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Abstract: In the global construction industry, with the

growth of population, two important construction prob-

lems have to be faced, namely, the excessive consumption

of non-renewable resources and the massive accumulation

of construction waste. In order to solve these problems,

geopolymer recycled aggregate concrete (GRAC) arises at

the historic moment. On the one hand, using geopolymers

produced by industrial wastes to completely or partially

replace cement can reduce cement consumption, thus re-

ducingCO2 emissions. On the other hand, recycled concrete

made of recycled aggregate can consume accumulated con-

structionwaste and save non-renewablematerials and land

resources. The combination of the twomaterials can protect

the environment to the greatest extent and save resources.

This article reviews the current research on the mechanical

properties of GRAC, makes a systematic analysis of GRAC

materials, reactionmechanisms, and evaluation indicators,

and also discusses the application prospects of GRAC, and

strives to make contributions to the �eld and industry.
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1 Introduction

With the increasingly acute problem of environmental pol-

lution, the world pays more and more attention to envi-

ronmental protection, and various �elds are actively re-

sponding to the environmental protection concept of green

economy. In the construction industry, due to the rapid

growth of the demand for energy-saving and environmen-

tally friendly building technology, the concept of green

building is becoming more and more popular. As the most

needed building material, the nature of concrete is also the

most prominent in the building. With the growth of pop-

ulation, statistics show that the annual output of global

cement unit will increase to 6.1 billion tons by 2050. Among

them, developing countries account for a high proportion,

such as China accounts for about half of the world’s cement

production in 2019. At the same time, the mass production

of ordinary Portland concrete (OPC) also means ultra-high

CO2 emissions (7%of global carbon emissions) [1, 2]. On the

other hand, in addition to cement and other cementitious

materials, sand and stones are also the main raw materi-

als for concrete. For a long time, due to a wide range of

sources of sand and gravel aggregates, relatively low prices

and other reasons, they have been arbitrarily mined, which

has caused a large number of landslides, river �ooding and

other serious environmental problems [3–6]. At the same

time, due to the high energy consumption of aggregate min-

ing, thiswill also cause a lot of energywaste.Moreover,with

the continuous construction of a large number of buildings,

the replacement of new and old buildings has becomemore

frequent. It’s very easy to generate a large amount of con-

struction waste disposal, and cause irreversible damage

to the environment. Therefore, it is urgent to e�ectively

solve these problems to ensure the sustainable develop-

ment of the construction industry. Coincidentally, GRAC

can solve these problems very well. It is necessary to study

the geopolymer recycled aggregate concrete in a compre-

hensive and systematic way. The �rst thing is to solve the

problems of its research foundation and current situation.

It is of great value to summarize this aspect.

On the one hand, the use of geopolymer produced

from industrial waste to replace cement can greatly re-
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duce CO2 emissions [7–10]. Geopolymer is made by com-

bining raw materials rich in silica and alumina, such as �y

ash (FA), ground granulated blast furnace slag (GGBFS),

with strong alkali solutions, such as potassium hydrox-

ide (KOH), sodium hydroxide (NaOH), a cementing mate-

rial synthesized by mixing sodium hydroxide and sodium

silicate (Na2O·nSiO2) solution. After geopolymerization,

a three-dimensional amorphous aluminosilicate network

with strength similar to or higher than that of OPC is formed.

Geoaggregation can be divided into three steps: (1) Dissolve

the oxide minerals of raw materials under high alkaline

conditions; (2) The dissolved oxide mineral condenses into

a gel; (3) Condensation to form a 3D network of aluminosil-

icate structure [11]. According to the type of chemical bond

produced, three types of structures can be derived from the

3Daluminosilicate network: Polysialic acid (–Si–O–Al–O–),

Polysialic acid-siloxane (Si–O–Al–O–Si–O) and polysialic

acid disiloxy potassium salt (Si–O–Al–O–Si–O–Si–O–).

On the other hand, the emergence of recycled aggre-

gate concrete can well solve the problem of construction

waste disposal. Usually the test blocks of waste concrete are

crushed, cleaned, graded andmixed in a certain proportion

to make “recycled aggregate”, and the concrete made from

these recycled aggregates is called recycled aggregate con-

crete. Waste concrete usually comes from several aspects:

(1) buildings reach their useful life or aging demolition; (2)

infrastructure transformation, laboratory waste test blocks,

etc.; (3) construction of excess concrete in new buildings.

In addition, some scholars use waste glass [12], corncob

ash [13], and waste marble slag [14] to make recycled ag-

gregate concrete. All in all, recycled aggregate concrete

has a wide range of sources, which can e�ectively solve

the problems of urban construction waste accumulation

and pollution. It can also e�ciently recycle resources and

contribute to the conservation of non-renewable resources.

