Case Studies in Construction Materials 7 (2017) 228-239

Contents lists available at ScienceDirect

CASE STUDIES IN
CONaTRUCTION

Case Studies in Construction Materials

journal homepage: www.elsevier.com/locate/cscm

Case study

Sustainable normal and high strength recycled aggregate concretes M)

Check for

using crushed tested cylinders as coarse aggregates

Bilal S. Hamad™", Ali H. Dawi”

2 Department of Civil and Environmental Engineering, American University of Beirut (AUB), P.O. Box: 11-0236, Riad El-Solh, 1107 2020 Beirut,
Lebanon
® American University of Beirut, Beirut, Lebanon

ARTICLE INFO ABSTRACT

Keywords: The paper reports on a research program that was designed at the American University of Beirut
Recycled aggregate concrete (RAC) (AUB) to investigate the fresh and hardened mechanical properties of a high performance con-
Sustainable materials crete mix produced with partial or full substitution of crushed natural lime-stone aggregates with

Normal strength concrete (NSC)
High strength concrete (HSC)
Construction industry

recycled aggregates from crushed tested cylinders in batching plants. Choosing crushed cylinders
as source of recycling would result in reusing portion of the waste products of the concrete
production industry. An extensive concrete batching and testing program was conducted to
achieve two optimum normal and high strength concrete mixes. The variables were the nominal
concrete strength (28 or 60 MPa) and the percentage replacement of natural coarse aggregates
with recycled aggregates from crushed tested cylinders (0, 20, 40, 60, 80, or 100%). Normal
strength tested cylinders were used as source of the recycled aggregates for the normal strength
concrete (NSC) mix and high strength tested cylinders were used for the high strength concrete
(HSC) mix. Tests on the trial batches included plastic state slump and hardened state mechanical
properties including cylinder compressive strength, cylinder splitting tensile strength, modulus of
elasticity, and standard beams flexural strength. The results indicated no significant effect on the
slump and around 10% average reduction in the hardened mechanical properties for both in-
vestigated levels of concrete compressive strength.

1. Introduction and previous research

The production of construction waste material has been increasing worldwide at a large pace. This is due to the big boost in
construction activities that led to the demolition of a big number of existing old buildings either because of the limited land for new
development or due to the fact that existing buildings are structurally defected. Another source of construction waste comes from the
concrete production procedure itself which includes sampling standard concrete cylinders in significant numbers for each cubic meter
of concrete produced. The tested concrete cylinders represent a good portion of the dumped construction waste material. The ac-
cumulation of such demolition waste has had detrimental impact on the environment if there is lack of plans and methods to manage,
handle, and dispose dismantled waste properly.

Conventional concrete which is the most widely used construction material worldwide has been claimed not to be en-
vironmentally friendly. Negative concerns include the depletion of natural resources, high energy consumption, and construction
waste disposal. Therefore, recycled aggregate concrete (RAC) would help the preservation of natural resources, alleviation of con-
struction waste disposal problem with its negative environmental impact, and production of a sustainable and green concrete
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material.

According to a study by the Federal Highway Association (FHWA) in 2004, thirty eight American states recycle concrete as an
aggregate base and eleven states incorporate recycled aggregates into newly produced concrete. The states that use RAC report that
this concrete equally performs as concrete prepared with natural aggregates.

According to the ACI Committee 555 report [1], the process of recycling concrete involves producing a material with a specified
size and quality by breaking, removing, and crushing existing concrete. The quality of recycled aggregate concrete relies mostly on
the quality of the processed existing concrete. All non-concrete material including reinforcement steel and any embedded material
must be removed. Also, materials that can negatively affect the strength of RAC must be detected and removed to prevent con-
tamination of the end product with troublesome material like chlorides, soil balls, clay balls, asphalt and other similarly harmful
material. Moreover, according to the ACI Committee 555 [1], RAC with similar consistency and workability as conventional natural
aggregate concrete (NAC) made with natural materials would require 5% additional water and in other cases even 15% additional
water was required for RAC. The bleeding from RAC was found to be slightly less than that of conventional concrete using natural
aggregates. Recycled aggregates generally have densities slightly less than the original materials used. One main difference between
recycled aggregates and natural aggregates is the higher water absorption due to the presence of old cement mortar adhered to the
recycled aggregate particles. Recycled coarse aggregates are expected to exceed ASTM requirements for the Los Angeles Abrasion
test. The compressive strength of RAC depends on the strength of the original concrete and is largely influenced by the water-cement
ratios (w/c) of the original and the recycled concretes. The majority of researchers found that the compressive strength for concrete
manufactured from recycled coarse and fine aggregates was lower than that of concrete made with all naturally occurring materials
by 15-40%.

