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Abstract: The post-earthquake repair process of buildings is one of the key components of building seismic resilience.
Understanding the details of the repair process in advance will benefit the evaluation and decision making for the seismic
resilience of buildings. To this end, a five-dimensional (5D) simulation method on the post-earthquake repair process of
buildings is proposed based on building information modeling (BIM), by which the repair activities can be presented in the
way associated with a 3D model, time (denoted as the fourth dimension), and the related costs (denoted as the fifth dimension).
First, a decision-making model of repair schemes based on the interval index of the possibility degree is created to determine
the optimal post-earthquake repair schemes for a damaged building. Subsequently, an algorithm based on separate flow-
repetitive process is designed to automatically make the repair schedule on a BIM platform according to the determined
repair schemes. Finally, an algorithm of automatic mapping between the components in BIM and their repair schedules is
developed, so that a 5D simulation of a post-earthquake repair process can be implemented. A six-story office building is
selected as a case study, and the details of the post-earthquake repair process (e.g., the costs of labor, material and equipment
over the repair time) are presented by the proposed 5D simulation method. The outcome of this study can be used to evaluate
the seismic resilience of buildings and also to facilitate the decision making for seismically resilient buildings by providing

the detailed guidance of the repair process.
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1 Introduction

The advancement of earthquake engineering
research and seismic design codes has helped to improve
the seismic performance of buildings and decrease the
probability of earthquake-induced building collapse.
For example, only 4 buildings collapsed among all
9,974 buildings built between 1985 and 2009 in the
8.8-magnitude Chilean earthquake on February 27,
2010 (Elnashai et al., 2010). However, the economic
loss reached up to $30.0 billion, accounting for 24.2%
of the global reported losses ($123.9 billion) in 2010

Correspondence to: Xu Zhen, Beijing Key Laboratory of
Urban Underground Space Engineering, School of Civil
and Resource Engineering, University of Science and
Technology Beijing, Beijing 100083, China
E-mail: xuzhen@ustb.edu.cn

fAssociate Professor; *Master Student

Supported by: Scientific Research Fund of Institute of
Engineering Mechanics, China Earthquake Administration
under Grant No. 2019EEEVLO0501, General Program
of the National Natural Science Foundation of China under
Grant No. 51978049 and Beijing Nova Program of Science
and Technology under Grant No. Z191100001119115

Received April 8, 2020; Accepted June 6, 2020

(Guha-Sapir et al., 2011), which severely affected the
post-disaster recovery and made it impossible to satisfy
the demand of seismic resilience (Bruneau et al., 2003).
Therefore, the seismic resilience of buildings deserves
more attention and further study.

The post-earthquake repair process of buildings
is one of the key components of building seismic
resilience. That is why simulating this process is of vital
importance to evaluation and decision making for the
seismic resilience of buildings. Specifically, detailed
information (e.g., the costs and repair time) can be
used during the repair process as quantitative indexes
for measuring the seismic resilience of a building.
Moreover, the simulation of the repair process helps to
understand the key process of seismic resilience and to
discover the important factors affecting resilience (e.g.,
the requirements of labor, equipment, and material
during the repair process), which will benefit the decision
making for building seismic resilience.

However, the existing research on the simulation of
the post-earthquake repair process of buildings is very
limited. Charalambos et al. (2014) determined the damage
state, repair costand time of structural components subject
to different intensities of earthquakes, but their work
did not involve specific repair schemes and processes.
Xiong et al. (2020), and Lin and Wang (2017) proposed
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the workflows for simulating the repair sequence of
buildings after an earthquake on the city and community
scale, respectively. Longman and Miles (2019) developed
a new simulation modeling programming library to
discover the post-earthquake distribution of funds and
labors in a community. However, most of the existing
research on post-earthquake repair simulation is on the
city and community scale, not on the scale of individual
buildings. To obtain high-fidelity results related to
resilience, the simulation of the post-earthquake repair
process must be performed for individual buildings.

An important precondition for simulating the post-
earthquake repair process of buildings is to evaluate
the level of the seismic damage state of building
components, which can be obtained through pre-
earthquake prediction or post-earthquake investigation.
Currently, many scholars (Hofer et al., 2018; Hu et al.,
2010; Powell and Allahabadi, 1988; Xiong et al., 2017,
Yue et al., 2016) have proposed high-fidelity methods
for seismic damage prediction or post-earthquake
investigation. For example, Xu et al. (2019) proposed a
method of seismic damage prediction based on building
information modeling (BIM) and the next-generation
performance-based design code (i.e., FEMA P-58), by
which the seismic damage of each component can be
assessed.

Although the high-fidelity seismic damage of
building components can be obtained, the following
three challenges need to be addressed for the simulation
of post-earthquake repair process of buildings:

(1) How to determine the optimal post-carthquake
repair schemes for damaged components. For a certain
seismic damage state, a type of component may have
dozens of repair schemes, and each scheme has different
repair details, such as the costs, repair time, construction
complexity, dependence on large equipment, etc. It is
particularly difficult to quickly determine the optimal
repair schemes according to the seismic damage of a
building and the preferences of stakeholders.

(2) How to make a repair schedule automatically.
After the repair schemes are determined, the
corresponding repair schedule needs to be made. The
purpose of the repair schedule is to complete the post-
earthquake repair as soon as possible under the condition
of limited labor and resources. However, it is complicated
and time-consuming to create an optimal repair schedule,
because various types of construction processes and lots
of parameters on schedule (e.g., working space, repair
time, and repair procedures) need to be determined.

(3) How to perform a five-dimensional (5D)
simulation of the post-earthquake repair process. The
simulation of the repair process not only requires the 3D
model of the building to display the repair process in
a realistic way, but also needs the information of time
(fourth dimension) and cost (fifth dimension) to provide
detailed results and discover the potential problems
during the repair process. However, the existing research
(AbouRizk, 2010; Barazzetti and Banfi, 2017; Goodrum

et al.,2006; Hilfert and Konig, 2016; Wang, 2013; Wen,
2015; Xu, 2017; Yun et al., 2014; Zhou et al., 2015) on
the 5D simulation of repair process of buildings is very
limited now.

For challenge (1), the existing studies (Eid and El-
Adaway, 2017; Koliou and Lindt, 2020; Lounis and
McAllister, 2016) on how to determine the optimal
post-earthquake repair scheme for a damaged building
are very few. Eid and El-Adaway (2017) proposed a
sustainable decision-making tool for disaster recovery
of communities, through integrating the economic
vulnerability indicator into the associated stakeholder’s
objective function, which can better guide the
reconstruction work. Lounis and McAllister (2016)
presented a framework of risk-informed decision making
for the life-cycle performance of infrastructure facilities
considering sustainability and resilience, which can
aid to make a repair scheme. Koliou and Lindt (2020)
quantified building functionality for different building
types through the functional fragilities, and predicted the
repair time and cost of building types after the disaster,
which may be further used in risk-informed decision
making. However, these research works did not aim for
earthquake disasters. The repair schemes for different
disasters have wide gaps. Therefore, a specialized
method for determining post-earthquake repair scheme
of buildings is necessary.

