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Abstract. The aim of this research is to find an optimum combination of silicate admixtures and epoxy dispersion addi-
tives which would positively influence the durability and mechanical properties of concretes made of concrete recyclate.
The durability of concrete is dependent on its cover layer permeability and also on the overall permeability of concrete re-
cyclate. The cover layer permeability was evaluated by means of three methods, namely the air permeability method TPT
and two methods of measuring water permeability, GWT and ISAT. Fine silicate admixtures and dispersion additives in-
fluence the air and water permeability of concrete made of concrete recyclate in different ways. The dose of 10% of mi-
crosilica or 30% of slag or fly ash decreases the air permeability of concrete. Water permeability, on the other hand, is de-
creased by adding a dose of 12% of pure epoxy dispersion. As regards improving the mechanical properties of concrete
made of concrete recyclate, it seems to be promising to use a combination of 30% of slag admixture or 10% of microsilica
admixture with 12% of epoxy dispersion additive. However, the price of admixtures and additives is relatively high. That
is why additive enhanced concretes made of concrete recyclate are intended for special purposes.
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Introduction

The production of structural elements and structures in
the building industry is affected not only by the sales, but
primarily by the cost of raw materials and of their pro-
cessing. The possibility of replacing natural aggregate
with concrete recyclate is directly connected with the
economic and environmental issues (Pytlik 2009; Henry
et al. 2011). The use of recyclates could lower the num-
ber of building waste dumps in future, but it is necessary
to carry out further research in this sphere. If we compare
the properties of natural dense aggregate and concrete
recyclate, the recyclate comes out worse. Especially due
to a great variety in the quality of broken concrete
(Ml¢ochova 2006; Rao et al. 2007), a lower strength of
cement paste and an increased proportion of fine particles
in the concrete recyclate (Skopan 2006). The strength of
cement paste, i.e. of the concrete recyclate matrix, is usu-
ally lower, compared with the filler from natural dense
aggregate, and therefore limiting for the strength charac-
teristics of concrete recyclate.

The quality of construction work is assessed
nowadays on the basis of three criteria: load-bearing ca-
pacity, serviceability and useful life (Vaviin, Retzl 1987;
Smerda er al. 1999). Concretes in which natural aggrega-
te is replaced with the more absorbent concrete recyclate

are characterized by a shorter service life (Gomez-
Soberén 2002; Sun, Jiang 2010). Aggressive substances
affecting concrete from outer environment can shorten
service life and cause degradation of all concrete types
(Matousek, Drochytka 1998; Pavlik et al. 2007). The
mechanism of degradation depends primarily on the cur-
rent state of pores in the structure of the cover layer of
concrete (covercrete). The formation and character of
covercrete are determined by the manufacturing techno-
logy of concrete specimens. During compaction air bub-
bles move upwards. Thus concrete gets rid of air, but
some bubbles remain near the surface. Simultaneously,
fine particles are concentrated near the walls of the form
(fine fractions of aggregate and hydrated cement), which
leads to increasing the surface porosity. Due to the geo-
metry of coarse aggregate, the surface of aggregate does
not get close to the form or to its corners. This process is
called wall effect. That is why the properties of the seve-
ral-centimetre layer (from 20 to 50 mm) near the surface
of concrete are usually worse than those of the remaining
material. Permeation processes of covercrete are affected
by transport processes and they correspond directly to the
character of pores in the structure of concrete (Zaharieva
et al. 2003). The evaluation of durability is therefore
derived directly from its permeation properties (Claisse
et al. 2009). The permeation properties include mainly

Corresponding author: Michal Stehlik
E-mail: stehlik. m@fce.vutbr.cz

270
www.tandfonline.com/tcem

Copyright © 2014 Vilnius Gediminas Technical University (VGTU) Press

Taylor & Francis
Taylor & Francis Group



Journal of Civil Engineering and Management, 2014, 20(2): 270-279 271

the structure permeability for gas and water, sorptivity,
initial absorption capacity, water tightness, diffusion, etc.

