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Abstract 

Recycled concrete powder (RCP) has a large amount of calcium carbonate, which suggests that it can be used 
to make limestone - calcined clay (CC) cement (LC3) system by replacing limestone powder. So that it can promote 
the recycling of construction demolition waste and reduce the requirement of the natural resource for LC3. In this 
study, the fresh and hardened properties of CC-RCP cement system were comprehensively characterized by varying 
the CC/RCP ratio and dosage, including rheological, mechanical properties, hydration products and pore structure. 
The results indicate that the addition of CC prolong the setting time, but the effect could be mitigated by the recom-
bination of RCP. By comparing with RCP, CC had a less obvious effect on increasing viscosity, but it could improve 
the shear thickening behavior of paste. In the case of less total content of CC and RCP, a ratio of 1:1 CC/RCP was better 
for the development of long-term strength. Whereas, with the increasing of substitution, the mixtures with CC alone 
or blending with RCP in a 2:1 ratio achieved higher strength. The incorporating of CC and RCP could make the con-
version of C4AH13 into hemicarboaluminate (Hc) and monocarboaluminate (Mc), and it resulted in a denser structure 
with more medium capillary pores and gel pores than that mixtures with CC only.
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摘要 

再生混凝土粉（RCP）中含有大量碳酸钙，因此具有取代石灰石粉-煅烧粘土（CC）水泥系统（LC3）中石灰
石粉的潜力。这一应用既可以促进建筑废弃物的回收利用，还能减少LC3水泥对天然石灰石的需求。本文研
究了CC/RCP比例和掺量对CC-RCP水泥体系的新拌与硬化性能的影响，其中包含流变性能与力学性能以及水
化产物与孔隙结构。结果表明，单掺CC会延长水泥体系凝结时间，而掺入RCP则可以减轻上述问题。与RCP
相比，CC对增加水泥浆体黏度的影响不明显，但能够改善浆体的剪切增稠行为。在CC与RCP复合掺量较少
时，CC/RCP比例为1时更有利于长期强度的发展；随着取代率的增加，单独掺入CC或与RCP按2:1的比例复掺
能获得更高的强度。CC和RCP的复掺可以促进C4AH13转化为半碳铝酸盐(Hc)和单碳铝酸盐(Mc)。相较于单独
使用CC，这种复掺增加了中等毛细孔和凝胶孔的数量，使砂浆结构更为致密。
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1  Introduction
The cement industry accounts for 7% of the global total 
anthropogenic CO2 emissions and stands as the third 
largest energy consumer today. According to the report 
from the National Bureau of Statistics, China produced 
2.378 billion tons of cement overall in 2021. In light of the 
pressing goals of carbon peaking and carbon neutrality, 
along with related policy shifts, it can be seen from the 
previous years’ statistics that domestic cement produc-
tion was no longer growing. However, in order to meet 
the demand for housing and other infrastructure, it is 
anticipated that cement demand in other countries will 
increase [1].

The International Energy Agency (IEA) defines the 
reduction of clinker proportion in cement as one of 
the main strategies to reduce cement carbon emis-
sions, thereby emphasizing the necessity for supple-
mentary cementitious materials (SCMs) [2]. The most 
widely used SCMs today are fly ash and slag. But with 
the increasing promotion of clean energy and diminish-
ing demand for pig iron, the output of fly ash and slag 
is expected to decrease. Consequently, readily avail-
able and more environmentally friendly alternatives are 
essential [3]. Clays containing kaolinite are widespread 
in the Earth’s crust. When calcined at half the tempera-
ture required for cement clinker, highly active pozzolan 
can be obtained. In ordinary cement, the pozzolan con-
tent is usually restricted to below 35%. By compound-
ing calcined clay (CC) with limestone in a ratio of 2 to 
1, limestone can be used to replace a further 15% of 
clinker, which will lead to a 50% total clinker substitu-
tion without significantly affecting the cement quality 
[4]. Therefore, calcined clay and limestone possess the 
potential to meet the demand for SCMs and the low-
carbon requirements of the cement and concrete indus-
try. This innovative green cement system is also known 
as LC3 cement [5].

