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Abstract 

In order to promote the engineering application of recycled concrete, the effects of 
PPF and nano-TiO2 dioxide on the mechanical properties and durability of recycled concrete were studied.

Polypropylene fiber recycled concrete(PRAC) and nano-TiO2 recycled concrete(TRAC) were prepared by adding 
different volume contents of PPF and nano-TiO2. The experimental findings demonstrated that the PPF and nano-
TiO2 improved the splitting tensile strength of RAC better than the compressive strength. When the volume content 
of nano-TiO2. and PPF is 0.8% and 1.0%, respectively, the corresponding splitting tensile strength of concrete reaches 
the maximum value(3.4 and 3.7 MPa). The contribution rates of nano-TiO2 and PPF with different volume contents 
to the mechanical properties of RAC have optimal values, which are 0.4 and 1.0%, respectively. The incorporation 
of nano-TiO2 and PPF can effectively inhibit the loss of RAC mass and the generation of pores under freeze–thaw 
conditions, and slow down the decrease of dynamic elastic modulus. When the volume content of PPF is 1.0% 
and the volume content of nano-TiO2 is 0.4%, the protection effect on the internal structure of RAC is better, and its 
carbon resistance is better. The results of RSM model analysis and prediction show that both PPF and nano-TiO2 can 
be used as admixture materials to improve the mechanical properties and durability of RAC, and the comprehensive 
improvement effect of PPF on RAC performance is better than that of nano-TiO2.

Keywords  Recycled concrete, Polypropylene fiber, Nano-TiO2, Mechanical properties, Concrete durability, RSM 
analysis model

1  Introduction
With the rapid development of the world economy, vari-
ous countries have invested more and more in urban 
construction and infrastructure construction. A large 
amount of raw materials and concrete have led to the 
shortage of natural resources such as non-renewable 
natural aggregates in the short term, and also led to a 

large amount of construction waste and greenhouse gas 
emissions, which also has a great negative impact on 
environmental protection and does not conform to the 
concept of low-carbon green and sustainable develop-
ment (Bamigboye et al., 2022; Xu et al., 2022; Qin et al., 
2022). Therefore, new materials are urgently needed to 
replace the consumption of such materials, and recycled 
aggregate and manufactured sand as alternative materials 
have gradually become an important branch of the green 
development of engineering materials in various coun-
tries. Recycled aggregate is obtained by reprocessing con-
struction waste, and machine-made sand is obtained by 
mechanical crushing and screening of industrial waste, 
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tailings, and other rocks (Elsayed et al., 2023; Aghajanian 
et al., 2023; Deng et al., 2023; Alashker & Raza, 2022; Ye 
et al., 2022; Sun et al., 2022; Li et al., 2021). Şimşek et al. 
(2022) used recycled coarse aggregate with different sub-
stitution amounts (0 ~ 100%) to prepare the mechanical 
properties of recycled concrete. The results show that the 
use of coarse recycled concrete aggregate can make the 
concrete have better compressive strength value with and 
without the dry–wet cycle and freeze–thaw cycle. Xu Jin 
et al. (Jin et al., 2022) studied the mechanical properties 
and erosion depth of recycled aggregate concrete (RAC) 
with different amounts of high-iron tailings (IOT) in a 
salt fog erosion environment and erosion process. The 
results show that IOT makes the compressive strength 
and splitting tensile strength of RAC increase first and 
then decrease, and can reduce the porosity of RAC and 
improve the salt fog erosion resistance. Rui et  al. (Yang 
et  al., 2019) studied the effect of manufactured sand on 
the performance of ultra-high-performance concrete. 
The results show that the addition of manufactured 
sand will disturb the particle accumulation skeleton of 
ultra-high-performance concrete and affect concrete’s 
fluidity and volume stability. Weiguo Shen et  al. (Shen 
et  al., 2018) studied the influence of the characteristics 
of machine-made sand on the performance of machine-
made sand concrete. The results show that the particle 
shape of machine-made sand has little effect on its con-
crete performance, while the content of stone powder in 
machine-made sand has performance.

These adverse effects are caused by many pores, many 
corners, strong water absorption, high crushing index of 
recycled aggregate and sharp, multi-angle and rough sur-
face of manufactured sand particles. In order to compen-
sate for these adverse effects, scholars have carried out 
a lot of research on improving the performance of recy-
cled concrete and manufactured sand concrete (Qiuhong 
et al., 2022; Memon Shazim et al., 2022; Xin et al., 2022; 
Tao Li et  al., 2022; Zhi Liang., 2022; Nattapong et  al., 
2021; Tam Vivian WY et  al., 2020; Hui-lin et  al., 2022). 
Gao Song et  al., (2022) analyzed the pore structure 
parameters and pore size distribution of recycled aggre-
gate concrete by using the mercury intrusion method 
and fractal dimension theory, and the results show that 
appropriate admixtures can improve the compressive 
strength and chloride ion penetration resistance of con-
crete. Feng C et al., (2022) analyzed the existing biological 
modification methods, mainly through microbial respira-
tion or enzyme to produce CO3

2−, and to react with Ca2+ 
in soil or concrete to form CaCO3 crystals, to achieve the 
purpose of filling surface cracks and pores. Wu Jiale et al., 
(2022) studied the relationship between the shape char-
acteristics of admixture and manufactured sand particles 
and the properties of concrete. The results show that the 

shape parameters of manufactured sand particles have a 
good correlation with the workability and compressive 
strength of concrete. Shunbo Zhao et al. (Shunbo et al., 
2017) studied the effect of machine-made sand on the 
tensile strength of machine-made sand concrete. The 
results show that controlling the content of machine-
made sand to less than 13% is beneficial to the long-term 
tensile strength of machine-made sand concrete. With 
the continuous development of admixture materials, 
more and more admixture materials are used to improve 
the performance of recycled concrete and manufac-
tured sand concrete. Among them, various kinds of fiber 
materials and nano-materials can effectively improve the 
mechanical properties and durability of concrete such as 
strength and toughness (Kałuża Marta, 2022; Aleksan-
drova Olga Vladimirovna et al., 2022; Yang Li et al., 2022; 
Wisal A, 2023; Hassan A et al., 2023; Shan Haoliang et al., 
2022; Yuanxun Zheng et  al., 2022). Polypropylene fiber 
not only has light weight, fine diameter, convenient con-
struction, and low cost but also has good self-dispersion 
performance and strong chemical corrosion resistance, 
and it has a very unique role in improving the internal 
quality of concrete, solving early plastic cracking, and 
improving the performance of concrete (Wisal & CW. L., 
2023). Nano-titanium dioxide (nano-TiO2), as a photo-
catalyst, can effectively fill the internal pores of the con-
crete. It can not only effectively fill the pores of hardened 
cement paste, but also make up for the initial defects on 
the surface of recycled aggregate. It also has a unique 
effect on improving the performance of concrete (Hunar 
et al., 2022; Twana Ahmed Hussein et al., 2023; Kun et al., 
2022; Erfan et al., 2022; Marwan HA et al., 2022).

