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Abstract: Bamboo is commonly considered as a green, environmentally friendly material. However, it
appears that bamboo finds limited application in the form of green building materials in the Chinese
construction sector. In order to explain this phenomenon and promote the material’s application, this
study summarizes the benefits of applying bamboo materials and presents an analysis on barriers
affecting the effective application of bamboo materials in this specific building sector. Research data are
collected from both literature surveys and semi-structured interviews with a group of carefully selected
experts from the Chinese building sector. Fifteen characteristic barriers are identified, such as ineffective
action by government departments. An integrative analysis is conducted, including investigation on
the hierarchy structure among characteristic barriers using the interpretive structural modeling (ISM)
method and the classification of barriers from a driving-driven perspective using the Cross-impact
Matrix Multiplication Applied to Classification (MICMAC) technique. This classification provides a
different profile for the characteristic barriers from that of traditional barrier analysis methods. The
findings provide valuable references for helping policy makers and practitioners adopt effective policies
and measures to promote the application of bamboo for green materials in building sector.

Keywords: bamboo; green building material; characteristic barriers; interpretive structural modeling
(ISM); Cross-impact Matrix Multiplication Applied to Classification (MICMAC)

1. Introduction

The construction industry is commonly accountable for various environmental problems [1]. The
most common construction systems employed in almost every project are energy-intensive and emit
high levels of greenhouse gases such as CO,, as they mainly adopt concrete in the form of blocks
and/or other structural elements [2,3]. According to the estimations by the Carbon Dioxide Information
Analysis Center [4], since 2007 China has become the world’s largest CO, emitter. A study by Nandi [5]
showed that the emissions from China represented as much as 68% of total global emission increase
between 2000 and 2010. Others commented that China’s CO, emissions have significant influences on
global climate change [6]. Therefore, promotion of green building materials in China is not only a local
issue but has significant positive impact on global climate.

Bamboo is a typical green material that is fast-growing, lightweight, has high strength, and
is environmentally friendly. For example, carbon emissions can be reduced by using bamboo as
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construction materials. According to previous studies, bamboo can sequester high levels of CO, during
its growth process and can potentially store CO, over the life span of construction projects [7-10].
These studies support findings that proper use of bamboo as a green building material can contribute
to CO; reduction and, in turn, to the reduction of climate change speed.

Traditionally, bamboo has been used largely in simple ways, although it is environmentally
friendly and has been used for building materials for thousands of years. For example, in India, Nepal,
and Bhutan, many bamboo homes called “Ekra” are hundreds of years old and are commonly in forms
of traditional vernacular architecture. Bamboo woven walls are used in these homes to provide a basic
building envelope [11]. These simple and traditional ways of using bamboo, however, are phasing out
in line with the development of steel and concrete materials [12].

In recent years, nevertheless, promotion of sustainable construction is called for in the development
and use of green building materials [13], and bamboo is widely considered a typical type of green
material. In line with this background, application of bamboo as a green building material has
been increasingly occurring internationally [14]. There are increasing numbers of successful bamboo
applications in the construction sector globally, such as the bamboo ceiling in Madrid International
Airport in Spain, the bamboo floors in Clinton Library in the United States, the Tokyo Dong Wu
Department in Japan, and the BMW exhibition hall and the IBM headquarters in Germany [15].
Nurdiah [16] reported that many pedestrian bridges are built with bamboo in Columbia, schools are
built with bamboo in Indonesia, and bamboo scaffoldings are commonly used in Hongkong. Many
aseismic buildings in the earthquake-stricken area of Wenchuan, Sichuan in China are mainly built
with bamboo and wood [17]. Many governments in the world have already introduced various policy
measures to promote application of bamboo for building materials. In Europe, various programs
for promoting bamboo materials have been introduced, for example, “Sustainable Management and
Quality Improvement of Bamboos and Products [18] and “New Bamboo Engineered Bio-material for
Sustainable Building Components” [19] in countries such as the United Kingdom, Germany, Belgium,
and Italy. The government in India launched the “National bamboo mission” in 2006 [20]. The
Chinese government has been promoting bamboo materials through introducing a number of guideline
documents [12], for example, the program of “Replacing wood with bamboo” issued in 2005. The
subject of how to produce and use bamboo as a building material was included as a key research area
in the Chinese 13th Five-Year Plan [21].

However, it seems that the effectiveness of using bamboo as a green building material is not
significant in China, where there is a large amount of natural bamboo. It was estimated that China
has 5.38 million hm? of bamboo forest area [22]. The application of bamboo as a building material in
China is far less than that in other countries [11]. Liu et al. [23] pointed out that the use of bamboo
materials in China is mostly limited to simple handmade products, such as baskets, mats, and curtains.
There are few enterprises specialized in the production and application of bamboo building materials.
Previous studies have suggested various obstacles to the application of bamboo for building materials
in China such as the absence of standards [23] and the traditional bias against bamboo materials [24].
It is interesting to note that, although green building has been promoted since 1992 in China, few
bamboo materials have been used in the promotion process [25,26].

China will continue its urbanization mission for the coming future with 2 billion square meters of
new buildings to be built every year [27]. Considering the huge scale of future building works in China,
effective application of bamboo as a green building material will make significant contributions to the
promotion of sustainable construction. It is very important to understand the barriers that prevent
bamboo from being used in this huge building sector. Without proper understanding of these barriers,
application of bamboo in China will remain limited, the value of green nature embodied in bamboo
materials will be virtually wasted, and the potential of using bamboo for promoting sustainable
construction will be overlooked. Therefore, it is essential to examine these barriers. Based on which
proper measures can be taken to address these barriers, the effective application of bamboo can be
promoted effectively.
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Previous studies have investigated various barriers affecting the application of bamboo materials
from different perspectives, but they mainly concentrated on single perspectives such as physical
or chemical properties of bamboo. Some researchers suggested that the main barriers affecting
the application of bamboo were technology related, such as fire resistance [28,29], lack of research
funding [11,30], insect resistance, and durability of bamboo [23,31]. Other studies have analyzed
barriers in the process of using bamboo, such as a lack of awareness among stakeholders about
the socioeconomic importance of bamboo resources [28], lack of consensus and cooperation among
government departments [23], lack of standards and specifications in the bamboo industry [24], and
the high costs involved in processing bamboo materials [30]. There are several studies that discuss
barriers hindering the application of bamboo from an educational perspective, and these highlighted
barriers include biased cognition about the durability and strength of bamboo materials [24], lack of
teaching materials about bamboo applications [12], lack of training for industrial personnel [32], and
lack of interdisciplinary research on bamboo materials [11]. Some researchers addressed policy-related
barriers affecting the application of bamboo in the Chinese building sector such as the absence of
code of practice in the bamboo industry, lack of incentive policy [30], and the absence of certification
mechanisms for bamboo materials [32].

