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Abstract: This paper discusses the suitability of producing con-
crete with 100 % recycled aggregate to meet durability and
strength requirements for different applications. Aggregate
strength, gradation, absorption, specific gravity, shape and texture
are some of the physical and mechanical characteristics that con-
tribute to the strength and durability of concrete. In general, the
quality of recycled aggregate depends on the loading and exposure
conditions of the demolished structures. Therefore, the experi-
mental program was focused on the evaluation of physical and me-
chanical properties of the recycled aggregate over a period of 6
months. In addition, concrete properties produced with fine and
coarse recycled aggregate were evaluated. Several concrete mixes
were prepared with 100 % recycled aggregates and the results
were compared to that of a control mix. SEM was conducted to
examine the microstructure of selected mixes. The results showed
that concrete with acceptable strength and durability could be
produced if high packing density is achieved.

Keywords: recycled aggregate, concrete properties, physical prop-
erties, mechanical properties.

1.0 Introduction

Utilizing recycled aggregate is certainly an important step to-
wards sustainable development in the concrete industry and
management of construction waste. Recycled aggregate (RA) is
a viable alternative to natural aggregate, which helps in the
preservation of the environment. One of the critical parameters
that affect the use of recycled aggregate is variability of the ag-
gregate properties. Quality of the recycled aggregate is
influenced by the quality of materials being collected and deliv-
ered to the recycling plants. Therefore, production of recycled
aggregate at an acceptable price rate and quality is difficult to
achieve due the current limitations on the recycling plants.
These issues concern the clients about the stability of produc-
tion and variability in aggregate properties. The main goal of
the current research project is to investigate variability of ag-
gregate properties and their impact on concrete production. Ag-
gregate strength, gradation, absorption, moisture content,

specific gravity, shape, and texture are some of the physical and
mechanical characteristics that contribute to the strength and
durability of concrete. Therefore, it is necessary to evaluate
these properties before utilizing the aggregate. In this paper,
properties of recycled aggregate from an unknown source col-
lected over a period of 6 months from a recycling plant were
evaluated. In addition, properties of concrete produced with 100
% recycled aggregates were investigated.

2.0 Background
2.1 Economical and Environmental Impact

The evolution in the construction industry introduces sev-
eral concerns regarding availability of natural aggregate re-
sources, as they are being rapidly depleted. Recent statistics
showed the increasing demand of construction aggregate to
reach 48.3 billion metric tons by the year 2015 with the highest
consumption being in Asia and Pacific as shown in Fig. 1 (The
Freedonia Group 2012). This increasing demand is accom-
panied by an increase of construction waste. For example,
construction waste from European Union countries represents
about 31 % of the total waste generation per year (Marinkovic
et al. 2010; Ministry of Natural Resources 2010). Similarly, in
Hong Kong, the waste production was nearly 20 million tons
in the year 2011, which constitutes about 50 % of the global
waste generation (Tam and Tam 2007; Lu and Tam 2013; Ann
et al. 2013). Disposal in landfills is the common method to
manage the construction waste, which creates large deposits of
construction and demolition waste sites (Marinkovic et al.
2010; Tam and Tam 2007; Naik and Moriconi 2005). Efforts to
limit this practice and to encourage recycling of construction
and demolition waste in different construction applications led
to utilizing up to 10 % of the recycled aggregate in different
construction applications (Marinkovic et al. 2010; Ministry of
Natural Resources 2010; Naik and Moriconi 2005; European
Aggregate Association 2010; Cement, Concrete, and Aggre-
gates 2008; Tepordei 1999). Therefore, recycling has the po-
tential to reduce the amount of waste materials disposed of in
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landfills and to preserve natural resources (Sonawane and
Pimplikar 2013; Llatas 2011; Lu and Yuan 2011; Braun-
schweig et al. 2011; Marinkovic et al. 2010; Gupta 2009; Rao
et al. 2010; Tam 2008; Topcu and Guncan 1995).

North America
8%

Western Europe
6%

Asia’Pacific
67%

Fig. 1 Demand on construction aggregates worldwide (The Freedonia Group
2012).

