
applied  
sciences

Article

Building Information Modeling Methods for Post-Earthquake
Retrofitting Visualization of Buildings Using
Augmented Reality

Zhansheng Liu 1,2,* and Wenyan Bai 1,2

����������
�������

Citation: Liu, Z.; Bai, W. Building

Information Modeling Methods for

Post-Earthquake Retrofitting

Visualization of Buildings Using

Augmented Reality. Appl. Sci. 2021,

11, 5739. https://doi.org/10.3390/

app11125739

Academic Editor: David Bigaud

Received: 19 May 2021

Accepted: 1 June 2021

Published: 21 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Faculty of Architecture, Civil and Transportation Engineering, Beijing University of Technology,
Beijing 100124, China; baiwy@emails.bjut.edu.cn

2 The Key Laboratory of Urban Security and Disaster Engineering of the Ministry of Education,
Beijing University of Technology, Beijing 100124, China

* Correspondence: liuzhansheng@bjut.edu.cn

Abstract: The post-earthquake retrofitting and repair process of a building is a key factor in improving
its seismic capability. A thorough understanding of retrofitting methods and processes will aid in
repairing post-earthquake buildings and improving seismic resilience. This study aims to develop
a visualization framework for the post-earthquake retrofitting of buildings which builds models
based on building information modeling (BIM) and realizes visualization using augmented reality
(AR). First, multi-level representation methods and coding criteria are used to process the models
for a damaged member. Then, an information collection template is designed for integrating multi-
dimensional information, such as damage information, retrofitting methods, technical solutions, and
construction measures. Subsequently, a BIM model is presented in three dimensions (3D) using AR.
Finally, the visualization process is tested through experiments, which demonstrate the feasibility of
using the framework to visualize the post-earthquake retrofitting of a building.

Keywords: building information models; augmented reality; post-earthquake retrofitting

1. Introduction

Between 2000 and 2019, there were 552 earthquake events in the world. Earthquakes
affected a total of over 1.18 billion people, led to approximately $636 billion in economic
losses worldwide [1]. More than 95% of the total casualties after the earthquake were
caused by the collapse of buildings. The destruction and collapse of buildings and various
engineering facilities caused by the earthquake caused huge losses to the country and
brought many inconveniences to people’s lives. To ensure safety and improve the daily
lives of people in the stricken area, post-earthquake inspections, evaluations, appraisals,
and retrofitting of buildings should be conducted within an appropriate time [2]. Post-
earthquake retrofitting refers to the seismic repair of a structure that has not lost much
of its seismic resilience (or that still has a certain level of seismic resilience after being
damaged by seismic force) and aims to restore its seismic capacity to a certain level [3].
The normal use of earthquake-damaged buildings after repair depends not only on the
severity of the original earthquake damage, but also on the quality of retrofitting. It
would be affected if the contractor is too inexperienced or if the repair process is too
complicated to appropriately complete the retrofitting task [4]. Therefore, it is necessary
to use building information modeling (BIM) and augmented reality (AR) to integrate and
visualize retrofitting information, so as to improve the level of intelligent management in
the construction process.

As compared to a traditional retrofitting process based on two-dimensional (2D) draw-
ings, the establishment of a BIM model can present structural information more visually [5],
providing data for damage identification and methodical design. At the same time, BIM
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also provides technical support for a paperless office, i.e., by discarding the shortcomings
of traditional paper-based information that is difficult to search and save. It can integrate
data generated during the retrofitting process, such as identification criteria, evaluation
results, design concepts, cost estimates, and retrofitting methods [6]. Based on the results
of retrofitting and renovation, BIM can use adaptive data to modify and update an original
building model, e.g., to maximize the possibility of post-earthquake retrofitting construc-
tion and completion acceptance [7]. However, the lack of data synchronization between
BIM and on-site processes is recognized as a primary barrier to BIM implementation [8,9].
Traditional retrofitting construction sites also suffer from gaps in planning and execution,
and a lack of interaction between project participants [10]. AR is the preferred method
to solve the problems regarding the integration of BIM into construction. Combining AR
with BIM and using its 3D visualization features to dynamically demonstrate retrofitting
methods can facilitate communication and cooperative work. Nevertheless, represent-
ing the damage information in the BIM model and combining the BIM model with AR
remain challenging.

This study proposes a complete framework for BIM-AR applications, considering the
above-mentioned problems in the post-earthquake retrofitting of buildings and the research
statuses of BIM and AR. The main research in this study comprises building a seismic
building BIM model, and then applying AR to visualize the model data. A BIM database
is created to provide relevant technical and historical information, to share resources and
models for future similar cases, and to lay a foundation for the construction of “big data”
for post-earthquake buildings.

2. Literature Review
2.1. Retrofitting of Buildings

Structural retrofitting can be divided into pre-earthquake retrofitting and post-earthquake
retrofitting [11]. The objective of pre-earthquake retrofitting is to adopt retrofitting methods
for a building whose structural bearing capacity does not meet appraisal requirements, so
that the structural bearing capacity and other indexes meet such preset requirements. A
large part of the research studies, found through investigations, has been devoted to pre-
earthquake retrofitting. For example, Kassem et al. [12] studied the mechanical behaviors
of single-story brick masonry in-filled frames under the effect of lateral loads; Baloević
et al. [13] investigated the effect of plaster on the performance of single-story single-bay
masonry-infilled steel frames under in-plane base acceleration using a shake-table; and
Messali et al. [14] proposed a pre-earthquake retrofitting for a masonry typology widely
used in social housing.

