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Abstract.

Although much research has been carried out using recycled aggregates sourced from normal strength concrete,

most of the buildings to be demolished are constructed with low strength concrete. Therefore, the properties of the concrete
incorporating recycled aggregates, sourced from the waste of structural elements cast with low strength concrete, were
investigated in this study. Four different concrete mixtures were designed incorporating natural and recycled aggregates with and
without fly ash. The results of the mechanical and durability tests of the concrete mixtures are presented. Additionally, full-scale
one-way reinforced concrete slabs were cast, using these concrete mixtures, and subjected to bending test. The feasibility of
using conventional reinforced concrete theory for the slabs made with structural concrete incorporating recycled aggregates was

investigated.
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1. Introduction

The awareness and concerns over environmental issues
(such as the increase in the greenhouse gases in the
atmosphere, carbon footprint etc.) shifted the approach of
treating the use of recycled materials in construction as one
of the waste reduction methods to value-added materials
that can be continually reused. Furthermore, social and
economic drivers changed the traditional production
performance indicators, as they are now often
complemented with sustainability indicators such as reuse,
repair or recycle. From the perspective of the construction
sector, concrete is one of the most available materials for
recycling. This is because concrete is the most used man-
made material worldwide, and the production, usage and
elimination phases of concrete after the completion of
structural service life suggest negative impacts on the
environment and economy. Therefore, it is clear that efforts
on recycling the concrete to obtain aggregates to be used in
construction of new buildings would be beneficial in terms
of both economy and environmental sustainability,
especially in densely populated urban areas, by reducing
both the need to deposit in landfills and demand for natural
resources.

The use of demolition waste from concrete structures as
an aggregate for new concrete production has been
intensively studied in the past few decades (Hansen 1992,
Khalaf and DeVenny 2004, Attaullah et al. 2013). It was
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reported that the replacement of natural aggregate (NA)
with recycled concrete aggregate (RCA) decreased the
compressive strength up to 25%, splitting and flexural
tensile strength up to 10% and the modulus of elasticity up
to 45% (Hansen 1992, Ajdukiewicz ve Kliszczewicz 2002,
Limbachiya et al. 2004, Sanchez ve Gutierrez 2004,
Rakshvir and Barai 2006, Rahal 2007, Yang et al. 2008,
Yehia et al. 2008, Corinaldesi 2010, Malesev et al. 2010,
Rao ef al. 2011, Sim and Park 2011, Xiao et al. 2012, Garg
et al. 2013, Vyas and Bhatt 2013). Besides the adverse
effect on the mechanical properties, replacement of NA
with RCA also increased the drying shrinkage, creep and
water absorption of concrete up to 50% (Gomez 2002a and
2002b, Li 2008, Fathifazl et al. 2011, Henschen et al. 2012,
Fathifazl and Razaqpur 2013, Palaniraj and Dhinakaran
2013, Xiao et al. 2014, Silva et al. 2015). Significant
number of the existing reinforced concrete (RC) buildings
in large cities have completed their economic life or have
the risk of collapse or heavy damage during earthquakes.
For example, due to scarcity of ready-mixed concrete
plants, the RC frame buildings built between 1920s to
1990s in Turkey were constructed using poor quality
concrete. Due to the substandard construction practices in
the past, earthquakes have caused significant human life
and property losses (Tapan et al. 2013, Ilki and Celep
2012). Recently urban transformation projects were started
in Turkey, to demolish the old and damaged RC structures,
and replace with new structures (Urban Transformation Act,
06/05/2012 - 6306). Two billion tons of demolition waste is
expected to emerge with this urban transformation process
within the next 20 years. The demolition waste will cause
negative environmental impacts, and new building
construction will notably increase the demand for NA.
Therefore, recycling the demolition waste and using RCA
obtained from this demolition waste in new concrete

ISSN: 1225-4568 (Print), 1598-6217 (Online)


mailto:goksuc@itu.edu.tr

78 Caglar Goksu, Ilyas Saribas, Ergun Binbir, Yilmaz Akkaya and Alper 1lki

Fig. 1 (a) Recycled columns [35], (b) Recycled 3D frames
[36], (c) Waste of recycled specimens