2.2 Properties of Recycled Aggregate Concrete

Durability and other concrete properties are affected by the use
of recycled aggregate in concrete mixes. Research efforts to in-
troduce RA into the construction industry and to address their
effects on properties could be classified to the following cate-
gories:

Policies, cost and benefits: the goals are to standardize the use
of RA in concrete, highlight the cost of capital investments and
to emphasize environmental and economic benefits. Land pro-
tection and preservation of natural resources are the main
benefits of utilizing recycled materials in the construction in-
dustry (Hansen 1986; Kartam et al. 2004; FHWA 2004;
Oikonomou 2005; Tam and Tam 2007; EU Directive
2008/98/EC; Ministry of Natural Resources 2010; Marinkovic
et al. 2010; Ann et al. 2013; Silva et al. 2014; Lu and Tam 2013;
Bodet 2014).

Evaluation of physical and mechanical properties of RA: ab-
sorption, aggregate texture (type of crushers, number of crush-
ing stages), aggregate size and gradation, specific gravity, den-
sity, mortar content, percentage and type of contamination, ag-
gregate strength and abrasion resistance are the main properties
that affect utilizing RA in concrete production. Variation in the
RA properties due to loading, different environmental con- di-
tions in addition to the crushing process, contamina- tion and
impurities such as wood and plastic pieces, affect concrete
properties produced using RA. Mortar adhered to RA lead to
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lower density, high absorption, and high L.A. abrasion loss. In
addition, sulphate and alkali contents cause expansive reactions
which can be controlled if the maximum sulphate is in the range
of 0.8-1.0 % by mass and alkali content below 3.5 kg/m3 (Tam
et al. 2008; De Juan and Gutie'rrez 2009; McNeil and Kang
2013; De Brito and Saikia 2013; Akbarnezhad et al. 2013; Silva
et al. 2014).

Mix design and proportioning: direct volume replace- ment,
weight replacement and equivalent mortar replacement are
some of the approaches that could be followed to design mix-
tures with RA. In addition, the mixing process can affect overall
concrete properties. Both volume replacements and pre-soaking
approaches showed improved properties of concrete produced
with RA (Tam et al. 2007a, b; Cabral et al. 2010; Fathifazl et
al. 2009; Knaack and Kurama 2013; Wardeh et al. 2014).

Evaluation of fresh and hardened concrete made with RA: there
are numerous efforts to evaluate fresh and hardened properties
of concrete with RA. Optimiza- tions to determine the percent
of RA that could be used without affecting the short and long
term performance were also investigated. Design equations
based on data collected from many publications were also pro-
posed. In general, the use of recycled aggregate led to reduction
in all mechanical properties, in addition to influencing the fresh
stage properties and concrete durability due to high absorption
and porosity (Xiao et al. 2006; Yang et al. 2008; Kwan et al.
2012; Manzi et al. 2013; Akbarnezhad et al. 2013; Ulloa et al.
2013; Xiao et al. 2014; McNeil and Kang 2013; Silva et al.
2014).

Improving durability of RA concrete: concerns about durability
and the long-term performance of concrete with RA are hurdles
that limit utilization of RA in many applications. Chloride con-
ductivity, oxygen and water permeability, carbonation depth,
alkaline aggre- gate reaction, sulphate resistance, shrinkage and
creep performance, abrasion resistance and freeze resistance are
some of the parameters that could be used as durability and
long-term performance indicators of concrete material. In gen-
eral, concrete made with RA showed less durability due to high
pore volume which led to high permeability and water absorp-
tion. High water absorption is due to cement paste adhered on
the aggregate surface. However, this can be countered by
achieving saturated surface dry (SSD) conditions before mix-
ing. This might not be practical in some cases of mass produc-
tion. Therefore, aggregate ab- sorption can be accounted for
during the mix design stage by adjusting the mixing water that
will be absorbed by the recycled aggregate. Surface coating was
another approach to control absorption and improve properties
(Olorunsogo and Padayachee 2002; Zaharieva et al. 2003; Levy
and Helene 2004; Ann et al. 2008; Yang et al. 2008; Abbas et
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al. 2009; Thomas et al. 2013; Lederle and Hiller 2013; Fathifazl
and Razagpur 2013; Xiao et al. 2014; Ryou and Lee 2014). In
addition, many research efforts showed that the use of supple-
mentary cementitious materials (SCM) as a replacement for ce-
ment or addition by weight can improve concrete durability due
to improvement of pore structure and reduction of the volume
of macro pores. Fly ash (25-35 %), silica fume (10 %) and
ground-granulated blast-furnace slag (up to 65 %) are the most
commonly SCM which are used to improve concrete strength
and durability properties (Berndt 2009; Kou and Poon 2012;
Amorim et al. 2012; Eisa 2014).

