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ABSTRACT: This study aims to evaluate the effect of RCP from a precast concrete plant on rheological and mechanical properties 
of cementitious pastes. In the study, Portland cement was replaced by RCP in 10, 20, and 30% (in mass). The hydration kinects 
of cement with RCP was studied through isothermal calorimetry. The fresh properties were assessed using mini-slump test and 
rotational rheometry. The mechanical properties were evaluated through compression tests and the microstruture was studied 
using Scanning Electron Microscopy. RCP reduces fluidity of the pastes, by increasing both yield stress and plastic viscosity. The 
addition of RCP accelerates the hydration of cement, while reducing the released heat. RCP also reduces the compressive strength 
and elastic modulus of the pastes. The use of RCP as partial substitute for cement is viable, due to its size distribution and specific 
surface area.
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RESUMEN: Efecto de los finos de hormigón reciclado (PHR) de una planta de prefabricados de hormigón sobre las propiedades 
en estado fresco y mecánicas de pastas cementantes. El objetivo del estudio es evaluar el PHR proveniente de una planta de 
hormigón premezclado como reemplazo al cemento Portland. La metodología consistió en la elaboración de pastas, sustituyendo 
el cemento Portland por PHR al 10, 20 y 30% en peso. La cinética de hidratación del cemento con PHR se estudió mediante 
calorimetría isotérmica. Las propiedades en estado fresco se evaluaron mediante la prueba de mini-slump y la reometría rotacional. 
Se realizaron ensayos de compresión y la microestructura se estudió mediante Microscopía Electrónica de Barrido. El PHR reduce 
la fluidez de las pastas, aumentando el límite elástico y la viscosidad plástica. La adición de PHR acelera la hidratación del cemento, 
al tiempo que reduce el calor liberado. El PHR también reduce la resistencia a la compresión y el módulo elástico de las pastas. El 
uso de PHR como sustituto parcial del cemento es viable, debido a su distribución de tamaño y área superficial específica.
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1. INTRODUCTION 

In the last years, mineral additions have been 
widely used as partial substitutes for Portland ce-
ment, in order to reduce CO2 emissions and energy 
consumption of construction industry (1–3). Some 
examples are ground blast furnace slag (GBFS), fly 
ash (FA) and silica fume (SF). Recently, new sourc-
es of additions have been proposed, such as crude 
and calcined clays, biomass ash, and residues (4, 5). 
In all cases, the aim is to develop a cement with low 
clinker content, without compromising durability 
and mechanical properties of cement-based materi-
als (6). 

Additionally, construction industry also faces 
challenges related to the generation of construction 
and demolition wastes (CDW), mainly composed by 
concrete, bricks, steel, and wood (7). It is estimat-
ed that CDW represent between 10 and 30% of the 
total waste present in landfills, causing negative en-
vironmental impacts (8). This waste, however, pres-
ent high potential for reuse and recycling (9, 10). In 
recent years, some studies have proposed the use of 
concrete wastes as aggregates and mineral additions 
to reduce clinker consumption (11–13). 

During the production of recycled concrete aggre-
gates, very fine particles (diameter less than 150 µm) 
are also produced, which are called recycled con-
crete powder (RCP) (14, 15). RCP is mainly com-
posed by non-hydrated cement, sand, gravel, and 
cementitious paste (16). Studies show that RCP has 
potential to be used as supplementary cementitious 
material (SCM), due to its pozzolanic and physical 
effects on cement-based materials (17, 18). Mean-
while, depending on its origin, quality, and fine-
ness of RCP, they can also induce negative effects 
on fresh and mechanical properties and durability 
of the pastes (12). Several studies used RCP from 
demolition of existing buildings (19–21); while oth-
er authors produced RCP from controlled laboratory 
samples (18, 22, 23). 

The workability of mixes with recycled concrete 
powder (RCP) decreases as the substitution rate in-
creases, this is due to the irregular microstructure 
and increased water demand by the particles (24, 
25). Horsakulthai (26) found that RCP as a SCM can 
be reactive, having an activity index of 87.2% for 
28 days; however, RCP increased the porosity and 
water absorption coefficient of self-leveling mor-
tars. Letelier et al. (27) recommended a limited use 
of RCP (<5%) as a cement substitution with particle 
size less than 75 µm, in order to maintain the me-
chanical properties of concrete. 