The aim of research presented here is to find an op-
timum combination of silicate admixtures and dispersion
additives for designing formulations for concrete made of
concrete recyclate with a markedly more favourable du-
rability properties. The first experiments with the additi-
ves of chemicals into concrete made of concrete recyclate
in CR were carried out e.g. by Klime3ova ef al. (2001), a
positive influence of mineral admixtures on the perfor-
mance of concrete from concrete recyclate was proved by
Corinaldesi and Moriconi (2009). The additionally de-
termined mechanical properties of the tested concretes
will be compared with the results from the previous re-
search (Stehlik ef al. 2010a, b). It is apparent that durabi-
lity, or potentially permeability, of concrete surface is not
only influenced by the choice of materials and formula-
tion of fresh mixture. Also important is the placement,
compaction and mainly curing of concrete at the begin-
ning and in the course of hardening. The permeability of
surface layers of tested concretes was evaluated by means
of three methods. The TPT (Torrent Permeability Test)
method evaluates the air permeability of concrete by
reducing the vacuum (Romer 2005), the GWT (German
Water Test) method measures the pressure water permea-
bility and the ISAT (Initial Surface Absorption Test)
method measures the initial surface absorption.

The issue of testing or designing concrete mixtures
for the purpose of improving the durability properties of
concretes made of concrete recyclate has been addressed
so far by a number of scholars (Corinaldesi, Moriconi
2009; Debieb et al. 2010; Sun, Jiang 2010; Kwan ef al.
2012). Some of them added puzzolana (Izaguirre et al.
2010) or fly ash (Bai, Gailius 2009) into the mixture,
others impregnated the raw recyclate with a PVA disper-
sion (Stehlik ez al. 2010a, b; Cui, Xiang 2011). The per-
meability of the surface layer of concrete and
consequently the durability was tested using the standard
chloride permeability method, the capillary water absorp-
tion test or the oxygen Cembureau method (Claisse et al.
1997). Zaharieva et al. (2003) tried to determine the areal
permeability of concrete layer for water and air. Almost
all of the above mentioned authors came to the conclu-
sion that it is not possible to improve the properties of
concrete made of concrete recyclate by creating one mo-
del formulation with the precisely defined doses of addi-
tives and admixtures, because of the unclear origin and
heterogeneity of properties of concrete recyclates from
various waste dumps (Skopan 2006). The research pre-
sented in this paper tries to extend the knowledge achie-
ved up to now (Sebok 1985; Richardson 1988; Ohama
1995; Hwang et al. 2007; Novak et al. 2008; Henry ef al.
2011; Stehlik 2011a) with some newly designed combi-
nations of silicate admixtures (namely fly ash, slag and
microsilica) and epoxy dispersion additives (meant to be
put into the batch of water and for the penetration of the
surface of grains of the concrete recyclate) improving the
durability properties of the economically and ecologically
promising concretes made of concrete recyclate.

Fig. 1. Set for measuring air permeability on a concrete slab
300%300%80 mm using the TORRENT method, three horizontal
positions of measurement

1. Principles of Torrent, GWT and ISAT permeability
tests

The TORRENT device for testing permeability works in
connection with a vacuum pump (Fig. 1). The basic com-
ponents of the device are a two-chamber vacuum cell and
a pressure regulator providing for the air-flow into the
inner chamber oriented perpendicularly to the tested sur-
face. The measurement method enables calculating the
coefficient of permeability 4y on the basis of the deter-
mined theoretical model. The coefficient of permeability
kr for the tested cover layer of concrete (max. depth of
vacuum creation is 50 mm) is read from the display of the
evaluating unit after an automatic completion of the
measurement.

Fig. 2. Set for measuring pressure water permeability on a conc-
rete slab using the GWT method, two horizontal positions of
measurement

The GWT device (Fig. 2) is designated for measu-
ring pressure water permeability of the cover layer on the
basis of a direct contact with the surface of concrete spe-
cimen (max. range of measurability, i.e. the max. penetra-
tion of water is the depth of 30 mm). The sealed pressure
chamber is put on the concrete surface, filled with pre-
viously boiled water, and the given water pressure acts
upon the concrete surface. The water pressure is kept at a
chosen constant level by an attached piston of a microme-
ter gauge which compensates for the loss of water, and
thus the volume of water penetrated into the concrete is
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measured. The reference quantity is the flow (flow rate)
of water (Q) passing through the layer of concrete that
can be calculated from the following equation:

0- B.(g1—g2)

-1
oy [mm.s™], @)

where: B is the area of the micrometer gauge piston exert-
ing pressure on the water in the chamber (B = 78.6 mm?)
for the piston diameter @ 10 mm; A is the area of con-
crete surface on which water in the chamber exerts pres-
sure (4 = 3018 mm?) for chamber diameter @ 62 mm; g,
and g, are the readings on the micrometer gauge before
and after the test in mm; and ¢ is the time of test perfor-
mance in seconds.