Existing literature provides some insight on barriers affecting the application of bamboo materials
in the construction sector, but they are largely in fragmented perspectives. It is considered important
to understand these barriers collectively. In addition, the barriers identified in previous studies are
very limited. For example, weak roles and ineffective action by governments have not been considered.
Furthermore, integrated relationships between barriers have not been examined. In fact, integration
between barriers has a significant impact on the application of bamboo materials.

Therefore, this paper aims to summarize the benefits of applying bamboo materials, conduct a
comprehensive investigation on the barriers affecting application of bamboo materials in the context
of the Chinese building sector, and examine the integrated relationships between these barriers.
Investigation results are expected to help concerned stakeholders build a better understanding of
the application of bamboo as a green building material and develop effective measures for applying
the materials in practice. The rest of this paper is organized as follows: Section 2 will discuss the
benefits of bamboo for green building materials. Section 3 will describe the research methods adopted
in this study. Characteristic barriers affecting the application of bamboo in China will be presented
in Section 4. The significance of characteristic barriers will be discussed in Section 5. Section 6 will
produce a hierarchy structure to show the integrated relationships between the identified barriers with
the interpretive structural modeling (ISM) method and intricate relationships between barriers in the
hierarchy will be further analyzed from driving-driven perspective by employing the Cross-impact
Matrix Multiplication Applied to Classification (MICMAC) technique. Discussion and conclusions
will be given in Section 7.

2. Benefits of Bamboo for Green Building Materials

It is important to understand the benefits of using bamboo for green building materials in order
to promote its application. Various existing studies have examined the benefits of bamboo, and these
typical studies are listed in Table 1.

Table 1. Typical literature on studying the benefits of bamboo for green building materials.

References Benefits Identified References Benefits Identified
e  Fast growth in raw materials e  Lessenergy usein
e  Shorter rotation production process
Fang et al. [33] e  Higher mechanical strength Yu et al. [34] . Abl'e t.o consume carbon
e  Abundant and emission during the

sustainable resource growth process
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Table 1. Cont.

References Benefits Identified References Benefits Identified

e  Economical advantage
because of shorter rotation

e  Abundant resource e  Renewable
e  Consumption of CO; and e  Biodegradable
release of oxygen e Sequestering carbon
Puri et al. [35] e  Lessenergy usein Mahdavi et al. [36] e  Low embodied energy
production process e  Creating less pollution
. Pliable, lightweight, excellent in production

tensile strength
e  Low cost

e Sequester high levels of CO, . .

e  Job creation and the e Good economic potential
improxfement of income Seixas et al. [37] . Alf)undar}ce
levels in rural and . Lightweight
urban areas

Escamilla et al. [9]

e  Great mechanical and
aesthetical properties
e Grows quickly
e Good resistance
Laroque [1] against bending Shah et al. [38]
e  Inexpensive
e  Environmentally friendly
e  Lightweight

Light, strong, and versatile
Environmentally friendly
Accessible to the poor
Renewable resource

Fast growing

e Durable and easy to use in its
natural state with
less processes
e  Easy to obtain
e  Simple technical
knowledge required
Good strength
e  Beautiful in its appearance
e  Multiple uses in
building construction
e  Low cost

e  Carbon storage

Mitigating the effect of
climate change
Environmentally friendly
Fast growing

Energy conservation
Reduction of CO, emissions
Biochemical fuel substitution
Short rotation age

High tensile strength

Opoku et al. [39] Chang et al. [40]

By reviewing these studies, the benefits can be classified into five categories: (1) large-scale and
fast growth, (2) lightweight and high strength, (3) low-cost, (4) environmentally friendly, and (5) social
benefit. The details of these benefits are elaborated as follows.

Large-scale and fast growth: Bamboo is one of the fastest growing and widely distributed plants
on Earth [1]. It is mainly distributed in three regions: Asia-Pacific, the Americas, and Africa, and the
Asian-Pacific is the largest in terms of volume of the materials. According to Scurlock [14], there are
more than 180,000 km? of bamboo forest in Asia (half the size of Germany). Bamboo also exhibits
a short rotation age. It has a higher accretion rate than timber and can be logged in every three
to five years. In addition, bamboo harvesting is more acceptable to the general public than timber
harvesting [40]. Because of its large scale and rapid growth, bamboo is a typical renewable and green
material in the building sector.

Lightweight and high strength: Bamboo has been used for building materials in the construction
of millions of houses across the world in the past thousands of years, although these households are
largely in simple structure [11]. This material is lightweight and high-strength, thus it is an alternative
and renewable construction material, which has earned the name of ‘vegetal steel’ [41]. According to
Laroque [1], bamboo is even stronger than steel in tension and bending in certain cases. Other studies
show that bamboo is often used as an alternative to timber and plastic for drainage pipes and storage
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facilities. Application of these materials offers resilient structures that can withstand natural disasters
such as high-velocity winds or earthquakes [12,42].

Low cost: It is commonly appreciated that the cost of raw bamboo materials is low [39]. The
material is used to build simple houses, particularly in many less-developed areas of the world; thus, it
is also called “wood of the poor”. In India, for example, there are low-cost houses with reinforced
and prefabricated bamboo wall panels, and it has been demonstrated that the cost of these bamboo
buildings is very low [35].

Environmentally friendly: Application of bamboo as building materials can not only reduce
the pressure of depleting non-renewable building materials, but it also contributes to energy saving,
reduction of CO, emissions, and the increase of carbon storage [34,43,44]. These characteristics
contribute directly to a better environmentally friendly performance. Lu et al. [45] pointed out that
bamboo planted on sloping farmland has positive effects on water conservation and soil erosion control.
Others appreciated that the application of bamboo as building material can induce lower negative
environmental impacts compared to common building materials such as concrete [10,44].

Social benefits: In referring to socially and economically underdeveloped areas where, at the
same time, bamboo resources exist, the application of bamboo can help local laborers have more job
opportunities and increase their incomes. Social benefits of employing less-educated laborers in the
bamboo industry can be gained, as the skills needed for processing bamboo materials is low [39,46].

In summary, the above discussed benefits from using bamboo can contribute to the promotion of
sustainable construction. Nevertheless, it appears that these benefits have not been effectively utilized
in the contemporary Chinese building sector. Therefore, this study investigates the barriers that restrict
these benefits from being effectively utilized.

3. Research Methods

To achieve the aim of this study, an integrative analysis was conducted by investigating hierarchy
structure and classifying the barriers from a driving-driven perspective. The detailed research methods
were planned as follows.

