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Abstract. Earthquakes have serious destructive effects on building structures, and effective 
seismic design is the key to building design. In order to reduce the damage of earthquakes to 
building structures, seismic design of buildings is based on improved viscous dampers. First, the 
displacement seismic design was studied and a displacement-based structural seismic model was 
constructed. In addition, analyzing traditional viscous dampers, an improved viscous damper is 
adopted based on it. Through equivalent damping expression, a displacement seismic model based 
on the improved viscous damper is constructed. Finally, two targets, frequent and rare 
earthquakes, were selected for experimental analysis. In frequent earthquake experiments, the 
improved viscous damper structure increased the shock absorption rate by 35.65 % compared to 
the no-structure design. In the shear force comparison, the maximum shear force of the improved 
viscous damper structure in the HB wave 𝑋 direction is 2186 KN, which is the smallest shear force 
among the three structural designs. In a rare earthquake experiment, the maximum value of the 
floor shear force in the 𝑋-direction of the Humbolt bay wave of the proposed improved viscous 
damper structure was 8696 KN. Compared with other structures, the floor shear force was the 
smallest. In the comparison of floor displacements, the maximum inter-story displacement in the 
Humbolt bay wave 𝑌-direction of the proposed improved viscous damper structure is 162 mm, 
which is the smallest inter-story displacement compared with other structures. In addition, the 
structure apex displacement was also compared. The structure apex displacement value of the 
improved viscous damper structure was lower than that of other structures and was in the slight 
damage range. The overall seismic effect was significantly better than other structural designs. 
The research content is conducive to optimizing the application effect of viscous dampers and 
provides technical reference for the seismic design of building structures. 
Keywords: displacement, seismic design, viscous damper, equivalent damping, rare earthquakes. 

Nomenclature 𝑀 Mass matrix 𝐾 Stiffness matrix 𝐶 Represents the damping matrix 𝑈, 𝑈, 𝑈 Different velocities under three degrees of freedom: multi degree of freedom 
system, acceleration and inertial force, and displacement shape 𝑢 𝑡  Inertial force 𝑍 𝑡  Normalized coordinates 𝛷 𝜉  Mode matrix 𝑢  Equivalent displacement 𝑎  Equivalent acceleration 𝑀  Equivalent mass 𝑉  Equivalent base shear force 𝑘  Equivalent stiffness 𝑢  Multi-degree-of-freedom particle lateral displacement 
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𝑎  Absolute acceleration of the particle 𝑖 Multi-degree-of-freedom particle 𝑚  Particle mass 𝑚  Single-degree-of-freedom particle mass 𝑢  Equivalent displacement respectively 𝑇  Equivalent period 𝜉, 𝜔 Both damping term parameters 𝑢( ) Multi-degree-of-freedom acceleration 𝑢( ) Multi-degree-of-freedom displacement 𝑇 Seismic response period 𝑇 𝜏 Interval time 𝛼  Seismic response coefficient 𝑆  Spectral acceleration 𝑔 Gravity acceleration 𝑆  Single-degree-of-freedom spectral displacement 𝑢 Structural velocity 𝑢 Structural displacement 𝑢  Speed 𝛼 Damping coefficient 𝐹 Damping force of ordinary vd 𝑐 Damping coefficient 𝑐 , 𝛿 All indicate amplification factor 𝑢 Adding displacement to the system 𝑢  Displacement amplitude 𝜔 Frequency of external force 𝜆 Intermediate variable parameters 𝛤 Function expression 

1. Introduction 

The destructiveness of earthquakes to building structures often brings huge disasters to people, 
so the seismic design of buildings becomes particularly important. In recent years, with the 
advancement of science and technology and in-depth research, the seismic design of buildings 
based on displacement has gradually attracted attention. Compared with traditional design 
methods, displacement seismic design has many technical features and advantages. For example, 
traditional seismic design often only considers the stiffness and strength of the structure, while 
displacement seismic design pays more attention to the displacement response of the structure to 
earthquakes, which can better protect the integrity of the building and the safety of personnel. 
Secondly, displacement-based seismic design can more accurately evaluate the seismic 
performance of the structure by building a seismic model. It not only considers the overall stiffness 
of the structure, but also considers the displacement distribution and shape of the structure under 
earthquake action. By analyzing and studying displacements, the behavior of buildings in 
earthquakes can be better predicted, thereby optimizing and improving design solutions. However, 
the displacement design based on viscous dampers still has shortcomings, and its effect is easily 
limited by small deformation factors. Therefore, based on displacement seismic design, an 
improved amplified viscous damper is introduced for seismic structural design. Research and 
technological innovation are mainly reflected in two aspects. Firstly, based on displacement 
seismic design, the stability, durability, and adaptability requirements of the building structure are 
fully considered in the structural design, ensuring the effectiveness of the structural design. 
Secondly, traditional viscous dampers have been improved to fully consider more seismic 
scenarios and better adapt to different seismic conditions, thereby improving overall seismic 
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performance. The significance of the research is that through the research and improvement of 
displacement seismic design, the seismic performance of building structures in earthquakes can 
be improved, the losses of earthquake disasters can be reduced, and technical guidance can be 
provided for the structural seismic design of related buildings. 