To better obtain low-carbon green sustainable concrete 
materials and increase the results in this area, this paper 
first replaces part of natural coarse aggregate and natu-
ral fine aggregate with the composite system of recycled 
coarse aggregate and manufactured sand to prepare man-
ufactured sand-recycled aggregate concrete. Then, by 
adding different volume contents (0.8, 1.0, 1.2%) of PPF 
and different volume contents (0.4, 0.8, 1.2%) of nano-
TiO2, different proportions of PRAC and TRAC were 
prepared and compared with manufactured sand-recy-
cled aggregate concrete and ordinary concrete, to obtain 
the influence of PPF and nano-TiO2 on the mechanical 
properties of manufactured sand-recycled concrete. Sec-
ondly, the effects of PPF and nano-TiO on the durability 
of manufactured sand-recycled aggregate concrete were 
analyzed by freeze–thaw cycle test and carbonation test. 
The design level test of frost resistance and carbona-
tion resistance of manufactured sand-recycled aggregate 
concrete was carried out by response surface method. 
The corresponding RSM model was established to ana-
lyze the effects of PPF and nano-TiO2 on the durability of 
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manufactured sand-recycled aggregate concrete. Finally, 
the multiple regression equation obtained by the RSM 
model is used to predict the frost resistance and carbon 
resistance of the manufactured sand-recycled aggregate 
concrete. And the error 3D scatter diagram of the real 
value and the predicted value of the performance of the 
manufactured sand-recycled aggregate concrete under 
different freeze–thaw times and carbonation days is 
obtained. And then the reliability of the analysis model 
and the advantages and disadvantages of polypropylene 
fiber and nano-TiO2 are analyzed.

2 � Experimental
2.1 � Materials
The test cement is P·O42.5 ordinary Portland cement. 
The aggregates use in the test included a natural fine 
aggregate, manufactured sand, natural coarse aggregate, 
and recycled coarse aggregate. The recycled coarse aggre-
gate is the mechanical gravel provided by Wuhan Xintian 
Transportation Waste Processing Plant, and its source is 
waste concrete with strength of C30-C50. The fiber use 
in the test is polypropylene fiber (PPF) with a length of 
12  mm. The nano-materials used in the test are nano-
TiO21, and the appearance of each material is shown in 
Fig. 1.

2.2 � Mix Proportion and Specimen Design
The strength grade of the reference concrete prepared 
in this experiment is C40. The concrete mix ratio is cal-
culated according to the provisions of the specification 
JGJ55-2011 (2011). The RCA replacement rate is 50%, 
the length of PPF is 12  mm, the volume content is 0.8, 

1.0, and 1.2%, and the nano-TiO2 content is 0.4, 0.8, 
and 1.2%, respectively. The ordinary concrete and recy-
cled concrete without PPF and nano-TiO22. The size of 
the specimen is 100 × 100 × 100 mm cube test block and 
100 × 100 × 400  mm prism test block. Before preparing 
the specimen, PPF and nano-TiO2 should be prepared. 
When preparing PPF, it is necessary to ensure that the 
PPF monomer is dispersed and not piled up, to evenly 
distribute in concrete. When preparing nano-TiO2, it 
is necessary to add the weighed nano-TiO2 powder into 
the water, use the DF-101S heat collecting constant tem-
perature heating magnetic stirrer to stir, and then use 
the 40 kHz ultrasonic wave to disperse continuously for 
30 min. The purpose is also to ensure the uniform distri-
bution of TiO2 nano-suspension in concrete. The HJW60 

Table 1  Main performance indicators of test materials

Material Characteristic attribute

Cement Density/kg/m3 Normal consistency/% Compressive strength/MPa Splitting tensile strength/MPa

7d 28d 7d 28d

3150 26.6 25.8 44.5 5.6 7.4

NS Fineness modulus Apparent density/kg/m3 Bulk density/kg/m3 Mud content/%

2.6 ~ 2.7 2650 1640 1.8%

MS Fineness modulus Apparent density/kg/m3 Bulk density/kg/m3 Mud content/%

2.7 2610 1500 1.5%

NCA Grain size/mm Apparent density/kg/m3 Bulk density/kg/m3 water absorption/% Mud content/%

5 ~ 30 2660 1350 3.5 0.3

RCA​ Grain size/mm Apparent density/kg/m3 Bulk density/kg/m3 water absorption/% Mud content/%

5 ~ 30 2390 1304 6.3 0.3

PPF Density/kg/m3 Anti acid alkali Breaking elongation/% Elastic modulus/ 
MPa

Breaking strength/ MPa

910 Strong 25 ± 5  > 4500 450

Nano-TiO2 Grain size/mm Purity/% Surface area/m2/g density/kg/m3 crystal form

20 99.9 70–90 3900 R: J = 4:1

Fig. 1  Material appearance
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single horizontal shaft concrete mixer was used in the 
test. Firstly, coarse aggregate, fine aggregate and cement 
are added and stir for 60 s. After stirring evenly, the poly-
acid superplasticizer and water are evenly stirred and 
poured into the mixer for continuous stirring for 90  s. 
The fluidity of the mixture in the mixer is observed, and 
then the recycled concrete with PPF and the recycled 
concrete with nano-TiO2 are prepared in batches. When 
adding PPF and nano-TiO2, it is necessary to uniformly 
and slowly add them to the concrete under the premise of 
the operation of the mixer and appropriately extend the 
concrete mixing time to make PPF and nano-TiO2 evenly 
dispersed in the concrete matrix. Finally, the fresh con-
crete is poured into the molds of 100 × 100 × 100 mm and 
100 × 100 × 400  mm with the demolding agent, and the 
test piece is formed by using the shaking table to vibrate 
and compact. After standing at room temperature for 
24 h, the mold is molded, and the mechanical properties 
and durability tests are carried out after 28 days of stand-
ard curing.

2.3 � Experimental Design
2.3.1 � Basic Mechanics Test
According to the provisions of the standard GB/T 50081–
2019 (2019), this paper uses the DYE-2000S micro-
computer servo pressure tester produced by Cangzhou 
Zhulong Engineering Instrument Co., Ltd. to carry out 
the compressive test and splitting tensile test on speci-
mens with a size of 100 × 100 × 100 mm. In the compres-
sion test, two pairs of flat opposite surfaces are selected 
as the bearing surface, and the center of the specimen 
is placed in the center of the tray. In the splitting tensile 
test, the specimen is placed between two stainless steel 
semi-cylindrical pads, and a wooden pad is pasted on the 
contact between the pad and the specimen to ensure that 
the center line of the test block, the center line of the pad 
and the center of the pad are aligned, as shown in Figs. 2, 
3. Then the parameters of the test machine are set, the 

loading speed is set to 0.5 MPa/s, and the instrument is 
calibrated. Finally, the test process is observed and the 
photo record is taken. After the specimen is unstable and 
destroyed, the loading is automatically stopped and the 
value displayed on the display screen is read.