3.1. Identifying Characteristic Barriers

This research work started with identifying characteristic barriers that restricted bamboo materials
from being applied in the promotion of sustainable construction. Barrier identification was usually
conducted by using a content analysis method [47]. This method is a proven effective method, especially
in the sociological research field, for collecting and analyzing data to identify research problems from
literature content, including websites, databases, official documents, and other existing studies. In this
study, the research team examined a wide range of literature, news reports, official documents, and
a number of authoritative literature databases such as Web of Science, China National Knowledge
Infrastructure (CNKI) database, the official website of International Network for Bamboo and Rattan
(INBAR), and the official website of National Forestry and Grassland Administration. Accordingly,
a comprehensive list of barriers affecting the application of bamboo in the context of China was
formulated through content analyses of the literature collected.

However, barriers identified only through content analysis have limitations, such as the existence
of a high correlation and synonyms between barriers [48]. For example, the barriers “fire hazard of
bamboo” and “fire resistance of bamboo” are synonymous. Therefore, semistructured interviews with
a group of selected experts were organized to assist in selecting characteristic barriers. These experts
had practical experience and knowledge of bamboo materials in the Chinese building sector.

3.2. Integrative Analysis

Integrative analysis was conducted to examine interrelations between the identified characteristic
barriers through the following two processes.
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3.2.1. Establishing the Hierarchy Structure between the Characteristic Barriers

The hierarchy structure between the identified characteristic barriers will be established by
employing the interpretive structural modeling (ISM) method. Sage [49] introduced the ISM method
for explaining the complex relationships between variables. This method has been widely used for
studying and analyzing relationships between different variables in a complex system [48,50].

Other traditional methods for analyzing the hierarchy structure between barriers include mean
value and weighted score, but they cannot provide insight on the intricate relationships among
barriers. Furthermore, traditional methods usually require the collection of data from a large sample of
questionnaire surveys [51,52]. As such, it was difficult to receive a large number of samples because
there were not many experts in the Chinese building sector with sufficient knowledge and experience
in applying bamboo as a building material. For mitigating this limitation, the ISM method was
adopted, which emphasized the quality of responses in the survey process instead of quantity. Ravi
and Shankar [53] opined that the number of quality experts did not have to be large in applying ISM,
for example, it could be as few as two experts.

3.2.2. Barrier Classification from a Driving-Driven Perspective

The Cross-impact Matrix Multiplication Applied to Classification (MICMAC) technique was
used to classify identified barriers based on the measurements of driving power and dependence
power. This method was developed by Duperrin and Godet [54] to study the diffusion of barrier
impacts through reaction paths and loops and develop the hierarchies between barriers. According
to the MICMAC method, some barriers have driving power, others have dependence power (or
driven power). Classifying these two types of barriers can present a clear profile about the intricate
relationships between the barriers [50,55].

The major steps of integrative analysis by using ISM and MICMAC are presented in Figure 1 [47,56].

Content analysis
Semi-structured interviews

v

Identify characteristic barriers
affecting the application of bamboo
aterial in the Chinese building sector

¢

Integrative analysis

\ |

ISM method MICMAC technique

Semi-structured interviews

v

Develop an Adjacency Matrix based
on the contextual relationship (Xi,j)
between the barriers

Calculate the Driving-power and
Dependence-power of the
characteristic

Develop a Reachability Matrix from
the Adjacency Matrix by employing
the MATLAB software

v

Establish hierarchy structure based on
the Reachability Matrix

Figure 1. Procedures in applying interpretive structural modeling (ISM) and the Cross-impact Matrix
Multiplication Applied to Classification (MICMAC) techniques.
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4. Characteristic Barriers Affecting the Application of Bamboo for Green Building Materials

In order to find out the characteristic barriers affecting the application of bamboo, a comprehensive
content analysis was conducted. As a result, a list of typical literature that addressed various barriers
was found [11,12,23,24,28-32,36,39,42,57-59].

By reviewing these research works, these barriers were classified into three categories:
technology-related, application-related, and policy-related barriers. Technology-related barriers
were those encountered in the process of theoretical and experimental research on bamboo materials,
such as mechanical strength and durability. Application-related barriers referred to the problems that
industries or enterprises encountered in practice, such as low level of industrialization for production,
high material cost, and lack of skills. Policy-related barriers referred to policy measures or mechanisms,
such as incentive policies, that promoted or regulated development of the bamboo industry. Details of
these barriers are listed in Table 2.

The representativeness of the barriers in Table 2 was further investigated from the perspective of
the significance of their constraints in the application of bamboo, for which a semistructured interview
survey was conducted.

As the quality of the survey depended on the quality of the interviewees [3], it was important to
ensure that the interviewees were knowledgeable about both bamboo materials and the building sector
in China. In order to identify sufficient and effective interviewees, the research team approached officials
in relevant governmental departments in China, professors in major universities, and practitioners
who had bamboo knowledge and experience. During the survey period of March 2018 to July 2018, the
research team visited the International Network for Bamboo and Rattan (INBAR), Forestry Bureau
of Anji Country, Zhejiang Province, The Chinese University of Hong Kong, Tsinghua University,
and Zhejiang University. The research team conducted discussions with a number of experts and
professionals during the conference “Global Bamboo and Rattan Congress 2018” in Beijing in June
2018. The above research efforts led to discussions with 42 interviewees. However, it was found that
only 12 of them had sufficient knowledge and experience and could provide effective comments about
application of bamboo material in the Chinese building sector. Finally, the authors managed to have
in-depth interview discussions with seven of these experts. The details of these seven experts are
shown in Table 3. These seven selected experts all had good knowledge of and practical or research
experience with bamboo. Their comments and opinions were considered effective for analysis in
this research.

These seven experts were invited to judge which barriers in Table 2 were characteristic and
representative in reflecting the constraints to the application of bamboo in the Chinese building sector.
In order to facilitate effective judgement among the experts, the following questions were designated
for their responses during the discussions:

Are any barriers provided in the list not applicable?
Are the expressions of the barriers proper and understandable? If not, how to revise?
Are there any synonymous barriers? If so, which should be integrated?

L .

Which barriers are representative in influencing the application of bamboo materials in building
sectors? And why?

5. In addition to the barriers given in Table 2, are there other barriers important but missed? If so,
please help to list them.

Experts were requested to judge the significance of representativeness of each barrier. Having
received the responses from the interview experts, the authors carefully analyzed the feedback. As a
result, a list of 15 barriers, as shown in Table 4, were filtered as characteristic barriers that restricted
bamboo application in the Chinese building sector.
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Table 2. Barriers affecting bamboo application in the building sector.