Recycled concrete powder (RCP) is a by-product cre-
ated during the crushing and recycling of waste con-
crete, primarily consists of aggregate debris and little 
cement paste. Among them, the main components of 
the aggregate debris are limestone and quartz. RCP 
typically has a high specific surface area and poros-
ity, which can reduce the fluidity of cement slurry. The 
finer the RCP, the worse the slurry fluidity becomes [6]. 
In addition, fine RCP can also reduce the plastic viscos-
ity of the slurry and increase the yield stress [7].

In the study of activity of RCP, its activity mainly 
depends on the unhydrated cement in the cement 
slurry. Oksri-Nefia [8] conducted tests on RCP from 
the concrete aged from 50 to 100 years and found that 
the content of unhydrated clinker accounted for 8 to 
12%, mainly consisting of C2S. This component was 

thought to participate in hydration after being milled 
and exposed. The properties of RCP were then com-
pared to stone powder. Both could accelerate the early 
hydration of cement. At 25% dosage, the strength of 
the RCP system before 28d was higher than that of 
the stone powder system, but the difference became 
insignificant at large dosages or after 28d. It is gener-
ally believed that RCP primarily acts as an inert filler 
when added to cement alone [9, 10]. In terms of dura-
bility, the addition of RCP results in the deterioration 
of the pore structure [8]. The study of Cantero [11, 12] 
shows that with the increase of RCP content, the open 
pores in concrete grow, leading to higher water perme-
ability coefficient and water absorption under pressure. 
Furthermore, the carbonization resistance, freeze–thaw 
resistance and sulfate resistance of concrete were all 
affected to varying degrees [13].

In this study, RCP was employed as an alternative to 
natural stone powder in LC3 cement. The research aimed 
to investigate the impact of the mixture proportion and 
content on freshly mixed slurry and hardened matrix 
were explored, which serves to determine the feasibility 
of the waste mixture as an SCM. This research broadens 
the raw material source for LC3 cement and promotes the 
full recycling of waste concrete. In turn, helps alleviate 
environmental pressures on the cement industry.

2 � Experiment
2.1 � Raw materials
In this study, the powder material used in the mixes 
included PII52.5 cement, RCP and CC. The precursor 
of RCP was C30 concrete beam demolition waste from 
construction in Beijing. The RCP was obtained after the 
industrial powder passed through 200-mesh sieves. Two 
types of CC were utilized for blending with cement and 
RCP. To obtain CCI, clay from Beihai, Guangxi was cal-
cined in the laboratory. Additionally, CCII was produced 
in a factory in New Delhi, India. The physical properties 
of those powders were characterized using laser particle 
size and nitrogen adsorption methods, and the results are 
shown in Fig. 1(a). The Superplasticizer (SP) used in this 
study was produced by Sobute New Materials Co., Ltd., 
Nanjing. The water-reducing rate of SP is 30%, and its 
solid content was diluted to 10% before being used.

The mineral composition and chemical composition 
of raw materials measured by XRD, XRF, and TG are 
shown in Fig. 2 and Table 1. These claim that RCP is rich 
in calcium and silicon elements and consists of dolomite, 
quartz, and some calcite and feldspar minerals, which 
are common found in aggregate of concrete. According 
to chemical composition and loss on ignition, RCP con-
tains about 62.7% calcium carbonate and magnesium 
carbonate. Besides, CC is rich in aluminum phase, and 
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its chemical composition is mainly Al and Si. The main 
crystalline phases of CCI are quartz and Muscovite, while 
CCII are quartz and kaolinite.

2.2 � Mixtures
In the LC3 cement system, metakaolin reacts with lime-
stone in a molar ratio of 1:1 according to the Eq. (1). As 
a result, those two are usually combined in a mass ratio 
of 2:1.

Initially, the samples were divided into groups I and 
II based on the different types of CC. Subsequently, the 
optimal mixture ratio of the ternary system was investi-
gated. The mass ratio of CC to RCP was planned to be 
1:0, 2:1, and 1:1, respectively labeled as groups A, B, and 
C. Finally, 15 to 45 wt% of the cement was replaced by 
the CC and RCP mixture. The proportions of each group 
of cementitious materials are displayed in Table 2. Each 
set was proportionally weighed and subjected 5 h of dry 
mixing in the mixer before being used.

