
RESEARCH PAPER

  Proceedings of the Indian National Science Academy  (2026) 92:1316–1328  
  https://doi.org/10.1007/s43538-025-00528-6 

crushed, diff erent particle sizes of recycled aggregates can 
be obtained through screening, which can then be used to 
replace natural aggregates and prepare recycled concrete 
(Li et al.  2024 ). However, the eff ect of pure recycled con-
crete is even worse than that of simple concrete. To solve 
the problem of recycled concrete, commonly used methods 
include modifi cation treatment, such as physical methods, 
introduction of self compacting concrete, chemical meth-
ods, introduction of fi ber materials, hydration cement slurry 
modifi cation, etc. (Yousheng et al.  2023 ).  

  He et al. designed a modifi cation method using volca-
nic ash slurry combined with water glass and silicon-based 
additives to treat coarse aggregates for recycled bricks, and 
analyzed the microstructure of recycled concrete using mer-
cury intrusion porosimetry and scanning electron micros-
copy. The physical properties of the processed aggregate 
have been improved, and the Compressive Strength (CS) 
and resistance to chloride ion penetration have also been 
signifi cantly enhanced (He et al.  2024 ). Li et al. conducted 
a composite impregnation treatment on recycled concrete 
using sodium silicate solution and silane slurry to under-
stand the performance of recycled concrete as a function 
of substitution rate. They replaced natural aggregates with 

                          Introduction  

  The advancement of urbanization has promoted the devel-
opment of urban construction, while large-scale urban con-
struction has also generated a large amount of construction 
waste. Waste concrete accounts for a signifi cant portion of 
construction waste (Gharibi and Mostofi nejad  2023 ). The 
commonly used methods for the treatment of construction 
waste include roadbed and foundation cushion, stacking, 
and landfi lling. However, these methods still cause dam-
age to the natural environment and waste resources (Chen 
et al.  2022 ; Supsup et al.  2023 ). Therefore, it is necessary 
to fi nd suitable methods to recycle the waste concrete in 
construction waste. Recycled concrete is one of the ways 
to solve this problem. After the waste concrete blocks are 
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   Abstract  
  As a product of recycling and reusing construction waste, recycled coarse aggregate not only eff ectively alleviates the 
shortage of natural aggregate resources, but also reduces the environmental pollution caused by construction waste. To 
systematically analyze the infl uence of slurry containing recycled aggregates on the mechanical properties and frost resis-
tance of recycled concrete, a study was conducted on the slurry treatment of recycled coarse aggregate using ordinary 
Portland cement, silica powder, and sulfoaluminate cement, and the mixing ratio of concrete was constructed. Meanwhile, 
the calculation methods for the mechanical and frost resistance indicators of concrete are explained. The results showed 
that the average maximum values of compressive strength within the recycled concrete group at 3 d, 7 d, and 28 d 
were 41.87 MPa, 48.73 MPa, and 55.15 MPa, respectively. As the number of freeze–thaw cycles increased, the relative 
dynamic modulus of the test block gradually decreased. In summary, grouting treatment can optimize the mechanical and 
freeze–thaw resistance properties of recycled concrete. This research result can provide technical support for the reuse of 
construction waste.  
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diff erent proportions of substitution rates and mixed Recy-
cled Coarse Aggregates (RCA) into general concrete. The 
Water Absorption Rate (WAR) of modifi ed recycled con-
crete decreased the most signifi cantly, reaching 52.8% (Li 
et al.  2023a ). Liu et al. used fi ve modifi cation solutions to 
modify the surface of RCA to improve its performance. The 
soybean powder solution had the best modifi cation eff ect on 
RCA, with crushing values and WARs of 12.8% and 5.3% 
at the optimal soaking time of 8 h (Liu et al.  2022 ). Lin et 
al. conducted uniaxial compressive tests on 75 specimens 
with diff erent RCA substitution rates and fi ber types to 
understand the compressive performance of fi ber-reinforced 
RCA. The improvement eff ect of steel fi ber on the energy 
dissipation capacity and toughness index of recycled con-
crete was the best, with an average increase of 81.75% and 
22.90% (Lin et al.  2023 ).  

