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Introduction 
 
Sustainability, or Sustainable Development, has become a 
core concept for growth since the beginning of the 21st 
century. It is commonly described as the “development that 
meets the needs of the present without compromising the 
ability of future generations to meet their own needs” taken 
from the Brundtland Report. Generally, it is envisioned as 
the interconnection between the environment, economy and 
society often referred to as the ‘three pillars of 
sustainability’. Recently, a new paradigm called 
Sustainable Development Goals (SDGs) is introduced by 
the United Nations which is a universal call to end poverty, 
protect the planet and ensure that all people enjoy peace and 
prosperity by 2030. However, each country has varying 
contexts on the three pillars and the SDGs making the 
means of attaining sustainability differ between countries. 
 In each country, different industries participate in the 
implementation of sustainability in their practices including 
the concrete industry. Especially that this industry 
consumes large amounts of natural resources and energy 
and generates huge amounts of wastes. Similar to 
sustainable development, the realization of sustainable 
concrete is dependent on regions. Thus, the differences that 
result from the varied context of sustainability of concrete 
should be considered. According to Henry and Kato (2014), 
the implementation of sustainability in concrete varies by 
region as strategies for concrete which may be sustainable 
in one region in a given set of environmental, economic and 
social conditions may not be considered sustainable in a 
different region under different set of conditions. Moreover, 
they added that concrete can be considered a regional 
context material itself as its use is reliant on the climate, 
geography, availability of resources, concrete mix 
proportions used depending on performance requirements, 
level of development and technology, transportation and 
shipping systems, construction culture and stakeholders and 
governing systems.  
 With the regionality of sustainable concrete, a need to 
consider the means for concrete to be sustainable in a 
diverse context arises. Previous studies have attempted to 
qualitatively analyze the regional dependency of concrete 
sustainability. However, a quantitative analysis is lacking 
which gives a more robust and transparent evidence in 
sustainable concrete decision-making strategies considering 
regional characteristics. It is therefore the objective of this 
research to propose an analytical method for quantitatively 
evaluating concrete sustainability considering regional 
characteristics in Japan. Japan is chosen as a case study 
because although it appears relatively homogeneous as a 
country, it has 47 prefectures which may make the selection 

of the most sustainable concrete mix vary across 
prefectures.  
 The evaluation framework of the proposed analytical 
method is divided into two phases: (1) regional context 
analysis and (2) concrete sustainability evaluation. 
Establishing a quantitative approach to convert regional 
characteristics is the novel part of this study as it links 
regionality and concrete sustainability. 
 
Regional Context Analysis 
 
The first phase of the evaluation framework is quantifying 
regional characteristics through obtaining a set of weighting 
schemes which reflect the differences of the regions. The 
steps considered in this stage is shown in Figure 1. 
 

 
Figure 1. Steps in regional context analysis 

 
Selection of Indicators and Data Collection 
A set of eight indicators was constructed for quantitatively 
analyzing the regional context of concrete sustainability. 
These indictors cover four categories: (1) consumption of 
natural resources, (2) generation of waste, (3) economic 
resources and (4) environmental impacts which encompass 
the three pillars of sustainability and are summarized in 
Table 1. The values were normalized (per capita and usage 
rates) to adjust for the different populations of the 
prefectures and facilitate comparison. Since prefectures 
may exhibit patterns with regards to the indicators over a 
certain period that may not be visible if looking into one 
time point alone, a time variable was considered in the 
analysis starting from 2000 to 2015. 
 The prefectural data were collected from various 
available online resources such as the Ministry of Land, 
Infrastructure and Transportation (total concrete 
construction waste generated and total construction 
investment), Ministry of Economy, Trade and Industry 
(total cement consumption in concrete), Ministry of 
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Environment (total CO2 consumption and total energy 
consumption), Japan Cement Association (usage rates of 
blast furnace slag blended cement and fly ash blended 
cement) and e-Stat, a portal site of the official statistics in 
Japan (total water withdrawal and population). However, 
some indicators have lacking data across this time period 
indicated with an asterisk (*) in Table 1, but these were 
treated accordingly in the succeeding methods. 
 

