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Abstract: Environmental burdens arise in the whole life cycle of construction. Waste and pollution
are produced in the upstream and downstream of a construction project along the supply chains.
The interdependency between on-site construction and off-site logistics also leads to an expansion
effect of waste when a disturbance occurs. A related supply chain activated by construction activities
should be taken into account to improve the sustainability in construction from a material and
waste management perspective. However, it is unknown how the supply chain integration could
contribute to the sustainable use of materials in construction. Therefore, an empirical investigation
is conducted. A research model with eight latent-constructs is designed through a comprehensive
literature review, and 70 completed survey questionnaires are received. Using PLS-SEM (partial least
squares-structural equation modeling), sample data is analyzed and seven research hypotheses
are examined. Results support the assumption that the construction supply chain integration had
a positive correlation with the sustainable use of construction materials. Discussion and relevant
suggestions are given for the future research.
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1. Introduction

A significant increase in the public awareness of sustainability has been presented after the issue of
Brundtland Report in 1987. Extensive construction and built assets maintenance have resulted in higher
demand for natural resources, increased pollution of land, water, and air, as well as adverse effects on
biodiversity [1,2]. The construction sector accounts for 35–40% of total carbon emissions, 30–40% of solid
waste production, around 16% water usage, and more than 40% of raw materials consumption [1,3–7].
However, the awareness of sustainability in construction remains weak [8,9].

Environmental burdens arise at different life cycle phases of construction including the extraction
of the raw materials, manufacturing of the construction materials, construction and maintenance of
built assets, their demolition and waste management [6,10]. Depletion of resources and energy
caused by construction materials extraction, production, and consumption is a big issue [2,6].
For example, it was observed that around 72.89% of total energy consumption of building in China’s
construction sector come from the manufacturing of raw materials [11]. Another critical issue affects
sustainable performance in construction is the construction and demolition (C&D) waste management.
Reusing and recycling C&D waste for the manufacture of new construction materials has significant
potential in saving resources and reducing corresponding negative environmental effects [7].
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Most sustainability research in the field of construction regarding materials and waste adopts
a project-based view. It emphasizes improving processes and policies during the project lifecycle and
mainly concern project stakeholders’ attitude [8,9,12]. However, causes of construction waste and
pollution are not limited to the construction field itself. Waste and pollution are also produced in the
upstream and downstream of a construction project along the supply chain, including the multi-tier
off-site production and corresponding vehicles [13]. Besides, the interdependency between on-site
construction and off-site logistics is dominant, which leads to an expansion effect of waste when
a disturbance along the supply chain occurs [14,15]. Therefore, a related supply chain activated by
construction activities should be taken into account to improve the sustainability in construction from
a material and waste management perspective.

A significant barrier to implement supply chain strategies for construction material and waste
management has been argued as the nature of construction supply chain [16]. Compared with
the manufacturing supply chain, the downstream of construction supply chain is unobvious and
upstream material flows are often invisible, which may lead to excessive material production and
wasteful resource allocation as construction projects progressing [17,18]. It is necessary to explore the
integration of the construction supply chain, which aims to build a visible, economical, and continuous
material flow across organizational boundaries [16]. However, the relationship between the degree of
integration of the construction supply chain and the improvement of the sustainable use of construction
materials remains to be under-explored.

The PLS-SEM (partial least squares-structural equation modeling) is undertaken to explore the
relationship mentioned above. Structural equation modeling (SEM) has been widely applied in
theoretical explorations and empirical validations in many disciplines since its ability was confirmed
in the early 1980s [19,20]. As an alternative to the frequently applied covariance-based SEM (CB-SEM),
PLS-SEM was regarded as a causal modeling approach focused on maximizing the explained
variance of the dependent latent constructs rather than reporting a theoretical covariance matrix [21].
PLS-SEM can estimate complex relationships and emphasize prediction while simultaneously relaxing
the demands on data and specification of relationships [22,23]. We selected this method because it is
able to cope with the small sample size and suitable for explorative studies [21].

This paper first clarified the definition and classification of the construction supply chain
integration and provided insights into the unique supply requirements of sustainability from
a material perspective. Following the systematic review process defined by Seuring and Müller,
Cerchione et al. [24,25], we conducted a review of the literature on the field of construction supply
chain integration and sustainable use of construction material to provide a conceptual framework
with corresponding constructs and developed the research hypotheses. The conceptual framework
was used to further explore the relationship between the degree of supply chain integration and the
sustainable use of construction material. Subsequently, the PLS-SEM method was adopted, including
instrument development, data collection, and measurement validation. In the final section, a discussion
of findings and future research orientations were presented.