  Amiri et al. constructed an artifi cial neural network 
model to predict the mechanical and durability properties of 
waste-containing concrete to evaluate the impact of waste 
on concrete mixes. In addition, the study also used recycled 
concrete aggregates with replacement levels of 25% and 
50%. The results showed that slag could reduce the harm-
ful eff ects of using recycled concrete aggregates instead of 
coarse aggregates in the early stages of the sample, and the 
use of recycled concrete aggregates improved the migration 
rate of chloride ions in concrete (Amiri and Hatami  2022 ). 
Hentges et al. used two treatment methods to explore the 
best way to improve the performance of recycled concrete 
aggregates: carbonation and soaking in red brick powder 
volcanic ash slurry. In the experiment, the treated recycled 
concrete aggregates were characterized by density, water 
absorption, mercury intrusion porosity, scanning electron 
microscopy, petrology, and thermogravimetric analysis. The 
results showed that the eff ect of diff erent processing meth-
ods on the performance of recycled concrete aggregates 
varied depending on the target, and appropriate methods 
needed to be selected according to specifi c needs (Hent-
ges et al.  2023 ). To improve the performance of recycled 
concrete aggregates, experts such as Gholampour used pure 
graphene suspension (with concentrations of 0, 0.1% and 
0.2%) for pre-spraying and pre-soaking treatment and used 
it as coarse aggregate in concrete. Meanwhile, nano-silica 
with the same concentration and treatment method was used 
for comparison. The results showed that graphene was more 
eff ective than nanosilica and could signifi cantly improve the 
strength of concrete, and the concrete performance of pre 
soaking treatment is better than that of pre spray treatment 
(Gholampour et al.  2024 ). Ahmed et al. combined recycled 
concrete aggregated with drywall waste, scrap tire rubber, 
and quarry dust to improve their performance in road base 
applications and reduce construction costs for fl exible pave-
ment base. At the same time, the study mixed 0.5% to 2% 

rubber particles and 5% to 20% drywall waste proportion-
ally into recycled concrete aggregates. The results showed 
that the CS of the concrete was signifi cantly improved after 
the addition of these recycled materials (Ahmed et al.  2024 ).  

  However, these methods also have certain shortcom-
ings, such as the fact that most studies focus on improving 
a single performance and lack a comprehensive analysis of 
the Mechanical And Frost Resistance Properties (MFRP) 
of recycled concrete. At the same time, some modifi cation 
methods have high costs or complex processes, which lim-
its their feasibility for practical applications. Therefore, in 
order to systematically analyze the infl uence of recycled 
aggregate with slurry on the mechanical properties and frost 
resistance of recycled concrete, this study starts with the use 
of Recycled Aggregate For Grouting (GRA), designs the 
preparation materials and processes of GRA and recycled 
concrete. This study aims to improve the performance of 
recycled concrete and the utilization rate of waste concrete, 
providing technical support for the resource utilization of 
construction waste. Its innovation lies in the introduction of 
GRA to modify concrete, achieving an improvement in the 
MFRP of concrete. The contribution of this study is the sys-
tematic study of the eff ects of diff erent cement pastes on the 
basic properties, morphological characteristics, mechanical 
properties and frost resistance of recycled aggregates and 
recycled concrete. It provides a theoretical basis and techni-
cal support for the effi  cient utilization of recycled aggre-
gates and the improvement of the performance of recycled 
concrete, and promotes resource utilization and sustainable 
development of construction waste.  

     Methods and materials  

  In response to the infl uence of RCA coating on the MFRP 
of concrete, this study selects the preparation materials for 
RCA coating and concrete, and designs the preparation pro-
cesses for both. In addition, this study designs the methods 
and indicators for testing the properties of RCA and con-
crete, and explains the experimental methods for both.  

    Selection and preparation of experimental 
materials  

  To understand the infl uence of RCA coating on the perfor-
mance of concrete, this study fi rst explains the materials 
required for the experiment, designed the slurry of RCA, 
and describes the mixing ratio and preparation process of 
recycled concrete. Second, the testing and experimental 
methods for the mechanical properties and frost resistance 
of concrete are explained and designed. Finally, the study 
validates the mechanical and frost resistance properties of 
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RCA and recycled concrete separately to verify the infl u-
ence of RCA on concrete performance. The experiment uses 
cement, fl y ash, water reducing agent, polymer, water, and 
aggregate. Among them, cement and fl y ash are cementitious 
materials, and aggregates include fi ne and coarse aggre-
gates. The cement used in the experiment is ordinary Port-
land PO42.5 cement and 42.5 grade Sulfoaluminate Cement 
(SC) from Zidan Construction in Guangzhou, Guangdong. 
The initial setting time of the two types of cement is 142 min 
and 18 min, and the fi nal setting time is 187 min and 26 min. 
The fl y ash used is the fi rst grade fl y ash from Guangzhou 
Yueyu Concrete Building Materials, with a moisture con-
tent of 30%. In addition, polycarboxylate superplasticizer is 
used in the experiment, and its dosage is 1% of the cement 
material. The polymer is silicon powder, with a silicon 
dioxide content of 92.47%. The water used is all tap water. 
The fi ne aggregate is fi ne sand, and the WAR is 4.8%. The 
coarse aggregate is RCA, and its concrete strength is C30. 
The experiment uses a crusher to process coarse aggregates 

and selects them using a standard of 5–30 mm. The crusher 
is a PE 150 × 250 jaw crusher. This study uses four types 
of slurries to modify RCA, namely Portland Cement (PC), 
80%PC + 20% silicon powder, SC, and 70%SC + 30% PC. 
Table  1      shows the numbering of grouting aggregates.  

