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ABSTRACT: Recycled concrete aggregates (RCA) have been adopted as one of the most efficient methods to reduce the carbon
footprint of the concrete industry. However, the performance of recycled concrete mixtures made of Alkali-silica reaction (ASR)-
affected RCA is primarily unknown. In this work, two types of RCA were produced from ASR-affected concrete with distinct
levels of deterioration (i.e., slight and severe). Three levels of secondary damage (i.e., expansion levels of 0.05%, 0.12%, and
0.20%) were selected and evaluated through the direct shear test. Results revealed that RCA concrete’s shear strength depends on
the severity of the RCA’s past deterioration. Moreover, the performance of the concrete specimens subjected to direct shear are in
accordance with the cracks features formed in the microstructure of the recycled concrete as a function of ASR-induced secondary
expansion observed through the damage rating index (DRI).
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RESUMEN: Evaluacion de los efectos de la fisuracion inducida por ASR en la resistencia a cortante directa del hormigon reciclado.
Los aridos reciclados de hormigén (RCA) estan siendo utilizados como uno de los métodos mas eficientes para reducir la huella de
carbono de la industria del hormigén. Sin embargo, el desempefio de las mezclas de hormigén reciclado hechas de RCA afectado
por la reaccion alcali-silice (ASR) es en su mayoria desconocido. En el presente trabajo se produjeron dos tipos de RCA a partir del
hormigdn afectado por ASR con distintos niveles de dafio (leve y severo). Se seleccionaron tres niveles de dafio secundario (niveles
de expansion de 0,05 %, 0,12 % y 0,20 %) y se evaluaron mediante el ensayo a cortante directo. Los resultados revelaron que la
resistencia a la cizalladura del hormigén con RCA depende de la severidad de su dafio anterior. Ademas, el comportamiento del
hormigén sometido a cortante directo esta en acuconcordancia con las caracteristicas de las fisuras formadas en la microestructura
del hormigoén reciclado en funcion de la expansion secundaria inducida por ASR por el indice de clasificacion de dafios (DRI).

PALABRAS CLAVE: Reaccion alcali-silice; Ensayo de cortante directo; Evaluacion microscopica; indice de clasificacion de
dafios (DRI); Aridos reciclados de hormigén.
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1. INTRODUCTION

Concrete is the most commonly used construction
material worldwide due to the availability of its in-
gredients, economic benefits, and outstanding me-
chanical and durability-related properties. Howev-
er, in 2018, the International Energy Agency (IEA)
linked concrete production to approximately 7% of
the global carbon dioxide emissions, mainly due
to Portland cement production and aggregates pro-
cessing (1). In light of the current urgency to adopt
new measures to reduce the environmental impact
of the production of concrete, recycling and reusing
concrete can help reduce the consumption of non-re-
newable aggregates by transforming them into re-
cycled concrete aggregates (RCA) while utilizing
the adhered residual cement paste to reduce the new
cement demand. However, there are still doubts on
the material’s variability and quality, especially con-
cerning alkali-silica reaction (ASR), one of the most
damaging distress mechanisms impacting concrete,
which significantly reduces the service life of affect-
ed structures, leading to early demolition thus creat-
ing large amounts of waste.

Recent studies have evaluated the potential for
“secondary” induced expansion of ASR-affected
recycled concrete made of reactive coarse and fine
RCA (2-7); these studies found that the source of
the reaction (i.e., reactive coarse or fine aggregates)
significantly affects the deterioration mechanism

TaBLE 1. Description of acronyms used.

Acronyms Description

ASR Alkali-silica reaction

RCA Recycled concrete aggregate
DRI Damage rating index

CcC Conventional concrete

OVA Original virgin aggregate

RM Residual mortar

EV Equivalent volume mix design method
CCA Closed crack in the aggregate
OCA Open crack in the aggregate

OCAG Open crack in the aggregate with gel

DAP Disaggregated particles

CCP Crack in the cement paste

CCPG Crack in the cement paste with gel

CAD Debonded aggregate

CPT Concrete prism test

RH Relative humidity

1TZ Interfacial transition zone
NCP New cement paste

RCP Residual cement paste

through its crack generation and propagation, ki-
netics, and potential of secondary expansion (6, 7).
Nevertheless, very few works appraised the impact
of ASR on the mechanical properties of RCA con-
crete (8). This work aims to evaluate the influence
of ASR on the direct shear strength of RCA-affected
concrete to better understand the role of the aggre-
gate in such concrete mixtures. Moreover, correla-
tions with microscopic analysis are also conducted
to enhance understanding of the findings (6, 7). It is
worth noting that to improve the text’s readability, a
description of all acronyms (in order of appearance)
used in this work is presented in Table 1.

