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Seismic isolation structures have excellent seismic mitigation e®ects, but implementing isolation
measures may increase the initial cost of the structure. This paper presents a method to cal-

culate the seismic loss and assess the life-cycle cost of isolated structures, which is convenient for

owners to make decisions. The life-cycle cost assessment model is divided into two parts: initial

cost assessment and seismic loss assessment over life-cycle period. Among them, the assessment
method of the isolation layer is proposed, including the cost assessment of isolation bearings and

dampers. The assessment method of seismic loss considers direct loss, indirect loss, casualties

and integrating casualties into a uni¯ed assessment system. Direct loss includes building loss,

indirect loss includes rental loss, relocation loss, income loss, personal property loss and business
inventory loss. The seismic loss model is associated with seismic damage probability, which is

obtained through seismic vulnerability and seismic probability risk assessment. The 8-story

base-isolated-reinforced concrete structure illustrates the feasibility of the life-cycle-cost as-
sessment model. The example shows that the initial cost of the isolated structure exceeds that of

the nonisolated structure, however, the rental loss, income loss, personal property loss and

casualties are much lower than those of nonisolated structures. The income loss of the isolated

structure is the maximum proportion in life-cycle cost, and the casualty loss is the minimum
proportion in the seismic loss, due to its excellent seismic mitigation e®ects.

Keywords: Life-cycle cost assessment; seismic isolation structure; seismic loss; seismic risk
assessment; casualties.
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1. Introduction

With the continuing development of the social economy and the steady increase in

population density, the occurrence of a major earthquake carries the potential for

signi¯cant economic losses and profound social consequences. In 2011, a devastating

9.0 magnitude earthquake struck Japan, as documented by Norio et al. [2011].

This catastrophic event resulted in the tragic loss of 13,392 lives, with an additional

15,133 people reported as missing. The economic impact was staggering, reaching an

estimated range of 171–183 billion USD in losses. The 2017 earthquake in Mexico

[Galvis et al., 2020] resulted in tragic casualties and injuries to 369 people. It also

caused signi¯cant damage, collapsing 44 buildings and 2 bridges. Nowadays, base-

isolated has become a well-established engineering technology for mitigating the

e®ects of seismic events [Wang et al., 2021; Sevim et al., 2024; Katsamakas et al.,

2021]. The e®ectiveness of smart base-isolation is studied by using a smart base-

isolation system in LNG, the results show that a smart base-isolation system can

e®ectively reduce the seismic response of very large LNG storage tanks [Kharde and

Soni, 2022]. Seismically isolated structures are designed to maintain structural in-

tegrity and ensure the safety of internal building facilities, e®ectively reducing the

casualty and economic damage caused by earthquakes. However, it is important to

note that the implementation of seismic isolation technology involves an initial in-

crease in construction costs. Assessing whether the additional investment is worth-

while for the owner is a complex task, as it involves evaluating various factors and

long-term outcomes. The damage and collapse of buildings caused by earthquakes

and tsunamis are studied, and the types and causes of damage occurring on RC and

masonry structures are assessed [Altunişik et al., 2021]. This paper summarizes the

common structural deformations and failures of RC, and evaluates the performance

of existing buildings based on ¯eld observations. The results show that the existing

buildings in Japan are not su±ciently resistant to earthquakes. It is suggested to

strengthen the existing structures and provide appropriate schemes for the design of

new buildings [Altunişik et al., 2023]. The performance-based seismic design method

by Demir et al. [2021] provides a valuable approach to assessing structural perfor-

mance, o®ering the °exibility to select performance indicators tailored to the owner's

requirements [Gil Oulb�e et al., 2020]. This method allows for a more personalized and

targeted assessment, ensuring that the design meets the speci¯c needs and priorities

of the owner. By using life-cycle cost as a control performance indicator for the design

of base-isolated structures, it becomes possible to minimize structural damage and

losses while optimizing cost e±ciency. This approach ensures that the designed

structure achieves a balance between mitigating seismic risks and minimizing long-

term expenses. While some scholars have incorporated the performance-based seis-

mic design framework into the seismic design of isolated structures, the exploration

of life-cycle cost as an indicator remains relatively limited. Liu et al. [2023] believed

that establishing a life cycle assessment model to estimate costs and cash °ows at

each stage is an e®ective approach. The results indicate that this method can provide

H. Wang et al.
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accurate and reliable recommendations for wind power economic assessment in

various regions and environments, o®ering valuable reference for enhancing the

economic bene¯ts of wind farms. Calculating both direct and indirect losses based on

previous data lacks su±cient theoretical models and poses challenges for widespread

application. Lee et al. [2023] proposed that engineering classi¯cation codes can serve

as computational tools for estimating the initial cost of structures, thereby indirectly

providing calculations for the life-cycle cost. Arash Rayegani [2022] utilized the

exceedance probability of each damage state to assess the direct and indirect damage

costs of seismic isolation structures. The results indicate that seismic isolation sys-

tems can e®ectively reduce the cost of losses. Nouri et al. [2022] conducted a study

exploring the assessment of life-cycle costs in reinforced concrete structures, con-

sidering various aspects including construction, social and environmental factors.

Their research delves into a comprehensive analysis, providing valuable insights into

the holistic assessment of life-cycle costs associated with reinforced concrete struc-

tures. Structural losses include the initial cost of the structure, while social losses

include factors such as repair costs, material destruction costs, rental costs, income

loss, injury costs and casualty. Additionally, environmental loss includes the cost

associated with carbon emissions, PM2.5 particle pollution, fossil fuel resource de-

pletion and water consumption. This comprehensive approach allows for a more

thorough assessment of the life-cycle costs considering multiple dimensions. To fa-

cilitate comparative analysis, each of these costs was converted into net present

value, which takes into account the annual in°ation rate and seismic damage

probability. This conversion allows for a more accurate assessment of the long-term

¯nancial implications and seismic risks associated with the evaluated costs. Du et al.

