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Emergency Restorability of Underground Engineering
Environment after Disasters by Utilizing Prefabrication and
Assembly Technology

Tong Qiu, Ph.D., S.M.ASCE'; Xiangsheng Chen, Ph.D.?; and Dong Su, Ph.D.?

Abstract: Urban development is promoting aboveground-underground city integration. Underground engineering and surrounding build-
ings and infrastructure form an underground engineering environment (UEE). In critical disasters, damage to the UEE not only causes chain
damage to the surroundings but also aggravates urban resilience. Few studies have focused on UEE resilience and its disaster reduction. This
study investigated the emergency restorability of the UEE to fill this research gap. First, we classified the restoration levels based on UEE
damage patterns. Second, we performed subregion optimization based on cast-in-situ (CIS) restoration, and technical optimization by
utilizing prefabrication and assembly technology (PAT). Third, the CIS/PAT UEE emergency restorability functions were constructed based
on these optimizations and the local assembly capacity. Finally, the performance of the CIS/PAT restoration, optimization effect, and local
assembly capacity were analyzed using a case study. The results indicated that (1) meticulous subregion optimization significantly reduced
environmental work with a 13.5% speed up; (2) technical optimization incorporating PAT had the highest efficiency for improving UEE
emergency restorability; (3) PAT restoration enhanced the structural resilience and functional resilience of the UEE by at least 28.34% and
62.27% over CIS restoration, respectively; (4) upper and lower thresholds exist for assembly speed in PAT restoration; (5) there exist three
types of assembly capacity in PAT restoration: ring-quantity-sensitive, ring-weight-sensitive, and insensitive; and (6) the adaptive schemes
maximized the performance of different local assembly capacities in PAT restoration. The UEE emergency restorability function provides
a quantitative assessment tool for the resilience of UEE and a resilience enhancement scheme for disaster reduction. DOI: 10.1061/
NHREFO.NHENG-1745. © 2023 American Society of Civil Engineers.

Author keywords: Underground engineering environment (UEE); Emergency restorability; Prefabricated component; Prefabricated
underground structures; Local assembly capacity; Adaptive scheme.

Introduction

Modern urbanization promotes the synergistic development of
aboveground and underground spaces (Ma et al. 2023), which leads
to a closer relationship between underground engineering and cities
in terms of resilience (Liu et al. 2021a). Specifically, underground
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engineering is increasingly integrated within a complex urban sys-
tem into an underground engineering environment (UEE) (Zhou
etal. 2020) (Fig. 1). When underground engineering suffers a major
disaster, its disaster effects will trigger linked damage to surround-
ing buildings and infrastructure. This is a coupled disaster effect
that requires a specific consideration for UEE (Li and Chen 2020).
The rapid construction of underground engineering has triggered
many engineering accidents (Chang et al. 2001; Shi and Li 2015).
Statistics for China from 2002 to 2018 provided by Yu et al. (2019)
showed that underground engineering accounted for approximately
half of the underground accidents.

Li et al. (2014) analyzed 118 underground engineering acci-
dents and found that the most important hazard source was collapse
accidents. This triggers chain damage to the surrounding buildings,
roads, and pipelines. Thus, UEE restoration not only includes envi-
ronmental and structural restoration works but also implies resil-
ience recovery of urban systems after disasters. The fact that it
took a year to fully restore a Japanese subway station after an earth-
quake proved the difficulty of UEE restoration (An et al. 1997). The
complexity and systemic nature of UEE restoration have posed
difficulties for UEE resilience studies and disaster reduction. There
is still little literature on the restorability of UEE and its disaster
risk reduction schemes. Therefore, the theories of urban resilience
lack a crucial link. To fill this gap, this study developed the first
function for UEE emergency restorability. Modern prefabrication
and assembly technology (PAT) was employed to enhance UEE
emergency restorability and reduce disaster impact.

Based on the preceding discussion, it is necessary to assess the
restorability of urban engineering, propose specific restoration
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Fig. 1. Underground engineering environment.

schemes, and develop assessment methods for UEE. Urban engi-
neering restorability has attracted widespread research interest.
Zorn and Shamseldin (2015) statistically averaged postdisaster re-
covery curves for a variety of engineering to determine the likely
recovery rates for future disasters. Sun and Zhang (2020) estab-
lished a framework for assessing urban infrastructure after acci-
dents, which facilitated the development of restoration resource
allocation and optimization strategies. Tomar and Burton (2021)
proposed a risk-based framework for the postearthquake functional
loss and recovery assessment of urban engineering.

In addition, scholars have focused on the correlation of urban
engineering restorability, which is reflected in the interdependence
of the restoration of underground engineering and the surrounding
environment. Ouyang and Wang (2015) developed an urban engi-
neering multisystem restoration model and analyzed the respective
restorative contributions. Zhang et al. (2018) proposed an approach
for allocating restoration resources to enhance the resilience of
interdependent urban engineering systems. Kong et al. (2021) de-
veloped a resilience framework that considered the interdependen-
cies among urban engineering systems and the limitations of
specialized resources.

In summary, most of the current research on urban engineering
resilience focused on developing mathematical models for optimi-
zation strategies. However, these models are inapplicable to the
study of specific restoration processes and schemes for UEE. Fur-
thermore, current research on restorability mostly focused on above-
ground structures, such as aboveground infrastructure (Makisha
2016), bridges (Mitoulis et al. 2021), and multiple types of buildings
(Preciado et al. 2020; Joyner et al. 2021). Few systematic studies
have been conducted on the emergency restorability of the UEE
after disasters (Huang et al. 2022). Therefore, this study considered
the correlation between the processes of environmental restoration
and structural restoration and established specific UEE restoration
schemes and restorability functions.

To conduct research on UEE restoration schemes, it is necessary
to study the current structural restoration techniques and assess
their adaptability to underground engineering restoration. Current
research on structural strengthening and restoration techniques
have established systematic results within the following research
domains: (1) section enlargement reinforcement (Sthapit and
Sthapit 2021); (2) steel component strengthening (Borri et al. 2019)
(Xu et al. 2018); (3) carbon fiber reinforcement (Mohammed et al.
2020; Shabana et al. 2021); (4) shape memory alloys (SMA) com-
ponent reinforcement (Xiang et al. 2020; Liu et al. 2021b); (5) steel
wire composite reinforcement (Ma et al. 2021; Zhou et al. 2021);
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and (6) additional support and metal damping reinforcement (Zhou
etal. 2021; Ren et al. 2021). Summarizing the status of research on
typical structural restoration measures, these solutions may not be
appropriate for UEE restoration. First, the current restoration do-
mains have not considered the restoration of the surrounding envi-
ronment. Second, the construction space of the UEE restoration is
different from that of an aboveground project. It requires excava-
tion and pit protection to expose the operation platform. Finally, the
UEE damage pattern of interest in this study involved recon-
struction of the collapse level. Accordingly, this study considered
the environmental and structural restoration to reflect the properties
of UEE restoration completely and accurately.