2. BACKGROUND

2.1. Alkali-silica reaction (ASR)

Alkali-silica reaction (ASR) is a reaction between
the alkalis from the cement paste (i.e., Na*, K*,OH")
and uncrystallized silica within the aggregates.
ASR is one of the leading causes of early concrete
deterioration in Canada and worldwide (9). Con-
crete expansion levels are generally used to reflect
ASR-induced damage. Figure 1 shows a qualitative
crack propagation model in ASR-affected conven-
tional concrete (CC), presenting A) sharp cracks
and B) onion skin type cracks (10). Sharp cracks are
generally initiated within the aggregate particles at
a slightly damaged degree (i.e., 0.05% expansion
level). As the reaction continues to a moderate ex-
pansion level (i.e., 0.12%), the previously generated
sharp cracks propagate towards the aggregate’s edg-
es. At high expansion levels (i.e., 0.20%), the sharp
cracks begin to extend into the cement paste. At very
high expansion levels (i.e., 0.30%), the sharp cracks
formed in the aggregates and the cement paste form
an extensive cracking network and decrease the
physical integrity of the material. Meanwhile, on-
ion skin type cracks follow the aggregate’s edge,
elongating with increasing expansion until entering
the cement paste. Mechanical properties (i.e., com-
pressive strength tensile strength, and modulus of
elasticity) of concrete affected by ASR are therefore
reduced as a function of the expansion level, regard-
less of the aggregate type (i.e., coarse vs. fine aggre-
gates) and nature (i.e., mineralogy) (10, 11). De Sou-
za et al. (12) observed that the direct shear strength

0.05% 0.12% 0.20%

Ficure 1. A qualitative model of crack propagation in ASR-af-
fected CC (10).
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of ASR-affected specimens reduces as a function of
ASR expansion, observed even at low expansion
levels, which was attributed to the adverse effect of
ASR on the aggregate interlock of the concrete spec-
imens.

2.2. Recycled concrete aggregate (RCA)

Recycled concrete aggregate (RCA) is a multi-
phase material composed of original virgin aggre-
gate (OVA) and residual mortar (RM). RCA is often
considered a lower quality material (i.e., presence
of residual mortar - RM, impurities, deterioration,
and high variability, among many others), resulting
in lower concrete performance. Several mix-design
procedures have been developed to increase the
overall performance of recycled concrete. Among
these mix-design techniques, the Equivalent Volume
(EV) method (5) improves the hardened and fresh
state properties and results in a more sustainable
concrete mixture. The EV method is based on the
mix-design technique developed by Fathifazl et al.
(3) and its modified version (4). The EV mix-design
technique aims to proportion recycled concrete mix-
tures with the same volume of aggregates (coarse and
fine) and cement paste as a companion CC. Indeed,
there are concerns regarding the use of RCA due to
the presence of past deterioration such as ASR (12,
13), which can be influenced by the RCA production
(i.e., aggregate crushing, washing, and storage) and
the remaining reactivity potential (14—18). Trottier
et al. (6, 7) found that the kinetics and deterioration
process (i.e., crack width, crack length, and propaga-
tion path) are affected by the severity of initial dam-
age and its location (i.e., OVA or RM). However, the
influence of this type of aggregate on the aggregate
interlock, determined through the direct shear test,
remains unknown. Techniques used to assess ASR
damage in concrete.

