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ABSTRACT Typical effects of coarse and fine aggregates on the long-term properties of sea sand recycled aggregate
concrete (SSRAC) are analyzed by a series of axial compression tests. Two different types of fine (coarse) aggregates are
considered: sea sand and river sand (natural and recycled coarse aggregates). Variations in SSRAC properties at different
ages are investigated. A novel test system is developed via axial compression experiments and the digital image
correlation method to obtain the deformation field and crack development of concrete. Supportive results show that the
compressive strength of SSRAC increase with decreasing recycled coarse aggregate replacement percentage and
increasing sea sand chloride ion content. The elastic modulus of SSRAC increases with age. However, the Poisson’s ratio
reduces after 2 years. Typical axial stress—strain curves of SSRAC vary with age. Generally, the effect of coarse
aggregates on the axial deformation of SSRAC is clear; however, the deformation differences between coarse aggregate
and cement mortar reduce by adopting sea sand. The aggregate type changes the crack characteristics and propagation of

SSRAC. Finally, an analytical expression is suggested to construct the long-term stress—strain curve of SSRAC.
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1 Introduction

The application of sea sand recycled aggregate concrete
(SSRAC) is promising as it is a new type of environmen-
tally friendly material. SSRAC enables natural coarse
aggregates (NCAs) and fine aggregates to be replaced with
demolished concrete and sea sand, respectively. SSRAC
reduces the use of terrestrial resources (river sand, gravel,
etc.), full utilizes ocean resources (sea sand), and decreases
the output of construction waste. However, the typical
mechanical properties of SSRAC are modified because of
the coupled effects of recycled coarse aggregates (RCAs)
and sea sand [1-4]. The use of SSRAC is restricted owing
to the abovementioned reason. Further studies should be
undertaken to promote its application.
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Currently, investigations regarding SSRAC are few, and
they pertain primarily to the analysis of the coupled effects
of RCA and sea sand on the short-term mechanical
properties of SSRAC [1]. Test results indicated that the sea
sand chloride ion (CI") content as well as RCA replacement
percentage changed the properties of SSRAC significantly.
The elastic modulus and strength increased with increasing
sea sand CI” content and decreasing RCA replacement
percentage. The typical effects of RCA on the strength of
SSRAC were reduced by increasing sea sand CI™ content
[1]. Test results indicated that the compressive strength of
28 d SSRAC was higher than that of 28 d ordinary concrete
(concrete adopting river sand and gravel) when the CI™
content exceeded a certain value. Xiao et al. [3,5] and
Zhang et al. [6] investigated the workability of seawater
sea sand recycled aggregate concrete (SSSRAC) by
performing a series of tests. It was shown that the fluidity
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of SSSRAC was acceptable owing to the coupled effects of
sea sand and RCA. The negative effect of RCA [5,7,8] on
concrete workability reduced by adding sea sand [9,10].
Furthermore, the splitting strength of concrete using sea
sand and RCA was on average 8% lower than that of
ordinary concrete and 5% higher than that of recycled
aggregate concrete (RAC). This is primarily because the
coupled effects of Cl” in sea sand (or seawater) and older
mortar in RCA. The sea sand chloride ions slightly
increased the SSRAC density and reduced its porosity [11—
13], which decreased the negative effect of RCA on
strength. The concrete absorption capacity reduced after
sea sand was employed. This is because the effective
volume of the liquid in concrete with sea sand increased.
The macroscopic contact angle increased with the liquid
effective volume when the triple contact line was pinned
[14]. It was discovered that higher macroscopic contact
angles resulted in inferior absorption capacity. The
compressive strength of SSRAC developed rapidly at the
early age; however, the development of strength deceler-
ated after 28 d owing to C1™ [1,4,15]. Limeira et al. [7] and
Etxeberria et al. [11] observed that the negative effect of
RCA on the water penetration maximum value of concrete
reduced by adding CI". The durability of SSRAC improved
compared with that of RAC because of the coupled effects
of CI" and RCA. Furthermore, Huang et al. [16]
investigated the ductility and strength of confined
SSRAC specimens. It was discovered that the basic
mechanical properties of SSRAC enhanced by the outer
tube confinement. Based on the research findings above, it
can be concluded that the short-term properties of SSRAC
was acceptable due to the coupled effects of sea sand and
RCA.

However, current studies pertaining to the long-term
mechanical properties of SSRAC are few. The coupled
effects of sea sand and RCA on the properties of concrete
at different ages were seldom investigated. Furthermore,
current studies primarily focus on the macroscopic
mechanical properties (strength, elastic modulus, ductility,
etc.) and microstructure (interface transition zone, pore
size, etc.) of SSRAC. The coupled effects of sea sand and
RCA on the mechanical mechanism of specimens

Table 1 Properties of coarse aggregate

(deformation distribution and crack development) were
seldom investigated. A novel test system was developed
via axial compression experiments and the digital image
correlation (DIC) method to investigate the macroscopic
mechanical properties, deformation field, and crack
development of SSRAC. Macro- and micro-level studies
can be undertaken to analyze the effects of sea sand and
RCA on the long-term properties of SSRAC. The research
findings would provide a comprehensive insight into the
elastic properties, plastic deformation, cracking and
destroy of SSRAC.

