ISSN 1027-5495. Functional Materials, 27, No.3 (2020), p. 526-532.
doi:https://doi.org/10.15407/fm27.03.526 © 2020 — STC "Institute for Single Crystals”

Preparation and mechanical properties
of phase change energy storage concrete

Cao Hai, Zhou Changjian, Ye Qin

School of Civil Engineering and Architecture, Huangshan University,
Huangshan 245041, China

Received May 5, 2020

Butyl stearate was used as phase change material, expanded perlite was used to absorb
butyl stearate, and the phase change energy storage aggregate was prepared by surface
modification of limestone powder. Phase change energy storage concrete is prepared by
partially replacing fine aggregate with phase change material and partially replacing
cementitious materials with silica powder. The compressive and splitting tensile properties
of concrete mixed with phase change energy storage aggregate and silica powder were
studied. The test results show that the admixture of phase change energy storage aggre-
gate will lead to the reduction of compressive strength and splitting tensile strength of
concrete, when the content of phase change energy storage aggregate is constant and the
content of silica powder increases from 0% to 10%, the compressive strength and splitting
tensile strength of concrete increase with the increase of the content of silicon powder.
But when the content of silica powder increased from 10% to 15%, the compressive
strength and splitting tensile strength of concrete decreased. When the phase change
energy storage aggregate content is 5%, the silica powder content is 10-15%, the compres-
sive strength and splitting tensile strength of the phase change energy storage concrete
were basically the same as that of plain concrete.

Keywords: phase change energy storage aggregate, silica powder, concrete, compres-
sive strength, splitting tensile strength.

Orpumanna Ta mexaHiumi BaacruBocti Oerony mua 36epiramua ewmeprii. H.Cao, C.Zhou

Busueno minmicui BaacTuBocTi mpu posTAryBaHHi i cTucHeHHI TermoisosdAniiinoro Gero-
HY, OTPMMAHOr'0 3a JOIIOMOI0I0 IOJaBaHHSA (PasoBOro 3aIIOBHIOBAUA i KPEMHE3EMHOTO IIOPOIII-
Ky V PpisHHX KoHIeHTpalisx. Pesyiapraru BunpobyBadHb IIOKA3yIOTh, IO Taka gob0aBkKa i
JOJaBAHHA KpeMHeseMy y KoHieHTpanii g0 10 % mnpussBoguTh 10 3HMMEHHSA MillHocTeil Ha
CTHCK 1 Ha pospuB Oeromy. MinmmocTi Ha C¢THCK 1 Ha pPO3PUB NPH POITAryBaHHI OeToHY
3b6inpmiyroTeca 31 36inpmieHHaM BMicTy mopoinky xpemuio. Koam BmicT samoBHioOBaua cTaHO-
BuTh 5 Y%, mopomky Kpemuesemy — 10-15 %, mimmicTs Ha crmck i memxa minmocri npu
po3TAaryBaHHI y 0eTOHY, AKHUUA LOCHIiIKYETHCA, B OCHOBHOMY 3aJHIIAIOTHCA TAKUMU XK, AK Y
3BUUATHOrO GeTOoHY.

H3yuensl IPOYHOCTHBIE CBOMCTBA IIPU PACTSKEHUU U CIKATUHN TEILIOUBO0JIAIUOHHOrO (ero-
HA, IOJYYEHHOrO MPU IIOMOINU no0aBieHUS (has0BOI'0 SAMOJHUTENA M KPEMHE3eMHOTO IIO-
POIIIKA B PA3HBIX KOHIEHTPAIMAX. Pe3yibTaThl HCIBITAHNN IIOKA3BIBAIOT, UTO TaKad H00aBKa
u pobaBieHne KpeMHeseMa B KoHeHTpanuu 10 10 % OPUBOLUAT K CHUMKEHHIO IIPOYHOCTH HA
CiKaTHe W MPOYHOCTU Ha PaspeiB OeroHa. IIpouHocTH Ha clKaTHe W HA PA3PLIB IPU PACTHNKE-
Huu 0eTOHA YBEJMUYMBAIOTCI C YBEIMUYEHHEM COLEP:KaHUA IIOPOINKa Kpemuus. Korma comep-
JKaHWe BaIOJIHUTENsA cocTaBiser 5 %, mopomka Kpemuesema — 10-15 %, mpouHocTs, Ha
CcoKaTHe U Ipefes IPOYHOCTH IIPY PACTIKEHUU Yy HCCJIEJOBAHHOrO GeTOHA, B OCHOBHOM TaKHe
JKe, Kak y oObluHoro Oerona.
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1. Introduction

The popularity of green buildings is the
best solution for building comfort and en-
ergy conservation, the development trend of
the building industry, and an important
way to solve energy problems. Concrete is
the main material of modern engineering
structures. Concrete is the most widely used
building material in the world. The energy
storage performance of ordinary silicate
concrete buildings is poor and the energy
saving effect of buildings is not obvious. There-
fore, the development of concrete with both
energy storage performance and mechanical
properties is an inevitable trend of the develop-
ment of green building materials [1, 2].