2.3.2 � Freeze–Thaw Cycle Test
According to the provisions of the standard GB/T50082-
2009 (2009), and the use of Hebei Tianjian Engineer-
ing Instrument Co., Ltd. TDR-I III type concrete rapid 
freeze–thaw test machine for the freeze–thaw test of 
specimens, as shown in Fig.  4. When the freeze–thaw 

Table 2  Mix proportion design of RAC​

No PPF/% Nano-TiO2/% Material consumption (kg/m3)

Cement NS MS NCA RCA​ Water Water reducer

NAC 0 0 450 535 134 1092 0 180 3.65 ~ 4.71

RAC​ 0 0 450 535 134 546 546 180 3.65 ~ 4.71

PV0.8RAC​ 0.8 0 450 535 134 546 546 180 3.65 ~ 4.71

PV1.0RAC​ 1.0 0 450 535 134 546 546 180 3.65 ~ 4.71

PV1.2RAC​ 1.2 0 450 535 134 546 546 180 3.65 ~ 4.71

TV0.4RAC​ 0 0.4 450 535 134 546 546 180 3.65 ~ 4.71

TV0.8RAC​ 0 0.8 450 535 134 546 546 180 3.65 ~ 4.71

TV1,.2RAC​ 0 1.2 450 535 134 546 546 180 3.65 ~ 4.71

Fig. 2  Specimen compressive test diagram

Fig. 3  Specimen splitting tensile test diagram
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cycle is carried out, the specimen cured for 28 days needs 
to be taken out from the standard curing room, after 
the appearance inspection, it is immersed in water at 
15 ~ 20 ℃ for 4 h, then the specimen is taken out, the sur-
face water is wiped off with a wet cloth, and the weight 
and dynamic elastic modulus are measured. Secondly, the 
specimen is placed in the specimen box, and tap water 
is injected to ensure that the liquid level is 5 mm higher 
than the top surface of the specimen. Finally, the speci-
men box is placed in the freeze–thaw instrument, and 
the specimen box containing the temperature measuring 
specimen is placed in the middle position of the freeze–
thaw instrument, and then the instrument is opened for 
the freeze–thaw cycle.

2.3.3 � Anti‑Carbonization Test
According to the provisions of the specification GB/
T50082-2009 (2009), the TH-B concrete carbonation 
testing machine of Shanghai Meiyu Co., Ltd. was used 
to carry out the carbonation test on the specimens, as 
shown in Fig. 5. During the carbonization test, the spec-
imens that were cured for 26  days were taken out from 
the standard curing room, and the specimens were dried 
at 60℃ using a programmable constant temperature and 
humidity test chamber. After 48  h, the specimens were 
taken out, and the remaining surfaces of the two opposite 
sides were sealed with paraffin. A parallel line was drawn 
every 10 mm in the direction of the extension on the side 
to determine the position of each measuring point. Then, 

Fig. 4  Freeze–thaw cycle test diagram

Fig. 5  Carbonization test diagram
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the specimens of each group were placed in the carboni-
zation test box for carbonization test, and the carboniza-
tion ages were 3, 7, 14, and 28 days, respectively, to ensure 
that the two sides of the specimen can be fully exposed 
to CO2, the spacing of the test blocks in the carboniza-
tion box should be guaranteed above 50 mm. Finally, the 
specimens of the corresponding age were taken out and 
broken from one end of the specimen on the press. The 
thickness of each removal was 50 mm, and the rest was 
put into the carbonization test box again with a paraffin 
cover to continue carbonization. At the same time, the 
residual powder on the section was removed, and then 
1% phenolphthalein alcohol solution was dropped. After 
30  s, the carbonation depth was measured at the previ-
ously determined measuring point using an electronic 
vernier caliper.

2.4 � Conclusion and Analysis
2.4.1 � Results and Analysis of Mechanical Test
According to different nano-TiO2 and PPF volume con-
tent, 7 groups of RAC specimens with different propor-
tions are set up. The compressive strength and splitting 
tensile strength tests of RAC with different proportions 
under different freeze–thaw cycles are carried out. The 
strength of the corresponding specimen is calculated by 
using the load at the time of failure of the specimen by 
(1) and (2). The results are shown in Figs. 6, 7. According 
to the provisions of the standard GB50204-2002 (2011), 
when the specimen is a cube test block with a side length 
of 100  mm or the maximum particle size of the aggre-
gate ≤ 31.5  mm, the standard value of the compressive 
strength of the concrete cube should be multiplied by the 
strength size conversion coefficient 0.95, and the stand-
ard value of the splitting tensile strength should be multi-
plied by the strength size conversion coefficient 0.85:

Fig. 6  Variation trend diagram of compressive strength

Fig. 7  Variation trend diagram of splitting tensile strength
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In the formula:
fcu, fts, ft : the compressive strength, splitting tensile 

strength and flexural strength of concrete specimens, 
respectively, and the unit is MPa; F  : ultimate load on 
concrete specimens and the unit is kN; A—the compres-
sion area of the concrete specimen during the test, and 
the unit is mm2.

From Figs.  6, 7, when the specimen is not freeze-
thawed, the compressive strength of all the specimens 
exceeds the C40 standard value, and the compressive 
strength and splitting tensile strength of NAC are higher 
than those of the control and RAC, indicating that the 
addition of recycled coarse aggregate leads to the dete-
rioration of the workability of recycled concrete, which 
makes the hydration reaction inside the concrete insuffi-
cient and reduces the strength. The compressive strength 
of the specimens mixed with nano-TiO2 is higher than 
that of the specimens mixed with PPF, and the splitting 
tensile strength is the opposite. The compressive strength 
and splitting tensile strength of the specimens with 
PPF are up to 46 and 3.7  MPa, respectively, which are 
increased by −  7.26 and 15.63%, respectively, compared 
with RAC. The compressive strength and splitting ten-
sile strength of the specimens with nano-TiO2 are up to 
49.8 and 3.4 MPa, respectively, which are increased by 0.4 
and 6.25%, respectively, compared with RAC, indicating 
that nano-TiO2 can effectively compensate for the defects 
of recycled coarse aggregate. However, its effect on the 
ductility of concrete is lower than that of PPF. With the 
increase in freeze–thaw cycles, the compressive strength 
and splitting tensile strength of the specimens with dif-
ferent proportions decrease, and the strength of the test 
group and the control group (NAC and RAC) have obvi-
ous stratification, especially the compressive strength of 
the specimens, indicating that nano-TiO2 and PPF had 
more obvious effects on the compressive strength of 
the specimens. With the increase of freeze–thaw times, 
when the content of nano-TiO2 and PPF is 0.4 and 0.8%, 
respectively, the compressive strength damage of the 
specimen is relatively the lowest, and when the content 
of nano-TiO2 and PPF is 0.8% and 1.0%, respectively, 
the splitting tensile strength damage of the specimen is 
relatively the lowest, indicating that under freeze–thaw 
conditions, the compressive strength improvement effect 
of nano-TiO2 and PPF on the specimen decreases with 
the increase of volume content, and the splitting tensile 

(1)fcu = 0.95
F

A

(2)fts = 0.85
2F

πA

strength improvement effect of the specimen increases 
first and then decreases with the increase of volume con-
tent. From Fig.  7, it can be concluded that the trend of 
splitting tensile strength of specimens with PPF content 
is evenly dispersed, while the trend of splitting tensile 
strength of specimens with nano-TiO2 content is rela-
tively concentrated, indicating that under freeze–thaw 
conditions, the effect of PPF on splitting tensile strength 
of concrete is better than that of nano-TiO2.

2.4.2 � Contribution of Nano‑TiO2 and PPF to Mechanical 
Properties of RAC​

In this part, the number of freeze–thaw cycles is used as 
a variable, and the contribution rate Q of the volume con-
tent of nano-TiO2 and PPF is used as a dependent varia-
ble (Yanru et al., 2020) to explore the effect of nano-TiO2 
and PPF on the compressive strength and splitting tensile 
strength of RAC after freeze–thaw. The greater the con-
tribution rate, the more obvious the nano-TiO2 and PPF 
slow down the loss of compressive and splitting tensile 
strength after RAC freeze–thaw, and the better the frost 
resistance of RAC. The calculation formula is as follows 
(3), (4):

In the formula:
Qc,V and Qt,V : when the volume content of nano-TiO2 

and PPF is V, the contribution rate of nano-TiO2 and PPF 
to compressive strength and splitting tensile strength, 
respectively; fV,N : when the volume content is V, the 
strength of RAC after N freeze–thaw cycles; fV,0 : when 
the volume content is V, the strength of RAC without 
freeze–thaw cycles.

