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Abstract: The use of recycled aggregates to produce precast concrete products is conductive to the
green development of construction industrialization. This paper aimed to study the effects of curing
regimes and confining pressures on the triaxial compression behavior of recycled aggregate concrete
(RAC). Triaxial compression tests were carried out on RAC under different curing regimes (stand-
ard curing, 60 °C—12 h and 80 °C—9 h), and the designed confining pressures were 0 MPa, 2.5 MPa,
5 MPa, and 10 MPa. The results show that the increase of confining pressure limits the expansion of
cracks, causing the failure mode to change from vertical splitting to oblique shearing, and the triaxial
compressive strength is doubled at most. Compared with standard curing, steam curing signifi-
cantly weakened the triaxial compressive strength of RAC, which was related to the reduction of
RAC cohesion, and the cohesion of RAC steam cured at 80 °C was reduced by 30%. The triaxial
compression failure of RAC closely follows the Mohr—Coulomb criterion. Based on the discrete ele-
ment method and test results, an RAC triaxial compression numerical model considering the shape
of the actual coarse aggregate was established, and the propagation of cracks was discussed at the
mesoscopic level.

Keywords: recycled aggregate concrete (RAC); steam curing; triaxial compressive;
mesoscopic simulation

1. Introduction

As the most widely used building material, concrete has played a huge role in the
evolution of modern society. However, the massive use of concrete inevitably brings some
problems. On the one hand, the huge consumption of sand and gravel resources, as well
as cement production accompanied by a large number of CO:z emissions, results in serious
environmental disruption [1,2]. On the other hand, the accumulation of waste concrete
occupies massive land resources and causes environmental pollution. Processing waste
concrete into recycled aggregate (RA) for the manufacture of recycled aggregate concrete
(RAC) can not only reduce the environmental pressure, but also greatly reduce the exploi-
tation of natural resources [3-5].

Many scholars have carried out plenty of experimental and theoretical research on
RAC, which greatly enriches the research findings of RAC [6-9]. However, current re-
search on RAC is mainly focused on the mix design [10,11], the modification of RA [12,13],
and the strength and durability of RAC [14,15]. The research on the mechanical properties
of RAC is mostly carried out under uniaxial stress. Nevertheless, the concrete of engineer-
ing structures is often subject to complex multiaxial stress [16], such as concrete-filled steel
tubes, concrete confined by stirrups, and tunnel segments. The multiaxial strength and
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deformation characteristics of concrete are very different from those under uniaxial stress
[17]. The findings suggest that the confinement of steel tubes can improve the strength
and ductility of RAC, but the influence of the RA content is relatively low [18,19]. Lateral
constraints also significantly affect the failure mode of RAC, which will transfer from ver-
tical split failure to oblique shear failure with the increase of confining pressure [20]. It is
necessary to study the mechanical behaviors and damage mechanism of RAC under tri-
axial stress for promoting the engineering application of RAC.

Furthermore, in the context of the industrialization of construction, prefabrication
has become the main construction method for concrete elements [21,22]. Steam curing is
conducive to rapidly increasing the early strength of precast concrete elements, thereby
reducing demolding time and raising production efficiency [23]. However, studies show
that excessive curing temperature or time may adversely affect the mechanical properties
of concrete [24,25]. Compared with ordinary concrete, research on the effect of steam cur-
ing on the mechanical properties of RAC is insufficient, resulting in the lack of adequate
experimental data and theory for the design safety and rationality of prefabricated RAC
components.

To explore the strength and failure process of RAC under triaxial stress, as well as
the effect of steam curing, triaxial compression tests were carried out on RAC with differ-
ent curing conditions (standard curing, 60 °C—12 h, and 80 °C—9 h) and different confin-
ing pressures (0 MPa, 2.5 MPa, 5 MPa, and 10 MPa). Based on the Mohr-Coulomb crite-
rion, a triaxial compression failure model reflecting the influence of curing conditions was
established to study the effect of steam curing on cohesion and the internal friction angle
of RAC. A numerical model considering the morphology and distribution of recycled ag-
gregates was established, the damage effect caused by steam curing was integrated into
the mesoscopic parameters, and the triaxial mechanical behavior and damage mechanism
of RAC under different curing conditions and confining pressures were analyzed.