The use of RCP can have different effects on 
the mechanical and durability properties of ce-
ment-based materials. Oliveira et al. (15) highlighted 
that up to 25% replacement of cement by RCP does 
not significantly modify the compressive strength, 
tensile strength, and elastic modulus in concrete, 

thus representing an ecological alternative. On the 
other hand, Wu et al. (9) indicated that the use of 
RCP as a partial replacement for Portland cement re-
duces the content of new hydration products and in-
creases the size of pores in cement-based materials. 
These last characteristics decrease the compressive 
strength and promote water transport properties, 
such as absorption and sorption coefficients, com-
promising durability.

In general, if the percentages of cement re-
placement by RCP are low and the particle size is 
smaller, the mechanical resistance and durability of 
cement-based materials can be maintained or im-
proved (28-30). However, due to the heterogeneity 
of the material, more research is needed comparing 
different origins and sources of the RCP. On the 
other hand, the environmental benefit of the use of 
RCP to reduce both the emission of carbon dioxide 
(CO2) and the consumption of energy has been ver-
ified in the literature (31-33). He et al. (32) indicat-
ed that up to a 20% RCP could reduce up to 17.5% 
of CO2 emissions. Wu et al. (34) reported that even 
RCP with mechanical and thermal treatment (up to 
700 °C) can reduce energy and CO2 emissions.

Although studies on the influence of particle size 
and substitution percentage have been reported, 
there are few studies on the use of very fine recy-
cled concrete powders (size distribution close to 
cement). Furthermore, the source of the RCP has 
not been widely discussed. Two sources of RCP are 
reported in the literature, demolition waste from 
concrete structures (19–21) and laboratory concrete 
specimens (18, 22, 23), both RCP allow evaluating 
the impact of heterogeneity on cement-based materi-
als. However, there are no studies on the use of RCP 
from concrete production plants, which also gener-
ate waste during their activities.

In this sense, the present article evaluates the use 
of RCP from a precast concrete plant as a substitute 
for Portland cement in cementitious pastes. For this 
purpose, the following procedure was considered: 
characterization of the RCP; analysis of the fresh 
state using mini-slump and rotational rheometry; 
study of hydration by using isothermal calorimetry; 
analysis of compressive strength and elastic modu-
lus for 1, 7, 28, and 120 days, and evaluation of the 
microstructure of the pastes at 1 and 28 days.

2. MATERIALS AND METHODS

2.1. Materials

For the present work, a high-early strength ce-
ment, Brazilian type CPII-F32 (ASTM cement type 
II), from LafargeHolcim, was used. According to 
the manufacturer, the CP II F-32 has 80-90% clin-
ker, 3-5% gypsum and 10-15% fillers, fulfilling the 
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requirements of the NBR 16697 (35). The RCP con-
sisted of hardened concrete waste collected from a 
precast concrete plant (RCP-C). The RCP-C initially 
underwent a sieving process using the material pass-
ing through the #100 sieve (150 µm), followed by a 
grinding process using a ball mill for approximately 
30 minutes to obtain a particle size distribution sim-
ilar to Portland cement, as recommended in litera-
ture (12, 36, 37). The ball mill consists of a metal 
jar (20.5 cm internal diameter and 35 cm internal 
length), operating at a frequency of 300 rpm (89.7% 
of the critical speed). Portland cement and RCP-C 
were chemically and physically characterized. The 
chemical composition was determined using X-ray 
fluorescence (XRF) with a Shimadzu EDX-720 
spectrometer. Loss on ignition was obtained by heat-
ing the materials to 1000°C at a rate of 10°C/min, 
following the recommendations of NBR NM 18 
(38). Density was obtained using helium picnome-
ter. Particle size distribution was found through laser 
diffraction. Finally, specific surface area (SSA) was 
determined using ASTM C204 (39). 

2.2. Mix compositions and preparation

Cement pastes were prepared with a w/c ratio of 
0.4. Portland cement was replaced by RCP-C in four 
different percentages: 0 (reference), 10, 20, and 30% 
(by weight). The replacement values were selected 
based on recommendations found in literature (12, 
24, 26). Table 1 shows the mix proportions used. 

