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A B S T R A C T   

Marine environments are extremely challenging for the long-term durability of concrete. Prior validation of 
concrete durability is therefore a prerequisite to guarantee its adequate performance under marine environ-
mental conditions. In this study, the performance of Self-Compacting Concrete (SCC) with variable contents of 
coarse Recycled Precast-Concrete Aggregate (RPCA) and two different cement contents is assessed in terms of 
capillary water absorption, natural and accelerated carbonation, resistance to SO2 attack, and moist/dry per-
formance in drinking water, marine water, and sulfate water. These tests are intended to simulate the conditions 
of a marine environment. In general, the results showed that an SCC containing coarse RPCA of adequate 
durability under marine conditions could be produced. On the one hand, porosity due to the presence of RPCA 
increased less as the cement content was increased, which in turn reduced water absorption and SCC carbon-
ation. For example, the effective porosity of the SCC was reduced by 25 % between day 28 and day 180, 
following the addition of 100 % coarse RPCA. On the other hand, both the SO2-attack and the moist/dry tests 
revealed that the weight of the SCC with RPCA underwent greater variations, due to the reactions of the cement- 
hydration products with chlorides and sulfates, as well as salt deposition. However, SCC compressive strength 
was never adversely affected, as the concrete strength increased up to 8 MPa after the drinking-water and the 
sulfate-water moist/dry tests when using RPCA. According to both Fick’s and Parrot’s models, the projected 
service life of all the mixes was over 100 years, regardless of the coarse RPCA content, making this sort of SCC a 
feasible option for construction in marine environments.   

1. Introduction 

Nowadays, concrete is the most widely used civil-engineering con-
struction material. It can be shaped in almost any form when fresh and 
its adequate strength, obtained at reasonable cost, make it the ideal 
material for many construction projects throughout the world [1,2]. 
However, it is also true that raw material production and concrete 
manufacturing harm the environment, especially so with regard to 
cement and aggregate. Cement is fundamentally harmful to the envi-
ronment in terms of CO2 emissions, as the production of one ton of 
cement emits between 0.9 and 1 ton of CO2 into the atmosphere [3]. The 
aggregate-extraction process can also cause significant environmental 
damage in the form of quarries and gravel pits that modify water flows, 
patterns of land erosion, and vegetative cover, with negative impacts on 

flora, fauna, and local micro-habitat [4]. Therefore, one of the main 
concerns of the concrete sector is concrete sustainability and how it can 
be increased, particularly through strategies to promote sustainable raw 
materials [5,6] that are often extracted from waste products. A process 
that implies the recovery of materials that might otherwise be dumped 
at landfill sites [7,8]. 

One of the best known and most widely studied improvements to 
concrete sustainability is the use of crushed concrete components as a 
substitute for Natural Aggregate (NA) [9,10]. Known as recycled 
aggregate, this material at adequate dosages can be used in concrete 
mixes, as long as the crushing is conducted in such a way that its particle 
size distribution is continuous [11]. The reject concrete components are 
recycled into aggregate particles that are nothing other than the same 
materials that constituted the parent concrete. Thus, both NA and 
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cementitious matrix can be identified in the coarse particles [12,13]. 
The smaller particles can be fine particles of NA or small particles of 
crushed cementitious matrix [14]. This composition means that recycled 
aggregate is of a lower density, similar to the density of concrete (2.4 
Mg/m3), and has higher water absorption levels than NA, reaching 12 % 
in the finer fractions [14,15]. 

The composite nature of recycled aggregate and its physical prop-
erties condition the concrete to which it is added and its behavior. Thus, 
concrete containing recycled aggregate has lower levels of workability 
and mechanical strength [16,17], while its deformability under loading 
is higher [18,19]. The function of the concrete designer should therefore 
be to minimize these negative effects, adjusting the recycled aggregate 
content and the proportion of the other components of the concrete mix, 
such as the water-to-cement ratio, at all times seeking a balance between 
workability and mechanical behavior [20]. If this design principle is 
followed, it has been proven in the scientific literature that recycled 
aggregate can be used for the production of structural concrete [21]. The 
use of Recycled Precast-Concrete Aggregate (RPCA) is also beneficial. 
RPCA is produced at precast-concrete companies from reject concrete 
components that are crushed. RPCA improves the performance of the 
concrete in which it is incorporated compared to conventional recycled 
aggregate [22], due to the high strength of the cementitious matrix and 
the quality of the NA embodied in the RPCA [23], although the need for 
an adequate mix design must always be borne in mind [20]. 

The high flowability of Self-Compacting Concrete (SCC) makes it 
useful in many applications. With no need for vibration, SCC can be 
adapted to complex formworks and pumped to high heights [24]. 
Furthermore, it increases output and decreases energy costs at precast- 
concrete plants [22]. The design of this type of concrete requires a 
high content of fine particles and the addition of plasticizing admixtures, 
so that the flow of cement paste can drag the aggregate particles along 
with it [25,26]. The addition of recycled aggregate to SCC has the same 
effects on its behavior as conventional concrete [24], although this type 
of concrete usually requires high amounts of fine aggregate that implies 
a meticulous study of the quantity of fine RPCA fraction that should be 
added [27,28]. An adequate performance of SCC containing RPCA re-
quires a mix design that enumerates the right quantity of this alternative 
aggregate and a suitable water-to-cement ratio [20]. 

Two key aspects determine concrete durability: porosity and the 
Interfacial Transition Zones (ITZ), i.e., the aggregate/cementitious ma-
trix bonding zones. On the one hand, porosity conditions the entry of 
external aggressive agents, which can cause internal damage and 
corrode reinforcements within a concrete matrix [29,30]. On the other 
hand, both the strength and the density of the ITZ must be adequate, as 
the higher the quality of the ITZ, the greater the difficulty of any 
aggregate detaching itself from the matrix, due to such phenomena as 
freezing/thawing and salt crystallization [31,32]. Any type of recycled 
aggregate, including RPCA, generally worsens both porosity and ITZ 
density and likewise concrete durability [33]. First, it increases the 
porosity of the cementitious matrix, a phenomenon that is particularly 
noticeable when the fine fraction of this sustainable aggregate is used 
[14]. Secondly, it weakens the ITZ due to the existence of bonds between 
the cementitious matrix of the new concrete and the cementitious matrix 
of the parent concrete [34,35]. These phenomena are usually aggravated 
in SCC by its high proportion of cement paste [24], which usually causes 
a more pronounced increase in the porosity of the cementitious matrix 
[36]. 

