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Abstract: At present, reducing the environmental impact of the construction industry is a major
subject of study. In terms of the use of recycled concrete aggregates (RCA), most recently conducted
studies have shown that the use of a limited percentage of those aggregates does not significantly
affect the properties of concretes. This work analysed the mechanical properties of medium-strength
concretes with a high contribution to sustainability, where cement and natural coarse aggregates
(NCA) were partially replaced by volcanic powder (VP) and RCA, respectively. Three mixing ratios
of VP replacement were tested in concretes without RCA and concretes with 30% RCA replacing
NCA. Results show that when VP is used without RCA, up to 10% of the cement can be replaced by
VP without a significant loss in the mechanical properties. When a combination of 5% VP and 30%
RCA is used, the weakness of the recycled concrete is strengthened, obtaining stronger concretes than
a control concrete with no recycled materials. Finally, the greenhouse gas assessment showed that the
simultaneous incorporation of VP and RCA reduces CO2 emissions produced in the manufacture of
concrete by up to 13.6%.

Keywords: volcanic powder; recycled aggregates; eco-friendly concrete; sustainability; mechanical
performance; Young’s modulus

1. Introduction

The worldwide growth of the construction industry has produced an increase in the need for
raw materials as well as the generation of a large amount of construction and demolition waste every
year. This has made the construction industry an important source of unavoidable environmental
problems [1]. In order to reduce the impact of these problems, many countries have adopted sustainable
development programs based on the use of recycled materials [2].

Concrete is one of the most widely used construction materials globally. Therefore, as a way to
reduce its harmful environmental impacts, many studies have focused on analysing the effects of the
replacement of different concrete components with recycled materials [3,4]. In that line, due to the
high levels of CO2 emissions generated by cement production [5], it is considered that one of the most
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effective ways to reduce the harmful environmental impacts of concrete is by replacing part of the
cement with Supplementary Materials derived from waste [6–8]. This would reduce costs, energy and
residue volume [9].

Several studies have been performed on the use of volcanic ash powder (VP) in blended cement
and concretes. Siddique [10] concluded that VP satisfies the ASTM C618 requirements for use as
pozzolanic material. Usually, significant losses in compressive strength are observed when the
percentage of VP used is over 10%, leading to the general recommendation of replacing cement
with VP only up to a 15–20% maximum, to limit the strength losses [11,12]. Moreover, it has been
pointed out that the use of low percentages of VP is beneficial for concrete durability, producing
materials more resistant to seawater attack [13], carbonation and chloride ion ingress [11]. Hossain [14]
concluded that the use of up to 20% VP replacement provides blended cement with a higher setting
time and low heat of hydration.

On the other hand, the over-use of natural coarse aggregates (NCA) in civil engineering
applications can have a significant environmental impact, reducing its availability within a territory.
The use of recycled concrete aggregates (RCA), including productive chains of natural and
RCA, can increase the sustainability of the aggregate acquisition process [15,16]. In this vein,
several researchers have studied the effects of using RCA in concrete manufacturing in recent
decades [17–19]. The main issue when RCA are used replacing natural aggregates is the old mortar
that remains attached to their surfaces. The presence of old mortar weakens the final material because
two weak interfaces must be considered: an old one between the old mortar and the aggregate and a
new one between the RCA and the new cement mixture [18]. The amount and quality of the old mortar
determine the quality of the interfaces, having an important influence on the mechanical behaviour of
the final material [20–22]. One common way to control the strength losses produced by the use of RCA
is to limit the percentages of the aggregates replaced. Several authors [23–25] agree that low amounts
of RCA do not significantly modify the properties of the recycled concrete and, therefore, the use of
up to 30% of RCA in structural concrete manufacturing is permitted by several European technical
regulations [26].

The use of both residues in concrete manufacturing, RCA and VP, has been widely studied
separately but the effect of their simultaneous application is yet unknown. Therefore, the aim of
this study is to analyse concretes with the simultaneous replacement of NCA by RCA and cement
by VP, with respect to their effects on the mechanical properties of the sustainable final concretes.
Different mixtures have been considered with the aim of optimizing the mixture so as to minimize the
strength losses while trying to maximize the amount of replaced materials. Furthermore, a greenhouse
gas (GHG) assessment of the studied concrete series was performed as well as an analysis of the
SUB-RAW index [27], which includes the embodied energy and CO2 footprint parameters, in order to
evaluate the replacement of the concrete raw materials.

