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1 Introduction  

1.1 Background and motivation 

Self-centering (SC) seismic technologies reduce residual 
drifts while providing supplemental energy dissipation 
(ED) under cyclic loading [1]. A key challenge is achieving 
stable hysteretic dissipation without compromising the re-
storing force for self-centering [2–3]. Integrating SC–ED 
devices into seismic-resisting systems can reduce dam-
age, interstorey drifts and collapse risk under far- and 
near-fault earthquakes [4–5]. More broadly, recent state-
of-the-art reviews show that the motivation for SC and SC-
ED systems lies in overcoming the residual deformation, 
repairability and functional-recovery limitations of conven-
tional seismic-resistant systems, especially in steel struc-
tures and their beam–column connections [6–7].  

For beam–column connections, existing SC-ED solutions 
may be grouped broadly into post-tensioned (PT) steel 
connections with yielding or friction-based ED devices, PT 

precast concrete hybrid connections, and shape-memory-
alloy (SMA)-based SC connections [6–7]. Despite signifi-
cant progress, these families retain well-documented lim-
itations that have constrained wider uptake in practice: 
lower intrinsic hysteretic ED than conventional ductile sys-
tems, dependence on yielding fuses with associated in-
spection, fatigue and replaceability concerns, and imple-
mentation and constructability difficulties, including 
layouts that cannot always be used in both joint directions 
and tendon arrangements that run over the full bay length 
and may interfere with services [6–7]. Thus, what remains 
unresolved in such connections is a compact SC-ED sub-
assembly that dissipates energy through non-yielding 
mechanisms, remains local to the joint region, avoids full-
bay tendon runs, and keeps primary components elastic 
during seismic response [6–7].  

In this context, this paper investigates a compact dual SC–
ED sub-assembly/device (DSCEDD) comprising (i) a high-
strength multi-wire steel tendon that provides restoring 
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force and participates in ED; and (ii) a roller bearing that 
redirects the tendon. The FE workflow builds on the earlier 
numerical study of Oryem [8] and is revisited here with 
targeted modelling refinements, a mechanism-based in-
terpretation, and an Artificial Neural Network (ANN) sur-
rogate model. The novelty lies in placing the DSCEDD in a 
realistic seismic-resilient SC connection context and bridg-
ing two usually separate perspectives: (i) seismic SC-ED 
devices, typically assessed through global hysteresis and 
reduced-order tendon idealisations; and (ii) routed ten-
don/rope mechanics over deviation elements, where wrap 
effects, contact traction, and curvature-induced micro-slip 
govern ED and stress localisation. Here, a multi-wire ten-
don is routed through a 180° bearing deviation path and 
analysed under a seismic protocol using 3D contact/fric-
tion FE modelling, so that deviation-zone mechanics and 
stress localisation are captured explicitly and interpreted 
through the ED taxonomy of Table 1 [9–11].  

1.2 ED in tendon–pulley/tendon–bearing systems  

ED in tendon–bearing/tendon–pulley systems can arise 
from concurrent mechanisms: (M1) interface traction and 
sliding friction at the tendon–bearing contact; (M2) inter-
wire friction within the multi-wire tendon under cyclic axial 
loading; (M3) curvature-induced self-damping under com-
bined tension–bending states; and (M4) longer-term deg-
radation processes (wear/fretting evolution) that may al-
ter ED capacity. These mechanisms are supported by 
cable–pulley ED systems [9, 12], traction/contact model-
ling in rope–sheave systems [10], and multi-wire ten-
don/strand mechanics under tension–bending and internal 
friction [13–19].  

Curvature is central because wrap can produce tension re-
distribution and traction amplification, consistent with Eu-
ler–Eytelwein (capstan/belt-friction) behaviour [11]. In SC 
systems with multi-wire tendons, hysteretic response may 
reflect the combined action of these mechanisms, helping 
explain why simplified numerical models can predict nar-
rower loops than experimental ones; μ should therefore be 
treated as an effective modelling parameter and checked 
via sensitivity where feasible when frictional ED is a pri-
mary driver [20–23].  

