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The aim of this paper is to investigate the factors influencing on the brittleness of
ultra-high strength cement-based materials (UHSC). A conventional method was applied to
prepare UHSC using normal raw materials. The basic mechanical properties including
compressive strength, flexural strength, splitting tensile strength, and elastic modulus
were measured. Fracture parameters, such as fracture energy and characteristic length,
were determined to evaluate the brittleness of UHSC. The results shows that UHSC has
high values of compressive strength over 130 MPa and flexural strength over 20 MPa; the
fracture energy and characteristic length of UHSC are lower than that of normal concrete,
indicating the high brittleness of UHSC. The strength and brittleness decrease with
increasing the water-to-binder ratio. High temperature curing can not only increase
strength, but also reduce brittleness. The addition of silica fume may be one of the main
reasons for the high brittleness of UHSC. The addition of fly ash can significantly improve
the mechanical properties and reduce the brittleness of UHSC.

Keywords: UHSC, mechanical properties, brittleness, fracture energy, characteristic
length.

JocmimkeHHa KEPUXKOCTI HATBUCOKOMIITHHX MaTepiamie Ha ocHoBi mementy. Xuefeng
Yuan, Gang Liao

ITine poboru mochimsxeHHAM BHOINBY PisHNX (QaKTOPIB Ha KPUXKIiCTH HaJBHCOKOMIITHMX
marepianie Ha nementHilt ocuosi (UHSC). Tpaguuifinuii merox 6yB 8aCTOCOBAHUI AJIS OTPU-
mauusa UHSC iz Burkopucramnam sBudaiiHol cupoBuuHu. Bynu Bumipswai ocHoBHI Mexamiumi
BJIACTHUBOCTI, BKJIIOUAIOUM MIiITHICTh Ha CTHUCHEHHSA, MIIlHiCcThL HA STUH, MIIHiCTL Ha PO3pUB
IpU POBINeNJeHHI Ta Mogyas npyskHocti. [lapamerpu pyliHyBanHdg, Taki Ak eHepria pyiHy-
BAHHSA Ta XapaKTepHa JOBKNUHA, BUKopucToByBanucA ajus ouinku xpuxkocri UHSC. Pesynb-
TaTu mokasanu, 1o UHSC mae Brcory MiltHicTh 3 Mesker0 MIITHOCTI IIpPM CTHUCKaHHI ITOHAT
130 Mlla i minmicTro Ha BuTpuMkry nouaz 20 Mlla, a emepria pyliHyBaHHA i XapaKTepUCTH-
ku UHSC mmxui, HisX y 3BHUaHOrO BUCOKOMilTHOro OeToHy, IO BKasye Ha KPUXKICTH
UHSC. Minuiers i xpynkicTs SHMMKYIOTbCA 31 8pocTaHHAM CIIBBIZHOIIEHHS Bojga/3B’a3y-
BaJbHa peuoBuHA. BricoxkoreMmmepaTypHe OTBEPAIHHA MOMKe MOJININMUTH He TinbKuU MirHicTb,
ane i sHusuTH KpuxKicTh. [lomaBaHHA MIKpPOKpPEeMHe3eMy € OZRHIi€I0 3 OCHOBHUX NIPUYNH
Bucokol kpuxrocri UHSC. lozaBanusa 30/I1-BUHECEHHS MOYKe 3HAYHO IOJIMININTY MeXaHiuHi
BiactuBocTi i sHusutu Kpuxkricrs UHSC.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

At present, concrete is the most widely
used artificial building material, which is
very important for infrastructure construc-
tion and national economic development.
Therefore, the performance of concrete af-
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fects the safety, durability and economy of
those projects, which are related to the sus-
tainable development of human society [1].
With the development of social economy,
construction projects are constantly moving
towards the development of high-rise, light-
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Table 1. Mixing ratios of ultra-high-strength cement-based materials

NO. Cement | Silica fume | Quartz sand | Cement-to-sand | Superplasticizer Water-to-
ratio Binder ratio
W1 0.85 0.15 0.16 0.8 2 0.16
W2 0.85 0.15 0.16 0.8 1.6 0.18
W3 0.85 0.15 0.16 0.8 1.5 0.2
W4 0.85 0.15 0.16 0.8 1.5 0.22
W5 0.85 0.15 0.16 0.8 1.5 0.24
W6 0.85 0.15 0.16 0.8 1.5 0.26