Post-earthquake retrofitting is aimed at a structure damaged during an earthquake,
but the performance point of the structure can still meet the immediate occupancy damage
grade, through certain retrofitting methods. Along with the distress caused by an earth-
quake to people’s lives and social development, structural retrofitting and repair have
gradually gained the attention of seismic researchers and the construction industry [15–18].
Structural repair and retrofitting are of great significance for extending the life of a building
and ensuring the seismic capacity of the structure. The strengthening of buildings is a
sustainable industry that can save construction resources and reduce project costs.

After an earthquake, to protect lives and property, it is necessary to carry out post-
earthquake repair work as soon as possible. The complete retrofitting of damaged buildings
in a shorter period of time is an important concern for researchers. To shorten the evaluation
time, some scholars [19] have used an affinity diagram to describe the seven common
damage modes of structural walls, whereas others [11,20] have proposed new retrofitting
methods for saving valuable time in post-earthquake repairs. In addition to meeting the
requirements for the strength and stiffness of components, post-earthquake retrofitting
should also meet requirements regarding the unity of the strength and stiffness of the
structure as a whole [21]. According to the actual situation of the project, the economy,
practicality, and feasibility of the project should be comprehensively considered. One
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study [22], for example, proposed a combination of laboratory testing and numerical
analysis based on using traditional and modern techniques to improve the durability and
structural strength of materials. Traditional retrofitting processes have some problems
such as the complexity of the professional systems, the tight construction schedule, the
environmental restrictions of the construction site, the high requirements for construction
quality and safety management, as well as the complex and changing site conditions [10].
Only relying on 2D drawings and planar training, it is difficult to meet the rapid retrofitting
needs of modern post-earthquake buildings. Therefore, it is necessary to use BIM and
AR technology to visualize retrofitting methods, so as to improve the level of intelligent
management in construction processes.

2.2. Uses of Building Information Modeling (BIM) in Post-Earthquake Retrofitting

BIM uses a database that represents not only the geometry of a building and its
contents, but also all of its physical and technical features [23,24]. Currently, in the context
of new construction, BIM is widely used for design [25], construction [8], and operation
and maintenance [6] tasks. With BIM models, the information in each stage of the project
can be integrated, stakeholders can work together, and relevant personnel can extract,
update, or modify the information in the model at any time.

Owing to the particularity of earthquake-damaged buildings, there are relatively
few studies on the application of BIM in this field, most of which focus on seismic loss
assessments [26]. For example, the BIM model has been used to assess the economic losses
of post-earthquake buildings [27], BIM and the U.S. Federal Emergency Management
Agency (FEMA) Standard P-58 have been combined in the context of earthquake losses [28],
and post-earthquake assessment activities have been correlated using a 5D model (3D
model + time + cost) [29]. Although BIM has many benefits, there are also limitations and
barriers that have slowed BIM application. Study [30] identified twenty-two sub-factors
and classified them into five categories: technology, cost, management, personnel, and
legal. On the technology side, BIM usage has not yet reached its full potential. This is
because the information is not presented in a way that people can understand entirely on a
real scale [31]. This requires the use of visualization tools for displaying the information
used in site construction more intuitively and portably, and AR provides a solution to this
problem. The integration of BIM and AR can effectively solve the problems regarding
difficult on-site coordination and communication [32]. The use of AR to visualize and
display BIM-integrated information has a catalytic effect on expanding the applications
of BIM, and provides a more intuitive approach to representing damage data. There is
no systematic and comprehensive method for displaying damage information from BIM
models in AR in 3D [33]; therefore, the application of BIM in the visualization of retrofitting
methods requires further study.

2.3. Uses of BIM and Augmented Reality (AR) in Engineering

AR is a technology that calculates the position and angle of a camera image in real-time
and adds a corresponding image [34]. It enables real-world and virtual-world information
to be integrated and allows for interactions in real-time [35]. Azuma [36] defines AR as a
link between a real scene and virtual elements, where the virtual elements are 3D objects.
Generally, AR output devices are used to connect the real world with virtual objects.
Among them, handheld displays such as smartphones and pads are mobile, but have
limited processing volume; head-mounted displays provide a good sense of immersion,
but have limited use conditions because they require a lot of effort to place holograms
accurately in real-world space [37] and their prices are higher than handheld displays [38].
Accordingly, the equipment needs to be selected according to the actual needs.

