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Abstract

:

After the catastrophic destruction of the October 2005 Kashmir earthquake, the first building code of Pakistan was developed in 2007. The sole purpose of the building code of Pakistan (BCP) was to incorporate advancements in earthquake-resistant design to fortify structures and ensure the safety of citizens against future seismic events. After 2007, the BCP was not revised till 2021 to include the changes over time. However, the recently updated version of BCP 2021 highlights that the seismicity of many regions in Pakistan is high, which is not truly reflected in the BCP 2007. Therefore, the advancements in earthquake-resistant design due to the growing concerns about the potential risks of seismicity in the region have been incorporated into the updated version of the BCP. However, there are concerns among researchers that many structures designed on the 2007 code may need seismic fortification. Therefore, the current study focuses on the seismic fortification of existing systems that were developed using previous codes. Non-linear viscous fluid dampers are used to improve the seismic resilience of existing structures. This study compares the seismic performance of an existing reinforced concrete building with and without non-linear viscous dampers and subjected to a non-linear dynamic analysis. The performance of the building is evaluated in terms of story displacement, story drift, story acceleration, and energy dissipation mechanisms. Adding the non-linear fluid viscous dampers in the structure caused a decrease in the inter-story drift by around 31.16% and the roof displacement was reduced by around 36.58%. In addition to that, in a controlled structure, more than 70% of energy was dissipated by the fluid viscous dampers. These results indicate that adding the non-linear fluid viscous dampers to the existing structure significantly improved the vibration performance of the system against undesirous vibrations. The outcomes of this study also provide a very detailed insight into the usage of non-linear viscous dampers for improving the seismic performance of existing buildings and can be used to develop effective strategies to mitigate the impact of seismic events on already built structures.
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1. Introduction


Earthquakes are naturally occurring phenomena that have posed a long threat to human civilization. Over an extended period in human history, our understanding of earthquakes and our capacity to implement effective mitigation measures against their adverse effects have been limited. Nonetheless, in recent decades, meaningful advancements have been made in understanding seismic events and our competence to anticipate, develop strategies, and respond to them [1]. Annually, natural disasters claim the lives of approximately 60,000 individuals globally, with the majority of fatalities attributed to the collapse of buildings during earthquakes [2]. According to the World Health Organization (WHO) 2020 report, between 1998 and 2017, seismic events caused nearly 750,000 fatalities globally, accounting for 50% of all deaths stemming from natural disasters throughout that time frame. The inability of human beings to accurately measure the immense energy released by earthquakes, which occur within a brief time frame, served as the driving force for establishing and advancing seismology as a scientific discipline [3]. Seismologists are experts in understanding earthquake phenomena and the waves generated. They are crucial in understanding seismic activity and identifying the seismic hazards in relevant areas, and formulating earthquake hazard models that are used as the basis for the structural design of buildings and other infrastructures [4].



An earthquake is a sudden and rapid shaking of the Earth’s surface caused by the release of energy stored in rocks [5]. This energy is usually released due to the movement of tectonic plates, which are large pieces of the Earth’s crust that move slowly and can become stuck or locked together. When the plates suddenly move past each other, the energy that has built up is released, causing an earthquake [6]. Seismic waves arise due to the abrupt displacement or fracture of rocks along a fault plane [7]. Earthquakes are of significant concern for underdeveloped countries because of the constrained resources and substandard infrastructures [2]. The damage caused by seismic activity in such countries can range from structural failure to infrastructure damage causing refugee crises and immense death tolls.



Similarly, developing countries have limited resources to recover from the after-effects of earthquakes, causing prolonged suffering and exacerbating existing economic and social lives [8,9]. Different codes and standards have been established to promote seismic resilience in building design and construction [4,10,11,12]. The ultimate goal of these guidelines is to enhance public safety and minimize the adverse impacts of seismic activity on both life and the economy. The enforcement of codes and standards for seismic engineering is commonly achieved by applying building codes and regulations that demand strict adherence to the prescribed seismic design criteria [13]. In practice, these regulations act as legal instruments that require structural engineers and builders to follow seismic design guidelines during the design and construction of buildings and infrastructure [14]. Failure to comply with these regulations can result in legal action and potential liability for any resulting damage or loss of life. Considering the severe impact of seismic activity on buildings and infrastructure, it is imperative to focus on designing new structures to be seismic-resistant and improving the seismic resilience of existing buildings. To ensure the selection of appropriate retrofitting strategies that effectively address the seismic assessment of existing reinforced concrete (RC) buildings, conducting a preliminary assessment of their seismic inadequacy is an essential step [15]. Hence, ongoing research is being undertaken to develop advanced and economically viable strategies that can enhance the seismic performance of existing structures and minimize the potential for damage and loss of life during earthquakes [16,17,18,19,20,21].



Pakistan is in a seismically active zone, making it more vulnerable to frequent earthquakes. It exists at the boundary of both Indian and Eurasian tectonic plates [22,23,24]. The convergence and collision of these plates result in high hazards, which produce moderate to strong ground motions [25,26,27]. In the northern part of Pakistan, along the border of China and India, the geodynamic evolution of the Indus–Tsangpo suture zone gave rise to mountain ranges of the Himalayas because of the collision above [28]. Additionally, complex terrains such as landslides [29], soil liquefaction [27,28,30], tsunamis [31] and unusual geology [32,33] make this region susceptible to more seismic consequences. The area of Pakistan has suffered various devastating earthquakes in its history. In May 1935, the activity of the Chamman thrust fault resulted in a catastrophic earthquake measuring 7.7 on the magnitude scale, which caused the loss of 30,000 lives [34]. Later on, the earthquake of 2005 proved to be a wake-up call for the country to develop and improve its building codes and seismic safety measures. The 2005 earthquake highlighted the inadequacy of the existing structures to withstand seismic activity, resulting in a significant loss of life and property damage [35].