2. Experiments
2.1. Materials

Recycled aggregates with a maximum particle size of 26.5 mm, bulk density of 1264.5
kg/m3, and crushing value of 15.2% are used as coarse aggregates. River sand, with a fine-
ness modulus of 2.5, is used as fine aggregate. The grading curves of recycled aggregates
and river sand are shown in Figure 1. P-O 42.5 ordinary Portland cement with a specific
surface of 320 m?/kg, an initial setting time of 55 min, and a final setting time of 310 min,
and ground granulated blast furnace slag are used as binding materials. The relevant
chemical composition contents are shown in Table 1. The mix proportion of RAC is shown
in Table 2 and the fresh mixture has a good fluidity with the measured slump between
190 mm and 200 mm. The mixture was mixed for two minutes before being molded, and
then vibrated for 15 s. The mixture was demolded after one day and cured according to
different curing regimes.
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Figure 1. Grading curves of the aggregate.
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Table 1. Chemical component content of cementitious material (%).

Components CaO MgO SiO2 Fe20s P20s AlLOs SOs LOI
Slag 45.09 6.99 27.33 0.45 0.13 13.66 4.03 0.95
Cement 54.65 2.58 22.07 4.32 1.03 6.30 2.59 2.14

Table 2. Mix proportion of RAC (kg/m?).

Cement Slag Sand RA Water Water Reducer
241.5 241.5 815 957 145 3.42

2.2. Curing Regimes
(1) Standard curing

The specimens were covered with films after casting and demolded after one day.
The compression tests were carried out after curing for 90 days in a standard curing room
with a temperature of 20 + 2 °C and a humidity of 95%.

(2) Steam curing

The steam curing process can be divided into the static stop stage, the heating stage,
the constant temperature stage, and the cooling stage. Steam curing can improve the early
strength of concrete, but excessive temperature and time will reduce the late strength and
consume more energy [26]. In this study, two steam curing regimes of 60 °C—12 h and 80
°C—9 h were adopted. The detailed curing temperature and time are shown in Table 3.
The static stop stage started from the pouring of RAC into the mold and it was kept at 20
°C for 3 h. The heating stage lasted for 2 h, from 20 °C to the target temperature (60 °C and
80 °C). At the constant temperature stage, the curing time was 12 h and 9 h, respectively,
at the target steam curing temperature. The cooling stage lasted for 2 h, from the target
steam curing temperature to 20 °C. The curves of the curing temperature versus time are
shown in Figure 2. After steam curing, the specimens were demolded and placed into the
standard curing room for 90 days. After that, cylinder specimens with a diameter of 50
mm and a height of 100 mm were made by coring and cutting for the triaxial compression
test.

Table 3. Control parameters of the steam curing system.
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Figure 2. The curves of curing temperature versus time.
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For clarity, the specimens under standard curing, 60 °C steam curing for 12 h, and 80
°C steam curing for 9 h are marked as RAC20, RAC6012, and RAC8009, respectively.

2.3. Triaxial Compression Test

The triaxial compression test of RAC was conducted in the TOP INDUSTRIE test
system, as shown in Figure 3. The two loading methods of displacement control and stress
control can be switched automatically. In the triaxial loading process, the confining pres-
sure was firstly applied to specimen at a speed of 4.0 MPa/min and kept constant after
reaching the target value. Then, the displacement control method was switched to apply
the axial pressure with a loading rate of 0.5 um/s. Two LVDTs were used to measure the
axial deformation. Triaxial compression tests under four confining pressures (o3s) of 0 MPa,
2.5 MPa, 5 MPa, and 10 MPa were carried out. Under each curing regime and confining
pressure, three specimens were prepared for repeated testing, with a total of 36 samples.

Figure 3. Triaxial compression test equipment.

3. Test Results and Analysis
3.1. Failure Mode

Figures 4 and 5 illustrate the influence of confining pressures and curing conditions
on the failure mode of RAC, respectively. It can be seen from Figure 4a that the specimen
exhibits a longitudinal splitting failure mode and obvious brittleness when without con-
fining pressure. As the confining pressure increases, the inclination of the failure surface
increases. The lateral constraint of the confining pressure inhibits the development of
cracks, and the maximum volume strain increases with the increase of confining pressure,
which makes the development path of the cracks change from vertical splitting to oblique
shearing. Figure 5 illustrates that, under the confining pressure of 2.5 MPa, all three spec-
imens exhibited shear failure characteristics, among which the oblique shear failure of
RAC20 and RAC6012 is more obvious. The main failure plane of RAC8009 with the lowest
strength has a smaller inclination angle, which is close to a vertical splitting failure and is
accompanied by several small vertical cracks.
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Figure 4. Failure modes of RAC8009 under different confining pressures. (a) 03=0 MPa, (b) 03=2.5
MPa, (c) 03=5 MPa, (d) 03=5 MPa.
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Figure 5. Failure modes of RAC under a confining pressure of 2.5 MPa. (a) RAC20, (b) RAC6012,
(c) RAC8009.