production would be the most convenient solution for
reducing the waste to be landfilled and the demand for NA.
For this purpose, an extensive experimental campaign was
carried out to investigate the viability of using RCA as a
suitable substitute for NA. According to the best knowledge
of the authors, this is the first time that RCA was sourced
from concrete structural members with concrete
compressive strength values as low as 7 MPa. In the first
phase of the study, tests were performed on RCA to
determine its physical, chemical and durability
characteristics. Based on these tests, only RCA with
maximum size of 5-12 mm was considered as a suitable
material for use in structural concrete. Later, four different
concrete mixtures were designed incorporating NA and
RCA. Two of the four concrete mixtures were designed
using fly ash, as a pozzolanic material. In the second phase
of the study, mechanical tests were performed for obtaining
the compression, flexure, splitting tension and bond
strengths of the specimens made with these concrete
mixtures, cast with and without RCA. Ultrasonic pulse
velocity (UPV) and rapid chloride ion permeability tests
were also performed to investigate the porosity of these
specimens. Based on the mechanical test results, it was
found that the incorporation of RCA had slightly influenced
the compression, flexural tensile, splitting tensile and bond
strengths of concrete. In the last phase of the experimental
study, twelve full-scale one-way slabs were constructed
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Fig. 4 0-5 mm RCA (a) Dry, (b) Washed and oven dry; 5-12
mm RCA (c) Dry, (d) Washed and oven dry
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Fig. 5 Thin section photo with plane-polarized light, X50
(a) 0-5 mm RCA, with a layer of mortar bonded on the
aggregate surface (b) 5-12 mm RCA, with chunks of sand
particles embedded in the mortar

Table 1 Test results on NA and RCA

NA RCA
Aggregate tests Standard Unit  Sand Crusl:ied No 1 No2 0-5
0-2 san agg. e 3 5-12 mm
0-5 12-22 mm
mm 5-12 mm
mm mm
0.075 mm value ASTM D422 % 3.20 2.70 1.00 0.40 19 3.4
Water absorpt. TS EN 1097-6 % 1.80 0.90 0.60 0.40 2.7 35

Particle density TS EN 1097-6 g/em®  2.53 2.70 2.70 2.72 2.59 2.61
Chloride cont. TSEN 1744-1 % 0.02  <0.001 <0.001 <0.001 <0.001 <0.001

Alkali cont. ASTM C114-05 % 0.04 <001 <0.01 <0.01 <0.01 <0.01

Flakiness idx. ~ TS EN 933-3 Y% 11 5

Shape idx. TSEN933-4 % 3 3
Methylene blue TS EN 933-9 Y% 0.5 <1 0.50 - 5.25 0.75
Los Angeles abr. TS EN 10972 % - - 21 21 - 36

Org. impurities TS EN 1744-1 Lighter Lighter Lighter Lighter Lighter Lighter

Acid sol. sulp. TSEN 1744-1 % 0.05 0.19 0.09 0.07 0.15 0.41

ASR ASTM C1260 % 0.20 0.06 0.07 0.06 0.27 0.18
MS soundness TS EN 1367-2 % - - 3 3 - 37
Shrinkage TSEN 1367-4 % 0.044 0.05

agg.: aggregate; abr.: abrasion; absorpt.: absoption; ASR:
alkali silica reactivity; cont.: content; idx.: index; MS
soundness: Soundness of Magnesium Sulphate; Org.:
Organic; sol. sulp.: soluble sulphates

with the aforementioned concrete mixtures and subjected to
bending tests for investigating whether the conventional RC
theory is valid for the slabs made with structural concrete
incorporating RCA. The slabs were selected as specimens
to be tested for two main reasons: (i) The amount of
concrete used in casting of slabs is much higher compared
to columns and beams in practice. Therefore, in case the
utilization of RCA in construction of slabs becomes
mainstream, there would be a prompt reduction in the waste

material storage. (i) The concrete strength has only minor
influence on the load-bearing capacity of flexural members,
which are not subjected to axial forces. In literature, there
are few studies on slabs incorporating RCA (Rao et al. 2012
and Rise et al. 2015, Francesconi et al. 2016, Schubert et al.
2012 and Michaud et al. 2016). Among these studies,
research on flexural behavior of slabs is scarce (Xiao et al.
2015, Zhou et al. 2008) and do not cover the tests of
members constructed using RCA sourced from low strength
concrete. The results of the current study proved that the
replacement of medium size coarse NA with RCA sourced
from low strength concrete did not have adverse effects on
the load bearing and deformation capacities of the slabs.
Furthermore, an attempt was also made to predict the load-
deflection relationships of the slabs numerically. The
numerical analysis was performed using conventional RC
theory and plastic hinge approach without any alteration for
the slabs made with structural concrete incorporating RCA.
It was found that the numerical model results in terms of
load-deformation relationships were in compliance with the
measured load-deflection curves up to high displacement
levels.