2. Literature Review and Hypothesis Development

2.1. Construction Supply Chain Integration (CSCI)

In the strategic management literature, supply chain integration is categorized into two primary
dimensions, i.e., vertical and horizontal integration. Vertical integration is defined as a competitive
strategy by which a company takes complete control over one or more stages in the production or
distribution of a product [26,27]. Relatively, horizontal integration is defined as an acquisition strategy
of a similar or a competitive business [28,29]. Vertical integration considers both the transaction
relationship and physical logistics, while the horizontal integration turns to the effectiveness and
efficiency of capital [28,29]. Strategic integration in the construction field focuses on vertical integration
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rather than horizontal integration [16,30,31] because the essence of vertical integration of a construction
project related organization is to hold more parts of the whole supply chain.

The dimensionality of supply chain integration is essential to reflect how the individual
dimensions operate and function together [32]. One stream of supply chain integration literature
investigated the vertical integration as a unidimensional construct [33,34], while others divided it
into internal and external dimensions [35]. Multiple dimensions come from various perspectives,
e.g., flows of materials, information, and transactions/finances [36]. However, there is arguably
a great deal of overlap or ambiguity among them, making it difficult to untangle their relationships.
Thus, a topological approach from the focal organization to the extended supply chain is suggested
for vertical integration dimensional development [27,32]. Some research followed this logic and
developed three integration dimensions of the general manufacturing supply chain: customer, supplier
and internal integration [32,37]. To extend the range of application to other peculiar supply chains,
another stream literature redefined extended parts as forward integration (from the focal organization
to the point of consumption) and backward integration (from the focal organization to the point of
origin) [38–40].

In the construction supply chain, customer integration is limited to describing the downstream
relationships, because the client (e.g., government) may not be the end-users (e.g., householders).
Therefore, the expression of the forward integration is more appropriate for CSCI. Accordingly,
this paper adopts the backward integration instead of the supplier integration. Under the requirements
of the sustainability in construction, backward integration is vital to construct a visible, economical,
and continuous material flow from off-site chains to on-site construction [41,42]. Backward integration
is concerned with the material flows from multi-levels of suppliers to the construction site, emphasizing
the leading role of on-site construction activities and the supporting role of off-site upstream
logistics [16,41,43,44]. It is essential to adopt the backward integration to improve project-based
focal construction organization, and further to elevate current project-based practices to supply chain
management. Vrijhoef and Koskela distinguished four specific practice paradigms of supply chain
management in construction based on a series of case studies [41]: (1) improving the interface between
the supply chain and the construction site; (2) improving the supply chain upstream; (3) transferring
activities from the construction site to the supply chain; and (4) integrated management of the
construction supply chain. These paradigms belong to the backward integration and are taken
in this paper to measure the degree to which a focal construction organization takes measures with its
upstream partners to guarantee and manage production, transportation, and construction activities.
We redefine these descriptions of four paradigms and adapt them into observable variables.

In the manufacturing industry, the forward integration is mainly concerned with the supply chain
downstream distribution channels and marketing sales to the end-users [39,40]. It is applicable for
some types of the construction project, e.g., residential housing to adopt the forward integration to
be involved in a more flexible terminal market. It is meaningful to acquire more precise information
about the rigid housing demand through the forward integration, to control the non-rational growing
market demand [45,46]. Depending on the degree of control exercised by the clients and end-users [47],
and construction sites over the contribution and supply activities, forward integration can be broadly
classified into four categories: (1) the clients and end-users exercise control over the contribution
activity while the construction site exercises control over the supply activity; (2) the construction site
has complete control over both the activities; (3) the construction site has control over the contribution
activity while the clients and end-users exercises control over the supply activity; and (4) the clients
and end-users exercise complete control over both of the activities.

Reverse logistics (RL) in the construction supply chain recently is widely discussed. RL aims to
build a circulation from the point of consumption (i.e., construction site) to the point of origin (e.g., raw
material market and secondary market) [18,48]. In the construction industry, the destination for the
material resource is less but has much in common. Hosseini et al. summarized the commonness and
provided a standard RL procedure for construction, i.e., creating three critical RL channels: (1) channel
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between deconstruction and secondary markets; (2) channel between raw material markets and
secondary markets; (3) channel between secondary markets and the construction site [48].

The backward integration, forward integration, and reverse logistics discussed above are
three essential forms of the CSCI. This paper extracts measurement items from the literature as
components to constitute these three integration forms, as shown in Table 1.

Table 1. Components of CSCI.

