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In order to analyze the influence mechanism of delay period on the mechanical properties
of reactive powder concrete (RPC), the compressive strength of RPC with delay periods of
18, 24, and 30 h was tested at the age of 7, 28, and 90 days, respectively. The results
show that compared with the RPC with delay period of 18 h, the compressive strength of
the RPC with delay periods of 24 and 30 h increases by 3.2 and 4.2%, respectively, and
the long-term strength reduction ratio decreases by 22.8 and 71.9%, respectively. The
constitutive model curves of RPC under different delay period show that the initial elastic
modulus E increases with the delay period and the strength and rigidity of RPC increase
with the extension of delay period. According to the non-evaporation water quantity test, it
could be speculated that the quantities of hydration products of the RPC with delay
periods of 24 and 30 h slightly increase compared with the RPC with delay period of 18 h.
X-ray diffraction (XRD) analysis show that the delay periods of 24 and 30 h consume more
3Ca0-SiO, (C3S) and 2Ca0-SiO, (CsS) compared with delay period of 18 h. Seen from the
scanning electron microscope (SEM) image, the structures of the three groups of samples
are relatively dense and have no significant difference. Through energy dispersive X-ray
spectroscopy (EDS) analysis, the calcium-silicon ratios of hydration products of the RPC
with delay periods of 18, 24, and 30 h are 1.81, 1.56, and 1.54, respectively. The existence
of C-S-H gel and Ca(OH), in hydration products is confirmed by thermogravimetric-
differential scanning calorimetry (DSC-TG) analysis. An appropriate delay period (30 h in
this paper) generates more hydration products, then improves the compactness of the
internal structure and reduces the calcium-silicon ratio of hydration products, and it is
conducive to the growth of RPC compressive strength and the stability of long-term
compressive strength.

Keywords: reactive powder concrete, delay period, compressive strength, long-term strength reduction ratio,
mechanism analysis
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INTRODUCTION

Reactive powder concrete (RPC) is a new type of concrete
prepared by steam curing, which has removed the coarse
aggregate to improve uniformity of the matrix (Abid et al,
2017). The fineness and reactivity of the components of RPC
are increased by steam curing (Cheyrezy et al., 1995). According
to the most compact principle, the initial defects such as voids and
micro-cracks in the structure are greatly reduced (Chan and Chu,
2004).

Compared to common cement-based materials, RPC has
excellent mechanical properties and durability (Huynh et al,
2015; Mostofinejad et al., 2016; Song and Liu, 2016). By now, it
has not been widely used for two reasons. First, the cost is high
(Yazici et al., 2008), and the maintenance conditions are complex.
Steam curing is only suitable for preparing smaller prefabricated
components, and it is difficult to prepare RPC in construction
site. Secondly, the strength of RPC will decrease in the long term,
which is not negligible for structures that need to bear long-term
load. The long-term strength reduction of concrete refers to the
condition that the strength in the later age (90 days) is lower than
that in the earlier age (7, 28 days) under the normal mix
proportion and curing conditions (Soroka, et al., 1978). Some
scholars have found that the long-term strength of RPC decreases
gradually (Zhang et al., 2007; Yazici et al., 2010; Wang et al,
2014). Zhang et al. (2007) showed that the strength of RPC would
be decreased in the middle and later age due to steam curing. It
was speculated that the early hydration was too fast and too many
hydration products hindered the later strength improvement.
Wang et al. (2014) tested the uniaxial compressive strength of
RPC at the age of 7 days, 3 months, and 3 years after hot water
curing. It was found that the strength of RPC did not decrease
after 3 months, but it did after 3 years.

