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Abstract: The prediction of the magnitude and impact of forthcoming earthquakes remains an elusive
challenge in the field of science. Consequently, extensive research efforts have been directed toward
the development of earthquake-resistant design strategies aimed at mitigating building vibrations.
This study focuses on the efficacy of fluid viscous dampers (FVDs) in augmenting the seismic response
of a low-rise residential reinforced-concrete building, which is base-isolated, using high–damping
rubber bearings (HDRBs). The structural analysis employs a non-linear approach, employing ETABS
v16 software for building modeling and conducting non-linear dynamic analysis using artificial
accelerograms specific to Algeria. Three distinct connection configurations to the building’s base
are investigated: (1) a fixed-base structure; (2) a structure isolated by HDRBs; and (3) a structure
isolated utilizing a novel parallel arrangement of HDRBs in conjunction with FVDs. Comparative
evaluation of these configurations reveals noteworthy findings; the results demonstrate that the base
isolation system, comprising HDRBs and FVDs, significantly diminishes the base shear force by over
80% and reduces acceleration by 54% while concurrently increasing displacement by 47%. These
findings underscore the effectiveness of incorporating FVDs in conjunction with HDRBs as a means to
enhance the seismic response of reinforced concrete buildings. This study showcases the potential of
such structural analyses to contribute to the development of earthquake-resistant design approaches,
providing valuable insights for architects and engineers involved in constructing resilient buildings
in seismically active regions.

Keywords: seismic isolation; base shear; inter-story displacement; high-damping rubber bearings;
fluid viscous dampers; artificial accelerogram

1. Introduction

Earthquakes have long been a significant natural disaster that poses challenges to
humanity. Over the past 20 years, numerous devastating earthquakes have occurred,
with the most recent one taking place in Turkey and Syria on 6 February 2023. These
seismic events have resulted in a growing number of fatalities due to building collapse
and structural damage. As a result, professionals and scientists have been compelled
to develop innovative procedures and methods to protect buildings and structures from
the destructive forces of dynamic loading, thereby reducing reaction quantities, such as
velocities, deflections, and forces.

Sustainability 2023, 15, 11624. https://doi.org/10.3390/su151511624 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su151511624
https://doi.org/10.3390/su151511624
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9364-0506
https://orcid.org/0000-0002-9500-7285
https://orcid.org/0000-0001-5043-2723
https://orcid.org/0000-0001-8057-065X
https://orcid.org/0000-0003-2339-3962
https://doi.org/10.3390/su151511624
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151511624?type=check_update&version=2


Sustainability 2023, 15, 11624 2 of 24

There are two primary techniques employed in ensuring earthquake resistance in
structure design and construction: (i) the conventional earthquake-resistant design ap-
proach; and (ii) the approach based on seismic isolation. The conventional approach focuses
on strengthening structures’ ability to withstand earthquakes by incorporating features
such as shear walls, braced frames, or moment-resistant frames. However, this traditional
method often leads to excessive floor acceleration or significant inter-story drifts in build-
ings. Consequently, seismic isolation earthquake-resistant design has gained popularity,
and in earthquake-prone areas around the world, the concept of base isolation is widely
recognized as an effective means of protecting significant structures from intense ground
motion [1–3]. Countries, such as the United States, New Zealand, Japan, China, and various
European nations, have adopted these strategies as standard practices for many public and
residential structures [4–6].

Base isolation techniques are employed to safeguard buildings and structures from
the destructive effects of earthquakes. Several varieties of these techniques exist, each
with its own advantages and disadvantages. The most common types include elastomeric
bearings and sliding bearings. Elastomeric bearings, as a type of seismic isolation system,
are divided into two main categories, Steel Reinforced Elastomeric Bearings (SREBs) [7]
and Fiber Reinforced Elastomeric Bearings (FREBs) [8]. Within the SREB category, there
are three distinct subcategories: low-damping rubber bearings (LDRBs) [9], designed for
structures requiring moderate damping; high-damping rubber bearings (HDRBs) [10–12],
offering higher damping capabilities for structures with specific vibration control needs;
and lead–rubber bearings (LRBs) [13–16], designed for seismic isolation applications with
superior energy dissipation properties.

On the other hand, sliding bearings are widely used for their ability to accommodate
lateral movements caused by seismic forces. These bearings are classified into two main
types, Flat Surface Sliding Bearings (FSSBs) [17] and Curved Surface Sliding Bearings
(CSSBs), which include so-called friction pendulum bearings [18,19]. These base isolators
are suitable for structures requiring horizontal movement with minimal resistance, allowing
them to slide smoothly during seismic events; also, they are less expensive than rubber or
lead–rubber bearings, but they require more maintenance and are less effective at reducing
seismic forces.

High-damping rubber bearings (HDRBs) [20,21] consist of layers of rubber and steel
plates with a high damping coefficient, allowing them to dissipate the energy generated by
seismic waves. Compared to other types of bearings used for seismic protection [22–24],
HDRBs offer several advantages in terms of effectiveness. Unlike traditional elastomeric
bearings, which typically have lower damping coefficients, HDRBs can absorb a signifi-
cantly higher percentage of seismic energy. This enables HDRBs to reduce the drift and
acceleration of structures during an earthquake, resulting in less damage and lower repair
costs. Compared to lead–rubber bearings, which can also provide high damping ratios,
HDRBs have a simpler design and are easier to install and maintain. Additionally, HDRBs
are more cost-effective than friction pendulum bearings, which can be expensive due to
their complex design and manufacturing process. Table 1 provides a concise overview
of the primary data gathered during the literature review on base isolation techniques,
outlining their benefits and drawbacks.