For challenge (2), many existing research studies
(Hamledari et al., 2017; Li et al., 2017, Torres-Calderon
et al., 2019) have been performed to automatically make
the construction schedule. Nguyen (2005) outlined a
framework that can assist construction planners and
schedulers in automatically generating sequences of
construction activities for a multi-story building based
on the deduction of spatial relationships between
the building components. Mohammadi et al. (2016)
automatically presented how the limited resources affect
the time and cost of building projects based on the
simulation of construction process. Park and Cai (2015)
created a matching mechanism between the elements
in the BIM model and the work breakdown structure
(WBS) of schedule, by which detailed construction
schedules can be automatically generated. Tauscher et
al. (2014) combined BIM and 4D visualization to aid
in making the construction schedule. Yeoh et al. (2017)
utilized a query language to enable project information
to be embedded in the construction requirement
specification and automatically generate construction
schedules. However, the research on the post-earthquake
repair schedule of buildings is very limited. The post-
earthquake repair schedule of buildings is quite different
from the normal construction schedule of new buildings.
For example, the repair process generally starts from
the removal of severely damaged components, while
the construction process generally starts from building a
foundation. Therefore, in-depth research on the creation
of the repair schedule is necessary.

For challenge (3), the BIM technology can be
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widely used for the 5D simulation of the construction
process (AbouRizk, 2010; Goodrum et al., 2006).
Yun et al. (2014) realized the BIM-based simulation
of construction process by developing a 3D display
platform. Some scholars (Barazzetti and Banfi, 2017;
Hilfert and Konig, 2016; Wang, 2013; Xu, 2017) have
combined virtual reality (VR) technology with BIM to
achieve highly realistic simulations of the construction
process. In order to reduce the uncertainty of project cost
during the construction process, a system for precise
cost management was built based on the BIM-based 5D
simulation of construction process and back-propagation
artificial neural network (Wen, 2015; Xu, 2017). An
investigation (Zhou et al, 2015) indicates that the
simulation of construction process can be used to identify
potential issues of construction projects. However, the
current research on the 5D simulation of the construction
process focuses on buildings to be constructed, rather
than on damaged buildings. Therefore, a specialized 5D
simulation method for repair process needs to be further
investigated.

To address the above three challenges, a 5D
simulation method on post-earthquake repair process
of buildings based on BIM is proposed in this study, by
which the repair activities can be presented in the way
associated with the 3D model, time, and the related costs.
First, a decision-making model of repair schemes based
on the interval index of possibility degree is created, to
determine the optimal post-earthquake repair schemes
for a damaged building. Subsequently, an algorithm
based on separate flow-repetitive process is designed
to automatically make the repair schedule on a BIM
platform according to the determined repair schemes.
Finally, an algorithm of automatic mapping between
the components in BIM and their repair schedules is
developed, so that a 5D simulation of post-earthquake
repair process can be implemented. A six-story office
building is selected as a case study, and the details of
the post-earthquake repair process (e.g., the costs of
labor, materials and equipment over the repair time) are
presented by the proposed 5D simulation method.

Step 1 Determine the optimal post-earthquake repair scheme

2 Framework

The framework of the proposed 5D simulation
method for post-earthquake repair process of buildings
is shown in Fig. 1. It includes three steps:

Step 1: Determine the optimal post-earthquake repair
schemes. First, the cost, time, construction complexity,
dependence on large equipment, and repair effect are
used as evaluation indexes to determine the optimal
repair schemes. In addition, interval numbers are adopted
considering the uncertainty in evaluation indexes, and
thus the interval attribute matrix needs to be constructed
to describe attributes of different evaluation indexes.
Subsequently, a weight vector combining subjective
and objective information is also adopted. Finally, a
decision-making model of repair schemes based on
the interval index of possibility degree is created, by
which the possibility degrees of all the repair schemes
are calculated using the interval attribute matrix and the
corresponding weight vectors. Consequently, the optimal
repair schemes can be determined by the ranking of the
possibility degrees.

Step 2: Make a repair schedule automatically.
First, separate flow-repetitive construction is adopted
to make a repair schedule in this study. Then, the key
parameters of the separate flow-repetitive construction
(e.g., working space, rhythm and pace) are calculated to
determine the details of the repair schedule. Finally, an
algorithm for automatically making the repair schedule
is designed and developed based on a BIM platform.

Step 3: Produce a 5D simulation of the post-
earthquake repair process. First, the BIM model of a
building and the corresponding repair schedule are
integrated in a simulation platform. Subsequently,
an algorithm is created to automatically map the
components in BIM and their repair schedules, by using
the filtering functions in BIM. Finally, the repair process
of buildings is realistically simulated, and the repair
details (e.g., the costs of labor, equipment and material)
are also dynamically displayed.

To implement the above 5D simulation, some
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data are required in this study. First, the BIM models
of buildings are needed, which can be built by Revit,
MicroStation, etc. Secondly, the seismic damage data of
buildings (i.e., the damage states and repair quantities
of all the components) are also necessary, which can
be obtained by a prediction method based on BIM and
FEMAP-58 (Xu et al., 2019). In detail, the seismic
damage of BIM components is calculated by the time-
history analysis (THA) and the fragility curves in FEMA
P-58, while the accurate repair quantities of components
are calculated based on the ontology-based deduction
between components. Note that the seismic damage
data of each component can also be obtained through
field investigation if a building suffers a real earthquake.
Thirdly, the repair or construction codes in local regions
(such as CSI code (Christodoulou et al., 2010; CSI and
CSC, 2016) and the repair code of China (BCHUD,
2012)) are needed to perform a 5D simulation following
the local repair rules.

3 Method

3.1 Decision-making model of repair schemes based
on the interval index of possibility degree

For a damaged building due to an earthquake, its
components can be classified into intact, repairable,
and irreparable components according to their seismic
damage states and performance criteria (e.g., FEMA
P-58) (Xu et al., 2019), and different classes of
components have different repair solutions. In detail,
there is no need to repair intact components; irreparable
components will be removed and rebuilt. For repairable
components, various repair schemes are available
(BCHUD, 2012). For instance, a beam has more than
twenty repair schemes, according to the Beijing repair
code for building renovation projects (BCHUD, 2012).
Therefore, how to determine the optimal repair schemes
is an important problem.

In this study, a decision-making model of repair
schemes based on the interval index of possibility degree
is proposed to determine the optimal repair schemes. The
method of the interval index of possibility degree is a
widely-used mathematical model for the multi-attribute
decision making problem (Ge et al., 2016; Liu et al.,
2018; Wang et al., 2005; Yang et al., 2019), which can
fully consider the uncertainties in the process of decision
making. In this method, interval indexes are used to
quantify the uncertain attributes of evaluation indexes
in different schemes, and the possibility degrees that a
scheme is better than other schemes are calculated based
on the interval indexes. By using the possibility degrees,
the schemes can be ranked, and the optimal scheme will
be determined. In this study, both the attributes of repair
schemes and decision makers’ preferences exhibit large

uncertainties, thus the method of the interval index of
possibility degree is adopted. The proposed decision-
making model based on the interval index of possibility
degrees includes three steps: constructing the interval
attribute matrix, combining weight vectors, and making
a decision based on possibility degree, which will be
elaborated in the following sections.

3.1.1 Constructing the interval attribute matrix

It is necessary to determine the alternative repair
schemes and the interval attributes of the evaluation
indexes before constructing the interval attribute matrix.

In this study, all the repair schemes for a type of
component are defined as its alternative repair schemes.
In order to fully reveal the advantages and disadvantages
of the alternative repair schemes, five evaluation indexes
are selected, i.e., cost, time, construction complexity,
dependence on large equipment, and repair effect,
according to the relevant literature (Lin et al., 2008;
Lu et al., 2016; Scheuer et al, 2003). Specifically,
cost and time are quantitative evaluation indexes,
while construction complexity, dependence on large
equipment, and repair effect are qualitative evaluation
indexes. For the quantitative indexes (i.e., cost and time),
although the exact attribute values can be calculated by
the repair or construction codes, uncertainty still exists
in the repair process, and thus interval numbers are used
to indicate the uncertainty of these quantitative indexes.
For the qualitative evaluation indexes (i.e., construction
complexity, dependence on large equipment and repair
effect), the exact attribute values cannot be directly
calculated, and thus the interval numbers are also
appropriate. These interval numbers can be determined
by professionals and experts according to their own
experience. In this study, the professional engineers from
Aeido Group (2018), an enterprise for the earthquake
reinforcement of buildings in China, were invited to
score the repair schemes of different components of
buildings. Taking a reinforced-concrete (RC) beam for
example, the interval numbers of the repair schemes are
shown in Table 1.