The mixing method consisted of three stages: 1) 
mixing the materials at a speed of 1000±50 rpm for 
2.5 minutes; 2) stop for a minute; and 3) mixing at 
high speed, 3000 ± 50 rpm for 2.5 minutes. A Chan-
dler Engineering™ paddle mixer was used for this 
procedure. The dimensions of the cement pastes 
were height of 5 cm and diameter of 2.5 cm.

For the cure procedure, the NBR 7215 (40) was fol-
lowed. The specimens were placed in a humid cham-
ber, where they remained for up to 24 hours (initial 
cure period). Subsequently, they were removed from 
the mold and placed immersed in a water tank saturat-
ed with lime, where the specimens remained until the 
age of the test, except for the 1-day specimens. The 
specimens were smoothed at the ends in order to obtain 
a flat surface for the compressive strength and modulus 
of elasticity tests. It was also visually verified that the 
test bodies did not present cracks on their surface.

2.3. Fresh state properties

Fresh state properties were assessed using mini-
slump tests and rotational rheometry. The mini-slump 
test uses a small truncated-conical mold measuring 
60 mm in height and having an upper internal diame-
ter of 20 mm and a lower internal diameter of 40 mm. 
For the rheological tests, a viscosimeter model HD 
DV-III Ultra, from Brookfield, equipped with a Vane 
sprindle (V73), was used. The materials were placed 
in a 5.63 cm diameter beaker and immediately tested 
once the mixture was prepared. To determine the flow 
curves, the shear rate protocol proposed by Tinoco et 
al. (41) was applied (Figure 1). Under this protocol, 
the samples went through an initial pre-shear phase 
of 200s, starting from a shear rate of 0 to 0.2 s-1. Sub-
sequently, in order to ensure the homogeneity of the 
sample, the shear rate was kept constant at 0.2 s-1 for 
70s. Then, the flow curves were obtained by increas-
ing the shear rate up to 42.5 s-1 in 20 stages of 10 s 
(ascending ramp). Finally, the shear rate was reduced 
to 0.2 s-1 in 20 stages of 10 s (descending ramp).

table 1. Proportion of materials, by weight, used in this study.

Mixture Portland cement (%) RCP-C (%) a/c
CP 100 0 0.4
C10 90 10 0.4
C20 80 20 0.4
C30 70 30 0.4

Figure 1. Shear rate protocol used for rheological testing. Based on Tinoco et al. (41).
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By regression and using the data from the de-
scending flow curve, the dynamic yield stress (τ0) 
and plastic viscosity (µ) were obtained. The rheolog-
ical models of Bingham (Equation [1]) and modified 
Bingham (Equation [2]) were considered to describe 
the linear and nonlinear behavior, respectively.

  [1]

  [2]

Where τ is the shear stress (Pa), τ0 is the dynamic yield 
stress (Pa), µ is the plastic viscosity (Pa.s), γ ̇ is the shear 
rate (s-1), and c is a second-order parameter (Pa.s2).

2.4. Isothermal calorimetry 

In order to study the effect of RCP-C on the hy-
dration heat, isothermal calorimetry tests were per-
formed. A TAM Air equipment with 8 independent 
channels (TA Instruments) was used at a tempera-
ture of 25°C for 7 days. Deionized water was used as 
reference material. For the tests, 5g of material was 
used. For the analysis of results, the initial period 
(pre-induction) was not considered since the pastes 
were prepared outside the calorimeter.

2.5. Compression tests

Compressive strength was determined for ages of 
1, 7, 28, and 120 days, using 4 specimens per mix-
ture. For the tests, a Shimadzu UH-F (100 kN ca-
pacity) mechanical actuator was used, following the 
recommendations of NBR 7215 (40) were used. The 
test displacement rate was 0.1 mm/min, maintained 
constant until the specimen’s rupture. Additionally, 
electric transducers (LVDT) were used to measure 
longitudinal displacement, which was used to obtain 
the elastic modulus according to ASTM C469 (42). 