Many papers are reported in the literature on research conducted on the mechanical properties and durability aspects of RAC. In
2000, Nagataki et al. reported on a study investigating the effect of several physical properties of recycled aggregates including the
structure and amount of adhered mortar on the performance of recycled aggregate concrete [2]. The results indicated that all possible
variations in the recycled aggregate properties should be taken into account in designing durable recycled aggregate concretes.

Shayan and Xu evaluated techniques to improve the surface properties of recycled concrete aggregates and establish the influence
of the improved RCA on the strength development and durability properties of concrete with nominal compressive strength of 50 MPa
[3]. The durability properties included drying shrinkage, alkali-aggregate reaction (AAR), sulfate resistance, and chloride perme-
ability. Test results indicated similar durability aspects of recycled concrete aggregates and natural aggregates.

In 2007, Rahal reported the results of a comparative experimental study of several mechanical properties of recycled and natural
aggregate concretes made with the same mix proportions to achieve a nominal concrete strength between 25 and 30 MPa [4]. The
study examined the development of cube compressive strength and the indirect shear strength at five different ages: 1, 3, 7, 14, 28
and 56 days; the strains at maximum compressive stress; and the modulus of elasticity tested by using standard 15 x 30 cm
(6 x 12in.) concrete cylinders at 28 days. Rahal concluded that at 28 days, the cube and cylinder compressive strength and the
indirect shear strength of RAC were on the average 10% less than those of NAC. The reduction in the modulus of elasticity was only
3%. Similar trends between RAC and NAC were observed in the development of compressive and shear strength and the strain at peak
stress.

Etxeberria et al. investigated RAC produced using four different percentage replacements of natural aggregates with recycled
coarse aggregates used in the wet unsaturated condition: 0, 25, 50 and 100% [5]. Results indicated lower modulus of elasticity values
when recycled coarse aggregates were used.

In another study reported in 2007 by Rao et al., a brief overview of the properties of recycled aggregates sourced from con-
struction and demolition waste was presented along with the effect of introducing recycled aggregates in concrete mixes on the fresh
and hardened concrete properties [6]. The main factors negatively affecting the use of RAC in the industry were identified including
lack of codes and specifications and absence of government support.

Yang et al. studied the influence of the type and percentage replacement of NCA with RCA on concrete properties [7]. Test results
showed that the fresh and hardened properties of concrete containing recycled aggregates were dependent on the relative water
absorption of aggregates. In addition, the modulus of rupture and modulus of elasticity of RAC were lower than the design equations
specified in ACI Building Code [8] when the relative water absorption of aggregates was above 2.5% and 3.0%, respectively.

Recently in 2012, S. F. U. Ahmed reported the effect of introducing recycled aggregates originating from construction and de-
molition wastes in West Australia on the properties of concrete [9]. The percentage replacements by weight of natural coarse
aggregates with recycled aggregates were 25, 50, 75 and 100%. Also, the effect of replacing 40% of the cement with Class F fly ash on
the properties of RAC was studied. The tested properties included compressive strength, indirect tensile strength, flexural strength,
and water absorption. The results indicated increase in the mechanical properties of concrete made with 25% replacement recycled
aggregates. RAC containing 40% replacement of cement with fly ash had greater compressive strength at old ages and lower indirect
tensile and flexural strengths at all ages. Moreover, the water absorption decreased as recycled coarse aggregate content increased
and decreased even more significantly when fly ash was introduced.