In recent years, the advantages of 3D visualization and immersive experiences have
led to the increasing use of AR in the architecture, engineering, and construction field [39].
The Laboratory for Interactive Visualization in Engineering (LIVE) at the University of
Michigan has been engaged in AR research with applications related to construction
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operations planning, inspection, safety, and education [40]. Due to its feature of rapid
visualization, some researchers applied AR to post-earthquake building models or in-
formation visualization [41,42]. Others combined AR with other technologies such as
close-range photogrammetry surveying techniques, remote sensing (RS) technology, etc.,
to assess building damage [43,44]. In addition, most studies combine AR and BIM, which
is beneficial to the integration of BIM information with sites, and facilitate communication
and collaboration. AR could represent the site extension of the BIM concept and approach
and maximize the potentials of BIM in the construction site [45]. Integrating BIM and
AR realized architectural visualization in four stages of building life cycle [46]. In the
design stage, it assisted in building design [47]. In the construction stage, BIM and AR
have been used to monitor construction progress to promote project progress [48], visualize
the physical context of each construction activity or task in real-time [49], and develop
a mobile BIM-AR system with cloud storage to improve the efficiency of information
retrieval during construction [50]. In the operation and maintenance stage, users combine
AR and BIM to manage the quality of structural components [45], consolidate, optimize,
and visualize data and models [51], and guide the maintenance processes of facilities to
improve operational efficiency [52,53]. Most of the current research on BIM and AR is
focused on new construction, and there is a lack of systematic research on their application
to earthquake-damaged buildings. The post-earthquake restoration of buildings is often
performed in a complex environment. Owing to the loss of building-related materials after
earthquake damage, the internal damage is unclear in some buildings, and in view of the
possibility of modifying the retrofitting plan during the construction process, 2D drawings
alone cannot meet the design and construction requirements. Therefore, the introduction
of BIM and AR can solve these problems.

2.4. Research Gaps

The irregularity of earthquake-damaged buildings, complexity and diversity of the
construction environment, difficulty of construction management, lack of experience in
retrofitting engineering, and inconsistency between design drawings and on-site construc-
tion have led to various sources of risk in actual construction. Ensuring the safety and
quality of construction is an urgent challenge that must be met at this stage. A combination
of BIM and AR can provide technical support for shortening the retrofitting time and
improving the retrofitting quality. At present, BIM and AR are mainly used for the archi-
tectural design, construction monitoring, quality management, and maintenance of new
projects [31]; they are less commonly used for post-earthquake retrofitting. There remains
a lack of relatively complete academic research and application systems regarding how to
apply BIM and AR in retrofitting visualization. Therefore, this study proposes a framework
for post-earthquake retrofitting based on BIM and AR. The framework uses BIM models to
integrate data in the retrofitting process and proposes a method for expressing damage
information in them. It then uses AR to visualize the associated data of the earthquake-
damaged building in 3D, providing users with a real model viewing experience.

3. Methodology

This study proposes combining BIM and AR application methods to address the prob-
lem of retrofitting crews being unable to complete engineering tasks owing to insufficient
experience, and to realize the visualization of relevant methods and technologies in the
retrofitting process. This approach consists of three stages: data collection, information
reuse, and construction guidance [54]. The framework is shown in Figure 1.

To ensure the comprehensiveness of the building-related data in the data collection
stage, this study designed a relatively comprehensive information collection template for
project managers, to facilitate the retrieval of information by relevant personnel in the subse-
quent reuse phase. The template provides basic project information such as the project start
date, building type, and location, as well as the specific methods used in the construction
project; moreover, it includes building images, BIM models, and simulation animations.
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Figure 1. Building information modeling-augmented reality (BIM-AR)-based construction visualiza-
tion method framework.

During the information reuse phase, it should be ensured that users can easily search
and retrieve relative defect data from the stored information. For that purpose, an encoding
system of retrofitting method is developed, which is explained in detail in Section 5.1. This
would assist the user not only to understand whole retrofitting knowledge but also to
search and retrieve the needed information without any detailed damage knowledge. The
reused data mainly concern the component models and construction methods. If the same
encoding as the new project cannot be retrieved from the database, it is necessary to rebuild
the BIM model and generate new construction animations.

During the construction guidance stage, the matched information is used to guide the
activities of the construction crew. A construction process incorporates many procedures
and complicated methods, and construction tasks often cannot be completed with quality
and quantity. These situations can be avoided to a great extent if construction workers have
ready access to damage information and building models. AR combines virtual objects
with the real world. Using an AR platform can expand the application of BIM models in
construction and provides guidance ideas for construction workers on-site.

To better apply the above methods to damaged buildings, a more detailed description
of the application of BIM and AR in the repair and retrofitting of damaged buildings
following new earthquakes is provided, as shown in Figure 2. Information regarding
the processes of reinforcing previous post-earthquake buildings is stored in the database
through collection templates. Experts preparing new projects can search for and filter
relevant building information in the database. If there are projects or members that match
well, the searched information is used for AR-based retrofitting work; if none of the
identified buildings match well, the BIM model must be rebuilt for the building. Using
the AR platform, the project manager can view a 3D model of the building at any time,
to better command and dispatch on-site crews and materials. The builders can view the
damage information and retrofitting methods according to the assigned tasks, so as to
better complete the construction tasks. After the builder completes the assigned tasks, the
inspector performs a quality check (and, if appropriate, indicates acceptance of the work),
and transmits an image of the finished work to a technician via mobile feedback.
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Figure 2. Visualization process of post-earthquake retrofitting of building.

4. BIM-Based Data Collection

The application of BIM and AR in the post-earthquake retrofitting of buildings expands
the scope of BIM models using AR and extends the amount of time required. Therefore,
before studying the application of BIM and AR, it is necessary to study the required models
and information, and to explore the methods and approaches for the continuous use of
BIM damage models, BIM retrofitting models, and AR virtual scene models, so as to lay
a foundation for the BIM and AR-based retrofitting application research. This section
describes the construction of BIM-based seismic models, and the collection of information.