2.6. Scanning electron microscopy (SEM)

In order to assess the morphology of the recycled 
concrete powder (RCP-C) and to visualize the hy-
dration products formed in the 1-day and 28-days 
pastes, a scanning electron microscope (SEM), mod-
el TM3000, from Hitachi, was used. 

3. RESULTS AND DISCUSSION 

3.1. Materials properties

The chemical composition of Portland cement and 
RCP-C is presented in Table 2. Both materials have the 

same oxides, but the content varies considerably in each 
material. RCP-C has a higher content of CaO, followed 
by SiO2 and Al2O3, which may be due to the old hydra-
tion products, unhydrated cement particles, and calcite 
(43). On the other hand, the RCP-C does not meet the 
requirements of ASTM C618 (44) to be considered a 
pozzolanic. Although the sum of SiO2+Al2O3+Fe2O3 is 
greater than 50%, it does not meet the criteria of CaO 
content (18% maximum) and loss on ignition (6% 
maximum) to be classified as Class F or C pozzolan, 
respectively. There is no consensus in literature re-
garding the proportion of chemical composition with 
respect to recycled concrete powder, which depends on 
its origin. However, some studies show that demolition 
RCP has a higher SiO2 content (15, 26, 45), while lab-
oratory RCP has a higher CaO content (46–48), with 
RCP-C being closer to the latter source.

table 2. Chemical composition of Portland and RCP-C (in %).

Oxides CP II F 32 RCP-C

CaO 67.94 36.76

SiO2 10.31 34.32

Fe2O3 3.98 5.22

Al2O3 2.94 8.94

SO3 2.94 2.70

K2O 0.37 1.76

SrO 0.32 0.16

TiO2 0.30 1.10

MnO 0.08 0.34

ZnO 0.04 0.02

ZrO2 0.00 0.19

Rb2O 0.00 0.03

Loss on ignition 10.78 8.47

Figure 2 shows the particle size distribution of 
Portland cement and RCP-C, indicating a similar 
granulometry (D50), which suggests that it is suitable 
for use as SCM (49, 50). Table 3 presents the physical 
properties of the materials studied. It is observed that 
RCP-C has finer particles than Portland cement with 
respect to D10, but also a considerable amount of large 
particles (D90). It is noteworthy that the specific sur-
face area (SSA) of RCP-C is 2.45 times greater than 
that of Portland cement. Generally, SSA of RCP re-
ported in the literature is greater than that of Portland 
cement due to the irregular surface of RCP particles, 
the presence of hydration products, and calcite (12). 

3.2. Fresh state properties 

The results of the mini-slump test are presented 
in Figure 3. Since no superplasticizer was used, the 
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fresh state behavior is solely due to the replacement 
of Portland cement by RCP-C. As the amount of 
RCP-C increased, the flowability of the pastes con-
siderably decreased, with the spread area decreas-
ing from 41.16 (reference) to 21.15 cm2 (C30), a 
maximum reduction of 48.62%. This behavior is 
attributed to the fine particles (Figure 4a) and the 
increase in SSA (requiring more water), the latter 
caused by the rough surface of RCP-C (Figure 4b) 
(51–53). Although there is a 48.52% reduction in 
the spread in the C30 paste compared to the ref-

erence, all the paste were fluid enough not to re-
quire mechanical or manual compaction. The ratio 
of the spreading diameter presented increases with 
respect to the base of the truncated-conical mold, 
80.97, 60.07, 45.25 and 29.72% for CP, C10, C20 
and C30, respectively.

Figure 5 shows shear stress vs shear rate results for 
the pastes with RCP-C. Table 4 summarizes the main 
fitting parameters of the linear Bingham model and 
the modified Bingham model (second-degree polyno-
mial). Both for the linear and polynomial models, re-

Figure 2. Size distributions of Portland cement and RCP-C.

table 3. Physical properties of Portland cement and RCP-C.

Parameter Cement Portland RCP-C

D10 (µm) 2.06 1.72

D50 (µm) 14.14 14.42

D90 (µm) 47.79 60.67

Specific gravity (g/cm³) 3.05 2.68

Specific surface area (cm2/g) 3762.77 9252.22

Figure 3. Spreading area for the mixtures studied. 
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placing Portland cement with RCP-C increased τ0 and 
μ. It is important to highlight that the second-degree 
polynomial model achieved a better fit of the shear 
stress curves, R2>0.99 in all cases, and was selected 
for the analysis. On the other hand, the R2 of the linear 
model was close to 0.90 for the RCP-C mixes, pre-
senting a lower fit to the flow curves.

