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environmental protection and decrease the construction
costs. On the other hand, the high potential of Recycled
Aggregate  Concrete (RAC) in concrete industry was
established by extensive experimental researches were
performed to examine the properties of RAC. Like in
conventional concrete, core test cut from RAC can be used to
assess the in-place concrete compressive strength and
sometimes it becomes an important test for monitoring in-
situ properties of concrete to taking up
retrofitting/strengthening measures. So the core test is often
mentioned in most codes for concrete testing. The layout of
this study includes four concrete mixes, two concrete grades
(20 and 40 MPa), three core diameters (46, 69, and 100 mm),
five length-to-diameter (L/D) ratios (1, 1.25, 1.5, 1.75, and
2), two sizes of maximum coarse recycled aggregates (10
and 20 mm), two directions of core drilling which are
vertical and horizontal and three ages of specimen (14, 28
and 90 days). The core test results were compared to
cylindrical and cube specimens. Results imply that the core
strength of recycled concrete reduces with the increase in
aspect ratio, by decreasing the core diameter, increasing the
size of coarse aggregates in recycled concrete. By analyzing
the results a comparison was made between recycled
concrete in this study and conventional concrete in other
studies, as well as code instructions.

1. Introduction Construction and Demolition Waste (CDW)
all over the world. In Tehran, Over 20

The demolition of old buildings to million tons of CDW materials are

reconstruction them due to population produced annually [1].

growth has generated a large volume of
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The expanding potential of Recycled
Concrete Aggregate (RCA) for application
in various projects with a low or moderate
amount of initial changes has been
experimented with numerous tests and
approved by many researchers [2-6].
Substitution of Recycled Aggregate (RA)
with natural aggregate was established to
consider the properties of RCA in concrete
production to achieve adequate fresh and
hardened properties, comparable to those of
Normal Concrete (NC). Kho Pin Verian et.
al. [5] evaluate multiple techniques to
improve the performance of RCA.

CDW reuse and recycle techniques are
improving day by day and many solutions
have been proposed in order to reuse them
in concrete industries and recover raw
materials consumption, reducing pollution
of ecosystems, decreasing the
environmental  drawbacks linked to
excessing use of natural resources and also
inhibits the landfills of resting materials out
coming of CDW [7].

Always the compressive strength of
concrete is a preferable characteristic
among many other properties of this
material that require to hold specified
applied forces for design considerations or
taking up retrofitting/strengthening plans.

To achieve minimum required concrete
quality, standard test specimens are

(a)

evaluated during the constructions period.
These concrete samples, which make a
good estimation of concrete’s potential
strength, are fabricated, kept in standard
curing conditions and examined according
to related standards and codes. Sometimes
it could be important to evaluate the in-situ
strength of an active structure to estimate
whether the mechanical and durability
properties meet the requirements for its
future utilization when the quality of
concrete is under suspicion owing to
overloading, fatigue (e.g. bridge structures,
etc.), chemical destructions, fire or
explosion and weathering or the structure is
considered for a higher level of loading
conditions and to plan the rehabilitation and
retrofitting/strengthening of the building.
For these kind of situations, the testing
methods for in-situ strength assessment
vary from non-destructive and destructive
such as removing cores. The core test is the
most practical and trust worthy technique to
evaluate the mechanical properties of the
concrete in place [8, 9].

The compressive strength of Recycled
Aggregate Concrete (RAC) is influenced
significantly to several factors related to the
use of RA, such as size, type, RA
replacement levels, moisture content,
quality of the original material, water to
cement ratio, use of admixtures and
additions and age [10].
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Fig. 1. RAs in two sizes (20mm & 10mm) and graphical representation of the ITZ of RA [18].
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A few investigations show no strength loss
by incorporation of RCA [4, 11] but some
studies indicate that when the replacement
levels of RA increase, the compressive
strength of concrete decreases gradually
[10, 12-13]. However up to about 30% of
coarse RA incorporation, there are no
significant effects on the strength loss of
RAC [13]. The influence of RA on
mechanical and durability properties is
reviewed by Kisku. N. et al. [2] and
Guoliang Bai et. al [14]. Obviously,
according to Fig.l.a. the adhered cement
paste that consist about 30-35 % by volume
of RCA make lower specific gravity, higher
porosity and water absorption, higher
angularity and rough surface texture, weak
bond of RCA with the new cement paste
that result lower density, workability,
elasticity modulus and strength of