Dampers are devices utilized to dissipate energy and mitigate the damaging effects
of seismic waves on structures during an earthquake. There are several types of dampers
commonly used for seismic protection, including fluid viscous dampers (FVDs), friction
dampers, and yielding dampers. FVDs [25–30] utilize shear forces generated by the motion
of fluid within a piston–cylinder system to dissipate energy, while friction dampers [31,32]
rely on frictional forces for energy dissipation. On the other hand, yielding dampers [33,34]
are designed to absorb energy through inelastic deformation. Dampers effectively reduce
the inter-story displacement and acceleration of structures during an earthquake, resulting
in less damage and lower repair costs. The choice of damper depends on the specific needs
and requirements of the structure being protected, including factors such as the structure’s
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mass, frequency, and expected seismic activity. Compared to other types of dampers, such
as friction dampers, FVDs offer several advantages in terms of effectiveness. They can
provide higher levels of damping, allowing them to effectively reduce the displacement
and acceleration of structures during an earthquake [26]. Moreover, when compared
to yielding dampers, FVDs can better withstand cyclic loading and high displacement
demands, making them more effective at reducing the displacement and acceleration of
structures during an earthquake. FVDs are better suited for seismic protection as they can
operate over a wide frequency range and are not limited to a single mode of vibration;
additionally, FVDs are highly reliable and require minimal maintenance, making them a
popular choice for seismic retrofitting of existing buildings. The important findings from
the literature review on dampers used as a base isolation approach are fully summarized
in Table 2, along with their advantages and disadvantages.

Table 1. Benefits and drawbacks of base isolation techniques.

Base Isolation Benefits Drawbacks

Steel Reinforced
Elastomeric Bearings

HDRBs [10,11,21]

- Excellent energy dissipation capacity
- Adjustable damping properties
- Enhanced seismic performance
- Increased load-carrying capacity
- Can be retrofitted to existing structures.

- Higher cost compared to some
other base isolation techniques

Lead–Rubber
Bearings [13–15]

- Cost-effective solution for moderate
seismic zones
- Can accommodate some amount of
horizontal and rotational movement
- Can be retrofitted to existing structures

- Limited vertical load capacity
- Degradation over time due to aging
and environmental factors, requiring
periodic inspection and
potential replacement

Low Rubber Bearings [9]
- Relatively lower cost compared to other
base isolation techniques
- Effective isolation from ground motion

- Susceptibility to creep and
permanent deformation over time
- Limited displacement capacity

Sliding Bearings (CCSBs) Friction Pendulum
Bearings [18,19]

- Relatively compact design compared to
other isolation systems
- Can be effective in reducing the
amplification of vibrations at
specific frequencies

- Complex design and installation
- Maintenance and potential need for
periodic replacement of
friction materials
- Higher initial cost compared to
some other base isolation techniques

Table 2. Advantages and disadvantages of dampers.

Dampers Advantages Disadvantages

Fluid Viscous
Dampers (FVDs) [26,27]

- High energy dissipation capacity and
excellent damping performance
- Adjustable damping properties
- Relatively simple design and
installation compared to some other
damping devices
- Can be retrofitted to existing structures

- Requires maintenance and inspection
- Higher cost compared to other dampers

Friction Dampers [31,32]
- Simple and compact design
- Relatively lower cost compared to
some other damping devices

- Limited energy dissipation capacity
compared to FVDs
- Susceptible to wear and aging of
friction materials

Yielding Dampers [33,34]

- High energy dissipation capacity
- Relatively simple design and
installation compared to some other
damping devices
- Can be retrofitted to existing structures

- Permanent deformations may occur after
severe earthquakes
- Limited effectiveness in reducing vibrations
at frequencies

Previous research has predominantly focused on the combination of fluid viscous
dampers with laminated rubber bearings or lead–rubber bearings in order to enhance the
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performance of base-isolated structures [35–39]. However, it is important to acknowledge
that these combinations have limitations, specifically in terms of their limited vertical load
capacity. Consequently, it may not be suitable for structures with high vertical loads or
significant vertical load requirements. Moreover, sustainability emerges as a critical concern
since the FVD-LRB combination can experience degradation over time due to aging and
environmental factors, thereby diminishing its effectiveness, and in order to tackle these
challenges and ensure the long-term durability and desired performance of the system, it is
imperative to conduct periodic inspections and consider potential replacements.

To address these limitations and provide a novel alternative solution, this study
proposes a novel seismic protection system for structures involving a parallel arrangement
of fluid viscous dampers and high-damping rubber bearings, a combination that has not
been previously reported or explored in the literature. Fluid viscous dampers are utilized
for their ability to dissipate energy via viscous fluid flow, while high-damping rubber
bearings are incorporated for their notable advantages over other base isolation methods,
including high damping capacity, a broad frequency range, design flexibility, and excellent
integration capabilities [40,41].

In our research, we conduct analytical modeling of structures connected to the base
through three scenarios: (1) fixed-base; (2) isolated by HDRBs alone; and (3) isolated by a
novel parallel arrangement of HDRBs + FVDs. By integrating these two distinct technolo-
gies in a parallel arrangement, the proposed system aims to synergistically enhance their
performance characteristics and offer a more robust and efficient seismic protection solution.

Through our innovative approach of combining FVD with HDRB, we strive to address
the limitations of existing methods and contribute to advancing the field of earthquake-
resistant structural design. The enhanced seismic performance exhibited by this novel
combination holds significant promise for creating more resilient and sustainable base-
isolated structures when faced with seismic events. This analysis will encompass various
seismic responses, such as base shear force, displacements, and acceleration, providing
comprehensive and detailed insights.

2. Modeling of the Structure

The construction used in this study is a residential reinforced-concrete building with
an (R + 2) type structure and a basement, with three forms of connection at the base:
(1) fixed; (2) HDRB isolated; (3) HDRB + FVD isolated.

The structure is situated in the Wilaya of Boumerdès (Algeria). The location is classed
as a high seismic activity zone (zone 3) by the Algerian Earthquake Regulations [42].

The structure, as shown in Figures 1 and 2, is constructed on firm ground. The sections
used for the columns are (40 × 40) cm and (30 × 40) cm for both principal and secondary
beams that are in the X and the Y directions, respectively. In order to evaluate how well
the isolation system (HDRB + FVD) works at absorbing the total seismic intensity without
being impeded by shear walls, they are not modeled in the structure.

