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a b s t r a c t

Nanomaterials have been used in improving the performance of construction materials

due to their compacting micro-structure effect and accelerating cement hydration reac-

tion. Considering the brittle characteristic of fiber reinforced polymer (termed as FRP) tube

encased concrete and inferior properties of recycled concrete, nanoparticles were used in

FRP tube encased recycled aggregate concrete. The axial compressive performance of FRP

tube used in recycled concrete treated with nanoparticles strengthening, termed as FRP-

NPRC, were investigated by axial compression experiments and theoretical analysis. Five

experimental variables were considered including (1) the dosages and (2) varieties of

nanoparticles (i.e. 1% and 2% of nanoSiO2, 1% and 2% of nanoCaCO3), (3) replacement ratios

of recycled coarse aggregates (termed as RCAs) (0%, 50%, 70% and 100%) the RCAs were

mainly produced from the waste cracked bricks, (4) the number of glass FRP (GFRP) tube

layers (2, 4 and 6-layer) and (5) the mixing methods of concrete. Results indicate that the

combination of FRP confinement and nanoparticle modification in recycled concrete

exhibited up to 76.2% increase in compressive strength and 7.62 times ductility improve-

ment. Furthermore, a design-oriented stressestrain model on the basis of the ultimate

condition analysis were executed to evaluate the stressestrain property of this strength-

ened component.
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1. Introduction

The urbanization process led to a massive amount of

constructional waste. Considering environmental conserva-

tion, natural resources reserve and land occupation, promot-

ing the application and recycling of construction waste has

been urgent appealing [1e4]. In recent years, recycling con-

struction materials for new application such as recycled

aggregate concrete has shown commercial, environmental

and technical benefits. In practice, recycled aggregates are

primarily obtained from old concrete rubbles, waste masonry

and other kinds of construction waste (e.g., glass and wooden

debris) [5e7]. While most researches mainly focused on

recycled concrete mixed with relatively homogenous labo-

ratorial recycled aggregates [7], and researchers unanimously

agree on the high-cost and technically impossible implement

of the full sorting and screening of recycled aggregates in

practice. However, the actual recycled aggregate mixture

generally exhibited different physical and mechanical char-

acteristics than the homogenous recycled aggregates or nat-

ural aggregates, e.g., higher porosity and water absorption,

impermeability, complex constitution, lower compressive

strength and concerned durability [8,9], e.g., the crushing

index of recycled aggregates can be 1.5 times that of natural

aggregates, and themoisture ratio can even reach 7 times. The

high moisture ratio and porosity of recycled aggregates pro-

duced fromwaste bricks could lead to the poor performance of

the resulting recycled aggregate concrete such as reduction in

strength and stiffness, increased creep and shrinkage [10].

Besides, the diversification of construction waste sources and

the complex contents of recycled aggregates would cause the

dispersion and uncertainty in fluidity, mechanical properties

and durability of the resulted recycled concrete [11]. In addi-

tion, the technology on recycled aggregates production and

excessive classification could result in several flaws as energy

consumption, complicated operation, and overmuch cost and

labor supplement [12]. Overall, it is necessary to find

economically effective and maneuverable approaches to

widen the application of recycled concrete considering the

social and environmental benefits.

Concrete is one non-homogeneous material whose char-

acteristics closely rely on the behavior of each single consti-

tute, e.g., mixingwater, aggregate, cementmatrix, admixtures

and even the Interfacial Transition Zones (ITZs) of concrete

interior [13e15]. ITZs are defined as the boundary region
Fig. 1 e Schematic instruction o
among different materials in a composite and the ITZs in the

