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HIGHLIGHTS

« Mechanical properties of recycled concrete under triaxial compression were studied.
« The effect of RCA content and stress ratio on mechanical properties were analyzed.
« Triaxial strength of recycled concrete were depicted in octahedral stress space.
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Experiment was carried out to better understand the behaviors of recycled aggregate concrete under tri-
axial compressive stresses. The test was performed on 100 mm x 100 mm x 100 mm cubic specimens
with five replacement ratios of recycled coarse aggregate (RCA) at four kinds of stress ratios, using a
servo-controlled static-dynamic triaxial machine (TAWZ-5000/3000). The failure modes, ultimate
strength and deformation under triaxial compression were observed, and the effect of RCA replacement
ratio and stress ratio on these characteristics was analyzed. The results show that the triaxial compres-
sive strength of the specimens is much higher than the corresponding uniaxial strength, and the strength
and deformation depend on both RCA replacement ratio and stress ratio. Moreover, the factors affecting
triaxial strength were quantitatively analyzed by variance calculation. Based on the triaxial strength, the
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aggregate relationship between normalized octahedral normal stress o, /f. and octahedral shear stress t,q /f. with
Stress ratio RCA replacement ratio and stress ratio was discussed.
Strength © 2017 Published by Elsevier Ltd.
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1. Introduction

Recycled coarse aggregate (RCA) obtained from construction
and demolition (C&D) wastes has become a valuable resource as
an alternative material to natural aggregate [1]. Using cracked con-
crete as coarse aggregate can not only decrease the usage of natu-
ral aggregate, but also reduce pollution. The main difference
between recycled aggregate and natural aggregate is the presence
of residual mortar in RCA. Some work has been carried out to
explore the important properties of recycled concrete [2-5]. Com-
pared with natural aggregate concrete, recycled aggregate concrete
has higher porosity, lower density, and weaker interfacial transi-
tion zones (ITZs), the property of RCA has a great influence on
the mechanical properties of recycled concrete. Tam et al. [6-8]
found that the microstructure of recycled concrete is much more
complicated than that of the conventional concrete, recycled con-
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crete has two ITZs: one is between the original aggregate and the
residual mortar; the other is between the recycled aggregate and
the fresh paste, a two-stage mixing approach (TSMA) has been pro-
posed to strengthen the weakened ITZs. Poon et al. [9-11] found
that the microstructure of recycled aggregate has an adverse effect
on the mechanical properties of concrete, recycled aggregate from
high strength concrete is recommended to reduce the adverse
effects. Xiao et al. [12-15] analyzed the failure mechanism of recy-
cled aggregate concrete under uniaxial compression and simulated
the process. Casuccio et al. [16] and Kwan et al. [17] found that the
failure of recycled concrete was characterized by low strength,
high peak strain and low fracture energy. Poon et al. [18,19]
pointed out the influence of RCA on the long-term mechanical
properties of concrete, and studied the performance of low-grade
recycled concrete. Hansen [20] found that the compressive
strength of recycled aggregate concrete can be reduced by 25%,
depending mainly on the quality of recycled concrete aggregate.
However, some researchers observed that the compressive
strength of concrete was not affected, and some slightly increased
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when RCA replacement ratio was less than 25% [3,21-23]. Most of
the structures are actually in multiaxial stress state, such as beam-
column connection, steel tube confined concrete structure, shell
structure, etc. Therefore, the structural design based on uniaxial
strength theory is neither economic nor reasonable [21,24-26]. It
is necessary to study the mechanical behavior of recycled aggre-
gate concrete under multiaxial stress state. The mechanical proper-
ties of concrete under multiaxial stress states are different from
those of uniaxial mechanics, the strength of concrete greatly
improved, and many researchers have revealed these properties
[27-31]. Although the mechanical behavior of ordinary concrete
under multiaxial stress has been extensively studied, the study of
recycled concrete under multiaxial stress is rare.He et al. [32]
revealed the strength and failure criterion of recycled aggregate
concrete under biaxial and triaxial compression with two kinds
RCA replacement ratio, which is the only published article on mul-
tiaxial compression of recycled concrete. In this study, the mechan-
ical properties of recycled concrete under triaxial compression
were tested, and the effects of RCA replacement ratio and stress
ratio on failure modes, strength and deformation were analyzed.
The purpose of this research is to provide experimental data for
the application of recycled aggregate concrete in structural
engineering.