2. Objectives and research significance

The sustainable advantages of RAC and the need to mitigate the negative environmental impact of the construction waste material
resulting from crushed tested cylinders in the concrete industry prompted the initiation of a research program at the American
University of Beirut. The objective of the research reported in this paper was to perform different trial concrete batches to achieve

optimum normal and high strength concrete mixes which fit the criteria of RAC as far as workability and performance. The main
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variables were the percentage replacement of natural coarse aggregates with recycled aggregates from crushed tested cylinders and
concrete strength. Normal strength tested cylinders were used as source of the recycled aggregates for the normal strength concrete
(NSC) mix and high strength concrete cylinders were used for the high strength concrete (HSC) mix. The significance of the research
was two-fold. Attaining a RAC mix while recycling and reusing the crushed tested standard concrete cylinders would have positive
economic and environmental implications on the concrete industry. Also, it was important to test the hypothesis that the partial or
full substitution of natural aggregates with recycled aggregates from crushed cylinders would not lead to significant reduction in the
mechanical properties of normal strength or high strength concrete.

3. Experimental program
3.1. Tests included in the program

A sequence of trial concrete mixes with varying percentage replacement of natural coarse aggregate (NCA) by recycled coarse
aggregates (RCA) from crushed tested cylinders was carried out. The source of the crushed tested cylinders was maintained from the
leading local ready-mix batching plant. A total of six different NSC and six different HSC mixes were prepared. The nominal concrete
compressive strength of the mixes was 28 MPa for the NSC and 60 MPA for the HSC. The six mixes of each strength type were
identical except for the percentage replacement of NCA with RCA. Replacement values of 0, 20, 40, 60, 80, and 100 percent were
tested. The mixes are referred to as RO (Control mix), R20, R40, R60, R80, and R100, respectively.

Abrams cone was used to test the slump of the fresh concrete for the six different trial batches according to ASTM C143 [10].
Other tests included standard cylinders to evaluate the compressive strength, the tensile splitting strength, and the modulus of
elasticity. Standard beams were also cast to evaluate the flexural strength.

Standard 150 X 300 mm (6 X 12 in.) cylinders were prepared and tested according to ASTM C39 [11] to determine the com-
pressive strength at 3, 7, and 28 days for the six different batches of each concrete strength type. Two cylinders were tested at each
test age and the average was determined and reported; i.e. 36 cylinders were tested in total for each concrete strength. Two standard
cylinders were also prepared and tested at 28 days according to ASTM C496 [12] to determine the splitting tensile strength for each
of the six different batches; i.e. a total of 12 cylinders were tested for each concrete strength. Similarly, 12 more cylinders were
prepared and tested at 28 days according to ASTM C469 [13] to determine the modulus of elasticity of the different batches.

For each strength type, two replicate standard plain concrete beam specimens (150 x 150 x 530 mm) were prepared and tested
according to ASTM C78 [14] in order to determine the flexural strength for the six batches with different percentage replacement of
NCA with RCA. The beam specimens were tested using the MTS machine, where the load P (kN) was applied simultaneously at 2
locations, 150 mm apart, and symmetric with respect to the beam mid-span. This test was performed at 28 days age on two replicate
specimens for each mix type; i.e. a total of 12 beams were tested for each strength.

3.2. Constituent materials

Natural sand with particle sizes ranging from 0.075 to 1.18 mm was used in all NSC and HSC mixes. The specific gravity was 2.62,
the absorption capacity 0.65% and the fineness modulus 2.8. The sieve analysis results are shown in Table 1.

All natural coarse aggregates (NCA) used were from the same source. The aggregates were sorted in two types referred to as 1-inch
(25.4 mm) maximum size aggregate (labeled NCA1) and 0.5-inch (12.7 mm) maximum size aggregate (labeled NCAOQ.5). The gra-
dation curves of the 1-inch (25.4 mm) and the 0.5-inch (12.7 mm) natural coarse aggregates fell out of the recommended range of
gradation set by the ASTM standard. However, when a mixture of the two sizes of the natural coarse aggregates was prepared with
40% NCA1 and 60% NCAO.5, then the gradation curve shown in Fig. 1 and labeled NCA, fits within the specified ASTM range. Tests
to determine the dry density, the oven dry specific gravity, and the absorption capacity of the NCA1 and NCAO.5 natural coarse
aggregates were conducted regularly on representative samples as per the ASTM 127 standard test. Test results were consistent
throughout the research. The values used in the mix design are shown in Table 2.

The recycled coarse aggregates (RCA) used for each concrete strength were from also the same source. Tested normal and high
strength concrete cylinders were collected and stored at a local ready mix plant. The cylinders were the waste product of regular tests
conducted at the batching plant on NSC and HSC mixes prepared and delivered to the different construction sites. After collection, the

Table 1
Sieve analysis for natural sand.

