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Abstract

This study investigated the mechanical behavior of normal strength (NS) and high strength (HS) concrete containing
recycled fine aggregates (RFAs). A high slump mixing design was employed, which may be potentially used as filled
structural concrete. The compressive strength, tensile strength, and elastic modulus were measured according to the
RFA replacement ratio and curing time. In addition, the shrinkage strain was measured in a temperature and humidity
chamber over 260 days. The compressive strength and elastic modulus of RFA concrete were approximately 70-90%
of those of virgin concrete. The decreases in the compressive strength and elastic modulus for NS concrete were
larger than those for HS concrete. This could be explained by the difference in failure mechanism between NS and HS
concrete. The average ratio of the compressive strength at 190 days to that at 28 days was 1.15-1.3, and the ratio of
the tensile strength at 190 days to that at 28 days was 1.15-1.25. These demonstrate good strength development. The
ratios between the elastic modulus and compressive strength for RFA concrete were dissimilar to those for virgin con-
crete but similar to those for recycled coarse aggregate concrete. ACI318-14 (Building code requirements for struc-
tural concrete and commentary, 2014) and Model Code (Fibmodel code for concrete structures, 2010) overestimated
the elastic modulus of RFA concrete. Therefore, this study suggested an empirical expression to approximate the
elastic modulus of RFA concrete. The increase in shrinkage owing to the use of RFA was at most 5-6% of the ultimate

compressive strain of concrete.

strength, elastic modulus
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1 Introduction

The construction industry is responsible for 50% of the
consumption of natural resources. The importance of
recycling construction materials has been emphasized
owing to the depletion of natural resources. A strategy to
overcome the supply shortage of natural aggregates is the
partial (or full) use of coarse and fine recycled aggregates
(RAs). To utilize RA concrete as a structural concrete
member, its mechanical behaviors should be investigated
comprehensively. The use of recycled coarse aggregates
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(RCA) has been investigated extensively, including the
use of structural concrete member (McNeil and Kang
2013; Sagoe-Crentsil et al. 2001; Smith et al. 2014; Wang
et al. 2016; Wardeh et al. 2015), recycling ceramic waste
(Alves et al. 2014; Zegardlo et al. 2018) and the surface
modification effects of RCA (Choi et al. 2016; Ryou and
Lee 2014; Ryu et al. 2018).

Previous studies revealed that for a normal strength
range, the compressive strength of RCA concrete
decreased by approximately 15-30% from that of natu-
ral aggregate (NA) concrete as the RCA replacement
ratio increased to 100% (Folino and Xargay 2014; McNeil
and Kang 2013). A current study has reported that the
decrease in the compressive strength was less than 10%
(Knaack and Kurama 2014; Tahar et al. 2017; Xie and
Ozbakkaloglu 2016). For a high strength range of over
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55 MPa and 100% replacement with RCA, the compres-
sive strength of RCA concrete was approximately 10% less
than that of virgin concrete (Kanellopoulos et al. 2014;
Pedro et al. 2017; Tam et al. 2015; Xie and Ozbakkaloglu
2016). Recent studies on RCA concrete have reported that
high strength (HS) concrete with RCA did not exhibit a
significant reduction in the compressive strength. Fur-
thermore, other mechanical properties such as the elas-
tic modulus, indirect tensile strength, flexural strength,
toughness, and fracture energy for RCA concrete were
evaluated (Gholampour and Ozbakkaloglu 2018; Kou and
Poon 2008; Zhou and Chen 2017). In addition, the time
dependent behaviors were investigated by measuring the
shrinkage and creep strains according to the RCA replace-
ment ratio (Seo and Lee 2015; Tam et al. 2015).

However, relatively few studies on recycled fine aggre-
gates (RFAs) concrete have been performed because of
the high porosity and high water absorption for RFA.
The relatively high porosity of old cement paste leads
to poor characteristics of the interfacial transition zone
(ITZ) (Goémez-Soberén 2002). Because of the high
porosity of RFA, an water absorption rate of RFA was
11-13% (Evangelista and Brito 2007; Katz 2003; Kumar
et al. 2017; Pereira et al. 2012a, b), which was higher
than that of natural fine aggregate. High water absorp-
tion can reduce the workability during concrete mixing.
Moreover, drying shrinkage strain can increase with an
increase in the replacement ratio of RFA.