Code Form/Item Reference

BI Backward integration

[16,41]
bi_1 Source control
bi_2 Bring influence to the off-site process
bi_3 Off-site process monitoring
bi_4 Transfer partial on-site activities into off-site, e.g., prefabrication

FI Forward integration

[47,49]
fi_1 Acceptance of ideas proposed by clients or end-users
fi_2 Improvement based on ideas from clients or end-users
fi_3 Joint decision-making
fi_4 Joint decision-driven implementation

RL Reverse logistics

[18,48]
rl_1 Purchase permit of recycled materials
rl_2 Recycle C&D waste to the secondary market
rl_3 Recycle C&D waste to the raw material market

2.2. Sustainable Use of Construction Material (SUCM)

The implication of sustainability is broad, including dimensions of environmental, economic,
social, cities, development, construction, etc. [50]. Various tools have been developed and adapted
in the construction field to assess sustainability from different perspectives and for a variety of
users. The life cycle assessment (LCA) established by the European Union (EU) is widely used to
evaluate the environmental performance of construction products and processes [7,51,52]. However,
the building process is less standardized than other mature industrial processes—e.g., manufacturing
industry—and quantitative information about the environmental impacts of the production and
manufacturing of construction materials is limited [53,54]. Therefore, conducting an efficient LCA in
the construction industry is still a challenging task.

Ortiz et al. summarized two ways of applying LCA for the building material and component
combinations (BMCC) and the whole process of the construction (WPC) [55]. This paper focuses
on exploring the impact of CSCI on the BMCCs rather than WPC, which has a broader scope.
Environmental product declarations (EPD) is a strategy adopted for reducing the environmental
impact of BMCCs, while Green Public Procurement (GPP) is developed to improve construction
procurement especially for the public sector [7,55]. Additionally, several tools have been developed
specifically for the construction sector such as Leadership in Energy & Environmental Design Building
Rating System (LEED), which provides measurement ratings for green buildings [54]. LEED and the
other guidelines such as Waste Framework Directive (WFD) provided by the EU address C&D waste
management [7].

Along with the above policies and standards, a literature review is conducted to identify indicators
to assess the sustainable use of construction materials, from raw material extraction to production,
consumption, and finally, waste treatment. Some literature presented case studies—e.g., recycled
aggregate as a sustainable construction material [6]—while others explored critical factors contributing
to sustainability in construction materials [56]. As shown in Table 2, a total of nine factors of
sustainable use of construction material are extracted from the literature and sorted into three groups.
BMCC environmental design and C&D waste sustainable treatment are coded as BED and CST.
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Table 2. Factors of sustainable use of construction material from the literature.

Code Factor References Sum

A B C D E F G H I J K L M

BED BMCC environmental design
bed_1 Alternative of non-renewable resources × × × × × × × × × × × × 12
bed_2 Environmental targets early setting × × × × × × × × × × × 11

MPC Material procurement and consumption
mpc_1 Accurate quantity estimation × × × × × × × × 8
mpc_2 Adoption of sustainable/green material × × × × × × × × × × × × 12
mpc_3 Green procurement (e.g., GPP) × × × × × × × × × × × 11
mpc_4 Material using strategies × × × × × × × × × × × 11

CST C&D waste sustainable treatment
cst_1 Recycling technology × × × × × × × × × × × 11
cst_2 Re-use of site-recycled BMCC × × × × × × × × × × 10
cst_3 Approval of qualified recycled BMCC × × × × × 5
cst_4 Raw material extraction from demolition × × × × × × × × 8

Note: References are A [57], B [56], C [58], D [55], E [2], F [53], G [59], H [51], I [6], J [7], K [60], L [61] and M [62].

Table 2 also shows the frequency the literature mentioned of each factor to indicate the attention
it has attracted. These factors are hypothesized to be critical in improving sustainable performance in
construction material extraction, production, consumption, and waste treatment.

3. Hypothesis Development

According to the literature review, an initial research conceptual framework is presented in
Figure 1. CSCI represents a capability that can be leveraged as a source of sustainable performance in
construction material extraction, production, consumption, and waste treatment.
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Figure 1. Conceptual research framework.

It is difficult to directly investigate and measure CSCI and SUCM. Therefore, this paper treats
them as the second order (higher order) latent constructs in the research model. The first order
(lower order) constructs are summarized and extracted from the literature in Section 2, and they are
sub-constructs of these two second-order constructs. Meanwhile, practical experiences are considered
through interviews during the research model development. The construct definition is described in
Table 3, including the higher order latent constructs and their sub-constructs.
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Table 3. Definition of research constructs.

Construct Code Definition

Second Order Construction supply
chain integration CSCI

The degree to which a focal construction organization
has integrated its upstream and downstream and
reverse logistics partners along the supply chain.

First Order
Backward integration BI

The degree to which a focal construction organization
takes measures with its upstream partners to
guarantee and manage production, transportation,
and construction activities.

Forward integration FI
The degree to which a focal construction organization
takes measures with its downstream partners to access
end-markets.