During our analysis, we employed a combination of finite elements to accurately
model the structural behavior of the building. For the vertical members, such as beams and
columns, we used “Frame Elements” designed to resist axial, shear, and bending forces.
Additionally, we utilized “Shell Elements” for the floor and roof slabs to capture their
bending and membrane behavior. This combination of elements provided a comprehensive
representation of the structural response to different loads and conditions.
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2.1. Geometrical Characteristics of the Building

The dimensions of the construction are as follows:

• Level height: 3.06 m;
• Basement height: 3.40 m;
• Building height: 12.58 m;
• Building length: 23.6 m;
• Building width: 19 m.

2.2. Material Characteristics

In our analysis, the concrete selected to model the structure exhibits a compressive
strength of fc28 = 25 MPa and a Poisson’s ratio of ν = 0.2. To estimate the elastic constant
Ec of the concrete, we employed the following constitutive relation [43]:

Ec = 11, 000 3
√

fc28 (1)

where Ec represents the elastic constant of the concrete in MPa, and fc28 denotes the
compressive strength at 28 days in MPa. The shear modulus can be calculated by the
following relation [43]:

G =
Ec

2(1 + ν)
(2)

As concrete reinforcements, we utilized FeE400 steel for the longitudinal reinforce-
ments and FeE215 steel for the transverse reinforcements. These steel grades correspond to
specific yield strengths of the steel bars and are chosen based on their mechanical properties
and suitability for the intended structural design.

Therefore, the material properties used in our analysis are as follows:

• Concrete’s compressive strength: fc28 = 25 MPa;
• Concrete’s modulus of elasticity: Ec = 32,164 MPa;
• Concrete’s shear modulus: G = 13401 MPa;
• Poisson’s ratio: ν = 0.2;
• Yield strength of longitudinal steel = 400 MPa;
• Yield strength of transversal steel = 215 MPa.

3. Base Isolation System
3.1. HDRB

The high-damping rubber bearing (HDRB) is a commonly used isolator in retrofit
projects. It is selected for investigation in this study due to its combination of high vertical
stiffness, low horizontal stiffness, and moderate energy dissipation capabilities. These
features make it a suitable choice for the proposed research.

Many researchers dealt with high-damping rubber bearings; Chen et al. [44] and Xue
et al. [45] performed vertical compression tests and horizontal shear tests to evaluate the
energy dissipation effect of the designed HDRB. Their findings demonstrated a favorable
energy dissipation effect. Dong et al. [46] investigated the shear performance of HDRB by
analyzing the influence of shear strain and vertical compressive stress through compression–
shear performance tests. They also improved the restoring force model of the bearing with
reasonable accuracy. Wang [47] conducted studies on the mechanical properties of five
thick rubber bearings with varying shape factors and diameters. Their research led to the
formulation of a design method for anti-buckling low-frequency seismic isolation bearings
based on the summarized law of vertical stiffness parameters of new thick rubber bearings.
Li et al. [48] carried out extensive experimental studies on various aspects of thick rubber
bearings, including shear stiffness, vertical stiffness, deformation performance, fatigue
performance, creep performance, and aging performance, focusing on the second shape
factor of 1.85. Overall, the collective research from scholars worldwide highlights that
thick rubber bearings offer advantages over ordinary rubber bearings, with lower vertical



Sustainability 2023, 15, 11624 7 of 24

stiffness and superior vertical isolation performance. This feature helps prevent adverse
resonance effects resulting from the vertical period of vibration coupling with the structure.
Tiong et al. [20] modeled a real-size HDRB and tested it on three types of structure in terms
of vertical loading. HDRB was found to offer a considerable reduction in base shear and
floor acceleration, which is significantly lower than the existing classification. Ghrewati
et al. [49] formulated a rubber mixture specifically designed for high-damping rubber
bearing (HDRB) seismic base isolation systems to withstand seismic loads. They conducted
a comparative analysis with international companies’ brochures and found that the results
fell within the satisfactory range of the parametric values specified in the manufacturing
design brochure. This outcome validates the suitability of the developed rubber mixture,
providing strong motivation for local manufacturing of seismic isolators at affordable
prices.

In the isolation technique employed for our study, a total of 30 structural isolators
are placed in a concentric pattern beneath each post of the building. This arrangement
aims to optimize the seismic response of the structure. Figure 3 illustrates the idealized
non-linear force-displacement curve specific to HDRBs, which characterizes their behavior
under seismic loading.
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To determine the geometric and mechanical parameters of the HDRBs subjected to the
most unfavorable load, various seismic guidelines [50–54] are used, and the calculations
are presented in Table 3. These parameters are essential for accurate modeling and analysis.
It is worth noting that the additional supports in the system are dimensioned in a similar
manner for ease of implementation.

Figure 4 provides an illustration of the components and dimensions of the HDRBs
employed in this study:
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Table 3. HDRB system properties.

Keff [kN/m]: Effective stiffness 463

Tc [mm]: Thickness of a single layer of rubber 11

Ts [mm]: Thickness of steel frets 2

H [mm]: Total height of the isolator 284

D [mm]: Diameter of the isolator 500

Ke [kN/m]: Elastic stiffness 1039

Kv [kN/m]: Vertical stiffness 605,917

Kd [kN/m]: Post-elastic stiffness 318

Fy [kN]: Yield strength 39

Dy [m]: Yield displacement 0.038

Qd [kN]: Characteristic strength 27

In the literature [55–57], the hysteric behavior exhibited by elastomeric bearings is
commonly represented by using two parallel springs. Specifically, this model incorporates
a uniaxial hysteretic spring alongside a non-linear elastic spring. The first spring accurately
captures hysteresis loops bounded by two straight lines, while the latter modifies the shape
of these lines, resulting in two limiting curves.