The marine environment is, together with extreme cold conditions, 
the most challenging for concrete in terms of its durability [37], due to 
the confluence of two aspects: high ambient relative humidity, and 
highly saline seawater in which the concrete is submerged [38,39]. In-
dustrial concrete constructions in ports and seawalls are also demanding 
in terms of their durability, as there may be chemical products, such as 
sulfur dioxide, that will alter the mechanical performance of concrete 
due to the their reaction with the chemical compounds that compose the 
cementitious matrix [40]. Despite its relevance, the study of the 

durability behavior of concrete containing recycled aggregate in a ma-
rine environment is an under-researched area of the literature, although 
the use of very high contents of recycled aggregate in concrete has been 
shown to lead to worse degradation under those environmental condi-
tions than in concrete containing NA [40,41]. Focusing on SCC made 
with RPCA, there are no available studies. For this reason, the analysis of 
the durability behavior of an SCC with that aggregate type is included in 
this study. An SCC with variable coarse RPCA content (0 %, 20 %, 50 % 
and 100 %) was tested to assess its durability in marine environment. 
The tests were designed to simulate the different marine conditions to 
which the concrete can be subjected, such as capillary-water-absorption 
test, SO2-attack test, carbonation test, and moist/dry tests in drinking 
water, marine water, and sulfate water. The conducted moist/dry tests 
were aimed to analyze the long-term behavior of concrete, which are 
very scarce in the literature for any concrete type. The ultimate objective 
is to demonstrate that an SCC made with a sustainable quality aggregate 
such as RPCA and following a suitable mix design can be successfully 
used under marine conditions. 

2. Materials and methods 

2.1. Raw materials 

All the conventional raw materials used in the manufacture of the 
concrete mixes were supplied from a precast-concrete plant that 
collaborated in this research, so the SCC mixes that were tested in this 
study used the same raw materials found in industrial concrete com-
ponents. A CEM I 52.5 R cement as per EN 197-1 [42] (density of 3.12 
Mg/m3 and Blaine specific surface of 365 m2/g); limestone filler <0.063 
mm (96.5 % CaCO3 by weight), to increase the content of aggregate fines 
within the mix; and two admixtures, a water-entrainment agent (pro-
portion of 0.5–1 % of the cement mass) and a plasticizer (between 0.5 % 
and 1.5 % of the cement mass), for adequate fresh flowability of SCC 
without excessively increasing the water content. Two different frac-
tions of NA were used: sand (0/2 mm) and gravel (2/12.5 mm). Both 
were of a rounded siliceous nature, an aggregate type commonly used in 
SCC, because its oval shape is easily dragged within the cement paste 
[26,43]. 

The coarse RPCA, size 4/12.5 mm, was produced from reject con-
crete components due to dimensional errors that could not be 
commercialized. To do so, hydraulic clamping broke the components 
into fragments, so that the reinforcements could be removed, and the 
concrete fragments were subsequently subjected to a two-stage crushing 
process using jaw crushers (final size of the concrete fragments of 0/150 
mm) and impact crushers (concrete fragments with a final size of 0/30 
mm). Finally, sieving reduced the aggregate to the required size of 4/ 
12.5 mm. The crushed concrete components were manufactured with 
the raw materials described in the previous paragraph and had a 
compressive strength between 30 and 50 MPa. 

The particle size of all the aggregates is shown in Fig. 1, which was 
continuous in all cases. Coarse RPCA had a lower density and higher 
water absorption levels than siliceous gravel (Table 1), in accordance 
with what is widely reported in the literature [14,24]. 

2.2. Mix composition 

First, two control SCC mixes were produced with 0 % coarse RPCA, in 
which the proportions of the raw materials used in the SCC mixes 
manufactured at the precast-concrete plant were maintained. The dif-
ference between them was the target compressive strength of 30 MPa 
and 45 MPa, respectively. Thus, the effect of RPCA on SCC was analyzed 
on the basis of the SCC compositions used by the collaborating company. 
Subsequently, 20 %, 50 %, and 100 % coarse RPCA was incorporated in 
each control mix, in substitution of siliceous gravel. The incorporation of 
coarse RPCA led to a change in the added amount of two raw materials: 
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• On the one hand, the water content was not changed when coarse 
RPCA was added. Thus, the higher water absorption of this sustain-
able aggregate compared to siliceous gravel (Table 1) led to a 
decrease in the effective water-to-cement ratio of the SCC [22,44]. 
The required compressive strength was therefore maintained when 
RPCA was added, although flowability decreased [45], reduction 
that was partly compensated for by increasing the amount of 
admixture.  

• On the other hand, the requirement to limit the study to the coarse 
RPCA (larger than 4 mm) and the NA that were available at the 
precast-concrete plant meant that the siliceous gravel 2/12.5 mm 
was replaced by the larger-sized coarse RPCA 4/12.5 mm. To adjust 
the content of aggregate particles between 2 mm and 4 mm in size, 
the content of siliceous sand 0/2 mm was increased with the addition 
of coarse RPCA, as this natural sand also had particles of this size, as 
shown in Fig. 1. 

The mixes were labelled either “HR-30′′ or ”HR-45′′, depending on 
the minimum compressive strength that was required. The label name 
was followed by the percentage of coarse RPCA (0 %, 20 %, 50 % and 
100 %) incorporated in the mix. The composition of all mixes, which 
reflects the above aspects, is shown in Table 2. 

2.3. Experimental plan 

After mixing, the slump-flow test was performed according to EN 
12350-8 [42]. Three sets of specimens were prepared and stored in a 
humid chamber (humidity 95 ± 5 % and temperature 20 ± 2 ◦C) until 
the test age: 15x30-cm3 cylindrical specimens, 10x10x40-cm3 prismatic 
specimens, and 10x10x10-cm3 cubic specimens. The cylindrical and 
prismatic specimens were used to measure the compressive strength, 
modulus of elasticity, splitting tensile strength, and flexural strength at 
28 days according to EN 12390-3, EN 12390-13, EN 12390-6, and EN 
12390-5, respectively [42]. Cubic specimens were used for durability 
tests in marine environments. Each final result represented the arith-
metic mean of the test results on three different specimens. 

The durability tests within a marine environment, temporally 
distributed according to the flowchart in Fig. 2, are listed below. The 
procedure used in each test is detailed at the beginning of the section in 
which the results of each test are presented.  

• As the durability behavior of concrete is closely linked to porosity 
[39], the capillary-water-absorption test, according to UNE 83966 
[46] and UNE 83982 [47], provided an estimate of the porosity of the 
different mixes for comparative purposes [36]. In addition, the effect 
of the RPCA on the water absorption of SCC was also evaluated with 
the same test results [48]. The capillary-water-absorption test was 
performed at 28 and 180 days to evaluate the development of mix 
porosity.  

• The formation of carbonates within concrete, which can corrode the 
reinforcement [37], is favored in environments with high relative 
humidity [30]. To evaluate this aspect, the mixes were subjected to a 
natural-carbonation test in an outdoor environment with high rela-
tive humidity, which began at an age of 28 days and lasted for one 
year. An accelerated-carbonation test was also performed at an age of 
28 days according to EN 13295 [42], in which the carbonation depth 
and the Ultrasonic Pulse Velocity (UPV) variations as per EN 12505-4 
[42] were evaluated. 

• It is common to find industrial port buildings with an SO2-rich at-
mosphere [40]. A Kesternich test was conducted at 28 days in 
accordance with EN ISO 6988 [42], to evaluate the effect of this 
chemical compound on SCC with RPCA. In this test, the change in 
weight during the test and the variation of the UPV and compressive 
strength were assessed.  

