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ARTICLE INFO ABSTRACT

Keywords: Thin reinforced concrete wall (TRCW) buildings have become one of the most cost-effective and
Real-time hybrid simulation fastest options for housing construction. However, the performance of the TRCW building under
Base isolator seismic loads has limited energy dissipation capacity and is characterized by brittle failures with
Thin concrete reinforced wall dimensions below those limited in international standards, which classifies these walls as ultra-

Unconnected fiber reinforced elastomeric

ol thin. By contrast, unconnected fiber-reinforced elastomeric isolator (U-FREI) devices are a type
isolator

of seismic isolators with a high deformation capacity, low-cost development, and simplified
manufacturing and installation process. To leverage the advantages of both mentioned systems in
a combined manner and reduce the structural vulnerability of this type of buildings, this study
presents an evaluation of the seismic performance of unconnected fiber-reinforced elastomeric
isolator (U-FREI) devices as a base isolation system for low-rise thin reinforced concrete wall
(TRCW) buildings using real-time hybrid simulations (RTHS) as an innovative testing technique.
RTHS, as a novel physical cybernetic testing technique, allows a dynamic system of interest to be
sub-structured into two components: numerical and experimental. The numerical substructure
used in this study corresponds to a 24 degrees of freedom (DOF) model that represents the dy-
namic behavior of a reference low-rise TRCW building. Moreover, the experimental substructure
consisted of scaled U-FREI devices that replicated the dynamic response of the base isolation
system of the building. To develop an interface between the two substructures, a horizontal
transfer system (HTS) was implemented and coupled with a vertical transfer system (VTS). Using
RTHS, the performance of the isolated TRCW building was evaluated under four seismic events: El
Centro, Kobe, Loma Prieta, and Morgan, at a maximum acceleration of 0.70 g (6.87 m e s=2). The
implementation of U-FREI devices as base isolation system in a low-rise TRCW building allowed a
reduction of the maximum drift by over 54.80 % in comparison with the fixed structure. Finally,
the U-FREI devices seismic performance is discussed.

1. Introduction

Structural engineering, which is globally focused on developing technically and economically advantageous buildings to address
urban housing demands and rapid construction sector expansion [1], has evidenced the increased implementation of the industrialized
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system of housing construction (ISHC) in Latin America. ISHC employs thin reinforced concrete walls (TRCW) in buildings, offering
efficient construction using reusable metal formwork, enabling fast and replicable monolithic castings. This leads to reduced labor and
material requirements [2]. In this region, buildings with ISHC typically have a range of 4-15 levels and use TRCW with thicknesses of
8.0-15.0 cm, dimensions below those limited by international standards, which classifies these walls as ultra-thin. These walls
incorporate welded reinforcements in a single layer, whereas additional elements with the same thickness as the wall edge, which are
composed of ductile steel, serve as longitudinal reinforcements [3].

Although ISHC is a profitable and effective housing construction alternative in Latin America, studies following earthquakes in
Chile (2010), New Zealand (2011), and Turkey (2023) have highlighted the limitations in the seismic performance of the TRCW, which
include low ductility, limited energy dissipation capacity, out-of-plane instability, and brittle failure [1,4-6]. Specifically, in Colombia,
TRCW buildings have high slenderness coefficients with a single layer of electrowelded reinforcement that meets the minimum re-
quirements specified in Colombian seismic-resistant construction regulations (NSR-10) [7,8]. However, this reinforcement configu-
ration increases susceptibility to out-of-plane instability [9,10]. This condition compromises concrete confinement during high
flexural compression demands at the thin ends of the TRCW and propagates construction problems [11]. Additionally, the use of
low-ductility reinforcements limits the displacement capacity of TRCW [10].

The ISHC has been implemented in areas of considerable seismic risk, primarily within the Pacific fault zone. In particular,
Colombia has geological and seismological conditions that cause 87.0 % of the population to live in these risk areas [7], and ISHC ranks
as the first most utilized building system for the construction of residential housing [12]. However, the suitability of ISHC as a primary
structural resistance system for building construction in active seismic zones has been questioned due to the inadequate structural
performance observed in a wide range of TRCW buildings subjected to seismic loads, even for greater wall thicknesses with a relatively
better distribution of ductile reinforcement [4,13].

