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Abstract: In the production of cement and concrete, mechanical and durable properties are essential,
along with reasonable cost and sustainability. This study aimed to apply an evaluation procedure
of the level of sustainability of mixtures of high-performance concretes (HPC) with various eco-
friendly supplementary cementitious materials (SCM). The major supplementary cementitious
materials (SCMs), namely, volcanic pumice pozzolan (VPP), Class C and F fly ash, ground granulated
blast furnace slag of grade 120, silica fume, and metakaolin, were included. Twenty-seven concrete
mixtures were analyzed using a previously presented comprehensive material sustainability indicator
in a cost-effective variant. The results indicated that the rank of the concretes differed at 28, 56, and
91 days after concreting. In addition, the study showed no correlation of strength and diffusion
parameters with sustainability indicators. Finally, this study will contribute to the optimal selection
of mixtures of HPC with VPP in terms of sustainability, cost, and durability for future implementation
in reinforced concrete bridge deck slabs and pavements. The values of sustainability indicators for
pumice-based mixtures were compared with those for other SCMs, highlighting the sustainable
performance of volcanic ash-based SCM.

Keywords: sustainability; concrete; SCM; pozzolanic; eco-costs; durability; life cycle assessment

1. Introduction

In general, concrete is the most popular building construction material in the world
due to its cost, technical properties, and durability characteristics. The impacts of the
selected materials—e.g., steel or reinforced concrete in both civil and transportation in-
frastructure constructions—on the economic and ecological levels are often compared. In
the transportation infrastructure, concrete is more valuable as it allows the creation of
structures of various shapes and is used in all parts of a construction. In addition to steel
reinforcement in reinforced concrete [1], cement is the most important component in this
respect—historically, ordinary Portland cement (OPC) is the most widely used [2].

It should be noted that there are ways to reduce the cost of concrete production while
maintaining its desirable properties, for example, by replacing the aggregates [3–6], but
this is not the subject of the present research. Concrete production alone emits almost 8%
of global greenhouse gases [7–10], mainly due to the use of fossil fuels. A study shows that
cement production and processing are responsible for 85% of CO2 production in the entire
concrete industry [11].

A current and extremely large study involving thousands of scientific outputs has
shown the modern trends of high-performance concretes (HPC), atypical reinforced con-
cretes, their disadvantages and possibilities, and, above all, has provided a comprehensive
overview of studies dealing with concrete with SCMs [12].
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For this reason, it is highly desirable to seek alternative substitutes of OPC using
various other SCMs [5–9]; therefore, research on the use of fly ash, slag, silica fume, and
metakaolin has been gaining attention at a rapid pace in recent decades [13–17].

SCM replacement levels may vary from mixture to mixture based on chemical com-
position, cost, availability, and local resources. Most studies aim to present the strength
properties or properties related to durability. Alternatively, researchers are looking for
shortcomings in current testing methods due to different chemical compositions of con-
crete [18–20]. In many recent studies, a new SCM has been introduced, specifically, volcanic
pumice pozzolan (VPP), which increases HPC performance in a significant manner [21–25].

For the needs of the presented investigation, the results from a previous study [26]
were obtained and evaluated in terms of sustainability and other related factors. The
acquisition of HPC material properties with SCM was a challenge in addition to the testing
strategy. The evaluation of a high-quality mixture and especially the correct categorization
of the results are important. Degradation of reinforced concrete structures is the result of
the combined effects of environmental and mechanical damage, and owners pay significant
attention to the issue of ageing [27–29].

The effect of degradation must be taken into account, with a strong emphasis on
sustainability assessment [30,31].

This has a significant impact on performance requirements critical to the design proce-
dure, life cycle analysis, reliability and, in addition, sustainability-based concepts [32–34].

The evaluation of the sustainability of concrete using the so-called sustainability in-
dicators, including material properties, durability, and eco-cost, was presented earlier
in [28,34,35], using an indicator marked as kSB (see Equation (1) in Section 2.4). The method-
ology was improved and enriched later by others authors [36], who included financial costs
for the material and the production of concrete, thus creating the indicator kSB,C.

