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Results of a comprehensive investigation about the durability of structural-grade concrete made with
recycled concrete aggregate (RCA) are presented. The RCA-concrete mixes were proportioned using a
new concrete mix design method, termed the equivalent mortar volume (EMV) method. The EMV
method is based on the hypothesis that RCA is a composite material comprising mortar and natural
aggregate; therefore, when proportioning a concrete mixture containing RCA, one must account for the
relative amount and properties of each the two components and adjust both the fresh coarse aggregate
and fresh paste content of the mix accordingly. Tests were conducted to study the freeze-thaw, chloride
penetration and carbonation resistances of the mixes proportioned by the EMV method and by the con-
ventional method. Results of the test showed that RCA-concrete mixes proportioned by the EMV method
have higher resistance to freeze-thaw action, chloride penetration and carbonation than those designed
with the conventional method, and they satisfy the current requirements for concrete exposed to severe

Freeze-and-thaw action environments.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

As the supply of suitable fresh aggregates in some locations is
rapidly dwindling and such aggregates need to be transported from
remote locations [1], there are economic and environmental bene-
fits to the use of recycled concrete aggregate (RCA) in making
structural-grade concrete [2]. The recycled aggregate concrete —
termed RCA-concrete - must, however, satisfy certain mechanical
and durability requirements before it can be used as a structural
material. The unique circumstances imposed on concrete struc-
tures by harsh environmental conditions in some localities (e.g.
the extensive use of de-icing salts or freeze-and-thaw cycles) re-
quire a comprehensive investigation of the durability of RCA-con-
crete for application under those conditions.

So far in the literature, the conventional mix proportioning
methods for normal concrete, with some adjustments such as
using larger quantities of cement, have been used for proportioning
recycled aggregate concrete mixes without paying attention to the
residual mortar content of RCA [3-8]. Although equal or higher
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compressive strength has been achieved by adjusting the mix pro-
portions [2,9], these adjustments have usually resulted in RCA-
concrete suffering from lower elastic modulus and less resistance
to freeze-and-thaw action than similar conventional concrete.
The concrete proportioned by the conventional methods has higher
total mortar content, which in turn results in it being vulnerable to
attack by severe environmental conditions and exposure to chem-
icals. To overcome this problem, a new mix proportioning method
was developed by the authors of this paper [10]. The method is
based on the hypothesis that RCA is a two-phase material compris-
ing residual mortar and original virgin aggregate; therefore, when
proportioning a concrete mixture containing RCA, the volume and
properties of each phase must be taken into account. In other
words, it cannot be assumed, as is currently customary, that RCA
simply replaces natural aggregate in the mix because it also
changes the overall mortar content of the mix due to presence of
the attached residual mortar in RCA. The main feature of the pro-
posed method, dubbed equivalent mortar volume (EMV) method,
is treating residual mortar in RCA as part of total mortar volume
of concrete. The total mortar volume is considered as the sum of
residual and fresh mortar volumes in concrete made with recycled
aggregate, and termed RCA-concrete for the sake of brevity.
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Since the RCA-concrete mixes proportioned by the EMV method
do not suffer from the aforementioned shortcomings of concrete
proportioned by the conventional methods, it is expected that
the former mixes will provide better resistance to severe environ-
mental conditions and chemical actions. To verify this, an exten-
sive experimental study was carried out to investigate the
resistance of RCA-concrete mixes proportioned by the EMV meth-
od to freeze-and-thaw action, chloride penetration, and carbon-
ation. It is acknowledged that that the durability problems
associated with concrete are not limited to these three; however,
harsh environmental conditions that are present in northern cli-
mates bring these three issues to the forefront of the possible dura-
bility problems that would be encountered by RCA-concrete. The
concrete mixes in the present study involved mixes (1) containing
coarse RCA and proportioned by either the conventional mix de-
sign method or the EMV method and (2) containing coarse natural
aggregate of similar properties to the original virgin aggregate of
coarse RCA proportioned by the conventional mix design method.
The latter are control mixes and are used as reference for assessing
the performance of the RCA-concrete mixes. Before the presenta-
tion of the experimental program, a brief description of the EMV
method is presented in the following section.

2. Equivalent mortar volume (EMV) method

The total volume of mortar in concrete produced with RCA is
made of residual mortar and new mortar. When conventional
mix design is used, the RCA is considered as part of the coarse
aggregate, and no consideration is given to the volume of attached
residual mortar. Because of this, concrete produced with RCA has
larger volume of total mortar (residual and new) than that of a
mix designed using the same method but containing natural aggre-
gate only. The EMV method involves the determination of the
appropriate amount of RCA to be used in the mix in relation to
the amount of coarse natural aggregate that would be used in a
conventional concrete mix with the same specified properties. This
approach guarantees that the volume of total mortar (residual and
new) in concrete produced with RCA be equivalent to that in the
conventional concrete. Alternatively, the EMV method ensures that
the total volume of coarse natural aggregate (partly from RCA and
partly from new fresh aggregate added to the batch) in RCA-con-
crete is equal to the volume of natural aggregate in conventional
concrete with the same specified properties. The derivation of
the equations for the EMV method will not be presented here;
however, it can be found in Ref. [10].

