; (g) T1440-F30-3L; (h) T900-F50-3L
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plastic hinge region of the RC beam. However, the results 
also show that this behavior is highly sensitive to the 
embedment configuration within the concrete and to the 
internal mechanisms of the device. While the damage 
zone was relocated away from the plastic hinge in all con-
figurations, the extent of localized stress concentrations 
developed within the embedment region itself varied con-
siderably with the embedment detailing.

6.1 Effect of embedment length and multiple plates on 
damage mitigation
In the reference RC beam, seismic energy dissipation 
occurred through significant yielding of the longitudinal 
reinforcement and crushing of the concrete at the beam-
to-column interface, leading to severe strain localization. 
With the introduction of the seismic device, the dominant 
damage zone shifted away from this interface. However, 

the analyses also showed that transferring high resisting 
moments and shear forces from the device to the RC mem-
ber may generate pronounced local stress concentrations in 
the embedment region. Accordingly, within the investigated 
parameter range, the device modified the location and dis-
tribution of damage within the RC member. This response 
was found to depend strongly on the embedment detailing.

Premature failure was observed in the T900-F40-1Ls 
model, which combines a short (320 mm) single embedded 
plate with a relatively high pretension level, indicating the 
detrimental effect of severe stress concentrations under 
such conditions. Localized bearing stresses at the tip of 
the short plate exceeded the concrete capacity in the early 
stages of cyclic loading, causing premature internal crack-
ing before stable sliding could be sustained at the friction 
interfaces. This behavior is reflected in the extremely low 
energy dissipation (0.63 kNm) and the erratic force transfer 

Fig. 15 The force transfer histories of the elastomeric pads: (a) Elastomers' number; (b) T600-F40-1Ls; (c) T900-F40-1Ls; (d) T900-F40-1L; 
(e) T1100-F40-1L; (f) T1100-F40-3L; (g) T1440-F30-3L; (h) T900-F50-3L



712|Yılmaz and Oğuz
Period. Polytech. Civ. Eng., 70(2), pp. 698–716, 2026

histories observed in this configuration. By contrast, the 
T600-F40-1Ls model with the same short embedment but 
a lower pretension of 600 kN remained relatively stable, 
suggesting that the severity of the local stress concentra-
tion, rather than the embedment length alone, governs the 
onset of premature failure.

When the embedment length was extended to 640 mm, 
as in the T900-F40-1L, premature failure was delayed due 
to the increased development length for shear transfer. 
However, the use of a single longitudinal plate continued 
to restrict force transfer to a single plane within the beam 
cross-section. Under high pretension forces in the T1100-
F40-1L, this single-plane transfer led to localized yielding 
of the concrete along the plate boundary, as indicated by 
progressive strain localization at larger drift ratios.

The adoption of a multi-plate embedment configura-
tion, as in the 3L models, was found to be the most effec-
tive strategy for damage mitigation within the investigated 
parameter range. The use of three longitudinal plates 
allowed the internal shear and bearing forces to be dis-
tributed over a larger volume of the concrete core, thereby 
redistributing the localized bearing stresses and limiting 
severe crushing or widespread cracking. As a result, the 
damage morphology shifted from highly localized failure 
planes to a more uniformly distributed crack pattern, rep-
resented by vertical strain bands. This distributed force 
transfer mechanism enabled the friction components to 
sustain stable sliding over multiple cycles at high drift 
ratios and led to the highest cumulative energy dissipation 
values among the examined configurations.

6.2 Behavior of the friction and elastomeric components
The force transfer histories within the internal compo-
nents revealed an asymmetric distribution of frictional 
forces between the support-side and beam-side friction 
members, which warrants closer examination. It was con-
sistently observed that the frictional resistance developed 
by the friction members on the fixed support side (mem-
bers 1 and 3) was lower than that of the friction members 
on the beam side (members 2 and 4).