Pakistan is located in a seismically active region and is vulnerable to earthquakes. Therefore, it is crucial to conduct research to develop effective strategies for mitigating the risk of damage to buildings and the loss of life due to earthquakes. This research includes investigating the seismic behavior of existing buildings, developing retrofitting techniques, and identifying suitable locations for new structures based on their seismic safety. By implementing these strategies, the country can improve its resilience to earthquakes and minimize the impact of future seismic events.



Peak Ground Acceleration (PGA) is a seismic hazard parameter, which is considered in the building code of Pakistan (BCP) 2007. In BCP 2007, Pakistan was divided into five seismic zones (1, 2A, 2B, 3 and 4). Each seismic zone is provided with a specific value of PGA. The formula used to calculate the base shear (V) of the building is given in Equation (1)


  V =     C   v   I   R T   W  



(1)




where I is an importance factor per BCP 2007 for each building category, Cv is the velocity-based ground response coefficient for specific seismic zones and soil profiles. R is the response modification factor for lateral force-resisting systems. T is the fundamental time. W is the weight of the building.



The BCP 2007 was revised in 2021. The updated BCP 2021 shows that the seismicity of many regions in Pakistan is very high, and that there are better choices than the division of Pakistan into seismic zone based on the PGA. Therefore, it was decided in BCP 2021 that PGA will no longer be considered a governing seismic hazard parameter for designing buildings. Instead of PGA, like all modern codes, spectral acceleration will be taken as a seismic hazard parameter. Therefore, spectral acceleration is an important parameter in seismic design in BCP 2021, in which Ss (mapped spectral acceleration of short period at 2% probability of exceedance in 50 years) and S1 (mapped spectral acceleration of long period at 2% probability of exceedance in 50 years) are given to each site. According to the BCP 2021, the formula used to calculate the base shear (V) is shown in Equation (2).


  V =   S D s I   R   W  



(2)




where


  S   D   s   =   2   3     F   a     S   s    











SDs, Fa, I, R, and W are the design spectral acceleration parameter, site coefficient, occupancy importance, response modification factor, and weight of the building, respectively.



According to BCP 2007, PGA is considered for the design of buildings. While in BCP 2021, the spectral acceleration value for each site is considered for the design of buildings. Plotting the response spectrum of both building codes for Islamabad, as shown in Figure 1, it can be seen that Islamabad’s seismicity is comparatively higher in BCP 2021 compared to BCP 2007. The parameters used to plot the response spectrum of building codes are given in Table 1.



Research Significance


The existing buildings in Pakistan are designed on spectral acceleration values, which are lesser than the original values, according to BCP 2021. Therefore, these buildings are vulnerable to major seismic events. If these buildings are not properly seismically fortified, then in the case of any major strong earthquake event, the damages would be worse than the recent Turkey–Syria 2023 earthquake. Therefore, buildings in Pakistan are required to undergo fortification to reduce the effects of seismic activity. To highlight the importance of retrofitting existing buildings, a case study building is analyzed linearly according to both codes, i.e., BCP 2021 and BCP 2007.



The study of the practical applications of non-linear viscous damper for retrofitting is rarely available in the literature. This research aims to thoroughly understand the effect of adding non-linear viscous dampers to an already-designed building. The building is modeled and analyzed using a non-linear time-history analysis on three different earthquakes in Perform 3D. The responses regarding inter-story drift, roof displacement, acceleration, and kinetic energy dissipation are analyzed. The paper investigates the application of non-linear viscous dampers on existing structures and evaluates their advantages from the technical perspective, indicating the effectiveness of the proposed straightforward approach to retrofitting existing buildings in Pakistan to enhance their seismic performance.





2. Case Study Building


This study considers a hospital building located in Islamabad, Pakistan, designed on the BCP 2007 response spectrum. There are seven types of columns and four types of beams on each building floor. Figure 2 shows a floor plan and a finite 3D element model. In Figure 2 the red part indicates RC walls. The salient features of the building are shown in Table 2.



When the building is analyzed using the response spectrum of both building codes, i.e., BCP 2007 and BCP 2021, the responses of the structure significantly increased according to BCP 2021 compared to BCP 2007, as shown in Figure 3. The structure’s displacement and inter-story drift responses increased by 21.84% and 22.09%, respectively. While the shear force and overturning moments of the structural systems are greater than 24.27% and 21.98%, respectively. Therefore, the building designed on BCP 2007 required retrofitting and seismic fortification.




3. Seismic Fortification of Existing Buildings


Contemporary building codes and standards typically incorporate seismic design considerations, yielding new buildings that are designed to withstand seismic forces. Most buildings today were constructed before modern seismic codes and provisions were developed. Even those buildings that were built after the development of building codes for Pakistan may need some fortification of the existing structures because of the increased seismic demands of structures generated through new seismic activity [36]. As our understanding of seismic activity increases, building codes regularly evolve to incorporate more robust seismic design requirements [37]. This means that if a building was constructed following the building code at that time, it might not meet the current seismic demands; hence, the seismic fortification of buildings enhances the seismic performance of existing structures, thereby increasing their capacity to withstand seismic demands [38]. Technically, the seismic retrofitting of buildings can be broadly classified into two categorical techniques [39]. The first technique is the “member-level technique,” which aims to improve the seismic performance of structural members. The most deficient structure member is targeted, and its capacity is increased [40]. The “Structural-level technique” deals with a building as a whole and tends to increase the ability of the building to seismic effects by the addition of new structural or substructural elements, such as braces [41,42,43], frames, and dampers [44,45,46,47].