concrete mixtures are normally regarded as the lowest-

strength part compared to those of the aggregates and the

mortar matrix, where normally leads to the rupture of con-

crete. Generally, the ITZs, the content of the old mortar was

considered as significant influencing indexes of the properties

of the recycled concrete [13e17]. The recycled aggregates

exhibit more complex composition than the natural aggre-

gates because there is old mortar attached to the surface of

recycled aggregates. Thus, compared to natural aggregate

concrete, more types of ITZs in recycled concrete can be found

at their micro-structural level observation, as shown in Fig. 1,

i.e. one old ITZ between the prior aggregate and the adhesion

mortar, another two new ITZs including one boundary be-

tween the prior aggregate and the fresh mortar, and another

boundary between the old attached mortar and the fresh

mortar [15]. The new ITZs formed in the mixing and vibrating

process of the recycled aggregate concrete mixture. Against

this background, recent researchers considered using

different mixing approaches to improve the ITZs. Two-Stage

Mixing Approaches (TSMAs) was proposed to renovate the

ITZs [14,18e20]. The TSMA was achieved by firstly mixing the

recycled aggregates and cement together, and then adding

natural aggregates and stirring. The TSMA functioned in

concrete promotion by forming a layer of cement paste

covering recycled aggregates, filling up initial damage of

recycled aggregates and improving the ITZs [14].

Nanomaterials, as defined as materials in nanometers,

have been used with conventional constructionmaterials and

achieved superior properties of concrete. In previous studies,

several types of nanomaterials have been used in the con-

struction materials, e.g., nanoSiO2 (NS) [21e25], nano-

limestone (NL) [25], nanoTiO2 (NT) [26], nanoCaCO3 (NC) [27],

carbon nanotubes (CNT) [28e30], etc. Improvements on con-

crete have been found by using nanomaterials as promoted

strength and the durability [22e26,31], accelerated the hy-

dration reaction and dense micropores [24e30], and densified

ITZs between the aggregates and the cement paste [31,32].

Studies have shown that the addition of nanomaterials, e.g.

nanoSiO2 and nano-limestone leads to strength enhanced

conventional concrete [33,34]. Recent research also showed

that the nanoparticles (e.g., nanoSiO2, nanoCaCO3 and nano-

limestone, etc.) could act on improving the porous micro-

structure and mechanical properties of recycled concrete

[22,31,32,35,36]. Studies of Li et al. indicated that the nanoSiO2

was more efficient on the mechanical strength advance of
f ITZs in recycled concrete.
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Table 1 e Physical property of aggregates.

Types Partial
size
(mm)

Density
(kg/m3)

Porosity
(%)

Water
absorption

(%)

Moisture
content

(%)

Crushing
index
(%)

RCAs 5e10 1140 10 14.8 6.5 17.3

NCAs 5e10 1620 6 1.7 0.3 10.7

FAs 0.5e0.25 1450 12 e 3.0 e
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recycled concrete than the nano-limestone, and the porosity

of recycled concrete treated with nanoSiO2 reduced remark-

ably [35]. Bibhuti et al. confirmed the positive effect of

nanoSiO2 admixture on recycled concrete by fundamental

mechanical tests, the Rebound Number and Ultrasonic Pulse

Velocity based on the Non-Destructive tests demonstrated

that concrete mixtures containing nanoSiO2 acquired the

reduction of voids and denseness of the concretemixturewith

relative strength compared with the controlling natural con-

crete counterpart [36].

Lateral confined concrete has been diffusely authorized to

realize superior structures and constructions [37e43]. Fiber

reinforced polymer (FRP) composites such as traditional syn-

thetic and other innovative FRP materials, i.e., basalt FRP

(BFRP) [46], flax FRP (FFRP) [47] and polyester FRP (PFRP)

[48e50], as one superior concrete strengthened mode, have

been studied and applied popularly. Recent studies conducted

the performance of FRP strengthening recycled concrete

[44e50]. Our research group has compared the compressive

behavior of synthetic FRP, natural fibers and textile encased

recycled concrete and indicated the remarkable promotion of

FRP on compressive resistance of recycled concrete

[44,47e50]. Ozbakkaloglu et al. [46] concluded the impacts of

recycled aggregate replacement rate, column cross-section

shape (i.e. circular cross-section vs. square cross-section)

and FRP type on FRP strengthening recycled concrete under

compression.