Structural Engineering has focused on developing techniques to mitigate the seismic vulnerability of systems, such as ISHC, and
promoting resilient designs that prioritize occupant safety [14,15]. In order to address these requirements, structural control systems
have been widely studied and implemented to improve the dynamic response of civil structures using external devices [17,19], such as
passive control systems [18,19], active control systems [16,20], semi-active [18,21], and hybrid control systems [22,23]. Passive
control devices have been widely adopted in the construction industry due to their low installation and maintenance costs and lack of
energy requirements. Among these, base isolation systems have become reliable and cost-effective alternatives for reducing the seismic
vulnerability of buildings [19,24,25]. The aim of these devices is to create a low-rigidity horizontal layer between the structure and its
foundation, which concentrates the deformation generated by seismic loads and decreases the energy induced in the structure [26].
This allows for improved behavior in the superstructure to reduce structural damage, repair costs, and the risk of building functionality
[27]. Steel-reinforced multilayer elastomeric isolators (SREIs) are the most used isolation devices [28], and their low profitability is
due to the complexity of their manufacturing techniques [29]. In Latin America, the expense of importing SREIs hinders widespread
implementation [24]. However, fiber-reinforced elastomeric isolators (FREIs) have been proposed as alternatives to SREIs, in which
steel-reinforcing plates are replaced with fiber laminates with similar mechanical characteristics [30,31]. FREIs were developed
without a mechanical connection to the structure and foundation and are known as unconnected fiber-reinforced elastomeric isolators
(U-FREIs). Consequently, U-FREIs facilitate complex manufacturing and installation processes, thereby reducing device weight and
cost [24,27,32]. Pauletta et al. [32,33] developed experimental tests to characterize the dynamic behavior of U-FREI devices, and
Spizzuoco et al. [34], and Madera et al. [24] in laboratory conditions. Losanno et al. [35] used U-FREI for the base isolation of a
symmetrical 2-DOF steel-concrete structure, which was subsequently reproduced by Riascos et al. [36], and Castillo et al. [37], with
hybrid control system. In a recent study, Losanno et al. [38] and Calabrese et al. [39], used U-FREI devices as base isolation for the
reduction of seismic vulnerability of unreinforced masonry (URM) buildings, which share the same structural system principle (shear
wall) as TRCW buildings, demonstrating its potential applicability to the ISHC.

Testing large-scale U-FREI devices under seismic loads requires extensive technical and economic resources. In recent years, an
innovative testing methodology known as Real-Time Hybrid Simulation (RTHS) has been used to evaluate the dynamic behavior of
complex structural systems or highly nonlinear structures [40-42]. In the RTHS test, the most critical or interesting portion of the
system, which generally exhibits nonlinear behavior, was experimentally tested, including inertial effects [43-45] unlike online testing
[46]. This testing methodology is ideal for the assessment of highly nonlinear devices, such as base isolation systems, such as those
carried out by Lanese et al. [47], Nakata et al. [48], Riascos et al. [49], and Castillo et al. [50], using U-FREI devices, whereas the rest of
the isolated TRCW building was assessed analytically with high accuracy using an analytical model. Both components are referred to as
experimental and numerical substructures, respectively. These substructures generate a communication interface in real-time through
transfer systems to establish a means of interaction between the substructures, thereby creating a communication loop to estimate the
dynamic response of the system at each time step [51,52].

The versatility, potential, and acceptable accuracy of RTHS test to concentrate resources on the evaluation of the experimental
component of the system results in lower experimental setup costs, increased execution times, and improved performance in the face of
the capacity limitations commonly present in large-scale traditional dynamic experimentation [53,54]. In an effort to push the
boundaries of research in TRCW buildings and base isolation systems, this study presents an evaluation of the seismic performance of a
low-rise TRCW building with scaled U-FREI devices as base isolation using the RTHS technique. These tests were conducted to assess
the reduction in the seismic vulnerability of this type of building and validate the use of U-FREI devices for base isolation in the ISHC.
Hybrid tests were performed by coupling a unidirectional shake table within the framework of scale model isolator tests at the Uni-
versity of Valle, in Colombia, as a transfer system. The remainder of this paper is organized as follows. Section 2 provides details of the
assessed reference structure and a description of the U-FREI devices, their design, and characterization. In Section 3, the dynamic
substructuring of the isolated TRCW building with U-FREI devices, the transfer systems employed, the experimental setup, and the
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seismic excitations are described. A detailed analysis of the seismic performance of the U-FREI devices and the low-rise TRCW building
with U-FREI devices as base isolators is presented in Section 4. In this section, the performance of RTHS is evaluated. Finally, Section 5
presents the conclusions of the study.