Comparing the effectiveness of structural-level techniques with member-level techniques for seismic retrofitting is subject to specific conditions of the building and the seismic hazards that it faces. Structural-level techniques may provide a more comprehensive and efficient solution for enhancing the seismic performance of existing buildings. This is because structural-level techniques treat the building as a unified system instead of addressing individual members. By adding new structural elements such as bracings and shear walls, structural-level techniques can improve the overall stiffness and strength of the building. In earthquake-prone areas such as Pakistan, where older buildings exist without modern building codes, a structural-level retrofitting approach may be appropriate to improve the seismic performance of the existing buildings. Some feasible retrofitting techniques that could be used for the seismic fortification of buildings in Pakistan are discussed below.



3.1. Lateral Bracing System


Lateral bracing can be critical in terms of the design of beam and columns that helps to maintain the structural integrity of a building during seismic events. Beams and columns are often subjected to lateral forces during seismic events, which can cause them to buckle or twist [48]. Lateral bracing prevents this from happening by providing additional support and stiffness. According to the research findings, the seismic behavior of a building is significantly impacted by the position and orientation of the lateral force-resisting systems [48]. The appropriate type of lateral bracing system for a building depends on several factors, such as the design, location, and height. Selecting the right lateral bracing system is critical to ensure that the installation can resist seismic forces and remain safe during an earthquake. Therefore, different types of lateral bracing systems may be used in other buildings based on the specific requirements of the building [49,50].




3.2. Seismic Retrofit Jacketing


Seismic retrofit jacketing, or “seismic column jacketing”, is a technique to improve the seismic performance of a building’s columns or piers. Seismic retrofit jacketing uses a steel or composite jacket around a building’s column or pier to enhance its strength and ductility and improve its ability to resist seismic forces during an earthquake. This process involves the installation of a reinforcement layer to the existing structure, helping to prevent the column or pier from buckling or failing [51]. There exist different types of jacketing techniques [52,53,54,55].



Seismic retrofit jacketing effectively strengthens building columns and enhances their ability to withstand seismic forces during an earthquake. However, it is important to note that this technique can be disturbing as it involves reinforcing the columns, which may require the demolition and rebuilding of portions of masonry infills and plaster. This can result in high costs and downtime for the building. Another area for improvement with seismic retrofit jacketing is the complexity of the design process. Identifying the columns that need retrofitting, as well as the choice of the battens area and spacing, requires a significant number of attempts and iterations, especially when dealing with irregular building configurations. Non-linear static analysis, such as the pushover method, can help assess the building’s performance before and after retrofitting, but it can be time-consuming and it requires extensive expertise [53].




3.3. Dampers


In seismic retrofitting, dampers are mechanical devices utilized to reduce seismic waves’ effects by absorbing or dissipating energy [54]. The primary purpose of dampers is to decrease the movement and vibration of a building during an earthquake by converting the kinetic energy of the seismic waves into thermal energy. Various dampers exist for the seismic retrofitting of structures [56,57,58,59,60,61].



The selection of a suitable damper for seismic retrofitting is influenced by various factors, such as the structural system of the building, the anticipated level of seismic activity, and the desired level of retrofitting. It is crucial to note that dampers are not the only technique available for seismic retrofitting, and each method must be evaluated critically before deciding on the most appropriate damper for a specific building [56,62,63].



Fluid viscous dampers (FVDs) are often preferred over other mentioned seismic retrofitting techniques because they provide a stable and reliable performance over various seismic events. They effectively reduce the movement and vibration of a building during an earthquake by absorbing the energy of seismic waves through a fluid. Additionally, fluid viscous dampers are relatively easy to install, they require minimal maintenance, and they have a long service life. They can be easily integrated into the existing structural system of a building and they do not significantly alter the building’s appearance or function, hence they are the preferred technique.



Among the different types of fluid viscous dampers, non-linear viscous dampers (velocity coefficient less than one) are preferred because of the limiting peak value of damper forces at large damper velocities [64,65], while in the case of a linear damper, the damping force increases with the damper velocity. Non-linear viscous dampers have a variable damping force that can be tuned to match the specific vibration characteristics of a structure. This allows for more precise and effective vibration control, which can result in better overall performance and safety [66,67]. The findings of different researchers also indicate that non-linear viscous dampers are much more beneficial than conventional linear viscous dampers. Kaleybar et al. investigated the seismic behavior of moment frames at eleven ground motions concluding that structures with the same damping coefficient decreased the seismic response and increased energy dissipation when they were retrofitted with non-linear viscous dampers rather than linear viscous dampers [68]. A similar decrease in the response of structure was observed by Mevada et al. [64] with the increase in the non-linearity of dampers. Additionally, non-linear FVDs that were added to the structure reduced damages at design-based and maximum-considered earthquakes. Additionally, non-linear viscous dampers have a simpler design and are easier to install than other types of dampers, such as tuned mass dampers. This makes them a more practical solution for many applications. Therefore, the current research includes the addition of a non-linear viscous damper in an RC structure to increase its seismic capacity.