Microstructure, interfacial transition zone (ITZ) and bond char-
acteristics: close inspection of the interfacial transition zone
(ITZ) showed porous microstructure which can be attributed to
high porosity and high absorption capacity of the recycled ag-
gregate. In addition, possible cracking due to crunching and
processing and exposure to several chemicals and depositions
of harmful substances on the surface of aggregate can lead to
cracks in concrete and reduction in the bond between the ce-
ment and aggregate. The mixing process, less w/c ratio and ad-
dition of SCM can improve the ITZ and bond characteristics of
recycled aggregate concrete (Otsuki et al. 2003; Poon et al.
2004; Tam et al. 2005; Evangelista and Brito 2007; Tabsh and
Abdelfatah 2009; Xiao et al. 2012a)

Table 1 summarizes some of the findings, limitations and po-
tential challenges in using recycled aggregate in concrete appli-
cations.

3. Examine Data Aggregates

The quality and availability of recycled aggregate are the pri-
mary elements influencing the long-term use and introduction
of recycled aggregate concrete in the building sector. The
crushed stone aggregate utilized in the study was sourced from
a re-cycling factory that was built with the goal of decreasing
construction waste and providing an efficient option for the re-
use of recycled aggregate. The garbage is taken and processed
to produce different products, the main one being aggregate.
The process entails crushing, metal separation using a magnet,
manual removal of other impurities (plastic, wood, etc.), and
classification of aggregate into different grades based on parti-
cle size. The factory produces five grades, ranging from fine
aggregate (grade 5) to 63 mm particle size (grade 3). The per-
centage generated from each grade varies depending on the re-
sources given to the facility; nonetheless, grades 1, 2, 4, and 5
account for approximately 80% of total plant production, ensur-
ing their availability for usage in the building sector.

4. Experimental Strategy.

The main objectives of the experimental program were to in-
vestigate variability of recycled aggregate properties and their
impact on concrete production and (ii) evaluate properties of
concrete prepared with 100 % recycled aggregate. Therefore,
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the experimental program was divided into two phases; Phase 1
deals with evaluation of the aggregate properties and Phase 2
focuses on the evaluation of concrete mixtures utilizing 100 %
recycled aggregates. Figure 2 summarizes the experimental
program and list of physical and mechanical properties in-
cluded in the investigation. All results were compared to that
of a control mix prepared with virgin aggregate (crushed lime
stone). In addition, Scanning Electron Microscopy (SEM) was
con- ducted to examine the microstructure of some samples to
provide an idea about the bond strength between cement and
aggregate and identify potential weak points within the mix.
4.1 Phase 1: Evaluation of Aggregate Properties
The recycling facility was the source of the recycled ag- gregate
(RA) used in the investigation. Aggregate was col- lected at dif-
ferent time intervals to evaluate the effect of consistency and
variability in the quality on concrete prop- erties. Only four
grades were included in the investigation, grade 1 (maximum
size of 10 mm), 2 (maximum size of 25 mm), 4 (mixture of
course and fine aggregate along with impurities) and 5 (fine
sand). Grade 3 was excluded because of the particle size (63
mm). In this phase, several physical and mechanical properties
of aggregate that are directly re- lated to concrete properties
were evaluated, as shown in Fig. 2.
4.1.1 Results of Aggregate Evaluation
Results of the physical and mechanical tests conducted on RA
showed expected variations from virgin aggregate mainly due
to the presence of mortar adhered on the ag- gregate which is
reflected in the high absorption capacity of the aggregate. Fig-
ure 3 shows sample of different aggregate grades used in the
study. Small percentage of impurities (wood and plastic chips)
was found in the aggregate, such impurities are expected due to
the recycling process
Sieve analysis Four batches of RA were obtained from the recy-
cling facility between December 2012 and April 2013. All
batches went through the same evaluation to investigateany
variability in production. Figure 4 shows the sieve analysis re-
sults of the RA and virgin aggregate (control) compared to the
upper and lower limits specified by (ASTMC33/C33 M 2013a,
ASTM C136 2011a). Although the gradation varies from that
of the control and did not meet any ASTM grading require-
ments, there was a clear similarityin the gradation of the last 3
batches of each grade which indicates a consistent RA produc-
tion. Additionally, the au- thors decided to use the RA to pro-
duce concrete without anyalteration of the gradations already
obtained from the plant. The reasons for the decision are to
avoid additional costs andto utilize available gradations to
achieve acceptable particle distribution.
Aggregate crushing value (ACV) provides an indication ofthe
aggregate strength. Aggregate with lower ACV is rec- om-
mended to ensure that the aggregate will be able to resistap-
plied loads. The test was conducted on coarse aggregate ofdif-
ferent grades. The ACV is calculated as the ratio betweenthe
weight passing sieve 2.36 and the original weight. Valueswere
in the range of 20-30, as shown in Fig. 5a.
Abrasion resistance is an indication of the aggregates’ tough-
ness. The Los Angeles (LA) test was conducted ac- cording to
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(ASTM C131 2006) and the test results are shownin Fig. 5b.