Sieve # Opening Size (mm) %Passing
9.5 9.5 100.0

4 4.75 98.58

8 2.36 97.81

16 1.18 96.95

30 0.6 92.51

50 0.3 29.01
100 0.1 2.97

200 0.075 0
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Fig. 1. Gradation curves for the natural coarse aggregates (NCA).

Table 2
Natural coarse aggregates specifications.

Property Maximum size aggregate

1 in. (25.4 mm) 0.5 in. (12.7 mm)
Dry rodded unit weight 1620 kg/m* 1550 kg/m*
Oven dry specific gravity 2.63 2.65
Absorption 1.4% 0.8%

cylinders would be crushed and sorted into two ranges of sizes referred to as 1-inch (25.4 mm) maximum size aggregate (labeled
RCA1) and 0.5-inch (12.7 mm) maximum size aggregate (labeled RCAO0.5). The values of the dry density, the oven dry specific
gravity, and the absorption capacity of RCA1 and RCAOQ.5, whose tests were conducted according to ASTM 127 standard test, are
listed in Table 3 for both NSC and HSC. For both concrete strengths, the gradation curves of RCA1 and RCAOQ.5 fell out of the
recommended range of gradation set by the ASTM standard. As was done with the natural coarse aggregates, the two sizes of RCA
were mixed in the proportions 60% RCA1 and 40% RCAO.5 in order to satisfy the gradation limitation set by the ASTM standard. The
mixture whose gradation is shown in Fig. 2 is labeled as RCA.

Comparing the values listed in Tables 2 and 3, the larger absorption value of the NSC and HSC recycled coarse aggregates than
natural coarse aggregates is consistent with findings of previous research work. This higher value is linked with the presence of the
adhered mortar on the RCA surface that is expected to absorb more water. The lower density and specific gravity values of RCA by
almost 10% are also correlated to the presence of the mortar material.

3.3. Mix design
The following criteria and assumptions were adopted while designing the concrete mixes:

a The nominal concrete compressive strength was 28 MPa for the NSC mixes and 60 MPa for the HSC mixes.

b Slump was 100 mm for NSC and 200 mm for HSC.

¢ Water/cement ratio prior to water correction due to absorption was 0.57 for NSC and 0.33 for HSC.

d No admixtures were used in the NSC mixes.

e A high performance concrete admixture based on Polycarboxylate Ether was used in the HSC mixes. The admixture met the
requirements of ASTM C-494 Type F [15] and C-1017 Type 1 [16]. Trial batches of different admixture dosages were made until a
dosage of 1.2% of 100 kg of cement was used in all HSC mixes regardless of the percentage replacement of NCA with RCA.

f All coarse aggregates, natural and recycled, were washed from dust material prior to oven drying.

Table 3
Recycled coarse aggregates (RCA) specifications for the NSC and HSC mixes.

Property NSC Mixes Maximum size aggregate HSC Mixes Maximum size aggregate

1in. (25.4 mm) 0.5in. (12.7 mm) 1 in. (25.4 mm) 0.5in. (12.7 mm)
Dry rodded unit weight 1389 kg/m? 1376 kg/m* 1395 kg/m* 1385 kg/m*
Oven dry specific gravity 2.29 2.35 2.31 2.36
Absorption 5.1% 4.8% 5.2% 4.7%
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Fig. 2. Gradation curves for the recycled coarse aggregates (RCA).

The mix design was performed in accordance with Absolute Volume Method stipulated in the ACI Committee 211 Standard: ACI
211.1-91 [17]. The mix design was based on oven-dry (OD) conditions for the fine and coarse aggregates (natural and recycled),
however the absorption capacity values of the aggregates were used to determine the batching weights at saturated surface dry (SSD)
conditions. It is important to note that several trial batches were conducted prior to adopting any final mix design to ensure the
proper consistency and workability, and to acquire the target compressive strength.