[2021] conducted nonlinear seismic response analyses on both isolated and non-

isolated-reinforced concrete structures. Their objective was to evaluate structural

performance parameters under di®erent levels of seismic hazard. By analyzing the

response of these structures, valuable insights were gained into their performance

and behavior in the face of di®erent seismic hazards. The seismic performance of

structures can be quanti¯ed through various measures, including the frequency of

repairs, the associated repair costs and the assessment of casualties. These quanti-

¯able factors provide valuable indicators for evaluating the resilience and e®ective-

ness of structures in withstanding seismic events. An intensity-based assessment

methodology was used to compare and analyze each performance measure. This

method provided a comprehensive assessment of the structural response and be-

havior under di®erent intensities of seismic events. The comparison and analysis of

the results provided valuable insights for the design and optimization of structures

for improved seismic performance. However, it should be noted that the modeling of

collapse vulnerability and loss for isolated structures was not included in the analysis.

In addition, the study did not consider the additional costs and maintenance time

associated with nonstructural components. These aspects represent important con-

siderations that should be addressed in future research to provide a more compre-

hensive understanding of the overall performance and cost implications of isolated

Life-Cycle Cost Assessment
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structures. Furthermore, it is important to acknowledge that the results of the study

were limited to a single speci¯c case study. In related research, Aykanat et al. [2023]

conducted on-site seismic damage investigations in the Golyaka district to thor-

oughly assess the types and causes of damage to reinforced concrete and masonry

structures. They also evaluated the seismic hazard of the area by considering the

casualties and property losses caused by earthquakes over the years. This research

contributes valuable insights to the ¯eld, but it is essential to conduct further studies

and case-speci¯c analyses to broaden our understanding of the performance and cost

implications of such isolation systems in di®erent scenarios. Dolce et al. [2021] put

forth a seismic risk assessment method speci¯cally tailored for residential buildings.

Their research introduced calculation methods for quantifying various earthquake-

related impacts, including casualty, direct losses, unusable buildings and displace-

ment of residents. Additionally, they made signi¯cant contributions by updating the

seismic risk map of residential buildings in Italy. These advancements provide

valuable tools and insights for assessing and mitigating seismic risks in residential

areas. Through the aforementioned literature review, it becomes evident that there is

a current de¯ciency in having a comprehensive assessment model for assessing seis-

mic loss and conducting life-cycle cost analysis speci¯cally tailored for base-isolated

buildings. Further research and development are needed to address this gap and

provide a standardized framework that enables accurate and holistic assessments of

seismic risks, losses and cost implications for base-isolated structures.

The purpose of this paper is to develop a performance-based seismic loss assess-

ment method and life-cycle cost assessment method for base-isolated structures. The

life-cycle cost assessment model consists of two parts, including initial cost and

seismic loss. Firstly, the initial cost assessment model is proposed, the initial cost of

the isolation layer including the initial cost of isolation bearings and dampers. Sec-

ondly, the seismic loss model is associated with seismic vulnerability and seismic

probability risk assessment. Direct loss includes building loss, indirect loss includes

rental loss, relocation loss, income loss, personal property loss, business inventory

loss and casualty. In addition, this paper quanti¯es the cost of casualties to integrate

casualties into a uni¯ed assessment system. Finally, the life-cycle cost is proposed to

be the sum of the seismic loss and the initial cost. The application of an 8-story base-

isolated-reinforced concrete structure illustrates the feasibility of the life-cycle-cost

assessment method. The proportion of initial cost and building loss, rental loss,

relocation loss, income loss, personal property loss, business inventory loss and ca-

sualty of the isolated and nonisolated structures is studied, and the seismic loss and

life-cycle cost of isolated and nonisolated structures are compared.

2. Life-Cycle Cost Assessment Framework

Life-cycle cost refers to all the costs incurred throughout the life of a building, from

its construction to the time of demolition. The life-cycle cost assessment in this paper

is an overall assessment of the initial cost, maintenance and demolition costs during

H. Wang et al.
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the building's lifespan, and the losses due to seismic failures. This assessment pro-

vides a quantitative understanding of the extent of structural seismic damage, which

allows for informed decision-making in construction [O'Reilly and Calvi, 2019]. The

costs associated with the maintenance and demolition of structures can be considered

as a form of seismic loss. Therefore, it is possible to combine and integrate the costs

related to structural maintenance, demolition and seismic failure losses into a uni¯ed

consideration. The life-cycle cost assessment of a building structure can be evaluated

using a model that takes into account the discount rate. It can be represented as

Eq. (1).

E½CLCC� ¼ CI þ
ð1� e��tÞ

�
DV; ð1Þ

where CLCC is the total life cycle of the structure; E½CLCC� is the expected life-cycle

cost; CI is the initial cost of the structure; DV is the decision variable for seismic risk

and can be represented by seismic losses; e��t is the discount factor, where � is the

annual discount rate. FEMA P-58-1 Agency [2018] recommends an annual discount

rate of 3%–4% for public buildings and 4%–6% for nonpublic buildings; t is the

structural lifespan.

To more accurately assess the costs associated with structural seismic damage,

the structural damage state is divided into several levels. The probability of each

damage level occurring during the life of the structure is calculated, and the required

repair cost and repair time for each seismic damage state level are evaluated ac-

cordingly. Thus, the life-cycle cost of a structure can be expressed by Eq. (2).

E½CLCC� ¼ CI þ
ð1� e��tÞ

�

Xn
i¼1

DVi; ð2Þ

where DVi are the seismic losses caused by structural damage occurring at the ith

level of failure.