In this study, the compressive performance of GFRP

encased recycled concrete treated with nanoparticles was

experimentally and theoretically investigated. The admixture

of nanoparticles serves in compacting recycled concrete

micro-structure and filling the voids of aggregates, acceler-

ating hydration reaction, resulted remarkable workability and

performance, increasing pozzolanic action and strengthening

the ITZs. The admixture of nanoparticles could lead to supe-

rior mechanical performance and promising durability of

recycled concrete. Specifically, the objectives of this work

included:

(a) To obtain the axial compressive properties of GFRP

encased recycled concrete treated with nanoparticles.

(b) To investigate the influences of dosages and types of

nanoparticles (1% and 2% of NS, 1% and 2% of NC),

replacement ratios of RCAs in recycled concrete (0%,
Table 2 e Physical properties of nanoSiO2.

Appearance Density
(g/cm3)

Size
(mm)

PH Price/
kg

nanoSiO2 White powder 1.1e1.2 8e15 8e9.5 $29.6
50%, 70% and 100%), the thickness of GFRP tubes (2, 4

and 6-layer glass fiber thickness) and the mixing

methods of concrete on the performance of FRP encased

recycled concrete treated with nanoparticles under

compression;

(c) To validate the ultimate conditions and stressestrain

models to stimulate the stressestrain response of FRP

encased recycled concrete treated with nanoparticles.
2. Experiments

2.1. Materials and preparation

2.1.1. Classification and tests on aggregates
The RCAs used in this study were a mixture from 55 wt.%

fireclay brick waste and 45 wt.% of waste concrete rubbles.

The RCAs were directly produced industrially and used in the

tests without additional sorting process for validating the

practicability of test samples in actual engineering. Table 1

shows the details of aggregates. The crushing index of RCAs

was achieved the demands of Standard GB/T 25177-2010 [51].

Cement of P.O. 42.5 and fine aggregates (FAs) with fineness

modulus of 2.57 were used in mixture of the concrete.

2.1.2. Nanoparticles
The physical details of nanoSiO2 (NS) and nanoCaCO3 (NC) in

respective Tables 2 and 3were provided by themanufacturers.

As well known, the insufficient dispersing or deagglomeration

of nanoparticles in nanoparticle liquid fabrication could result

in inferior concrete properties, e.g. pre-exiting micro-cracks,

partial stress-concentration [34,35]. Thus, the surfactant of

Gum Arabic (GA) was used to promote the dispersion of

nanoparticles in this study. The GA could separate the nano-

particles and promote the nanoparticles dissolution by

wrapping around the nanoparticles and preventing the

attraction of nanoparticles [35]. The weight ratio of NS or NC

and GA was 1:6 according to the instructions of GA usage. The

GAwas firstly diluted with somewater, then the NS or NCwas

added into the dilution and mixed until the mixture was

visually uniform and no aggregation.

2.1.3. GFRP
The unidirectional glass fibers were used to fabricate the GFRP

tubes. Tensile tests of GFRP laminates were executed to obtain

the experimentally relevant parameters of GFRP [52]. The test

average elastic modulus, tensile strength, and ultimate strain

of single lamina GFRP laminate were 60.6 GPa, 956 MPa, and

1.60%, respectively.

https://doi.org/10.1016/j.jmrt.2021.07.159
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Table 3 e Physical properties of nanoCaCO3.

Appearance Density
(g/cm3)

Size
(mm)

PH Price/
kg

nanoCaCO3 White powder 2.5e2.6 15e40 8e9 $33.3
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2.1.4. Fabrication of specimens
The GFRP tubes was prefabricated by a typical hand lay-up

process as expressed in a previous study [44]. Table 4

expressed the mix proportions of core recycled concrete.

