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1. Introduction 
 

This work studies the effect of the incorporation of coarse 

recycled concrete aggregate (CRCA) on the variability and reli-

ability of concrete’s durability performance. 

The annual growth of the world population contributes to 

the increased construction demand at a global scale. Cur-

rently, demand for aggregates by the construction sector is es-

timated at 2730 million tonnes [1]. 

The use of recycled aggregates (RA) for concrete produc-

tion is a solution that reduces the environmental impact of the 

concrete industry, since the need for extraction of natural ag-

gregates (NA) decreases, along with the deposits of construc-

tion and demolition wastes (CDW) in landfills. 

For the concrete industry to use RA, regulation is needed. 

Such regulation has to take into account the influence of RA 

on the behaviour of reinforced concrete structures. 

This dissertation bridges a state-of-the-art gap in the scien-

tific/engineering community, since there is no study regarding 

the variability of recycled aggregate concrete (RAC) behaviour 

in terms of durability, which makes it impossible to assess the 

reliability of RAC structural elements subjected to the influence 

of carbonation and/or chloride ingress. Through the results ob-

tained in the experimental campaign, the reliability of rein-

forced concrete elements subjected to carbonation and chlo-

ride penetration and designed according to Part 1-1 of Euro-

code 2 (EC2) NP EN 1992-1-1 (2004) 2 will be investigated, 

demonstrating whether the concrete covers defined in EC2 2 

for natural aggregate concrete (NAC) can be used in the design 

of RAC or if calibration is needed. The ultimate goal is to con-

tribute to the development of a regulation that allows the de-

sign of RAC structures, taking into account their properties and 

heterogeneity. This regulation would allow the adoption, with-

out reservations from the various construction agents, of RAC 

as a structural material in current use, contributing to the de-

crease of the construction industry’s environmental impact. 

This dissertation contributes to the technical knowledge to-

wards compliance of the construction sector with European Un-

ion (EU) goal of 70% of CDW reuse/recycling [3]. 

In Portugal, the most relevant deterioration mechanisms re-

lated to durability are carbonation and chloride penetration. Both 

mechanisms are explained, and experimental results are used in 

probabilistic calculations in order to analyse the reliability of rein-

forced concrete durability design as per EC2 2 and to guarantee 

that the probability of depassivation due to carbonation and/or 

chloride ion penetration during the design working life of a struc-

tural element is not influenced by the incorporation of RA. 

Twelve different mixes are tested, five of them with NAC, 

five with RAC and two with 25% and 50% replacement ratios. 

Mechanical characterization is tested by compressive 

strength [NP EN 12390-3 (2011) [4]]. To characterize the durabil-

ity of concrete, the following tests are conducted: water absorp-

tion by immersion [LNEC E-394 (1993) [5]], water absorption by 

capillarity [LNEC E-393 (1993) [6]], carbonation resistance [LNEC 

E-391 (1993) [7]]  and chloride ion penetration resistance [LNEC 

E-463 (2004) [8]]. Once the most appropriate probability distribu-

tions for carbonation depth and resistance to chloride penetra-

tion are defined, reliability analyses are carried out. The reliability 

analyses depend on several factors, such as geometry, environ-

mental conditions and the conversion properties of the concrete 

prepared and cured under controlled conditions comparing with 

concrete prepared in situ. 

The reliability analyses determine whether the minimum 

concrete cover of each class of environmental exposure class 

stipulated in EC2 2 for NAC results in similar reliability indices 

when applied to structural elements made with RAC. These 

analyses are then followed by calibration of increased con-

crete covers, since it is found that RA results in smaller relia-

bility indices for depassivation limit states. 
 

2. Mechanisms of concrete deterioration 
 

2.1 Carbonation and chloride ion penetration 

In this work, depassivation is defined as the failure criterion 

for both mechanisms studied. In carbonation, depassivation oc-

curs when reinforced concrete pH decreases due to CO2 ingres-

sion. Usually concrete has a high pH (12.5 to 14.0) and under 

these conditions starts to develop a microscopic layer of iron ox-

ide (passive film) which prevents corrosion of the reinforcements. 

When pH values are lower than 9, corrosion of the reinforce-

ments may occur because the passive film is dissolved [9-11]. 

Depassivation, due to chloride ion penetration, initiates at 
the concrete external surface and, through its pores, propa-
gates towards the core and occurs, at each given depth, when 
the critical chloride content is reached. The critical chloride con-
tent is understood to be the limit concentration at which the 
passive iron hydroxide film surrounding the reinforcement is 
destroyed and corrosion of the reinforcement starts [12, 13]. 
This content is dependent on several factors such as concrete 
pH, the reinforcement electrochemical potential and the exist-

ence of voids at the steel-concrete interface 2. Given the in-

terdependence of these factors, it is reasonable to consider that 
the critical chloride content still depends on resistivity, the free 
concentration of chlorides, the concrete composition, the per-
meability of covering concrete, the temperature, the quality of 
surface reinforcement and the type of chloride source [14, 15]. 