Fig. 3. Set for measuring initial absorption on a concrete slab
using the ISAT method, two horizontal positions of measure-
ment

The device for determining the initial surface ab-
sorption, ISAT (Fig. 3), is able to indicate the flow rate of
water through the dry and smooth concrete surface. The
maximum depth of measurability is 10 mm considering
the mere 200 mm water column overpressure. The essen-
ce of the test is to determine the time necessary for the
flow of a given volume of water into the concrete surface
through a calibrated capillary. The reference quantity is
the flow of a given volume of water () through the su-
rface of concrete:

F= @.D.o,m [mm.m?2s™], ?)
t
where: ¢ is the interval of measurement in seconds; D is
the number of flown-through scale divisions of the capil-

lary during the interval .

2. Materials
2.1. Aggregates

The reference concretes not containing aggregates from
the concrete recyclate were made from natural dense
aggregates of three fractions in accordance with CSN EN
12620 Aggregates into Concrete — see Table 1. The pro-
portion of all three fractions was chosen with a view to
achieving the optimum voids content of approx. 25%, the
ratio of fraction 0—4 mm : 4-8 mm then 1:3 by volume.
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When preparing the test concretes, the coarse fraction 8—
16 mm of the Olbramovice natural aggregate was re-
placed with raw concrete recylcate from the Dufonev
s.r.o. with a fraction of 0—16 mm (Stehlik ez al. 2010a, b),
or with a 4-31.5 mm recyclate penetrated in advance with
solvent-free epoxy dispersion CHS EPOXY 160VS55.
Recycling lines are usually not able to produce concrete
recyclate containing only the most demanded narrow
fraction of 8—16 mm. The coarse recyclate also contains
the technologically produced fine and medium fraction of
0-8 mm (see Fig. 4, blue curve). Unfortunately, fine frac-
tion of the recyclate of 0—4 mm, created by crushing the
cement paste, is not suitable for concrete because of its
high absorption capacity. That is why manufacturers
reduce its volume to the 20% of the total volume of con-
crete recyclate — see Figure 4. When designing a formula-
tion of concrete with a substitution of coarse fraction of
8-16 mm with the concrete recyclate of 0—16 mm, it is
necessary to adjust (slightly decrease) the dose of natural
dense fraction of 0—4 mm and 4-8 mm considering up to
the 30% content of these fractions in the concrete recy-
clate of 0—16 mm. However, this adjustment of formula-
tion is not necessary in case of using concrete recyclate
penetrated in advance (original fraction 0—16 mm, after
penetration 4-31.5 mm). The fraction increase (i.e. in-
creasing the diameter of concrete recyclate grains by
adding fine fraction to the coarse fraction using epoxy
dispersion — see grading curves in Fig. 4) to 4-31.5 mm
in the penetrated recyclate in comparison with the
0-16 mm natural one is given by an agglomeration of
fine and course grains due to dispersion. The aim of the
experimental penetration of the natural raw recyclate was
to decrease the excessively high absorption capacity,
determined according to EN 1097-6, which corresponded
to 10.5%, measured by weighing after 10 minutes. How-
ever, the permissible standard value of absorption capaci-
ty of type 1 concrete recyclate is only 10%, measured by
weighing after 10 minutes. That is why in one of the vari-
ants of the tested formulations for concretes made of
concrete recyclate the raw recyclate was experimentally
penetrated with the same procedure described in Stehlik
et al. (2010a) and Stehlik (2011a, b). Penetration of raw
recyclate was made with a waterborne epoxy dispersion
CHS Epoxy 160V55 + hardener Telalit 1261, mixing
ratiol00:11.5 recommended by Novak (2009) after the
dilution of dispersion : water = 2 : 1 by volume. This
penetration decreased the absorption capacity of the con-
crete recyclate to 5.5%.
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Fig. 4. Grading curves of raw and penetrated concrete recyclate
and natural dense aggregate Olbramovice
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Table 1. Bulk weight and apparent porosity of aggregates —
natural dense, raw and penetrated concrete recyclate
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Bulk 1420 1445 1500 1135 965
weight kg/m®  kg/m®  kgm® kgm® kgm’
Apparent
porosity 0.8% 1.2% 0.7% 10.5%  6.0%
2.2. Additives