RAC [14-17]. Otsuki. et. al. [18] showed
Interfacial Transition Zone (ITZ) of the
RAC in graphical representation (Fig. 1.b).
In addition, some of the ways to improve
the microstructures of recycled aggregate
have been well illustrated by Ruijun Wang
et. al [19].

Although the most commonly used
standard codes recommended the minimum
core diameter of 100 mm [20- 23], in some
cases, small diameter cores are selected
because of drilling, handling and storing
the specimens are easier and during the
operation, makes lower possibility of
cutting reinforcing bars and causing less
damage to the structure [24-28]. Therefor
testing in the larger area of concrete
members by adequate number of small
cores is possible.

Besides a few researches is reported some
mechanical and durability properties of
cores removed from RAC [28, 30], but the
relationship between core strength and the
corresponding standard sample analogous
to normal concrete [8,22,27,31] that is

influenced by some factors such as core
diameter, length to diameter (L/D),
direction of drilling, aggregate size, age and
strength level of the concrete can be
considered in RAC. It has been tried to
study the effect of these factors on the
strength of recycled aggregate concrete by
means of small diameter cores.

2. Experimental Program

A comprehensive testing layout on cores
extracted from concrete slabs made by
RCA was considered to study on the impact
of various parameters affecting the core test
results and comparison with cylindrical and
cube specimens’ compressive strength.
Parameters considered are as core length-
to-diameter ratio (L/D), core diameter (D),
direction of drilling, maximum size of
aggregates, age of tests and compressive
strength level of the concrete.

Table 1. Properties of aggregates.

Aggregate Water Oven SSD
Size Absorbsion, Dried Apparent
(mm) 24h (%) Density Density
(ko/m) | (kg/m®)
0-5 1.05 2550 2576
(Natural)
5-10 (RA) 6.27 2270 2412
10-20 6.45 2310 2459
(RA)

The fine natural aggregate used in this
study was river sand in size 0-5 mm. The
Fig.1.b shows the coarse recycle aggregates
was used in two sizes 10mm and 20 mm
that came from crushing of source
concretes from concrete laboratories
located in the Rasht city (target 28 days
cube 20-25 MPa ). Table 1 shows
properties of aggregates.

The difference between water absorbsion
and density in RA and NA is due to high
porosity of the adhered old cement mortar
that is attached to the natural aggregate.
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However, concrete with similar grades has
been used in this study, but some researcher
such as Hansen et al. [32] reported that
water absorbsion and density of RA did not
depend on the grade of the original
concrete.

Four different concrete mix designs were
considered in this study by including two
sizes of recycled coarse aggregates and two
different classes of strength. Ordinary
Portland cement type I with the specific
gravity 3.15 cm2/g and specific surface
area 3510 cm2/g, was used. Concrete mix
proportions are given in Table 2. For
mixing of concrete the Two Stages Mixing
Approach (TSMA) that proposed by Tam et
al. [33] is considered. In this approach, as
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shown in Fig 2, a thin layer of cement
slurry covered the surface of recycled
aggregates at the first stage and leads to
filling up the micro cracks and voids in the
old cement past. This process can improve
the properties of concrete.

In this study prototypes of slabs and blocks
were used for core sampling. The examined
structural elements werel.0x1.0m-concrete
slabs with specified thicknesses; 25 cm.
The slabs were made of the two concrete
strength  classes  mentioned  above.
Furthermore, concrete blocks having a
cross-section of 40 x 40 cm and 40 cm
height were constructed

Table 2. Concrete mixes used in this study.

