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respectively) from O to 20 MPa. All P-values for recycling cycles and confining pressure are less than 0.05, with
the confining pressure having a more significant effect. Three best-fit multivariate mixed models predict me-

chanical properties, and a modified elastoplastic model introduces the recycling cycles factor. Numerical sim-
ulations confirm the model’s accuracy in predicting the triaxial mechanical properties of Multi-RAC.
Comparative analysis reveals that the elastoplastic model-derived non-integral high order failure criterion out-
performs the Willam-Warnke failure criterion and other conventional criteria. Regarding environmental impact,
all indicators (GWP, POCP, AP, EP, and CED) decrease favourably with the increasing number of recycling cycles,
with CED and EP playing the most significant roles. Compared to NAC, the five environmentally favorable in-
dicators for RACIII decrease by 3.24 % to 50.6 %, respectively. These findings provide valuable insights for future
research on developing eco-friendlier Multi-RAC for sustainable and green infrastructure.

1. Introduction

The rapid development of infrastructure and industrial construction
has led to an increasing demand for concrete materials (Tang et al.,
2020; Lu, 2019). Waste concrete is also the main construction waste
generated during the demolition of various obsolete buildings, which
can cause a heavy burden on the environment and landfills (Dey et al.,
2022; Xiao et al., 2022a). Recycling waste concrete into recycled
building materials such as recycled aggregates and recycled concrete
through a series of shredding processes is regarded as a more sustain-
able, viable, and practical solution to deal with the enormous amount of
concrete waste, especially compared to landfilling (Kisku et al., 2017).
Therefore, intensive efforts have been placed on the research of recycled
aggregate concrete (RAC), including macro-property influencing factors
(recycled coarse aggregate replacement ratio, quality, etc.) (Goncalves
et al., 2020; Li et al., 2018; Ma et al., 2020), micro-interfacial charac-
teristics (interfacial transition zone thickness, micromechanical prop-
erties, etc.) (Bahragq et al., 2022), and modification methods of recycled
aggregates (acid solutions, surface layer, etc.) (Huang et al., 2021).

Over the past decades or so, there has been increasing research in-
terest on the multi-recycling of concrete, which promotes the sustain-
able development. The concept of multi-recycling is to repeatedly
recycle coarse aggregate by crushing the last generation of concrete
waste, which is used to replace natural aggregate in manufacturing the
next generation of multi-recycled coarse aggregate (Multi-RA). Owing to
the susceptible attributes to the damage involved in the complex
shredding processes during the multi-recycling and the inconsistent
quality and age of each generation of Multi-RA, Multi-RAC often pre-
sents inconsistent performance (Lei et al., 2023a). The current research
status of Multi-RA and Multi-RAC mainly focuses on their material
properties in the fresh and hardened states, including mechanical (Huda
and Alam, 2014; Kim et al., 2023), microstructural (Thomas et al., 2020;
Thomas et al., 2018), and durable properties (Liu et al., 2022; Silva
et al., 2021). Specifically, most studies investigated the mechanical
properties under a simple uniaxial stress state, including peak strain
(Chen et al., 2019a), peak stress (Chen et al., 2022), compressive
strength (Salesa et al., 2017), dynamic compression strength (Xiao et al.,
2015), splitting tensile strength (Zhu et al., 2016).

In addition to the research on RAC performance, scholars have
gradually realized the importance of the environmental impact of
recycled concrete. Xiao et al. (Xiao et al., 2022b) evaluated the life cycle
environmental benefits of RAC based on life cycle assessment (LCA) and
they found that the carbon emission factor of RA was 7.1 % lower than
natural coarse aggregate (NA), and the life cycle carbon emission of RAC
was 15 kg COzeq/rn3 lower than NAC. Moraes et al. (Borges et al., 2023)
found that recycled aggregates with particle size below 2.4 mm can
absorb 63 % of the carbon emissions from the production phase of RAC
when they completely replace natural aggregates. In addition, Mazurana
et al. (Mazurana et al., 2021) have again demonstrated that RA has a
great potential for carbon reduction. Specifically, a life cycle environ-
mental benefit analysis of RAC found that RAC can capture 165.34 kg
COzeq/ m® over its full life cycle, while NAC only captures 53.4 kg
COgeq/ m®.

Nevertheless, in-service concrete structures often experience

complex triaxial loading. Few studies have performed the experimental
analysis of RAC subjected to confining triaxial compression and true
triaxial compression. Folino and Xargay (Folino and Xargay, 2014)
investigated the triaxial mechanical behaviour of RAC with the
replacement ratios of 30 %, 60 %, and 100 %. The compressive failure
meridian shows a nonlinear correlation with the increasing confining
pressure, while no obvious discrepancy in failure mode was captured for
RAC with different replacement ratios. Chen et al. (Chen et al., 2019a)
reported that the RA replacement ratio merely affected the shape of
triaxial constructive curves of RAC, whereas the shape was significantly
influenced by the later confinement. It is worth noting although some
conventional models involving Mohr-Coulomb model (Chen et al.,
2019a), Willam-Warnke model (Wu et al., 2023), Drucker-Prager model
(Li et al., 2022), and concrete damage plasticity model (Li et al., 2022)
were proposed to describe the failure stress evolution under the
confining compressive loading condition, the strain characteristics
cannot be presented by failure criterion. Although few empirical models
were proposed by scholars to describe the triaxial constructive curve for
RAC (Chen et al., 2019a; Chen et al., 2023), these empirical models were
unable to capture the plastic strain from the deformation characteristics,
attributing to the lack of plastic criteria and flow rate. Overall, the
experimental and analytical research on triaxial mechanical properties
and the corresponding failure criteria are very limited, let alone the
Multi-RAC. Meanwhile, there is the absence of LCA studies for Multi-
RAC. In this context, this study aims to comprehensively investigate
the triaxial mechanical performance and environmental impact of Multi-
RAC. The differences in NAC and three generations of Multi-RAC are
compared. Three conventional failure criteria (Mohr-Coulomb, Power-
law, and Willam-Warnke) and a non-integer high order failure crite-
rion derived from a modified elastoplastic model were proposed, and
their performance was evaluated. The related outcomes and insights are
expected to serve as valuable sources for future investigations into
developing eco-friendlier Multi-RAC as structural concrete (Dong et al.,
2019; Ke et al., 2023; Li et al., 2024; Wang et al., 2024).

2. Experimental program
2.1. Raw materials

The crushed basalt provided by the local quarry (Nanchang, China)
served as natural coarse aggregate (NA). Natural river sand (fineness
modulus of 2.8, medium coarse sand) served as fine aggregate. Ordinary
Portland cement (PO. 42.5) served as the binder, and the physical and
mechanical properties as shown in Table 1. A naphthalene-based water-

Table 1
Physical and mechanical properties of cement.

Consistency Specific Compressive Flexural Setting time
(%) surface area strength strength (min)
(m?/kg) (MPa) (MPa)
3- 28- 3- 28- Initial ~ Final
day day day day
0.3 359 286 57.3 6.1 9.3 202 237
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reducing agent served as the water reducer. Laboratory tap water was
used throughout the experiment.