This study proposed a technology optimization method to
achieve rapid UEE restoration. PAT has played an important role
in emergency response projects during recent major disasters. In
response to the COVID-19 outbreak, PAT was used to rapidly build
emergency hospitals in China (Chen et al. 2022). Furthermore, PAT
was used for emergency restoration of infrastructure, such as dams
(Zhang et al. 2020) and bridge projects (Yuan et al. 2021). Addi-
tionally, modern PAT has exhibited fast and accurate properties.
China used PAT to construct a 31.86-t nuclear infrastructure roof
(Chinacrane.net 2012) and upgraded it to 220-t weight and milli-
meter accuracy in the latest record (SOHU.com 2018).

In summary, PAT has shown advantages of being fast, efficient
and accurate in emergency restoration projects. This study is the
first to propose the application of PAT to UEE restoration instead
of traditional cast-in-situ (CIS) restoration (Sthapit and Sthapit
2021). Moreover, this study established the emergency restoration
process and scheme specifically for UEE. Finally, a methodology
for assessing PAT restoration on UEE and its optimization effect
compared with CIS restoration was established. The techniques,
schemes, and assessment method proposed provide application
value for UEE resilience.

The assembly structure is the core of the rapid restoration of the
UEE. Currently, PAT has been used in many actual prefabricated
underground structures in Beijing (Cao et al. 2018), Shanghai
(Zhang et al. 2021), Changchun (Yang and Lin 2021), Qingdao,
and Shenzhen (Tencent 2021) in China. Based on the practical
application, scholars have focused on the performance of prefab-
ricated underground structures, and the major research results
include the following studies. Ding et al. (2019) indicated that
prefabricated underground structures showed good deformation re-
sistance and mechanical properties during earthquakes. Tao et al.
(2019) showed that a prefabricated underground structure main-
tained a relatively stable state during earthquakes using shaking
table tests. Yang and Lin (2021) showed that a prefabricated under-
ground structure exhibited promising static and dynamic bearing
capacities. Based on the current research, prefabricated under-
ground components have the capacity for mass production and
application, and prefabricated underground structures have a reli-
able long-term operation capacity. Therefore, the development of
prefabricated underground structures is supported this study to
propose the application of PAT for rapid UEE restoration. The UEE
emergency restorability function not only fills the gap in the resil-
ience theory of underground engineering system but also provides
strategies and practical values for resilient urban operations.

Methodology

This study aimed to evaluate UEE emergency restorability and
PAT restoration. First, the restoration levels were classified based
on the UEE damage pattern. Second, subregion optimization was
performed based on the restoration level and CIS restoration case,
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Fig. 2. Methodological path.

and technical optimization was performed based on PAT technol-
ogy. The CIS/PAT emergency restoration schemes were constructed
to obtain the restoration process, workload, and time. Third, the
CIS/PAT UEE emergency restorability functions were constructed
based on the aforementioned factors and local assembly capacity.
Finally, the functions were used in combination with the case study
and to support the optimization effect analysis and local assembly
capacity analysis (Fig. 2).

Determination of Restoration Level

Damage levels in different regions of the UEE are generally incon-
sistent. Different restoration measures for different damage levels
are conducive to the rational allocation of emergency restoration
resources and acceleration of the restoration progress. The core of
determining the damage level is to define the impact of the under-
ground engineering on the surrounding environment, particularly
the chain damage effect. For limited environmental impacts and
structural damage, this study advocated partial restoration or
structural reinforcement to minimize environmental disturbance.
In addition, the determination is based on UEE having the regular
structural sections, such as underground stations, pipe culverts,
and tunnels. It is appropriate to divide the restoration region into
several areas with regular sections when defining the restoration
levels.

A chain damage effect‘
on the surrounding environment \

The damage patterns of the UEE were used as the basis for
determining the restoration levels, which were classified into four
levels as shown in Fig. 3. These levels are as follows:

* Collapse: this level of damage triggers a chain damage effect
on the surrounding environment. It is necessary to consider the
recovery of the surrounding environment and the reconstruction
of the structure after overall earth excavation.

* Severe: at this level of damage, the structure can still stand, and
the surrounding environment may only be partially disturbed or
remain intact.

*  Moderate damage: the structure requires a significant restoration
and the surrounding environment remains intact.

* Minor damage: the structure requires a minor restoration and the
surrounding environment remains intact.

Moderate and minor damage were combined as reinforcement
levels. In summary, corresponding to the UEE damage patterns,
emergency restoration schemes were classified into three levels;
the highest level was reconstruction, followed by partial restoration
and finally reinforcement.

Emergency Restoration Schemes

After determining the restoration levels, this study obtained emer-
gency restoration schemes through subregion optimization and
technical optimization. Subregion optimization included subregion
planning and process reduction, whereas technical optimization in-
cluded the adoption of a prefabricated underground structure and an
assembly construction plan. After optimization, the PAT restoration
plan was developed, and the CIS restoration plan was used for
comparison.

Subregion Optimization

The primary aspect of subregion optimization is subregion plan-
ning. Fig. 3 shows that each restoration level corresponds to a dif-
ferent restoration scale, with the most intensive reconstruction level
involving extensive environmental and geotechnical work. Each
restoration level established its own subregions, which were sub-
regions for reconstruction, partial restoration, and reinforcement.
Each subregion had a specific range and process. Owing to the
standardization of the underground engineering cross section, the
longitudinal dimensions of the restoration region can be used to
assess the workload and recovery time of the subregions. Speci-
fically, the reconstruction subregion was considered to perform
the heaviest environmental and structural restoration processes.