• Finally, three moist/dry tests were performed, each one in a different 
medium (drinking water, marine water, and sulfate water) to simu-
late the effect of tides [49]. The implementation of these tests was 
facilitated by personnel at the precast-concrete company, where 
moist/dry tests had on other occasions been performed under very 
demanding conditions. The three tests were performed one after the 
other, as all three could not be simultaneously performed, due to 
insufficient laboratory equipment and logistics problems. So, the 
drinking-water moist/dry test was initiated at 28 days, then the 
marine-water moist/dry test was performed, followed by the sulfate- 
water moist/dry test, as shown in Fig. 2. No specific criteria were 
followed to establish this order. During all three tests, variations in 

Fig. 1. Aggregate particle gradation.  

Table 1 
Density and water absorption of the aggregates as per EN 1097-6 [42].  

Aggregate Saturated-surface-dry 
density (Mg/m3) 

24-hour water absorption 
(% wt.) 

Siliceous sand 0/2 
mm  

2.63  0.26 

Siliceous gravel 2/ 
12.5 mm  

2.61  1.16 

Coarse RPCA 4/12.5 
mm  

2.41  4.15  

Table 2 
SSC mix design (kg/m3).  

Mix Cement Water Admixture 1 Admixture 2 Limestone filler Siliceous sand Siliceous gravel # Coarse RPCA 

HR-30-0 250 112  0.50  1.30 320 650 1150 # 0 
HR-30-20 % 250 112  0.50  1.30 320 650 920 # 250 
HR-30-50 % 250 112  0.65  1.60 320 670 540 # 540 
HR-30-100 % 250 112  0.85  2.00 320 720 0 # 1040 
HR-45-0 320 112  0.50  1.30 280 650 1150 # 0 
HR-45-20 % 320 112  0.50  1.30 280 650 920 # 250 
HR-45-50 % 320 112  0.65  1.60 280 670 540 # 540 
HR-45-100 % 320 112  0.85  2.00 280 720 0 # 1040  
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weight, UPV readings, and compressive strength were successively 
noted and measured. 

Finally, it is important to note that the compressive strengths 
recorded after the durability tests were compared with the strengths of 
non-durability-tested specimens. These non-durability-tested specimens 
were kept in a humid chamber and their compressive strengths were 
measured immediately after each durability test had ended, at exactly 
the same time and age as the specimens used in each durability test. 

2.4. Models for service-life prediction through a carbonation approach 

Based on the carbonation depth obtained in the accelerated- 
carbonation test, the expected service life was calculated for each mix 
according to four different models. In this way, the service lives of the 
SCC with RPCA and an SCC exclusively containing NA could be 
compared. A concrete cover of 20 mm, considered standard practice in 
reinforced-concrete structures [50], was applied. 

2.4.1. Fick’s model 
Fick’s model [51] establishes that the carbonated concrete depth 

responds to Eq. (1), in which d is the carbonated depth in mm; t, the time 
it takes to reach that carbonation depth in years; and K, a constant in 
mm/year0.5 that depends on the CO2 diffusion coefficient, and the 
environmental conditions (CO2 concentration). 

d = K ×
̅̅
t

√
(1) 

The carbonation depth noted in the accelerated-carbonation test can 
be applied to calculate the constant K for the ambient CO2 concentration 
of that test, which is 20 %. The value of the constant can therefore yield 
an estimate of the time that the carbonation process might need to reach 
a depth of 20 mm (concrete cover) at a CO2 concentration of 20 %. With 
this time, and assuming a linear relationship between the carbonation 
time and the square root of the CO2 concentration [52], the time within 
which a carbonation depth of 20 mm may be reached under ambient 
conditions (CO2 concentration of 0.035 %) can be calculated, as shown 
in Eq. (2) (carbonation time at a CO2 concentration of 20 % being t20%, 
and the service life of the structure being t0.035%). 

t20%

t0.035%
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
20%

0.035%

√

(2)  

2.4.2. Structural-code model 
The Spanish standard Structural Code contains a model for predict-

ing the service life of a structure through carbonation without using 
experimental data [53]. This model is similar to Eq. (3), in which d is the 
assumed carbonation depth in mm; t, the time in years required to reach 
that carbonation depth under ambient conditions; and Kc is a carbon-
ation coefficient. The carbonation coefficient, Kc, is calculated according 
to Eq. (4), in which Cenv is an ambient coefficient that depends on 
whether or not the structure is protected from rain; Cair is an aeration 
coefficient whose value depends on the occluded air within the concrete; 
CS is the medium compressive strength of concrete in MPa; and a and b 
are coefficients that depend on the type of cement that is used. 
Considering a carbonation depth, d, of 20 mm in the calculations and 

obtaining the coefficients indicated as per Structural Code tables, the 
calculated time, t, will be the service life of the structure. 

t =
(

d
Kc

)2

(3)  

Kc = Cenv × Cair × a × CSb (4)  

2.4.3. Papadakis’ model 
Papadakis et al. proposed a simplified model for calculating the 

carbonation depth in cement-lime mortar coatings in the early 1990s 
[54,55]. Since then, its use has become widespread and has been 
extended to a wide variety of cement-based materials, such as concrete 
[56]. This model corresponds to Eq. (5), where d is the carbonation 
depth in mm; t, the time in years required to reach that carbonation 
depth; RH, the percentage relative humidity; γ, the ambient CO2 con-
centration considered by volume; ρc, ρw, and ρa, the densities of cement, 
water, and aggregates in Mg/m3, respectively; and w/c and a/c, the 
water-to-cement and the aggregate-to-cement dimensionless ratios of 
concrete. The service life of each mix will be obtained by clearing the 
time, t, from Eq. (5), considering a carbonation depth of 20 mm. 

d = 350 ×
ρc

ρw
×

w/c − 0.3
1 +

ρc
ρw
× w/c

×

(

1 −
RH
100

)

×

[(

1 +
ρc

ρw
× w/c +

ρc

ρa
× a/c

)

× γ × t
]1/2

(5)  

2.4.4. Parrot’s model 
Unlike the structural-code and Papadakis’ models, Parrot’s model 

does not estimate the service life of a concrete structure as a function of a 
carbonation coefficient, but of the air permeability of the concrete [57]. 
Shown in Equation (6), the model has the following terms: d is the 
carbonation depth in m; t, the time in years required to reach that 
carbonation depth; c, the content of alkali material in the concrete in kg 
CaO per m3; and K, is a constant equal to 10-16 that reflects the air 
permeability of concrete. The service life of the structure is obtained by 
clearing the time, t, for a 20-mm concrete cover from Equation (6). 

d = 64 ×
K0.4 × t0.5

c0.5 (6)  

3. Results and discussion 

3.1. Fresh and mechanical performance 

The results of the slump-flow test as well as the mechanical prop-
erties are detailed in Table 3. It can be noted from a general approach 
that, in principle, all the mixes met the necessary requirements for use as 
structural concrete [50]. A detailed analysis of these properties can be 
found elsewhere [22]. 