2. Experimental work
2.1 Testing of RCA

In this study, the source of RCA is 10-year-old full scale
laboratory test specimens, constructed according to
traditional construction techniques and materials to
resemble existing sub-standard structures. These structural
elements were used for investigating the response of low
strength concrete structures against seismic actions (Fig. 1).
After testing, the structural elements were exposed to
natural environmental conditions similar to the conventional
structures (Cosgun et al. 2012, Ghatte et al. 2016). The
concrete compressive strengths of these structural members
ranged from 7 MPa to 16 MPa. To obtain RCA, these
structural members were demolished, and then cleaned from
extraneous materials and reinforcement by hand. No acid
treatment was implemented during the cleaning process.
Then the waste concrete was transported and crushed at an
aggregate production plant using a jaw crusher and hammer
mill crushers. Thereafter, the material was sieved into three
fractions: 0-5 mm, 5-12 mm and 12-22 mm (Fig. 2). Fig. 3.
presents the distribution of aggregate particle size of NA
and RCA according to TS EN 933-1 (2012). As seen from
this figure, the distribution of aggregate particle size of NA
and RCA are similar to each other. The characteristics of
RCA were then evaluated for their possible use in the
production of new concrete mixtures. Based on the visual
observations on RCA, significant amount of extraneous
matters was found in 12-22 mm grade. Therefore, use of
grade 12-22 mm was not considered in the production of
new concrete mixtures. Macro visual observations on
grades 0-5 mm and 5-12 mm are presented in Fig. 4.
Petrographic analyses were also carried out on thin sections
with a polarization microscope (Fig. 5). The amount of
mortar bonded on RCA is also determined by
microstructural studies, since it adversely affects the
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strength of new concrete. Recycled aggregates included
disseminated secondary micro quartz and euhedral
secondary dolomite crystals, containing biomicritic and
biomicrosparitic limestone. Fossil shells were generally
filled with secondary calcite and with dolomite. Continuous
and discontinuous veins were also filled with secondary
calcite, dolomite, micro quartz and with pyrite. As it can be
seen from Fig. 5, a layer of old mortar of the parent
concrete can be seen around the aggregates. As reported
previously by Poon ef al. (2004) and De Brito et al. (2016),
the old mortar is permeable and responsible for the poor
bonding between the new cement paste and RCA.

The physical, chemical and durability tests performed
on RCA and NA and the test results are listed in Table 1 for
comparison. The density of RCA (2.61 g/cm®) was lower
than that of NA (2.70 g/cm®) possibly due to remnants of
the cement paste, bonded around the aggregates. This value
for RCA is in accordance with the results reported in the
literature, which provide density values as low as 2.46
g/cm3 [56] and 2.48 g/cm® (Thomas et al. 2016). The water
absorption capacity, a distinct property that distinguishes
RCA from NA, was higher in RCA (2.7% for 0-5 mm and
3.5% for 5-12 mm) than NA, possibly due to porous texture
of the bonded remnant mortar. The higher water absorption
capacity of RCA obtained in this study, is also comparable
with the test results found in the literature, which varied
between 4.19-5.61% (Tangchirapat et al. 2010, Ho ef al.
2013, Thomas et al. 2016, Hasan et al. 2017).

As seen in Table 1, the value of materials passing from
0.075 mm sieve was found to be as high as 19% for RCA 0-
5 mm grade. Since the finer size materials increase water
demand of concrete, they adversely affect strength and
permeability of concrete. In addition, short term accelerated
alkali-aggregate reactivity mortar bar test result of 0-5 mm
was higher than 0.2%, which indicates a higher risk for
reactivity. As a conclusion, RCA 0-5 mm grade was also
evaluated as an unsuitable material for use in structural
concrete.

The Los Angeles abrasion of RCA was found to be 36%,
higher than that of NA (21%). This result is comparable
with the test results in the literature, which varied between
31-40% (Tangchirapat et al. 2010, Ho et al. 2013, Thomas
et al. 2014). The higher Los Angeles abrasion of RCA than
NA may be attributed to the adhered old cement mortar,
which is usually weaker than NA (Shayan and Xu 2003). 5-
12 mm grade RCA also presented alkali-aggregate
expansion of less than 0.2%. Based on these test results,
only the medium size fraction (5-12 mm) of RCA was used
in the concrete production.