The research content is divided into four parts. The first part introduces the relevant cutting-
edge technologies and applications of building seismic design. The second part studies the seismic 
design of buildings, analyzes related technologies based on displacement seismic design, and 
builds related models. The third part conducts performance testing of the proposed building anti-
seismic technology to verify its application effect in actual scenarios. The fourth part summarizes 
and analyzes the full text and elaborates on the improvement direction of the research. 

2. Related works 

Earthquakes have a fatal impact on building structures. They will not only destroy the structure 
of the building itself, but also affect the safety of users. Therefore, the design of seismic structures 
of buildings has attracted much attention [1-3]. Muttoni and others found that punching failure is 
a controlled failure mode of flat plate frames, and structural limitations can easily lead to building 
collapse. In order to solve the above problems, the punching shear Eq. of concrete structures was 
studied and a closed expression was obtained, which can be used to predict the deformation 
capacity of internal slab-column connections. Finally, corresponding experimental analysis was 
carried out, and this technology was applied to optimize and improve the building structure, and 
the overall seismic resistance of the building was significantly improved [4]. Zhong and 
Christopoulos conducted research on early building structures, in which the self-centered seismic 
knot design can effectively reduce earthquake damage and residual drift. Therefore, in order to 
effectively improve the structural seismic resistance of buildings, further research is conducted on 
self-centered seismic knots and applied to the seismic process of buildings. Through the 
optimization and adjustment of building structural parameters, the seismic effect of building 
structures can be further improved. Specific experiments show that this technology has good 
seismic performance in building structures and is better than similar related technologies [5]. Alam 
et al. found that asymmetric structures are more susceptible to earthquake damage under 
earthquake action. Further research found that mainly due to coupled torsional vibration, it will 
cause destructive effects on the building structure, thereby affecting the stability of the building. 
In order to solve the above problems, a correlation experimental analysis was carried out on the 
eccentric quarter-scale asymmetric structure, and a fiber Bragg grating sensor was used to detect 
structural damage. Finally, a finite element model was established and the results of the model 
and experiments were compared. Through relevant experimental discussions, we have a better 
understanding of the mechanism of asymmetric structures in building seismic resistance, which is 
conducive to strengthening the overall seismic resistance of building structures [6]. 

In recent years, viscous dampers have become one of the key technologies in seismic design 
of building structures. The viscous damper adopts advanced manufacturing technology and 
materials, which can withstand various vibration and impact tests, and exhibits extremely high 
reliability in terms of service life. Therefore, relevant scholars have conducted research on it. Hu 
et al. proposed a building seismic design using viscous dampers to improve building seismic 
performance. However, the parameter distribution between the damper installation locations was 
not fully considered in the design. In order to solve the above problems, a distribution pattern is 
adopted that can reduce the overall requirement of building coefficient without changing the 
response mitigation effect. In the relevant experimental analysis, by establishing a model and 
conducting simulation experiments, the researched technology has better anti-seismic effects in 
actual scenarios compared with similar technologies [7]. De Domenico D. et al. proposed a 
practical nonlinear viscous damper building seismic optimization method to realize the 
transformation of steel frame structures. First, the Maxwell model was used to simulate the damper 
performance. During the design process, the nonlinearity of the parent steel frame was considered 
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to determine the performance optimization parameters of the building. The results show that the 
research technology has excellent stability and lower building damage [8]. Akehashi and 
Takewaki proposed a method to determine the optimal location of a target viscous damper. The 
first choice is to study the parameters of the building, obtain the building structure model, and 
design a model optimization adjustment technology based on the building optimization objective 
function. Deep learning algorithms are used to solve the target. The proposed technology has 
excellent seismic performance in real scenarios [9]. Karami and others found that in areas with 
strong earthquakes, housing buildings face the threat of serious earthquake damage. In order to 
ensure the safety of area residents, it is particularly critical to carry out structural seismic design. 
In this regard, a numerical design optimization method is proposed to use nonlinear viscous 
dampers for seismic reinforcement of existing steel frames to achieve seismic optimization of 
building structures [10]. Humaidi et al. conducted a study on the seismic performance of building 
structures, with the aim of reducing the damage of seismic excitation to building structures. 
Therefore, the bee algorithm was introduced in the study to adjust the gain of traditional PID 
controllers, thereby achieving active control of two-story building structures. In addition, the 
research also continuously optimizes the structural design parameters by calculating the excitation 
parameters between different floors. Finally, relevant seismic models were used for experiments, 
and this technology has good feasibility [11]. 