 

2.2 Regulation and reliability 

Most of the parameters involved in a structural design are 

variable such as actions, geometry, material properties and cal-

culation models. This implies that the basis of structural codes 

is probabilistic. In the impossibility of ensuring that an undesir-

able phenomenon (such as structural collapse or loss of func-

tionality) occurs, codes seek that the probability of occurrence 

of that phenomenon complies with limits accepted by Society 

(target probabilities of failure). It is therefore necessary that the 

parameters involved in the design are modelled as random var-

iables, associated with probabilistic distributions. The target 
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probabilities of failure of different limit states are defined based 

on the consequences of failure of each limit state. Serviceability 

limit states (SLS) are associated with loss of functionality, aes-

thetic issues or comfort, therefore their target probabilities of 

failure are significantly higher than that of ultimate limit states 

(ULS), typically associated with structural collapse and possible 

loss of life. The probability of failure (𝑝𝑓) is quantified by the re-

liability index (𝛽), Eq. (1): 

 𝛽 = Φ−1(p𝑓)  (1) 

Eq. (2) conceptualizes a common case of a verification of 

an ULS associated with structural collapse. 

 𝐸𝑑  <  𝑅𝑑 (2) 

Similarly, the durability verifications for concrete can be 

modelled probabilistically. In carbonation, considering the 

failure as the depassivation of reinforcement, Eq. (3) repre-

sents the SLS. 
 𝑝{𝑑𝑒𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛, 𝑡𝑆𝐿} = 𝑝{𝑎 − 𝑥𝑐(𝑡𝑆𝐿) < 0}  <  𝑝𝑡𝑎𝑟𝑔𝑒𝑡 (3) 

Where: 

• 𝑝{𝑑𝑒𝑠𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛, 𝑡𝑆𝐿} – probability of depassivation oc-

currence at design lifetime 𝑡𝑆𝐿; 

• 𝑎 – design value of concrete cover (mm); 

• 𝑥𝑐(𝑡𝑆𝐿) – carbonation depth at time 𝑡𝑆𝐿; 

• 𝑡𝑆𝐿 – design working life (years); 

• 𝑝𝑡𝑎𝑟𝑔𝑒𝑡 - target- probability of failure. 

From Eq. (3) follows that when the carbonation depth af-

ter time 𝑡𝑆𝐿 is higher than concrete cover (a), the reinforce-

ment bar is depassivated. 

Concerning chloride ion penetration, a similar method is 

used, considering the depassivation by critical chloride con-

tent criterion of failure in Eq. (4) of SLS. 

𝑝{𝑑𝑒𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛, 𝑡𝑆𝐿} = 𝑝{𝐶𝑐𝑟𝑖𝑡 − 𝐶(𝑎, 𝑡𝑆𝐿) < 0}  <  𝑝𝑡𝑎𝑟𝑔𝑒𝑡 (4) 

Where: 

• 𝐶𝑐𝑟𝑖𝑡 - critical chloride content (%); 

• 𝐶(𝑎, 𝑡𝑆𝐿) - chloride content at depth of covering (a), life-

time 𝑡𝑆𝐿. 

Routine applications by structural designers of probabil-

istic calculations like these are not advised, since these equa-

tions are complex, error prone, and strongly dependent on de-

signer’s choices (e.g. type of probabilistic distribution, mean 

and standard deviation values of the different random varia-

bles that model the environmental and material properties in-

volved in the calculations of 𝑝{𝑑𝑒𝑠𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛, 𝑡𝑆𝐿} ). 

The cover demands of EC2 [2] and the minimum specifi-

cations of the concrete composition of EN 206 16 aim at in-

directly guaranteeing that the probabilities of target-failure 

are met in an expeditious and uniform manner by designers. 

It is expected that RAC will need higher cover than NAC 

in order to achieve the same reliability indices (𝛽), as RAC has 

worse durability behaviour than NAC’s and RAC parameters 

are presumed to be more variable than those of NAC. 

In this work, an experimental campaign is developed in 

order to model, in a probabilistic way, carbonation and chlo-

ride ion penetration in RAC. 