This difference in frictional resistance is primarily due 
to the geometric and boundary conditions of the device 
assembly. Specifically, the outer plate on the fixed support 
side is welded directly to the 1st end-plate, which restricts 
its ability to deform inward when the master pin and addi-
tional bolts are pretensioned. As a result, the welded con-
straint suppresses the flexural deformation of this outer 
plate, which limits the transmission of the pretension 

force as normal pressure onto friction members 1 and 3. 
In contrast, the outer plate on the beam side is able to 
deform inward under bolt pretension, allowing a greater 
normal force to be applied to friction members 2 and 4. 
This asymmetry in boundary conditions results in higher 
resisting forces in the beam-side friction members.

The forces resisted by the elastomeric pads were sig-
nificantly lower than those carried by the friction mem-
bers in all configurations. This outcome is directly 
related to the limited drift range of the applied loading 
protocol  (up to  1.5%), which was selected to investigate 
the basic behavior of the device within the primary seis-
mic performance range for RC moment-resisting frames. 
Unlike the friction members, the elastomeric compo-
nents contribute to the moment capacity through an elas-
tic mechanism. Their contribution scales linearly with the 
imposed rotation (Eq. (2)). Within the drift range exam-
ined here, this rotation was insufficient to fully mobilize 
the elastomeric components, and their moment contribu-
tion remained modest relative to the frictional component. 
However, the elastomeric contribution grows in absolute 
terms at larger rotations and is expected to become more 
relevant in applications imposing substantially higher 
drift demands, including the original steel frame applica-
tion for which the device was developed [31]. 

7 Limitations and future research
The numerical models developed in this study provide 
detailed insight into the stress distribution and energy 
dissipation mechanisms of the proposed configuration; 
however, several idealizations were necessarily adopted. 
Two of these idealizations are related to the force-transfer 
conditions in the embedment zone, while a third concerns 
the internal mechanics of the device itself:

1.	 First, the bonded contact assumed between the embed-
ded longitudinal steel plates and the surrounding con-
crete (Section 4.3) represents a significant simplifi-
cation of the actual steel-concrete interface, which in 
practice exhibits bond-slip, localized crushing, and 
potential separation under cyclic loading [37]. Future 
numerical studies should incorporate cohesive zone 
or bond-slip interface models to capture these effects, 
especially the force redistribution along the embed-
ment region and the progressive interface damage that 
the present model cannot represent.

2.	Second, stirrups were omitted along the embedment 
length of the longitudinal plate. The reason is geo-
metric: the embedment depth of the longitudinal 
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plate equals the full depth of the RC beam, leaving 
no transverse path for stirrups to traverse the sec-
tion. A shorter plate depth would create space for 
stirrups, but would also concentrate severe stresses 
in the concrete above and below the plate, undermin-
ing the embedment. Although the embedded plate is 
expected to transfer shear forces within this region, 
the absence of transverse reinforcement removes 
the lateral confinement and crack-width control nor-
mally provided by stirrups. A single concrete mate-
rial model was used throughout, without an explicit 
distinction between confined and unconfined zones; 
the local damage observed in this region should 
therefore be regarded as an idealized estimate. 
Future studies may investigate alternative geomet-
ric configurations that permit the inclusion of stir-
rups within the embedment region, such as connect-
ing the 2nd end-plate to the RC beam through anchor 
bars instead of an embedded longitudinal plate.

3.	 Third, a simplification concerns the device itself. 
The present finite element models assume a constant 
friction coefficient and a fixed bolt pretension force 
throughout the entire loading history. Preliminary 
laboratory tests of the device in its standalone form 
have been reported in Yılmaz et al. [44] and Bekiroğlu 
et al. [45]. These tests indicated that the device could 
achieve the targeted moment capacity and dissipate 
energy without yielding. However, under extended 
cyclic loading, friction-induced wear at the slid-
ing interfaces led to a reduction in bolt pretension 
and a gradual decrease in moment-carrying capac-
ity. Subsequent design iterations of the device (not 
included in the present numerical models) incorpo-
rated surface-hardening treatments for the 2nd inner 
plates and Belleville washers (disc springs) arranged 
in series and parallel along the pretensioned bolts, 
which improved the stability of the clamping force 
and the consistency of the moment capacity over 
repeated cycles. These refinements were beyond 
the scope of the present study, which focuses on the 
fundamental hysteretic behavior of the device-inte-
grated concept under idealized conditions.

