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The use of saturated coral aggregate (SCA) as practical replacement of quartz sand has been shown to effectively mitigate the
autogenous shrinkage in ultrahigh performance concrete (UHPC). The autogenous deformation, the compressive strength, the
flexural strength, and the hydration property development of paste with different shrinkage means were tested. Three different
methods were evaluated to mitigate the autogenous shrinkage: SCA, shrinkage reducing admixture (SRA), and the mixture of SCA
and SRA (SRA-SCA). It was found that SCA and SRA have all the effective ways to reduce the shrinkage deformation, and SRA-SCA
was the most effective in mitigating the shrinkage. The autogenous shrinkage of UHPC was restrained, when the SCA dosage was
44%, the SRA dosage was 0.8%, the SCA content was 26%, the SRA dosage was 2.4%, the SCA content was 18%, the SRA content
was 2.4%, or the SCA dosage was 26%.Themechanical properties were deteriorated by the addition of SCA, while the compressive
strength was still higher than 90MPa at 28 days even though the replacement ratio of SCA was up to 50%. Furthermore, internal
curing by means of SCA was proved to be a successful way to mitigate autogenous shrinkage, after the tests.

1. Introduction

Currently, the application of UHPC has been developed in
more and more engineering, because of high compressive
strength (over 100MPa), high tensile strength (over 8MPa),
high ductility, and high density. And UHPC overcomes
the normal concrete drawback; the increase of strength is
accompanied by higher brittleness [1, 2]. These outstanding
properties are attributed to the high binder content, the high
ultrafine powder content, and the low water to binder ratio
(W/B). Due to the lowW/B (usually lower than 0.2) and high
silica components content, the hydration heat of UHPC is
high, and the internal relative humidity decreased quickly.
However, these hydration reactions caused the high early-
age autogenous shrinkage and shrinkage cracking. And the
shrinkage leaded to more and more cracking; this cracking
became wide with the time increasing. Many liquids, gases,
and ions, which are harmful to the concrete cementitious
structure, will diffuse into the internal concrete through this
cracking. Thus, the durability will get worse and worse, and
the service life will shorten strongly [3].

It is very important and essential to restrain the auto-
genous shrinkage in UHPC. There are many methods to
reduce the autogenous shrinkage, use of shrinkage reducing
admixtures, and internal curing that have been introduced to
mitigate the autogenous shrinkage in UHPC.

One method to decrease the effects of shrinkage includes
the addition of shrinkage reducing admixtures. SRA has been
observed to be useful inmitigating the autogenous shrinkage.
The use of SRA to reduce the shrinkage has been investigated
by Yoo et al. [4, 5], and their studies were focused on investi-
gating the effect of SRA on free and restrained autogenous
shrinkage behaviors of UHPC. Güneyisi et al. [6] summa-
rized their researches and found that SRA effectively de-
creases the magnitude of capillary stresses and shrinkage
strains through reducing the surface tension of capillary solu-
tion. Some researches indicated that the autogenous shrink-
age of UHPC was mitigated by the addition of SRA, and
the reduction of the shrinkage of UHPC with SRA could
be over 50% compared to that of the control UHPC. There
are some studies indicating these beneficial effects on the
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Table 1: Chemical composition of experiment materials%.
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Cement 64.13 21.43 2.24 3.78 2.07 0.78 2.25 3.32
SF 0.52 94.51 0.61 0.22 4.14
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Figure 1: Particle size distribution of powder materials.

autogenous shrinkage of UHPC with different SRA, and the
autogenous shrinkage was restrained by the use of SRA. Some
researchers analyzed the impact of adding methods (mixing,
coating, and immersing), dosage, and species of SRA on the
shrinkage of cement paste [7, 8]. The reducing mechanism
has been investigated by Deboodt et al. [9], and their studies
were focused on investigating the effect of SRA on the surface
tension of pore solution and the evaporation rate of pore
solution. The autogenous shrinkage was reduced by the use
of SRA, which, through decreasing the pore size of cement
paste, reduces the evaporation rate of pore solution.