In addition, many scholars have conducted extensive research on the mechanical performance 
analysis of seismic resistant structural materials. Scholars such as Jain et al. have studied 
traditional foundation isolators and found that there is a significant relative displacement between 
these components and the foundation. Therefore, further study the attenuation characteristics and 
investigate their periodic characteristics. Simultaneously, the periodic fundamental bandgap 
characteristics are calculated using the plane wave expansion method. Through this study, the 
seismic characteristics of different materials will be effectively analyzed, and support will be 
provided for the seismic resistance of building structures [12]. Pany and Li have studied periodic 
repetitive crystal materials in Jining, which are widely used in various aerospace, industrial, and 
building structural processes to ensure their excellent quality performance. At the same time, the 
numerical method of finite element theory was used to construct a physical model in the study, in 
order to analyze the mechanical condition of the structure on multiple surfaces. Obtained a 
three-dimensional graph related to the phase constant, flutter frequency, and pressure parameters 
corresponding to the optimal period angle. The research will also provide reference for seismic 
optimization design of building structures [13]. Hu et al. have conducted research on seismic 
design of building structures, and in order to improve the seismic performance of buildings, a 
structural design scheme using viscous dampers has been adopted. Among them, an optimized 
damping distribution pattern was adopted, which can reduce the overall requirement for damping 
coefficient without changing the response mitigation effect. In addition, the seismic demand ratio 
of each floor was analyzed to optimize different types of design responses. The final test results 
show that the design has good seismic performance and a simple structure [7]. Pany and Parthan 
analyzed the one-dimensional axial wave propagation in an infinitely long period supported 
cylindrical curved panel under the action of supersonic airflow. The study used aerodynamic 
analysis based on piston theory to analyze the performance of cylindrical curved panel structures, 
while using both precise and finite element methods to analyze flutter frequency and pressure 
parameters. Through the above analysis, technical support is provided for the optimization of 
seismic resistant structures in buildings [14]. 

According to the above research, it can be seen that effective building seismic design is the 
key to reducing earthquake disaster damage. In the seismic design of buildings, 
displacement-based seismic design has excellent application effects. The use of viscous dampers 
can significantly reduce earthquake displacement damage and minimize earthquake risks. 
However, the above-mentioned literature research did not consider the adaptability of traditional 
seismic design in rare and frequent scenarios. Therefore, a more advanced viscous damper was 
adopted in the subsequent research on seismic design, taking into account different seismic 
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scenarios. Applying it to common and frequent earthquake scenarios to improve the overall 
seismic design effect of buildings. 

3. Construction of building seismic model based on displacement 

This part mainly studies the seismic design of structures based on displacement and builds 
related models. At the same time, the shortcomings of the traditional viscous damper are analyzed, 
an improved viscous damper is introduced, and a displacement-based seismic model is 
constructed. 

3.1. Building seismic design based on displacement design 

In recent years, more and more large-scale buildings have been built. In architectural design 
and construction, earthquake-resistant design of buildings is the key to construction. Among them, 
the structural seismic design based on displacement has attracted much attention. Compared with 
the traditional seismic design based on load-bearing, displacement control pays more attention to 
the performance and seismic resistance of the building, which is more obvious for the stability 
and safety of the building structure [15]. In displacement based design, equating multi degree of 
freedom structures to single degree of freedom is the key to seismic design, mainly because the 
application of multi degree of freedom equivalence can reduce the difficulty of subsequent 
calculations and improve the effectiveness of structural design. The principle of displacement 
seismic design is shown in Fig. 1. 
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Fig. 1. Principle of displacement seismic design 

In displacement-based seismic design, it is necessary to determine the performance objectives 
of the structure, such as considering building stability, durability, and adaptability conditions, etc., 
and comprehensively determine the performance design requirements based on various factors. In 
the study, both frequent and rare cases were considered for design. Based on the maximum elastic 
inter story displacement to floor height ratio of the frame not exceeding 1/550, the inter story 
displacement angle in frequent cases was set at 1/550. For rare cases, to prevent damage from 
characteristic earthquakes, the inter story displacement angle was set at 1/100 [16]. In 
displacement-based design, equating multi-degree-of-freedom structures into single degrees of 
freedom is the key to seismic design. The equivalent principle of building degrees of freedom is 
shown in Fig. 2 [17]. 
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Fig. 2. Equivalent principle of structural degrees of freedom 

In the design of building structures, the building's multi-degree-of-freedom dynamic system is 
shown in Eq. (1): 𝑀𝑈 + 𝐶𝑈 + 𝐾𝑈 = −𝑀𝑢 (𝑡), (1)

where, 𝑀 represents the mass matrix, 𝐾 represents the stiffness matrix, 𝐶 represents the damping 
matrix, 𝑈, 𝑈, and 𝑈 represent different velocities under three degrees of freedom: multi degree of 
freedom system, acceleration and inertial force, and displacement shape. 𝑢 (𝑡) representing 
inertial force. The lateral shift state of the multi-degree-of-freedom system is defined as Eq. (2): 𝑈(𝜉, 𝑡) = Φ(𝜉)𝑍(𝑡), (2)

where, 𝑍(𝑡) represents the normalized coordinates and Φ(𝜉) represents the mode matrix. By 
bringing Eq. (1) and Eq. (2) into the solution, the normalized structural dynamic Eq. can be 
obtained, such as Eq. (3): 𝑀Φ𝑍 + 𝐶Φ𝑍 + 𝐾Φ𝑍 = −𝑀𝑢 (𝑡). (3)