Moreover, a holistic indicator framework for concrete material sustainability evalua-
tion was presented in another study [37].

It is also worth mentioning that the issue of sustainability is currently more empha-
sized in the regulations—e.g., for the current ACI 318 Code cycle [38], a new subcommittee
was established to work on greatly expanding the concrete building code provisions related
to sustainability design. A similar situation applies to the forthcoming fibMC2020 [39].

These above-mentioned sustainability indicators can serve as a yardstick for selecting
the most appropriate mixture for a broader study and preparing its future implementation,
and this is the procedure presented in this article. Material properties are adopted from the
study [26]. The diffusion coefficient was included as an indicator of durability, as well as the
cost and eco-cost of concrete mixtures for evaluated their rank at three different concrete
ages (28, 56, and 91 days). The correlation between the properties directly measured
(strength, diffusion parameter) and those derived (sustainability indicators) was also
evaluated. We examined the hypothesis that it is not sufficient to evaluate only the strength
of concrete or only the durability characteristics, but on the contrary, the sustainability
indicator may show a significantly different rank of the investigated concrete mixtures. The
results of sustainability indicators of pumice-based HPC mixtures were compared with
results for other SCMs [36], highlighting the sustainable performance of volcanic ashes.

2. Materials and Methods

The composition of the investigated concrete mixtures, the results obtained from the
adopted study, and the values obtained from the cost and eco-cost evaluation are presented
below. A basic description of the method used, the so-called sustainability indicators, and
its applicability are also illustrated.

2.1. Volcanic Pumice Pozzolan

VPP is a natural material of volcanic origin and is abundant on the west coast of the
United States. As of 2017, California state lawmakers have mandated state-funded projects
to report global warming potential (GWP) information based on the use of materials in
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the project to be assigned an upper limit. As there is still no clear methodology to reduce
CO2 emissions in concrete, detailed research is in demand in this area [40]. This SCM is
also extensively used in other parts of the world. As an example, VPP is widely used as
a supplement to Portland cement in countries including Italy, Germany, Kenya, Turkey,
China, and Greece [41] and is a good example of a sustainable substitute for concrete
mineral admixtures.

Basic data such as strength, diffusion coefficients, and material composition were
obtained from an extensive durability study of volcanic pumice-based ultrafine HPC mix-
tures [25]. As an example of the developed methodology, 27 different concrete mixtures
were investigated, including the reference mixture of ordinary Portland cement (OPC), bi-
nary mixtures (OPC and one SCM), and ternary mixtures (OPC and two SCMs) integrating
VPP [25]. The chemical properties of OPC, VPP, and other SCMs are shown in Table 1 [26].

Table 1. Chemical composition of cementitious materials [26].

Chemical [%] Cement Type II/V Class C Fly Ash Class F Fly Ash Slag G120 Silica Fume Metakaolin Pumice

SiO2 21.20 34.02 45.05 36.81 97.90 51.95 87.40
Al2O3 3.90 18.20 23.71 9.66 0.18 44.27 10.52
Fe2O3 3.50 6.59 16.43 0.61 0.07 0.41 0.174
MgO 2.10 5.06 0.88 10.03 0.21 0.05 0.126
CaO 2.70 2.70 0.68 - 0.17 0.02 -

Na2O + K2O 63.10 27.18 3.78 36.77 0.42 0.06 -
MnO 0.54 1.91 2.26 0.66 0.71 0.30 -
ZnO - - - - 0.03 - -
SiO2 - - - - 0.08 - -
SrO - - - 1.10 - - -
Cl - - - 0.05 - - -

Fe2O4 - - - - 0.09 - 0.194
Na - - - - - - 0.128
K - - - - - - 0.099
Ca - - - - - - 0.090