As can be seen from Eq. (2), the key to evaluating the life-cycle cost of structures

in performance-based seismic design is to estimate the losses due to structural

damage caused by earthquakes. In this paper, the life cycle cost assessment is divided

into two main steps. The ¯rst step involves the evaluation of seismic damage

probabilities throughout the structural lifetime using a performance-based proba-

bilistic seismic risk assessment framework. The performance-based probability seis-

mic risk assessment framework expresses the structural damage probability in the

form of \seismic risk � seismic vulnerability" as Eq. (3).

�DVðdvÞ ¼
Z
im

GðdmjimÞjd�IMðimÞ; ð3Þ

where �DVðdvÞ ¼ PðDV � dvÞ is the probabilistic seismic risk, ðDV � dvÞ denotes

the annual probability of the occurrence; GðxjyÞ ¼ P ðX � xjY ¼ yÞ is the cumula-

tive distribution function of a random variable X conditioned on

Y ¼ y;GðdmjimÞ ¼ PðDM � dmÞ is the seismic vulnerability function, which

Life-Cycle Cost Assessment
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represents the probability of exceeding a certain damage threshold for a given seismic

ground motion intensity; and �IMðimÞ ¼ PðIM � imÞ is the site hazard model, which

characterizes the annual exceedance probability of a certain seismic ground motion

intensity at a speci¯c site.

From Eq. (3), it can be inferred that by integrating seismic vulnerability analysis,

seismic hazard analysis and probabilistic seismic risk analysis, the probability of

structural damage under earthquake loading can be obtained. Let y be the structural

response, and LSi be the ith state limit. The damage probability at various perfor-

mance levels can be calculated using Eq. (3) as given by Eqs. (4) and (5).

PLSi ¼ P ½y � LS1�: ð4Þ
PDSj ¼ P ½LSi�1 � y � LSi�; ð5Þ

where PLSi is the probability of the structural performance state exceeding ith is the

limit state; and PDSj is the probability of the structural performance state at jth

damage state.

Assuming that the structural performance state is divided into ¯ve levels, the

relationship between the probability of the structure exceeding a given limit state

and the probabilities of the structure being in di®erent damage states can be

expressed by Eq. (6), as shown in Fig. 1.

PLSi ¼
X5
j¼iþ1

PDSi : ð6Þ

The second step involves evaluating the seismic losses caused by structural earth-

quake damage and integrating it with the initial cost of the structure to assess the life-

cycle cost. In this step, the seismic damage state of the structure is related to the seismic

losses, repair time and repair cost of the structure. According to the total probability

theory, the total seismic failure losses of the structure can be expressed as Eq. (7).

DV ¼
Xn
j¼1

PDSjDVj: ð7Þ

Flowchart of the life-cycle cost assessment is shown in Fig. 2.

Fig. 1. The relationship between the four performance levels and the ¯ve damage states diagram.

H. Wang et al.
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2.1. Assessment of structural seismic damage probability

From Eq. (3), it can be inferred that the assessment of structural damage probability

can be divided into three aspects: seismic vulnerability analysis, seismic hazard

analysis and seismic probabilistic risk analysis.

Step I: Seismic vulnerability analysis based on response surface method. To

reduce the computational cost of seismic vulnerability analysis, this study introduces

the response surface method to calculate the seismic vulnerability of structures. The

basic idea of the response surface method is to approximate the actual structural

performance function with a simple explicit function.

The dual response surface method involves collecting samples repeatedly during

each run of the experimental design. The mean of the samples is used as one response

input, while the standard deviation of the samples is used as the second response

input. The mean response is used to achieve the desired ¯t, while the standard

deviation of the response ensures the robustness of the ¯t function against uncon-

trollable factors. The mean and standard deviations of the response surface function

using ground motion intensity as an input parameter are

ŷ� ¼ gðx; IMÞ; ð8Þ
ŷ� ¼ hðx; IMÞ: ð9Þ

Assuming that the structural response follows a normal distribution, the response

surface function can be expressed as

ŷ ¼ gðx; IMÞ þN ½0;hðx; IMÞ�: ð10Þ

Fig. 2. Flowchart of the life-cycle cost assessment.

Life-Cycle Cost Assessment
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Using a quadratic polynomial to represent the response surface function o®ers the

advantages of reduced computational complexity, improved computational stability

and higher accuracy [Li and Yang, 2019]. Quadratic polynomial is used as the

structural response function

Ẑ ¼ ĝðXÞ ¼ aþ
Xn
i¼1

biXi þ
Xn
i¼1

ciX
2
i ; ð11Þ

where a, bi and ci are the coe±cients to be determined for the expressions.

Perform regression ¯tting on the response surface function. According to the

combined samples of input and output variables obtained from the experimental

design, the undetermined coe±cients a, bi and ci in Eq. (11) can be obtained by least

squares ¯tting.

A °owchart of seismic vulnerability analysis based on the dual response surface

method is shown in Fig. 3.

The probability of exceeding a certain damage limit for a structure at a given

seismic intensity is obtained through vulnerability analysis.

The failure of any component within the superstructure or isolation layer will fail

the entire base-isolated structure. Therefore, the superstructure and isolation layer

can be regarded as a \series" system. If any response of MSD (maximum super-

structure displacement) or MDIL (maximum displacement of isolation layer) exceeds

its limit state, the seismic isolation system is considered to have failed at a speci¯c

limit state [Wang and Huang, 2021]. Assuming MSD and MDIL are statistically

Fig. 3. Flowchart of vulnerability analysis based on dual response surface method.

H. Wang et al.
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independent, the overall probability of exceeding the seismic isolation structural

system can be approximated using Eq. (12).

PðFsystemÞ ¼ 1�
Ym
i¼1

½1� P ðFiÞ�; ð12Þ

where P ½Fi� is the failure probability of the substructure exceeding ith limit state,

and P ½Fsystem� is the failure probability of the overall structure exceeding ith limit

state.