Table 1 Mechanism map (taxonomy) for potential ED sources in the 
investigated sub-assembly  

ID Mechanism How it is activated in this 
device 

Key support-
ing literature 

M1 Interface friction at 
tendon–bearing 
contact (macro-slip 
/ micro-slip) 

Imposed cyclic displacement 
activates sliding/traction at the 
tendon-bearing contact.  

Han et al. [10]; 
Hernandez et 
al. [12]; Qin et 
al. [9] 

M2 Interwire friction 
under axial cycling 
(wire-to-wire stick-
slip)  

Multi-wire tendon develops 
contact pressure among 
wires; cyclic tension promotes 
microslip and frictional loss.  

Poon et al. [24]; 
Hong et al. 
[13]; Montoya 
et al. [25]  

M3 Curvature-induced 
self-damping under 
bending (interwire 
microslip driven by 
cyclic curvature) 

Tendon is wrapped/redirected 
over the bearing causing cur-
vature; cyclic motion pro-
duces repeated bending and 
local relative slip. 

Foti & Martinelli 
[18]; Foti et al. 
[17]; Chen et 
al. [14]; Papail-
iou [15]; Yu et 
al. [19]  

M4 Inelasticity / fretting 
/ wear-related dissi-
pation and degra-
dation (secondary, 
long-term)  

If local stresses exceed elas-
tic range or fretting evolves at 
contacts, plastic work and 
wear can contribute and de-
grade response.  

Fontanari et al. 
[26]; Ivanov et 
al. [27]; Chang 
et al. [28]  

 
1.3 Scope and contributions  

This paper addresses: (a) concept development and in-
tended performance of the DSCEDD; (b) standalone nu-
merical and ANN investigation under a seismic protocol; 
and (c) qualitative identification of ED mechanisms with-
out quantifying their energy shares. The DSCEDD design 
is embedded in a connection context for realism, but con-
nection-level detailing, fatigue damage, and wear evolu-
tion are out of scope. Key contributions are: (i) the ED 
taxonomy of Table 1; (ii) a 3D nonlinear FE workflow with 
explicit contact/friction for a curved multi-wire tendon 
over a roller bearing; (iii) stable cyclic hysteresis with SC 
relative to the prestressed reference state; (iv) tendon 
stress-demand verification (917 MPa ≈56% of yield); and 
(v) ANN surrogate learning of the FE force-displacement 
response for rapid prediction.  

2 Description of the DSCEDD Sub-assembly  

The DSCEDD is a compact standalone SC–ED sub-assem-
bly comprising (i) a roller bearing that redirects the tendon 
and (ii) a high-strength multi-wire steel tendon that pro-
vides restoring force and contributes to dissipation. Figure 
1(a) shows the sub-assembly: routing, loading, boundary 
conditions (BCs), and ED mechanisms; Figure 1(b) shows 
a representative connection-level application context 
(connection details are out of scope). The investigated 
configuration considered herein is a toroidal roller bearing 
with a three-strand multi-wire tendon routed along a 180° 
curved path around the bearing external surface. Auxiliary 
components (cap rings/central rod) enforce the tendon 
path and anchorage. Specification and modelling parame-
ters are summarised in Tables 2–3.  

 
(a) 

 
(b) 

Figure 1 (a) Schematic of the DSCEDD with its loading, BCs, tribolog-
ical conditions and ED mechanisms; and (b) Function and deformed 
geometry of the DSCEDD in a hypothetical structural connection.  
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Table 2 Investigated DSCEDD configuration   

Item  Adopted specification used in 
this paper  

Notes / source  

Bearing type  CARB toroidal roller bearing  SKF C 6910 V [29]  

Bearing main di-
mensions  

d = 50 mm (bore), D = 72 mm 
(OD), B = 40 mm (width)  

SKF C 6910 V [29]   