After the alternative repair schemes and the attribute
values of the evaluation indexes are determined, the
interval attribute matrix can be constructed. Taking
an RC beam as an example, six repair schemes are
selected from all the repair schemes in the repair code
(BCHUD, 2012), and defined as 4,, 4,, 4,, 4,, A, and
A,, respectively. Note that only six repair schemes are
selected so as to demonstrate the usage of the proposed
method, and that more repair schemes can be considered
in the actual calculation. As well, five evaluation indexes
(i.e., cost, time, construction complexity, the dependence
on large equipment and repair effect) are defined as £,
E, E, E, and E, respectively. The above data on repair
schemes and evaluation indexes are shown in Table 2.

According to Table 2, an initial interval attribute
matrix D can be constructed, as Eq. (1).
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Table 1 Part of interval numbers of repair schemes for an RC beam
Construction Dependence on large
. complexity equipment Repair effect 1-10
Number Repair scheme 1-10 (complex- 1-10 (dependence- (bad-good)
simple) independency)
1 Enlarge cross-section Cast-in-place [5.5-6.5] [4.5-5.5] [6.5-7.5]
concrete
2 Precast concrete [7.5-8.5] [5.5-6.5] [7.5-8.5]
3 Stiffen with haunch Cast-in-place [5.5-6.5] [4.5-5.5] [6.5-7.5]
concrete
4 Precast concrete [7.5-8.5] [5.5-6.5] [7.5-8.5]
5 Stick steel plate Double layer, 4 + [6.5-7.5] [4.5-5.5] [7.5-8.5]
4 mm thick
6 U-shaped hoop [5.5-6.5] [4.5-5.5] [6.5-7.5]
plate, 4 mm thick
Table 2 Interval attributes of the selected six repair schemes for an RC beam
Alternative repair schemes A4, A, A, A, A, A
Evaluation indexes E, [1200,1260] [1100,1155]  [1500,1575] [900,945] [1300,1365] [1400,1470]

E, [4,5] [5,6] [3.4] [6,7] [4,5] [3.4]
E, [5.5,6.5] [7.5,8.5] [5.5,6.5] [7.5,8.5] [6.5,7.5] [5.5,6.5]
E, [4.5,5.5] [5.5,6.5] [4.5,5.5] [5.5,6.5] [4.5,5.5] [4.5,5.5]
E, [6.5,7.5] [7.5,8.5] [6.5,7.5] [7.5,8.5] [7.5,8.5] [6.5,7.5]

[1200,1260] [1100,1155] [1500,1575] [900,945] [1300,1365] [1400,1470]

[4.5] [5.6] [3.4] [6,7] [4.5] [3.4]
D=| [5565] [1585] [5565] [7585] [6575] @ [5.565]
[4555]  [55.65] [4555] [5565] [4555]  [4555]
[6575] [7585] [6575] [7585] [7585]  [6.5.75]

M

Assuming that the numbers of evaluation indexes
and alternative repair schemes are m and n, respectively,
D =(d),,, d,means the attribute values of evaluation

index E, for the scheme Aj,. In detail, dij = [dl]L,d;J]
dl; and di}j are the lower and upper limits of interval
attribute values.

Due to the differences in the units of evaluation
indexes, the attribute values in matrix D are significantly
different, which will affect the accuracy of the decision-
making. Therefore, normalization is necessary for matrix
D. In this study, the evaluation indexes are divided into
an expense-based index and a benefit-based index,
and different types of indexes have their specialized
normalization solutions. Specifically, cost and time
are the expense-based indexes, while construction
complexity, dependence on large equipment, and repair
effect are the benefit-based indexes. Generally, the
decision-makers tend to prefer higher benefit-based
indexes but lower expense-based indexes. Therefore, the
benefit-based indexes are normalized by Eq. (2), while
the expense-based indexes are normalized using the

reciprocal of d,-,-’ as shown in Eq. (3).

Through the above normalization, by using Eqs. (2)
and (3), the interval attribute matrix D is transformed
into R, as shown in Eq. (4):

[0.383,0.422] [0.417,0.460] [0.306,0.337] [0.510,0.562] [0.353,0.389] [0.328,0.362]
[0.310,0.497] [0.259,0.397] [0.388,0.662] [0.222,0.331] [0.310,0.497] [0.388,0.662]
R=|[0.304,0415] [0.414,0.542] [0.304,0.415] [0.414,0.542] [0.359,0.479] [0.304,0.415]
[0.314,0.462] [0.384,0.546] [0.314,0.462] [0.384,0.546] [0.314,0.462] [0.314,0.462]
[0.331,0.436] [0.382,0.494] [0.331,0.436] [0.382,0.494] [0.382,0.494] [0.331,0.436]
(4)

3.1.2 Combining weight vectors

Generally, subjective weights overly empower
decision makers’ preferences, while objective weights
rely too much on sample data (Jahan et al., 2012). In this
study, subjective and objective weights are combined.
In detail, the interval analytic hierarchy process (IAHP)
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(Wu et al., 1995) is used to calculate the subjective
weight vector @, while the entropy weight method
(EWM) (Wang and Liu, 2019) is used to calculate the
objective weight vector @,. The comprehensive weight
vector @ can be determined by combining @, and @,.

(1) Calculating subjective weight vector by [AHP

In practical engineering projects, decision makers
have different preferences for various evaluation indexes.
To measure such preferences, the relative importance
factors between evaluation indexes are compared by
using the numbers from 1 to 9 and their inverses in the
traditional AHP. The bigger relative importance factors
exhibit the higher preferences of decision makers for
the corresponding evaluation indexes. In this study,
the IAHP is employed to consider the uncertainty of
the relative importance factors by using the interval
numbers. Therefore, an interval comparison matrix
A can be constructed based on the IAHP. Taking the
aforementioned RC beam for example, the matrix A4 is
calculated according to the IAHP for the decision maker,
as shown in Eq. (5).

[L1] [2.833,3.167] [4.833,5.167] [5.833,6.167] [1.833,2.167]
[0.316,0.353] [L1] [2.833,3.167] [3.833,4.167] [0.462,0.545]
A = [[0.194,0207] [0.316,0.353] [L1] [1.833,2.167] [0.240,0.261]
[0.162,0.171] [0.240,0.261] [0.462,0.545] [11] [0.194,0.207]
[0.462,0.545] [1.833,2.167] [3.833,4.167] [4.833,5.167] [L1]
)
where A=(ay),,,, and a; :[alj,aij} 1<i,j<m. a;

represents the relative importance interval between the
evaluation indexes of E;, and £ ;.

The interval eigenvalue method (IEM) (Wu et al.,
1995) is used to calculate the weight interval vector
of interval comparison matrix. With the assumption of

A:[é,,ﬂ, the normalized eigenvectors X and X

corresponding to the maximum eigenvalues of matrix
A and A can be calculated, respectively. For the matrix
A in Eq. (5), the eigenvectors of X and X are shown
in Eq. (6).