Step II: Seismic hazard analysis. Seismic hazard refers to the magnitude and

frequency of seismic e®ects that a particular site may experience over a certain

period. The Gerstenberger et al. [2020] seismic hazard probability model is the an-

nual exceedance probability of a certain ground motion intensity at a speci¯c site.

Cornell [1968] demonstrated that there is a logarithmic-linear relationship

between the annual maximum ground acceleration or spectral acceleration and the

probability of exceeding a certain threshold of acceleration for moderate to major

earthquakes [Astorga et al., 2020]. The seismic hazard probability model can be

described using the maximum value distribution function of the extreme type 2, as

shown in Eq. (13).

�IMðimÞ ¼ P ½IM � x� ¼ 1� exp � x

u

� ��k
h i

; ð13Þ

where u is the seismic magnitude parameter, and k is the shape parameter of the

seismic hazard curve.

The power-law exponent is used to approximate the log-linear relationship

�IMðimÞ ¼ im

u

� ��k

� k0 � ðimÞ�k; ð14Þ

where vIMðimÞ is the annual average exceeding the probability of the ground motion

intensity parameter, k0 are the shape factors of the seismic hazard curve. k and k0 can

be determined by two-point interpolation of the annual average frequency of 1/475

(50-year exceeding probability 10%) and the annual average frequency of 1/2475 (50-

year exceeding probability 2%) [Bashir and Basu, 2018].

k ¼ lnð�10%=�2%Þ
lnðSa2%=Sa10%Þ

: ð15Þ

lnðk0Þ ¼
lnðSa10%Þ � lnð�2%Þ � lnðSa2%Þ � lnð�10%Þ

lnðSa10%=Sa2%Þ
; ð16Þ

where Sa10% and Sa2% are the ground motion spectrum acceleration corresponding to

the 50-year exceeding probability of 10% and 2%, respectively; v10% and v2% are the

annual exceedance probability 1=475 ¼ 0:0021, 1=2475 ¼ 4:04� 10�4, respectively.

Step III: Seismic probabilistic risk assessment. Seismic risk assessment refers to

assessing the degree of damage to buildings and the loss to society caused by

earthquakes within a speci¯ed time.

Life-Cycle Cost Assessment
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The annual probability of structural failure beyond a certain limit state can be

expressed as the convolution of seismic vulnerability and seismic hazard [Aguilar-

Mel�endez et al., 2019]

�LS ¼
Z
x

GðdmjimÞj�IMðimÞj; ð17Þ

where �LS is the annual probability of structure exceeding a certain limit state of

failure. When the ground motion intensity parameter is the peak ground acceleration

(PGA), the seismic risk can be represented by combining Eq. (13) as follows:

�LS ¼
Z
PGA

GðpgaÞjd�PGAðpgaÞj: ð18Þ

The seismic probabilistic risk assessment is used to get the probability of some degree

of seismic damage in a certain period of time.

2.2. Seismic loss assessment method

The losses caused by earthquake disasters mainly include direct loss, indirect loss and

casualty. Direct economic loss is the costs associated with the maintenance and re-

placement of the structure itself due to structural failure. This includes costs related to

the damaged load-bearing components, nonload-bearing components and auxiliary

structures, as well as the costs of structural repair, restoration and dismantling. In-

direct loss refers to the nonphysical economic losses incurred as a result of structural

damage, which arise from the inability to use the structure properly. This includes

losses such as rental loss, relocation loss, income loss, personal property loss and

business inventory loss. However, building structures can potentially cause signi¯cant

casualties and injuries that cannot be ignored during earthquakes. Therefore, it is

crucial to consider casualty as an assessment indicator when assessing the potential

disasters caused by earthquakes in structures. It is worth noting that human life is

priceless, and the determination of this indicator is solely aimed at establishing uni¯ed

assessment standards. If it is necessary to include both casualty and seismic losses in the

same measurement scale, the casualty can be monetized and de¯ned as the casualty.

DVi ¼ DVBD
i þDVRT

i þDVREL
i þDVY

i þDVPP
i þDVINV

i þDVVDA
i ; ð19Þ

where DVi, DVBD
i , DVRT

i , DVREL
i , DVY

i , DVPP
i , DVINV

i , DVVDA
i is seismic loss,

building loss, rent loss, relocation loss, income loss, personal property loss, business

inventory loss and casualty caused by structural damage state in level ith, respectively.

Building loss can be expressed as

DVBD
i ¼ CI � CDF; ð20Þ

where CI is initial cost of the structure, and CDF is central damage factor of the

structure under the ith damage state, as shown in Table 1 [Kassem et al., 2020]. The

central damage factor is the proportion of the building loss to the initial cost of

H. Wang et al.
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the structure at ith damage state. The values of the central damage factor range from

0–1 (0 < CDF < 1) as shown in Table 1. According to the survey and statistics of

relevant experts, Kassem et al. [2020] gave the values of the central damage factor in

the structure, as shown in Table 1.

Rent loss can be expressed as

DVRT
i ¼ RT� CDF� ti; ð21Þ

where RT is the rental loss in ith damage state, which is determined based on rental

market prices of the building's location. ti is the required repair time of ith damage

state.

Relocation loss can be expressed as

DVREL
i ¼ REL� CDF� ti; ð22Þ

where REL is the relocation loss in ith damage state, which is determined based on

social market prices of the building's location.

Income loss can be expressed as

DVY
i ¼ Y � CDF� ti; ð23Þ

where Y is the income loss for individuals or homeowners due to their inability to

work during the reconstruction or repair of CI�b damage state, which is calculated

based on the actual income situation.

Personal property loss can be expressed as

DVpp
i ¼ CI � CDF� PP; ð24Þ

where PP is the personal property loss in damage state, which is estimated as a

percentage of the value of the building, depending on the functional use of the

building.

Business inventory loss can be expressed as

DVINV
i ¼ BI� CDF; ð25Þ

where BI is the business inventory loss in ith damage state, which is estimated as a

percentage of the sales revenue or production value.