(1)A+ CC + 3CH → C3A • CC •H11

3 � Method
For each group of samples, the method described in 
GB/T 1346–2011 [14] was utilized to determine the 
water requirement of normal consistency and subse-
quently to test the setting time. Subsequently, according 
to the test method of net slurry fluidity in GB/T 8077–
2012 [15], 300  g samples were weighed. With a water-
cement ratio of 0.4, each sample’s fluidity was adjust to 
190 ~ 200  mm with SP. After that, an Antopa MCR302 
rotary rheometer with a cylindrical CC25 rotor was used 
to test the rheological properties of each group under the 
same fluidity. The test process was as follows: First, the 
mixed paste was pre-sheard for the 30 s at the shear rate 
of 10 s−1, and then the shear rate was controlled by 20 s−1 
as a gradient in the range of 0  s−1 ~ 100  s−1 ~ 0  s−1. The 
results of the descending stage were used to analyze the 
rheological properties of the paste.

The R3 method was employed to assess the activity of 
mixtures at varying CC/RCP ratios. To ensure adequate 
reaction of the calcined clay (CC), a mass ratio of 3:1 
between portlandite and calcined clay was selected. Fur-
thermore, a sulfate to calcined clay ratio of 0.06 and an 

Fig. 1  The physical properties and microstructure of raw materials
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alkali to calcined clay ratio of 0.08 were chosen. The spe-
cific mix ratios for each group are detailed in Table 3 The 
testing was conducted at a temperature of 20°C, and the 
hydration reaction period extended beyond 6 days [16]

The method for preparing mortar samples and con-
ducting strength tests adhered to GB/T 17671 stand-
ards [17]. According to the standard, the 40*40*160 mm 
matrixes were formed using a water-cement ratio of 1:2 
and a cement-sand ratio of 1:3, with ISO standard sand. 
SP was used to adjust the fluidity of each mortar sample 
to 240 ± 5 mm. All samples were removed from the mold 
after 24  h and subsequently cured in water at 20 ± 1  °C 
for another 27  days. In addition to strength testing, the 
porosity of each group of cementitious materials was 
also tested using mortar. Thin sections of 3 ~ 5 mm were 
cut out from the middle position and further sheared 
into 3 ~ 5 mm particles with a diagonal nose plier. Then 
the particles were immersed in isopropyl alcohol to halt 
hydration. Mortar porosity was tested using mercury 
intrusion porosimetry (MIP) at pressures ranging from 

0.5 to 30,000 psi, corresponding to pore sizes ranging 
from 5 nm to 360 um.

Paste sample were mixed using a water-cement ratio 
of 0.3 and then placed under the same curing condi-
tions as the mortar samples. After that, the hydrated 
paste samples were broken into 3 ~ 5  mm small pieces 
and immersed in isopropanol to terminate hydration. 
After drying at 60°C in a drying cabinet, the samples 
were ground to pass through a 200-mesh screen. Ger-
man Brock D8 ADVANCE XRD was used to analyze the 
mineral composition of the hydration products. The tar-
get material was Cu, and the scanning parameter was at a 
speed of 2°/min from 5° to 80°.

4 � Results and discussion
4.1 � Water requirment and setting time
Compared to cement, both CC and RCP exhibit signifi-
cantly higher specific surface areas according to the physi-
cal properties of raw materials. Therefore, in Fig. 3, as the 
mixture content of CC and RCP increases, so does the water 

Fig. 2  Mineral composition of raw materials

Table 1  Chemical composition of raw materials

Material CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 K2O Na2O others

PII52.5 63.312 19.458 4.226 3.170 3.143 1.237 0.251 0.536 0.109 3.338

CCI 0.808 54.184 34.547 2.445 0.084 2.856 0.183 3.928 0.331 0.629

CCII 0.187 48.897 42.665 4.318 0.057 0.537 2.451 0.224 0.061 0.603

RCP 37.029 32.775 12.017 4.359 1.291 8.990 0.623 1.652 0.599 0.665
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demand for paste. Under the condition of 30% cement sub-
stitution, the water demand of the system decreased as 
the increase in RCP ratio in mixed SCM. This is due to the 
fact that CC has a higher water demand than RCP because 
of its high specific surface area and layered structure. As 
a result, the incorporation of an appropriate amount of 
RCP can improve the workability of CC cement [18].