Through (3) and (4), the relationship between the vol-
ume content of different nano-TiO2 and PPF and their 
contribution to compressive strength and splitting tensile 
strength after 0,50,100,150 freeze–thaw cycles (F0, F50, 
F100, F150) was fitted, respectively, as shown in Figs. 8, 9. 
Tables 3, 4 are the fitting curves of the contribution rate 
corresponding to different nano-TiO2 and PPF volume 
contents under freeze–thaw cycle conditions.

From Figs.  8, 9, the contribution value of differ-
ent nano-TiO2 and PPF content to the compressive 
strength of RAC specimens decreases with the increase 
of content, and the contribution value to the splitting 
tensile strength of RAC specimens increases first and 
then decreases with the increase of content. From the 
contribution rate of nano-TiO2 and PPF to the tensile 

(3)Qc,V =

fcV ,N

fcV ,0

,

(4)Qt,V =

ftV ,N

ftV ,0

.
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strength in Fig. 8, the contribution value of nano-TiO2 
and PPF to the compressive strength of the test group 
decreased significantly with the increase of the num-
ber of freeze–thaw cycles. This is because the recy-
cled coarse aggregate has a rough surface and many 

edges and corners, which will accelerate the shedding 
of the aggregate after a certain number of freeze–thaw 
cycles, resulting in a decrease in the contribution value 
of nano-TiO2 and PPF to the compressive strength of 
the test group. When the freeze–thaw cycle is 100, the 

Fig. 8  Contribution curves of nano-TiO2 and PPF to compressive strength

Fig. 9  Contribution curves of nano-TiO2 and PPF to splitting tensile strength

Table 3  The fitting function of the contribution rate of nano-TiO2 and PPF volume content to compressive strength

Cycle index/n PPF content (0、0.8%、1.0%、1.2%) Nano-TiO2 content (0、0.4%、0.8%
、1.2%)

0 y = 0.1796 × 2–0.2724x + 0.9979
R2 = 0.985

y = − 0.0737 × 2–0.0241x + 1.0064
R2 = 0.9295

50 y = 0.0292 × 2–0.1489x + 0.9893
R2 = 0.8201

y = − 0.0923 × 2–0.0228x + 1.0067
R2 = 0.9441

100 y = 0.187 × 2–0.4409x + 0.994
R2 = 0.9829

y = 0.122 × 2–0.3481x + 1.0016
R2 = 0.9984

150 y = 0.1314 × 2–0.368x + 0.993
R2 = 0.9742

y = 0.0557 × 2–0.3072x + 0.9996
R2 = 0.9999
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contribution rate is greatly reduced, and this is because 
nano-TiO2 and PPF are constrained in the concrete, 
but nano-TiO2 particles have a certain improvement 
effect on the compactness of the concrete, which can 
effectively reduce the freeze–thaw damage of the com-
pressive strength of the concrete. The increase in PPF 
content leads to a larger contact area with recycled 
aggregate. With the increase in freeze–thaw times, the 
damage to the compressive strength of specimens is 
further accelerated. The results show that the contri-
bution of nano-TiO2 to the compressive strength of the 
specimen is higher than that of PPF under freeze–thaw 
conditions. From Fig.  9, no matter how many freeze–
thaw cycles, the contribution rate of nano-TiO2 and 
PPF to the splitting tensile strength of the specimen 
increases first and then decreases with the increase 
of the content, and the contribution rate of PPF to 
the splitting tensile strength of the specimen is higher 
than that of nano-TiO2, indicating that PPF is more 
conducive to the improvement of the splitting tensile 
strength of the specimen under freeze–thaw cycles. 
From Tables  3, 4 except that the R2 of the specimens 
with PPF is less than 0.9 when the number of freeze–
thaw cycles is 50, the fitting functions of the other 
contribution rates are higher than 0.9, indicating that 

the reliability of the fitting functions of each contribu-
tion rate is good. From the fitting function, the optimal 
content of nano-TiO2 and PPF corresponding to the 
optimal contribution rate of the mechanical properties 
of the specimens can be obtained, which are 0.4% and 
1.0%, respectively.

2.4.3 � Mass Changes of Specimens Under Different Freeze–
Thaw Cycles

After different freeze–thaw cycles, the surface of the 
prism block of 100 × 100 × 400 mm will be damaged and 
fall off due to the freeze–thaw cycle, resulting in the loss 
of the quality of the specimen and the reduction of the 
performance. Table 5 is the quality change of the speci-
men after different freeze–thaw times.

Table  5 shows that the mass loss rate of each speci-
men shows an overall upward trend with the freeze–thaw 
cycle. However, due to the initial cracks and holes in the 
recycled concrete itself, the water absorption rate in the 
early stage of freeze–thaw increases, and the mortar on 
the outer surface of the specimen does not fall off obvi-
ously. Therefore, when the freeze–thaw cycle is 50 times, 
the mass of the specimen is not significantly reduced, 
and the reduction is less than 0.4%. However, when the 
freeze–thaw cycle is 150 times, the mass loss of the test 

Table 4  The fitting function of the contribution rate of nano-TiO2 and PPF volume content to splitting tensile strength

Cycle index/n PPF content (0、0.8%、1.0%、1.2%) Nano-TiO2 content (0、0.4%、0.8%
、1.2%)

0 y = − 0.3418 × 2 + 0.4492x + 0.9922
R2 = 0.9153

y = − 0.3105 × 2 + 0.2709x + 0.9995
R2 = 0.9998

50 y = − 0.558 × 2 + 0.7768x + 0.9893
R2 = 0.9471

y = − 0.4276 × 2 + 0.4307x + 1.0021
R2 = 0.9963

100 y = − 0.6611 × 2 + 0.8798x + 0.9865
R2 = 0.9333

y = − 0.4693 × 2 + 0.4159x + 0.9952
R2 = 0.9888

150 y = − 0.4464 × 2 + 0.8452x + 1.0048
R2 = 0.9953

y = − 0.4536 × 2 + 0.4418x + 1.0062
R2 = 0.9744

Table 5  Mass of specimens under different cycles

No Mass changes of specimens under different cycles/kg

0 times Change ratio 50 times Change ratio 100 times Change ratio 150 times Change ratio

NAC 9.2295 0 9.2070 0.0024 9.1865 0.0047 9.1602 0.0075

RAC​ 9.399 0 9.3655 0.0036 9.2855 0.0121 9.1855 0.0227

PV0.8RAC​ 9.376 0 9.344 0.0034 9.288 0.0094 9.1 0.0294

PV1.0RAC​ 9.412 0 9.388 0.0025 9.232 0.0191 8.48 0.0990

PV1.2RAC​ 9.588 0 9.576 0.0013 9.524 0.0067 9.176 0.0430

TV0.4RAC​ 9.2025 0 9.2035 − 0.0001 9.182 0.0022 9.094 0.0118

TV0.8RAC​ 9.472 0 9.4515 0.0022 9.415 0.0060 9.3045 0.0177

TV1.2RAC​ 9.3645 0 9.3635 0.0001 9.345 0.0021 9.284 0.0086
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group is more than 1%. The mass loss diagram shown 
in Fig.  10 is obtained from Table  5. From Fig.  10, when 
nano-TiO2 and PPF are not incorporated, the mass loss 
of NAC in different freeze–thaw cycles is less than that of 
RAC. When the number of freeze–thaw cycles is 150, the 
mass loss of NAC is 0.75%, while the mass loss of RAC 
reaches 2.27%, which is 3  times that of NAC, indicating 
that the incorporation of recycled aggregate will greatly 
weaken the frost resistance of concrete specimens. The 
effects of nano-TiO2 and PPF on the frost resistance of 
RAC are similar when the number of freeze–thaw cycles 
did not exceed 100  times. When the number of freeze–
thaw cycles exceeds 100  times, the mass loss curve of 