2.2.1. Damage Rating Index (DRI)

The damage rating index (DRI) is a microscop-
ic tool developed (19) and further modified (10, 20)
to appraise damage in ASR-affected concrete. After
polishing the surface of a concrete section (i.e., cut
longitudinally), distress features are counted with
the help of a stereomicroscope (15 to 16x magnifi-
cation) in a 1 cm? grid drawn on the reflective sur-
face. The distress feature counts are then weighted
according to their location and importance (i.e., 0.25
for closed cracks in the aggregate — CCA; 2 for open
cracks in the aggregate without and with gel and
disaggregated particles — OCA, OCAG, and DAP,
respectively; and 3 for cracks in the cement paste
without and with gel and debonded aggregate — CCP,
CCPG, and CAD, respectively). The overall assess-
ment is then normalized to 100 cm? resulting in the

DRI number. This microscopic tool is an effective
technique for assessing the degree of damage of
ASR-affected concrete regardless of the aggregate
type and concrete strength (10, 20, 21), as well as for
recycled mixtures (6—8). Furthermore, the extended
version of DRI, presenting characteristics in abso-
lute (counts/100 cm?) and relative (%) values with-
out the weighting factors, gives a more thorough
evaluation and comprehension of the ASR-induced
damage development. (8, 10).

2.2.2. Direct shear setup test

The direct shear strength of concrete measures
the material’s aggregate interlock.; compression and
tension are the governing forces in measuring the lat-
ter. The transfer of shear forces across inner cracks
occurs through two mechanisms: a) dowel effect and
b) shear friction (22). While the dowel effect is relat-
ed to reinforcement used in concrete, shear friction
is the frictional resistance of cracks to sliding (22)
used in reinforced concrete design known as aggre-
gate interlock (23). Barr and Hasso (24) proposed
a setup using a modified cylindrical concrete spec-
imen, where a semi-circular notch was applied on
each side, expected to ensure a shear failure at this
location. Gao et al. (25) introduced a new setup to
evaluate the brittle fracture of reinforced concrete
composites. The setup proposed by Gao et al. (25)
was adopted by Barr and Hasso (26) for further anal-
ysis in 100 by 200 mm cylindrical specimens, using
a circumferential notch of 20-25 mm in depth (Fig-
ure 2). Ultimately, De Souza et al. (27) utilized the
last version of the setup proposed by Barr and Has-
so (26) to evaluate the effects of ASR on the direct
shear strength of affected concrete specimens.

3. SCOPE OF WORK

As aforementioned, only a few works have evaluat-
ed the impact of RCA’s initial damage on the mechan-
ical properties and deterioration of concrete made of
ASR-affected RCA, while the influence of ASR on the
mechanical properties of CC is somewhat well under-
stood. This work aims to assess the influence of previ-

&< o
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FIGURE 2. Shear setup for concrete specimens (26).
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ously damaged RCA and its severity on the aggregate
interlock captured by the direct shear strength test. As
such, CC specimens incorporating a reactive coarse
aggregate (i.e., Springhill - Greywacke) were manu-
factured in the laboratory and stored under conditions
enabling ASR-induced expansion and deterioration.
The specimens were split into two groups: slightly de-
teriorated (i.e., 0.05%) and severely deteriorated (i.e.,
0.30%) concrete; upon reaching the above expansion
levels, the specimens were crushed, and RCA material
was obtained. RCA concrete specimens made of slight-
ly and severely ASR-deteriorated coarse aggregates
were fabricated and stored at conditions enabling sec-
ondary ASR-induced development. Secondary damage
(i.e., expansion levels) was monitored over time to
compare the ASR kinetics of recycled concrete with a
companion CC affected by ASR. The direct shear test
was then conducted on specimens reaching expansion
levels of 0.05%, 0.12% and 0.20%, followed by com-
plementary microscopic analysis (i.e., damage rating
index) on a separate set of specimens at each expan-
sion level to better understand the role of the RCA in
concrete affected by ASR.

4. MATERIALS AND METHODS

4.1. Concrete manufacturing

To fabricate the control CC specimens (i.e.,
100 mm by 200 mm, 35 MPa concrete cylinders)
and concrete specimens to be used to produce
the RCA, a highly reactive coarse aggregate (i.e.,
Springhill — Greywacke) was combined with nat-
ural non-reactive sand sourced locally in Ottawa.
All concrete specimens were mix-proportioned fol-
lowing the concrete prism test (CPT) as per ASTM
C1293 (28); CSA general use (ASTM type 1) Port-
land cement was used in the mixture. To accelerate
ASR development, the total alkali content of the
mixture was raised to 1.25% Na,O_ by cement
mass after adding reagent grade NaOfi. The speci-
mens were moisture-cured in 100% relative humid-
ity (RH) and 20°C, and then de-moulded after 24
hours. Holes of 5 mm in diameter by 15 mm in depth
were then drilled in both ends of the specimens,