The comparison of (a) and (b) in Fig. 4 indicated that the 
retarding effect of CCI is significantly higher than that of 
CCII. In the event of 30% cement substitution, the initial set-
ting time and final setting time of the samples were retarded 
by 20 and 50 min respectively by the addition of CCI alone. 
Meanwhile, it was only retarded for 10 and 20 min by add-
ing CCII alone. The discrepancy might be due to the higher 
activity of CCII than CCI.

Even with high cement substitution, the 2:1 mix-
ing ratio in group II had no significant impact on the 
cement’s initial setting time. Higher or lower RCP ratios 
would delay the initial setting time of the cement. When 
mixed in the optimal proportions, the mixture has little 
effect on the early hydration of the cement. Under nor-
mal circumstances, the content of 30% RCP has essen-
tially no significant effect on the setting time of cement 
[9, 19]. However, in group II, when cement substitution 
amount exceeds 30%, a CC/RCP ratio of 1:1 significantly 
postpones the initial setting time compared to a 2:1 ratio. 
and even postpones the initial setting time by nearly 
20  min at 45% substitution. The reason lies in the low 
activity of RCP and low cement content [20].

4.2 � Rheological properties
In order to facilitate the testing of the rheological prop-
erties of paste, SP was used to adjust the fluidity of each 
group of paste samples (0.4 w/c) to a uniform range of 
190 ~ 200 mm. The dosage of SP is shown in Fig. 5(a). In 
addition, after standing for 30 min, the mixed paste was 
stirred again and tested for fluidity. The test results are 
shown in Fig. 5(b).

It can be seen that since the water demand of CC was 
higher than that of RCP, the demand of SP decreased as the 
proportion of RCP increased in the mixed SCM. Within 
the same category, group II had a higher demand for SP 
and a greater loss of fluidity. This outcome can be attrib-
uted not only to the high specific surface area of CCII but 
also to the higher aluminum phase, indicating that CCII 
contains higher metakaolin content, while the content of 
metakaolin in calcined clay affects its workability [21]. In 
addition, the addition of RCP aggravates the loss of fluid-
ity, which indicated that the addition of RCP promoted the 
early hydration of CC.

Figure  6 shows the rheological curves of each group 
of paste samples. It is clear that there is a nonlinear rela-
tionship between the shear stress and shear rate, and the 
paste shows shear thickening characteristics.

Therefore, the Herschel-Bulkley model (H-B model) 
was used to fit the data [22]. The model equation is as 
follows:

(2)τ = τ0 + Kγ
n

Table 2  Proportions of cementitious materials

Group I Material (wt%) Group II Material (wt%)

Cement CCI RCP Gypsum Cement CCII RCP Gypsum

Ref 100 - - - - - - - -

15Ib 84 10 5 1 15IIb 84 10 5 1

15Ic 84 7.5 7.5 1 15IIc 84 7.5 7.5 1

30Ia 68 30 - 2 30IIa 68 30 - 2

30Ib 68 20 10 2 30IIb 68 20 10 2

30Ic 68 15 15 2 30IIc 68 15 15 2

45Ib 52 30 15 3 45IIb 52 30 15 3

45Ic 52 22.5 22.5 3 45IIc 52 22.5 22.5 3

Table 3  Mix design of reactivity test

CC/RCP CC (g) CH (g) RP (g) K2SO4 (g) KOH (g) H2O (g)

1:0 12.5 37.5 0 1.47 0.32 60

2:1 11.11 33.33 5.56 1.31 0.28 60

1:1 10 30 10 1.18 0.25 60
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where τ is shear stress, τ0 is yield stress, K is plastic vis-
cosity, γ is shear rate, and n is rheological behavior index 
(n > 1, indicates that the slurry shows shear thicken-
ing; n < 1 indicates slurry thinning by shear). The yield 
stress, plastic viscosity, and index n of each sample were 
obtained by fitting the H-B model, and the results were 
shown in Fig. 7.