Casualty can be expressed as

DVVDA
i ¼ NP� ðMIi � VOLi þ SIi � VOLi þDRi � VOLiÞ; ð26Þ

where NP is the total population within an individual building, MIi, SIi and DRi are

the injury rates of minor injury, serious injury and deaths, respectively, in the ith

damage state. Casualty in the ith damage states are shown in Table 2. Casualty rates

Table 1. Central damage factors for di®erent damage states.

Damage state Intact Minor damage Moderate damage Severe damaged Collapse

CDF 0 0.05 0.20 0.80 1

Life-Cycle Cost Assessment
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for di®erent levels of structural damage Agency [2018] are shown in Table 2. VOLi is

the value of human life in the ith damage state.

2.3. Initial cost assessment method for isolation structures

The initial cost of isolation structures can be expressed as the sum of the initial cost

of the superstructure and the initial cost of the isolation layer

CI ¼ CI�s þ CI�iso; ð27Þ
where CI�s is the initial cost of the superstructure; CI�iso is the initial cost of the

isolation layer.

The initial cost of the superstructure is estimated by the estimation index method.

The estimation index method calculates the direct project cost of the projects by

multiplying the cost per square meter or cubic meter with the construction area or

volume. Indirect costs, pro¯ts and taxes are then calculated. The formula for direct

project cost calculation is

DPC ¼ EPC� PA; ð28Þ

where DPC is direct cost, EPC is estimated per square meter (cubic meter) project

cost, and PA is construction area (volume).

The calculation formula for the estimated initial project cost of the

superstructure is

CI�s ¼ DPCþ ICþ P þ T ; ð29Þ
where IC is indirect cost, P is pro¯t, and T is tax.

There are various options for isolation devices, with the commonly used ones

being laminated lead-core rubber bearings and dampers. Hence, the initial cost of the

isolation layer can be expressed as the sum of the initial cost of laminated lead-core

rubber bearings and dampers

CI�iso ¼ CI�B þ CI�d; ð30Þ

where CI�B is the initial cost of the laminated lead-core rubber bearings; and CI�b is

the initial cost of the dampers.

The price of the isolation bearing is related to its volume, as provided by man-

ufacturers, while the cost of the viscous damper is determined not only by its design

Table 2. Casualty rates for di®erent levels of structural damage.

Casualty degree Intact Minor damage Moderate damage Sever damaged Collapse

Minor injuries 0 0.00030 0.0030 0.30 0.4

Serious injuries 0 0.00004 0.0004 0.04 0.4

Deaths 0 0.00001 0.0001 0.01 0.2

H. Wang et al.
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displacement under seismic actions but also by its design tonnage. The initial cost of

the isolation bearings is

CI�B ¼ bBVB; ð31Þ
where bB is the price per cubic centimeter of the isolation bearings; VB is the total

volume of the isolation bearings (unit: cm3Þ. According to the Shanghai Material

Institute, the cost of the isolation bearing is approximately 0.3 yuan/cm3.

The price of viscous dampers is estimated using the least squares method. When

the initial cost of a single damper is modeled as a higher-order function of damper

tonnage and displacement, the ¯tting e®ect is improved.

CI�di ¼ a1 þ a2Di þ a3Fi þ
X3
k¼0

ða4þ3kD
kþ2
i þ a5þ3kD

kþ1
i Fi þ a6þ3kD

k
i F

2
i Þ; ð32Þ

where CI�di is the initial cost of the ith damper (unit: ten thousand yuan); Di is the

maximum displacement of ith damper (unit: m); Fi is the tonnage of ith damper (unit:

�10tÞ; a1 	 a14 are the ¯tting coe±cients, a1 ¼ 4:15, a2 ¼ 6:227, a3 ¼ 0:5777,

a4 ¼ 3:354, a5 ¼ 1:309, a6 ¼ �0:07968, a7 ¼ �3:78, a8 ¼ 0:3089, a9 ¼ 1:873,

a10 ¼ �1:572, a11 ¼ �0:4649, a12 ¼ 0:4479, a13 ¼ 1:255, a14 ¼ �0:02033 and a15 ¼
�0:9967 respectively.

The ¯tted prices are compared with the price provided by the manufacturer, as

shown in Table 3. The complex correlation coe±cient of the high-order function

¯tting of the damper is R2 ¼ 0:9951.

3. Performance Levels of the Isolation Structures

Earthquakes can cause varying degrees of structural damage. This paper categorizes

the seismic damage states of the isolated structure into ¯ve intervals based on four

limit states. The four limit states of seismic isolation structures are full operation

ðLS1Þ, minor damage ðLS2Þ, life safety ðLS3Þ and prevent collapse ðLS4Þ. Five damage

states are de¯ned as follows: intact ðDS1Þ, slight damage ðDS2Þ, moderate damage

ðDS3Þ, severe damage ðDS4Þ and collapsed ðDS5Þ. The relationship between the limit

states and the damage states is shown in Fig. 1.

This paper uses MSD and MDIL as the engineering demand parameters for the

isolated superstructure. According to our research group's previous research [Chao

et al., 2023], the division standards of MSD and MDIL corresponding to each limit

state are obtained, as shown in Table 4.

4. Uncertainty Parameters of the Base-Isolated Structures

In the selection of uncertain parameters, this study focuses on the factors that have

the most signi¯cant impact on structural strength, sti®ness, deformation capacity

and energy dissipation characteristics. Based on our research group's previous work

[Chao et al., 2023], the uncertain parameters considered in this study include

Life-Cycle Cost Assessment
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compressive strength fc, elastic modulus Ec, bulk density �w of concrete, initial

sti®ness K1, the horizontal post-yield sti®ness Kd, equivalent sti®ness Kh and yield

force Qd. These random variables are assumed to be independent of each other. The

probability distribution of random variables of the isolated structure is shown in

Table 5.