2.3 Influence of concrete composition on durability 

Concrete is a heterogeneous material with a variable 

composition. It has numerous components whose proportion 

has a fundamental role in its mechanical and durability prop-

erties. Compactness is a very important factor in the mechan-

ical and durability properties of a concrete. Mixes with high 

compactness have a solid cementitious matrix, which implies 

a reduced number of pores and interconnectivity, decreasing 

the carbonation and/or chloride ion penetration. 

Compactness depends on the w/c ratio, content and type 

of binder, aggregate grading, and the incorporation of addi-

tions and admixtures. The curing and vibration of the mix are 

also important, yet all mixes of this work are made under (the 

same) laboratory conditions. 

Cement properties influence carbonation progress. The use 

of cement with clinker substitution by limestone filler (CEM II B-L 

- NP EN 197-1 (2012) [17]) leads to higher penetration depths of 

carbon dioxide due to the reduction in the capacity for CO2 fixa-

tion due to the decrease in the amount of clinker [11]. 

The grading curve of the aggregates used in a concrete 

composition influences its compactness. If grading is not con-

tinuous, areas with concentration of aggregates with similar 

diameter may develop. These areas have a higher volume of 

voids; therefore, a concrete mix is more durable as the more 

continuous its aggregate grading distribution is. 

In this dissertation, additions and admixtures are used in 

some compositions - fly-ash (FA) as an addition and superplas-

ticizer (SP) as an admixture. An SP is a high-range water re-

ducer that enables concrete with low w/c ratio and adequate 

workability, therefore high compactness. This results in bene-

fits in terms of mechanical strength and durability. 

In this work, FA is used as a partial substitute of cement. 

This option has a significant benefit for the environment since 

the production of clinker, the main component of cement, has 

high environmental impacts 18. 

Typically, concrete with partial replacement of cement with 

FA has worse performance in terms of carbonation and a better 

performance in terms of chloride ion penetration 19-21. 

When considering chloride ion penetration, the performance 

improves because of the alumina present in FA. This alumina 

captures the chloride ions and prevents progression. Alumina 

reacts with cement and forms tricalcium aluminate that reacts 

with chloride ions forming Friedel’s salt 22. 

When the mechanism is carbonation, typically carbonation 

depths are higher mostly because compositions with replace-

ment of cement with FA have smaller content of calcium hy-

droxide. Calcium hydroxide, present in cement, is partially 

consumed by pozzolanic reactions of the FA. Moreover, the 

replacement of cement with FAs implies, by itself, a decrease 

in calcium hydroxide. This results in concrete with a less com-

pact matrix and with higher permeability, thus the CO2 pro-

gression is facilitated. This is observed in 23, where there is 
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an increase of the carbonation depth with the increase in the 

substitution of FA with cement. 

3. Experimental campaign 
 

3.1 Original concrete specifications 

The source concrete, crushed and used to produce CRCA, 

was supplied by a ready-mixed concrete plant and has the fol-

lowing specification: 

• Strength class: C30/37; 

• Environmental exposure class: XC3 (P); 

• Chloride content class: Cl0.4; 

• 𝐷𝑚𝑎𝑥  (mm): 14. 

The 28-day compressive strength of the OC was tested in 

5 cubes of 150 cm. The average value for compressive strength 

was 35.2 MPa (less than the specific characteristic strength in 

cubes for the specified strength class) and the standard devi-

ation of the samples was 1.85 MPa. The source concrete was 

supplied about 6 months prior to the production of the CRCA. 
 

3.2 Aggregates properties 

In the characterization of a concrete mix, it is important 

to identify and quantify the characteristics of the shape, size 

and porosity of its coarse aggregates. The tests carried out on 

the CRCA are made for the grading of the aggregates of the 

reference concrete (RC) and are presented in Table 1. 

Table 1 - Aggregates tests 

Test Standard/publication 

Aggregate grading  
NP EN 933-1:2000 [24] and NP 

EN 933-2:1999 [25] 

Density NP EN 1097-6:2003 [26] 

Water absorption NP EN 1097-6:2003 [26] 

Water absorption over the time Rodrigues et al. [27]  

Loose bulk density NP EN 1097-3:2003 [28]  

Moisture content NP EN 1097-5:2011 [29]  

Shape index NP EN 933-4:2011 [30] 
 

3.3 Concrete mixes formulation 

This experimental campaign evaluates the effect of the 

CRCA incorporation on the variability of the durability proper-

ties of concrete. This required the production of analogue mixes 

with and without CRCA. Therefore, 12 mixes were produced 

(Table 2), for five different compositions. 

One of the compositions (RC) resulted in four mixes (with 

0, 25%, 50% and 100% incorporation of RA). The remaining 

eight mixes are pairs of four compositions with total incorpo-

ration of NAC and RAC. The replacement of aggregates was 

made in volume so that the volumetric proportions between 

raw materials, the volumetric paste and aggregate content, 

and the overall volume of concrete remained unchanged. 