At this stage, with the continuous development of re-

search, there have been researches on the combination of

geopolymer and recycled concrete. Luhar et al. reviewed

the combination of glass ballast and geopolymer [15]. He

introduced the characteristics, strength, and microscopic

aspects of this kind of GRAC using materials as the starting

point, and proposed new development directions. Some

scholars also use chromium coarse aggregate and silica

fume (SF), to study the modi�cation e�ect of chromium

coarse aggregate and silica fume in �y ash geopolymer con-

crete(GPC) with machinability, strength, water absorption

and other indexes. It was found that the machinability and

water absorption of GPC decreased and the strength in-

creased with the increase of SF content [16]. There are also

studies on the properties of geopolymers prepared from

zeolite tu� and marble waste. This study uses the mod-

ulus of NaOH as a variable to study the in�uence of 5M

and 10M on the strength of GPC. The results show that the

geopolymer prepared with 10 M NaOH exhibits higher com-

pressive strength [14]. The combination of geopolymer and

recycled concrete can not only be greener and environmen-

tally friendly, save resources, but also have better durability

andmechanical properties thanOPC [12, 13]. To a certain ex-

tent, this is an epoch-making research that has completely

changed the materials used in ordinary Portland concrete

(OPC) and solved the disadvantages of traditional concrete

to the greatest extent. However, the research on GRAC is

still not systematic, and there is no article to make a com-

prehensive summary of the current research situation of

GRAC.

Because the combination of geopolymer and recycled

concrete can solve the problems of high CO2 emissions and

construction waste stacking. Based on the above point of

view, this article mainly summarizes the current research

on the mechanical properties of GRAC, hoping to summa-

rize the various research directions of GRAC and make a

contribution to the research of GRAC.

2 Overview of materials

2.1 Recycled aggregate

Since the main di�erence between recycled aggregate con-

crete (RAC) and OPC is in aggregate, recycled aggregate

(RCA) determines the performance of recycled concrete to

a great extent [17, 18]. In this context, a large amount of

construction waste is recycled, such as waste concrete, ma-

sonry, etc. Crush construction waste and mix it in a certain

proportion, and then use it as RCA to completely or par-

tially replace natural aggregates (NA) to produce recycled

concrete [19–21]. The study shows that the use of RCA in

the preparation of concrete can not only meet the perfor-

mance requirements of natural structural concrete, but also

solve the problem of shortage of land�lls, which is consis-

tent with the essence of sustainable development, that is,

environmental protection and e�ective treatment of envi-

ronmental pollution [21–23]. On the other hand, recycled

aggregate contains a large number of residual cementitious

materials, which have larger pores, lower strength, high

water absorption and crushing index than natural aggre-

gates. At the same time, due to the existence of residual

mortar, the interface transition zone (ITZ) of recycled aggre-

gate concrete will make the combination of new with old

mortar unstable and incompact, and it is easy to destroy the

interface transition zone, which is the main reason why the
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strength of recycled concrete is lower than that of natural

concrete [24].

In this section, the microscopic characterization and

compression resistance of RCA will be mainly introduced,

so that readers have an overall understanding of recycled

aggregate.

2.1.1 Microscopic characterization of recycled aggregate

The study of the microscopic characterization of aggregates

should start with the interface conditions around the ag-

gregates. Traditional concrete usually uses the interface

transition zone (ITZ) to indicate the surrounding interface

of NA [25]. The ITZ of NA is usually between the aggregate

and the cementing material, and there is also the ITZ be-

tween the aggregate and the �ber in �ber concrete. Recycled

aggregate is essentially composed of old natural aggregate

and residual mortar, and the two are integral to each other.

Therefore, recycled aggregates usually have the following

three types of ITZ [26, 27]:

1. ITZ between NA and newly added cementitious ma-

terial

2. ITZ between NA and old residual cementitious mate-

rial

3. ITZ between old and new mortar

These three ITZ types are illustrated vividly in Figure 1

[26]. The type of ITZ is named ITZ 1, ITZ 2 and ITZ3.

Figure 1: Various types of ITZ in recycled aggregate concrete [26]

When the RAC is stressed, the cracks start from the frag-

ile area near the ITZ and gradually spread to the aggregate

and cementitious materials, resulting in the destruction

of the entire concrete [24, 28]. It has been found that ITZ

is composed of pores, Ca(OH)2, C-S-H gel, ettringite and

cement particles [29]. At the same time, it can be found that

the volume ratio of C-S-H in the ITZ between the aggregate

and the new cementitious material is greater than that of

the old cementitious material, as shown in Figure 2 [29].