Recently, the mechanical behaviors of RFA con-
crete have been enhanced. For RFA concrete with 100%
replacement ratio, for example, Kumar et al. (2017)
reported that the reductions in the compressive and split-
ting tensile strengths were 16% and 7.0%, respectively. For
high strength concrete with RFA, the reduction in the
compressive strength was 4—12% and the reduction in the
splitting tensile strength was 24% for 100% RFA concrete
(Pedro et al. 2017; Pereira et al. 2012a, b; Santos et al.
2017). Additionally, most measured slump values of pre-
vious RFA concrete (Kurda et al. 2017; Pedro et al. 2017;
Pereira et al. 2012a, b) were in the range of 80—134 mm.
Although Yang et al. (2008) utilized high slump RFA con-
crete, i.e., 175-200 mm, their investigation was limited to
the normal strength RFA concrete.

However, in comparison to studies on RCA concrete,
those on RFA concrete are still scant, particularly for its
use as a structural concrete member. Thus, further com-
prehensive investigations on the mechanical behaviors
of RFA concrete with high slump property are required,
including those that study enhancements to NS and HS
concrete with pozzolanic powder, various replacement
ratios of RFA up to 100%, and long-term behaviors of
these mixtures.
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Fig. 1 Particle size distribution curve for NCA, NFA, and RFA.

In this study, the mechanical behaviors of NS and HS
concrete mixed with RFA were evaluated according to
the RFA replacement ratio and curing time. These behav-
iors included the compressive strength, indirect tensile
strength, elastic modulus, and shrinkage strain. Five RFA
replacement ratios were employed for both NS and HS
concrete with the average slump of 214 and 217 mm,
respectively. The compressive strength was measured
at 3, 7, 28, and 190 days, whereas the splitting tensile
strength was measured at 28 and 190 days. The long-term
behavior was evaluated by measuring the drying shrink-
age strain until 260 days. The measured compressive
modulus of elasticity was compared with the previous
experimental data on RFA and RCA concrete. Moreover,
an empirical expression to predict the elastic modulus of
RFA concrete is suggested.

2 Experimental Program

NS and HS mixing designs with five replacement ratios
of RFA were used to investigate mechanical behavior. The
compressive strength, splitting tensile strength, and mod-
ulus of elasticity were evaluated. In addition, the drying
shrinkage strain was measured for investigating the long-
term behavior.

2.1 Materials

Three types of aggregates were utilized in this study:
natural coarse aggregate (NCA), natural fine aggregate
(NFA), and RFA. NCA was prepared by crushing natu-
ral gravel, and NFA was obtained from river sand. RFA
was obtained from a domestic manufacturer with a qual-
ity certification for producing recycled concrete aggre-
gate (Sim and Won 2010; Won 2006; Won and Sim 2009).
NFA and RFA were prepared from saturated surface
dried (SSD) condition using ASTM C128 (2015). The
grain size distribution curves of the three aggregates are
shown in Fig. 1. The curves present that the aggregates
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Table 1 Properties of aggregates.

Aggregate types Specific weight Water Fineness
(kg/m3) absorption (%) modulus
Natural fine (NFA) 2.59 1.71 2.86
Recycled fine (RFA) 2.29 6.49 3.16
Natural coarse (NCA) 265 1.89 6.82

were within the requirements of the standard particle
size distribution of ASTM C136 (2014).

The specific weight and water absorption of the aggre-
gates were measured based on ASTM C127 (2015),
and the fineness modulus was calculated according to
ASTM C33 (2010). The measured properties are sum-
marized in Table 1. In this study, the water absorp-
tion of RFA was 6.49%, which was three times higher
than that of NFA. This was because of the old cement
paste remaining on the surface of RFA. One notes that
the water absorption of RFA used in this study was
lower than that in the literatures, e.g. 8.5-13% (Evan-
gelista and Brito 2007; Kumar et al. 2017; Kurda et al.
2017; Pereira et al. 2012b; Zega and Maio 2011). Such
improvement may be resulted from RFA productions
of a local manufacture (Sim and Won 2010; Won 2006;
Won and Sim 2009). Thus, the quality of RFA can be
considered to be improved owing to lower porosity than
that in the previous studies.

Additionally, the limit of water absorption for recy-
cled aggregates varies according to the design specifica-
tion. For example, Korean Construction Specification
(2016), Spanish Code (2008), and RILEM TC 121 (1994)
recommend the maximum water absorption of 3-4%,
5%, and 10%, respectively. Canada Standard Association
(CSA A23.1-09 2008) specifies that the maximum water
absorption of recycled aggregates is 3% for high quality,
3-6% for medium grade, and 6% or higher for low grade.
However, AASHTO MP 16 (2010), ACI 555-10 (2010),
ASTM C33 (2010), and ASTM C33 (2016) do not provide
a specific criterion for the water absorption of RFA. Thus,
the measured water absorption was within the range
specified in the RILEM TC 121 (1994), but it was higher
than the ranges specified in Korean Construction Speci-
fication (2016), Spanish Code (2008), and CSA A23.1-09
(2008).