TiO2 - - - - - - 0.0074
SO4 - - - - - - 0.0041
H2O 1.110

2.2. Investigated Mixture Composition

Concrete mixtures were designed with a water/cementitious materials ratio of 0.4 and
contained 335 kg/m3 of cementitious materials, 147 kg/m3 of water, 1038 kg/m3 of gravel,
and between 701 kg/m3 to 731 kg/m3 of natural sand. The basic element was the Portland
Cement Type II–V (TII–V), which is widely used in California due to the sulphate attack
problem. It is to be noted that Type I cement is prohibited in California. Various SCMs
were utilized, namely, Class C fly ash (C), Class F fly Ash (F), Silica fume (SF), ground
granulated blast furnace slag of grade 120 (G120S), Metakaolin (M), and Volcanic Pumice
Pozzolan (P). Volcanic pumice was the major ingredient, as it is incorporated in all binary
and ternary concrete mixtures. The specific gravity of Cement TII/V is 3.15, that of Class C
Fly Ash is 2.32, that of Class F Fly Ash is 2.32, that of GGBFS 120 is 2.92, that of Silica Fume
is 2.22, that of Metakaolin is 2.6, that of Pumice is 2.35, that of Natural Sand is 2.66, and
that of Gravel is 2.71.

Furthermore, a water-reducing admixture (Glenium 7500) and an air-entraining ad-
mixture (MBVR AE90) were used to achieve better processability and other workability
specifications. Mixtures were marked according to the cementitious materials and their
percentage replacement by mass, e.g., 70TII-V/15F/15P stands for 70% Type II-V Cement,
15% Class F fly ash, and 15% Pumice (see Figure 1). It can be noticed that the first concrete
mixture was taken as a reference for all calculations, and was designated as OPC.
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Figure 1. Composition of the cementitious materials of concrete mixtures.

2.3. Material Properties

A published article studied the strengths and electrochemical properties at 28, 56 and
91 days after concreting [26]. For further sustainability assessment, the strength values
were converted from psi to MPa. Furthermore, diffusion parameters were subsequently
computed from the measured values of the charge passed according to the ASTM C1202
standard (a detailed description of the measurement is provided in [42,43]). Diffusion
coefficients (Dc) were also obtained at 28, 56, and 91 days after concreting, using the Nernst–
Einstein equation [44]. The environmental costs and the cost of each component of the
concrete mixture were obtained from a database [45,46] and computed for each concrete
mixture. It should be noted that these costs are related to the area of origin, i.e., the USA.
Table 2 shows the values for all concrete mixtures.

2.4. Sustainability Indicator

Sustainability can be evaluated using the sustainability indicator kSB, which has al-
ready been described in details, and the cost of the concrete mixture has been considered
(material and production) to obtain a modified indicator, i.e., kSB,C [34,36,47]. The method-
ology used was based on previous published findings [35]. It should be noted that the
cost of the material is mostly dependent on the region or country. The present analysis
focused on the values for the USA. As the design of the concrete structure ensures structural
safety and serviceability, along with durability, robustness, sustainability, and resilience,
the sustainability indicator kSB,C can be incorporated to create a rank of concrete mixtures.
The main advantage of kSB,C is its complexity, which includes all aspects, namely, strength,
resilience, ecology, and economy. Equation (1) [34] was used for the computation of kSB:

kSB =

R
Lref

× L
Lref

E
Eref

(1)

where:

• R is the performance—suitable for the mechanical characteristics of concrete, namely,
compressive strength [MPa]
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• L is the service life—using a suitable analytical model (see e.g., [6,7]), the service
life of L [years] is then determined. Instead of the model, alternatively, a quantity
characterizing the service life related to a certain degradation phenomenon can be used
for L—in the present case, it is a diffusion parameter used to calculate the resistance of
concrete to chloride ions and in connection with corrosion of reinforcement [9,10]

• E is the eco-cost, i.e., the amount that could be spent to reduce the environmen-
tal impact to a sustainable level. It includes the impact of mining and processing
of materials

• Rref, Lref, and Eref are optional values, in this case, relevant to the reference concrete
mixture (OPC).

The extension of the sustainability indicator by the cost of the material can be consid-
ered in Equation (2) [36] to obtain kSB,C:

kSB =

R
Lref

× L
Lref

E
Eref

× C
Cref

(2)

The description of the parameters is listed below:

• C is the cost, i.e., the price of all materials according to the specific composition of
concrete, depending mainly on the region or country

• Cref is a cost related to the reference concrete.