Tendon type  Multi-wire tendon comprising 3 
strands  

Adopted PT configura-
tion  

Strand layup  1×7 per strand  Adopted strand config-
uration   

Nominal strand 
diameter  

12.5 mm  VSL International Ltd 
[30]  

Wire diameter  4.12 mm  Geometric derivation 
from 12.5 mm 1×7 
strand  

Tendon total 
area  

279 mm²  VSL International Ltd 
[30]   

Tendon routing  180° curved path around bear-
ing external surface; tendon 
ends aligned  

Adopted device geom-
etry   

Tendon geomet-
ric construction  

Circular tendon profile 
swept/extruded along curved 
trajectory around the bearing  

SOLIDWORKS 
sweep/extrude imple-
mentation  

Imposed tendon 
twist  

5 revolutions along tendon 
length  

Du et al. [31]  

Auxiliary com-
ponents  

Cap rings and central rod (guid-
ing/anchorage)  

Ensures intended ten-
don path and BCs.  

Central rod mod-
elling note   

Rod diameter taken slightly 
smaller than bearing bore (e.g., 
≈49.5 mm)  

Avoids over-closure / 
assembly interference.  

 

Table 3 Adopted modelling parameters and loading   

Category  Parameter  Adopted value 
used  

Notes / source  

Prestress  Tendon prestress 
force (T0)  

185.2 kN  Adopted FE value   

Prestress  Reference tendon 
elongation  

~10 mm  Treated as “re-cen-
tered” reference state  

Material  Steel elastic modu-
lus (E)  

≈200 GPa  Nominal steel property  

Material  Poisson’s ratio (ν)  ≈0.30  Nominal steel property    

Contact  Tangential behav-
iour  

Coulomb fric-
tion  

-  

Contact Friction coefficient  μ = 0.2  Representative con-
tact value [16, 19, 22]  

Seismic 
protocol   

Reference standard  AISC 341-16  [32]  

Seismic 
protocol  

Drift demand  up to 0.04 rad  AISC 341-16 [32]  

Seismic 
protocol  

Equivalent peak dis-
placement   

9.6 mm  Derived from geometry 
and target drift   

Analysis 
sequence 

Stage 1 Prestress / pre-
tensioning  

-  

Analysis 
sequence 

Stage 2 Cyclic displace-
ment-controlled 
loading 

-  

 
3 Nonlinear FEM modelling and analysis  

A 3D nonlinear FEM workflow, building on the earlier nu-
merical study of Oryem [8], was selectively refined to 
evaluate the cyclic response of the tendon–bearing 
DSCEDD. The assembly geometry was created in 
SOLIDWORKS [33], preliminary checks were conducted in 
Abaqus/CAE and Abaqus/Standard [34], and the final non-
linear contact simulations were performed in ANSYS Me-
chanical [35].  

Figure 2 summarises the DSCEDD FE assembly and key 
components included in the model (bearing, routed tendon 
and auxiliary guiding/anchorage parts) to reproduce the 
intended load path. The routed tendon geometry is gener-
ated by sweeping/extruding a circular profile along the 
prescribed curved trajectory around the bearing external 
surface (180° deviation). Mesh refinement is concentrated 
in the deviation zone where stress gradients and contact 
traction are expected to localise.  

 
(a) 

 
(b) 

Figure 2 Meshing of the tendon (a) and of the bearing/rod (b)  
 

Figure 3 illustrates the contact/friction interfaces and the 
BCs used to enforce tendon-end alignment and the in-
tended tendon routing around the bearing. Surface-to-sur-
face finite-sliding contact is defined at the tendon–bearing 
interface, with Coulomb friction. A value μ≈0.2 is adopted 
as an effective steel/strand contact parameter, consistent 
with representative strand/contact studies [16, 19, 22]. 
Primary components are modelled with linear-elastic steel 
response in the investigated configuration. While the pre-
sent solid-tendon idealisation does not resolve individual 
wires explicitly, additional dissipation contributions asso-
ciated with internal strand mechanics under combined ten-
sion–curvature (M2–M3) are discussed mechanistically in 
light of multi-wire tendon/strand literature [13–19].  
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Figure 3 BCs in the FEM model  
 