RAC mixed with PPF is in the upper part. When the vol-
ume content of PPF is 1.0%, the mass loss rate reaches 
the maximum (9.9%). The maximum mass loss of RAC 
doped with nano-TiO2 is less than 2%, and the mass 
loss of RAC doped with nano-TiO2 is lower than that of 
RAC without nano-TiO2. When the volume fraction of 
nano-TiO2 is 1.2%, the mass loss curve of RAC is below 
the NAC mass loss curve, indicating that when the num-
ber of freeze–thaw cycles exceeds 100 times, PPF is not 
conducive to the improvement of RAC frost resistance, 
which will lead to the increase of RAC mass loss, while 
nano-TiO2 incorporation can effectively reduce the mass 
loss of RAC. When the volume content of nano-TiO2 is 
0.4 and 1.2%, the frost resistance of RAC is better. When 
the freeze–thaw cycle is 150 times and the volume con-
tent of nano-TiO2 is 1.2%, the mass loss of RAC is the 
lowest (0.86%), and the frost resistance is the best. This 
is because nano-TiO2 has the characteristics of small par-
ticle size, high specific area and good stability, which can 
well fill the micro-pores inside the concrete, so that the 
concrete has good environmental adaptability.

2.4.4 � Internal Porosity of RAC Under Freeze–Thaw Cycles
After 150 freeze–thaw cycles, the specimens with dif-
ferent volume contents of nano-TiO2 and PPF were cut 
by cutting machine, and the pores of the section were 
filled with white wall repair paste. Then, the pores 
of the recycled concrete section before and after the 
freeze–thaw cycle were processed by image gray scale, 
the gray scale image was binarized and the pore ratio 

Fig. 10  Mass loss of specimens under different freeze–thaw cycles

Fig. 11  Sectional pore diagram of RAC with different volume fractions of nano-TiO2 and PPF
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was identified. The output results are shown in Fig. 11. 
From Fig.  11 that after 150 freeze–thaw cycles, the 
white part of the specimen section accounts for a large 
proportion. The NAC section of the control group is 
dominated by fine pores, while the RAC is dominated 
by macropores, indicating that the addition of recy-
cled aggregates leads to more macropores and denser 
pores in the concrete under freeze–thaw cycles. From 
the concrete section diagram of PPF with different vol-
ume contents, it can be seen that when the volume con-
tent of PPF is 0.8%, the section is mainly composed of 
coarse pores, and the diameter of coarse pores is larger 
than that of other contents. When the volume content 
of PPF is 1.0%, it is also dominated by coarse pores, but 
the pores of the section are less, the pore distribution 
is more dispersed, and the proportion of white part of 
the section of PV1.0 RAC is lower than that of RAC and 
NAC. When the volume content of PPF is 1.2%, the 
proportion of the white part of the specimen section 
is greater than that of PV0.8 RAC and PV1.0 RAC, and 
most of them are fine pores. It shows that in the freeze–
thaw cycle environment, the proportion of pores in the 
section of recycled concrete increases first and then 
decreases with the increase of PPF content, and when 
the volume content of PPF is 1.0%, it is beneficial to 
resist the increase of pores in RAC. From the cross-
section of concrete mixed with different volume con-
tents of nano-TiO2, it can be seen that when the volume 
content of nano-TiO2 is 0.4%, the pores of the section 
are less, mainly coarse pores, and the pore distribution 
is more dispersed. The proportion of the white part of 
the section of TV0.4 RAC is lower than that of RAC and 
NAC. When the volume content of nano-TiO2 is 0.8%, 
the pores of the section are less, mainly coarse pores, 
but the diameter of the coarse pores is smaller than 
that of the TV0.4RAC section. When the volume con-
tent of nano-TiO2 is 1.2%, the proportion of the white 

part of the specimen section is much larger than that of 
TV0.4RAC and TV0.8RAC, which is dominated by fine 
pores, but the diameter of the accompanying coarse 
pores is the largest, indicating that under the freeze–
thaw cycle environment, the proportion of pores in the 
recycled concrete section increases with the increase of 
nano-TiO2 content. When the volume content of nano-
TiO2 is 0.4%, it is beneficial to resist the increase of 
pores in RAC. This is because the particle size of nano-
TiO2 dioxide is small, and the incorporation of nano-
TiO2 into concrete can optimize the pore distribution 
and reduce harmful pores, so improving the micro-
structure of concrete is better than PPF.

2.4.5 � Elastic Modulus and Mechanism Analysis of RAC After 
Carbonization

After the freeze–thaw cycle, there will be some changes 
in the recycled concrete specimen, such as loose struc-
ture, larger holes, and extended cracks. These changes 
will lead to a change in the elastic modulus of recycled 
concrete. Compared with the static elastic modulus, the 
determination of the dynamic elastic modulus does not 
need to analyze the loading and constitutive relation-
ship. It can be measured only by the dynamic elastic 
modulus tester, which is more energy-saving and con-
venient. Therefore, the change in the elastic modulus of 
recycled concrete can be used as an index to reflect the 
influence of the freeze–thaw cycle on the internal struc-
ture of recycled concrete. The dynamic elastic modulus 
of 100 × 100 × 400  mm prism specimens after different 
freeze–thaw cycles are measured. The results of each 
specimen are shown in Table 6. From Table 6, when the 
specimen is not freeze-thawed, with the incorporation 
of recycled coarse aggregate, the dynamic elastic modu-
lus of concrete decreases, which is 2.3GPa less than 
NAC. When adding different volume content of PPF, the 
dynamic elastic modulus of RAC has different degrees of 

Table 6  Dynamic elastic modulus under different freeze–thaw cycles

No Dynamic elastic modulus under different freeze–thaw cycles / GPa

0 times S-D 50 times S-D 100 times S-D 150 times S-D

NAC 38.30 1.473 36.49 1.827 36.39 0.694 36.21 1.428

RAC​ 36 1.671 33.93 1.456 33.7 1.730 32.56 1.671

PV0.8RAC​ 37.12 1.922 34.15 1.341 32.67 1.832 31.18 1.447

PV1.0RAC​ 38 1.649 34.96 1.115 33.44 1.628 31.92 1.755

PV1.2RAC​ 37.18 1.653 34.21 1.716 32.72 1.163 31.23 1.692

TV0.4RAC​ 34.85 1.774 32.74 1.927 32.33 2.031 31.01 1.465

TV0.8RAC​ 36.22 1.832 33.54 0.937 33.22 1.052 31.99 1.629

TV1.2RAC​ 34.63 1.529 32.8 1.572 32.48 1.174 32.12 1.927
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improvement. When the volume content of PPF is 1.0%, 
the PV1.0RAC has the best improvement, which is 2GPa 
higher than that of RAC. When adding different volume 
content of nano-TiO2, the dynamic elastic modulus of 
RAC is reduced as a whole.