2 Experimental section

2.1 Basic materials

For all concrete mixtures, 42.5R cement was adopted. Two
types of coarse aggregates were considered: NCAs and
RCAs. The size of coarse aggregates is 5-25 mm. The
RCA was obtained from a demolished concrete pavement.
Table 1 shows the typical properties of coarse aggregates
[17]. It was discovered that the properties of the RCAs
(crushing index, clay content, etc.) differed from those of
the NCAs.

In this study, sea sand and river sand were adopted as the
fine aggregates. Table 2 lists the properties of sea sand and
river sand [18,19]. Three different sea sand chloride ion
contents (0.050%, 0.081%, and 0.184% ) were adopted in
this study. It was discovered that the clay content of sea
sand decreased compared with that of river sand.

2.2 Specimen preparation and design

2.2.1 Mix proportion

The actual mix proportion used was cement:water:coarse
aggregates:fine aggregates= 320.3:205:1181.6:693.54.
The water-to-cement ratio of specimen was 0.64. Addi-
tional water was considered because of the high water
adsorption of the RCAs. The specific amount of additional
water was obtained based on the RCA properties.

material bulk density (kg/m®) apparent density (kg/m’) water absorption clay content crushing index
NCA 1562 2580 0.9% 0.8% 7.6%

RCA 1416 2490 6.9% 8.6% 11.7%

Table 2 Properties of fine aggregates

material clay content apparent density (kg/m®) size (mm) shell content Cl content

sea sand 0.82% 2545 0.15-2.2 1.18% 0.0509%/0.081%/0.184%
river sand 2.81% 2603 0.15-2.25 0% 0%




756

2.2.2 Preparation

All concrete mixtures were prepared based on the same
procedures. 1) The cement and 1/3 of the mixing water
were added, and the mixture was mixed for 2 min. 2) The
aggregates and 1/3 of the water were used, and the concrete
mixture was mixed for approximately 1 min. 3) The
remaining water was used, and the concrete mixture was
uniformly mixed. 4) Finally, the concrete mixture was
filled into the mold. All specimens were cured under
standard conditions (room temperature: 20°C+1°C; rela-
tive humidity: 90%=+5%) until the test day (i.e., 7, 14, 28,
and 100 d; 1 and 2 years).

2.2.3 Specimen design

Table 3 shows the details of the specimen. In the
experiment, 12 sets of specimens were used. Two
parameters were considered: RCA replacement percentage
and sand CI” content. Each group comprised 24 prismatic
concrete, 24 cubic concrete, and 3 sliced concrete (100 mm
x 100 mm x 15 mm). The cubic and prismatic concrete
were utilized to investigate the macroscopic mechanical
properties (compressive strength and failure pattern, etc.).
Additionally, the sliced concrete was obtained from the
cubic concrete using a rock cutter, and it was adopted to
analyze the deformation field and crack development of the
SSRAC using the DIC method. Related findings from the
DIC method can enable one to understand and quantify the
changes in the macroscopic mechanical properties. Typical
images of sliced SSRAC specimens are shown in Fig. 1.
All specimens are denoted by “SSRAC+ RCA
replacement percentage + sea sand Cl~ content” (Table
3). For example, “SSRAC-BC” represents SSRAC adopt-
ing 50% RCA replacement percentage (the first symbol
“A”, “B”, and “C” represent 0%, 50%, and 100% RCA
replacement percentages, respectively) and 0.081% sea

Table 3 Details of specimen
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sand CI™ content (the second symbol “A”, “B”, “C”, and
“D” represent 0%, 0.05%, 0.081%, and 0.184% sea sand
CI” contents, respectively).

2.3 Loading system and procedure

To analyze the long-term mechanical properties of
SSRAC, two loading systems were used in this test.

2.3.1 Prismatic and cubic concrete

2.3.1.1 Loading system

The loading system included an electro hydraulic servo
tester (2000 kN) and a computer (Fig. 2(a)). The actual
compressive load and axial deformation were obtained
using the computer.

2.3.1.2 Loading program

All specimens were preloaded with 10 kN prior to the
actual test to reduce the negative effect of uneven loads and
avoid the abnormal function of devices [1]. To ensure
quasi-static loading, the displacement loading pattern was
utilized (0.05 mm/min) [20]. The prismatic specimen
deformation was measured using strain gauges and
displacement transducers, which were set at the mid-span
of the specimen (100 mm) to reduce the effect of the testing
device.