High and stable compressive strength could better ensure the
quality of concrete structure design, thereby improving the safety
and stability of the structure (Nadiger et al., 2018). Zhao (2010)
showed that changing the delay period may reduce the strength
reduction ratio of steam cured cement paste. Delay period refers
to the stage of standard maintenance from specimens molding to
steam curing (Erdem et al., 2003). There are many studies on the
effect of delay period on ordinary concrete (Soroka et al., 1978;
Talakokula et al., 2015). Many researchers have indicated that a
suitable delay period is beneficial to concrete properties, such as
strength and durability (Shideler and Chamberlin, 1949; Hanson,
1963). Shideler and Chamberlin (1949) showed that the concrete
with delay periods of 2-6 h had 15-40% higher strengths than the
concrete with steam curing immediately after casting. Hanson
(1963) proved that compressive strengths of concrete increased at
all ages, as the delay period increased from 1 to 5 h. Erdem et al.
(2003) tested the compressive strength of ordinary concrete at
different ages under the steam curing of 80 °C with the delay
periods of 1, 2, and 3 h. It was found that when the paste was
hardened before steam curing, concrete tended to obtain higher
strength. Taylor et al. (2001) showed that if delay periods are not
chosen properly, thermal stresses can cause micro-cracks, and
affect the strength of concrete. However, there are few studies
related to the effect of delay period on RPC. Liu et al. (2020)
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TABLE 1 | Chemical composition and specific surface area of cement, SF and GS.

Material Mass fraction w/% Specific
Ca0 S0, ALO; Fe,0; MgO K0 Tio, S0,  Suriace
area/
(m*kg™)
P-I152.5 64.2 21.3 4.89 3.25 1.25 1.04 0.21 3.59 369
SF 0.77 95.3 0.38 - 229 035 - 0.79 22,000
GS 37.70 3060 17.40 0.41 894 051 1.01 244 588

investigated the effects of steam curing parameters on the
capillary water absorption of concrete, and it was found
that long delay period is benefificial to the development of
concrete structure. Zdeb (2017) explored the strength of RPC
under the delay periods of 0, 3, 6, 12, and 24 h at the steam
curing of 90 °C. The results showed that the strength of RPC
was the highest when the delay period was 6 h, and the length
of the delay period obviously affected the mechanical
properties of RPC.

The function of the delay period is to make the harden paste
form a certain plastic structure strength to prevent the heat
damage during the steam curing (Yang et al., 2003). Previous
studies had proved that the delay period has an effect on the
mechanical properties and internal microstructure of concrete,
but the mechanism of the effect of delay period on the long-term
mechanical properties of RPC had not been discussed. Wu et al.
(2019) studied the effect of delay period under steam curing on
high strength mortar. It was found that the different delay period
will result in the difference of the composition of the paste, and
insufficient delay period (6 h) will cause the strength of the
specimen under steam curing to be lower than the standard
curing.

Previous studies had proved that the delay period has an effect
on the mechanical properties and internal microstructure of
concrete, but the mechanism of the effect of delay period on
the long-term mechanical properties of RPC had not been
discussed. Based on this, in order to analyze the influence of
delay period on the mechanical properties of RPC, the
compressive strength of RPC at the age of 7, 28, and 90 days
were tested under the delay periods of 18, 24, and 30 h, and the
long-term compressive strength reduction ratio was calculated.
Meanwhile, in order to study the mechanism of the effect of delay
period on the long-term mechanical properties of RPC from
microstructure, the composition and microstructure was
explored by non-evaporative water volume, X-ray diffraction
(XRD), the scanning electron microscope (SEM), energy
dispersive X-ray spectroscopy (EDS) and thermogravimetric-
differential scanning calorimetry (DSC-TG).

EXPERIMENTAL

Raw Materials

P. IT 52.5 Portland cement, encrypted silica fume (SF) and S115
ground slag (GS) were used as cementitious materials, with the
main chemical composition and specific surface area were shown
in Table 1. The method used to obtain the specific surface area
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TABLE 2 | Performance index of polycarboxylate superplasticizer.

Color Density/g/ml Solid Chiloride PH
content/% content/%

light yellow 1.05 20 <0.01 6.7-6.8

TABLE 3 | Mix proportions of RPC/Kg-m-3.

Cement SF GS Water River sand Superplasticizer Steel fiber

584 90 224 162 1,347 27 157

was Blaine method. The aggregate was natural river sand with
particle size ranging from 0.16 to 2.36 mm, and steel fibers were
copper-plated round straight steel fibers with a length of
12-13mm and a diameter of 0.15-0.20 mm. Polycarboxylic
acid (standard high performance water reducer) was used as
superplasticizer. The performance index of polycarboxylate
superplasticizer was shown in Table 2.

METHODS

Preparation of RPC specimens

The cement mortar was stirred evenly and the RPC specimens of
40 x 40 x 160 mm were prepared according to the mix proportion
in Table 3. The prepared process of RPC was shown as Figure 1.