Collapse Severe

Moderate~ Slight

Fig. 3. UEE damage patterns.
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Table 1. Construction process of three subregions

Subregions
Type Process Subject CIS reconstruction Partial restoration Reinforcement
ENV  Presurvey Surrounding buildings, Reconstruction Reconstruction Reconstruction
Upper obstacle clearance upper facilities, roads, Reconstruction Not required Not required
Pipeline restoration and temporary underground infrastructure, Reconstruction Not required Not required
road traffic restoration geotechnical environment,
Emergency protection and so on Reconstruction Partial construction  Partial construction
Diaphragm wall construction Reconstruction Not required Not required
Grouting engineering Reconstruction Not required Not required
Excavation works Reconstruction Partial construction Not required
Precipitation engineering Reconstruction Partial construction Not required

STR Construction platform engineering
Structural demolish
Structural restoration
Waterproof engineering

ENV  Earthwork backfilling works

STR Construction of equipment and
auxiliary structures

ENV  Road restoration and municipal restoration

Underground engineering

Road and upper facilities

Underground engineering

Road and upper facilities

Not required
Not required
Partial construction
Not required

Reconstruction
Reconstruction
Reconstruction
Reconstruction

Not required
Partial construction
Partial construction

Not required

Reconstruction Partial construction Not required
Reconstruction Not required Not required
Reconstruction Not required Not required

Note: ENV = surrounding environment restoration process; and STR = internal structure restoration process.

The most dominant process in the reconstruction environmental
restoration process was the diaphragm wall construction and exca-
vation work (Civil Engineering Department 1997). There is a cor-
respondence between the reconstruction environmental restoration
process and the dimensions of the reconstruction area. Therefore,
the reconstruction workload can be optimized through clear and
detailed subregion planning of the reconstruction region.

Another key aspect of subregion optimization is process reduc-
tion. The UEE benchmark process was constructed based on the
emergency CIS restoration scheme (Civil Engineering Department
1997). The benchmark processes were divided into environmental
and structural restoration processes, and the restoration subjects
corresponding to the processes were summarized (columns labeled
Type and Subject in Table 1). Furthermore, the processes for partial
restoration and reinforcement can be optimized, particularly for nu-
merous environmental restoration processes. Depending on the
construction needs, the results of the process reduction are shown
as partially performed or not required. By applying hierarchical and
refined process reduction, extensive environmental and structural
restoration processes and workload of the UEE were reduced.

The construction processes of the three subregions of the emer-
gency restoration schemes after subregion optimization are summa-
rized in Table 1. The reconstruction subregion has many processes
that were fully performed. Particularly, the workload for recon-
structing the surrounding environment is significant and requires
substantial restoration time. In comparison, partial restoration and
reinforcement can be accomplished earlier after process reduction.
Historically, the restoration time was proven to depend on the
reconstruction progress, and both partial restoration and reinforce-
ment were completed early (Sankei Shimbun 1995). Therefore,
reconstruction works dominated UEE restoration and determined
the recovery time. Accordingly, the key to enhancing UEE emer-
gency restorability is to improve reconstruction capacity. The CIS
Reconstruction column of Table 1 can be used as the original emer-
gency restoration scheme.

Technical Optimization
The primary aspect of technical optimization is the adoption of a

prefabricated underground structure to promote easy and rapid
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construction. Technical optimization adopts a combination of the
old and new structures, that is (1) the original damaged structure
is demolished as needed, and the maximum demolition is to retain
at least the original baseplate; (2) the assembled joints are formed in
the baseplate through small casting, and the baseplate is restored;
and (3) the prefabricated walls, columns, and roofs are constructed
by PAT, and the original baseplate is assembled with prefabri-
cated components to generate a prefabricated underground struc-
ture (Fig. 4). This technical optimization not only reduces the heavy
workload of the new-built baseplate but also uses PAT to assemble
the new structure above the baseplate quickly.

Another key aspect of technical optimization is the adoption of
an assembly construction scheme. Based on the aforementioned
prefabricated underground structure, this study used assembly con-
struction to accelerate restoration. The traditional CIS restoration
process consumed considerable effort and time, including onsite
welding of new and old reinforcements, new construction plat-
forms, formwork, and steel skeleton construction, pouring con-
crete, and waiting for maintenance (Civil Engineering Department
1997). In comparison, with the application of industrialized prefab-
ricated components, restoration requires only assembly construc-
tion onsite, reducing a significant amount of CIS processes and
time. In addition, PAT restoration eliminated the need to build con-
struction platforms because it avoided large-scale onsite casting.
Finally, PAT provided waterproofing by preinstalling strips at the
assembled joints (Yang and Lin 2021), thus reducing waterproofing
work. Fig. 5 presents a detailed description of the PAT recon-
struction scheme.

In the figure, Step 1 is restoration of surrounding environment,
which is carried out first. Emergency support is required in the col-
lapse region, and then excavation is carried out to underground en-
gineering for demolition. In Step 2, when demolishing damaged
vertical members, 1 m of component ends are retained to expose
existing steel rebars. Additional reinforcement and existing steel
rebars are welded together. Small-scale casting forms tenon-mortise
joints when the baseplate is restored. In Step 3, prefabricated com-
ponents are hoisted for construction. First, the prefabricated walls
and columns are lifted to the joints for assembly. Then, the prefab-
ricated roof is lifted and assembled with truck cranes. Finally, the
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Fig. 4. Prefabricated underground structure with prefabricated components. (Images by authors.)

PAT reconstruction

Fig. 5. Process of PAT reconstruction.

prefabricated roof is positioned on the prefabricated walls and
columns for assembly. In Step 4, after completing the main struc-
ture reconstruction, the soil is backfilled, and the road surface is
restored.

In summary, the core of technical optimization is the transfor-
mation of CIS restoration into PAT restoration. The optimized sub-
region construction process, structural system, and construction
plan of the PAT emergency restoration are presented in Table 1
and Fig. 5, respectively. Compared with CIS restoration, subregion
optimization meticulously divided the reconstruction subregion and
significantly reduced massive environmental restoration processes.
Additionally, the application of the prefabricated underground
structure and assembly construction significantly reduced the time-
consuming onsite pouring process. Therefore, the proposed PAT
restoration scheme using the two optimizations can enhance the
UEE emergency restorability.

Emergency Restorability Function

This section first quantified the local assembly capacity and con-
structed CIS/PAT UEE emergency restorability functions. Next, the
optimization analysis process of PAT restoration was established by
comparing the two functions. Finally, the threshold and adaptability
analysis process of the local assembly capacity were established.