The method commences by using current mixture proportion-
ing methods to determine the proportions of the ingredients of a
conventional concrete mix with the same specified properties as
the target RCA-concrete. For generality, the target RCA-concrete
mix is assumed to be made with a blend of fresh coarse natural
aggregate and RCA, with the proportion of each aggregate type
determined by the mix designer. For this purpose, a parameter R
is defined as the ratio of the fresh natural aggregate content of
RCA-concrete to the fresh natural aggregate content of the com-
panion conventional mix. According to the EMV method the re-
quired volume of RCA to guarantee equivalent total natural
aggregate content in RCA-concrete as the companion conventional
concrete with the same specified properties can be calculated
using:

Via x (1-R)
(1 - RMC) x %

RCA-concrete
VRCA -

(1)

where VA" is the volume fraction of coarse RCA in RCA-con-
crete, VNA" is the volume fraction of fresh natural aggregate in the

companion conventional concrete, RMC is the residual mortar con-
tent of the RCA, SGX* and SGJ¥* are the experimentally determined
bulk specific gravity values of RCA and original virgin aggregate,
respectively, and R is the volume ratio of the fresh natural aggregate
content of RCA-concrete to the fresh natural aggregate content of
the companion conventional mix. The residual mortar content
(RMC) of RCA can be experimentally determined by a method
developed by the authors as detailed in [11]. After calculating the
required volume of RCA, the proportions of fine aggregate, cement,
and water in RCA-concrete are determined.

It is noteworthy that in the proposed EMV method, by assuming
different R values, many alternatives RCA-concrete mixtures with
the same total mortar and total natural aggregate volumes, but
with different residual mortar/fresh mortar volume ratios, can be
designed. In other words, contrary to the conventional mix propor-
tioning methods, adoption of different R values in the EMV method
does not result in overall higher mortar volume in RCA-concrete
compared to the companion natural aggregate concrete. In this
study, to have the same total mortar volumes for the RCA-concrete
mixes and the control normal concrete mixes, the fresh natural
aggregate volume of the RCA-concrete was increased by an amount
equal to the volume of the residual mortar of RCA. Accordingly, the
RCA content, as percentage of the total coarse aggregate volume,
were determined to be 63.5% and 74.3%, for the mixes made with
RCA from Montreal (RCA-MO) and Vancouver (RCA-VA),
respectively.

3. Experimental program
3.1. Material characterization of RCA

The recycling plants that provided the RCA for the present study
receive concrete from various demolition projects, and the material
that they produce incorporates a blend of virgin aggregates from
different sources. The first batch of RCA was obtained from a
recycled aggregate processing plant located in Montreal, Québec
(RCA-MO), and the second was from a plant in Vancouver, British
Columbia (RCA-VA). RCA-MO was obtained from concrete in which
the natural aggregates were crushed limestone, and RCA-VA was
obtained from demolition concrete made predominantly with
well-rounded river gravel. Since the RCA from both sources were
received unscreened and ungraded, before starting the material
characterization testing, they were mechanically screened to
remove the impurities and fines and to separate the RCA into dif-
ferent particle sizes using sieves with openings of 4.75, 9.5, 12.7,
19, and 25 mm. To avoid damage to the RCA, the sieving time
was fixed to 30 s per batch, and after sieving the RCA was washed,
air dried, and stored in drums for later use in the material charac-
terization tests.

Petrographic examination of the RCA-MO showed that the origi-
nal virgin aggregates essentially consisted of manufactured
(crushed) fine-grained, dark-grey limestone. On the other hand,
the original virgin aggregates in RCA-VA consisted of well-rounded
polygenic gravel, which is mainly composed of various volcanic
and intrusive (~granitic) rock types, with some (lower propor-
tions) particles of quartzite, chert, sandstone and limestone. In
general, particle size distribution of the original virgin aggregates
in RCA-MO and RCA-VA were within the typical range used in
“conventional” concrete, i.e. 5-25 mm.

Further examination of residual mortar was performed under
the petrographic microscope (reflected light) and the scanning
electron microscope (SEM) to identify additional micro-textural
and compositional characteristics that could help in understanding
of the performance of the RCA in the various tests performed in the
laboratory. The origin of the concrete from which the two types of
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Table 1

Average physical properties for coarse and fine aggregates.

Aggregate Porosity (%)  Absorption Specific gravity RMC (%)
ey () Bulk SSD  Apparent

RCA-MO 123 5.4 231 242 264 41

RCA-VA 8.1 33 242 250 2.64 23

Limestone 0.9 0.34 270 271 273 0

River gravel 2.4 0.89 272 274 279 0

River sand?® - 0.54 270 272 276 -

@ Sand with fineness modulus of 2.60.