Mix Proportion(Kg/m®)

Fine Slump
Mix Coarse Agg. Agg. Cement Water Wi/C (mm)
C'20A™20 950 790 350 230 0.66 "
C20A10 990 750 350 220 0.63 8
C40A20 950 790 430 195 0.45 8
C40A10 990 750 430 185 0.43 %
Half water Total cement Half water

l

— Mixch

(60 s)

Sand +RA
Mixed for

(60 s)

l

Mixed for
(30 s)

Mixed for Fresh

(120 s)

concrete

Fig. 2. Two stage mixing approach [33].

using two strength classes. Slabs and blocks
were cast and cured in the laboratory
condition with
corresponding 15 cm-standard cubes and
three different diameters of cylinders
including 50, 70 and 100 mm were
introduced to evaluate the damage effect
due to drilling. After hardening, cores with
different diameters (46, 69 and 100 mm)

simultaneously

were extracted from slabs and blocks with a
diamond-tipped drill machine, then have
cut and caped to give overall aspect ratios
(L/D) between 1.0 and 2.0. The aspect
ratios of cut core specimens were 1.0, 1.25,
1.5, 1.75 and 2.0. The compressive
strengths of cores and other molded
specimens were determined at comparable
ages of 14, 28 and 90 days using an
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automatic compression testing machine.
The loading rate for all specimens was 0.25
MPa/s as recommended by most codes.
Each strength value reported is the average
of at least three core or molded specimens.

A total number of about 600 cores in
addition to 200 molded cubes and cylinders
were examined in this study.

3. Results and Discussion

Test results for numerous drilled core
specimens were obtained and analyzed to
determine the effects of parameters on
relations between core strength and
compressive strength of corresponding
similar sized cylindrical and cube
specimens.

Table 3. Strength of 15 cm cube specimens
(MPa).

The age of concrete

Mix 28 2 | 9%
14 days days days days
CZOAE)Z 17.6 24 26.5 27.6

C20A10 19.9 24.6 217.7 29.3

C40A20 33.8 451 48.6 50.7

C40A10 35 41.7 50 53.3

The extracted results are presented and
similar studies were performed by other
researchers on normal concretes which
have useful data to comparison for these
results [8, 24, 27]. The compressive
strength of 15 cm cube specimens for
several mix proportions is shown in table

3.1. Effect of Parameters on Core
Strength

3.1.1. Effect of Length/Diameter Ratio
(L/D)

Evaluating the effect of length to diameter
ratio (L/D) for drilling core specimens, is
an old research subject that has a prime
value in determination of in situ concrete
strength. Factors for strength correction of
(L/D) ratio (Fpp) are determined usually by
Codes’ given formulas or regression of
experimental data [20, 22, 23]. The
compressive strength of a core specimen
with an (L/D) between 1 and 2 is specified
either by experiments or conversion like is
mentioned in common standards for the
strength of a similar standard specimen
with the ratio of 2. Increase of L/D ratio
leads to decrease in measured strength
which brings the possibility of inhibitory
effect of supporting surfaces, shape and
geometry of the specimen on stress
distribution. This decrease 1s more
pronounced in 46 mm diameter than the
larger core diameters.

Figs. 3 and 4 explain the relation between
aspect ratio (L/D) and correction factor
(Fup) according to class of strength and
core diameter compared with ACI and BS
Codes and some studies. The figures
obviously illustrate that the factor (Fyp) is
relatively more for higher class of
concrete’s strength.

As illustrated in Figs. 3 and 4, the coring
results due to both effects of recycled
aggregate weakness in bonding with new
cementitious  matrix ~as  previously
mentioned (weaker ITZ) and the more
damage effect of Coring, lead to drastically
lower results (especially in 46 mm) than
other studies [8, 22-24].
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Fig. 3. Relation between correction factor F)4 and aspect ratio compared with ACI and BS Codes and
some studies for Class C20.
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Fig. 4. Relation between correction factor F)4 and aspect ratio compared with ACI and BS Codes for
Class C40.