When analyzing structures with HDRBs in software such as ETABS [58], a non-linear
link element is used to model the behavior of these rubber bearings. The non-linear
behavior of HDRBs arises from the fact that their response is not directly proportional to
the applied load or deformation, especially during large displacements. The link element
accounts for this nonlinearity in the analysis.

The link element is a specialized connector used to connect structural elements with
HDRBs or other non-linear elements. It enables the software to accurately simulate the
behavior of the HDRBs under different loading conditions. Here’s a simplified explanation
of how the non-linear link for HDRBs works in ETABS:

1. Force-Displacement Relationship: The non-linear link incorporates the force-displacement
relationship of the HDRB. This relationship describes how the rubber bearing re-
sponds to different levels of displacement (compression or elongation). In the case of
HDRBs, the force-displacement curve typically exhibits a softening behavior, where
the resistance reduces as the displacement increases;

2. Hysteresis: HDRBs exhibit hysteresis, which means that the force-displacement rela-
tionship is different during loading and unloading cycles. The link element should
account for this hysteretic behavior to accurately simulate the energy dissipation in
the rubber bearing;

3. Time-Step Integration: Since the HDRB response is non-linear, the numerical inte-
gration methods used in the analysis must be capable of handling this nonlinearity.
ETABS uses algorithms such as Newmark or HHT (Hilber–Hughes–Taylor) to perform
time-step integration for non-linear systems;

4. Material Properties: The link element requires the input of HDRB properties, such as
stiffness and yield strength. These properties can be obtained from material testing or
supplier data.

By incorporating the non-linear link element in the analysis, ETABS can provide a
more realistic representation of the structure’s behavior when subjected to dynamic loads
and accurately predict the response of the building with high-damping rubber bearings.

To model an HDRB in ETABS v16 software [58], the following steps can be followed:

(i) Definition of HDRB properties: Begin by defining the properties of the HDRB based
on the calculations presented in Table 3. While some properties can be obtained
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from the manufacturer’s data, others may need to be dimensioned using the cited
guidelines [50–54];

(ii) Assigning HDRBs to the supports: In ETABS, select the support that requires seismic
isolation. Then, navigate to the “Assign > Property” menu and choose the HDRB
property defined in step (i);

(iii) Defining the HDRB link: To connect the isolated supports to the structure, define a
link element with the HDRB properties. In ETABS, access the “Define > Link Property”
menu and select the HDRB properties defined in step (i);

(iv) Define non-linear hinge properties: HDRBs exhibit non-linear behavior, so it is nec-
essary to define non-linear hinge properties to accurately represent their response.
In ETABS, access the “Define > Non-linear Link Properties” menu and define the
non-linear hinge properties. This step ensures that the software can accurately model
the behavior of the HDRB;

(v) Conduct structural analysis: Once the HDRBs have been accurately specified and
assigned (See Figure 5), perform a non-linear analysis to evaluate the structure. This
analysis utilizes the HDRB properties established in step (i) and incorporates the non-
linear hinge properties determined in step (iv), enabling an accurate representation of
the HDRB’s behavior.
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3.2. FVD

Experimentations on fluid viscous dampers involve testing their performance under
various loading conditions to validate their effectiveness in reducing structural vibrations
and enhancing seismic resilience in buildings and structures. Guler and Alhan [25] shed
light on the effectiveness of non-linear fluid viscous dampers (FVDs) in seismically isolated
buildings. The results demonstrate that the quantity of supplemental damping and the
level of non-linearity play crucial roles in efficiently minimizing base displacement. Though
the non-linear supplemental dampers can induce superstructure response amplification in
far-field earthquakes, this negative effect can be decreased or even avoided by employing
appropriate combinations of non-linearity level and supplemental damping. Karimi and
Geneş [26] analyzed the effectiveness of combined fluid viscous dampers with lead-core
rubber bearings (LCRBs) in protecting a base-isolated high-rise building against resonance.
The outcomes showed that the strength of the resonance phenomena may be minimized
in a base-isolated high-rise building combining FVD and base isolation systems. Tiwari
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et al. [27] assessed the usefulness of non-linear fluid viscous dampers (FVDs) for enhancing
high-rise RC buildings’ seismic performance. According to the findings, FVDs are very ef-
fective at lowering storey drift and increasing displacement. In their experimental research,
He et al. [59] investigated the seismic behavior of a precast frame structure incorporating a
viscous damper. They created two precast concrete frame specimens, one with a viscous
damper (PCFV) and the other without (PCF). These specimens underwent dynamic re-
versed cyclic loading tests. The outcomes of the experiments revealed that the inclusion of
the viscous damper enhanced the dynamic bearing capacity of the frames.

In this study, a fluid viscous damper (FVD) manufactured by Taylor Devices, Inc.
headquartered in North Tonawanda, NY, USA [60] is employed. The placement of the FVD
in buildings is illustrated in Figure 6, showcasing its typical location within the structural
system. The FVD used in this work, depicted in Figure 7, comprises several components,
including a stainless-steel piston, a steel cylinder divided into two chambers by the piston
head, a compressible hydraulic fluid (silicone oil), and an accumulator to facilitate smooth,
fluid circulation.
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To incorporate the FVD into the structural analysis, ETABS software [58] is utilized.
The damper is modeled within the software, as shown in Figure 8. The rheological model
commonly used to represent the behavior of fluid viscous dampers is the “viscous damping
model” [61]. This typically contains both a spring element and a damper element. The
combination of these elements allows for an accurate representation of the behavior of the
fluid viscous damper under different loading conditions.

• Spring Element: The spring represents the stiffness of the fluid viscous damper. It
models the force-displacement relationship that is present when the damper is sub-
jected to axial loads or deformations. The spring element accounts for the linear elastic



Sustainability 2023, 15, 11624 11 of 24

behavior of the damper, meaning that it resists deformation proportionally to the
applied force;

• Damper Element: The dashpot represents the viscous damping behavior of the fluid
viscous damper. It models the force–velocity relationship, meaning that it generates a
damping force proportional to the relative velocity between the damper’s components.
The damper element is responsible for dissipating energy and providing damping
during dynamic events.
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By combining the spring and the dashpot, the fluid viscous damper model can accu-
rately capture the interaction between stiffness and damping, which is crucial for under-
standing the behavior of the damper in a structural system.

