Improving the quality of various types of recycled aggregates by
biodeposition

DE BELIE Nelel”, WANG Jianyunl'z . GARCIA GONZALEZ Julia3,
RODRIGUEZ ROBLES Desirée3, VANDEVYVERE Brechgl, VANHESSCHE
Sam?, BOON Nico?, SCHOON Joris*, JUAN VALDES Andrés?

Magnel Laboratory for Concrete Research, Tech Lane Ghent Science Park, Campus A, Ghent
University, Technologiepark Zwijnaarde 904, 9052 Ghent, Belgium

2Center for Microbial Ecology and Technology, Ghent University, Coupure Links 653, 9000 Ghent,
Belgium

3University of Leon. School of Agricultural Engineering. Department of Engineering and Agricultural
Sciences. Avenida de Portugal, n® 41, Leon, 24071, Leon, Spain

“Heidelberg Cement Benelux, Heidelberg Cement Group, Terhulpsesteenweg 185, 1170 Brussels,
Belgium
nele.debelie@UGent.be, jianyun.wang@ugent.be, julia.garcia@unileon.es, drodr@unileon.es,

brechtvandevyvere@gmail.com, vanhesschesam@hotmail.com, nico.boon@ugent.be,
joris.schoon@sagrex.be, andres.juan@unileon.es.

*correspondig author: nele.debelie@ugent.be

Keywords. Recycled aggregates, construction and demolit@stey biodeposition, bacterial calcium
carbonate.

Abstract

Demand for construction materials has beengis recent decades in many countries around the
world, placing a heavy burden on the environmererms of both the natural resources consumed
and the enormous flow of waste generated. In ad@ebtain a more sustainable construction, it is
often suggested to reintroduce the industry’s owsteras input for the manufacture of new materials.
In this study, the use of construction and denwolitivaste of concrete or mixed concrete/ceramic
nature is investigated as a replacement of naaggtegates in concrete. The greater affinity of
recycled aggregates for water directly affects wWwrkability and/or the concrete strength and
durability. One possible solution to reduce theraggtes water absorption is to apply a biogenic
treatment with calcium carbonate-precipitating baatthat consolidate the aggregate surface or the
adhering mortar.

Experimental results show that the biodepmsitreatment reduced the recycled aggregate water
absorption by generating precipitation in the p@ed an impermeable outer layer, most effectively
on the roughest particle surfaces. The largestedserhappened in the aggregates with the highest
porosity. The biogenic layer had a good cohesioth wie aggregates. The results of sonication
indicated that the most effective treatment wageamycled concrete aggregates (RCA) instead of
mixed aggregates (MA). Therefore, the treated RCd&s wised to make concrete for further
investigation. The concrete made with bio-treatétiAfhad a denser structure, a decreased water
absorption (around 1%) and an improved compressreagth (25%).

I ntroduction

Construction and demolition waste (C&DW) is theledlive term for waste materials generated
by construction, renovation and demolition of bintgs. The waste originating form construction and
demolition of roads and pavements is also includedm the viewpoint of sustainable resource
management, concrete and demolition waste is sartéadeduced to applicable sizes. From there on
the material can be given a meaningful functione @hthe most often used applications is as an



aggregate. The granular material obtained frontthshing of construction and demolition waste is
called a recycled aggregate (RA). Due to its origirs often referred to as a secondary raw maiteri

Recycled aggregates can be used to replace a gniavamaterial (sand, limestone, etc.). In theory
this can be done for fine and coarse materialprdtice however, when they are used in concrete,
it is mostly limited to only the coarse fractiofr fine fractions the aggregate has to go thraugh
much more intensive breaking process. This is mby more expensive, it also seems to have a
negative influence on the properties of the aggesgdiner recycled particles seem to have a higher
porosity than larger ones. The porosity may undbé$jraffect the properties of the concrete. The use
of fine recycled aggregates is therefore not recended [1, 2]. Mostly, the coarse fraction is
investigated for secondary use. However, around 85%ed in low quality application (foundations
of roads, rip-rap, etc.). This is caused by thestjarable performance of these aggregates. Incigasi
active research is being conducted for the appdicatf this material in higher grade applicatioheT
focus is first to improve the properties of theyeded aggregates, more specific, to decrease ther wa
absorption capacity.