In relation to the fresh behavior, the HR-30 mixes presented an SF1 
slump-flow class (slump flow of 600 ± 50 mm), while the slump-flow 
class in the HR-45 mixes was SF2 (slump flow of 700 ± 50 mm), as 
per EFNARC [43]. This increased flowability in the HR-45 mixes was due 
to their higher cement content, added for increased strength (Table 2), 
which resulted in a higher proportion of cement paste in the fresh 

Fig. 2. Experimental plan for durability performance in marine environments.  
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concrete that favored SCC flowability [36]. As expected, and even more 
since the higher water absorption of RPCA was not compensated for in 
the mix design [24], the addition of this aggregate led to a reduction in 
slump flow. The increase in admixture content was sufficient to maintain 
adequate slump-flow levels, with the exception of mix HR-30–100 %, in 
which the slump flow was the minimum required value [43]. In relation 
to viscosity (t500), the effects of the increase in cement content and the 
addition of RPCA were the same, with all mixes presenting a VS2 slump- 
flow-viscosity class (t500 greater than 2 s), as per EFNARC [43]. 

Concerning mechanical performance, the first aspect to highlight is 
the ample safety margin of the compressive strength of the mixes pro-
duced at the precast-concrete plant, as both control mixes presented 
compressive strengths that were higher than the required ones (30 MPa 
and 45 MPa, respectively). The non-compensation of the high water 
absorption of RPCA and the high quality of the aggregate meant that its 
addition in no way worsened the mechanical behavior, as previously 
noted in the literature [58–60]. All properties remained more or less 
constant except for compressive strength, which even increased by 
about 15 % with the addition of 100 % coarse RPCA. This behavior 
confirmed that SCC design with coarse RPCA is a feasible option to 
produce concretes that are comparable to SCC with 100 % NA in terms of 
both in-fresh and mechanical behavior. 

3.2. Capillarity water absorption 

Water absorption by capillary was measured at 28 and 180 days in 
accordance with the “Fangerlund method” described in Spanish stan-
dard UNE 83982 [47]. For this purpose, the specimens were previously 
conditioned in terms of humidity, in accordance with standard UNE 
83966 [46], by keeping them in a humid chamber until two days before 
the test, at which time they were exposed to the laboratory environment. 
On the second of these two days, the skin on the lower face of the cubic 
specimens was removed and the lateral faces were waterproofed to 
prevent evaporation of the water within the specimens. After these two 
days, the specimens were placed in a tray with a grid, which was filled 
with water until 2 mm of the specimens were covered by water. The 
specimens were periodically weighed and kept under these conditions 
until the weight of all of them stabilized, which took approximately 23 
days. The evolution of the weight increase per unit area for all the mixes 
at both test ages is detailed in Fig. 3, while Table 4 details the charac-
teristic parameters of the capillary-water-absorption behavior of the 
mixes. 

The increase in the cement content led to a decrease of 0.5 units in 
absolute terms of the effective porosity εe (Table 4) at both 28 days and 
180 days, which comprises the pores that are interconnected with each 
other. Thus, the HR-45 mixes absorbed lower amounts of water (Fig. 3, 
and mass increase Δg, Table 4), although in all cases the temporal evo-
lution of specimen weight was logarithmic due to the higher water 

Table 3 
Fresh and mechanical properties of SCC mixes.  

Mix Slump flow (mm) t500 (s) Compressive strength (MPa) Modulus of elasticity (GPa) Splitting tensile strength (MPa) Flexural strength (MPa) 

HR-30-0 680 4  49.1  37.0  5.2  6.2 
HR-30-20 % 600 5  50.0  38.5  5.1  6.3 
HR-30-50 % 580 5  55.6  35.2  4.9  6.4 
HR-30-100 % 550 7  56.8  34.0  4.9  5.6 
HR-45-0 750 3  63.4  40.8  5.3  8.0 
HR-45-20 % 710 3  64.1  42.6  5.2  7.8 
HR-45-50 % 600 4  66.8  38.0  5.0  7.9 
HR-45-100 % 650 7  72.8  37.8  5.0  7.8  

Fig. 3. Capillary water absorption of SCC mixes: (a) HR-30 at 28 days; (b) HR-30 at 180 days; (c) HR-45 at 28 days; (d) HR-45 at 180 days.  
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absorption at the beginning of the test. It can therefore be appreciated 
that the higher the amount of hydration products from the increased 
cement content in the SCC, the more effective the expulsion of air during 
setting, resulting in lower porosity levels within the mixes [61]. This 
phenomenon partially explained the higher strength of concrete as the 
cement content was increased (Table 3), as it is clear that the lower the 
porosity levels, the better the mechanical behavior of concrete [36]. In 
addition to reduced porosity, the increase in cement content caused the 
interconnected pores to form more tortuous capillary networks, which 
slowed the rate of water penetration into the concrete. The effects are 
clearly evident in the capillarity-absorption coefficient, K, which was on 
average 3 units lower in the HR-45 mixes than in the HR-30 mixes, and 
the resistance to water penetration by capillarity, m (Table 4); both in-
dicators of speed of entry of the water into the concrete [48]. 

The addition of coarse RPCA had the opposite effect of increasing the 
cement content, i.e., its addition augmented the amount of absorbed 
water, the effective porosity, εe, and the capillarity-absorption coeffi-
cient, K, regardless of the age of study. Furthermore, the fitting accuracy 
of the logarithmic model of the evolution of capillary water absorption 
as a function of time increased with the content of coarse RPCA due to 
the higher initial water absorption of the concrete mixes that incorpo-
rated this waste (Fig. 3). Therefore, the addition of coarse RPCA not only 
led to an increase in the porosity of the cementitious matrix, mainly due 
to the lower density of the ITZ that it generated, but it also caused an 
increase in the interconnected pores, creating a way for water to pene-
trate more easily and quickly into the SCC [60]. However, the addition 
of small amounts of coarse RPCA, such as 20 %, was not negative and 
even improved the capillary behavior of the SCC. It is important to note 
that the increase in porosity when using RPCA was small, as the 
maximum increase in effective porosity, εe, with 100 % coarse RPCA 
was, for example, 1.5 units, which was lower than in other studies cited 
in the bibliography [36,48]. This statement is also supported by the 
mechanical behavior of the mixtures (Table 3), as the properties of SCC 
remained almost constant despite the increase in porosity after adding 
RPCA. 

No synergistic interaction was observed between the effects of the 
amount of cement and the content of coarse RPCA on the 28-day 
effective porosity, εe, of the SCC. Therefore, the variation of the 28- 
day effective porosity with the addition of the different coarse RPCA 
contents was similar in both the HR-30 and the HR-45 mixes. However, 
the increase in effective porosity at 180 days with increasing RPCA 
content in the HR-45 mixes was much lower than in the HR-30 mixes, 
which can be observed in Table 4 and Fig. 3. The same behavior was 
reflected in the capillarity-absorption coefficient K at both ages, i.e., the 
increase in this coefficient caused by the addition of coarse RPCA was 
lower in the HR-45 mixes than in the HR-30 mixes. It therefore appears 
that the hydration of larger amounts of cement results in higher density 
of the ITZ formed by RPCA, thus partly compensating the negative effect 
of this sustainable aggregate [61]. So, the SCC presented smaller and 

more sinuous capillary networks for the entry of water [48], especially 
in the long term, when this behavior is observable both through the 
effective porosity and the capillarity-absorption coefficient. 