Similar to the results of the mini slump tests, it is 
observed that the use of RCP-C reduced the flow-
ability of the paste, which is attributed to the fine-

ness, irregular morphology, and SSA of the RCP-C 
(51–53). In this sense, the irregular shape and the 
increased water demand (higher SSA) made the flow 
of particles difficult (higher friction), increasing τ0 
and μ, results also reported by Ge et al. (54) and Hou 
et al. (21). The τ0 increased significantly in values of 
88.45, 97.48, and 140.34% for 10, 20, and 30% of 
RCP-C, respectively. In the same sense, μ increased 
by 65.38, 141.87, and 171.69% for 10, 20, and 30%, 
respectively.

Figure 4. Micrographs of RCP-C: (a) Fine particles, and (b) irregular surface of RCP-C.

Figure 5. Flow curves obtained for the composites studied. 

table 4. Rheological parameters for the Bingham and modified Bingham models.

Mixture
Bingham model Modified-Bingham model

 (Pa)  (Pa.s) R2  (Pa)  (Pa.s) c (Pa.s2) c / R2

CP 37.433 0.534 0.974 34.795 0.855 -0.007 -0.008 0.995
C10 71.507 0.692 0.938 65.573 1.414 -0.015 0.011 0.998
C20 78.187 0.915 0.913 68.712 2.068 -0.025 -0.012 0.999
C30 94.107 1.007 0.906 83.626 2.323 -0.029 -0.012 0.997
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3.3. Isothermal calorimetry 

Figures 6a and 6b present the results of heat flow 
and cumulative heat release for Portland cement and 
RCP-C blends, respectively. The heat flow curves 
show that all blends have the same behavior profile, 
with stages of induction, acceleration, and decelera-
tion. However, it is observed that replacing Portland 
cement with RCP-C up to 30% reduces the induction 
period and accelerates the hydration of the pastes in 
the first few hours (28).

The kinetics during the induction period follow 
the order C30>C20>C10>CP, but during the accel-
eration period, the kinetics change between the mix-
es with RCP-C. These results indicate that RCP-C 
accelerates the hydration of Portland cement in the 
first hours, which is attributed to the fine particles 
(D10) and nucleation effect of RCP-C, with a higher 
SSA (Table 3) (9, 19, 24, 29, 55). However, the high-
er heat flow decreases as Portland cement is replaced 
by RCP-C, CP>C10>C20>C30. The peak of the ac-
celeration phase corresponds to the hydration of C3S 
(28), indicating that the dilution effect (lower clinker 
content) surpasses the nucleation effect of RCP-C 
(induction stage), even though RCP-C has a higher 
SSA than Portland cement.

Although the fineness of RCP-C is similar to Port-
land cement, it only accelerates and increases the 
heat flow during the first hours for the percentag-
es used. He et al. (31) pointed out that using RCP 
with a D50 of 142 and 4.1 µm reduces the peak heat 
flow, but when using RCP with a D50 of 2.1 µm, the 
heat flow was higher than the reference. In the same 
vein, Wang et al. (56) also reported that the intensity 
of the heat peak improves with fine RCP particles 
(D50=0.324 µm). Therefore, smaller RCP particles 
(D50≤14.42 µm) could accelerate and increase the 
heat flow for a longer period of time. On the other 
hand, in the deceleration phase, the consumption of 
sulfate and secondary formation of ettringite (sec-

ond peak) are perceived, which is less pronounced 
with the addition of RCP-C, also attributed to the re-
duction of Portland cement (dilution effect) (28, 29). 