RCA were derived is unknown; however, it was found that the
residual mortar of RCA-MO generally contained more air voids
than that the mortar of RCA-VA [12]. In accordance with National
Standards in Canada [13], concrete exposed to the elements to
incorporate between 4% and 9% of entrained air for frost resistance.
Although the exposure conditions in the Vancouver area are milder
than those in Montreal, nevertheless, exposed concrete in both re-
gions are expected to be normally air entrained. The other main
observation made on residual mortar under the SEM was the pres-
ence of fly ash particles in the residual mortar of the RCA-VA [12].
For the past 30 years, it has been common practice in the greater
Vancouver area to replace 20-25% of cement by mass with fly
ash; the fly ash is classified as a CSA type CI, i.e. with an interme-
diate (~10-15%) calcium oxide content [14].

The material characterization involved the determination of the
absorption capacity, specific gravity, porosity and the residual
mortar content (RMC) for RCA-MO, RCA-VA and natural aggregates
used to produce the concrete specimens. The weighted average
values of these properties are given in Table 1. The specific gravity
and absorption capacity tests were performed as per ASTM C 127-
88 [15]. The RMC of each RCA type was determined based on a new
method developed by Abbas et al. [11] which involved immersion
of RCA in sodium sulphate solution and its subjection to several
freeze-and-thaw cycles. RMC is the percentage of the residual mor-
tar by weight in the RCA, and it can be observed in Table 1 that
RCA-MO has a larger RMC than RCA-VA (41% vs. 23%). Further de-
tails of materials characterization testing of RCA can be obtained
from Ref. [16].

3.2. Sample preparation
The present study focuses on the durability properties of RCA-

concrete involving RCA-MO and RCA-VA with the mixes propor-
tioned by the EMV method. The experimental study was designed
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to eliminate the effects of water-cement ratio and compressive
strength of concrete by keeping these parameters constant (w/
c=0.45 and fc=35-40 MPa). However, the effect of the binder
type, involving supplementary cementitious materials such as fly
ash and ground granulated blast furnace slag, bfs, on the durability
properties were investigated. The replacement ratio based on
weight of cement, and expressed as percentage, was 25% for fly
ash and 35% for bfs. The fly ash was CSA CI type with average spe-
cific gravity of 2.01, and the bfs was Grade 80 with average specific
gravity of 2.99. In addition, all mixes were prepared as air en-
trained (targeting 6% air content) to eliminate the effect of air con-
tent on the durability properties of RCA-concrete.

The mixture proportions are presented in Table 2 in which the
mix designations are based on the following notation: (1) E or C
(for mix design method): mixes proportioned by the EMV (E) or
the conventional (C) method, (2) M, V, L or G denote mixes whose
coarse aggregate include RCA-MO (M), RCA-VA (V), natural lime-
stone only (L) or natural gravel only (G), and (3) C, F or B signify
the binder type in the mix, i.e. mixes containing ordinary portland
cement only (C), ordinary portland cement plus 25% fly ash (F), or
ordinary portland cement plus 35% bfs (B). For example, CM-B rep-
resents a mix proportioned by the conventional method, made
with RCA-MO and incorporating bfs.

It is important to mention that the EMV method decreases the
cement requirement of the mix because it requires less fresh mor-
tar than required by the conventional method. The lower cement
requirement makes the RCA-concrete proportioned by EMV meth-
od more environmentally friendly. As it can be seen from Table 2,
the cement content of the mixes without RCA proportioned by the
conventional method is above 400 kg/m>. When a companion RCA-
concrete mix, with a total mortar volume equal to the correspond-
ing conventional mix is designed by the EMV method, the cement
content drops to 335 kg/m® and 358 kg/m> for the mixes made
with RCA-MO and RCA-VA, respectively.

After the mixing process, the concrete was cast and cured for
24 h following the procedures described in ASTM C 192/C 192 M-
00 [15]. For each concrete mix, three 75 x 100 x 400 mm prisms
were prepared for freeze-and-thaw tests in compliance with ASTM
C666-97 [15] requirements. Similarly, for each mix three
100 x 100 x 406 mm prisms were prepared for the accelerated
carbonation tests. For the chloride penetration tests, for each
mix, three cylindrical specimens with 100 mm diameter and
200 mm length were cast. In addition, for each mixture, three cyl-
inders with diameter of 150 mm and length of 300 mm were cast
to determine the 28-day compressive strength. For the mixes con-
taining fly ash or bfs, an additional two cylinders were cast to

Table 2
Mix design proportions of mixes.
Mix ID RCA content (%) Mix proportions (kg/m?) WRA? (ml) AE? (ml)

w C Fly ash BES Sand Coarse aggregate

RCA NA?