3.2. Stress—Strain Curves

Figure 6 illustrates the stress—strain curves of different specimens. It can be seen that
the peak deviatoric stress (01—03) and peak strain of RAC increase significantly with the
increase of the confining pressure. The stress—strain curve after the peak falls more slowly,
indicating that the confining pressure enhances the deformability of RAC. Figure 7 illus-
trates the variation trend of the peak stress of the specimens under different confining
pressures. For RAC20, the peak deviatoric stress increases from 69.18 MPa to 115.97 MPa
as the confining pressure increases from 0 MPa to 10 MPa, with an increase of 67.6%. For
RAC6012 and RAC8009, the peak deviatoric stress increases by 74.7% and 102.2%, respec-
tively, when the confining pressure increases from 0 MPa to 10 MPa. High-temperature
steam curing reduces the compressive strength of RAC, but steam-cured concrete is more
sensitive to the constraint effect, and the strength increases more under the same confining
pressure. As the steam curing temperature increases, the proportion of large capillary
pores in concrete increases, and the shape of the pores becomes more complex, resulting
in a decrease of compressive strength [27-29]. The lower the strength, the more obvious
the improvement of its strength and deformation caused by confining pressure [30,31].
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Figure 6. Triaxial stress—strain curves of RAC under different curing conditions. (a) RAC20, (b)
RAC6012, (c) RACS8009.
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Figure 7. Effect of confining pressure on peak deviatoric stress.

3.3. The Cohesion and Internal Friction Angle
Previous studies have shown that the test results of concrete under triaxial compres-
sion are in good agreement with the Mohr-Coulomb criterion [32,33]. Based on the crite-
rion shown in Figure 8, a triaxial failure model of RAC considering curing conditions can
be established, as shown in Equation (1):
- +
9179 97 % Gngp+ccosg (1)
2 2
where 01 is the maximum principal stress of RAC under different curing conditions; o3 is
the applied confining pressure; c and ¢ are the cohesion and internal friction angle of RAC
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under different curing conditions. Equation (2) can be obtained by a simple transfor-

mation of Equation (1):

0, —0;

Y=

Y= Xsinp+ccosp

_oi+o;

where 2

7|

2

T=c+ o*tang
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ot o
2

c ¢ cotp

Figure 8. Schematic diagram of the Mohr—coulomb criterion.

o o

()

On the basis of the triaxial compression test results of RAC under different confining
pressures and curing conditions, the values of c and ¢ are determined by linear regression.
Figure 9 illustrates the fitting curves, and the related fitting parameters are shown in Table
4. The goodness of fit close to 1 indicates that c and ¢ of RAC under different curing con-
ditions can be obtained exactly by the Mohr-Coulomb criterion.
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Figure 9. Calculation process of ¢ and ¢ of RAC under different curing conditions. (a) RAC20, (b)

RAC6012, (c) RACS8009.
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Table 4. Fitting parameters determined by the Mohr-Coulomb criterion.

Curing Conditions

Fitting Parameters

RAC20 RAC6012 RAC8009
Slope (sin¢) 0.699 0.691 0.723
Intercept (c-cosep) 10.654 9.809 7.268
Degree of fit (R?) 0.999 0.996 0.999

The values of c and ¢ are listed in Table 5. Compared with the standard-cured RAC,
the c of RAC6012 and RAC8009 show 8.9% and 29.4% of reduction, respectively, while the
@ of RAC8009 is the largest. The cohesion ¢ of concrete materials depends on the compo-
sition of aggregate, cementitious material, and porosity. Higher steam curing tempera-
tures increase the proportion of large capillary pores and the complexity of the pore
shapes, causing an apparent reduction in cohesion. The increase of the internal friction
angle ¢ seems to increase the confining pressure sensitivity of RAC.

Table 5. c and ¢ of RAC under different curing conditions.

Curing Conditions

Parameters RAC20 RAC6012 RAC8009
Cohesion (c)/MPa 14.90 13.57 10.52
Internal friction angle (¢)/° 44.36 43.71 46.31

4. Numerical Simulation

In this section, a numerical model with real coarse aggregate morphology was estab-
lished and, based on the experimental results above, the influence of high-temperature
steam curing on cohesion c and internal friction angle ¢ was integrated into meso-param-
eters. The experimental and simulation results were compared to further investigate the
internal crack development and damage mechanism of steam-cured RAC under a triaxial
load.