Quantification of Local Assembly Capacity

PAT restoration depends on local assembly capacity. The assembly
construction time of a single ring of the prefabricated underground
structure was calculated using Eq. (1) to assess assembly speed.
Here, r is the lifting batch that characterizes the assembly scheme
of the prefabricated underground structure. The vertical components
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are lifted and positioned before the horizontal components. There-
fore, the vertical and horizontal components were divided into two
batches. Ny, is the number of components in a batch related to the
prefabricated underground structure. For example, the number of
vertical components and the roof of the prefabricated single-ring
structure in the 1F area are N;, =3 and 1, respectively. T;, is
the lifting time of a single component. This parameter is closely
related to the local assembly capacity, equipment resources, and re-
storation cost, which determines PAT assembly speed. T, is the
stopping time of this batch and is related to the restoration workload
of the process

r

Tk = Z(NLrTLr +Ts,) (1)
=1

Lifting weight is also an important parameter for PAT restora-
tion. A component with a large mass reduces the efficiency of trans-
porting and lifting precast components; a small component mass
with too many joints also affects the speed of the onsite assembly.
The achievable assembly speed within a specific lifting-weight
range represents the local assembly capacity.

CIS/PAT UEE Emergency Restorability Function

UEE emergency restorability functions were constructed to evalu-
ate the recovery performance and duration of UEE emergency re-
storation. The CIS UEE emergency restorability function, based on
the actual CIS restoration process of Daikai Station, was first es-
tablished to consider the integrity and complexity of UEE restora-
tion (Civil Engineering Department 1997). The total workload and
process restoration time were evaluated using the longitudinal di-
mensions of the reconstructed region. The restoration processes and
recovery times are listed in Table 2.

The PAT UEE emergency restorability function was established
based on the CIS UEE emergency restorability function and the
PAT restoration scheme. The process is as follows. First, the PAT
restoration processes were subject to subregions and technical
optimization. The PAT restoration process time (¢;) was derived
based on the workload and recovery time (7';) of CIS restoration.
After subregion optimization, the longitudinal dimension of the
PAT reconstruction region was reduced. Its ratio to the longitudinal
dimension of CIS restoration was used as the optimized ratio (7;)
of the workload and recovery time. For technical optimization,
PAT restoration adopted a prefabricated underground structure and
an assembly construction scheme, ;4 and ¢;g characterized the PAT
assembly process times in the 1F and 2F areas, respectively, ob-
tained by dividing the quantity of prefabricated structural rings by
the individual ring assembly speed [Eq. (1)]. Because some of the
processes were eliminated, the PAT restoration process skipped
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Table 2. CIS/PAT restoration Q-7 assessment process

Process i CIS restoration PAT restoration Os Or T; 1 Correlation

1 Preparation work Reconstruction Collapse or 0 T, m T, —

2 Diaphragm wall construction Reconstruction severe status T, T, 4,7
with
grouting engineering

3 Excavation work Reconstruction T5 13T3 —

4 Anchor bar works Reconstruction Ty i —

5 Construction platform works Not required Ts 0 —

6 Support work Reconstruction Te 16T —

7 Precipitation engineering Reconstruction T, n7T7 8

8 Grouting work Reconstruction Ty ngTg 9

9 2F area demolition work Reconstruction Ty 19T 10

10 1F area demolition work Reconstruction T  moTio 11

11 Removal of sidewall and center  Reconstruction T Ty 12
column

12 Construction platform Reconstruction T, T2 13
engineering

13 Implant and weld steel bar Reconstruction Recovering Tz  ni3Ti3 14

14 CIS engineering Early-strength concrete Ty ti3=17 15

joint construction

15 Central column restoration works Assembly construction Tis Hy 16

16 Steel central column grouting T1s 17
concrete

17 Sidewall waterproofing works Not required T7 — 18

18 Roof waterproofing works Not required Tis — Rail opening
Rail opening Reconstruction 1F area recovered a; — — 19

19 Rest phase Reconstruction 2F area recovering T tis=T 20

20 Baseplate reinforcement Reconstruction Ty 10T 21

21 Baseplate and foundation Reconstruction Ty 1Ty 22
construction

22 CIS and waterproofing Assembly construction Ta tg 23
construction in 2F area

23 Construction of equipment and  Reconstruction Ty; ti9g =T,z Station opening

auxiliary structures
Road and municipal restoration
Backfill works

Station opening Reconstruction

1F area and 2F

a; +a (1 + Qpsum)/Ns  — — —

area recovered

Note: Process 1, preparation work, includes a presurvey, upper obstacle clearance, pipeline restoration, road traffic, and emergency protection. Q gy = sum

of the other stations’ Q.

Processes 5, 17, and 18 of the CIS restoration and performed the

next process.

The UEE emergency restorability function advances the struc-
tural and functional performance Q and process time 7T strictly cor-
responding to the restoration process (Fig. 6). There is a correlation
between partial processes, which implies that the completion
of these processes determines the start of certain processes. For ex-
ample, the completion of diaphragm wall construction (Process 2)
determines the start of the anchoring and precipitation work
(Processes 4 and 7). These processes together established the time
chain for full restoration and were therefore denoted as key proc-
esses. The relationship between of the key process were integrated
to construct a recovery time chain of emergency restoration func-
tions. Finally, a resilience function R, was designed to evaluate the
quantitative performance of the restoration schemes. The Q-T-R
function established a quantitative assessment process for the
emergency restorability of the UEE, and the steps are as follows:
1. Qg was set to characterize the recovery of structural perfor-

mance. O was set to characterize the recovering traffic function

state of the rail and station.

2. Qg was jointly evaluated based on vulnerability and restorabil-
ity. Qg and T strictly corresponded to the restoration processes.
For example, the Qg of the collapsed UEE is zero when disaster
strikes; structural restoration is on standby when environmental
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work is in progress, and Q¢ evolution tends to be a constant zero
(Processes 1-12); after the structure restoration is initiated, the
restoration processes of concrete, reinforcement, and steel
works (Processes 13—-18 and 19-21) restore Qg and consume a
definite recovery time; finally, Qg recovers to 1 or higher, as
indicated in the Qg and 7T; columns in Table 2.

3. OF was jointly evaluated by the surrounding environment and
substructure’s Qg. The recovery of QO had a definite relation-
ship with the multiple Q¢ values. Based on experience from the
Daikai Station case, certain operational functions of the line
and station were restored when key Processes 18 and 23 were
completed. Therefore, Qf is related to the Qg of Processes 18
and 23, as indicated in the O column in Table 2. Experience
has also shown that restoring line functions is critical to urban
resilience. Traffic function was fully restored after the sub-
sequent restoration of multiple stations. Qp characterized the
comprehensive functional state of the rail and multiple stations
by Eq. (2)

(2)

Z:’Ll QF-Stationi
=a Rai + = """
Or = a1QFrail + a2 N

N

If O only considers the restoration of the station itself, Ng
takes a value of 1.
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Fig. 6. UEE emergency restorability function. The restoration process refers to Table 2.