During the first hours, the accumulated released 
heat from mixes with RCP-C is slightly higher than 
the reference. After 3 hours, the accumulated heat 
is higher by 23.79%, 42.97%, and 6.51% for 10%, 
20%, and 30% replacement of Portland cement by 
RCP-C, respectively. It is observed that the use of 
RCP-C promotes the hydration of Portland cement 
by nucleation effect, mainly (21, 32). However, the 
use of 30% RCP-C resulted in released heat almost 
equal to the reference, which may be attributed to the 
high content of coarse particles (D90) that compen-
sated for the nucleation effect. After 72 hours, there 
is a reduction in the released heat by 6.93%, 14.04%, 
and 22.71% for 10%, 20%, and 30% RCP-C, respec-
tively. Finally, at the end of the test (7 days), the 
accumulated released heat of CP, C10, C20, and C30 
were 265.96, 245.95 (-7.52%), 227.98 (-14.28%), 
and 208.42 (-21.63%), respectively. This behavior 
indicates that the acceleration of hydration in the 
early hours is not sufficient to compensate for the 
reduction of Clinker in the mixtures (dilution effect) 
(11, 32), which could mean a reduction in mechani-
cal properties (56). 

In this study, 10% RCP-C presents similar re-
leased heat to CP, lower percentages, and greater 
fineness would promote the hydration reaction (24, 
57). Although Liu et al. (58) indicate that replace-
ments up to 30% of Portland cement by RCP de-
crease the heat flow and accumulated heat, He et al. 
(32) with a replacement of 30% RCP (D50=2.1 µm) 
reported an increase in the intensity of the heat peak 
and released heat. Deng et al. (19) indicate that the 
use of 8% RCP not only reduces the induction period 
but also promotes released heat. Zhang et al. (28) in-
dicate that the accumulated heat increases in the first 
hours (12 hours) due to the continuous promotion of 
cement hydration for 4% RCP with D50=0.249 µm. 

Figure 6. Isothermal calorimetry: (a) Heat flow curves, and (b) cumulated heat.
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3.4. Compressive strength

Figures 7a and 7b show the results of compres-
sive strength and its variation relative to the ref-
erence. For one-day-old mixes, it is observed that 
the mixes with RCP-C have a notable decrease in 
compressive strength: 24.48, 33.85, and 42.96 for 
10, 20, and 30% replacement of Portland cement 
with RCP-C, indicating that higher RCP-C con-
tent leads to lower compressive strength. While 
the decreasing trend persists for all ages tested, it 
can be observed that it is less pronounced for later 
ages. For 28 days, the reduction is 3.70, 10.85, and 
25.56% for 10, 20, and 30%, respectively. These 
results agree with Wang et al. (57), who reported 
a reduction of 22.3% at 28 days for 30% RCP. For 
120 days, the reduction is 31.30, 11.36, and 4.07% 
for 30, 20, and 10% of RCP-C, similar percentage 
decreases to 28 days. 

The reduction of compressive strength can be at-
tributed to the dilution effect. The lower amount of 
clinker translates into a decrease in hydration prod-
ucts, resulting in a less compact microstructure (9, 
23, 31, 53). This reduction can be also explained by 
the inert particles in RCP-C (45, 52, 59). As con-
firmed by isothermal calorimetry (Figure 6), increas-
ing the replacement of Portland cement with RCP-C 
decreases the heat released by the pastes, which is 
related to a decrease in the mechanical strength of 
cement-based materials (51). However, the reduc-
tion is only significant at early ages, indicating that 
the dilution effect prevails during this period (31). 
For 28 and 120 days, there is minimal reduction for 
10 and 20% RCP-C, indicating a possible pozzola-
nic reaction of RCP-C and, to a lesser extent, rehy-
dration of the old cement particles in RCP-C (26, 
45, 60).

Some studies indicate that the content of amor-
phous SiO2 and Al2O3 particles can react with CH 
to form CSH and CASH gel, compensating the dilu-
tion effect (20, 32). On the other hand, RCP-C mi-
croparticles, essentially calcite and quartz, can act 
as microfillers, increasing the compactness of the 
pastes (26). In this research, it is observed that this 

synergistic effect, pozzolanic reaction, and filler, is 
positive to compensate for the dilution effect up to 
20% RCP-C, a percentage also reported by Chen 
et al. (20). Further addition of RCP-C results in an 
excessive amount of particles, both unreactive and 
of lower fineness, which do not compensate for the 
negative effect of dilution on compressive strength 
(11, 61).