Finally, if the temporal evolution of both the effective porosity, εe, 
and the capillarity-absorption coefficient, K, are analyzed, highly 
disparate results can be detected. However, it can in general terms be 
stated that, in accordance with Table 4, both the effective porosity, εe, 
and the capillary-absorption coefficient, K, decreased from 28 days to 
180 days in the HR- 45 mixes, while the variations were much smaller in 
the HR-30 mixes. Thus, a higher cement content in the SCC appeared not 
only to lead to partial compensation of the damaging effect of coarse 
RPCA on the capillary behavior of SCC, as explained in the previous 
paragraph, but also to the fact this behavior will improve over time in 
any SCC mix, regardless of the type of aggregate in use. 

3.3. Carbonation 

3.3.1. Natural carbonation 
The natural-carbonation test was performed when the mixes had 

aged for 28 days. This test simply consisted of leaving the specimens in 
an outdoor environment (CO2 concentration of 0.035 %) with high 
relative humidity and temperature changes for one year. Temperature 
and humidity were defined to be unfavorable for the concrete in 
carbonation terms [12], and were continuously recorded throughout the 
test, as shown in Fig. 4. Subsequently, the specimens were split in half 
and sprayed with phenolphthalein, leaving a pink-to-deep-red hue 
except in the carbonated zones where the indicator remained colorless. 

No clear carbonate surface was observed in any of the mixes, all of 
which showed a low-porosity skin that hindered CO2 penetration within 
the concrete. As only the coarse fraction of RPCA was used in this study, 

Table 4 
Capillary-water-absorption results. In brackets the percentage variation of each coefficient from 28 to 180 days.  

Mix 28 days 180 days 

m (min/cm2) 1 Δ (g) 2 εe (%) 3 K (g/m2 min0.5) 4 m (min/cm2) 1 Δ (g) 2 εe (%) 3 K (g/m2 min0.5) 4 

HR-30-0  460.82  38.7  2.92  13.60 460.82 (0.0) 38.7 (0.0) 2.92 (0.0) 13.60 (0.0) 
HR-30-20 %  435.20  39.6  2.99  14.32 435.20 (0.0) 36.4 (− 8.1) 2.75 (− 8.0) 13.17 (− 8.0) 
HR-30-50 %  435.20  47.7  3.60  17.26 435.20 (0.0) 44.2 (− 7.3) 3.33 (− 7.5) 15.98 (− 7.4) 
HR-30-100 %  512.03  59.6  4.49  19.86 512.03 (0.0) 57.3 (− 3.9) 4.32 (− 3.8) 19.09 (− 3.9) 
HR-45-0  435.20  32.0  2.41  11.57 435.20 (0.0) 28.3 (− 11.6) 2.13 (− 11.6) 10.23 (− 11.6) 
HR-45-20 %  435.20  26.9  2.03  9.71 537.62 (+23.5) 30.2 (+12.3) 2.28 (+12.3) 9.83 (+1.2) 
HR-45-50 %  435.20  37.3  2.81  13.49 358.42 (− 17.6) 35.3 (− 5.4) 2.67 (− 5.0) 14.09 (+4.4) 
HR-45-100 %  435.20  53.4  4.03  19.30 409.60 (− 5.9) 39.9 (− 25.3) 3.01 (− 25.3) 14.89 (− 22.8)  

1 Resistance to water penetration by capillarity. 
2 Mass increase. 
3 Effective porosity. 
4 Capillarity-absorption coefficient. 

Fig. 4. Evolution of temperature and relative humidity during the natural- 
carbonation test. 
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the skin was not affected by the use of this aggregate, as opposed to what 
could have happened if fine RPCA had been used [62]. Thus, the skin 
effect remained the same despite the addition of coarse RPCA. To 
exemplify this idea, specimens for all the mixes HR-45 after this test are 
shown in Fig. 5. However, it should be noted that carbonated zones were 
found in some mixes, such as in the HR-45–20 % mix, due to the exis-
tence of local defects on the concrete skin, which underlines the 
importance of an adequate surface finish of the concrete to avoid this 
sort of result [63]. 

3.3.2. Accelerated carbonation 
The accelerated-carbonation test was performed to evaluate the ef-

fect of the coarse RPCA once CO2 had penetrated within the SCC, passing 
through the carbonation barrier on the surface due to the concrete skin. 
To do so, 28-day-old specimens were placed in an accelerated- 
carbonation chamber for 4 weeks, following the requirements of EN 
13295 [42]. In this test, CO2 reacts with calcium hydroxide in a high 
humidity environment, as it progressively penetrates the concrete, 
leading to the formation of calcium carbonate [51]. Following EN 
12505-4 [42], after the exposure period, the UPV was measured on the 
carbonated specimens and compared with the UPV measures conducted 
before the test. Then, the carbonated specimens were split in half and the 
surfaces were sprayed with phenolphthalein to evaluate their carbon-
ation. As CO2 penetrated into all the specimens in the accelerated- 
carbonation test, a clearly carbonated (colorless) surface appeared on 
all of them, as shown in Fig. 6. The average carbonation depth was 
measured on each of these carbonated surfaces. 

The carbonation depth (Fig. 7a) showed a behavior similar to that 
observed in the capillary-water-absorption test, as higher SCC porosity 
led to easier and deeper CO2 penetration [12]. Thus, the HR-45 mixes, 
with a higher cement content, showed carbonation depths that were 
between 0.2 and 0.5 mm lower than the HR-30 mixes for coarse RPCA 
contents between 0 % and 50 %, although this decrease was around 1 
mm when 100 % coarse RPCA was employed. The higher amount of 
cement in the mix design of the HR-45 mixes led to a higher proportion 
of cementitious matrix when hardened, which in turn resulted in a lower 
number of pores that were also less interconnected with each other, 
which hindered CO2 penetration [40]. In addition, in the HR-45 mixes 
the ITZ density levels were not as low after RPCA additions [61], which 
was reflected in the higher decrease in the carbonation depth with 
higher amounts of coarse RPCA. 

Fig. 7a details effects of coarse RPCA on the carbonation depth. As 
with other studies in which the carbonation behavior of recycled 
aggregate concrete has been analyzed [24,62], increasing proportions of 
this sustainable aggregate also increased the carbonation depth. In this 
case, the carbonation depths were between 3 mm and 4 mm for 0 % 
coarse RPCA and between 4.5 mm and 6 mm for 100 % coarse RPCA. 

The increases were due to the increased porosity of the cementitious 
matrix, especially in the ITZ, following the addition of this aggregate 
[36]. On the other hand, the higher porosity of coarse RPCA compared 
to coarse NA, due to the presence of adhered mortar, also affected this 
performance [33], as shown in Fig. 8 for the HR-45–100 % mix. Thus, it 
was noted that some RPCA particles in the external area of the SCC 
specimens remained colorless once they had been sprayed with 
phenolphthalein (carbonated particles of RPCA), which led to an in-
crease in the carbonation depth. This behavior of RPCA also allows its 
carbonation treatment to improve its performance when used in con-
crete production [30]. However, the addition of small amounts of coarse 
RPCA, such as 20 %, had no negative effect. In addition, the carbonation 
depth was low, with mean values below 6 mm in all cases, below the 
required minimum concrete cover of 20–25 mm in the reinforced- 
concrete design standards [50]. 