In the equivalent degree of freedom system, set the equivalent displacement as 𝑢 , the 
equivalent acceleration as 𝑎 , the equivalent mass as 𝑀 , the equivalent base shear force as 𝑉 , and the equivalent stiffness as 𝑘 , then the 𝑢  equation of multi-degree-of-freedom particle 
lateral displacement and equivalent displacement 𝑢  is shown in Eq. (4): 𝑢 = 𝑢𝑐 = 𝑢 ⋅ 𝑎𝑎 , (4)

where, 𝑎  represents the absolute acceleration of the particle. The seismic force exerted on the 
multi-degree-of-freedom particle 𝑖 at this moment is shown in Eq. (5): 𝐹 = 𝑚 𝑎 = 𝑚 𝑐 𝑎 , (5)

where, 𝑚  represents the particle mass. The equivalent base shear force can then be calculated, as 
shown in Eq. (6): 

𝑉 = 𝐹 = 𝑚 𝑐 𝑎 = 𝑀 𝑎 . (6)
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The equivalent mass can be further obtained from Eq. (5) and Eq. (6), as shown in Eq. (7): 

𝑀 = ∑ 𝑚 𝑢𝑢 . (7)

Through the Eq. (7), 𝑖 the seismic force on the final particle can be obtained, as shown in 
Eq. (8): 𝐹 = 𝑚 𝑢∑ 𝑚 𝑢 𝑉 , (8)

where, 𝑚  and 𝑢  are the single-degree-of-freedom particle mass and equivalent displacement 
respectively. Under the action of earthquake excitation, the work done by single degree of freedom 
and multiple degrees of freedom are the same, and there is Eq. (9): 

𝐹 𝑢 = 𝑉 𝑢 . (9)

According to Eq. (8) and Eq. (9), the equivalent displacement can be obtained, as shown in 
Eq. (10): 

𝑢 = ∑ 𝑚 𝑢∑ 𝑚 𝑢 . (10)

In addition, in displacement-based seismic design, the equivalent period also needs to be 
determined 𝑇 , which needs to be obtained by constructing a displacement response spectrum. 
The seismic integral curve is used to construct the displacement response spectrum, and the 
seismic integral curve is shown in Fig. 3. 

 
Fig. 3. Seismic integration curve 

In order to obtain the displacement response spectrum, the dynamic differential equation of 
the equivalent degree of freedom system is set as 𝑢( ) + 2𝜉𝜔𝑢( ) + 𝜔 𝑢( ) = −𝑢 ( ), where and 2𝜉 are 𝜔 both damping term parameters, 𝑢( ) representing multi-degree-of-freedom acceleration, 
and 𝑢( ) multi-degree-of-freedom displacement, 𝑢( ) representing the displacement under multi-
degree of freedom. Due to the fact that the Duhamet integral is an effective method for solving 
the response of linear systems under arbitrary external excitation, which improves computational 
efficiency, the displacement obtained by using the Duhamet integral is shown in Eq. (11) [18]: 

𝑢( ) = − 𝑇2𝜋 𝑢 ( ) 𝑒 ( )sin 2𝜋𝑇 (𝑡 − 𝜏)𝑑𝜏, (11)
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where, 𝑇 represents the seismic response period and 𝜏 represents the interval time, which can be 
obtained by using the second-order derivative 𝑢( ), as shown in Eq. (12): 

𝑢( ) = − 𝑇2𝜋 𝑢( ). (12)

According to the Eq. (12), the acceleration response spectrum can be obtained, as shown in 
Eq. (13): 

𝑆 = 𝑇2𝜋 𝑆 = 𝑇2𝜋 𝛼 𝑔, (13)

where, 𝛼  represents the seismic response coefficient, 𝑆  which is the spectral acceleration, 𝑔 
represents the gravity acceleration, which 𝑆  is the single-degree-of-freedom spectral 
displacement. The earthquake response period can be obtained from the displacement spectrum, 
and the period expression is shown in Eq. (14): 

𝑇 = 2𝜋 𝑆𝜂 𝛼 𝑔 ,    0.1𝑠 ≤ 𝑇 ≤ 𝑇. (14)

In Eq. (14), 𝜂  represents the damping adjustment coefficient. 

3.2. Construction of displacement seismic model based on amplified viscous damping 
structure 

In the displacement-based seismic structural design, in order to reduce the impact of 
earthquakes on the building structure, appropriate dampers need to be used to reduce the impact 
of earthquakes on the building. Considering that the research object is concrete steel frame 
concrete structure buildings, viscous dampers (Viscous Damper, VD) have excellent seismic 
effects in the seismic resistance of steel frames, concrete frames and other structures [19]. 
Therefore, viscous dampers are used as the main structure for anti-seismic design. However, 
traditional viscous dampers have limited energy consumption and poor shock absorption effects 
in scenarios where structural deformation is small. Therefore, in order to solve the above 
problems, an Amplified Viscous Damper (Amplified Viscous Damper, AVD) displacement 
seismic method [20]. The schematic diagram of the enlarged damper device is shown in Fig. 4. 