Studies have shown that the characteristics of ITZ in RAC

are related to the quality of the attached mortar and have

nothing to dowith the quantity of mortar [30]. Because RCA

is attached tomore residual gellingmaterials, the thickness

of ITZ in NAC is usually 9-51 µm, and the thickness of ITZ

in RAC is 30-60 µm [31, 32].

(a) ITZ in old cementitious materials

(b) ITZ in new cementitious materials

Figure 2: Di�erence in thickness between new and old ITZ [29]

On this basis, some scholars continue to deepen the

study of the microstructure of RAC and found that the

strength of ITZ is more a�ected by the water-to-binder ra-

tio. In the lower water-binder ratio concrete, its strength

is mainly a�ected by the ITZ between the residual cemen-

titious materials, and the new ITZ mainly a�ects the high

water-binder ratio concrete components. Therefore, in the

highwater-binder ratio concrete, even if the residual cemen-

titious material strength is higher than the newly added

cementitious material strength, the strength of RAC is still
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equal to the strength of NAC. In low water-binder ratio con-

crete components, the strength of residual cementitious

material is lower than that of newly added cementitious

material, so the strength of RAC will be lower than that of

NAC [33].

Therefore, most scholars believe that the strength of

RAC is directly a�ected by the strength of ITZ [34]. How-

ever, there are two views on the results of the ITZ impact.

Spaeth and Tegguer [24], Wong et al. [35] and others believe

that when concrete is damaged under compression, cracks

�rst originate from ITZ and gradually spread to other areas.

Therefore, ITZ reduces the strength and impermeability of

concrete. On the contrary, Diamond and Huang [36] and

others believe that the porosity of ITZ in RAC is only slightly

higher than that of the surrounding cementitious materials,

because the voids in ITZ will be �lled by Ca(OH)2, C-S-H gel,

etc. Therefore, the ITZ in RAC does not necessarily have a

negative impact on concrete. In summary, the microscopic

characterization of recycled aggregate ismainly determined

by the characteristics of ITZ, and ITZ has a major e�ect on

the strength of concrete.

2.1.2 Compressive ability of recycled aggregate

In the unit cubic volume of concrete, aggregate volume

usually accounts for 70%–80%. The compressive strength

of aggregate can often directly a�ect the strength of con-

crete [37]. Usually, the crushing index (%) is used to judge

the compressive strength of aggregate, and its expression

is as follows:

Qg =
G1 − G2

G2

· 100 (1)

Qg: Crushing index (%); G1: The quality of the sample (g);

G2: The quality of the sieve residue after the crush test (g)

The strength of aggregate is one of the main factors

a�ecting the strength of concrete, which mainly a�ects the

transfer of stress and the ability of compression [37, 38].

The compressive strength of recycled aggregate usu-

ally refers to the compressive strength of coarse aggregate,

because the volume of coarse aggregate accounts for 60%

and 70% of all aggregate [39]. Due to the complex composi-

tion of recycled aggregates, it has high porosity and high

water absorption. At the same time, the waste construction

waste will often produce cracks when it is destroyed, which

will further a�ect the strength of aggregate. On the other

hand, due to the high porosity of RCA, it tends to absorb

surrounding moisture. When RCA is saturated with water

absorption or has highwater content, it will signi�cantly re-

duce the compressive strength [40]. The in�uence of water

on the strength of NCA is usually negligible, but it cannot

be ignored for RCA. Under the in�uence of these factors,

the strength of RCA is often lower than that of NCA. In the

case of the same mix ratio, if the strength of the aggregate

is not up to the standard, it is still di�cult to increase the

strength, or even decrease it, even if the water-binder ra-

tio is reduced. For the compressive strength of RCA, the

prediction formula method can be adopted. The basic prin-

ciple and formula are shown in Figure 3. It is proved that

the strength of RCA can be calculated accurately by the

prediction of aggregate strength [41].

The compressive strength of recycled aggregate is usu-

ally characterized by crushing index. Because the residual

cementitious material is attached to the surface of recycled

aggregate, it is weak and easy to fall o� and crush under

the condition of external force. Therefore, in general, the

crushing index of RCA is higher than that of NCA. More-

over, the RCA crushing index in the saturated surface dry

state is higher than that in the air-dry state, which is due

(a) Irregular shape

(σ =
Ph
v
)

(b) Prismatic body

(σ =
Ph
v
=

P
ab
)

(c) Cylinder

(σ =
Ph
v
=

P
πr2

)

Figure 3: Di�erent types of shape estimation methods (V is the volume of geometry)
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to the decrease of the strength of the surrounding residual

cementitious materials due to water absorption saturation.