CM-C 100 156 349 0 0 888 792 0 1396 35
CM-F 100 157 262 87 0 888 792 0 None 209
CM-B 100 155 227 0 122 888 792 0 523 35
EM-C 63.5 151 335 0 0 630 720 414 1005 33
EM-F 63.5 151 251 84 0 630 720 414 606 201
EM-B 63.5 149 218 0 117 630 720 414 1339 33
CL-C 0 193 430 0 0 808 0 835 None 86
CV-C 100 156 349 0 0 857 867 0 1047 35
CV-F 100 157 262 87 0 857 867 0 None 209
CV-B 100 155 227 0 122 857 867 0 1047 35
EV-C 74.3 161 358 0 0 645 813 281 1075 36
EV-F 74.3 161 269 90 0 645 813 281 None 215
EV-B 74.3 160 233 0 125 645 813 281 1792 36
CG-C 0 191 424 0 0 763 0 900 None 85

2 NA: natural coarse aggregate; WRA: water reducing agent and AE: air entraining agent.
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determine their 56-day compressive strength. Specimens were
stored for 28-days in a moist room in accordance with the require-
ments of ASTM C 511-98 [15].

3.3. Fresh and hardened properties of concrete samples

It is generally accepted that there is a correlation between some
of the fresh and hardened properties of concrete and its durability.
In general, concrete with proper air entrainment, slump, and com-
pressive strength, cast without segregation or bleeding, is expected
to be durable. Therefore, the objective of this study was to produce
workable RCA-concrete with comparable compressive strength
and air content as conventional concrete. It is acknowledged that
the compressive strength of concrete may not always be an indica-
tor of its durability, especially when supplementary cementitious
materials are used; however, for structural-grade concrete, high
strength is a major design parameter. Table 3 presents the mea-
sured fresh and hardened properties of the concrete mixes.

With reference to the table, all RCA-concrete mixes designed
with the conventional mix design method and the EMV method
were found to be workable, with their slump ranging between
55 mm (CM-B) and 150 mm (EV-B). It can also be observed that
the air content for all concrete mixes varied from 5.5% (EV-F) to
7.4% (CM-F and CV-C). These results are in line with the targeted
air content of 6% and are within the range of 5-8% specified by
CSA 23.2-04 [13] for severe exposure conditions. The fresh density
values of RCA-concrete mixes designed by EMV method are higher
than the corresponding mixes designed by the conventional meth-
od. This can be attributed to the lower total mortar volume of the
mixes designed by the EMV method compared to the correspond-
ing mixes designed by the conventional method. The hardened
density of the specimens ranged from 2217 kg/m®> (CM-F) to
2325 kg/m> (EV-B), which is within the expected range for normal
density concrete.

The 28-day compressive strength of the mixes varied from
34 MPa (CM-F) to 42.0 MPa (CM-B and EM-B), which is within
the range of the target strength. The 56-day compressive strength
of the specimens containing supplementary cementitious materi-
als was 40 MPa or higher. It is important to note that the compres-
sive strengths of specimens made of mixes designed by the EMV
method are higher than those made of mixes designed by the con-
ventional method. Although this difference is not significant (2-
5 MPa), it demonstrates that RCA-concrete mixes designed by the
EMV method could have higher strength than companion concrete
mixes without RCA despite the lower cement content of the former
mixes.

Table 3
Fresh and hardened properties of the mixes.

Mix ID Fresh property Hardened property

Slump Air entrained  Density  f/ (MPa) Density  f'c>®

(mm) (%) (kg/m?) (kg/m?)  (MPa)
CM-C 70 6.9 2262 41.8 2264 -
CM-F 130 74 2226 34.0 2217 385
CM-B 55 6.0 2281 42.0 2269 44.8
EM-C 105 6.0 2305 39.2 2295 -
EM-F 120 5.7 2291 34.2 2293 40.9
EM-B 80 5.7 2306 41.8 2319 46.3
CL-C 175 6.3 2332 36.9 2300 -
Cv-C 70 7.4 2306 39.7 2285 -
CV-F 90 6.0 2291 35.0 2281 40.8
CV-B 110 7.1 2286 393 2289 41.3
EV-C 140 6.0 2328 40.0 2321 -
EV-F 140 5.5 2321 35.2 2304 423
EV-B 150 6.8 2316 40.0 2325 423
CG-C 210 6.3 2339 35.6 2315 -

f'c%8: 56-day compressive strength, two specimens were tested and averaged.

3.4. Durability investigation

After sample preparation, the durability properties of RCA-con-
crete mixes designed by the EMV method were investigated.
Among these properties, the resistance to freeze-and-thaw action,
chloride penetration and carbonation were considered to be of par-
ticular importance since these properties are significantly affected
by the quality and the quantity of the mortar, properties that are
different in RCA-concrete compared to conventional concrete.