2.2. Specimen preparation

The preparation procedure to obtain three generations of Multi-RCA,
namely RAI, RAII, and RAIII, is described as follows. NCA at the age of
28 days was crushed in the laboratory by a jaw crusher and subsequently
screened and cleaned to obtain the RAI. The RAI was used to 100 %
replace the NA to manufacture the 1 generation of Multi-RAC (RACI)
(Fig. 1 (a)). An identical working route was applied to prepare 2,4 and
3:d generations of Multi-RAC (RACII, RACIII) shown in Fig. 1 (b). To
minimize the interruptions from the age of parent concrete on the
quality of the recycled aggregates, all generations of Multi-RA were
obtained from the last generations of Multi-RAC at the age of 28 days.
The gradations of RAI, RAII, and RAII were kept identical to NAC by
means of being sieved and separated by size fraction (Zhu et al., 2019)
and met the requirement of Chinese standard JGJ 52-2006 (Standard for
Technical Requirements and Test Method of Sand and Crushed Stone (or
Gravel) for Ordinary Concrete (JGJ 52-2006), 2006) in Fig. 1 (c). The
physical indexes of four groups of specimens are listed in Table 2, which
were measured in accordance with Chinese standard GB/T25177-2012
(Recycled Aggregate for Concrete (GB/T25177-2012), 2014). Previous
studies agreed that the volume fraction of NA in Multi-RAC significantly
and incrementally decreases with the increasing number of recycling
cycles (Lei et al., 2023a; Xiao et al., 2007). It is experimentally verified
that the volume fraction of adhered old mortar can make up more than
80 % of the total volume of Multi-RA after 3 recycling cycles, which is a
vital factor in compromising the mechanical properties of the resultant
concrete (Thomas et al., 2020; Thomas et al., 2018). The content of
attached mortar was evaluated based on the method presented in
Ref. (De Juan and Gutiérrez, 2009), which evidently increased as the
number of recycling cycles increased.

The mix design of NAC and three generation of Multi-RAC refers to
the requirement of JGJ 55-2011 (Specification for Mix Proportion Design
of Ordinary Concrete (JGJ 55-2011), 2011), as shown in Table 3. All
generations of Multi-RAC were prepared by presaturation method to
maintain the effective water-to-cement (w/c) ratio (Lei et al., 2020; Lei
et al., 2018). The mixing procedure was detailed in Ref (Lei et al,,
2023b). The 50 x 100 mm cylindrical specimens were prepared. The
samples covered by plastic film and initially cured for 2 days. Then they
were demolded and cured in a saturated calcium hydroxide solution for
26 days to ensure the minimization of adverse effects due to temperature
and humidity changes and calcium hydroxide precipitation within the
concrete.

2.3. Testing methods

2.3.1. Triaxial confinement compression

The testing equipment was GCTS RTX-4000 high-pressure and high-
temperature triaxial rock testing system shown in Fig. 1 (d). The axial
and radial deformations will be measured using linear variable differ-
ential transducers (LVDTs). The radial LVDT was placed at canter sec-
tion of the specimen to minimize the end friction effects. The loading
path was constructed by two stages illustrated in Fig. 1 (e). In the initial
stage, the axial deviatoric pressure and confining pressure were loaded
at a rate of 0.2 MPa/s using the force control mode to the target values 5,
10, 15, and 20 MPa. In the following stage, the axial deviatoric pressure
was loaded at a 0.1 mm/min rate until failure occurred.

2.3.2. Life cycle assessment
2.3.2.1. Scope and boundary. The goals of this study are: (i) to evaluate

the environmental benefits of Multi-RAC with different RA recycling
numbers in comparison to conventional NAC; (ii) to predict the relative
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contributions of energy consumption and carbon emission environ-
mental impact (EI) indicators in different life cycle stages for four gen-
erations concrete. Previous studies have demonstrated that the
environmental impact of NAC and RAC structures are expected to be
similar under non-aggressive ambient conditions during the construc-
tion, in-service, and demolition stages (Ding et al., 2016). Additionally,
recycling waste concrete to prepare recycled aggregates avoids the po-
tential negative environmental impacts of direct landfilling (Xiao et al.,
2018). Therefore, this study included the EI of the post-demolition
treatment stage of concrete construction into the system boundary,
focusing on comparing the relative EI of NAC and three generations
Multi-RAC, rather than the absolute EIL

Along these lines, based on ‘cradle-to-cradle’ LCA, this study divides
the life cycle of NAC and three generations Multi-RAC into raw material
extraction and transportation, concrete preparation and transportation,
concrete construction and demolition, and waste concrete post-
demolition treatment stages. Although the EI of concrete buildings in
the operation stage can account for 80 % ~ 90 % of the whole life cycle
(Wang et al., 2008), the variability of the EI for NAC and three gener-
ations of Multi-RAC buildings during the operational stage is still not
taken into account, mainly because NAC and RAC have the same EI
during the construction and operational stages (Knoeri et al., 2013; Wu
et al., 2012). Fig. 2 depicts the system boundary of NAC and three
generations of Multi-RAC based on ‘cradle-to-cradle’ LCA.

2.3.2.2. Life cycle inventory. The material life cycle assessment method,
CML 2001 - Jan. 2001 (baseline), was studied to assess the EI of tradi-
tional NAC, RACI, RACIIL, and RACIIL Six EI categories, including Global
Warming Potential (GWP), Ozone Layer Depletion Potential (ODP),
Photochemical Ozone Creation Potential (POCP), Acidification Potential
(AP), Eutrophication Potential (EP) and Cumulative Energy Consump-
tion (CED) were selected, wherein the CED involves consumption of
primary energy, either renewable or non-renewable (Braga et al., 2017).

The life cycle inventory (LCI) of raw materials extraction and
transportation, and concrete preparation and transportation for NAC
and three generations Multi-RAC was shown in Tables S1 and S2,
respectively. The EI of the concrete construction stage is twice that of
concrete the transportation stage, and the EI of concrete buildings de-
molition stage is 90% of that of the concrete construction stage, which is
consistent with Gong et al. (Gong et al., 2012). The LCI of concrete
construction and demolition, and waste concrete post-demolition
treatment stages are shown in Table 4.

3. Results and discussions
3.1. Failure mode

The failure modes of NAC and three generations of Multi-RAC are
illustrated in Fig. 3. When under uniaxial compression, four groups of
specimens show the characteristics of brittle failure. The failure process
was divided into three stages of crack initiation, crack extension, and
specimen failure. When the load approaches the peak stress, no obvious
cracks are captured. After loading to the peak stress, all four groups of
specimens formed microcracks and finally converged into penetrating
main cracks parallel to the axial direction. However, the number of
transverse cracks seems to appear as the number of recycling cycles
increases, which is probably owing to the fact certain initial damage is
accumulated during the multi-recycling process and a more pronounced
radial crack expansion phenomenon is presented in Multi-RAC with
increasing number of recycling cycles (Lei et al., 2023c).

When under the triaxial confining compression, all groups of the
specimens presented oblique shear failure with the presence of diagonal
shear cracks and good integrity, which shows a good agreement with
other cement-based composites subjected to triaxial compression (Chen
et al., 2023; Yang et al., 2022). In particular, it seems that the width of
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Table 2
Physical indexes of four groups of specimens.