4.1. Numerical Model

The discrete element method (DEM) was created by Cundall and Strack [34] to sim-
ulate the mechanical behavior of granular materials and was widely applied to rock, soil,
concrete, and other materials. In this study, the numerical simulation was carried out
based on the particle flow program PFC3D developed by DEM. In PFC3D, particles with
a finite mass interact through internal forces and moments, and the motion of particles
follows Newton’s second law [35]. The contact constitutive of steam-cured RAC adopted
the linear parallel bonding model, in which the bonding between two contacting particles
is highly similar to the mechanical behavior of cement-based materials [36].

To simulate the triaxial compressive properties of steam-cured RAC more realisti-
cally, a numerical model based on the actual coarse aggregate morphology was estab-
lished. In this study, the 3D geometry of the recycled aggregates generated by 3D scanning
technology were created in PFC3D to simulate real coarse aggregates, whereas fine aggre-
gates were simplified to rigid spheres. The RAC numerical model with a diameter of 50
mm and a height of 100 mm was generated, as shown in Figure 10a. Among them, coarse
aggregates with a particle size of 5 mm to 26.5 mm account for 40% of the total aggregates,
and the particle size of the fine aggregate is between 2 mm and 5 mm.
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Figure 10. (a) Numerical model based on real aggregates; (b) Schematic diagram of loading.

The triaxial loading procedure of the RAC numerical model corresponding to the
experiment was as follows: firstly, the confining wall was contracted until the confining
pressure reached the target value; then, the top wall was moved down to apply axial pres-
sure and the loading rate was set to 0.5 pm/s. When applying axial pressure, servo control
was used to dynamically adjust the confining wall to keep constant confining pressure.
The triaxial loading model is shown in Figure 10b.

4.2. Parameter Calibration

In this study, the parameter calibration was achieved by adjusting the mesoscopic
parameters until the numerical simulation results were consistent with the experimental
results. RAC with different curing conditions (standard curing, 60 °C—12 h, and 80 °C—
9 h) requires calibration of multiple sets of model parameters. In this study, the parameter
calibration of standard-cured specimens was taken as the benchmark, and then the influ-
ence of the steam curing damage obtained by the experimental results was introduced
into the benchmark, which simplified the calibration procedure.

The stress—strain curves of the numerical simulation and the experiment of standard-
cured RAC are shown in Figure 11. It can be seen that there is a slight deviation between
the simulated and experimental results. Compared with the smooth simulated curve, the
experimental curve fluctuates slightly. This may be due to the existence of a certain num-
ber of pore defects in the sample. Under the triaxial load, the pore defects will be com-
pacted, resulting in the fluctuation of the curve. The numerical model ignores the influ-
ence of these factors, and the curve behaves smoother.

100
80 |
03 =2.5MPa
<
e L
Z 60
S
S 40 +
= Test curve
****** Simulation curve
20
0 / 1 1 1 1 1 1
00 02 04 06 08 1.0 1.2 1.4

& /%

Figure 11. Comparison of simulated and experimental stress—strain curves (RAC20, confining pres-
sure 2.5 MPa).
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Figure 12 illustrates the experimental failure mode and the internal fracture develop-
ment form of the numerical model. The failure modes obtained by simulation and exper-
iment are close, and the penetrating oblique macroscopic cracks show obvious shear fail-
ure. In addition, the cracks are divided into shear and tensile failure in Figure 12b.

PB-shearFail
PB-tenFail

(a) (b)
Figure 12. (a) Test failure mode; (b) Model failure mode and internal crack development (RAC20,
confining pressure 2.5 MPa).

From the pattern of internal cracks, it can be seen that a small amount of tensile cracks
generated on the top and bottom of the model at the initial stage of loading. Subsequently,
a large number of shear cracks formed in the middle and lower part of the sample, and
the propagation and penetration of shear cracks finally formed a macroscopic fracture

surface.

4.3. Numerical Results and Analysis

The numerical simulation of triaxial compression of RAC with different curing con-
ditions and confining pressures was carried out. The comparison of the simulation results
and the test curves is shown in Figure 13. The simulation results are in good agreement
with the test stress—strain curves, indicating that the model can better reflect the triaxial
mechanical properties of RAC under different confining pressures.
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Figure 13. Comparison of simulation and test results of RAC under different curing conditions and
confining pressures. (a) RAC20, (b) RAC6012, (c) RAC8009.