The results of 69 and 100 cores are roughly
the same and close to BS in low strength,
and slightly higher in C40 class strength.
The results of 46 mm core are different
from the rest. It is even lower than the
results of Bungey et al. [8] for 44 mm in
low strength and almost the same in the
higher strength.

3.1.2. Effect of Core Diameter (D)

The core diameter is a key player in
determination of core strength results. It’s a
general rule that concrete strength
decreases as the specimen diameter for
cylindrical shapes increases.

However, in the case of drilling cores, the
inverse result is not odd. In the small cores,
the probability of strength reduction due to
increase the ratio of cut surface area to
volume and any aggregate loosened by
cutting and heterogeneity of material in the
specimen will be increased [25, 34]. Fig. 5
shows the mean ratio between 46, 69 mm
and 100 mm core strengths for different
aspect ratios in two strength classes (C20
and C40). A general discussion could be
that smaller diameters for cores have lower
strengths. It was also found that this trend
was not affected by ratios of L/D
significantly. This strength reduction is also
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visible in Fig. 6 while the diameter of cores
decreases.

Tuncan et al. [24] show that the relative
strengths of 46 and 69 mm diameter cores
with L/D=2, 28-day age and C20 strength
target to standard cube specimens are 0.68
and 0.73 respectively while according to
Fig. 6 these ratios are lower for RAC ( 0.6
and 0.69 respectively). Also, ACI 214.4-10
[31] suggested the strength correction
factor equal to 1.06 to convert 50 mm core
strength to 100 mm. This coefficient is 1.07
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in Khoury. etal investigations. These
recommendations seem insufficient for
RAC and it needs to be revised.

It is also clear from Fig. 6 that, at all sizes,
the ratio of core strength to 15 cm cube in
C40 class is lower than C20 at the same
age. It should also be noted that this ratio
increases as concrete became older. This
means that RAC with higher strength is
more vulnerable in coring operation,
especially in the early ages.

C20 & C40 at 28 days

0.95 0.94
0.9 0.97
0.87
1 0.8 ]
0.9
% 0.8
5 0.7
0.6
05
1 1.25 1.5
mD46/D100-C20  m Dad}PRBBLBRIIC

0.950-88
9 D

Dcore(46 or 69)/Dcore100

0.9 0.91
0.9 0.9
4 |
2

D69/D100-C20

1.75

D69/D100-C40

Fig. 5. Mean ratio between small cores and 100 mm core strengths for different aspect ratios, 28 days
and two classes of strength.

3.1.3. Effect of Damage due to Drilling

The damage effect of coring of concrete is
an inevitable phenomenon which decreases
the apparent mechanical strength of cores
compared to similar cylindrical specimens.
This kind of damage, mostly happens
because of the impact and pressure due to
drilling and leads to micro cracks in
concrete as shown in Fig.7. Literatures
show [25, 34], by decreasing the core
diameter the amount of damage increases
and the corresponding strength will reduce.
The current results for recycled concrete
also demonstrate less than the similar
results in normal concrete [25].

As it is obvious in Figs. 8 and 9, in two
classes of strength, the specimens with

smaller diameter and higher (L/D) ratio
have lower strength in comparison to
similar size cylindrical specimens.

0.78 L/D—2 0.78
0.76
0.74
w6z 0.70
2 0.65
~N
g
o
D.58
0.
0.
0.48 0.
46 69 100
—— C20-1452re Djypeger (mm).) o,
C40-14 C40-28 C40-90

Fig. 6. Mean ratio between core and cubical
specimens strengths for 14, 28 and 90 ages,
L/D=2 and two classes of strength.
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Fig. 7. Micro cracks in RAC due to cutting.