2. Main structure

2.1. TRCW building
A typical low-rise TRCW building located in Cali-Colombia was chosen as the reference structure. This structure is composed of

reinforced concrete thin walls and flat slabs with 8.0 cm and 10.0 cm thickness, respectively, and f/C = 24.5 MPa. The plan dimensions
of the building are 13.70 m x 16.50 m with 2.50 m floor height, shown in Fig. 1 a. The distribution of the thin walls is shown in Fig. 1 b,
corresponding to an area mean density of 2.0 % and 2.5 % in the X- and Y-directions, respectively. In order to ensure uniform load
distribution, a solid slab of 10.0 cm was added, supported on 40.0 cm x 50.0 cm and 40.0 cm x 40.0 cm beams under the walls, which
direct the load to 12 U-FREI disposed as shown in Fig. 1 a, which configures the base isolation system of the TRCW building. This
isolated structure was modelled in the finite element software ETABS using membrane-shell-type elements for the slabs, shell-thin
elements for the thin-walls, and frame elements for the beams, assuming a rigid diaphragm at all levels. The first and second vibra-
tion modes in the X and Y directions have frequencies of 0.52 Hz, respectively, which corresponded to the target period of 1.92 s.

2.2. TRCW building isolator system: U-FREI seismic devices

According to FEMA 450 [55] and the methodology proposed by Refs. [24,35] for U-FREI design and structural geometry, 12
full-scale type isolators were dimensioned for the micro zone 1 design spectrum in the city of Santiago de Cali [56]. The rubber height,
H, = 340 mm, was estimated to allow 100 % of the maximum displacement, Dyq, without damage to the device. Sixty-two rubber
layers and Sixty-one fiber layers were assumed with thicknesses of t, = 5.5 mm and t; = 1.0 mm, respectively, for an isolator total
height H = 400 mm.

Rubber height for experimental isolators H;; = 30.0 mm was taken, according to the form scale factor Fy = H; = Hf{l = 11.37; the
relation between diameter and rubber height D * H,~! = 2.67 was maintained for real and reduced scale cases, resulting in a specimen
diameter of D* = 80.0 mm. However, there is a loss of stiffness in the scaled U-FREI devices due to shape scaling which was corrected
by a stiffness factor Fx =K, * K, ' = 11.52, these factors are based on the similarity theory. Furthermore, the ratio of the degradation
and effective damping values (B.¢) were determined as 0.41 and 14.0 %, respectively. Based on these data, two reduce-scale U-FREI
specimens (P1 and P2), shown in Fig. 2 a, were fabricated, consisting of 15 rubber layers of 2.00 mm thick and reinforced by 14
polyester fiber layers of 1.00 mm thick as shown in Fig. 2 b. The specimens were simultaneously subjected to shear and compression
loads by applying a sinusoidal lateral displacement protocol with approximate deformation levels, y, of 38 %, 56 %, 88 %, 117 %, 146
%, and 175 %. Simultaneously, a constant vertical load of 19.0 kN was applied. The hysteretic behavior of a pair of isolators U-FREI (P1
and P2), which were designed and built with the same parameters and materials, is shown in Fig. 3 a, where a high inherent
nonlinearity of the elastomeric materials was observed. Although, the differences between the same specimens are due to the
manufacturing processes and intrinsic variability of the materials from which they are composed, the experimental shear rubber
modulus for both is close to the design deformation performance levels of the U-FREI devices, decreasing the impacts of their vari-
ability. In all cases, there was a reduction in stiffness compared with the first cycle for each level of deformation owing to the Mullins
effect [24,31]. The effective stiffness K, and damping coefficient p; were calculated using Equations (1) and (2), respectively.