The coarse aggregates in grade 4 had a higher

Table 1 Effect of recycled aggregate on concrete properties.

Durability | Durability of Recycled Aggre- |Thomas et
gate (RA) can be influenced by |al. (2013),
coarse aggregate replacement |Fathifazl
ratio, concrete age, w/c ratio, |and Razag-
and moisture content; gener- [pur (2013),
ally, a lower w/c ratio gener- [Kou and
ates a more durable concrete |[Poon
mix. RA concrete is less dura- |(2012),
ble due to high porosity of re- |Chen and
cycled Ying
aggregate. However, lower re- 2011),
sistance to ingress of certain [orinaldesi
agents might be compensated nd Moriconi
by the combination of recycled P009), Gon-
aggregate with CO; and chlo- [laves et al.
rides which reduces their pen- p004)
etration rates. SCM are used to
improve strength and durabil-
ity of RA concrete

Compressive| 50 to 100 % replacement of vir- |Males’ev et

strength gin aggregates with recycled (al. (2010),
aggregate decreases the Rahal
compressive strength by 5t0 25 |(2007),

%. However, it was found that |Yehia et al.
up to 30 % virgin aggregate |(2008),
can be substituted with RCA |Limbachiya
without any effects on concrete |et al.
strength. Strength gain for |(2004),
RCA concrete is lower than |Xiao
normal aggregate concrete |et al.
(NAC) for the first 7 days. On [(2012b),
the other hand, fine RA has a |Corinaldesi
more detrimental effect on [(2010), Ra-
compressive  strength  than [hal (2007),
coarse RA Garg et al.
(2013), Sim
and  Park
(2011)

Fresh con- | More water is needed to |Xiao et al.

crete Prop- | achieve similar workability to [(2012h),

erties: that of NAC due to higher ab- |Sagoe-

Workabil- | sorption capacity of recycled |Crentsil et

ity aggregate which can be at- |al. (2001),

Moisture tributed to the presence of im- |Tabsh and

Content purities and attached cement |Abdelfatah
hydrates. As (2009), Me-
the RA content increase in the [dina
mix, the workability reduces |et al.
especially at lower w/c ratio in |(2014),

Qasrawi
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their study found that the en- |and Marie
trapped air content was similar |(2013), Sa-
when compared to normal con- |goe-
crete mix having a range of Crentsil et
2.4+ 0.2 %. In fact, there isno |al. (2001)
significant effect regarding the
air content up to 25 %
replacements