 
Fig. 4. A new type of amplified damper device 
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According to the structure of Fig. 4, the device consists of a horizontally placed viscous 
damper, a vertical amplification lever and a herringbone bracket. In order to analyze the 
mechanical model of AVD, the AVD mechanical model will be obtained through nonlinear 
derivation of VD. Suppose the structural velocity is 𝑢, the structural displacement is 𝑢, and by 
using the lever device to amplify it 𝑛 times, the amplified displacement is 𝑢 = 𝑛 ∗ 𝑢, and the 
speed is 𝑢 = 𝑛 ∗ 𝑢. Where and are 𝑢  input 𝑢  into the nonlinear viscous damper model, and the 
AVD damping force expression is obtained as shown in Eq. (15): 𝐹 = 𝑐|𝑛𝑢| 𝑠𝑔𝑛(𝑛𝑢) = 𝑛 𝑐|𝑢| sgn(𝑢), (15)

where, 𝑐 represents the damping coefficient, 𝛼 represents the damping coefficient. Using the lever 
amplification effect, the AVD mechanical model is obtained, as shown in Eq. (16): 𝐹 (𝑡) = 𝑛𝐹 (𝑡) = 𝑛 𝑐|𝑢| sgn(𝑢). (16)

Expressing 𝐹 the damping force of ordinary VD, the energy consumption of ordinary VD is 
expressed as Eq. (17): 𝐸 = 𝐹𝑢 = 𝑐𝑢 ⋅ |𝑢| ⋅ sgn(𝑢). (17)

The energy consumption of VD after magnification n times is shown in Eq. (18): 𝐸 = 𝐹 𝑢 = 𝑛 𝑐𝑢|𝑢| sgn(𝑢). (18)

Among them, the damping coefficient 𝑐 is 𝑐  enlarged 𝛿 to such that ordinary VD and 𝑛-times 
enlarged AVD have the same energy consumption and shock absorption ability for the building, 
then the VD energy consumption at this moment is as follows: Eq. (19): 𝐸 = 𝐹𝑢 = 𝑐 𝑢 ⋅ |𝑢| ⋅ sgn(𝑢) = 𝐸 . (19)

According to Eq. (19) and Eq. (20), the expression can be obtained 𝑐 , as shown in Eq. (20): 𝑐 = 𝑛 𝑐. (20)

According to the results of Eq. (20), it can be concluded that, under the same other conditions, 
a VD 𝑐 magnified 𝑛  by 𝑛 times has the same energy consumption and shock absorption effect 
as an AVD magnified by 𝑛 times [21]. At the same time, in the construction of the displacement 
model based on AVD, assuming that the displacement is added to the single free system of the 
AVD containing the lever amplification type 𝑢, the acceleration is 𝑢, then the AVD work 
expression can be obtained as shown in Eq. (21) [22]: 

𝑊 = 𝑐(𝑛𝜔𝑢 ) | sin(𝜔𝑡)| 𝑑𝑡, (21)

where, 𝑢  represents the displacement amplitude and 𝜔 represents the frequency of external force. 
Let 𝑑𝑡 = (2/𝜔)𝑑𝜃, 𝜔𝑡 = 2𝜃, be substituted into Eq. (21) to get the updated one 𝑊 , as shown in 
Eq. (22): 

𝑊 == 2 𝑐𝜔 (𝑛𝑢 ) Γ 1 + 𝛼2Γ(2 + 𝛼) . (22)

Among them, if intermediate variable parameters are introduced 𝜆, Γ the function expression 
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is as shown in Eq. (23): 

𝜆 = 2 Γ 1 + 𝛼2Γ(2 + 𝛼) ,  (23)

where, 𝛼 represents the damping index. The damping ratio 𝛼 has a corresponding relationship 
with the variable parameters. Refer to the new generation seismic performance method in the 
United States, as 𝜆 shown in Table 1 [23]. 

Table 1. Correspondence between variable parameter 𝜆 and damping ratio 𝛼 𝜆 Damping index 𝛼 𝜆 Damping index 𝛼 
3.88 0.10 3.42 0.60 
3.83 0.15 3.38 0.65 
3.77 0.20 3.34 0.70 
3.72 0.25 3.30 0.75 
3.67 0.30 3.27 0.80 
3.63 0.35 3.24 0.85 
3.58 0.40 3.20 0.90 
3.54 0.45 3.17 0.95 
3.50 0.50 3.14 1.00 
3.46 0.55 – – 

According to Eq. (22) and Eq. (23), the equivalent damping ratio of the AVD single degree of 
freedom system is obtained, as shown in Eq. (24): 

𝜉 = 𝜆𝑐𝜔 𝑢 𝑛2𝜋𝑚 , (24)

where, 𝑚 is the mass of the damper system. Extending the single-degree-of-freedom system to a 
multi-degree-of-freedom system, the structural elastic strain is obtained, as shown in Eq. (25): 𝑊 = 12 𝐹 Δ , (25)

where, 𝐹  represents the shear force between floors and 𝑖Δ  represents the displacement between 
floors. 𝑖 in a multi-degree-of-freedom system, generally only the first vibration shape is 
considered, and finally the equivalent damping ratio under the nonlinear AVD multi-degree-of-
freedom system can be obtained, as shown in Eq. (26) [24]: 

𝜉 = 𝜉 + ∑ 𝜆 𝑐 (𝑛𝜙 )2𝜋𝐴 𝜔 ∑𝑚 𝜙 , (26)

where, 𝐴 represents the maximum displacement of the top floor of the building, represents the 𝜙  
regularized relative displacement of 𝑐  the 𝑗th damper under the first-order vibration shape, 𝑗 
represents the coefficient of the 𝑗th damper, represents 𝑚  the mass of the th system, 𝜙  represents 
the regularized displacement of the top-level displacement, 𝜉  represents the system Inherent 
damping ratio. 