F ._F ..
K, = e min,i 1
e Dmm,i - Dmin.i ( )
Ey;
= 2
b 2eneK,; D, 2

Isolators

==
=

Y 16.5m |
! X

a) b)

Fig. 1. Reference structure. a) Isometric view of model in software ETABS, and b) plan location of U-FREIs devices.
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a) b)

Fig. 2. U-FREIs Device. a) U-FREIs experimental specimens, and b) Isolator cross-section diagram.
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Fig. 3. Dynamic behavior of U-FREI devices. a) Hysteretic behavior of experimental U-FREI specimens, and b) Experimental shear rubber modulus.

Where Fiax i, Fin,i> Dmax.i> and Dpin j correspond to the maximum and minimum values of load and displacement in each hysteresis cycle.
These parameters are listed in Table 1, in which there is correspondence between the specimens for deformation levels close to 100 %,
which is the design level of the U-FREI devices in this study, with lateral effective stiffness K ~ 73.30 kN e m~! and damping coef-
ficient p; ~ 12.46%. In addition, Fig. 3 b shows the behavior of the shear modulus G for different deformation levels, being the most

important at 20.0 % (G ~ 10.0 kgf e cm™2) and 100.0 % (G1qo, ~ 5.0 kgf e cm~2), where the design process of the specimens is
feedback [24,49].

3. Real-time hybrid simulation (RTHS)
3.1. Numerical substructure (NS)

The Y-axis behavior of the low-rise TRCW building, shown in Fig. 1, without the dynamic properties of the proposed base isolation
system, was analyzed using an analytical multiplex-Degrees of freedom model, which constituted the numerical substructure (NS).
This is based on the premise that U-FREI devices can maintain the elastic range of the TRCW structure. To adjust the model, elements
simulating generic isolating devices were included to obtain accuracy, the roll-out effect that developed by these devices, and the
vertical stiffness (K,) that allows deformation in that direction of movement [44]. An analytic model of the full-scale TRCW building
with an isolated base composed of 12 nodes and 28 elements was developed using the Finite Element Method (FEM), and the dynamic
responses of this model were adjusted to the response obtained in the model developed using ETABS software, according to Section 2.1,
with a sinusoidal excitation in the base with constant amplitude and a frequency range of 0.10-20.0 Hz. Initially, the analytic model
was proposed with 36 Degrees of freedom (DOF), considering frame-type elements with 3 DOF per node (Fig. 4 a). Then, the static
condensation method was used, and the model was simplified to 24 DOF, considering only translational movements (Fig. 4 b) and the
distribution of masses shown in Fig. 4 c. The dynamic behavior of the structure is governed by Eq. (3), where M, C, and K, are the mass,

Table 1

U-FREIs Mechanical properties.
Def. (%) Koy (k1\7m) Pegr (%)

Numerical P, P, A Exp. (%) Numerical P, P, A Exp. (%)

175.50 64.23 55.73 41.24 26.00 11.22 15.54 20.77 33.66
146.40 67.28 60.48 54. 01 10.70 12.07 13.23 14.66 10.81
116.90 71.86 68.86 66.20 3.86 12.73 12.46 12.77 2.49
87.70 79.46 77.48 80.64 4.08 12.51 12.68 11.94 5.84
56.60 94.68 97.02 103.20 6.37 8.94 12.30 11.27 8.37
38.00 107.17 115.61 124.17 7.40 4.49 12.04 10.78 10.47
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Fig. 5. Small-Scale Framework. a) Experimental small-scale framework for testing small-scale isolators, and b) scheme of operation of the small-scale framework.