2.2 Testing of material properties of hardened
concrete

Four different concrete mixtures were produced for
testing the properties of concrete with and without RCA:

(1) M-RO: Mix with 100% NA,

(i1) M-R50: Mix with substitution of 50% of the coarse
NA by RCA by weight,

(iii)) M-RO-PZ: Mix with 100% NA and pozzolanic
material (fly ash) (15% by cement weight),

(iv) M-R50-PZ: Mix with substitution of 50% of the

Table 2 Concrete mix-proportions*

Material quantity M-RO M-R50 M-R0-PZ M-R50-PZ

NA-No 2 aggregate (10-20 mm) (kg) 489 493 472 472
NA-No 1 aggregate (5-12 mm) (kg) 501 - 484

RCA (5-12 mm) (kg) - 522 - 500
Crushed sand (washed) (0-4 mm) (kg) 407 410 393 393
Sand (0-2 mm) (kg) 513 518 495 495
Fly ash (Class F) (kg) - - 50 50
Cement (CEM 42.5 R) (kg) 300 300 270 270
Water (It) 128 110 142 131

Superplasticizer
(Glenium ACE 450) (It)

Water/Cement 0.43 0.37 0.49 0.45

1.95 2.10 2.24 2.24

*The intent of the study was to obtain similar concrete
compressive strengths by using similar proportions of
cement and different amounts of water considering the
physical characteristics such as the high water absorption
capacity of RCA with respect to NA.

coarse NA by RCA by weight and fly ash (15% by cement
weight).

Fly ash as a supplementary material in concrete has been
used in concrete at levels ranging from 15% to 35% by
mass of the cementitious material component. The actual
amount that can be used varies widely, depending on the
application, the properties of the fly ash, specification
limits, and the geographic location and climate (Marceau et
al. 2002, Thomas 2007). Due to its pronounced effects on
the development of mechanical strength, 15% fly ash was
used in this study.

Recycled aggregate is generally used as 10-35%
replacement of coarse aggregate in the production of
structural concrete (Gongalves and De Brito 2009, Pacheco
et al. 2013). In this study, Nol NA was completely replaced
by RCA, which approximately corresponds to 50%
replacement of the coarse aggregates. Although this ratio is
higher than the currently suggested limits, it allowed to
investigate the structural behavior of the slabs with higher
RCA replacement ratios.

The compositions of the mixtures are presented in Table
2. Due to high water absorption capacity of RCA (Table 1),
the water/cement ratios and admixture contents were
adjusted to achieve similar workability for each concrete
mixture. Achieving similar fresh concrete consistency was
important to ensure similar compactibility performance.
Slump test was implemented immediately after production
of concrete and the results were obtained in the range of 18-
22 mm (S4 Class).

Specimens were produced from each concrete mixture
to investigate the effect of RCA and fly ash on the
compressive strength, 3-point flexural tensile strength,
splitting tensile strength and bond strength. Besides, UPV
and electrical indication of concrete’s ability to resist
chloride ion penetration were performed on specimens
produced from each mixture to investigate the effect of
RCA and fly ash on porosity. At least three specimens were
tested for each test.
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The compressive strength and splitting tensile strength
were obtained based on the tests on cylinder specimens
(150 mm=300 mm) (TS EN 12390-3 2002, TS EN 12390-6
2002). The 3-point flexural strength tests were conducted
on 100 mmx100 mmx500 mm beam specimens in
accordance with TS EN 12390-5 (2002). The tests results
are presented in Figs. 6-8 and Table 3. Based on the average
test results, the concrete compressive, splitting and flexural
tensile strengths decreased with the incorporation of RCA.
The decrease in concrete compressive, splitting tensile and
flexural strengths of the group M-R50 with respect to the
group M-RO was 18%, 15% and 13%, respectively. These
variations are attributed to the higher absorption capacity
and poor interfacial transition zones between RCA and
cement, as also previously reported by Lopez-Gayarre et al.
(2009). The test results also revealed that partial
replacement of cement with fly ash caused a decrease in
concrete compressive, splitting tensile and flexural
strengths. The decreases in the concrete compressive,
splitting and flexural strengths of group M-R0-PZ with
respect to the group M-RO were 20%, 10% and 16%,
respectively. The decreases in the concrete compressive,
splitting tensile and flexural strengths of group M-R50-PZ
with respect to group M-R50 were 17%, 4% and 9%,
respectively. As expected from the aforementioned test
results, the incorporation of both RCA and fly ash caused a
decrease in concrete compressive, splitting tensile and
flexural strengths. The decreases in the concrete
compressive, splitting tensile and flexural strengths of
group M-RO with respect to the group M-R50-PZ were
31%, 18% and 20%, respectively.