Considering these parameters, it is possible to categorize concrete mixtures based on
data obtained from previous research studies. The highest values of kSB and kSB,C show
the most advantageous concrete mixture in the studied group in terms of sustainability.
Details of the entire methodology for evaluating the sustainability indicator are described
comprehensively in a published study [36].

Table 2. Diffusion coefficient Dc, compressive strength, eco-cost, and cost for all concrete mixtures.

Mix ID

Dc
(28 Days)
×10−12

[m2/s]

Dc
(56 Days)
×10−12

[m2/s]

Dc
(91 Days)
×10−12

[m2/s]

Strength
(28 Days)

[MPa]

Strength
(56 Days)

[MPa]

Strength
(91 Days)

[MPa]

Eco-Costs
[€/m3]

Costs
[€/m3]

100TII–V 6.14 5.33 4.05 27.08 34.70 36.76 51.66 60.59
85TII-V/15P 4.90 2.49 1.60 39.58 49.81 54.92 45.82 57.91
80TII-V/20P 5.44 2.57 1.58 34.96 45.45 50.02 43.85 57.19
75TII-V/25P 3.85 2.15 1.33 35.44 40.89 46.05 41.89 55.97

70TII-V/15F/15P 4.32 2.45 1.56 31.60 32.54 41.16 43.44 55.57
50TII-V/35G120/15P 2.06 1.33 0.92 37.43 41.45 45.82 40.37 57.65
45TII-V/35G120/20P 2.77 1.71 1.08 34.92 39.81 42.89 38.4 57.42

65TII-V/15F/20P 3.72 1.71 1.04 39.35 47.27 53.28 41.47 55.33
60TII-V/15F/25P 3.39 1.92 0.98 28.26 34.63 41.00 39.51 54.44
60TII-V/25C/15P 5.17 2.64 1.62 37.81 44.66 50.67 41.01 54.77
55TII-V/25C/20P 3.20 1.78 0.99 35.16 46.53 54.44 39.05 53.55
80TII-V/5SF/15P 2.76 1.30 0.95 32.31 41.18 49.21 43.91 64.81
75TII-V/5SF/20P 2.89 1.31 0.91 32.39 44.80 49.37 41.95 64.25
78TII-V/7M/15P 1.77 1.18 0.87 48.65 55.10 50.55 43.91 56.26
73TII-V/7M/20P 1.77 1.16 0.80 48.72 54.63 55.34 41.94 55.7
68TII-V/7M/25P 1.71 1.19 0.76 49.11 50.66 59.45 39.98 54.81

50TII-V/30G120S/20P 1.95 1.00 0.61 44.05 50.50 52.06 39.18 56.78
45TII-V/30G120S/25P 1.73 0.85 0.48 42.49 46.74 53.54 37.22 56.21

70TII-V/5SF/25P 1.69 0.79 0.44 45.65 53.75 57.19 39.99 63.03
65TII-V/10M/25P 1.62 1.02 0.73 45.24 48.99 53.72 39.16 53.23
65TII-V/10SF/25P 1.20 0.56 0.38 41.15 53.04 52.60 38.08 69.76
65TII-V/20F/15P 1.49 0.78 0.53 31.11 36.78 41.60 42.64 54.84
60TII-V/20F/20P 1.28 0.69 0.48 32.00 38.34 39.77 40.68 53.95
55TII-V/20F/25P 1.01 0.49 0.33 32.02 41.37 40.91 38.72 53.39
65TII-V/20C/15P 2.07 1.06 1.01 38.96 45.04 47.36 41.97 55.17
60TII-V/20C/20P 2.52 1.23 0.81 46.06 48.26 54.79 40.01 54.28
55TII-V/20C/25P 3.65 1.68 1.13 46.12 55.36 55.36 38.05 53.39
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3. Results