All 12 mixes are of workability class S3 (125 ± 25 mm), ac-

cording to NP EN 12350-2 (2009) [31]. The effective w/c ratio 

was adjusted through tests in preliminary concrete mixes. As 

expected, the effective w/c ratio for CRCA is higher than for 

NAC, due to the roughness and geometry of CRCA [32]. The 

shape index of CRCA is higher than that of NAC, which implies 

that CRCA particles are more elongated and flattened, impair-

ing the workability of concrete [13]. Thus, in order to guaran-

tee the target slump for CRCA, its effective w/c ratio is higher 

than that of NAC (Table 3). 

Table 2 - Replacement percentage of NAC for RAC 

Composition CRCA incorporation (%) 

BR 0 

BR/25-AGRB 25 

BR/50-AGRB 50 

BR/100-AGRB 100 

CEM II-AN 0 

CEM II-AGRB 100 

C280-AN 0 

C280-AGRB 100 

BCV-AN 0 

BCV-AGRB 100 

BSP-AN 0 

BSP-AGRB 100 

Table 3 - Concrete mixes formulation (𝑘𝑔/𝑚3) 

Mix BR CEM II C280 BCV BSP 

 AN 25 50 ARB AN ARB AN ARB AN ARB AN ARB 

Cement CEM I 42.5R CEM II/B-L 32.5N CEM I 42.5R CEM I 42.5R CEM I 42.5R 

Cement content 350 350 280 263 350 

FA 0 0 0 61.68 0 

SP 0 0 0 0 3.5 

Effective water 186.2 191.2 196.8 201.7 186.0 199.3 179.2 202.8 184.0 196.3 143.5 152.6 

Effective w/binder ratio 0.53 0.55 0.56 0.58 0.53 0.57 0.64 0.72 0.57 0.60 0.41 0.44 

River sand 705.0 705.0 886.7 705 710.0 710.0 886.7 886.7 722.0 722.0 783.9 783.9 

NA 1141.0 846.5 564.3 - 1116.0 - 950.0 - 1107.0 - 1049.1 - 

RAC - 258.0 516.1 1032.2 - 1009.4 - 863.6 - 1001.1 - 948.8 

Slump (mm) 120 125 142 123 115 119 138 149 150 135 140 117 

Density 2320 2335 2322 2311 2392 2311 2311 2288 2420 2292 2522 2318 
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Four of the five compositions were made with cement 

CEM I 42.5 R [33], which has a high percentage of clinker (over 

95% by mass). Clinker is the component of the cement whose 

production has higher environmental impact. The type of ce-

ment used and the effective w/binder ratio of the mixes 

C30/37, C280, BCV and BSP resulted in RAC with new mortars 

that are more resistant than CRCA adhered mortars. This op-

tion was deliberate and emphasises the negative effects 

caused by CRCA incorporation. As the effective w/c ratio of 

BSP compositions is significantly lower than that of OC com-

positions, the difference in resistance between new and old 

mortars was even more pronounced. For the BSP mix, the in-

corporation of CRCA is expected to have a higher influence on 

the concrete properties than on the remaining compositions. 
 

3.4 Fresh concrete tests 

This work includes the fresh-state characterization tests 

presented in Table 4. 
 

Table 4 - Fresh concrete tests 

Fresh concrete 
Lowering test NP EN 12350-2:2009 [31] 

Density NP EN 12350-6:2009 [34] 
 

3.5 Mechanical tests 
 

3.5.1 Compressive strength 

This test determines the uniaxial compressive strength of 

each mix. The test methodology is based on NP EN 12390-3 

(2011) [3] and Figure 1 shows a specimen being tested. 

 
Figure 1 - Sample geometry - cube 

3.6 Durability tests 

The tests made to characterize the durability properties 

of the mixes are presented in Table 5. 
 

Test Standard 

Water absorption by immersion LNEC E394:1993 [5] 

Water absorption by capillarity LNEC E393:1993 [6] 

Carbonation resistance LNEC E391:1993 [7] 

Chloride ion penetration resistance LNEC E463:2004 [8] 
 

3.6.1 Water absorption by immersion 

Water absorption by immersion assesses the internal po-

rosity of concrete. It evaluates the permeability of the con-

crete to water at atmospheric pressure, thus measuring the 

open porosity. These pores or voids are mainly caused by the 

air that appears when the materials are mixed and is retained 

inside the concrete and by the excess water used in the mixing 

(in addition to the necessary water for the correct hydration 

of the cement) that remains free and evaporates. Following 

the water evaporation, the voids are created [35]. 