At the same time, because the test concrete components

were tested under 28d conditions, the RCA has been satu-

rated with water at this time. Therefore, it is unscienti�c to

use the crushing index of RCA in air-dry state to measure

the strength of RCA. At present, there is a lack of research

in this area, which has the value of continuing in-depth

research.

Due to the low compressive strength of RCA, there are

many modi�cation methods at this stage to help RCA re-

duce its crushing index. Impregnationwith pozzolanicmor-

tar, accelerated carbonization and solidi�cation, and poly-

mer impregnation are the main methods, as shown in Fig-

ure 4 [42]. The negative value in the graph shows that the

amount of crushing index is reduced.

Figure 4: The influence of di�erent processing methods on crushing

index [42].

Pandurangan et al. [43] proved that the use of phys-

ical means to remove the residual mortar on the surface

of the RCA (the crushing index was reduced from 36% to

22.1%) was better than the use of 0.1 mol HCl solution and

H2SO4 solution to soak RCA (both reduced 8.3%). At the

same time, Saravanakumar et al. [44] studied the di�erence

between HCL (reduced by 7.0%), HNO3 (reduced by 3.0%),

and H2SO4 (reduced by 2.0%). The reason why the e�ect

of acid solution to remove residual mortar on the surface

is not obvious is that too high acid solution concentration

or too long immersion time will reduce the performance of

RCA. Ismail and Ramli [45] found that the optimal concen-

tration of HCl solution is 0.1 mol (average decrease of 3.6%),

higher than 0.5 mol (average decrease of 2.4%) and 0.8 mol

(average decrease of 2.5%). Their results also showed that

the average crushing index (ACD) dropped the most after

3d soaking (an average drop of 4.5%) comparedwith 1d and

5d soaking.

Weng [46] found that the crush value of RCA treated

with 6% Poly-Vinyl-Alcohol (PVA) solution was reduced by

24.1%. The crushing index of RCAdecreased to 28.8%as the

concentration of PVA gradually increased to 12%. However,

when the concentration of PVA solution exceeds 12%, the

crushing index for reducing RCA will no longer become

obvious.

As shown in Figure 4, the e�ect of CO2 accelerated car-

bonization is the most signi�cant, and the modi�cation ef-

fect is (−44, −1.6). Li et al. [47] found that the carbonization

treatment not only strengthened the residual cementitious

material in RCA, but also strengthened the old ITZ, and

the average hardness of the residual cementitious material

increased by 17.4%.

In summary, the hardness of recycled aggregate has

a direct e�ect on the strength of RAC, and increasing the

hardness of RCA has a signi�cant e�ect on the strength of

RAC. There are a variety of methods to improve the treat-

ment of RCA, but at present, most of the methods only stay

at the physical level, and the chemical composition of the

residual cementitious materials has not been studied, so

as to make improvements from the chemical level.

2.2 Geopolymer cementing material

Geopolymer is a common substitute for Portland cement at

present. Its main source is processed from industrial waste,

such as: �y ash, metakaolin, slag powder, coal gangue,

etc. [48]. Geopolymer often need alkali solution to acti-

vate, which has the characteristics of early strength, high

Figure 5: Schematic diagram of the formation of geopolymer materi-

als [50].
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Figure 6: (a) Recombination of aluminosilicate (b) Polymerization to form gel (c) Polymerization [50].

strength and so on. Inorganic organic polymers are formed

by polycondensation of certain waste materials contain-

ing aluminosilicate with alkali solution. Geopolymer is an

amorphous to semi-crystalline three-dimensional alumi-

nosilicate framework formed by the combination of SiO4

and Al2O3. In the process of geopolymerization, the raw

materials containing aluminosilicate are dissolved in al-

kaline solvents to form aluminate and silicate monomers,

which are then converted into geopolymers [49]. Water is

consumed in the process of dissolution and release poly-

merization, which is shown in Figure 5 [50]. The molecu-

lar reaction of the geopolymerization process is shown in

Figure 6 [50]. The process of geopolymerization includes

dissolution and reorganization, condensation and polymer-

ization. The dissolution and recombination of aluminum

silicate form several types of geopolymers; geopolymers

connect and form large polymers. When a local polymer

is connected, the OH-group at its end meets by sharing an

oxygen atom and releases water [51].

Geopolymers have very high environmental bene�ts

and are very ideal cement substitutes [52–54]. In the poly-

merization process, there aremainly two kinds of materials,

one is cementingmaterials such as: �y ash (FA), silica fume

(SF), metakaolin (MK), red mud (RM), etc., and the other

is various alkali stimulators [55]. Generally, the alkali acti-

vator is composed of NaOH solution or NaOH and Na2SiO3

aqueous solution, and the modulus should be between 1.0-

1.5 [56]. The mixing process of these two types of materials

is shown in Figure 7 [49].