Reverse logistics RL
The extent of the material circulation from the point of
consumption, i.e., construction sites to the point of
origin, i.e., material markets and salvaged buildings.

Second Order Sustainable use of
construction material SUCM

The extent of improving the efficient use of
construction materials, minimizing waste generation,
and creating channels to transform waste into the
material resource.

First Order

BMCC
environmental design BED

The extent of source control and materials
optimization through design, to set up environmental
targets and find alternatives to
non-renewable resources.

Material procurement
and consumption MPC

The extent of process control and material using
regulation, including accurate material quantity
estimation, green procurement, and appropriate
material use strategies.

C&D waste
sustainable treatment CST

The extent of re-using and recycling construction and
demolition waste with corresponding regulations,
standards, and technologies.

As shown in Figure 2, the exogenous variable CSCI is considered as a higher order construct
with three formative sub-constructs—i.e., BI, FI, and RL—which are measured by a series of formative
observable variables. SUCM is treated as an endogenous variable, also as a higher order construct
with three reflective sub-constructs—i.e., BED, MPC, and CST—which are measured by reflective
observable variables.
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According to the research framework and research model, the hypothesis about higher-order
constructs that SUCM is positively correlated with CSCI is proposed as H1. Meanwhile, there are
a series of hypotheses, i.e., H2 to H7 between the first order constructs and their higher-order construct.
The following set of hypotheses (labeled as H1–H7) is proposed:

Hypothesis 1 (H1). High degree of the construction supply chain integration is likely to improve sustainable
use of construction materials.
Hypothesis 2 (H2). High degree of the backward integration is likely to enhance construction supply
chain integration.
Hypothesis 3 (H3). High degree of the forward integration is likely to enhance construction supply
chain integration.
Hypothesis 4 (H4). High degree of the reverse logistics application is likely to enhance construction supply
chain integration.
Hypothesis 5 (H5). The sustainable use of construction material is positively associated with BMCC
environmental design.
Hypothesis 6 (H6). The sustainable use of construction material is positively associated with material
procurement and consumption.
Hypothesis 7 (H7). The sustainable use of construction material is positively associated with C&D waste
sustainable treatment.

4. Method

In this research, a five-step approach to questionnaire instrument development and data collection
is employed:

1. Initial questionnaire design: a questionnaire with 25 questions was designed for data collection
according to the literature. In the questionnaire, the first three questions were designed to exclude
invalid data provided by respondents without sufficient expertise.

2. Interview for questionnaire improvement: the content was validated by interviewing five project
managers with over five years of experience from three owner organizations and two contractors.
They were invited to modify items in the scale that were unclear or incorrectly expressed.

3. Pre-test for questionnaire improvement: a pre-test with 39 valid samples was conducted.
4. Formal questionnaire survey: After the interview for questionnaire improvement and pre-test,

two questions about CSCI in the questionnaire were substantially modified and combined into
one question. Consequently, in the initial research model, observable variables bi_2 and bi_3
were altered into one observable variable as off-site process monitoring, as shown in Table 4.
The modified questionnaire includes 24 questions. A formal questionnaire survey was conducted
to collect a larger sample.

5. Interviews were carried out alongside the model evaluation.

A five-point Likert type scale [63] was adopted to measure variables associated with proposed
constructs. Respondents were asked to state their agreement with a given statement on a scale that
ranges from ‘strongly disagree’ (score 1) to ‘strongly agree’ (score 5) with its midpoint, i.e., score 3
anchored as ‘uncertain, neither agree nor disagree’, and score 2 and 4 respectively represent ‘uncertain,
but probably disagree’ and ‘uncertain, but probably agree’. Respondents were asked to consider
the focal construction organization’s primary material(s) or material flow(s) while responding to the
questions on these constructs.
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Table 4. Adjusted measurement Items of CSCI.

Code Item Interviewee Sum Adjustment

1 2 3 4 5

BI Backward integration
bi_1 Source control × × × × 4
bi_2 Bring influence to the off-site process 0 Delete
bi_3 Off-site process monitoring × × × × × 5 renumbered as bi_2

bi_4 Transfer partial on-site activities into off-site,
e.g., prefabrication × × × × × 5 renumbered as bi_3

FI Forward integration
fi_1 Acceptance of ideas proposed by clients or end-users × × × × 4

fi_2 Improvement based on ideas from clients or
end-users × × × × × 5

fi_3 Joint decision-making × × × × 4
fi_4 Joint decision-driven implementation × × × × 4

RL Reverse logistics
rl_1 Purchase permit of recycled materials × × × × 4
rl_2 Recycle C&D waste to the secondary market × × × × 4
rl_3 Recycle C&D waste to the raw material market × × × × × 5

