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Loss estimation of precast
prestressed concrete frame
structure with cost-efficient
mortise-tenon connection under
earthquake

Hanxi Zhao* and Noriyuki Takahashi

Department of Architecture and Building Science, Graduate School of Engineering, Tohoku University,
Sendai, Miyagi, Japan

The Precast Prestressed Concrete (PCaPC) frame is characterized by minimal
inelastic damage and self-centering behavior under seismic loading. It offers a
viable alternative to conventional reinforced concrete construction, particularly
in high seismic hazard regions. By employing unbonded prestressing tendons
to connect precast beams and columns, PCaPC systems enhance structural
resilience and reduce residual deformations. However, their widespread
adoption has been hindered by highmaterial and labor costs, as well as complex
assembly processes. To address these limitations, this study proposes a cost-
effective Mortise-Tenon (MT) connection. This connection eliminates the need
for grouting and other labor-intensive procedures, simplifying construction and
reducing total costs by 13%. A Matlab-based nonlinear time history analysis
was conducted to evaluate the structural response and expected repair costs
under different seismic hazard levels. A case study on a four-story office
building in Sendai, Japan, showed that PCaPC frames with MT connections
have lower expected seismic losses and better economic performance than
traditional cast-in-situ PC frames. These findings highlight the potential of
MT-connected PCaPC systems for enhancing cost efficiency and seismic
resilience, supporting their widespread adoption in prefabricated construction
in earthquake-prone regions.

KEYWORDS

PCaPC frame, mortise-tenon connection, incremental cost, seismic response analysis,
loss estimation

1 Introduction

Precast concrete (PCa) frame structures are widely regarded as a cost-efficient
alternative to cast-in-situ concrete structures because of their standardized design, shorter
on-site construction time, reduced production cost, lower labor requirements, and better-
controlled construction quality (Lv et al., 2025; Ge et al., 2025; Ghayeb et al., 2017; Yan et al.,
2018). In addition to these advantages, PCa construction is recognized for its sustainability
and environmental friendliness, especially in reducing greenhouse gas emissions (Ahn and
Kim, 2014; Mao et al., 2013; Yu et al., 2025). As a result, PCa construction has become
widely adopted worldwide. In the early 21st century, countries such as the United States,
the United Kingdom, and Australia explored how prefabricated components could improve
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construction efficiency and transform the industry (Wang et al.,
2022). In Singapore, the Building and Construction
Authority developed the “Prefabricated Prefinished Volumetric
Construction (PPVC)” and “Prefabricated Bathroom Unit
(PBU)” systems (Dou et al., 2025). These systems have reduced
physical work by about 40% and construction time by 20%. In
Sweden, over 80% of residential buildings now use prefabricated
methods. By 2024, the cumulative construction area of prefabricated
buildings in China had reached 2.4 billion square meters, with a
market size of 300 billion US dollars.

However, in some emerging economies and smaller markets,
PCa development faces challenges such as cost overruns and
construction delays (Mai et al., 2025). Problems arise in various
stages, including precast design, component production, stockyard
layout, transportation, and assembly. In China, the prefabricated
building sector has grown rapidly in recent years due to government
incentives. Still, traditional cast-in-situ technology remains
dominant. As assembly rates increase, incremental costs also rise
significantly, slowing the growth of prefabricated buildings. Even
developed countries like New Zealand face challenges such as
shortages of skilled labor, limited economies of scale, and geographic
isolation (Li et al., 2014).

Beyond these broader challenges, constructing connections
in prefabricated buildings presents significant technical and
economic difficulties. Design inconsistencies often result in precast
components that lack modular repetition, directly increasing
production costs. Additionally, the complex details of connection
joints complicate on-site assembly. Currently, beam-to-column
connections typically rely on cast-in-situ techniques that require
skilled labor and prolong construction time, further driving up
labor costs.

Beyond construction challenges, the seismic behavior of
PCa frames depends heavily on the stiffness, strength, and
deformation capacity of the connections (Kurama et al., 2018).
In past earthquakes (Nadeem et al., 2021; Campbell et al., 1996;
Mohammed et al., 2021), poor performance of PCa buildings was
often due to deficiencies in connection design and construction
(Dal Lago et al., 2018; Guerrero et al., 2019; Ding et al., 2021;
Cavaco et al., 2018). Recognition of these issues dates back to the
1980s, leading to the development of seismic design codes for precast
buildings in countries such as the U.S., Japan, and New Zealand.
One significant effort was the U.S.-Japan joint research program,
PREcast Seismic Structural Systems (PRESSS), which began in
the early 1990s and included many individual research projects
(Baghdadi et al., 2020). In 1993, the idea of using beam prestressing
tendons debonded through the joint in PCaPC frame elements was
proposed (Song et al., 2014).This idea led to experimental tests at the
National Institute of Standards and Technology in 1999, confirming
that PCaPC frames could achieve low damage and residual drift
under seismic loading (Song et al., 2015). In 2002, this connection
was used in a 39-story apartment complex in San Francisco,marking
amilestone in real-world applications (Yu et al., 2020). Following the
PRESSS program, Japan developed the PC Mild-Press-Joint method
to control earthquake damage in precast buildings (Tanabe, 2009).
Full-scale tests at the Tokyo Institute of Technology in 2002 and
2003 showed that these systems could withstand seismic intensities

up to JMA level 7 (Sakata et al., 2006). These developments show
that PCaPC connection systems can reduce damage and residual
deformation, which is critical for post-earthquake functionality.