One very promising method is by bacterially indupeecipitation of calcium carbonate in and
around the aggregates. This is known as the seecadlliodeposition method’. Under suitable
conditions, most bacteria can mediate Ca@f@cipitation [3]. This biogenic material is reded as
an environmentally friendly and economical mateftal engineering applications. Furthermore, it
has a good compatibility with the inorganic matisrraatrix. So far, the biodeposition treatment has
been investigated mostly for surface protection emaksolidation of limestone and concrete [4-7].
The calcium carbonate could fill the pores andéwmf a continuous water-proof coating to hinder
the penetration of corrosive substances. The dsudace layer and decreased permeability thus
result in an improved durability. Inspired by thecsessful application on surface protection,
biodeposition treatment has recently been investhdor improving the properties of recycled
aggregates [8,9]. In this study, a carbonate pitatipg bacteriumBacillus sphaericus, was used to
induce the formation of calcium carbonate. Thisaistrcan decompose urea (CORNH into
ammonium (NH") and carbonate (Gf). The latter subsequently promotes the bacteeipbslition
of CaCQ in a calcium rich environment. Through this pragdsogenic CaCécan be formed. The
aim of this study is to use this bio-Ca&X0 decrease the water absorption by filling theep@nd/or
forming an extra dense layer on the surface ofaledyaggregates, and hence improve the quality of
the recycled aggregates which can then be usembfmrete making.

Materialsand Methods

Recycled aggregates. Three types of recycled aggregates were usedsrsthdy. One crushed
concrete aggregate (RCA) from the processing s$i#®& Materials nv (Belgium) and two mixed
aggregates (MA-TEC and MA-ANT) from constructiordasiemolition waste plants (Tecnologia y
Reciclado S.L., Madrid, and Antwerp Recycling ComgaBelgium). The apparent densipg)( the
oven-dried densityptd) and the saturated surface-dried dengidyg(of each kind of aggregates were
determined according to the EN 12620+A1(2009) stech{iL0], and are shown in Table 1.

Table 1 Particle densities of different aggregates

pa (kg/n?) pra (Kg/m?) pssa(kg/m?)
RCA 2660 2350 2460
MA-TEC 2530 2080 2260
MA-ANT 2510 2060 2240

Bacterial strain and cultivation. Bacillus sphaericus LMG 22257 (Belgian Coordinated
Collection of Microorganisms, Ghent) was used ia tesearch. Selection of this bacterial strain was
based on our earlier research [11,12], which sh@awthis strain has a high urease activity (40 mM



urea hydrolyzed. Obh) and a high calcium carbonate production. Thedractvere grown in a
sterile medium consisting of yeast extract (20ghyl urea (20g/L) for 24 hours on a shaker (120
rpm, 28°C). The grown culture was then used for ftiiowing bio-deposition treatment. The
concentration of the bacteria in the culture wasiad 18 cells/mL.

Bio-deposition treatment. Each type of dry aggregates (each portion ar@dd, n=3) was first
immersed in the bacterial grown culture for 24 Isoéfter that, the aggregates were taken out from
the bacterial culture and were submerged into @slepn medium which consisted of 0.5 M urea

and 0.5 M Ca-nitrate for another 3 days.

Water absorption. The water absorption of the aggregates befoegnrent and after treatment
was determined according to EN 1097-6:2014 [13}.dHoaggregates, the pycnometer method was
used. The aggregates were submerged in the pyceofoeR4 hours. The entrapped air was removed
by gently shaking the pycnometer. After 24 houte pycnometers were weighed. Then the
aggregates were taken out and the surface waterenas/ed with dry cloths. Hence, the saturated
surface dry mass was known. At last, the aggregaées dried in an oven at 75°C until constant
mass was achieved (less than 1% within 24 h). Aliogrto the standard EN 1097-6 (2014) [13], it
was suggested to maintain the temperature at ¥60@ler to avoid removal of interlayer water from
hydrated calcium silicates, which occurs at 78-98A@ which could have distorted the results [14]

wa,, = Ms 00y
24 = 0 (2)
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Where:
M1 = mass of the saturated and surface-dried aggréuair (g)
M2 = mass of the pycnometer containing the sampéatfrated aggregate and water (g)
Mz = mass of the pycnometer filled only with watey (g
Mz = mass of the oven-dried aggregates (Q)
pw = density of water at the test temperature (Ky/m
WA,, = Water absorption after 24 hours (m%)

The test was performed in a controlled environm&he air temperature was around 20°C. The
water temperature was also checked on a regulas bm®nsure it was constant during the test

duration.

Weight increase. After the bio-treatment, the aggregates werertaiat from the deposition
medium and were gently rinsed with tap water toaeenthe loose precipitates from the surface of
the aggregates. Subsequently, they were dried oven at 75°C until constant mass was achieved
(less than 1% within 24 h). The weight differenaddoe and after the treatment can therefore be

obtained.