From Table  6, the variation trend of dynamic elas-
tic modulus of concrete specimens with the increase of 
freeze–thaw cycles under different volume contents of 
nano-TiO2 and PPF is obtained, as shown in Fig. 12. From 
Fig. 12, the dynamic elastic modulus of NAC is the best 
under different freeze–thaw cycles. When the number of 
freeze–thaw cycles is low, the dynamic elastic modulus of 
RAC mixed with PPF decreases more slowly, indicating 
that PPF is more suitable than nano-TiO2 to protect the 
internal structure of RAC and improve the frost resist-
ance of RAC at low freeze–thaw cycles, and PPF has the 
best volume content (1.0%). When the number of freeze–
thaw cycles is high, the protection degree of nano-TiO2 
on the internal structure of RAC is slightly higher than 
that of PPF. From Fig.  12, when the number of freeze–
thaw cycles is 150 times and the volume content of nano-
TiO2 is 0.8 and 1.2%, the dynamic elastic modulus of 
RAC is higher than that of PPF, indicating that with the 
increase of the number of freeze–thaw cycles, the pro-
tective effect of nano-TiO2 on the internal structure of 
RAC also increases. This is because nano-TiO2 is an inert 
material and has a filling effect. In the case of increasing 
freeze–thaw cycles, it can still improve the frost resist-
ance of concrete. Therefore, compared with PPF, nano-
TiO2 has better protection for the internal structure of 
concrete under higher freeze–thaw cycles.

3 � Analysis of Frost Resistance and Carbonation 
Resistance of Specimens Based on Model

3.1 � RAC Freeze–Thaw Damage Model and Carbonation 
Model Based on RSM

Response surface methodology (RSM) is a comprehensive 
experimental technique based on statistics and experi-
mental data. It is suitable for dealing with the effect of 
multiple variables on a system or structure (Köksal et al., 
2022; Shi et al., 2022; Ghafari et al., 2023). In this section, 
the mechanical properties model, elastic modulus model, 
and carbonation depth model were established by RSM. 
The effects of freeze–thaw cycles, nano-TiO2, and PPF 
volume content on the frost resistance of RAC and the 
effects of carbonation days, nano-TiO2, and PPF volume 
content on the carbon resistance of RAC were analyzed. 
The multiple regression equations and coefficients of 
each model are shown in Table  7. The multiple regres-
sion equations and coefficients are shown in Table 7. The 
P values of all models in the table are < 0.0001, indicat-
ing that the correlation of the model is significant. The 
coefficient of variation C.V value is small, indicating that 
the reliability of the model is relatively high. The R2 of 
the model is close to 1, indicating that the model fit was 
good.

3.2 � Analysis of Frost Resistance and Carbonation 
Resistance

3.2.1 � RAC Mechanical Properties Damage Model on RSM
The compressive strength model and splitting tensile 
strength model of RAC with different volume contents 
of nano-TiO2 and PPF after freeze–thaw cycles were 

Fig. 12  Variation trend of dynamic elastic modulus of RAC​
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obtained by RSM. The three-dimensional response sur-
face and heat maps of the compressive strength and 
splitting tensile strength of RAC under freeze–thaw 
cycles were obtained by Design Expert software to ana-
lyze the significance of the effects of nano-TiO2, PPF and 
the number of freeze–thaw cycles on the compressive 
strength and splitting tensile strength of RAC, as shown 
in Figs. 13, 14a, b.

From Fig.  13a, the three-dimensional surface of RAC 
compressive strength decreases with the increase of 
freeze–thaw cycles, and the surface of RAC compressive 
strength with nano-TiO2 is steeper along the direction 
of freeze–thaw cycles. The three-dimensional surface 
of RAC compressive strength decreases first and then 
increases with the increase of nano-TiO2 volume content, 
and increases first and then decreases with the increase 
of PPF volume content. The decrease rate of RAC com-
pressive strength with the increase of nano-TiO2 and PPF 
volume content is lower than that with the increase of 
freeze–thaw cycles, indicating that the effect of freeze–
thaw cycles on RAC compressive strength is more 
intense. Compared with the two compressive strength 
surfaces mixed with nano-TiO2 and PPF, the reduction 
of compressive strength is roughly similar, but when the 
number of freeze–thaw cycles is large, the volume con-
tent of PPF is 1.0%, which has a better effect on the frost 
resistance of RAC than nano-TiO2.

From Fig. 13b, with the increase of freeze–thaw cycles, 
the three-dimensional surface of RAC splitting tensile 
strength decreases, and the compressive strength surface 

with PPF is steeper along the direction of freeze–thaw 
cycles. The three-dimensional surface of RAC splitting 
tensile strength decreases with the increase of nano-TiO2 
volume content, and nano-TiO2 with small volume con-
tent is more suitable for the improvement of RAC frost 
resistance. The three-dimensional surface of RAC split-
ting tensile strength increases first and then decreases 
with the increase of PPF volume content, and the RAC 
splitting tensile strength is larger when the PPF volume 
content is 1.0%. The rate of decrease of RAC splitting 
tensile strength with the increase of nano-TiO2 volume 
content is lower than that with the increase of freeze–
thaw cycles. The RAC splitting tensile strength increases 
first and then decreases with the increase of PPF volume 
content, indicating that PPF is more conducive to the 
improvement of RAC splitting tensile strength under 
freeze–thaw cycles, and there is an optimal volume con-
tent (1.0%).

From Fig.  14a, the bending direction of RAC contour 
lines mixed with nano-TiO2 and PPF is opposite. The 
bending direction of RAC contour lines mixed with 
nano-TiO2 is lower to the left, while the bending direc-
tion of RAC contour lines mixed with PPF is higher to 
the right, indicating that under freeze–thaw conditions, 
PPF has a higher protective effect on the compressive 
strength of RAC than nano-TiO2. The density of the ordi-
nate contour lines of the two contour maps is similar, 
indicating that under the same number of freeze–thaw 
cycles, nano-TiO2 and PPF have similar effects on the 
compressive strength of RAC, but the incorporation of 

Table 7  Multiple regression equation and coefficient

Model type Multivariate regression equation P C.V/% R2

Compressive strength FTc = 57.00341− 0.033589A− 18.34818B

−2.9125× 10
−3

AB − 3.353× 10
−4

A
2
+ 6.2267B

2

 < 0.0001 0.93 0.9960

FPc = 36.32011− 0.0589A+ 29.77B

−0.0475AB + 9.52× 10
−5

A
2
− 17.80172B

2

 < 0.0001 1.69 0.9798

Splitting tensile strength FTf = 3.11724+ 6.614× 10
−3

A− 0.34828B

+8.75× 10
−4

AB − 7.21× 10
−5

A
2
− 0.12608B

2

 < 0.0001 5.17 0.8892

FPS = −4.80690− 0.021931A+ 19.0431B

+0.025AB− 5.03× 10
−5

A
2
− 10.64655B

2

 < 0.0001 4.20 0.9356

Dynamic elastic modulus increment DT = 30.88+ 0.0043A+ 6.3375B

+0.013125AB− 1.4× 10
−4

A
2
− 4.4375B

2

 < 0.0001 0.43 0.9773

DP = 17.61868− 0.02962A+ 37.46868B

−2.5× 10
−4

AB − 4.82759× 10
−7

A
2
− 18.65517B

2

 < 0.0001 0.043 0.9999

Carbonation depth CT = 3.03764 + 0.23549A - 5.16746B

+9.82× 10
−3

AB - 3.14× 10
−3

A
2
+2.83513B

2

 < 0.0001 5.26 0.9242

CP = 19.31859 + 0.18675A - 39.78578B

−0.020663AB - 3.14× 10
−3

A
2
+20.34914B

2

 < 0.0001 5.69 0.9803
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PPF is more suitable for improving the frost resistance 
of RAC, and both of them are nano-TiO2 and PPF. When 
the content is low, the frost resistance of RAC compres-
sive strength is better.