Regarding the uncertainty of earthquakes, Based on the references, the peak

ground acceleration PGA has a great correlation with the peak structural response

[Qian and Dong, 2020; Min et al., 2005] and considering that the forti¯cation in-

tensity is the basis of China's seismic forti¯cation, it can be converted into the basic

seismic acceleration of design. Therefore, the seismic wave acceleration peak PGA is

Table 4. Performance design index limits of seismic isolated-reinforced concrete

structures.

Limit states Full operation Minor damage Life safety Prevent collapse

MSD 1/550 1/300 1/150 1/50

MDIL 50%tr 100% tr 250% tr 400% tr

Note: tr is the total thickness of the rubber inside the isolation bearing.

Table 3. Damper cost ¯tting.

Tonnage ð�10tÞ Displacement ðmÞ
Actual price

ð�104 yuanÞ
Fitted price

ð�104 yuanÞ Absolute error

3 0.5 1.112 0.945 0.15
3 0.1 1.2 0.955 0.20

3 0.15 1.288 1.137 0.12

5 0.05 1.628 1.943 0.19

5 0.1 1.74 2.121 0.22
5 0.15 1.852 2.136 0.15

10 0.05 2.148 1.821 0.15

10 0.1 2.3 2.161 0.06

10 0.15 2.452 2.144 0.13
15 0.05 3.576 4.003 0.12

15 0.1 3.872 4.305 0.11

15 0.15 4.168 4.607 0.11

20 0.05 8.072 7.679 0.05
20 0.1 8.56 7.935 0.07

20 0.15 9.048 8.638 0.05

25 0.05 8.856 9.119 0.03
25 0.1 9.48 9.491 0.00

25 0.15 10.104 10.384 0.03

30 0.05 9.6 9.532 0.01

30 0.1 10.28 10.329 0.00
30 0.15 10.96 10.888 0.01

5 0.1 1.8 2.121 0.18

8 0.1 2.3 2.136 0.07

10 0.1 3 2.161 0.28
15 0.1 3.6 4.305 0.20

18 0.6 25 24.999 0.00

H. Wang et al.
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taken as the ground motion intensity parameter in this study [Hao, 2017], and PGA

is considered a random variable. To account for the uncertainty of earthquakes, a

large number of seismic waves are selected for seismic response analysis. Studies

[Zhou et al., 2021] demonstrated that using more than 60 seismic waves can capture

the uncertainty of seismic ground motions.

5. Case Study

5.1. Project overview

The life-cycle cost assessment framework proposed is applied to a project of a rein-

forced concrete frame structure [Chao et al., 2023] as an example. This structure has

a basic seismic forti¯cation intensity of 0.3 g. The building has 8 stories and a total

area of 9500m2. The total height of the building is 29.7m, the ground °oor is 3.9m

high, the 2nd–6th °oors are 3.6m high, the 7th °oor is 4.2m high, and the 8th °oor is

3.6m high. The cross-sectional dimensions of the frame columns are 600 � 600 mm2,

650 � 650mm2 and 700 � 700mm2 for the 1st–8th °oors. The concrete strength of

the 1st–2nd °oors is C40, the 3rd–8th °oors is C30 and the °oor main beam section

size is 350 � 620mm2 and 350 � 820mm2, the secondary beam section size is 250 �
550mm2 and 250 � 500mm2. The architectural structure plan is shown in Fig. 4. To

reduce the seismic e®ects of the superstructure, a seismic isolation layer was installed

at the top of the columns on the ¯rst °oor. The seismic forti¯cation intensity of the

superstructure was designed to be reduced by 0.15 g after apply base-isolated. The

lead rubber bearings were selected as the isolation devices due to their good damping

e®ects provided by the lead core. The plan layout of seismic isolation bearings is

shown in Fig. 5. The mechanical properties of the isolation bearings are shown in

Table 6. A total of 43 isolation bearings were installed, and the total horizontal

sti®ness of isolation bearings is 84 kN/mm.

5.2. Comparison of seismic vulnerability analysis on base-isolated and

nonisolated structures

The randomvariables of the nonisolated structure are the same as the superstructure of

the base-isolated structure, including the modulus of elasticity of concrete Ec,

Table 5. Statistical characteristics of random variables of isolated structures.

Random variables Coe±cient of variation Distribution pattern

Compression strength 37.5ðMPaÞ 0.18 Normal distribution

Compression strength 50ðMPaÞ 0.18 Normal distribution

Elasticity modulus 3.0 ð�104 N=mm2Þ 0.10 Normal distribution

Elasticity modulus 3.25 ð�104 N=mm2Þ 0.10 Normal distribution

Bulk density 28.35 ðkN=m3Þ 0.10 Normal distribution

Horizontal post-yield sti®ness of isolation bearings 0.15 Normal distribution

Yield force of isolation bearings 0.15 Normal distribution

Life-Cycle Cost Assessment
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structural capacity �w and PGA. MSD is selected as the engineering demand param-

eter for the nonisolated structure. The groundmotions used to conduct nonlinear time-

history analysis are also the same as those applied to the base-isolated structure.

Once the structural response surface functions are established, the seismic vul-

nerability curves of the nonisolated structure are plotted and compared with those of

the isolated structure, as shown in Fig. 6. The exceeding probabilities of the non-

isolated structure under minor, moderate and major earthquakes are listed and

compared with the isolated structure's probabilities, as shown in Table 7.

Fig. 4. Architectural structure plan.

Fig. 5. Seismic isolation bearings plan layout.

H. Wang et al.
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Figure 6 and Table 7 show that the implementation of seismic isolation measures

can signi¯cantly reduce the failure probability of the structure under di®erent seismic

intensity levels. The exceeding probability of the structure after seismic isolation

decreases more under moderate and major earthquakes, thanks to the e®ective

seismic mitigation e®ects of isolation bearings. Under a moderate earthquake, the

exceeding probability of the minor damage limit state decreases from 91% to 47%,

while the exceeding probability of the life safety limit state decreases from 73% to

0%.