Category Barriers Affecting Bamboo Application
e  Lack of study on fire resistance
e Lack of systematic experimental research e Lack of research e}nd innovation about connection methods
e  Little research on restoring force model and deformation ¢ Lackof constru.ctlon safety. . ) .
e Lack of calculation theory and design method e Lackof pre.cautlons for moisture and dimensional stability
e  Few studies on seismic performance *  Poor ad.hesw,es .
e Lack of safety performance evaluation methods for using bamboo o [lLess 1Tehable n cormectlon§
Technology Related Barriers e  Single geometric shape ° Requlremer.lt. for preservation
e  Less reliable in connection * P(.)OF dura?)lhty . ..
e Moth, corrosion, and mildew e  Difficulty in forming strong joints
e  Single perspective of appearance * Dllfﬁculty n qu.ahty CO],ntrOl
e  Little in-depth study of material properties s Highly susceptible to fire . .
e  Inadequate bamboo processing techniques
e  No software to assist analysis and design
e Lack of local expertise in using bamboo
e Lack of awareness among stakeholders about the socioeconomic e  Low energy efficiency
importance of bamboo resource e  High cost
e  Low level of industrialization for production e  Difficult for deep processing
e Lack of construction norms e  Limited knowledge of bamboo and lack of expertise in construction
e Lack of recognition and policy incentives from the government e  Lack of training for industrial personnel
e Lack of relevant design specifications and standards e Lack of professional knowledge and technical level of employees
e Lack of relevant laws and regulations e  Lack of knowledge in bamboo detailing
e Lack of supportive policies e  No unified education system of bamboo and wood structure
Application Related Barriers e  Lack of industrial planning and marketing planning for e Lack of interdisciplinary cooperation
bamboo application e  Very limited market for bamboo application
e  Poor knowledge on cultivation of good bamboo e  Lack of industrial associations and construction certification bodies
e Lack of research funds for bamboo building materials e No intermediary organization or broker team
e  High cost due to less participation by enterprises e  Less knowledge about modern bamboo structure design for
e  Lack of leading enterprises construction and engineering between professionals
e  Lack of bamboo materials market e Lack of promotion
e  Lack of technology energy saving in the application of bamboo o

Traditional bias against bamboo application
Less awareness of bamboo’s potential benefits

Policy Related Barriers

Lack of code of practice in the bamboo industry
Lack of incentive policy

No mechanism for technology transfer
No certification mechanism for bamboo materials
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Table 3. Interview participants.

Interviewee Code Work Organization Job Position Interview Venue  Interview Method
A International Network Task Force Beiiin Face-to-face
for Bamboo and Rattan Coordinator g
B Zhejiang University Professor Zhejiang Face-to-face

International Bamboo .
C Architecture Biennale Curator Shanghai Face-to-face

The Chinese University
D of Hong Kong & Doctoral Candidate Hongkong Face-to-face
Tsinghua University

Kunming Architectural

E Design & Research D?rlllti};cilef Kunming Face-to-face
Institute Co., Ltd. ginee
Anji Zhujing Bamboo . "
F Technology co., Ltd. Chairman Zhejiang Face-to-face
G Ganzhou sentai Bamboo General Manager Jiangxi Face-to-face

Co., Ltd.

Table 4. Characteristic barriers restricting bamboo application in the Chinese building sector.

Representatives Barriers

B1 Durability

B2 Knowledge about bamboo application

B3 Industrialization for production

B4 Ineffective action by government departments
B5 Standards and specifications

Bé Enterprise participation

B7 Research and development (R&D)

B8 Production Costs

B9 Education

B10 Traditional bias against bamboo application
B11 Limited market for bamboo application
B12 Certification mechanism for bamboo materials
B13 Code of practice in bamboo industry

B14 Incentive policy

B15 Technology transfer mechanism

5. The Significance of Characteristic Barriers in Constraining the Application of Bamboo as a
Green Building Material

5.1. Durability (B1)

Durability of bamboo is the primary concern for its application, especially in structural works [58].
Bamboo materials are often prone to moth, corrosion, and mildew in untreated conditions, which leads
to damage of the mechanical properties of the materials [60]. Therefore, the material is commonly
considered to have poor durability. Expert A echoed in the interview that bamboo material often
had a short lifespan because of its poor durability. As further echoed by Expert G, the durability of
bamboo was a major concern for customers to choose it as building materials. As Expert G further
commented, customers would consider using bamboo materials if the materials had a lifespan of more
than 20 years, especially for structural works. Nevertheless, there is limited study and technology to
support that bamboo durability could enable a workable lifespan of more than 20 years. This is why
the barrier ‘Durability” is one of the most characteristic barriers in constraining bamboo from being
applied in the building sector.
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5.2. Knowledge About Bamboo Application (B2)

It appeared that knowledge about bamboo applications was fragmented. There was no systematic
theory and method for guiding the design, construction, and maintenance of applying bamboo. In the
discussion with Expert D, a case was reported that a plan for building a 20 m long bamboo bridge was
given up because no designer was available who knew how to design the bridge by using bamboo.
According to the discussion with Expert F, there was no effective method for maintenance work of
bamboo structures. Thus, customers had less confidence in choosing bamboo materials. Both Experts
C and D pointed out that there was little knowledge about the nature and application of bamboo
among the public, which was a major constraint to the promotion of bamboo application.

5.3. Industrialization for Production (B3)

Currently there is no industry for processing bamboo materials, thus the production cost is very
high. It is commonly appreciated that industrialization can help improve product quality, reduce
production cost, cut construction waste, and shorten the construction period [61,62]. Nevertheless,
as all the interviewed experts echoed, there was no technology or facility for manufacturing bamboo
materials. In other words, the advantage of industrialization, a high production efficiency, cannot be
currently utilized in bamboo material applications. Therefore, the material is less applied in practice.

5.4. Ineffective Action by the Government Department (B4)

The government is the policy maker and should play a vital role in promoting the application of
bamboo materials, especially in the initial stage of promotion. However, as pointed out by Expert A,
there was insufficient promotion from government departments. Without this plan, relevant norms
and specifications on the application of bamboo materials cannot be established; consequently, the
promotion of using bamboo is constrained. Furthermore, as pointed out by Expert A, there was lack of
coordination between relevant government departments on the use of bamboo as a green building
material. For instance, the National Forestry and Grassland Administration is very supportive of
applying bamboo as building materials; they issued the policy paper “National bamboo industry
development plan (2013-2020)”. However, the Ministry of Housing and Urban-Rural Development
and the Ministry of Transport did not have policies to endorse application. This lack of coordination
between government departments significantly constrains the promotion of bamboo.

5.5. Standards and Specifications (B5)

The quality of bamboo application will be protected if there are proper standards and specifications.
Wang [24] suggested that the standards and specifications were the preconditions for bamboo to be
used on large scale. Nevertheless, there are no such standards and specifications in China at present.
The absence of standards and specifications contributes to the lack of confidence in using bamboo
among building clients. Expert G pointed out that there was great resistance on the application of
bamboo in the design and construction stages because there were no standards and specifications.
Those enterprises who wish to use bamboo have to spend a lot of extra resources to demonstrate
that bamboo is feasible and effective for use as a building material. Expert G mentioned that tens
of thousands of dollars were needed to present an application demonstration. Liu and Oliver [11]
reported that the application of bamboo materials for construction in Europe, Southeast Asia, and
South America could be promoted largely because of the development of standards and specifications.
Therefore, it is essential to establish standards and specifications in the Chinese construction sector in
order to promote development of bamboo application.