Science of the Total Environment 923 (2024) 171381

Groups Grading (mm) Crush indicator (%) Apparent density(kg/m>) Water absorption(by mass %) Void ratio (%) Adhered mortar (by mass %)
NA 5-20 11.63 2828 1.1 45.7 0
RAI 5-20 14.79 2746 5.7 49.5 5.9
RAIL 5-20 16.10 2728 8.4 52.2 8.7
RAIII 5-20 18.07 2710 9.7 53.3 9.8
Table 3 the failure modes of Multi-RAC specimens are similar to the conven-
avie s . tional NAC. The failure mode is significantly affected by the confining
Mix design of four groups of specimens. e e g .
pressure, whereas it is insignificant affected by the recycling cycles.
Groups  Water Cement Sand Aggregate Water 28-day
(kg/ (kg/m®)  (kg/ (kg/m>) reducer cubic
m®) m?) (kg/m®  compressive 3.2. Mechanical behaviours
NAC 195 527 630 1074 2.635 50.3 . . .
RACI 195 527 619 1054 2.635 485 According to the experimental results, Table 5 lists the average
RACII 195 527 617 1050 2.635 47.2 values of the uniaxial compressive strength (f.,), confining stress (o),
RACII 195 527 614 1046 2.635 45.3

diagonal cracks is smaller for Multi-RAC compared to the conventional
NAGC, especially at higher confining pressure and later generation. The
transverse constraint forces will make the attached old mortar of Multi-
RAC continuously fill the internal micropores and fine cracks and
enhance the bond between aggregate and cement matrix. Multi-recycled
coarse aggregate is essentially comprised of the natural aggregate
portion and attached old mortar portion, while the stiffness and strength
of both portions decrease as the number of recycling cycles reduces,
making the concrete less susceptible to the formation of penetration
cracks (Chiaia et al., 1998; Akcaoglu, 2017). Overall, the results indicate

A

confinement ratio (o, /f.), peak stress (f.,), peak axial strain (e,,),
triaxial strength ratio (f,,/f.), and peak radial strain (e,). The elastic
modulus (Eq.) is calculated based on the slope of the straight line from
origin to the point of 0.45f. (Chen et al., 2019a). The peak stress and
peak strain increase as the confining stress increases, which is mainly
ascribed to two reasons. On the one hand, the elastic interval is enlarged
as a sequence of the transverse constraint force provided by the
confining pressure. On the other hand, the internal pores and attached
old mortar inside the recycled aggregate are continuously squeezed,
leading to increased plastic deformation. In terms of effect of recycling
cycles, the peak stress decreases, whereas the peak strain presents an
increasing-decreasing trend as the number of recycling cycles increases.
The increasing number of recycling cycles will lead to the volume

ﬂ@’ﬁ

Landfill
(Plant B)

Transport to

5 %

Natural resources
extraction (NA)

¢

Transport to

Plant A Plant A

Transport to
site

Natural concrete

Yz ) :
25 production (NAC)
Sand Cement
L !
V) @ i
Water :
reducer Water :

Other natural resources

extraction
Transport

]to Plant B

[ Waste concrete

Plant B - ¢
- Vgip
S .
> : 5 Waste concrete landfill
- = End of life
for NCB
Natural concrete
o

building (NCB)

Transport to
Plant C

Recycling center
(Plant C)

Recycled aggreates
extraction (RAI)

RAl

landfill + E 5@
Recycled concrete J — Recycled concrete
Transport| = 4t jife building (RCBI) Transport production (RACI) JTransport to
[ Recycled aggreates |'°"2"C| for reBl to site Plant A Other natural
extraction (RAII) I resources extraction
a ! \ Transport
m l to Plant B
Recycled concrete OmO Recycled concrete Waste concrete
Transport to| - production (RCBII) | Transport building (RCBII) End of life landfill
Plant A to site for RCBI
Other natural | or Transport
resources extraction B toPlantC [ Recycled aggreates
Transport \ E) ) V'S extraction (RAIII)
Waste concrete | 1°PantB Lﬁ Recycled concrete |e—° [ Recycled concrete forred
landfill End of life building (RCBIII) Transport production (RACIII) Transport to Other natural
for RCBIII tossite Plant A 4[ resources extraction J

Fig. 2. The system boundary of NAC and three generations Multi-RAC based on ‘cradle-to-cradle’ LCA.
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Table 4
Life cycle inventory for concrete construction and demolition, waste concrete
post-demolition treatment stages.

Unit Concrete Concrete Waste RA potential
construction demolition concrete environmental
(kgm™>) (kgm™>) landfill benefits (kg)
(kg)
GWP kg 8.93E+00 8.03E+00 1.03E-03 —9.25E-04
CO,
eq.
ODP kg 8.81E-12 7.92E-12 - -
CFCyq
eq.
POCP kg 1.28E+02 1.15E+02 2.53E-03 —2.27E-03
CoHy
eq.
AP kg SO2 3.83E-02 3.44E-02 1.00E-05 —8.98E-06
eq.
EP kg PO4 9.54E-03 8.59E-03 - -
eq.
CED MJ 1.23E+02 1.11E+02 1.70E-02 —1.53E-02
Refs. - Gong et al. ( Gongetal. ( Ding -
Gong et al., Gong et al., etal. (
2012) 2012) Ding
et al.,
2016)

Note: According to Yang et al. (Yang et al., 2014) and Xiao et al. (Xiao et al.,
2022b), the EI of 1 t of construction solid waste directly to landfill was - 0.898
times that of recycling to prepare recycled aggregates, the potential environ-
mental benefits of RA were calculated. The distance from the demolition site to
the landfill (Plant B) or the recycling centre (Plant C) is the same, 25 km, and the
transportation is by truck (Xiao et al., 2022b).

NAC

RACI

RACII

RACIII

Science of the Total Environment 923 (2024) 171381

reduction of natural coarse aggregate fraction and volume increment of
attached old mortar (Thomas et al., 2018; Zhu et al., 2016), while the
attached old mortar is able to increase the porosity and modify the
deformation capacity of the concrete specimen. Moreover, the charac-
teristics of the rough and multi-angular surface structure of Multi-RCA
can enhance the friction force of Multi-RAC in the crack development
process, thus increasing interlocking capacity and deformation resis-
tance of the aggregate.