2. Experimental Procedure

2.1. Cement and VP

The targeted compressive strength after 28 curing days was set at 30 MPa. A pozzolanic cement
equivalent to ASTM type P cement was used.

VP from the Calbuco volcano has been used to replace different amounts of cement in concrete
manufacturing. Calbuco (41◦20′ S, 72◦37′ W, 2003 m.a.s.l.) is an active stratovolcano located in the
southern Andes in Chile, near the cities of Ensenada and Puerto Montt. Its last subplinian eruption
occurred on 22 and 23 April 2015 with a total calculated bulk tephra fall deposit volume of 0.27 km3.
The erupted materials are porphyritic basaltic andesite (~55 wt.% of SiO2) [28]. The fall mainly affected
the northeast area of the volcano and the finest ash was deposited over southern Chile and Argentinian
Patagonia. A grain size distribution analysis revealed particle sizes from 3 µm up to 350 µm, with a
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variable distribution depending on the distance from the origin [29]. After sieving, the VP particles
under 75 µm were selected and used.

The chemical analysis and the physical properties of cement and VP are shown in Table 1.

Table 1. Physical and chemical properties of cement and volcanic powder (VP).

Composition Cement VP

SiO2 38.06% 57.76%
Al2O3 8.88% 14.54%
CaO 40.92% 8.27%

Fe2O3 2.83% 11.00%
SO3 2.33% -

MgO 1.59% 2.44%
Na2O 1.75% 2.41%
K2O 1.62% 2.14%
TiO2 - 1.42%

Density 2688 kg/m3 2450 kg/m3

Blaine surface
area 461 m2/kg 285 m2/kg

The main component of the VP is silica, around 57% and it presents traces of alumina, iron oxide
and calcium oxide (34%). The Blaine fineness of the VP is 285 m2/kg and its density is 2450 kg/m3.
The grain size distribution of the VP is shown in Figure 1.
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The Blaine values (see Table 1) were obtained according to the ASTM C204 specifications.
VP presents lower specific surface values than cement due to a lower mean particle size.

The scanning electron microscopy (SEM) analysis of the VP (Figure 2) showed that it is formed by
irregularly shaped particles with quite smooth surfaces according to the low surface area reported in
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Table 1. Also, the energy-dispersive X-ray spectroscopy (EDX) of the VP (Figure 3) was consistent with
the chemical analysis in Table 1.Sustainability 2018, 10, x FOR PEER REVIEW 4 of 17 
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2.2. Natural and Recycled Concrete Aggregates

The RCA were obtained from precast concrete debris. The compressive strength of the source was
estimated around 17 MPa.

A thermal treatment previously proposed by several authors [30] was used to measure the amount
of mortar adhered to the RCA surfaces. The methodology consisted of a thermal shock to remove the
mortar from the RCA to enable its quantification. The percentages of mortar found for each of the
sizes, 6.3 mm, 9.5 mm and 12.5 mm, were 54%, 53% and 50%, respectively. Consistent with previous
studies, it was found that the smaller fraction tends to present a higher percentage of mortar [31].

The SEM analyses of the RCA are presented in Figure 4 which shows both the mortar and the
RCA as well as the microfissures caused by the grinding process [32]. The EDS analysis of the RCA
(Figure 5) shows that the RCA are composed mainly of silica, calcium and aluminium.
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The results obtained for the physical properties, calculated following the ASTM C127-15 and the
ASTM C128-15, are shown in Table 2. The nominal sizes considered were 12.5 mm, 9.5 mm and 6.3 mm.
The density of the RCA presented values of 6% lower than the NCA. This decay in the density values
is due to the presence of old mortar on their surfaces. The porosity of this mortar also produced an
increase of around 2.5 times in the water absorption values.

Table 2. Physical properties of coarse aggregates.