Phase change materials (PCM) mainly use
latent heat to store energy. PCM has the ad-
vantages of high energy storage density,
small volume expansion rate, and the mate-
rial itself can remain approximately isother-
mal during the process of heat absorption or
release. Therefore, in order to improve the
living comfort and energy saving effect, re-
searchers and workers began to add PCM into
concrete to prepare phase change energy stor-
age concrete [3—5].

In [6], microcapsules were used to encap-
sulate phase change materials in the experi-
ment, and then the encapsulated phase
change materials were mixed into concrete
to prepare phase change concrete. According
to the experimental study, under the same
temperature difference between day and
night, the changes of indoor temperature of
the ordinary concrete room model are
greater than that of the phase-change con-
crete room model under the same condi-
tions. Authors of [7] used various methods
to package over 200 kinds of phase change
materials, and then applied the packaged
phase change materials to the building
structure. The test indicate that the phase
change materials have a good effect of
phase change energy storage, which achieve
good application effect in building struc-
ture. In [8], a paraffin/diatomite composite
phase change material was directly mixed
into concrete to prepare phase change en-
ergy storage concrete. The test indicate that
the basic mechanical properties of PCM con-
crete decrease with an increase of the incor-
poration amount of paraffin/alga composite
PCM. Authors of [9] found that the addi-
tion of PCM reduced the basic mechanical
strength of PCM concrete, but the reduced
compressive strength and splitting tensile
strength of phase change concrete could
meet the requirements of anti-compression
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degree and splitting tensile strength of
some structures. In [10] it was found in the
experimental study that phase change mate-
rials can reduce the thermal conductivity of
concrete, but phase change materials can
improve the heat storage capacity of con-
crete, so concrete has the effect of phase
change energy storage. Authors of [11]
mixed phase change materials with phase
change temperature of about 5°C into con-
crete in the test to prepare phase change
energy storage concrete. According to the
experimental study, phase change energy
storage concrete can delay the freezing-thaw-
ing cycle failure of the bridge deck or concrete
pavement when applied to the bridge deck or
pavement. In [12] it was shown that the phase-
change aggregate prepared with expanded per-
lite as the matrix material has good thermal
and chemical stability.

In [13] limestone powder was used to
modify the surface of phase-change energy
storage aggregate, and it was found that
limestone powder can make phase-change
energy storage aggregate hydrophilic, thus
reducing the strength loss of concrete.

Due to its inherent characteristics of low
strength and porosity, phase change aggre-
gate has a negative effect on the strength
performance of concrete [14]. To improve the
mechanical performance of phase change con-
crete, admixtures can be added to enhance
the strength. As an additive, silica powder
can not only save energy and protect environ-
ment, but also increase the compactness and
compressive strength of concrete [15].

In this paper, butyl stearate was used as a
phase change material, expanded perlite was
used to absorb butyl stearate, and a phase
change energy storage aggregate was prepared
by surface modification of limestone powder.
Phase change energy storage concrete is pre-
pared by partially replacing fine aggregate
with phase change material and partially re-
placing cementitious materials with silica pow-
der. The basic mechanical strength of the con-
crete are studied in order to develop a kind of
phase change energy storage concrete with
good mechanical properties.

2. Experimental

2.1. Test materials

The phase change energy storage mate-
rial used in the experiment is butyl stearate
of industrial grade with purity of over
99 % and a melting point of 18 ~ 20°C. The
main physical properties of silica powder
and expanded perlite are shown in Tables 1
and 2, respectively. The limestone powder
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Table 1. The main physical properties of silica powder

Sio, K,0 + Na,0|Ca0 + MgO Fe,04 Al,O4 45 um sieve | pH value Specific
residue ratio surface
95 % 1.5 % 1.5 % 1% 1% 1.7 % 7.1 15 m2/g

Table 2. The main physical properties of expanded perlite

Bulk density, Granularity, Closed-cell ratio, Volume loss rate of Water absorption
kg-m™3 mm % 1 MPa pressure, % rate, %
130 0.1~1.5 >05 38 85

was chemically pure and the CaCO; content
was 99 %. The ordinary Portland cement
grade is P-042.5, and the fineness modulus of
middle sand is 2.7. Gravel with particle size
of 5 ~10 mm was selected. The test water is
ordinary tap water.