The raw concrete recyclate was penetrated with the so-
called type I1I modern solvent-free epoxy dispersion CHS
EPOXY 160V55 (hereinafter E 160V55), produced by
SYNPO Pardubice a. s., CR (Novék et al. 2006; Novak
2009). The dispersion viscosity = amounts to
400 mPa.s/25 °C; the content of non-volatile components
is 57%, the content of volatile components, the so-called
“VOC* (volatile organic components) is 0 g//. As a hard-
ener component, we used Telalit 1040 dosed in the mass
ratio of 100:10. The viscosity of the hardener is
25 mPa.s/25 °C.

2.3. Admixtures

For improving the durability properties of concretes made
of concrete recyclate, three types of fine silicate admixtures
(Table 2) were alternately added (Schulze et al. 1990; Bilir
2011). Ground granulated blast-furnace slag is produced in
the Détmarovice power plant and is supplied by Cemex
CR, dosed at the amount of 30% of cement mass per 1 m’
of concrete; Fly ash for concrete is produced in the
Chvaletice power plant and is supplied by Cemex CR,
dosed at the amount of 30%; Microsilica is produced by
Romex Romania, dosed at the amount of 10%.

Table 2. Specific surface, bulk weight and density of admix-

tures
Admixture Slag Fly ash Microsilica
Specific 420 m*/kg 240 m*/kg 2350 m¥/kg
surface
Bulk weight | 1100 kg/m®* 840 kg/m® 260 kg/m®
Density 2900 kg/m* 2000 kg/m’ 2200 kg/m’

2.4. Specimens and formulations

In total we made 12 concrete slabs with the dimensions of
300%300x80 mm (the dimensions of slabs are more suit-
able for the testing of surface permeability compared to
the standard cubes). Out of these, 6 slabs were made of
concretes according to basic formulations R1-R6 (Ta-
bles 3—5) another 6 slabs then from the basic-formulation
concretes treated with a 12% addition of epoxy dispersion
into the batch of water — marked R1E-R6E (Table 6). The
composition of the R1 reference concrete mixture (dense
aggregate) was designed for strength class C 35/45, for-
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mulations R2-R6 (concrete recyclate) for strength class
C 25/30, both at a consistency of SI (slump 1040 mm
according to CSN EN 4103). The composition of the
reference formulation and tested formulations of concrete
without addition of epoxy dispersion is specified in Ta-
bles 3—5. Concretes with the addition of dispersion have
the same composition, but in addition to that they contain
12% of epoxy dispersion of the mass of cement, with the
resulting consistency of S3 (100-150 mm slump accord-
ing to CSN ISO 4103).

The change in slump class from SI to S3 is the
consequence of the technology of common batches du-
ring the manufacture of six different pairs of concrete

Table 3. Formulations of concrete mixtures I

Formulation R1 Formulation R2
Reference formulation, 100% of natural coarse
natural coarse aggregate aggregate 8—16 mm substi-

Olbramovice, fraction tuted with raw concrete
8—16 mm recyclate 0—16 mm
CEMI42,5R  300kg/m’ | CEMI42,5R 300 kg/m’
04 800 kg/m’ 0—4 Bratgice 760 kg/m®
Bratcice
4-8 250 kg/m® | 4-8 Tovatov 228 kg/m’
Tovacov
8-16 912 kg/m’ 0-16 raw 690 kg/m’
Olbramovice concrete
recyclate
water 136 kg/m® water 159 kg/m®

Table 4. Formulations of concrete mixtures 11

Formulation R4
100% of natural coarse
aggregate 8—16 mm substi-
tuted with raw concrete
recyclate 0—16 mm

Formulation R3

100% of natural coarse aggre-
gate 8—16 mm substituted
with penetrated concrete
recyclate 4-31.5 mm