The UPV was obtained based on the tests on cylinder
specimens (150 mmx>300 mm) (ASTM C597 2002). The
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Table 3 Splitting tensile and flexural strengths of the
specimens

Splitting tensile strength (MPa) Fexural strength (MPa)

Specimens
Strength Average Standard deviation Strength ~ Average Standard deviation

M-RO-1 4.5 6.9
M-R0-2 48 5.6
4.6 0.1 6.2 0.5
M-R0-3 4.5 6.2
M-RO-4 - 6.7
M-R50-1 4.1 49
M-R50-2 4.0 6.3
3.9 0.2 5.5 0.6
M-R50-3 3.7 53
M-R50-4 - 5.5
M-RO-PZ-1 4.4 5.6
M-RO-PZ-2 43 5.0
42 0.2 5.0 0.4
M-R0-PZ-3 3.9 4.6
M-RO-PZ-4 4.0 6.0
M-R50-PZ-1 3.8 43
M-R50-PZ-2 3.7 3.8 0.1 5.8 5.0 0.6
M-R50-PZ-3 3.9 5.0

UPYV values are listed in Table 4. In this table, S, T and V
refer to the distance between probes (mm), the duration of
the ultrasonic waves pass through the specimen (pus) and the
ultrasonic pulse velocity (mm/us). According to Jones and
Facaoaru (1969), the UPV values 3 mm/ps, 4 mm/ps and 5
mm/pus correspond to very poor quality, fair quality and
very good quality in terms of strength and homogenity of
concrete, respectively. According to the evaluation of UPV
values, which were around 5 mm/pus, based on the study by
Jones and Facaoaru (1969), the concrete mixtures used for
the production of specimens presented very good concrete
strength and do not contain extensive voids or cracks.
According to the test results, UPV values decreased with
the incorporation of RCA (7% decrease in group M-R50
with respect to the group M-RO0), which can be explained by
the increased porosity of RCA. The internal porosity causes
a decrease in the wave propagation speed due to the
dispersion of the waves around the voids. Incorporation of
fly ash caused a slight decrease in the UPV values (4%
decrease in the group M-R0O-PZ with respect to the group
M-RO, 2% decrease in the group M-R50-PZ with respect to
group M-R50, 8% decrease in the group M-RO with respect
to group M-R50-PZ). A similar observation was reported by
Kou et al. (2012) and De Brito et al. (2016) for concrete
incorporating RCA, where RCA was obtained from normal
strength concrete (50 MPa).

It should also be noted that the UPV values of M-R0-PZ
is only 4% higher than that of M-R50. Similarly, the
mechanical properties of M-R0-PZ and M-R50 are also
quite close: the tensile strength values of M-RO-PZ is
almost 5% higher than that of M-R50, while flexural and
compressive strength values of M-R0-PZ are approximately
4% and 3% less than that of M-R50, respectively. These
results indicate that UPV values and mechanical properties
have quite similar trends. The pull-out tests were conducted

Table 4 Results of UPV tests

Specimens s T v
(mm) (1s) (mm/ps)

M-RO-1 296 56.7 5.22
M-RO-2 296 55.6 5.32
M-RO-3 297 56.9 5.22
M-R0-4 297 56.5 5.26
M-R50-1 299 61.9 4.83
M-R50-2 295 60.8 4.85
M-R50-3 298 61.1 4.88
M-R50-4 298 60.8 4.90
M-R0-PZ-1 302 60.2 5.02
M-RO-PZ-2 300 59.3 5.06
M-R0O-PZ-3 305 59.7 5.11
M-RO-PZ-4 300 59.8 5.02
M-R50-PZ-1 302 59.3 5.09
M-R50-PZ-2 302 63.2 4.78
M-R50-PZ-3 303 65.0 4.66
M-R50-PZ-4 302 64.7 4.67

350 mm

mm mm
150 mm

specimen

!
|  LVDTs at the
~ " loaded end

reinforcing
bar

(b)
Fig. 9 Pull-out (a) Specimens, (b) Test set-up

on 150 mmx150 mmx150 mm cube specimens according to
ASTM C234 (1991) (Fig. 9(a)). The ribbed steel rebars
(5420 type), which were 500 mm in length and 18 mm in
diameter, were embedded to the cube specimens before
concrete casting. The stress-strain relationships of the
deformed steel rebars are given in Fig. 10(a). The bond
length was 90 mm (=5¢), and the rest of the specimen was
debonded by the use of a PVC pipe (Fig. 9(a)). Two linear
variable differential transducers (LVDTs) were attached to
the bars for measuring concrete-rebar slip (Fig. 9(b)). While
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Fig. 11 Bond-slip relationships of the specimens

the failures of nine out of twelve specimens were governed
by splitting, the failures of the rest of the specimens (one
from each of the groups M-R0O, M-R50 and M-R50-PZ)
were governed by slip at around 2 mm (Fig. 11). In this
figure, the bond stress (7,=F/n®lp; F is the maximum pull-
out load, ¢ is the diameter of the reinforcing bar, and Ib is
the bonded bar length) is normalized with concrete tension
strength for eliminating the adverse effects of different
concrete compressive strength of each concrete mix. As also
seen in this figure, while most of the failures of the