Another shrinkage mitigation method is the use of inter-
nal curing. The internal curing [10] could reduce and even
restrain the autogenous shrinkage of cement paste. It has been
demonstrated that some materials can be used for concrete
internal curing from the previous literature, like superab-
sorbent polymer (SAP) [11], bentonite clay [12], shale pottery
[13], cellulose fiber [14], porous rice husk ash [15], and the
lightweight aggregate (LWA) [16].Thematerials used to inter-
nal curing play a role of water reservoir at hardening stage, the
materials absorbed water before the paste mixing, and the
water stored in the materials would be released to maintain
internal relative humidity during concrete hardening, pro-
mote further hydration, and reduce the autogenous shrink-
age. The SAP and LWA were usually used to mitigate the
shrinkage of cement paste, and the effects on the shrinkage re-
duction were beneficial. In the research of Klemm and Sikora
[17], autogenous shrinkage of concrete reduced with the
dosage of SAP increasing, the greater the ratio of water ad-
sorption of SAP, themore the shrinkage reduction. It has been
observed that the autogenous shrinkage reduction of cement
paste was about 65.3%, compared to the control paste. The
use of prewetted LWA reduced the amount of autogenous
shrinkage deformation [18, 19]; a 70%differencewas observed
between the sample with prewetted LWA and the control
sample.

Although some researches have been carried out to inves-
tigate the influence of SRA and LWA on the autogenous
shrinkage of UHPC, none of the studies have focused on
the impact of using saturated coral aggregate (SCA) and the
combination of SRA and SCA [20, 21] on the autogenous
shrinkage of UHPC, while the water, in the internal prone
of SCA, would be released and caused the internal curing.
The autogenous shrinkage of UHPC will be reduced with
the addition of SCA, from the view of the internal curing
theoretical analysis. This paper attempts to investigate the
impact of SCA, SRA, and the combination of SCA and SRA
on the autogenous shrinkage of UHPC, and the effects on the
UHPC properties with SCA, SRA, and the combination of
SCA and SRA.

2. Experimental Program

2.1. Materials. Portland cement (PC) and silica fume (SF)
were used as the cementitious component of UHPC. The
chemical composition of PC (Cement II 42.5R) and SF is
presented in Table 1, SF with SiO

2
content more than 94%

was used in this study, and the particle size distribution of
these PC and SF is provided in Figure 1. Quartz sand with
a mean particle diameter of 0.075–0.6mm was used as
aggregate, and quartz powder with a mean particle diameter
of 5.47–18 𝜇m was added as microfiller. The steel fibers were
used in UHPC to increase the tensile strength and toughness,
having the specific gravity of 7.8, the length of 40mm, and the
diameter of 0.65mm. A polycarboxylate-based high-range
superplasticizer (SP) was employed in UHPC to achieve the
target workability; the dosage in all samples was kept at a rate
2.4% of binder mass.

The main components of coral aggregate are carbonate,
and the calcium content is up to 98%. Table 2 shows the
main determinations of coral aggregate. There are abundant
pore structures and porousmicrostructure in coral aggregate,



Advances in Materials Science and Engineering 3

(a) (b)

Figure 2: The images of coral aggregate in China.

Table 2: The properties testing table of coral aggregate in China.

Detecting items Units Detecting results
Moisture content % 0.2
Organic matter g/kg 2.77
Available phosphorus mg/kg 6.8
pH 9.3
Bulk density mg/m3 1.37
Texture Sand
Available nitrogen mg/kg 12.0
Available potassium mg/kg 7.38
Carbonate g/kg 987
EC value mS/cm 0.140
Total nitrogen g/kg 0.174
Total phosphorus g/kg 0.075
Total potassium g/kg 0.991
Available boron mg/kg 0.201
Cation exchange capacity cmol/kg 1.22
Available copper mg/kg 0.218
Available zinc mg/kg 0.073
Available iron mg/kg 0.582

as shown in Figure 2. Before the experiment, the coral
aggregates were sieved, and only those retaining on 2mm
sieve and passing 4mm sieve were selected as the aggregate
for this research. The saturated coral aggregates (SCA) were
prepared for this study to be used in the UHPC mixes, and
the water absorption of SCA is 19.2%. The chloride content
of coral aggregates was removed by freshwater soaking to
meet the China National Standard GB 50666-2011 “Concrete
Structure Engineering Construction Standard” requirements
[22]. A commercially available shrinkage reducing admixture
(SRA) produced in Chongqing China was used in the study.