CEMI425R  300kg/m’ | CEMI425R 300 kg/m’
0—4 Bratdice 800 kg/m® | 0-4 Brattice 700 kg/m’
4-8 Tovacov 250 kg/m® 4-8 Tovatov 228 kg/m’
4-315pene- 620 kg/m’ 016 raw 690 kg/m’
trated concrete concrete
recyclate recyclate
water 147 kg/m® water 159 kg/m’
- - blast-furnace 90 kg/m’
slag

Table 5. Formulations of concrete mixtures 111

Formulation R6
100% of natural coarse
aggregate 8—16 mm substi-
tuted with raw concrete

Formulation RS
100% of natural coarse ag-
gregate 8—16 mm substituted
with raw concrete recyclate

0—16 mm recyclate 0—16 mm

CEMI425R  300kg/m’ | CEMI425R 300 kg/m’

0—4 Bratéice 700 kg/m’ 0—4 Brattice 760 kg/m®

4-8 Tovacov 228 kg/m® 4-8 Tovatov 228 kg/m’

0—16 raw 690 kg/m’ 016 raw 690 kg/m’
concrete recy- concrete recy-

clate clate
water 159 kg/m’ water 159 kg/m’
fly ash 90 kg/m’ microsilica 30 kg/m’
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slabs (always without and with 12% of dispersion — see
Table 6). In the case of raw concrete recyclate (see Tab-
le 3, Form. R2; Table 4, Form. R4; Table 5, Form. R5
and R6), the increase of fine particles content of the re-
cyclate was compensated for by the lower amount of
natural aggregate 0—4 BratCice and 4-8 Tovacgov. Also in
the case of adding slag and fly ash, the proportion of fine
natural aggregate was reduced, the amount of cement
remaining constant (see Table 4, Form. R4; Table 5,
Form. RS).

3. Methods
3.1. Production and storage of specimens

To make 12 test slabs, the total of 6 double mixtures were
made in the forced mixer. It means that 1 pair of slabs
was made from one mixture, namely with and without the
addition of 12% dispersion. The first mixture in each pair
was always thicker (Table 6) with a consistency of S1;
the remaining mixture was, after adding a liquid disper-
sion (0.262 kg of dispersion E 160V55 + 0.027 kg of the
Telalit 1040 hardener), mixed again and used, with a
consistency of S3, for making the second one from the
pairs of slabs. After 48 hours of setting and hardening,
the specimens were demoulded and stored in an environ-
ment with a relative humidity of 95% (CSN EN 12390-2
Making and curing specimens for strength tests) for 56
days. This type of storage was chosen in order to elimi-
nate the possible leaching of epoxy dispersion in one half
of the specimens. Then all the 12 concrete slabs designat-
ed for the durability tests and supplementary mechanical
tests were dried in an electric dryer at a temperature of
105 °C for 48 hours. Before carrying out the actual tests
of permeability of the surface layer of concrete of all the
slabs, their residual moisture content was determined by
means of the KAKASO capacity hygrometer using the
calibration curves (Fig. 5).

3.2. Durability — permeability tests

The tests of permeability of the cover layer of concrete
were carried out on the dried and cooled specimens with
an average age of 65 days. The influence of concrete
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moisture content on the results of the Torrent permeabil-
ity measurement has already been studied by Romer
(2005). In order to achieve a perfect contact of the devic-
es with the concrete surface, the tests were carried out on
the smooth reverse side of the concrete slabs. On the
reverse side of each slab, three TORRENT air permeabil-
ity tests (Fig. 1), two GWT pressure water permeability
tests (Fig. 2), and two ISAT tests of initial surface ab-
sorption (Fig. 3) were carried out.

PSMXI

Fig. 5. KAKASO capacity hygrometer including calibration
curve

3.3. Supplementary tests of mechanical properties

Since durability tests do not noticeably damage the integ-
rity of the tested slabs, it is advantageous to divide each
slab into a set of smaller specimens which would be suit-
able for mechanical tests. After 90 days of curing, each
slab of 300x300x80 mm was cut into 3 cubes with the
dimensions of 80x80x80 mm for the compressive
strength test, and one prism with the dimensions of
300x60x80 mm for the flexural strength test. The tests
were carried out and evaluated in accordance with CSN
EN 12390-3 Testing hardened concrete — Part 3: Com-
pressive strength of test specimens and CSN EN 12390-5
Testing hardened concrete — Part 5: Flexural strength of
test specimens.