and stainless-steel gauge studs were glued using a
fast-setting cement paste slurry on both ends for the
length change measurements. The specimens were
left to moist-cure for an additional 24 hours before
the initial reading. The specimens were then stored
over a film of water in 22-litre plastic containers
lined with an absorbent cloth and then placed in
an environmental chamber (i.e., 100% RH and
38°C). The abovementioned absorbent cloth was
installed on the lid and inside the buckets to pre-
vent the formation of droplets and minimize the
effect of leaching. Prior to the periodic monitoring
of the length change measurements, the contain-
ers were removed from the environmental cham-
ber and cooled down to 20°C for 16 + 4 hrs. The
specimens were taken out one by one during the
measurement period, and buckets were returned to
the environmental chamber immediately after each
measurement. Two levels of expansion represent-
ing distinct damage degrees were selected to pro-
duce the RCA: 0.05% and 0.30% (i.e., slight and
severe, respectively). The specimens were then jaw
crushed to produce reactive coarse RCA ranging
from 4.75 mm to 19 mm in size. After crushing, the
RCAs were stored in sealed buckets in conditions
preventing further ASR development (12°C). The
RM content of slightly damaged RCA and severely
damaged RCA were 46% and 51.5%, respective-
ly. The RM content was determined following the
procedure proposed by Abbas et al. (29), which
involves five cycles of freezing and thawing. All
recycled mixtures were proportioned using the EV
method (5) while keeping the total cement content
of the system equal to 420 kg/m?® (i.e., using the
CPT mixture proportions as the companion mix-
ture) as presented in Table 2. To raise the alkali
content, the recycled mixtures also incorporated
reagent grade NaOH and were cast, cured, pre-
pared, stored, and monitored over time, following
the same procedures as aforementioned for the CC.
It is worth noting that to assess the effect of ini-
tial damage on the future performance of the RCA
concrete, only the alkali contribution from the new
cement paste was considered. The total alkalis of
the system was kept constant, and the stage of the
initial reaction was not considered in the total alka-
li content calculation.

TaBLE 2. Conventional and RCA mix proportioning.

Slightly damaged Severely damaged
Raw materials Springhill CC RCA-concrete (0.05% RCA-concrete (0.30%
-SPR-RCA) -SPR-RCA)
Coarse aggregate-highly reactive (kg/m®) 934 1040 1048
Sand-non reactive (kg/m®) 823 774 791
Cement (kg/m?) 420 340 331
Water (kg/m?®) 189 153 149
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4.2. Experimental procedures
4.2.1. Direct shear test

The direct shear test was used to evaluate the di-
rect shear strength (i.e., aggregate interlock) of the
recycled mixtures. Three specimens per concrete
mixture (i.e., CC, slightly and severely damaged
recycled mixtures) and expansion level selected for
this study (i.e., 0%, 0.05%, 0.12% and 0.20%) were
prepared for the direct shear test. A circumferential
22 mm deep (26) and 5 mm wide (i.e., the width of
the diamond blade on the masonry saw) notch at the
center of the specimens was cut to ensure a shear
failure at the notch. The specimens were then test-
ed in accordance with the setup and procedure pro-
posed by Barr and Hasso (26), as shown in Figure 2.
A loading rate of 100 N/s was selected for this study.
The following Equation [1] was then used to calcu-
late the direct shear strength:

_ P.4
(¢cylinder - Za)z- T

Where denotes the failure load (N), denotes the
cylinder diameter (mm), and denotes the depth of
the notch (mm).

(1]

T

4.2.2. Damage Rating Index (DRI)

One specimen per mixture (i.e., CC, slightly and
severely damaged recycled mixture) and expansion
level (i.e., 0%, 0.05%, 0.12% and 0.20%) was cut in
half longitudinally and polished with diamond-im-
pregnated rubber disks of successive grits (i.e., 30,
60, 140, 280, 600, 1200, 3000) through the use of a
mechanical polishing machine prior to conducting
the microscopic assessment. A grid of 1 cm by 1 cm
was drawn on the reflective surface, and each square

05 1 Springhill CC

0.4 +

0.3 -

Expansion (%)

0.2 +

0.1 ¢

M- 0.05%-SPR-RCA

was observed through a stereomicroscope at 16x
magnification. Distress features were then counted
in each square while applying a weighting factor to
each feature as per (20). The sum of the weighted
counts was normalized to 100 cm? to obtain a DRI
number. Moreover, the extended version of the DRI
(i.e., without the application of the weighting fac-
tors) was also performed as per Sanchez et al. (10).