3.3.1. Fluid Viscous Damper


Originally, fluid viscous dampers found their application in the military and aerospace sectors. Initially, the military and aerospace industries were the first to employ fluid viscous dampers. Later, these dampers were adapted for structural engineering during the late 1980s and early 1990s [69]. These FVDs operated in a passive mode, because these type of FVDs refers to devices that are designed to function without any external power sources and possess properties that remain stable during the seismic response of the structure [54]. As seismic input energy is concentrated within a relatively narrow frequency range, passive systems are effective, sturdy, and cost-efficient solutions.



The energy dissipation in FVD devices arises from the relative velocities that emerge between their connection points. Typically, the force–displacement reaction of these dampers is contingent on the motion frequency. Moreover, the forces that originate from these devices in the structure tend to be out of sync with the internal forces that are produced by shaking. This results in the maximum forces that are generated by the dampers not coinciding with the peak internal forces that correspond to the transient deformations of the structure [70].



Components of Fluid Viscous Dampers


The FVD device consists of a high-resistance cylinder containing silicone fluid and a piston with small holes on one of its heads. During a seismic event, the piston slides inside the cylinder, transferring fluid from one chamber to another and generating damping force. The displacement of the piston converts kinetic energy into heat through thermal expansion and contraction of the fluid. Figure 4 shows a typical FVD diagram.



A typical viscous fluid damper produces a resistive force determined by its output. The power generated by the damper is a result of the differential pressure across the piston head, which is responsible for the input motion. This resistive force, commonly referred to as the damping force, is directly related to the changes in fluid volume that occur due to the product of the piston’s travel and piston area as it moves. Since the fluid in the damper is predominantly compressible, the creation of the restoring force is similar to that of a spring, which occurs after the change in pressure. Linear fluid viscous dampers differ from non-linear ones in terms of the relationship between the piston’s velocity and the resistance force produced by the damper. In a linear damper, the resistance force increases proportionally as the piston’s velocity increases since the force is directly proportional to the piston’s speed.



In contrast, a non-linear damper produces a resistance force that is dependent on other variables, such as displacement or acceleration. Although linear and non-linear viscous dampers use fluids with similar properties, their intended use can vary. In linear dampers, fluid viscosity is the primary variable affecting the damping force. On the other hand, non-linear dampers use non-Newtonian fluids with viscosities that change with shear rate or stress to produce non-linear damping performance [67,71].




Characteristics of Fluid Viscous Dampers


Fluid viscous dampers (FVDs) are designed to provide a resistance force (F) that helps absorb seismic waves’ energy during an earthquake. This resistance force is determined by various factors, such as the velocity of movement, fluid viscosity, and the size of the piston’s orifices.



The equation that determines the value of P, which is related to the resistance force (F) in fluid viscous dampers (FVDs), is given by the following relationship [72]:


  P = C d   *       U   d       *   α   * s i n   u d   *   t    



(3)







Cd is the damping constant, Ud is the velocity between two ends of the damper, α is an exponent that depends on the fluid’s viscosity properties and the piston’s viscosity, and t is time—the seismic energy during an earthquake. The exponent ‘α ’ in the equation determines the P value in fluid viscous dampers (FVDs), which can be equal to or less than one. An exponent of α = 1 characterizes a linear viscous damper, whereas a non-linear FVD has an exponent of α < 1, which effectively reduces high-velocity shocks. Conversely, dampers with an exponent of α > 1 are not commonly observed in practical applications. It is important to carefully evaluate the appropriate type of FVD for a specific structure based on its behavior and desired performance [73]. Figure 5a,b show the force–velocity and displacement plots for a linear and non-linear viscous damper. As observed in Figure 5b, a non-linear viscous dashpot can dissipate more energy than a linear viscous damper when oscillated to the same level of displacement and with the same peak force (represented by the area enclosed within the force–displacement curve).




Design of Non-Linear Fluid Viscous Dampers


Various researchers have conducted experimental work to study the behavior of non-linear viscous dampers [67,75]. In all these experimental studies, the behavior of non-linear fluid viscous dampers has been studied. Our research includes utilizing the same experimented behavior to model the practical effects of using non-linear fluid viscous dampers to retrofit existing buildings. Various researchers have proposed design methodologies for using modeling non-linear FVDs in multistory buildings [64,65,76]. However, FEMA 274 provides comprehensive guidelines and design procedures for designing FVDs. FEMA 274 [77] offers design equations for non-linear fluid viscous damping devices. In a system with multiple degrees of freedom (MDOF), it is crucial to note that the effective damping ratio of the structural design as a whole is determined by Equation (4)


    ξ   e f f   =   ξ   0   +   ξ   d    



(4)




whereas ξ0 represents the natural damping ratio of a system in the absence of dampers, ξd represents the damping ratio introduced by the mufflers. In the case of reinforced concrete structures, the inherent damping ratio is typically assumed to be 5%, whereas the dense damping ratio for non-linear viscous dampers is selected based on the desired level of damping. Once a value of the damping ratio ξd is determined, an estimate for the damping coefficient C of non-linear devices in a diagonal arrangement can be calculated by the following Equation (5), given by FEMA 274.


