Chloride penetration and strength of recycled aggregate concrete
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Abstract

The amount of construction and demolition waste has increased considerably over the last few years. Due to
environmental benefits, their use as a source for concrete aggregates has attracted increasing interest from the
construction industry. However, the concrete’s performance characteristics require reassessment in relation to
natural aggregate concrete, especially regarding the durability properties of concrete. Focusing in this area, a
research on the chloride penetration of concrete prepared with recycled aggregates was carried out. Two concrete
mixes with a target compressive strength of 25 MPa were prepared, at a substitution level 0% and 100% of the
total coarse aggregate. Properties of fresh and hardened concrete were determined for both mixtures. Concrete
chloride permeability was determined according to the requirements of ASTM C1202, conducting the Rapid
Chloride Permeability Test and using the device PROOVE’it©. Regarding the chloride permeability of the
concrete specimens, increased permeability was observed when recycled aggregates were used. However, the
recycled aggregates’ concrete was classified in the same category of chloride permeability, namely medium
permeability. Concluding, the use of recycled aggregates as a replacement of natural ones, concerning their
effect in chloride permeability, is not prohibitive.
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1. Introduction

Nowadays, it is obvious that natural resources are not inexhaustible elements of the environment, so
their use should be managed in such a way that all productive activities leave them intact for future generations.
A sector that is very demanding in terms of raw material sources, energy consumption and pollutants production
is the construction industry. On the other hand, the amount of construction and demolition waste (C&D waste)
has increased considerably over the last few years. A solution for reserving the natural resources and also
diminishing the waste disposal sites is the reuse of C&D waste [1]. This material may be used after suitable
treatment as recycled aggregate for producing environmentally friendly concrete. However, there is still
suspicion concerning the use of inert materials from recycling, especially with regards to their use as concrete
aggregates.

Several studies have been carried out using recycled aggregates. However, while studies on the
engineering properties of concrete made with laboratory — crushed concrete aggregate [2-6] or demolished
concrete aggregates are abound [7-10], only limited data are available on commercial — grade recycled
aggregate. Moreover, the existing studies, that are based on commercial — grade recycled aggregate, focus
mainly on concrete’s mechanical properties [11-14]. Therefore research on the durability properties of concrete,
such as chloride penetration, carbonation and freeze-thaw resistance, is almost nonexistent.

However, corrosion of reinforcing steel due to chloride ingress is one of the most common
environmental attacks that lead to the deterioration of concrete structures. Furthermore, due to its frequent
occurrence and its associated high cost repair has received widespread attention in recent years. Thus, this paper
estimates the influence on the properties of fresh and hardened concrete produced by commercially crushed and
graded recycled aggregates, focusing on the determination of concrete’s chloride permeability.

2. Experimental
2.1 Materials

The mixes’ consisted of cement, water, fine aggregates, coarse aggregates and superplasticizer, i.e.
water reducing agent. Ordinary Portland cement, designated type CEM Il was used. The coarse aggregates used

in this study included both natural and recycled aggregates. The natural aggregates were crushed limestone
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sourced from a local quarry, with nominal sizes of 9.5 mm (3/8”) and 25mm (1”). The recycled aggregates were
derived from C&D wastes, which had been processed by mechanized crushing and sieving at a C&D waste
recycling plant that is located in the industrial area of Thessaloniki, Greece.

The origins of the C&D waste were unknown; therefore, the composition was evidently heterogeneous,
depending on the type, age, use and size of the structure it came from. The material contained: pieces of
concrete, bricks, ceramic tiles, marble, asphalt and natural aggregates (sand, carved stones, gravel). Besides, it
contained a small percentage of: mosaic, wood, plasterboard, plywood, pieces of plumbing parts, plastic parts,
metal objects (wires, screws, etc.), cables, paper, dirt and other pollutants. The percentage of each material is
presented in Figure 1, showing that the largest part obtained was concrete, as it is the most used construction
material nowadays.
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Fig.1 Construction and demolition waste composition.