In structural analysis software such as ETABS, these elements are usually included
as part of a specialized “fluid viscous damper” component or as part of a larger library of
seismic isolation and energy dissipation devices. Engineers can then assign appropriate
properties (such as spring stiffness, damping coefficient, and yield strength) to these
elements based on the specific characteristics of the fluid viscous dampers being used in
the structure. Table 4 provides a summary of the characteristics and properties of the FVD
used in this study. These details are essential for accurately representing the behavior of
the damper within the analysis.

Table 4. FVD system properties.

L [m]: Damper length 0.787

F [kN]: Damper force 250

KD [kN/m]: Stiffness 110,285

CD [kN.s/m]: Damping coefficient 301

V [m/s]: Velocity 0.538

α: Damping exponent 0.3

Where:
F = CD·Vα (3)

After a comprehensive evaluation process, we thoroughly examined different ar-
rangements and setups for the fluid viscous dampers with the aim of achieving optimal
performance and effectively mitigating structural vibrations. Our investigations involved
testing various placement options while considering practical limitations and engineering
principles. Through meticulous analysis and rigorous testing, we determined that position-
ing the fluid viscous dampers at the edges of the structure produced the most favorable
outcomes. This configuration allowed us to maximize the efficiency of damping and mini-
mize the transmission of vibrations throughout the structure. Consequently, it significantly
reduced the structural response and improved the system’s stability under dynamic loading
conditions. Furthermore, locating the dampers at the edges provided several benefits. It
facilitated a more even distribution of damping forces across the structure and reduced
the likelihood of localized stress concentrations. Additionally, this arrangement aligned
well with the design concept, ensuring a seamless integration of the dampers within the
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structure. Figure 9 shows the location of the dampers used in our study, and Figure 10
shows a 3D view of a structure isolated by a parallel arrangement of HDRB+FVD
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4. Accelerogram

For our research, seven accelerograms were obtained from the National Earthquake
Engineering Center [62] and recorded at seven different stations during the Boumerdès
earthquake (21 May 2003), with a magnitude of 6.8 on the Richter scale. The seven ac-
celerograms were put into SeismoSoft v21 Software [63] and then converted to obtain
the equivalent artificial accelerograms. Figure 11 illustrates an example of an artificial
accelerogram generated for the city of Dar El Beïda (Algeria).
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Haido [64] highlighted the importance of response spectrum analysis for evaluating
the seismic resistance of reinforced concrete buildings. This study focused on developing a
new design spectrum and dynamic analysis for reinforced concrete multi-storey buildings.
It considered seismic risks and soil properties and investigated the influence of concrete
section reduction factors. In agreement with this study and according to the requirements
specified in Eurocode 8 (EC8) [43], the elastic response spectrum utilized in this study
corresponds to the Boumerdès region. The spectrum compatibility verifications, which are
associated with the selected set of accelerograms, are presented in Figure 12. These verifica-
tions are conducted using a viscous equivalent damping of 5%. The same damping value
is employed both for determining the elastic response spectrum and for determining the
spectra related to the recorded accelerograms. Furthermore, in accordance with Eurocode
8, if the response is derived from a minimum of seven non-linear time-history analyses, the
average of the values obtained from all these analyses should be utilized. This approach
ensures a robust and representative estimation of the structural response under seismic
loading conditions.
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5. Results and Discussion

The current study includes an analysis of an (R + 2) residential reinforced concrete
building with a basement based on the three forms of connection to the base. The following
are this study’s objectives:

- To use ETABS model software and SeismoSoft to model and evaluate fixed-base and
base-isolated structures and investigate the impact of seismic forces on the structure;

- To design and test high-damping rubber bearings and fluid viscous dampers as a base
isolation system;

- To study the behavior of isolated RC buildings in Algerian areas with higher seis-
mic activity.
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5.1. Modal Analysis

This study reveals that seismic isolation has a significant impact on the fundamental
period of the isolated structure compared to the fixed-base structure. The fundamental
period increases substantially when using seismic isolation techniques. The first mode
of vibration exhibits a noticeable change, with the period increasing from 0.77 s in the
fixed-base structure to 2.44 s in the isolated structures, as indicated in Tables 5 and 6. This
elongation of the period demonstrates the enhanced flexibility of the structure and the
effectiveness of the isolation system.

Table 5. Dynamic properties of the fixed-base structure.

Case Mode Period (s) ∑MX ∑MY

Modal 1 0.77 0 0.863
Modal 2 0.744 0.8606 0.863
Modal 3 0.706 0.8658 0.863
Modal 4 0.238 0.8658 0.9615
Modal 5 0.232 0.9623 0.9615
Modal 6 0.22 0.9623 0.9615

Table 6. Dynamic properties of the structure with HDRB isolation system.

Case Mode Period (s) ∑MX ∑MY

Modal 1 2.44 0 0.9991
Modal 2 2.436 0.9963 0.9991
Modal 3 2.304 0.9993 0.9991
Modal 4 0.354 0.9993 1
Modal 5 0.342 1 1
Modal 6 0.333 1 1

In terms of modal participation factor, the fixed-base model shows that the response
is influenced by up to the fifth mode, with a modal participation factor of more than
96 percent. However, for both the HDRB isolation and HDRB + FVD isolation models, the
response is predominantly governed by the first mode, with a modal participation factor of
99 percent. This indicates that the contribution of higher modes is negligible in the isolated
models, which is an important finding in structural dynamic analysis. It suggests that the
higher modes have minimal influence on the seismic response of the isolated structures,
unlike in the case of fixed-base structures.