As binding materials of concrete, ordinary Portland
cement (OPC), FA, and ground granulated blast-furnace
slag (GGBS) were utilized. The chemical compositions of
the binding materials were measured using X-ray fluores-
cence (XRF), and the specific surface area was evaluated
according to ASTM C204 (2011), as presented in Table 2.
These data were obtained from a manufacturer.
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Table 2 Chemical compositions and physical properties
of cement and pozzolanic admixtures.

Ordinary Fly ash (FA) Ground granulated
Portland cement blast-furnace slag
(OPQC) (GGBS)
Chemical composition (%)
Al,O4 577 15.14 2122
Cao 6143 39.48 1149
Fe,05 336 091 6.57
K,O 1.02 0 0.71
MgO 2.38 5.96 1.64
SiO, 2162 34.25 52.09
SO, 2.10 3.51 1.44
Al,O4 577 15.14 2122
Specific 362 352 408
surface area
(m?/kg)
Density 3.15 2.90 2.18

2.2 Mixing Proportions

The mixing proportions for NS and HS concrete were
designed according to the change in the replacement
ratio of RFA. The design strengths were 30 MPa and
60 MPa for NS and HS concrete, respectively. Five
replacement ratios (i.e., 0%, 15%, 30%, 50%, and 100% by
weight) were selected, resulting in a total of ten mixing
proportions (see Table 3). Notably, concrete with zero
replacement ratio of RFA, referred to as virgin concrete,
provides the reference mechanical behaviors. The speci-
men IDs indicate the design strength and RFA replace-
ment ratio. Aggregates were prepared under the SSD
condition ASTM 128C (2015), and thus the effective
w/c ratio was used in this study. Up to 10% and 20%
of mineral admixtures of FA and GGBS, respectively,
were added. These pozzolanic ingredients are known to
reduce the hydration heats, which can decrease shrink-
age cracks. Furthermore, they significantly improved the
mechanical and durability properties of recycled aggre-
gate concrete (Kumar et al. 2017). A high slump value
was maintained for all the mixing proportions by cali-
brating the amount of polycarboxylate-based superplas-
ticizer (SP). For NS concrete, 3.16-3.75 kg/m> of SP was
used, whereas 5.57 ~7.86 kg/m? of SP was added to HS
concrete.

The raw materials were mixed in three stages (Table 4).
First, the fine and coarse aggregates were mixed in dry
condition for 30 s. Subsequently, the binders were added
and mixed for 30 s in dry condition. Finally, all the other
materials were added and mixed for 90 s and 180 s for
NS and HS concrete, respectively. Similar mixing pro-
cesses were employed to guarantee denser concrete
and improve the ITZ characteristics of the recycled
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Table 3 Mixture proportions of NS and HS concrete.
Specimen ID S/a (%) W/B (%) Unit weight (kg/m3)
w OPC FA GGBS NS RS G SP AE?®
NS concrete
30-RO 48.0 42.5 168 277 40 79 832 0 922 3.75 0.6
30-R15 707 110 3.75
30-R30 582 221 3.16
30-R50 416 368 3.16
30-R100 0 736 316
HS concrete
60-R0O 430 250 164 459 66 131 652 0 885 7.86 0.79
60-R15 555 87 7.86
60-R30 457 173 7.53
60-R50 326 288 753
60-R100 0 577 557

@ Water reducing agent.

Table 4 Mixing procedures and time for RFA concrete.

Table 5 Air content and slump measurement results.

Stage | Stagell Stage Il
Aggregates Aggregates+ Aggregates+ binder +
(s) binder (s) water + chemical
admixtures (s)
NS concrete 30 30 90
HS concrete 30 30 180

aggregates (Brand et al. 2015; Kou and Poon 2008). Sub-
sequently, the slump and air content were measured, as
summarized in Table 5. For NS concrete, the average
slump and air content were 214+5.5 mm and 5.3+ 0.2%,
respectively. The HS concrete demonstrated the average
slump of 217 +2.4 mm and the air content of 3.4+ 0.2%.

2.3 Specimen Fabrication and Curing

To measure the compressive strength, splitting strength,
and elastic modulus, 180 cylinder specimens were fab-
ricated. The diameter and length of the cylinders were
100 mm and 200 mm, respectively. A day after the
specimen fabrication, the specimens were demolded
and exposed to air-dry conditions. For the shrink-
age strain measurement, twenty prism specimens
(100 x 100 x 400 mm) were fabricated. Strain gauges
were embedded at the center of the prism specimens
along the longitudinal direction. After the prism speci-
mens were demolded, they were placed in a tempera-
ture and humidity chamber at a constant temperature
of 23.84+0.4 °C and relative humidity of 52.5+1.0% for
260 days.