The test was carried out according to LNEC E-394 (1993) 

[5] and is shown in Figure 2. 

 
Figure 1 - Water absorption by immersion 

3.6.2 Water absorption by capillarity 

Water absorption by capillarity evaluates the water ab-

sorbed by ascension of water through the capillary network. 

This method, as water absorption by immersion, is an indirect 

assessment of the internal porosity of concrete. Water ab-

sorption by capillarity is due to pressure differences between 

the free surface of the outside water and the free surface of 

the water inside the capillaries [36]. This test was carried out 

according to LNEC E-393 (1993) [6] - see Figure 3. 

 
Figure Erro! Não existe nenhum texto com o estilo 

especificado no documento. - Samples in contact with 
water over time 𝑡𝑖  

3.6.3 Resistance to carbonation 

The accelerated carbonation test allows investigating the re-

sistance of concrete to carbon dioxide penetration. As the gas 

penetration depends on the porosity of the concrete, curing is 

very important. In this test, samples were tested after 28 days of 

curing and exposure to a 5% volumetric concentration of carbon 

dioxide during either 7, 28, or 91 days. The test methodology fol-

lows LNEC E-391 (1993) [7]. Figure 4 shows a carbonated sample. 

 
Figure 4 - Samples sprayed with phenolphthalein solution 

3.6.4 Resistance to chloride ion penetration 

The permeability of concrete depends on the connectivity 

of the capillary vessels present in the cementitious matrix. The 

higher the permeability, the higher the chloride ion penetra-

tion. The test methodology follows LNEC E-463 (2004) [8]. Fig-

ure 5 shows the chloride ion penetration measurement. 
 

4. Experimental results 
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This chapter concerns the analysis of the experimental re-

sults. Initially, the results of the compressive strength test are 

presented. Subsequently, results obtained from the durability 

performance tests are presented. Finally, the stochastic mod-

elling of the properties tested is made. 
 

 
Figure 5 - Chloride ion penetration measurement  

 

4.1 Compressive strength 

The results of the compressive strength tests are shown in 

Figure 6. Blue bars represent NAC, while green and red bars 

represent RAC. 

 

Figure 6 - Mean and standard deviation of compression 
tests concerning 28 and 91 days 

 

As shown in the figure, in most cases the compressive 

strength of NAC is higher than that of the analogous RAC mix, 

as expected [37]. 

4.2 Water absorption by immersion 

Figure 7 presents the experimental results concerning wa-

ter absorption by immersion. 

 

Figure 7 - Mean and standard deviation of the 28-day water 
absorption by immersion. 

 

BSP is the composition with the lowest value, which is jus-

tified by its low w/c ratio. 

When NAC and RAC are compared, increases in water ab-

sorption by immersion of 9.8% and 16.6% are reported for 

CEM II-AGRB and BCV-AGRB, respectively. This increase is jus-

tified by the greater amount of effective water present in RAC 

(necessary to maintain constant workability). 

BR has a high value of water absorption immersion, which 

contradicts expectations. 

As in the capillarity water absorption test (next chapter), 

C280-AGRB shows better results than C280-AN. This can be 

justified by the fact that the C280-AN concrete was trans-

ported to the construction laboratory of Instituto Superior de 

Engenharia de Lisboa (ISEL), given the impossibility of cutting 

the samples in the construction laboratory of Instituto Supe-

rior Técnico (IST) at the ages prescribed by the standards. 

Linear regressions of the mixes are presented in Figure 8, 

for water absorption by immersion at 28 days as a function of 

compressive strength at 28 days. The composition C280-AN 

was not included. The figure shows that the increase in com-

pressive strength at 28 days implies a decrease in water ab-

sorption by immersion. Thus, the importance of mortar com-

pactness is demonstrated. 

 

Figure 8 - Linear regressions of the 28-day water absorption 
by immersion and compressive strength. 

4.3 Water absorption by capillarity 

Figure 9 shows that, with the exception of CEM II, NAC 

mixes present lower values of water absorption by capillarity 

compared to their analogous concrete with total or partial in-

corporation of RAC, as indicated by several authors [38, 39, 40, 

41]. The difference between the water absorption of BCV-AN 

and BCV-AGRB is not significant. 

As expected, BSP-AN is the concrete mix that presents bet-

ter results, due to its lower w/c ratio. The water absorption by 

capillarity of CEM II was the highest of all compositions. 

Figure 10 reports the same trend reported for water absorp-

tion by immersion: the increase in compressive strength at 28 

days implies a decrease in water absorption by capillarity. 