Looking back at recent earthquake damage cases, although
many buildings are designed to meet seismic safety standards,
they are often demolished after major earthquakes due to large
residual displacements. Even when structural repairs are feasible,
the associated business interruption costs can be substantial. These
issues have led to growing recognition among researchers and
engineers of the importance of developing structural systems
that are both sustainable and resilient, capable of minimizing
damage while facilitating rapid recovery (Shams and Ghobadi,
2021). In this context, the unbonded PCaPC frame structure,
with its proven self-centering capacity and minimal residual drift,
presents an efficient and economical solution for enhancing post-
earthquake reparability and long-term functionality. Building on
this direction, many researchers have proposed improved beam-
column connection systems for precast concrete frames in recent
years. In 2013, a collaborative three-year research project called
SAFECAST was undertaken by the European Laboratory for
Structural Assessment (ELSA) (Negro et al., 2013; Bournas et al.,
2013). A full-scale three-story precast building was subjected to
pseudodynamic (PsD) tests (Figure 1a), and the results showed
that the proposed mechanical connection system had good seismic
performance. Sousa et al. (2020) proposed fiber-based framemodels
to validate the resisting mechanisms of dowel beam-to-column
connections (Figure 1b). Their experimental tests and parametric
studies explored frictional behavior, dowel responses, and the effect
of neoprene components. de Lima Araújo et al. (2018) presented
a connection involving a U-profile steel corbel embedded in the
column, supporting a cantilevered steel tube at the beam end
(Figure 1c). Test results demonstrated adequate torsional resistance
up to 60% of the theoretical steel corbel strength. Parastesh et al.
(2014) developed a new ductile moment-resisting beam-column
connection, which exhibited significantly higher ductility and
energy dissipation under cyclic loading compared to similar
monolithic specimens (Figure 1d). Kurosawa et al. (2019) proposed
a precast prestressed frame with Mild Press Joints (Figure 1e),
which showed minimal residual deformation in hysteresis tests.
Jin et al. (2017); Jin and Kitayama (2019); Jin et al. (2021) developed
a macro model for beam-column sub-assemblages of unbonded
PCaPC frames (Figure 1f), revealing deformation concentration
such as crack opening at the interface when subjected to horizontal
seismic forces.

Previous research has shown that self-centering or low-damage
connections can effectively reduce inelastic damage. However,
most of these connections still require cast-in-situ construction at
the beam-column joints, leading to complex assembly processes
and a reliance on highly skilled labor (Wasim et al., 2022;
Almusallam et al., 2018). To overcome these limitations, this
paper proposes a mortise-tenon (MT) connection that eliminates
the need for cast-in-situ construction at both beam-column and
column-to-column joints. The MT joint offers improvements
over conventional PCaPC frame joints in three key aspects:
structural design, construction procedure, and kinematic behavior,
as illustrated in Figure 2.
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FIGURE 1
Connection devices: (a) mechanical connection system, (b) dowel connection, (c) temporary beam-to-column connection, (d) ductile
moment-resisting connection, (e) mild press joint, (f) macro model for beam–column subassemblages.
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FIGURE 2
Unique behavior of PCaPC joint with MT connection. (a) Conventional cast-in-situ PC frame. (b) Unbonded PCaPC frame with mortise and tenon
connection.

1.1 Structural design

In this proposed configuration, the MT connections are
strategically placed at locations with minimal bending moments.
This placement enables the structure to reduce lateral stiffness
through elastic deformation before reaching high stress levels. It
also supports the hinge-relocation mechanism, shifting inelastic
deformation away from critical joint regions. Furthermore, the
MT joint features a clearly defined force-resisting mechanism:
longitudinal unbonded prestressing tendons mainly resist bending
moments, while the embedded concrete shear keys (tenons) transfer
shear forces. This clear separation of force paths improves the
predictability of structural behavior and facilitates performance-
based design.

1.2 Construction method

Unlike conventional precast frame systems, which typically
require cast-in-situ concrete at beam ends or joint regions for
continuity, the MT joint configuration eliminates the need for
on-site concreting operations at these locations. This method
minimizes the use of formwork and reinforcement placement
on site. Prefabricated beam and column members are designed
with embedded voids to accommodate tenons from adjacent
members, which are assembled using lifting equipment. Due
to the geometry of the mortise and tenon interface, the

on-site alignment of components during erection is simplified,
enhancing construction efficiency. The precise fit between the
protruding tenons and their receiving sockets (mortises) facilitates
quick and accurate positioning during hoisting, reducing the
dependency on skilled labor and minimizing construction time.
Final structural integration is achieved through post-tensioning and
anchorage, without requiring mechanical fasteners or supplemental
damping devices. This dry-assembly technique not only simplifies
the construction process but also enables modular, repeatable
installation. Furthermore, the prefabricated beams and columns
feature high repetitiveness, reducing cost and complexity during
production (Zhou et al., 2019; Zhou et al., 2020; Wu et al., 2019). As
a result, it achieves a 13% reduction in construction cost relative to
cast-in-situ PC frames.

1.3 Kinematic state

The MT connection exhibits distinct kinematic behavior
under seismic excitation, which can be characterized in three
sequential phases:

• Initial Engagement Phase: At the onset of seismic loading, the
beam-column interfaces remain fully engaged, with negligible
hinge rotation, resulting in high structural stiffness.

• Hinge Formation Phase: As seismic intensity increases,
controlled opening and closing motions occur at the
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FIGURE 3
Beam-column assembly form of the PCaPC structure (Unit: mm). (a) 3D view. (b) PCaPC frame with MT connection. (c) Beam-to-column. (d)
Column-to-column. (e) Grouting area. (f) Section dimension.

connections, forming transient elastic hinges. These localized
rotations enable redistribution of lateral displacement and
induce a reduction in lateral stiffness. This mechanism helps
to limit stress concentrations at critical regions and modulate
the structural response under seismic demand. The progressive

development of multiple hinge points causes a dynamic
evolution of the frame’s stiffness characteristics.

• Self-Centering Phase: As seismic input diminishes, prestressing
force and gravitational restoring force promote the re-closure of
the joints. This process realigns the structural members to their
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0 original positions, contributing to the self-centering capacity of
the system.

This study aims to evaluate the performance of the proposed
MT-connected PCaPC system under seismic loading through a
comparative seismic loss assessment against a conventional cast-
in-situ PC frame. A performance-based evaluation methodology is
adopted to compare the expected repair costs of the three prototype
buildings under various earthquake scenarios. The comparison
results are used to quantify the relative economic and resilience
performance of the two systems.

2 Outline of the configuration of
proposed MT connection

Previous research has demonstrated that PCaPC frames can
achieve adequate ductility and strength, accommodating large
inelastic displacements while maintaining excellent self-centering
capacity (Zhao and Yin, 2022a; Zhao and Yin, 2022b; Zhao et al.,
2023). However, a primary concern with PCaPC frames is their
potential for excessive lateral displacements when subjected to
strong earthquake groundmotions.This is primarily due to their low
lateral stiffness and limited energy dissipation.