For either concrete strength, six different mixes were designed following the same guidelines. The only variable that was altered
between mixes was the percentage of replacement of natural coarse aggregate with recycled coarse aggregates. All other parameters
were kept the same to insure a proper evaluation of the effect of the recycled coarse aggregates on the fresh and hardened concrete
properties. Mix designs at OD conditions and the corrected batching weights at SSD are shown in Table 4 for the NSC mixes and in
Table 5 for the HSC mixes. An example on the calculations for the required batching weights for the normal strength concrete mix
with 40% replacement of NCA with RCA is presented in Appendix A.

4. Experimental test results

Results of the standard tests conducted on the fresh and hardened properties of the different NSC and HSC batches are presented
in the following two sections.

4.1. Fresh properties

All mixes were designed and batched to meet the consistency values of 100 mm for NSC and 200 mm for HSC. The actual slump
test results displayed in Table 6 indicate that replacement of NCA with different percentages of RCA had no negative impact on
consistency of the concrete mix. This could be related to the fact that all aggregates were batched at SSD conditions regardless of their
type. The slump values ranged between 90 and 160 mm for the NSC mixes and between 180 and 210 mm for the HSC mixes.

4.2. Hardened properties

The results of the compressive strength, splitting tensile strength, modulus of elasticity, and flexural strength tests are listed in
Tables 7-10 for the NSC and the HSC mixes. Each reported value is the average of two replicate tests. The results are also illustrated in

Table 4
Mix design for the NSC mixes.

Material Weight per cubic meter of concrete (kg/m>)

RO" R20° R40 R60 R80 R100
Batching Oven Batching Oven Batching Oven Batching Oven Batching Oven Batching Oven Dry
SSD Dry SSD Dry SSD Dry SSD Dry SSD Dry SSD Weights

Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights

Cement 338.6 338.6 338.6 338.6 338.6 338.6 338.6 338.6 338.6 338.6 338.6 338.6
Water 209.019 193 216.8 193 224.2 193 231.2 193 237.9 193 244.3 193
Sand 797.6 802.9 794.1 799.3 790.3 795.5 786.4 791.6 782.4 787.5 777.9 782.9
NCA* 1027.7 1038.5 798.1 812.9 580.8 596.5 375.5 388.7 182.1 189.9 - -
RCA® - - 199.6 203.4 387.2 397.6 563.3 583.1 727.6 759.6 880.9 927.2

@ NCA = Natural coarse aggregate and RCA = Recycled coarse aggregate.
> RO is the control mix with zero replacement of NCA with RCA.
€ R20 is the mix with 20% replacement of NCA with RCA.
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Table 5
Mix design for the HSC Mixes.

Material Weight per cubic meter of concrete (kg/m>)

RO R20° R40 R60 R80 R100
Batching Oven Batching Oven Batching Oven Batching Oven Batching Oven Batching Oven Dry
SSD Dry SSD Dry SSD Dry SSD Dry SSD Dry SSD Weights

Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights Weights ~ Weights

Cement  482.5 482.5 482.5 482.5 482.5 482.5 482.5 482.5 482.5 482.5 482.5 482.5
Water 208.3 193 216.1 193 223.5 193 230.7 193 238.7 193 243.9 193
Sand 678.7 683.2 675.5 679.9 672.1 676.5 668.5 672.9 664.7 669.1 660.7 665.1
NCA® 1027.7 1038.5 798.8 813.8 581.9 597.5 376.5 389.8 182.6 190.7 - -
RCA® - - 199.7 203.4 387.9 398.4 564.8 584.8 730.5 762.6 885.4 931.9

@ NCA = Natural coarse aggregate and RCA = Recycled coarse aggregate.
P RO is the control mix with zero replacement of NCA with RCA.
¢ R20 is the mix with 20% replacement of NCA with RCA.

Table 6
Slump test results for the NSC and HSC mixes.

Mix Slump (mm)
NSC mixes HSC mixes

RO* 120 190
R20° 90 180
R40 110 200
R60 120 210
R80 110 190
R100 160 190

2 RO is the control mix with zero replacement of NCA with RCA.
b R20 is the mix with 20% replacement of NCA with RCA.

Table 7
Compressive strength test results for the NSC and HSC mixes.