Data of the formal investigation were collected by an online questionnaire survey conducted in
China. The data collection process occurred between 15 May and 10 August 2018. The initial contacts
came from leading players in the Chinese construction market, including real estate developers such
as China Overseas Land & Investment Limited, Vanke and Jiangsu Future Land, and contractors such
as China State Construction Engineering Corporation and Sinohydro. Then a snowball sampling
technique was used for contact names at other candidate firms. In total 102 questionnaires with a 34%
response rate were returned and collected. Target respondents for the survey were considered to be
professionals with basic understanding and relevant work experience of supply chain management
and sustainable construction in their projects. Twelve respondents replied that they did not have
the related experience or basic knowledge, so their returned questionnaires were removed from our
sample. Besides, 20 returned questionnaires were excluded because of unqualified data. The final list
consisted of 70 valid respondents. The details of the respondents are shown in Table 5.

Table 5. Respondent details.

Personal Attribute Categorization Number of Respondents Percentage (%)

Organization type

Contractor 25 32.89
Owner 32 42.11

Material Supplier 4 5.27
Consulting 6 7.89
Designer 9 11.84

Investment scale (RMB,
the Chinese currency)

<1 million 4 5.26
1 million–10 million 7 9.21

10 million–100 million 8 10.53
100 million–1000 million 26 34.21

1000 million–10,000 million 24 31.58
>10,000 million 7 9.21

The PLS-SEM was undertaken to validate the research model, using the SmartPLS software
package [64]. We selected this method because it is able to cope with the small sample size and suitable
for explorative studies [21].

5. Results

5.1. Measurement Model Evaluation

PLS-SEM develops a series of empirical test criteria to evaluate the reflective and formative
measurement model respectively [21,65]. In this research model, all the first order constructs of
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CSCI—i.e., BI, FI, RL, and CSCI itself—belong to the formative constructs. Table 6 shows the formative
measurement model evaluation results.

Table 6. Evaluation of the formative measurement model.

Construct Indicator Absolute Indicator Contribution Significance of Weight Multicollinearity

Weight Mean Std Dev t-Value Significance VIF

BI
bi_1 0.201 0.177 0.239 0.839 - 1.195
bi_2 0.605 0.580 0.192 3.156 p < 0.01 1.207
bi_3 0.580 0.554 0.199 2.919 p < 0.01 1.042

FI

fi_1 0.282 0.281 0.095 2.959 p < 0.01 1.847
fi_2 0.258 0.248 0.107 2.406 p < 0.05 2.338
fi_3 0.385 0.395 0.098 3.913 p < 0.001 2.350
fi_4 0.271 0.266 0.095 2.861 p < 0.01 1.669

RL
rl_1 0.615 0.609 0.105 5.866 p < 0.001 1.317
rl_2 0.378 0.374 0.098 3.866 p < 0.001 1.382
rl_3 0.254 0.256 0.119 2.135 p < 0.05 1.379

CSCI

bi_1 0.066 0.064 0.036 1.814 p < 0.10 1.384
bi_2 0.120 0.116 0.032 3.771 p < 0.001 1.430
bi_3 0.119 0.116 0.027 4.476 p < 0.001 1.217
fi_1 0.185 0.183 0.020 9.132 p < 0.001 2.200
fi_2 0.187 0.185 0.021 9.043 p < 0.001 2.835
fi_3 0.199 0.197 0.020 10.046 p < 0.001 2.781
fi_4 0.164 0.160 0.021 7.742 p < 0.001 1.921
rl_1 0.191 0.189 0.020 9.672 p < 0.001 1.739
rl_2 0.164 0.162 0.020 8.176 p < 0.001 1.967
rl_3 0.148 0.148 0.025 5.923 p < 0.001 1.739

As shown in Table 6, the absolute indicator contribution to the constructs, i.e., indicator’s weights,
and their significance levels are given. Only the indicator weight of bi_1 to BI is nonsignificant.
Other indicators’ weights are significant. Another important criterion is the indicator’s variance
inflation factor (VIF), and the rule of thumb of VIF is lower than 5 generally or lower than 3.3 for the
formative indicator [21]. In the measurement model, all the formative indicators’ VIF values are lower
than 3.3, which means strictly satisfying the requirement of multicollinearity.

Meanwhile, an evaluation of the reflective indicators in the research model is required. For the
reflective measurement model, the indicator reliability, internal consistency reliability, convergent
validity, and discriminant validity should be evaluated [21,66]. All the first order constructs of
SUCM—i.e., BED, MPC, CST, and SUCM itself—belong to the reflective constructs. Table 7 provides
the evaluation results of the indicator reliability, internal consistency reliability, and convergent validity.