3.4.1. Freeze-and-thaw resistance

The freeze-and-thaw tests were carried out using rapid freezing
and thawing in water as specified in Procedure A of ASTM C 666-97
[15]. The freeze-and-thaw damage was monitored by measuring
the relative dynamic modulus of the test prisms for a maximum
of 300 cycles. The relative dynamic modulus is determined by
measuring the transverse frequency of the specimens. The perfor-
mance of concrete against freeze-and-thaw action was represented
by the durability factor, which can be calculates as

PyN

- 2)

where DF is the durability factor of the test specimen; Py (%) is the
relative dynamic modulus of elasticity after the Nth freeze-thaw
cycle; N is the number of cycles at which the relative dynamic mod-
ulus of elasticity reaches the specified minimum value for discon-
tinuing the test or the specified number of cycles at which the
exposure is to be terminated, whichever is less; and M is the spec-
ified number of cycles at which the exposure is to be terminated

DF
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Fig. 1. Relative dynamic modulus of specimens without supplementary cementa-
tions materials.
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Fig. 2. Summary of the DF measurements of the freeze-and-thaw specimens.

(300 cycles for this study). Conventional air entrained concrete is
considered satisfactory if it can withstand 300 cycles with respect
to the specified minimum value of the relative dynamic modulus.

Fig. 1 illustrates the variation of the relative dynamic modulus
with the number of freeze-thaw cycles for RCA-MO and RCA-VA
specimens without supplementary cementitious materials. In gen-
eral, for all MO and VA specimens, the relative dynamic modulus is
in a range from 90% to 100%, which demonstrates that all the spec-
imens performed well against freeze-thaw action. However, the
relative dynamic moduli for CL-C specimens (i.e. conventional con-
crete with limestone) were around 2% higher than those for the
EM-C specimens. Similarly, the relative dynamic moduli of the
CG-C specimens (i.e. conventional concrete with river gravel) were
around 4% higher than those of the EV-C specimens. This difference
might be attributed to the difference between the qualities of the
residual mortar attached to the RCA of the fresh mortar used in
conventional concrete.

A summary of the durability factors (DF) of the test specimens is
shown in Fig. 2. A comparison of the DF values in this figure, with
consideration of the mix design method, namely EMV (E) vs. con-
ventional method (C), shows that the former mixes performed bet-
ter than the latter when RCA is used: The DF for mixes with EMV
method are slightly (~2-7%) higher than those designed with the
conventional method using RCA-MO and RCA-VA. This difference
may be attributed to the lower amount of total mortar in the mixes
designed by the EMV method. It can be observed from the same
figure that the DF of most of the RCA-concrete specimens with
fly ash (F) is around 4% lower than that of the companion mixes
without supplementary cementitious material. Hence, the freeze-
thaw resistance of RCA-concrete is not improved by partially
replacing cement with fly ash. However, it should also be noted
that these tests were carried out at 28-days, and it is expected that
the properties of the mixes with fly ash would improve as the cur-
ing period is increased. Similar observations can be made in Fig. 2
with respect to the addition of bfs (B): There seems to be a 3% de-
crease in the DF of the specimens prepared with bfs; however, this
difference may be attributed to the fact that the tests were con-
ducted after 28-days of curing. Further curing of the specimens
with bfs is expected to produce better results. It is important to
emphasize that lower readings observed in specimens with sup-
plementary cementitious materials does not mean that these spec-
imens are vulnerable to freeze-thaw attack. As discussed before,
all the test specimens showed high relative dynamic modulus
(and durability factor) and can be used in severe environments
according to the present Canadian specifications.

3.4.2. Chloride penetration
The chloride penetration of RCA-concrete was investigated by
conducting the acid soluble bulk diffusion test as per ASTM C

1556-04 [15]. This test method covers the laboratory determina-
tion of the apparent chloride diffusion coefficient for cementitious
mixtures by measuring the acid soluble (total) chloride content. To
have better confidence in the results, in this study, two repeat sam-
ples were used for the determining the bulk diffusion coefficient of
RCA-concrete specimens. These specimens were made by cutting
75 mm thick disks from the ends of the 200 mm long cylinders de-
scribed earlier. From the remaining part of the cylinder specimen, a
20 mm thick disk was cut to determine the initial chloride ion con-
tent, Co. The 75 mm thick disks were coated with epoxy resin on all
surfaces except for the finished surface constituting the end of the
original cylinder. The samples were placed in plastic containers
and fully immersed in a 15.1% (by weight) sodium chloride solu-
tion. All containers were sealed with plastic lids to prevent evapo-
ration. The test specimens were removed from the sodium chloride
solution after 60-days. From each sample, approximately 20 g con-
crete powder was extracted at eight different depths from the ex-
posed face; namely, at approximately 1, 2, 4, 6, 9, 12, 15, and
18 mm, by grinding the surface at the specified depth. The col-
lected powder was used to determine the acid soluble chloride
content (total chloride) as specified by ASTM C 1152-90 [15]. The
total chloride concentration at the specified depths was deter-
mined by the potentiometric titration of chloride with silver ni-
trate as described in ASTM C-114-03 [15].