4. Experimental analysis of seismic model performance 

This part will be divided into two links to test the application effect of seismic structural design 
in actual scenarios, including frequent earthquake scenarios and rare earthquake scenarios. 
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Evaluation indicators include vertex displacement, floor shear force, inter-floor displacement, etc. 

4.1. Experimental analysis of frequent earthquakes 

In order to verify the proposed displacement seismic design performance, a 6-story reinforced 
frame concrete building will be selected for seismic experimental analysis, and the two seismic 
design objectives of frequent and rare occurrences will be analyzed. The experiment uses a 6-story 
cast-in-place reinforced concrete structure designed by the PKPM platform of the China Institute 
of Building Research as an experiment. At the same time, combined with the principle of 
equivalent structural degrees of freedom, different directional degrees of freedom loads are 
converted into equivalent vertical loads for convenient experimental calculations. The specific 
parameters of the structure are shown in Table 2. 

At the same time, there are two types of structural design target damper deployment schemes 
for the PKPM platform: frequent and rare. The arrangement of frequent and rare dampers is shown 
in Table 3. 

Table 2. Building structural parameters 
Parameter indicator type Numerical value 

The height of the bottom layer of the structure (m) 3.9 
Other layer heights (m) 3.6 

Total building height (m) 21.9 
Structural concrete strength C40 

Reinforcement grade HRB400 
Site characteristic period 𝑇𝑔 (s) 0.35 

Site type and grouping Class II and Group 1 
Seismic fortification intensity 8 degrees (0.3 g) 

Live load (KN/m2) 2 
Horizontal load (KN/m2) 6 𝛾 0.8084 𝛼  1.2 𝑢  0.1156 𝑘  89241 KN/m 

The seismic damping ratio and damping index are the same 0.0845 

Table 3. Layout of VD and AVD dampers under frequent and rare designs 

Floor 𝑌-direction 
quantity 

Quantity in 𝑋 
direction 

VD damping 
coefficient 

[kN⋅(s/m)0.45] 

AVD*2 damping 
coefficient 

[kN⋅(s/m)0.45] 

AVD*3 damping 
coefficient 

[kN⋅(s/m)0.45] 

Rare 
earthquakes 

1 4 4 400 1092.4 1967.5 
2 4 4 450 1228.5 2214.5 
3 4 4 450 1228.5 2214.5 
4 4 4 450 1228.5 2214.5 
5 4 4 400 1091.5 1968.5 
6 4 4 350 955.1 1720.3 

Frequent 
earthquakes 

1 4 4 400 1090.8 - 
2 4 4 450 1228.5 - 
3 4 4 450 1228.5 - 
4 4 4 450 1228.5 - 
5 4 4 400 1090.4 - 
6 4 4 350 955.1 - 

In the analysis of frequent earthquakes, refer to Table 3 for experimental parameters. 
According to the demand, two natural waves, Ken County (Ken County, KC) and Humbolt bay 
(Humbolt bay, HB) in 1952, were selected as experiments. In the analysis of frequent earthquakes, 
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the peak acceleration is 110 cm/s2. The comparison of the structural vertex displacement is shown 
in Fig. 5. 
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a) HB wave 𝑋-axis vertex displacement 
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b) HB wave 𝑌-axis vertex displacement 
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c) KC wave 𝑋-axis vertex displacement 
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d) KC wave 𝑌-axis vertex displacement 

Fig. 5. Comparison of displacement of structural vertices 

Fig. 5(a) to 5(b) show the vertex displacement in the 𝑋 and 𝑌 directions of the HB wave, 
respectively. From the data results, it can be seen that in frequent earthquake scenarios, VD 
structures have significant advantages in seismic performance compared to AVD*2 structures 
without control. The VD structure has a 27.65 % increase in seismic reduction compared to 
uncontrolled structures, while the AVD*2 structure has a 35.65 % increase in seismic reduction 
compared to uncontrolled structures. Fig. 5(c) and 5(d) show the displacement of KC wave 
vertices in the 𝑋 and 𝑌 directions, respectively. According to the data results, VD and AVD*2 
with structural design have significantly smaller displacement in the 𝑋 and 𝑌 directions compared 
to uncontrolled structures. Compared with AVD * 2, the uncontrolled structure of VD has an 
increase of 24.35 % and 32.35 % in shock absorption rate, respectively. It can be seen that VD 
and AVD*2 optimize the displacement variation of the building structure in the 𝑋 and 𝑌 
directions, reduce the force by improving the viscous damper, shorten the movement of the 𝑋 and 𝑌 axes, and significantly improve the safety of the building structure. The comparison of shear 
forces on structural floors is shown in Fig. 6. 