Table 6. Mechanical properties of lead rubber bearings.

Product

model

Datum

pressure

ðMPaÞ
Long-term

load kN/mm

Vertical

sti®ness

Kv kN/mm

Initial

sti®ness

K1 kN/mm

Post-yield

sti®ness

Kd kN/mm

Equivalent

sti®ness

Kh kN/mm

Yield

strength Qd

ðkNÞ

Damping

ratio

Heq ð%Þ

LRB700 15 5603 3157 14.213 1.093 1.643 76 20.4

LRB800 15 7275 3671 16.447 1.265 2.052 123 23.1

LRB900 15 9202 4260 18.511 1.424 2.337 160 23.5

Fig. 6. Seismic vulnerability curves of the base-isolated and the nonisolated structures.

Table 7. Exceeding probability of the base-isolated and nonisolated structures.

Exceeding probability PLS1 PLS2 PLS3 PLS4

Nonisolated structure Minor earthquake 0.86 0.57 0.03 0.00

Moderate earthquake 0.96 0.91 0.73 0.01

Major earthquake 0.97 0.95 0.89 0.28
Base-isolated structure Minor earthquake 0.70 0.01 0.00 0.00

Moderate earthquake 0.96 0.47 0.00 0.00

Major earthquake 0.98 0.84 0.07 0.00

Life-Cycle Cost Assessment

2450026-17

J.
 E

ar
th

qu
ak

e 
an

d 
T

su
na

m
i D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 Z

H
E

JI
A

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

10
/1

1/
24

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



5.3. Comparison of seismic probabilistic risk assessment

on base-isolated and nonisolated structures

Based on Eq. (17), the annual probability of structural damage state exceeding a

certain limit state can be calculated by combining seismic hazard analysis and

seismic vulnerability analysis. The seismic risk of the base-isolated structure during

the 50-year design period can be deduced from the annual seismic risk, as shown in

Eq. (33)

�50
LS ¼ 1� ð1� �LSÞ50 ð33Þ

where �50
LS indicates the exceeding probability that the structural damage state is

beyond a certain limit state in a 50-year design period. Fig. 7 shows the 50-year

seismic risk curve of the base-isolated and nonisolated structure. Table 8 compares

the 50-year exceeding probabilities of the base-isolated and nonisolated structures for

the four performance levels, it can be observed that the exceeding probability of fully

operational, minor damage, life safety and prevent collapse limit states of the seismic

isolation system are 19.76%, 3.89%, 0.51% and 0.05%, respectively. During the

50-year design period, the seismic isolation structure can ensure not only the

structural life safety but also the structural function integrity.

Figure 7 and Table 8 show that the seismic risk of the structure is greatly reduced

after implementing isolation measures. The nonisolated structure has a 50.72%

Fig. 7. 50-year exceeding probability curves of the base-isolated and nonisolated structures.

Table 8. 50-year exceeding probability of the base-isolated and nonisolated structures (%).

Performance 50-year
exceeding probability Fully operational Minor damage Life safety Prevent collapse

Base-isolated structure 19.76 3.89 0.51 0.05

Nonisolated structure 98.70 50.72 9.72 0.53

H. Wang et al.
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probability of exceeding the limit state of minor damage and a 9.72% probability of

exceeding the life safety limit state during the 50-year design period. In contrast, the

seismic isolation structure not only ensures the life safety of the structure but also

maintains the integrity of the structural function over the 50-year design period.

5.4. Comparison of seismic loss on base-isolated and nonisolated

structures

According to the China Statistical Yearbook [2022], the local relocation loss was

9/m2/day, income loss was 139.65 � 104 yuan and the total population in the

building is 665 people. According to FEMA 227, the percentage of personal property

loss in this structure was 80%, and the time taken to recover to 100% under di®erent

failure states is shown in Table 9. The values of human life VOL is according to the

Work Injury Insurance Regulations, as shown in Table 10.

Based on the seismic loss assessment method and Eq. (7), seismic loss of the base-

isolated and nonisolated structures over a 50-year design period can be calculated, as

shown in Table 11. Table 11 shows that the maximum proportion (66%) of seismic

loss is attributed to income loss, resulting from the high income of the hospital The

second largest proportion (17%) of seismic loss is building loss, attributed to the high

initial construction cost. The smallest proportion (0.2%) of seismic loss is casualty,

resulting from the low probability of seismic damage in the isolated structure. The

assessment of business inventory loss applies to commercial buildings, but since this

building is a hospital, business inventory loss is not applicable. Furthermore, the

superstructure remains functional after implementing reinforcement measures,

which excludes relocation loss as well.

5.5. Comparison of life-cycle cost on base-isolated and nonisolated

structures

Table 12 lists the life-cycle cost of the isolated and nonisolated structures over the 50-

year design period. Table 12 shows that the isolated structure incurs a relatively high

initial cost compared to the nonisolated structure, mainly due to its smaller seismic

Table 9. Recovery to 100 % of the time when the building is in a di®erent state

of damage (day).

Intact Minor damage Moderate damage Severe damaged Collapse

ti 0 56 156.8 613.2 723.4

Table 10. The value of human life VOL in di®erent casualty

states ð�104 yuanÞ.

Casualty degree Minor injuries Serious injuries Deaths

VOLi 3.01 11.93 54.80
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loss proportion. On the other hand, the nonisolated structure experiences a relatively

large seismic loss, leading to a smaller proportion of the initial cost in its life-cycle

cost. Additionally, even though the initial cost of the isolated structure exceeds that

of the nonisolated structure, its seismic loss and life-cycle cost are only 1.85% and

32.42% of those of the nonisolated structure, respectively. This indicates a signi¯cant

reduction in seismic loss and life-cycle cost after implementing isolation measures.