Finally, the UPV results are detailed in Fig. 7b. As the UPV increased 
in all mixes after the accelerated-carbonation test, it can be stated that 
the strength of the mixes increased as a result of carbonation, due to 
higher strengths within the surface zone resulting from the presence of 
calcium carbonate [30]. In addition, the higher in UPV test results, the 
higher the content of coarse RPCA. Carbonation is known as one of the 
best treatments for improving the performance of recycled aggregate, 
adding greater hardness and strength to the adhered mortar [64]. 
Therefore, the particles of coarse RPCA within the SCC were carbonated 
during the accelerated-carbonation test, as shown in Fig. 8, which 
improved their performance and caused the UPV of SCC to decrease, 
indicating an increase in compressive strength [65]. 

3.3.3. Service-life prediction through carbonation 
The service life of structures (20-mm concrete cover) made with the 

SCC mixes under study was predicted on the basis of carbonation 
through the models shown in Section 2.4. The following aspects were 
considered:  

• Fick’s model (Eq. (1) and Eq. (2) was applied according to the results 
of the accelerated-carbonation test. It can be considered the most 
accurate model, since it is based on experimental results [56]. 

• The structural-code model (Eq. (3) and Eq. (4) was applied, consid-
ering the most unfavorable values of the coefficients Cenv (SCC 
exposed to rain) and Cair (air content of SCC higher than 4.5 %) [53]. 
Coefficients a and b were those corresponding to CEM I. The value of 
the medium compressive strength for each mix is shown in Table 3.  

• A cement density of 3.12 Mg/m3, an average NA density of 2.60 Mg/ 
m3 (Table 1), an average RPCA density of 2.41 Mg/m3 (Table 1), a 
CO2 concentration of 0.035 %, and a relative humidity of 60 % were 
considered in Papadakis’ model (Eq. (5). The water-to-cement and 

Fig. 5. Specimens of HR-45 mixes sprayed with phenolphthalein after the natural-carbonation test. The uncolored area is the carbonated area in each specimen.  

F. Fiol et al.                                                                                                                                                                                                                                      



Construction and Building Materials 377 (2023) 131084

8

cement-to-aggregate ratios were calculated in accordance with the 
mix compositions (Table 2).  

• Finally, Parrot’s model (Eq. (6) was applied considering that the 
amount of CaO in the cement indicated by the manufacturer was 
63.9 % by weight. 

Fig. 9 shows the service life calculated from each model. Fick’s model 
showed a service life for all mixes of around 100 years, the maximum 
required by the structural design regulations [50]. As expected from the 

accelerated-carbonation results, the service life lengthened as the 
cement content increased and the RPCA content remained low, although 
the differences between the mixes with 0 % and 100 % coarse RPCA 
were less than 10 years. Parrot’s model was the theoretical model that 
best matched Fick’s model, with service life values also around 100 
years. Both the structural-code model and Papadakis’ model clearly 

Fig. 6. Specimens sprayed with phenolphthalein after accelerated-carbonation test. The uncolored area is the carbonated area in each specimen.  

Fig. 7. Accelerated-carbonation tests: (a) carbonation depth; (b) UPV results.  

Fig. 8. Carbonation permeability of adhered mortar in a specimen of the HR- 
45–100% mix. 

Fig. 9. Predicted service life based on carbonation.  
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overestimated the service life of SCC. For example, the structural-code 
model overestimated the service life of all the mixes, reporting service 
lives between 400 and 800 years. Although it reported a longer service 
life for the HR-45 mixes, it predicted longer service lives with higher 
RPCA contents, due to the increase in compressive strength after adding 
coarse RPCA (Table 3). Nevertheless, this trend did not fit with the re-
sults obtained in the accelerated-carbonation test. Papadakis’ model 
properly predicted the effect of increased cement content and the 
addition of coarse RPCA. However, although the overestimation of 
service life was small for the HR-30 mixes (service life around 200 
years), the overestimation was very high for the HR-45 mixes, due to 
their low water-to-cement ratio (service lives of around 1200 years). On 
this basis, it can be stated that the Papadakis’ model is valid for con-
ventional water-to-cement ratios. 

3.4. SO2 attack 

The SO2-attack test or Kesternich test is commonly used to evaluate 
the corrosion of metals. However, it has been found that in an SO2-rich 
environment, ettringite and thaumasite can form in the cementitious 
matrix of concrete, which can affect its strength behavior [66]. As there 
may be industrial port buildings with an SO2-rich atmosphere, it was 
considered that the performance of this test was convenient. Following 
EN ISO 6988 [42], the SCC specimens were subjected to 15 cycles of 24 
h. Each cycle consisted of two stages. In the first stage, the specimens 
were exposed for 8 h to SO2-saturated water vapor (humidity of 100 %) 
at 40 ± 2 ◦C. The second stage consisted of exposing the specimens to 
the laboratory environment for 16 h for air-cooling at 20 ± 2 ◦C. After 
completion of the cycles, the variation in weight, UPV readings, and 
compressive strength were evaluated, the results of which are shown in 
Fig. 10. 

As expected, the weight of the mixes had increased after the test 
(Fig. 10a), due to the formation of the aforementioned compounds. The 
weight increase was undoubtedly linked to the porosity of the mixes 
(Table 4), since a higher effective porosity led to a higher penetration of 
SO2 within the SCC and to the formation of higher amounts of ettringite 

and thaumasite [67]. Thus, the addition of coarse RPCA led to an in-
crease in SCC porosity, which in turn led to higher weight gains. This 
trend was observed mainly in the HR-30 mixes, since they were the most 
porous, while the HR-45 mixes, whose increase in porosity when RPCA 
was added was lower, due to the higher cement content, presented 
trends that were more random in relation to their weight variation. 

Both the UPV (Fig. 10b) and the compressive-strength results 
(Fig. 10c) showed that exposure to large amounts of SO2 was not 
negative for the mixes, as the UPV readings and, consequently, the 
compressive strength increased after the test. In studies on concretes 
produced with CEM III, it was found that the compressive strength 
decreased after this test [40]. In this case, CEM I was used, so a 
cementious matrix of higher quality and mechanical strength was ob-
tained, which might explain why the strength increased rather than 
decreased and why the strength increase was greater when larger 
cement amounts were added. No clear trend, either positive or negative, 
can be established from these test results, in relation to the strength 
behavior of SCC containing varying amounts of coarse RPCA. It can 
therefore be stated that the use of RPCA has little or no effect on the 
mechanical behavior of SCC in a SO2-rich environment. 