To maximize the restoring force of post-tensioning (PT)
strands, PCaPC frames typically reduce the introduced prestress
to about 50% to minimize secondary hyperstatic stresses.
However, this reduction in prestress inevitably decreases the
beam stiffness, making the beam-to-column connection more
susceptible to deformation under lateral loads, which can lead
to excessive structural displacement. To address this challenge,
optimizing the number of PT strands and adjusting the connection
locations can ensure seismic performance while reducing costs.
Achieving structural cost reductions without compromising
seismic performance is expected to enhance the system’s economic
competitiveness.

Figure 3 shows the proposed PCaPC frame with MT
connections and its components. It consists of precast columns,
precast beams, and high-strength PT strands that pass through
reserved holes in the beams and columns. These strands post-
tension the components into a monolithic system. The precast
beam-column joint, partial column segments, and cantilevered
beam stumps are prefabricated together to form a PCa column
element. The connection locations of these column elements are
assigned at points of zero or minimal bending moments at each
floor. The other portion of the beam is designed as the PCa
beam element, which connects to the PCa column element at the
end of the cantilevered beam stump. The dimensions of the PCa
elements and reinforcement details are provided in Table 1. Detailed
material properties of the concrete and reinforcement are listed in
Tables 2, 3. To simplify construction, the ends of the PCa beam and
column elements adopt a mortise-and-tenon configuration. The
joint interface does not require grout casting before tensioning and
can be separated during assembly.

During seismic loading, the PCaPC joints develop opening gaps
at bothMT connections of each PCa beam element after entering the
plastic phase. Slight rotations occur in the PCa beam and column
sections, creating effects similar to an elastic hinge system when
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TABLE 2 Material parameters of concrete.

Part of use Yield strength (MPa) Tensile strength (MPa) Young’s modulus (GPa) Poisson’s ratio

Precast
40 6 30 0.2

Cast-in-situ

TABLE 3 Material parameters of tendon.

Part of
use

Diameter Section
(mm2)

Yield
strength
(kN)

Tensile
strength
(kN)

Elastic
modulus
(GPa)

Poisson’s
ratio

Linear
expansion
coefficient

Prestressing
force (kN)

PT tendon SWPR7BL·Ø12.7 126.7 156 183 195 0.3 1.2 × 10−5 0.7 fy = 109.2

Longitudinal
reinforcement

SD490·D10 78.5 490 620 200 0.3 1.2 × 10−5 —

SD490·D12 113.1 490 620 200 0.3 1.2 × 10−5 —

Stirrup
SD490·D20 314.2 490 620 200 0.3 1.2 × 10−5 —

SD490·D25 490.9 490 620 200 0.3 1.2 × 10−5 —

FIGURE 4
PCaPC with MT connection construction method.

the joint interface exceeds its linear limit state. The deformation
capacity of frame structures varies with different hinge locations,
leading to changes in stiffness and strength. To control frame

deformations, the connection locations within the PCa assembly
pattern have been optimized. The cantilevered beam stumps are
set to a length of 1–1.5 times the beam height, while the column
segments are approximately half of the floor height. The connection
locations are chosen at points of minimal bending moment and
away from regions with the largest shear forces under earthquake
loading.

The impact of improper reinforcement layout on connection
strength can be significant. In particular, distinct brittle failure
occurs in the concrete of the nib area when reinforcing bars are
omitted (Tambusay et al., 2024; Desnerck et al., 2016). Previous test
results have highlighted the importance of diagonal tension bars in
controlling crack widths at the re-entrant corner and the need to
provide sufficient bursting bars (U-bars) (Menichini et al., 2024).
The main reinforcement layout, as shown in Figures 3c,d, includes
diagonal reinforcement to transfer most of the applied load from
the nib to the full-depth section of the beam. It also incorporates
a substantial amount of bursting bars (U-bars) in the nib, which
extend sufficiently into the full-depth section to ensure proper end
anchorage.

3 Initial cost analysis of PC and PCaPC
structures

3.1 The influence of construction method
on initial cost

Although prefabrication technologies have advanced, the high
initial investment required for factory production, transportation,
and specialized equipment often outweighs the short-term savings
in labor and construction time. The Ministry of Housing and
Urban-Rural Development (Ministry of Housing and Urban-
Rural Development, 2023) reported that while prefabrication
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TABLE 4 Cost comparison.

Project PC with MT connection Widely used PC (50%
prefabricated)

Cast-in-situ PC

Total cost (million
yen)

(Yen/m2) Total cost (million
yen)

(Yen/m2) Total cost (million
yen)

(Yen/m2)

Foundation 6.5 1,700 6.5 1,700 6.5 1,700

Superstructure 29 7,600 54.4 14,300 61 16,000

Decoration Works 24.4 6,400 24.4 6,400 24.4 6,400

MEP Installation Works 13.72 3,600 13.72 3,600 13.72 3,600

Contingency Project 6.1 1,600 6.1 1,600 6.1 1,400

Miscellaneous Project 0.6 160 0.6 160 0.6 160

Component Fabrication 44.5 11,700 39.1 10,290 — —

Transportation 3 780 2.5 620 — —

Total Cost 127.82 33,500 147.32 38,636 111.6 29,260

FIGURE 5
Comparation of incremental cost.

improves construction quality and reduces environmental impact,
its higher initial costs continue to hinder market acceptance,
especially in less developed regions. Moreover, China Construction
Industry Association (CCIA) (2022) that “a lack of standardization
and lower economies of scale further limit cost reductions in small-
and medium-sized prefabrication projects.

In recent years, China has introduced a series of land supply
policies to promote prefabricated buildings (PBs) by incorporating
PB rate requirements into land transfer conditions. In Singapore,
mandatory prefabrication requirements are enforced indirectly
through statutory compliance with “buildability” provisions in the
building control system (Chiang et al., 2006). However, this reliance
on administrativemeasures to drive PB adoption risks distorting the
market and creating a dependency on government subsidies, rather
than fostering organic growth driven by cost-effectiveness and

efficiency improvements. Achieving cost efficiency in prefabrication
requires greater standardization of PCa elements and improved
connection techniques, with a focus on reducing on-site complexity
and material waste.