The fresh recycled concrete treated with nanoparticles was

casted in two different two-stage mixing approaches, i.e., MI

andMII. For the firstmixingmethods, namelyMI, the NS or NC

admixture was firstlymixedwith RCAs and half mixing water,

then mixed with the cement, fine aggregates and the rest of

mixing water. For the second method, namely MII, the

cement, sand and RCAs were firstly dryly mixed, then all

water was added and stirred until uniform. Finally, the NS or

NC admixture was poured into the fresh concrete mix and

stirred for 90s. The mixed concrete was poured into pre-

fabricated GFRP tube and vibrator-stirred for 30s. All casted

specimens were conserved in the normal concrete curing

room for 28 days.

2.2. Test matrix

To explore the performance of GFRP-recycled concrete treated

with nanoparticles under axial compression, 63 cylindrical

specimens (i.e. 12 untreated plain recycled concrete speci-

mens, 18 recycled concrete specimens treated with nano-

particles and 33 GFRP encased recycled concrete treated with

nanoparticles specimens) were constructed and tested under

axial compressive load, as shown is Table 5. The dimensions

of specimens were diameter� height ¼ 100 � 200 mm2. Test

variables included the types of nanoparticles (i.e., nanoSiO2

and nanoCaCO3) and the weight ratios of nanoparticles (1%

and 2% of nanoSiO2, 1% and 2% of nanoCaCO3), the thickness

of GFRP tubes (2, 4 and 6-layer glass fiber thickness), the

replacement rates of RCAs (i.e., 0%, 50%, 70% and 100%), two

kinds of TSMAs of fresh concrete treated with nanoparticles

(i.e., MI and MII as discussed in details in Section 2.1.4). These

specimens were classified into untreated plain concrete

specimen categories, 6 categories of nanoparticles modified

specimens and 11 categories of glass fibre reinforced polymer

encased nanoparticles modified specimens (termed as GFRP-

NSRC or GFRP-NCRC, respectively). Each category consisted

of three identical specimens. For untreated plain recycled

concrete specimens, the capital letters PC denoted the un-

treated concrete specimens without both nanoparticle modi-

fication and FRP confinement, the capital letter A with a figure

denoted the replacement ratios r of RCAs. For un-encased

recycled concrete specimens treated with nanoparticles, the

capital letters NS and NC denoted the types of nanoparticles

as nanoSiO2 and nanoCaCO3, respectively, the capital letter A

with a digit also denoted the replacement ratios r of RCAs, the

capital letter M with a Roman digit denoted the mixing

methods of fresh concrete (i.e., MI and MII). For GFRP encased
recycled concrete treated with nanoparticles specimens, the

capital letter G followed by a digit denoted the number of glass

fiber lamina, and the latter letters and digits denoted the same

meaning as those of recycled concrete specimens treatedwith

nanoparticles, e.g., the specimen code G4NS1A70MII denoted

GFRP tube encased nanoSiO2 modified recycled concrete

specimens with 4 layers of GFRP, 1wt.% of nanoSiO2, 70%

replacement ratio of RCAs and the second mixing method of

fresh concrete.

2.3. Experimental tests

All specimens were loaded under the pressing machine of

capacity of 20,000 kN in Fig. 2(a). The load rates were main-

tained 0.20 mm/min. As illustrated in Fig. 2(b), 10 strain gages

with each length of 20 mm, as four longitudinal strain gages

(i.e., SG1-4) and four horizontal strain gages (i.e., SG5-8), were

stick on the middle height of the specimens, and another two

longitudinal strain gages were stick on both ends of speci-

mens (i.e., SG9 and SG10), respectively. Four linear variable

differential transformers (LVDTs) were set to record vertical

deformation and applied load was recorded by one Material

Test System (MTS) and inserted in the compression machine.

