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Summary: Lack of good-quality natural aggregates well as the problem of removal and
disposal of large quantities of demolished concrete waste, represent significant challenges
in contemporary civil engineering. The testing results of properties of recycled concrete
aggregate are presented in the first part of the paper. The second part deals with
experimental research on properties of fresh and hardened concrete made with 50%
substitution of coarse river aggregate by recycled concrete. Four series of concrete
specimens were tested, two of which were made with addition of steel fibers. The research
included testing of the following properties: density, compressive strength, splitting tensile
strength, adhesion by pull-off method, static modulus of elasticity, as well as the impact
resistance. The obtained results indicate that recycled concrete aggregate can be
successfully applied for production of steel fiber reinforced concrete.

Keywords: Recycled concrete aggregate, steel fibers, fiber reinforced concrete, physical
and mechanical properties

1. INTRODUCTION

Nowadays, natural aggregate (NA) represents a major part of cement based concrete and
asphalt. Consequently, the global demand for construction aggregate is huge, its
production exceeding 26 billion tons per year [1]. This situation inevitably leads to many
problems, such as the deficit of good-quality natural aggregate, increased distance
between the sources of natural aggregate and construction sites, as well as the problem of
disposal of large quantities of demolished concrete waste. A possible solution for the
aforementioned problems could be recycling of construction and demolition (C&D) waste
materials, primarily concrete.
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Recycled concrete aggregate (RCA), obtained by crushing of original concrete, consists
of natural aggregate grains and cement mortar matrix. Typically, RCA is used for
production of cementitious concrete, road pavement construction and soil stabilization
[2,3]. The presence of old adhered cement mortar usually leads to decreased quality of
RCA in comparison to NA. This means higher porosity, lower strength, higher water
absorption and lower density [4,5], as well as a higher Los Angeles (LA) coefficient and
fine particles content [6].

The paper presents the results of research on the effect of coarse recycled aggregate, used
as a partial substitute for natural aggregate, on the properties of hardened concrete,
combined with the addition of steel fibers. Different authors have been investigating the
influence of coarse RCA on physical and mechanical properties of steel fiber reinforced
concrete (SFRC) and there is a general consensus that the optimum results can be reached
by 30 to 50% substitution of NA with RCA [7,8,9]. As a rule, the addition of fiber
reinforcement has less influence on the improvement of the mechanical properties of
concrete (tensile strength, flexural strength, shear strength), but it more contributes to
increasing ductility of the composite and its resistance to dynamic effects (cyclic fatigue
and impact load) [10].

2. RECYCLED CONCRETE AGGREGATE

The RCA used in the experiment was obtained by crushing a relatively high-quality
original concrete, which had a compressive strength class C35/45 (according to EN 206-
1:2011). For more than three decades this concrete served as a base structure for tram
tracks, where it was not subjected to any harmful environmental conditions. Hence, the
RCA grains were exceptionally compact and homogeneous, consisting of original
cementitious concrete (98%), asphalt (1.2%) and brick debris (0.8%).

After the crushing process, the RCA was classified into standard fractions: 0/4 mm, 4/8
mm, 8/16mm and 16/32 mm, according to EN 933-1:2012. Considering the fact that the
majority of relevant studies do not recommend the application of fine RCA (0/4 mm) for
concrete production, this component was not used in the research [1,11,12]. In comparison
to the fine NA, the RCA has significantly larger specific surface, which requires an
increased amount of water. The biggest fraction of RCA (16/32 mm) was also excluded
from the research. Namely, it is estimated that more than 80% of contemporary concrete
production in Serbia is based on a 16 mm maximum aggregate size. The main physical
and mechanical properties of coarse RCA (fractions 4/8 mm and 8/16 mm) are presented
in Table 1.

Table 1: Physical and mechanical properties of RCA

RCA
4/8 mm 8/16 mm
Pa (kg/m?®) 2618 2699
Pssd (kg/m?®) 2499 2530
Prd (kg/m3) 2426 2431
WA (%) 3.0 4.1
LA (%) 31.5
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In Table 1, the following symbols are used:

Pa (kg/m3)  — apparent particle density,

Pssd (kg/m®)  — saturated and surface-dried particle density,
Prd (kg/m®)  — oven-dried particle density,

WA (%) — water absorption,

LA (%) — Los Angeles coefficient,

Particle size distribution of all fractions of NA and RCA used in the research are shown
in Figure 1.
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Figure 1. Particle size distribution of NA and RCA

3. EXPERIMENTAL

For the purposes of experimental research, four concrete mixtures were made.

Mixture A — control concrete with three-fraction (0/4mm, 4/8mm, and 8/16mm) natural-
river aggregate

Mixture B — made with 50% substitution of NA of the Il and Il fraction by RCA.
Mixture C — with three-fraction NA in which steel fibers were added.