=[0.4270,0.1734,0.0764,0.0512,0.2719]

X
X =[0.4266,0.1734,0.0762,0.0500,0.2738]  (6)

In the IEM, the parameters of M and N are used to
calculate the weight interval vector, as shown in Eq. (7).

W =[Mx,Nx] = (W, Wy, W,)" (7)

where M and N can be calculated as Eq. (8).

®)

By using Egs. (7) and (8), the interval weight
vector corresponding to matrix 4 is calculated, i.e.,
w =[[0.4155,0.4334][0.1688,0.1761][0.0744,0.0774]

[0.0498,0.0508][0.2646,0.2782] .

Because the evaluation indexes have no sub-
hierarchy in this study, there is no need to combine
weights in each hierarchy. In this way, the median
value of weight interval vector can be directly defined
as the subjective weight vector. For the matrix 4 in
Eq. (5), the subjective weight vector is calculated, i.e.,

o = (0.420,0.171,0.075,0.065,0.269)T .
(2) Calculating objective weight vector by EWM
The EWM (Wang and Liu, 2019) is a commonly-used
weighting method that measures dispersion of attribute
values. Before calculating the information entropy, it is
necessary to preprocess the interval attribute matrix R
by using Eq. (9).

rL

n
L _ i U_ U U
N =l =1 / i )

g noop’Y 4
j:]"lf/' 7=l

First, the entropy values corresponding to the upper
and lower limits of the interval numbers are calculated as
shown in Eq. (10), and then the average entropy values
of two limits are adopted as shown in Eq. (11). Finally,
the entropy weight of each index is calculated according
to Eq. (12).

1 < 1 <
Hf =~ ryn(ny ). 1Y =~ 7y In (7

In(n) = ( Y ) In(n) =0 ( / )

(10)

Hy=(H} +HP) /2 (11)

1-H,
pi=—=m (12)
m— H.

i=1 !

For the aforementioned matrix R, the corresponding
objective weight vector is calculated using p, i.e.,

W, = (0.274,0.454,0.159,0.072,0.041)T .

(3) Combining comprehensive weight vector

The comprehensive weight of the index can be
determined by the linear equation, as shown in Eq. (13).

w=po +(1-p)a,, 0< <1 (13)

where f can be defined as 0.5 for a well-proportioned
combination.

Consequently, the comprehensive attribute values
(i.e.,z,) of repair schemes can be calculated by the product
of the interval attribute matrix and the comprehensive
weight vector, as shown in Eq. (14):
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%= irz‘f“’i (14)

i=1

According to Egs. (13) and (14), the comprehensive
weight vector corresponding to the matrix R and the
comprehensive attribute of repair schemes can be
calculated, respectively, as shown in Egs. (15) and (16):

@ =(0.347,0.313,0.117,0.068,0.155) (15)

z=[[0.3380.449][0.360 0.461][0.336 0.472]
[0.3800.476][0.342 0.455][0.343 0.480] | (16)

3.1.3 Decision making based on possibility degree

Because the comprehensive attribute values of
evaluation indexes are expressed in the form of intervals,
it is difficult to directly compare the advantages and
disadvantages of the repair schemes. Therefore, a
decision-making algorithm based on possibility degree
(Wan and Dong, 2014; Ye, 2015) is designed to determine
the optimal repair schemes.

For the repair schemes a and b, their comprehensive

attribute intervals are a =[aL,aUJ and b:[bL,bU],
respectively. In this way, define L(a):aU —q" and

L(b)=b" —b". Then, the possibility degree that a is
better than b can be calculated as Eq. (17):

1 bt <bV <at <aV
B (bY _aL)Z
2L(a)L(b)

at +a¥ - 2b"

pt<at <bV <qY

bt <at <a¥ <pY

plazb)= 2L(5) (17)
2aU _bL —bU L L U U
—————— a <b"<b <a

2L(a)
U  ,L\2
—(a —b) at <bt <aqY <pY
2L(a)L(b)
0 at <a¥ <pt <pY

Non-rhythm

Based on Eq. (17), a fuzzy complementary judgement
matrix P ={p; can be established, where p;
nxn

indicates the probability degree that scheme i is better
than scheme j. As a result, the ranking vector (i.e., k)
of the matrix P can be calculated according to Eq. (18),
which will be used to determine the best repair scheme.

1 - n
k, _m[zp] +5—1] (18)

J=1

Through the above Egs. (17) and (18), the ranking
vectorforthesixrepairschemeofanRCbeamiscalculated,
ie, k=(0.144,0.171,0.161,0.199,0.152,0.173). The
maximum value of ranking vector is the fourth element,
i.e., 0.199, which means the fourth repair scheme is the
best in the six repair schemes of an RC beam. Similarly,
the optimal repair schemes of other components can be
also determined using the proposed decision-making
algorithm based on possibility degree.

3.2 Automatic creation of repair schedule

3.2.1 Selection of construction types

Generally, construction processes can be divided
into three types (Lee and Kim, 2014): sequential, parallel
and flow construction. Sequential construction is mainly
applicable to the projects with insufficient working space
and long construction period, while parallel construction
is applicable to the projects with sufficient working
space and short construction period. For most projects,
both working space and construction period are limited,
therefore flow construction is widely used, because it
can make full use of time and space.

According to the characteristics of rhythm and pace,
flow construction can be further classified into different
types (Zhu and Song, 2016), as shown in Fig. 2.

In general, the fixed-rhythm flow and the double-
rhythm flow are usually applicable to a branch of a
project with the same layout in the upper and lower
layers. For post-earthquake repair projects, the seismic
damage on different floors is quite different, so it is
difficult to employ the above two flow construction
types. In contrast, there is no layout constraint in the
separate flow repetitive construction. In addition, it

Separate flow

flow
construction

Flow
construction

Rhythmic flow
construction

Unfixed-rhythm
flow construction

repetitive
construction

Unfixed-pace flow
construction
Fixed-pace flow Double rhythm
X flow
construction .
construction

Fixed-rhythm
flow

construction

Fig. 2 Classification of flow construction
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allows some construction sections to be idle during the
construction process, which can be compatible with
various engineering objects. Therefore, the separate flow
repetitive construction is suitable for post-earthquake
repair projects, and the repair schedule is also created
based on this type of flow construction in this study.

3.2.2 Parameter determination of separate flow-repetitive

construction

To make the schedule of separate flow-repetitive
construction, three types of parameters need to be
determined, i.e., the parameters of technological process,
spatial layout and time arrangement. Specifically, the
parameters of technological process are related to the
sequence and characteristics of construction process.
In this study, the number of repair procedures is only
the parameter of technological process, which can be
determined by the repair schemes of components.

The parameters of spatial layout mainly include the
working space and the number of construction sections
and floors. Working space means the necessary activity
space required for construction, while construction
sections are the executive unit of the project with the
same or similar amount of labor, which can be determined
by the spatial layout of the project and working space.
Generally, working spaces for different components
can be obtained according to statistical results such as
construction specifications (MOHURD, 2009). Table 3
lists the working spaces of some typical components.

The parameters of time arrangement mainly include
rhythm, pace, and repair time. Repair time can be
calculated after the rhythm and pace are determined,
which will be stated in section 3.2.3. Therefore, the
rhythm and pace are critical to make a construction
schedule, which will be elaborated as follows.

(1) Rhythm

Rhythm is the time required to complete a certain
procedure in a construction section, which can be
calculated according to Eq. (19).