Figure 4 presents the loading sequence adopted in the FE 
analysis. The analysis is executed in two sequential steps: 
(i) prestress is applied to establish a stable reference con-
figuration; for the adopted FE case, the prestress force is 
185.2 kN (≈10 mm tendon extension), which defines the 
reference state for cyclic response evaluation; and (ii) dis-
placement-controlled cycling is imposed (at the lower ten-
don end, as per Figure 3) following the AISC protocol [32]. 
The adopted peak displacement (≈9.6 mm) corresponds 
to a deformation level of approximately 0.04 rad when 
mapped through the assumed lever arm; this level is com-
monly used for special moment-frame (SMF) connection 
qualification in AISC contexts [32] and is comparable to 
EC8 plastic hinge rotation-capacity benchmarks for dissi-
pative connections (e.g., 35 mrad for DCH) [36].  

 
Figure 4 Loading sequence as applied in the FEM model: Imposed dis-
placement at the tendon free end, versus time   

4 Results: hysteresis and energy dissipation  

Figure 5 presents the force–displacement hysteresis ob-
tained from the nonlinear FE analysis. The response is sta-
ble and repeatable under the imposed protocol, with 
broadly symmetric loops and peak reaction forces on the 
order of ±400 kN over an approximately ±10 mm dis-
placement range. Self-centering is interpreted relative to 
the prestressed reference configuration, i.e., the response 
returns close to the prestressed state after each cycle ra-
ther than to the zero-prestress state. The hysteresis area 
in Figure 5 indicates appreciable dissipation while main-
taining restoring behaviour. In the present modelling 
framework, dissipation is primarily attributed to tendon–
bearing frictional contact at the deviation zone (M1), while 
additional mechanisms linked to multi-wire tendon behav-
iour under cyclic tension and sustained curvature (M2–M3) 
provide a rational interpretation without requiring yielding 
of primary components [13–19].  

 
Figure 5 Force–displacement hysteresis from the FEM analysis  

 
Figure 6 shows the stress distribution in the sub-assembly 
at maximum imposed displacement. Peak tendon stress is 
917 MPa (≈56% of the tendon yield strength, 1634 MPa), 
confirming elastic response in the investigated configura-
tion. The stress contours localise demands at the deviation 
zone, consistent with curvature-activated contact/traction 
effects. A value μ≈0.2 is adopted here as an effective 
steel/strand contact parameter, consistent with repre-
sentative strand/contact studies [16, 19, 22]; because μ 
depends on pressure/surface state and may evolve with 
cycling, sensitivity checks are recommended where feasi-
ble when frictional ED is a primary driver [20–23].  

 
Figure 6 Principal-stress distribution at maximum imposed displace-
ment in the tendon–bearing sub-assembly  

5 Results and ANN-based surrogate modelling  

The nonlinear FE response under displacement-controlled 
cycling yields stable hysteresis with near-perfect self-cen-
tering relative to the prestressed reference state (Figure 
5), while primary components remain elastic in the inves-
tigated configuration (peak tendon stress 917 MPa). A key 
insight is that appreciable ED is achieved in a high-stress 
yet elastic tendon regime under sustained curvature, 
where deviation-zone contact/traction is activated during 
reversed cycling and reflected in both hysteresis area (Fig-
ure 5) and stress localisation (Figure 6). To enable rapid 
prediction of the nonlinear cyclic response for parametric 
studies, an ANN surrogate was trained using the FEM-
generated force–displacement dataset. The ANN model 
can be used as a rapid predictor of new unseen data points 
for similar structures, avoiding the need to re-run a new 
FE simulation. In this sense, it acts as a surrogate to the 
FEM model, since it is trained on data generated by the 
FEM analyses.  
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Figure 7 Force–displacement response predicted by the MLP model, 
showing the MAE-based prediction (red), the MSE-based prediction 
(black), and the testing data points (blue).   
 