2. Materials and Testing procedure
2.1. Materials and mix proportions

Waste concrete was obtained from urban road under demoli-
tion in the Guangxi area in China, no detailed information was
available on the age of the road, but most constructions in this area
took place for no more than thirty years. Large parts of the waste
concrete were crushed on site, then the crushed concrete were
transported to the laboratory and broken by workers into pieces
with size smaller than 20 mm and sieved with a proper gradation
of 5-20 mm. The natural aggregate used were common crushed
stone. Table 1 shows some of the measured physical properties
of the natural and recycled aggregate. As expected, due to the pres-
ence of the attached mortar, recycled aggregate has higher water
absorption and smaller density than natural aggregate. Using
heat-resistant separation method can obtain the attached mortar
content, the measured content of 30.55% is much higher than that
of natural aggregate, and this feature directly affects the physical
and mechanical properties of recycled concrete.

Based on Regulation of Common Concrete Mix Design, the
water-cement ratio and the unit water consumption were deter-

Table 1
Physical properties of coarse aggregate.
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mined according to the design requirement, and then the amount
of cement was determined. Finally, the aggregate content was cal-
culated according to the reasonable sand ratio. For objective com-
parison on triaxial strength of concrete with different RCA
replacement ratio, the unit water consumption was fixed and the
water-cement ratio was adjusted to get the same uniaxial strength
among different groups. The fine aggregate was natural river sand
with a fineness modulus of 2.8. The cementitius material was 42.5R
Portland cement, water was tap-water. Table 2 shows the dry-
weight proportions of mix designs.

2.2. Samples and testing method

Samples were casted in plastic cube molds and cured for 24 h
before demolded, and then placed in a moist room with a relative
humidity of 95% at 20 + 3°C. RCA replacement ratio and stress ratio
were the main factors that affect the mechanical properties of recy-
cled concrete. Five levels of RCA replacement ratio (0%, 30%, 50%,
70%, 100%) and four kinds of stress ratios (& = —0.1: —-0.25: -1,
-01:-05:-1, -0.1:-0.75: -1, -0.1: —-1:—-1) were consid-
ered in this study. The principal stresses were expressed as
01 = 0, > 03, compression denoted as negative and tension
denoted as positive. 100 mm x 100 mm x 100 mm cubes were
used to measure the strength of specimens under triaxial compres-
sion using a servo-controlled test setup (TAWZ-5000/3000) at State
Key Laboratory of Structural Engineering in Guangxi University. The
test setup consisted of four independent hydraulic actuators, the
vertical actuator with loading capacity of 5000 KN, and the others
with capacity of 3000 KN. Two linear variable differential trans-
formers(LVDT) were attached along each side of the specimen in
loading direction. The tests were carried out at a loading rate of
0.5 MPa/s. A data acquisition system was used to record the applied
load and LVDT readings. The deformation of the specimens was
obtained by averaging the reading of the two LVDTs. The specimen
and test setup are shown in Fig. 1.

3. Test results and discussion
3.1. Failure modes

The crack patterns and failure modes were observed,in general,
there was no fundamental difference between the failure modes
due to different RCA replacement ratios. The typical crack patterns
are shown in Fig. 2. The failure mode was mainly affected by stress
ratio. At stress ratioo = —0.1 : —1 : —1, due to the constraints of o,
and o3, tensile strain occurred parallel to ¢, direction. As the load

Classification Gradation (mm) Apparent density (kg/m>)

Crush Index (%) Water absorption (%) Attached mortar content

NCA 5-20 2708 4.6 0.3 -
RCA 5-20 2485 13.4 3.0 30.55%

Table 2

Mix proportions.
Unit weight (kg/m?)
Specimens RCA% Water/cement Cement Sand Water NCA RCA
RACO 0% 0.47 415 631 195 1121 0
RAC30 30% 0.46 424 643 195 767 329
RAC50 50% 0.45 433 656 195 536 536
RAC70 70% 0.44 443 669 195 314 733
RAC100 100% 0.43 453 681 195 0 1021
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