2.3.2  Sliced specimen

2.3.2.1 Loading system

The loading system for the sliced concrete specimen can be
classified into three sections, where each section comprises
the following, separately: a 400 kN Measure Test Simulate

specimen NCA (kg-m ) RCA (kg-m™) river sand (kg'm °)  sea sand (kg-m °) sea sand CI content (%) dry density (kg m )
SSRAC-AA 1181.6 0.0 693.6 0.0 0 2355
SSRAC-BA 590.8 590.8 693.6 0.0 0 2335
SSRAC-CA 0.0 1181.6 693.6 0.0 0 2323
SSRAC-AB 1181.6 0.0 0.0 693.6 0.050 2373
SSRAC-BB 590.8 590.8 0.0 693.6 0.050 2350
SSRAC-CB 0.0 1181.6 0.0 693.6 0.050 2320
SSRAC-AC 1181.6 0.0 0.0 693.6 0.081 2395
SSRAC-BC 590.8 590.8 0.0 693.6 0.081 2352
SSRAC-CC 0.0 1181.6 0.0 693.6 0.081 2316
SSRAC-AD 1181.6 0.0 0.0 693.6 0.184 2405
SSRAC-BD 590.8 590.8 0.0 693.6 0.184 2394
SSRAC-CD 0.0 1181.6 0.0 693.6 0.184 2365
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(MTS) tester, a black-and-white industrial camera (1
million resolution), and a workstation with an image
analysis program (Fig. 2). The digital information of the
specimen surface was obtained using the camera. The
typical deformation field and the crack development were
calculated using the image analysis program.

2.3.2.2 Loading program

A 2 kN load was applied to the sliced concrete prior to the
actual testing to avoid the abnormal function of the loading
system. The displacement mode was adopted as a loading
pattern (0.07 mm/min). The axial deformation of sliced
concrete was recorded using the displacement transducers
and strain gauges. The data acquisition period was 0.5 s.
A video system (industrial camera) and a computer
system were adopted to record the deformation develop-
ment and crack distribution of the sliced concrete. The
acquisition period of the image was 0.5 s. The typical
failure process was obtained recorded using the camera.
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Illustration of sliced concrete: (a) SSRAC-AA; (b) SSRAC-BA; (c) SSRAC-CA.

3 Experimental results
3.1 Failure process

The axial-load—deformation relation of the SSRAC was
linear at the beginning of the test. However, the load—
deformation curve became nonlinear when the compres-
sive load (F) reached 50%—70% of the peak value (Fipax)-
A small crack appeared on the surface of the prismatic
concrete when F approached 70%-90% of F.x. These
fine cracks developed gradually and connected with each
other at Fp... It was discovered that F' decreased with
increasing axial deformation after F.. The transverse
deformation of the specimen increased, and the width and
length of the cracks increased rapidly. Finally, an inclined
main macro-crack was formed, and the specimen failed.
The effect of the RCA on the failure of the SSRAC was
clearer compared with that of sea sand. The test results
indicated that the main cracks crossed the cement mortar
and RCAs. However, the NCAs were rarely broken
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Fig. 2 Details of loading system: (a) prismatic and cubic concrete; (b) sliced concrete.

(Fig. 3). This is because the mechanical properties
(stiffness and strength) of the RCAs were inferior to
those of the NCAs. The effect of sea sand on the failure
surface of the SSRAC was negligible. The typical failure
surface of SSRAC-BA was similar to that of SSRAC-BD
(Fig. 3).

The fine and coarse aggregates changed the failure angle
(a) between the main cracks and axial direction. The a of
SSRAC-AA (ordinary concrete) was 18°-35° but that of
the SSRAC was 15°-25°. This is because the sea sand and
RCA modified the concrete properties. Furthermore, the
typical effect of age on the failure surface and failure angle
was insignificant. The test results indicated that the failure
pattern of SSRAC-BC at day 28 was similar to that of
SSRAC-BC at 2 years.

3.2 Elastic modulus

32.1 Day 28
Table 4 shows the elastic modulus of specimen (E) at day
28. Generally, the value of £ increased with an increase in
sea sand CI” content and a decrease in RCA replacement
percentage. However, the improvement in sea sand on £
was reduced when the RCA replacement percentage was
increased [1]. The test results indicated that £ of SSRAC-
AA at day 28 was approximately 6.8% and 0.7% higher
than those of SSRAC-CA and SSRAC-CB, respectively.
Compared with ordinary concrete (SSRAC-AA), the E of
SSRAC increased when the sea sand CI” content exceeded
0.081%. This is because high CI" content significantly
enhanced the microstructure of concrete and improved E
[11,12]. However, the test results show that the E of

SSRAC-BC was larger than those of SSRAC-AC and
SSRAC-BD. This is attributable to the discreteness of
concrete.

3.2.2 Development of £

The value of E increased with age (7, 14, 28, and 100 d; 1
and 2 years), irrespective of the types of fine and coarse
aggregates. Furthermore, it was discovered that the
development of E was affected by the RCAs and sea sand.

The higher the RCA content, the slower was the
development of E. The test results indicated that the £ of
SSRAC-AA (ordinary concrete) at 7, 14, 28, and 100 d, as
well as at 1 and 2 years was 12.9%, 9.0%, 7.3%, 25.6%,
27.0%, and 27.2% higher than that of SSRAC-CA at the
same age (7), respectively. This is primarily caused by the
excessive amount of older mortar and inferior interfacial
transition zones (ITZs) in concrete adopting RCAs [21,22].
These impurities delayed the development of E.

Furthermore, the effect of CI” content on the develop-
ment of £ changed with age (Table 4). It was discovered
that the F of specimens containing sea sand increased
rapidly at the early age (before day 28) and developed
slowly subsequently. Using SSRAC-AD and SSRAC-AA
as examples, the £ of SSRAC-AD at day 7, 14, 28, and
100, as well as 1 and 2 years was 16.3%, 19.9%, 14.7%,
4.65%, 3.98%, and 3.31% was higher than that of SSRAC-
AA at the same age (¢), respectively. This is because the sea
sand CI” can accelerate the hydration of concrete at the
early age (before day 28); however, the hydration of
concrete may decelerate subsequently [3].