Figure 4 illustrates the constructionmethod of the PCaPC frame
with MT connections. Compared with conventional precast frames,
the major difference in the construction of PCaPC frames with MT
connections lies in the installation methods and the areas requiring
grouting. Tominimize on-site erection workload and ensure reliable
connection performance, lifting equipment is used to insert the
tenons of adjacent columns into the mortises of corresponding
elements, assembling the PCa column components. This is followed
by the tensioning and anchoring of PT strands.Theupper PT strands
are continuous across multiple spans by inserting them through the
reserved square holes, which significantly accelerates the assembly
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FIGURE 6
Flowchart of economic loss estimation.

process. This connection method offers superior quality control
and enhanced construction efficiency. Moreover, in large projects,
quality is assured through controlled casting conditions and reduced
on-site supervision during the concreting process, achieving cost
savings. The MT connection design minimizes wet operations,
such as formwork fabrication and rebar tying. In contrast, cast-in-
situ technology remains the typical construction method for other
precast frame structures, resulting in increased costs and extended
construction time, while offering limited economic incentives for
local contractors.

3.2 Case study for PC and PCaPC initial
cost

This section presents a comparative cost analysis (mainly based
on the Chinese market) of a residential building project in Harbin,
China, as shown in Table 4 (Li et al., 2021; Luo et al., 2021). The

analysis compares a PCa project with a 50% assembly rate to a cast-
in-situ project, using cost data from an actual project published
by the China State Construction Engineering Corporation. For
the PCa project, the cost variables for PCa with MT connections
were recalculated according to different constructionmethods. Each
project’s cost variables consider factors such as construction time,
labor efficiency, unit installation cost, and the volume of labor and
materials consumed. Relevant data were sourced from the SCP-PCP
(Standardized Consumption Quotas for Prefabricated Construction
Projects).

For the PCa with MT connections, the cost variables include
three components: component fabrication, transportation, and
superstructure, as illustrated in Figure 5. The calculation of
component fabrication and transportation costs is based on
the volume of prefabricated elements, specifically accounting for
incremental costs. Due to the different construction methods, the
incremental areas for PCa with MT connections are primarily
located at the joints and beam ends. As no specific calculation
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TABLE 5 Comparison of seismic loss estimation frameworks.

Framework components Hazus-MH FEMA
P-58

Proposed

Hazard
Analysis (IM)

1. Full recovery Intensity measures (PGA, PGV, Sa) √ √ √

2. Site-specific hazard curves (Regional-level) √

3. Site-specific hazard curves (Building-level) √ √

4. Ground motion suites (JMA data) √

Structural
Analysis (EDP)

1. No explicit EDP calculation √

2. Main indicators (inter-story drift, acceleration) √ √

3. Nonlinear time history analysis √ √

4. Explicitly incorporates and captures the hysteresis characteristics of structural
components

√

Damage
Analysis (DM)

1. Damage state classification (DS) √ √

2. Use of fragility functions √ √

3. Based on predefined regional damage matrices (DPMs) √

Loss
Analysis (DV)

1. Repair cost functions (general) √ √ √

2. Probability-based (e.g., Monte Carlo iterations to capture uncertainty) √ √ √

3. Uses predefined unit costs (standardized data tables) √ √

4 Explicitly considers prefabrication level, modular repair strategies, and
market-based repair unit costs

√

5 Market survey and literature data integrated for prefabricated component repair
costs

√

6. Detailed downtime and functionality loss trajectory modeling √ √

standard exists for this configuration, the calculation does not
consider the potential cost reduction from component repeatability.
The difference in the superstructure cost primarily arises from
the reduction of on-site activities such as concrete production,
rebar tying, grouting, and mechanical installation tasks like bolting.
The incremental cost is determined using the labor and material
consumption data provided by SCP-PCP, along with the unit prices
of the construction project.

Comparing the cost structures of cast-in-situ and various PC
construction schemes shows that the construction cost of PC
buildings with MT connections is 13% lower than that of traditional
PC frames. This cost reduction is mainly due to the elimination of
several on-site activities, including rebar tying, formwork support,
and concrete pouring, which typically increase the cost of PCa
construction. Additionally, the high repeatability of prefabricated
components can further reduce both production and labor costs.
With the expansion of the PCa industry and improvements in
standardization, fully assembled buildings are expected to replace
cast-in-situ buildings in the future.

4 Loss estimation based on FEMA P-58

4.1 Methodology of seismic loss estimation

Many loss estimation methods have been proposed in decades.
In the research on loss estimation, the damage of members should
be assessed prior to loss estimation by damage indexes (Park and
Ang, 1985) or models such as maximum drift ratio (Ghobarah et al.,
1999; Negro and Mola, 2017), residual drift ratio (Ruiz-García
and Miranda, 2006), crack characteristics (Takimoto et al., 2004;
Takahashi and Nakano, 2009; Takahashi et al., 2010; Wang and
Takahashi, 2021; Miao et al., 2021; Chida et al., 2022; Takahashi
and Tsuka, 2024), and so on. In recent years, loss estimation
methods have been expanded for unique buildings and purposes.
As an example, Takahashi et al. (2020) proposed an economic
performance evaluation scheme of historic buildings that consider
the effect of structural renovation to provide information facilitating
to the selection of reasonable renovation methods for preserving
historic buildings. In this paper, evaluation analysis of PC buildings,
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FIGURE 7
Overview of the methods for seismic loss estimation.

which have not been so much discussed as an evaluation target for
loss estimation, is performed.

The general seismic loss estimation framework is provided by
the Pacific Earthquake Engineering Research Center (PEER), where
the practical methodology is described in detail in the FEMA-P58
documentation (FEMA, 2003). The framework is divided into four
steps: seismic hazard analysis, facility response analysis, damage
analysis, and loss analysis as shown in the upper side of Figure 6.
With the available vulnerability function, the outcome of each
analysis is then integrated as shown in Equation 1.

λ(DV ≥ dv) = G(dv|DM )dG(DM|EDP)dG(EDP|IM )|
dλ(IM)
dIM
|dIM (1)

where IM refers to the seismic hazard characteristics at a site,
typically including ground motion parameters like peak ground
acceleration or spectral acceleration. EDP represents the response
of structures under seismic loads, indicating potential deformations
or stresses. These parameters are crucial for understanding how
a building or structure will likely behave during an earthquake.
DM is employed to assess the extent of damage in a structure
post-earthquake, typically categorized into various damage states.