Resistance to ultrasonic pulse. The dried treated recycled aggregates were thgecal to an
ultrasonic pulse test. Samples (around 70 g) df eexycled aggregate were placed on a 1 mm sieve
and were submerged in the demineralized water cwrtaf the ultrasonic bath (Haver USC 200-
76). The samples were sonicated for 5 min at aireqy of 46 kHz with ultrasonic waves. After that,
samples were collected and dried in the oven &t T6ftil constant mass was achieved (less than 1%
within 24 h). The weight loss of the treated aggteg after ultrasonic pulse was used as a parameter
to evaluate the cohesion between the precipitatioth the aggregate surface. As a control, the
untreated aggregates were also subjected to the glirasonic pulse test.



Characterization of the bio-precipitation. The morphology of the precipitates was investigated
by use of a scanning electron microscope (SEM, JEEM-7600F). The aggregates were first coated
with carbon and were subjected to SEM analysisr@gyngispersive spectroscopy (EDS) spectra were
used to verify the chemical composition of the piates on the aggregate surface.

Concrete made with treated and untreated recycled aggregates. Among the three treated
aggregates, RCA was selected for concrete makirfgrtber investigate the effect of bio-treated
aggregates on concrete properties. Three concreteires were made: mixture with normal
limestone aggregates (NAC), with untreated (RCAC/&Nd treated RCA (RCAC/T). The
composition is shown in Table 2. The aim was tat@@ concrete which met the criteria for exposure
class EE3. The minimal cement content for thissclag820 kg/rhand maximum w/c ratio is 0.5.

Table 2 The composition of concrete mixtures

NAC RCAC/U RCAC/T
CEM III/A 42 5LA [kg/m] 320 320 320
Water [kg/nd] 165 200 200
Sand 0/4 [kg/M 722 699 699
Limestone 4/6 [kg/r¥ 456 448 448
Limestone 6/20 [kg/f) 786 - -
RCA 6/20 [kg/m] - 805 805

Each concrete mixture was produced in the same Wag/sand and limestone 4/6 were air-dried
by spreading them on the floor. The coarse 6/20ea@ges were pre-wetted before mixing. The water
absorption of the coarse aggregates was accoumt@uthe mixing water. Pre-wetting was done by
submerging the coarse aggregates in 90% of thenghiwater. This amount of water was added to
the aggregates which were then stored in a closethiner for 24 hours. Sediments of fines were
flushed from the container by using the remainifgolof the mixing water. The further concrete
mixing and casting were performed according to NBN 12390-2 (2009). For each concrete
mixture, four 150x150x150 mheubes were made to determine the compressivegsitrand water
absorption. The specimens were then stored in atmmdm with a temperature of 202 °C and a
relative humidity higher than 95% for 14 days.

To determine the water absorption of the conctagefour cubes were submerged in water for 7
days after the 14 days storage in the moisture r&uhsequently, the saturated mass of the concrete
was determined according to NBN B 15-215. The spens were then dried in the oven at 105 °C
for another 7 days or until constant weight waseaskd, to determine the dry mass of the concrete.
The water absorption by submersion can be calailain the following formula:

A="2T"T2  1009%
m; (3)

Where:
A = water absorption of concrete by submersion (m%)
m, = saturated weight of concrete (g)
m, = oven-dried weight of concrete (g)

The compressive strength of concrete was determingke oven-dried specimens after the water
absorption test according to NBN EN 12390-3 (2(a9).



Results

Weight increase. All bio-deposition treatments resulted in weightrease of the recycled
aggregates due to the biodeposits, as shown ith Bhle circles). Much more precipitates (4~4.5%)
were formed on the mixed recycled aggregates, B&HTEC and MA-ANT, than on the recycled
concrete aggregates (around 0.7%).
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Fig.1 Weight changes after bio-treatment and sdtioicdest

Resistanceto ultrasonic pulse. Weight loss occurred in all aggregates, both tceatel untreated
ones, during the sonication test. As shown in Hidpé triangles), RCA has the least amount of weigh
loss, around 0.1%. Much more weight loss (about A&ppened in the mixed aggregates, MA-TEC
and MA-ANT. The difference between treated andeattd aggregates was not significant.

Decrease of water absorption. The water absorption of the aggregates was decteds® bio-
treatment. As shown in Fig.2, the \Wof RCA was in the range of 5~5.5 % before treatmamnd
was decreased to 4.5~5% after treatment. More prarenl decrease was observed in MA-TEC, of
which the WA4 was decreased from 6.3~6.9 % to 5.6~5.9 %. Howéwvemwater absorption of MA-
ANT was not decreased so much. Almost no decreesar@d in two of the three replicates. For
another replicate, the WAwas decreased from 7.5% to 7.1%.

