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Abstract
Using waste as a civil engineering construction material represents an important environmental and 
economic advantage. In this context, it was studied the durability and permeability of a crushed 
concrete recycled aggregate (CCCDW), processed from construction and demolition waste (CDW), and 
an inert steel aggregate for construction (ISAC), processed from electric arc furnace (EAF) steel slag, 
with the aim to evaluate the technical feasibility of their recycling in the drainage layers of transport 
infrastructures. The durability of recycled materials was studied using the slake-durability test (SDT) 
proposed by International Society for Rock Mechanics (ISRM). In order to test the behaviour of the 
material in mechanical conditions more adverse than those specified in the ISRM method, more 600 
rotation cycles than those foreseen in the original method were applied. As a complement to SDT 
tests, macro- and micropetrographic observations as well as physical characterizations of two recycled 
materials, both before and after SDT tests, were performed. Regarding the hydraulic behaviour of the 
recycled materials, constant-head permeability tests were carried out on specimens prepared from 
grain-size fractions in the ranges 0.25-2.0 mm and 2.0-20.0 mm. In the study was compared the 
behaviour of two recycled materials with two reference natural materials, a basalt and a limestone. The 
results obtained show, for the conditions tested, the technical feasibility of their recycling in the 
mentioned applications. 
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1 Introduction 
Subsurface and underground drainage layers in the transport infrastructures are traditionally built 

with natural unbound granular materials, either selected soils or crushed rocks. Nowadays, current 
environmental policies intend to restrict the extraction of natural materials and encourage the use of 
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recycled materials, namely by the need for compliance with the targets of reuse and recycling of waste 
in the European Union by 2020. 

If the waste is not dangerous for the environment and public health, then the priority should be 
given to the use of recycled materials in civil engineering works that would replace the natural 
materials, thus contributing to the achievement of the overall objectives of sustainable development. 

The hydraulic conductivity of recycled materials and its maintenance over the lifetime of civil 
engineering works is, as in the case of natural materials, an essential engineering property to assess the 
technical feasibility of its application in drainage layers of transport infrastructures. Some studies 
(Arm, 2001 and Poon et al., 2006) report the decrease of the hydraulic conductivity of the construction 
and demolition waste (CDW) over time due to the development of self-cementing phenomena. In the 
case of steel slag, the studies (Gupta, et al., 1994 and Hurd, 1988) have attributed the decrease of its 
drainage capacity to the formation of tufa, a calcium carbonate precipitate. These facts justify the 
evaluation of the hydraulic behavior of these materials. 

Durability of the recycled materials is also a relevant property to the performance of the civil 
engineering works, as it has shown the experience acquired with the use of natural materials. In the 
consulted bibliography were not referenced studies on the durability of CDW and steel slag. 
Therefore, it was considered of interest to evaluate the durability of these recycled materials, for which 
is foreseen, for the motives previously mentioned, an increasing use in civil engineering works. In this 
context, the hydraulic conductivity and the durability of a crushed concrete aggregate (CC), processed 
from CDW, designated here as CCCDW, and an inert siderurgical aggregate for construction (ISAC), 
processed from electric arc furnace (EAF) steel slag, designated here as ISAC, were evaluated. 
Complementary to these characterizations, petrographic and physical characterizations of the materials 
were carried out. It should be noted that previous studies with these materials (Neves et al., 2013 and 
Gomes Correia et al. 2012), having as purpose their use in unbound granular layers of the road 
pavements, showed an adequate geoenvironmental and geomechanical performance. 

Results obtained from both recycled materials are compared with those obtained in tests carried out 
with reference natural crushed materials, a basalt, designated here as BAS, and a limestone, designated 
here as LIM. The experimental program applied to these materials was the same that was applied to 
recycled materials. 

2 Materials and methods 

2.1 Materials 
Two recycled materials, the crushed concrete aggregate processed from construction and 

demolition waste (CCCDW) and the inert siderurgical aggregate for construction (ISAC) processed from 
electric arc furnace (EAF) steel slag, and two reference natural materials, the basalt (BAS) and the 
limestone (LIM), were studied. Figure 1 shows the location of the materials studied, which are situated 
up to a maximum radius of 35 km around Lisbon. 

CCCDW sample was provided by Demotri, S.A. company, of Ambigroup Group, SGPS, S.A., that 
processes CDW at its mobile Centre, located in the municipality of Seixal. The material was collected 
in a heap of CDW produced from several demolition works (Figure 1a) in an estimated volume of 
about 2000 m3. Concrete blocks of CDW with less than 100 mm were collected. These blocks were 
cut and crushed before being used, respectively, in the preparation of the specimens for the durability 
and permeability tests. 