5.6. Enterprise Participation (B6)

There are very few enterprises that participate in the bamboo material industry in China. According
to Expert G, some enterprises realized the potential market of bamboo materials and started to plan
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business in the field, but the number of such enterprises was very small. Lack of enterprise participation
leads to lack of vitality in the market, and enterprises will not be attracted to technological innovation.
In addition, as pointed out by Expert D, lack of enterprise participation would directly affect production
efficiency and cost, and it would further affect the application of bamboo materials. Expert D’s team
could not even find a factory that specialized in bamboo processing in the local market. This forced the
team to spend a lot of time and money on buying processed bamboo from external provinces. It was
unanimously acknowledged by all experts that limited enterprise participation was one of the most
important constraining barriers in the bamboo construction market.

5.7. Research and Development (R&D) (B7)

Lack of in-depth research and development (R&D) is one of the barriers to improving bamboo
production efficiency. R&D in technological processes and equipment for production of bamboo
materials can help improve the quality of bamboo materials, reduce labor cost, and improve efficiency.
In line with this, the scope of bamboo application can be extended. As pointed out by Expert C,
companies and designers need up-to-date knowledge of applying bamboo in order to meet the needs of
target customers. At present, R&D for bamboo products in the building sector is very limited. Expert
C further commented that a large number of enterprises could only produce bamboo flooring, bamboo
ceiling, and other simple products. Expert F also emphasized that building projects needed more
complex bamboo products (e.g., bamboo partition wall or a multi-layer bamboo structure). However,
the market offers very few complex bamboo products, and intensive R&D programs are needed to
overcome this barrier. Both the number of enterprises with an R&D department and the amount of
Ré&D investment are far from sufficient for developing complex bamboo products.

5.8. Production Costs (B8)

Raw bamboo materials have competitive cost advantages because bamboo grows quickly. However,
the cost advantage of bamboo materials disappears as the work required to process raw bamboo
material is largely done manually, including cutting, transporting, processing, and constructing. As a
result, a low efficiency and high labor costs are induced in bamboo production [23]. As bamboo has no
explicit cost advantage compared with other alternative materials, its application is largely restricted.
In a project led by Expert D, the cost for processed bamboo materials was four times higher than that of
raw bamboo materials. The expert further pointed out another case, where a developer decided to use
wood instead of bamboo to build cottages because the price of processed bamboo material was higher
than wood in market quotes. The above discussion shows that high production cost is a significant
barrier to the application of bamboo in the Chinese building sector.

5.9. Education (B9)

There are no training programs on bamboo applications for architects, engineers, or craftsmen. The
market demand for bamboo products is limited in China, and neither vocational training institutions
nor colleges or universities provide relevant education. As pointed out by Expert D, the number of
employees engaged in bamboo construction was very small. They further shared that when their
company planned to build a house and a bridge with bamboo, it was difficult to find proper local
architects and craftsmen. The company had to spend a lot more to invite a bamboo craftsman from
another province to lead local carpentry staff. The little education received by architects, engineers, and
craftsmen about bamboo applications makes them unable to understand advantages of the material.
The absence of education programs limits the cultivation of talents and, thus, hinders application of
bamboo in the construction industry.

5.10. Traditional Bias Against Bamboo Application (B10)

By traditional perception, bamboo materials are mainly used in economically undeveloped areas
for providing basic accommodation for local residents. The materials are normally put through basic
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processing; thus, the price of the material is low, but it has poor durability. As a result, bamboo
sometimes is called the ‘wood of the poor’ [11]. With this perception, virtually no residents nowadays,
both in urban and rural areas, are willing to live in bamboo buildings, as they do not want to be
perceived as ‘poor’. As pointed out by Expert G, when it came to bamboo building materials, customers
would often consider it cheap, nondurable, and unfashionable. Actually, the durability and aesthetics
of processed bamboo material have largely improved nowadays. It is traditional bias and lack of
understanding of bamboo that causes customers to give up bamboo as a green building material.

5.11. Limited Market for Bamboo Application (B11)

Customers for bamboo materials in the construction market are limited. On one hand, customers
know very little about the benefits of bamboo buildings because there is limited publicity of the
materials. On the other hand, designers often do not suggest bamboo as a building material because of
their limited knowledge about the materials. According to Expert C, there were few bamboo material
markets in China, except for some places only for the trade of raw bamboo such as Luzhou in Sichuan
province. It can be seen that limited knowledge and promotion of bamboo materials restrains bamboo
market development.

5.12. Certification Mechanism for Bamboo Materials (B12)

Certification is a mechanism to certify that a certain type of material or product meets quality
requirements. Currently, there are no relevant certification standards in China for bamboo material
products [32]. Although bamboo is widely recognized as a green building material, it is not listed
in the green building standards implemented in China. Consequently, even those in favor of green
building materials will not choose bamboo, as echoed by Expert E and Expert G. Without certification,
customers have no confidence in choosing bamboo for building materials.

5.13. Code of Practice in the Bamboo Industry (B13)

Typical codes of practice in the construction market include measures to punish companies for
violation of market practice and measures to constrain unfair or illegal behaviors in the market [30].
There is no such code of practice for bamboo application in China. Without this, it is difficult to ensure
healthy operation of the bamboo construction market. Expert D pointed out that enterprises did not
carry out adequate bamboo corrosion treatment in order to reduce production costs. Consequently,
the quality of bamboo products cannot be protected. These behaviors are often not punished because
there are no regulations or codes available. According to Gresham’s Law, that bad money drives
out good [63], these bad-behavior enterprises disrupt the operation of the bamboo materials market.
Other researchers also pointed out the importance of codes for applying bamboo materials in order
to promote bamboo application [30]. In current practices in the Chinese building sector, there is
no mechanism to ensure good quality bamboo material. Consequently, the application of bamboo
materials is restrained.

5.14. Incentive Policy (B14)

It is important to introduce certain incentive policies by the government that aim at encouraging
enterprises to operate their business in the bamboo material market. Expert E shared that currently
there were some economic incentive measures introduced by local governments in the Chinese building
sector, such as subsidies and tax refunds. However, they further pointed out few enterprises considered
those incentive policies helpful because of the strict preconditions imposed by government, the long
payback period of subsidies or tax refund, and the low tax refund rate. The existing incentive policy
was not effective, echoed by Expert E. This constrained the application of bamboo materials as a result.
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5.15. Technology Transfer Mechanisms (B15)

Technology transfer is one of the most direct and effective ways to promote economic development
by applying advanced technologies [30]. this mechanism consists of transferring or disseminating
technology from the places of its origin to a wider distribution among more users. There are a lot
of technologies developed by researchers on the application of bamboo materials, and the effective
transfer of these technologies could help enterprises avoid repeated research and promote direct
use of these technologies. However, as Expert E pointed out, their enterprise has no channels for
establishing cooperative relations with universities where they believed mature technologies about
bamboo materials were available. Their company had to spend extra time and costs on developing
bamboo processing technologies if they wanted to apply these materials. It can be seen that without
technology transfer mechanisms, mature technology has less chance to be applied. Repeated R&D
activity costs more resources. This concludes that the lack of a technology transfer mechanism hinders
the application of bamboo in the construction industry.