2.2.Mix Proportions andMixing Procedure. Table 3 shows the
UHPCmixture proportions used in this research. In order to
study the effect of SCA and SRA on the properties of RPC, a
series of samples (with W/B from 0.2 to 0.28) were prepared.
SCA was added at five dosage levels and the amounts of SRA
were from 0.8% to 4% by mass of binder.

Themixing procedure was performed according to China
National Standard GB/T 31387-2015 “Reactive Powder Con-
crete” [23] as follows:

(1) All dry mixing powders (PC, SF, quartz sand, quartz
powder, and steel fiber) being added and mixed for
4min

(2) Addition 90% of the water mixture with SP and SRA
and wet mixing for 4min

(3) SCA and the rest water mixture being added
(4) Mixing for 5min

2.3. Methods

2.3.1. Strength Test. The samples were cured according to
China National Standard GB/T50081-2002 “Ordinary Con-
crete Mechanics Performance Test Method” [24]. After mix-
ing, the slurrywas poured into the 40mm× 40mm× 160mm
molds and incubated at 25∘C for 24 h. The specimens were
maintained at 20∘C for 27 days after themolds were removed.

The strength test of samples was performed through the
computer controlled electrohydraulic testing machine. The
loading rate of flexural strength test was set as 50 ± 10N/s.
After the flexural test, the remaining six broken pieces were
subjected to the compressive test. The loading rate of all
specimens was set as 2.4 ± 0.2 KN/s.

2.3.2. Setting Time. For a restrained concrete element, the
deformation before initial setting has negligible influence on
the stress development. Therefore, the initial setting time is
usually seen as the start point of autogenous shrinkage [25,
26]. ASTM C403 testing method [27] was used to measure
the initial and final setting time. To eliminate the influence
of water evaporation on setting time, the surface of samples
needed to be covered by polyethylene sheet during the
measurement.

2.3.3. Hydration Heat. The hydration heat flow of samples
is measured by an eight-channel TAM Air heat conduction
calorimeter. In order to minimize the influence of rising tem-
perature caused by external mixing and handling of samples,
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Table 3: The mix proportion of UHPC.

Sample Binder (mass fraction) Quartz powdera Quartz sanda Coral sanda W/Bb (W/B)e
b SPa SRAa STc%

Cement SF
S1 0.8 0.2 0.34 0.88 0.2 0.024 1
S2 0.8 0.2 0.34 0.79 0.09 0.2 0.02 0.024 1
S3 0.8 0.2 0.34 0.70 0.18 0.2 0.03 0.024 1
S4 0.8 0.2 0.34 0.62 0.26 0.2 0.05 0.024 1
S5 0.8 0.2 0.34 0.53 0.35 0.2 0.06 0.024 1
S6 0.8 0.2 0.34 0.44 0.44 0.2 0.08 0.024 1
S7 0.8 0.2 0.34 0.88 0.2 0.024 0.008 1
S8 0.8 0.2 0.34 0.88 0.2 0.024 0.024 1
S9 0.8 0.2 0.34 0.88 0.2 0.024 0.04 1
S10 0.8 0.2 0.34 0.88 0.22 0.024 1
S11 0.8 0.2 0.34 0.88 0.23 0.024 1
S12 0.8 0.2 0.34 0.88 0.25 0.024 1
S13 0.8 0.2 0.34 0.88 0.26 0.024 1
S14 0.8 0.2 0.34 0.88 0.28 0.024 1
S15 0.8 0.2 0.34 0.79 0.09 0.2 0.02 0.024 0.008 1
S16 0.8 0.2 0.34 0.70 0.18 0.2 0.03 0.024 0.008 1
S17 0.8 0.2 0.34 0.62 0.26 0.2 0.05 0.024 0.008 1
S18 0.8 0.2 0.34 0.79 0.09 0.2 0.02 0.024 0.024 1
S19 0.8 0.2 0.34 0.70 0.18 0.2 0.03 0.024 0.024 1
S20 0.8 0.2 0.34 0.62 0.26 0.2 0.05 0.024 0.024 1
aFraction by binder mass. bNot including water from SP and SRA. cVolume percentage. eWater in the aggregates.
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Figure 3: Noncontact concrete shrinkage deformation testing system. 1: steel mold; 2: sensor support; 3: displacement sensor; 4: standard
target.

collecting the hydration heat data should be started 1 h later
aftermixing.The test needed to last for 72 h, and the operating
temperature was kept at 20∘C during the whole procedure. At
last, the results were normalized by gram of paste.