3.3. Multivariate regression analysis

The foregoing analysis evidenced that both the number of recycling
cycles (n) and confining pressure (o) can influence the triaxial me-
chanical properties of the Multi-RAC. Multivariate regression analysis is
performed to further investigate the inherent correlations between the
influential factors (C, and o) and the triaxial mechanical properties
(peak stress, peak strain, and elastic modulus). Referring to previous
studies that predicted the strength behaviour of RAC (Jin et al., 2018a;
Jin et al., 2018b), a series of potential regression models were estab-
lished by linking the multiple independent variables (IVs) in different
forms (linear, non-linear, and mixed methods). The conventional
multivariate linear function relationship can be expressed as:

Yi=a+p, X +p,Xo+... +4,Xi,i = 1,...,n, linear model 1 [@D)

where o and B are regression constants. Y; denotes the response
dependent variable (RDV) corresponding to the peak stress, peak strain,
and elastic modulus in present study (n = 3). X; denotes the IVs corre-
sponding to the confining pressure and the number of recycling cycles.
The values of IVs are 0, 5, 10, 15, and 20 (confining pressure) and 0, 1, 2,
and 3 (number of recycling cycles). In addition, by means of performing

Fig. 3. Representative failure modes of four groups of concrete.
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Table 5
Triaxial mechanical results of four groups of specimens.
Group feo (MPa), Cov (%) o, (MPa) O /feo feu (MPa), Cov (%) fau/feo E (GPa) £eu (x10%) £ (x10%)
NAC 43.7 (2.26) 0 0 43.7 (2.26) 1.00 16.0 (1.79) 3.9 (2.16) 1.94
5 0.11 70.9 (3.55) 1.62 17.3 (4.04) 9.2 (6.16) 4.47
10 0.23 95.7 (1.31) 2.19 15.7 (5.07) 11.6 (5.56) 3.03
15 0.34 111.9 (4.57) 2.56 16.4 (4.61) 14.4 (2.55) 3.80
20 0.46 118.6 (4.68) 2.71 15.6 (5.15) 19.4 (5.22) 4.53
RACI 30.5 (2.56) 0 0.00 30.5 (2.56) 1.00 9.6 (2.76) 5.27 (2.57) 3.98
5 0.16 66.2 (3.37) 2.17 12.8 (2.21) 10.0 (6.19) 3.64
10 0.33 83.8 (3.97) 2.75 13.2 (2.02) 16.4 (2.56) 6.07
15 0.49 103.0 (4.41) 3.38 12.9 (2.97) 19.8 (6.37) 7.94
20 0.66 116.1 (4.64) 3.81 11.7 (4.69) 26.9 (0.61) 7.90
RACII 34.5(2.18) 0 0.00 34.5(2.18) 1.00 10.0 (3.22) 5.0 (1.90) 3.06
5 0.14 74.9 (3.69) 2.17 11.6 (3.22) 12.0 (2.52) 3.57
10 0.29 92.8 (4.20) 2.69 14.4 (2.59) 15.1 (2.14) 3.56
15 0.43 106.6 (2.29) 3.09 13.6 (4.02) 19.7 (6.33) 5.28
20 0.58 113.7 (4.60) 3.30 11.8 (2.84) 25.6 (3.78) 5.43
RACIIIT 35.7 (2.13) 0 0.00 35.7 (2.13) 1.00 12.8 (2.46) 4.9 (2.31) 7.57
5 0.14 68.2 (3.45) 1.91 17.1 (4.12) 8.2 (3.10) 3.77
10 0.28 91.7 (4.17) 2.57 15.2 (5.45) 12.6 (6.25) 4.49
15 0.42 102.3 (4.40) 2.87 16.2 (4.73) 15.9 (2.57) 6.81
20 0.56 112.8 (1.55) 3.16 16.1 (1.32) 20.5 (1.98) 8.77

natural logarithm of the abovementioned conventional linear function
or incorporating more mixed IVs, the following nonlinear and mixed
model relationships expressed in multivariate linear formats were pro-
posed to enable improved accuracy of the regression results.

In(Y;) = a+p,X; +p,Xo +... +p;Xi,i = 1, ..., n, nonlinear model 2 2)
(i) = @By H1n(Xy) 4+ ByFIn(Xe) + ..+ B0, i
= 1,...,n,nonlinear model 3 3
X S .
Y, =a+ ;ﬁj Xi,i=1,...,n,j
=1,...,k, mixed models from 4 to (k + 3) (©)]
In Xi k . .
(Y' W _ at Y Brin(Xy), i=1,..n,j
i =1
=1,...,k, mixed models from (k +4) to (2k + 3) 5)

A total of 7 multivariate regression models were presented for indi-
vidual RDV as listed in Egs. (1), (2), (3), (4), (5). Multivariate regression
analysis on 60 sample data is performed with the assistance of SPSS
software to ensure the desired accuracy. Variance and residual analysis
were carried out for individual models. Meanwhile, the significance of
individual influential factors was tested. The regression results of RDVs
of peak stress, peak strain, and elastic modulus relative to the IVs of the
number of recycling cycles and confining pressure are detailed in
Table 6. The Durbin-Watson statistical results (D-W values) can be used

to autocorrelation of model residual deviations. The optimized range of
D-W values is 1.5-2.5 and is preferably close to 2.0 (Xu et al., 2021).

As shown in Table 6, the mixed models outperform the linear models,
especially for the RDV of elastic modulus. The E-related linear model
and nonlinear models failed to fit the experimental data. After
comprehensive considering both R? and D-W values, the best-fit multi-
variate regression models in predicting peak stress, peak strain, and
elastic modulus were analyzed as the mixed models 5, 7 and 7, respec-
tively. Their expressions are shown as follows:

oW

model 5 : == = 0.014 4 0.001*N + 0.008*X,,,, (R?
=0.956,D — W value = 1.613) (6)
Ln(Xow w ”
model 7: F2X) 0554 10,007 Ln(Xer) + 0171510 (X, (R
=0.964,D — W value = 1.664) %)
L XL‘II
model 7 : % = —0.033 — 0.003*Ln(X,,) + 0.082*Ln(X,,) (R*
= 0.966,D — W value = 1.950) ®)

The histogram and cumulative probability of standardized residuals
of the foregoing best-fit regression models are shown in Fig. 4. It is
shown that the standardized residuals of peak stress, peak strain, and
elastic modulus-related RDVs are generally consistent with the normal
distribution, which are symmetrically distributed along the zero
residual-axis. Figs. 4 (d), (e), and (f) compare the cumulative probability

Table 6
Regression results of mechanical properties of NAC and Multi-RAC.
Regression models (Model No.) f.,-related eq-related E-related
RDV R? D-W value RDV R? D-W value RDV R? D-W value
Linear model 1 feu 0.913 1.325 €cu 0.827 0.773 E 0.054 0.810
Non-linear model 2 In(f.,) 0.822 1.584 In(ecy) 0.858 1.088 In(E) 0.066 0.872
3 In(f.,) 0.893 1.591 In(ec,) 0.777 1.314 In(E) 0.382 0.779
Mixed model 4 Xen/feu 0.761 1.520 Xen/Ecu 0.767 1.469 Xen/E 0.926 1.033
5 Xow/feu 0.956 1.613 Xow/€cu 0.726 1.161 Xow/E 0.945 1.092
6 In(Xen)/feu 0.843 1.167 In(Xen)/€cu 0.719 1.362 In(Xcn)/E 0.995 1.433
7 In(Xow)/feu 0.972 1.577 In(Xow)/Ecu 0.964 1.664 In(X,w)/E 0.966 1.950

Note: R? refers to the goodness of fit; D-W value refers to Durbin-Watson statistical result; X., and X, are the abbreviations of IVs of the number of recycling cycles and
confining pressure. Since value of 0 cannot be proceeded with the natural logarithm, all 0 values in sample data are replaced by 0.001 to perform the regression

analysis.