DV encompasses the economic and functional consequences of
earthquake-induceddamages, including repair costs, downtime, and
loss of functionality. To highlight the differences between existing
frameworks (e.g., Hazus-MH, FEMA P-58) and the enhanced
approach for loss estimation of PCaPC frameswithMT connections,
Table 5 summarizes the key features of each method. Moreover,
to illustrate the step-by-step implementation of the economic loss
estimation methodology in this study, a flowchart is provided,
as shown in Figure 6.

The following four steps (as briefly summarized in Figure 7) are
taken for seismic loss estimation:

Step 1: Quantification of the seismic hazard
The initial phase of our framework rigorously quantifies the

seismic hazard at the designated site, employing extensive data
from the Japan Seismic Hazard Information Station (J-SHIS).
This approach, integrating seismic hazard maps and the latest
earthquake occurrence data, enables the precise calibration of
our IM parameters, including peak ground acceleration, spectral
acceleration, and peak ground velocity. These parameters are crucial
for assessing the potential seismic impact on structures, ensuring
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TABLE 6 Performance group of components.

PG no. Type Story Components FEMA P58 id EDP

1 S 1–4 MT connection (Beam yield, weak joints) B1041.031b dui

2 S 1–4 Beams yield B1041.001b dui

3 S 1–4 Columns yield B1041.061b dui

4 N 1–4 Curtain walls B2022.001 dui

5 N 1–4 Prefabricated stair C2011.011b dui

6 N 1–4 Suspended ceiling C3032.003a ai

7 N 1–4 Independent pendant lighting C3034.001 ai

8 N 1–4 Cold or hot potable D2021.011a ai

9 N 1–4 Sanitary waste piping D2031.011b ai

10 N 1–4 HVAC D3041.001a ai

11 C 1–4 Modular office work stations E2022.001 ai

12 C 1–4 Unsecured fragile objects on shelves E2022.010 ai

13 C 1–4 Electronic equipment on wall mount brackets E2022.021 ai

14 C 1–4 Desktop electronics E2022.022 ai

15 C 1–4 Bookcase E2022.102b ai

where S = structural component, N = nonstructural component, C = content, dui = inter-story drift ratio at the ith story, ai = absolute floor acceleration at the ith floor.

TABLE 7 Damage state definitions for PCaPC frame with MT connection.

Damage state Drift ratio (rad) Crack width (mm) Engineering interpretation

DS1: cracking 0.2%–0.5% <0.2 mm
Minor flexural cracking at beam end

structure remains fully functional

DS2: spalling 1.0% 0.2–0.3 mm
Wider cracks at beam end; partial loss of stiffness

onset of prestressing tendon yielding

DS3: crushing >2.0% >0.3 mm
Significant residual cracks; loss of self-centering

difficult to repair; functional failure likely

our methodology aligns with cutting-edge earthquake engineering
practices.

Step 2: Seismic response analysis
With ground motion records selected in Japan Meteorological

Agency (JMA), nonlinear dynamic response analyses are used
to quantify the statistical distribution of the structural response
(such as interstory drift ratios, dui, and peak floor accelerations,
ai) at different levels of earthquake shaking intensities. This study

establishes independent seismic response models for a cast-in-situ
PC frame and a PCaPC frame with MT connection, facilitating
whole frame numerical simulation analysis. Abaqus-based finite
element analysis (FEA) is employed to obtain load-deformation
relationships, which are then used to simulate the hysteretic
behavior of PCa structural elements. Finally, these characteristics are
integrated into seismic response models to enhance the accuracy of
analysis. Utilizing Matlab to conduct nonlinear dynamic response
simulations, we obtain the distributions of EDP at varying levels
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FIGURE 8
Component fragilities.(a) PG 1. (b) PG 2. (c) PG 3. (d) PG 4. (e) PG 5. (f) PG 6. (g) PG 7. (h) PG 8. (i) PG 9. (j) PG 10. (k) PG 11. (l) PG 12. (m) PG 13. (n) PG
14. (o) PG 15.
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TABLE 8 Details of repair costs.

Part Repair items Units Rate (×103 yen) References

Demolition Partitions obstructing works m2 4.5

FEMA (2003)

Remove, store and reinstall

Ceilings m2 22.6

Mechanical and electrical systems ls 280

Office furniture and equipment ls 140

Temporary

Floor protection ls 140

Dust curtains m2 4.5

Scaffolding or work platforms ls 210

Shoring ls 350

Heat protection ls 140

Replace Partitions removed m2 30.1

Mechanical and electrical modifications or relocations As required for repair work ls 280

Frame repairs
Post-tensioned tendons m 2.1

Fang et al. (2021)
Assembly, transportetc. ls 336

Note: ls-lump sum.

of IM. Each set of simulations yields a collection of pertinent EDP
meticulously compiled from the results of individual analyses.

Step 3: Define the performance groups, damage states, and
corresponding repair actions

In the DV section, we categorize key building components
into Performance Groups (PG), assessing them against specific
Engineering Demand Parameters. Each group’s range of Damage
States is defined to depict component damage under different
structural responses accurately. This is coupled with estimating
repair actions and costs for each state. Our method utilizes inter-
story drift ratios and floor accelerations obtained from nonlinear
dynamic analyses as principal indicators for assessing building
damage states. This approach allows us to determine necessary
repairs and systematically estimate their costs.

Step 4: Loss analysis
In the DM section, we focus on two methods: constructing

vulnerability functions for intensity-based loss estimation and
calculating Mean Annual Frequency (MAF) for time-based
assessment.The vulnerability functions link seismic intensities, such
as peak ground acceleration, to probabilities of various damage states
using a mix of historical seismic data and structural performance
analysis. For time-based loss estimation, we determine MAF
using probabilistic seismic hazard analysis, integrating it with our
vulnerability functions to estimate the annual likelihood of different
damage levels. This approach provides a comprehensive view of
seismic risk, combining intensity and time-based perspectives for a
more accurate assessment of potential losses.