Specimen ID  Air content (%) Slump (mm)
Measured Avg. (COV) Measured  Avg. (COV)
NS concrete
30-R0 5.2 53021 (4.0%) 210 214£5.5 (2.6%)
30-R15 5.6 220
30-R30 5.0 220
30-R50 53 215
30-R100 55 205
HS concrete
60-R0O 37 334024 (7.2%) 220 21724 (1.1%)
60-R15 33 215
60-R30 3.0 215
60-R50 35 220
60-R100 32 215

2.4 Tests for Compressive Strength, Splitting Tensile
Strength, and Modulus of Elasticity

The compressive strength tests were conducted accord-
ing to ASTM C39 (2015) at 3, 7, 28, and 190 days. A
load was applied with the loading rate of 0.3 MPa/s
using a universal testing machine (UTM). The split-
ting tensile strength was tested at 28 and 190 days based
on ASTM C496 (2005). Two pieces of plywood of size
(3 x 25 x 210 mm) were placed on each side of the cylin-
der. A load was applied with the loading rate of 1.4 MPa/
min using the UTM. The modulus of elasticity was meas-
ured at 190 days in compliance with ASTM C469 (2014).
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2.5 Drying Shrinkage Strain Measurement

Using the embedded strain gauge with a data acquisition
system, the strains in the prism specimens were automat-
ically recorded up to a period of 260 days. Twenty speci-
mens were tested, and for each mixing proportion, the
average strain of the two replicate specimens was used as
the representative shrinkage strain.

3 Test Results

3.1 Compressive Strength

The measured compressive strengths for NS and HS
concrete are summarized in Table 6. The ratio of the
compressive strength of RFA concrete to that of virgin
concrete is shown in Fig. 2 (Note: the result of 60-R100
was not included because of a data acquisition problem).
The test results revealed that, as expected, the compres-
sive strength increased with the increase in curing time.
The strength of RFA concrete generally decreased as
the replacement ratio of RFA increased. In addition, the
strength decrement ratios at the various curing stages
were similar for each replacement ratio, as shown in
Fig. 2. For NS concrete, the compressive strength of RFA
concrete (f’,rr4)) decreased approximately 30% com-
pared with that of virgin concrete (f’,yz4)) when NFA was
completely replaced by RFA. For HS concrete, the maxi-
mum strength reduction ratio was approximately 10%,
when the replacement ratio increased to 100%. Thus,
it was observed that the increase of the RFA replace-
ment ratio did not significantly reduce the compressive
strength of HS concrete.

3.2 Splitting Tensile Strength

The results of the splitting tensile test are shown in
Table 7. NS concrete exhibited a reduction in the split-
ting tensile strength with the increase in the replacement
ratio of RFA, but no significant change was evident for

Table 6 Compressive strength results (Unit: MPa).
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Fig. 2 Compressive strength reduction for (a) NS concrete, and (b)
HS concrete at 28 days.

HS concrete. These behaviors are similar to the com-
pressive strength results. It was observed that for HS
concrete, the amount of RFA did not affect the tensile
strength significantly, particularly when the curing time
was sufficient, i.e., 190 days or longer.

Specimen ID 3 days 7 days 28 days 190 days
Measured Avg. (COV) Measured Avg. (COV) Measured Avg. (COV) Measured Avg. (COV)