Figure 10 shows that, for the same compressive strength, 

RAC may have lower water absorption by capillarity in com-

parison to NAC. There are two reasons that justify this finding: 

0

20

40

60

80

100

𝑓
𝑐𝑚

[M
P

a]
 2

8
 a

n
d

 9
1

-d
ay

s 

28 days 91 days

0
2
4
6
8

10
12
14

W
at

er
 a

b
so

rp
ti

o
n

 b
y 

im
m

er
si

o
n

 [
%

]

y = -0,0378x + 9,1796
R² = 0,756

y = -0,1149x + 13,673
R² = 0,9841

0

2

4

6

8

10

12

14

30 40 50 60 70 80

W
at

er
 a

b
so

rp
ti

o
n

 b
y 

im
m

er
si

o
n

 [
%

]

𝑓𝑐𝑚,28 [MPa] 

BAN
BAR100
BR
BR/100-AGRB
BR/25-AGRB
BR/50-AGRB
C280-AN



7 
 

the nailing effect [42] that makes the interfacial transition 

zone of RAC less porous, leading to a reduction of the overall 

porosity of concrete, and the fact that the effective water con-

tent is estimated after 10 min of absorption of RA. During cur-

ing of concrete, RA may absorb additional water, reducing the 

real amount of effective water. In the high strength range, RAC 

has higher water absorption by capillarity since the cementi-

tious paste of both NAC and RAC is dense and the water ab-

sorption by near-the-surface CRA gains relevance. 

 

Figure 9 - Mean and standard deviation of the 28-day water 
absorption by capillarity. 

 

 

Figure 10 - Linear regressions of the 28-day water absorption 
by capillarity and compressive strength. 

4.4 Resistance to carbonation 

According to Figure 11, the carbonation depth of NAC is 

smaller than that of RAC. BR and C280-AN compositions have 

a contradictory trend compared with what is expected. 

  
Figure 11 - Mean and standard deviation on carbonation tests 

for 7, 28 and 91 days. 
 

Figure 12 shows the linear regression between compressive 

strength at 28 days and the 28-day carbonation depth. 

 

Figure 12 - Linear regressions of the 28-day carbonation depth 
and compressive strength. 

 

The linear regressions presented for NAC and RAC are ap-

proximately parallel. As expected, the increase in compressive 

strength implies lower carbonation depths into concrete. 

4.5 Resistance to chloride ion penetration 

Figure 13 shows that concrete improves its resistance to 

chloride ion penetration between 28 and 91 days. This agrees 

with other studies [38]. This trend was not observed in BR/25-

AGRB and BSP compositions since there was considerable 

overlapping of the experimental results at both ages. 

The increase of resistance to chloride penetration with age 

is due to the higher amount of hydrated cement, leading to a 

lower volume of voids. 
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Figure 13 - Mean and standard deviation on chloride ion pen-

etration tests for 28 and 91 days. 
 

In Figure 14, a linear regression between compressive 

strength at 28 days and chloride ion penetration at 28 days is 

shown. The relationships of NAC and RAC are virtually the same. 

 

Figure 14 - Linear regressions of the 28-day chloride ion 
penetration and compressive strength. 

5. Probabilistic modelling of carbonation depth 

and chloride ion penetration  

This chapter deals with the statistical data obtained by car-

rying out the experimental tests of carbonation and chloride 

ion penetration analysed in Chapter 4. 

In Table 4, standard deviation is defined for each composi-

tion. The table also contains the mean value of each mix. Alt-

hough results were obtained for both chloride ion penetration 

and carbonation mechanisms, only the former are displayed. 

All properties were found to be properly modelled with a 

lognormal distribution. 

The least squares method was used to define the standard 

deviation of the values obtained experimentally. 
 

6. Reliability analysis 

6.1 Case studies 

This chapter presents the case studies upon which the re-

liability analyses are based (next subchapter). Concrete covers 

for each specific case of design were defined in agreement 

with the standards presented in subchapter 2.2. 

The reliability index is calculated for the state limit equations 

2 and 3 presented in subchapter 2.2 and for cases studies, 

which are presented in Table 5 for the chloride ion penetra-

tion mechanism. The same has been done for carbonation. 

Table 4 - Parameters for the chloride ion penetration mechanism. 