O H, (19)

where tj- is the rhythm for completing construction

procedure j in construction section i; Q} is the repair
quantity of construction procedure j in construction
section 7, such as the length and volume of components,
which can be obtained through the BIM model (Xu et al.,

2019); H; is the labor quota for construction procedure
j, which can be obtained for the local construction

specifications or codes (MOHURD, 2009); R; means
the number of workers for construction procedure
j» which is dependent on the available workers and

working space; N;. is the shift times of workers per day
in construction procedure ;. ‘

Note that the repair quantities (i.e., Q}) of the
correlated parts among the structural components will
be calculated following local deduction rules (Xu
et al., 2019). For instance, the volume of a column
should include its joints, while the volume of a beam
should subtract its joints. By doing this, the exact repair
quantities of components will be obtained for creating
repair schedule.

(2) Pace

Pace is the minimum time interval between adjacent
construction procedures. The Pantkovsky method (Yu
and Zheng, 2004) is adopted for calculating pace.

First, the total number of rhythms of each
construction procedure in each construction section is
calculated, according to Eq. (20).

m

al.’j=2t; (1<j<mi<m) (20)
i=1

where m is the number of construction sections; 7 is
the number of construction layers, which is equal to the
floor number of a building; a; ; is the ith accumulation
number of the jth construction procedure.

Subsequently, the difference array between adjacent
construction procedures is calculated according to Eq. (21).

Adj y=a;;—ap, (IS j<ni<m)  (21)

where Aa",y .., the ith element of the difference array;
a;; is the ith value of the cumulative number j, while
a1, is the (i-1)th value of the cumulative number j+1.
Finally, the pace between two adjacent construction
procedures can be calculated, according to Eq. (22).

K.

e =max(Aa;. )(ISan—l;iSm) (22)

,j+l

where K, ., is the pace between construction

procedures j and j+1.

Table 3 Working spaces of some typical components

Component

Working space

Masonry wall
Cast-in-place column
Cast-in-place beam

Cast-in-place floor

8.5 m/person
2.5 m¥/person
3.2 m*/person

5.3 m3/person
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3.2.3 Automatic creation of repair schedule

The algorithm for creating the repair schedule is
shown in Fig. 3. The numbers of repair procedures and
floors are assumed to be Num_ procedure and Num
floor, respectively. Three 2D arrays (i.e., startTime[i,],
endTime [i,j] and rhythm[i,j]) are created to store the start
time, end time and rhythm of the ith repair procedure on
the jth floor, and an array (pace[i]) is also created to store
the pace between the ith and (i+1)th repair procedures.

First, the start time of the repair schedule (i.e.,
startTime[0,0]) is determined by the start time of the
first procedure. Subsequently, the repair procedures are
performed in sequence according to the repair schedule

Input startTime[0,0]

i==0

i<Num_procedure?
es

| endTime [i,j] =startTime[ijl+ rhythm|ij] |

j++

| startTimel[ij+1]= endTimeli,j] |
Output a schedule of a
repair procedure End

Fig. 3 Algorithm for creating repair schedule

based on separate flow repetitive construction. Therefore,
the start time of the next procedure is equal to the sum
of the start time of current procedure and its pace, i.e.,
startTime[i+1,j] = startTime[i,j] + pace[i]. For a multi-
floor building, each repair procedure will be performed
floor by floor. In this way, the end time of a procedure on
the current floor is equal to the sum of its start time and
rhythm (i.e., endTimel[i,j] = startTime[i,j] + rhythm[i,]),
which is also equal to the start time on the next floor
(i.e., startTime[ij+1] = endTimeli,j]). Finally, the above
steps are repeated until the start and end time of all the
procedures are calculated, so that the repair schedule is
determined.

The above algorithm is developed in the Revit API,
because Revit is widely-used in BIM modeling. The core
code for automating the creation of repair schedule is
shown in Fig. 4. In Revit API, the AddDays() function
is used to update the start and end time of different
procedures according to the designed algorithm. In
addition, the ID, name, start time, end time, task type,
labor cost, material cost and equipment cost of each
procedure will be automatically output to form a
complete repair schedule.

3.3 5D simulation of post-earthquake repair process

In 5D simulations of post-earthquake repair process,
the 3D BIM model, repair time (4D) and repair cost
(5D) are the most elemental data. The total repair time
of a building and the specific repair time of the damaged
components are defined in the repair schedule, which
can be automatically created by the aforementioned

+ endTimel[i,/]. ToString("d") + ", "+

for (int j= 0; j <Num_floor; j++)
{
// When the time required for the procedure on the j® floor is non-zero, execute the following
statement.
if (thythm[i;] = 0)
{
// The end time of the procedure on the j® floor(endTime [i,j]) is equal to the start time of
the procedure on the j® floor (startTime[i,j]) plus the flowing thythm (vhythm[i,j]).
endTime[i,/] =startTime[i]. AddDays(thythm[i;]) ;
// The start time of the procedure on the next floor (startTimel[i,j+1]) is equal to the end
time of the procedure on the j floor(endTime [i,j])
startTime[;,j+1]= endTime[i;];
// Add the procedure ID, name, start time, end time, task type, labor cost, material cost
and equipment cost to the output file named "repairPlan".
repairPlan += repairltemID + "JF" + (j+1) + Name[repairltemID] +
startTime[i/]. ToString("d") + "."
Task type[repairltemID] + repairCost[0,j] + "," + repairCost[1,j] + "," +
repairCost[2,j] + "\r\n";
repairltemID++;
}
}

Fig. 4 Code segment for automatic creation of repair schedule
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algorithm in Revit API. In the repair schedule, the repair
process of each damaged component is divided into
some procedures according to its repair scheme. The
total repair cost of a building is equal to the sum of the
costs of all the damaged components, while the repair
cost of a component is equal to the sum of the costs
of all the procedures. Furthermore, the total cost of a
procedure is composed of material, labor and equipment
costs, which can be calculated as Egs. (23-26).

Total _cost = Material cost + Labor_cost + Equipment_cost

(23)
Material cost = Q; o (24)
Labor_cost = t;Rj. G, (25)
Equipment _cost = Q; G (26)

where Q; is the repair quantity of construction procedure

j in construction section 7 in the repair schedule; t; is
the rhythm for completing construction procedure j in
construction section i; R; means the number of workers
for construction procedure j in construction section i,
C,,C, and C; are the unit material, labor and equipment
costs, respectively, which can be obtained from the repair
or construction codes in local regions (such as CSI code
(Christodoulou et al., 2010; CSI and CSC, 2016) and the
repair code of China (BCHUD, 2012)).

After the data of the 3D BIM model, repair time and
repair cost are obtained, the workflow of 5D simulation
of post-earthquake repair process includes three steps:
(1) data integration of BIM and repair schedule; (2)
automatic mapping between the components and their
repair procedures; (3) implementation of 5D simulation
of repair process.

3.3.1 Data integration of BIM and repair schedule

Before the simulation of repair process, the data
of BIM and repair schedule need to be integrated in
a platform. In this study, Navisworks (Kalyan et al.,
2016), a BIM model review software, is selected for
data integration. This is because Navisworks can be
completely compatible with the BIM model created
by Revit and is widely used for construction process
simulation.

By using Revit, the BIM model is exported to *.nwc
format, which can be directly imported by Navisworks.
Besides, the repair schedule can be stored in *.csv format
according to the requirements of Navisworks, and then
Navisworks will import the whole schedule by the *.csv
file. Through the above solutions, the BIM model and the
repair schedule can be easily integrated in Navisworks.
3.3.2 Automatic mapping between components and their

repair procedures

After the data integration of BIM and the repair

schedule, how to map the components in BIM model
and their procedures in the schedule is a critical problem.
Generally, such mapping is completed manually, which
is time-consuming and labor-intensive. To solve this
problem, a solution for automatic mapping between the
components and their procedures is proposed.