In order to apply the load acting on the U-FREI devices, a vertical transfer system (VTS) consisting of a hydraulic power unit (HPU)
and vertical actuator was connected to a load cell to measure the compression force. However, it is important to note that U-FREIs
exhibit a roll-out effect that directly affects their deformation [32,36,49]. This phenomenon consists of a roll-out deformation assumed
by the isolator device subjected to a compression load and a relative displacement between its supports, producing a progressive
detachment of the zone that was initially in full contact with the supports [31,33]. Owing to this dynamic behavior of vertical
movement, a control system for the actuator was implemented to maintain a constant load despite the variable deformation of the
specimen during different deformation states in the simulation, as described in Ref. [49]. However, in this study, a servo valve, EATON
KBS-10, was used to control an actuator with asymmetric behavior by implementing a proportional integral (PI) controller with
constants k;, and k;, which provides high accuracy in the behavior of the VTS. The controller loop provided feedback from the normal
restoring force N, measured from the specimens.

3.4. Experimental setup

The numerical and experimental substructures and transfer systems were interconnected according to the scheme shown in Fig. 6 to
develop of the RTHS. The numerical substructure is subjected to an input signal corresponding to the base acceleration dg (seismic
event); the numerical substructure responds to this excitation according to its dynamic properties and the isolated base shift response
u; 4 is taken and scaled with the shape factor (Fg1). The scaled signal ui,; was then sent to the HTS, which was responsible for
replicating u;,, and transmitting it to the experimental U-FREI device system. Simultaneously, the VTS applied a vertical load to frame
N, causing the compression deformation of the tested specimens. The opposing force exerted by the two isolators F, is measured by
the load cell, scaled in shape and stiffness with Fy and Fr according to Section 2.2, and later multiplied by the number of isolators Nj;, of
the entire system to obtain the total feedback force Freq of the numerical substructure and close the loop. This process was pro-
grammed in the Simulink software and executed with a SpeedGoat processor using a host computer with the Xpc protocol of MATLAB
and a sampling frequency of 1024 Hz. SpeedGoat has a high processing capacity to guarantee real-time evaluation of the hybrid
simulation.

3.5. Input signal: seismic excitation

The seismic performance of U-FREIs devices as base isolation systems for mitigating the structural vulnerability of TRCW buildings

No(® Vertical Nm()
Transfer System
Ag(t % -
0 Numerical Uia®) ’l’}\ uia® Horizontal U im(® Experimental
Freea( Substructure W | Transfer System Substructure

Load Cell
Restoring /N\ Fi(t e F F'y® 4_
total force ond = <% F m(t)

scale Framework

Fig. 6. Real-Time Hybrid Simulation (RTHS) scheme.
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Fig. 10. Vertical load performance during RTHS for the analyzed seismic event.

structure, the electronic noise present in the experimental signals of the ES, and the dynamics of the actuators that are part of the
transfer systems [41,54]. Therefore, some indices have been proposed to evaluate the accuracy of the RTHS, considering the possible
discrepancies between the reference and experimental signals. Several of these evaluation measures focus on the local response during
an HS by considering the physical component and its boundary with the numerical component. The evaluation of local performance
was based on the synchronization of the boundary conditions between the numerical response (u;;) sent to the actuator and the
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Table 2
Reduction of relative displacements and maximum drifts per floor.
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CASE Relative displacement [mm] Drift [%]
Floor 1 Floor 2 Floor 3 Floor 4 Floor 5 Floor 1 Floor 2 Floor 3 Floor 4 Floor 5
EL CENTRO Without BI 3.24 9.65 17.69 26.28 34.62 0.13 0.26 0.32 0.34 0.33
With U-FREI 1.86 4.17 6.57 8.98 11.33 0.07 0.09 0.10 0.10 0.09
Reduction 42.6 % 56.8 % 62.9 % 65.8 % 67.3 % 42.6 % 64.0 % 70.1 % 71.9 % 71.9 %
KOBE Without BI 4.46 13.26 24.27 35.98 47.35 0.18 0.35 0.44 0.47 0.46
With U-FREI 1.99 4.47 7.05 9.65 12.18 0.08 0.10 0.10 0.10 0.10
Reduction 55.5 % 66.3 % 70.9 % 73.2% 74.3 % 55.5 % 71.8% 76.5 % 77.8 % 77.7 %
LOMA Without BI 2.88 8.36 15.02 21.93 28.58 0.12 0.22 0.27 0.28 0.27
With U-FREI 2.37 5.32 8.39 11.48 14.48 0.10 0.12 0.12 0.12 0.12
Reduction 17.8 % 36.4 % 44.1 % 47.7 % 49.3 % 17.8 % 46.2 % 53.8 % 55.4 % 54.8 %
MORGAN Without BI 6.66 19.87 36.50 54.26 71.53 0.27 0.53 0.67 0.71 0.69
With U-FREI 2.28 5.10 8.05 11.00 13.87 0.09 0.11 0.12 0.12 0.12
Reduction 65.8 % 74.3 % 78.0 % 79.7 % 80.6 % 65.8 % 78.6 % 82.3 % 83.4 % 83.4%
EL CENTRO KOBE
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Fig. 11. Comparison maximum drifts of the TRCW building with and without Base Isolator using U-FREI devices.