The formation and development of internal cracks in the specimen can be reproduced
through numerical simulation. Taking the standard curing specimen RAC20 as an exam-
ple, the failure and internal cracks of the specimen under different confining pressures are
shown in Figure 14. Figures 15-17 show the crack growth process of RAC20, RAC6012,
and RACB8009 under different confining pressures, respectively, including shear cracks,
tensile cracks, and the total number of cracks. The cracks were extracted in PFC3D by Fish
language, which helps us understand the damage mechanism of RAC from the
mesoscopic level. It can be seen from Figure 15 that the lateral constraint limits the devel-
opment of cracks to a certain extent. With the increase of confining pressure, the crack
development process in the specimen is slower. Before the final failure of the specimen,
under the same compressive deformation, the number of cracks decreases with the in-
crease of confining pressure, but in the final failure, the number of cracks increases due to
the more sufficient development of cracks in the specimen under the constraint of confin-
ing pressure, and the number of cracks is larger than that of uniaxial loading under 0
confining pressure. The 60 °C—12 h and 80 °C—9 h steam-cured specimens also show
similar crack development trends, as shown in Figures 16 and 17, respectively.

PB-shearFail
PB-tenFail

Figure 14. Damage simulation of RAC20 under different confining pressures. (a) 0 MPa, (b) 2.5
MPa, (c) 5 MPa, (d) 10 MPa.
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Figure 15. Growth process of crack number in RAC20 under different confining pressures.
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Figure 16. Growth process of crack number in RAC6012 under different confining pressures.
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Figure 17. Growth process of crack number in RAC8009 under different confining pressures.

Figure 18 shows the corresponding relationship between the crack development
trend and the stress—strain curve. It can be seen from the diagram that when the load
reaches 40-50% of the peak stress, cracks begin to appear, and then grow slowly until the
loading enters the plastic stage. When the load reaches about 80-90% of the peak stress,
the crack growth starts to accelerate, and when the peak stress reaches, the crack growth
rate is the largest. After the rapid growth in the peak area, the growth of the number of
cracks begins to slow down. At this stage, the expansion of macroscopic through-cracks
in the specimen is dominant, and the number of new cracks decreases. Under the action
of confining pressure, the occurrence of cracks is delayed. When the confining pressure is
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0 MPa, the stress—strain curve of the pre-peak section shows a clear linear relationship,
the stress decreases rapidly in the post-peak stage, and the number of cracks increases
little. Under the confining pressure of 10 MPa, the pre-peak stress—strain curve presents
plastic characteristics, the post-peak stress decreases slowly, and the number of cracks
continues to increase.
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Figure 18. Correspondence between crack development and stress—strain curve under different con-
fining pressures (RAC20). (a) 0 MPa, (b) 10 MPa.

5. Conclusions

In this study, the triaxial compression tests of standard curing and steam curing RAC
under different confining pressures were carried out first. Then, on the basis of the exper-
imental results, a discrete element model considering the actual coarse aggregate mor-
phology was established, and the triaxial compression process of RAC was simulated and
analyzed. The following conclusions are drawn:

The expansion of cracks inside RAC is limited by the confining pressure, and the
peak stress and deformation capacity are improved with the increase of confining pres-
sure. Meanwhile, the failure mode of RAC changes from vertical splitting to oblique shear-
ing under the influence of confining pressure. Compared with standard curing, the
strength of steam-cured RAC decreases, but it is more sensitive to lateral constraints. Un-
der the same loading conditions, the steam-cured RAC with the lowest strength at 80 °C—
9 h is the first to crack, and the total number of cracks and the proportion of tensile cracks
in RAC also increases.



Buildings 2023, 13, 334 14 of 15

The Mohr-Coulomb failure criterion can better reveal the triaxial compression failure
mechanism of steam-cured RAC. The results show that high-temperature steam curing
significantly reduces the cohesion of concrete, but the internal friction angle is slightly
increased. According to the simulation analysis, when the load reaches 40-50% of the peak
stress, the crack starts to appear and then grows slowly until the load enters the plastic
deformation stage of RAC. When the load reaches about 80-90% of the peak stress, the
crack starts to grow at an accelerated rate. When the load reaches the peak stress, the crack
growth rate is at a maximum. The increase of confining pressure slows down the growth
rate of internal cracks in RAC. However, when the final failure is reached, the internal
cracks in RAC develop more fully due to the limitation of the confining pressure, and the
number of cracks increases.
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