Although the effect of (L/D) ratio on core
damage is not so noticeable, but the 1/d
ratio of 2 has a considerable difference with
other ratios and reaches at least 80% and
74% for 46 mm core diameter in C20 and
C40 respectively. Figs. 8 and 9 show the
results of class C40 are similar to class C20
but the difference is slightly increased. This
might be due to the further shear force
applied to cutting RAC with higher strength
that leads to more damage to the bonding of
concrete components. Therefore, the results
in Section 3.1.2 that stronger RAC is more
coring

vulnerable to operations  are

reaffirmed.

In contradictory the results obtained by
Arioz et al. [35] and Khoury et al. [27] in
NC that high strength cores have less
damage during the drilling. Also, ACI
214.4-10 [31] and CEN-1998-3, [34],
recommended constant coefficients (Fd) for
damage due to drilling equal to 1.06 and
1.1 respectively.

These coefficients do not seem adequate for
recycled concrete. These could increase to
1.15 and 1.25 depending on the class of
strength.

SEMMAG 100k« Det SE
SEMHV. 1500k WD.11.0960mm  20pm

28 days- C20
0.89 0.89
0.9
3 08 o
~ )
2 &
e
0.6 <
100 69 46
Core Diameter (mm)
m2 ml15m]

Fig. 8. Mean ratio between cylindrical and core
specimen strengths for different aspect ratios
and core diameters at the age of 28 days and

C20 class of strength.
28 days- C40
0.87 0.87
0.9
g os
= ke
< 5
._.9_’ 0.7 <
g
0.6 <
100 69 46
Core Diameter (mm)
mE2 ml15m1

Fig. 9. Mean ratio between cylindrical and core
specimen strengths for different aspect ratios
and core diameters at the age of 28 days and

C40 class of strength.
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3.1.4. Effect of Coring Direction

Based on some researches [8, 27] vertically
drilled cores (in the direction of placement
and compaction) have higher strength than
horizontally drilled cores (perpendicular to
direction of placement) which one of the
main reasons presented [37] is the water
bleeding effect of concrete in fresh state
that produce a plane of weakness in the
bottom of the coarse aggregates that can be
seen in Fig.10.

SEMMAG 1.00kx  Det SE [ VEGAN TESCAN
SEMHV: 2000k WD:147720mm 20 pm wi

Fig. 10. Plane of weakness in the bottom of the
aggregate.

When cores that are drilled perpendicular to
direction of placement, the plane of
weakness is parallel to the applied test load
and it is expected that lower strength will
be achieved [37]. Based on mean ratio
between vertical and horizontal drilled core
strengths for different ages and core
diameters with L/D=2 and C20 class of
strength (Fig. 11) by increasing core
diameter, the difference between vertical
and horizontal cores has been slightly
higher and at the highest amount of
parameters (100 mm core diameter at 14
days) 15% difference is observable. For
C40 class of strength as illustrated in
Fig.12, there is a similar trend, but some
anomalies are traceable which mostly
happen in 69 mm core.

Some documents considered a decrease in
horizontally drilled core strength compared

to vertically drilled core strength at around
8% in NC [20, 22, 27, 38]. Although this
result can be used for cores from RC at 90
days, it is slightly low, especially for cores
with 14 and 28 days and C20 class.

L/D=2, C20

1.15

1.137
1.11
1.11
1.15
1098, 157
112 44 : :
1.09
1.06
14
1.03 %
90
100 69 46

Core Diameter (mm)
m90 m28 m14

Fig. 11. Mean ratio between Vertical and
horizontal drilled core strengths for different
ages and core diameters with L/D=2 and C20

class of strength.

Fv/Fh

Also, a few researches indicate that the
coring direction is not significant effect on
the apparent strength of the core [23, 34].

L/D=2, C40

1.18

118 1.123
’ 1.1
1.15 1.1 Lol
£ 112 . 1.084
B 1.0 I
L 1.09 1 1 14 .
1.06 o0
<
1.03 90
100 69 46
Core Diameter (mm)
mOo0 m28 m14

Fig. 12. Mean ratio between Vertical and
horizontal drilled core strengths for different
ages and core diameters with L/D=2 and C40

class of strength.