Tang et al. (62) showed that RCP has a limited 
effect on compressive strength at 28 days due to 
the pozzolanic reaction and filler effect. While the 
results presented show this trend, it is important to 
consider the percentage of substitution and fine-
ness of RCP-C. Xiao et al. (24) demonstrated that 
when the replacement is less than 30%, the effect 
of RCP is not significant on compressive strength. 
On the other hand, Liu et al. (58) found that using 
30% RCP reduced compressive strength. There-
fore, this study considered a maximum substitu-
tion of 30% to verify its effect on compressive 
strength. Regarding fineness, He et al. (32) found 
that the negative effect of RCP on compressive 
strength still had an effect up to D50=4.1 µm, but 
finer particles (D50=0.324 µm) refined the cemen-
titious matrix and increased compressive strength. 
In this regard, Yang et al. (29) recommend the use 
of ultrafine RCP particles to improve compressive 
strength.

It was observed that 10% and 20% of RCP-C do 
not significantly influence compressive strength for 
ages ≥ 28 days. However, replacing 30% of Port-
land cement with RCP-C resulted in a greater re-
duction in compressive strength for all tested ages. 
This indicates that, for the particle size used (D50 = 
14.42 µm), the recommended substitution is 20%. 
However, using percentages below 10% could main-
tain or slightly improve compressive strength, a re-
sult that agrees with (62). It is recommended to use 
RCP-C with lower fineness to have a greater phys-
ical effect, mainly by maintaining the percentages 
used (10%, 20%, and 30%).

It is observed that, in the referenced literature, 
Type I cement was used, which has a higher clin-
ker content, approximately 95-100%. In the pres-

Figure 7. Compressive behavior of the pastes: (a) Compressive strength, and (b) Its variation relative to the reference.

(a) (b)
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ent study, a Type II cement was used with RCP-C, 
where the content of additions can reach up to 50%. 
Regardless of the filling and nucleation effect of the 
RCP-C, the limestone filler of the cement and the 
RCP-C generate a considerable dilution effect, de-
creasing the hydration products with a significant 
impact on the mechanical resistance of the pastes 
(12, 27, 63, 64), as was verified for the 30% RCP-C 
paste. For future studies that consider type II ce-
ments (with limestone filler) and RCP, a more in-
depth analysis of the synergistic effect of both mate-
rials is necessary.

3.5. Elastic modulus

The elastic modulus shows the same decreasing 
trend as compressive strength (Figure 8); the great-
er the substitution  of Portland cement with RCP-C, 
the lower the elastic modulus developed. For one 
day, the greatest reduction compared to the refer-
ence is observed: 45.01%, 33.56%, and 18.43% for 
30%, 20%, and 10% of RCP-C, respectively. For 
later ages, the percentage of reduction is lower; 
for example, at 28 days, the decrease is 33.41%, 
20.77%, and 17.01% for 30%, 20%, and 10% of 
RCP-C, respectively. Similar percentages are pre-
sented for 120 days.

It is worth noting that 30% of RCP-C has a greater 
impact on the reduction of the modulus of elasticity 
at all ages, while 10% and 20% of RCP-C present 
a lower and similar reduction. This behavior is at-
tributed to the dilution effect of the Clinker, mainly 
(18, 45, 65). He et al. (31) attribute the reduction of 
the modulus of elasticity to the low density of RCP 
particles compared to Portland cement (Table 3). 
Other authors also indicate that the decrease in the 
modulus of elasticity is due to RCP particles being 
less hard and rigid than those of Portland cement 
(15, 38, 66). 

3.6. Microstructure

In Figure 9 the SEM images for the Portland ce-
ment mixtures are presented. The same hydration 
products were identified in all the samples tested. 
Deng et al. (19) point out that the use of RCP pro-
motes the formation of hydration products, Calcium 
Hydroxide (CH), Calcium Silicate Hydrates (C-S-H) 
and ettringite (AFt) from the earliest ages. Howev-
er, the proportions are different, for example, for the 
1-day-old samples, a greater presence of ettringite 
(AFt) can be distinguished, attributing the initial 
mechanical resistance (59). 