6. Conclusions

This paper presented a performance-based assessment method to assess the seismic

losses and life-cycle costs of base-isolated structures, o®ering assessment tools for

project decision-making. Firstly, we adopted a comprehensive seismic probabilistic

risk assessment framework that integrates seismic hazard analysis and seismic vul-

nerability analysis to calculate the probabilities for each damage state. In the seismic

vulnerability analysis, we introduced the dual response surface method to improve

computational e±ciency while ensuring accuracy. Secondly, formulas for calculating

rental losses, relocation losses, income losses, personal property losses, business in-

ventory losses and casualties are provided, quantifying the cost of casualties and

integrating casualties into a uni¯ed assessment system. These losses are all related to

Table 11. Seismic loss of the base-isolated and nonisolated structures over a 50-year design period

ð�104 yuanÞ.

Damage state Intact

Minor

damage

Moderate

damage

Severe

damaged Collapse

Ratio

to seismic loss

Building loss Base-isolated 0 21 14 0 0 17%

Nonisolated 0 79 271 238 33 6%

Rent loss Base-isolated 0 3 5 0 0 4%

Nonisolated 0 11 110 377 62 5%

Income loss Base-isolated 0 47 88 0 0 66%

Nonisolated 0 188 1796 6166 1010 83%

Personal property loss Base-isolated 0 17 11 0 0 14%

Nonisolated 0 64 217 191 26 4%

Casualty Base-isolated 0 0.2 0.3 0 0 0.2%

Nonisolated 0 0.6 5 117 113 2%

Seismic loss Base-isolated 0 87 118 0 0 –

Nonisolated 0 343 2400 7089 1245 –

Base-isolated/Nonisolated – 25% 5% 0% 0% –

Table 12. Life-cycle costs of the isolated and nonisolated structures over 50-year design period

ð�104 yuanÞ.

Cost Initial cost Seismic loss Life-cycle cost Initial cost/life-cycle cost

Base-isolated 3438 205 7869 43.69%

Nonisolated 3311 11077 24275 13.64%
Base-isolated/Nonisolated 104% 1.85% 32.42% –
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the damage state of the building. Lastly, we de¯ned the initial cost of the isolation

structure as the sum of the superstructure and isolation layer costs. The initial cost of

the superstructure was estimated using the cost index method, while the initial cost

of the isolation layer was determined by summing the costs of isolation bearings and

dampers. The cost of isolation bearings was determined by their volume, while the

cost of dampers was calculated using their stroke and tonnage. By integrating the

initial cost with the seismic loss assessment and considering the annual discount rate,

we could evaluate the life-cycle cost of the base-isolated structures. Finally, taking an

8-story-reinforced concrete structure as an example, the seismic hazard, seismic

vulnerability and seismic risk are analyzed, and the initial cost, seismic losses and

life-cycle cost of the structure are assessed. By comparing the seismic losses and life-

cycle costs of the two types of structures, we derive speci¯c conclusions:

The proportion of initial cost and seismic loss to the life-cycle cost of isolated and

nonisolated structures is calculated. The initial cost and the seismic loss of the

isolated structure account for 43.69% and 2.61% of the life-cycle cost, respectively.

Among them, the building loss, rental loss, income loss, personal property loss and

casualty of the isolation structure account for 0.44%, 0.10%, 1.72%, 0.36% and 0.01%

of the life-cycle cost, respectively. The initial cost and the seismic loss of the non-

isolated structure account for 13.64% and 45.63% of the life-cycle cost, respectively.

Among them, the building loss, rental loss, income loss, personal property loss and

casualty of the nonisolated structure account for 2.56%, 2.31%, 37.73%, 2.05% and

0.97% of the life-cycle cost, respectively. In the life-cycle cost of isolated and non-

isolated structures, the proportion of income loss is the maximum, resulting from the

high income of the hospital, and the proportion of casualties is the minimum, which is

due to the good performance of reinforced concrete structures.

The implementation of isolation devices led to a 3.69% increase in the initial cost,

the seismic loss of the isolated structure is 1.85% of that of the nonisolated structure,

the life-cycle cost of the isolated structure is 32.42% of that of the nonisolated

structure. Among them, isolated structure compared with the nonisolated structure,

the building loss, the rental loss, the income loss, the personal property loss and the

casualties were reduced by 94.36%, 98.57%, 98.53%, 94.38% and 99.79% respectively.

Although the adoption of seismic isolation measures will increase the initial cost, it

can greatly reduce the seismic loss and the life-cycle cost of the structure. The

implementation of seismic isolation measures can signi¯cantly reduce the failure

probability of the structure under di®erent seismic intensity levels. The exceeding

probability of the structure after seismic isolation decreases more under moderate

and major earthquakes, thanks to the e®ective seismic mitigation e®ects of isolation

bearings.

The life-cycle cost assessment method proposed in this paper is easy to implement

and has yielded positive assessment results. The proposed base-isolation technique in

this paper e®ectively reduces casualty and economic losses caused by earthquakes.

The life-cycle cost assessment also predicted the social losses due to earthquakes,

thereby facilitating decision-making analysis by relevant departments. This paper
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has conducted seismic vulnerability analysis, seismic probability risk analysis and

seismic loss assessment for isolated structures, leading to the conclusions mentioned

above. However, there was still room for improvement and further research in this

area, and the following aspects warranted additional investigation and discussion:

(1) This paper used PGA as a random variable to represent the seismic vulnerability

and risk of the isolated structures. Further investigation of other ground motion

intensity parameters, such as spectral acceleration Sa, peak ground velocity

PGV, peak ground displacement PGD, etc., is warranted.

(2) The dual response surface method proposed in this paper is limited to situations

involving fewer than 5 random variables, otherwise the calculation workload is

too large, and a more e±cient seismic vulnerability assessment method can be

studied.
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