From Fig. 14b, the bending direction of the RAC con-
tour lines doped with nano-TiO2 and PPF is the same, but 
the density of the RAC ordinate contour lines doped with 
nano-TiO2 is lower than that of the RAC ordinate con-
tour lines doped with PPF, and the orange range of the 
RAC contour lines doped with PPF is larger, indicating 
that the effect of PPF on the splitting tensile strength of 
RAC under freeze–thaw environment is greater than that 
of nano-TiO2 on the splitting tensile strength of RAC, 
and the protective effect of PPF on the splitting tensile 
strength of RAC is higher than that of nano-TiO2. When 
the volume content of PPF is 1.0%, the frost resistance of 
RAC splitting tensile strength is better.

3.2.2 � RAC Elastic Modulus Damage Model on RSM
The dynamic elastic modulus model of RAC with dif-
ferent volume contents of nano-TiO2 and PPF after 
freeze–thaw cycles were obtained by RSM. The three-
dimensional response surface and heat maps of the 
dynamic elastic modulus of RAC under freeze–thaw 
cycles were obtained by Design Expert to analyze the sig-
nificance of the effects of nano-TiO2, PPF and the number 
of freeze–thaw cycles on the dynamic elastic modulus of 
RAC, as shown in Fig. 15a, b.

From Fig.  15a, the dynamic elastic modulus of RAC 
with different volume fractions of nano-TiO2 and PPF 
decreases with the increase of freeze–thaw cycles, and 
the RAC surface with PPF is steeper along the direction 
of the increase of freeze–thaw cycles, indicating that the 
initial defects of RAC will increase during the freeze–
thaw cycle, accelerating the speed and degree of internal 

Fig. 13  a Response surface of compressive strength of PPF and nano-TiO2 with different volume fractions. b. Response surface of splitting tensile 
strength of PPF and nano-TiO2 with different volume fractions
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structural cracking, while the effect of PPF on alleviating 
internal structural cracking is lower than that of nano-
TiO2. The incorporation of nano-TiO2 can make the 
dynamic elastic modulus of RAC decrease more slowly 
in the freeze–thaw environment. When the number of 
freeze–thaw cycles is 150, the dynamic elastic modu-
lus of RAC doped with nano-TiO2 is 1 ~ 2GPa higher 
than that of RAC doped with PPF. It shows that under 
freeze–thaw conditions, the incorporation of nano-TiO2 
and PPF can effectively improve the internal structure 
of recycled concrete and slow down the expansion of 

internal pores. However, the overall improvement effect 
of nano-TiO2 is better than that of PPF, and the RAC with 
0.8% nano-TiO2 content has the largest relative dynamic 
elastic modulus, slight internal deterioration and loose 
damage, and the best frost resistance. From Fig. 15b that 
the effects of nano-TiO2 and PPF on the dynamic elas-
tic modulus of RAC are similar at lower freeze–thaw 
cycles. However, with the increase of freeze–thaw cycles, 
the effect of nano-TiO2 on the dynamic elastic modu-
lus of RAC is higher than that of PPF, indicating that 

Fig. 14  a Contour map of compressive strength of PPF and nano-TiO2 with different volume fractions. b Contour map of splitting tensile strength 
of PPF and nano-TiO2 with different volume fractions
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nano-TiO2 has a better positive effect on the frost resist-
ance of RAC internal structure.

3.2.3 � Carbonation Model Analysis of RAC​
The carbonation depth model of RAC with different 
nano-TiO2 and PPF volume content after different days 
of carbonization was obtained by RSM. The three-dimen-
sional response surface and heat map of RAC carboniza-
tion depth under carbonization were obtained by Design 
Expert, and the significance of nano-TiO2, PPF and car-
bonization days on the carbon resistance of RAC was 
analyzed. As shown in Fig. 16a, b. And the carbonation 

depth of the control group without nano-TiO2 and PPF is 
6.26 mm after 28 days of carbonation.

From Fig.  16a that the carbonation depth of RAC 
with different volume contents of nano-TiO2 and PPF 
increases with the increase of carbonation days. The sur-
face of RAC with nano-TiO2 is steeper along the increase 
of carbonation days. The carbonation depth of RAC 
with nano-TiO2 is 2–3 mm higher than that of PPF, and 
the carbonation depth of RAC with nano-TiO2 and PPF 
is lower than that of the control group (6.26  mm) after 
28 days of carbonation, indicating that the incorporation 
of nano-TiO2 and PPF can improve the carbon resist-
ance of RAC. However, the effect of PPF on alleviating 

Fig. 15  a Response surface of dynamic elastic modulus of PPF and nano-TiO2 with different volume fractions. b Contour map of dynamic elastic 
modulus of PPF and nano-TiO2 with different volume fractions
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the internal carbonation depth of RAC is higher than that 
of nano-TiO2. Under the condition of the same carbona-
tion days, the carbonation depth of RAC with nano-TiO2 
increases with the increase of volume content. When 
the volume content of nano-TiO2 is 0.4%, the carbona-
tion depth of RAC is the lowest, while the carbonation 
depth of RAC with PPF decreases first and then increases 
with the increase of volume content. When the volume 
content of PPF is 1.0%, the carbonation depth of RAC is 
the lowest and the carbon resistance is the best. From 
Fig. 16b, the contour density along the axis of nano-TiO2 
volume content is lower than that along the axis of PPF 
volume content, indicating that nano-TiO2 has a lower 
degree of influence on the carbonation depth of RAC 

than PPF, and PPF has a better positive effect on the car-
bon resistance of RAC.

3.3 � Prediction of Optimal Values for Frost Resistance 
and Carbonation Resistance

The mechanical properties model, dynamic elastic mod-
ulus model, and carbonation depth model obtained by 
RSM are used to predict the experimental values under 
different freeze–thaw times and carbonation days. The 
predicted values are shown in Tables 8, 9. From Table 9, 
the 3D scatter diagram of the error between the true 
value and the predicted value of the dynamic elastic 
modulus and the carbonation depth can be obtained, as 
shown in Fig. 18a, b.

Fig. 16  a Response surface of carbonation depth of PPF and nano-TiO2 with different volume fractions. b Contour map of carbonation depth 
of PPF and nano-TiO2 with different volume fractions



Page 18 of 22Wei et al. Int J Concr Struct Mater           (2024) 18:28 

From Fig.  17 that the error range of compressive 
strength is less than 1.0, and the error range of splitting 
tensile strength is less than 0.5. Combined with the P 
value, C.V value, and R2 obtained by the RSM model, it 
shows that the model prediction has good reliability and 
significant correlation. From Fig. 17a, the error range of 
compressive strength of RAC mixed with nano-TiO2 is 
relatively concentrated, and the overall error range is 
smaller than that of PPF. From Fig. 17b, the error range 
of splitting tensile strength of RAC mixed with nano-
TiO2 and PPF is relatively dispersed, and the overall 
error range is similar. The results show that the RSM 
model of RAC mixed with nano-TiO2 is more suitable 
for the prediction of compressive strength and splitting 
tensile strength, and the prediction reliability is better.