Flexural Recycled aggregate has mar- [Males’ev et
strength ginal influence on flexural |al. (2010),
strength, some studies showed | Xiao et al.
that flexural strength reduction | (2012b),
is limited to 10 % Chen et al.
in RA concrete. Others indi- | (2010),
cated that RA concrete has | Limbachiya
very similar flexural behavior | etal. (2004)
with virgin aggregate concrete
Modulus of | Modulus of elasticity is greatly | Vyas and
elasticity reduced by the use of recycled | Bhatt
aggregate; it can reach 45 % of | (2013),
the modulus of elasticity of | Xiao et al.
corresponding (2012h),
conventional concrete. This | Corinaldesi
percentage reduction varies | (2010)
based on the percentage sub-
stitution. The 45 % reduction
was found at 100 % substitu-
tion, while up to 15 % reduc-
tion was observed at 30 % sub-
stitution
Split tensile | A reduction of up to 10 % in | Males“ev et
strength split tensile strength was ob- | al. (2010),
served when virgin aggregate | Thomas et
was substituted with recycled | al. (2013),
aggregate. Studies suggest that | Sagoe-
split tensile strength is more | Crentsil et
dependent on the binder qual- | al. (2001)

ity rather than the aggregate

type
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special considerations during mixing to achieve workability
and to control water demand.

Experimental Program

Soundness Soundness test was conducted according to

Baia 2 i )
Phase 1 Evaluation of concrets propemies prapared with (ASTM C88. 2013b) using Sodium Sulphate salt. Coarse ag-
differ di inati . . R
e L Gt 1 it gregates from Grades 2 and 4 were sieved to different sizes
aluztion of Aggregate : S . .
propertiss Set2- Grades - 14and 51 and 4 and the retained on each sieve was exposed to four cycles of
Ferd - Grades 4 soaking in the solution and drying in air. Figure 5d shows
( Physical Tests N S percentage of the weight loss in size 9.5 mm. There was
Sieve Analysis Comprassive about 20 % weight loss in grade 2; however, the loss in grade
iy ] ) L
ASTMCImaATEL e 4 was in the range of 20 to 40 %. The reasons for this high
Y (20103} loss in volume from exposure to deicing agents are weak
Specific Graviy & Absorption i Mo strength and high porosity of the recycled aggregate as indi-
ASTMCLE (romze) ASTM C496 cated by high absorption. Comparison Between Properties of
Flakiness Index e
Z 817 Fleure Suength the Virgin Aggregate and RA
. ASMT CTE/CTE M -
Elongation Index .
“Bs 12 R:;;:':;“f‘fde Table 2 shows a sample of the results obtained from the
al - - -
Soundras: Penetration Test physical and mechanical tests of recycled aggregate in De-
ASTMCBE 7 . .
AsTMcle cember 2012 and April 2013 respectively. The last three
Mechmiaal Tests Scanning Electron batches indicated a similar trend with slight variations in
Crushing W Dl EN . . . . .
It feroscops (EMD properties, while aggregate gradation and particle sizes were
Los Angeles Abyasion maintained. However, there was an increase in the specific
ASTMICI3 e
Fig:2 Summary of the experimental program conducted + Contel
- . . . K | [ ~8- December
in the investigation. J — 1 R
o - &4 T ,‘ —%—March
4 - : Yy - Upper
0.01 100 Lamit
- Sieve Sizes (mm) Sieve Size (mm)
Close inspection of the azsrezate (a) Gradel (b) Grade2
e Pz AV
80 Val 4 Control i +—Control
0 -//;/' —&—December 5- X %/’/j.* i = Decamber
%]?E K]/ P — i Fl 4 4 Edraum
% . x /] B e x Macch
30 L /d Tx el 7 51N F—April
20 3 Lower limit A7 A )
10 - ) s 4 & Lowes Limit
0 . o Upperlimit 01 1 10 Uonsilimit
1 . 10 Sieve Sizes (mm)
Sieve Sizes (mm)
{d) Grade 5
(c) Grade 4

Small size ageregate connectad by mortar

Fig. 4 Sieve analysis of RA and virgin (control) aggregate

gravity values of Grade 5, which may have resulted from the
(8) Grade 4 - Mixture of course and fine addition of asphalt to increase its selling value.