4. Qs-T and Qp-T functions were constructed by projecting the
time sequence of disaster effects and restoration processes onto
the 7 axis and mapping their corresponding Q.

5. Qs-T and Qp-T functions were integrated to obtain the respec-
tive resilience function R

o Q(t)at

= (tmax _tO)Q(O)

(3)

where Q(7) = Qg or Q over time; and 7, and 7,,, = times when
the disaster starts and the maximum recovery time of multiple
schemes, respectively.

Optimization Effect Analysis

Based on a comparison of the CIS/PAT UEE emergency restorabil-

ity function, we analyzed the optimization effect of the PAT emer-

gency restoration scheme. The calculation process is as follows:

1. In comparison with CIS restoration, the optimization effect of
PAT restoration included the workload and recovery time. The
recovery time was used as a representative parameter for the
optimization analysis because of the linear mapping workload
optimization.

2. T, is the optimization time for each process of PAT restoration,
and T, is the cumulative optimization time for key processes
from the beginning to process m.

3. The total cumulative optimization time was classified into two
parts: T'cog for subregion optimization and 7'¢or for technologi-
cal optimization.

4. The aforementioned optimization time was divided into two
phases: the rail restoration phase and the station restoration
phase.

These steps are expressed by Eqgs. (4)—(9)

To,=T;—¢ (4)

If the process is correlated, then
Tcon =Y _ Toi (5)
i=1

In the rail restoration phase
Tcos = Tcon (6)
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18 14
Teor=) Ti=> 1 (7)

i=13 =12
In the station restoration phase

Tcos = Tcoxn — Tcos (8)

Tcor =Ty —ty )

Local Assembly Capacity Analysis
Local assembly capacity is a multifactor parameter controlled with
respect to the functional recovery time and structural restoration
process time of the UEE. Local assembly capacity determines the
efficiency of technical optimization, and it is necessary to deter-
mine the key factors and corresponding thresholds. The threshold
analysis of local assembly capacity was performed using the fol-
lowing process:

1. The local average assembly quantity (per hour) of prefabricated
underground structure rings was used as a variable and substi-
tuted into Eq. (1) to quantify local assembly capacity.

2. The process time corresponding to local assembly capacity was
input to the PAT UEE emergency restorability function, and
Egs. (6)—(9) are used for optimization analysis.

3. A parametric analysis was performed for PAT restoration in
comparison with CIS restoration, and the local assembly capac-
ity thresholds were obtained after exploring the key factors.
Another key issue for PAT emergency restorability is the com-

peting relationship between the local assembly speed and lifting
weight. An ideal local construction scheme should be able to con-
struct wider and fewer prefabricated structural rings as quickly as
possible. Conversely, the structural ring width would have to be
reduced, and the ring quantity should be increased to accommodate
the local assembly capacity. This study advocated designing the
width of the prefabricated structural ring according to different
local assembly capacities to achieve mutual coordination between
the design and construction. Therefore, the adaptability analysis
of local assembly capacity was performed using the following
process:

1. Through investigation, the assembly times of representative
maximum and minimum weight components were considered
for the characterization of local assembly capacity.
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2. The assembly time of components with different ring widths
was calculated by the interpolation of the assembly speeds of
maximum and minimum weights, as in Eq. (10).

3. A certain series of assembly speeds was taken as variables and
substituted into Eq. (1).

4. The corresponding assembly process time was inputted to the
PAT UEE emergency restorability function to analyze the total
assembly time under different ring widths.

Finally, an adaptive scheme matching the design and construc-
tion was used to maximize the PAT UEE emergency restorability

Mx_Mmax Mx_Mmin

Ty 1r = M Lr T Mplr  (10)
! Mmin - Mmax m Mmax - Mmin "

Case Study and Results

This section uses Daikai Station emergency restoration for a
case study. First, the restoration levels of the Daikai Station were
determined. Furthermore, this section adopted the UEE emergency
restorability function to conduct performance-time-resilience as-
sessment and optimization effect analysis. Finally, the local
assembly capacity threshold and adaptability analysis were per-
formed on the case.

Description of Case Underground Engineering

The earthquake that struck Hyogo, Japan, on January 17, 1995,
caused a loss of more than 6,300 lives. The earthquake caused se-
vere damage to lifeline facilities in the Kobe area, most notably to
the subways. The earthquake caused massive damage to at least
five subway lines in Kobe city. Daikai Station of the Kobe subway
collapsed and triggered significant chain damage to the surround-
ing environment. The emergency restoration of Daikai Station
during a disaster was considered as a case study. The original
CIS restoration was used for comparative analysis with the PAT
restoration.

The plane and section view of the Daikai Station are shown in
Fig. 7. The station had a 2-story underground structure. The rail
area (Section 1-1, 1F area) was a 1-story, 2-span frame construction

with width of 17 m, height of 7.17 m, and a 4.8-m soil cover. The
height of the center column was 3.82 m and the cross section was
0.4 x 1.0 m, 3.5 m apart. The heights of the top and bottom beams
were 1.6 and 1.75 m, respectively. The thicknesses of the roof and
baseplate were 0.80 and 0.85 m, respectively. The thickness of wall
was 0.7 m above the platform and 0.85 m below the platform. The
lobby area (Section 2-2, 2F) was a 2-story, 4-span frame construc-
tion with a width of 26 m and a height of 10.12 m. The covering soil
thickness was 1.9 m, and the wall thickness was 0.50 m.

After the earthquake, the surrounding environment within 30 m
of the station was surveyed. Most of the surrounding buildings
were 3-5 stories, and there were cases of collapse and inclination
to slight damage because of the earthquake. The road surface was
severely damaged by road subsidence. The upper road facilities,
electric poles, and signal lights were damaged. Many types of
underground infrastructure, such as gas lines, electric power lines,
sewage pipes, water pipes, trunk rail lines, and communications
lines, were seriously damaged by road subsidence.