Table 1. Regional context indicators 
Label Indicator Name Units 
Res1 cement.per.capita 100kg/person 
Res2 water.per.capita* m3/person 
Res3 bfs.usage.rate % of total cement 
Res4 fa.usage.rate % of total cement 
Wst1 concwaste.per.capita* 100kg/person 
Eco1 constrinvest.per.capita ¥1000/person 
Env1 CO2.per.capita* tons/person 
Env2 energy.per.capita GJ/person 

 
Normalization 
Since the prefectural values are of multiple dimensions 
normalization was necessary. The normalization method 
applied in this analysis was divided into two parts: (1) 
calculating the representative values and (2) calculating the 
probability values. In both steps, R, an open source 
statistical software was utilized. 
 In the first part, it involves three steps. First, for each 
indicator per available year, the mean value across all 
prefectures was calculated. This was referred to as the 
‘reference value’. Then, for each indicator per available 
year, the difference between a prefecture’s value for a 
certain year and the reference value for that same year was 
calculated. Finally, for each indicator per prefecture, the 
average difference between a prefecture’s value for a certain 
year and the reference value for that same year over the 
available years of that indicator was calculated. This 
becomes the representative value of a prefecture and is 
shown in Equation (1) below. Basically, this part 
normalized each prefecture to how the country is changing. 
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Where:  
𝒁" → 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒	𝑣𝑎𝑙𝑢𝑒 
𝒁 → 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝑤𝑖𝑡ℎ	𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝑣𝑎𝑙𝑢𝑒  
𝑥 → 𝑝𝑟𝑒𝑓𝑒𝑐𝑡𝑢𝑟𝑒	(𝐻𝑜𝑘𝑘𝑎𝑖𝑑𝑜, 𝐴𝑜𝑚𝑜𝑟𝑖, 𝑒𝑡𝑐. ) 
𝑦 → 𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙	𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟	(𝑅𝑒𝑠1, 𝑅𝑒𝑠2, 𝑒𝑡𝑐. ) 
𝑗 → 𝑠𝑡𝑎𝑟𝑡	𝑜𝑓	𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑦𝑒𝑎𝑟	𝑜𝑓	𝑎𝑛	𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
𝑘 → 𝑒𝑛𝑑	𝑜𝑓	𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑦𝑒𝑎𝑟	𝑜𝑓	𝑎𝑛	𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 
𝑚 → 𝑡𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒	𝑦𝑒𝑎𝑟𝑠 
 
 In the second part, the concept of probability was 
utilized to reflect the relative importance each prefecture 
gives to the various indicators with respect to other 
prefectures. Initially, a histogram and its corresponding 
density plot was created. An example of this plot for the 
cement per capita (Res1) indicator is shown in Figure 2. 
Then, an empirical cumulative distribution function 
(ECDF) plot was derived and an example for the same 
indicator is shown in Figure 3. 

 
Figure 2. Histogram and density plot of Res1 

 

 
Figure 3. ECDF plot of Res1 

 
 From the ECDF plot of each indicator, the probability 
values of each prefecture’s representative value to be met 
were calculated using an R function. These probabilities 
reflect the importance given by each prefecture to the 
different indicators. Values close to 1 indicate high 
importance, while values close to 0 indicate low 
importance. However, an exception was made for the 
construction investment per capita (Eco1) indicator wherein 
the obtained probability value is subtracted from 1 because 
if the representative value is positive, then that certain 
prefecture relatively has more financial resources available 
for construction compared to other prefectures, implying 
that cost becomes less of a concern. The opposite is true 
when the representative value is negative. 
 
Cluster Analysis 
From the results of the previous method, each prefecture has 
now eight probability values representing the relative 
importance they give to the different indicators. But, 
similarities among prefecture’s behaviors with regards to 
the different indicators may exist. As such, cluster analysis 
was performed to identify these patterns. 
 Cluster analysis is a machine learning technique that 
groups similar observations into several clusters based on 
the observed values of several variables for each individual. 
Particularly, the agglomerative hierarchical clustering was 
adopted as it has no prior assumption to the number of 
clusters making its algorithm appropriate for the research 
goals. The steps in performing the clustering analysis were 
adopted from Kassambara (2017). 
 The results of the clustering analysis can be visualized 
in a form of a dendrogram and is shown in Figure 4. After 
careful examination of the dendrogram, nine clusters were 
identified naming them from 1 to 9 starting from the left by 
cutting the tree at the height shown. At this height, it 
sufficiently represents regional characteristics without 
oversimplifying nor overcomplicating the analysis. 



 
Figure 4. Cluster dendrogram 

 
 After which, the in-cluster mean values of the nine 
clusters were calculated and are summarized in Table 2. 
These in-cluster mean values represent the average values 
of the prefectures in that cluster. As an example, for Cluster 
1 which is composed only of Nara, the in-cluster mean 
values of Cluster 1 is the probability values of Nara. While 
for Cluster 2 consisting of Tokyo, Osaka, Saitama and 
Kyoto, the in-cluster mean values of Cluster 2 is the average 
probability values of these prefectures. 
 As described earlier, values close to 1 indicate that a 
high importance is given by a cluster to a certain indicator. 
On the other hand, values close to 0 indicate that a low 
importance is given by a cluster to a certain indicator. So, 
for Cluster 1, it can be deduced that it gives the highest 
importance to construction investment per capita (Eco1), 
blast furnace slag usage rate (Res3) and fly ash usage rate 
(Res4). Furthermore, it gives the least importance to cement 
per capita (Res1), water per capita (Res2), CO2 per capita 
(Env1) and energy per capita (Env2). How this importance 
affects the choice of the most sustainable concrete mix was 
explored by converting these values to weights. 
 