geregate along with i such as
wood and plastic pieces

Values obtained from the evaluation of the physical and me-
chanical properties of RA were compared against the values
obtained from the same evaluation process conducted on vir-
gin aggregate, as shown in Table 3. The results showed that

Fig. 3 Different grades of recycled aggregates produced
by the recycling facility

percentage of weight loss, close inspection showed weak ag-

gregate (small-sized aggregate covered with mortar, Fig. 3d). ~ RA has higher absorption capacity due to the mortar adhered
Absorption grades 1 and 4 showed high absorption capacity on the surface, higher abrasion loss, high crushing value, and
(up to 8 %) while it was in the range of 3 % for grade 2 and soundness loss which could be attributed to previous expo-
5. These values indicate high porosity which will require sure to weathering and loading.
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4.1 Phase 2: Evaluation of Concrete Properties Prepared with

Different Grade Combinations

In this phase, extensive evaluation was conducted to select
the grade combinations as-delivered that could be used in
concrete production to meet the target strength and durability
requirements for different applications. Compressive
strength, splitting tensile strength, flexural strength, and
modulus of elasticity tests were performed to determine suit-
ability of these mixes to different applications. Additionally,
the rapid chlo- ride penetration tests (RCPT) (Kwan et al.
2012) for all mixes

30 | P —
£ H— 50 —mPH—————
-ﬁ,lﬂ mrade 1 _540 ]l 8 @ 8 0 e 2
" B L
s 1 wGraded [ 30 e
= = Grade 4
F10 | | | Grade 4 220 —
5 | 1 ANWA 10 l -
o] 0
PO I R I A R
¢ F ¢ F &S
(a) Aggregate crushing value (h) Abrasion
0
g 60
8 =
- 1 g 30
p 1 u Grade 1 k] o
P | = Grade 2 i) W Grade 4
- -
4 L1  Grade 4 g 30 =Gl
3 N sGradkes fxn
3 — I | —
1 il | WNWA-Coarse 10
0 MWA- Fine o
PO I I Decembar Eebraur:  Apml

& & & &
O &F AT R (d) Soundness test - Size 0.5 mm

(£) Absorption

Fig. 5 Evaluation of physical and mechanical properties of
RA.

9% Passing
]
o,

#-NWA
(Coarse, dune
! and crushed)

Sieve Sizes (mm)

Grade 1,2, 5

(a) Packed density ()

Fig. 6 Evaluation of grades 1,2, 5 combined.

10 dm® (cubic decimeters), which is equivalent to 10 I. This
cylinder is used in determining loose and compacted bulk
density of aggregates according to ASTM C29/29 M (2009).
The sum of the design volumes of these materials is 68.4 %
of the total volume; however, when the dry materials were
placed and tamped in three layers, as shown in Fig. 6a, the
materials occupied 68 % of the volume. This indicates that
the mix proportioning utilizing grades 1, 2 and 5 leads to a
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dense matrix, which in turn should reflect on strength and du-
rability performance.

Mix proportioning for recycled aggregate concrete the same
volumetric ratios of the control mix was adopted for the recy-
cled aggregate, however, since different grades of the recy-
cled aggregate with different particle sizes were available, the
following approach was considered in the current study: (i) in
case of mixes contain grades 1 and 2, percentage of the coarse
aggregate was divided to 50-50 %,

mixes with grades 1, 4, and 5, 37.6 % of grade 4, 15 % of
grade 1 and 15.8 % of grade 5 were used. These ratios were
verified according to the packed density as discussed before.

Water and moisture adjustment mixing water of different
mixes was adjusted during the mix design stage according to
the moisture content and percentage absorption of each grade
included in a specific mix. In addition, the decision was to use
the same quantity of the admixture used for the control mix
and monitor the slump/flow for the mixes with recycled ag-
gregate. The concrete mixes had the same water to cement
ratio (w/c) and cement content.

Several mixes were prepared utilizing four grades, gradesl,
2, 4, and 5 of the recycled aggregate. Mixes were iden- tified
according to the grades used in each mix, for example,Mix
1,2,5 indicates that grade 1, grade 2 and grade 5 were used in
that mix. Six mixes from the four grades were pre- pared in
addition to the control mix.