The indicator reliability can be evaluated by the factor loadings, which are empirically suggested
to be more than 0.7 [21]. In the exploratory research, an acceptable minimum value of factor loading
is 0.60 to 0.70. In the reflective measurement model, in total four indicators’ loadings are lower than
0.6. For the internal consistency reliability, Cronbach’s α represents the most conservative criterion
while CR is a more liberal one. Cronbach’s α values are required higher than 0.7, and CR values of
0.60 to 0.70 in the exploratory research are regarded as satisfactory [21,67]. All the reflective indicators
represent good internal consistency reliability. The average variance extracted (AVE) of measured
constructs are assessed for convergent validity [68,69], and the acceptable minimum value of AVE is
0.36 to 0.5 [21,68,70]. All the reflective indicators represent a good convergent validity. In conclusion,
the formative measurement model has qualified internal consistency reliability and convergent validity,
but four indicators failed to show the indicator reliability.
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Table 7. Evaluation of the reflective measurement model.

Construct Indicator Indicator Reliability Internal Consistency Reliability Convergent Validity

Loading t-Value Significance Cronbach’s α CR AVE

BED
bed_1 0.879 21.059 p < 0.001

0.723 0.878 0.783bed_2 0.891 29.857 p < 0.001

MPC

mpc_1 0.588 4.657 p < 0.001

0.746 0.841 0.575
mpc_2 0.886 35.494 p < 0.001
mpc_3 0.696 9.017 p < 0.001
mpc_4 0.828 13.256 p < 0.001

CST

cst_1 0.863 27.089 p < 0.001

0.784 0.861 0.609
cst_2 0.819 22.001 p < 0.001
cst_3 0.693 6.964 p < 0.001
cst_4 0.735 9.152 p < 0.001

SUCM

bed_1 0.785 15.543 p < 0.001

0.882 0.905 0.495

bed_2 0.823 25.192 p < 0.001
mpc_1 0.490 3.548 p < 0.001
mpc_2 0.759 13.123 p < 0.001
mpc_3 0.723 11.763 p < 0.001
mpc_4 0.585 6.098 p < 0.001
cst_1 0.798 15.121 p < 0.001
cst_2 0.765 13.053 p < 0.001
cst_3 0.551 5.185 p < 0.001
cst_4 0.674 7.677 p < 0.001

In addition, the Fornell–Larcker criterion [68] and cross-loadings are suggested as two main
measures to evaluate the discriminant validity of reflective indicators [21]. Tables 8 and 9 shows the
results of the discriminant validity evaluation.

Table 8. Cross-loading analysis for discriminant validity evaluation.

Indicator BI FI RL BED MPC CST

bi_1 0.528 0.205 0.117 0.027 0.270 0.141
bi_2 0.789 0.255 0.343 0.346 0.281 0.416
bi_3 0.720 0.211 0.345 0.433 0.409 0.346
fi_1 0.267 0.808 0.428 0.546 0.680 0.430
fi_2 0.277 0.855 0.459 0.544 0.532 0.476
fi_3 0.251 0.893 0.546 0.525 0.580 0.519
fi_4 0.275 0.770 0.414 0.468 0.450 0.377
rl_1 0.352 0.541 0.880 0.513 0.551 0.591
rl_2 0.321 0.398 0.754 0.596 0.345 0.623
rl_3 0.367 0.306 0.686 0.515 0.426 0.507

bed_1 0.288 0.552 0.644 0.879 0.543 0.718
bed_2 0.530 0.550 0.546 0.891 0.685 0.673
mpc_1 0.308 0.405 0.388 0.369 0.588 0.332
mpc_2 0.403 0.669 0.568 0.619 0.886 0.516
mpc_3 0.382 0.369 0.424 0.615 0.696 0.628
mpc_4 0.283 0.582 0.338 0.444 0.828 0.287
cst_1 0.337 0.470 0.548 0.763 0.508 0.863
cst_2 0.429 0.458 0.580 0.653 0.555 0.819
cst_3 0.244 0.329 0.495 0.440 0.303 0.693
cst_4 0.478 0.430 0.654 0.549 0.485 0.735

Note: The own construct loadings (in bold) should be greater than cross-loadings.

As shown in Table 9, the square root of each latent construct’s AVE should be higher than its
highest correlation with other latent constructs [21,67]. Meanwhile, an indicator loading with its
associated latent construct should be higher than its loadings with all the remaining constructs [21,67]
(see Table 8). In conclusion, the formative measurement model has qualified discriminant validity.
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Table 9. Fornell–Larcker criterion (latent variable correlations) for discriminant validity evaluation.

AVE BI FI RL BED MPC CST

BI N.A. N.A.
FI N.A. 0.318 N.A.
RL N.A. 0.431 0.561 N.A.