Finally, it can be concluded that the £ of SSRAC
developed slowly after day 28 compared with ordinary
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Fig. 3 Failure surface of SSRAC: (a) SSRAC-BA; (b) SSRAC-BD.

Table 4 Elastic modulus and Poisson’s ratio of SSRAC at different ages
specimen E ( x 10* MPa) v

day 7 day 14 day 28 day 100 1 year 2 years day 28 2 years
SSRAC-AA 1.992 2.001 2.147 2.657 2.745 2.808 0.246 0.241
SSRAC-BA 1.810 1.968 2.133 2.302 2.338 2431 0.248 0.214
SSRAC-CA 1.764 1.836 2.001 2.115 2.160 2.209 0.255 0.192
SSRAC-AB 2.014 2.331 2.359 2.687 2.769 2.841 0.237 0.221
SSRAC-BB 1.967 1.961 2.212 2.341 2.387 2.462 0.231 0.209
SSRAC-CB 1.824 1.948 2.131 2.158 2.192 2.223 0.225 0.188
SSRAC-AC 2.047 2.369 2.450 2.619 2.720 2.869 0.210 0.213
SSRAC-BC 1.973 2.035 2.458 2.520 2.583 2.607 0.228 0.199
SSRAC-CC 1.872 1.962 2.214 2.225 2.238 2.261 0.203 0.186
SSRAC-AD 2.317 2.400 2.463 2.781 2.854 2.903 0.206 0.210
SSRAC-BD 2.034 2.178 2.289 2.367 2.404 2.452 0.198 0.193
SSRAC-CD 1.865 2.043 2.213 2.230 2.251 2.279 0.193 0.183

concrete. The £ of SSRAC-AA at 2 years was 30.9%
higher than that at day 28; however, the difference between
the E of SSRAC-AA at 2 years and that of SSRAC-CD at
day 28 was only 2.98%.

3.3 Poisson’s ratio

3.3.1 Day 28
The Poisson’s ratio (v) increased with RCA content
(Table 4). It was discovered that the » of SSRAC-AA
was approximately 0.81% and 3.66% lower than those of
SSRAC-BA and SSRAC-CA, respectively. However, sea
sand reduced the v of SSRAC (day 28). This is because Cl~
improved the concrete microstructure and enhanced the
modulus of SSRAC. Using SSRAC-AA as an example, the
v of SSRAC-AA was 3.71% and 14.7% higher than those
of SSRAC-AB and SSRAC-AC, respectively.
Furthermore, improvements in the RCAs on » reduced
as the CI” content increased. The test results indicated that
the v of SSRAC-AC was 8.58% and —8.10% lower than

those of SSRAC-BC and SSRAC-CD, respectively.
Compared with ordinary concrete, the v of SSRAC
decreased under the coupled effects of RCA and sea sand.

3.3.2 Development of v

It was discovered that v decreased as the age of the
aggregates progressed, irrespective of the aggregate type
(i.e., fine or coarse) (Table 4). This occurred because the
macro-and microstructures of concrete enhanced after
long-term hydration. The deformability of SSRAC
decreased as the aggregate age progressed. Compared
with ordinary concrete (SSRAC-AA), the reduction in the
v of SSRAC was significant after 2 years. The v of
SSRAC-AA, SSRAC-BA, and SSRAC-CC at 2 years was
2.04%, 13.8%, and 8.38% lower than those of SSRAC-
AA, SSRAC-CA, and SSRAC-CD at day 28, respectively.
Furthermore, the v of SSRAC decreased by 17% on
average compared with that of ordinary concrete after 2
years.
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3.4 Cubic compressive strength

3.4.1 Day 28

The SSRAC cubic compressive strength (f.,) increased
with an increase in Cl™ content and a decrease in RCA
replacement percentage (Table 5). The positive effect of
CI" content on f;, was reduced by increasing the RCA
replacement percentage. It was discovered that the £, of
SSRAC-CA was approximately 6.18% lower than that of
SSRAC-AA; however, the £, of SSRAC-CD was 3.65%
higher than that of SSRAC-AA. This is attributable to the
coupled effects of the fine and coarse aggregates.
Numerous impurities, including inferior ITZs and older
mortar in the RCAs, deteriorated the macro-and micro-
structures of concrete [23]. Furthermore, it was discovered
that the RCA decreased the density of SSRAC (Table 3).
However, sea sand decreased the pore size and porosity of
concrete and improved the microstructure of the specimen
(Table 3) [7,11]. It was discovered that a higher sand CI
content resulted in a denser concrete microstructure and
less effects by the RCA.

3.4.2 Development of f,

It was discovered that the value of £, increased as age (7)
progressed. However, the sea sand and RCA changed the
feu development.