4.1.1 Fresh Stage Evaluation

Table 4 summarizes the results of slump, air content, and
unit weight, which were recorded immediately after every
mix. All mixes achieved the target flow except Mix 1,5 be-
cause of the particle size and distribution. Figure 7 shows
slump test for Mixes 1,2,5 and 1,5. Mix 1,4 produced the
least unit weight, which could be attributed to the existence
of mortar attached to the aggregate as shown in Fig. 3d. Air
content varied between 0.8 and 2.4 % for mixes with recy-
cled aggregate, which indicates variation in aggregate gra-
dation, particle size and distribution.

4.1.2 Hardened Stage Evaluation: Mechanicaland
Microstructure Evaluation

Table 4 summarizes the test results of splitting tensile
strength and flexural strength for all mixes compared to the
compressive strength. Results of split tensile and modulus of
rupture from the current study were compared to corre-
sponding equations from BSI EN 1097-2:2010 (2010b) and
proposed equations by (Xiao et al. 2006). In addition, Table
5 shows typical failure modes of several samples from dif-
ferent mixes.
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— X

Ga) Mix 1,2,5

Compressive strength Cubes (150 mm 9 150 mm 9 150 mm)
were tested for compressive strength according to (ASTM
2011a) at 3, 7, 14, 21, and 28 days, strength de- velopment
with time is shown in Fig. 8. Compressive strength of concrete
produced with the recycled aggregate was in the range of 41
to 52 MPa. Mix 4 had the lowest compressive strength. This
was expected due to the nature of grade 4, which has poor
particle distribution and contains different impurities. Mix 1,4
and Mix 1,2,5 showed similar compressive strength to that of
the control. Mix 1,4 con- sisted of grade 1 (10 mm) as coarse
aggregate in addition to grade 4, which has different particle
sizes varying from 20 mm and different distribution of fine
aggregate. This aggregate gradation provided a dense matrix,
which reduces the amount of voids within the mix leading to
higher compressive strength. In Mix 1,2,5, grades 1, 2 and 5
provided good distribution of fine and coarse aggregate,
which led to higher compressive strength and unit weight sim-
ilar to that of the control mix. This was also supported by the
sieve analysis and packed density as shown in Fig. 6. On the
other hand, Mix 4 had the lowest strength out of all mixes due
to the gap-gradation that shows an absence of an appropriate
distribution of the coarse aggregate. Most of the aggregate
sizes are either 20 mm coarse or fine aggregate. In addition,
failure modes were observed during testing as shown in Table
5. All failure modes were similar to that of the control. Plane
of failures did not go through the coarse aggregates, instead
the failure was in the mortar or aggregates were pulled out
during the flexural tests, as indicated in Table 5.

Splitting tensile strength Splitting tensile tests were con-
ducted according to ASTM C496/C496 M (2011b) to de- ter-
mine indirect tensile strength of concrete. Mix 1,2,5 had the
highest splitting tensile strength while Mix 1,5 showed the
least splitting tensile strength at 28 days. The test results did
not show a clear trend, which might be attributed to the aggre-
gate distribution and particle size. However, values in Table
4 were in the range of 4.6-7.46 % of the cube compressive
strength, which is close to the range predicted by Eq. 1 (67
%). Split tensile results calculated using Eq. 2 were different
from those of the current study and Eq. 1. The predicted val-
ues are scattered and not close to the test data. Flexural
strength Third-point loading was applied on simple concrete
prisms to determine the flexural strength for all mixes. Mix
1,2,5 and Mix 1,5 showed flexural strength higher or similar
to that of the control mix. This could be attributed to the im-
proved mechanical interlocking due to better bond between
crushed coarse aggregate and cement paste. This was ob-
served from the failure modes and cracking of aggregate as
shown in Table 5. In addition, results in Table 4 showed that
all mixes achieved flexural strength similar or higher than that
predicted using Eq. 3. The average ratio of f,/ fcO is 0.85
which ishigher than the 0.7 used in Eq. 3; however, it is closer
to that proposed by
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Eq. 4.