Table 6. Composition, marking and workability of concretes of the 12 test slabs 300x300x80 mm

RUARC
73R

25 < 12} 172
£ g e 4 2 o 4
SS o X 5w o 3 B) =) 5 o e 3 S
r LB 2z E2 ¢ .3 25 22 ¢
7 g = = g % & E 5 &3 g % = E =t
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reference none 1 R1 S1 1 RIE S3
raw recyclate none 1 R2 S1 ) ) 1 R2E S3
penetrated recyclate none 1 R3 S1 12% of epoxy dispersion 1 R3E S3
raw recyclate 30% blast-furnace slag 1 R4 S1 E160V55 1 R4E S3
30% fly ash 1 R5 S1 1 R5E S3
10% microsilica 1 R6 S1 1 R6E S3
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4. Results and discussion

4.1. Moisture content of test slabs before permeability
tests

Water contained in the capillaries of concrete influences
markedly its permeability for water, air and other gases.
Before the actual testing, it is therefore necessary to de-
crease the moisture content of concrete specimens to the
minimum. The bar chart in Figure 6 compares the de-
creases in moisture content of the concrete slabs after 48
hours of drying at 105 °C and informs us about the actual
residual moisture content of slabs made according to
individual formulations. The decrease in moisture content
of slab concretes is always related to the initial moisture
content before placing the slabs into the dryer.

The greatest decrease in moisture content occurs in
concretes with aggregate, which absorbs little moisture,
i.e. natural dense aggregate (Form. R1), and with a recyc-
late penetrated with dispersion (Form. R3). Both these
types of aggregate contain a minimum of water and besi-
des, the saturated larger pores of cement mortar dry up
faster in comparison with the aggregate. On the other
hand, concretes with porous concrete recyclate and a
greater amount of the batch of water (Form. R2) dry out
more slowly because water is absorbed also in the recyc-
late. Concretes with porous concrete recyclate and with
an addition of very fine fillers (Form. R4-R6) hold the
physically bound water for even a longer time due to their
finer pore structure. The effect of wettability of the surfa-
ce of fine aggregate is also apparent in the values of resi-
dual moisture content of concretes immediately before
the permeability tests. The highest residual moisture con-
tent was found in the concrete with the addition of fly
ash, microsilica and, potentially, dispersion (Form. RS,
R6, or pot. RGE).

4.2. Durability — TORRENT air permeability test

The alignment charts in Figure 7 show air permeability
values of the surface layer of concretes made according to
six formulations determined using the TORRENT meth-
od. Both charts show the decrease in permeability of
concretes in which natural coarse aggregate was replaced
with concrete recyclate. A further decrease in permeabil-
ity is caused by an addition of fine silicate admixtures.
The lowest permeability values were obtained in samples
with the highest residual moisture content (R4, RS and
R6). It has been reported (Terzijski 1984; Jacobs,
Hunkeler 2006) that wet concrete can give misleading
(too low) results in the permeability test. On the other
hand, the highest values of permeability were obtained in
the samples with dense aggregate both with and without
dispersion added into the batch of water (R1, R1E), both
specimens having a very low residual moisture content
(0.02% — see Fig. 6). High values of permeability in con-
cretes with dense aggregate can also be explained from a
purely mechanical point of view on the basis of mainly
circled natural grains in comparison with the “bulk mass”
barrier of porous concrete recyclate. This “geometrical
factor” seems effective for reducing permeability.

Loss of moisture of concrete slabs 300x300x80 mm by
drying (48 hours at 105 °C), remaining moisture before
permeability test indicated above the columns in %

1 0.02
| 002 (35

Loss of moisture (%)
on
|

R1/R1E R2/R2E

R3/R3E

R4/R4E RS5/R5E R6/R6E

Formulation mark
@ Concretes without addition of epoxy dispersion
m Concretes with 12% addition of epoxy dispersion into mixing water

Fig. 6. Moisture content decrease and residual moisture content
of concrete slabs after 48-hour drying

It is interesting that the 12% addition of dispersing
additive into the batch of water increases substantially the
air permeability of concretes without fine silicate
admixtures (Antonovic€ et al. 2010; Wong et al. 2011) — it
is apparent from Figure 6 that the specimens of concrete
with dispersion (purple columns) dry out faster and their
resulting residual moisture content is lower. In concretes
with admixtures it becomes apparent, in the phase of
mixing and subsequently hardening, that they have a
considerable specific surface which is able to physically
bind the surplus water in the mixture in the long run. In
the case of concretes without dispersion containing more
porous aggregate — water can be absorbed into aggregate
and thus affect the results.