By studying the geopolymermodel, people canmore in-

tuitively understand the principle of molecular movement,

cluster formation and reaction in the polymerization pro-

cess [57, 58]. Barbosa et al. [59] proposed a model concept,

Figure 7: Geopolymer mixing process [49]

and the whole reaction is divided into (a) oligomerization,

(b) polymerization, (c) concentration. See Figure 8 [50].

Fly ash andmetakaolin are currently more widely used

geopolymer materials [60]. The combination of �y ash and

calcined paper sludge has also been used as a cementitious

material. Pulp sludge improves the reactivity of bottom coal

ash during the polymerization process [61]. Waste paper

sludge-based geopolymer mortar can be used for masonry

applications, and has achieved considerable results [62].

The blending of recycled sludge and RM has been used to

prepare lightweight geopolymers [63].

In general, although geopolymers have a wide range

of sources, they are all Si and Al compounds in nature.

A proper Si/Al ratio can signi�cantly improve the perfor-

mance of the geopolymer. Due to the environmental protec-

tion and sustainable development of geopolymer materials,
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(a) attract (b) polymerization (c) Into groups

Figure 8: Geopolymer molecular model [50].

in the future, it should gradually replace cement and be

used as the main cementing material for concrete. But at

present, the research on geopolymers is still not thorough,

and there are still many problems to be solved, such as:

the constitutive relationship of geopolymer concrete, the

di�erence between di�erent regions, etc.

3 Research progress of GRAC

mechanical properties

Compared with other concrete, there is still a lack of re-

search on GRAC, and the research in this �eld is still in

its infancy. Panizza et al. [64] use construction waste to

make coarse aggregate, combined with MK-FA cementi-

tious material to make recycled geopolymer concrete. Tan

et al. [65] use waste bricks to make recycled aggregates

and make GRAC with slag powder. Mesgari et al. [66] di-

rectly used geopolymer waste blocks to make aggregates,

and newly added geopolymer cementing materials to make

GRAC. However, geopolymers aremore sensitive to themod-

ulus of the alkali activator. Directly using geopolymers as

aggregates will have an uncontrollable e�ect on the over-

all GRAC strength. Therefore, the research on this aspect

should be more careful to clean the residual cementing ma-

terials on the aggregate surface. On the other hand, Ren and

Zhang [67] and Liu et al. [68] also found that geopolymer

cementitious materials and recycled aggregates are tightly

bonded, and the strength of ITZ between geopolymer col-

loids and recycled aggregates is higher than that of OPC

base recycled aggregate concrete.

This section will introduce the research on themechan-

ical properties of GRAC at this stage, and hope to expand

the scope of research and advance the depth of research.

3.1 Compressive strength research

Compressive strength is one of the basic judgment values

of concrete mechanical properties. Geopolymer concrete

has the characteristics of early strength and high strength,

but the compressive strength of GRAC is more di�cult to

predict and control due to the inclusion of RCA. This section

summarizes the research on the compressive strength of

GRAC, summarizes the current research on this aspect, and

explains and analyzes it.

To study the e�ect of RCA on concrete often requires

studying the e�ect of substitution rate. Mesgari et al. [66]

studied the performance ofOPC andGRACmade of di�erent

proportions of geopolymer RCA (0%, 20%, 50% and 100%)

instead of NA. The results show that the use of recycled

geopolymer concrete aggregates to replace rough natural

aggregates by up to 20% will signi�cantly reduce the elas-

tic modulus, �exural strength and compressive strength

of OPC. At this time, the compressive strength is 50 MPa,

which is 10% lower than the standard group, shown in

Figure 9 [86]. Moreover, the negative impact of geopoly-

mer recycled aggregate on OPC is more signi�cant than

that of silicate recycled aggregate. Experiments have found

that the impact of recycled geopolymer coarse aggregate

Figure 9: Percentage of Coarse NA Replaced with RCA (%) [66]
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Figure 10:Microstructure at 80∘C curing temperature [72].

on OPC is slightly more signi�cant than that of geopolymer

concrete. This is because the residual mortar on the surface

of the geopolymer recycled aggregate is relatively alkaline

and has a signi�cant impact on the silicate concrete.