Restoration Levels and Schemes Determination

The restoration levels of the postdisaster damage patterns at Daikai
Station were determined. Reconstruction was performed in col-
lapsed regions, partial restoration was performed in severely dam-
aged regions, and reinforcement was performed in the remaining
regions (Fig. 8). Each restoration-level region constructed its own
subregion. After the subregion optimization, the reconstruction
lengths of 1F and 2F regions were 68.3 and 23.6 m, respectively.
The results showed that the perimeter length of the environmental
works (such as the length of the diaphragm wall and anchor ar-
rangement) was only 0.56 times that of the original scheme, and
the length of the structural works was 0.71 times that of the original
scheme. The optimization effect is remarkable, as shown by the
optimized ratio (n;) in Table 3. Compared with the original CIS
reconstruction, meticulous subregion optimization reduced a large
amount of reconstruction work. This is a meticulous reorganization
of the relationship between the station and the surrounding envi-
ronment. Therefore, the analysis result indicated a restoration strat-
egy that protects and microdisturbs the environment while avoiding
large-scale restoration.
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Fig. 7. Plane and section of Daikai Station.
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Table 3. Subregions optimization

Type Optimized process n;
ENV Diaphragm wall construction 0.56
Excavation work 0.56
Anchor bar works 0.56
Construction platform works 0
STR 2F area demolition work 0.4
Removal of sidewalls and center columns 0.71
Restoration platform construction 0.71
Implant and weld steel bar 0.71
Baseplate and foundation construction (with joint mortise) 0.71
Sidewall waterproofing works 0
Roof waterproofing works 0

For technical optimization, the reconstruction subregion
adopted the PAT emergency restoration scheme and used CIS re-
storation for comparative analysis. Traditional CIS restoration re-
quired construction in a complex and narrow pit, especially in the
IF area (Fig. 8). Importantly, structural demolition and cleanup
processes were also performed in the pit. In this case, the CIS re-
storation conflicted with the construction space of the previous
structural processes, which was not conducive to reducing the re-
covery time. In comparison, PAT restoration only required lifting
outside the pit and allowed crossover process with the previous pro-
cess. The technical optimization considered the influence of the
prefabricated underground structure and construction scheme but
did not consider the optimization effect of crossover development
with the previous process. PAT restoration has greater potential for
improving UEE emergency restorability.

Emergency Restorability Evaluation

Performance-Time-Resilience Assessment Results

The CIS/PAT UEE emergency restorability function was estab-
lished based on the aforementioned restoration levels and schemes.
For subregion optimization, the PAT restoration process times were
calculated based on 7; from Table 3. For technical optimization, the
local assembly speed of PAT was taken as 1.1 rings/day with a
width of 2 m/ring (Yang and Lin 2021). Process-T curves were
constructed for comparison by applying the process of CIS/PAT
restorations corresponding to the start to end dates of the processes
[Figs. 9(a and b)].

The Q-T function was characterized by a distinct performance
stagnation period and a rise period [Figs. 9(c and d)]. This is a result
of the strict correspondence between the emergency restorability
function and the process-T function [Figs. 9(a and b)]. The stag-
nation period reflected many environmental processes must be
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performed before structural restoration (Processes 1-12 in Table 2).
The stagnation period of CIS restoration accounted for 76.92% of
the rail restoration phase, revealing the complex and heavy envi-
ronmental processes of CIS restoration. In contrast, the stagnation
period of PAT restoration was 28 days (14.00%) shorter than that of
CIS restoration, reflecting the effect of meticulous subregion opti-
mization on UEE restoration.

The rise period reflected the effect of the technical optimization.
For example, the slope in the 1F area of Q-7 function at
1.1 ring/day was comparable to that of the CIS restoration, which
was optimized for only 1 day. The slope in the 2F area increased
significantly, indicating that 43 days was optimized. This UEE case
was characterized by a large amount of restoration in the 1F area,
which played a controlling role in PAT technology. The 1F area’s
analysis results showed that the current construction technological
optimization level can be further improved.

UEE emergency restorability was quantified using the resilience
function R. The structural performance resilience function R of
the PAT restoration was improved by 17.17% to 28.34% over CIS
restoration. In particular, the functional resilience of the PAT resto-
ration improved by 62.27% [Figs. 9(c and d)]. The results of the
resilience assessment revealed the low efficiency of the CIS recon-
struction effort. In contrast, after two optimization efforts, PAT
restoration has a higher potential for resilience improvement in
urban traffic.

Optimization Effect
This study statistically analyzed the recovery time optimization
effects of each PAT restoration process. A T-process curve was con-
structed corresponding to the optimization time 7', and the cumu-
lative optimization time 7o curve was formed by accumulating
To. From Fig. 10(a), key Processes 2, 8, 14, and 18 increased
the T, whereas Processes 3 and 4 had little effect on 7'-g despite
optimizing a large amount of 7. This indicates that the key pro-
cess forms a tight chain of recovery times, and optimizing the key
process is the most efficient technique for reducing the recovery
time. Fig. 10(b) shows the optimization effects and indicates the
following:

* Rail restoration phase: this phase involves many environmental
and structural restoration preparation steps. Subregion optimi-
zation focuses on meticulous planning of the reconstruction sub-
region and the reduction of massive environmental processes.
Compared with CIS restoration taking 200 days, the PAT resto-
ration subregion optimization Tog reached 27 days (13.5%
speedup). Therefore, subregion optimization has high optimiza-
tion efficiency in the rail restoration phase.

e Station restoration phase: most environmental work was com-
pleted during the rail restoration phase; therefore, Tcog was
only accelerated by 2 days (1.27%). Technical optimization re-
duces the CIS works when structural restoration is predominant.
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Fig. 10. Process-optimization time: (a) T-process of PAT restoration; and (b) Tcog and Ty of PAT restoration.

The technical optimization Tcor reached 43 days (27.39%
acceleration) compared with the CIS restoration. Therefore,
technical optimization has a high optimization potential during
this phase.

e Overall, compared with CIS reconstruction, the opening times
for rail and stations of PAT reconstruction were 28 days
(14.00%) and 73 days (28.66%), respectively. Tcos and Tcor
reached 29 and 44 days, respectively, and Tcor accounted for
at least 60.27% of Tcg. Technical optimization is the most
effective way to improve UEE emergency restorability.