The results of modal analyses for the HDRB + FVD isolation system, presented in
Table 7, are consistent with the findings in Table 6. Modal analyses, which are based on
mass and stiffness without considering damping, yield the same results for both Tables.

Table 7. Dynamic properties of the structure with HDRB+FVD isolation system.

Case Mode Period (s) ∑MX ∑MY

Modal 1 2.44 0 0.9991
Modal 2 2.436 0.9963 0.9991
Modal 3 2.304 0.9993 0.9991
Modal 4 0.354 0.9993 1
Modal 5 0.342 1 1
Modal 6 0.332 1 1

5.2. Dynamic Analysis

High-damping rubber bearings are designed with a specific elastomeric component
that exhibits a critical damping range from 10 to 20 percent. The damping properties of
these bearings are influenced by factors such as the rubber vulcanization technique and
the curing process. The elastomeric material used in high-damping bearings is capable



Sustainability 2023, 15, 11624 15 of 24

of dissipating significant amounts of energy, which is reflected in the formation of large
hysteresis loops in the device’s behavioral law. These hysteresis loops indicate the bearing’s
ability to absorb and dissipate energy effectively.

One of the distinguishing characteristics of high-damping bearings is their ability
to withstand substantial shear deformations, which exceed the capabilities of ordinary
elastomers. This is due to the specific properties of the high-damping elastomer. Under
lateral forces, the bearing exhibits non-linear behavior, as illustrated in Figure 13a,b. Initially,
for small shear deformations, the bearing has relatively high lateral stiffness. However,
as the shear deformations increase, the stiffness of the bearing decreases significantly.
This non-linearity in stiffness allows the bearing to provide effective energy dissipation
and accommodate large deformations, enhancing its overall performance in mitigating
seismic forces.
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(b) in the Y direction.

Fluid viscous dampers operate on the principle of energy dissipation through the flow
of fluid through orifices. These dampers utilize the resistance generated by the fluid flow
to dissipate energy and reduce the effects of seismic forces.

Figure 14 illustrates the characteristic hysteresis loops in the behavioral law of fluid
viscous dampers. These loops represent the relationship between the applied force and the
resulting displacement during oscillating cycles. The large hysteresis loops indicate the
significant energy dissipation capability of the dampers. As the structure oscillates due to
seismic forces, the fluid within the damper flows through the orifices, creating resistance
and absorbing a substantial amount of energy. This dissipation of energy helps to mitigate
the damaging effects of earthquakes on the structure.
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The ability of fluid viscous dampers to dissipate energy and reduce the impact of
seismic forces contributes to enhancing structural resilience and reducing potential damages
during earthquake events.

5.3. Base Shear

Figure 15a,b and Figure 16a,b show a comparison of shear forces at the base for
the three types of connection in both the X and Y directions. The below figures show a
reduction in the shear force of the isolated structures compared to that of a fixed-base
structure. Analyzing the specific data and values presented in the figures will provide
a comprehensive understanding of the extent of shear force reduction achieved by the
different isolation systems in both the X and Y directions.
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Figure 17 illustrates the significant reduction in shear forces at the base for different
isolation configurations in both the X and Y directions. In the X direction, the reduction is
approximately 85 percent for an HDRB+FVD isolated structure compared to a fixed-base
structure and around 78 percent for an HDRB isolated structure. This corresponds to a
reduction of approximately 7 percent when comparing the two isolation systems.

Similarly, in the Y direction, the shear force reduction is approximately 86 percent for
an HDRB + FVD isolated structure and 77 percent for an HDRB isolated structure, both in
comparison to a fixed-base structure. This indicates a reduction of approximately 9 percent
when comparing the two isolation systems.

These findings demonstrate that the shear forces at the base of the isolated struc-
ture are significantly lower compared to the fixed-base structure. The reduction in shear
forces is attributed to the effective mitigation of transmitted accelerations to the super-
structure through the implementation of isolation systems. The investigation confirms the
effectiveness of the FVD system in reducing shear forces at the base.
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5.4. Displacement

Figures 18–20 compared the displacements for three types of isolation in both the X
and Y directions. In comparison to a fixed base, the displacement of isolated structures
increases in the figures below. It is important to note that while the displacements are higher
in the isolated structures, this does not necessarily indicate poor performance or failure.
The increase in displacements can be attributed to the enhanced flexibility introduced by
the isolation systems; these allow for greater movement and deformation, which leads to
higher displacements during seismic events.

From Figure 21, it can be seen that the maximum displacement in the X direction
reduces by 46 percent in a structure isolated by HDRB and another isolated by HDRB+FVD.
For the Y direction, the reduction is roughly 47 percent in the case of one HDRB and one
HDRB+FVD isolated structure. The figure shows that the horizontal displacements induced
in the isolated structures (HDRB) are greater than in the case of the fixed-base structure; this
is explained by the fact that the isolation system (HDRB) is used without seismic dampers
being used in conjunction with it. Seismic dampers are important to control the induced
displacements in the superstructure; hence, the use of FVDs.
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The evaluation of inter-story displacements, also known as drift, and their distribution
throughout the height of the structure is crucial in assessing seismic performance, as it
directly correlates to structural damage. Figure 22a,b depicts the inter-story displacements
for the isolated and fixed-base structures.

In the case of the isolated structure represented by HDRB or HDRB + FVD isolation,
the inter-story displacements are significantly reduced. The isolated structure behaves
more rigidly, with minimal inter-story movement. On the other hand, the fixed-base
structure exhibits substantial inter-story displacements, indicating a higher vulnerability to
seismic forces.

When comparing the HDRB + FVD isolated structure to the fixed-base structure, a
remarkable reduction of approximately 83 percent in inter-story displacements is observed.
This reduction highlights the effectiveness of the isolation system in mitigating structural
damage and limiting the extent of inter-story movement.
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It is worth noting that controlling inter-story displacements is crucial for preserving
the integrity and functionality of a structure during seismic events. By minimizing inter-
story drift, the isolated structure can better withstand seismic forces and reduce the risk of
damage or collapse.