In compliance with ASTM C 1152-90 [15], the value of the sur-
face chloride concentration, C;, and apparent chloride diffusion
coefficient, D,, were calculated by fitting Eq. (3) to the measured
total chloride ion content at different depths by means of a non-
linear regression analysis:

Ce(x,t) = Cs — (Cs — Co)erf( (3)

X
\/4Dat>
where C; (% by mass of concrete) is the total concentration of chlo-
ride ions at time t (s) and depth x (m), Cs (% by mass of concrete) is
the chloride concentration on the exposed surface, Cy (% by mass of
concrete) is the initial chloride concentration, erf is the error func-
tion and D, is the apparent diffusion coefficient (m?/s). The initial
acid soluble chloride concentration, Cy, was measured using the
20 mm thick disks described earlier.

Table 4 presents the measured acid soluble initial chloride con-
tent, the surface chloride concentration, and the apparent diffusion
coefficient of all test specimens. It should be noted that all concen-
tration measurements are presented as percentage of mass of con-
crete. In general, from Table 4, it can be observed that the acid
soluble initial chloride concentration for RCA-MO and RCA-VA
specimens ranged from 0.006% to 0.023%. For RCA-MO specimens,
the acid soluble initial chloride concentration ranged from 0.018%
(CM-C, EM-B) to 0.023% (CM-B) while for the RCA-VA specimens it
varied from 0.006% (EV-C) to 0.011% (EV-B, CV-B). It is clear that

Table 4
Results of the acid soluble chloride content determination test.

Mix ID Co (%) Gs (%) Dy x 10712 (m?/s)
CM-C 0.018 1.238 445
CM-F 0.019 1.490 3.83
CM-B 0.023 1.553 2.15
EM-C 0.022 1.209 4.87
EM-F 0.019 1.576 221
EM-B 0.018 1.710 1.80
CL-C 0.008 0.996 5.58
CV-C 0.008 1.120 3.84
CV-F 0.006 1.432 2.62
CV-B 0.011 1.374 1.95
EV-C 0.006 1.703 426
EV-F 0.008 1.646 2.56
EV-B 0.011 1.344 1.85
CG-C 0.007 1.183 5.00
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the acid soluble initial chloride concentration values of RCA-MO
specimens are 2-3 times higher than those of RCA-VA specimens.
Although the exact origin of the concrete material from which
the RCA were extracted is not known, the higher values observed
for RCA-MO specimens may be attributed to the higher degree of
salt contamination of the residual mortar attached to RCA-MO.
De-icing salts are widely used in the area of Montréal during win-
ter months while in the Vancouver area de-icing salts are rarely
used. It is also important to observe that the acid soluble initial
chloride concentrations for CL-C and CG-C specimens (i.e. no RCA
addition) are 0.008% and 0.007%, respectively. These small quanti-
ties are in the range of the expected values, that are observed in
conventional concrete with no pre-contamination [18].

The limit of the acid soluble chloride concentration from the
mixture ingredients specified by ACI 222R-96 [17] is 0.2% by
weight of cement. The maximum acid soluble chloride concentra-
tion measured for specimens made with concrete proportioned by
the EMV method is 0.022% (EM-C). The percentage of cement by
mass of concrete for all specimens with RCA-MO and RCA-VA
was around 15-16%. Hence, the maximum acid soluble initial chlo-
ride concentration by mass of cement can be calculated as
(0.022 x 100)/15 = 0.15%, which is lower than the 0.2% specified
by ACI 222R-96. However, it is important to mention that the
residual mortar contains additional cement that is not included
in the total amount of cement in RCA-concrete. This means that
the 0.15% maximum acid soluble initial chloride by mass of cement
is conservative. Hence, it is recommended that for RCA-concrete
the limit of chloride content be specified in terms of the mass of
concrete rather than the mass of cement.

The apparent chloride diffusion coefficient for all specimens
ranged from 1.8 x 1072 m?/s (EM-B) to 5.58 x 1072 m?/s (CL-C).
In general, the apparent chloride diffusion of all RCA-concrete
specimens is in the same order of magnitude (~10~'2m?/s) as
the conventional concrete [18]. Fig. 3 illustrates the apparent chlo-
ride diffusion coefficients of concrete specimens made with RCA-
MO and RCA-VA. It can be observed from Fig. 3 that the apparent
chloride diffusion coefficients for RCA-concrete specimens (with
no supplementary cementitious materials) designed by the EMV
method is higher (by around 8% for RCA-MO and by around 10%
for RCA-VA) than the mixes proportioned by the conventional
method. However, it is also obvious from Fig. 3 that the apparent
diffusion coefficients of conventional concrete specimens (with
no RCA replacement) are higher than those of RCA-concrete spec-
imens designed by the EMV method. There is also a general trend
that the apparent diffusion coefficient for specimens produced
with RCA-MO are higher by 10-30% than those of specimens pro-
duced with RCA-VA. This may also be attributed to higher level
of salt contamination of the residual mortar attached to RCA-MO.