Non-evaporated Water Volume Test of Cement-Silica
Fume-Slag System

The test results of non-evaporated water under different delay
periods were compared, and the amount of hydration products
under different delay period were measured by measuring the
amount of non-evaporated water in the paste from hydration to
the specified age. Testing methods for non-evaporated water were
shown as Figure 2.

Analysis of Reactive Powder Concrete

X-Ray Diffraction, SEM Image, EDS and DSC-TG
Analysis of the Paste

At the age of 90 days, the internal non-carbonated zone of the
hardened paste was taken under different delay periods, and the
appropriate amount of fine powder filtered and dried by Non-
evaporated Water Volume Test of Cement-Silica Fume-Slag
System method was used for X-ray diffraction (XRD) analysis.
The 26 values ranged from 10° to 80° and the scanning rate
applied was 1°min for all specimens.

The microstructure of the hardened paste prepared by Non-
evaporated Water Volume Test of Cement-Silica Fume-Slag
System method was observed by scanning electron microscope
(SEM) image after the vacuum and gold spray treatment. And the
energy dispersive X-ray spectroscopy (EDS) analysis of the
hydration products was carried out.

DSC-TG analysis of the paste prepared by Non-evaporated
Water Volume Test of Cement-Silica Fume-Slag System method
was carried out by the STA 449F5 integrated thermal
analyzer (Zhao et al., 2016). The temperature rising rate
was 10 °C/min, and the Ar was used as the protective gas to
prevent the carbonization of the specimens during the
heating process.

RESULTS AND DISCUSSION

Effect of Delay Period on Compressive
Strength and Long-Term Strength
Reduction Ratio of RPC

The compressive strength of RPC specimens under different age
were shown in Table 4. Results in Table 4 were expressed as mean
value + 1x standard deviation. The difference of compressive
strength under different delay period was analyzed by one-way
analysis of variance. The test value of F was 5.272, p = 0.007 <
0.05. It was shown that the compressive strength of RPC had
statistically significant difference with the prolongation of delay

Put the raw materials into the blender ]<

Prepared RPC specimens

of 40 mm x 40 mm x 160 mm

|

Steam curing at the

temperature of 90°C for 72 h

‘ Tested the compressive strength ’

at the age of 7d, 28 dand 90 d

Figure 1 | Schematic diagram of RPC preparation.

---1 The river sand was washed with water and dried |

Standard curing of (20+2)C and
relative humidity > 95% for 18 h, 24 h

and 30 h respectively

The heating rate was 10°C/h and !
the cooling rate was 12.5°C/h
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[ Cementitious materials were dried at 105°C ]4- ----q E

A

Prepared the paste specimens

of 20 mm x 20 mm x 80 mm

J
| e mm oo
Y

Soaked the internal debris of paste in

isopropanol for no fewer than 25 minutes )

Washed the sampl

times and ether 2 times respectively

es with ethanol 5

y

p
Put the samples into a v

L sodium lime, and dried continuously for 24 h )

N
acuum drying box with

Measured the loss of burning, and

calculated the non-evaporative water

quantity of the paste

Figure 2 | Schematic diagram of non-evaporated water volume test.

Particles larger than 0.9 mm were

| screened with standard sieve

Put the prepared paste into the
i sealed bag for synchronous
i
| maintenance with RPC specimens

Grounded the debris in anhydrous
ethanol until they all passed the

0.12 mm standard sieve

The pressure of the box was slightly

lower than atmospheric pressure and

| the temperature of the box was 105°C

/ The samples were burned in a
.
.

high-temperature drying furnace at

950°C until its mass was constant

TABLE 4 | Compressive strength of RPC.

Delay period/h 7 days/MPa 28 days/MPa 90 days/MPa
18 184.46 + 7.38 182.18 + 6.21 179.28 + 7.57
24 189.05 + 7.06 186.95 + 6.39 184.95 + 5.80
30 186.06 + 6.75 188.20 + 9.66 186.71 + 7.26
3.0
2.81
§ 25}
'g 2.17
&’ 20+
[=1
2
°
3 15+
3
= 1.0
<= 10}
= 0.79
5
& 05+
»n
0.0 I / | /
15 18 21 24 27 30 33
Delay Period/h
Figure 3 | Strength reduction ratio of RPC under different delay period.

period. Compared with the maximum values of 7 and 28 days
compressive strength, the reduction ratio of RPC long-term
compressive strength at the age of 90 days was calculated. The
results were shown in Figure 3.