Aggregates Size (mm) Bulk Specific Gravity (Saturated
Surface Dry, SSD) (kg/m3)

Bulk Specific
Gravity (kg/m3)

Apparent Specific
Gravity (kg/m3)

Water
Absorption (%)

NCA
6.3–9.5 2678 2629 2765 1.9
9.5–12.5 2687 2642 2767 1.7
12.5–19 2699 2661 2765 1.4

RCA
6.3–9.5 2510 2390 2720 5.0
9.5–12.5 2530 2430 2720 4.4
12.5–19 2530 2440 2700 4.0

2.3. Sample Preparation and Testing

The main goal of this study is to analyse the effects of the simultaneous use of RCA and VP
on the mechanical properties of concrete. Therefore, three different types of samples were tested:
concrete containing both VP and RCA, concrete containing only VP and a control concrete (CC)
made with natural aggregates and no VP. To assess the effects of VP as a partial cement replacement,
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a constant water/binder ratio of 0.42 was used for all the concretes. Three different amounts of VP
were considered, 5%, 10% and 15% and evaluated in both types of concrete, the one with no RCA and
the one with 30% of RCA.

The concrete mixture proportions of the manufactured specimens are shown in Table 3 together
with the slump test results.

After keeping the samples under laboratory conditions for 24 h, they were de-moulded and
immersed in water with lime at a constant temperature of 23 ± 3 ◦C during the curing time. In the
case of the compressive strength, 4 different curing times were considered: 7, 14, 28 and 90 days.
A hydraulic press with a maximum capacity of 3000 kN was used to determine the compressive
strength of each cylindrical sample with 150 mm diameter and 300 mm height, following the standard
ASTM C39/C39M. The static modulus of elasticity was determined following the ASTM C469 in
identical samples after 28 curing days. Prismatic specimens 150 × 150 × 530 mm cured for 28 and
90 days were used to test the flexural strength following the ASTM C78 specifications. For all the tests,
three samples from each series were used.

Table 3. Concrete mixture proportions.

Series NA
(6.3–19.0 mm) (kg)

RCA
(6.3–19.0 mm) (kg) Cement (kg) VP (kg) Sand (kg) Water (L) Slump (cm)

CC 920 - 382.0 - 877 203 3.0
VP5-RCA0 920 - 362.9 19.1 877 203 0.0
VP10-RCA0 920 - 343.8 38.2 877 203 2.0
VP15-RCA0 920 - 324.7 57.3 877 203 6.0
VP5-RCA30 644 276 362.9 19.1 877 203 1.0
VP10-RCA30 644 276 343.8 38.2 877 203 1.0
VP15-RCA30 644 276 324.7 57.3 877 203 4.0

2.4. Greenhouse Gas Assessment

The CO2 emission factors (in kgCO2/kg) and the embodied energy for the concrete components
studied are provided in Table 4. Those corresponding to the cement production, NCA and RCA were
obtained from the “Inventory of Carbon and Energy” [33]. For the sand, a factor 0.014 kgCO2/kg was
considered and its embodied energy was not considered because the sand was not compared with
other material. Regarding the VP, the energy consumption of the grinding machine model Gilson
Testing Screen TS-1F and the average CO2 emissions, provided by the Organisation for Economic
Co-operation and Development (OECD) [34], were estimated by kWh associated with the generation
of electricity (0.432 kgCO2/KWh). In relation to the GHG and energy consumption, the contribution
of VP was negligible compared to cement.

The emissions associated with the transport of cement and VP were assumed to be similar, so they
were not included in the comparison. However, those emissions play an important role in the case of
RCA [33], because the transport of RCA generally produces fewer emissions than NCA, especially
when the latter come from great distances [35,36]. Here, a distance of 15 km was considered for
RCA transport and 100 km for NCA and sand transport, which is a common situation in big cities
such as Paris, according to Fraj and Idir [35]. The emissions due to transport are approximately
0.14 kgCO2/ton·km according to the database of Conversion Factors for Greenhouse Gas of the UK
government [37].

Table 4. Greenhouse gas (GHG) and embodied energy factors.