2.2. Specimen preparation

Expanded perlite was dried to a constant
weight in a blast oven at a temperature of
(10515)°C. To ensure uniform adsorption of
butyl stearate, a certain amount of liquid
butyl stearate is sprayed at room tempera-
ture 30°C, onto a suspension of well-dried
expanded perlite, stirred well for 3 h so
that butyl stearate is completely immersed
in the internal porosity of expanded perlite;
the adsorption of butyl stearate by ex-
panded perlite is defined as 150 %. The
surface modification was carried out on ex-
panded perlite so that it sufficiently ab-
sorbed butyl stearate; for this, the double-
mass limestone powder was evenly scattered
over it. The limestone powder was stirred and
mixed for 1 h, and then the excess limestone
powder was screened out to prepare phase
change energy storage aggregate.

The concrete strength grade is designed as
C30. According to specification for mix propor-
tion design of ordinary concrete (JGJ 55-2011),
the mix proportion of concrete is cement:
water: sand: gravel = 1:0.52:1.42:2.86, sand
rate 34.3% . Phase change energy storage
aggregate, gravel, sand, silica powder, ce-
ment and water are measured in a certain
proportion to prepare phase change energy
storage concrete samples. Add stones, sand
(phase change energy storage aggregate) >
cement, silicon powder > water into the
mixer, mix evenly and then pour into the
mold with oil on the surface for mechanical
vibration. Remove the mold after 24 h and
maintain it in the curing room for 28 days.

Silica powder adopts internal mixing
method to replace 0%, 5%, 10% and 15%
of cement content with equal mass, and
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phase change energy storage aggregate with
equal volume to replace 0%, 5%, 10% and
15% of sand. According to orthogonal test,
16 groups of mixing ratios are designed. Each
type consists of three compression specimens
with a diameter of 150x150x150 mm3 and
three splitting tensile specimens with a di-
ameter of 150x150x150 mm3.

2.8 Test method and results

After the cube specimens reaches the age
of 28 days, they are put into the concrete
mechanical properties laboratory with the
ambient temperature of 25°C. When the sur-
face of the specimen is dried, the cube com-
pression and splitting tensile tests are car-
ried out. According to standard test meth-
ods for mechanical properties of ordinary
concrete (GB/T 50081-2002), the basic me-
chanical properties (the compressive
strength and splitting tensile strength) of
concrete were tested. In the splitting tensile
test, a T-type auxiliary loading device with
greater rigidity is installed in the middle of
the upper and lower pressure surfaces of
the specimen.

The formula for calculating the compres-
sive strength is:

f.=F/A, 1)

where f, is the compressive strength of the speci-
men (MPa); F is the specimen ultimate load (N);
A is the specimen compression area (mm?).

The formula for calculating the splitting
tensile strength is:

fs=2F/nA = 0.637F /A, (2

where f, is the splitting tensile strength of
specimen (MPa); F is the ultimate load of
splitting tensile test of specimen (N); A is the
area of splitting surface of specimen (mm?).
Each group of concrete has three speci-
mens of 150x150x150 mm3 and the strength
of each specimen is calculated according to

Functional materials, 27, 3, 2020
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Table 8. Test results of compressive

strength, MPa

Phase change Silica powder content, %

energy storage

aggregate con- 0 5 10 15

tent, %

0 39.29 | 45.76 | 48.97 | 43.67
5 37.16 | 44.52 | 48.16 | 42.69
10 35.28 | 42.85 | 46.78 | 41.21
15 33.58 | 38.98 | 43.21 | 37.95

Table 4. Test results of splitting tensile
strength, MPa

Phase change Silica powder content, %
ervstoniee o5 [ 10 | 15
tent, %
0 3.02 | 38.22 | 3.42 | 3.16
5 277 | 8.14 | 3.34 | 3.05
10 2.54 | 38.05 | 3.24 2.99
15 2.39 | 2.79 | 2.89 | 2.76

the ultimate load measured in the test and
the formula. According to the data process-
ing principle in GB/T 50081-2002, the cubic
compressive strength and splitting tensile
strength of this group of concrete are deter-
mined. The compressive strength and splitting
tensile strength of concrete with different con-
tents of phase change energy storage aggregate
and silica powder measured by the test are
shown in Table 3 and Table 4, respectively.