The curing temperature has a signi�cant e�ect on the

strength of geopolymer concrete [69, 70]. But for GRAC,

the curing temperature and curing time are still controver-

sial [71]. When the curing temperature exceeds a certain

optimal temperature or the curing time exceeds a certain

curing time, the physical properties of GRAC will not be

further changed or even reduced. Based on this, Wang et

al. [72] conducted research on the curing temperature and

curing time of GRAC. Use construction waste as aggregate

and use �y ash-slag base polymer instead of ordinary Port-

land cement to prepare GRAC. The compressive strength,

elastic modulus, toughness and microstructure of di�erent

initial curing temperature (20∘C, 40∘C, 60∘C, 80∘C and

100∘C) and curing time (6 h, 12 h and 24 h) were studied.

It is found that the best curing condition is curing at 80∘C

for 12-24 h. Under these conditions, GRAC has the highest

compressive strength, elastic modulus and toughness, and

its 7-day compressive strength can reach 45 MPa. The mi-

crostructure is shown in Figure 10 [72].

The essence of geopolymers is Si and Al compounds, so

Si/Al is a very important factor to study the chemical e�ects

of geopolymers. Tan et al. [65] focused on the in�uence of

Si/Al on the chemical level. They extracted regenerated

cementitious materials from the waste materials from the

demolition of themasonry structure, and used a ball mill to

grind them into powder and slag powder as cementitious

materials to make geopolymer recycled mortar test blocks.

Through the experiment, it is found that the compressive

strength can reach the highest when Si/Al is 3, and the com-

pressive strength of 7 days is close to 70 MPa. At the same

time, it is also found that the increase of slag content has a

signi�cant e�ect on the compressive strength of geopoly-

mers when the alkali concentration is lower than 10 mol/L.

When the alkali concentration reaches 12mol/l, the replace-
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ment rate of slag powder should be controlled below 25%.

Moreover, under this condition, the ratio of compressive

strength to tensile strength is 1.02, which is much higher

than that of OPC. This proves that the concrete has good

shaping and is not easy to have brittle failure.

On this basis, Zhu et al. [73] and others used 12 mol/L

NaOH solution to make GRAC. This experiment studies the

recycling of waste geopolymer concrete blocks, which are

ground and used to make recycled �ne aggregates to re-

place river sand. Then 5 kinds of RCA replacement rates

(0%, 20%, 50%, 80%and 100%)were used to prepareGRAC

mortar test blocks. After testing, it has been found to have

a lower apparent density (1.85) and a higher water absorp-

tion rate (15.04). When the RCA share is less than 50%, its

compressive and �exural strength decreases only slightly

(less than 10%). As the RCA replacement rate increases to

100%, the compressive strength of the GRAC mortar has

dropped signi�cantly, but it is still greater than 35 MPa.

This experiment on the same side proves that the modulus

of the alkali activator is a very important in�uencing fac-

tor, and its degree of in�uence is greater than that of the

replacement rate of �ne aggregate.

In summary, the compressive strength of GRAC is simi-

lar to that of GPC, and both are a�ected by the modulus of

the alkali activator, curing temperature, and Si/Al. Within

an appropriate range, it can be ensured that the strength

of the two concretes is not much di�erent, which proves

that GRAC can e�ectively replace the use of GPC in terms

of compression resistance.

3.2 Tensile strength research

Hayrullah and Yasin [12] used waste glass mill powder and

�y ash as cementitious material, sodium silicate solution

(SS) and sodium hydroxide (SH) solution together as alkali

activator, the substitution rate was 5%, 15%, 20%, 25% and

50%. The tensile strength was studied at 85∘C curing tem-

perature. Through the experiment, it is found that: The 50%

replacement rate of glass powder can increase the tensile

strength by 67%, and when the modulus of the alkali ac-

tivator solution is 12M and 14 mol/L, the strength can be

increased by 25% and 15%. This is because the content of

SiO2 in primary �y ash is 22.73%, but with the use of high

siliceous materials, the total silica content in the polymer-

ization reaction increases signi�cantly, and the number

of C-S-H gels therefore increases. Similarly, related stud-

ies [74, 75] also proved that under alkaline conditions, glass

is partially dissolved, and a silicone gel is formed on the

surface of the glass particles to further prevent its complete

dissolution. This can also beunderstood as ahigher replace-

ment rate of waste glass powder will reduce the strength of

concrete. On the other hand, the solubility of waste glass in

the lower alkali modulus solution is relatively low, so the

compressive strength value of the concrete is 2.5-5.6 MPa at

a concentration of 10 mol/L, and 8.1-12.7 MPa at a concen-

tration of 12 mol/L. It is 9.4-15.3 MPa at a concentration of

14 mol/L.

The research of Peem et al. [76] went further. Because

the internal structure of geopolymer concrete made of recy-

cled aggregates is usually weaker than that of natural ag-

gregates, SiO2-rich materials are used to improve strength

properties, one of which is the well-known nano-SiO2 [77].