2.3.4. Autogenous Shrinkage Test. The linear autogenous
shrinkage of UHPC is measured by using eddy-current dis-
placement sensor (ECDS) based on the electromagnetic
induction effect [25].The schematic drawing of this apparatus
is shown in Figures 3 and 4. The operation sequences are as
follows:

(1) Smear the inner surfaces of steel mold (100 × 100 ×
550mm) with grease and then place Teflon sheet to
eliminate the friction between the inner surfaces of
mold and UHPC specimens

(2) Put two steel target seats on the proper position of
the bottom surface of molds; the distance of two

steel target was set as 455mm in this study. Standard
targetsweremagnetically attached to steel target seats.

(3) Cast the mixtures into molds and embed the steel
target seats into RPC specimens to make sure they
deform simultaneously with UHPC. Then embed the
thermocouples at the center of UHPC mixtures to
separate the autogenous shrinkage from themeasured
total deformation by monitoring the temperature
change within RPC.

(4) Seal the top surface of UHPC mixture with two
layers of polyethylene sheets to avoid the influence of
exterior drying. After that, fasten the sensor support
on the top of mold and regulate the fitting screw to
make the ECDS on the proper position.

(5) Start the test. Interval of measurement data acquisi-
tion was set as one minute in this study.
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Figure 4: Schematic diagram of the UHPC autogenous shrinkage test.
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Figure 5: The compressive strength of specimens at 28 days.

During the whole testing period, the temperature should
be kept at 20 ± 1∘C. After the test, the measured autogenous
shrinkage should be zeroed at the initial setting time deter-
mined by corresponding pure paste. The deformation results
should be obtained by measuring three specimens in parallel
to make sure the better estimation of autogenous shrinkage.

3. Experimental Results and Discussion

3.1. Mechanical Strength. The compressive strength of spec-
imens [28] at 28 days is shown in Figure 5, and the flexural
strength of specimens at 28 days is shown in Figure 6.

The compressive strength decreased with the SCA, SRA,
and W/B increasing. Compared with reference S1, the com-
pressive strength decreased 12.1%, 14.4%, 18.2%, 19.6%, and
21.9%, respectively, with increasing SCA from 9% to 44%,
the compressive strength decreased 2.6%, 10.4%, and 18.2%,
respectively, with increasing SRA from 0.8% to 2.4%, and
the compressive strength decreased 4.2%, 13.8%, 16.9%, 19.1%,
and 24.5% as the W/B increases from 0.20 to 0.28. The
superhigh strength of UHPC is obtained due to the homo-
geneity and extremely compacting structure. However, the
homogeneity was changed as the porous SCA was added to
UHPC, and the extremely compacting structure was broken
with more SRA or higher W/B. The strength of specimens
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Figure 6: The flexural strength of specimens at 28 days.

with SCA and SRA was lower than that without SCA when
the SRA content was the same. When the SRA content was
0.8%, the compressive strength of samples decreased with
increasing SCA compared with reference S7. The decent
degree was 13.4%, 15.5%, and 20.1% for the SCA of 9%, 18%,
and 26%, respectively. When the SRA content was 2.4%, the
compressive strength of samples decreased with increasing
SCA compared with reference S8. The decent degree was
6.3%, 11.3%, and 16.8% for the SCA of 9%, 18%, and 26%,
respectively, while the compressive strength of the sample
with SCA and SRA is still over 90MPa after 28 days.The SCA
was porous and concavo-convex, where the adhesive force
between the aggregate and cement mortar in the interfacial
transition area was greater than that of normal concrete.