Figure 7(a) shows the rheological properties of group I 
samples. It is evident that the yield stress and paste vis-
cosity increase with the growing amount of the CC-RCP 

mixture. In general, adding limestone alone to cement 
does not significantly affect the rheological properties of 
the slurry [23]. The paste viscosity of the samples with 
mixed CCI and RCP, however, is greater than that of sam-
ples with CCI alone under the substitution amount of 
30% cement, showing that RCP has a greater influence 
on the slurry viscosity. In addition, the shear thickening 
behavior of cement paste is amplified by adding CCI on 
its own. In Fig. 7(b), the yield stress first rises and then 
falls with the increase of the total amount of SCMs. At  

Fig. 3  Water demand of the paste samples

Fig. 4  Setting time of paste samples
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15% SCMs content, the ratio of CC to RCP has little effect 
on the rheological properties of the paste. When it exceeds 
30%, the CC/RCP ratio of 2:1 results in greater yield 
stress and viscosity. Similar to CCI, the shear thickening 
behavior of cement paste is also amplified by CCII alone.

Previous studies have demonstrated that pure metaka-
olin (MK) slurry will become thinning by shear in the 
absence of SP, but thickens when SP is added. Due to the 
low binding of MK to SP polymer, part of the adsorbed 

polymer is torn off when the slurry was shear, and the 
lack of water-reducing agent on the local particle sur-
face led to the flocculation of the particle. In addition, the 
return of the polymer to the slurry increases the disorder 
of the slurry, which also leads to the occurrence of shear 
thickening of the slurry [24]. The composite with RCP 
neutralizes the shear thickening behavior of CC. When 
CC is mixed with RCP, the shear thickening of CC can 
be alleviated.

Fig. 5  SP dosage and 30 min fluidity

Fig. 6  Rheological curve of paste samples
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4.2.1 � Reactivity and Mechanical properties
According to the test results of R3 from Fig. 8, the activity 
of CCII is higher than that of CCI. In both groups, the heat 
release decreased with the growing RCP content in the 
mixture. In addition, the addition of RCP delays the heat 
release rate of the system and results in a smoother heat 
release peak, corresponding to the delay of setting time.

The 28d activity index of CCII was 0.85, Under the con-
tent of 30% SCMs, whereas that of CCI was only 0.69. 
According to the comparison of overall strength between 
(a) and (b), the compressive strength of group II was also 
significantly larger than that of group I under the same 
CC/RCP ratio, which indicated that the activity of CCII 
was higher than that of CCI. The smaller size enhances 
its physical effects, such as filling and nucleation effects, 
while the abundance of aluminum components boosts its 
chemical reactivity.When 15, 30, and 45% of cement in 
the sample was replaced by a mixture of CC and RCP, the 
28d strength losses of group I were approximately 26%, 
39%, and 50%, while that of group II were only around 
12%, 26%, and 35%.

Regarding the influence of CC/RCP ratio, in group I, a 
higher RCP content significantly reduced the compressive  

strength of mortars. In Group II, the combined use of 
RCP and CCII led to a 10% reduction in mortar strength 
(at 30% cement substitution) compared to using CCII 
alone. However, it’s worth noting that the influences of 
the 2:1 and 1:1 CC/RCP ratios on strength were quite 
similar for each level of cement replacement. Those 
reductions were brought on by the decrease of CC con-
tent and high proportion of quartz in RCP which acts 
only as an inert filler. In previous investigations, the 
reduced value was 5% when limestone was used instead 
of metakaolin under the same conditions [25]. Therefore, 
a 10% reduction in strength was considered acceptable, 
especially when considering the use of low grade raw 
materials.

As can be seen from Fig. 9(b), the CC/RCP ratio has lit-
tle effect on the flexural strength of mortar at 30% cement 
replacement and below. When the cement replacement 
reached 45%, a higher content of RCP resulted in a sig-
nificant decrease in flexural strength. Comparing the two 
kinds of calcined clays, the use of CCI reduced the flex-
ural strength, while the use of CCII had little effect on the 
strength at each cement replacement (except 45% cement 
replacement with 1:1 CC/RCP ratio).

Fig. 7  The rheological properties of paste samples
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4.2.2 � Hydration products
As can be seen from Figs. 10a and b, with the increase in 
CC-RCP content, the diffraction peak of gypsum shrank 
while the diffraction peak of AFt grew, indicating that 
CC was doubly excited by alkali and sulfate, and more 
AFt was generated [26]. In addition, the diffraction peak 
of C4AH13 gradually faded away as the Hc peak gradu-
ally emerged. This is due to two factors. First, due to the 

decline of cement content, the alkalinity of the system 
decreased, changing the type of reaction between CC and 
CH. The hydration reaction no longer generated C4AH13 
at low alkalinity [27, 28].