    ξ   d   =     Σ   j   λ   C   j     φ   r j   1 + a        cos   1 + a    ⁡    θ   j       2 π   A   1 − α     w   2 − a   ∑   m   i     φ   i   2      



(5)




where ξd is the damping ratio of a system that is equivalent to the damping contributed by non-linear dampers, A is the parameter of velocity, Cj = damping coefficient of damper j, mi = mass of floor I, θj = inclination angle of damper j, Φi = mode displacement at the floor I, Φrj = relative horizontal displacement of damper j, A = amplitude, w = angular frequency, and α = damping coefficient.



FEMA 274 also provides a tabulated list of values for λ, which is the parameter that depends on the velocity exponent.







4. Non-Linear Modeling of Case Study’s Building


For a non-linear time-history analysis of the case building, Perform 3D is used. Two models were created, one without viscous dampers and the other with viscous dampers, as shown in Figure 6. Under the Inelastic 1D material tab in Perform 3D, the inelastic properties are assigned to the concrete for non-linear analysis. The inelastic 1D material defines the non-linear behavior of the RC concrete. The “YULRX” model accounts for strength loss and cyclic degradation implicitly. The “YULRX” model accounts for the non-linear response of the material in terms of the stress–strain history. The trilinear stress–strain response can be modeled using the YULRX model that incurs no strength loss. Perform 3D does not consider the weakening of the YULRX envelope caused by cyclic loading. Therefore, the YULRX envelope used for monotonic loading may differ from that used for cyclic loading, either by being more assertive or exhibiting strength loss at a higher deformation demand. Concrete’s compressive strength is set to 1.3 times the power specified by the designer (CTBUH 2008). Mander’s stress–strain model, which is approximated by a trilinear envelope, describes the non-linear behavior of concrete, and the tensile strength of concrete is set to be 0.33 MPa. In a compression, the hysteretic model has developed in such a way that the unloading stiffness is equal to the initial elastic stiffness and is adjusted so that the stiffness is degraded by the increase in plastic strain [78]. A bilinear hysteretic model, including strain hardening, defines steel in Perform 3D. The yield strength of steel bars is assumed to be 1.17 times the nominal yield strength (CTBUH 2008). Each column of the building is modeled using a lumped fiber modeling approach, and each fiber is assigned properties of concrete and steel. For beams, a plastic hinge modeling approach is used. A moment rotation hinge of zero length was added at the end of the shaft. To simulate the combined axial–flexural behavior, each structural wall was divided into many vertical non-linear concrete and steel fibers. For the modeling of shear walls, the fiber modeling approach is made, and the P-M3 fiber interaction is used to simulate the effect of axial and flexural loading, respectively, Elastic thin shell elements were used to model the slab.



For modeling non-linear fluid viscous dampers (FVDs) using Perform 3D, the FVDs were modeled using a Maxwell model consisting of a spring element and a dashpot damper connected in series. The spring element represents the overall stiffness of the brace element, its connections (such as clevises), and the internal stiffness of the non-linear FVD. This model allows for a more accurate representation of the behavior of the non-linear FVD under different loading conditions. The degree to which a non-linear FVD impacts a system is greatly affected by its axial stiffness (the damper’s internal mechanism to resist elongation and deformation along its lengthwise axis). The mechanical behavior of the damper–brace system is affected by various factors, including the axial stiffness of the non-linear FVD [79]. The effectiveness of a non-linear FVD is determined by the ratio of the FVD force to the damper’s axial stiffness. Axial stiffness affects the mechanical behavior of the damper brace system. Velocity coefficient, axial stiffness of damper proportion, and equivalent axial stiffness of the entire system affect the non-linear viscous dampers. The natural frequency of the whole system is affected by the axial stiffness of the non-linear viscous dampers. A greater axial stiffness value means a higher natural frequency value. This means that dampers will be more effective at reducing the amplitude of the vibrations at higher frequencies. While the stiffness values of bracing elements and connections can be easily calculated, the axial stiffness of non-linear FVDs is private information that is specific to the manufacturer and design properties [80].



To overcome this challenge, the study utilized an axial stiffness value of 150 kN/mm for all non-linear FVDs in each of the four frames based on recommendations from previous research [80,81]. The main characteristic of non-linear FVDs is represented by the dashpot element in the Maxwell model. To define an FVD, two input values are required, namely the “damping coefficient” and the “velocity power”. The damping coefficient and velocity power vary depending on the performance criterion of the buildings and are designed accordingly for each story and building. For this study, the value of the velocity power is 0.5 and the coefficient of the damper is 875 KN s/m.



Dampers Location


The damper’s location is critical to achieving effective seismic protection. The placement of dampers should be carefully considered during the design phase of the building, as the location can affect their effectiveness in reducing the building’s response to seismic activity. Determining the optimal location of viscous dampers (non-linear/linear) in a building requires an iterative process in which the designer must experiment with various arrangements and locations, considering the building’s architectural design and intended use. This research followed the guidelines outlined in ASCE 7–10 for the placement of dampers. These recommendations include using at least two dampers in the direction that requires reinforcement, placing dampers on all story levels of the building, and striving for symmetry to avoid torsion. Pineda et al. in their research assessed the addition of non-linear viscous dampers in RC hospital buildings in Columbia through a non-linear dynamic analysis [82]. In this study, the optimal location of dampers was selected based on ASCE 7–10 provisions. Initially, dampers were placed in all stories in the center of the bay of the building in both directions. No significant reduction in the response of structures were noted. Then, dampers were placed at the ends of buildings to resist torsion and minimize the response, as shown in Figure 6c,d.