Science of the Total Environment 923 (2024) 171381

B. Lei et al.
16 16
(a) Histogram (Peak stress) (b)
14 4 Regression model No. 5 14 4
RDV: X/
124 D-W value: 1.613 12
i 104
E>" 10 E,‘
S &4 S g4
g g -
L 64 [l
4 4
2 2
]
0- 0 —=r T T
-3 -2 -1 0 1 2 3 -3 -2 -1

Regression standard residual

o

o
L

o

®
L

o
>
L

o
£
L

o

IS
L

o

ks
L

Histogram Peak stress)
Regression model No. 5

RDV: X, /fu W,
D-W value: 1.613

°
o
h

o
N
)

Predicted cumulative probability

Predicted cumulative probability

16
Histogram (Peak strain) (© Histogram Elastic modulus)
Regression model No. 7 144 Regression model No. 7
RDV: In(X )/ f, RDV: In(X,,)/f,,
D-W value: 1.664 124 D-W value: 1.950
> 10
[
§
S 84
. o
2
- [
4
2
-
T T T 0-
1 2 3 -3 -2 -1 0 1 2 3
Regression standard residual
1.0
' (f)

o
o
L

o
o
L

o
IS
L

Histogram élastic modulus)
Regression model No. 7

RDV: In(X,,)/ .,

D-W value: 1.950

Histogram Peak strain)
Regression model No. 7
RDV: In(X,,,,)/fe,

D-W value: 1.664

Predicted cumulative probability
S
h

o
)
.

o
o

0.2 0.4

T T T T
0.2 0.4 0.6 0.8
Actural cumulative probability

1.0

o
o

Actural cumulative probability

T T T T
0.2 0.4 0.6 0.8 1.0

Actural cumulative probability

T T
0.6 0.8 00

Fig. 4. Standardized residual histogram and normal probability using best-fit models.

distribution between the theoretical normal hypothesis and sample ob-
servations. It is evident that all residuals of RDVs-related models were
evenly distributed on the two-sides of the 45-degree diagonal of the
graph, further evidencing the reliability of the normal distribution hy-
pothesis of sample residuals.

In addition, analysis of variance (ANOVA) and Spearman correlation
analysis are employed to inherent effects of the number of regeneration
cycles (C,) and confining pressure (o,) on the triaxial mechanical
properties of peak stress, peak strain, and elastic modulus. The results
are illustrated in Table 7. All P-values for the number of recycling cycles
and confining pressure with respect to peak stress, peak strain and
elastic modulus are less than 0.05, while the P value for the confining
pressure is less than 0.001. It is indicated that both the number of
recycling cycles and confining pressure possess a significant effect on
peak stress, peak strain, and elastic modulus, which show a close
agreement with the results of mechanical behaviours as previously
discussed. The results of Spearman correlation analysis indicate that the
peak strain is positively correlated, whereas peak stress and elastic
modulus are negatively correlated to the confining pressure. The main
reasons are as follows. On the one hand, the increase of lateral confining
pressure increases the elastic interval of the specimens, which makes the
peak strain increase. On the other hand, the presence of high lateral

fu
feo 1+k(jc0>

Coulomb failure criterion, Power-Law failure criterion, and Willam-
Warnke failure criterion were calibrated to acquire the failure criteria
applicable to the Multi-RAC.

4.1. Mohr-Coulomb failure criterion

With the advantages of simple form and certain accuracy, the Mohr-
Coulomb failure criterion is one of the commonly used methods to study
the failure envelope of brittle materials, often used to describe the
strength of concrete materials under constrained loads (Xu et al., 2021).
The compression meridian of the Mohr-Coulomb failure criterion is a
straight line, thus the triaxial strength ratio (fa/fco) is linearly correlated
to the confinement ratio (6y/fz0)-

)]

where k = (1 + sing)/(1-sing) is the coefficient; ¢ denotes the internal
friction angle. Based on the experimental data, the Mohr-Coulomb
failure criterion equations for four groups of specimens are acquired
as below.

confining pressure caused the microcracks on the RA surface to sprout NAC : fC.“ = 144230 (;’. "‘) (R* =0.992) (10)
and expand, resulting in a decrease in the peak stress and elastic Jeo co
modulus of the specimens. Additionally, the F values of peak stress and
peak strain are relatively larger than that of the elastic modulus. Both RACI : fﬂ =1+4. 672(/ ) =0. 990) an
the tested results agree that the number of recycling cycles and confining Jeo
pressure possess the most significant effect on peak stress and the fuu
insignificant effect on elastic modulus. RACII : oo =1+4. 619(/ > = 0.979) (12)
4. Conventional failure criteria £
RACIII : f— =1+ 4357(/ > =0.988) 13)
co
In this section, three conventional failure criteria, including Mohr-
Table 7
Results of ANOVA and Spearman correlation analysis.
RDVs (parameters) Peak stress (fe,) Peak strain (e,) Elastic modulus (E)
Correlation coefficient (p) F value P value Correlation coefficient p F value P value Correlation coefficient p F value P value
ANOVA - 147.1 - - 159.6 - - 38.2 -
Ch —0.054 10.8 0.000 0.008 97.8 0.000 —0.092 162.4 0.000
Ow 0.956 685.9 0.000 0.912 638.3 0.000 0.219 36.6 0.000
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As illustrated in Egs. (10) to (13), the values of k for NAC, RACI,
RACII, RACIII are 4.230, 4.672, 4.619, and 4.357, which corresponds to
the internal fraction angles of 38.140°, 40.345°, 40.096°, and 38.804°,
respectively. With the increasing number of recycling cycles, the inter-
nal angle presents a first increase then decrease trend. It is indicated that
the recycling cycles pose a downward trend of the internal cohesive
force of the concrete, which agrees well with the results by Tang et al.
(Tang et al., 2019). It is seen that with respect to the uniaxial
compressive strength f,, the increasing ratio of the peak stress of Multi-
RAC is higher than NAC when the lateral stress is fixed at the same level,
wherein the RACI is the highest and followed by RACII and RACIIIL The
trend of RACI compared to NAC is consistent with the model calibration
study for the triaxial strength criterion of RCA (Li et al., 2022), which
partially validates the results obtained in the present study. The higher
sensitivity to the lateral confinement for RACI followed by RACII and
RACIII compared to NAC should be ascribed to the fact that the adverse
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effects of micro-cracks of recycled aggregate is significantly weakened
by the lateral confinement (Li et al., 2022; Wang et al., 2020), while the
additional recycling cycles reduce the sensitivity of RAC to lateral
confinement.

Figs. 5 (a) and (b) compare the Mohr-Coulomb failure criterion
equations with the experimental results from previous literature. The
absence of comparisons for RACII and RACIII is owing to the unavail-
ability of the database. The results show that the great discrete degree
and the Mohr-Coulomb failure criterion equations underestimate the
experimental results from the literature, which are further substantiated
by Figs. 5 (c) and (d), which illustrate the comparison between the
predictions by Mohr-Coulomb failure criterion equations and the
experimental results. Three statistical indicators, including the average
absolute error (AAE), the mean square error (MSE), and the standard
deviation (SD), which are defined by Egs. (14)-(16), were implemented
to estimate the overall performance of the Mohr-Coulomb failure model.