Mix  NSC Mixes HSC Mixes
Average 3-days Average 7-days 28-days Strength Average 3-days Average 7-days 28-days Strength
Value (MPa) Value (MPa) Value (MPa) Value (MPa)
Value % Reduction Value % Reduction
(MPa) relative to RO (MPa) relative to RO
RO" 15.9 20.9 34.1 - 45.7 49.3 58.0 -
R20" 12.7 19.2 31.3 8.36 41.4 44.9 51.9 10.60
R40 122 19.5 31.4 7.92 40.8 44.3 51.8 10.77
R60 11.3 19.8 31.6 7.48 41.7 45.3 52.7 9.22
R8O 11.8 19.5 29.8 12.61 40.0 43.1 49.7 14.39
R100 125 19.2 29.8 12.61 41.0 43.5 51.6 11.03

2 RO is the control mix with zero replacement of NCA with RCA.
® R20 is the mix with 20% replacement of NCA with RCA.

Figs. 3-6 for the NSC mixes and in Figs. 7-10 for the HSC mixes.

4.2.1. NSC mixes

For the NSC mixes, the replacement of different percentages of NCA with RCA led to an average reduction of 9.8% in the ultimate
compressive strength. The trends of compressive strength gain over age were similar for all six mixes regardless of the percentage
replacement of NCA with RCA (refer to Table 7). Whereas the reductions for the 20, 40, and 60% replacement mixes were similar
(8.36%, 7.92%, and 7.48%, respectively), the reduction jumped to 12.61% for the 80 and 100 percent replacement mixes. The
average reduction in the splitting tensile strength for all six mixes was 13.5% and was similar for all percentage replacements of NCA
with RCA (refer to Table 8). Comparing the test results to reported data in the literature where construction and demolition wastes
were used as source of recycled aggregates, Rahal concluded a 10% reduction in both the ultimate compressive strength and the
splitting tensile strength [4]. Also, ACI Committee 555 Report indicates that the majority of researchers found that the compressive
strength of concrete manufactured from recycled coarse and fine aggregates was lower than that of concrete made with natural
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Table 8

Splitting tensile strength test results for NSC and HSC mixes.

Case Studies in Construction Materials 7 (2017) 228-239

Mix NSC Mixes HSC Mixes
28-days Average splitting tensile strength 28-days Average splitting tensile strength
Value (kN) % Reduction relative to RO Value (kN) % Reduction relative to RO
RO* 229.0 - 458.1 -
R20" 193.3 15.60 408.7 10.79
R40 210.0 8.32 409.9 10.51
R60 190.5 16.83 399.6 12.77
R80 198.2 13.47 406.3 11.31
R100 199.1 13.07 408.1 10.91
2 RO is the control mix with zero replacement of NCA with RCA.
b R20 is the mix with 20% replacement of NCA with RCA.
Table 9
Modulus of elasticity test results for NSC and HSC mixes.
Mix NSC HSC
28-days Average modulus of elasticity 28-days Average modulus of elasticity
Value (MPa) % Reduction relative to RO Value (MPa) % Reduction relative to RO
RO* 32264.4 - 41943.7 -
R20° 31126.6 3.52 38908.2 5.01
R40 27749.3 14.51 34686.6 14.66
R60 29011.0 11.72 36263.8 10.08
R80 28454.7 13.13 35568.4 12.49
R100 28887.6 11.87 36109.5 9.09
@ RO is the control mix with zero replacement of NCA with RCA.
b R20 is the mix with 20% replacement of NCA with RCA.
Table 10
Flexural strength test results for NSC and HSC mixes.
Mix NSC HSC
28-days Average flexural strength 28-days Average flexural strength
Value (kN) % Reduction relative to RO Value (kN) % Reduction relative to RO
RO* 33.9 - 81.4 -
R20” 31.1 8.29 71.7 11.85
R40 31.0 8.70 72.9 10.46
R60 30.1 11.21 71.2 12.55
R80 30.6 9.63 72.3 11.16
R100 31.1 8.34 74.8 8.02

2 RO is the control mix with zero replacement of NCA with RCA.
® R20 is the mix with 20% replacement of NCA with RCA.

materials by 15-40% [1].

Moreover, the average reduction in the modulus of elasticity was 11% (refer to Table 9). Whereas the reduction was only 3.52%
for the 20 percent replacement mix, close to what was reported by Rahal [4], it jumped above 10% for the other larger replacement
percentages mixes. The average reduction in the flexural strength for the six mixes relative to the control mix with no RCA was 9.2%,
and similar to the splitting tensile strength tests the reduction in flexural strength relative to the control mix was almost consistent for
all percentage replacement values (refer to Table 10).