Fig. 3 also illustrates the effect of the supplementary cementi-
tious materials on the apparent diffusion coefficient of concrete
specimens produced with RCA-MO and RCA-VA. It can be observed
from Fig. 3a that the apparent diffusion coefficients of EM-C spec-
imens designed by the EMV method (with no supplementary
cementitious materials) are almost 2.5x as large as those of the
EM-F specimens. Similarly, it can be observed in Fig. 3b that the
apparent diffusion coefficients of EV-C specimens designed by
the EMV method (with no supplementary cementitious materials)
are approximately 1.5x as large as those of EV-C. It can be stated
that the chloride penetration in RCA-concrete is significantly im-
proved by using fly ash as partial replacement for cement. Similar
observation can be made with regard to the addition of bfs. Actu-
ally, the use of bfs reduces the apparent diffusion coefficient of
all mixes designed by the EMV method, and the reduction ranges
from 1.2 to 2 times more than the reduction achieved by the addi-
tion of fly ash. These observations are in line with the findings for
conventional concrete produced with natural aggregate [19].
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Fig. 3. Apparent chloride diffusion coefficient for RCA-MO and RCA-VA specimens.

3.4.3. Carbonation

The carbonation test was carried out using a setup based on RI-
LEM recommendations [20]. For this purpose, after the 28-day cur-
ing period, the 100 x 100 x 406 mm test prisms, comprising three
repeat samples per concrete mix, were placed in a carbonation
chamber, as shown in Fig. 4a. The chamber atmosphere was made
of a mixture of 3% carbon dioxide and 97% air by volume and its
temperature and humidity levels were maintained at 60 + 5% and
23 £ 1.7 °C, respectively.

Fig. 4b shows the relative humidity and temperature variations
during the 140-days of testing. In order to retrieve samples for
periodic measurement of the carbonation depth, CO, exposure
was interrupted seven times at 7, 21, 35, 56, 84, 112 and 140-days
after the initial exposure. The peaks and valleys noticed in the lat-
ter figure are due to the forgoing interruptions. After the retrieval
of each specimen from the chamber, 50 mm thick slices were cut
from its ends, and the remaining piece was returned to the cham-
ber for further exposure to carbonation. The freshly cut surface of
each slice was cleaned and sprayed with 1 g phenolphthalein indi-
cator solution in 70% ethanol, which resulted in the un-carbonated
concrete surface turning pinkish red and the carbonated concrete
retaining its original color. The carbonation depth was measured
normal to the four sides of each slice immediately and the corre-
sponding carbonation coefficient, D., was calculated by inserting
the measured carbonation depths corresponding times into the fol-
lowing equation [18]:

d =DVt (4)

where d is the depth of carbonation front (mm), t’ is the time (days)
and D, is the carbonation coefficient (mm/day®®).
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Fig. 4. Carbonation test apparatus and process.

The carbonation depths obtained from this accelerated test are
expected to be higher than those under the normal exposure con-
ditions (i.e. lower CO, concentrations) for concrete specimens with
similar initial conditions and material properties. It is therefore
important to know the expected depth under similar conditions
for conventional concrete so that the current results for the RCA-
concrete specimens could be properly analyzed. Bouzoubaa [21]
reported that for structural-grade conventional concrete with no
supplementary cementitious materials, the depth of carbonation

is expected to be in the range of 0-7 mm after 140-days of expo-
sure, the greater depths belonging to concrete with high w/c ratio.
The range for structural-grade conventional concrete with fly ash is
expected to be around 10-15 mm at 140-days while for concrete
containing bfs the expected range is in between the above two
ranges.

Fig. 5 illustrates the variation of carbonation depth of the spec-
imens with length of exposure time for the specimens with and
without supplementary cementitious materials. It can be observed
from this figure, as expected, specimens without supplementary
cementitious materials exhibit the smallest carbonation depth, fol-
lowed by the specimens with bfs. Mixes with fly ash had the larg-
est greatest carbonation depth throughout the 140-days of
exposure. This behaviour can be attributed to the pozzolanic action
of the supplementary cementitious materials, which consume
Ca(OH);, and consequently lower the alkalinity of the concrete [22].

Fig. 6 shows the carbonation coefficient of the test specimens.
Similar to the observations made in Fig. 5, the carbonation coeffi-
cients of specimens with fly ash were the largest (from 0.97 mm/
day®? for CV-F to 1.13 mm/day®> for CM-F), and were almost twice
the values of specimens without supplementary cementitious
materials (ranging from 0.51 mm/day®® for CL-C to 0.63 mm/
day®® for EM-C). The coefficients for the specimens containing
bfs varied from 0.65 mm/day®® for EV-B to 0.73 mm/day®> for
EM-B, which lie between the values for the other two types of
mixes.

As can be noticed in Fig. 6, the carbonation coefficient 0.52 mm/
day®® for CM-C specimens, which were made of a concrete mix de-
signed by the conventional mix design method, was about 17%
lower than the carbonation coefficient of 0.63 mm/day®> for the
EM-C specimens which were made of a concrete mix designed by
the EMV method. This may be attributed to the lower cement con-
tent of the latter mix than that of the former. Hence, RCA-MO spec-
imens with no supplementary cementitious materials and
designed by the conventional mix design method had higher alka-
linity in comparison with the corresponding specimens designed
by the EMV method. This difference between the carbonation coef-
ficients of the test specimens caused by the concrete mix design
method can also be observed for the mixes containing bfs (~10%
difference). However, for specimens containing fly ash, the carbon-
ation coefficient for the mixes designed by the EMV method is low-
er than that of mixes designed by the conventional method. On the
other hand, as illustrated in Fig. 6, the carbonation coefficient for
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Fig. 5. Variation of the carbonation depth with exposure time.
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Fig. 6. Carbonation coefficient of test specimens.