30-R0O 18.6/17.6/19.2 185+0.7 (3.8%) 255/259/258 257+0.2(0.8%) 454/47.5/47.7 469+1.0(2.1%) 49.0/59.8/57.1 553£4.6(83%)
30-R15 164/16.8/16.8 167102 (1.2%) 24.0/24.8/249 246404 (1.6%) 450/41.7/426 431414 (3.2%) 49.4/50.2/- 49.8+0.4 (0.8%)
30-R30 15.5/15.6/158 156+£0.1(0.6%) 23.7/21.6/22.5 226:|:O9( 0%) 37.4/33.3/394 367:i:25( .8%) 48.8/45.5/52.3 489+28(5.7%)
30-R50 13.1/13.4/138 1344+03 (2.2%) 185/20.0/188 19.1£0.6(3.1%) 355/35.8/340 3514+08(2.3%) 43.4/43.2/403 423+£1.4(3.3%)
30-R100 13.8/13.9/134 13.74+0.2(1.5%) 20.0/20.4/20.0 1402 (1.0%) 33.8/33.2/336 335402 (06%) 415/37.1/- 393422 (5.6%)
60-R0O 42.6/405/406 4124£1.0(24%) 51.0/51.5/50.2 509405 (1.0%) 69.1/64.9/66.7 669417 (2.5%) 80.2/81.2/77.5 79.6+1.6(2.0%)
60-R15 40.5/41.8/41.8 414+06(1.5%) 524/484/508 505+1.6(3.2%) 69.8/70.5/654 686+23 (3 4%) 80.5/79.2/794 79.7+0.6 (7.5%)
60-R30 40.1/399/41.2 404106 (1.5%) 46.2/46.4/47.0 465103 (6.5%) 61.0/65.4/65.1 63.8+2.0(3.1%) 764/76.4/75.7 76.2+0.3(0.4%)
60-R50 43.2/42.7/434 431103 (0.7%) 49.5/48.2/50.2 493408 (1.6%) 67.4/66.3/67.7 67.14+0.6(0.9%) 80/76.9/80 79.0£1.5(1.9%)
60-R100 42.1/433/422 425405 (1.2%) 51.5/506/49.3 505409 (1.8%) 65.8/55.2/640 61.7+4.6(7.5%) -/-/- -
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Table 7 Measured splitting tensile strength and elastic modulus.
Specimen ID Splitting tensile strength (MPa) Elastic modulus (MPa)
28 days 190 days 190 days
Measured Avg. (COV) Measured Avg. (COV) Measured Avg. (COV)
30-R0O 3.8/4.1/- 3940.1 (2.6%) 4.8/54/34 45+£0.8(17.8%) 32.5/30.1/359 325424 (7.4%)
30-R15 3.2/3.1/- 3.2£0.0 (0.0%) 5.1/4.4/- 4.8+04 (8.3%) 28.3/-/- 283
30-R30 3.3/3.6/4.1 37403 (8.1%) 4.0/4.7/4.1 43+£0.3(7.0%) 33.2/325/316 324407 (2.2%)
30-R50 3.5/3.6/34 35+0.1(2.9%) 4.5/4.5/4.3 4440.1(2.3%) 329/252/17.2 25.1£6.4 (25.5%)
30-R100 3.8/34/3.1 34403 (8.8%) 44/3.7/43 4.1+£03(7.3%) 20.5/-/- 20.5
60-RO 4.6/5.1/- 49403 (6.1%) 6.2/4.6/5.3 54+0.7 (13.0%) 35.7/37.1/32.8 352+£1.8(5.1%)
60-R15 4.8/5.3/6.2 54406 (11.1%) 5.7/50/5.5 54£0.3 (5.6%) —/-/- N/A
60-R30 5.3/5.7/- 5540.2 (3.6%) 54/53/55 5440.1(1.9%) 40.5/33.5/28.9 343448 (14.0%)
60-R50 4.4/4.6/- 4540.1(2.2%) 5.7/55/5.2 55£0.2 (3.6%) 34.2/32.3/36.6 34410 £1.7(49%)
60-R100 4.8/4.7/4.7 4.7£0.1(2.1%) 5.5/54/- 5540.1(1.8%) -/-/- N/A
3.3 Modulus of Elasticity
To measure the modulus of elasticity, the compressive 100
stress versus strain relationship was measured (Fig. 3). 9;5 90
The elastic modulus was then calculated using a chord 2 80
modulus ASTM C469 (2014), which is the slope of two § 70
specified points on a stress—strain curve. One point is S 60
specified to be where the compressive stress is 40% of Sl .
the compressive strength, and the other point is at the 2 40 g
compressive strain of 5.0 x 107>, The calculated modu- Y A-":::ﬁ“——_— —30-R0-3
lus of elasticity is summarized in Table 7. The results 5 50 U 30-R30-1
showed that for NS concrete, the elastic modulus gener- g 0 - — —30-R50-2
ally decreased with an increase in the RFA repalcement S ----30-R100-1
ratio. However, the variation in the elastic modulus of HS 0 0 500 1000 1500 2000 2500 3,000
concrete was insignificant for the different replacement Compressive strain (us)
ratios. a
3.4 Drying Shrinkage Strain - 100
Figure 4 shows the measured shrinkage strains for NS g 0
and HS concrete. The drying shrinkage strain of RFA = 80 [t
s . 13} 7
concrete exhibited a smaller increase after 28 days. The g 70 po=:
maximum shrinkage strain for the samples with 100% 3 60 =
RFA replacement ratio was measured to be below 1000 ye 2 50 A
for NS concrete and 800 pe for HS concrete. These results g 40 /[
are similar to those for virgin concrete (i.e., 200—-800 e) 2 3 . — 060-R0-3
as reported by ACI 209-05 (2005). The maximum shrink- % 20 /—’ ....... 60-R30-1
age strain difference between virgin concrete and RFA g 10
. c 1. — =60-R50-3
concrete was approximately 200 pe at 260 days, which is O 0
equivalent to 5.7% of the ultimate compressive strain of 0 500 1,000 1500 2,000 2,500 3,000
concrete (i.e., 3500 /45)- Compressive strain (ue)
For RFA concrete, the drying shrinkage strain increased b

along with increase in its replacement ratio and was more
than that of virgin concrete. This may be because a higher
RFA replacement ratio results in a higher water content
in concrete owing to RFA’s higher water absorption.