displacement achieved in the physical component (). The normalized root mean square error in the experiment (NRMSE) can be

used according to Eq. (7) to obtain a single value that represents the difference between the actuator signals in the time domain.
Similarly, for comparison in the frequency domain, Equations (8)-(12) are considered, corresponding to the frequency evaluation
index (FEI), which compares the fast Fourier transform (FFT) of the desired signal u;; with that of the measured signal u;,, at the

actuator, the frequency with the largest share during the RTHS f*?, the generalized amplitude Ao, and the delay § [61].

NRMSermr =

@
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Additionally, the global indices considered the interaction between the numerical and experimental substructures, and they were
evaluated in the time domain, quantifying the largest difference between the calculated and measured displacements using epy and
eup, as shown in Egs. (13) and (14) [61].
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All indexes were obtained for the four RTHS and are presented in Table 3. All cases presented a high level of horizontal tracking,
with a generalized amplitude A, close to 1.0, and global errors lower than 4.0 %, which allowed us to conclude that ST as HTS has high
performance and allows performing RTHS with a high level of accuracy, which demonstrates its optimal performance during the RTHS.
The accuracy and performance of the HTS during the RTHS are shown graphically in Fig. 12 for all the seismic events evaluated, where
the red line corresponds to the measured signal and the black line is the reference signal.

5. Conclusion

In this study, a seismic performance assessment of scaled U-FREI devices as system base isolation of a low-rise TRCW building was
performed using the RTHS methodology for four seismic events: El Centro, Kobe, Loma Prieta, and Morgan, scaled to an acceleration of
0.70 g (6.87 m e s2). The main conclusions are as follows:

(1) In all seismic events evaluated was observed an increase in the effective damping coefficient of scaled U-FREI experimental
devices used as base isolation system (EDCx12.0 %) for smaller deformations (less 70.0 %) compared with its analytical
estimation using a bilinear hysteretic model implemented in ETABS (EDC~4.0 %). Furthermore, the form scale and stiffness
factors used for the scaled U-FREI devices similarity law allow for large-scale hysteretic behavior equivalent to that developed
analytically by the bilinear hysteretic model, with an increase in the energy dissipation capacity of the experimental prototypes
of 10.09 %, 2.42 %, 5.29 %, and 0.93 % for the El Centro, Kobe, Loma Prieta, and Morgan earthquakes, respectively, compared
to the analytical model. This difference is due to the nonlinear hysteretic behavior present in the U-FREI devices, which is
limited in the bilinear hysteresis analytical model. In addition, the vertical load variations on the base isolator system of the low-
rise TRCW building were less than 7.0 % using the analytical model described in <i>Section 3.1,</i> and the ETABS model,
which allowed for a constant vertical load on scaled U-FREI devices without alterations in their hysteretic behavior during
RTHS. However, the authors recommend considering this vertical load in HTS for isolated TRCW buildings over 8.0 levels,
where the vertical load has a greater influence on the hysteretic behavior of U-FREI devices during RTHS.

Table 3

RTHS evaluation indexes: lateral transfer system.
Seismic NRMS1ror (%) FEI feq [Hz] Ao epm (%) emp (%) 5 (ms)
El Centro 3.110 0.995-0.041i 1.234 0.996 0.123 3.596 5.200
Kobe 2.570 0.997-0.0331 1.268 0.997 0.092 2.966 4.150
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