RCA-VA specimens which were designed by the EMV method, were
almost the same as the carbonation coefficient of specimens de-
signed by the conventional mix design method for all the mixes,
with or without supplementary cementitious materials.

Since the total volume of mortar in the RCA-concrete mixes de-
signed by the EMV method and that of the companion mixes with-
out RCA are the same, the carbonation coefficients of groups of
specimens made of these mixes will be compared. From Fig. 6, it
can be observed that the carbonation coefficient for EM-C speci-
mens is 0.63 mm/day®> while those of the CL-C specimens are
0.51 mm/day®®. Since these two mixes had the same total mortar
volume, the above difference may be attributed to the lower ce-
ment content of the EM-C mix compared to the CL-C mix, which
were 335 kg/m> and 430 kg/m?>, respectively. Hence, the reserve
alkalinity in the EM-C mix is lower than that of the CL-C mix. In
contrast, as Fig. 6 indicates the carbonation coefficient for the
EV-C specimens is 0.51 mm/day®> and that for the CG-C specimens
is 0.54 mm/day®>, despite the fact that cement content of the EV-C
specimens are lower than that of the CG-C specimens. Although re-
serve alkalinity from the cement is lower in the specimens de-
signed with the EMV method, the presence of fly ash in RCA-VA,
as identified in the material characterization study, compensates
for the difference resulting in very similar carbonation coefficients
for both mixes.

4. Conclusions

The general conclusion of this research is that RCA-concrete
mixtures designed by the EMV method have strong resistance
against freeze-and-thaw action, chloride penetration and carbon-
ation as required for structural-grade concrete in severe environ-
ment. Based on the results of the presented investigation, the
following specific conclusions are drawn:

e The application of EMV mix proportioning method resulted in an
RCA-concrete with comparable or higher compressive strength
and higher fresh and hardened density compared to the RCA-
concrete proportioned with conventional method. The workabil-
ity of RCA-concrete was comparable within conventional and
EMV methods.

e Using the durability factor as a performance indicator, RCA-con-
crete mixes proportioned by the conventional mix design
method (100% RCA content) or by the EMV method (63.5% and
74.3% RCA content for RCA-concrete made with RCA-MO and
RCA-VA, respectively) has strong resistance against freeze-and-
thaw action. However, since lower total mortar content in
RCA-concrete can be achieved using the EMV method, this

method produces concrete with stronger resistance against
freeze-and-thaw action compared to RCA-concrete proportioned
by conventional mix design method.

e The measured acid soluble initial chloride concentration of the
RCA-concrete proportioned by the EMV method was found to
be lower than the limits specified by the current standards.
However, since the estimation of the total cement content of
RCA-concrete mixes is difficult due to the fact that the cement
content in the residual mortar cannot be accurately known, for
RCA-concrete it is recommended that all limits for chloride con-
tent be specified in terms of the mass of concrete rather than the
mass of cement.

o The apparent chloride diffusion coefficients for all RCA-concrete
specimens made of mixtures proportioned by the EMV method
were found to be of the same order of magnitude as the speci-
mens made of conventional structural-grade concrete (i.e.
10712 m?/s). In fact, the apparent chloride diffusion coefficients
for the RCA-concrete specimens without supplementary cemen-
titious materials and proportioned by the EMV method were
lower than those of the specimens made of mixture propor-
tioned by conventional method.

e The resistance to chloride penetration of RCA-concrete speci-
mens made of mixtures proportioned by the EMV method was
improved by the addition of supplementary cementitious mate-
rials (fly ash or bfs) as partial replacement for ordinary portland
cement. The addition of bfs reduced the apparent diffusion coef-
ficient of RCA-concrete mixes designed by the EMV method by
120-200% compared to the reduction achieved by the addition
of fly ash. The application of the EMV method in conjunction
with the addition of supplementary cementitious materials
yields concrete with high resistance to chloride penetration.

e The carbonation depths of RCA-concrete with and without sup-
plementary cementitious materials fall in the expected range for
structural-grade conventional concrete. RCA-concrete speci-
mens without supplementary cementitious materials showed
the lowest level of carbonation, followed by specimens contain-
ing bfs and fly ash, respectively.

e The specimens made with concrete proportioned by the EMV
method showed that the main factor affecting the carbonation
of RCA-concrete is the reserve alkalinity of its binder. Specimens
with high cement content were found to have high resistance to
carbonation. However, for specimens with fly ash, the carbon-
ation coefficient for mixes designed by the EMV method was
lower or equal to those of mixes designed by the conventional
method.
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