4.1. Construction of Seismic Damage Model

The difference between a seismic building model and a general building model lies
in the treatment of damaged components, such as cracks in the walls, deformations of
windows and doors, and the spalling of concrete. This information plays a vital role in
subsequent construction, so the treatment of these special components is crucial to the
accuracy of the retrofitting model.

The seismic damage model is constructed based on post-earthquake pictures taken
at the site, post-earthquake building appraisal reports, and retrofitting design drawings.
When building the model, it is necessary to use BIM software to draw the model. Revit is a
mainstream BIM software used in major projects, and provides many functions and easy
operation. As such, this study utilizes Revit to draw the models.

First, a non-damage model is built in Revit by drawing the walls, columns, floors,
and other components; then, the damage is represented in the non-damage model. The-
oretically, all damage should be represented in the model, but the repair and retrofitting
measures can vary depending on the degree of damage to the component. Therefore, the
representation requirements for the model can be different. Accordingly, a multi-level
expression method is used to solve this problem. The multi-level method can retain and
present damage information in the context of the retrofitting requirements for different
components. Regarding the relevant code [55] and appraisal results, the components are
classified into three levels: repair, retrofitting, and reconstruction-retrofitting, based on the
final retrofitting design. Refer to the above standards, standards of multiple levels of detail
(multi-LoD) parametric model [56], and multi-LoD BIM models for Wooden architectural
heritage (WAH) components [57], we propose the multi-level expression method for the
damage and define three accuracy levels: Lev1, Lev2, and Lev3. The objects applicable to
the model correspond to these three levels.
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Technical specification for post-earthquake urgent assessment and repair of buildings
stipulates that for load-bearing walls with a width greater than 800 mm, when a crack
width ω < 5.0 mm, the crack must be repaired; when 5.0 mm ≤ ω < 10 mm, the crack
should be retrofitted; when ω ≥ 10 mm, the area should be partially demolished and
rebuilt before retrofitting. The following uses the load-bearing wall crack as an example to
introduce the construction of the multi-level model and expression of the information in
detail, as shown in Table 1.

Table 1. Schematic diagram of multi-level expression of damage.

Parameter Lev1 Lev2 Lev3

Expression contents ——

Repair

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 20 
 

measures can vary depending on the degree of damage to the component. Therefore, the 
representation requirements for the model can be different. Accordingly, a multi-level ex-
pression method is used to solve this problem. The multi-level method can retain and 
present damage information in the context of the retrofitting requirements for different 
components. Regarding the relevant code [55] and appraisal results, the components are 
classified into three levels: repair, retrofitting, and reconstruction-retrofitting, based on 
the final retrofitting design. Refer to the above standards, standards of multiple levels of 
detail (multi-LoD) parametric model [56], and multi-LoD BIM models for Wooden archi-
tectural heritage (WAH) components [57], we propose the multi-level expression method 
for the damage and define three accuracy levels: Lev1, Lev2, and Lev3. The objects appli-
cable to the model correspond to these three levels. 

Technical specification for post-earthquake urgent assessment and repair of build-
ings stipulates that for load-bearing walls with a width greater than 800 mm, when a crack 
width ω < 5.0 mm, the crack must be repaired; when 5.0 mm ≤ ω < 10 mm, the crack should 
be retrofitted; when ω ≥ 10 mm, the area should be partially demolished and rebuilt before 
retrofitting. The following uses the load-bearing wall crack as an example to introduce the 
construction of the multi-level model and expression of the information in detail, as 
shown in Table 1. 

Table 1. Schematic diagram of multi-level expression of damage. 

Parameter Lev1 Lev2 Lev3 

Expression contents —— 
 

 

 

 

Repair 

 

 

 

Retrofitting 

 

 

 

Reconstruction-retrofitting 

   

• Lev1 is mainly suitable for components that do not need to be repaired, or that can 
be simply processed. This type of crack generally does not affect the normal use of 
the wall, so the amount of damage can be unclear. BIM engineers only need to mark 
the damaged components in the model with color blocks, e.g., using green, blue, and 
purple to indicate repair, retrofitting, and rebuild/retrofitting. 

• Lev2 is used for retrofitting needs. The length, depth, width, and development shape 
of the crack must be clarified for the retrofitting construction. In the model, a prism 
is used to reflect the length, maximum depth, and width of the crack; in addition, the 

Retrofitting

Reconstruction-
retrofitting

• Lev1 is mainly suitable for components that do not need to be repaired, or that can
be simply processed. This type of crack generally does not affect the normal use of
the wall, so the amount of damage can be unclear. BIM engineers only need to mark
the damaged components in the model with color blocks, e.g., using green, blue, and
purple to indicate repair, retrofitting, and rebuild/retrofitting.

• Lev2 is used for retrofitting needs. The length, depth, width, and development shape
of the crack must be clarified for the retrofitting construction. In the model, a prism is
used to reflect the length, maximum depth, and width of the crack; in addition, the
outline of the crack is reflected, such as “wide in the middle, narrow at both ends”, or
“wide at the top and narrow at the bottom”.

• Lev3 provides more detailed information for the construction of severely damaged
components. This type of component must be partially demolished, rebuilt, and
retrofitted. The development pattern of the crack needs to be depicted in the model.
In addition to the maximum depth and width information contained in Lev2, the
changes in depth and width need to be described to provide more comprehensive
damage information for the retrofitting design.