The data from the strain gages and applied load were

measured by the statical strain indicator simultaneously.
3. Experimental results

3.1. Failure mode

For all the untreated recycled concrete, NSRC and NCRC

specimens without FRP protection, the failure modes were

similar that the ruptured with numerous vertical cracks at the

external surface of cylinders, but the NSRC or NCRC speci-

mens exhibited shorter cracks than the untreated recycled

concrete as Fig. 3(a) and (b). The FRP encased specimens under

different variables also exhibited similar failed patterns. The

external GFRP tube ruptured around the mid-height of speci-

mens with many transverse teared fibers and the internal

concrete crushed down thoroughly. While with a decrease of

the numbers of GFRP layers, the external GFRP tube presented

more severe ruptured plane with more teared lateral fiber

strands and the ruptured plane tended to be higher than the

mid-height of cylinders, e.g., the ruptured zone of specimens

G2NS1A70MII occurred around the quarter height near the

load position, while for specimen G4NS1A70MII and

G6NS1A70MII, the ruptured zone tended to occur around the

mid-height of cylinders. The possible reason was that the

higher stiffness of external GFRP tube with thicker GFRP tube

led to the easement of premature failure at the top end of

cylinders where most closed to the load position.

3.2. Stressestrain response

The typical stressestrain responses of GFRP encased recycled

concrete treated with nanoparticles are demonstrated in

Fig. 4. The compressive stressestrain response including the

https://doi.org/10.1016/j.jmrt.2021.07.159
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Table 4 e Core concrete mix proportions.

No. Water
(kg/
m3)

Cement
(kg/m3)

Nanoparticles
type

Nanoparticles
(kg/m3)

NFA
(kg/
m3)

NCA
(kg/
m3)

RCAs
(kg/
m3)

Mixing
method

r

1 121 296 NS 2.96 280 568 0 II 0%

2 121 296 NS 2.96 280 284 284 II 50%

3 121 296 NS 2.96 280 170 398 II 70%

4 121 296 NS 2.96 280 0 568 II 100%

5 121 296 NS 5.92 280 170 398 II 70%

6 121 296 NS 2.96 280 170 398 I 70%

7 121 296 NC 2.96 280 170 398 II 70%

8 121 296 NC 5.92 280 170 398 II 70%

9 121 296 NC 2.96 280 170 398 I 70%

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 4 : 2 7 2 7e2 7 3 8 2731
primal parabolic ascending stage (i.e., core recycled concrete

treated with nanoparticles bearing stage) and the gentle

ascending stage (i.e., activated passive FRP confinement

bearing stage) connected with one cambered interim stage.
4. Discussion

4.1. Harden strength

The main tested results in this work are listed in Table 6,

where fco and εco are the compressive strength and corre-

sponding axial strain of plain recycled concrete treated with

nanoparticles specimens without FRP confinement, respec-

tively, εfu and εfu;a are the ultimate tensile strain of FRP from

the material properties tests and actual encased cylindrical

specimens, respectively, fcc and εcu are the compressive

strength and ultimate axial strain of the GFRP encased speci-

mens treated with nanoparticles. The skeleton of

stressestrain response was achieved as Fig. 5. The transition

zone was simplified as the yielding point corresponding to the
Table 5 e Test matrix of the specimens.

No. Specimens r of RCAs
(%)

Number of
GFRP layer nf

Type of nanopa

1 PCA0 0 e e

2 PCA50 50 e e

3 PCA70 70 e e

4 PCA100 100 e e

5 NS1A70MII 70 e nanoSiO2

6 NS2A70MII 70 e nanoSiO2

7 NS1A70MI 70 e nanoSiO2

8 NC1A70MII 70 e nanoCaCO3

9 NC2A70MII 70 e nanoCaCO3

10 NC1A70MI 70 e nanoCaCO3

11 G4NS1A0MII 0 4 nanoSiO2

12 G4NS1A50MII 50 4 nanoSiO2

13 G4NS1A70MII 70 4 nanoSiO2

14 G4NS1A100MII 100 4 nanoSiO2

15 G2NS1A70MII 70 2 nanoSiO2

16 G6NS1A70MII 70 6 nanoSiO2

17 G4NS2A70MII 70 4 nanoSiO2

18 G4NS1A70MI 70 4 nanoSiO2

19 G4NC1A70MII 70 4 nanoCaCO3

20 G4NC2A70MII 70 4 nanoCaCO3

21 G4NC1A70MI 70 4 nanoCaCO3
fco and εco point. The strength harden ratio is expressed as

the ratio of peak strength and yielding strength fcc=fco m is the

ductility index which was calculated as the εcu=εco. fl is

the lateral pressure of external FRP calculated as Eq. (1). The

confinement ratio is expressed as fl=fco.