3. Results and discussion

3.1. Influence of phase change energy
storage aggregate

According to Table 3, the dependence of
the compressive strength on the phase
change energy storage aggregate content is
shown in Figure 1.

As can be seen from Fig. 1, when the
content of silica powder is constant, the
compressive strength of concrete gradually
reduced with the increase of the content of
phase change energy storage aggregate.

When the content of silica powder is 0%,
and the content of phase change energy
storage aggregate increases to 15%, the
compressive strength of concrete decreases
by 14.53%. The slope of the whole curve is
almost the same, which can be regarded as
a linear decrease. When the content of silica
powder is 5%, 10% and 15%, respectively,
when the content of phase change energy
storage aggregate is less than 10%, the rate
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Fig. 1. Dependences of the compressive

strength of the concrete on the phase change
energy storage aggregate content.
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Fig. 2. Dependences of the splitting tensile
strength of concrete on the content of the
phase change energy storage aggregate.

of decrease of compressive strength is rela-
tively slow. When the content of phase
change energy storage aggregate exceeds
10%, the rate of decrease of compressive
strength is increased. Taking concrete with
silica powder content of 10% as an exam-
ple, the content of phase change energy
storage aggregate increased from 0% to
10%, and the compressive strength de-
creased by 4.47% . The content of phase
change energy storage aggregate increased
from 10% to 15%, and the compressive
strength decreased by 7.63% . In conclusion,
the appropriate content of phase change en-
ergy storage aggregate is 10%, and the re-
duction of compressive strength can be con-
trolled within 10%.

The dependences of the splitting tensile
strength on phase change energy storage ag-
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Fig. 3. Dependences of the compressive strength
on content of silica powder.

gregate content is shown in Figure 2. When
the content of silica powder is fixed, with
the increase of phase change energy storage
aggregate in the concrete, its splitting ten-
sile strength reduced. When silica powder
was not added and phase change energy
storage aggregate content was 5%, 10%
and 15%, respectively, the splitting tensile
strength of concrete decreased by 9.0383%,
15.89% and 20.86%, respectively. When
the content of silica powder is 5%, the
splitting tensile strength of concrete with
phase change energy storage aggregate con-
tent of 10% is almost the same as that of
concrete without phase change energy stor-
age aggregate. Later, with the increase of
phase change energy storage aggregate con-
tent, the splitting tensile strength of con-
crete reduced. When the content of phase
change energy storage aggregate increases
to 15%, the splitting tensile strength of
concrete is 2.79MPa, which is 7.62% lower
than that of concrete unmixed with phase
change energy storage aggregate. When the
content of silica powder was 10% and 15%
and that of phase change energy storage
aggregate was 15%, the splitting tensile
strength of concrete was 2.89 MPa and 2.76
MPa, respectively, which decreased by
4.31% and 8.61% compared with the con-
crete without phase change energy storage
aggregate.

The strength of expanded perlite is lower
than that of sand [6]. After partial replace-
ment of sand, the splitting tensile and com-
pressive strength of concrete will be di-
rectly reduced. In addition, when the speci-
men is subjected to an external load,
expanded perlite in concrete first fails, and
the damaged expanded perlite is equivalent
to the existence of pores. Under the action
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Fig. 4. Dependences of the splitting tensile
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of an external load, the stress concentration
resulting in pores in the expanded perlite
tends to accelerate the failure of concrete.
Although the surface modification of the
phase change energy storage aggregate by
limestone powder can improve its adhesion to
concrete, compared with sand, its adhesion to
concrete is still weak, leading to the reduction
of compressive and splitting tensile strength.

3.2. Influence of silica powder

According to the data in Table 3, the depend-
ence of the compressive strength on content of
silica powder is drawn, as shown in Fig. 3.

Figure 3 shows that when the content of
phase change energy storage aggregate is
constant and the content of silicon powder
increases from 0% to 10%, the compressive
strength of phase change energy storage
concrete increases gradually. However,
when the content of silica powder exceeds
10% to 15%, the trend of increase changes
and the compressive strength of concrete
decreases somewhat. The compressive
strength of phase change energy storage
concrete with 15% silica powder content is
lower than that with 10% content. Taking
concrete with a phase change aggregate con-
tent of 5% as an example, when the content
of silica powder is 5%, 10% and 15% re-
spectively, the compressive strength of con-
crete increases by 19.81%, 29.60% and
14.88%, respectively. Therefore, the rea-
sonable content of silica powder is 10%.
However, if the content of silica powder is
between 5% and 10%, the curve may also
change and there is an extreme point.
Therefore, the reasonable dosage of silicon
powder is between 5% and 10%.