5. Selection of Ground Motions


Regarding incremental dynamic analysis, ground motion is referred to as the motion of the ground caused by an earthquake. It is a signalized function of acceleration that varies with time. The input acceleration time history applied to the structure under analysis is described by the ground motion records, and they are critical to the structure’s response to excitation [83]. Uncertainties that are related to the ground motion records chosen for the non-linear response analysis of structures can have an impact on the precision and dependability of the analysis results. There are several reasons for these uncertainties, including the limited quantity and high quality of ground motion records, the modeling presumptions and simplifications, and the ground motion’s inherent randomness and variability. Different researchers have tried to propose different selections of ground motions. Bazzurro et al., 1994, suggested that a set of seven ground motions are sufficient to cover the uncertainty associated with earthquakes for a structural reliability analysis [83]. This set of ground motions, commonly referred to as the “7-DOF” set, consists of seven records selected to represent the variability and diversity of the seismic hazard. Lin et al., 2013 [84] introduced a novel ground motion selection scheme called adaptive incremental dynamic analysis (AIDA) that adaptively changes the ground motion suites at different ground motion intensity levels to match hazard-consistent properties for structural response assessment.



These ground motions are selected from PEER database. The input parameter for the selection of the ground motion is specified in [85]. The parameters for the selection of ground motion are magnitude (6.3–7.8), Rrup values 10–50 km, fault type (strip slip and reverse), and Vs30 (480–620). Using seism match software, the selected ground motion was scaled and matched with the response spectrum of the site (Ss = 1.302 g, S1 = 0.381 g, and site class D). Table 3 illustrates the time histories, their recording station, magnitude, source-to-site distance, and Vs30 (shear wave velocity). Figure 7 shows the 5% damped response spectra of histories, site spectrum, and mean match spectrum. Figure 8 shows three ground motions and six-time histories that are used in this study.




6. Results and Discussions


A modal analysis was used to determine the structures’ natural frequency, mode shape, and damping ratio, which are the inherent dynamic characteristics of the buildings. The time period of mode 1 is 1.34 (s) for a building without a viscous damper and 0.83 (s) for a building with fluid viscous dampers. Adding a non-linear fluid viscous damper reduced the time period and increased the stiffness of the structures. In addition, the presence of a damper increases the overall damping of the structure, and the addition of dampers has little effect on the modal participation factors, as shown in Table 4. Figure 9a,d shows the modal shape of the structure, which is the translation mode in the X direction of the building, with and without viscous dampers, respectively. Similarly, Figure 9b,e illustrates the modal shape of mode 2, which is translation mode in the Y direction of the building, with and without viscous dampers, respectively. Figure 9c,f shows the rotation mode of the building, with and without viscous dampers, respectively



6.1. Displacement and Drift Responses


Figure 10a–c depicts the displacement responses of structure with and without FVDs when subjected to Coalinga-01 (Parkfield–Cholame 2E), Coalinga-01 (Parkfield–Stone Corral 2E), and Northridge-01 (Palmdale–Hwy 14 and Palmdale) seismic loadings, respectively. All the floor displacement of the structure equipped with FVDs (controlled structure) has been significantly reduced compared to the structure without dampers (uncontrolled structure) in each seismic loading. The FVDs increased the overall damping of the controlled structure; therefore, the displacement at each floor decreased. The fluid inside FVDs dissipated the unwanted vibrations of the host structure during the excitation event through thermal expansion and contraction of the fluid. In addition to that, FVDs also increase the stiffness of the structure, which reduces responses along the height of the building. Suppose the response improvement is quantified into percentages. In that case, the maximum decrease in the floors/story displacement can be found in the case of the Coalinga-01 (1983) earthquake measuring station Parkfield–Stone Corral 2E, which gives the maximum reduction in the response of the structure, as shown in Figure 10b. In general, the addition of a fluid viscous damper in the structure reduces the relative floor displacement, which varies in the range of 28% in the first story to 46.95% on top of the structure.



Figure 11a–c depicts the inter-story responses of controlled and uncontrolled structures when subjected to Coalinga-01 (Parkfield–Cholame 2E), Coalinga-01 (Parkfield–Stone Corral 2E), and Northridge-01 (Palmdale–Hwy 14 and Palmdale) seismic loadings, respectively. In all the earthquake loading cases, the inter-story drift curves show that FVDs significantly reduced the drift response of the structure. Carefully analyzing the drift curves shows that structures with FVDs are more likely slightly straight vertical lines, which means that the difference in the drift values of the stories is much smaller.




6.2. Acceleration Responses


The relative acceleration responses of a structure equipped with and without FVDs against the seismic forces of Coalinga-01 (Parkfield–Cholame 2E), Coalinga-01 (Parkfield–Stone Corral 2E), and Northridge-01 (Palmdale–Hwy 14 and Palmdale) are shown in Figure 12a–c, respectively. The FVDs improved the acceleration responses of the top floors of the structure in all three loading cases. However, the relative acceleration response improvement is insignificant compared to the displacement and inter-story drift response improvement with FVDs. The relative acceleration response of the structure is dependent upon the mass and the stiffness of the structure; hence, the displacement demand of the structure decreases because of the damping effect. The addition of non-linear viscous dampers increases the stiffness of the structure, because of which acceleration remains the same. Ras et al. modeled the addition of the viscous damper to the moment-resisting frame and analyzed it for a time-history analysis in SAP2000. The experimentation findings included no significant changes in the acceleration demand of viscous fluid dampers [73]. While the relative acceleration response of the uncontrolled structure and structure with FVDs almost remains the same at the bottom floors/stories.