fl ¼ 2ffrptfrp
d

¼ 2Efrptfrpεfrp;l
d

(1)

The compressive strength and corresponding axial strain

of plain untreated recycled concrete specimens, i.e., PCA0,

PCA50, PCA70 and PCA100, are 35.9 MPa and 0.20%, 35.6 MPa

and 0.22%, 31.7 MPa and 0.21%, 30.3 MPa and 0.24%, respec-

tively. And the admixture of nanoparticles promoted the

mechanical performance of recycled concrete compared with

plain untreated specimens.

The GFRP encased recycled concrete specimens treated

with nanoparticles showed more remarkable enhancement

on the compressive strength compared to corresponding un-

encased recycled concrete specimens treated with nano-

particles. It is obvious that the strength increased with a

thicker FRP tube, i.e., the compressive strength of
rticles Weight ratio of nanoparticles (%) Mixing methods

e e

e e

e e

e e

1 II

2 II

1 I

1 II

2 II

1 I

1 II

1 II

1 II

1 II

1 II

2 II

2 II

1 I

1 II

2 II

1 I
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Fig. 2 e Test instrumentation and deformation measurement.
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G2NS1A70MII, G4NS1A70MII and G6NS1A70MII specimens

was 73.3 MPa, 124.6 MPa and 154.8 MPa, respectively. The

compressive strength reduced with more quantities of RCAs,

e.g., the specimens with replacement ratios of RCA r ¼ 0% and

100% (i.e., G4NS1A0MII and G4NS1A100MII specimens) pre-

sented strength of 142.0 MPa and 111.5 MPa, respectively.

Besides, specimenswith an increase in the dosage of NS (up to

2wt.% in this study) or the mixing method II exhibited higher

enhancement on the compressive strength, while the GFRP-

NCRC specimens showed the opposite trend under the effect

of dosages of NC or concrete mixing method. The GFRP

confined RAC specimens with NS treatment had more

strength gain than GFRP confined RAC specimens with NC

treatment.

4.2. Ductility

The ductility indexes of all GFRP encased recycled concrete

treated with nanoparticles specimens and the GFRP encased

recycled concrete tested in our previous study [44] were given

and compared in Fig. 6. All encased specimens showed sig-

nificant improvement in the ductility of recycled concrete, the

GFRP encased recycled concrete treated with nanoparticles

specimens exhibited higher ductility indexes than corre-

sponding GFRP encased recycled concrete with the same

replacement ratio of RCAs and thickness of GFRP tube. The

ductility index of GFRP encased recycled concrete nano-

particle specimens showed the ascending trend with more

quantities of RCAs, while GFRP encased recycled concrete

showed the contrary trend. The assumed reasons could be the

better filling effect of nanoparticles on the RCAs which were

more polyporous than natural aggregates [35]. The ductility
index of GFRP encased recycled concrete treated with nano-

particles also increased with thicker FRP tube. The GFRP

confined RAC with 1 wt.% and 2 wt.% of nano-SiO2 treatment

specimens show similar ductility nature. The GFRP confined

RAC specimens with NS treatment presented lower ductility

index with the mixing method I than that of the controlled

specimens with the mixing method II. The ductility index of

GFRP confined RAC specimens with NC treatment increased

slightly with more quantities of nanoCaCO3 usage while the

two different mixing methods had no significant effect on

ductility index of GFRP-NCRC specimens. The GFRP confined

RAC specimens with NC treatment exhibited higher ductility

index under the MI mixing method compared to the corre-

sponding GFRP confined RAC specimens with NS treatment,

while exhibited lower ductility index under the MII mixing

method.