Raw Material KgCO2/kg (in Production Stage) KgCO2/kg (Transport) MJ/kg (in Production Stage)

Cement 0.82 - 4.6
VP 0.006 - 0.0045

NCA 0.005 0.014 0.1
RCA 0.012 0.002 0.25

Fine aggregate (sand) 0.014 0.014 -



Sustainability 2018, 10, 3036 7 of 17

In order to evaluate how much more sustainable the raw materials studied are compared to the
common ones, the SUB-RAW Index [27] was used, which is defined as:

SUB− RAW index = [log(EEraw )− log(EEsub) + log(CFraw)− log(CFsub)]/2 (1)

where EEraw represents the embodied energy of the original material (MJ/kg); EEsub represents the
embodied energy of the proposed material (MJ/kg); CFraw represents the CO2 emissions of the original
material (kg/kg); CFsub represents the CO2 emissions of the proposed material (kg/kg).

This index can have values between −9 and 9 and the more positive its value, the higher the
relative sustainability of the proposed material.

3. Results and Discussion

3.1. Density

The dry density of the different concrete series tested after 28 curing days is shown in Figure 6.
All the series containing VP in the absence of RCA showed slightly higher densities than the

CC. Due to the filler effect of the VP, its particles fill the pores of the material, releasing the water
trapped in them and increasing the density and compactness of the concrete [38]. According to Silva
et al. [38], the materials used as cement replacement have a limited filler capacity. Once this limit
is reached, the exceeding particles start to occupy the volume of the replaced material (cement in
this case), rendering the density dependent only on the relative densities of the cement and the new
material. The density of the VP is lower than that noted for the cement, so once the filler limit is
reached, the density of the material starts to decrease again, explaining the values obtained in Figure 6.

Sustainability 2018, 10, x FOR PEER REVIEW 7 of 17 

 

In order to evaluate how much more sustainable the raw materials studied are compared to the 
common ones, the SUB-RAW Index [27] was used, which is defined as: 𝑆𝑈𝐵 − 𝑅𝐴𝑊 𝑖𝑛𝑑𝑒𝑥 = [𝑙𝑜𝑔(𝐸𝐸௥௔௪) − 𝑙𝑜𝑔(𝐸𝐸௦௨௕) + 𝑙𝑜𝑔(𝐶𝐹௥௔௪) − 𝑙𝑜𝑔 (𝐶𝐹௦௨௕)]/2 (1) 

where EEraw represents the embodied energy of the original material (MJ/kg); EEsub represents the 
embodied energy of the proposed material (MJ/kg); CFraw represents the CO2 emissions of the original 
material (kg/kg); CFsub represents the CO2 emissions of the proposed material (kg/kg). 

This index can have values between −9 and 9 and the more positive its value, the higher the 
relative sustainability of the proposed material. 

3. Results and Discussion 

3.1. Density 

The dry density of the different concrete series tested after 28 curing days is shown in Figure 6. 
All the series containing VP in the absence of RCA showed slightly higher densities than the CC. 

Due to the filler effect of the VP, its particles fill the pores of the material, releasing the water trapped 
in them and increasing the density and compactness of the concrete [38]. According to Silva et al. [38], 
the materials used as cement replacement have a limited filler capacity. Once this limit is reached, 
the exceeding particles start to occupy the volume of the replaced material (cement in this case), 
rendering the density dependent only on the relative densities of the cement and the new material. 
The density of the VP is lower than that noted for the cement, so once the filler limit is reached, the 
density of the material starts to decrease again, explaining the values obtained in Figure 6. 

 
Figure 6. Dry density after 28 curing days. 

The series that contain VP and RCA presented lower densities than the CC, with values that 
decreased with the rise in the VP content. The RCA have lower densities than the NCA they are 
replacing and the same occurs with the VP and the cement. 
  

Figure 6. Dry density after 28 curing days.

The series that contain VP and RCA presented lower densities than the CC, with values that
decreased with the rise in the VP content. The RCA have lower densities than the NCA they are
replacing and the same occurs with the VP and the cement.
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3.2. Compressive Strength

Results are displayed in Table 5.

Table 5. Mechanical properties of tested specimens.