The flexural strength decreased with an increase in the
SCA content or the SRA content. And the flexural strength
decreased with increasingW/B from 0.20 to 0.25; the flexural
strength was almost constant with increasing W/B from 0.25
to 0.28. Compared with reference S1, the flexural strength
decreased 9.7%, 12.4%, 19.2%, 29.6%, and 32.9%, respectively,
with increasing SCA from 9% to 44%, the compressive
strength decreased 1.9%, 7.5%, and 13.7%, respectively, with
increasing SRA from 0.8% to 2.4%, and the compressive
strength decreased 2.9%, 12.4%, and 34.2% as the W/B
increases from 0.20 to 0.25. The pore structure and the
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Figure 7: The initial setting time of pastes.
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Figure 8: The final setting time of pastes.

homogeneity ofUHPCwere changed by the porous and brash
SCA, the SRA, and more water, which damaged the fracture
resistance of UHPC obviously, while flexural strength of the
sample with SCA and SRA is still over 18MPa after 28 days.

3.2. Setting Time. The initial setting times of pastes are shown
in Figure 7, and the final setting times of pastes are shown
in Figure 8. In Figure 7, it is obvious that the initial setting
time of UHPC paste in this research is above 20 h. The initial
setting time is much longer than the cement paste, which
can be attributed to the high content of SF in the paste
because of the poor hydration reactivity. The initial setting
time occurred later with the SRA content increasing; the
forepart hydration of cement could be delayed with the SRA.
The initial setting time also occurred later with the total
W/B increasing. There is an induction period in the cement
hydration, and the cement hydration would occur after the
induction period. While there were many Ca2+ and OH− in
the solution, the induction periodwas over after the Ca(OH)

2

solution reached a certain saturation concentration and the

6

5

4

3

2

1

1 2 3 4 5 6 7 8 90
Time (day)

−500

−250

0

250

500

750

1000

D
ef

or
m

at
io

n/
1
0
E
−
6

Figure 9: The autogenous shrinkage of references with SCA.

Ca(OH)
2
crystals were produced.The Ca(OH)

2
crystals were

much harder to be produced when more water was in the
cement, and the final time of induction period was much
later and the initial setting time was much longer. It should
be noticed that the initial setting time was delayed by the
addition of SCA, because of the water in the SCA, while the
initial setting time of pastes contained SCA that occurred
slightly later than that of the pastes without SCA under the
condition of same total W/B. The reason is that the initial
setting time retardation occurs later than PC due to the fact
that the water in the SCA is released slowly. Figure 8 indicates
that the changed trend of the final setting time was similar to
the initial setting time.

3.3. Autogenous Shrinkage. UHPC typically experiences sig-
nificant autogenous shrinkage, because of the extremely low
W/B and the high content of cement.The SCA and SRA were
added to the pastes tomitigate the autogenous shrinkage.The
experimental results, presented in the form of graphs, were
obtained using the averagemeasurements of three specimens.

3.3.1. SCA. Figure 9 visualizes the effect of the SCA in auto-
genous shrinkage. As is shown, the shrinkage rate increased
strongly during the first day, the shrinkage rate of S1 and S2
was continuously on the increase during the second half of
the first day, and the shrinkage rate of S3, S4, S5, and S6
decreased sharply one day later, while the shrinkage of all
references presented stably after two days. It is noticed that
the autogenous shrinkage deformation of S1 without SCA
was 896 𝜇m/m, and the autogenous shrinkage of references
decreased with SCA increasing. And the autogenous shrink-
age of S6 was restrained; the SCA content of S6 was 44%.The
autogenous shrinkage is mitigated with the SCAmixing.This
can be ascribed to that more water in SCA and the fine pore
structure of SCA.

To judge whether either the water of SCA or the fine pore
structure of SCA plays a greater role in decreasing the auto-
genous shrinkage, the autogenous shrinkage experiments of
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Table 4: The autogenous shrinkage deformation of references.

Serial number The autogenous shrinkage of references
with SCA

The autogenous shrinkage of references
with W/B

1 503 583
2 305 556
3 114 395
4 −232 308
5 −310 282
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Figure 10: The autogenous shrinkage of references with different
W/B.

reference samples with different W/B were completed. The
water content of reference sampleswith differentW/B is equal
to the total content water of corresponding reference samples
with SCA. Figure 10 visualizes the autogenous shrinkage of
reference samples with differentW/B. As shown in the figure,
the autogenous shrinkage of references decreased with SCA
increasing, This can be ascribed to that the capillary force
increases with the denser matrix caused by lower W/B and
as a result it will lead to higher self-desiccation and auto-
genous shrinkage. While the autogenous shrinkage was not
restrained with the W/B increasing, the lowest autogenous
shrinkage deformation of references was 283 𝜇m/m.