6. Integrative Analysis of the Characteristic Barriers

Next, an integrative analysis is given on the hierarchy structure among the characteristic barriers
using the ISM method and the classification on the barriers from the driving-driven perspective using
the MICMAC technique.

6.1. The Hierarchy Structure between the Characteristic Barriers

The ISM method was used to establish a hierarchy structure between the identified 15 characteristic
barriers affecting the application of bamboo materials in the Chinese building sector. The structure
was helpful in understanding the interrelations among the barriers.

6.1.1. Establishment of an Adjacency Matrix

According to the ISM method, an adjacency matrix is used to present contextual relationships
between identified barriers. Contextual relationships are usually established by collecting expert
opinions [47]. In order to understand interactive relationships between barriers, a contextual
relationship of “direct influence” was used to indicate that one barrier directly influenced another
barrier. For example, Barrier « influences Barrier 3, and Barrier 3 influences Barrier y. In this case,
the relationship between Barrier o and Barrier 3 is a direct influence, and the relationship between
Barrier o and Barrier vy is an indirect influence. On the other hand, direction of “influence” needs to
be considered. For example, Barrier « affects Barrier 3 directly, but Barrier 3 may not directly affect
Barrier «.

According to principles of the ISM method, the qualitative description between barriers can be
transformed into a binary matrix, called an “adjacency matrix”, in which the qualitative description
of the relationship between two barriers will be expressed with 1 or 0. The rules for defining this
expression are as follows:

(i) If Barrier o has a direct influence on Barrier 3, then the («, ) entry in the adjacency matrix will
be 1, otherwise the entry will be 0;

(ii) If Barrier 3 has a direct influence on Barrier «, then the (3, &) entry in the adjacency matrix will
be 1, otherwise the entry will be 0;

(iii) If Barrier « has a direct influence on Barrier 3, and at the same time Barrier § has direct influence
on Barrier «, then both the entries («, $) and (3, «) in the adjacency matrix will be 1.

The seven experts who participated in the interview discussions in the earlier stage were
approached through emails to assist in assessing the contextual relationships between the 15
characteristic barriers. The experts conducted the pairwise comparison on the 15 barriers by responding
to the question “Do you think Barrier « directly affect Barrier 3?”. As different experts may judge the
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relationship differently, the final results from expert opinions were based on the principle of “The
minority gives way to the majority”. As a result, contextual relationships between the 15 representative
barriers were established in an adjacency matrix, as shown in Table 5.

Table 5. The adjacency matrix (A) between 15 representative barriers.
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6.1.2. Establishment of a Reachability Matrix

The adjacency matrix in Table 5 demonstrated direct relationships among these 15 representative
barriers. However, the adjacency matrix could not tell the indirect relationships between barriers. A
reachability matrix, which was produced through conducting power iteration analyses based on the
adjacency matrix, could tell both direct and indirect relationships in a matrix. A reachability matrix
will be obtained when the following equation is met:

R=AK=AK11K>1,

where R is the reachability matrix and A is the adjacency matrix. The power iterations were conducted
with MATLAB. As a result, the reachability matrix in this study was obtained, as shown in Table 6.
The entries with the value of 1 represented that the corresponding two barriers had either direct or
indirect relationships.

Table 6. The reachability matrix (R) between 15 representative barriers.
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6.1.3. Establishment of a Hierarchy Structure

In order to establish the hierarchy structure between the 15 barriers, level partitions of each
barrier needed to be first identified. Results of the level partitions of the 15 barriers are shown in
Tables 7, 8 and A1-A5, with each table including the columns of reachability set, antecedent set,
intersection set, and level. The process of partition analysis is discussed as follows:

Table 7. Level 1 partition.

Barrier Reachability Set Antecedent Set Intersection Set ~ Level

1 1,2,6,7,8,9,10,11 1 1

2 2,6,7,8,9,10,11 1,2,3,4,56,9,10,12,13,14 2,6,9,10

3 2,3,6,7,8,9,10,11 3 3

4 2,4,5,6,7,8,9,10,11,12,13,14,15 4 4

5 2,5,6,7,8,9,10,11,13 4,5,12 5

6 2,6,7,8,9,10,11 1,2,3,4,56,9,10,12,13, 14 2,69,10

7 7,11 1,2,3,4,56,7,9,10,12,13, 14 7

8 8,11 1,2,3,4,5,6,8,9,10,12,13, 14 8

9 2,6,7,8,9,10,11 1,2,3,4,56,9,10,12,13, 14 2,6,9,10

10 2,6,7,8,9,10,11 1,2,3,4,56,9,10,12,13, 14 2,6,9,10

11 11 1,2,3,45,6,7,8,9,10,11, 12,13, 14 11 L1
12 2,5,6,7,8,9,10,11,12,13 4,12 12

13 2,6,7,8,9,10,11,13 4,5,12,13 13

14 2,6,7,8,9,10,11, 14 4,14 14

15 15 4,15 15

Table 8. Level 2 partition.

Barrier. Reachability Set Antecedent Set Intersection Set  Level

1 1,2,6,7,8,9,10 1 1

2 2,6,7,8,9,10 1,2,3,4,56,9,10,12,13, 14 2,6,9,10

3 2,3,6,7,8,9,10 3 3

4 2,4,5,6,7,8,9,10,12,13,14,15 4 4

5 2,5,6,7,8,9,10,13 4,5,12 5

6 2,6,7,8,9,10 1,2,3,4,5,6,9,10,12, 13, 14 2,6,9,10

7 7 1,2,3,4,5,6,7,9,10,12,13, 14 7 L2
8 8 1,2,3,4,5,6,8,9,10,12,13, 14 8 L2
9 2,6,7,8,9,10 1,2,3,4,5,6,9,10,12,13, 14 2,6,9,10

10 2,6,7,8,9,10 1,2,3,4,5,6,9,10,12,13, 14 2,6,9,10

12 2,5,6,7,8,9,10,12,13 4,12 12

13 2,6,7,8,9,10,13 4,5,12,13 13

14 2,6,7,8,9,10, 14 4,14 14

15 15 4,15 15 L2

(1) Reachability Set

The reachability set for one specific barrier consisted of the barrier itself and the other barriers it
reached, called reachable barriers. A single barrier’s reachable barriers were those with a value of 1
in the row corresponding to the concerned barrier in the reachability matrix in Table 6. For example,
concerning Barrier 1, its reachable barriers included B2, B6, B7, B8, B9, B10, and B11. So, the reachability
set for B1 consisted of B1, B2, B6, B7, B8, B9, B10, and B11. As a result, the reachability sets for all
barriers could be obtained, as shown in the column “Reachability set” in Table 7.