CC VP5-RCA0 VP10-RCA0 VP15-RCA0 VP5-RCA30 VP10-RCA30 VP15-RCA30

Compressive
Strength (MPa)

7 days 19.05 20.45 14.24 14.03 20.32 15.23 15.04
Std% 3.7 3.1 3.3 3.3 1.9 3.0 0.9

14 days 24.22 21.09 24.19 16.86 26.45 19.26 19.43
Std% 6.9 6.9 1.6 5.2 4.5 5.1 1.7

28 days 32.63 31.11 27.64 21.77 34.58 28.42 25.68
Std% 3.1 1.5 3.7 6.4 1.9 5.4 2.7

90 days 41.03 42.02 39.77 32.48 47.25 33.56 38.10
Std% 1.6 0.2 3.9 1.8 0.1 5.0 2.7

Flexural Strength
(MPa)

28 days 4.7 4.2 3.3 3.7 3.6 3.3 3.4
Std% 3.0 3.6 3.6 4.9 2.1 1.9 3.8

90 days 5.3 4.2 3.7 4.2 4.3 4.5 4.5
Std% 2.6 3.4 2.5 3.8 6.8 4.4 3.7

Static Elastic
Modulus, E (MPa)

28 days 29,000 28,267 27,333 25,333 28,600 25,400 24,800
Std% 5.2 0.8 5.0 0.8 2.5 5.5 2.7

When VP is used in the absence of RCA (series VP5-RCA0, VP10-RCA0, VP15-RCA0),
the compressive strength decreased when the replacement percentage increased, especially when
the percentage is over 10%. After 28 curing days, the concretes with 5%, 10% and 15% replacements
presented compressive strength losses of 5%, 15% and 33% compared to the CC value. These results
agree with those from previous studies [12,14]. However, after 90 curing days, a decrease was noted in
the strength losses (Figure 7) and the specimens with 5%, 10% and 15% VP replacements presented
differences of +2%, −3% and −21%, respectively.
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A similar behavior has been observed when both residues were used simultaneously (series
VP5-RCA30, VP10-RCA30, VP15-RCA30). The most important losses in the compressive strength were
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observed when over 10% of cement was is replaced for VP. After 28 curing days, the concretes with
5%, 10% and 15% VP replacements showed strength differences of +6%, −13% and −21% respectively
compared to the CC values. However, after 90 curing days, a significant reduction was observed
in these differences (Figure 7), since the concretes with 5%, 10% and 15% VP replacements showed
differences of +15%, −18% and −7 compared to CC values.

Figure 8 analyses the development of the strength with the curing days.
Compared to CC, recycled concretes presented a higher gaining rate after 28 curing days.

CC shows a 20% strength increase after 28 curing days, whereas concretes without RCA but with VP
replacement showed strength gaining rates after 28 days, which increased with the amount of VP,
with values of 26%, 31% and 33% for the series VP5-RCA0, VP10-RCA0 and VP15-RCA0, respectively.
After 28 curing days, concretes with both recycled materials presented gaining rates of 27%, 15% and
33% for the series VP5-RCA30, VP10-RCA30 and VP15-RCA30, respectively. The strength increase
after a relatively long curing time (90 days) for concretes with both recycled materials could be
attributed to the pozzolanic reaction between the reactive silica in the VP and free Ca(OH)2 at late
ages. Labbaci et al. [2] reported equivalent results, concluding that VP improves compressive strength
because it produces a secondary calcium silicate hydrate(C-S-H) reaction. During the hydration process
of cement, the reaction between free Ca(OH)2 and VP leads to a more impermeable matrix because of
the refinement of the pore structure [12,14,39]. Consequently, the compressive strengths of concretes
containing VP are comparable to those of the control concrete for long-term curing.
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Furthermore, a remarkable effect occurs when studying the combination of 5% VP replacement
and 30% RCA (samples VP5-RCA30). Results showed how (see Figure 7) this combination seems not
only to avoid strength losses but strengthens the concrete. Hossain and Lachemi [39] considered that
the pozzolanic reactivity of VP consumes the calcium hydroxide that results from the cement hydration.
The silica content of the supplementary cementitious materials reacts with the calcium hydroxide
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present, not only in the cement but also in the mortar that remains adhered to the RCA [40,41],
increasing this effect and making the VP capable of compensating for the weaknesses produced by the
RCA. Following this hypothesis and in view of the results obtained, there is an optimal percentage of VP
replacement, after which the microstructure enhancement is no longer possible and the strengthening
of the material ceases. From the results found here, this optimal content may vary depending on the
nature of the aggregates used.