  In Table  1 , there are a total of seven groups of slurry com-
binations for grouting aggregates, and the main materials 
used are PC, silica powder, and SC. In addition, there are 
three groups of 80%PC + 20% silicon powder coating com-
binations, corresponding to coating ages of 4 d, 8 d, and 
15 d. Finally, there are four types of coating ages for all 
slurry combinations, namely 0 d, 4 d, 8 d, and 15 d. The 
preparation process of encapsulated RCA is exhibited in 
Fig.  1     .  

  In Fig.  1 , Step 1 in preparing RCA for slurry coating is to 
dry mix cement and fl y ash mixture for 30 s. Step 2 is to put 
the dry mixed cementitious material into water and stir for 
3 min to form a slurry. Step 3 is to place the slurry into RCA 
and stir for 3 min. Step 4 is to soak the mixed RCA in a basin 
until it reaches initial set. Step 5 is to screen using a 5 mm 
sieve. Step 6 is to air dry for one day and fl ip it every hour to 
avoid adhesion of the RCA coating. Step 7 is to harvest and 
air dry the coated RCA. The calculation of sand consump-
tion  ms   per cubic meter of concrete is Eq. ( 1 ) (Canhada et 
al.  2023 ; Kanta and Ponnada  2022 ). 

  ms = Vs × ρs     (1)     

  In Eq. ( 1 ),  Vs   and  ρs   are the compacted volume and density 
of sand per cubic meter of concrete. The water consumption 
 mw   per cubic meter of concrete is solved by Eq. ( 2 ). 

  
mw = mb ×

(
mw

mb

)
  
   (2)

     

  In Eq. ( 2 ),  mb   is the mass of cementitious material per 
cubic meter of concrete. For the analysis of MFRP of 

    Table 1      Number of slurry aggregate    
  Group    Used slurry    Age of plasma 

encapsulation  
  Group    Used 

slurry  
  Age of 
plasma 
encap-
sulation  

  A    Nothing    0    C3    80% 
PC + 20% 
silica 
powder  

  15 d  

  B    Portland 
cement (PC)  

  4 d    D    Sul-
phoalu-
minate 
Cement 
(SC)  

  4 d  

  C1    80%PC + 20% 
silica powder  

  4 d    E    70% 
SC + 30% 
silicate 
cement  

  4 d  

  C2    80%PC + 20% 
silica powder  

  8 d    –    –    –  

  Fig. 1      Preparation process of recycled aggregate with slurry coating   
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fl y ash, and sand in sequence in a mixer for 2 min until they 
are evenly mixed. The step 3 is to pre treat the recycled 
coarse aggregate (original waste concrete strength C30, 
particle size 5–30 mm) and remove surface impurities and 
fl oating ash. Step 4 is to dry mix the fi ne and coarse aggre-
gates in the mixer in sequence, and continue for 2 min. Step 
5 is to add the water to the blender and blend for another 
2 min. Step 6 is to prepare cube molds with dimensions of 
100 mm × 100 mm × 100 mm and prism molds with dimen-
sions of 100 mm × 100 mm × 400 mm. Step 7 is to mold 
and vibrate the mixed concrete, and Step 8 is to remove 
the mold. Step 9 is to move the demoulded concrete to an 
indoor curing room for curing, and the temperature in the 
curing room needs to be maintained at 20 ± 2 °C and the 
humidity needs to be kept above 95%.  

concrete, 100 × 100 × 100 mm concrete cube specimens and 
100 × 100 × 400 mm concrete prisms are used in the experi-
ment. Table  2      shows the designed concrete mix proportions.  

  In Table  2 , nine diff erent concrete mix proportions are 
designed in this study. Among them, there are three values 
for the Water Cement Ratio (WCR), namely 0.40, 0.45, and 
0.50. Similarly, there are three diff erent values for sand dos-
age, coarse aggregate dosage, dosage of cementitious mate-
rials, water usage, and fl y ash dosage. In addition, 5.34 kg/
m 3  of water reducing agent is added to each concrete mix 
ratio. In addition, three concrete specimens are prepared for 
each group. The model of the mixer used in the experiment 
is HJW-30. Figure  2      is the process for preparing recycled 
concrete.  