The higher the RCA content, the slower was the
development of £.,,. The test results showed that the f., of
SSRAC-CA at day 7, 28, and 100, as well as 1 and 2 years
was approximately 2.75%, 6.17%, 8.24%, 10.3%, and
10.6% lower than that of SSRAC-AA at the same age,
respectively. However, the effect of sea sand on the
development of f., changed as the specimen age
progressed. The CI™ accelerated the development of £, at
the early age (before day 28). Furthermore, the f., of
ordinary concrete (SSRAC-AA) at day 14 and 28 was

Table 5 Cubic compressive strength of SSRAC at different ages (MPa)

12.3% and 72.6% higher than that of SSRAC-AA at day 7,
respectively. However, the £, of SSRAC-AD at day 14 and
28 was 26.9% and 98.4% higher than that of SSRAC-AD
at day 7, respectively. Furthermore, the strength of SSRAC
developed slowly after day 28 as the sea sand CI™ content
increased. The f., of SSRAC-AD at 2 years was 5.73%
higher than that of SSRAC-AD at day 28, but the strength
difference between SSRAC-AA at 2 years and day 28 was
7.2%. This is because Cl  accelerated the concrete
hydration at the early age but the hydration decelerated
subsequently [3,5].

Compared with ordinary concrete (SSRAC-AA), the £,
of SSRAC increased slowly. The sea sand and RCA
changed the strength development of SSRAC.

3.5 Prismatic compressive strength

The day 28 prismatic compressive strength (f;) of SSRAC
decreased as the RCA content increased (Table 6).
However, the negative effect of RCA on f. was offset
partially by sea sand. This is attributable to the change in
the macro-and microstructures of SSRAC under the
coupled effects of sea sand CI” and RCAs.

The effects of aggregates on the development of £, were
similar to those of aggregates on the development of f£,,.
The RCAs delayed the increase in f.. However, sea sand
accelerated the increase in f. at the early age and then
decelerated the increase in strength after day 28. Compared
with ordinary concrete, the effect of age on the f. of
SSRAC was negligible after 2 years.

The test results indicated that the ratio of £ to fou (fo/feu)
increased as the age progressed, irrespective of the
aggregate type. It was shown that the f/f., of SSRAC-
CD at day 7, 28, and 100 as well as 2 years was 0.67, 0.68,
0.68, 0.81, 0.81, and 0.82, respectively. The f./f., of
ordinary concrete (0.90) was similar to that of SSRAC (the
average f./f.u of SSRAC was 0.87) after 2 years.

specimen day 7 day 14 day 28 day 100 1 year 2 years
SSRAC-AA 16.34 18.35 282 29.12 30.01 30.23
SSRAC-BA 15.01 20.11 27.9 28.14 29.03 29.75
SSRAC-CA 15.89 21.42 26.46 26.72 26.93 27.02
SSRAC-AB 17.16 23.98 29.65 30.78 31.55 30.71
SSRAC-BB 13.91 21.3 28.01 28.22 28.56 28.9
SSRAC-CB 13.93 17.78 26.36 24.51 25.92 27.31
SSRAC-AC 16.36 20.29 32.61 33.58 34.18 34.78
SSRAC-BC 16.56 20.25 28.11 27.43 29.21 30.42
SSRAC-CC 16.26 17.67 25.38 25.42 26.42 27.52
SSRAC-AD 17.06 21.66 33.84 34.66 35.22 35.78
SSRAC-BD 16.96 21.85 29.93 30.35 30.85 31.02
SSRAC-CD 16.47 21.09 29.23 29.69 30.17 30.59
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Table 6 Prismatic compressive strength of SSRAC at different ages (MPa)

specimen day 7 day 14 day 28 day 100 1 year 2 years
SSRAC-AA 11.41 14.44 18.59 25.95 26.88 27.15
SSRAC-BA 10.79 13.66 17.41 22.05 23.49 24.92
SSRAC-CA 9.71 13.08 15.90 21.89 22.65 23.13
SSRAC-AB 11.84 14.99 19.98 26.98 27.73 28.29
SSRAC-BB 11.06 15.63 19.87 26.74 26.43 26.59
SSRAC-CB 10.61 13.5 19.63 26.05 25.86 26.01
SSRAC-AC 12.09 16.56 21.40 26.65 28.3 29.67
SSRAC-BC 11.89 15.03 18.84 21.76 23.41 25.36
SSRAC-CC 10.82 13.95 17.72 20.07 22.83 24.44
SSRAC-AD 12.28 16.97 22.38 29.01 30.11 30.52
SSRAC-BD 12.02 15.53 19.86 25.03 25.36 25.51
SSRAC-CD 11.11 14.26 19.60 2391 24.51 24.93

3.6 Axial stress—strain curve

The axial stress—strain curve (., curve) is typically used
to describe the variation in the macroscopic mechanical
properties of materials (plastic development and failure). A
series of axial compression tests was performed to derive
the o.—¢. curve of SSRAC.