8
A
7 | [ ]
A ‘ N
— A A
§ 6 °
5 R e °
<
; 5 r A ° A
[ ] [ ]
4 L A before treatmen
® after treatment

RCA MA-TEC MA-ANT

Fig.2 Water absorption after 24 hours of the remyeggregates before and after the bio-treatment

Mor phology of bio-precipitates. Compared to the untreated aggregates (Fig.3ag &rgpunt of
precipitates were clearly seen on the surface ebtb-treated aggregates (Fig.3b). The size of the
particles ranged from 5 to 20 um with various skaseherical, hexagonal, etc.). Bacterial imprints
can be clearly seen on the particles (Fig.3c). @déicles were calcium carbonate according to the



EDS analysis. Figure 3 shows the precipitates efREBA samples. The precipitates on MA-TEC and
MA-ANT showed similar morphology (images not shown)

Fig.3 Sim o th urfaces of untreatedrid)teeated (b, c) RCA aggregates and EDS of
the precipitated particles (d and e correspondingand 2 marked in ¢, respectively).

Concrete properties. Concrete made with normal aggregates had a masgyeh2350 kg/m.
When the normal aggregates were fully replaceddtiaese fraction) by RCA, the mass density was
sharply decreased to 2250 kd/raround 4% (Fig.4a). However, this was improve@mhsing the
bio-treated RCA. No significant difference in maensity between the concrete made with normal
aggregates and treated RCA was observed. Simigaltreras also observed in saturated water
absorption. As shown in Fig.4b, the saturated wasorption of the concrete made with untreated
RCA was about 1% higher than that of the concretie mormal aggregates and treated RCA. While
there was no significant difference in saturatetewabsorption between NAC and RCAC/T. Use of
RCA affected the compressive strength of concreteshown in Fig.4c, the strength was decreased
by 12% when using untreated RCA and was increage2b®% when using bio-treated RCA. Bio-
treatment on RCA has a positive effect on improwaagcrete properties.
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Fig.4 Properties of concrete made with normal egates, untreated RCA and bio-treated RCA (a:
mass density; b: saturated water absorption; cpecessive strength)



Discussion

Biodeposition resulted in weight increase athbrecycled concrete aggregates and two kinds of
mixed aggregates. Under the same conditions, maeigitation was formed on/in the mixed
aggregates (MA-TEC and MA-ANT) than on recycledaete aggregates (RCA). This is attributed
to a higher porosity in MA, indicated by a largeater absorption capacity. The formed calcium
carbonate precipitates could fill the pores or foantoating, which can effectively hinder the
penetration of water and/or other substances. Aamtdy the water absorption was decreased after
the treatment. However, the decrease was not gropal to the amount of the CaGf@rmed. The
MA-TEC had about 4% weight increase, leading teaelase around 1% in water absorption. Similar
weight increase occurred on MA-ANT, yet the decegaswater absorption was not so significant.
Though showing a lower weight increase (0.7%)whter absorption of RCA was decreased around
0.5%. Ultrasonication tests show that the predipitahas a stronger bonding with RCA than with
MA. The weight loss on treated RCA was really limli{0.1%) while much more weight loss occurred
on MA (1%). Therefore, it can be concluded thaeHactive and functional treatment more depends
on the bonding or cohesion with the aggregates tharamount of the precipitates. This is logic
because the treatment is meaningless if the deplogérticles easily release. It seems that RCA has
a better affinity with calcium carbonate precigtatthan MA. This could be due to the complex
composition of MA including not only crushed corteréut also masonry, glass, wood, etc, which
has less affinity than concrete aggregates wittiwal carbonate precipitation.

The efficiency of biotreatment was also seen inithproved properties of the concrete. The
treated aggregates had a reduced porosity and azerption, which resulted in a decrease of water
absorption for the respective concrete. What ixpeeted is that the compressive strength was even
increased by 25% after using the treated RCA. ®asans could be that the pre-wetted aggregates
still absorbed water from the mixture which decesbthe effective w/c ratio of concrete. A lower
wi/c ratio resulted in an increased strength. Thength of the aggregates could also be improved
after treatment, which needs further demonstration.

Conclusions

Bacterially induced calcium carbonate preaipin was demonstrated to have an positive effect
on recycled aggregates regarding the aspects atiregl porosity and water absorption. The bio-
deposition treatment is more effective on recycdedcrete aggregates than on mixed aggregates; the
former has a better affinity with calcium carbonatecipitation. The properties of concrete were als
improved after using the bio-treated aggregate® Whter absorption was decreased by 1% and
compressive strength was increased by 25%.
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