1600 =

1200

800

(coulomb)

400

Chloride ion penetration

M-R50 M-R0-PZ M-R50-PZ

L
M-RO

Fig. 12 Test results for chloride ion penetration

Fig. 13 Production of slabs

specimens were governed by splitting rather than slip, the
bond strengths and splitting strengths of the specimens are
similar. The local bond-slip relationship was evaluated
considering the ratio between the bond stress and the square
root of the compressive strength according to fib Model
Code [72]. As also seen in Fig. 11, the ratio between the
bond stress and the square root of the compressive strength
were found to be greater than the value of 2.5. This
indicates that the bond-slip models recommended by fib
Model Code (2010) can safely be used for concrete made
with RCA as well.

Moreover, to investigate the permeability of concrete
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mixtures incorporating NA and RCA with and without fly
ash, rapid chloride penetration tests were carried out on 52
mmx100 mm cyclinder specimens according to ASTM
C1202 (2017). Due to high permeability of the samples of
the groups M-R0O, M-R50 and M-R50-PZ, the temperature
measured during the test increased above the limits
indicated by ASTM C1202 (2017). Therefore, the test
duration was modified to 1 hour instead of 6 hours, as
recommended by ASTM C1202 (2017). The test results are
presented in Fig. 12. As seen in this figure, the measured
values of the specimens of the group M-R0O and the group
M-R50 are similar. The incorporation of fly ash reduced the
conductivity of the specimens of the group M-RO-PZ,
where the measured values decreased 60% with respect to
the specimens of the group M-RO as already reported in
literature (ASTM C1202 2017, Thomas and Wilson 2002).
This reduction has been attributed to a refinement in the
pore structure (Thomas 1989, Marsh et al. 1985).
Furthermore, conductivity tests performed on mortar and
cement paste have also indicated that fly ash reduces the
chloride permeability (Page et al. 1981, Ngala et al. 1995,
Thomas et al. 1995-1999, Bamforth 1999, Thomas 2004).
Conversely, the incorporation of fly ash had negative
impact on the specimens of the group M-R50-PZ, which
resulted in an increase of 69% in the measured values of the
specimens of this group with respect to the specimens of the
group M-R50. The main reason for the increase in

conductivity of the group M-R50-PZ is the reduction of the
quality of interfacial transition zone (ITZ) around RCA
particles. In concrete incorporating only NA, when fly ash
is added, ITZ is so thin that it becomes denser due to finer
particle size of fly ash and its reactions with the calcium
hydroxide. However, due to thicker porous zones (old
cement mortar) around RCA, fly ash particles are not as
effective in densification by its fineness and reactivity with
calcium hydroxide. On the contrary, since cement content is
reduced when fly ash is added, the concrete permeability
can be adversely affected.

2.3 Testing of slabs

Twelve full-scale one-way RC slabs were cast in
dimensions of 2800 mmx600 mmx120 mm
(spanxwidthxthickness) (Fig. 13). Steel reinforcement
cages were constructed using @8 reinforcing bars. Clear
concrete cover (distance from the outermost fiber of the
longitudinal bars to the outermost fiber of concrete) is 26
mm. The stress-strain relationships of reinforcing bars used
in the slabs are presented in Fig. 10(b). As seen in this
figure, there is a variation, shown with a hatched area, in
stress-strain relationships of the tested reinforcing bars. This
variation is also considered during theoretical calculations.
The reinforcement details of all slabs were the same and
reinforcement ratio in longitudinal direction was 0.37%
(Fig. 14). The slabs were subjected three-point bending test
under monotonic increasing deflections until the failure
load was reached (Fig. 15). Two out of six LVDTs were
installed at mid-span, while the other four LVDTs were
installed at supports. Two strain gages were also installed
on the longitudinal reinforcing bars at the mid-span for
observing the variations in strains during bending (Fig. 14).

Force-mid span deflection relationships and the average
load-mid span deflection curves of the slabs are presented
in Figs. 16 and 17(a), respectively. As seen from these
figures, the slabs of the group M-R50 showed the lowest
resistance among their counterparts (13% less load bearing
capacity with respect to the slabs of the group M-R0), while
the slabs of the group M-R0O showed the highest resistance.
All slabs showed a remarkably ductile behavior after the
maximum load was reached and maintained their strength
up to large deflections until the reinforcing bars ruptured.
According to the strain data obtained from the strain gages,
the yielding of reinforcing bars was observed at and around
mid span deflection of L/180 (L: Span) for all the groups of
slabs. The first fine flexural cracks were observed at the
mid span deflection of L/2000-L/3000 and the rupture of
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Fig. 16 Force-mid span deflection relationships of the slabs