Mixture D — where NA was replaced by RCA with the addition of steel fibers, i.e. 50% of
NA of the Il and 111 fraction was replaced by RCA, with the addition of steel fibers in the
same amount as in the case of mixture C.

Besides natural and recycled aggregate, concrete mixtures were made of cement type PC
20M(S-L) 42.5R (manufacturer “Lafarge”, Beoc¢in), 16 mm long hooked-end steel fibers
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with the diameter of 0.4 mm and aspect ratio L/d=40 (manufacturer IRI, Ljubljana,
Slovenia), superplasticizer Sika Viscocrete Techno 205 and water from the municipal
water supply. The same amount of fibers was added to each mixture (C and D) — 30 kg/m?®
(~ 0.4 % of the fresh concrete total volume).

The appearance and properties of the used steel fibers are shown in Table 2.

Table 2: The appearance and properties of steel fibers

Parameters Declared
properties
Type and appearance Steel, hooked-end
Cross section Round e
Tensile strength min. 1100 MPa
Melting point app. 1500°C
Bending angle min. 45° c
Total length (A) 16+2 mm =
Diameter (E) 0,4+0,1 mm i
Length of the straight 1341 mm *
section (B)
Length of the bent
section (C) 1,540,5 mm
The adopted composition of concrete mixtures is shown in Table 3.
Table 3: Composition of concrete mixtures
A B C D
(kg/md) (kg/m?) (kg/m®) (kg/m®)

Cement 380.0 380.0 380.0 380.0
NA 0/4mm 395.7 768.6 768.6 768.6
NA 4/8mm 595.7 197.8 395.7 197.8
NA 8/16mm 768.6 197.8 595.7 197.8
RCA 4/8mm / 297.9 / 297.9
RCA 8/16mm / 297.9 / 297.9
Water 195.3 195.3 195.3 195.3
Admixture / 0.6 0.6 0.6
Steel fibers / / 30 30
Fresh concrete 2310.2 2313.6 2340 2327.2
density
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3.1. TEST RESULTS

Compressive strength testing

The shape and dimensions of the specimens, used for the determination of compressive
strength, were checked in accordance with the provisions of the standard SRPS EN 12390-
1:2008. Thereby, making and curing of specimens taken from the fresh concrete, were
conducted in accordance with the standard SRPS EN 12390-2:2010. Immediately prior to
the compressive strength tests (at 28 days of age), in order to determine the density of the
hardened concrete, the dimensions and weight of specimens were measured, in accordance
with the standard SRPS EN 12390-7:2010. Results of the test ranged within the limits of
2287 to 2321 kg/m? indicating that neither partial substitution of natural coarse aggregate
by recycled aggregate, nor added steel fiber reinforcement, significantly affected the
change of the concrete density. Compressive strength testing was performed after 3, 7 and
28 days, in accordance with the standard SRPS EN 12390-3:2010. The results of this
testing are shown in Table 4.

Table 4: Compressive strength testing after 3, 7, and 28 days

Compressive strength | Compressive strength | Compressive strength
Concrete of concrete after 3 of concrete after 7 of concrete after 28
mixture days days days
fo (MPa) fo (MPa) fo (MPa)

A 28.2 40.1 47.1

B 29.9 41.6 49.3

C 29.3 41.5 514

D 29.2 41.1 51.1

Splitting tensile strength testing

Splitting tensile strength testing (or the so-called "Brazilian test™), was performed on the
cylindrical specimens aged 28 days, in accordance with the standard SRPS EN 12390-
6:2008. At Figure 2, the comparison between test results obtained by splitting the concrete
specimens of various compositions (fyc) is presented.
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Figure 2. Splitting tensile strength after 28 days
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Adhesion testing by Pull - off method

4. Pull-off test is the standard method (SRPS EN 1542:2010), intended primarily for
testing in situ, but also for laboratory testing of concrete tensile strength, i.e. adhesion
of various materials to the concrete base (e.g. cement screeds, repair mortars, carbon
strips, epoxy and other protective systems, etc). In the research, this test was done in
order to determine whether the adhesion between the cement paste and aggregate
grains decreases if RCA is used instead of coarse natural river aggregate. Also, the
impact of the addition of steel fibers on mechanical properties of concrete was
analyzed. A set of concrete specimens, before and after the Pull-off test, is shown in
Figure 3.