It was possible to evaluate the various groups of concrete mixtures and determine
their rank in the group with the above-mentioned assumptions and the application of
the methodology of sustainability indicators. The results represent the kSB values and the
respective rank, as well as the kSB,C values and the respective rank. Both parameters were
calculated for three time periods. Subsequently, linear regression was applied in order to
evaluate the correlation between kSB and kSB,C, which indicated how the cost determine
fundamental differences of the material in the investigated group. Further evaluation was
carried out considering kSB correlation at different concrete ages, namely, 28 days versus
56 days, 28 days versus 91 days, and 56 days versus 91 days. Finally, our analysis showed a
correlation of the strength and diffusion parameters with the kSB and kSB,C indicators. It is
worth mentioning that other possible regression curves did not show a higher agreement
compared to linear regression. Therefore, only linear regression is presented herein. This
allows understanding whether it is necessary to use indicators or whether it is possible to
evaluate concrete in terms of sustainability purely based on material characteristics.

3.1. Rank of Concrete Mixtures

Equations (1) and (2) were used to obtain the rank of all mixtures. For example, the
mixture 80TII–V/15P presented the following values after 28 days: R = 1.60 MPa (strength),
L = 4.90 × 10−12 m2/s (diffusion coefficient), E = 54.91 €/m3 and C = 44.57 €/m3. The
reference values of 100TII–V were selected for all mixtures after 28 days as Rref = 6.16 MPa,
Lref = 27.08 × 10−12 m2, Eref = 50.95 €/m3, and Cref = 46.47 €/m3. The result according to
Equation (1) is 2.07 in 28 days, while, according to Equation (2), it is 2.16. All mixtures
were calculated and then sorted from the highest to the lowest value—thus obtaining a
rank. The results of the evaluation using the sustainability indicator at 28, 56, 91 days after
concreting are shown in Figures 2–4.
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Figure 2. Sustainability indicators and rank of concrete mixtures 28 days after concreting (indicator value/rank).
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Figure 3. Sustainability indicators and rank of concrete mixtures 56 days after concreting (indicator value/rank).
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Figure 4. Sustainability indicators and rank of concrete mixtures 91 days after concreting (indicator value/rank).

The reference concrete mixture (100TII-V) has a value of 1 and is ranked 27th, as both
indicators for all mixtures showed better performance compared to the reference concrete
mixture. The results showed that the best possible mixture in terms of sustainability
without cost is 65TII-V/10SF/25P, whereas, considering the cost, it is 55TII-V/20F/25P.
This applied to all investigated times. The subsequent rank was different; however, the
difference was not significant.

3.2. Correlation between Sustainability Indicators

The difference between kSB was verified by kSB,C, evaluating the correlation at each
time frame (see Figure 5). It could be concluded that both parameters showed similar
results based on the high coefficient of the determination values.
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Figure 5. Correlation of kSB and kSB,C for all concrete mixtures.

The major reason was the cost of individual materials, which did not differ significantly
from the average value. However, when evaluating an individual mixture, it was observed
that the rank was alternate. The highest and lowest correlation was observed in 28 days
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and 91 days, respectively; however, the difference was quite small. Therefore, the relative
weight of cost has the same significance as that of other parameters in the case of the
studied group of concrete mixtures. As a complementary result, there was a correlation
between kSB values at different times (Figure 6). The values at 28 and 91 days showed the
lowest agreement. On the contrary, the highest agreement was observed at 56 and 91 days
(which was to be expected, due to the more matured concrete with Pumice SCM).
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Figure 6. Correlation of kSB at different times: (a) 28 days vs. 56 days, (b) 28 days vs. 91 days, (c) 56 days vs. 91 days.

3.3. Correlation between Sustainability Indicators and Strength

Correlations were determined to evaluate the hypothesis that the sustainability in-
dicator may suggest a significantly different order of the investigated concrete mixtures
compared to the strength (see Figures 7 and 8).
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Figure 7. Correlation of kSB and compressive strength for all concrete mixtures.

It can be observed from the results of the R-square parameters that there was a very
low correlation. This proves that both sustainability indicators did not have a direct
linear dependence on the strength of the concrete mixtures. This confirmed the first
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assumption that it is appropriate to use these indicators to determine the ranking with
respect to sustainability.
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Figure 8. Correlation of kSB,C and compressive strength for all concrete mixtures at all studied times.