The proposed solution includes two key steps: (1)
automatic generation of component sets; (2) automatic
mapping component sets and the corresponding
procedures. Note that a repair procedure generally
involves a set of components. For example, the procedure
of wall removal means the walls in severe damage on
a floor will be removed. Therefore, the component sets
need to be generated according to the corresponding
procedures.

(1) Automatic generation of component sets

In this study, an algorithm for automatic generation
of component search set is designed based on Revit, by
which a search set file can be exported. By importing the
search set file, the component sets corresponding to the
procedures can be automatically created in Navisworks.

The generation process of the search sets is shown in
Fig. 5. First, the component categories and damage states
required in the ith procedure are obtained. Subsequently,
the components are filtered according to the required
categories and damage states. Finally, the filtered
components are defined as a search set, and their IDs are
output for automatic generation of the component set.
The above steps are repeated until the search sets for all
procedures are formed.

The core code on the generation of search sets is
shown in Fig. 6. The class ElementCategoryFilter in
Revit API is used to filter the components according
to the categories and damage states corresponding to
the procedures. Through the above code, an *.xml file
including the procedure names and corresponding
component IDs is output, and then such file is imported
into Navisworks to automatically generate component

Start

/ Input Num_Procediire /
=0

i<Num_Procedure?

Obtain the component categories and damage states
required in the i-th procedure

i l
| The components are filtered and defined as search set

!

Output their IDs and
generate the component set

End
Fig. 5 Generation process of search sets

No




No. 3

Xu Zhen et al.: A 5D simulation method on post-earthquake repair process of buildings based on BIM 551

// Obtain the component categories required in the i procedure.

structuralBeamFilter = new
ElementCategoryFilter(BuiltInCategory.OST_StructuralFraming);
unlevelElementCollector. WherePasses(structuralBeamFilter);

IList<Element> eclementBeam = (from el in unlevelElementCollector where
el.get_Parameter(BuiltinParameter. INSTANCE REFERENCE_LEVEL _PARAM).AsVal
ueString() == upLevelName select el). ToList();

ElementCategoryFilter

foreach (Element element in elementBeam)
{// Obtain the damage states required in the i procedure.
[List<Parameter> list P_State = element.GetParameters("P_ damage states ");
Parameter param_P_State = list P_State[0];
// Add ID to the corresponding search set
if (param P_State. AsString() == "DS1" || param_P_State. AsString() = "DS2")
{elementIDs_1.Add(element.Id);}
else if (param_P_State.AsString() == "DS3")
{elementIDs_2.Add(element.Id);}
}
//All the filtered components are defined as search set and their IDs are output for automatic generation of
component sets.
SelectionSet(elementIDs_1, levelName, "Beam- Strengthen ");
SelectionSet(elementIDs_2, levelName, " Beam - Remove ");
SelectionSet(elementIDs_2, levelName, " Beam - Rebuild ");

Fig. 6 Code segment for automatic generation of component search sets

TimeLiner & X
Tasks ‘Data Sources | Configure | Simu\atel
o = =1 = B - I Zoom: - -
(Rt [ 2] -] = | [Roowen- [ 512 | (8¢ [ e | 2] = ][9] (B HlE EEIREEE =& B
~
Active Marne Status | Planned Start Planned End Task Type Attached Total Cost Material Cast Labor Cost | Equipment Cost
5l Repair Process (Root) == 2018/11{16 2019/2/18 425,783.00  214,300.00 202,210.00  9,273.00
Fa-Column-Strengthen =3 0181116 20181120 Strengthen Wl Sets-=F3-Calumn-Strengthen  1,893,00 1,550,00 328,00 15.00
F3-Beam-Strengthen == E01E/11/20 2018f11/24  Strengthen  W@Sets-»F3-Beam-Strengthen  3,380.00 2,352.00 985.00 73.00
F1-Stairs-Strengthen = enig/112d 2018(11/30  Strengthen W@ Sets-»F1-Stairs-Strengthen 698,00 170.00 493.00 35.00
F2-Skairs-5trengthen B z018{11430 2018112js Strengthen ﬂsats'>F2—Stair5—strenqthen 593,00 152,00 410,00 31.00
F3-Stairs-Strengthen i L 2018/12i9 Strengthen W Sets- =Fa-Stairs-Strengthen 51100 152,00 325,00 31.00
F4-Stairs-Strengthen = zmaf1zee 2018(12{13 Strengthen  WW§Sets--F4-Stairs-Strengthen 417,00 74.00 326,00 15.00
3 Fi-wal-Remove == enigfiifa0 2018/12f6 Remave T sets- »F1-wall-Remove 36,495.00  19,626.00 17,73.00  1,135.00 v

Fig. 7 Automatic mapping between the component sets and their repair procedures

sets corresponding to procedures.

(2) Automatic mapping component sets and the
corresponding procedures

Ifthe names of the component sets and the procedures
are the same, the component sets will be automatically
mapped with their repair procedures by Navisworks. As
shown in Fig. 7, the tasks (i.e., repair procedures) have
the same name with the sets (blue words in Fig. 7), thus
each task is automatically attached with the components
in the corresponding sets, which saves lots of manual
mapping workloads.
3.3.3 Implementation of 5D simulation of repair process

To implement 5D simulation of post-earthquake
repair process, a plug-in named “5D simulation of repair
process” is developed in Revit, to provide the necessary
data of the schedule and search sets, as shown in Fig. 8.
Through the developed plug-in, the start time of the

. Autodesk Revit 2017
5D simulation of repair process | Architecture  Structure Systemsf

®© ¢ &=

O

Start date Construction schedule Search sets

5D simulation of repair process

zHBG- -G - 2-FOA 8- B

Fig. 8 Plug-in of “5D simulation of repair process”

repair process can be defined and the detailed repair
schedule (including the ID, name, start time, end time,
task type, labor cost, material cost and equipment cost
of each pair procedure) is automatically created in the
*.csv format for Navisworks, while the search sets for
the corresponding procedures are also output for the
following 5D simulation in Navisworks.
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Fig. 9 Configuration of display status for different task types

%x%a $DAYDays $WEEKWeeks$COLOR_BLACK
$TASKS$COLOR_BLACK

Labor cost: SLABOR_COST$COLOR_BLUE

Material cost: SMATERIAL_COST$COLOR_BLUE
Equipment cost: SEQUIPMENT_COST$COLOR_BLUE
Total cost: STOTAL_COST$COLOR_RED

Fig. 10 Script code for cost display

s

Fig. 11 Structural BIM model

Fig. 12 Architectural BIM model

After the mapping between the component sets and
procedures in Navisworks, two preconditioning jobs on
visualization need be performed for a 5D simulation of
post-earthquake repair process.

In order to highlight these task types during 5D
simulation, display states of different task types need to
be configured. As shown in Fig. 9, the intact components
are displayed in translucent mode, while the components
to be repaired, removed, rebuild and strengthened are
displayed in yellow, red, green, and purple, respectively.

When the repair is completed, the original appearance of
the model is recovered.

In order to display the related costs during 5D
simulation, the script code is added in Navisworks, as
shown in Fig. 10. In detail, “%x%a” in the script is used
to show the simulation time, and “$TASKS” will shows
the names of procedure. Besides, “SLABOR_COST”,
“SMATERIAL COST”, “$SEQUIPMENT_COST”
and “$STOTAL_COST” are used to present the labor,
material, equipment and total costs, respectively.

After the above preconditioning jobs are completed,
the 5D simulation of post-earthquake repair process can
be implemented by using the function of “Timeliner”,
which will be presented in the Case Study section below.