5.5. Acceleration

Acceleration refers to the rate at which an object’s velocity changes over time, and
in the case of seismic events, it represents the shaking or ground motion experienced
during an earthquake. Figure 23a,b compares the acceleration at the top of the structure for
the three connections to the base in both the X and Y directions. The isolated structures’
acceleration is lower than that of a fixed-base structure, as shown in the figures below,
demonstrating the effectiveness of the isolation systems in reducing the seismic forces
transmitted to the superstructure.
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Figure 24a shows that the maximum recorded accelerations in the X direction are
reported as 10.97 m/s2 and 5.10 m/s2 for the fixed-base and HDRB+FVD isolated structures,
respectively. This indicates a significant reduction in acceleration of 54 percent for the
HDRB+FVD isolated system compared to the fixed-base structure. Similarly, Figure 24b
displays the highest measured accelerations in the Y direction, with the values of 10.92 m/s2

for the fixed-base structure and 5.35 m/s2 for the HDRB+FVD isolated structure. This
demonstrates a 51 percent reduction in accelerations for the HDRB+FVD isolated system in
comparison to the fixed-base system.

The results highlight the efficacy of the HDRB+FVD isolation system in reducing the
structural acceleration response during seismic events. Through a substantial decrease in
structural accelerations, the isolation system enhances occupant safety and minimizes the
risk of structural damage.
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6. Conclusions

A numerical procedure for predicting the seismic behavior of isolated concrete struc-
tures has been proposed in this study. For the isolated structures, two different devices
have been used in parallel, high-damping rubber bearings (HDRBs) and fluid viscous
dampers (FVDs). They were simulated with ETABS v16 software, and the dynamic results
were obtained by using multiple artificial accelerograms for Algeria using SeismoSoft
v21 software.

The main findings of this work indicate significant advantages of using isolation
systems for concrete structures. Firstly, isolated structures demonstrate prolonged periods
compared to fixed-base structures, highlighting their increased flexibility and reduced
vulnerability to seismic forces. The dynamic response of isolated structures is primarily
governed by the first mode of vibration, emphasizing the dominant influence of the funda-
mental mode. Furthermore, the incorporation of high-damping rubber bearings (HDRBs)
and fluid viscous dampers (FVDs) in the isolation system proves effective in mitigating
shear forces. The shear forces measured at the base of a structure isolated by (HDRB + FVD)
are lower by 7% than those at the base of an HDRB-isolated structure and by 85% than
those in a fixed structure; this highlights the effectiveness of the isolation system in miti-
gating shear forces. Additionally, the isolated structures experience greater displacements
compared to fixed-base structures. As a result, it is essential to pair supports with dampers
to counteract these significant displacements and protect neighboring structures. On the
other hand, inter-story displacements are negligible in isolated structures, underscoring the
isolation system’s capability to restrict movement within individual storeys. Finally, the ac-
celerations experienced by the isolated structures are 54% lower than those of the fixed-base
structure, contributing to a reduced sense of unease for residents during earthquakes.

Based on these findings, this study suggests several perspectives for further research:

• Development of new numerical methods incorporating different isolation systems and
comparing them with existing models in the literature;

• Apply the present model to high-rise buildings and different accelerograms, especially
in high seismicity areas;

• Validation of the numerical results through experimental studies to ensure their accu-
racy and reliability.

Finally, the authors hope that the results presented in this study will be useful in
highlighting the contribution of FVDs to dissipating energy, with a view to improving the
seismic response of buildings previously isolated by HDRBs.



Sustainability 2023, 15, 11624 22 of 24

Author Contributions: Conceptualization, A.B. (Asma Belbachir), A.B. (Abdelkader Benanane) and
Z.S.M.L.; methodology, A.B. (Asma Belbachir), A.O., Z.R.H. and E.I.; software, A.B. (Asma Belbachir)
and Z.S.M.L.; validation, A.B. (Abdelkader Benanane), M.H.-N. and S.A.; formal analysis, A.B.
(Asma Belbachir) and A.O.; investigation, A.O., Z.R.H. and Z.S.M.L.; resources, Z.R.H., D.R. and E.I.;
writing—original draft preparation, A.B. (Asma Belbachir), Z.R.H., D.R. and E.I.; writing—review and
editing, M.H.-N. and S.A.; visualization, M.H.-N. and D.R.; supervision, A.B. (Abdelkader Benanane),
A.O. and S.A.; project administration, A.B. (Abdelkader Benanane) and M.H.-N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Furinghetti, M. Definition and Validation of Fast Design Procedures for Seismic Isolation Systems. Vibration 2022, 5, 290–305.

[CrossRef]
2. Quaglini, V.; Pettorruso, C.; Bruschi, E. Design and Experimental Assessment of a Prestressed Lead Damper with Straight Shaft

for Seismic Protection of Structures. Geosciences 2022, 12, 182. [CrossRef]
3. Freddi, F.; Ghosh, J.; Kotoky, N.; Raghunandan, M. Device Uncertainty Propagation in Low-Ductility RC Frames Retrofitted with

BRBs for Seismic Risk Mitigation. Earthq. Eng. Struct. Dyn. 2021, 50, 2488–2509. [CrossRef]
4. Pall, A.S.; Verganelakis, V.; March, C. Friction-Dampers for seismic control of Concordia University Library Building. In

Proceedings of the 5th Canadian Conference on Earthquake Engineering, Ottawa, ON, Canada, 6–8 July 1987; pp. 191–200.
5. Pasquin, C.; Leboeuf, N.; Pall, R.T.; Pall, A. Friction dampers for seismic rehabilitation of Eaton’s building, Montreal. In

Proceedings of the 13th World Conference on Earthquake Engineering, Vancouver, BC, Canada, 1–6 August 2004; pp. 1–2.
6. Li, H.N.; Li, G.; Wang, S.Y. Study and application of metallic yielding energy dissipation devices in buildings. In Proceedings

of the Tenth U.S. National Conference on Earthquake Engineering Frontiers of Earthquake Engineering, Anchorage, AK, USA,
21–25 July 2014.