  In Fig.  2 , Step 1 in preparing recycled concrete is to 
weigh ordinary Portland cement and fi rst grade fl y ash 
according to the design ratio, ensuring that the moisture 
content of the fl y ash is 30%. Step 2 is to dry mix cement, 

    Table 2      The mix proportion of concrete    
  Group    WCR    Water usage (kg/m 3 )    Fly ash dosage (kg/

m 3 )  
  Dosage of cementitious 
materials (kg/m 3 )  

  Sand dosage (kg/m 3 )    Coarse 
aggregate 
dosage 
(kg/m 3 )  

  A-H1    0.45    202.54    247.55    450.09    627.78    1156.36  
  B-H2    0.40    190.85    286.28    477.13    620.02    1141.94  
  B-H3    0.45    202.54    247.55    450.09    627.78    1156.36  
  B-H4    0.50    212.75    212.75    425.50    634.53    1168.89  
  C1-H5    0.45    202.54    247.55    450.09    627.78    1156.36  
  C2-H6    0.45    202.54    247.55    450.09    627.78    1156.36  
  C3-H7    0.45    202.54    247.55    450.09    627.78    1156.36  
  D-H8    0.45    202.54    247.55    450.09    627.78    1156.36  
  E-H9    0.45    202.54    247.55    450.09    627.78    1156.36  

  Fig. 2      The preparation process of recycled concrete   
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  In Eq. ( 7 ),  L   is the span between the supports.  G   and  h   are 
the width and height of the specimen section. The solution 
of RDM  ϕi   is Eq. ( 8 ) (Jajodia and Gadve  2023 ). 

  
ϕi = f2

Ni

f2
0i

× 100%
  
   (8)

     

  In Eq. ( 8 ),  i   is the  i  -th specimen and  N    is the number of 
Freeze–Thaw Cycles (FTC).  f0i   is the initial transverse 
fundamental frequency of the concrete specimen.  fNi   is the 
transverse fundamental frequency after the moisture on the 
surface of the specimen is wiped dry. The calculation of the 
average RDM  ϕ   is Eq. ( 9 ). 

  
ϕ = 1

3

3∑
i=1

ϕi

  
   (9)

     

  The formula for the MLR  ΔθNi   of the specimen is Eq. ( 10 ) 
(Seo et al.  2023 ). 

  
ΔθNi = θ0i − θNi

θ0i
× 100%

  
   (10)

     

  In Eq. ( 10 ),  θ0i   is the initial mass of the test piece.  θNi   is the 
mass of the specimen surface after drying off  the moisture. 
The solution for the average MLR  ΔθN    of the specimen is 
Eq. ( 11 ). 

  
ΔθN =

∑3
i=1 ΔθNi

3 × 100%
  
   (11)

     

  When testing the RCMP, this study placed it in a hydraulic 
press with a maximum load of 500 tons. The CS value of 
mechanical properties needs to be multiplied by a correction 
factor of 0.95. The correction factor for STS and FS is 0.85. 
The test of CFR is fi rst completed by the preparation pro-
cess of concrete, and then the freeze–thaw test is performed. 
Before conducting the freeze–thaw test, the specimen needs 
to be cured for one day and demolded. Secondly, the test 
block needs to be placed in the curing room for 24 days. 
Afterwards, the test block needs to be soaked for 4 days. 
Finally, the test block needs to be left in the air for 4 h and 
the raw data of the test block should be measured. In addi-
tion, the number of FTCs is 30, and data is measured once 
per cycle. To analyze the relationship between the FS and 
the RCA of the coating, this study conducts another com-
pression and splitting tensile test on the test blocks after the 
fl exural test.  

     Design of concrete performance testing and testing 
methods  

  To understand the infl uence of RCA coating on concrete 
properties, this study tests the concrete properties. Firstly, 
for the mechanical properties of RCA coated with grout, 
Particle Size Distribution (PSD), apparent density, crush-
ing index, and WAR are selected as analysis indicators. 
Secondly, regarding the Mechanical Properties of Recycled 
Concrete (RCMP), CS, Flexural Strength (FS), and Splitting 
Tensile Strength (STS) indicators are selected for analysis. 
Finally, regarding the Frost Resistance of Concrete (CFR), 
the study selects the Mass Loss Rate (MLR) and Relative 
Dynamic Modulus (RDM) for analysis. The formula for 
RCA apparent density  p′   is Eq. ( 3 ) (Zhang et al.  2024 ; Li 
et al.  2023b ). 

  
p′ =

(
M0

M0 + M2 − M1
− βt

)
× 103

  
   (3)

     

  In Eq. ( 3 ),  M0   is the constant weight of RCA after drying, 
and  M1   is the total weight of aggregates, water, glass fl akes, 
and wide mouthed bottles.  βt   is the correction factor.  M2   is 
the total weight of a wide mouthed bottle fi lled with water 
and a glass slide. The calculation of WAR is Eq. ( 4 ) (Kim 
and Kim  2021 ). 

  
w = H1 − H2

H1
· 100%

  
   (4)

     

  In Eq. ( 4 ),  H1   is the saturated surface dry mass of the aggre-
gate.  H2   is the mass of saturated surface dry aggregate after 
drying. The crushing index is calculated as Eq. ( 5 ) (Fang et 
al.  2020 ). 

  
R = k1 − k2

k1
× 100%

  
   (5)

     

  In Eq. ( 5 ),  k1   is the mass of RCA after drying.  k2   is the mass 
of crushed fi ne particles. The expression of concrete STS is 
Eq. ( 6 ). 