4.2 Target structural and nonstructural
component

This analysis scrutinized a cast-in-situ PC frame with bonded
tendons and a modular frame structure utilizing MT connection
with unbonded PCaPC, as described in Chapter 2. The FEMA-
P58 methodology includes three component categories, namely,
structural components (e.g., MT connection), nonstructural
components (e.g., prefabricated stair), and building contents. Each
category consists of a collection of performance groups whose
performance is similarly affected by a particular EDP, such as the
inter-story drift ratio and the absolute floor acceleration. For the
purpose of calculating building performance and repair costs, major
components of the prototype building were identified and assigned
to 15 performance groups, as shown in Table 6.

The selection of medians was based on the frequency
distribution of observed damage thresholds in these studies,
reflecting the typical scenarios where specific damage levels begin
to manifest at certain acceleration levels or drift ratios. In particular,
for drift-sensitive components, each damage state threshold was
associated with corresponding physical phenomena observed in
unbonded precast PC components with MT connections. For
example, a drift of approximately 1% (DS2) typically corresponds
to a crack width of 0.2–0.3 mm and the onset of prestressing
tendon yielding, while a drift exceeding 2% (DS3) reflects residual
crack widths over 0.3 mm and indicates irreparability due to
loss of self-centering capacity and local crushing at the joint
interface (Matsunaga and Tani, 2025). These relationships are
summarized in Table 7.
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FIGURE 9
Seismic response model.

FIGURE 10
Proposed framework for seismic response analysis.

The determination of dispersion was guided by the variability
in the damage data, taking into account factors such as building
material quality, construction standards, and seismic motion
characteristics. This approach ensures that the chosen parameters
are not only empirically grounded and statistically significant,
but also reflect realistic structural degradation behavior, thus

enhancing the engineering validity of the fragility model.
Multiple damage states were defined for each performance
group. Figure 8 shows the fragility relations used to identify the
damage state of each performance group. To illustrate the use
of these fragility relations, consider performance group N-ai, as
detailed in Figure 8c.
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TABLE 9 Ground motions selected for case study.

Seismic
hazard

Earthquake Mw Depth (km) Station Distance (km) Site
amplification

factor

50% in 50 years.
(PGV = 18.6 cm/s
for Sendai, Japan)

Hokkaido Eastern
Iburi 2019/2/21

5.8 33
Kanuma 17.3 1.58

Shin-Kotoni 67.1 2.24

Osaka Northern
2018/6/18

6.1 13
Chayamachi 18.7 2.09

Mukaijima 16.3 1.72

Near Awaji Island
2013/4/13

6.3 11
Kojidani 11.8 1.48

Nakada 5.1 1.32

Ibaraki Northern
2016/12/28

6.3 15
Kakuuchi 55.4 0.81

Kanamachi 39.1 1.3

10% in 50 years.
(PGV = 36.5 cm/s
for Sendai, Japan)

Noto Peninsula
Offshore 2023/5/5

6.5 12
Misakacho 11 0.96

Monzencho Hashide 55.1 0.67

Nagano Northern
2014/11/22

6.7 5
Hakoshimizu 27.4 0.81

Otemachi 55.7 1.77

Yamagata-Oki
2019/6/18

6.7 14
Fuyasu 11.5 1.02

Babacho 33.1 1.35

Niigata Chuetsu
2004/10/23

6.8 13
Kawaguchi 2.8 0.57

Chitosecho 21 0.9

5% in 50 years.
(PGV = 44.2 cm/s
for Sendai, Japan)

Fukuoka
Northwestern

Offshore 2005/3/20
7.0 9

Maizuru 26.1 1.44

Tsufukumotocho 57.1 1.25

Miyagi Offshore
2003/5/26

7.1 72
Ofunatocho 27.5 0.96

Izumicho 53.4 1.35

Tottori Western
2000/10/6

7.3 9
Higashihonmachi 31.4 1.44

Nishigochi 45.3 1

Noto Peninsula
2024/1/1

7.6 16
Fugeshimachi 35.2 1.75

Misakimachi 9.3 0.96

4.3 Calculation of repair cost function

In assessing the repair costs for each damage state (DS) of
the considered structure, it’s imperative to recognize that each
DS correlates with a distinct probability distribution of repair
costs. While FEMA-P58 provides cost functions for essential
components within the considered structure, with the notable
exception of MT connection, it becomes necessary to conduct
market surveys for estimating the repair costs of prefabricated

frame structures. Significantly, the average repair costs denoted as
‘Post-tensioned tendons’ and ‘Assembly, transport, etc.’ are derived
from market surveys conducted within the United States, Japan,
and China, respectively (Fang et al., 2021). This approach ensures
that our estimations are grounded in the current market realities
of these regions, thereby enhancing the practical relevance and
accuracy of our cost predictions for the maintenance of these
structures. Table 8 gives the details of the mean repair costs for
the different performance parts.
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TABLE 10 Engineering demand parameters.

Hazard level

50% in 50 years 10% in 50 years 5% in 50 years

EDP Cast-in-situ
PC/PCa-50%

PC

PCaPC with MT Cast-in-situ
PC/PCa-50%

PC

PCaPC with MT Cast-in-situ
PC/PCa-50%

PC

PCaPC with MT

du1 [%] 0.46 0.37 1.03 0.64 1.56 1.27

du2 [%] 0.59 0.31 1.13 0.51 1.81 1.01

du3 [%] 0.53 0.32 1.01 0.52 1.86 1.12

du4 [%] 0.41 0.15 0.97 0.26 1.66 0.74

a1 [g] 0.68 0.44 0.79 0.73 1.19 0.98

a2 [g] 0.59 0.43 0.56 0.37 1.33 0.91

a3 [g] 0.49 0.28 0.52 0.34 1.19 0.84

a4 [g] 0.29 0.21 0.36 0.24 0.99 0.53

Note: Values in the parentheses represent the standard deviation.

FIGURE 11
Hysteresis loops of Cast-in-Situ PC. (a) Sub. Assemb. (b) Beam. (c) Column.

5 Seismic response analysis

5.1 Analytical model

A total of three four-story PC frames, employing the three types
of assembly rates, were designed according to the study by Zhao
and Takahashi (2024) and serve as the basis for the case study
presented in this paper. For ease of reference, the three structures
are named as Cast-in-Situ PC, PCa 50% PC, and PCaPC with MT.
These structures are located at a stiff soil site in Sendai, Japan, with
a ground amplification factor of 0.85, based on data from J-SHIS.