Comparasion of proposed Mohr-Coulomb failure criteria for NAC and RACI
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Fig. 5. Conventional failure criteria comparison and performance, data collected from (Folino and Xargay, 2014; Yang et al., 2011; Meng et al., 2020; Chen

et al., 2015).
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Performance of proposed Power-Law failure criterion for NAC

Science of the Total Environment 923 (2024) 171381

Performance of proposed Power-Law failure criterion for RACI
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SO medi—exp: ratio, which is mainly ascribed to the fact that compression meridian
_ i= exp; . . . . . . .
AAE = ——o—— a4 derived from Mohr-Coulomb failure criterion is a straight line. Some
scholars found a nonlinear expression might better describe the rela-
SN (mod; — exp;)? tionship between the axial peal stress and confining pressure of concrete
— L= 00 T PP . . .
MSE = N as) materials (Yang et al., 2022; Khan et al., 2018). A nonlinear extension
form of Mohr-Coulomb criterion, namely Power-Law failure criterion is
2 given as:
ZN mod; (M) ,
i=1| exp; exp f
w
avg Jeuw 1 J— (17)
= = al -
b N-1 ae) feo (jca)

4.2. Power-Law failure

The foregoing analysis using Mohr-Coulomb failure criterion un-

criterion

where a, b are the coefficients. Based on the experimental data, the
Power-Law failure criterion equations for four groups of specimens are

derestimates the influence of confining pressure on the axial peak
strength of four groups of specimens, especially at a lower confinement

10

acquired as:
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f 0. 653
NAC : 3 = 1+2.967 R*=0984 (18)
Jeo
f o 0.638
RACI : ;% =1+3.677 (/E) (R*=0.998) 19)
f 0474
RACII : f— =1+3. 031(/ ) =0.998) (20)
f o 0.578
RACII : fo =1+3.074 (fﬁ) (R*=0.992) 21n

Fig. 5 (e) and (f) illustrate the Power-Law failure criterion equations
and their comparison with the experimental data from the literature.
Fig. 5 (g) and (h) present the performance of predictions by equations
and the experimental results. Similar to the Mohr-Coulomb failure cri-
terion, the results also present a great discrete degree. The Power-law
failure criterion equations also underestimate the experimental results
from the literature, especially at higher confinement ratios. The pre-
dictive accuracy has not been improved by Power-Law failure criterion
in comparison to Mohr-Coulomb failure criterion.

4.3. Willam-Warnke failure criterion

The Willam-Warnke is a five-parameter model which is extensively
implemented in predicting the failure behaviours of concrete and
cohesive-frictional materials (Giraldo-Londono and Paulino, 2020). In
this model, the curved meridian is presented via the quadratic parabola
expression, wherein the noncircular trace in the partial plane is
approximated via the elliptic curve for individual part in the range of
0 <0 <60° (Yang et al., 2022). It can properly characterize the failure
behaviour of concrete materials under both low and high hydrostatic
stress by overcoming the deficiency of three parameters model. The
stress condition in the present study is o7 > o2 = o3 and the corre-
sponding to Lode angle 6 of 60°. The compression meridian equation can
be expressed as:

2
Toct,c oct Ooct
- :ﬂo+al< >+ 2< ) (22)
ﬂo fz‘a f;‘o
where Ooct = % (o1 + 02 + 03), Tocte =

= \/ (61 — 02)* + (62 — 63)* + (61 — 63)%; Goer and 7oz are the octahe-
dral normal stress and octahedral shear stress of the compressive me-
ridian, respectively. Based on the experimental data, the Willam-Warnke
failure criterion equations for four groups of specimens are acquired as:

2
NAC : ¢ — 0,069 +0.937 (”"“’) ~0.186 (‘;‘) (R =0998)  (23)
» Tocte oct Ooct ? 2
RACI : 7 = 0.094 4 0.855 <f ) -0.093 (f ) (R*=0999) (24
2
RACIT : %€ — 0,039 4 1.050 (f ) 0.211 (f) (RP=0999) (25)
TOCI,L‘ JO(‘[ O-OCI : 2
RACIII : -2 = 0.061 +0.969 —0.181 7 (R*=0999) (26)

Figs. 5 (i) and (j) illustrate the Willam-Warnke failure criterion
equations and its comparison with the experimental data from the
literature. Figs. 5 (k) and (i) present the performance of predictions by
equations and the experimental results. It is shown that the Willam-
Warnke failure criterion equations of both NAC and RACI present high
coincidence with the experimental data from the reference. The slight
underestimation of the NAC equation under a higher confinement ratio
should be ascribed to the absence of test data in the present study.
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Nevertheless, the errors of predictions by Willam-Warnke criterion
equations are generally within +15 %, demonstrating their good
performance.

The foregoing analysis implies that Willam-Warnke failure criterion
presents the highest predictive accuracy among the three conventional
failure criteria for Multi-RAC. The correlation between its related pa-
rameters aop, a; and az, and the number of recycling cycles ¢, can be
obtained via mathematic regression analysis:

ay = 0.0683 +0.116¢, — 0.117¢,* 4 0.0259¢,* ( R* = 0‘998) 27)
a; =0.928 —0.401c, + 0.411¢,” —0.0913¢,” ( R* = 0.981) (28)
ay = —0.184 —0.315¢, — 0.282¢,” +0.0592¢,” ( R* = 0.997) (29)
5. Modified elastoplastic model and non-integer high order
failure criterion
5.1. Modelling
5.1.1. General stress formulation

In general, the strain tensor is comprised by:
e=¢+¢ (30)

where ¢¢ and ¢ are elastic and plastic components, respectively.
The stress formulation and its incremental formulation can be
expressed as Egs. (31) and (32):

6=Cp:6=Cpy:(e—¢) (€20)]

do = Cyy : € = Cuy(de — de”) (32)

where Cgy is the effective elastic stiffness tensor and can be given as:

Cop = 2uk + 3kJ (33)
where y and k are the shear and bulk modulus, respectively; k and J are
four order tensors which define as the deviatoric and hydrostatic com-

ponents, their components are given as Jj; = “5%and Ky = =457 —
Jijii. 6 is the second-order unit tensor. Moreover, u and k can be

commonly expressed by the Young’s modulus E and Poisson’s ratio:

E

ﬂ:A:m (€D
E

k:A:m (35)

As discussed previously, the elastic parameter E is related to the
number of recycling cycles, while v is nearly unchanged with different
number of recycling cycles.

5.1.2. Non-integer high order failure criterion

To mitigate the defect that conventional models cannot properly
predict the deformation characteristics, a non-integer high order failure
criterion is proposed, which has improved adaptability than conven-
tional linear and quadratic failure criteria (Xue et al., 2023):

_(a\ 4 (P=C\ _
F,<Py> +A< - ),o

where, g and p are expressed as

(36)

3(K:0): (K:0) and Ltr(c), respec-
tively. The parameters n and A are shape control factor; C denotes the
uniaxial tensile strength, which can be simplified as splitting tensile
strength in many cases. P, is a fixed parameter to assure the dimen-
sionless form of the failure criterion.
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5.1.3. Plastic yield function and plastic hardening law
Based on the failure criterion, the plastic yield function is proposed:

q n p— C
== a,A =0
SORECS)
where, a, denotes the plastic hardening. The plastic hardening process
initiates and further intensifies as the plastic deformation proceeds. The
plastic yield function coincides with the failure criterion once the ma-
terial is damaged. The value of @, is in the range between 0 and 1.
With the consideration of monotone hardening characteristic, the
plastic hardening can be given as:

_ 0 o) _"r
apfap+(lfap>3+yp

37)

(38)

where B denotes control parameter for hardening ratio and, ag is the
initial plastic threshold which can be simplified as 0 in many cases. y,, is
the generalized plastic distortion and the increment form of y, can be

expressed as:
2
‘/S(K cer)(K :er)

\E3K:e)(K:er)
- =—h= (39)
where y,, refers to regularizing parameter to consider the larger plastic

Yy, =——FF—=—h =
’ B+y, Xp

strain under high confining pressure, which can be expressed as a
function of minor principal stress:

(*6313°\63|>

-

Xp = exp (/3 (40)
where f is confining pressure dependent parameter and bracket <x>
denotes <x> = (x + |x|)/2.