4.2. Information Collection Templates

To ensure the quality of the information on the post-earthquake buildings, this study
designs a relatively comprehensive information collection template. This template inte-
grates and stores the BIM model, using the method proposed in Section 4.1. It collects basic
information (and damage information) pertaining to buildings, for project crews to view. It
also provides reference methods and models for other projects, to facilitate searching and
reading. This template includes basic information concerning the project, descriptions of
the damaged members, appraisal and analysis results, and retrofitting methods, as well as
pictures, videos, original design drawings, and BIM models of the building. The informa-
tion collection elements are shown in Figure 3. A five-story masonry house damaged after
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the Wenchuan earthquake in Sichuan is taken as an example to explain the information in
the template, as shown in Table 2.

Table 2. Information collection templates.

Basic information

Date of project Original construction date 2010-10 Retrofitting date 2020-05

Building structure Multi-story masonry building

Structural parameters
Floors 5 Area 2001.56 m2

Length Longitudinal length is 30 m, transverse length is 12.6 m

Floorplate Retrofitted concrete
precast hollow slabs Foundation Strip foundation

Location Sichuan, China

Seismic precautionary
intensity 7

Damage

Wall
Component name Load bearing wall, non-load bearing wall

Damage condition Cross crack that has two sharp ends and a wide middle and tends to
develop toward both ends

Damage cause Caused by the main tensile stress

Longitudinal and cross wall
Joint

Component name Two-and three-story longitudinal and cross wall

Damage condition The crack opens along the corner of the wall, wide at the top, and
narrow at the bottom

Damage cause The whole connection is damaged by the overall bending moment
and horizontal shear

Floorplate Damage condition Cracks between plates
Damage cause Lack of adequate connection measures between plates

Structural column ring beam Damage condition Spalling of structural columns’ concrete, yielding of steel, and fine
cracks in some ring beams

Damage cause Low concrete strength during construction

Appraisal results

Subject situation Stable foundation, cracks in most load-bearing members, some
connection damage

Damage degree Medium damage level (C)
Retrofitting recommendations Requires retrofitting measures before safe use

Retrofitting methods

Wall crack

Damage code C-LBW-111

Retrofitting method

(1) Pressure grouting (Cement latex polymer paste);
(2) Retrofitted concrete pin bonding;
(3) Double-sided retrofitted mesh troweled cement mortar surface
retrofitting

Damage code C-LCW-220

Retrofitting method

(1) Seismic retrofitting with collapse-resistant design;
(2) Pressure grouting (High-strength non-shrinkage grout);
(3) Retrofitted concrete pin bonding;
(4) Double-sided retrofitted mesh troweled cement mortar surface
retrofitting

Others Retrofitting method

(1) Strengthen the connection between walls
(2) Strengthen the integrity and rigidity of the floor plates and their
connection to the walls.
(3) Add retrofitted concrete ring beams and structural columns

Medium information

Overall Structure Building information modeling (BIM) model, pictures, and videos of the building
Damaged members Damaged models (code naming), pictures, and videos of members
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Figure 3. Information collection elements.

The content of the template includes five categories, as follows.

• “Basic Information” includes the date of the project, building structure, structural
parameters, area, and seismic intensity. The structural parameters include, but are not
limited to, the number of floors, area, length, type of floor plate, and foundation of
the building.

• “Damage” consists of “Component Name”, “Damage Condition”, and “Damage
Cause”; a detailed inspection of a post-earthquake building is conducted to confirm
whether the site structural layouts and dimensions of the beams and columns are
consistent with the original drawings and designs. It is necessary to check, e.g.,
whether the floor slab has fallen or broken the precast slabs; whether the walls of
each layer are damaged; whether there are cracks in the buttress and/or zones under
the windows of each floor; and whether the foundation is in a stable state. The
“Component Name” specifies each damaged component; the “Damage Condition”
is a detailed description of the damaged part, including cracks, deformation, and
fractures; and the “Cause of Damage” describes the factors leading to the damage.
For example, the “Component Name” of the wall could be a load-bearing wall, the
“Damage Condition” could be a cross-crack with two sharp ends and a wide middle
that tends to develop toward both ends, and the “Cause of Damage” could be the main
tensile stress. If the damaged member cannot be further detailed, the “Component
Name” can be omitted.

• “Appraisal Results” indicates the degree of the damage and corresponding retrofitting
recommendations, as combined with the post-earthquake damage of the building
and relevant standards. There are five damage degrees: basic integrity, minor dam-
age, moderate damage, severe damage, and partial or total collapse. Based on the
code, moderately damaged buildings, severely damaged buildings with restoration
value, and ancient buildings with partial collapses of non-main structures are given
“Retrofitting Recommendations”, and can be used safely after retrofitting.

• “Retrofitting Method” is based on results of the appraisal and damage and is used to
guide the retrofitting of each damaged member. Different types of damage correspond
to different retrofitting methods. For each type of damage, the required information
includes the “Damage Code” and “Retrofitting Method”. For the same kind of damage,
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the corresponding “Retrofitting Method” in the table should be used at the same time.
The “Damage Code” strictly follows the guidelines given in Section 5.1.

• “Medium Information” includes images, videos, and original construction drawings,
along with the BIM model of the building.