reinforcing bars was observed in the mid span deflection of
around L/25 for all the groups of slabs. It should be noted
that prior to the rupture of reinforcing bars the maximum
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Fig. 17 (a) Average load-mid span deflection curves of the
slabs, (b) Energy dissipation capacities of slabs (Average of
each group)

strain value of reinforcing bars was measured to be
approximately 5% from strain gages. Even at the utmost
target mid span deflection, no concrete crushing was
observed at the compression zone. The visual observations
of progressive damage to the slabs during testing and the
markings of the cracks on the slabs are shown in Fig. 18. It
is worth to note that the evolution of damage was similar
for all of the slabs. During the autopsy after the tests, the
cover concrete was removed and the yielding and rupture of
steel reinforcing bars were clearly observed (Fig. 19).

The energy dissipation capacity is defined as the area
under the corresponding average load-mid span deflection
curve at each loading step and presented in Fig. 17(b). As
seen in this figure, the energy dissipated by the slabs of the
group M-RO is only slightly higher (varying between 4%-
7%) than the other tested slabs due to its slightly higher
strength and stiffness with respect to the other tested slabs
as seen in Fig. 17(a).

3. Numerical study

The slab was modelled using finite element method to
obtain the theoretical nonlinear lateral load-mid span
deflection relationships of the specimens. Inelastic
deformations of the slab were taken into account by a
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Fig. 18 Crack distribution during testing of the slabs

plastic hinge located at the maximum moment zone (at the
mid span). As the first step, the nonlinear moment-curvature
relationships of the critical cross-sections (span and support
sections) of the slabs were obtained through a fiber-analysis
approach using the XTRACT 3.0.8 computer program. In
the moment-curvature analysis, the stress-strain relationship
of concrete in compression was modelled considering the
compression test results carried out on standard cylinders
(Fig. 20(a)). Steel reinforcing bars in tension were assumed
to behave in an elastic-plastic manner with strain hardening
based on tension tests on reinforcing bars (Fig. 20(b)). It is
worth highlighting that, rather than the compression
strength of concrete, the amount and mechanical
characteristics of the reinforcing steel dominate the load
bearing capacity and ductility of the slabs. Therefore,
defining the stress-strain relationship of the steel reinforcing

bar has significant effect for realistic prediction of the load
bearing and deformation capacity. For this purpose, as
aforementioned, the variation in stress-strain relationships
of the tested reinforcing bars was considered by the lower
and upper bounds shown in Figs. 10(b) and 20(b).
Sequentially, the plastic-hinge rotations were obtained by
multiplying the section curvatures by the length of the
plastic hinge, which was assumed to be equal to the
thickness of the slab (h) considering the recommendation
given in the Turkish Seismic Design Code (2017). It should
be noted that the equations proposed by Baker (1956) and
Mattock (1967) give the values of 1.2h and 0.9h,
respectively. As a last step, a nonlinear analysis was
executed for the slab model. For the analysis, the nonlinear
behavior was assumed to occur within the frame element at
the concentrated plastic hinge. The analysis consists of
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Fig. 19 Autopsy (a) Removal of concrete cover, (b) Yielding
of reinforcing bar in longitudinal direction, (c) Rupture of
reinforcing bar

vertical load pattern, and an incremental event-by-event
analysis in which the load pattern is applied through
increments corresponded to stiffness changes in the
structural element. During the analysis, maximum total
steps per stage, maximum events per step, iteration
convergence relative tolerance were taken as 200, 24, and
0.0001, respectively. The first load step consists of an
elastic analysis of the structural element. The loads were
scaled to a level corresponded to the achievement of the
first discontinuity in the load-displacement response.
Thereby, the first hinge was created in the structural
element. For the next load increment, the stiffness of the
structural element was modified, and another elastic
analysis was performed. At this step, the incremental loads
were also scaled to a level to be corresponded to the
achievement of the next discontinuity in the load-
displacement response in the structural element. This
algorithm was continued until the displacement of the
structural element reached to the target displacement. The
theoretically obtained load-deflection relationships are
presented in Fig. 21 together with the experimentally
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Fig. 20 The mechanical characteristics of (a) Concrete, (b)
Longitudinal steel reinforcing bars taken into account
during numerical analysis, Note: Since the groups M-R50
and M-R0-PZ had similar concrete compressive strength,
the concrete stress-strain relationship of these groups are
presented on a single curve

obtained load-deflection relationships. As seen in this
figure, an adequate correlation was achieved between the
experimentally and the theoretically obtained load-
deflection relationships. This result shows that the
conventional RC theory remains valid for the slabs
incorporating RCA sourced from low strength concrete. The
comparison of the theoretical predictions and the test results
also showed that for the same design moment,
approximately the same amount of reinforcing bar is needed
for the slabs incorporating NA and RCA at approximately
same compressive strengths.