Table 2. In-cluster mean values 

 
 
Extraction of Weights 
The in-cluster mean values served as a basis for the 
formulation of weighting schemes that reflect the regional 
characteristics of the clusters. The in-cluster mean values 
were normalized to have a sum of 1 and the resulting 
weights are shown in Table 3. It can be observed that if the 
cluster has a high probability for a certain indicator, it gives 
a high importance to that indicator as well – that is, the in-
cluster values coincide with the final weights. 
 The extracted weights are the most significant part of 
this phase. These values reflect the relative importance 

given by each cluster to the different indicators which were 
then utilized in the evaluation of concrete sustainability. 
 

Table 3. Weighting schemes of the clusters 

 
 
Concrete Sustainability Evaluation 
 
The second phase of the evaluation framework is integrating 
the quantified regional context obtained in the first phase in 
the evaluation of sustainability of concrete materials. The 
steps considered in this stage is shown in Figure 5. 
 

 
Figure 5. Steps in concrete sustainability evaluation 

 
Selection of Indicators 
A set of eight indicators was constructed for the evaluation 
of concrete sustainability. These indicators are in alignment 
with the regional context indicators. Five of the indicators 
measure the consumption of constituent materials in a 
concrete mix, while the remaining indicators measure the 
unit cost, unit CO2 emissions and unit input energy of a 
concrete mix. A loading direction of each indicator 
indicates the desired behavior that contributes to increased 
sustainability. As an example, increasing the use of waste 
and recycled materials like blast furnace slag, fly ash and 
recycled aggregates improves the sustainability of the 
concrete mix. These details are summarized in Table 4. 
 

Table 4. Concrete sustainability evaluation indicator set 
Label Indicator Name (Units/m3) Loading 
Cem Cement content (kg) - 
Wat Water content (kg) - 
Bfs Blast furnace slag content (kg) + 
Fa Fly ash content (kg) + 
Ra Recycled aggregates content (kg) + 
Cst Constituent materials cost (¥) - 
CO2 CO2 emissions (kg- CO2) - 
Ener Input energy (MJ) - 

 
 

Table 3.5. In-cluster mean values 

Cluster Res1 Res2 Res3 Res4 Wst1 Eco1 Env1 Env2 

1 0.021 0.021 0.745 0.851 0.234 0.979 0.021 0.021 

2 0.096 0.191 0.356 0.197 0.096 0.761 0.144 0.186 

3 0.763 0.857 0.790 0.313 0.684 0.508 0.799 0.805 

4 0.378 0.712 0.412 0.380 0.245 0.686 0.692 0.717 

5 0.957 0.149 1.000 0.106 0.915 0.362 0.766 0.340 

6 0.979 0.191 0.021 0.213 0.617 0.340 0.149 0.043 

7 0.529 0.242 0.723 0.617 0.641 0.511 0.194 0.210 

8 1.000 0.404 0.851 0.979 0.979 0.000 0.426 0.277 

9 0.563 0.480 0.298 0.839 0.708 0.157 0.538 0.538 

 

Table 3.6 Weighting schemes of the clusters 

Cluster Res1 Res2 Res3 Res4 Wst1 Eco1 Env1 Env2 

1 0.007 0.007 0.257 0.294 0.081 0.338 0.007 0.007 

2 0.047 0.094 0.176 0.097 0.047 0.375 0.071 0.092 

3 0.138 0.155 0.143 0.057 0.124 0.092 0.145 0.146 

4 0.090 0.169 0.098 0.090 0.058 0.162 0.164 0.170 

5 0.208 0.032 0.218 0.023 0.199 0.079 0.167 0.074 

6 0.383 0.075 0.008 0.083 0.242 0.133 0.058 0.017 

7 0.144 0.066 0.197 0.168 0.175 0.139 0.053 0.057 

8 0.203 0.082 0.173 0.199 0.199 0.000 0.087 0.056 

9 0.137 0.116 0.072 0.204 0.172 0.038 0.131 0.131 
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Concrete Mix Dataset 
A test set of six concrete mixes with 28th day compressive 
strengths of approximately 30MPa was drawn from 
Noguchi et. al. (2009). Six new alternatives were created by 
replacing natural aggregates with high-grade recycled 
aggregates. High-grade recycled aggregates were assumed 
to have the exact same properties with natural aggregates, 
but the Japanese inventory data shows that high-grade 
recycled aggregates require more energy to process and 
produces greater amounts of CO2. The value of the concrete 
mixes characterized by the sustainable concrete material 
indicators are shown in Table 5. 
 