5. Code-Based Information Reuse

In the information reuse stage, the search and screening of BIM models is the key. In
order to shorten the data screening time, an information coding method is proposed. The
relevant personnel could retrieve the desired result through the key digits of the component
code. The main types of damage in a post-earthquake structure are cracks and deformation;
therefore, the following section introduces the information encoding method, with these
two types of damage described as examples.

5.1. Encoding System
5.1.1. Code of Crack

Cracks can be divided into wall cracks and structural cracks. Wall cracks include
buttress cracks, cracks in the upper and lower parts of a hole, and cracks in the corners of
the hole. In the case of cracks in a load-bearing wall, for example, different wall widths,
shapes, and widths correspond to different degrees of damage, as shown in Table 3. For
the different cracks, a new coding criterion is defined based on the Omniclass classification,
to classify them by number. The first digit of the code designates the type of damage
as indicated by the initial letter, such as C for “crack” or D for “deformation”. The first
and second digits are connected with a hyphen “-” to facilitate users understanding the
definition of the code, and to prevent confusion between the first and second digits. The
second digit designates the damaged component using an acronym, e.g., LBW stands
for “load bearing wall” and CW stands for “cross wall”. The second and third digits are
connected by another hyphen “-”; the code after the hyphen is expressed using Arabic
numerals. The third digit designates the width of the wall, i.e., 1 for “wall width ≥ 800 mm”
and 2 for “wall width < 800 mm”. The fourth digit designates the type of crack, i.e., 1
for “inclined or cross cracks” and 2 for “horizontal or vertical cracks”. The fifth digit
designates the width of the crack ω, i.e., 1 for “ω < 5.0 mm”, 2 for “5.0 mm ≤ ω < 10 mm”,
and 3 for “ω ≥ 10 mm”. For a damaged component, if one or more digits of the code
after the second hyphen do not need to be expressed, 0 can be used as a placeholder. For
example, C-LBW-220 indicates “horizontal or vertical cracks in load-bearing walls less than
800-mm wide”. For other damage to components outside the cracks of the load-bearing
wall, the codes before the hyphen must conform to the above definition. If there is a
concept not defined above, it is possible to add a new code to the existing code after the
hyphen, and to use numbers from 1 to 9 to define its coding rules under the premise(s) of
the existing standards.

Table 3. Coding guidelines for wall cracks in load bearing wall.

Width of Wall Crack Type Crack Width (ω) Appraisal Result Code

≥800 mm Inclined or cross
cracks

ω < 5.0 mm Repair C-LBW-111
5.0 mm ≤ ω < 10 mm Retrofitting C-LBW-112

ω ≥ 10 mm Reconstruction-
retrofitting C-LBW-113

<800 mm Horizontal or
vertical cracks —— Retrofitting C-LBW-220

5.1.2. Code of Deformation

The deformation of components in earthquake-damaged buildings is mainly reflected
in the tilt or displacement of columns and walls. This section mainly considers the defor-
mation of load-bearing walls as an example and introduces the coding system based on the
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coding rules proposed above. The first digit of the code designates “deformation” with
a capital D. The second digit designates the “load-bearing wall” with LBW, the same as
above. The specific code definitions of the numbers after the second hyphen are shown in
Table 4.

Table 4. Coding guidelines for deformation in load bearing wall.

Wall Height H
Tilt/Displacement

Appraisal Result CodeTop
Displacement

Story
Displacement

H ≤ 10 m

No tilt or slight tilt Repair D-LBW-100

≤H/350 ≤Hi/300 Retrofitting D-LBW-111
>H/350 >Hi/300 Reconstruction-retrofitting D-LBW-122

H > 10 m
No tilt or slight tilt Repair D-LBW-200

≤H/400 ≤Hi/300 Retrofitting D-LBW-231
>H/400 >Hi/300 Reconstruction-retrofitting D-LBW-242

Note: 1. In the table, H is the height of the apex of the structure, i is the story number, and Hi is the i-th interlayer
height. 2. The meanings of the numbers in the code are as follows: (1) For wall height, 1 designates “H ≤ 10 m”,
2 designates “H > 10 m”; (2) 00 designates “no tilt or slight tilt”; (3) For top displacement, 1 designates “≤H/350”,
2 designates “>H/350”, 3 designates “≤H/400”, 4 designates “>H/400”; (4) For story displacement, 1 designates
“≤Hi/300”, 2 designates “>Hi/300”.

5.2. Information Storage

The BIM model and other media data regarding the individual damaged components
should be named after the code as files and stored in the database. This facilitates the
subsequent retrieval of the construction process and provides a basis for finding the same
type of project. In addition to the code, other information of the damaged component
models should be integrated and managed, so that it can be easily viewed by the relevant
crews. In Revit, each component model is associated with a properties tab, which allows
crews to manage the details of the component in an electronic list. This study arranges
the content of the information that needs to be integrated based on the needs of the post-
earthquake retrofitting of buildings, including a unique code for the damage; a detailed
text description of the damage; and component-related parameters, are shown in Figure 4.

Figure 4. Information integration list.

6. AR-Based Construction Guidance

The application of BIM and AR in the post-earthquake retrofitting of buildings is
reflected in the use of AR to visualize the BIM model for damage identification, method
design, retrofitting construction, and completion inspection. AR makes the visualization
process more convenient. According to the functional requirements for different stages,
the corresponding models are retrieved from the BIM model built above. The appropriate
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AR device is selected to realize full-cycle visualization of the BIM models. The following
section introduces the information transmission process in the AR environment, along with
the integration process for the BIM model and AR.