3.3. Flexural Strength

Results are shown in Table 5 and Figure 9.
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When VP was used with no RCA, the flexural strength after 28 curing days presented losses
compared to CC values of 12%, 29% and 21% for the series VP5-RCA0, VP10-RCA0, VP15-RCA0,
respectively (Figure 9). After 90 curing days, the losses for those series increased up to 22%, 31% and
21% respectively.

When both VP and RCA are used together, the flexural strength tested after 28 curing days
presented higher losses than the CC, the values of which were 24%, 30% and 28% for the series
VP5-RCA30, VP10-RCA30 and VP15-RCA30, respectively. These decreases can be attributed to the use
of RCA. According to Puthussery et al. [42], this effect may be due to the water absorption capacity
and the porous nature of RCA and the mortar adhered to their surfaces. Other studies agree with these
hypotheses on the use of RCA [19,43], concluding that a loss of around 10% seems unavoidable when
the flexural strength is analysed, even though the compressive strength values may present no losses.

Increasing the curing time up to 90 days, these losses were reduced to 20%, 16% and 15% for the
series VP5-RCA30, VP10-RCA30 and VP15-RCA30, respectively. With long-term curing, the amorphous
silica present in the VP and the calcium hydroxide (Ca(OH)2) present in the pores of the RCA mortar
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and the cement matrix, would react and form C-S-H, which enhances the strength of the mixture and
improves the interface between the cement paste and the aggregates [44].

3.4. Static Modulus of Elasticity

The results are shown in Table 5 and Figure 10.Sustainability 2018, 10, x FOR PEER REVIEW 11 of 17 
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For samples with no RCA, the static elastic modulus presented losses that varied from 3% to 13%
compared to CC values. These results reflect the low static elastic modulus of VP and its influence on
the final material. Similar losses were found when VP is combined with RCA, varying between 15%
and 26% with respect to CC.

3.5. Comparison with Technical Regulations

To compare the experimental behaviour of concrete made using recycled materials with the values
estimated by technical regulations, the equations proposed by ACI 318 and Eurocode 2 (EC2) for
evaluating the flexural strength and the static elastic modulus, calculated using the 28-day compressive
strength, were used.

ACI 318 proposes the following equations:

fr = 0.62
√

f ′c (2)

Ec = 4700
√

f ′c (3)

EC2 proposes the following equations:

fctm, f l = max
((

1.6− h
1000

)
fctm, fctm

)
(4)
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Ec = 22
(

fcm

10

)0.30
(5)

where fr is the flexural strength; Ec is the static elastic modulus; f′c is the compressive strength after
28 curing days; fctm,fl is the flexural strength following EC2; h is the height of the specimen; and fctm

is the mean flexural strength obtained using fctm=0.3(fck)2/3, where fck are the experimental values
obtained for the compressive strength minus 8 MPa.

Figure 11 shows the results obtained for the flexural strength applying Equations (2) and (4).Sustainability 2018, 10, x FOR PEER REVIEW 12 of 17 
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Experimental values for CC were 49% higher than those estimated using ACI (Equation (2)).
When VP was used without RCA, the experimental values exceeded the theoretical ACI ones in the
range of 15% to 44%, whereas these values decreased when RCA was added to the mixture, limiting the
increase in the flexural strength in the range of 9% to 22%. Comparable results have been obtained for
CC considering EC2 (Equation (4)); in this case, the increase was 44%. When VP is used without RCA
experimental values exceeded theoretical ACI ones in the range of 20% to 75%, whereas these values
decreased when RCA was added to the mixture, limiting the increase in the flexural strength the range
of 1% to 34%.

It has been demonstrated that many factors have an influence on the flexural strength, such as the
size of the sample, the curing conditions, the type of binder and the strength level of the concrete [45].
Many researchers have studied the effects of each of these factors. Raphael [46] concluded that one
of the reasons for the variations between the measured and estimated flexural strength values is that
the equations used come from the elastic theory, which assumes an elastic behaviour of concrete
until failure.