4.3. Ultimate condition

Two key indexes of FRP encased concrete as the strength and

ultimate strain are necessary for describing and determining

the ultimate condition. The strength and ultimate strain are

concerned with many variables. Numerous strength and

strainmodels have been literately proposed [38,39,53e58], and

based on the review of these confinement models, the most

common formula of strength model is:

fcc
fco

¼1þ k1

�
fl
fco

�m1

(2)

k1 and m1 are the coefficients of the formula, fl is the lateral

pressure, which can be calculated as Eq. (1). To simplify the

impact of nanoparticles admixture on the strength, the fco

https://doi.org/10.1016/j.jmrt.2021.07.159
https://doi.org/10.1016/j.jmrt.2021.07.159


Fig. 3 e Failure patterns.
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used in the equations is the compressive strength of corre-

sponding recycled concrete treated with nanoparticles. The

strength model of GFRP encased recycled concrete treated

with nanoparticles was regressed and expressed as below:

fcc
fco

¼ 1þ 3:28�
�
fl
fco

�0:81

(3)

where k1 ¼ 3.28, and m1 ¼ 0.81. The regression analysis curve

was shown in Fig. 7.

Based on the discussion above, themodel of ultimate strain

εcc of FRP encased recycled concrete treated with nano-

particles specimens was proposed in this section. The glass

FRP confined concrete specimens in this study exhibited the

monotonically ascending bilinear stressestrain behaviour,
and the strains at the peak stress εcc were equal to the ultimate

axial strain εcu. Generally, the ultimate axial strain is related to

the lateral confining stress fl [53e58]. The model of ultimate

strain of FRP encased concrete is expressed as Eq. (4):

εcc

εco
¼aþ k2

�
fl
fco

�m2

(4)

where a, k2 and m2 are the coefficients of the formula, εco is

equal to the ultimate strain of plain concrete, εl is the trans-

verse strain of FRP, the ratio εcc=εco was called as the strain

harden ratio and the ratio fl=fco was called as the confinement

ratio. The model of ultimate strain was regressed with

experimental results and the Eq. (4). The regressed strain

model was shown as Eq. (5) and the relationship between
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Fig. 4 e Axial stressestrain curves of GFRP-NSRC and GFRP-NCRC.
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strain harden ratio εcc=εco and confinement ratio fl=fco was

expressed as Fig. 8.

εcc

εco
¼4:82þ 3:51�

�
fl
fco

�1:19

(5)

4.4. Stressestrain theoretical models

The FRP encased recycled concrete with nanoparticles

exhibited stressestrain response could be simplified as Fig. 8,
Table 6 e Tested results.

Specimens fco (MPa) εco(10
�2) εfu(10

�2) fl (MPa)

G4NS1A0MII 39.8 0.26 1.60 24.0

G4NS1A50MII 37.6 0.27 1.60 24.0

G4NS1A70MII 36.9 0.29 1.60 24.0

G4NS1A100MII 35.4 0.30 1.60 24.0

G2NS1A70MII 36.9 0.29 1.60 9.3

G6NS1A70MII 36.9 0.29 1.60 33.3

G4NS2A70MII 37.5 0.29 1.60 24.0

G4NS1A70MI 36.1 0.29 1.60 24.0

G4NC1A70MII 34.4 0.28 1.60 24.0

G4NC2A70MII 39.3 0.28 1.60 24.0

G4NC1A70MI 33.8 0.28 1.60 24.0
containing one parabolic stage followed another straight ris-

ing stage. Similar stressestrain response has been reported in

existed literature. More amount of nanoparticles admixture

increased the slope of the hardening stage and initial stage.

The stressestrain model considering the impact of nano-

particles could be applied in the description of the structural

behaviour of FRP encased recycled concrete with

nanoparticles.