Beyond these modeling considerations, the practi-
cal implementation of the device in RC members intro-
duces additional challenges regarding replaceability. The 
seismic device was originally developed as a replaceable 
structural fuse intended to protect the main load-bear-
ing members from damage, and this objective has been 

demonstrated in steel beam-to-column applications. In the 
present RC application, however, the degree of protection 
achieved in the main structural member was strongly con-
figuration-dependent. For example, the T600-F40-1Ls 
model has a device-to-beam moment capacity ratio of 
approximately 0.69, which satisfies capacity-design princi-
ples. Nevertheless, localized concrete damage still devel-
oped in the embedment region due to the short embedment 
length, demonstrating that protection depends not only on 
the global capacity ratio but also on the local force-trans-
fer detailing. Therefore, the post-earthquake replaceabil-
ity of the device in RC applications is expected to depend 
strongly on the local detailing and on the extent of damage 
developed in the embedment region.

Future research should focus on comprehensive exper-
imental testing of the device integrated within an RC 
element. Such tests are necessary to evaluate bond-slip 
behavior, local concrete damage, internal force-transfer 
mechanisms, and the overall cyclic interaction between the 
embedded longitudinal plate and the surrounding RC mem-
ber. In parallel, future numerical studies should incorpo-
rate explicit transverse reinforcement detailing within the 
embedment zone (where geometric configurations permit) 
to better capture confinement effects and crack morphol-
ogy. They should also consider modeling the progressive 
reduction in bolt pretension due to interface wear, in order 
to more accurately represent long-term cyclic performance.

8 Conclusions
The numerical results of this study indicate that integrat-
ing a frictional and elastomeric seismic device into an 
RC beam is a promising yet detail-sensitive strategy for 
low-damage seismic design. Rather than concentrating 
solely at the conventional plastic hinge, a significant por-
tion of the dissipative action is transferred to the internal 
components of the device. Based on the numerical evalua-
tions, the following conclusions are drawn:

•	 The results indicate that the concept promotes 
a redistribution of internal forces and damage within 
the device-integrated RC system, with improved 
structural performance obtained when the embed-
ment details enable a more distributed force-trans-
fer mechanism. When resisting forces are applied 
through inadequate embedment details, significant 
local stress concentrations are observed. Therefore, 
the structural performance of the device-integrated 
RC system depends not only on the nominal capacity 
of the device but, equally importantly, on the effec-
tiveness of the local force-transfer mechanism.
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•	 The results further demonstrate that distributing 
internal forces over a larger concrete volume, rather 
than concentrating them in a single plane, allows 
the friction mechanism to remain stable over more 
loading cycles, thereby substantially increasing the 
cumulative energy dissipation capacity. The use 
of multi-plate configurations resulted in increased 
cumulative energy dissipation and a more distrib-
uted damage pattern within the concrete core, rather 
than severe strain localization.

•	 The total moment capacity and energy dissipation of 
the device were primarily governed by the frictional 
components, whereas the moment contribution from 
the elastomeric pads remained limited within the 
deformation range considered in this study. This lim-
ited contribution is attributed to the imposed drift 
level rather than to the inherent capacity of the elas-
tomers; their elastic moment contribution scales lin-
early with rotation and is expected to become more 
relevant at substantially larger drift levels.

All conclusions presented above are based exclusively on 
numerical simulations; the device-integrated concept has not 
yet been experimentally verified in an RC element. The pres-
ent results provide a numerically supported feasibility assess-
ment, identifying the critical design parameters that should 
guide future experimental investigations: namely the embed-
ment detailing and the local force-transfer mechanisms.
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