Fig. 3 Relationship between compressive stress and strain of
specimens of NS concrete, and HS concrete.
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Fig. 4 Drying shrinkage strain according to the curing time for a NS Fig. 5 Comparison of the compressive strength between the present
concrete, and b HS concrete. study and previous experimental results for a NS concrete, and b HS
concrete.

HS concrete had a smaller drying shrinkage strain than
NS concrete. This is because a larger amount of binding
materials with similar water content (see Table 3) pro-
vides a denser microstructure, and thus, the effect of the
replacement ratio on shrinkage strain was not significant
for HS concrete.

4 Discussion
4.1 Effects of RFA Replacement Ratio on Concrete
Compressive Strength

The average compressive strength variations for NS and
HS concrete according to the replacement ratio of RFA
are plotted in Fig. 5. Additionally, the previous experi-
mental data for RFA concrete (Evangelista and Brito
2007; Kumar et al. 2017; Kurda et al. 2017; Pedro et al.
2017; Pereira et al. 2012a, b; Santos et al. 2017; Tahar
et al. 2017; Yang et al. 2008; Zega and Maio 2011) and
RCA concrete (Arezoumandi et al. 2015; Chen et al. 2016;
Etxeberria et al. 2007; Folino and Xargay 2014; Kanello-
poulos et al. 2014; Knaack and Kurama 2014; Kurda et al.
2017; Montero and Laserna 2017; Pedro et al. 2017; Tahar

et al. 2017; Tam et al. 2015; Xie and Ozbakkaloglu 2016)
are included for comparison. Both the current and pre-
vious experimental data for RFA concrete showed that
compressive strength decreases with an increase in the
RFA replacement ratio. However, the previous experi-
mental data for RCA concrete showed that the decreased
in compressive strength was insignificant, and the
strength deviation tended to increase with an increase in
the RCA replacement ratio for NS concrete.

In addition, for RFA concrete, the decrease in strength
for HS concrete was smaller than that of NS concrete
(see Fig. 5). Thus, the RFA replacement ratio may not
affect the compressive strength of HS concrete signifi-
cantly. The different decreases in strength for NS and
HS concrete may be associated with the different failure
mechanisms.

Regarding the compressive failure of NS concrete,
microcracks are generally formed along the interface
between the paste and aggregate, i.e., ITZ. Thus, the
failure surface generally corresponds to the bound-
ary between the cement paste and aggregate. Thus, the
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bonding strength along ITZ may affect the compressive
strength of NS concrete. The ITZ characteristics of RFA
concrete may not be as good as those of virgin concrete
because of the old cement paste remaining on the RFA
surface. Therefore, the compressive strength of NS con-
crete decreased with the increase in the RFA replacement
ratio.

For HS concrete, the failure surface does not always
correspond to the boundary between the cement paste
and aggregate. In other words, the interfacial strength
along ITZ may be sufficiently high because of the dense
hydrated components caused by a higher amount of
binding materials, and thus the concrete material failure
can be observed through grains of aggregates rather than
ITZ. Basically, the compressive failure may be governed
by other defects in concrete. Although ITZ characteris-
tics of RFA concrete may not be as good as those of virgin
concrete, the decrease in the compressive strength owing
to RFA replacement was insignificant in this study, par-
ticularly for HS concrete.

Figure 6 shows the development of compressive
strength for NS and HS concrete according to the cur-
ing time. As the curing time increased, the compres-
sive strength increased, as expected. The compressive
strength of the test specimens increased by approxi-
mately 15-30% for NS concrete and 15-20% for HS con-
crete at 190 days compared with the strength at 28 days.
The strength ratios for a specified day (¢,,,), i-e., f/(¢4,))/
£/ (28), were similar for NS and HS concrete in this study
regardless of the RFA replacement ratio. Similarly, the
development of the splitting tensile strength for NS and
HS concrete at 190 days is illustrated in Fig. 7. The ratio
of the splitting strength at 190 days to that at 28 days for
NS concrete was higher than that for HS concrete. This
was similar to the variation in the compressive strength
ratios for NS and HS concrete. The ratio of the tensile
strength at 28 days to that at 190 days was approximately
1.25 for NS concrete and 1.15 for HS concrete.