Figure 4 shows the dependence of the split-
ting tensile strength on content of silica pow-
der. The mixing of silica powder increases the

Functional materials, 27, 3, 2020
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Compressive strength of concrete, MPa

Fig. 5. charts of compressive

Column
strength of concrete.

splitting tensile strength of concrete as
shown in Figure 4. When 10% silica powder
is added, the splitting tensile strength in-
creases the most obviously. When the silica
powder content increases to 15%, the split-
ting tensile strength decreases, but it in-
creases compared with the concrete without
silica powder. When the content of phase
change energy storage aggregate was 0%,
5%, 10% and 15%, and the content of sil-
ica powder increased from 0% to 10%, the
splitting tensile strength of phase change
energy storage concrete increased by
11.70%, 20.58%, 27.56% and 20.92%, re-
spectively. When the phase change energy
storage aggregate content was 0%, 5%, 10%
and 15%, and the silica powder content in-
creased from 10% to 15%, the splitting tensile
strength of phase change energy storage concrete
decreased by 7.60%, 8.68%, 7.72% and 4.50%,
respectively, but increased by 4.64%, 10.11%,
17.72% and 15.48%, respectively, compared with
the concrete without silica powder.

The silica powder has a large specific sur-
face area and can be dispersed in the pores of
cement paste, which improves the compacting
degree of concrete and hence the compressive
and splitting tensile strength [17]. In addition,
the pozzolanic effect and the pore solution
chemical effect are also the key factors that
can improve the compressive and splitting
tensile strength by adding silica powder.

3.3. Influence of double mixing silica pow-
der and phase change energy storage aggregate

Adding phase change energy storage ag-
gregate to concrete will lead to the reduc-
tion of basic mechanical strength (splitting
tensile strength and compressive strength)
of concrete, and adding silica powder will
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make up for the reduction of basic mechani-
cal strength. Therefore, it is possible to in-
crease the content of phase change energy
storage aggregate to improve its heat stor-
age performance without reducing the
strength of concrete.

The column diagram of compressive
strength of concrete is shown in Figure 5.
N-5-10 indicates that there is 5% phase
change energy storage aggregate and 10%
silicon powder in the concrete, and so on.
The compressive strength of N-15-5 is 38.98
MPa and that of N-10-15 is 41.21 MPa,
which are comparable to the compressive
strength of plain concrete (39.29 MPa).
Therefore, N-15-5 and N-10-15 are the opti-
mal groups. However, the content of N-10-
15 silica powder increased by 10% com-
pared with N-15-5, the phase change energy
storage aggregate decreased by 5%, and the
compressive strength only increased by
5.7% . Therefore, considering economic fac-
tors, the optimal group was N-15-5.

The column diagram of splitting tensile
strength of concrete is shown in Figure 6.
The splitting tensile strength of N-10-5 is
3.05 MPa and that of N-5-15 is 3.05 MPa,
which are comparable to the splitting ten-
sile strength of plain concrete (3.02 MPa).
Therefore, N-10-5 and N-5-15 are the opti-
mal groups. However, the content of N-5-15
silica powder increased by 10% compared
with N-10-5, and the phase change energy
storage aggregate decreased by 5%. There-
fore, considering economic factors, the opti-
mal group was N-10-5.

To sum up, the mix ratio of concrete
with silica powder content of 5 % and the
phase change energy storage energy aggre-
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gate content of 10 %—15 % is suitable and
achieves the expected effect. Therefore, ap-
propriate amounts of silica powder and
phase change energy storage energy aggre-
gate compound should be used to prepare
phase change energy storage concrete with
good mechanical properties.

4. Conclusions

The admixture of phase change energy
storage aggregate will lead to the reduction
of basic mechanical strength of concrete,
and the admixture of phase change storage
energy aggregate should be in the range of
10%-15%.

When the phase change energy aggregate
content is constant and the silica powder
content is less than 10%, the splitting ten-
sile strength and compressive strength of
concrete increase. But when the content of
silica fume increases from 10% to 15%, the
splitting tensile strength and compressive
strength of concrete decrease.

It was determined that the reasonable
content of double doped phase change en-
ergy storage aggregate and silica powder
are 5% of mass substitute cement like silica
powder and 10-15% of volume substitute
sand like phase change energy storage ag-
gregate. The splitting tensile strength and
compressive strength of the phase change
energy storage concrete basically reach the
strength of plain concrete.
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