BED 0.783 0.465 0.623 0.671 0.885
*

MPC 0.575 0.461 0.674 0.577 0.695 0.758
*

CST 0.609 0.480 0.546 0.727 0.785 0.604 0.780
*

Note: * The square root of AVE; N.A. formative indicators’ AVE value not available.

5.2. Structural Model Evaluation

To estimate the significance of path coefficients and test the hypotheses, a bootstrapping using
5000 bootstrap subsamples is conducted in SmartPLS. The path coefficients, the significance of path
coefficients, the coefficient of determination (R2) and its effect size f2, cross-validated redundancy (Q2)
are given in Table 10.

Table 10. Structural model evaluation and key criteria.

Path Path Coefficient The Significance of
Path Coefficient

Coefficient
of Determination

Cross-Validated
Redundancy

β Mean Std Dev t-Value Significance R2 f2 Q2

BI→ CSCI 0.226 0.218 0.047 4.753 p < 0.001
0.996

9.941
0.343FI→ CSCI 0.608 0.596 0.049 12.325 p < 0.001 60.780

RL→ CSCI 0.387 0.381 0.040 9.592 p < 0.001 22.261

CSCI→ SUCM 0.829 0.832 0.041 20.131 p < 0.001 0.688 2.200 0.306
SUCM→ BED 0.909 0.912 0.019 48.122 p < 0.001 0.826 4.735 0.609
SUCM→MPC 0.863 0.867 0.030 28.780 p < 0.001 0.744 2.908 0.380
SUCM→ CST 0.903 0.904 0.024 38.371 p < 0.001 0.816 4.421 0.456

All the path coefficients are significant (p < 0.001) with t-values larger than 2.58 (see Figure 3).
The R2 value of CSCI is nearly 1.00 because it is a higher order construct, and other constructs’ R2

values are acceptable according to the rule of thumb with a minimum value of 0.50. The effect size
f2 is also given to assess how strongly one exogenous construct contributes to explaining a certain
endogenous construct regarding R2 [71]. Q2 values are suggested from 0.02, 0.15, and 0.35 respectively
representing weak, moderate, and strong effect level of predictive relevance [72], and most of the
constructs have enough effect of predictive relevance for this exploratory study.

As shown in Table 11, the hypothesis H1 about higher order constructs that SUCM is positively
correlated with CSCI in construction projects is supported (β = 0.829, p < 0.001, R2 =0.688). As formative
components of CSCI, high degree of BI (β = 0.226, p < 0.001), FI (β = 0.608, p < 0.001), and RL (β = 0.387,
p < 0.001) are likely to enhance CSCI. However, not all the measurement model evaluation criteria of BI
are satisfied, and H2 is thus loosely supported. As reflective sub-constructs of SUCM, BED (β = 0.909,
p < 0.001), MPC (β = 0.863, p < 0.001), and CST (β = 0.903, p < 0.001) are positively associated with
SUCM. The measurement model evaluation of MPC’ indicators reports unqualified loading value,
therefore, H6 is loosely supported.
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Table 11. Summary of hypothesis tests.

Path Hypothesis Construct Order Result

CSCI→ SUCM H1 2→ 2 Supported
BI→ CSCI H2 1→ 2 Loosely supported *
FI→ CSCI H3 1→ 2 Supported
RL→ CSCI H4 1→ 2 Supported

SUCM→ BED H5 2→ 1 Supported
SUCM→MPC H6 2→ 1 Loosely supported *
SUCM→ CST H7 2→ 1 Supported

Note: * All the structural model evaluation criteria are satisfied, but not all the measurement model evaluation
criteria are satisfied.

6. Discussion and Implications

According to PLS-SEM reporting results, most of the statistical indicators were found to be
acceptable, which validated the hypotheses developed in the study. The research model results
suggested that the construction supply chain integration has an obvious positive correlation with
sustainable use of construction material. The results also represented that FI has a significant correlation
with its higher-order construct, i.e., CSCI. BED, MPC, and CST are also highly correlated with SUCM.

6.1. Stakeholder-Driven Integration and Sustainability

Though SUCM significantly correlates with CSCI, BI and RL have not shown their greater
potential than FI to enhance the degree of integration. Forward integration is mainly driven by
project stakeholders, while backward integration and reverse logistics are objectively about material
flows, which stakeholders may do not pay attention. The stakeholder’s ideas actively lead the
project implementation rather than the demands of the whole supply chain. Regarding improving
sustainability in construction by reaching a higher degree of supply chain integration, the most
crucial task is to cultivate a positive attitude of project stakeholders towards supply chain backward
integration and reverse logistics [73,74].