3.5. Moist/dry processes 

Three moist/dry tests were performed in different media (drinking 
water, marine water, and sulfate water) in succession, as there was 
insufficient laboratory equipment to perform the tests simultaneously 
(Fig. 2). The three moist/dry tests were performed following the same 
procedure, which was defined at the precast-concrete company, based 
on previous tests it had performed for the design of some of its concretes. 
First, the specimens were oven dried for 2 days, after which time they 
were weighed (initial weight) and their UPV was measured. Subse-
quently, they were subjected to 27 moist/dry cycles, which consisted of 
immersion for 5 days in the test medium at 20 ± 2 ◦C and oven drying at 
70 ± 2 ◦C for 2 days, temperatures defined as per ASTM D 559 [68]. 
After every 3 cycles, the specimens were weighed. At the end of the test, 
the specimens underwent UPV and compressive-strength testing. At the 

Fig. 10. SO2-attack test: (a) weight variation; (b) UPV results; (c) compressive-strength results.  
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same time, the compressive strength of specimens of the same age, 
which had been kept in a humid chamber rather than undergo moist/dry 
tests, was measured. In this way, the evolution of the weight throughout 
the test and the effect of the moist/dry cycles on the UPV and 
compressive strength of the SCC were all assessed. 

3.5.1. Drinking water 
The changes in the weight of the specimens, which always increased 

in a continuous way throughout the drinking-water moist/dry test, are 
detailed in Fig. 11a. Since the specimens were oven-dried prior to the 
test, the same way as when weighed during the test cycles, this weight 
increase could not be primarily attributed to water absorption within the 
SCC. It was therefore presumed that the weight increase was due to 
delayed hydration of the cement, which led to hardening and clogging of 
some pores and, in turn, to a higher weight of the SCC [40]. The same 
conclusion is supported by the behavior of the HR-30 and HR-45 mixes, 
as the weight variation was either equal or slightly higher in the mixes 
with higher cement content for the same amount of coarse RPCA 
(greater difference by 0.05 % in absolute terms). Regarding coarse 
RPCA, it can be stated that there was no linear relationship between the 
content of this aggregate and the weight increase, although the mixes 
with less coarse RPCA content (0 % and 20 %) underwent lower weight 
increases than the mixes with 50 % and 100 % coarse RPCA. The coarse 
RPCA presented adhered mortar, which can also undergo some slight 
hydration and might, therefore, have increased in weight during the test 
[69]. 

The UPV results (Fig. 11b) underwent a significant increase after the 
test, revealing the absence of internal damage in the concrete following 
thermal shock [37]. This observation was supported by the small in-
crease in compressive strength that the SCC mixes mostly experienced 
(Fig. 11c), which in turn supports the theory advocated in the previous 
paragraph concerning the delayed hydration of the cement, process 
favored by the low age of the specimens when the test started (28 days) 
and the long drying periods conducted. No clear trend of the effect of 
cement and coarse RPCA content was observed from the UPV readings, 

which can be attributed to the variability of this measure [65]. However, 
it was noted that the increase in compressive strength was greater in 
mixes with higher cement and RPCA contents. A behavior that may be 
clearly explained because most of the new hydration products were 
generated in these mixes during the test, due to the higher cement 
content and the higher content of coarse RPCA with larger amounts of 
adhered mortar [69]. 

3.5.2. Marine water 
The results of the marine-water moist/dry test are shown in Fig. 12. 

The presence of large amounts of chlorides in the chemical composition 
of marine water changed the weight of the SCC in non-linear patterns of 
increasing complexity (Fig. 12a). Three different stages could be 
distinguished in the weight evolution:  

• During the first 9 cycles, an increase in specimen weight was 
observed, possibly due to the delayed hydration process of the 
cement [69], analogous to what was noted in the drinking-water 
moist/dry test.  

• Between cycles 9 and 21, weight loss affected the mixes that all fell 
below their initial weights. The presence of large amounts of chlo-
rides within the marine water led to the formation of chlor-
oaluminates of lower molecular weight that could be leached out by 
the seawater [49].  

• From cycle 21 to the end of the test, the specimens again increased in 
weight. There were perhaps very few unleached chloroaluminates in 
the specimens as from cycle 21 onwards, which may have led to the 
precipitation of the salts present in the seawater within the porous 
network of the concrete which outweighed the leaching process, 
causing a progressive increase in weight [70]. As a result of this final 
process, the specimens adopted a whitish surface color (Fig. 13). 

If the mixes with the same coarse RPCA contents are compared, it can 
be appreciated that the weight variations described were greater in the 
HR-30 mixes. Unlike in the drinking-water moist/dry test, in which the 

Fig. 11. Drinking-water moist/dry test: (a) weight variation; (b) UPV results; (c) compressive-strength results.  
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increase in concrete weight depended basically on cement hydration, it 
is thought that porosity played a very important role in this chloride 
penetration within SCC [67]. The higher porosity of the HR-30 mixes 
(Table 4) meant that the aforementioned chemical processes could occur 
more easily. The effect of coarse RPCA was also linked to porosity, as the 
mixtures with low RPCA contents, which showed lower porosity 
(Table 4), presented a more constant weight. 

Fig. 12b and Fig. 12c show the variation of UPV and compressive- 
strength results, respectively. As in the drinking-water moist/dry test, 
both magnitudes increased, as a result of cement hydration and pore 
clogging [69,70]. However, the relative increase in compressive 
strength was greater in this case in the control mixes (0 % coarse RPCA). 
An initial hypothesis might be that the strength increase was lower when 
using RPCA due to the higher crystallization of salts within the mixes 
that incorporated this aggregate. 

3.5.3. Sulfate water 
The sulfate water in which the specimens were immersed in this test 

was prepared with distilled water with a 5 % concentration of potassium 
sulfate (K2SO4). The test results are shown in Fig. 14. While the UPV and 
the compressive strength showed similar behaviors to the results of the 
marine-water moist/dry test, the changes in weight were different. 

The weight of the specimens (Fig. 14a) continuously increased 
throughout the test, initially more markedly, they began to stabilize 
around cycle 15. These changes might mainly be due to the formation of 
ettringite or tricalcium sulfoaluminate, as a consequence of the reaction 
between the sulfate ion and the tricalcium aluminate resulting from the 
cement hydration [71]. Its higher molecular weight led to a progressive 
increase in weight, which was found to be between 0.40 % and 0.80 % at 
the end of the test. This process was porosity dependent [41], so that the 
higher porosity of the mixes with lower cement contents and higher 
coarse RPCA contents led to a more pronounced weight increase. 

All the mixes had higher compressive strengths after the test 
(Fig. 14b), as was also evident from the UPV readings (Fig. 14b). This 
behavior was due to the clogging of the pores of the mix and the hy-
dration of the cement during the test [39]. However, it can also be 

Fig. 12. Marine-water moist/dry test: (a) weight variation; (b) UPV results; (c) compressive-strength results.  

Fig. 13. Appearance of specimens after completion of the marine-water moist/dry test.  
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observed that the increase in strength was greater in the mixes with high 
coarse RPCA contents, especially in the HR-45 series. The formation of 
ettringite, which has a larger volume than the compounds from which it 
is formed, produces expansion within the concrete and the appearance 
of internal micro-cracking [63], which can be reduced with the addition 
of RPCA, due to its greater flexibility compared to NA [27]. 