Fig. 6(a) to Fig. 6(b) are the HB wave 𝑋- and 𝑌-direction shear force diagrams respectively. 
According to the curves in the figure, there are obvious differences in the seismic effects of the 
three types of seismic structure designs between floors. Among them, the AVD*2 structure with 
the best performance has the 𝑋-direction floor shear force controlled at 2186 KN on the first floor, 
while the VD structure is controlled at 2556 KN, and the Uncontrolled structure shear force is 
2498 KN. In the 𝑌-direction floor shear analysis, there are big differences between the three 
structures. The maximum floor shear force is still on the first floor. The maximum shear forces of 
no structure, VD and AVD*2 are 1956 KN, 1465 KN and 1265 KN respectively. Fig. 6(c) to 
Fig. 6(d) are the KC wave 𝑋- and 𝑌-direction shear force diagrams respectively. It can be seen 
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from the comparison of the curves that in the comparison of shear forces between floors in the 
Comparing the shear force, the AVD*2 structure with the smallest shear force control has a shear 
force value of 1503 KN, followed by VD with a shear force value of 1635 KN. The worst 
performance is the uncontrolled structure with a shear force value of 2623 KN. It can be seen that 
adopting structural design can significantly reduce the impact of seismic forces, mainly due to 
more effective seismic structural design, which offsets the forces from multiple directions of 
earthquakes. However, uncontrolled structures cannot counteract the forces, causing the structure 
to be affected by more forces and significantly reducing safety. Fig. 7 shows the displacement 
comparison results between structural floors. 
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c) KC wave 𝑋-direction floor shear force 
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Fig. 6. Comparison of shear forces on structural floors 

Fig. 7(a) to Fig. 7(b) are the 𝑋- and 𝑌-direction displacement diagrams of the HB wave 
respectively. Judging from the data curve, as the number of floors continues to increase, the 
displacement between floors will continue to expand. When the floor reaches 6 floors, the 
maximum inter-floor displacement value will be obtained. Therefore, when comparing the 
inter-story displacement values of different structural designs on the 6th floor, in the comparison 
of 𝑋-direction displacement values, the largest displacement value is the uncontrolled structure, 
with a maximum value of 31.95 mm, followed by the VD structure, with a maximum value of 
21.05 mm. The smallest inter-layer displacement is the AVD*2 structure, with a maximum value 
of 18.35 mm. In the comparison of 𝑌-direction floor displacement values, the maximum 
displacement values of no structural design, VD, and AVD*2 on the 6th floor are 19.36 mm, 
20.35 mm, and 10.68 mm respectively. It can be seen from the data structure that structural design 
is obviously better in seismic displacement control than uncontrolled structure. Fig. 7(c) to 
Fig. 7(d) are the KC wave 𝑋- and 𝑌-direction displacement diagrams respectively. The test results 
are consistent with the HB test results. The AVD*2 structural design still has better seismic 
resistance in the 𝑋 and 𝑌 directions. For example, in the 𝑋-direction floor displacement 
comparison, the maximum inter-story displacement value of the Uncontrolled structure is 
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43.35 mm, while the AVD*2. The maximum inter-story displacement value is 19.05 mm. It can 
be seen that AVD*2 structural design can significantly reduce the displacement effect of 
earthquakes on floors compared with no-structure design, and minimize earthquake hazards. 
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d) KC wave 𝑌-direction floor displacement 

Fig. 7. Comparison of displacement between structural floors 

4.2. Analysis of rare earthquakes 

The HB wave and KC wave in the experiment were still selected for the experiment, but the 
peak acceleration was increased to 510 cm/s2 to carry out 8-degree (0.3 g) rare earthquake 
experimental analysis. The remaining parameters are set according to the parameters of rare 
regions. The structural vertex displacement comparison is shown in Fig. 8. 

Fig. 8(a) to Fig. 8(b) are the HB wave 𝑋- and 𝑌-direction structural vertex displacement 
diagrams respectively. Judging from the data curve in the figure, the AVD*2 and AVD*3 
structural designs can control the 𝑋-direction vertex displacement within the range of 50 mm, 
while VD can control the 𝑋-direction vertex displacement within the range of 100 mm. The 
maximum 𝑋-direction vertex displacement value of the structure-free design is 112 mm. In the 
comparison of the 𝑌-direction structural apex displacement, the AVD*3 structural design 
performed best, followed by AVD*2, VD and no-structure design. Among them, the maximum 
displacement of the AVD*3 structure was controlled within the range of 30 mm, compared with 
88 mm of the no-structure design. There is a significant improvement. Fig. 8(c) to Fig. 8(d) are 
the KC wave 𝑋 and 𝑌 structure vertex displacement diagrams respectively. The test results are 
basically consistent with the HB wave test results. The AVD*3 structural design has better overall 
seismic resistance than the other two structural designs. The shock absorption rate of AVD*3 
structural design is increased by 25.65 % compared to the structure-free design, the shock 
absorption rate of AVD*2 is increased by 21.56 % compared to the structure-free design, and the 
shock absorption rate of VD is increased by 12.35 % compared to the structure-free design. The 
comparison of structural floor shear forces is shown in Fig. 9. 
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c) KC wave 𝑋-axis vertex displacement 
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d) KC wave 𝑌-axis vertex displacement 