A feedforward NN, namely a multilayer perceptron (MLP), 
was employed and trained using adaptive moment estima-
tion with Mean Squared Error (MSE) and Mean Absolute 
Error (MAE) loss functions. The Rectified Linear Unit 
(ReLU) was adopted as the activation function. Its deriva-
tive was used during backpropagation to update the 
weights and biases so as to minimise either the MAE or the 
MSE loss. In general, MAE is less sensitive to outliers and, 
for the present load curve, was expected to provide a 
closer representation of the target response than MSE. 
Training was performed using exclusively simulated (FE) 
data, with a 60:40 train–test split over the full dataset. 
The trained model was then tested on a random 40% sub-
set of the dataset within the displacement range (-6, 6), 
in order to avoid overfitting in the outer simulation regions 
(-8, -6) and (6, 8), and in the scattered data [37–40]. As 
shown in Figure 7, the practical significance of the MAE- 
versus MSE-based training is that the MAE model better 
follows the physics-informed shape expected for the 
force–displacement response: concave upward for positive 
displacement and concave downward for negative dis-
placement. The MAE-based model therefore reproduces 
the theoretically expected behaviour more closely than the 
MSE-based model.   

6 Discussion  

The FE and ANN results support DSCEDD feasibility and 
potential integration into seismic-resilient SC structural 
connections: FE analysis indicates repeatable dissipation 
and SC while keeping primary components elastic, and the 
ANN surrogate reproduces the force-displacement re-
sponse, with MAE matching the response better than MSE. 
Key sensitivities remain associated with BCs, interface as-
sumptions, lack of mechanism-wise ED decomposition, 
and ANN training only on FE-generated data.  

Although hysteresis is stable in the analysed cycles, the 
simulations use elastic material behaviour with Coulomb 
friction and do not include fatigue-damage or wear-evolu-
tion modelling; long-term durability therefore requires 
dedicated fatigue/wear analyses and/or experiments, par-
ticularly because curved tendon routing imposes cyclic 
bending strain regimes in wire ropes/strands [41] and is 
central to bending-over-sheave fatigue-life assessment for 
rotation-resistant ropes [42].  

7 Conclusions and future research  

This work investigates a compact DSCEDD comprising a 
routed multi-wire steel tendon and a roller bearing, in-
tended for use in structural joints. The tendon provides 
restoring force for SC, while the bearing redirects the ten-
don and activates friction- and curvature-driven ED at the 
deviation zone, keeping the joint local. A 3D contact/fric-
tion FEM workflow is used under a seismic protocol, and 
an ANN surrogate is trained to emulate the FEM force–dis-
placement response. Main conclusions are:   

1. The DSCEDD exhibits stable, broadly symmetric hys-
teresis with near-perfect SC relative to the pre-
stressed reference state, indicating repeatable ED 
without primary-component yielding.   

2. The results highlight an underexplored regime for 
seismic devices: a multi-wire tendon under high elas-
tic stress and sustained curvature (180° routing) dis-
sipates energy through deviation-zone traction and 
curvature-driven internal mechanisms under fully re-
versed cyclic loading.   

3. Peak tendon stress is 917 MPa (≈56% of yield), and 
stress contours localise demands at the deviation zone 
at maximum displacement, supporting the mechanics-
based ED interpretation of Table 1.   

4. The ANN surrogate reproduces the FE force–displace-
ment response and enables rapid prediction for 
screening and optimisation.   

Future work should (i) quantify energy shares from com-
peting mechanisms (M1–M3) via targeted post-processing 
and/or higher-fidelity models, (ii) evaluate sensitivity to μ 
and interface state evolution, and (iii) assess long-term 
durability through fatigue/wear modelling and experi-
mental validation for bending-over-deviation scenarios.  
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