  
Fts = 2T

πA
= 0.637T

A   
   (6)

     

  The concrete FS is expressed as Eq. ( 7 ) (Najaf et al.  2022 ). 

  
Fss = TL

Gh2   
   (7)
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  In Fig.  3 a, the upper and lower limits of the 15 mm par-
ticle size RCA are 74% and 34%, respectively, based on the 
standard value of Cumulative Percentage Retained (CPR). 
After encapsulating RCA at ages 0 d, 1 d, 2 d, 3 d, and 4 d, 
the CPR of RCA with 15 mm particle size is 37.5%, 58.75%, 
70%, 64.8%, and 41.9%. After grouting, the particle size of 
the aggregate has signifi cantly increased, improving the PSD 
of RCA. In Fig.  3 b, after treating RCA with diff erent slurry 
combinations, the apparent densities of RCA are 2.686 g/
cm 3 , 2.720 g/cm 3 , 2.748 g/cm 3 , 2.752 g/cm 3 , 2.758 g/cm 3 , 
2.756 g/cm 3 , and 2.754 g/cm 3 . At the same grouting age and 
grouting body, the highest apparent density is 2.756 g/cm 3  
for group D and 2.758 g/cm 3  for C3 at 15d. The WAR and 
crushing index results of RCA are displayed in Fig.  4     .  

  In Fig.  4 a, after treating RCA with diff erent slurry com-
binations, the WAR of RCA is 7.166%, 5.065%, 4.592%, 
4.590%, 4.586%, 4.585%, and 4.593%. The maximum 

      Results  

  To analyze the infl uence of encapsulated RCA on the MFRP 
of concrete, this study fi rst analyzed the performance of 
encapsulated RCA, including PSD, apparent density, etc. 
Afterwards, this study analyzed the RCMP from CS, FS, 
and STS perspectives. Finally, this study analyzed the CFR 
using MLR and RDM.  

    Performance analysis of encapsulated RCA  

  This study selected 15 RCA samples as a group and pro-
cessed them using the quartering method. Afterwards, the 
basic physical properties of the coated RCA are analyzed in 
an experimental environment at around 20 °C. The PSD and 
apparent density results of RCA are shown in Fig.  3     .  

  Fig. 4      WAR and crushing index results of RCA   

  

  Fig. 3      PSD and apparent density results of RCA   
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CS of 3 concrete specimens within each group. Figure  5      
shows the CS results of recycled concrete.  

  In Fig.  5 a, on the 3D CS, the average values within 
each group of recycled concrete in diff erent groups are 
32.64 MPa, 38.51 MPa, 33.80 MPa, 27.18 MPa, 32.38 MPa, 
34.08 MPa, 30.28 MPa, 37.35 MPa, and 41.87 MPa. This 
indicates that at the same mix ratio of grout and concrete, the 
CS is greater when the grout age is 8d. In Fig.  5 b, at 7 days 
of CS, the maximum value of CS is 48.73 MPa for D-H8 
and the minimum value is 35.97 MPa for B-H4. The CS of 
grouted aggregates has been improved to some extent at dif-
ferent ages, and the strength of the aggregates has increased 
by 27.99%, 8.32%, and 5.55% after treatment for 4 d, 8 d, 
and 15 d. In addition, the CS of aggregates under C-H5, 
D-H8, and E-H9 increased by 15.74%, 18.19%, and 16.90% 
compared to A-H1. In Fig.  5 c, at 28 days of CS, the maxi-
mum and minimum values of CS are 55.15 MPa for B-H2 
and 44.04 MPa for A-H1. The CS of B-H2, B-H3, B-H4, 
C-H5, C-H6, C-H7, D-H8, and E-H9 increases by 25.23%, 
19.16%, 16.55%, 19.98%, 24.59%, 11.42%, 24.02%, and 
21.84% respectively compared to A-H1. The reason why 
the CS of RCA concrete is similar at 3 d, 7 d, and 28 d may 
be related to the characteristics of the cement hydration pro-
cess and aggregate properties. Cement hydration occurs rap-
idly at the early stages (3d and 7d), forming a large amount 
of hydration products, which signifi cantly improves the 
early strength of concrete. At 7 days, the hydration process 
is relatively complete, the concrete structure tends to be 
stable, and the strength development is close to saturation. 
Therefore, there is not much diff erence in intensity between 
28 and 7 days. In addition, the grouting treatment improves 
the interface transition zone between recycled aggregates 
and cement slurry, which increases the interface strength 
and further stabilizes the CS of the concrete. While other 
physical or mechanical properties (e.g., water absorption, 
splitting tensile strength, etc.) may exhibit signifi cant varia-
tion depending on the characteristics or processing methods 
of the aggregates, these changes do not directly aff ect the 
bond strength between the cement slurry and aggregates 
and the overall rigidity of the concrete. Therefore, the CS 
of the specimens exhibits a relatively stable characteris-
tic. The improvement of compressive strength is closely 
related to other properties of concrete. The grouting treat-
ment improves the interface transition zone between the 
aggregate and cement slurry, enhances the bonding strength 
between the two, and thus improves the compressive 
strength. The strengthening of this interface also enhances 
the performance of concrete when subjected to bending and 
tensile stresses, resulting in a signifi cant increase in fl exural 
strength and splitting tensile strength. At the same time, the 
increase in compactness reduces the internal porosity and 
improves the durability of concrete, such as frost resistance 