(2) Antecedent Set

The antecedent set for one specific barrier consisted of the barrier itself and the other barriers
which it reached, called reached barriers. A single barrier’s reached barriers were those with the value
of 1 in the column corresponding to the concerned barrier in the reachability matrix in Table 6. For
example, concerning Barrier 5, its reached barriers included B4 and B12. So, the antecedent set for B5
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consisted of B4, B5, and B12. As a result, the antecedent sets for all barriers were obtained, as shown in
the column “Antecedent set” in Table 7.

(3) Intersection Set

The intersection set for one specific barrier consisted of the common barriers in both its reachability
set and antecedent set. For example, the intersection set for B1 consisted of Bl in Table 6. As a result,
the intersection sets for all barriers were obtained, as shown in the column “Intersection set” in Table 7.

(4) Identification of Level Partition between Barriers

Based on the above analysis, those barriers to which the reachability set was the same as the
interaction set were identified. For example, it can be seen from Table 7 that B11 had the same
reachability set and intersection set. This barrier was partitioned as a Level 1 barrier. According to the
principles of ISM, the Level 1 barrier, namely B11, would be discarded from Table 7 in further analysis.
The further partition process was conducted based only on the remaining barriers listed in Table 8. By
analyses of the reachability set, antecedent set, and intersection set in Table 8, Level 2 barriers will be
identified, namely, B7, B8, and B15.

A similar analysis process was conducted to identify other remaining barriers at Levels 3, 4, 5, 6,
and 7, as shown in in Appendix A. The results of level partitioning are summarized in Table 9.

Table 9. Summary of level partition results.

Level Barriers
L1 B11—Limited market for bamboo application
B7—Research and development (R&D)
L2 B8—Production Costs

B15—Technology transfer mechanism

B2—Knowledge about bamboo application
B6—Enterprise participation

L3 B9—Education
B10—Traditional bias against bamboo application

Bl—Durability

L4 B3—Industrialization for production

B13—Code of practice in the bamboo industry
Bl4—Incentive policy

L5 B5—Standards and specifications

L6 B12—Certification mechanism for bamboo materials

L7 B4—Ineffective action by government departments

By using the information in Table 9, the ISM-based hierarchy structure between the 15 barriers
was obtained, as shown in Figure 2.

It can be seen from Table 6 and Figure 2 that the top-level (L7) barrier 4 (Ineffective action by
government department) was the most essential barrier affecting the application of bamboo materials
in the Chinese building sector. In other words, the effectiveness in addressing this barrier will influence,
to a large extent, application of bamboo. Barrier 4 refers to a healthy development environment
for enterprises by establishing certification mechanisms (B12) and standards (B5). On the other
hand, the Level 1 barrier B11 (Limited market for bamboo application) was at the bottom of the
ISM hierarchy, indicating that this barrier was a superficial barrier and was affected by all other
barriers. Intermediate-level barriers, like durability (B1) and industrialization for production (B3),
affected consumers’ traditional bias (B10) on bamboo building materials; thus, it ultimately affected
market demand.
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Figure 2. The hierarchy structure of the 15 representative barriers.

6.2. Barrier Classification by the Cross-impact Matrix Multiplication Applied to Classification
(MICMAC) Method

In referring to the hierarchy structure of Figure 2, classification between the barriers can be
further examined by investigating their driving power and dependence power by using the technique
MICMAC. The application of MICMAC was based on the reachability matrix in Table 6. The driving
power for a particular barrier referred to the total number of the barriers affected by it, which could be
calculated by adding together all the entry values of the row corresponding to the concerned barrier in
the reachability matrix. For example, by referring to Table 6, the driving power of Bl was 8. On the
other hand, the dependence power (driven power) of a specific barrier referred to the total number of
the barriers affecting this individual barrier, which could be calculated by adding together all the entry
values of the column corresponding to the concerned barrier in the reachability matrix. For example,
in Table 6, the dependence power of Bl was 1. As a result, all barriers’ driving power and dependence
power can be obtained, as shown in Table 10.

Table 10. Driving power and dependence power of the representative barriers.

Bl B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 Bl4 B15

Driving Power § 7 & 13 9 7 2 2 7 7 1 10 8 8 1
Dependence Power 1 11 1 1 3 11 12 12 11 11 14 2 4 2 2

By using the information in Table 10, each barrier can be positioned in a two-dimensional diagram,
as shown in Figure 3.

According to Duperrin and Godet [54], the barriers in Figure 3 were classified into four categories:
autonomous barriers, dependent barriers, linkage barriers, and driving barriers.

Autonomous barriers: These barriers were weak both in driving power and driven power. They
were relatively disconnected from the system they belonged to, within which they had few links. By
referring to Figure 3, B15 was in this area. This indicated that the relation between B15 (Technology
transfer mechanism) and other barriers was weak from the perspective of affecting bamboo material
application in the Chinese building sector.



Sustainability 2019, 11, 2493 18 of 23

3
15
14
2
B1 B4
12 2l J
Driving Linkage
11
8
L | B12
ED)
85
& . 8- 8
® B1,B3B14 | B13 %
2|
£ B82,86,89,810
=) b y
6
5
. Autonomous Dependent
3
3
2 B7,88
t B15 B11
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Dependence Power

Figure 3. Driving power and dependence power of the barriers.

Dependent (driven) barriers: These barriers had weak driving power but strong dependence
power, including B2, B6, B7, B8, B9, B10, and B11, as shown in Figure 3. Their effects on the application
of bamboo materials depended largely on other barriers. In other words, if other barriers were
addressed, these dependent barriers would be also addressed accordingly. So, it was generally accepted
that these barriers were not crucial, and they were located in lower parts of the hierarchy structure.

Linkage barriers: These barriers were strong both in driving power and dependence power. They
were sensitive barriers in that any action on these barriers would have effects on other barriers and
also feedback on themselves. There were no linkage barriers between the identified representative
barriers according to Figure 3.

Driving barriers: These barriers had strong driving power but weak dependence power, including
B1, B3, B4, B5, B12, B13, and B14, as shown in Figure 3. They had the capability to influence other
barriers. These barriers had strategic effects in promoting bamboo material application in the Chinese
building sector, and they should be given the highest priority in designing policies for promoting
bamboo application.