ISAC was collected in a heap of matured EAF steel slag (Figure 1b) stored at Portuguese Iron and 
Steel Company facilities, located at Seixal municipality. Considering durability tests, ISAC blocks 
with dimensions less than 100 mm were collected. For the permeability tests grain-size fractions in the 
ranges 0/6 mm and 0/40 mm were collected.  
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Basalt (BAS) and limestone (LIM), natural materials, were provided by Alves Ribeiro, S.A. 
company and Agrepor, S.A. company, and collected in Moita da Ladra Quarry (Vila Franca de Xira 
municipality) and Vale Grande Quarry (Alenquer municipality), respectively. BAS (Figure 1c) and 
LIM (Figure 1d) blocks were collected with dimensions larger than 100 mm. In relation to the grain-
size fractions of the BAS, the following ranges were collected: 25/50 mm (ballast), 12/20 mm 
(crushed gravel 3), 10/16 mm (crushed gravel 2), 4/12 mm (crushed gravel 1), and 0/4 mm (crushed 
gravel). In the case of LIM these ones were sampled: 0/32 mm (quarry-run rock), 20/40 mm (crushed 
gravel 3), and 0/4 mm (rock flour). 

The aqueous solution used in the tests was tap water. 

a) CCCDW b) ISAC 

c) BAS d) LIM
Figure 1: Location of studied materials and general overview of sampling process

2.2 Methods 
Macropetrographic study of materials was carried out according to the procedure presented in NP 

EN 932-3 (2010), in the case of ISAC, BAS and LIM, and according to ASTM C856 (2011), in the 
case of CCCDW. The micropetrographic study, performed with an optical microscope, was carried out 
following the procedure described in EN 12407 (2010) for ISAC, BAS and LIM, and the 
aforementioned standard of ASTM for CCCDW. 

The tests that evaluated the bulk (ρb) and real (ρr) densities, porosity accessible to water (Pe) and 
water absorption under vacuum conditions (wmax) of the materials followed the procedure described in 
RILEM (1980). 

Slake durability test (SDT) was carried out according to the procedure laid out in the “Suggested 
method for determination of the slake-durability index” of International Society for Rock Mechanics 
(ISRM, 1977). From each material, 20 specimens were moulded, each one with a mass of 40 – 60 g. A 
set of 10 specimens, weighing a total of 400 – 600 g, was introduced into a cylindrical drum of 
stainless steel and then assembled in a reservoir filled with tap water. This first set of specimens is 
identified in the paper as SDT_W. The second set of 10 specimens was immersed in tap water for 15 
days before being introduced into the cylindrical drum. This second set of specimens is identified as 
SDT_IW. The cylindrical drums with the specimens were subjected to three slake-durability cycles. 
The first two cycles are specified in the ISRM method: constant speed of 20 rotations per minute 

Lisbon 

LIM 

BAS 

ISAC CCCDW
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(rpm) for 10 minutes (200+200 rotations). In the third cycle, the specimens were subjected to more 
600 rotations (1000 rotations in total). According to the ISRM method, the SDT result, expressed as a 
durability index (Id), corresponds to the relation, expressed in percentage, of the dry mass of the 
material retained inside of the drum at the end of the second cycle (Id2) to the dry mass of the 
specimens at the beginning of the test. The Id2 value is calculated with the expression: 

where A is the initial dry mass of 10 specimens, C the dry mass of 10 specimens after the second 
slake-durability cycle and D is the mass of the drum. 

Permeability tests were performed in a rigid-wall permeameter, at a temperature of 20±3 °C, 
imposing an upward flow and a constant head of 30 cm. Specimens prepared from grain-size fractions 
in the range of 0.18/2 mm (crushed sand) and 2/20 mm (crushed gravel) were used in the tests. The 
percentage of different grain-size fractions used in the preparation of the specimens is shown in Table 
1. The maximum diameter of gravel was 20 mm in order to comply with the minimum condition of the 
relationship "diameter of the permeameter column (90 mm) / grain-size diameter (20 mm)" equal to or 
greater than 5. 

The permeameter column, 25 cm in height, was filled with the maximum dry weight of sand and 
gravel. The column and the base of the permeameter were placed in a frame to prevent movement of 
two pieces, and the ensemble was weighed. The granular material was transferred with a spoon to the 
column. Then, with the aid of a bundle of wood, densification of the particulate medium was 
promoted. The set was weighed and the weight of added material was registered. 

Initially, the water was percolated through the specimen until a minimum total volume of 250 l to 
be collected. At the end of this step, the permeameter column was placed in a oven for a minimum 
period of seven days at a temperature of 45±3 °C. After removing the permeameter and before 
restarting the second step of percolation, the material cooled the time needed in order to reach 20±3 
ºC. A minimum total volume of 30 l of effluent was collected. Heating the material at 45±3 °C 
intended to test the materials in less favourable conditions. Concluded the two percolation phases, the 
permeameter column was drained, the top cap and porous plate were removed, and a macroscopic 
description of the top specimen was made. Subsequently, the specimen was transferred into a tray and 
visually inspected for macroscopic description. The material was then placed in an oven at 60±3 °C to 
dry. Once dry, the material was weighed to check the mass loss. The same material was used to 
perform the sieve analysis and check its adjustment to the corresponding reference grain-size 
distribution curve. 