value of WAR appears in group A, and the minimum value 
appears in group D. In addition, under the same slurry 
combination, the WAR of C3 is 0.4% less than that of C2, 
while the WAR of C2 is 0.2% less than that of C1. At the 
same grouting age, the highest WAR is 5.065% in group B, 
which is 0.473%, 0.480%, and 0.472% higher than those in 
groups C1, D, and E. The WAR of the fi rst three groups of 
samples (A, B, C1) varies greatly. This is because Group A 
is not grouted, and there are a large number of microcracks 
and pores on the surface of the aggregate, resulting in a 
higher WAR. Group B uses ordinary PC slurry, the hydra-
tion products of which can fi ll some pores on the aggre-
gate surface, reduce the water absorption channels, and thus 
reduce the WAR. The C1 group uses a composite slurry of 
PC and fumed silica. Silica fume has high pozzolanic activ-
ity and can react with cement hydration products to form 
dense calcium silicate hydrate gel, further fi lling the pores 
on the aggregate surface and reducing water absorption. 
There is no signifi cant change in other samples (C2, C3, D, 
E), because with increasing grouting age or diff erent slurry 
compositions, the fi lling eff ect gradually approaches satura-
tion or is not as signifi cant as the composite slurry of PC 
and silica powder, so the change in WAR is not signifi cant.  

  In Fig.  4 b, in terms of crushing index, the maximum 
value of RCA after grouting treatment is 14.57% of Group 
A, and the minimum value is 8.86% of C3. The larger the 
crushing index, the more likely the aggregate is to be dam-
aged. Therefore, the RCA performance after C3 process-
ing is better. The crushing index of the fi rst three groups of 
samples (A, B, C1) varies widely, which may be due to the 
large number of microcracks and pores on the surface of the 
aggregate caused by the lack of grouting in Group A, result-
ing in a higher crushing index. Group B and Group C1 are 
treated with ordinary PC slurry and PC silica powder com-
posite slurry, respectively. It can signifi cantly fi ll the pores 
on the surface of the aggregate and reduce microcracks, 
thereby greatly improving the strength of the aggregate and 
reducing the crushing index. The other samples (C2, C3, D, 
E) did not show signifi cant changes, because with the exten-
sion of the grouting age or changes in the composition of 
the slurry, their fi lling and reaction eff ects have approached 
their limits or are not as signifi cant as those of the PC-sil-
ica powder composite slurry, making the space for further 
reduction of the crushing index smaller.  

     Mechanical performance analysis of concrete under 
RCA grouting  

  To analyze the RCMP under RCA grouting, this study ana-
lyzes the CS, FS, and STS of recycled concrete. Among 
them, CS mainly involves the 3D, 7D, and 28D CS of diff er-
ent groups of concrete specimens, and includes the average 
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  Flexural to compressive ratio refers to the ratio of fl ex-
ural strength to CS of concrete, used to evaluate its tough-
ness and crack resistance. The tensile to compressive ratio 
refers to the ratio of the tensile splitting strength to the CS 
of concrete and is used to evaluate the tensile performance 
of concrete. The higher the FCR and TCR, the better the 
toughness and crack resistance of concrete, and the FCR of 
ordinary concrete is between 0.15 and 0.25. In Fig.  6 a, the 
maximum and minimum FCR values are 0.303 and 0.241, 
corresponding to E-H9 and B-H4. In addition, except for 
B-H4, the FCR values for all other groups are above 0.25. 
All other conditions being equal, as WCR increases, FCR 
decreases. In Fig.  6 b, the minimum value of TCR is 0.065 
for A-H1, and the maximum value is 0.095 for C2-H6. 
Compared to A-H1, the TCR of other groups has improved 
to a certain extent. The comparison between the CS and STS 
of recycled concrete after folding and ordinary strength is 
shown in Fig.  7     .  

  According to Fig.  7 a, compared with the normal CS 
after 28 days, all groups show a certain degree of decrease 
in the folded CS. For example, in the maximum and mini-
mum values of CS, the discounted values are 3.15 MPa and 
2.78 MPa smaller than those after 28 days. This is because 

and impermeability. Therefore, the improvement of com-
pressive strength is a manifestation of the optimization of 
the overall performance of concrete, refl ecting the positive 
impact of interface improvement on mechanical properties 
and durability. Table  3      shows the FS and STS results of 
recycled concrete.  