4.3. Durability — GWT and ISAT permeability tests
for water

The alignment charts in Figure 8 show the values of wa-
ter flow through the concrete layer of six tested slabs
made from formulations R1, R1E to R6, R6E determined
using the GWT method and the Eqn (1). It is possible to
say that the higher flow of water through the concrete
layer can be predicted from the higher porosity of the dry
concrete recyclate (Form. R2) and further increased by
alternately adding fine-grained silicate admixtures
(Form. R4, R5), especially microsilica (Form. R6). Simi-
larly the charts in Figure 9 show the values of water flow
through the layer of tested concretes determined by
means of the ISAT method and the Eqn (2). The result is
comparable with the previous permeability test carried
out using the GWT method. It is again possible to say
that the higher flow of water is given by a higher porosity
of the raw recyclate and by an addition of fine-grained
silicates with high specific surface area.

Water, bound in the pores of the recyclate in a capil-
lary way and physically bound to the surface of fine
admixtures, probably creates a sort of conducting
highway for the subsequent flow of additional liquid.
However, the influence of fine admixtures on increasing
the permeability of concretes for water remains disputab-
le with a view to their puzzolana reaction contributing
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Permeability coefficient of surface layer of concrete
slab 300x300x80 mm — TORRENT test
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Permeability coefficient k. (1071 m?)

R1/R1E  R2/R2E R3/R3E  R4/R4E  R5/RS5E  R6/R6E

Formulation mark
—+— Concretes without addition of epoxy dispersion
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Fig. 7. Change in the air permeability coefficient ky in the tested
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Fig. 9. Change in the water flow through the concrete area F in
the tested types of concrete

rather to decreasing the capillarity of concrete. If we
compare the results of air permeability from the
TORRENT test with those of water permeability, it is
possible to point out (Figs 8 and 9) the apparent positive
influence of the 12% addition of solvent-free epoxy dis-
persion on the abrupt decrease of the permeability of
concretes made of recycled concrete. The addition of
12% dispersion into the batch of water probably seals
both the porous aggregate and capillaries in silicate
admixtures and the concrete permeability for water is
limited to the cement paste only.

4.4. Supplementary tests of mechanical properties

The mechanical properties of concretes made of recycled
concrete after adding, alternately, additives and admixtures
were studied in detail by Stehlik (2010a, b, 2011b) in the
previous years. However, because of the anticipated con-
nection between durability and the mechanical properties,
the tested types of concretes made according to formula-
tions R1, R1E to R6, R6E were tested again for the com-
pressive strength and tensile strength in bending. Two pairs
of alignment charts in Figure 10 illustrate the change in the
90-day compressive strengths (upper pair — without and
with dispersion) and tensile strengths in bending (lower
pair — without and with dispersion) in concrete specimens
made according to the twelve formulations. It is possible to
say that concretes made of concrete recyclate achieve
worse results compared to the reference concretes, i.e.
concretes with dense natural aggregate. In two of the for-
mulations it is possible to track a certain positive diver-
gence in the compressive strength. In the case of concrete
made of concrete recyclate with a combined addition of
30% of blast-furnace slag and 12% of epoxy dispersion
(Form. R4E) the compressive strength achieves 30 MPa, in
concrete with a combined addition of 10% of microsilica
and 12% of epoxy dispersion then 25 MPa (Form. R6E),
which are values higher than or at least comparable with
the reference concrete. On the other hand, the influence of
epoxy dispersion on the change in the tensile strength in
bending of the tested concretes from the twelve formula-
tions can surprisingly be neglected.
Compressive strength and tensile strength in

bending of concrete specimens with alternate
addition of additives and admixtures
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Fig. 10. Change in the compressive and tensile strength in
bending in the tested types of concrete
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4.5. Durability — permeability tests and
supplementary tests of mechanical properties —
overall evaluation

On the basis of the data found out in this research (the
evaluation of durability of concretes made of concrete
recyclate treated by alternately adding additives and ad-
mixtures) it is possible to conclude:

—The content of porous aggregate alone (Form. R2,
R2E) or including very fine admixtures (Form. R4,
R4E-R6, R6E) contributes to retaining physically
bound water in concrete and in fact markedly ex-
tends the time of its drying. Almost identical con-
clusions can be found in the chemical-physical pub-
lications (Sauman 1965; Henning, Lach 1983);

—The air permeability of surface layer of cured con-
crete made of concrete recyclate is substantially in-
fluenced not only by the density of cement paste,
but also by the type, bulk-mass, porosity and geo-
metrical factor of the aggregate. The impact of add-
ing additives and fineness or the specific surface of
admixtures is also not negligible. Also according to
Gomez-Soberén (2002) the porosity (determined
with mercury intrusion porosimetry) of concrete in-
creases considerably when natural dense aggregate
is replaced by concrete recyclate;

—The air permeability of surface layer of concrete
made of concrete recyclate is markedly increased by
adding a dispersion additive into the mixing water;
it is, however, decreased by silicate admixtures with
a high specific surface;

—The decrease in air permeability of the surface layer
of concrete made of concrete recyclate compared to
concrete made of dense aggregate is caused by a
higher residual moisture content after 48 hours of
drying. Wet concrete can give misleading results in
the permeability test;

—The pressure water permeability of the surface layer
of concrete made of concrete recyclate is, similarly
as air permeability, substantially influenced by the
density of cement paste, type, bulk-mass, porosity
and specific surface of the aggregate and by specific
surface of admixtures, and naturally also by the type
of additive. The values of permeability of the sur-
face layer or area of concrete for water are, howev-
er, incomparable with those of air permeability.
Both these phases have a diametrically different size
of molecules, they are compressible in a different
way and they are bound by different forces in the
pores of concrete;

—A stronger flow of water through the layer or area of
concrete made of concrete recyclate is a conse-
quence of the higher porosity of the recyclate (simi-
larly observed by Gémez-Soberdn (2002) and Sun,
Jiang (2010)) and can even be increased by an alter-
nate addition of fine silicate admixtures;

—The flow of water through the layer or area of con-
crete made of concrete recyclate can be markedly
decreased by adding a dispersion into the mixing
water, which causes the closing of pores and capil-
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laries in the aggregate as well as in admixtures in
the concrete. However, the dependence of the total
permeability of concrete on the absorption capacity
and diffusivity of porous aggregate and fine admix-
tures was not explained unambiguously even by
Zaharieva et al. (2003);

—The compressive strengths of concretes made of
concrete recyclate can be improved by adding sili-
cate admixtures and dispersion additives; the com-
bination of 30% of slag or 10% of microsilica with
12% of epoxy dispersion seems to be promising.

Conclusion

The presented research has confirmed that it is possible to
modify the cover layer permeability (which is one of the
most important durability characteristics of concretes)
and partially also strength of concretes made of concrete
recyclate by adding a variant combination of silicate ad-
mixtures and dispersion additives. What must be taken
into account is the state of the future aggressive medium.
In the case of placing concretes made of concrete recy-
clate into an environment with aggressive gases it is con-
venient to add approx. 10—30% of fine silicate admixtures
into the fresh mixture, the addition of dispersion additives
does not bring any major benefit. However, it is neces-
sary to be careful about the misleading results of air per-
meability of concretes with different residual moisture
content. In the case of placing concretes into an environ-
ment with aggressive liquids it is convenient to add ap-
prox. 12% of polymer epoxy dispersion into the mixing
water. The dispersion partially seals both pores in the
concrete recyclate and capillaries in the silicate admix-
tures. The addition of fine silicate admixtures is, on the
contrary, not suitable. Similarly, but to a lesser extent, it
is possible to improve the strength of concrete from con-
crete recyclate by a variant addition of slag or microsilica
with epoxy dispersion. However, the price of most addi-
tives and admixtures (the price for the most expensive
component, epoxy dispersion, is about 140€ at a dose of
12% of the cement mass per 1 m’ of fresh concrete) is too
high for their massive application. It is therefore possible
to expect a targeted modification of durability, and to a
limited extent also strength, in only a narrow spectrum of
concretes made of recycled concrete, e.g. waterworks
concretes, sulphate-resisting concretes, carbonation-
resisting concretes, etc.
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