3.6.1 28-d curve

The typical g.—¢. curves of SSRAC (28-d) are shown in
Fig. 4. The curve comprised elastic, as well as elasto-
plastic ascending and declining stages. At the elastic stage,
the o.—¢. curve was almost linear. The curve slope of
SSRAC increased with increasing CI- content and
decreasing RCA content. However, the g.—¢, curve became
nonlinear when the axial stress (o) reached 40%—60% of
the peak stress (f;), owing to the developments of cracks
and plastic deformation. Furthermore, the RCAs improved
the curve curvature at this stage, whereas sea sand reduced
the curve curvature (Fig. 4). The contributing factors are as
follows. 1) The RCAs contained many ITZs and initial
defects [19,24], which can accelerate the development of
plastic deformation and microcracks. The higher the RCA
content, the larger was the deformation and curve
curvature. 2) The sea sand CI” decreased the porosity of
SSRAC and increased its density, thereby improving the
microstructure of SSRAC. A higher CI” content resulted in
a smaller curve curvature.

Finally, the axial stress—strain curve exhibited a declin-
ing trend after f.. It was observed that the RCAs and sea
sand changed the decline of the curve slightly. The higher
the RCA and CI™ contents, the steeper was the decline of
the curve. The concrete macroscopic mechanical properties
were modified by adding RCAs and sea sand.

3.6.2 2-year curve

The 2-year stress—strain curves (o.—¢, curves) of SSRAC
are shown in Fig. 4. The curve comprised elastic, as well as
elasto-plastic ascending and declining stages. As shown,
the initial slope of the 2-year SSRAC curve was higher
than that of the 28-d SSRAC curve (Figs. 4(a) and 4(b)).
This is due to the degree of concrete hydration. A more
complete concrete hydration resulted in a stiffer material
and a higher initial curve slope. The typical effect of the
RCAs on the curve slope was significant compared with
that of sea sand Cl™ (Fig. 4(a)). That can be explained as
follows: The sea sand CI™ can accelerate the hydration of
concrete at the early age (before day 28), but its effect on
hydration becomes negligible subsequently. The curve
slope of SSRAC containing high C1™ content (SSRAC-BD)
at 2 years was similar to that of the same specimen at day
28 (Fig. 4(b)).

When o, reached 40%—60% of f, the stress—strain curve
was in the elasto-plastic ascending stage. It was shown that
the RCAs increased the curve curvature, whereas sea sand
CI reduced the curve curvature (Fig. 4). The effect of Cl”
content on curve curvature was generally less than that of
RCA replacement percentage (Fig. 4(b)). This is because
CI significantly improved the properties of SSRAC at the
early age, whereas the effect became less prominent after
day 28. Furthermore, f; and the corresponding strain (&)
increased gradually with the age of the specimen.
Compared with the effect of the RCAs, that of sea sand
on f. enhancement became insignificant after 2 years
(Fig. 4).

The o, decreased with increasing &, after the peak point.
The decline in the o.—¢, curve became steeper after 2 years,
irrespective of the aggregate type. However, a higher CI™
content resulted in a less prominent effect of the specimen
age. The decline in the SSRAC-AD curve was similar to
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Fig. 4 Development of axial stress—strain curve at different ages: (a) RCA replacement percentage; (b) sea sand CI” content.

that of the SSRAC-BD curve (Fig. 4). This is attributable
to the degree of concrete hydration. Increasing the sea sand
CI” content can reduce the effect of age on the long-term
properties of SSRAC. The macroscopic properties of
concrete changed according to the RCA replacement
percentage, CI™ content, and age.

4 DIC analysis and discussion

A uniaxial compression experiment was performed on
sliced SSRAC. The mechanical mechanism (deformation
distribution and crack development) of SSRAC was
investigated using the DIC method. The typical effects of
fine and coarse aggregates on the long-term mechanical
mechanism of SSRAC at macro- and microlevels were
investigated. The results obtained using the DIC method
can be used to validate the changes in the macroscopic

mechanical properties of SSRAC. Details regarding the
DIC numerical program are available in Refs. [25,26]. The
MATLAB software was used to code the procedure
involved. It was discovered that the DIC results were
consistent with the test results. The average value and
standard deviation of errors were 0.106 and 0.049 pixels,
respectively.
4.1 Axial displacement distribution
Figure 5 shows the images of these test specimens. Typical
axial displacement distribution contour maps of SSRAC-
AA, SSRAC-BA, SSRAC-CA, and SSRAC-CD (2 years)
under axial compression are shown in Figs. 6—7. The
typical characteristics of axial displacement distribution at
different stages were obtained as follows.

The axial displacement distribution of SSRAC changed
significantly after different coarse aggregates instead of
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Fig. 5 Sliced specimen: (a) SSRAC-AA; (b) SSRAC-BA; (c) SSRAC-CA; (d) SSRAC-CD.