5. RESULTS AND DISCUSSION

5.1. ASR development and Kinetics

Figure 3 illustrates ASR-induced average expan-
sion levels as a function of time. A standard deviation
of 0.01%-0.04%, 0.02%-0.04% and 0.02%-0.03%
was obtained for the CC and recycled mixtures made
of slightly damaged and severely damaged RCA, re-
spectively. Expansion measurements were carried
out for 150 days on the CC at which an expansion
level of 0.31% was reached, whereas after 188 days,
levels of expansion of 0.24% and 0.28% were ob-
tained for the slightly and severely damaged recycled
mixutres, respectively. A similar trend is observed at
the beginning from 0-0.03% of expansion (i.e., 29
days), after which both recycled mixtures increase
in expansion up to 0.09% and 0.06% at 51 days for
the severely and slightly damaged RCA, respective-
ly, while the CC attains only 0.05% at 52 days. After
approximately 63 days, the CC swelled at a faster
rate when compared to both recycled mixtures. The
severely and slightly damaged recycled mixtures, as
well as the CC, reached an expansion level of 0.05%
at 36, 44 and 49 days, and an expansion level of
0.12% at 79, 94 and 75 days, respectively. Mean-
while, an expansion of 0.20% was observed after 94,
128, 157 days for the CC, severely and slightly dam-

—8—0.30%-SPR-RCA

0 20 40 60 80

100 120 140 160 180 200

Time(days)

Ficure 3. Expansion as a function of time for concrete mixtures (6).

Materiales de Construccion 72 (346), April-June 2022, 280. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.17621


https://doi.org/10.3989/mc.2022.17621

6 « R. Ziapour et al.

aged recycled mixtures, respectively.

5.2. Direct shear test

The direct shear strength and reductions at dis-
tinct expansion levels of the CC and recycled con-
crete mixtures are presented in Figures 4a and 4b,
respectively. Results indicate that the direct shear
strength of all mixtures lessens as a function of in-
duced expansion and ASR development. The CC’s
direct shear strength begins to decrease only after
0.05% of expansion (i.e., initially at 8.81 MPa)
which can be attributed to the cracks being present
within the aggregates as presented in Figure 1; thus,
cracks propagating through the interfacial transition
zone (ITZ) during shear failure. Hereafter, the de-
crease in direct shear strength is linear for the CC,
reaching 5.82 MPa at 0.20% of the expansion. The
recycled mixtures on the other hand, present a lower
initial shear strength when compared to the CC. The
slightly damaged RCA displayed an initial direct
shear strength of 7.2 MPa. As expansion advanced,
at low and moderate expansion levels (i.e., 0.05%
and 0.12%, respectively), the direct shear strength
reduced to 5.81 MPa and 5.44 MPa (i.c., losses of
20% and 24%, respectively). At an expansion level
of 0.20%, a significant loss is observed (i.e., loss of
44%), reducing the direct shear strength to 4.02 MPa.
Likewise, the severely damaged RCA with an initial
direct shear strength of 6.8 MPa presented a similar
trend through the low and moderate expansion levels
(i.e., losses of 20% and 29%, respectively). Interest-
ingly, no significant loss was observed at a high ex-
pansion level (0.20%), unlike the slightly damaged
RCA (i.e., from 29% to 34%).

5.3. Microscopic assessment
The result from another study by Trottier et al.

(6) with the same RCA particles and mixture pro-
portions, was used to complement the results ob-

a)

12 +— m0.05%-SPR-RCA @ 0.30%-5PR-RCA Springhill CC —
10 +
T s i
L
% 6t
2 H -
= [ ]
F g s ]
(']
@
=
wv
2 L
0 } } } }
0 0.05 0.1 0.15 0.2 0.25

b)