4 Case study

4.1 Introduction of case study

An office building in Beijing, China was selected as
a case study, which is an RC frame structure with 6 floors
and a total height of 25.6 m. It covers an approximately
rectangular area of 921 m? with a length of 33.6 m and a
width of 25.2 m. The structural and architectural models
with a total of 3,421 components were established using
Revit, as a shown in Figs. 11 and 12.

The El-Centro ground motion with a peak ground
acceleration (PGA) of 400 cm/s*> was selected for
predicting the seismic damage of a building. Through
nonlinear time history analysis, the engineering demand
parameters (EDPs) of this building were obtained, as
shown in Table 4.

Based on the EDPs in Table 4 and the vulnerability
curves in FEMA P-58, the seismic damages of
components were calculated (Xu et al, 2019), as
illustrated in Fig. 13. The repair process of this damaged
building will be simulated using the proposed method in
this study.

4.2 Determination of the optimal post-earthquake
repair schemes

On one hand, the irreparable components need to be
removed and rebuilt. First, the unit cost and time to replace
the different types of components can be obtained from
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Table 4 The EDPs for the office building

Inter-story drift ratios (rad)

Peak floor accelerations (g)

Story X direction Y direction X direction Y direction
1 0.0032 0.0029 0.6606 0.4895
2 0.0048 0.0033 0.7825 0.6138
3 0.0055 0.0028 0.7259 0.5987
4 0.0057 0.0021 0.7665 0.6358
5 0.0020 0.0018 0.8911 0.6749
6 0.0037 0.0031 1.0218 0.7561
Intact

Repairable damage

I rreparable damage

Fig. 13 Seismic damage of all the components

the repair or construction codes in local regions (such
as CSI code (Christodoulou et al., 2010; CSI and CSC,
2016) and the repair code (BCHUD, 2012) in China).
Subsequently, the repair quantities (e.g., volumes and
lengths) of the irreparable components were obtained
from the BIM model. Finally, the repair cost and time
of these components were calculated by multiplying the
unit values and repair quantities. On the other hand, the
repairable components (e.g., beams, columns and stairs
in this case study) need to be repaired. However, there
are too many repair schemes for different components
according to the repair code (BCHUD, 2012) in China.
Therefore, the proposed decision-making model based
on the interval index of possibility degree was adopted
to determine the optimal repair schemes for repairable
components.

As mentioned before, five indexes (i.e., cost, time,
construction complexity, dependence on large equipment
and repair effect) were selected for decision making.
The values of cost and time for different schemes were
obtained by the repair code (BCHUD, 2012). Considering
the uncertainty in the repair process, the range within
+5% of the cost and time were used as interval numbers.
In addition, professional engineers from Aeido Group
(2018), an enterprise for the earthquake reinforcement
of buildings in China, were invited to provide interval
numbers for the construction complexity, dependence on
large equipment and repair effect of each scheme.

Considering the subjective and objective index weights,
the possibility degrees of different schemes were
calculated and ranked using the proposed method.
The optimal repair schemes were determined for the
damaged components, as shown in Table 5. Note that
the optimal repair schemes listed in Table 5 are either
cost-optimized or time-optimized, but a comprehensive
result combined with subjective and objective
weights. In this study, the subjective weight vector is

@, =(0.420,0.171,0.075,0.065,0.269)" ,whichindicates
that repair cost is the important factor for decision makers.
Taking columns, for example, the objective weight

vector is @, =(0.527,0.383,0.024,0.056,0.010)T,
which indicates the attribute differentiation in repair
cost index is the greatest. By combining the subjective
and objective weights, the comprehensive weight is

o= (0.474,0.277,0.049,0.060,0.139)T . This shows
that the weight of repair cost is the greatest, thus the
repair scheme for columns in Table 5 tends to be cost-
optimized, but is a comprehensive result combined with
subjective and objective weights.

4.3 Automatic creation of repair schedule

Using the plug-in of “SD simulation of repair
process” developed in this study, the parameters of the
separate flow-repetitive construction was calculated
and therefore the detailed repair schedule was created
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automatically. For example, the part of repair schedule
is also demonstrated in Table 6. The creation of the
repair schedule took only 10 seconds using the plug-in
developed in this study, which can save much manual
work.

4.4 5D simulation of post-earthquake repair process

The BIM model and the repair schedule were
integrated in Navisworks by the *.awc and *.csv
formats, respectively, as shown in Fig. 14. The search
sets were created through the plug-in developed in
Revit. By importing the search sets into Navisworks,
the component sets were automatically created and
mapped with the corresponding repair procedures, as
shown in the task panel of Fig. 14. It is worth noting that
component mapping is the most time-consuming task
for 5D simulation. For the building in the case study, it
is estimated that it would take at least 3 hours to map the
components and the schedules manually, while it only
took 1 minute through the proposed method. Therefore,
the proposed method in this study is highly efficiency in
application.

After completing the preconditioning jobs on

visualization, the 5D simulation of the repair process
was performed, as shown in Fig. 15. The upper left
corner displays the current time, procedure and detailed
costs, and the real-time status of each component is
dynamically visualized in the 3D view area. Fig. 16
shows the different states in the repair process, from
which the detailed repair progress of the building can be
intuitively observed.

4.5 Discussions

In order to compare the repair schemes by the
proposed method (denoted as repair scheme A), another
group of repair schemes (denoted as repair scheme B)
was selected. The research on how to determine post-
earthquake repair schemes for damaged buildings is very
limited, so professional engineers from Aeido Group
recommended repair scheme B based on their traditional
experience in this study, as shown in Table 7.

Using the plug-in of “5D simulation of repair
process” developed in this study, the detailed repair
schedule was created automatically, as demonstrated in
Table 8.

Through the proposed method of 5D simulation of

Table 5 Optimal repair schemes for different components

Component category  Seismic damage state

Repair schemes

Walls Irreparable Remove and rebuild
Repairable Pressure grouting for cracks - Polymer of polyvinyl alcohol solution and
cement mortar
Beams Repairable Strengthened with carbon fiber reinforced polymer (CFRP)
Floors Repairable Strengthened with CFRP
Columns Repairable Strengthened with CFRP
Stairs Repairable Concrete crack repair techniques
Table 6 Part of the created repair schedule
. . Labor cost Material cost Equipment cost
ID Procedure Start time End time Task type (CNY) (CNY) (CNY)
0 F3-Column-Strengthen  2018/11/16  2018/11/20  Strengthen 328 1550 15
1 F3-Beam-Strengthen ~ 2018/11/20  2018/11/24  Strengthen 985 2352 23
2 F1-Stairs-Strengthen ~ 2018/11/24  2018/11/30  Strengthen 493 170 35
3 F2-Stairs-Strengthen ~ 2018/11/30  2018/12/5 Strengthen 410 152 31
20 F3-Wall-Strengthen 2019/2/2 2019/2/7 Strengthen 5747 5466 243
21 F4-Wall-Strengthen 2019/2/7 2019/2/12 Strengthen 3284 3027 134
22 F5-Wall-Strengthen 2019/2/12  2019/2/17 Strengthen 6978 6618 294
23 F6-Wall-Strengthen 2019/2/17 2019/2/18 Strengthen 82 74 3
Total 2018/11/16  2019/2/18 e 202210 214300 9273
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Fig. 15 5D simulation of post-earthquake repair process

the repair process, the detailed repair cost and time of
the repair scheme B were obtained, as shown in Table 9.
The repair cost and time of the repair scheme A are also
demonstrated in Table 9.