fine aggregates were used. At the early stage of the test
(30% of the peak stress (0max)), the NCA (gravel) axial
displacement was lower than the cement mortar axial
displacement (Figs. 6(a)-6(b)). This is attributable to the
hardness of gravel being higher than that of cement mortar.
The NCAs formed a strong skeleton and supported the
external load. However, the RCA axial displacement
was similar to the cement mortar axial displacement
(Figs. 6(b)-6(c)). This is because the properties of the
RCAs (modulus and hardness) were similar to those of
cement mortar. The effect of coarse aggregates on axial
displacement distribution decreased as the load increased.
The test results indicated that the cement mortar axial
displacement was similar to the NCA and RCA axial
displacements (Figs. 7(a)-7(c)) when o approached o,
(macrocracks appeared in the specimen). This occurred
because the contribution from the NCA skeleton reduced
gradually when macrocracks appeared. After o, the
change in the deformation distribution of SSRAC and the
effect of coarse aggregates became negligible.
Furthermore, the SSRAC axial displacement distribu-
tion was slightly altered when different fine aggregates
were adopted. Using SSRAC-CD (SSRAC containing high
sea sand Cl content (0.184%)) as an example, the cement

mortar axial displacement was smaller than the RCA axial
displacement in the initial stage of the test (Figs. 6(d)). This
is because the CI in sea sand decreased the pore size and
porosity of concrete and improved the microstructure of
the specimen. In the initial stage of testing (loading), a
higher CI” content resulted in a denser microstructure of
the cement mortar and less mortar displacement. However,
the sea sand impact on the axial displacement distribution
became negligible at o, (Fig. 7(d)). The deformation
distribution of SSRAC changed when macrocracks
appeared.

4.2  Strain distribution

4.2.1 Axial strain distribution

Figures 89 show the effects of coarse and fine aggregates
on the axial strain distribution of the specimen at different
stages. It was discovered that the high-value axial strain of
SSRAC-AA (ordinary concrete) was primarily concen-
trated in the ITZs between the mortar and NCAs (Fig. 8(a))
when the axial stress (o) approached 30% of the peak stress
(0max)- However, the high-value axial strain of SSRAC-CA
(recycled concrete) was concentrated in both the ITZs and
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Fig. 6 SSRAC axial displacement at 0.30,,,,« (units: mm): (a) SSRAC-AA; (b) SSRAC-BA; (c) SSRAC-CA; (d) SSRAC-CD.

cement mortar (Fig. 8(b)). This is due to differences in the
properties of concrete components (mortar, gravel, RCA,
etc.). The effect of the coarse aggregates on the axial strain
distribution was slight at ,,,,x. However, compared with
the high-value axial strain of SSRAC-AA, that of SSRAC-
CA appeared in the RCAs when o approached o,y
(Figs. 9(a)-9(b)).

Furthermore, the sea sand CI” imposed only a slight
effect on the axial strain distribution. The SSRAC-CD
strain distribution was similar to the SSRAC-CA strain
distribution. However, compared with SSRAC-CA, more
high-value strains appeared in the RCAs of SSRAC-CD at
the early stage of the test (Figs. 8(b)—8(c)). This is because
Cl" improved the microstructure of cement mortar,
resulting in similar properties between cement mortar
and the RCAs. Furthermore, the test results show that the
high-value axial strain of SSRAC-CD was inferior to that
of SSRAC-CA when ¢ approached o,,,,. This is caused
by changes in the microstructure of cement mortar

(Figs. 9(b)-9(c)).
422 Transverse strain distribution

The transverse strain distribution of the specimens is

shown in Figs. 10-11. As shown, the transverse strain
distribution was not uniform at the early stage of testing
(0.3 0pmax)- The effects of the coarse and fine aggregates on
the transverse strain distribution were negligible owing to
the inhomogeneous concrete components.

The distribution of the high-value transverse strain
changed with the age of the specimens. The high-value
transverse strain of SSRAC-AA (ordinary concrete) at 2
years crossed those of gravel, mortar, and ITZs when o
approached o, (Fig. 11(a)). However, the high-value
transverse strain of ordinary concrete at day 28 rarely
appeared in gravel [16,18]. This is because the values of
the properties of cement mortar (strength, modulus, etc.)
increased significantly after 2 years.

Furthermore, the high-value transverse strain distribu-
tion of SSRAC-CA (recycled concrete) was similar to that
of SSRAC-CD. The high-value transverse strain primarily
appeared in cement mortar and the RCAs (Figs. 11(b)—
11(c)). However, the amount of the high-value transverse
strain increased with decreasing sea sand CI” content.
Using SSRAC-CD as an example, the properties of cement
mortar were similar to those of the RCAs under the
coupled effects of age and CI™ content, and they decreased
the amount of the high-value transverse strain.
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4.3 Propagation of cracks

Figures 12—14 show the growth of cracks at different test
stages. The crack characteristics changed with the variation
in the coarse aggregate type. It was observed that the
microcracks of SSRAC-AA first appeared in the ITZs
(Figs. 12(a)-12(b)) at the early stage of the test (0.56ax)-
However, the microcracks of SSRAC-CA and SSRAC-CD
appeared in cement mortar (Figs. 13(a)-13(b)). That is
because the discrepancies between the gravel and cement
mortar properties remained high after 2 years (ordinary
concrete). The microcracks developed rapidly when o
approached 0.90,,,,x (Figs. 12(c)-12(d)). It was shown that
the cracks of SSRAC-AA primarily crossed the ITZs and
cement mortar, and these macrocracks appeared in gravel
after the peak point (Figs. 12(e)-12(f)). However, the
macrocracks of SSRAC-CA and SSRAC-CD were
concentrated in the RCAs and cement mortar at 0.90,,,«
(Figs. 13(c)-13(d) and 14(c)-14(d)). It was discovered that
the effect of the coarse aggregates on SSRAC crack
propagation was significant even after 2 years.
Furthermore, the typical effect of sea sand on the crack
characteristics was less compared with that of the coarse
aggregates. The crack propagation of SSRAC-CD was