6.3. Time Histories Responses


For the response analysis, in terms of acceleration and displacement time, histories of the top story of the structure are shown in Figure 13 and Figure 14, respectively, for all three seismic loadings. The addition of FVDs in the structure significantly improved its performance of the structure. The acceleration time-history responses (Figure 13) indicate that FVDs reduced the acceleration at the top story in all three loading cases. The displacement time-history responses have been greater reduced in the structure with FVDs at the full story under Coalinga−01 (Parkfield−Cholame 2E), Coalinga−01 (Parkfield−Stone−Corral 2E), and Northridge−01 (Palmdale−Hwy14 and Palmdale) as shown in Figure 14a–c, respectively.




6.4. Energy Dissipation


The energy dissipation by the structural elements in the controlled and uncontrolled structures in the cases of Coalinga−01 (Parkfield−Cholame 2E), Coalinga−01 (Parkfiel−Stone Corral 2E), and Northridge−01 (Palmdale–Hwy 14 and Palmdale) are shown in Figure 15a–c, respectively. The columns, beams, and shear walls dissipate around 32%, 33%, and 32%, respectively, in uncontrolled structures in the case of Coalinga−01 (Parkfield–Cholame 2E) loading. Incorporating the FVDs in the structure, the columns, beams, shear walls, and FVDs dissipate around 11%, 06%, 10%, and 72%, respectively, in the case of Coalinga−01 (Parkfield–Cholame 2E) loading. Therefore, by adding FVDs to the structure, a huge amount of energy is dissipated by the FVDs, and the structural elements, i.e., columns, beams, and shear walls, remain safe from yielding because, without viscous dampers, the energy is dissipated by the inelastic behavior of columns, beams, and shear walls. Similarly, FVDs in the controlled structure, both in the case of Coalinga−01 (Parkfield–Stone Corral 2E) and Northridge−01 (Palmdale–Hwy 14 and Palmdale), dissipate more than 70% energy.





7. Conclusions


Research studies focusing on the practical applications of non-linear fluid viscous dampers for reinforcing the seismic resilience of existing RC structures are very rare in the literature. Moreover, many RC structures in developing countries such as Pakistan are designed on using acceleration values, which are lower than those on the ground. Therefore, the current study focuses on the seismic fortification of existing RC buildings using non-linear fluid viscous dampers. For this purpose, a 33-meter-high building located in Islamabad, Pakistan, has been chosen as a case study for seismic fortification. Two models of the building, with and without fluid viscous dampers (FVDs), were created in Perform 3D for non-linear time-history analysis. Based on the findings of the current study, the following are the main concluding remarks:



Most of the reinforced concrete buildings in Pakistan may not have significant seismic reliance and are designed on spectral acceleration values, which are lower than the original values, according to the BCP 2021. Therefore, these buildings are vulnerable to major seismic events.



	
Compared to other types of retrofitting techniques, such as lateral bracing systems and seismic retrofitting jacketing, FVDs have the advantage of being relatively easy to install, requiring minimal maintenance, and having a long service life. Additionally, FVDs can be integrated into the existing structural system of a building without significantly altering its appearance or function, which may not be the case with other retrofitting techniques.



	
The seismic retrofitting of the case study building with non-linear FVDs has improved its performance in terms of displacement, inter-story drift, and acceleration response against seismic loadings significantly.



	
Installing FVDs in the end bays of the structures/buildings is more beneficial because it reduces the displacement by 36.58% and the inter-story drift by 31.16%. It also resists the torsion of the building.



	
The addition of the non-linear viscous damper to the building had no significant effect on the floor acceleration of the building compared to the building without the non-linear fluid viscous dampers.



	
The fundamental time period of the building with non-linear viscous dampers decreased by 0.51 (s) more than the building without a non-linear viscous damper. This is because of the increased stiffness of the building.



	
More than 70% of the energy is dissipated by FVDs in the controlled retrofitted structure against all three seismic loading cases. In addition, in the retrofitted structure of FVDs, the structural elements, i.e., columns, beams, and shear walls, remain safe against inelastic yielding.



	
Overall, this study suggests that retrofitting existing buildings with non-linear FVDs is a promising approach that significantly improves the seismic reliance of the structure in seismic-prone areas.