5.1.4. Plastic flow rule

The evolution of plastic strain can be described by the associated
plastic flow. An associated plastic flow rule is proposed, and the plastic
potential function can be expressed in the identical form as the yield
criterion:

q\" p—C
=(* Al
o= (7) +2a(%55)

Once the plastic mechanism has been activated, the plastic strain
increment can be expressed as:

(4D

0
e’ = )28 (42)
do
where di denotes the plastic factor of the plastic mechanism.

Since the plastic yield criterion remains active when initial plastic
yield surface is reached, the plasticity consistency condition can be
expressed as:

of

o
dfz% d6+~dy, =0

43
ar, (43)

By combing the Egs. (32), (39), (42) and (43), the plastic factor can
be expressed as:

L. de
— Jdo " :
dﬁ*g.64@_11 (44)
do * Tdo Iy, g,

Once dJ is decided, the plastic strain increment can be acquired
through Eq. (44).

5.2. Simulated stress-strain curves

The abovementioned model is coded as a subroutine in the
THMPASA program. The failure criterion curve of concrete materials
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can be derived through the continuous iteration of stress, strain, and
internal variables with increasing loading steps. The detailed iterative
process can refer to authors’ previous study (Xue et al., 2023). In terms
of the parameter determination, there are seven essential parameters in
the proposed mode including two elastic parameters (E and v), three
parameters (A, C, and n) determining the failure surface and two plastic
parameters (B and f3). The elastic modulus E and v can be acquired from
the initial linear elastic stage of the uniaxial stress-strain curve. A and n
can be ascertained by the failure criterion equation and the best fitting
effect between the p — g surface and failure surface. The parameters of B
and $ can be determined by the plastic hardening rule. Based on the
experimental data and Eq. (38), the a, — 7, curve at triaxial tests can be
described in Fig. 6, the relevant parameters for the Multi-RAC with
different number of recycling cycles are shown in Table 8. The com-
parison between experimental data and numerical simulations is shown
in Figs. 7 (a) to (d), which shows a good agreement. The correlation
between those C, dependent parameters E, n, C, A and C, can be ob-
tained via mathematical regression:

E =15.800 — 11.2¢, — 5.54¢,” — 0.726¢,” ( R* = 0.998) (45)
n = 1215 -0.0025¢, — 0.00025¢,” ( R* = 0.990) (46)
C =5.634—4.431c, +2.681c,” —0.467¢,” (R* = 0.998) 47)
A =5.566 — 0.2570c, +0.0330c,” ( R* = 0.999) (48)

To further examine the validity of the proposed model, Figs. 7 (e) and
(f) illustrate the non-integer high order failure criterion equations and
their comparison with the experimental data from the literature. It is
seen that although the proposed equations underestimate few experi-
mental data reported by Folino et al. (Folino and Xargay, 2014), the
errors of predictions by the proposed non-integer high order failure
criterion equations are generally within £10 %, demonstrating their
good performance. The AAE, MSE and SD values of high order failure
criterion compared to those of three conventional failure criteria are
summarized in Table 9. Willam-Warnke failure criterion presents the
least statistic indicator values of 0.0094 (AAE, NAC), 0.0041 (AAE,
RACI), 0.0035 (MSE, RACI) and 0.1270 (SD, RACI) while non-integer
high order failure criterion presents the least statistic indicator values
of 0.02353 (MSE, NAC) and 0.1207 (SD, NAC). Based on the statistic
indicator values, the performance of four criteria is deemed to in an
order of: Non-integer high order =~ Willam-Warnke > Mohr-Coulomb >
Power-Law. In particular, the proposed non-integer high order failure

1.0
m] = =
- VvV OV
o v
0.8 4 o
v
0.6
(="
3
O OMPa
041 O 5MPa
10MPa
0.2 v  15MPa
20MPa
—— Fitting with Eq.(38)
0.0 T T T T T T T T
0.0 0.1 0.2 0.3 0.4 05
Tp

Fig. 6. Evolution of the hardening function for NAC.
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Table 8

Model parameters for NAC and three generations of Multi-RAC.
Group Cn E (GPa) v n A C (MPa) B B
NAC 0 16.0 0.18 1.215 5.565 5.691 2.5E-4 0.25
RAC; 1 9.6 0.18 1.213 5.343 3.452 2.5E-4 0.25
RAC, 2 10.0 0.18 1.211 5.182 3.799 2.5E-4 0.25
RAC;3 3 12.8 0.18 1.210 5.092 3.902 2.5E-4 0.25

Note: C is related to the indirect tensile strength and is not tested. In general, C
can be chosen in the range of 1/15 to 1/8f..

criterion can properly predict and distinguish the deformation charac-
teristics of both elastic and plastic stages in the pre-peak curve.

5.3. Life cycle analysis

5.3.1. Environmental impact analysis

Table 10 and Fig. 8 (a) shows all EI indicators except for ODP
decrease continuously with the increasing number of recycling cycles. In
particular, CED and EP showed the most significant decline, reaching
50.66 % and 41.97 %, respectively. POCP showed the least significant
decline, only 3.42 %. This is mainly due to the following two aspects. On
the one hand, the transportation distance of RA from the waste concrete
recycling center (Plant C) to the concrete preparation plant (Plant A) is
much lower than that of NA from the natural resource extraction plant to
the concrete preparation plant, as shown in Table 4. On the other hand,
direct landfilling of waste concrete produces an adverse environmental
effect, whereas recycling and preparing it into RA produces a potentially
positive environmental effect. Meanwhile, the superposition of the two
effects makes the environmental benefits of the Multi-RAC environ-
mental benefits higher than those of NAC. Interestingly, the ODP value
for three generations of Multi-RAC are 23.5 % ~ 23.7 % higher than that
of NAC. This is mainly attributed to the fact that RA has a much higher
ODP emission factor at the raw materials extraction stage than that of
NA. Thus, special consideration should be considered how to mitigate
the adverse impact of Multi-RAC contributing to ODP in raw material
extraction stage.