Shear Loss (%)

tained through the direct shear test and understand
the role of the RCA particles. Due to the multi-phase
nature of the aggregates, the cracks observed in the
cement paste were classified into two categories: a)
cracks in new cement paste (NCP) and b) cracks in
the residual cement paste (RCP). It should be noted
that the crushing and weathering of the aggregates
could result in closed cracks inside the aggregates,
and these cracks are not necessarily attributed to
ASR (30). However, a decrease in such cracks is a
result of closed cracks in the aggregates opening due
to the expansion of silica gel within these sites. As
such, the CC mixture shows an increase in the pro-
portions of open cracks in the aggregates (from 12%
to 40%), as well as cracks in the cement paste (from
less than 1% to 10%) up to moderate expansion level
(i.e., 0.12%). Afterwards, their proportions remain
constant (Figure 5a) although the number of cracks
keeps increasing, as shown in Figure 5b. The severe-
ly damaged mixture (i.e., 0.30%-SPR-RCA) dis-
plays a significantly higher portion of open cracks
in the aggregate with and without gel when com-
pared to the slightly damaged mixture (i.e., 0.05%
-SPR-RCA) before being subjected to secondary
damage (28% and 10%, respectively). The propor-
tion of open cracks in the aggregate without and
with gel increases up to 45% for slightly damaged
RCA and 36% for the severely damaged RCA con-
crete at 0.20% of expansion (Figure 5a). Meanwhile,
the cracks in the cement paste present a significantly
smaller proportion overall yet, similar proportions
in both recycled mixtures are observed, increasing
with expansion (i.e., from 5% to 20%).

The DRI numbers generally increase with in-
creasing expansion, as presented in Figure 5b. The
CC mixture displays the highest DRI values, fol-
lowed by the severely then slightly damaged RCA
mixtures. Before being subjected to ASR, only a
negligible level of damage was observed for all con-
crete mixtures (i.e., DRI values of 138, 73, and 171,
for CC, slightly and severely damaged RCA, respec-
tively). At 0.05% and 0.12% of expansion levels, the
CC mixture presents the highest DRI numbers (i.e.,

50% T—— m0.05%-SPR-RCA @ 0.30%-SPR-RCA 4 Springhill CC
]
40%
[ ]
30% + .
20% T ]
10% T
(] 0.05 0.1 0.15 0.2 0.25

FIGURE 4. a) Direct shear strength of ASR affected specimens, and b) shear loss of ASR affected specimens at distinct expansion levels.
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Microscopic features (%)
w
£
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Expansion (%)
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0 005 012 020 030

k)

SPR CC

0.30%S PR-RCA

005%SPR-RCA

1000

Damage Rating Index

B CCA, OVA
OCAG, NA

CCA, NA
B CAD, OVA

W OCA, OVA
HGCAD, NA

PIOCA, NA
HDAP, OVA

OCAG, OVA
ZDAP, NA

Ficure 5. a) Percentage of distress features and b) DRI chart in CC and RCA concrete (6).

307 and 465, respectively) between all mixtures,
while the slightly and severely damaged RCA mix-
tures achieve 161 and 261 for low (i.e., 0.05%) ex-
pansion and 268 and 390 for moderate (i.e., 0.12%)
expansion, respectively. A significant increase in
the DRI number is found for the slightly damaged
RCA concrete at the expansion of 0.20%. (i.e., 470)
whereas the severely damaged RCA and CC mix-
tures increased to 514 and 621.

5.4. Discussion and overall assessment

The shear strength of recycled mixtures presented
interesting results when compared to the CC mix-
ture. At low expansion levels (i.e., 0.05%), CC mix-
tures presented cracks mainly within the aggregates
(10, 11, 21). This behaviour was well captured by
the direct shear test (i.e., no reduction of the shear
strength as per Figure 4) since no “aggregate inter-
lock loss” is expected when cracks remain within the
aggregate particles. Conversely, at moderate expan-
sion levels (i.e., 0.12%), some of the cracks devel-
oped within the aggregates reached the cement paste
(Figure 1), decreasing the aggregate interlock due
to the splitting of the particles, which significantly
reduces the shear strength of the affected material.
In addition, the location of cracks (i.e., aggregate vs
cement paste) and their severity (i.e., number, crack
length and crack width) significantly affected the
shear strength of CC (31). On the other hand, RCA
mixtures showed a lower initial shear strength when
compared to CC, likely due to: a) the distinct mi-