But SiO2 is not environmentally friendly, so it is often more

feasible to use other green substances rich in SiO2, such as

rice husk ash. The experimental results show that the addi-

tion of rice husk ash can e�ectively increase the strength of

GRAC, especially when the Si/Al ratio is increased to 4.17.

The 28-day compressive strength of GMRC containing rice

husk ash is between 36.0 and 38.1 MPa, which is due to

the improved microstructure that makes the entire struc-

ture more compact. However, the addition of rice husk ash

did not signi�cantly improve the tensile strength of GRAC,

only 8%. Because of the high bond strength of geopolymer

cementitious materials [78], the ITZ strength of geopoly-

mer cementitious materials is higher than that of OPC, and

most of the tensile cracks do not pass through the aggregate.

Therefore, even if you use NA, the strength will not change

much. This may explain why the addition of silicon-rich

materials has little improvement in tensile strength.

Avinash and Lokesh [79] make GRAC with high �y ash

(FA-MK) base polymer concrete and recycled aggregate. But

the di�erence is that this study also carried out a compara-

tive study of the e�ects of recycled aggregate on OPC and

GPC, and also set up a comparative study between GPC and

GRAC. The experiment shows that the average strength,

compressive strength and splitting strength of concrete pre-

pared with natural coarse aggregate are 30.3 MPa and 3.4

MPa, respectively. For conventional recycled aggregate con-

crete, it is 28.2 MPa and 2.8 MPa respectively. The aver-

age compressive strength of geopolymer concrete mixed

with natural coarse aggregate is 28.8 MPa, and the splitting

strength is 3.1 MPa. The compressive strength and splitting

strength of recycled aggregate geopolymer concrete are 26.4

MPa and 2.24 MPa, respectively, as shown in Table 1 [79].

This experiment compares and analyzes the in�uence of the

di�erence of aggregate and the di�erence of cementitious

materials.

The source of most recycled aggregates is construction

waste [79–83]. However, Zhou et al. [84] used waste mud-

stone as aggregate to make GRAC with slag-red mud. Exper-

iments have found that the phosphorus content in waste
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Table 1: Test results of conventional concrete (M-25) and geopolymer concrete (GC-25) with natural and recycled coarse aggregates [79].

Test Characteristics Conventional Concrete Type Geopolymer Concrete Type

group With Natural

aggregates (CC)

(MPa)

With Recycled

aggregates (CCR)

(Mpa)

With Natural

aggregates (GC)

(MPa)

With Recycled

aggregates (GCR)

(MPa)

1 Average compressive

strength

30.30 28.20 28.80 26.40

2 Split tensile strength 3.4 2.92 3.10 2.24

Figure 11: P is the content of waste mudstone and Q is the content

of alkali activator [84].

mudstone has a more signi�cant impact on tensile strength

than compressive strength. When the replacement rate of

waste mud is 10% and 20%, as the modulus of the alkali ac-

tivator increases, the tensile strength gradually decreases.

At the same time, when the replacement rate is 15%, the

maximum tensile strength is 2.98 MPa. As shown in Fig-

ure 11 [84].

In summary, although the research on tensile strength

is not as adequate as compressive strength, it can still be

seen that the negative impact of recycled aggregates on

the tensile strength of GPC is more extensive, although not

as signi�cant as the compressive strength. At present, the

research on the tension-compression ratio of GRAC is rel-

atively rare, and there are few studies involving the e�ect

of modi�cation and strengthening of RCA on the tensile

strength of GRAC, so the research in this area should be

continuously deepened.

3.3 Flexural strength study

The research on the �exural strength of concrete is of great

signi�cance. Flexural strength can directly re�ect the load-

bearing capacity of concrete. Maheshbabu et al. [85] and

others used recycled aggregates and alkali to activate �y

ash to make recycled asphalt, and used recycled geopoly-

mer asphalt to make components. Through the experimen-

tal study, it is found that the 28-day bending strength of

the unreinforced test block is 2.26 MPa, that of the double-

reinforced test block is 2.43 MPa, and that of the three-way

grid test block is 2.67 MPa. Just like ordinary concrete, the

addition of steel bar can e�ectively improve the bending

strength of members. And the formula of fracture energy

dissipation is deduced:

GD =
WD

H.L
(2)

GD = �exural energy dissipation (J/m2);WD = loaded area-

displacement curve (work) (KN-mm); L = beam span length

(mm); H = specimen thickness (mm).