Threshold of Local Assembly Capacity

The performance of local assembly capacity in PAT restoration is
affected by many factors, which are detailed subsequently. The
characteristics of the T-process curve were observed by varying
the local assembly speed gradually. The results showed that when
the assembly speed was less than 0.4 rings/day, the rail and station
recovery times of PAT restoration were later than those of CIS re-
storation. When the assembly speed was 0.5 ring/day, the opening
time of the station was advanced, but the line recovery time was still
longer than that of the CIS restoration. When the assembly speed
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was 1ring/day, both the line and station were opened earlier,
but PAT technological optimization in the line restoration phase
was not reflected. Specifically, when the assembly speed reached
1.1 ring/day, the recovery time of the line and station was not less
than that of the CIS restoration, and technical optimization was
embodied [Figs. 11(a and b)]. In this case, the corresponding R
of O was 59.38% larger than that of CIS restoration. Analytically,
the lower limit of assembly speed is constrained by functional
recovery, restoration techniques, and UEE project features. There-
fore, in this case, the assembly speed of 1.1 ring/day was the lower
threshold for local assembly capacity. The local assembly capacity
must meet the lower limit of assembly speed for PAT emergency
restorability.

Based on the assessment results, this study analyzed the effect of
local assembly capacity on PAT restoration. Taking Chinese PAT
data as examples, the literature indicated that 50 min/ring can
be achieved in actual projects when the weight was approximately
75 t and lifting used two cranes (Luo et al. 2014), and 10 min/ring
when the component weight was below 25 t (Feng 2014). The
assembly speed and lifting weight represent the quantification of
local assembly capacity for PAT restorability analysis. A certain
construction interval (T, = 0.2N;,T;,) was considered and sub-
stituted into Eq. (1).

For emergency construction projects, the upper threshold con-
struction speed determines the recovery capability. To evaluate the
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upper assembly speed of the PAT restoration, the efficiency of dif-
ferent construction techniques was studied using the daily construc-
tion time as a variable [Figs. 12(a and b)]. From the analysis results,
when a daily construction time of 4 h was achieved, at the current
assembly speed, Tco of more than 91 days could be achieved. In
particular, when the construction time reaches 12 h (4.2 rings/day)
or more, T reached 121 days. Furthermore, the 24-h construction
scheme’s R was only 3.70% higher than for 12 h, indicating that the
Tcor entered a boundary stage. At this point, increasing the daily
construction time was not beneficial. Therefore, there is an upper
threshold for construction speed. The goal is to refine and conserve
emergency restoration resources without limiting the restoration
capacity. In summary, the analysis results suggested that the upper
and lower thresholds of assembly speed were 4.2 and 1.1 rings/
day, and that the local assembly capacity can be met using large
(under 75 t) prefabricated components (Sun 2020).

Adaptability of Local Assembly Capacity

The PAT sections of the prefabricated underground structures were
determined from the actual restored station structures and com-
pared with the aforementioned lifting weight thresholds. The pre-
fabricated roof, walls, and columns were reinforced according to
an actual scheme (Nakamura et al. 1997). The center column was
enlarged at the joint areas to enhance the load-bearing capacity of
the joint. The prefabricated roof was provided with a 15% section
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Fig. 11. Process-optimization time: (a) T-process of PAT restoration; and (b) Qp-T of PAT restoration. Tco-0.4 represents the cumulative
optimization time for 0.4 ring/day scheme. QF R0.224-0.4 represents the Q. of the aforementioned scheme, and the functional resilience evaluation

was 0.224.

140 7 12 9 ' ]
120 1.0 | :
ol 0.8 | [
o 804 | |
= i
g e : :
&~ 40 ‘ : :
201 0.21 I I
0 T T 1 1 0-0 T 1 1 T - T 1 1 lI
0 5 10 15 20 1/1 2/18 4/7 5/25 7/12 8/2910/1612/3 1/20
(a) Process (b) T(day)
~——Tco-4h  —— Tco-8h Tco-12h —— QF R0,386-4hh —QF RO‘434-8hh
QF R0.449-12! QF R0.457-16.
Teorloh, s==Tco-20l TesZ4lt —— QF R0.464-20h  —— QF R0.466-24h
- - Raily -~ — StationV

Fig. 12. Process-optimization time in China local restoration: (a) T-process of PAT restoration; and (b) Q-T of PAT restoration. Tco-4h represents
the cumulative optimization time for 4 h of the average daily construction time scheme. QF R0.397-4h stands for the functional performance of the
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Fig. 13. Prefabricated underground structure inputs for local assembly capability adaptability analysis.

height cavity to reduce the weight by 10% and facilitate assembly
construction. The weights of the 2-m-wide prefabricated roof,
walls and 1.35-m-wide center column were calculated to be
73.3, 17.9, and 8.0 t, respectively (Fig. 13). The prefabricated
component weights satisfied the aforementioned local assembly
capacity requirements.

To analyze the prefabricated ring width and quantity adapted to
the local assembly capacity, this study conducted an adaptability
analysis for different local assembly capacities (Fig. 14). The
representative 75-t assembly time was considered as the local
assembly capacity (25-t assembly time was locked at 10 min).
A range of 50 to 350 min was selected as the variable, with higher
capacities taking shorter times. Initially, a linear relationship be-
tween assembly speed and lifting weight was determined, with
75- and 25-t assembly speeds as the two points. In this case, inter-
polating the assembly time of roofs with different ring widths
was possible. The prefabricated single-ring assembly speed was
calculated by substituting Eq. (1). Taking the 1F area as a case, the
PAT emergency restorability, and assembly time were evaluated.
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Fig. 14. Assembly time-ring width of different assembly capacities.

© ASCE

04023019-12

Assembly time-ring width functions with different assembly
capacities were compared and analyzed. The results clearly present
three types of characteristics: (1) for assembly speeds higher than
150 min/75 t, the assembly time decreased with increasing ring
width; (2) for assembly speed between 150-200 min/75 t, the
assembly time was insensitive to ring width; and (3) the assembly
time decreased with decreasing ring width for assembly speeds
lower than 200 min/75 t. This reveals the comprehensive perfor-
mance of the three types of local assembly capabilities in PAT emer-
gency restorability. When the local assembly capability is strong,
the emergency restorability is sensitive to the prefabricated under-
ground structure ring quantity, and the fewer rings are desired; con-
versely, the emergency restorability is sensitive to the ring weight,
and lighter rings are preferred; the insensitive area is determined
according to the UEE project requirements.