4.2 Relation Between Splitting Tensile Strength
and Compressive Strength

The ratio of the tensile strength to the compressive
strength according to the RFA replacement ratio is sum-
marized in Table 8. The strength ratios were on an aver-
age 8-10% for NS concrete and 6-7% for HS concrete.
These were within the general range of the splitting
strength ratio of concrete (Mindess and Young 2003). In
addition, the tensile strength ratio with respect to that of
virgin concrete slightly increased along with the increase
in the replacement ratio of RFA. This is because the
reduction in the tensile strength of RFA concrete is less
sensitive than the reduction in the compressive strength
of NS concrete. However, there was no significant change
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Fig. 7 Development of the splitting tensile strength.

for HS concrete. This is because the compressive and ten-
sile strengths did not vary significantly with the increase
in the RFA replacement ratio.

The splitting tensile strength may be approximated
using the compressive strength of RFA concrete with
empirical equations, summarized in Table 9 (ACI 318-
14 (2014); ACI 363-10 (2010); Carino and Lew 1982;
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Table 8 Relationship between the tensile strength and the compressive strength according to the curing time.
Specimens ID 28 days 190 days
Avg. f! (MPa) Avg. f, (MPa) f /f] (%) Avg. f! (MPa) Avg. f, (MPa) f /f] (%)
30-RO 46.9 39 8.3 553 45 8.1
30-R15 43.1 3.2 74 49.8 4.8 9.6
30-R30 36.7 3.7 10.1 489 43 8.8
30-R50 35.1 35 10.0 423 44 104
30-R100 335 34 10.1 393 4.1 104
60-RO 66.9 49 7.3 79.6 54 6.8
60-R15 68.6 54 79 79.7 54 6.8
60-R30 63.8 55 8.6 76.2 54 7.1
60-R50 67.1 45 6.7 79.0 55 70
60-R100 61.7 47 76 -
Table 9 Prediction equation of the splitting tensile 159
strength. 5 ¢
g
Q=
References Equations E %o 10%
[= i =
ACI 318-14 (2014) 056,/7 £3
5% 5%
ACI 363-10 (2010) 059/ 85
i N 071 59
Carino and Lew (1982) 0‘272@) _ué g 0% .
) g § ACI ACI  Carino Model Raphael Zain et
Model Code (2010) 212In(1+0.1(f +8)) S g 318-14 363-10 andLew Code (1984)  al.
_50
Raphael (1984) 0667 £% 5% (1982) 2010 (2002)
0313() :
Zain et al. (2002 / / -10%
ain etal.(2002) £(0a +7.11) B30-R0  30-RIS =30-R30 ®30-R50 ®30-R100
a
Raphael 1984; Zain et al. 2002). It is noteworthy that 15%
these equations were initially developed for virgin con- k5
. .o o
crete. The differences between the measured splitting g go 10%
tensile strength and approximated strength are plotted Ei;’
in Fig. 8. In general, the empirical equations from the i% 5%
design standards (ACI 318-14 2014; Model Code 2010) S5 I I
marginally underestimated the splitting tensile strength 23 0%
. P o
for HS concrete. The differences between the measured g 38 ACI  Carino
strength and approximated strength were less than 10% v B 363-10 and Lew al.
. . 5 g (2002)
in most cases. Furthermore, based on the previous and 5 @
current experimental data, the relationship between the = 0%
measured splitting tensile strength and the compressive ®30-R0  30-R15 =30-R30 =30-R50 =30-R100
strength is plotted in Fig. 9. Although the tensile strength b
of thé current study was slightly hl‘gher than thaﬁ of the Fig. 8 Comparisons between the code and the previous equations
previous work, the measured tensile strength displayed for the test results for (a) NS concrete, and (b) HS concrete.

similar tends according to the measured compressive
strength. Then, a regression analysis provides the follow-
ing empirical expression

fir = 0.5574/f 1)

for the approximation of the splitting tensile strength
for a given compressive strength. One notes that the
obtained expression is similar to the equation from
ACI 318-14 (2014), as shown in Fig. 9. Accordingly, the
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Fig. 9 Relationship between the compressive and tensile strength of RFA concrete.

existing empirical equations of virgin concrete can be
utilized to estimate the splitting tensile strength of RFA
concrete.

4.3 Relation Between Elastic Modulus and Compressive
Strength

The modulus of elasticity can be estimated from the com-
pressive strength of RFA concrete by using an empirical
equation, as illustrated in Table 10. Two empirical equa-
tions provided by ACI 318-14 (2014) and Model Code
(2010) for virgin concrete were employed in this study.
The comparison illustrated that the ACI 318-14 (2014)
and Model Code (2010) equations overestimated the
elastic modulus of NS concrete containing RFA.

Table 10 Estimated elastic modulus using the code equations.