crostructure (i.e., multi-phase nature and increased
number of ITZ) of RCA particles and, b) the crush-
ing/processing inducing micro-cracks, which might
have compromised the aggregate interlock capacity
of RCA concrete as previously observed in the lit-
erature (22, 32, 33). Conversely to the CC mixtures
where the shear strength remained constant from
0% to 0.05% of expansion, the recycled mixtures
showed a 19% and 20% shear strength loss. This
difference in the shear strength reduction in recy-
cled mixtures compared to CC is likely due to the
previous ASR damage, resulting in the secondary
damage having a short initiation period leading to-
wards cracks extending to the cement paste in re-
cycled mixtures before such cracks are observed
in CC (Figure 5b). Moreover, the influence of the
previous ASR damaged was captured by the direct
shear test where recycled mixtures made of slightly
deteriorated RCA concrete displayed a greater ini-
tial shear strength when compared to RCA made of
severely deteriorated particles. The DRI numbers
obtained for the slightly and severely damaged recy-
cled mixtures prior to being subjected to secondary
ASR damage (i.e., 73 and 171, respectively) support
the trend observed through the shear strength. Yet, a
DRI number of 138 was reported for the CC, while
a higher shear strength was observed at 0% of ex-
pansion. Therefore, the number of cracks does not
necessarily govern the shear strength. Moreover,
the open cracks in the aggregates are significantly
lower in number for the slightly damaged RCA yet,
similar numbers are observed for the severely dam-
aged mixture and the CC. At 0.05% of expansion,
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although the shear strength in CC remains constant,
the number of open cracks in the aggregate increases
significantly while a smaller increase is observed in
both recycled mixtures, highlighting the influence of
the nature of the RCA presenting previous damage.
Furthermore, the width of cracks may have played
an essential role in the direct shear strength of recy-
cled mixtures. Recycled mixtures at low expansion
levels presented significantly wider cracks than CC
(i.e., 0.15 mm and 0.10 mm, respectively) (7).

An interesting behaviour is observed at 0.20% of
expansion for the slightly damaged recycled mix-
ture observed through both the shear strength and
the DRI number. The shear strength thus presents a
higher loss for the slightly damaged mixture while
the DRI number increases significantly with the
number of open cracks in the aggregate being simi-
lar to that of the severely damaged mixture, further
highlighting the difference between the RCA parti-
cles subjected to different levels of previous damage.
In addition, at high expansions (i.e., 0.20%), cracks
were widest in the slightly damaged RCA concrete
reaching 0.25 mm, compared to 0.20 mm for severe-
ly damaged RCA concrete and CC as previously re-
ported (7). The sudden loss of direct shear strength
observed in the recycled concrete made of slightly
damaged RCA at an expansion level of 0.20% may
be linked to wider observed cracks. Nevertheless, the
reactive potential of the RCA particles was captured
by both tools used in this study. It is worth noting
that it is generally agreed that the shear strength of
concrete not only depends on the location and width
of cracks, but the crack directionality could also play
an important role in the shear strength of concrete
specimens (34, 35), thus the impact of crack direc-
tionality on the shear strength of RCA concrete is
recommended topics for future work.

6. CONCLUSIONS

This study aimed to appraise the direct shear
strength reduction of concrete containing ASR reac-
tive RCA while understanding its behaviour through
a microscopic analysis. The results were compared
with a companion CC, and the key findings of this
study are presented below:

e The results gathered in this research indi-
cate that the severity of past deterioration
in RCA affects the shear strength of recy-
cled concrete; it is worth noting that the
location and type of these distress features
are of great significance towards the shear
strength of recycled concrete.

*  Although severely damaged RCA displays
a higher level of damage through the DRI
number for all three secondary expansion
levels selected in this study, slightly dam-
aged RCA presented a significantly higher

loss of direct shear strength and a significant
increase in the DRI number at 0.20% of the
expansion.

*  The direct shear strength setup used in this
study was able to capture the increase in
ASR damage in CC and the recycled mix-
tures. The influence of the primary damage
in the RCA particles was also highlighted
through both the shear strength and DRI
numbers which emphasizes the necessity
to distinguish the type of RCA used in new
concrete mixtures.

* Overall, the direct shear strength of RCA
concrete depends on the original concrete
properties and the secondary induced de-
terioration taking place in the RCA con-
crete. This was observed by Trottier et al.
(7) when developing a qualitative model of
crack generation and propagation of RCA.
Further investigation of the mechanical
properties is required to understand the ef-
fects of initial and secondary damage on
RCA concrete.

*  The overall crack width of the system plays
an essential role in assessing the direct shear
strength of ASR-affected specimens. This
was clearly observed in this work, especial-
ly at high expansion levels.
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