The autogenous shrinkage deformations of references
with SCA and corresponding W/B are shown in Table 4.
It is noticed that the autogenous shrinkage deformation of
references with SCA is lower than that with corresponding
W/B. And, the difference between the autogenous shrinkage
deformations of references with SCA and the autogenous
shrinkage deformations of references with corresponding
W/B increased with the SCA increasing. The internal curing
with means of SCA is attributed to the autogenous shrinkage
reduction, and the fine pore structure of SCA plays a decisive
role for the autogenous shrinkage inhibition.

3.3.2. SRA. Figure 11 shows the autogenous shrinkage of
reference samples with SRA. The results show that both
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Figure 11: The autogenous shrinkage of references with SRA.

references with SRA mitigated the autogenous shrinkage
and the autogenous shrinkage of references decreased with
SRA increasing. The autogenous shrinkage deformation was
719, 639, and 285𝜇m/m, respectively, with the content of
SRA increasing 0.8%, 2.4%, and 4%. The reason of high
efficiency with SRA adding is consistent with the higher
ability of this SRA to reduce the surface tension of the
interstitial solution, which could reduce the shrinkage caused
by capillary tension [29]. The hardening of the paste and
the formation of microstructure were slowed down in the
early stage, which could mitigate the chemical shrinkage and
autogenous shrinkage relatively, when the SRA was added to
the paste. The addition of SRA was effective in mitigating
the autogenous shrinkage, while the autogenous shrinkage of
references with SRA was not restrained.

3.3.3. Mixture of SCA and SRA. The SCA and SRA were all
added to the references to restrain the autogenous shrinkage.
Figure 12 shows the autogenous shrinkage of reference sam-
ples with SRA or SRA-SCA, the SRA contents in S7, S15, S16,
and S17 are all 0.8%, and the SCA contents of S15, S16 and S17
are 9%, 18%, and 26%. It would be noted that the autogenous
shrinkage deformation was reduced strongly with SRA-SCA
adding, and the autogenous shrinkage decreased with SRA-
SCA increasing. The addition of SCA was effective in reduc-
ing the autogenous shrinkage in the references with SRA; the
autogenous shrinkage deformation was reduced 77.05% with
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Figure 12: The autogenous shrinkage of references with SRA and
SRA-SCA.
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Figure 13: The autogenous shrinkage of references with SRA and
SRA-SCA.

9% SCA. And the autogenous shrinkage was restrained with
26% SCA. It appeared that SRA and SCA worked together
to mitigate the autogenous shrinkage, enhancing the effect of
each other in reducing shrinkage.

Figure 13 also visualizes the effect of the SRA and SRA-
SCA in autogenous shrinkage, the SRA contents in S8, S18,
S19, and S20 are all 2.4%, and the SCA contents of S18,
S19, and S20 are 9%, 18%, and 26%. The addition of SCA is
seen to reduce the shrinkage deformation of the reference
with SRA as seen from the figure. The autogenous shrinkage
deformation was reduced 89.36% with 9% SCA, and the
autogenous shrinkage was restrained with 18% SCA and 26%
SCA.

In summary, the autogenous shrinkage of UHPC is
mitigated effectively through the addition of SRA, SCA, and
the mixture of SRA and SCA, and the autogenous shrinkage
would be restrained at the suitable content. The reasons
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Figure 14: Heat flow versus time of references with SCA.

of that could be described as follows: the addition of SRA
decreases the surface tension of the pore solution, thereby
decreasing the Laplace pressure in the capillary pore solution,
which could decrease the autogenous shrinkage of pastes.
Additionally, the autogenous shrinkage is reduced through
internal curing [30] with the use of SCA. What is more,
the SRA and SCA will play an effective role together for the
shrinkage reduction and will not counteract the effect of each
other in decreasing the shrinkage.