Figure 3. Specimens before and after the Pull-off test

Table 5: Results of the adhesion testing after 3 and 28 days

Adhesion after 3 Adhesion after 28 Tvpe of failure
Concrete mixture days days P
f, (MPa) f, (MPa)
A 2.16 3.39 concrete failure
B 2,51 2.96 concrete failure
C 2.42 3.12 concrete failure
D 2.82 3.22 concrete failure

Static modulus of elasticity testing

Static modulus of elasticity is defined as the rate between stress (Ac) and elastic
deformation (g). It was obtained by testing cylindrical specimens exposed to pressure, in
accordance with the standard ASTM C469/C469M. The results of this test are shown in
Table 6.
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Table 6: Results of the static modulus of elasticity determination after 3 and 28 days

Static modulus of Static modulus of
Concrete mixture elasticity after 3 days elasticity after 28 days
E (GPa) E (GPa)
A 25.8 34.4
B 25.6 34.7
C 30.1 38.7
D 26.8 40.8

Impact resistance testing

In the research, the Drop-weight method was adopted for testing the impact resistance of
concrete. In this specific case, it meant that the weight of 5kg was allowed to fall through
the plastic graduated tube, from a height of 20cm, onto a concrete slab with dimensions
40x40x6 cm. Thereby, the total amount of energy used, was determined on the basis of
the number of impact blows needed to form the first crack (E1), i.e. the number of blows
that caused the concrete failure (E2).The results of this test are shown in Table 7, and the
appearance of the specimen after testing in Figure 4.

Table 7: Results of impact resistance testing at the age of 28 days

Energy needed for forming Energy needed for the
Concrete mixture the first crack concrete failure
E1 (J) E2(J)
A 49.1 68.7
B 49.1 68.7
C 58.9 88.3
D 68.7 88.3

Figure 4. Concrete slab specimen after impact resistance testing
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4. CONCLUSIONS

The results shown in Table 4 show that there was no significant change in the value of
compressive strength (at the age of 3 and 7 days) due to the partial substitution of the
natural aggregate by recycled aggregate, or due to the addition of fibers. However, at the
age of 28 days, SFRC had about 9% higher strength compared to the control mixture.
Based on the results of splitting tensile test (Figure 2), it can be concluded that the partial
substitution of natural coarse aggregate by RCA, led to an increase in the splitting tensile
strength, in the amount of 18%, while the addition of steel fiber reinforcement affected
this increase to be 48%, compared to the control mixture.

The results presented in Table 5 show that there was no significant decrease in the value
of adhesion (obtained by Pull-off method) on concrete specimens made with RCA, i.e. that
the adhesion between the cement paste and RCA is approximately equal to the adhesion
between the cement paste and NA.

The results presented in Table 6 show that, at 28 days, there was no significant change in
the static modulus of elasticity, due to the partial replacement of coarse NA by RCA. On
the other hand, in the case of mixtures made with the addition of steel fibers (C and D),
there was an increase of the module of about 11% and 19%, respectively.

Based on the results shown in Table 7, it can be concluded that the addition of steel fibers
affected the improvement of concrete impact resistance, in average of about 30%
compared to the control mixture. At the same time, the partial replacement of coarse
natural aggregate by recycled aggregate, did not lead to any change of this property.

In general, the research results indicate that recycled concrete aggregate can be
successfully applied for production of steel fiber reinforced concrete.
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MOTI'YRHOCT IPUMEHE AI'PET'ATA O
PEIUKJ/IMPAHOI' BETOHA KOl KOMITIO3UTA
MHUKPOAPMUPAHUX YEJINYHUM BJIAKHUMA

Pe3ume: Hedocmamax npupoonoe acpeeama 3adogosmasajyhiec Keéanumema, Kao u
npobrem oonazarwa cee 6efiux KoauuuHa OemoHCKoz epalesunckoe omnaod,
npeocmaspajy sHavajHe uzasose y caspemenom epalesunapemsy. Y npeom deny pada
NPUKA3HU CY Pe3yImamu UCRUmueara Kapakmepucmuka azpeeama 000ujenoe 00
peyuraupanoz 6emona. Jlpyau 0eo pada noceehen je excnepumeHmaiHum UChUmuearuma
ceojcmasa ceedicez u ouepcioe bemona, koo koza je 50% Kpynuoe peunoe azpezama
3aMerbeHo azpe2amom 00 peyukaupanoz bemona. Ucnumane cy uemupu cepuje 6emona,
00 Kojux cy 08e bune cnpasmsene ca 000amKom weauyne muxpoapmamype. Ilpeomemna
ucnumugarsa 00yxeamuia cy oopehuearve: 3anpeMUHCKe MdAce y O0YBPCIOM CMARY,
uepcmohie npu npumucky, uspcmolie npu 3amesawy yenarwem, amxesuje ("Pull-off"
Memooom), Cmamuykoz MoOyia eiacmudHoCmuy, Kao u OMNOPHOCMU HA 0ejcCme0 yoapa.
Hobujenu pezynmamu noxa3syjy oa ce azpezam 00 peyukiupanoe OemoHa Moxice YCneuHo
NPUMEHUMU 30 CNPAB/HARE KOMROUMA MUKPOAPMUPAHUX YETUYHUM GIAKHUMA.

Kwyune peuu: Acpecam 00 peyuxiuparnoe 6emoHa, 4eiudna 61aKHd, MUKpOApMUpaHu
OemoH, QusuuKo-mMexanuuxa ceojcmea
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