Among the formative indicators of BI and RL, off-site process monitoring (bi_2), transfer partial
on-site activities into off-site (bi_3), and purchase permit of recycled materials (rl_1) received high
indicator weights (0.605, 0.580, 0.615). Stakeholders’ decisions can influence if the off-site process
should be adequately monitored [75] and if pre-fabrication is adopted in the project [76]. The purchase
permit of recycled materials may be issued by the industry alliance or the government, but project
stakeholders also have a strong voice. Therefore, project stakeholders should understand the
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contribution of supply chain integration to the sustainability in the construction field, and further
develop strategies to support backward integration and reverse logistics.

As a new concept [27], supply chain integration can enhance the implementation of strategies
such as the construction industrialization. This can be further accelerated by stakeholders. It adds to
the body of knowledge of stakeholder management for sustainability.

6.2. Supply Chain Integration for Early Environmental Design

BED had the highest factor loading (0.909) on its higher order construct, i.e., SUCM. This finding
is supported by the literature [1,77], indicating that effective communications among designers,
clients, environmental professionals, and relevant governmental staff to ensure all environmental
requirements are critical for a life cycle design. However, external team members—e.g., suppliers
and sub-contractors—should also involve in the environmental design. For example, EU developed
the environmental product declarations as a strategy adopted for external communication and it is
committed to reducing the environmental impact of a product [55].

From a collaborative perspective, environmental targets early setting (bed_2, loading = 0.891)
requires early involvement of suppliers, and opinions from designers and environmental professionals
are beneficial to suppliers’ product and business strategy development. Observing the industrial chain
structure of the project, from the architecture and engineering design to construction and from material
supply to construction are most of time independent paths [78]. However, for the engineer-to-order
products—e.g., curtain wall—the engineering design, and material design are highly correlated [79].
It would be a good entry point for early environmental design.

These findings will have a significant impact on how construction companies and suppliers
manage their relationship in the front end project management. Their interaction in the early stages
can greatly improve the sustainable use of material performance.

6.3. C&D Waste Treatment and Reverse Logistics

Compared with BED, CST also received high factor loading as 0.903. Previous research pointed
out that C&D waste problem was serious in construction projects [2]. Efforts have been made to
conduct C&D waste management mainly from two aspects. One is improving awareness in the
industry by developing policies and regulations [2,7], and another is establishing channels to reuse and
recycle waste, e.g., reverse logistics [48]. Purchase permit of recycled materials (rl_1) had the highest
weight (0.615) among indicators of reverse logistics. It is clear that increased levels of reverse logistics
can improve C&D. According to the interview results, it is important for both the construction of MPC
and CST. Project stakeholders and the government have a positive attitude to adopt qualified recycled
materials, but the recycle channels are now well established yet [80]. A series of top-down policies may
be required in the future, and supply chain integration can also play an essential role in the progress.

7. Conclusions

To examine relationships between the construction supply chain integration and sustainable use
of construction materials, an empirical investigation was conducted. An exploratory research model
with eight latent constructs was designed through a comprehensive literature review and evaluated
by PLS-SEM. Results supported the hypothesis that the construction supply chain integration had
a positive correlation with the sustainable use of construction materials. This finding confirms that it is
indeed worth investing in construction supply chain integration for sustainability.

The nature of the construction supply chain is argued as a significant barrier to implementing
supply chain strategies for construction material and waste management [16], e.g., the downstream is
unobvious and upstream material flows are often invisible. Analysis results showed that construction
supply chain integration could be decomposed into backward integration, forward integration,
and reverse logistics, which have different features and are suitable to adopt respective strategies.
At the current stage, a project stakeholder-driven forward integration is important according to
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the analysis results, and the backward integration and reverse logistics requires more efforts from
external participants besides project stakeholders. Our research has implications for both on-site and
off-site management.

Analysis results also showed that BMCC environmental design, material procurement,
and consumption, and C&D waste sustainable treatment are critical indicators of the sustainable
use of construction materials. According to the path coefficients and factor loadings, the factor
of setting environmental targets early and adoption of sustainable/green material are essential.
An integrated construction supply chain can make a contribution to these two aspects. Combining the
PLS-SEM outcomes and interview results, the reverse logistics is a valuable approach to improve C&D
waste sustainable management. The influence on the sustainable use of material from construction
supply chain integration requires the consistent involvement of both project stakeholders and relevant
construction supply chain participants.

This paper represents an exploratory research outcome, which is limited to the sample size.
Efforts have been made in designing and revisioning questionnaires, collecting feedback from
interviewees, and evaluating the structural model strictly to explore these proposed hypotheses.
However, more data and a more significant sample will be collected for the future research. For the
initial model regarding the sustainability in construction, more issues should be considered in the next
step research work. For example, the transportation factor plays a role in the supply chain, and energy
consumption is also an essential factor for the sustainability.
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