4. Conclusions 

In this paper, the durability performance in a marine environment of 
Self-Compacting Concrete (SCC) made with 0 %, 20 %, 50 %, and 100 % 
coarse Recycled Precast-Concrete Aggregate (RPCA) has been analyzed. 
In addition, two different cement contents have been considered in the 
SCC to achieve different target compressive strengths. Capillary-water- 
absorption, natural-carbonation, accelerated-carbonation, SO2-attack, 
drinking-water moist/dry, marine-water moist/dry, and sulfate-water 
moist/dry tests were all performed, in a simulation of a marine envi-
ronment. The following conclusions have been drawn from the test 
results:  

• Increasing the content of coarse RPCA led to a higher effective 
porosity and, therefore, to higher capillary water absorption levels. 
However, the addition of higher cement amounts lowered the in-
crease in porosity resulting from the addition of RPCA. Furthermore, 
the temporal decrease in SCC porosity was greater when large 
amounts of RPCA were used. Thus, the expected increase in porosity 
when adding coarse RPCA can be partially compensated through a 
mix design with a slightly higher cement content, which is also 
reduced over time, a very relevant aspect in marine or submerged 
environments, where civil works are designed to have a long service 
life.  

• Regardless of the mix design, the natural carbonation of the SCC over 
one year was negligible. The depth of carbonation under accelerated 
conditions was greater in mixes with low cement content and large 
amounts of coarse RPCA, i.e., in mixes with higher porosity. 

However, RPCA carbonation during this test resulted in a strength 
increase according to the ultrasonic-pulse-velocity readings. All 
mixes reached a service life of at least 100 years according to cal-
culations based on carbonation behavior.  

• Exposure to a SO2-rich environment caused a slight increase in 
weight, which was greater in the more porous SCC mixes. In addi-
tion, SCC also experienced an increase in compressive strength, 
although no clear trend could be discerned from the effect of the 
coarse RPCA. Thus, the use of SCC with large amounts of coarse 
RPCA would be appropriate in this type of industrial environments.  

• Exposure to moist/dry cycles caused a variation in SCC weight, 
which was more pronounced at higher porosity levels, i.e., the lower 
the cement content the higher the coarse RPCA content. While 
drinking water and sulfate water increased the weight of the SCC, 
due to delayed cement hydration and ettringite formation, marine 
water initially caused a decrease in weight and then a subsequent 
increase. However, regardless of the medium and mix composition, 
the weight increases were slight, with maximum values of 0.80 %.  

• The three moist/dry tests also yielded an increase in compressive 
strength in all mixes. The delayed hydration of the cement present in 
the adhered mortar of the coarse RPCA and its greater flexibility 
compared to the natural aggregate led to greater strength increases 
in drinking water and sulfate water, with even higher strength in-
creases when the cement content was augmented. It is suspected that 
in marine water, the higher porosity of SCC containing RPCA, may 
have meant that any increase in strength was lower, due to salt 
deposition within the pores of the SCC. 

In general terms, it can be affirmed that the use of RPCA has shown 
no adverse effects that might invalidate its use in SCC exposed to marine 
environment. It was even observed that the use of this aggregate 
improved some aspects, and that key improvements to its behavior can 
result from a precise definition of the cement content for any given 
construction purpose. 

Fig. 14. Sulfate-water moist/dry test: (a) weight variation; (b) UPV results; (c) compressive-strength results.  
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recycled aggregates from precast elements on the mechanical properties of 
structural self-compacting concrete, Constr. Build. Mater. 182 (2018) 309–323, 
https://doi.org/10.1016/j.conbuildmat.2018.06.132. 
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[53] Structural Code, Código Estructural de España. Spanish Structural Code, Ministerio 
de Fomento, Gobierno de España (2021). 

[54] V.G. Papadakis, M.N. Fardis, C.G. Vayenas, Hydration and carbonation of 
pozzolanic cements, ACI Mater. J. 89 (2) (1992) 119–130. 

[55] V.G. Papadakis, M.N. Fardis, C.G. Vayenas, Effect of composition, environmental 
factors and cement-lime mortar coating on concrete carbonation, Mater. Struct. 25 
(5) (1992) 293–304, https://doi.org/10.1007/BF02472670. 

[56] V.L. Ta, S. Bonnet, T. Senga Kiesse, A. Ventura, A new meta-model to calculate 
carbonation front depth within concrete structures, Constr. Build. Mater. 129 
(2016) 172–181, https://doi.org/10.1016/j.conbuildmat.2016.10.103. 

[57] L. Parrot, Design for avoiding damage due to carbonation-induced corrosion, Am. 
Concr. Inst. ACI Spec. Publ. SP-145 (1994) 283–298. 

[58] C. Thomas, J. Setién, J.A. Polanco, Structural recycled aggregate concrete made 
with precast wastes, Constr. Build. Mater. 114 (2016) 536–546, https://doi.org/ 
10.1016/j.conbuildmat.2016.03.203. 

[59] A. Gonzalez-Corominas, M. Etxeberria, Effects of using recycled concrete 
aggregates on the shrinkage of high performance concrete, Constr. Build. Mater. 
115 (2016) 32–41, https://doi.org/10.1016/j.conbuildmat.2016.04.031. 

[60] G. Puente de Andrade, G. de Castro Polisseni, M. Pepe, R.d., Toledo Filho, Design of 
structural concrete mixtures containing fine recycled concrete aggregate using 
packing model, Constr. Build. Mater. 252 (2020), 119091, https://doi.org/ 
10.1016/j.conbuildmat.2020.119091. 

[61] J. Bao, S. Li, P. Zhang, X. Ding, S. Xue, Y. Cui, T. Zhao, Influence of the 
incorporation of recycled coarse aggregate on water absorption and chloride 
penetration into concrete, Constr. Build. Mater. 239 (2020), 117845, https://doi. 
org/10.1016/j.conbuildmat.2019.117845. 

[62] K. Zhang, J. Xiao, Y. Hou, Q. Zhang, Experimental study on carbonation behavior 
of seawater sea sand recycled aggregate concrete, Adv. Struct. Eng. 25 (5) (2022) 
927–938, https://doi.org/10.1177/13694332211026221. 

[63] S. Uthaman, V. Vishwakarma, R.P. George, D. Ramachandran, K. Kumari, 
R. Preetha, M. Premila, R. Rajaraman, U.K. Mudali, G. Amarendra, Enhancement of 
strength and durability of fly ash concrete in seawater environments: Synergistic 
effect of nanoparticles, Constr. Build. Mater. 187 (2018) 448–459. 

[64] Q. Al-Waked, J. Bai, J. Kinuthia, P. Davies, Enhancing the aggregate impact value 
and water absorption of demolition waste coarse aggregates with various treatment 
methods, Case Stud. Constr. Mater. 17 (2022) e01267. 

[65] N. Singh, S.P. Singh, Evaluating the performance of self compacting concretes 
made with recycled coarse and fine aggregates using non destructive testing 
techniques, Constr. Build. Mater. 181 (2018) 73–84, https://doi.org/10.1016/j. 
conbuildmat.2018.06.039. 

[66] M.T. Blanco-Varela, J. Aguilera, S. Martínez-Ramírez, A. Palomo, C. Sabbioni, 
C. Riontino, G. Zappia, K. Vanvalen, E.E. Toumbakari, Thaumasite formation in 
hydraulic mortars by atmospheric SO2 deposition, Mater. Constr. 2001 (263–264) 
(2001) 109–125, https://doi.org/10.3989/mc.2001.v51.i263-264.357. 
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