Mix 
Mean 
x10-12 
[𝑚2/𝑠] 

Standard devia-
tion (tested) 

[𝑚2/𝑠] 

Standard devia-
tion (suggested) 

[𝑚2/𝑠] 

BR 13.66 1.65 1.60 

BR/25-AGRB 15.04 1.63 1.60 

BR/50-AGRB 14.40 0.92 1.60 

BR/100-AGRB 14.91 2.14 1.60 

C280-AN 11.76 2.43 2.35 

C280-AGRB 19.06 2.24 2.35 

BCV-AN 15.69 3.25 2.45 

BCV-AGRB 15.85 1.48 2.45 

CEM II-AN 20.07 1.77 1.50 

CEM II-AGRB 19.25 1.27 1.50 

BSP-AN 9.30 1.08 0.80 

BSP-AGRB 9.00 0.79 0.80 
 

6.2 Analysis of results 

The purpose of this chapter is to present the results ob-

tained in the reliability analysis for the mechanisms of carbon-

ation and chloride ion penetration. 

Figure 15 shows the reliability indices for the carbonation 

mechanism when NAC and RAC are designed using the same 

deemed-to-satisfy requirements (that is, without changes to 

compensate for any loss of reliability caused by the incorpora-

tion of RA). The same has been done for chloride ion penetra-

tion mechanism. 

Figure 15 shows that the reliability indices are heterogeneous 

and dependent on the environmental exposure conditions. The 

same was found for chloride ion penetration and it is concluded 

that the requirements of standards do not guarantee homoge-

nous reliability indices for different cases of design. 

Figure 15 also shows, for depassivation by carbonation, that 

the incorporation of CRCA results in a decrease of the reliability 

index for all mixes except C280. A similar finding is found for 

chloride ion penetration. Strategies to offset the reduction of 

the reliability index due to the incorporation of CRCA were stud-

ied: in the case of carbonation, either a 1-day increase of curing 

or a 6 mm increase of cover were studied. For chloride ion pen-

etration, only the latter was analysed. 
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Table 5 - Study cases for the chloride ion penetration mechanism. 

Parameter 
BR CEM II BCV BSP 

Column Slab  Column Slab  Column Slab  Column Slab  

Exposure class XS1 XS1 XS1 XS1 XS1 XS1 XS3 XS3 

𝑡𝑆𝐿 (anos) 50 50 50 50 50 50 50 50 

w/b ratio (NAC/RAC) 0,53/0,58 0,53/0,57 0,57/0,60 0,41/0,44 

Strength class (MPa) C40/50 C40/50 C30/37 C30/37 C30/37 C30/37 C45/55 C45/55 

Binder content (𝑘𝑔/𝑚3) 350 350 263 350 

a (mm) 45 40 45 40 45 40 55 50 

 

 
Figure 15 - Reliability of covers designed for exposure classes 
related to carbonation: β vs. environmental exposure class. 

 

The increase of curing was not sufficiently effective and 

the reliability of CRAC was still smaller than that of NAC. Fig-

ures 16 and 17 show that increases of concrete cover of 5 mm 

successfully offset the reduction of reliability caused by CRCA 

for design made for either deterioration mechanism. 

 

Figure 16 - Influence of the 5 mm cover increase on β. 

 

Figure 17 - Influence of the 5 mm cover increase on β. 

From the analysis of the values of 𝛼2 (which represent the 

relative importance of the uncertainty of the different parame-

ters in the reliability problem), it is found that the most influen-

tial sources of uncertainty in the definition of 𝛽 for carbonation 

environments are those related to concrete cover and carbon-

ation depth (the latter is affected by the incorporation of CRCA). 

In the chloride ion penetration mechanism, the values obtained 

for 𝛼2 show that the mechanism is more dependent on the un-

certainty associated to the variables A (ageing exponent), 𝑐𝑐𝑟𝑖𝑡  

and 𝑐𝑠,Δ𝑥. None of these parameters are affected by the incor-

poration of CRCA. Differences in the reliability index of NAC and 

RAC for chloride ion penetration are thus mostly due to the in-

fluence of the incorporation of RA on the mean value of chloride 

diffusion. 

7. Conclusions 
The construction industry is responsible for the generation 

of significant quantities of waste and for the consumption of 

large quantities of raw materials. Therefore, it is imperative to 

develop solutions that can mitigate the environmental impact 

of this industry. The use of RAC is a step in this direction. As 

long as regulations are created, this type of concrete can be 

an alternative to NAC. 

The experimental campaign analysed the mechanical per-

formance through the compressive strength. Regarding dura-

bility, water absorption by immersion and capillarity tests, re-

sistance to carbonation and chloride ion penetration tests 

were carried out. 
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Table 6 presents the results of characterization of concrete 

in the hardened state. With the exception of BCV and BSP, 

mixes with full incorporation of NA have higher compressive 

strength values compared with RAC mixes. 

For the water absorption by immersion, most of the mixes 

showed higher values of water absorption with the increase in 

the rate of substitution of NA by CRAC. 