Since the component dimensions and joint designs of “Cast-in-
situ PC” and “PCa-50% PC” are identical, the primary differences
lie in the construction methods and repair methods. Consequently,

the same FE modeling approach is applied to both frames, ensuring
that the analysis focuses on how the degree of prefabrication affects
the repair methods and repair costs, without being influenced by
modeling inconsistencies. This FE analysis does not account for
potential differences arising from the standardization and quality
control of prefabricated components during manufacturing, nor for
variations introduced by different construction methods.

The design and seismic analysis are focused on 2D frames
representing the structure in the north-south (NS) direction, as
illustrated in Figure 9.The span length was 7.5 m, and the consistent
story height was 4.0 m. The four structures have the same boundary
frame member sizes and material properties. For structures Cast-
in-situ PC and PCaPC with MT, structural elements at the same
floor share the same prestressing force, so the main difference is
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FIGURE 12
Hysteresis loops of PCaPC with MT connection. (a) Sub. Assemb. (b) Beam. (c) Column.

FIGURE 13
Spectral acceleration and equivalent period comparison between
cast-in-situ PC and PCaPC with MT connection.

the connection configurations (bonded prestressing strands and
unbonded ones, respectively) and deformation mechanism.

In this study, a component-end spring model was developed
to simulate the seismic behavior of the MT connection. To
describe the nonlinear behavior and hysteresis characteristics of
joints considering major design parameters, the load-deformation
relationship of structural elements was defined based on previous
FEA. For simplicity inmodeling and computations, one-component
frame models were proposed combining the Newmark-β method
so that the proposed models are conveniently applicable to
seismic response analysis. The proposed framework mainly consists
of materials and section properties, structural parameters, and
restoring force characteristics, as depicted in Figure 10.

While the spring model simplifies the MT connection into an
idealized restoring mechanism, the nonlinear hysteresis behavior
used as input to this model was derived from detailed finite element
simulations conducted in our previous study (Zhao and Takahashi,
2024). These simulations captured localized crushing, slip, and
friction effects at the mortise-tenon interface, and validated the
joint’s three-stage behavior (closure, hinge relocation, and self-
centering). Therefore, the simplified spring representation preserves
the essential nonlinear behavior observed in experiments and finite
element models, ensuring a reasonable balance between modeling
fidelity and computational efficiency in seismic loss assessment.

5.2 Ground motion selection

To study the seismic response of the prototype building, suites
of NS-direction strong-motion observation data were selected
from JMA. This dataset encompasses representative strong-motion
observations from major earthquakes that occurred in Japan
between 2000 and 2024. Three discrete hazard levels representing
the earthquake hazard with a probability of 50%, 10%, and 5%
exceedance in 50 years are selected. The PGV values for each hazard
level were obtained from J-SHIS for the seismic response analysis,
considering the site situated in Tohoku University’s Aobayama
Campus (38.2552◦N, 140.8391◦E) within Sendai, Japan. Table 9
shows the four representative ground motions selected for each
hazard level presented in the probabilistic hazard analysis, scaled
according to the PGV values.

5.3 Structural response

Nonlinear time-history analyses were conducted to evaluate the
seismic response of the three frame configurations to each selected
scaled ground motion. Table 10 presents the median values of the
peak engineering demand parameters obtained in this analysis.
The EDPs ‘dui,’ and ‘ai,‘, as shown in Table 10, represent the inter-
story drift ratio of the ith story and the absolute floor acceleration
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FIGURE 14
Disaggregation of the total repair cost for the PCaPC frame with MT connection and the Cast-in-situ PC frame. (a) Cast-in-Situ PC (50% in 50 yrs.). (b)
PCa 50% PC (50% in 50 yrs.). (c) PCaPC with MT (50% in 50 yrs.). (d) Cast-in-Situ PC (10% in 50 yrs.). (e) PCa 50% PC (10% in 50 yrs.). (f) PCaPC with MT
(10% in 50 yrs.). (g) Cast-in-Situ PC (5% in 50 yrs.). (h) PCa 50% PC (5% in 50 yrs.). (i) PCaPC with MT (5% in 50 yrs.).

of the ith floor, respectively. Although these three frames share
identical material properties and geometric configurations, the
cast-in-situ PC frame exhibits significantly higher stiffness. This
results in greater acceleration transmission to upper floors, making
the structure more susceptible to seismic force. In contrast, the
PCaPC frame with MT connections reduces seismic demand by

allowing rotational movement of beams at the corbels of columns,
effectively absorbing seismic energy and mitigating inertial forces.
This mechanism contributes to lower peak floor accelerations while
maintaining adequate lateral stability.

The comparative assessment of seismic performance across
three hazard levels further emphasizes these behavioral distinctions.
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FIGURE 15
Probability distribution of total repair cost.

FIGURE 16
Discrete CDF of repair cost distribution.

At the “50% in 50 years” hazard level, acceleration generally
diminishes with building height. However, as seismic intensity
increases to the “5% in 50 years” level, this trend weakens due
to nonlinear effects in the lower stories. Inelastic deformations
lead to stiffness degradation, altering energy dissipation patterns
and shifting the dynamic response of the structure. Consequently,
seismic energy is redistributed more evenly across the height
of the structure, reducing the contrast between upper and
lower floor accelerations. The nonlinear response also impacts
structural damping mechanisms, influencing repair costs and
serviceability after an earthquake.

The PCaPC frame experiences a maximum acceleration of
0.98 g, whereas the cast-in-situ PC frame reaches 1.33 g, reflecting its
increased stiffness and greater susceptibility to seismic forces. These
differences translate into varying degrees of structural damage.
The PCaPC frame, with its lower acceleration, primarily suppress
damage in non-structural components, thereby shortening recovery
time and reducing repair costs. Conversely, the cast-in-situ PC
frame, which experiences higher accelerations and larger plastic
deformations, is prone to structural cracking, permanent residual
displacements, and higher post-earthquake rehabilitation expenses.
The observed seismic response patterns align with the hysteresis
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characteristics discussed earlier, as illustrated in Figures 11, 12 (Zhao
and Takahashi, 2024), where the PCaPC frame exhibits narrower
hysteresis loops, indicative of controlled energy dissipation, while
the cast-in-situ PC frame dissipates seismic energy through larger
plastic deformations, increasing structural vulnerability.