It can be observed from Table 10 that the total repair
costs of repair schemes A and B are 425,783 CNY
and 485,280 CNY, respectively, which indicates that
the proposed method saved 12.26% of the total cost

Table 7 Repair scheme B for different components

Component Seismic .
Repair schemes
category damage state
Walls Irreparable Remove and rebuild
Repairable Pressure grouting for cracks -
Mortar grouting
Beams Repairable Stick steel plates
Floors Repairable Add composite layer on top
of slab
Columns Repairable Stick steel plates
Stairs Repairable Concrete crack repair

techniques

compared with repair scheme B. On the other hand, the
repair time of the two schemes is almost the same.

In this case study, the proportion of reparable
components in all the damaged components is only
close to a quarter, thus the total repair cost and time
are mainly dominated by the procedures to remove and
rebuild irreparable components, which have nothing to
do with repair schemes. If only repairable components
are compared, the costs of the repair schemes A and
B are 57,151 CNY and 116,648 CNY, respectively, as
shown in Fig. 17. In that case, the proposed method
saved 51% of the cost of repair scheme B. The repair
time of repairable components in the repair schemes A
and B are 54 days and 60 days, respectively, as shown
in Fig. 18. The proposed method also saved 10% of the
time of repair scheme B.

Previous study (Xu et al., 2019) have shown that
the total repair cost of the same building with the same
seismic damage is 463,728 CNY without the optimization
of the repair schemes. Because the repair cost is more of
a concern when choosing repair schemes, the proposed
method saved 8.18% of the total cost compared to the
previous study.
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Table 8 Part of the repair schedule for repair scheme B

ID Procedure Start time End time Task type L?lg\r];()) st c(l)\;Ita(tngi\?ﬁl{) ch(iltn(pCmI\IeSI;;

0 F3-Column-Strengthen ~ 2018/11/16 ~ 2018/11/20 Strengthen 1642 5946 93

1 F3-Beam-Strengthen 2018/11/20  2018/11/24 Strengthen 12151 32216 447

2 F1-Stairs-Strengthen 2018/11/24  2018/11/30 Strengthen 985 170 35

3 F2-Stairs-Strengthen 2018/11/30 2018/12/5 Strengthen 821 152 31

20 F3-Wall-Strengthen 2019/1/30 2019/2/5 Strengthen 6896 6693 243

21 F4-Wall-Strengthen 2019/2/5 2019/2/11 Strengthen 3941 3706 134

22 F5-Wall-Strengthen 2019/2/11 2019/2/17 Strengthen 8374 8103 294

23 F6-Wall-Strengthen 2019/2/17 2019/2/19 Strengthen 164 91 3
Total 2018/11/16 2019/2/19 —_— 221669 253836 9775

Table 9 Costs and time for the repair schemes A and B

Repair scheme

Labor cost (CNY) Material cost (CNY) Equipment cost (CNY)  Total cost (CNY) Time (Day)

A 202,210 214,300
B 221,669 253,836

9,273 425,783 95
9,775 485,280 96

2018/11/20 5Days 1Weeks

Repair Process (Root) [5%]

Whole-To be repaired [To be repaired 5%]
Whole-Intact [Intact 5%]

F3-Beam-Strengthen [Strengthen 24%]

Labor cost: 573.35
Material ooet 213585

(a) 5 day

2019/1/14 60Days 9Weeks

Repair Prooess (Root) [63%]

Whole-To be repaired [To be repaired 63%)]
Whole-lmact [Intact 63%

F3-Wall-Rebuild [Rebuild 74%]

Labor cost: 144325.83
Material cost: 156092.12
Equi cost: 6891.58
Total cost: 307309.52

(c) 60 days

2018/12/15 30Days SWeeks

Repair Process (Root) [31%]

'Whole-To be repaired [To be repaired 31%]
'Whole-Intact [Intact 31%

F1-Wall-Rebuild [Rebuild 55%]
F4-Wall-Remove [Remove 24%)]

Labor cost: 69598.89

Material cost: 75870.01

% uipment cost: 3648.56
cost: 149117.46

(b) 30 days

2019/2/18 95Days 14Weeks

Labor cost: 202210.00
Material cost: 214300.00

Equipment cost: 9273.00
'Total cost: 425783.00

| |
|
1

(d) 95 days

Fig. 16 Different states during post-earthquake repair process

Repair cost and time are important indexes for
resilience, which indicate the cost and downtime on
seismic resilience. By the proposed method in this study,
the detailed repair cost and time were quantified for the
repair schemes A and B. By comparing these two repair

schemes, it can be found that different repair schemes
have significant influence on the seismic resilience of
damaged buildings. The proposed method can quantify
such influence, which helps the decision makers choose
the optimal repair scheme for better seismic resilience
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Fig. 19 The total cost at different stages of repair process

of buildings.

In addition, the proposed 5D simulation can also
give more detailed results, such as dynamic cost during
the repair process. The statistical chart of total costs at
different stages is as shown in Fig. 19. From Fig. 19,
it can be found that the total cost has a “mountain”
distribution during the repair process, which means that

— = Labor cost
— — Material cost

400000 — — Equipment cost
Total cost
300000
=
Z
1)
Z 200000
Q
100000
0

Time (day)
Fig. 20 Cumulating curves of the labor, material, equipment

and total costs

the required costs are low at the start and end stages, but
high at the middle stage.

Figure 20 shows the cumulating curves of the labor,
material, equipment and total costs versus time. It
indicates that labor cost and material cost are the main
costs of the repair process, while the equipment cost
accounts for a relatively low proportion. Such a result is
useful for making an accurate plan of cost management
for the post-earthquake repair project.

The 5D simulation of the repair process not only
presented the repair animation in a 3D realistic way,
but also provided the changing process of the detailed
costs during the repair period. Such detailed simulation
results present the dynamic requirements of labor,
equipment and material during the repair process, which
are critical to discovering the key repair requirements.
By optimizing the key repair requirements, the repair
process may be shortened and the resilience of buildings
can be thus improved. Therefore, the 5D simulation
of the post-earthquake repair process can also benefit
decision making in building seismic resilience.

5 Conclusion

A 5D simulation method on the post-earthquake
repair process of buildings based on BIM was proposed,
and a case study of the 5D simulation of a six-story
office building was demonstrated. Some conclusions
were drawn as follows:

(1) Through the proposed decision-making model of
repair schemes based on the interval index of possibility
degree, the optimal repair schemes can be determined
for all the damaged components in a building.

(2) By using the designed algorithm for automatic
creation of repair schedule, the parameters of the
separate flow-repetitive construction can be calculated
and therefore the detailed repair schedule can be
automatically created.

(3) Through the 5D simulation of the post-earthquake



558 EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION

Vol. 19

repair process, the components and the corresponding
procedures can be automatically mapped, which saves
much manual work. Furthermore, the animation of
repair process can be presented in 3D realistic way and
the changing details of the costs during repair process
can be also displayed.

(4) The proposed 5D simulation method can evaluate
building seismic resilience by quantifying repair cost
and time. In the case study, the proposed method saved
12.26% of the total cost compared with traditional
repair schemes. Furthermore, the proposed method also
can provide detailed guidance over the repair process,
which benefits the decision making in building seismic
resilience.

It is noted that only structural components are
investigated in this study, and nonstructural components
(e.g., windows, doors, and mechanical, electrical &
plumbing (MEP) components) are not yet considered.
Actually, the framework and methods of this study
are also suitable for nonstructural components, if their
seismic damage and the corresponding repair schemes
are available. In the future, a 5D repair process of
a building, including structural and nonstructural
components, will be simulated to provide complete
guidance for the decision making on resilience.
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