Second, due to the increase in calcium carbonate con-
tent in the system, the generated C4AH13 would also 
be transformed into Hc and Mc [29]. This point could 
both be illustrated in Fig.  10 (b) and (d). Under the 

Fig. 8  Heat released for CC-portlandite-RCP blends

Fig. 9  Compressive and flexural strength of mortars
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same amount of cement substitution, the generation of 
C4AH13 decreased while the Hc and Mc increased with 
the increase in RCP ratio. In addition, by comparing the 
hydration products of group I and group II at the same 
level, it was discovered that the diffraction peaks of AFt 
and Mc in groups II were stronger, further confirming 
the high chemical activity of CCII.

4.2.3 � Pore structure
The porosity of mortars with pore sizes ranging from 
5  nm to 360um was evaluated by mercury intrusion 
porosimetry. The porosity of mortars with various 
cement substitution levels was measured at a CC/RCP 
ratio of 2:1, and the porosity of samples with different 
CC/RCP was measured at a cement substitution of 30%. 

The results were showed in Fig. 11. According to the past 
literatures, the pore structure measured by MIP were 
classified as follows: macroscopic pores (> 1  µm), large 
capillary pores (50  nm ~ 1  µm), medium capillary pores 
(10 ~ 50 nm), and gel pores (< 10 nm).

As can be seen from Fig.  11(a), the total porosity 
of both groups of samples increased linearly with the 
amount of cement substitution. The porosity of gel 
pores and medium capillary pores of group II mor-
tar was high than that of group I, while the results 
were opposite for macroscopic pores and large capil-
lary pores larger than 1  µm. This demonstrates that 
CCII with higher activity and smaller size contrib-
ute to the compactness of macroscopic pores above 
50 nm. In addition, it can be seen from Fig. 11 (b) that 

Fig. 10  Mineral composition of hydration product of 28d pastes
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the addition of RCP will introduce more large capil-
lary pores. A CC/RCP ratio of 1:1 significantly reduced 
the porosity of gel pores and medium capillary pores 
in group II, which counteracted the increase in total 
porosity caused by the increase in large capillary pores.

5 � Conclusion
In order to improve the disadvantages of using RCP or 
CC individually as SCMs and to enhance the amount of 
cement substitution, a ternary blended cement was cre-
ated by combining RCP, CC and cement. The influence of 
component ratio and content on the rheology, mechani-
cal properties and pore structure was investigated. The 
following were the key findings:

1)	 The setting time of cement could be prolonged by 
the addition of CC, and this retarding effect could be 
alleviated by combining with RCP.

2)	 The viscosity of paste increased by 0.1 ~ 0.2 Pa·s after 
mixing RCP and CC because RCP had a stronger vis-
cosification effect than CC. However, the shear thick-
ening behavior of the paste became more obvious 
upon the addition of CC.

3)	 Rich Aluminum phase and high fineness both con-
tributed to the high activity of CCII. The combina-
tion of CC with RCP results in the generation of 
more AFt and Mc, making the overall strength of 
group II higher than that of group I. When 15, 30, 
and 45% of cement in the sample was replaced by 
a mixture of CCII and RCP, the 28d strength losses 
were only about 12%, 26%, and 35%.

4)	 An increase in the proportion of RCP in the SCM 
mixture resulted in a decrease in mortar strength 
due to the inert composition of RCP and the decline 
of CC content. With 30% cement substitution, 
the mortar compressive strength was reduced by 
10% by using RCP to replace half or 1/3 of CCII. 
In addition, at a low cement substitution of 15%, 
the higher content of RCP could contribute to the 
later strength development. Because RCP can pro-
mote the conversion of C4AH13 into Hc and Mc in 
hydration products.

5)	 Compared with the use of CC alone, the compound 
mixing of CC and RCP would increase the poros-
ity of 50 nm-1 µm large pores in mortar. However, 
an appropriate CC/RCP ratio would reduce the 
volume of medium capillary pores and gel pores 
below 50 nm, thus reducing the total porosity.
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