The relationships between the measured compressive
strength and measured modulus of elasticity are pre-
sented in Fig. 10. The present experimental results for
RFA concrete are denoted by solid markers. The previ-
ous experimental data for RCA concrete(Afroughsabet
et al. 2018; Bilir 2016; Folino and Xargay 2014; Gholam-
pour and Ozbakkaloglu 2018; Kou and Poon 2013; Ozb-
akkaloglu et al. 2017) and RFA concrete (Evangelista and
Brito 2007; Pedro et al. 2017; Pereira et al. 2012a, b; San-
tos et al. 2017; Yang et al. 2008; Zega and Maio 2011) are
indicated with empty markers for comparison. The com-
parison demonstrated that the ratios of the elastic mod-
ulus to the compressive strength for RFA concrete were
like those for RCA concrete. From the comparative study,

Specimen ID ACI318-14 (2014)? Model Code (2010)®

E =47/f Ec = 21.5(f//10)"

Calculated (GPa) Avg. (GPa) Calculated (GPa) Avg. (GPa)
30-R0O 32.9/36.3/355 349 36.5/39.0/384 380
30-R15 33.0/33.3/- 332 36.7/36.8/- 36.7
30-R30 32.8/31.7/34.0 328 36.5/35.6/37.3 36.5
30-R50 31.0/30.9/29.8 306 35.1/35.0/34.2 348
30-R100 30.3/28.6/- 29.5 34.6/33.3/- 339
60-RO 42.1/42.4/41.4 419 43.0/43.2/42.5 429
60-R15 42.2/41.8/41.9 42.0 43.1/42.9/42.9 429
60-R30 41.1/41.1/40.9 41.0 42.3/42.3/42.2 423
60-R50 42.0/41.2/42.0 418 43.0/42.4/43.0 42.8

2 f/>17 MPa,® f/>12 MPa.
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Fig. 10 Relationship between the compressive strength and the measured elastic modulus.

it is concluded that the RFA concrete used in this study
can have effective structural stiffness as a structural con-
crete member. This is similar to RCA concrete, which has
been utilized as a structural concrete member.
Furthermore, in this study, an empirical equation is
proposed to estimate the elastic modulus of RFA (or
RCA) concrete. This is because the design equations
overestimated the measured elastic modulus, particularly
for NS concrete (Fig. 10). The following expression for
the elastic modulus of concrete with recycled concrete
aggregates is obtained based on regression analysis:

E. = 4.175,/f! )

which is indicated as a solid line in Fig. 10.

5 Conclusions

This study investigated the mechanical behaviors of NS
and HS concrete containing RFA. In the experiment, the
five replacement ratios of RFA with a high slump prop-
erty were employed. The compressive strength, tensile
strength, elastic modulus, and drying shrinkage strain of
RFA concrete were measured. Based on the experimental
results, the key findings are summarized as follows:

+ The compressive strength of RFA concrete decreased
by approximately 30% and 10% for NS and HS con-
crete, respectively, as the replacement ratio of RFA
increased from 0 to 100%. Similarly, the elastic mod-

ulus of NS concrete decreased with the increase in
the RFA replacement ratio. However, the variation in
the elastic modulus of HS concrete was not signifi-
cant. The decreases in the compressive strength and
elastic modulus for NS concrete were larger than
those for HS concrete. These differences between NS
and HS concrete may be resulted from the different
failure mechanisms associated with ITZ.

The ratios of the elastic modulus to the compressive
strength for RFA concrete were similar to those for
RCA concrete. However, the design equations of ACI
318-14 (2014) and Model Code (2010) overestimated
the elastic modulus of RFA (and RCA) concrete for a
specified compressive strength. Therefore, an empiri-
cal expression was suggested to approximate the elas-
tic modulus of RFA concrete.

The rate of compressive strength development was
consistent regardless of the RFA replacement ratio.
The average ratio of the compressive strength at
190 days to that at 28 days was 1.15-1.3, and the ratio
of tensile strength at 190 days to that at 28 days was
1.15-1.25, demonstrating good strength develop-
ment. Good compressive and tensile strength devel-
opments were demonstrated for long-term curing.
Regardless of the curing time and replacement ratio
of RFA, the ratio of the splitting tensile strength to
the compressive strength of RFA concrete was simi-
lar to the corresponding ratio for ordinary concrete.
Thus, the existing empirical equations for ordinary
concrete, e.g., ACI 318-14 (2014) and Model Code
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(2010) can be used to approximate the indirect ten-
sile strength of RFA concrete.

+ The measured drying shrinkage strain of RFA con-
crete with 100% replacement ratio was within the
strain range reported by ACI 209-05 (2005). The
increase in RFA content resulted in the increase in
the drying shrinkage strain. However, the increase in
shrinkage owing to the use of RFA was at most 250
ue, which is 5-6% of the ultimate compressive strain
of concrete. Thus, the shrinkage strain may not have
a harmful effect on NS and HS concrete with RFA so
that it may not be a significant issue for the potential
use of RFA concrete as a concrete member, e.g., as
filled structural concrete.
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