Only coarse recycled aggregates with the maximum nominal sizes of 11 mm and 25 mm were used in
this study. The recycled aggregates were characterized in accordance with international standards (ASTM or EN
specifications).

Fine aggregate Coarse aggregate Coarse aggregate
Sieve _ _ Natural ‘ Recycled Natural ‘ Recycled
Designation Sll(a;en:;ze nominal size (mm)
ASTMELL 95 | 1 5 | 25
% passing
112" 38,1 100,00 100,00 100,00 100,00 100,00
1" 25,0 100,00 100,00 100,00 96,17 98,73
3/4" 19,0 100,00 100,00 100,00 65,15 84,37
1/2" 12,5 100,00 100,00 100,00 8,32 45,01
3/8" 9,50 100,00 93,20 98,45 3,34 19,35
No 4 4,75 99,99 36,10 25,77 2,08 5,07
No 8 2,36 86,96 2,50 1,80 1,74 3,65
No 16 1,18 53,35 1,50 1,26 1,53 2,70
No 30 0,60 33,38 1,40 0,80 1,48 1,75
No 50 0,30 22,36 1,40 0,35 1,39 0,75
No 60 0,25 20,57 1,30 0,27 1,37 0,58
No 200 0,075 13,47 1,30 0,12 1,24 0,32

Table 1 Particle size distribution of aggregates.



The fine aggregates used were crushed limestone sand (nominal size: 4.75mm). Fine recycled
aggregates (nominal size: 5mm) were not used in concrete production because of their low quality (sand
equivalent value and blue methylene test value were lower than those required). The particle size distribution,
water absorption and density of the different types of aggregate are given in Table 1 and Table 2, respectively.

Fine aggregate Coarse aggregate Coarse aggregate

Natural Recycled Natural Recycled

nominal size (mm)
9,5 11 25 25

Absorption
(%) 2,60 1,35 4,80 1,40 5,40

Bulk specific gravity/
saturated- surface -dry
(kg/m®) 2,52 2,56 2,36 2,60 2,39

Table 2 Water absorption and bulk specific gravity of aggregates.

2.2 Concrete mixtures

The experimental procedure involved the preparation of two concrete mixes with a target concrete
quality of C25/30 (28-day cylindrical compressive strength of 25 MPa and 28-day cubic compressive strength of
30 MPa) quality concrete. Several preliminary trial mixtures were proportioned to evaluate water requirements
for such a concrete. The first concrete mix consisted exclusively of crushed aggregates (substitution level 0% -
reference concrete) and the second one consisted exclusively of recycled aggregates (substitution level 100%).
The concretes were produced in an automatic mixing machine, aggregates were used in a dry condition (using an
oven), however they were presaturated for 8 minutes in the mixer and brought to room temperature prior to
concrete mixing. The proportions of the concrete mixes were designed using the absolute volume method
according to ACI 211.1 Standard. Mixture proportion data are given in Table 3. The effective water — cement
ratio of all mixtures was the same in both mixtures and equal to 0.5.

Aggregate
Replacement Coarse
. Percentage | Cement | Water | Superplasticizer ] Natural | Recycled ‘ Natural | Recycled
Mix (%) Fine - -
nominal size (mm)
9,5 11 25 25
M1 0,0 280 178 1,70 931 293 - 675 -
M2 100,0 280 211 1,70 931 - 279 - 620

Table 3 Proportion data of concrete mixes (kg/m°).
2.3 Casting, curing and testing

Properties of fresh and hardened concrete were determined for both mixtures. In particular, regarding
the properties of fresh concrete; workability was measured through slump, using the standard slump test
apparatus, according to ASTM specifications (ASTM C143), air content was determined according to ASTM
specifications (ASTM C 231) and density of fresh concrete was determined according to EN specifications (EN
12350-6). The properties of fresh concrete were measured immediately after mixing.

For each mix, 6 cubic specimens of 150 mm in size were cast in steel moulds and kept in a mist room at
20°C for 24 h until demoulding. The cubes were then placed in water at 20°C. Compression tests took place at
the age of 28 days, according to the EN specifications (EN 12390-3), while concrete chloride permeability was
determined according to the requirements of ASTM C1202, conducting the Rapid Chloride Permeability Test
and using the device PROOVE’it©. All the tests were conducted in the laboratory environment at room
temperature of about 20-24 °C.