  In Table  3 , compared to A-H1, all groups except B-H4 
show improvements of 17.99%, 9.00%, 16.19%, 16.64%, 
15.14%, 27.59%, and 25.64% in FS. In B-H2, B-H3, and 
B-H4, as WCR increases, the FS of recycled concrete grad-
ually decreases. In addition, in C1-H5, C2-H6, and C3-H7, 
as the grouting age increases, the FS of recycled concrete 
fi rst increases and then decreases.  

  On STS, the values of B-H2, B-H3, B-H4, C1-H5, 
C2-H6, C3-H7, D-H8, and E-H9 are 1.20 MPa, 0.50 MPa, 
0.67 MPa, 0.76 MPa, 0.51 MPa, 0.59 MPa, 0.77 MPa, and 
1.63 MPa higher than those of A-H1. This indicates that 
the increase in STS under E-H9 is the largest, at 0.51%. In 
addition, in B-H2, B-H3, and B-H4, as WCR increases, the 
STS of recycled concrete fi rst decreases and then increases. 
Figure  6      shows the Flexural Compression Ratio (FCR) and 
Tensile Compression Ratio (TCR) of recycled concrete.  

  Fig. 5      Results of CS of recycled concrete   
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     Analysis of frost resistance of concrete under RCA 
grouting  

  To study the eff ect of RCA coating on the CFR, the MLR 
and RDM of recycled concrete are analyzed. The experi-
ment sets the termination frequency of FTCs to 360 times, 
with every 30 cycles being considered as one cycle, and 
measurement data is required for each cycle. Figure  8      shows 
the MLR of the specimen under 360 FTCs.  

  In the comparison of the A-H1, D-H8, and E-H9 groups 
in Fig.  8 a, the MLR of the A-H1 specimen is the highest. As 
the number of FTCs increases, the MLR of diff erent groups 
of specimens also increases synchronously. In addition, the 
maximum MLR values of specimens in groups A-H1, D-H8, 
and E-H9 are 5.67%, 2.55%, and 2.82%, while the mini-
mum values are 0.26%, 0.07%, and 0.19%. In the compari-
son of the B-H2, B-H3, and B-H4 groups in Fig.  8 b, B-H4 
has the highest MLR. All other conditions being equal, as 
WCR increases, MLR fi rst decreases and then increases. In 
Fig.  8 c, in the comparison of the C1-H5, C2-H6, and C3-H7 
groups, the trend of MLR changes decreases fi rst and then 
increases with the increase of the patina age, and the MLR 
corresponding to the C2-H6 group is the smallest. In addi-
tion, the maximum MLR values for the three groups are 
1.85%, 1.43%, and 2.42%, while the minimum values are 
0.14%, 0.03%, and 0.04%. Table  4      shows the RDM of the 
specimens under 360 FTCs.  

  In Table  4 , the maximum RDM values of 9 groups of 
recycled concrete test blocks are 97.50%, 99.34%, 99.62%, 
96.25%, 99.41%, 98.58%, 99.79%, 97.63%, and 97.05%. 
As the number of FTCs grows, the RDM of the test block 
gradually decreases. Comparing the test blocks of groups 
B-H2, B-H3, and B-H4, it can be observed that the larger 
the WCR, the smaller the RDM of the test block. In addi-
tion, the comparison of test blocks in the C1-H5, C2-H6, 
and C3-H7 groups shows that the older the patina age, the 

the length and cross-sectional size of the folded compres-
sion test block are inconsistent, resulting in an increase in 
the compression area. In Fig.  7 b, the maximum values of 
splitting CS after 28 days and folding are 4.938 MPa and 
4.806 MPa, and the minimum values are 2.778 MPa and 
3.186 MPa. In addition, on C2-H6, C3-H7, and D-H8, the 
post-fracture splitting CS is less than 28 days, while in other 
groups it is greater than 28 days.  

    Table 3      Results of FS and STS of recycled concrete    
  Group    Flexural/MPa    Group average    STS/MPa    Group average  
  A-H1    13.30    13.34    3.19    3.18  

  13.56    3.18  
  13.17    3.19  

  B-H2    16.33    15.74    5.19    4.38  
  15.67    4.26  
  15.23    3.70  

  B-H3    14.11    14.54    3.87    3.68  
  14.77    3.45  
  14.74    3.73  

  B-H4    14.97    13.18    3.60    3.85  
  12.25    4.13  
  12.32    3.83  

  C1-H5    16.10    15.50    3.67    3.94  
  15.27    4.00  
  15.12    4.17  

  C2-H6    15.69    15.56    3.87    3.69  
  15.56    3.45  
  15.44    3.73  

  C3-H7    14.73    15.36    4.99    3.77  
  15.67    2.73  
  15.69    3.59  

  D-H8    16.72    17.02    3.63    3.95  
  17.67    4.71  
  16.68    3.51  

  E-H9    16.73    16.76    4.81    4.81  
  16.67    5.08  
  16.88    4.53  

  Fig. 6      Results of FCR and TCR of recycled concrete   
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  Fig. 8      Quality loss rate results of specimens under 360 FTCs   

  

  Fig. 7      Comparison of CS and STS of recycled concrete after bending with ordinary strength   
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of the interfacial transition zone, among which the addition 
of silica powder and shorter coating age have the most sig-
nifi cant eff ect on reducing porosity.  