5.3.2. Analysis of proportions of GWP and CED

Fig. 8 (b) indicates that the raw materials extraction stage is the main
source of concrete carbon emissions, which is consistent with Xiao et al.
(Xiao et al., 2016). It mainly stems from the fact that cement production
has the predominant contribution to the EI of concrete. Specifically, the
carbon emissions caused by the cement production stage all account for
more than 80 % of the entire life cycle of four generations of concrete. In
addition, compared with NAC, the carbon emission contribution of three
generations Multi-RAC in the raw materials transportation stage is
reduced, mainly because the use of RA can reduce the carbon emission
generated during the raw materials transportation. Moreover, previous
research has shown that the EI of the transportation stage is the second
most influential element in the life cycle of concrete after cement pro-
duction (Xing et al., 2022). Therefore, recycling waste concrete into
recycled aggregates makes the three generations of Multi-RAC more
sustainable than conventional NAC.

Fig. 8 (c) provides that NAC and three generations of Multi-RAC have
the most significant contribution to CED at the raw materials extraction,
reaching more than 80 %. This is also related to cement production,
which accounts for 69.9 % to 82.6 % of the energy consumption of the
whole life cycle for four generations of concrete. In addition, as the in-
crease of recycling cycles, the potential environmental compensation for
three generations Multi-RAC become more significant. Specifically,
RACIII has the best potential for environmental compensation, with
carbon emissions and energy consumption accounting for 13.1 % and
43.5 %, respectively.
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6. Conclusions

This study systematically investigated the mechanical properties and
failure modes of NAC and three generations of Multi-RAC under the
confined triaxial stress condition. Three conventional failure criteria and
one newly proposed non-integer high order failure criterion were
analyzed and calibrated. Finally, the life cycle assessment on Multi-RAC
was conducted. The following can be drawn based on the experimental
results and theoretical findings as below:

(1) The triaxial failure modes of Multi-RAC are similar to conven-
tional concrete, which presents the oblique shear cracks under
triaxial compression. The triaxial failure mode is significantly
affected by the confining pressure whereas it is insignificantly
affected by the recycling cycles. Compared to NAC, the uniaxial
compressive strength, the peak strain, and the elastic modulus of
Multi-RAC are reduced by 18.3 % to 30.2 %, increased by 25.6 %
to 35.1 % and reduced by 20 % to 40 %, respectively. With the
improvement of confinement stress from 0 MPa to 20 MPa, the
peak stress and peak strain are monotonically increased as the
confinement stress increases, which are enlarged by 171.4 % to
280.6 % and 397.4 % to 412.0 %, respectively. Differently, elastic
modulus presents an increasing-decreasing trend. In terms the
effect of recycling cycles, the peak stress decreases, whereas the
peak strain presents an increasing-decreasing trend as the num-
ber of recycling cycles increases.

The proposed multivariate regression mixed models could prop-

erly estimate the triaxial mechanical properties of peak stress,

peak strain, and elastic modulus within a given range of
confinement pressures (0-20 MPa) and number of recycling cy-
cles (0-3). All P-values for the number of recycling cycles and
confining pressure with respect to peak stress, peak strain and
elastic modulus are less than 0.05, while the P value for the
confining pressure is less than 0.001 indicating both affect the
mechanical properties of NAC and three generations of Multi-

RAC, while the confining pressure possesses an even more sig-

nificant effect. In particular, the Spearman correlation analysis

indicate that the number of regeneration cycles and confining
pressure possess the significant effect on the peak stress while
presenting less effect on the elastic modulus.

(3) Among three conventional failure criteria, the Willam-Warnke
failure criterion performs the best for Multi-RAC, which is sub-
stantiated by the least AAE values of 0.0094 and 0.0041, MSE
values of 0.0395 and 0.0035, SD values of 0.1270 and 0.0540,
respectively for NAC and RACI. Additionally, the relevant failure
criterion is proposed for Multi-RAC with proper consideration of
the effects of the lateral confining ratio and the number of recy-
cling cycles.

(4) With the proper iterative and calibration process, an elastoplastic
model consisting of failure criterion, plastic criterion, and asso-
ciated flow rule was proposed with the introduction of the
number of recycling cycles into the model’s parameters. The
proposed model can properly simulate the triaxial stress-strain
curves with acceptable deviation. Moreover, it seems that the
dependence of plastic deformation be gradually decreased with
increasing confining pressure.

(5) The non-integral high order failure criterion derived modified
elastic model presents the least statistic indicator values of
0.02353 (MSE, NAC) and 0.1207 (SD, NAC), showing a compa-
rable good performance compared to the Willam-Warnke failure
criterion and outcomes the other two conventional criteria. The
relative comparison with available data from the literature in-
dicates although the proposed failure criterion underestimates a
few experimental data reported by Folino et al. (Folino and
Xargay, 2014), the errors of predictions by the proposed non-

(2)
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Fig. 7. Comparison between experimental data and numerical simulation and performance of the proposed model, data collected from (Folino and Xargay, 2014;
Yang et al., 2011; Chen et al., 2015).

integer high order failure criterion equations are generally within

+10 %.

(6) All EI indicators except for ODP decrease continuously with the
increasing number of recycling cycles wherein CED and EP
showed the most significant decline. Compared with NAC, GWP,
POCP, AP, EP, and CED pertaining to RACIII are descended by
15.8 %, 3.24 %, 38.6 % 50.6 %, and 41.1 %, respectively. As the

14

number of recycling cycles increases, the potential environmental
compensation for three generations of Multi-RAC becomes more
significant. With carbon emissions and energy consumption ac-
counting for 13.1 % and 43.5 % of the energy consumption of the

whole life cycle, respectively.

(7) It is worth pointing out that the proposed model and derived
failure criterion have been primarily verified by comparing the
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Table
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AAE, MSE and SD values of three conventional failure criteria and non-integer high-order failure criterion.

Statistic indicator Mohr-Coulomb Power-Law Willam-Warnke Non-integer high order
NAC RACI NAC RACI NAC RACI NAC RACI
AAE 0.1028 0.0653 0.2004 0.0956 0.0094 0.0041 0.04843 0.03942
MSE 0.3846 0.3639 1.4025 0.7733 0.0395 0.0035 0.02353 0.05762
SD 0.1044 0.9442 0.1516 0.1276 0.1270 0.0540 0.1207 0.1158
are available. In addition, the effects of an extensive range of
Table 10 . . confining pressure and other environmental factors, such as high-
EI results for NAC and three generations of Multi-RAC. N
temperature exposure (Xu et al., 2021; Meng et al., 2017), curing
NAC RACI RACII RACII effect (Chen et al., 2019b), and sulphate attack (Wei et al., 2019)
GWP/ kg CO; eq. 502.1 459.6 441.2 422.8 etc., on the triaxial behaviours of Multi-RAC are worthily
ODP/ kg CFCy; eq. 3.72E-07 4.61E-07 4.60E-07 4.60E-07 explored, to enable further advancement in establishing a more
POCP/ kg CoH, eq. 308.8 303.7 301.2 298.8 generalized model and understanding the long-term performance
AP/ kg SO, eq. 0.9079 0.7265 0.6458 0.5570 f the Multi-RAC d . . 6 d load
EP/ kg PO, eq. 0.1523 01126 0.0946 0.0752 of the Multi- under various environments and loa
CED/ MJ 3042.4 2304.6 2048.3 1791.9 conditions.

Environmental impact ratio (%)

NAC and RACI data from previous literature. Future efforts can be
placed on further validation of the proposed model, especially the
applicability of empirical functions for the effects of recycling
cycles (i.e., Egs. (45)—(48)), once more data for RACII and RACIII
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