In this study, all the flexural strengths estimated by technical regulations were always lower than
the values obtained experimentally, which would not produce an overvaluation of this parameter from
a design point of view.

Figure 12 shows the results obtained for the static elastic modulus.
When the ACI (Equation (3)) was applied, experimental CC values were 21% higher than the

theoretical ones. When VP was used without RCA, experimental values were between 21% and 29%
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higher than theoretical ones. Again, these values decreased when RCA was added, being between
13% and 16%. On the other hand, when applying EC2 (Equation (5)), experimental CC values were 1%
lower than theoretical ones. When VP was used without RCA, experimental values were between 2%
and 3% lower than theoretical ones. This decrease became more significant (5% and 10%) when RCA
were added.

According to Vakhshouri and Nejadi [47], the elastic modulus depends on several parameters,
such as the load conditions, the cement matrix characteristics, the properties of the interfacial transition
zone, the elastic modulus of the aggregates and their volumetric fraction, among others. Therefore,
the differences observed between the values of the elastic modulus estimated by the different codes
or technical regulations could be due mainly to the fact that each code uses equations established
according to the local characteristics of the concretes. In addition to this, when recycled materials are
used, the codes are not always capable of predicting the behaviour of these concretes conservatively,
making it necessary to consider special equations for designing structures with recycled concretes.
In this work, the results reveal that the use of EC2 equations to estimate the static elastic modulus is
not as conservative as desirable when recycled materials are incorporated into the concrete.
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3.6. Greenhouse Gas (GHG) Assessment

As can be observed in Figure 13, each 5% increase of the VP content produces a reduction of
approximately 4.4% in CO2 emissions. On the other hand, if 30% of RCA is included in the concrete,
the CO2 emissions are reduced an additional 0.4%.

Therefore, for the maximum replacement percentages analysed (30% RCA and 15% VP) in this
work, CO2 emissions generated during the concrete manufacture process would be reduced by up to
13.6%.
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Results from the SUB-RAW index (Table 6) indicated that VP is much more sustainable than
cement and according to Bontempi’s interpretation of this index [27], the embodied energy and the
CO2 footprint of VP is three orders of magnitude lower than those for cement, while NCA are slightly
more sustainable than RCA due to their lower embodied energy.

Table 6. SUB-RAW index.

Compared Materials SUB-RAW Index

VP–Cement 3.09
RCA–NCA −0.13

4. Conclusions

The main conclusions that can be drawn from the results here can be summarized as follows:

• When VP is used without RCA, after 28 curing days compressive strength suffers significant
losses compared to CC values when only 15% of the cement is replaced.

• When VP is used with RCA, after 28 curing days, the losses suffered by the compressive strength
are significant over 10% replacement.

• All the series with recycled materials present higher gaining rates in their compressive strengths
than the CC in the long term, which may be attributed to the secondary C-S-H reaction between
the VP reactive silica and the free Ca(OH)2 that takes place at later ages.

• The strength losses due to the presence of RCA can be compensated by including small percentages
of VP to the mixture.

• The presence of both residues involves a gaining rate in the flexural strength for long-term curing,
likely due to the long-term secondary C-S-H reaction.

• The static elastic modulus shows losses due to the use of VP, regardless of the use of RCA.
• Equations proposed by ACI and EC2 for the flexural strength give lower values than the

experimental ones for all the series.
• The equation proposed by ACI for the static elastic modulus gives lower values than the

experimental ones for all the series. However, the equation proposed by EC2 for the static
elastic modulus gives higher results than the experimental values for all the series.
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• The combined use of VP and RCA makes it possible to reduce up to 13.6% of CO2 emissions
during the manufacture of concrete, considering that the RCA and NCA are transported from a
distance of 15 and 100 km, respectively.

• As raw material, VP is more sustainable than cement due to its lower required energy
consumption, while the environmental assessment performed for RCA and NCA showed that
the sustainable effect of both are very similar, although the CO2 emissions related to NCA can be
higher than those considered in this work depending on their transport distances (greater than
100 km).

• Results encourage further analysis to establish and quantify the combined effects of VP and RCA
on the durability of recycled concretes.
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