Under the 5% in 50 years hazard level, the MT connection in the
PCaPC frame exhibited distinct damage-controlling characteristics
compared to conventional joint systems. While cast-in-situ joints
typically experience plastic hinge in beam ends and may develop
joint shear cracking under high seismic demand, theMT connection
confines deformation to a localized compressive zone at themortise-
tenon interface. As inter-story drift increases repeated compressive
loading initiates localized bearing damage at the joint edges. Once
the compressive stress exceeds the elastic limit, minor edge crushing
occurs at the corners of the tenon, marking the transition to
inelastic behavior.

A key observation is that the localized damage remains
stable even under multiple seismic cycles, without significant
propagation or rebar rupture. The connection accommodates
allowable rotational deformation through localized nonlinear
compression at the mortise-tenon interface, while the self-centering
mechanism is primarily driven by the restoring force from
unbonded post-tensioned tendons. These failure characteristics,
along with the post-earthquake reparability of the MT connection,
have been confirmed in previous experimental studies (Sakata et al.,
2005; Sakata et al., 2006; Nakai et al., 2006). Even under severe
seismic scenarios (e.g., intensity level 7), PCaPC frames with
MT joints retain sufficient lateral stiffness and primarily undergo
hinge-like joint rotation, thereby limiting structural damage and
facilitating post-earthquake repair.

To further explain the reduction in acceleration-sensitive
nonstructural damage observed in the PCaPC frame with
MT connection, a spectral analysis was conducted to examine
the relationship between the structural periods and the
predominant periods of the ground motion set scaled by PGV.
As illustrated in Figure 13, the equivalent period of the cast-in-
situ PC frame is approximately 0.77 s, whereas that of the PCaPC
frame is extended to approximately 1.09 s due to hinge relocation
and the resulting increase in lateral flexibility introduced by the
MT connection. This period elongation leads to a dynamic de-
tuning effect, in which the structural period shifts away from
the predominant spectral peak of the input motions, thereby
reducing the amplification of floor acceleration responses. As a
result, the PCaPC frame experiences significantly lower acceleration
demands, mitigating damage to acceleration-sensitive nonstructural
components such as ceilings, partition walls, and equipment.

6 Repair cost evaluation

FEMA-P58 provides cost functions for essential components
within the structures, as detailed in Table 6 (Performance Group of
Components) and Table 8 (Details of Repair Costs). As illustrated
in Figure 8 (Component Fragilities), the components are associated
with probabilities of various damage states. Based on the EDPs
for Cast-in-Situ PC, PCa 50% PC, and PCaPC with MT under
three seismic hazard levels, as presented in Table 9, the probabilities
for each damage state are derived.

The distribution of repair costs among performance groups
is depicted in Figure 14. Under the 50% in 50 years hazard level,
repair expenditures are primarily concentrated in inter-story
drift-sensitive elements (N-dui performance groups). This trend
is attributed to the prestressed nature of the prototype office
building, where structural components exhibit high tolerance to
floor acceleration effects, reducing their contribution to total repair
costs. Conversely, non-structural elements remain vulnerable,
particularly unsecured fragile objects and office equipment,
which sustain damage when floor acceleration reaches 0.5 g
(Figure 8; Table 6). More expensive content, such as electronic
devices and modular workstations, experiences significant damage
only when acceleration surpasses 1.0 g.

FEMA-P58 recommends using a normal distribution to
calculate the probabilities of total repair costs for each seismic
hazard level, as illustrated in Figure 15. Furthermore, Figure 16
demonstrates the probability of total repair costs exceeding specific
thresholds under a discrete distribution. For instance, if a building
owner is interested in the probability of total repair costs not
exceeding 1,000,000 JPY, the calculated results indicate that for PCa
50% PC structures, the probability of not exceeding this threshold is
0.65 for the 10% in the 50-year hazard level. At the same time, it is as
high as 0.99 for PCaPC structures with MT connections. Similarly,
following a seismic event at the 5% in 50 years hazard level, the
probability of the repair costs for cast-in-situ PC structures not
exceeding 4,000,000 JPY is 0.04, compared to 0.71 for PCa 50%
PC structures. This comparison highlights the superior seismic
resilience and cost-efficiency of PCaPC structures, which maintain
lower repair costs and enhanced post-earthquake functionality, even
under severe ground motion conditions.

7 Conclusion

This study investigated the seismic performance and economic
feasibility of a PCaPC frame with MT connections, comparing
it with a Cast-in-Situ PC frame and a PCa 50% frame. A
simplified seismic response analysis model was developed to
quantify structural resilience, while a cost estimation framework
was employed to assess repair expenditures under different seismic
hazard levels.

(1) The findings demonstrate that MT-connected PCaPC frames
improve construction efficiency. By eliminating grouting and
other complex procedures, this system reduces construction
costs by 13% compared to the Cast-in-Situ PC frame,
without compromising structural performance. The increased
assembly rate and simplified on-site construction processmake
PCaPC an attractive solution for local contractors.

(2) The seismic response analysis revealed enhanced resilience
characteristics in PCaPC frames. The primary yielding
mechanismwas observed as tenon edge compression, followed
by ultimate failure at the MT connection, ensuring a damage-
controlled failure mode. Additionally, the restoring force from
unbonded prestressed tendons and the self-weight of the
upper structure facilitated self-centering behavior, mitigating
residual drift post-seismic loading. Under identical seismic
hazard levels, the PCaPC frame exhibited lower inter-story
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drift ratios and acceleration responses, reducing damage to
both structural and non-structural components.

(3) The repair cost evaluation further highlighted the economic
advantages of PCaPC frames. The probability of repair costs
not exceeding 1,000,000 JPY for PCaPC structures was 0.99
under the 10% in 50 years hazard level, compared to 0.65 for
PCa 50% PC structures. At the 5% in 50 years hazard level,
the probability that repair costs remain below 4,000,000 JPY
was 0.71 for PCa 50% PC structures, whereas it was only 0.04
for Cast-in-Situ PC structures. These results underscore the
economic feasibility of PCaPC frames in minimizing seismic
repair expenditures.
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