6.1. Information Transfer in AR

The application of the BIM-AR system in the post-earthquake retrofitting of buildings
is mainly reflected as follows. First, an AR viewport is used to view a model of the damaged
member; this provides a basis for determining the retrofitting solution, and for building
the retrofitting model and animation. Second, during the retrofitting construction, an AR
mobile device is used to superimpose the retrofitting model on the actual component, to
thereby provide retrofitting guidance to the construction crews. Third, when problems
such as substandard construction quality or reworking are found during project completion
and acceptance, the AR platform can be used to compare the actual components with the
model, e.g., to identify and correct problems on time.

In view of the application scenario for the BIM model, the transmission process
for related information in the AR environment is shown in Figure 5. The information
transmission in the retrofitting process can be roughly divided into three aspects, as
described below.

Figure 5. Information transfer flow in AR.

• Construction preparation stage. The damage model of the building is retrieved from
the model base and uploaded to the AR system. All designers can use the AR platform
to view the client building to enable remote design guidance and collaboration, as
well as to propose recommendations and methods for retrofitting. According to the
design requirements, retrofitting models and animations are built, integrated, and
stored in the BIM database. Then, all of the information needed during construction is
uploaded to the AR platform for easy viewing.

• Retrofitting construction stage. The construction site is divided into several zones,
based on appraisal recommendations and the retrofitting design. Each area of the
model is installed with an AR reference tracker placed at the appropriate location, so
as to facilitate model matching and spatial positioning on the site. Contractors can
scan a reference tracker through a handheld mobile device to retrieve the model of
the corresponding retrofitted area and can superimpose and compare the physical
component and virtual model. This can help the contractor quickly determine the
location for the retrofitting. The AR visualization of the model provides on-site views
of retrofitting methods for the relevant personnel and can be used by managers to
allocate crews and improve construction efficiency. Construction crews can view
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retrofitting videos and learn by scanning markers arranged in advance, enabling
real-time construction guidance.

• Completion acceptance stage. At the end of the construction phase, the inspectors
must check the quality of the project. If the project quality deviates from the planned
value, the crews mark a screenshot of the problem interface, and send it back to the
system to provide a reference for the management staff (e.g., to analyze and make
decisions in the next step). By retrieving the original model and comparing it with the
feedback, the technicians can adjust the construction plan, and the construction crews
can further strengthen and maintain the building according to their assigned tasks.
Once the project has been completed and accepted, the information in the database
can be updated. The technical design and construction tasks for the next stage are
arranged in the system, and the above process is repeated.

6.2. Information Fusion of BIM and AR

“Integration Definition for Function Modeling” (IDEF0) is a method for graphically
representing the specific steps, operations, data elements, and connections between the
various activities required to complete a task [58]. IDEF0 models comprise of boxes and
arrows. A box represents a system function, and an arrow represents the information
required by the box. This information is composed of four parts: input, output, control,
and mechanism. The process of integrating BIM and AR information is illustrated using
IDEF0 [33], as shown in Figure 6. It encompasses four main activities: collect data about the
building (Node A01), build the seismic model/retrofitting animation (Node A02), upload
the model and animation to the AR platform (Node A03), and view the model/animation
(Node A04).

Figure 6. BIM-AR information combination flow.

As shown in Figure 6, the inputs are the “original building drawings and models”
and “post-earthquake site media information”, and the final outputs are the AR model
usage scenarios for the different retrofitting stages. The implementation of the four func-
tions above is controlled by “BIM basics” and “Post-earthquake building assessment and
restoration basics”, and the “Manager”, "Expert”, and “Designer” are employed as the
mechanisms for driving the implementation of each function. The “Manager” participates
in all activities as the scheduling manager of the project.
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The function “Collect data about the building” operates based on the input infor-
mation. During this period, building-related information is collected according to the
“Information collection template” proposed above, and “Integrated data” is output. This
output will also be used as input for subsequent functions. The above activities should be
performed in cooperation with the “Designer”.

The function “Build the seismic model/retrofitting animation” has “Retrofitting design
scheme” and “Integrated data” as its inputs. The output is “Model and animation”.
To achieve this function, the “Designer”, “Animation engineer”, and “BIM engineer”
must work together to process the model in accordance with the “Damage information
coding guidelines” and “Multi-level expression method of damage”, and must follow the
constraints imposed by the “Appraisal results”.

The input of the function “Upload the model and animation to the AR platform” is the
output “Model and animation” from A02. This function needs to be performed not only by
an “Operator”, but also by using “AR software” and strictly following the “Use rules of AR
platform”. The output of this function is the “AR model”; it can be used by different types
of AR devices and applications and provides input information for the implementation of
subsequent functions.

The function “View model/animation” takes “AR model” as an input to perform its
activities. It can be used for appraisal of seismic damage, analysis of an overall design,
guidance for construction crews, and assistance in completion and acceptance. For different
work purposes, each participant selects the appropriate device, and follows the “Use
rules of AR platform” to output the AR model scenarios for the function. For example,
retrofitting personnel who need to perform “Construction guidance”, i.e., “Construction
crews”, should use “Mobile phone” to view models and animations under the guidance of
the “Use rules of AR platform”.