3.4. Correlation between Sustainability Indicators and Diffusion Coefficient

Similarly, correlations were examined to evaluate the hypothesis that the sustainability
indicators may suggest a significantly different order of the investigated concrete mixtures
compared to the diffusion parameter. This diffusion parameter was used to calculate the
resistance of concrete to chloride ions in connection with corrosion of reinforcement (see
Figures 9 and 10).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 14 
 

3.4. Correlation between Sustainability Indicators and Diffusion Coefficient 
Similarly, correlations were examined to evaluate the hypothesis that the sustaina-

bility indicators may suggest a significantly different order of the investigated concrete 
mixtures compared to the diffusion parameter. This diffusion parameter was used to cal-
culate the resistance of concrete to chloride ions in connection with corrosion of reinforce-
ment (see Figures 9 and 10). 

 
Figure 9. Correlation of kSB and the diffusion coefficient for all concrete mixtures. 

 
Figure 10. Correlation of kSB,C and the diffusion coefficient for all concrete mixtures. 

Although the correlation parameter was higher in the results than in the comparison 
with the strength, it is evident that there was no linear relationship between the diffusion 
coefficient and the sustainability indicators. 

y = -7E+11x + 7.18
R² = 0.15

y = -2E+12x + 10.27
R² = 0.147

y = -3E+12x + 11.61
R² = 0.14

0.00

5.00

10.00

15.00

20.00

25.00

0.00E+00 1.00E-12 2.00E-12 3.00E-12 4.00E-12 5.00E-12 6.00E-12 7.00E-12

k S
B

[-
]

Diffusion coefficient [m2/s]

28 days 56 days 91 days

Regression 28 d. Regression 56 d. Regression 91 d.

y = -1E+12x + 8.05
R² = 0.22

y = -2E+12x + 11.19
R² = 0.21

y = -3E+12x + 12.5
R² = 0.21

0.00

5.00

10.00

15.00

20.00

25.00

0.00E+00 1.00E-12 2.00E-12 3.00E-12 4.00E-12 5.00E-12 6.00E-12 7.00E-12

k S
B,

c
[-

]

Diffusion coefficient [m2/s]

28 days 56 days 91 days

Regression 28 d. Regression 56 d. Regression 91 d.

Figure 9. Correlation of kSB and the diffusion coefficient for all concrete mixtures.



Appl. Sci. 2021, 11, 4964 10 of 13

Appl. Sci. 2021, 11, x FOR PEER REVIEW 10 of 14 
 

3.4. Correlation between Sustainability Indicators and Diffusion Coefficient 
Similarly, correlations were examined to evaluate the hypothesis that the sustaina-

bility indicators may suggest a significantly different order of the investigated concrete 
mixtures compared to the diffusion parameter. This diffusion parameter was used to cal-
culate the resistance of concrete to chloride ions in connection with corrosion of reinforce-
ment (see Figures 9 and 10). 

 
Figure 9. Correlation of kSB and the diffusion coefficient for all concrete mixtures. 

 
Figure 10. Correlation of kSB,C and the diffusion coefficient for all concrete mixtures. 

Although the correlation parameter was higher in the results than in the comparison 
with the strength, it is evident that there was no linear relationship between the diffusion 
coefficient and the sustainability indicators. 

y = -7E+11x + 7.18
R² = 0.15

y = -2E+12x + 10.27
R² = 0.147

y = -3E+12x + 11.61
R² = 0.14

0.00

5.00

10.00

15.00

20.00

25.00

0.00E+00 1.00E-12 2.00E-12 3.00E-12 4.00E-12 5.00E-12 6.00E-12 7.00E-12

k S
B

[-
]

Diffusion coefficient [m2/s]

28 days 56 days 91 days

Regression 28 d. Regression 56 d. Regression 91 d.

y = -1E+12x + 8.05
R² = 0.22

y = -2E+12x + 11.19
R² = 0.21

y = -3E+12x + 12.5
R² = 0.21

0.00

5.00

10.00

15.00

20.00

25.00

0.00E+00 1.00E-12 2.00E-12 3.00E-12 4.00E-12 5.00E-12 6.00E-12 7.00E-12

k S
B,

c
[-

]

Diffusion coefficient [m2/s]

28 days 56 days 91 days

Regression 28 d. Regression 56 d. Regression 91 d.