From Figs. 11 and 12, it is clear that at
older age with smaller core diameters, the
difference in strength between horizontally
and vertically drilled core, gets less. It is
possible that in the removing of cores with
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smaller diameters, fewer planes of
weakness are subjected to the cutting load
and at early ages the effect of bleeding
water to the weakness of the ITZ is greater.

3.1.5 Effect of Aggregate Size

Fig.13 shows the mean ratio between the
A20 and A10 class of aggregate core
strengths for different aspect ratios and core
diameters at the age of 28 days.

28 days
0.92
0.9
o
L]
P
S 0.88
(V]
<
[° 9
0.86
0.84
1 1.5 2
L/D
D100-C20 D100-C40
D69-C20 D69-C40
=0O—D46-C20 D46-C40

=0O=—Tuncan 46&69

Fig. 13. Mean ratio between A20 and A10 class
of aggregates core strengths for different aspect
ratios and core diameters at the age of 28 days.

It could be seen by increasing the aggregate
size, decreasing in strength is observable
that results have ratios less than 1 in
general. Some of researches have
confirmed this [24, 35, 37]. It is explained
that the water cement ratio in the ITZ
around the larger coarse aggregate is higher
than the fine aggregate and leading to
decrease of concrete’s strength [37]. Also,
Fig.13 present that the relative strength is
not dependent on the ratio of L/D and class
of strength significantly, but also noted that
as the core diameter increased the effect of
aggregate size was lessened slightly.

4. Conclusions

Based on the experimental programs and
tests performed in numerous core and
molded specimens from RAC, the
following results are concluded:

1. Recycled Aggregate Concrete has a high
potential in the concrete industry for its
perfect and near to normal concrete
properties. The economical and
environmentally friendly purposes, make
RAC a great alternative candidate for usual
constructions.

2. Core test as an old and trustworthy tool
for obtaining real in situ compressive
strength of concrete in structures by some
correction factors as mentioned in many
codes and upgrading them for recycled
concrete could be used successfully.

3. Results show that the core compressive
strength decreases more in comparison with
NC by increasing in the core aspect ratio
(L/D) and decreasing of core diameter. This
1s more pronounced in 46 mm diameter
than the larger core diameters. It’s slightly
different for higher classes of strength.
However, the correction factors for 1/d ratio
given by BS are closer to the results
obtained in this study than ACI. As well as,
strength correction factors to convert small
core strength to 100 mm core that applied
in NC, need to be revised for RAC.

4. By decreasing the core diameter, the
scale of damage increases and the
corresponding strength will reduce. The
current results for recycled concrete also
demonstrate less than the similar results in
normal concrete. The L/D ratio of 2 has a
considerable difference with other ratios
and reaches as high as 26% for 46 mm core
diameter and C40 class. It should also be
noted that RAC with higher strength is
more vulnerable in coring operation,
especially in the early ages. In addition,
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constant coefficients that recommended by
some regulations for damage due to drilling
(Fq) are not adequate for recycled concrete.
They could increase to 1.15 and 1.25
depending on the class of strength.

5. Based on the mean ratio between vertical
and horizontal drilled core strengths for
different ages and core diameters in two
classes of strength, by increasing the core
diameter, the difference between vertical
and horizontal cores gets more obvious.
This trend decreases with the growth of the
age. For a higher class of strength (C40),
some anomalies are traceable which mostly
happen in 69 mm core diameter. Also,
difference between strength of horizontal
and vertical cores taken from RAC has
been slightly higher from 8% that some
regulations and documents suggested
especially in the early ages and C20 class.

6. By decreasing the aggregate size an
apparent increase in strength is observable
that the relative strength is not dependent
on the ratio of L/D and class of strength
significantly, but also noted that as the core
diameter increased the effect of aggregate
size was lessened slightly.
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