7. Discussion and Conclusions

7.1. Discussion

It can be observed from Figures 2 and 3 that “driving barriers” are in upper levels in the hierarchy
structure, including B4 (Ineffective action by government department), B12 (Certification mechanism
for bamboo materials), B5 (Standards and specifications), Bl (Durability), B3 (Industrialization for
production), B13 (Code of practice in bamboo industry), and B14 (Incentive policy). This suggests
that priority measures and actions should be taken to address these barriers in order to promote the
application of bamboo materials. In particular, B4 should be given top priority for consideration, as it
is positioned in the top level (L7) and has the largest driving power.

Furthermore, B12 (Certification mechanism for bamboo materials) and B5 (Standards and
specifications) are also important driving barriers. The driving significance of these two barriers
has been appreciated in previous studies, arguing that the certification mechanism, standards, and
specifications for bamboo materials play important roles in the application of the materials in the
construction field [11,32]. Without standards and specifications, these materials cannot be applied
in the industry. However, in China, according to the discussion with Expert G, bamboo enterprises
are mostly small or medium-sized, and they have little influence on establishing these standards
and specifications. Therefore, it is important for the Chinese government to guide the process of
establishing the standards and specifications in order to promote the application of bamboo.
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In referring to Figure 3 and Table 5, B1 (Durability) and B3 (Industrialization for production) have
driving effects because they will affect B10 (Traditional bias against bamboo application) directly, and
B10 is an important prerequisite for consumers to accept bamboo as building materials. Meanwhile,
the promotion of bamboo in construction requires incentives (B14) such as financial subsidies, tax
reductions, or low-rent workshops to encourage private capital and enterprises to join the industry.
Furthermore, a mechanism of fair competition, regulation, and restriction (B13) should be created to
ensure healthy development of the industry.

In referring to the seven dependent barriers (driven) (B2, B6, B7, B8, B9, B10, and B11) in Figure 3,
they are superficial influence barriers. Their effects on the application of bamboo are influenced
by those driving barriers. If the driving barriers can be well addressed, the performance of these
dependent barriers will be improved accordingly. For example, it can be observed from Table 5 that the
performance of dependent barrier B6 (enterprise participation) is largely determined by the driving
barrier B4 (Ineffective action by government department). And if B4 (Ineffective action by government
department) provides strong support to the dependent barrier B9 (Education), the performance of
dependent barriers B2 (knowledge about bamboo application), B10 (traditional bias against bamboo
application), and B11 (limited market for bamboo application) will be improved accordingly.

The barrier B15 (Technology transfer mechanism) is classified as an autonomous barrier, as shown
in Figure 3. It is relatively independent, and not affected by other barriers. In other works, it is less
associated with other barriers. Its driving and dependence effects are very weak. This means that
technology transfer mechanisms can facilitate promotion of bamboo applications without the support
of other barriers in the system. Ye et al. [30] echoed that technology transfer is a direct and effective
approach to contribute to the development of a specific sector.

7.2. Conclusions

In the context of sustainable construction, the application of bamboo as a green material in the
construction field has broad prospects. Benefits of applying bamboo as a green material have been
summarized in this paper from five perspectives: large-scale and fast growth, lightweight and high
strength, low-cost, environmentally friendly, and social benefits. However, because of the stagnation of
bamboo material development in China, this application has encountered various barriers to overcome
in the current Chinese building sector. This paper found 15 characteristic barriers. By using the ISM
method, these barriers were structured in a hierarchy, which was further classified into various clusters
in a two-dimensional (driving-driven power) diagram through applying the MICMAC technique.

It was found that ineffective action by the government department was the most essential barrier
affecting the application of bamboo materials in the Chinese building sector. Besides that, barriers with
strong driving powers for the application of bamboo materials included certification mechanisms for
bamboo materials, standards and specifications, durability, industrialization for production, incentive
policies, and code of practice in bamboo industry. The barriers with strong dependencies on other
barriers included a limited market for bamboo application, production costs, research and development,
production costs, knowledge about bamboo applications, enterprise participation, education, and
traditional bias against bamboo applications.

The findings from this study provide valuable references to help decision-makers formulate
effective policies for promoting the application of bamboo materials; therefore, this paper contributes
to the development of sustainable construction in the context of China. The establishment of
hierarchy between barriers provides essential information for identifying focal areas to be addressed.
Understanding these characteristic barriers and their hierarchy structure helps top-level authorities
make effective policies, standards, and regulations to guide the development of bamboo materials in
the building sector. Furthermore, it can also guide practitioners for their participation in applying
bamboo materials effectively. If these barriers can be addressed effectively, bamboo materials will be
expected to play a very active role in practicing sustainable construction in the future Chinese building
sector. Promotion of green building materials in China is not only a local issue, but it has a positive
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impact on global climate. Theoretically, this study contributes to the development of literature on the
discipline of bamboo material application.

The authors acknowledge the limitations of this study. Firstly, the sample size is not quite large.
Secondly, this paper focuses on the study of barriers affecting the application of bamboo materials only
in the context of the Chinese building sector. Thirdly, specific solutions to mitigate barriers have yet to
be studied. For future research, the quality of this study can be improved by increasing the sample
size. Furthermore, future research could examine solutions for mitigating application barriers such as
effective policy instruments and extending the research scope to the global level.
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Appendix A
Table Al. Level 3 partition.
Barrier Reachability Set Antecedent Set Intersection Set  Level
1 1,2,6,9,10 1 1
2 2,6,9,10 1,2,3,4,56,9,10,12,13, 14 2,6,9,10 L3
3 2,3,6,9,10 3 3
4 2,4,5,6,9,10,12,13,14 4 4
5 2,5,6,9,10,13 4,5,12 5
6 2,6,9,10 1,2,3,4,5,6,9,10,12,13, 14 2,6,9,10 L3
9 2,6,9,10 1,2,3,4,5,6,9,10,12,13, 14 2,6,9,10 L3
10 2,6,9,10 1,2,3,4,5,6,9,10,12,13, 14 2,6,9,10 L3
12 2,5,6,9,10,12,13 4,12 12
13 2,6,9,10,13 4,5,12,13 13
14 2,6,9,10,14 4,14 14
Table A2. Level 4 partition.
Barrier Reachability Set Antecedent Set Intersection Set  Level
1 1 1 1 L4
3 3 3 3 L4
4 4,5,12,13,14 4 4
5 5,13 4,5,12 5
12 5,12,13 4,12 12
13 13 4,5,12,13 13 L4
14 14 4,14 14 L4
Table A3. Level 5 partition.
Barrier Reachability Set Antecedent Set Intersection Set Level
4 4,5,12 4 4
5 5 4,5,12 5 L5
12 5,12 4,12 12
Table A4. Level 6 partition.
Barrier Reachability Set Antecedent Set Intersection Set Level
4 4,12 4 4

12 12 4,12 12 L6
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