The Rapid Chloride Permeability Test involved obtaining a 100 mm diameter core sample from the
concrete being tested. A 50 mm specimen was cut from the sample. The side of the cylindrical specimen was
coated with epoxy, and after the epoxy was dried, all specimens were put in a vacuum chamber for 3 hours. The
specimens were vacuum saturated for 1 hour and allowed to soak for 18 hours. After this treatment the
specimens were placed in the test device, which is composed of two cells filled with two different types of
solutions; the first one is filled with a 3% NaCl solution and the other one with a 0.3N NaOH solution. The
system was then connected and a 60-volt potential was applied for specific time period (six hours). Readings
were taken every 30 minutes. At the end the specimen was removed from the device and the amount of
coulombs passed through the specimen was calculated. Based on the electric charge value, concrete was
categorized in degrees of chloride permeability according to Table 4.

Charge passed Chloride
(Coulombs) Permeability
>4000 High
2000 - 4000 Moderate
1000 - 2000 Low
100-1000 Very Low
<100 Negligible

Table 4 Chloride permeability based on charge passed
3. Results and discussion

All experimental measurements are presented in Table 5. The results reveal that regarding the properties
of fresh concrete, no great deviation is observed. However, the workability and the density of the recycled
aggregate concrete are lower than the one of the reference concrete, while the air content is higher. In particular,
the workability of the recycled aggregate concrete is lower than the workability of the reference concrete 0.30
cm (4% reduction) which is a result of the angular and elongated shape of recycled aggregates. The air content of
recycled concrete is increased by 0.2% (9.5%) compared to reference concrete, due to shape and high porosity of
recycled aggregates. Moreover, the density of recycled concrete is 11.60% less than the density of the reference
concrete. This reduction is due to the lower specific weight of the recycled aggregates as well as the increased air
content in the mixture.

Substitution level
Property 0% 100%
workability (cm) 8,0 7,7
air content (%) 1,9 2,1
density (Kg/m®) 2420 2140
compressive strength 28 days (MPa) 45,0 33,0
electric charge passed (Ch) 3140 3810
chloride permeability moderate | moderate

Table 5 Experimental measurements.

In advance, using recycled aggregates leads to a reduction of the compressive strength, up to 25%,
however. This result is in agreement with the increased percentage of air content of the mixture, which affects
the strength and durability of the concrete. However, despite its reduced strength; the recycled aggregate
concrete corresponds to C25/30 category concrete. These results were more or less expected due to the physical
and mechanical properties of the recycled aggregates [1].

Regarding the chloride permeability of the concrete specimens, increased permeability was observed for
the ones of recycled aggregate concrete, as presented in figure 2. However, while the passing electric charge is
increased for the recycled aggregate concrete (20% approximately), both concrete types are classified in the



same category of chloride permeability, namely moderate permeability, which suggests that the use of recycled
aggregates for the production of concrete is not prohibitive.
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Fig.2 Test results of Rapid Chloride Permeability Test (PROOVE’it©)

4. Conclusions

In the current study, crushed coarse aggregated were fully replaced by recycled ones and their influence
on the properties of fresh and hardened concrete was assessed, focusing on concrete’s chloride permeability.
From the obtained results the following conclusion can be drawn:

The effect of using recycled aggregates on the properties of fresh concrete is negligible on account of
the shape, porosity and specific weight of the recycled aggregates. Moreover, the use of recycled aggregates
causes a decrease in compressive strength and an increase in chloride permeability. However, the produced
recycled concrete corresponds to C25/30 category and moderate permeability concrete. Summarizing, recycled
aggregates obtained from a C&D waste sorting facility have potential to be used as concrete aggregates, even
with total substitution of the coarse aggregates. Furthermore, on terms of chloride permeability recycled
aggregates can be used as concrete aggregates in a safe and sustainable way.
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