From Fig.  18 that the error range of dynamic elastic 
modulus is less than 0.2, and the error range of carbon-
ization depth is less than 1. Combined with the P value, 
C.V value, and R2 obtained by the RSM model, it shows 
that the model prediction has good reliability and sig-
nificant correlation. From Fig. 18a that the error range 
of the dynamic elastic modulus of PPF is relatively 
concentrated, and the overall error range is smaller 
than that of nano-TiO2. From Fig.  18b that the error 
range of carbonation depth of PPF is relatively concen-
trated, and the overall error range is smaller than that 

of nano-TiO2. The results show that the RSM model 
of RAC with PPF is more suitable for the prediction of 
dynamic elastic modulus and carbonation depth, and 
the prediction reliability is better.

4 � Conclusion

1)	 When the PPF volume content is 1.2%, the compres-
sive strength of PV1.2RAC reaches the maximum 
(46  MPa), and compared with the control group 
NAC and RAC, the compressive strength decreased 
by 11.8 and 7.2%, respectively. When the volume 
content of PPF is 1.0%, the splitting tensile strength 
of PV1.0RAC reaches the maximum (3.7  MPa), and 
compared with the control group NAC and RAC, the 
splitting tensile strength increases by 12.1 and 15.6%, 
respectively. When the nano-TiO2 volume content is 
0.4%, the compressive strength of TV0.4RAC reaches 
the maximum (49.8  MPa), and compared with the 
control group NAC and RAC, the compressive 
strength is reduced by 4.5 and −  0.4%, respectively. 
When the volume fraction of nano-TiO2 is 0.8%, the 
splitting tensile strength of TV0.8RAC reached the 
maximum (3.4 MPa), and compared with the control 
group NAC and RAC, the splitting tensile strength 
increased by 3 and 6%, respectively. It shows that PPF 

Table 8  Test value and predicted value of mechanical properties

No Compressive strength/MPa Splitting tensile strength/MPa

50 100 150 50 100 150

T-V P-V T-V P-V T-V P-V T-V P-V T-V P-V T-V P-V

PV0.8RAC​ 43.4 44.14 40.9 40.01 36.2 36.35 3.3 3.39 3.1 2.92 2.7 2.20

PV1.0RAC​ 44.3 43.41 38.4 38.60 34.4 34.47 3.6 3.62 3.4 3.39 2.9 2.92

PV1.2RAC​ 40.5 40.85 35.9 35.77 31.4 31.17 3.1 2.99 2.8 3.01 2.9 2.80

TV0.4RAC​ 48.2 48.08 43.8 43.83 37.9 37.90 2.9 3.13 2.6 2.93 2.2 2.38

TV0.8RAC​ 43.7 43.68 39.3 39.37 33.8 33.38 3.2 2.94 2.8 2.77 2.5 2.33

TV1.2RAC​ 41.0 41.26 37.5 36.89 30.4 30.25 3.0 2.72 2.7 2.56 2.3 2.05

Table 9  Test value and predicted value of dynamic elastic modulus and carbonation depth

No Dynamic elastic modulus/GPa Carbonation depth/mm

50 100 150 3 7 14 28

T-V P-V T-V P-V T-V P-V T-V P-V T-V P-V T-V P-V T-V P-V

PV0.8RAC​ 34.15 34.16 32.67 32.67 31.18 31.17 0.95 1.00 1.47 1.55 2.29 2.28 2.89 2.82

PV1.0RAC​ 34.96 34.94 33.44 33.47 31.92 31.94 0.71 0.35 1.08 0.89 1.58 1.59 1.94 2.07

PV1.2RAC​ 34.21 34.22 32.72 32.70 31.23 31.22 1.19 1.34 1.75 1.86 2.58 2.53 3.01 2.95

TV0.4RAC​ 32.74 32.83 32.33 32.26 31.01 30.99 1.47 2.11 2.56 2.95 4.36 4.16 5.85 5.66

TV0.8RAC​ 33.54 33.50 33.22 33.19 31.99 32.18 1.82 1.42 2.97 2.26 3.45 3.51 4.66 5.07

TV1.2RAC​ 32.8 32.75 32.48 32.70 32.12 31.96 1.26 1.63 2.18 2.50 3.86 3.77 5.6 5.38
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is more suitable for the improvement of RAC split-
ting tensile strength, and nano-TiO2 material is more 
suitable for the improvement of RAC compressive 
strength.

2)	 The contribution rate of RAC compressive strength 
decreases with the increase of nano-TiO2 and PPF 
content, and the contribution rate of splitting tensile 
strength increases first and then decreases with the 
increase of nano-TiO2 and PPF content. When the 
number of freeze–thaw cycles is large, the contribu-
tion rate of nano-TiO2 to the compressive strength of 
RAC is better, and the contribution rate of PPF to the 
splitting tensile strength of RAC is better, indicating 
that nano-TiO2 is more conducive to improving the 
frost resistance of RAC compressive strength, and 
PPF is more conducive to improving the frost resist-
ance of RAC splitting tensile strength. The contribu-
tion rates of nano-TiO2 and PPF with different vol-

ume contents to the mechanical properties of RAC 
have optimal values, which are 0.4 and 1.0%, respec-
tively.

3)	 Under freeze–thaw conditions, nano-TiO2 and PPF 
incorporation can effectively inhibit the loss of RAC 
quality and the generation of pores. When the vol-
ume content of nano-TiO2 is 0.4 and 1.2%, the mass 
loss is 1 and 0.8%, respectively, and the frost resist-
ance is better. When the volume content of nano-
TiO2 is 0.4%, the internal voids of TV0.4RAC are 
lower than those of RAC and NAC in the control 
group, and the effect of inhibiting pore increase is 
better than that of PPF. When the volume content of 
nano-TiO2 is 0.8 and 1.2%, the dynamic elastic mod-
ulus of TRAC is higher than that of PRAC, indicat-
ing that nano-TiO2 plays a better protective role in 
the internal structure of RAC. The incorporation of 
nano-TiO2 and PPF can improve the carbon resist-

Fig. 17  a Compressive strength error 3D scatter plot. b Split tensile strength error 3D scatter plot
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ance of RAC. When the volume content of nano-
TiO2 is 0.4%, TV0.4RAC has the lowest carbonation 
depth and the best carbon resistance. When the vol-
ume content of PPF is 1.0%, PV1.0RAC has the lowest 
carbonation depth and the best carbon resistance.

4)	 The RSM model of RAC durability is significant, and 
the fitting degree is good and the accuracy is high. 
The error range between the predicted compres-
sive strength and the experimental value is less than 
1.0 MPa, and the error range between the predicted 
splitting tensile strength and the experimental value 
is less than 0.5  MPa. The RSM model of RAC with 
nano-TiO2 is more suitable for the prediction of com-
pressive strength and splitting tensile strength. The 
error range between the predicted dynamic elas-
tic modulus and the experimental value is less than 

0.2 GPa, and the error range between the predicted 
carbonation depth and the experimental value is 
less than 1  mm. The RSM model of RAC with PPF 
is more suitable for the prediction of dynamic elastic 
modulus and carbonation depth.

5)	 In this paper, green recycled concrete materials are 
developed by using nano-materials and fiber mate-
rials, respectively, which has certain guiding sig-
nificance for the promotion of low-carbon green 
concept, artificial sand, fiber and nano-materials in 
engineering practice. In this paper, the optimum con-
tent of PPF of nano-TiO2 in the preparation of con-
crete is obtained. On this basis, the properties (such 
as fatigue life) of different RCA substitution rates (25, 
75 and 100%) can be further studied.

Fig. 18  a Dynamic elastic modulus error 3D scatter plot. b Carbonization depth error 3D scatter plot
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