According to the compressive strength from Table 4, it could
be seen that the compressive strength of RPC at the age of 90 days
was 179.28, 184.95, and 186.71 MPa under the delay periods of
18, 24, and 30 h respectively. Compared with delay period of 18 h,
the compressive strength of RPC with delay periods of 24 and
30 h increased by 3.2 and 4.2%, respectively. It could be seen that
the compressive strength of RPC increased with delay periods.

Table 4 showed that the maximum compressive strength of
RPC under the delay periods of 18, 24, and 30 h was 184.46,
189.05, and 188.20 MPa, respectively. The maximum
compressive strength of 7 and 28 days was taken as the
reference value, and the compressive strength of 90 days was
compared with it to calculate the long-term reduction rate.
Figure 3 showed that the long-term strength reduction ratio
of 24 and 30 h was 22.8 and 71.9% lower than that of 18 h. It could
be seen that the long-term strength reduction ratio of RPC
decreases gradually with the increase of delay periods.

Effect of Delay Period on Initial Elastic
Modulus of RPC

At the age of 90 days, the stress-strain curves of RPC specimens
were obtained by uniaxial compression test. The stress-strain
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Figure 4 | Stress-strain curves of RPC under different delay period.

curves and error bars were shown in Figure 4. The difference of
compressive strength under different delay period at the age of
90 days was analyzed by one-way analysis of variance. The test
value of F was 3.852, p = 0.03 < 0.05. It was shown that the
compressive strength of RPC at the age of 90days had
statistically significant difference with the prolongation of
delay period.

Based on Weibull distribution phenomenological method and
equivalent strain hypothesis theory (Lemaitre, 1983), Wang et al.
(2006) established the constitutive model of damage of steel fiber

concrete as Eq. 1.
G:Es{exp[ ) ”»

1/ ¢
spk

m

(1)

Analysis of Reactive Powder Concrete

In the formula, o is stress; ¢ is strain; E is initial elastic
modulus; ¢ is the strain corresponding to peak load; m is
shape parameter. According to Eq. 1, parameters E and m
could be deduced by least square method based on the
experimental data. The calculation was implemented by
software of Origin. The calculation procedure was shown as
Figure 5, fitting residual sum of squares and constitutive
model expressions were shown in Table 5.

It could be seen from Table 5 that the values of m under the
delay periods of 18, 24, and 30h was 2.5748, 2.5585, and
2.4798, respectively. The difference between them were small.
In order to analyze the influence of delay period on initial
elastic modulus E, the average value 2.5377 of m was taken and
parameter E was deduced by least square method again based
on the experimental data. The results and constitutive model
expressions were shown in Table 6. The constitutive model
curves of RPC under different delay period were shown in
Figure 6.

It could be seen from Table 6 that the values of E under the
delay periods of 18, 24, and 30h was 9,933, 10,306, and
10,548 MPa, respectively. The initial elastic modulus E in
the constitutive model increased with the delay period. As
could be seen from Figure 6, the strength and rigidity of RPC
increased with the extension of delay period. It was conformed
that the delay period was helpful to improve the mechanical
properties of RPC, generated more hydration products, then
improved the compactness of the internal structure. And it was
conducive to the growth of RPC compressive strength and
rigidity.

Effect of Delay Period on Non-evaporated

Water Volume of the Paste

The amount of non-evaporative water in the paste at the age of 7,
28, and 90 days were measured. The results were shown in
Figure 7. It could be seen from Figure 7 that at the age of
7 days, the non-evaporative water of 18, 24, and 30 h was 7.8, 7.8,
and 7.9%, respectively. The non-evaporated water volume at the

[ Input experimental data in software of Origin

'

Call function of nonlinear curve fit

l

Set initial parameter value of £ and m,

[

fit the experimental data

y

Fit converged

Yes

Y

[

Constitutive model expression

)

Figure 5 | Schematic diagram of the calculation procedure of the constitutive model.

Define function

o = E*¢*exp(-(40*¢) m/m)

[
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TABLE 5 | Parameters of constitutive model of RPC under uniaxial compression.