7. Vaiana, N.; Sessa, S.; Marmo, F.; Rosati, L. An accurate and computationally efficient uniaxial phenomenological model for steel
and fiber reinforced elastomeric bearings. Compos. Struct. 2019, 211, 196–212. [CrossRef]

8. De Domenico, D.; Losanno, D.; Vaiana, N. Experimental tests and numerical modeling of full-scale unbonded fiber reinforced
elastomeric isolators (UFREIs) under bidirectional excitation. Eng. Struct. 2023, 274, 115118. [CrossRef]

9. Orfeo, A.; Tubaldi, E.; Losanno, D. Dynamic behaviour and seismic response of structures isolated with low shape factor bearings.
Earthq. Eng. Struct. Dyn. 2023, 1–23. [CrossRef]

10. Li, T.; Yang, Y.; Xu, J.; Dai, K.; Ge, Q.; Wang, J.; Chen, P.; Wang, B.; Huang, Z. Hysteretic behavior of high damping rubber bearings
under multiaxial excitation. Soil Dyn. Earthq. Eng. 2022, 163, 107549. [CrossRef]

11. Li, T.; Yang, Y.; Dai, K.; Ge, Q.; Wang, J. Influence of ground motion duration on seismic performance of RC frame isolated by
high damping rubber bearings. Eng. Struct. 2022, 262, 114398. [CrossRef]

12. Zhang, D.; Yu, Y.; Sun, K.; Shi, Y. On the Adaptability and Effect of High Damping Rubber Bearings in the Seismic Resistance of
Large Aqueducts. Adv. Mater. Scie. Eng. 2023, 2023, 2269904. [CrossRef]

13. Li, Y.; Ma, Y.; Zhao, G.; Liu, R. Study on the Basic Performance Deterioration Law and the Application of Lead Rubber Bearings
under the Alternation of Aging and Seawater Erosion. Buildings 2023, 13, 360. [CrossRef]

14. Shadiya, P.V.; Priyanka Dilip, P. Seismic Analysis of Irregular Buildings with And Without Lead Plug Rubber Bearings (LPRB). J.
Recent. Act. Infr. Scie. 2023, 8, 1–11.

15. Chen, P.; Wang, B.; Zhang, Z.; Li, T.; Dai, K. A Generalized Model of Lead Rubber Bearing Considering Large Strain Stiffening
and Degradation. Eng. Struct. 2023, 275, 115264. [CrossRef]

16. Deringöl, A.H.; Güneyisi, E.M. Enhancing the Seismic Performance of High-Rise Buildings with Lead Rubber Bearing Isolators.
Turkish J. of Eng. 2023, 7, 99–107. [CrossRef]

17. Avinash, A.R.; Krishnamoorthy, A.; Kamath, K.; Chaithra, M. Sliding Isolation Systems: Historical Review, Modeling Techniques,
and the Contemporary Trends. Buildings 2022, 12, 1997. [CrossRef]

18. Chen, X.; Xiong, J. Seismic resilient design with base isolation device using friction pendulum bearing and viscous damper. Soil
Dyn. Earthq. Eng. 2022, 153, 107073. [CrossRef]

19. Chen, X.; Wu, P.; Li, C. Seismic performance assessment of base-isolated tall pier bridges using friction pendulum bearings
achieving resilient design. Strcutures 2022, 8, 618–629. [CrossRef]

https://doi.org/10.3390/vibration5020017
https://doi.org/10.3390/geosciences12050182
https://doi.org/10.1002/eqe.3456
https://doi.org/10.1016/j.compstruct.2018.12.017
https://doi.org/10.1016/j.engstruct.2022.115118
https://doi.org/10.1002/eqe.3947
https://doi.org/10.1016/j.soildyn.2022.107549
https://doi.org/10.1016/j.engstruct.2022.114398
https://doi.org/10.1155/2023/2269904
https://doi.org/10.3390/buildings13020360
https://doi.org/10.1016/j.engstruct.2022.115264
https://doi.org/10.31127/tuje.1026994
https://doi.org/10.3390/buildings12111997
https://doi.org/10.1016/j.soildyn.2021.107073
https://doi.org/10.1016/j.istruc.2022.02.032


Sustainability 2023, 15, 11624 23 of 24

20. Tiong, P.L.Y.; Adnan, A.; Rahman, A.B.A.; Mirasa, A.K. Seismic base isolation of precast wall system using high damping rubber
bearing. Earthq. Struct. 2014, 7, 1141–1169. [CrossRef]

21. Tiong, P.L.Y.; Kelly, J.M.; Or, T.T. Design approach of high damping rubber bearing for seismic isolation. Smart Struct. Syst. 2017,
20, 303–309. [CrossRef]

22. Islam, A.B.M.S.; Ahmad, S.I.; Al-Hussaini, T.M. Effect of Base Isolation on Buildings in Dhaka. In Proceedings of the 3rd
International Earthquake Symposium, Dhaka, Bangladesh, 5–6 March 2010.

23. Islam, A.B.M.S.; Hussain, R.R.; Jameel, M.; Jumaat, M.Z. Non-linear time domain analysis of base isolated multi-storey building
under site specific bi-directional seismic loading. Autom. Constr. 2012, 22, 554–566. [CrossRef]

24. Choiri, M.E.; Annisa, H.G. Design of Earthquake Resistant Building by Using Shear Wall and High Damping Rubber Bearing
Base Isolator. In Proceedings of the 1st International Conference on Contemporary Risk Studies, South Jakarta, Indonesia, 31
March–1 April 2022.

25. Guler, E.; Alhan, C. Effectiveness of non-linear fluid viscous dampers in seismically isolated buildings. Earthq Struct. 2018, 17,
191–204. [CrossRef]
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