Crushed sand Crushed gravel 

Grain-size (mm) Retained material (%) Grain-size (mm) Retained material (%) 

2 0 20 0 
1 65 16 16 

0.5 90 12.5 34 
0.25 100 4 82 

- - 2 100 
Table 1: Grain-size fractions of sand and gravel 
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3 Results and discussion 

3.1 Petrography 
The macroscopic study performed after SDT tests showed that there was no significant change in 

the specimens. The changes to report are the oxidation of the ferric particles and olivine minerals in all 
SDT tests performed with ISAC specimens and BAS_SDT_IW specimen, respectively. After SDT 
tests it was also observed a thin green film of organic material in the surface of CCCDW and ISAC 
specimens. 

Regarding the results of microscopic analysis of the specimens after the SDT tests, it was observed 
an increase in the concentration of iron oxides in the ISAC specimens and different states of 
weathering of the olivine mineral in the BAS specimens. In the BAS_SDT_IW specimen, olivine 
minerals partially or completely weathered were identified. This phenomenon is characterized by loss 
of material and a yellow to dark brown tonality. 

3.2 Physical properties 
The results of the bulk (ρb) and real (ρr) densities, porosity accessible to water (Pe) and water 

absorption under vacuum conditions (wmax) obtained with the specimens of the recycled and natural 
materials, either before or after SDT tests, are shown in Table 2. 

CCCDW is the less dense material and more porous and presents the highest water absorption. In 
quantitative terms: a) CCCDW is about 1.2 and 1.5 times less dense than BAS and ISAC, respectively; 
b) CCCDW is approximately 1.4, 3.1 and 38 times more porous than ISAC, LIM and BAS, respectively; 
and c) CCCDW absorbs water approximately 2.1, 3.6 and 56 times more than ISAC, LIM and BAS. 
These differences are due to the intrinsic constitution of CCCDW, in particular the cement matrix and 
the crushed natural aggregates. On the other hand, ISAC is the denser one, due to the presence of 
particles and minerals of iron, and BAS has the lowest porosity and water absorption. LIM is 
characterized by having intermediate results in comparison to the others. 

The comparative analysis of the physical properties of the four materials, either before or after 
SDT tests, shows that no significant quantitative changes have occurred. 

Material Specimen Bulk density 
ρb (Mg/m3) 

Real density 
ρb (Mg/m3) 

Porosity 
accessible to 

water 
Pe (%)

Water absorption 
under vacuum 

conditions 
wmax (%)

Recycled CCCDW

CCCDW_SDT_W 
CCCDW_SDT_IW 

ISAC 
ISAC_SDT_W 

ISAC_SDT_IW

2.58 
2.62 
2.65 
3.77 
3.98 
3.77

2.14 
2.22 
2.24 
3.28 
3.58 
3.28

16.88 
15.34 
15.27 
12.40 
10.00 
12.32

7.89 
6.93 
6.82 
3.83 
2.88 
3.77

Natural BASCDW

BAS_SDT_W 
BAS_SDT_IW 

LIM 
LIM_SDT_W 

LIM_SDT_IW

3.02 
3.01 
3.04 
2.72 
2.74 
2.72

3.00 
2.99 
3.02 
2.58 
2.57 
2.59

0.45 
0.48 
0.45 
5.40 
6.15 
4.70

0.14 
0.16 
0.15 
2.20 
2.41 
1.82

Table 2: Results of physical characterization tests 
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3.3 Durability 
Table 3 presents the results obtained in the SDT tests. The values correspond to the percentage of 

material retained in the cylindrical drums at the end of each cycle (Id1 = 200 rotations, Id2 = 400 
rotations and Id5 = 1000 rotations). 

The classification of the durability of the tested materials is defined from the classes shown in 
Table 4, as proposed by Gamble (1971). 

The durability index is greater than 95.0% in all specimens. According to Gamble’s classification, 
either recycled materials or natural materials belong to the category of very high durability. Even so, 
the highest values of Id5 were obtained in the BAS specimens, and the lowest in the CCCDW

specimens. 
The third rotation cycle and the immersion of the specimens in water for 15 days, did not 

contribute to a reduction in the durability of the materials. 