For the comparison of the experimentally observed and
theoretically predicted damage development and failure
modes, the stress-strain relationships of concrete at the
extreme compression fiber and tensile reinforcing bars and
the moment-curvature relationships at the plastic hinge zone
are presented in Figs. 22-24. In these figures, two steel
stress-strain relationships are presented for representing the
variation in stress-strain relationships of the tested
reinforcing bars (Figs. 10(b) and 20(b)). es-1 and &s-u refer
to the tensile strains of reinforcing bars corresponding to
lower and upper bounds of stress-strain relationships. ec-1
and ec-u refer to the compressive strains of concrete, which
were obtained when stress-strain relationships of
reinforcing bars with lower and upper bounds are used.
Likewise, oc-1 and cc-u refer to compressive stresses of
concrete, which were obtained when stress-strain
relationships of reinforcing bars with lower and upper
bounds are utilized. In these figures, the numerical moment-
curvature relationships are also shown for the slab sections
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Fig. 21 Force-mid span deflection relationships of the slabs

using actual material characteristics. As seen in these
figures, the values of moments and strains are given for
three levels, namely A, B and C. These points correspond to
different structural performance levels of the slabs such as
minimum damage, moderate damage and heavy damage as
stated in Turkish Seismic Design Code (2017) and Table 5.
In Table 5, ec and ecc are the concrete strain at the extreme
compression fiber for unconfined and confined concrete,
respectively, and ps and psm represent the existing and the
required volumetric ratios of transverse reinforcement,
respectively. It should be noted that since the slabs of the
groups M-R50 and M-RO-PZ had similar concrete
compressive strength, their theoretical calculations are
presented in the same figure (Fig. 23). For ultimate steel
strain at collapse level, &s is set to 0.06 in Turkish Seismic
Design Code (2007) (Table 5). However, at this €s level, the
steel strains in tension passed beyond the measurement
capacity of the straingages. Therefore, the values at point C
correspond to es value of 0.05. As aforementioned, the
damage progression of the slabs started with the yielding of
reinforcing bar and followed by the rupture of reinforcing
bar. Meanwhile, no concrete crushing was observed.
However, according to the theoretically obtained damage
proggession, the slabs failed in a progressive manner:
yielding of reinforcing bar (at the time of yielding of
reinforcing bar ec was observed to be around 0.006),
crushing of concrete and finally rupture of reinforcing bar.
The comparison of Fig. 21 and Figs. 22-24 imply that the
load bearing capacities and failure mechanisms of the slabs
can be predicted through thereoretical calculations with a
reasonable accuracy up to very high displacement levels by
the presented algorithm.

4. Conclusions

In this study, the viability of using RCA sourced from
low strength concrete for substituting NA was investigated
for RC structural members. Based on the experimental and
numerical analysis, the following conclusions can be drawn:

* The compression strength of concrete decreased
slightly with the incorporation of RCA and fly ash.

e The incorporation of RCA and fly ash caused a
decrease in flexural strengths.

» The results of splitting tensile tests showed that the
incorporation of RCA and fly ash reduced the splitting
tensile strength.

* The pull-out test showed that bond-slip behaviors of
concretes made with NA and RCA are similar. It is also
shown that the bond-slip models recommended by fib
Model Code (2010) can safely be used for determination of
bond strength of concrete made with RCA as well.

* The full-scale bending tests indicated that all slabs
showed a remarkably ductile behavior after the maximum
load was reached and maintained their strengths up to large
deflections until the reinforcing bars ruptured. The load
carrying capacities and evolution of damage of all slabs
were similar regardless of incorporation of RCA and fly
ash. Likewise, there was only marginal difference in energy
dissipation capacities of the slabs.
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Fig. 22 Moment-curvature and stress-strain relationships for the slabs of the group M-R0
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load-deflection relationships were found to be compatible
up to high displacement levels. Since the theoretical load-
deflection relationships were obtained through conventional
RC theory, plastic hinge concept and fiber analysis
approach, it is clear that the conventional RC theory
remains valid for the slabs incorporating RCA sourced from
low strength concrete.

It should be emphasized that all findings are valid for
the ranges of the parameters tested within this study.
Although the slabs generally work under gravity loads, they
are exposed to reversed cylic loads, particularly, inplane
diaphram forces during earthquakes. Therefore, further
investigations should be carried out to generalize and
validate the presented findings for other cases and pave the
way for the use of larger amount of RCA to obtain further
environmental and economical benefits.
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