Delay period £pk E (MPa) m

18h 0.025 9,898.2 2.5748
24 h 0.025 10,286 2.56585
30h 0.025 10,616 2.4798

Analysis of Reactive Powder Concrete

Constitutive model expression Residual sum

of squares
o = 9898.2¢{exp [-0.3884 (40)>%748)} 8,907.8
o = 10286¢{exp [-0.3909 (40¢e)> 0} 8,096.5
o = 10616¢efexp [-0.4033 (40e)>*7%8]} 10,710

TABLE 6 | Parameters of constitutive model of RPC with m equal to 2.5377.

Delay period pk E (MPa) m Constitutive model expression Residual sum
(h) of squares
18 0.025 9,933 2.5377 o = 9933¢e{exp [-0.3941 (40¢)>5%777} 8912.4
24 0.025 10,306 2.5377 o = 10306e{exp[-0.3941 (40e)>%77 ]} 8097.8
30 0.025 10,548 2.5377 o = 10548¢{exp [-0.3941 (40)>%77]} 10,727
200 12
74
160 ey, - 28 d
.l e o
160+ /’ \\'\\ : 10+ -90d
o/ N =
P/ N\ 9
140+ 7, . <
. > S 8t o —E
.7 O
§ 120} i q o =]
J, <
K =
~ 100t p 3 6
: / g
2 80 o / §_
< L
60} . 2 4
delay period 18 h &
40+ - - - - delay period 24 h 2
------ delay period 30 h 2r
20+
0 " 1 X O
0.01 0.02 0.03 0.04 18 24 30
strain delay period / h
Figure 6 | Constitutive model curves of RPC under different delay period. Figure 7 | The amount of non-evaporated water in the paste at different
delay period.

age of 28 days increased by 0.3, 0.4, and 0.4%, respectively
compared with that of 7 days. The non-evaporated water of
90 days increased by 0.2, 0.3, and 0.3%, respectively
compared with 28 days. The difference of non-evaporative
water under different delay period was analyzed by one-way
analysis of variance. The test value of F was 5.190, p = 0.013 <
0.05. It was shown that the content of non-evaporative water
had statistically significant difference with the prolongation of
delay period. It could be seen that the amount of non-
evaporated water increases slightly with the prolongation of
delay period. The difference of non-evaporative water at
different age was analyzed by one-way analysis of variance.
The test value of F was 9.497, p = 0.001 < 0.05. It was shown
that the content of non-evaporative water had statistically
significant difference with the age of RPC.

As the age progresses, hydration products were continuously
separated out, which made the space for new hydration
products to be contained in the paste become smaller and
smaller. When there was no room to accommodate, the new
hydration products produce compressive stress on the
surrounding raw hydration products, resulting in micro-
cracks in the structure, and consequently strength retrogression.
At the same time, compared with the early hydration stage, the
increase of hydration products decreased gradually during the
90-day period. The reason was that the hydration rate of
cement was very fast during the steam curing period, and
the hydration products gradually formed a layer of film on the
surface of un-hydrated particles. As the age progressed, the
hydration product films accumulated and they gradually
wrapped up the surface, which hindered the internal water
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Figure 8 | XRD pattern of the paste sample under different delay period. (A) delay period 18 h. (B) delay period 24 h. (C) delay period 30 h.
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Figure 9 | Determination of content of C2S, C3S and Ca(OH)2.

entry and the outward precipitation of hydration products,
thus affecting the further hydration in the later age (Zhao
et al.,, 2010).

XRD Analysis of Hydration Products

A suitable delay period could not only make cement hydration
more fully and produce more hydration products, but also
improve the compactness of RPC structure. The amount of
hydration products also changed with the delay period. In
order to analyze the mechanism of the effect of delay period
on the compressive strength and long-term strength reduction of
RPC from the micro-structure level, XRD analysis was used to
verify the relationship between hydration degree of the paste and
the delay period at the age of 90 days. The results were shown in
Figure 8, and the pdf number of C,S, C;S, and Ca(OH), was 83-
0460, 73-0599, and 72-0156, respectively. Determination of
content of C,S, C;S, and Ca(OH), by internal standard
method, the result was shown in Figure 9.