Material Specimen Durability 
index (Id)

Result 
(%)

Material Specimen Durability 
index (Id)

Result 
(%)

Recycled CCCDW_SDT_W Id1 99.5 Natural BAS_SDT_W Id1 99.9
Id2 99.1 Id2 99.7
Id5 98.0 Id5 99.5 

CCCDW_SDT_IW Id1 99.6 BAS_SDT_IW Id1 99.9 
Id2 99.1 Id2 99.7
Id5 97.9 Id5 99.5

ISAC_SDT_W Id1 99.7 LIM_SDT_W Id1 99.7 
Id2 99.5 Id2 99.4 
Id5 99.1 Id5 98.7

ISAC_SDT_IW Id1 99.7 LIM_SDT_IW Id1 99.7
Id2 99.5 Id2 99.4
Id5 99.0 Id5 98.7 

Table 3: Results of slake-durability tests 

Classification Durability 

Id1 Id2 Id5 
Very high 
High 
Medium – high 
Medium 
Low 
Very low 

> 99 
98 – 99 
95 – 98 
85 – 95 
60 – 85 

< 60 

> 98 
95 – 98 
85 – 95 
60 – 85 
30 – 60 

< 30 

> 95 
85 – 95 
60 – 85 
30 – 60 
20 – 30 

< 20 
Table 4: Classification of the materials based on the Gamble’s durability index 

3.4 Permeability 
The results obtained in the permeability tests are summarized in Table 5. 
Hydraulic conductivity, k, was higher in the gravel specimens than in the sand specimens, as was 

expected. Considering the first step of the tests, which means in the first 250 l of effluent collected, it 
was as follows: k of the recycled materials was about 6 to 10 times higher in the specimens of gravel 
than in those of sand, and between 3 to 34 times higher in specimens of gravel than in those of sand, in 
the case of the natural materials. 
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According to FHWA (1992 in FHWA, 2006), drainage layers of the roadway pavements typically 
have hydraulic conductivity in excess of 3x10-3 m/s and must contain no fines (0% passing the 0.075 
mm sieve), less than 2% passing the 1.18 mm sieve, and 100% passing the 37.5 mm sieve. The k 
values obtained with gravel specimens are close to those required by FHWA, despite the grain-size 
differences. The results obtained suggest, therefore, the possibility of using the recycled materials in 
the construction of drainage layers. 

Given the variation of k during the permeability tests, it concluded that, in the case of ISAC, there 
was no relevant pozzolanic activity or formation of peat, and in the case of CCCDW, there was no 
relevant pozzolanic activity. 

The heating of the specimens in the oven at 45±3 °C for a period of seven days, did not change the 
value of k in the second phase of the permeability tests performed on gravel specimens. In the 
permeability tests performed on sable specimens, the k value decreased in three and increased in one 
(BAS/sand). 

Following the completion of permeability tests, the base and the top of the specimens were 
observed macroscopically. The macroscopic analysis of the material was also performed after being 
extracted into a tray. No significant changes in the material were observed. Just in the case of the 
ISAC specimens was verified the presence of iron oxide particles. The values obtained for the dry 
weight of the materials at the end of the permeability tests showed that the weight loss, compared to 
the initial dry weight, was generally less than 1%.

Material Specimen Test 
time 

(days) 

Effluent 
volume 

(l) 

Hydraulic conductivity, k 
(x10-4 m/s) 

1st phase 
(before 

oven)

2nd phase 
(before 

oven)
Recycled CCCDW/sand 42 310 4 3 

CCCDW/gravel 28 300 25 25 
ISAC/sand 41 285 2 0,5

ISAC/gravel 28 310 19 19
Natural BAS/sand 48 315 9 18 

BAS/gravel 28 310 28 28 
LIM/sand 46 213 0,5 0,2

LIM/gravel 28 307 17 17
Table 5: Results of hydraulic conductivity tests 

4 Conclusions 
Recycling a crushed concrete aggregate processed from construction and demolition waste 

(CCCDW) and an inert siderurgical aggregate for construction processed from electric arc furnace steel 
slag (ISAC) in drainage layers of road pavements was evaluated in the paper. 

The results obtained indicate the following: 
- recycled aggregates, ISAC and CCCDW, and natural aggregates, BAS and LIM, belong to the 

category of materials with very high durability, according to the classification proposed by 
Gamble; 

- the increase of rotation cycles and the previous immersion of specimens in water for a period of 
15 days did not change the durability classification of the materials studied; 
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- the percolation of the specimens with tap water did not significantly modified their hydraulic 
conductivity, particularly in the gravel specimens, meaning that there was no relevant 
pozzolanic activity and peat formation; 

- petrographic analysis (macro- and microscopic) and physical characterizations did not show 
significant changes in the recycled and natural materials after carrying out the durability and 
permeability tests  

- recycled materials, CCCDW and ISAC, as well as the reference materials, BAS and LIM, can be 
used in the drainage layers of transport infrastructures, from the point of view of their 
durability and permeability. 
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