Based on local assembly capacity characteristics, adaptive
schemes coordinated with the prefabricated underground structure
and assembly capacity were explored. For the ring quantity sensitive
assembly capacity, the minimum ring width of the lowest assembly
time was chosen as the lower threshold. For the ring weight-
sensitive assembly capacity, the maximum ring width at the lowest
assembly time was chosen as the upper threshold, such as the largest
dot of the curve in Fig. 14. The insensitive assembly capacity
scheme was determined based on UEE project requirements. The
assembly ring width threshold guided the design of the prefabricated
underground structures. Adaptive schemes have a significant opti-
mization effect. For example, a local assembly speed of 350 min/
75 t can be optimized to a maximum of 4 days. Furthermore, it
reduced the gap of assembly time from 11 to 7 days compared with
a local assembly speed of 50 min/75 t. The adaptive schemes make
full use of their respective effectiveness in emergency restorability,
based on the local assembly capacity characteristics.

Discussion and Research Trends

This study constructed UEE emergency restorability functions for
the comparative evaluation of local PAT and CIS restoration
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schemes. We analyzed the optimization characteristics of emer-
gency restorability incorporating the prefabricated underground
structure and PAT technology. Finally, quantitative threshold and
adaptability analyses of the local assembly capacities were per-
formed. The methodology and results of this study are discussed
as follows.

First, UEE emergency restorability has not been quantitatively
assessed previously owing to the complex coupled disaster effect.
The first function was proposed to establish the correlation between
environmental restoration and structural restoration processes of
UEE. The UEE emergency restorability provides an effective and
rapid assessment of the performance-time-resilience of UEE resto-
ration. The results provide a quantitative assessment of the post-
disaster UEE resilience.

This study considered the application of PAT to UEE emergency
restorability. First, the optimization effect of PAT restoration was
quantitatively evaluated by comparing with CIS restoration. Second,
the case study analysis revealed that the PAT restoration has a great
potential for UEE resilience enhancement. Finally, after the adapt-
ability analysis of the local assembly capacity, the local capacity can
be maximized in the implementation of PAT restoration.

Second, the Q-T function indicated that the station’s structural
performance had a considerable stagnation period. The results
indicated that UEE restoration involved numerous surrounding
environmental works prior to station restoration. Therefore, the
preliminary rail opening is extremely sensitive to the restoration
of the surrounding environment. This study adopted meticulous
subregions for microdisturbance and protection of the restoration
of the surrounding environment. The efficiency of this measure
in advancing the rail opening time was evident from the analysis
results.

This inspired the study of the comprehensive resilience of the
UEE. This study innovatively proposed the concept of an environ-
ment centered on an underground engineering. From the aforemen-
tioned research results, the UEE emergency restorability demands
consideration of the individual and overall resilience performance
of upper underground structures and the environment. A UEE
emergency restoration function was constructed to evaluate the re-
storation project quantitatively. The restorability assessment of
UEE facilitates an comprehensive resilience study with joint con-
sideration of underground space and urban environment.

Third, the assembled structure is highly adaptable to emergency
restoration. Traditional CIS restoration consumes significant envi-
ronmental restoration and concrete engineering time. In contrast,
PAT restoration achieves rapid UEE restoration through subregion
and technical optimization. In particular, the application of PAT
leads to the highest efficiency of technical optimization, indicating
a significant advantage of this technology for UEE emergency
restoration.

This inspired the combination of PAT to explore and improve
the UEE emergency restorability. Unlike new construction, UEE
restoration technology involves a series of complex and time-
consuming measures. Integrating prefabricated underground struc-
tures and PAT can propose more efficient underground engineering
restoration techniques. This has stimulated research to enhance
UEE restoration strategies.

Fourth, PAT restoration depends on local assembly capacity.
The analysis results indicated that the local assembly capacity must
reach a minimum threshold to perform PAT restoration effectively.
In addition, the UEE emergency restorability function provides
precise control of local resources through the upper threshold for
construction speed. In addition, we conducted a synergistic analysis
of the prefabricated underground structure and local assembly
capacity. An integrated design-construction” analysis method was
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developed to facilitate adaptation of emergency restorability to
local assembly capacity.

This inspired the research on local assembly capacity. Because
local assembly capacity is a cross-disciplinary study, it involves not
only the technical level but also local social factors (He and Shi
2022). This facilitates the development of locally appropriate, fast,
and efficient UEE restoration strategies that incorporate local factors.

Conclusion

This study developed a novel UEE emergency restorability func-
tion and PAT restoration scheme. First, the restoration levels were
classified based on UEE damage patterns. Second, subregion and
technical optimizations were performed to construct CIS/PAT resto-
ration schemes. Third, CIS/PAT UEE emergency restorability func-
tions were constructed. Finally, the performance of the CIS/PAT
restoration, optimization effect, and local assembly capacities were
analyzed using Daikai Station as a case study. The main conclu-
sions are as follows:

* Meticulous subregion optimization reduced a large amount of
environmental work. After this optimization, the environmental
and structural work were only 0.56 and 0.71 of the CIS resto-
ration. The subregion accumulative optimization time reached
27 days (13.5% speedup). Thus, this study advocates a protec-
tion and microdisturbance strategy for the surrounding environ-
ment rather than major restoration.

e Technical optimization incorporating PAT technology achieved
rapid restoration. The technical optimization time reached 60.27%
of the cumulative optimization time even at the lower threshold of
the local assembly capacity. Therefore, this is the most efficient
method for improving UEE emergency restorability.

* The structural and functional performance resilience of the PAT
restoration was improved by 28.34% and 62.27%, respectively,
compared with the CIS restoration. The results revealed the low
efficiency of CIS restoration. In comparison, after two optimi-
zation efforts, PAT restoration had a higher potential for resil-
ience improvement in urban transportation.

* Upper and lower thresholds were calculated for local assembly
capacity. Setting lower and upper thresholds is necessary for
PAT emergency restorability to function and refine emergency
restoration resources. In this case, the upper and lower thresh-
olds of assembly speed were 4.2 and 1.1 rings/day.

* The adaptability analysis revealed the performances of three lo-
cal assembly capability types in PAT emergency restorability:
ring quantity-sensitive, ring weight-sensitive, and insensitive.

* The adaptive scheme solved the competition between the local
assembly speed and lifting weight and maximized the efficiency
of different local assembly capacities in PAT restoration. After
the adaptability analysis, the schemes with a high local assembly
capacity reduced the assembly time, and the schemes with a poor
local assembly capacity narrowed the gap with the large ones.
This study promotes a resilience study of an underground engi-

neering from an individual entity to an environmental system. The

UEE emergency restorability function is a quantitative assessment

tool for urban resilience. PAT restoration schemes that integrate

modern prefabrication technologies and local assembly capabilities
provide strategies for resilience enhancement.
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