Figure 8 indicated that the main phase composition of RPC
hydration products were basically the same under different delay
periods. They were mainly composed of hydrated calcium silicate,
Ca(OH), crystals, un-hydrated cement particles 3Ca0O-SiO, (C;S)
and 2CaO0-SiO, (C,S). Calcium silicate hydrate was amorphous
and cannot be recognized by XRD. The diffraction peaks of C;S
and C,S were more obvious in Figure 8, mainly because the
water-cement ratio of RPC was very low, the hydration speed was
very fast at 90 °C, the internal structure was compact, and the
cement cannot be completely hydrated due to a lack of water and
space. Compared with the intensity of the diffraction peaks of C5S
and C,S under different delay periods at 90 days, the relationship
was: 18 h > 24 h > 30 h. The results showed that at the age of
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Figure 10 | SEM image of hydration products at 90 days age under different delay period. (A) delay period 18 h. (B) delay period 24 h. (C) delay period 30 h.
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90 days, the consumption of un-hydrated particles was greater,
the degree of hydration was higher and the hydration products
were more when the paste was delayed by 30 h. The conclusion
was consistent with that of Effect of Delay Period on Non-
evaporated Water Volume of the Paste about the quantity of
non-evaporative water. At the same time, the diffraction peaks of
Ca(OH), crystals at 20 = 18" and 26 = 34" were observed for three
groups of paste specimens.

It could be seen from Figures 8, 9 that the corresponding peak
of Ca(OH), crystals at 90 days was relatively weak under the three
delay periods. Because the reaction rate between the admixture
and Ca(OH), was greatly accelerated by steam at 90 °C, and the
consumption of Ca(OH), was very large.

SEM Image Analysis of Hydration Products
A certain delay period was conducive to the formation of finer
hydration product particles in the cement, so that RPC can obtain
higher strength in the steam curing stage. In order to elucidate the
mechanism of the effect of delay period on hydration products,
the micro-morphology characteristics of hydration products of
the paste at the age of 90 days were observed by SEM.

Figure 10 showed that the hydration products were closely
connected to each other and formed a dense continuous phase.
The internal structure of RPC remained complete and compact.
The hydrated calcium silicate cured by steam at 90°C were
amorphous and continuous. Flake crystals were Ca(OH),
crystals and spherical particles were un-hydrated particles
(Cheyrezy et al.,, 1995; Liu and Song, 2010). It could be seen
from Figure 10 that there was no significant difference in the
morphology of hydration products among the three groups of
samples, and no complete crystalline Ca(OH), crystal was found.
Because the reaction activity of silica fume was fully stimulated
and a large amount of Ca(OH), crystals were consumed under
steam curing at 90°C. The cementation between hydration
products was relatively dense.

Energy Dispersive Spectrum Analysis of
Hydration Products

Figure 10 indicated that there was no obvious difference in the
morphological characteristics of hydration products under
different delay periods, but the development of long-term
compressive strength of RPC specimens were obviously

different. Based on this difference, the chemical composition
and elemental composition of hydration products were
determined through the analysis of the back-scattered-electron
(BSE) images and energy dispersive spectrum analysis (EDS). The
results were shown in Figure 11 and Table 7. The ratio of calcium
to silicon of hydration products was calculated, and the hydrated
calcium silicate was analyzed qualitatively to prove the influence
mechanism of delay period on the long-term mechanical
properties of RPC.

It could be seen from Figure 11 and Table 7 that the Ca/Si
ratio of hydration products under the delay period of 18 h was
1.81, which belonged to needle hydrated calcium silicate (C,SH
crystal) with relatively high Ca/Si ratio. The Ca/Si ratio of
hydration products under the delay period of 24h was 1.56,
which belonged to columnar hydrated calcium silicate (C;S,H
crystal). The Ca/Si ratio of hydration products under the delay
period of 30 h was 1.54, which belonged to C;S,H crystal as well.
Documents have shown that the compressive strength of hydration
products was higher when the calcium-silicon ratio of hydration
products was lower under certain conditions (Wang et al., 2007), and
the lower the calcium-silicon ratio was, the denser the morphology of
hydration products was, which was consistent with the strength law
of Effect of Delay Period on Compressive Strength and Long-Term
Strength Reduction Ratio of RPC.