For this kind of stressestrain behaviour, existed

stressestrain models for traditional FRP strengthened
fl/fco fcc (MPa) fcc/fco εcu(10
�2) εfu;a(10

�2) m

0.80 142.0 3.56 1.83 1.41 7.04

0.90 132.8 3.53 1.88 1.41 6.96

0.86 124.6 3.37 2.13 1.41 7.34

0.92 111.5 3.15 2.32 1.41 7.73

0.35 73.3 1.98 1.56 1.31 5.38

1.25 154.8 4.19 2.46 1.53 8.48

0.76 129.8 3.46 2.09 1.41 7.21

0.92 115.2 3.19 1.88 1.41 6.48

0.98 113.2 3.29 1.94 1.41 6.93

0.82 114.9 2.93 2.01 1.41 7.18

1.00 113.5 3.35 1.98 1.41 7.07
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Fig. 5 e Schematic curve of s eε general response.
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concrete have clear definition of stressestrain response. The

design-oriented stressestrain prediction formula raised by

Lam and Teng [59] was cited andmodified in this part to figure

out the stressestrain response of FRP encased recycled con-

crete treatedwith nanoparticles. The stressestrainmodel was

generally expressed as below:

sc ¼Ecoεc �ðEco � E2Þ2
4fo

ε
2
c for 0� εc � εt (6)

and

sc ¼ fo þ Eccεc for εt � εc � εcu (7)

where fo is the intercept of the stress axis by the hardening

stage and taken as the ultimate strength of treated concrete

without FRP confinement fco in this situation. The model was

established on the assumption that the first and second stages

were connected smoothly (i.e., the transition stage was

considered as a point called yielding point and no change of
Fig. 6 e Ductility indexes of the
the slope happened between two stages). The fcc and εcc can be

calculated as Eqs. (3) and (5). The strain at the yielding point is

defined as εt:

εt ¼ 2fo
Eco � E2

(8)

where E2 is the slope of the hardening stage:

E2 ¼ fcc � fco
εcu

(9)

After the determination of each coefficient, the contrast

between the experimental and simulative data on the speci-

mens G4NS1A70MII and G4NS2A70MII was executed in Fig. 9.

The predicted stressestrain curves correspond to the curves

of G4NS1A70MII-M and G4NS2A70MII-M. The stressestrain

curves of the determined models well agreed with the test

data, confirming the applicability and accuracy of the ultimate

condition and stressestrain models.
GFRP encased specimens.
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Fig. 7 e Relationship between confinement ratio and strength harden ratio.

Fig. 8 e Relationship between confinement ratio and strain harden ratio.

Fig. 9 e Comparison of predicted and test stressestrain response.
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5. Conclusions

The uniaxial compressive performance of GFRP tube encased

recycled concrete treated with nanoparticles were presented

in this paper. The related conclusions can be drawn as

following:

(1) The admixture of nanoSiO2 and nanoCaCO3 in recycled

concrete could improve the mechanical performance of

untreated recycled concrete up to 1.2 times strength

and 1.4 times strain.

(2) The GFRP encased recycled concrete treated with

nanoparticles exhibited much higher compressive

strength and better deformation ability than recycled

concrete or GFRP encased untreated recycled concrete,

the improvements on compressive strength of recycled

concrete were around 49.6%e76.2% and the ductility

indexes were about 5.38e8.48 times than that recycled

concrete.

(3) The compressive strength of GFRP encased recycled

concrete treated with nanoSiO2 increased with an

increasing dosage of nanoSiO2 (up to 2 wt.%). And

GFRP-NSRC with the mixing method II presented

higher compressive than that with the mixing

method I.

(4) The compressive strength of GFRP encased recycled

concrete treated with nanoCaCO3 performed opposite

trend to that of GFRP-NSRC which decreased with an

increasing dosage of nanoCaCO3. And GFRP-NCRC per-

formed better with the mixing method I.

(5) The reduced replacement rates of RCAs and

increased of GFRP tube thickness exhibited positive

influence on the strength and ultimate deformation

of GFRP encased recycled concrete treated with

nanoparticles.

(6) The same model used in FRP encased concrete could be

also applied in simulating the ultimate behavior and

stressestrain response of FRP encased recycled con-

crete treated with nanoparticles.
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