3.4. Hydration of Pastes. The hydration heat flow of samples
with SCA is presented in Figure 14. It is noted that the hydra-
tion heat flow decreased gradually during the first 7 h, started
to accelerate between 7 h and 10 h, and peaked between 30 h
and 36 h. The time of the highest heat flow of UHPC was
much longer than these ordinary pastes. The reason of that is
the retardation of high content of superplasticizer, which was
confirmed through the setting time test. As shown in figure,
the main heat flow peak of references appeared early with
SCA increasing, and the heat flow of references increased
with SCA increasing. The water content of paste increased
with SCA increasing, and the hydration reaction reacted
rapidly and completely, which could be attributed to this
phenomenon. Figure 15 shows the cumulative heat of the
references with SCA and the cumulative heat increased with
the SCA increasing as seen from the figure.

Figure 16 shows the heat flow of references with SRA. It is
obvious that the induction and acceleration period of refer-
ences became longer through adding the SRA. The heat flow
peak of references appeared later with SRA increasing, and
the heat flow of references decreased with SRA increasing.
The arrival time of heat flow peak of S9 with 4% SRA was
about 12 h later compared to that of S1 without SRA. As seen
in Figure 17, the cumulative heat of references also decreased
obviously with SRA increasing.The reason of that is that SRA
will delay the hydration reaction of cement.

The hydration heat flow of samples with SRA and SRA-
SCA is presented in Figure 18. The SRA contents in S7, S15,
S16, and S17 are all 0.8%, and the SCA dosages of S15, S16,
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Figure 15: Cumulative heat versus time of references with SCA.
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Figure 16: Heat flow versus time of references with SRA.
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Figure 17: Cumulative heat versus time of references with SRA.
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Figure 18: Heat flow versus time of references with SRA-SCA.
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Figure 19: Cumulative heat versus time of references with SCA-
SCA.

and S17 are 9%, 18%, and 26%. The arrival time of peak
of references was nearly the same, while the heat flow of
samples increased with SCA increasing because of more
hydration reaction. The cumulative heat also increased with
SCA increasing in Figure 19.

Figure 20 also visualizes the heat flow of samples with
SRA and SRA-SCA. The SRA contents in S8, S18, S19, and
S20 are all 2.4%, and the SCA dosages of S18, S19, and S20
are 9%, 18%, and 26%. The experimental trajectories of S8,
S18, and S19 were almost the same; the peak arrival time and
the highest heat flow were nearly the same. The cumulative
heat of S8, S18, and S19 followed the same pattern. The
heat flow and the cumulative heat of S20 were higher than
those of others. As shown in Figures 14–17, the addition of
SRA delayed the arrival time of heat flow peak and reduced
the cumulative heat, and the addition of SCA advanced the
arrival time of heat flow peak and increased the cumulative
heat, while these patterns were not obvious in Figures 18–21.
The reasons of that were attributed to the fact that SRA
and SCA counteracted the effect of each other in hydration
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Figure 20: Heat flow versus time of references with SRA-SCA.
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Figure 21: Cumulative heat versus time of references with SRA-
SCA.

reaction, and the SRA played a more important role in
hydration reaction than the water in SCA.

4. Conclusions

The effect of SCA, the effect of SRA, and the combined effect
of SCA and SRA on the setting time, strength properties,
autogenous shrinkage, and hydration of sample pastes were
evaluated. The following conclusions are drawn from the
results of this study:

(1) The addition of SCA into UHPC mitigated the auto-
genous shrinkage regardless of the dosage of SCA,
while the use of SCA causes a less reduction in the
compressive strength.

(2) The autogenous shrinkage of UHPC is decreased with
the SRA adding, while the addition of SRA reduced
the compressive strength and the flexural strength of
pastes.

(3) Mixtures with SRA and SCA were the most effec-
tive in decreasing the autogenous shrinkage. The

autogenous shrinkage restrained was observed in the
mixture with 0.8% SRA and 26% SCA, the mixture
with 2.4% SRA and 18% SCA, and the mixture with
2.4% SRA and 26% SCA. The SRA and SCA work
together to decrease the autogenous shrinkage of
UHPC and can strengthen the effect of each other in
reducing shrinkage.

(4) The heat flow and cumulative heat of pastes are
increased at the use of SCA, and the heat flow and
cumulative heat of samples are decreased by the
addition of SRA. The SRA plays much greater role in
changing the heat flow and cumulative heat of pastes,
when the SRA and SCA are all added to the pastes.

(5) The autogenous shrinkage of UHPC can be effectively
mitigated through the internal curing by means of
SCA, because of the fine pore structure in the coral
sand.
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