DSC-TG Analysis of Hydration Products

The DSC-TG patterns of the paste at the age of 90 days under
different delay period were shown in Figures 12, 13. It could be
seen from Figure 12 that the TG curves of the paste under the
delay period of 18, 24, and 30h were relatively close, the
hydration products increased slightly with the prolongation of
delay period, which was consistent with the results of non-
evaporated water. The endothermic peak at 110°C was the
result of dehydration reactions because of the loss of water
from C-S-H (Sha et al,, 1999; Yang and Yue, 2000). By the
analyzation of DSC-TG, the existence of C-S-H gel in
hydration products was evidenced, which was consistent with
the results of SEM and EDS analysis. The second major peak
which occurred between 400 and 500 °C corresponds to the
dehydroxylation of Ca(OH), (Mohammed et al, 2020). The
existence of Ca(OH), in the paste specimens was showed in
the XRD patterns. The enthalpy (AH) of second major peak
under the delay period of 18, 24, and 30 h was 4.156 J/g, 6.627 ]/g
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Figure 11 | Elemental energy spectrum of hydration products under different delay period. (A) BSE image of delay period 18 h. (B) spot eight of delay period 18 h.
(C) BSE image of delay period 24 h. (D) spot five of delay period 24 h. (E) BSE image of delay period 30 h. (F) spot five of delay period 30 h.

TABLE 7 | Elemental composition and mass fraction of hydration products/%.

Item Spot 8 of delay period 18 h Spot 5 of delay period 24 h Spot 5 of delay period 30 h
Weight Error Weight Error Weight Error
o 37.50 11.07 45.91 10.51 51.17 10.03
C 2.30 21.46 5.80 14.05 3.66 16.57
Al 4.06 6.9 3.24 6.81 4.99 6.24
Si 14.60 4.85 13.61 4.45 12.21 4.63
S 1.45 9.37 1.10 12.02 1.07 9.44
Ca 37.71 2.11 30.33 2.02 26.90 2.02
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Figure 12 | TG curves of the paste under different delay period. Figure 13 | DSC curves of the paste under different delay period.

and 9.089 J/g respectively. It can be seen that the degree of hydration
was higher with the prolongation of delay period, and the hydration
products were more when the paste was delayed by 30 h. That was
consistent with the results of XRD analysis.

Mechanism Analyses

Relevant literature (Erdem et al., 2003) had shown that during the
delay period, the hydration of cement was uniform and the
crystalline particles of hydration products were finer, which
was conducive to more adequate hydration reaction during
steam curing and the rehydration of the paste in later age.
Within the suitable range, the hydration reaction was more
sufficient and the long-term strength of the paste was more
stable with the prolongation of delay period.

The delay period had two effects on the mechanical properties of
RPC. Compared with the delay period of 18 h, the delay period of 24
and 30 h could not only improve the compressive strength of RPC,
but also reduce the damage of high temperature steam to the internal
structure of RPC in the initial stage of hydration. It could be seen that
the appropriate delay period made the early hydration degree of RPC
higher, the initial strength higher, and the calcium-silicon ratio of
hydration products relatively lower. The dual effects of structure
compactness and protection of hydration products on RPC enhanced
the compressive strength and long-term strength stability of RPC.

CONCLUSION

From the test and the analytical results, the following conclusions
could be drawn.

1) Compared with the delay period of 18 h, the compressive
strength of RPC specimens delayed by 24 and 30 h increased

3.2 and 4.2% respectively. The difference of compressive
strength under different delay period was analyzed by one-
way analysis of variance. It was shown that the compressive
strength of RPC had statistically significant difference with the
prolongation of delay period. The long-term strength
reduction ratio of RPC specimens under the delay periods
of 24 and 30h decreased 22.8% and 71.9% respectively
compared with the delay period of 18h. Therefore, the
appropriate delay period was conducive to increasing the
compressive strength of RPC and reducing the reduction
ratio of long-term compressive strength.

2) Based on the delay period, there was more adequate hydration
reaction during steam curing and the rehydration of the paste
in later age. The strength and rigidity of RPC increased with
the extension of delay period. The initial elastic modulus E in
the constitutive model increased with the delay period.

3) The hydration products of the paste under the delay periods of
24 and 30 h increased compared with the delay period of 18 h.
The calcium-silicon ratio of hydration products under the
delay periods of 24 and 30 h decreased significantly compared
with the delay period of 18 h. And the structure compactness
increased gradually with the prolongation of delay periods.
Therefore, the suitable delay period could make RPC produce
more hydration products with low Ca/Si ratio, improve the
compactness of internal structure, and enhance the
compressive strength and long-term strength stability of RPC.
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