Modulus of elasticity Several samples from each mix were
tested to evaluate the stress—strain relationship and to calcu-
late the modulus of elasticity values. The modulus of elasticity
values were in the range of 25-28 GPa. This variation could
be attributed to low aggregate strength and the variation of the
volumetric ratio of the course aggregate (some grades have
coarse aggregate within their distribution).

Rapid chloride penetration test (RCPT) Ability of concrete to
resist chloride ion penetration at 60 voltage direct current
(VDC) and 6 h of testing is taken as an indicator of the con-
crete durability. The results in Coulombs are summarized in
Table 5 Failure modes at 28-day testing—Phase 1.

Compression Flexure Split tension
Mix =

125

Mix 1.4

Control

6.0 Discussion

Results of Phase 11 evaluations showed that Mix 1,2,5 achieved
acceptable compressive, flexural, and splitting tensile strength.
In addition, it had the best performance in RCPT which was
confirmed with the microstructure evaluation as shown in the
SEM scans. The main reason of this performance was achiev-
ing high packing density by utilizing different grades. The high
packing density pro- vided solution for limitations in particle
distribution and aggregate strength. This led to reduction in to-
tal pore volume which in turn improved the strength and dura-
bility of the mix. This also is in agreement with that reported
by (Levy and Helene 2004; McNeil and Kang 2013). In ad-
dition, the absolute volume method used in the current study
took into consideration variability in specific gravity of the
RA during mix proportioning which led to improved proper-
ties. This is also in agreement with the findings by (Knaack and
Kurama 2013). Examination of the SEM and crack propaga-
tion, Fig. 10, showed that cracks are initiated at the interface
between the aggregates and mortar. Fig- ure 10 shows that
regardless of the sample shape the cracks started at the pours
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mortar adhered to the recycled aggre- gate. This indicates, in
this case, a weakness of the old mortar which led to reduced
bond between the old and new mortar. Similar behavior was
discussed by (Tam et al. 2007a, b; Xiao et al. 2012a).

Table 6 provides a summary of the results from several inves-
tigations found in the literature compared to that of Mix1,2,5.
The results included in Table 6 are only those of concrete
mixes with 100 % RA or from full replacement of coarse ag-
gregate. No results of partial replacement of naturalaggregate
are included. Although the testing environment, aggregate
source, and wic ratios are different, there is a goodagreement
in all the mechanical properties. This summary emphasizes
that concrete with similar results could be produced with re-
cycled aggregate regardless the source of the aggregate. In ad-
dition, the following could be observed fromover all the re-
sults in Table 6, (1) RA with high absorption capacity and low
specific gravity lead to concrete with less compressive
strength compared to target strength; (2) 7 to 15 % reduction
in compressive strength compared to target strength when
w/cm ratio is maintained in the range of 0.4 t00.45; (3) flexural
and splitting strength varied based on the w/c ratio and aggre-
gate source and (4) reduction of about 10to 15 % in the mod-
ulus of elasticity.

(b) Aggregate — cement paste interaction— Mix 1,5

Fig. 9 SEM features of concrete with recycled aggregate
7.0 Conclusions

The work presented in this paper evaluates the effect of recy-
cled aggregate quality on the properties of concrete. Evaluation
of the aggregate physical and mechanical properties showed an
acceptable variation in properties when samples were collected
and evaluated from unknown sourceover 6 months. However,
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limitations in graduation requirements; high absorption and ag-
gregate strength could be resolved during the proportioning
stage and by achieving high packing density. Furthermore, con-
crete produced utilizing different combination of coarse and
fine aggregate without alteration in particle size or distribution
showed that comparable compressive, flexural, splitting
strength, andmodulus of elasticity could be achieved. All mixes
except Mix 1,2,5 did not show acceptable performance in the
RCPTbecause of the high porosity supported by the examina-
tion ofthe microstructure of the hardened concrete. High con-
crete porosity and permeability might be attributed to the vari-
ability in aggregate gradation and existence of contamination.
It is also important to monitor the long-term performance and
volume change (creep and shrinkage) to have better assessment
of the concrete produced with recycled aggregate.
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