In the case of water absorption by capillarity, it is concluded 

that, with the exception of CEM II, NAC mixes have lower capil-

larity water absorption values compared to their analogous 

concrete with total or partial incorporation of CRAC. 

Most NAC mixes had lower carbonation depths than those 

of RAC. 

Finally, regarding the chloride ion penetration test, an in-

crease in the chloride diffusion coefficient was observed with 

the increase in the rate of substitution of NA by RAC, with the 

exception of CEM II. 

The statistical characterization of the experimental tests of 

carbonation resistance and chloride ion penetration was carried 

out. With the use of normal distribution paper plots and the 

Least Square Method, a standard deviation value representa-

tive of each family of compositions and independent of the in-

corporation of RAC was defined, after it was observed that the 

standard deviation is relatively constant for each family, while 

the coefficient of variation is more dispersed. 

For the definition of the probabilistic distributions for mod-

elling the carbonation depth and chloride ion penetration, the 

Lognormal probability distribution was used, as it is the refer-

ence distribution for modelling random variables regarding re-

sistance parameters [43]. Both this distribution and normal dis-

tribution adjusted appropriately to the experimental results. 

Reliability analyses served to understand which parame-

ters are most prevalent for each deterioration mechanism. 

The results obtained for RAC demonstrate that it is possible to 

use these coarse recycled concrete aggregates in structural 

concrete under demanding environmental exposure condi-

tions, as long as their incorporation is taken into consideration 

when defining concrete covers. 

The reliability analyses showed that the reliability loss associ-

ated with RAC incorporation can be compensated by increasing 

concrete cover by 5 mm. However, this step can be counterpro-

ductive from an economic and sustainable point of view because 

it implies concrete elements with a higher volume, therefore with 

a higher clinker content. Life-cycle assessments should follow to 

understand the practical implications of increased concrete co-

vers from economic and environmental standpoints. 

For the carbonation mechanism, it was found that the un-

certainties related to concrete cover and carbonation depth are 

the most important variables that define the reliability index. As 

for chloride ion penetration, the most relevant uncertainties are 

related to aspects that do not depend on design or incorpora-

tion of CRCA: A (the ageing exponent), 𝑐𝑐𝑟𝑖𝑡  and 𝑐𝑠,Δ𝑥. 

Investigations on the reliability of RAC are scarce. For this 

reason, it is suggested that the following topics are studied: 

• The variability of the durability performance of con-

crete with incorporation of RA produced from con-

struction demolition waste (CDW); 

• Definition of specific RAC models for the conversion of 

standardized tests of concrete durability properties 

(under accelerated conditions) to concrete behaviour 

under actual environmental conditions. This type of 

study can only be developed after RAC becomes a 

structural material commonly used by the industry; 

• Analysis of the influence of the incorporation of RA 

on the variability of long-term rheological properties 

(shrinkage and creep) of concrete; 

• Development of alternative ageing exponents (for ex-

ample, dependent on the w/b ratio or the type of 

binder) in order to decrease the uncertainty associ-

ated with ageing in the limit state equation for the 

depassivation due to chloride ion penetration. The 

current ageing coefficient is the main source of un-

certainty associated with the depassivation; 

• Study of the environmental and economic viability of 

concrete with RA incorporation. 

Table 6 - Results of characterization of concrete in a hardened state. 

Mix 
𝑓𝑐𝑚,28 

[MPa] 
Water absordias [%] 

Water absorption by capillarity, 28 days 
[𝑔/𝑚𝑚2] 

d𝑘,28 𝑑𝑎𝑦𝑎𝑠 [mm] 
𝐷𝑚𝑒𝑎𝑛,28 𝑑𝑎𝑦𝑠 

[10−12𝑚2/𝑠] 

BR 52,57 12,2 4.46E+01 9,40 13,7 

BR/25-AGRB 51,18 6,8 6.18E+01 5,11 15,0 

BR/50-AGRB 53,53 7,9 4.70E+01 6,81 14,4 

BR/100-
AGRB 

43,83 7,4 7.26E+01 9,57 14,9 

CEM II-AN 34,17 8,3 9.27E+01 10,63 20,1 

CEM II-AGRB 34,53 9,5 6.53E+01 13,40 19,3 

C280-AN 43,43 12,5 5.44E+01 15,21 11,8 

C280-AGRB 37,94 9,3 9.06E+01 7,39 19,1 

BCV-AN 36,84 7,4 5.85E+01 9,61 15,7 

BCV-AGRB 40,23 9,4 5.63E+01 10,19 15,8 

BSP-AN 67,94 6,6 2.81E+01 1,46 9,3 

BSP-AGRB 70,58 5,5 3.05E+01 2,37 9,0 
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