      Discussion  

  The study signifi cantly improved the mechanical properties 
of recycled concrete through grouting treatment, but due to 
experimental conditions, scanning electron microscopy test-
ing was not conducted to visually demonstrate the changes 
in microstructure. However, by citing relevant literature, the 
relationship between microstructure and mechanical prop-
erties can be reasonably explained.  

  Firstly, literature suggests that the microstructure of 
cement paste, including the formation and distribution of 
hydration products, as well as the characteristics of capil-
lary pore structure, directly aff ects the mechanical proper-
ties and durability of concrete (Meng et al.  2023 ). In the 
study, grouting treatment improved the interface transition 

smaller the RDM of the test blocks. Overall, RCA coating 
can eff ectively improve the CFR. The porosity results of the 
interface transition zone of 9 sets of recycled concrete test 
blocks are shown in Fig.  9     .  

  In Fig.  9 , the porosity of the interface transition zone of the 
9 groups of recycled concrete specimens is 18.0%, 14.5%, 
13.0%, 12.0%, 11.5%, 10.5%, 10.0%, 13.5%, and 12.5%, 
respectively. It can be observed that the interface porosity of 
the untreated recycled aggregate A-H1 is higher. The poros-
ity of the test blocks (B-H2, B-H3, B-H4) treated with ordi-
nary PC slurry gradually decreases from 14.5 to 12.0% as 
the grouting age increases. The test blocks (C1-H5, C2-H6, 
C3-H7) treated with composite slurry of PC and silica pow-
der have a further decrease in porosity from 11.5 to 10.0% 
due to the fi lling eff ect of silica powder. The porosity of the 
test block treated with sulfoaluminate cement slurry (D-H8) 
is 13.5%, while the porosity of the test block treated with 
sulfoaluminate cement and silica cement composite slurry 
(E-H9) is 12.5%. These data refl ect the signifi cant infl uence 
of diff erent slurries and processing methods on the porosity 

    Table 4      Results of RDM of specimens under 360 FTCs/%    
  Number of FTCs    Group  

  A-H1    B-H2    B-H3    B-H4    C1-H5    C2-H6    C3-H7    D-H8    E-H9  
  30    97.50    99.34    98.87    96.25    99.41    98.58    98.88    97.63    97.05  
  60    94.36    99.22    98.87    95.42    97.34    96.50    99.21    94.74    92.39  
  90    92.88    99.28    99.32    92.03    95.26    93.72    99.41    90.93    90.96  
  120    86.73    96.86    99.62    87.41    94.09    90.43    99.79    90.93    90.96  
  150    79.40    93.13    89.79    78.48    90.71    87.10    93.52    89.04    85.58  
  180    72.72    96.15    92.16    70.01    88.56    85.63    90.24    87.05    83.05  
  210    57.99    94.39    92.52    67.65    86.21    83.60    90.27    85.62    81.81  
  240    54.85    91.81    82.69    58.92    82.66    81.71    88.63    82.80    78.27  
  270    54.20    90.81    75.13    52.91    79.29    78.21    85.21    77.90    76.70  
  300    48.53    81.69    65.04    44.74    77.81    76.20    83.05    71.90    71.30  
  330    36.95    68.07    61.21    37.96    74.42    74.70    80.41    71.90    71.30  
  360    –    58.59    49.53    –    71.25    71.27    67.67    62.88    62.07  

  Fig. 9      Porosity results of interface 
transition zone in 9 sets of recycled 
concrete test blocks   
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were 0.095 and 0.065. Compared with the normal CS after 
28 days, all groups showed a certain degree of decrease 
in post folding CS. After 28 days, the maximum values of 
folded CS and split CS were 4.938 MPa and 4.806 MPa. The 
maximum and minimum MLR values of recycled concrete 
specimens were 5.67% and 0.03%, while the maximum and 
minimum RDM values were 99.79% and 36.95%. In sum-
mary, the recycled concrete treated with grout shows signifi -
cant improvements in CS, fl exural strength, splitting tensile 
strength, and freeze resistance, among which the recycled 
concrete treated with PC silica powder slurry performs best 
in all performance aspects. The limitation of this study is 
that it only analyzed the 2D indicators of recycled aggre-
gates, which can only refl ect the characteristics of a certain 
aspect of the aggregates. Future research can utilize other 
methods to analyze the 3D characteristics of aggregates.  
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