It is recommended for future studies that the retrofitting of existing RC structures with non-linear FVDs coupled with bracing be investigated. Moreover, it is suggested that FVDs and metallic yield dampers’ cost-effectiveness investigation should be carried out for retrofitting purposes.
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Figure 1. Comparison of response spectrum of BCP 2007 and BCP 2021. 
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Figure 2. Floor plan and a finite 3D element model of the case study building in ETABS. 
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Figure 3. Comparison of the responses of the structure according to BCP 2007 and BCP 2021. (a) Displacement response, (b) inter-story drift response, (c) shear force response, and (d) moment response. 
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Figure 4. A labelled figure showcases the inner workings of a typical fluid viscous damper (FVD). Reprinted with permission from [67]. 
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Figure 5. (a) Force velocity relationship of FVDs. (b) Force displacement relationship of FVDs. In the case of linear dampers, the damper force increases linearly with the damper velocity, as shown in (a). In the case of a non-linear damper, the damper force decreases with an increase in the damper velocity. Similarly, non-linear viscous dampers dissipate more energy than linear viscous dampers at the same excitation. Reprinted with permission from [74]. 
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Figure 6. (a) A 3D finite element model of the building in Perform 3D without fluid viscous damper, and (b) bay of structure without dampers. (c) A 3D finite element model of building with fluid viscous damper, and (d) bay of structure with fluid viscous damper. 
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Figure 7. A 5% damped response spectrum. 
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Figure 8. (a,b) Time histories of Coalinga−01 (1983) recording station Parkfield−Cholame 2E in H1 and H2 direction, respectively. (c,d) Time histories of Coalinga−01 (1983) recording station Parkfield −Stone Corral 2E in H1 and H2 direction, respectively. (e,f) Time histories of Northridge−01 (1994) recording station Palmdale–Hwy 14 and Palmdale in H1 and H2 direction, respectively. 
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Figure 9. Modal deformed shape of the building with and without non-linear fluid viscous dampers for (a,d) mode 1, (b,e) mode 2, and (c,f) mode 3. 
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Figure 10. Displacement responses of the structure with and without fluid viscous dampers under seismic loadings: (a) Coalinga-01 (Parkfield–Cholame 2E), (b) Coalinga-01 (Parkfield–Stone Corral 2E), and (c) Northridge-01 (Palmdale–Hwy 14 and Palmdale). 
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Figure 11. Drift responses of the structure with and without fluid viscous dampers under seismic loadings (a) Coalinga-01 (Parkfield–Cholame 2E), (b) Coalinga-01 (Parkfield–Stone Corral 2E), and (c) Northridge-01 (Palmdale–Hwy 14 and Palmdale). 
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Figure 12. Acceleration responses of the structure with and without fluid viscous dampers under seismic loadings (a) Coalinga-01 (Parkfield–Cholame 2E), (b) Coalinga-01 (Parkfield–Stone Corral 2E), and (c) Northridge-01 (Palmdale–Hwy 14 and Palmdale). 
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Figure 13. Acceleration time−history responses of the top story with and without fluid viscous dampers under (a) Coalinga−01 (Parkfield−Cholame 2E), (b) Coalinga−01 (Parkfield−Stone Corral 2E), and (c) Northridge−01 (Palmdale−Hwy 14 and Palmdale). 
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Figure 14. Displacement time−history responses of the top story with and without fluid viscous dampers under (a) Coalinga−01 (Parkfield−Cholame 2E), (b) Coalinga−01 (Parkfield−Stone Corral 2E), and (c) Northridge−01 (Palmdale−Hwy14 and Palmdale). 
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Figure 15. Percentage (% age) energy dissipation of structural elements of the buildings with and without fluid viscous dampers under (a) Coalinga−01 (Parkfield–Cholame 2E), (b) Coalinga−01 (Parkfield−Stone-Corral 2E), and (c) Northridge−01 (Palmdale−Hwy14 and Palmdale). 
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Table 1. Parameters of the building code of Pakistan 2007 and 2021.
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BCP 2007 Parameters

	
BCP 2021 Parameters






	
Seismic Zone

	
2B

	
Short-period spectral acceleration (Ss)

	
1.302




	
Closest distance to the seismic source (km) for Na

	
> 10

	
Long-period spectral acceleration (S1)

	
0.381




	
Closest distance to the seismic source (km) for Nv

	
> 15

	
Site coefficient (Fa)

	
1




	
Near source factor (Na)

	
1

	
Site coefficient (Fv)

	
1.91904




	
Near source factor (Nv)

	
1

	
Site-modified spectral acceleration (SMS)

	
1.302




	
Seismic zone factor (Z)

	
0.2

	
Site-modified spectral acceleration (SM1)

	
0.731




	
Seismic coefficient (Ca)

	
0.28

	
Design-level spectral acceleration (SDS)

	
0.868




	
Seismic coefficient (Cv)

	
0.4

	
Design-level spectral acceleration (SD1)

	
0.487
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Table 2. Salient features of case study building.
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Building Height (m)

	
33




	
No. of Stories

	
9




	
Specified compressive strength of concrete f’c (MPa)

	
RC columns

	
35




	
RC beams and slabs

	
20.68




	
RC walls

	
27.57




	
Specified yield strength of longitudinal steel bar in RC walls and RC columns fy (MPa)

	

	
414




	
Natural period of vibrational modes (s)

	
Mode 1 (X direction)

	
1.34




	
Mode 2 (Y direction)

	
1.18




	
Mode 3 (Torsional)

	
0.87
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Table 3. Properties of ground motion selected in the current study.
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	Earthquake Name (year)
	Station Name
	Magnitude
	Mechanism
	Rjb (km)
	Rrup

(km)
	Vs30 (m/s)





	Coalinga-01 (1983)
	Parkfield–Cholame 2E
	6.36
	Reverse
	41.99
	42.92
	522.74



	Coalinga-01 (1983)
	Parkfield–Stone Corral 2E
	6.36
	Reverse
	35.29
	36.4
	566.33



	Northridge-01 (1994)
	Palmdale–Hwy 14 and Palmdale
	6.69
	Reverse
	41.37
	41.67
	551.56
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Table 4. Modal participation mass of structure without and with dampers.
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Structure without Dampers

	
Structure with Dampers




	
Modal Participation Mass Ratio

	
Modal Participation Mass Ratio






	
Mode 1 (Ux)

	
0.5921

	
0.6086




	
Mode 2 (Uy)

	
0.5790

	
0.6079




	
Mode 3 (Rz)

	
0.5244

	
0.5471
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