6.3. BIM-AR Based Visualization Testing

The post-earthquake retrofitting visualization of buildings described above has two
major functions: viewing the BIM model, and simulating an animation of the retrofitting
using mobile devices. A wall damaged by shear was taken as an example for testing
these functions.

According to the method proposed in Section 5.2, Augin® is chosen as the AR platform.
It can operate on mobile device, web pages, and plug-in software. The mobile device for the
AR application can be a tablet or a smartphone. The application system of the smartphone
can be Android or Apple, but all the above devices need to be after 2017. In general, the
more memory space the device has, the smoother the operation will be. Tablets have a
greater advantage in terms of model loading speed, but they are larger and less portable.
Smartphones are slow to load, but easy to get and easy to carry. Smartphones are chosen as
the display tool to facilitate construction. This study uses the iPhone 8 as the mobile device
for the AR application.

The experimental steps are as follows.
Construction preparation phase. Building information models and retrofitting videos

are obtained and uploaded to the AR platform. Managers assign AR application accounts
to construction workers and upload models and videos according to different construction
areas. Workers in the same area have the same account and can see the same model.
Managers upload models and videos on the plug-in software and/or web page, as shown
in Figure 7A–D. To view the model on a real scale, this study uses a reference tracker to
achieve fast localization of the AR model in the real world. In particular, a virtual tracking
mark is placed in the model, as shown in Figure 7F. At the same time, the managers place
physical trackers in advance at the corresponding locations on the construction site, and the
placement locations are different for different construction areas. In addition, they upload
the retrofitting video and the corresponding thumbnails on the web side. The thumbnails
are printed and placed at the location where the retrofitting is needed.
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Figure 7. Uploading data to the AR platform.

Retrofitting construction phase. Once the preparation is complete, the model and
video are synchronized to the AR application on the mobile device. After scanning the
pre-arranged reference tracker on the AR interface, the model appears in the corresponding
position and can be viewed at a ratio of 1:1, as shown in Figure 8. After specifying the
construction location based on the overall model, the crews use the iPhone 8 to view the
BIM model of the local component. The integrated BIM damage information described in
Section 4.1 is presented by clicking on the component, as shown in Figure 9A–C. At any
stage of construction, a video of the retrofitting can be viewed. The video is played by
scanning the thumbnail in the AR interface, as shown in Figure 9D,E. Workers can watch
the video in an AR environment to guide the retrofitting construction.

Figure 8. Viewing the model at 1:1 ratio: (A) Project list; (B) AR model; (C) Identify the reference; (D) View the model at
1:1 ratio.
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Figure 9. Viewing the BIM information and video: (A) Place the model; (B) View the model; (C) View detailed information
of damage; (D) Identify the thumbnail; (E) Display the video.

7. Discussion

The results showed that the main weaknesses of the current retrofitting (namely: poor
management, poor intuitiveness, and weak coordination) can be overcome. This approach
improves the intuitiveness, convenience, collaboration, and intelligence of construction,
providing new ideas for rapid retrofitting. The case study allowed identification of benefits
in adopting the proposed framework. Figure 10 shows the possible outcomes of the
proposed framework. Using the BIM model and AR visualization software, users can
quickly determine the construction location, and learn while working on the site replacing
the traditional training process. This reduces the repetition rate and also improves the
efficiency and quality of task. Users can also view the detailed information of components
anytime and anywhere, which reduces paperwork, avoids unnecessary waste, saves costs,
and improves decision making.

Figure 10. Benefits of the proposed framework.

During the experiments, there are cases where the model takes a long time to load
or even fails to load, which the authors believe is related to the memory of the mobile
device and the size of the model. The above situation usually occurs when viewing the
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overall model, and when loading a single model such as a wall, there is no failure to load.
Replacing a smartphone with a tablet makes the model load significantly faster.

Although it is convenient to use a smartphone as an AR device, there are some
shortcomings when using one to guide construction. Builders have to hold the device with
one hand to view the model and cannot free their hands; this may cause inconvenience in
retrofitting construction.

Another shortcoming of the proposed framework is security issues: working with
mobile AR applications may cause users to lose focus on the surrounding area, which can
be very dangerous on construction sites and lead to safety issues [59]. So, for safety reasons,
workers need to be trained to use the system properly.

8. Conclusions and Future Work

This study presents a visualization method and framework for the application of BIM
and AR in the post-earthquake retrofitting of buildings. Exploiting advantages and help
from the potentials of BIM and AR and their integration, a system has been developed
for integrating multi-dimensional information, guiding the retrofitting construction, and
facilitating collaboration among builders. The visualization process is tested through
experiments, which demonstrate the feasibility of the method.

The results confirm that objectives of improving the intuitiveness and convenience of
retrofitting can be pursued through the proposed retrofitting visualization method. The
multi-level expression method and damage codes integrate the damage into the BIM model
to improve the integration of information. The information collection template identifies
the information required for retrofitting projects, providing a reference for similar projects.

In the framework of the experimental approach followed by the proposed method-
ological examination, the difficulties encountered during the testing phase can also be
considered as positive results and as seeds for further consideration and research work.

Regarding possible future developments to optimize the proposed approach for inte-
grating BIM and AR for retrofitting visualization purposes, a more convenient mobile device
for the AR application such as Hololens would improve the experience, freeing the hands
of construction workers and providing more detailed procedures to guide construction.
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