4.2.2. HSC mixes

For the six HSC mixes, the average reduction in the concrete compressive strength relative to the control mix was 11%, similar to
the value for the NSC mixes which was 9.8%. With the exception of the 80% replacement mix where the reduction was 14.39%, the
reductions for the other four percentage replacement mixes were very similar and ranged from 9.22 to 11.03%. Similar to the NSC
mixes, the trends of compressive strength gain over age were similar for all six mixes (refer to Table 7). Whereas the 28-days strength
of the control mix (58 MPa) was very close to the targeted design value of 60 MPa, the compressive strength values of the mixes with
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Fig. 3. Average compressive strength values at different ages for the NSC mixes.
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Fig. 5. Average modulus of elasticity values for the NSC mixes.

different percentage replacement of NCA with RCA ranged from 49.7 to 52.7 MPa. This proves that a compressive strength value
above 50 MPa is achievable for RAC as was indicated by Shayan and Xu [3].

The average reductions in the splitting tensile strength and the flexural strength relative to the control mix were 10.3 and 10.8%.
For the NSC mixes the value for the splitting tensile strength was slightly higher (13.5%) but the value for the flexural strength (9.2%)
was slightly lower. Similar to the NSC mixes, the reductions in the splitting tensile strength and the flexural strength were comparable
for all percentage replacements of NCA with RCA (refer to Tables 8 and 10).

Finally, the average reduction in the modulus of elasticity was 11.3%. The reduction was only 5.01% for the 20 percent re-
placement mix, close to what was reported by Rahal for NSC mixes [4], but ranged from 9.09 to 14.66% for the other larger
replacement percentages mixes.

5. Economic feasibility of the usage of RCA from crushed cylinders in the concrete construction industry
A big question is raised concerning the economic feasibility of the processing of the tested concrete cylinders to produce
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Fig. 7. Average compressive strength values at different ages for the HSC mixes.
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Fig. 8. Average splitting tensile strength values for the HSC mixes.

acceptable recycled aggregates. A brief cost comparison analysis of the cost of producing one cubic meter of normal strength concrete
using natural crushed limestone coarse aggregates with the cost of producing one cubic meter of normal strength concrete with 100%
replacement of NCA with RCA is presented below:

a The amount of cement and fine aggregates is the same.

b 51.3 additional kilograms of water are required to produce one cubic meter of NSC with 100% replacement of NCA with RCA due
to higher absorption capacity of RCA.

¢ As compared to the cost of producing natural crushed limestone rocks in the natural quarries, there is no cost buying the tested
concrete cylinders since they are waste material at concrete batching plants.

d The cost of crushing the natural limestone rocks in the natural quarries to the required coarse aggregates size and sieving the
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products to the required standard ASTM requirements is assumed to be comparable to the cost of crushing the tested concrete
cylinders and sieving the resulting recycled aggregates to the required standard sizes.
e The cost of collecting, transporting, and dumping tested cylinders as waste material is being saved.

It could be concluded that the usage of recycled aggregates from crushed tested concrete cylinders is economically feasible.

6. Conclusions

The paper reports on a research program conducted at the American University of Beirut to study the effect of replacing part or all
of the natural crushed limestone coarse aggregates (NCA) with recycled coarse aggregates (RCA) resulting from tested and crushed
concrete cylinders in batching plants, on the plastic and hardened mechanical properties of the produced normal and high strength
concrete mixes (NSC and HSC).

Slump tests, standard cylinder compressive strength tests, splitting tensile strength tests, modulus of elasticity tests, and standard
beam flexural strength tests were performed on normal and high strength concrete mixes prepared with different percentage re-
placements of NCA with RCA [0 (control), 20, 40, 60, 80 and 100 percent]. The test values were assessed and compared. For both
types of concrete mixes with nominal strength values of 20 and 60 MPa, the replacement of NCA with different percentages of RCA
did not have a negative effect on the consistency of fresh concrete. As for the NSC hardened concrete properties, average reductions of
9.8, 13.5, 11, and 9.2% were recorded relative to the control mix in the compressive strength, splitting tensile strength, modulus of
elasticity, and flexural strength values, respectively. The average reductions in HSC were 11, 11.3, 10.3, and 10.8%, respectively. The
reductions were not significantly affected by the percentage replacement of NCA with RCA or by the level of concrete strength.