Figure 10. Correlation of kSB,C and the diffusion coefficient for all concrete mixtures.

Although the correlation parameter was higher in the results than in the comparison
with the strength, it is evident that there was no linear relationship between the diffusion
coefficient and the sustainability indicators.

3.5. Correlation between Sustainability Indicator and Costs

Finally, the relationship between cost and the sustainability indicator kSB,C was studied.
There was a need to prove that the cost is not the factor that will affect the most this second
indicator. It can be observed from Figure 11 that the correlation coefficient was very low,
and the variance of the data showed that there was no direct linear relationship.
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4. Discussion

The presented results of rank of 27 pumice-based HPC mixtures can be compared with
those of other concrete mixtures. In a previous study [36], an analysis based on the same
procedure was presented, with the reference concrete having the same composition and
being prepared in the same laboratory investigation. It should be noted that this was a new
reference concrete mixture, but the differences in performance, durability, cost, and eco-cost
were negligible. Therefore, it is possible to compare the results of both studies. In this
previous study [36], other concrete mixtures with different SCMs were also analyzed, and
the maximum values of kSB and kSB,C were 4.01 and 3.72 at 91 days. In contrast, significantly
higher values were observed for the pumice (VPP) mixtures in this study (maximum 20.01
and 20.62). The strength of the concretes (91 days) in the previous study [36] ranged from
36 MPa to 55 MPa, and the pumice mixtures studied here had a strength from 40 MPa to
59 MPa (91 days).

Even though the performance of the pumice mixtures was similar, the ecological
aspects are dominant; therefore, the sustainability indicator for volcanic mixtures was
significantly higher. Moreover, the remarkable performance in relation to ecological aspects,
a reasonable price, and a good performance of Pumice-based mixtures compared to other
SCMs previously studied [36] indicate the possibilities to use the kSB and kSB,C sustainability
indexes to quantify the level of sustainability, which is essential if sustainability is to be
dealt with in engineering operations.

5. Conclusions

The methodology for evaluating the sustainability of concrete described and applied
in this study provided a rank for the studied group of concretes. The effects of durability,
material mechanical properties, and ecological and economic aspects were included. The
analysis brought the following major conclusions:

1. The sustainability assessment of volcanic pumice concrete mixture indicated that
VPP is a suitable SCM for civil engineering infrastructures, considering eco-friendly
aspects. The mixture containing 65% of Portland Cement Type II–V, 10% of Silica
fume, and 25% of Volcanic Pumice Pozzolan showed the best values in terms of
sustainability, without considering cost.

2. The highest value, considering cost, was assigned to the mixture containing 55% of
Portland Cement Type II–V, 20% of Class F fly Ash, and 25% of Volcanic Pumice Pozzolan.

3. The pumice mixtures significantly over performed other SCM-based mixtures on the
basis of the evaluated sustainability indicator.

4. The rank of the mixtures was different at different concrete maturity, but the trend
was very similar.

5. There was no correlation of strength and the diffusion parameter with sustainability
indicators.

6. The present study shows that the kSB and kSB,C sustainability indexes are suitable for
quantifying the level of sustainability. Therefore, this study might help the industry
to tackle sustainability issues in civil engineering in a rather simple way.

It should be added that the advantage of this procedure is the possibility to consider
the various degradation effects, or their combinations, of concrete mixtures containing
different SCMs, either with the use of mathematical modelling of service life or with the
help of experimental measurements on specific samples. This is an evaluation of the
material, which can be used especially at the beginning of the process of designing a
concrete structure, when, among other variables, the type of concrete is chosen. At the
same time, the sustainability indicator can be viewed as an evaluation tool that can help to
choose materials with regard to the issue of carbon footprint.
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