Table 5. Concrete mix characteristics 
Mix Cem Wat Bfs Fa Ra Cst CO2 Ener 
C50 385 186 0 0 0 6191 301 1411 

C50-a 385 186 0 0 966 6191 315 1730 
CB50 237.5 228 237.5 0 0 6612 193 1033 

CB50-a 237.5 228 237.5 0 932 6612 207 1341 
CF50 305 196 0 100 0 5726 241 1177 

CF50-a 305 196 0 100 959 5726 255 1494 
C60 325 184 0 0 0 5775 255 1213 

C60-a 325 184 0 0 1063 5775 271 1564 
CB60 200 192 133 0 0 5679 163 862 

CB60-a 200 192 133 0 965.4 5679 177 1180 
CF60 238.1 186.7 0 94.1 0 5266 190 957 

CF60-a 238.1 186.7 0 94.1 949.9 5266 204 1270 
 
Normalization and Desirability Analysis 
Prior to performing the concrete sustainability evaluation 
utilizing desirability analysis, the concrete dataset was 
normalized to t-scores. It was done by getting the mean and 
the standard deviation of the indicators, then converting to 
z-scores before finally transforming to t-scores. 
 Then, the evaluation of concrete material sustainability 
was carried out by obtaining a sustainability score for each 
concrete mix per cluster utilizing desirability function 
approach. The t-scores previously obtained were utilized as 
input for this analysis. Desirability is an objective function 
that ranges from zero outside of the limits to one at the goal. 
The numerical optimization finds a point that maximizes the 
desirability function. The characteristics of the goal may be 
altered by adjusting the weight or importance. The weights 
obtained in the regional context analysis was utilized in this 
evaluation. 
 Performing the desirability analysis considering the 
different weights given by the nine clusters to the different 
indicators, the sustainability scores of each mix is shown in 
Table 6. 
 

Table 6. Sustainability score of each mix per cluster 

 
 

 The results show that only three out of the twelve mixes 
were judged as sustainable by the different clusters. All 
these mixes have a 0.60 water-to-binder ratio and is a binary 
system (either with blast furnace slag or fly ash). Finally, 

due to relatively greater weights given by the clusters to the 
concrete waste (Wst1) indicator, seven out of nine clusters 
chose the concrete mix with high-grade recycled aggregates 
content despite their higher CO2 emissions and energy 
consumption. Moreover, this implies that high-grade 
recycled aggregates were judged better than natural 
aggregates in the context of sustainability based on the 
analytical conditions and methods adopted in this analysis. 
 
Supplementary Work 
A supplementary work was done through uncertainty 
analysis which quantifies the uncertainties associated with 
methodological uncertainties and arbitrary choices in the 
evaluation framework. The method undertaken for this 
analysis is where the sustainability scores of each mix for 
all combinations of cluster weights (nine cluster weights) 
and the desirability analysis (with and without 
modifications) were aggregated and the corresponding 
average sustainability score and variance of each mix was 
calculated. Then, the individual ranks of the average 
sustainability scores and variances of the different mixes 
were determined. Three representative mixes are shown in 
Table 6 showing various combinations of average 
sustainability scores and variances. 
 

Table 6. Descriptive statistics of some concrete mixes 
Mix Average SS Rank Variance Rank 

CF60-a 63.0018 1 5.5554 3 
CB60-a 62.0859 2 8.2630 5 
C60-a 46.7805 8 2.1129 1 

 
 In this analysis, it helps to make the choice between 
selecting a moderately scored material with low variance 
versus a highly scored material with moderate variance. The 
results show that mix CF60-a, though it is not always the 
most sustainable mix chosen by the clusters, is reasonable 
enough to help make a confident most sustainable concrete 
material choice when doing an over-all decision-making 
because it is the most highly ranked concrete mix with 
almost the lowest variance. 
 
Conclusions 
 
The proposed analytical method for concrete sustainability 
evaluation can be used for the advancement of the 
implementation of sustainable concrete by considering 
regional characteristics. First, it provides a way for 
quantitatively measuring regional context. Also, the means 
to integrate this regional context to the evaluation of 
concrete sustainability is established. This methodology 
may be found useful to different stakeholders of the 
concrete industry in various regions who are involved with 
evaluating the sustainability of concrete materials. 
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