As mentioned earlier, there are many sources of recy-

cled aggregates. Aly et al. [86] collect waste rubber from

tires to make aggregates, and use slag-based GPC to make

GRAC. The substitution rates of 10%, 20% and 30%were

used to replace coarse aggregate and �ne aggregate with

rubber particles, respectively. The results show that when

the percentage of aggregates replaced by rubber particles

is 10%, the bending strength can be reduced by 20%. But

on the other hand, if the replacement rate increases to 20%

and 30%, the �exural strength drops by 30%, as shown in

Figure 12 [86]. This is due to the high elastic modulus com-

parison between concrete aggregate and rubber. Therefore,

rubber particles with low sti�ness are not good for bear-

ing the load in the concrete matrix. This e�ect of rubber is

called the reduction of the e�ective surface of concrete. On

the other hand, the weak bond between the rubber parti-

cles and the cementitious material results in the formation

of weaker ITZ between the rubber particles and the cement

matrix. The formation of weak adhesion reduces the me-

chanical properties of concrete. Some scholars also explain

this phenomenon as the uneven distribution of rubber par-

ticles in the concrete cementitious material, which leads to

the decrease of concrete strength.

Ferrochrome slag (FS) is a waste produced in the stain-

less steel industrial production process. Jena and Pani-
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Figure 12: Flexure tensile strength for replacement of both �ne and

coarse aggregates of slag based geopolymer concrete with crumb

rubber [86].

grahi [87] used iron chromium slag as coarse aggregate

with �y ash to make GRAC. In his experiment, the 28d �ex-

ural strength of 9 di�erent mixtures including FS0, FS5,

FS10, FS15, FS20, FS25, FS30, FS35 and FS40 (the number

is the substitution rate) were tested. Compared with the

control group, as the FS content increased from 0 to 30%,

the bending strength showed an upward trend, and the

maximum strength of FS30 was 5.83 MPa. As the content of

FS in GRAC increases, the content of lead and chromium

in concrete continues to increase, the strength of FS35 and

FS40 concrete is reduced by about 4% and 14%, respec-

tively, compared with FS30.

To sum up, the research on �exural strength of GRAC is

the same as that of tensile strength. Themain reason is that

the characteristics of concrete are determined by its own

characteristics [88–92]. Most studies focus on the compres-

sive strength, but the �exural strength often determines the

shaping ability of concrete itself, which has a signi�cant

impact on the failure mode of concrete, so the research in

this area should be continuously strengthened.

4 Summary and prospect

The geopolymer in GRAC is an ideal substitute for cement.

The use of cement instead of cement can reduce CO2 emis-

sions. Recycled aggregate can solve the problem of stacking

construction waste and reduce the consumption of non-

renewable resources such as sand and stone. The research

progress onmaterials andmechanical properties of GRAC is

reviewed in this paper. The research onGRAC is still lacking,

it still strives to be detailed and accurate. Themain contents

of this paper are summarized and the future prospects are

as follows:

(1) The microscopic characterization of recycled aggre-

gate is mainly determined by the characteristics of

ITZ. And the characteristic of ITZ in RAC is related

to the quality of attached mortar and has nothing to

do with the quantity of mortar. At the same time, it is

also found that the strength of ITZ is more a�ected by

thewater-binder ratio of concrete. At present, there is

no �nal conclusion on whether the strength of ITZ di-

rectly a�ects the strength of concrete, so the research

on this aspect should be continuously strengthened.

(2) The strength of RCA can directly a�ect the strength

of concrete, which is well known. However, there

is still some controversy about the manifestation of

aggregate strength. The strength of RCA in the air-

dry state is often higher than the strength of water

saturation. Is it unreasonable to use the crushing

index of the air-dry state to characterize the strength

of RCA? This point still needs to be further studied. At

the same time, most of the enhancement methods of

RCA are limited to reinforced aggregate, and there is a

lack of research on the enhancement of construction

waste treatment. Making a big breakthrough in this

area can save a lot of costs.

(3) The strength of GRACdepends onmany aspects, such

as curing temperature, alkali activator modulus, ag-

gregate strength, etc. The strength in�uencing factors

of GRAC are very similar to GPC, so the constitutive

characteristics of the two are also very similar. The

research on �ber-modi�ed GPC is now more mature,

so you can consider using �ber-modi�ed GPC. The

current research on this aspect is very lacking and

should be continuously strengthened.

(4) At present, the research on the strength of GRAC

is mainly focused on the compressive strength, but

there is a lack of research on tensile strength and �ex-

ural strength. Therefore, it is necessary to deepen the

comprehensive analysis of various strength of GRAC.

(5) The research and development on GRAC is in its in-

fancy, but on the other hand the research on GPC and

RAC is relatively mature. Although there is a lack of

research on the application of GRAC at present, schol-

ars can combine the application research progress of

GPC and RAC, combine with each other, and put it

into practical production as soon as possible.
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