It is important to highlight the presence of AFt 
in the RCP-C pasts at 28 days. These results agree 
with other authors, who indicate the stability of the 
AFt at 28 days (51, 59, 67), even Caneda-Martínez 
et al. (68) reported AFt in up to 90 days in RCP 
pastes. The AFt comes from both the hydration 
reaction of the cement and the RCP-C, previous 
studies have confirmed the presence of AFt in the 
composition of the RCP (49, 69). However, in order 
to determine the amount and origin of the AFt, it 
is necessary to perform complementary tests, like 
thermal gravimetric analysis (TGA) and X-ray dif-
fraction (XRD).

In the C10, C20 and C30 mixtures, the presence 
of C-S-H gel adhered to the surface of the RCP-C 
particles is observed, indicating the nucleation effect 
of this powder. However, as described in subtitle 3.3 
(Isothermal calorimetry), this effect is only predom-
inant in the first hours of cement hydration. On the 
other hand, the RCP-C particles observed are large 
(greater than the D50 of the cement) and crystalline, 
presenting the effect of clinker dilution, less quanti-
ty of hydration products compared to the reference 
(52). This situation generates a decrease in the de-
velopment of mechanical resistance, the greater the 
amount of RCP, the greater the content of large and 
non-reactive particles.

Figure 8. (a) Elastic modulus, and (b) Its variation relative to the reference.

(a) (b)
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Figure 9. Microstructure: (a) 1-day Portland cement paste, (b) 28-days Portland cement paste, (c) 1-day C10 paste, (d) 28-days C10 
paste, (e) 1-day C20 paste, (f) 28-days C20 paste, (g) 1-day C30 paste, and (h) 28-days C30 paste.
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4. CONCLUSIONS

In the present study, an experimental on the use 
of RCP-C as mineral addition for cementitious ma-
terials was carried out. The RCP-C originated from 
construction (precast concrete plant), differing from 
the sources reported in the literature, such as dem-
olition and laboratory. A characterization of RCP-C 
was performed, and the hydration, fresh and hard-
ened state properties of cement pastes with RCP-C 
were studied. Based on the presented results, it can 
be concluded that: 

RCP-C has a chemical composition similar to 
Portland cement, with a higher content of CaO, 
followed by SiO2 and Al2O3. Although it cannot be 
considered a pozzolanic material, its physical char-
acteristics allow it to be considered as SCM: particle 
size distribution close to Portland cement and higher 
SSA. 

Replacing Portland cement with RCP-C signifi-
cantly decreases the fluidity of pastes, as verified by 
the spread area, τ0, and μ. This behavior is attributed 
to the irregular morphology of RCP-C particles that 
generate friction and to the higher SSA that increases 
the water requirement. The loss of fluidity is consid-
erable for high percentages of RCP, this aspect could 
cause a non-uniformity of the pastes and an increase 
in porosity, producing the appearance of cracks or 
changes in the dimension of the specimens, which 
would affect the results of the resistance to compres-
sion and modulus of elasticity.

The use of RCP-C reduces the induction period 
and accelerates the hydration of cement pastes at 
early ages (~3h) due to the nucleation effect. Subse-
quently, due to clinker dilution, heat flow and accu-
mulated heat reduce as the replacement of Portland 
cement by RCP-C increases. 

Compressive strength shows a reduction at ear-
ly ages, where dilution effect prevails. However, at 
later ages (28 and 120 days), the reduction is lower, 
and the values are even similar between the refer-
ence and 10% of RCP-C, which can be attributed 
to the filling effect and possible pozzolanic activity, 
as well as rehydration of old cement particles. It is 
suggested to complement these results with the eval-
uation of the porosity and the pore index in order to 
explain their influence on the resistance in the me-
chanical properties.

The elastic modulus also shows the same behav-
ior, affected by dilution and physical characteristics 
of RCP-C. The use of RCP-C is feasible as a substi-
tute for Portland cement. However, it is necessary to 
consider the additions that the cement may have in 
order to consider the synergistic effect of the mate-
rials (including RCP-C). To improve the fluidity of 
cement-based materials, it is recommended to con-
sider superplasticizer additives. Although it reduces 
compressive strength and modulus of elasticity, us-
ing lower percentages of RCP-C (~10%) and higher 

fineness (˂ D50=14.42 µm) would improve its me-
chanical behavior.
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