similar to that of SSRAC-CA (Figs. 13—14). However, sea
sand slightly changed the size of the cracks. It was
observed that the amount and size of SSRAC-CD cracks
were lower than those of SSRAC-CA when the axial stress
approached oy, (Figs. 13(c)-13(d) and 14(c)-14(d)). This
occurred because Cl™ decreased the pore size and enhanced
the microstructures of cement mortar. A denser mortar
microstructure resulted in more similar properties between
mortar and the RCAs and smaller cracks. However, the
cracks of SSRAC-CD developed rapidly after the peak
point (0ym,x). Compared with the size and number of cracks
of SSRAC-CA, those of SSRAC-CD were high when the
axial stress reduced to 0.9, (Figs. 13(e)-13(f) and
14(e)-14(f)). This is attributable to the fewer cracks and
less plastic deformation in SSRAC-CD prior to 0.

5 Approximation of stress—strain relations

The aggregate type affected the long-term mechanical
properties of concrete. However, analytical formulas for
the long-term load—deformation relationship of SSRAC are
few. Based on the experimental data and relevant results
[1,16,19], a new expression that can describe the changes
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in the long term macroscopic mechanical properties of
SSRAC (2 years) is proposed. The specific analytical
stress—strain formula is shown in Eq. (1).

aw + (3-2a)w* + (a-2)e®, 0<w<l,
= 1
1 4602 , > 1, M
blw-1)"+w

where n = o, /f,, ® = &./€,, and &, is the peak strain of
concrete. o, is the axial stress, and & is the axial strain. a

e = = wér—‘s
0.06
Wy
25 — | [ 0.04
<= =
= . = 0.02
g 0.00
E" 50 the high-value strain the high-value 1 20.02
2 In cement mortar _ strain around NCAs ~ §
! & 1-0.04
q
P d -0.06
2 = - = = %
f/; 2 = j -0.08
50 75 100
width (mm)
(@)
= = 0.08
25 1 0.06
the high-value strain 0.04
e in cement mortar =
£ 0.02
~ 50 ) b
< 0.00
k) 5
= = . -0.02
: e o e =
5 & the high-value 1 ~0.04
T q .
) strain in RCA =
k & {’/ 4 -0.06
100 B M ~0.08
25 50 75 100
width (mm)
b
(b) i
5
=25
S—=~=&
g the high-value strain : 0
= crossed
.20
2
=5
-10

width (mm)
(©

Fig. 9 SSRAC axial strain at g,,,,x (units: €): (a) SSRAC-AA; (b)
SSRAC-CA; (c) SSRAC-CD.

and b are calculated as follows.
51 a

The parameter a is the curve initial slope. A higher a
implies a larger curvature of the curve.

a =1.213[(0.552-7.94 x 10°y*)r*

—(0.637-963.73y)r + 45y + 2.29). @)
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In Eq. (2), w represents the CI™ content, and y represents
the RCA replacement percentage.

52 b
The parameter b denotes the area under the declining part

of curve (Eq. (3)). Generally, the ductility of a material
decreases as b increases.
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b =2.51](2.455—1264.255y)r + 198.136y + 1.121].
3)

Figure 15 shows the differences between the calculated
and real curves. The test results indicated that the
discrepancies were negligible. Therefore, the proposed
analytical formulas can be adopted to design the SSRAC
structure.

6 Conclusions

The long-term mechanical properties of SSRAC were
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tested and analyzed. The findings obtained are as follows.

1) The difference between the failure patterns of
SSRAC and ordinary concrete was negligible. The effects
of age and sea sand on the failure surface were insignificant
compared with the effect of RCAs. The aggregate type
affected the failure angle of SSRAC.

2) Increasing the RCA replacement percentage reduced
the effect of sea sand C1™ on the SSRAC elastic modulus. A
higher RCA content resulted in a slower development of
feu- Sea sand accelerated the development of £, at the early
age. Furthermore, v increased and f./f., decreased as the
specimen age progressed, irrespective of the aggregate
type (i.e., fine or coarse).

3) Sea sand decreased the curvature of the stress—strain
curve, whereas the RCAs increased the curve curvature.
The higher the RCA and CI” contents, the steeper was the
curve decline. The initial slope of the curve increased,
whereas the curve curvature decreased after 2 years. The
effect of age on the stress—strain curve reduced when the
sea sand CI” content was increased. A specific expression
for the SSRAC stress—strain relationship considering the
effects of age as well as fine and coarse aggregates was
provided.

4) The effect of RCAs on the axial deformation
distribution was more significantly compared with that of

sea sand. However, changes in the SSRAC deformation
distribution under different sea sand CI” contents and RCA
replacement percentages decreased after the peak stress.

5) Higher RCA and sea sand Cl™ contents resulted in the
earlier appearance of cracks in the coarse aggregates. The
development of the high-value transverse strain changed
after 2 years. Compared with the effect of the coarse
aggregates, that of the fine aggregates on the characteristics
of cracks was less.
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