Fig. 8. Comparison of displacement of structural vertices 
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Fig. 9. Comparison of shear forces on structural floors 
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Fig. 9(a) to Fig. 9(b) are the HB wave 𝑋- and 𝑌-direction shear force diagrams respectively. 
In rare earthquakes, the lower the floor, the more obvious the inter-floor shear force will be. 
Therefore, the first layer was selected for experimental analysis. In the shear force analysis 
between floors in the 8699 KN, while VD is 8865 KN. At the same time, in the 𝑌-direction floor 
shear comparison, the AVD*3 structure still has the smallest inter-story shear value, which is 
4486 KN, while the Uncontrolled structure is 8006 KN. Fig. 9(c) to Fig. 9(d) are the KC wave  𝑋- and 𝑌-direction shear force diagrams respectively. AVD*2 and AVD*3 still have excellent 
shear force control effects. In the 𝑌-direction floor shear force analysis, the maximum interstory 
shear force of the AVD*3 structure on the first floor is 6105 KN, while the maximum interstory 
shear force of AVD*2 is 6105 KN. The shear force is 6186 KN. Fig. 10 shows the comparison 
results of displacement between structural floors. 
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Fig. 10. Comparison of displacement between structural floors 

Fig. 10(a) to Fig. 10(b) are the 𝑋- and 𝑌-direction interlayer displacement diagrams of HB 
wave respectively. According to the data, the maximum inter-story displacement value appears on 
the highest floor, and the 6th floor has the maximum displacement value. From a comprehensive 
comparison, it can be seen that AVD*3 and AVD*2 have the smallest inter-layer displacement 
values in the 𝑋 and 𝑌 directions. In the comparison of X-direction inter-story displacement values, 
the maximum inter-story displacement values of AVD*3 and AVD*2 are 162 mm and 169 mm 
respectively, while the maximum inter-story displacement value of the Uncontrolled structure is 
212 mm. Fig. 10(c) to Fig. 10(d) are the KC wave 𝑋- and 𝑌-direction interlayer displacement 
diagrams respectively. The test results are consistent with the HB wave test results. AVD*3 still 
has better inter-layer displacement control effect. 

5. Conclusions 

The energy generated by earthquakes will cause serious damage to building structures, and 
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effective seismic design of building structures is key. In order to solve the seismic problem of 
buildings, a displacement-based seismic design method is proposed. Firstly, research will be 
conducted on displacement seismic resistance and a displacement seismic resistance model will 
be constructed. At the same time, considering that traditional VD cannot effectively identify small 
displacement scenes, an optimized AVD is proposed and a seismic model is constructed based on 
the equivalent damping ratio expression. In the analysis of multiple earthquake resistance 
experiments, the shock absorption rate of AVD*2 is 35.65 % higher than that of the no-structure 
design, and is better than the VD structure, with the smallest vertex displacement value. In the 
floor shear comparison, HB wave Y-direction floor shear was selected for analysis. The maximum 
shear forces of VD and AVD*2 are 1465 KN and 1265 KN respectively. The overall seismic 
resistance of AVD*2 is better. In a rare earthquake experiment, the AVD*3 structural design 
increased the shock absorption rate by 25.65 % compared to the structure-free design, and the 
AVD*2 structure design increased the shock absorption rate by 21.56 % compared to the 
structure-less design. Compared with the VD and structure-less designs, there is a significant 
improvement. improvement. In the floor shear comparison, in the HB wave Y-direction shear 
analysis, the maximum interstory shear force on the first floor of the AVD*3 structure is 6105 KN, 
while the maximum interstory shear force of the AVD*2 structure is 6186 KN. Compared with 
the VD structure, the interlaminar shear is significantly smaller. Comparing the displacements 
between floors, in the comparison of the HB wave 𝑋-direction inter-story displacement, AVD*3 
and AVD*2 have the smallest inter-story displacement values in the 𝑋 and 𝑌 directions, which are 
162 mm and 169 mm respectively, while the Uncontrolled structure is 212 mm. Through the above 
experiments, it can be seen that the technology proposed by the research institute has excellent 
application performance in both frequent and rare earthquakes, and is superior to similar 
technologies. It can be seen from this that the seismic design of buildings proposed in this research 
has excellent application effects in practical scenarios. However, there are also shortcomings in 
the research. The proposed seismic design did not consider the impact of amplification devices on 
dampers under horizontal displacement, and further research is needed in the future. In addition, 
research is mainly based on displacement methods for energy dissipation design of damping 
frames. In the future, capacity spectrum method and ductility coefficient method can be added for 
seismic design to improve the seismic performance of building structures. 
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