Results of the research program have a positive impact on the usage of recycled coarse aggregates produced by crushing tested
concrete cylinders in the concrete construction industry. However, future research is needed to study the effect of partial or full
substitution of natural aggregates with such recycled aggregates on the flexural and shear strength of reinforced concrete elements
and on the bond characteristics of reinforcing bars anchored in these elements. Also, future research is needed to investigate the
durability and long-term performance of such concretes.
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Appendix A

Mix. design example: mix NSC-R40 (normal strength concrete mix with 40% replacement of NCA with RCA) using tables stipulated in ACI
211.1-91 [17]

Natural coarse aggregates characteristics:

a 1-in. aggregates: Dry rodded unit weight = 1620 kg/m?>; absorption capacity = 1.4%; oven dry specific gravity = 2.63
b 0.5-in. aggregates: Dry rodded unit weight = 1550 kg/m?>; absorption capacity = 0.8%; oven dry specific gravity = 2.65
¢ Blend of 60% 1-in. and 40% 0.5-in. aggregates:

Dry rodded unit weight = 1592 kg/m?; absorption capacity = 1.16%;
oven dry specific gravity = 2.638
Recycled coarse aggregates characteristics:

a 1-in. aggregates: Dry rodded unit weight = 1389 kg/m?>; absorption capacity = 5.1%; oven dry specific gravity = 2.29
b 0.5-in. aggregates: Dry rodded unit weight = 1376 kg/m?>; absorption capacity = 4.8%; oven dry specific gravity = 2.35
¢ Blend of 60% 1-in. and 40% 0.5-in. aggregates:

Dry rodded unit weight = 1389 kg/m?; absorption capacity = 4.98%;

oven dry specific gravity = 2.314

Therefore, the combined natural and recycled aggregates (60% NCA and 40% RCA) characteristics are:
Dry rodded unit weight = 1484 kg/m?; absorption capacity = 2.62%;

oven dry specific gravity = 2.52

Based on the above and using Tables stipulated in ACI 211.1-91, the mix design procedure is as follows:

M Design compressive strength = 28 MPa
Il Recommended slump value for workability = 100 mm
W Water/Cement ratio = 0.57
Il Volume of coarse aggregates per unit weight of concrete based on the fine aggregates fineness modulus of 2.8 and maximum size
aggregate of 1 in. (25.4 mm) = 0.67
B Dry weight of coarse aggregates = 0.67 * 1484 kg/m> = 994 kg/m?
W Water content based on the maximum size aggregate of 1 in. and recommended slump of 100 mm = 193 kg/m®
B Cement content = 193/0.57 = 338.6 kg/m3
B Calculate material volumes:
B Water Volume = 193/1000 = 0.193 m®/1 m® of concrete
B Cement Volume = 338.6/(3.15*1000) = 0.1075 m>/1 m® of concrete
B Coarse Aggregate Volume = 994/(2.52¥1000) = 0.3958 m®/1 m® of concrete
W Subtotal Volume = 0.6963 m®
B Fine Aggregates Volume = 1 — 0.6963 = 0.3037 m®/1 m® of concrete
B Dry weight of fine aggregates = 0.3037*2.62*1000 = 795.5 kg/m?
Il Correction of weights to SSD conditions
l Water content shall be corrected in order to account for the amount of water that will absorbed by the coarse and fine
aggregates to reach SSD condition. Corrected water content = 193 + 994*%(2.616/100) + 795.5%(0.65/100) = 224.2 kg/m3.
W Corrected fine aggregates weight = 795.5-795.5%(0.65/100) = 790.3 kg/m>
B Corrected coarse aggregates weight = 994-994*(2.62/100) = 968 kg/m?>

In summary:

Oven Dry Weights: Water = 193 kg/m?; Cement = 338.6 kg/m?; Sand = 795.5 kg/m>;
NCA = 596.5 kg/m>; RCA = 397.6 kg/m°.

SSD Batching weights: Water = 224.2 kg/m?; Cement = 338.6 kg/m?; Sand = 790.3 kg/m?;
NCA = 580.8 kg/m> RCA = 387.2 kg/m°.
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