weight and long-span structures. Many spe-
cial projects, such as offshore and coastal
projects, offshore oil rigs, undersea tunnels,
and underground spaces et al., have higher
requirements for the mechanical properties
and durability of cement-based materials
[2]. Thus, ultra-high strength concrete has
been proposed. In the 1930s, researchers
carried out preloading of fresh concrete
during the setting process, which made it
possible to increase the strength of cement-
based materials [8]. With the development
of a water-reducing agent and a high activ-
ity additive, high strength concrete (HSC)
with a compressive strength over 60 MPa
was fabricated. In the early 1970s, Oxford
University [4] first developed macro defect-
free (Macro Defect Free, MDF) cement-
based materials, which compressive strength
can reach 300 MPa and the elastic modulus
can reach 50 GPa. In addition, Roy [5] in-
vented a cement-base material with a com-
pressive strength of 655 MPa. Bache [5]
made full use of the compositional effect of
silica fume and superplasticizer and pre-
pared the concrete with a compressive
strength of 50 ~ 200 MPa by mixing ce-
ment, ultrafine particles and superplasti-
cizer. In the 1990s, the France company,
Bouygues, successively developed reactive
powder concrete (RPC), the compressive
strength of which can reach 200 MPa and
800 MPa [6].

The key to improve the strength of ultra-
high strength cement-based materials is to
improve its C—-S-H gel, pore structure, in-
terfacial transition zone and other micro-
structure properties, which increases the
density of the cement matrix and reduces
internal defects [7—8]. However, due to the
intrinsic properties of the main components
of concrete (hardened cement and aggre-
gates), concrete has a high compressive
strength and stiffness, but its tensile
strength and ductility are poor, showing ob-
vious brittleness [9-10]. With an increase
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in the concrete strength, its brittleness be-
comes more and more obvious, which
greatly limits the application of ultra-high
strength cement-based materials. Therefore,
it’s necessary to investigate the factors in-
fluencing on the brittleness of ultra-high
strength cement-based materials (UHSC).

In this paper, UHSC was prepared by
mixing water, cement, quartz sand, silica
fume (or fly ash) and superplasticizer. The
basic mechanical properties as well as frac-
ture parameters were studied. The fracture
energy and characteristic length were used
to evaluate the brittleness of UHSC. The
effects of water-to-binder ratio, mix propor-
tion of cementitious materials, and curing
condition on the brittleness of UHSC were
investigated. The novelty of this work is
that the relationship between the mechani-
cal properties and brittleness of UHSC is
revealed, and the research direction of re-
ducing the brittleness has been proposed.

2. Experimental

The cement was Three Gorges Brand PO
52.5; fly ash was first class with a fineness
of 10 %. The average diameter of silica
fume was 0.1 ~ 0.3 pum. The apparent den-
sity and diameter of quartz sand were
2650 kg/m® and 0.2 ~1.65 mm, respec-
tively. The water reducing agent was poly-
carboxylate superplasticizer with a solid
content of 40 %, and the water reducing
rate was about 35 % ~ 40 %.

Ultra-high strength cement-based materi-
als of various strength grades are presented
in Table 1. The fresh concrete was casted in
a triple module, and a steel plate
(16 mmx1 mm) was embedded in the center
of the sample, forming a 16 mm crack with
a crack height ratio of 0.4. After demold-
ing, the samples were cured for desired
time (8 d, 7 d, and 28 d).

An electro-hydraulic servo universal test-
ing machine was used for loading. Accord-
ing to the Standard for Test Methods of

Functional materials, 29, 3, 2022
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Fig. 1. Three-point bending method for meas-
uring the fracture parameters.

Mechanical Properties of Ordinary Concrete
(GB/T50081-20021), the compressive
strength of specimens was calculated under
continuously and uniformly loading of the
specimens at a rate of 0.5 KN/S until the
specimens were destroye

d. In the bending test, the three-point load-
ing method was used as shown in Fig. 1.
The loading rate was controlled by displace-
ments of points and varied over the sec-
tions. Before the load reached the peak of
70 kN, the loading rate was constant at
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0.1 m/min. After reaching 70 kN, the load-
ing rate was changed to 0.05 m/min in
order to get the descending portion of the
load-deflection curve. The deflection of the
mid-span was measured with a dial indica-
tor, and the load-deflection curve was ob-
tained.

Results and discussion

3.1. Mechanical properties

As shown in Fig. 2(a), the compressive
strength of samples decreased with
water/binder ratio. After 38 days and
28 days, the compressive strength of as-pre-
pared samples can reach 75 MPa and
132 MPa, respectively, which corresponds
to ultra-high strength cement-based materi-
als. This result is close to the strength of
reactive powder concrete (140 MPa) re-
ported by Chen [11]. It should be noted that
the sample with the w/b ratio of 0.18 has
the highest compressive strength. The rea-
son is that the water/binder ratio used in
this study was very low, and the cement
mixture is difficult to mix uniformly, so
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Fig. 2. Effect of water-to-cement ratio on mechanical properties: (a) compressive strength; (b)
flexural strength; (c) splitting tensile strength; (d) elastic modulus.
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Fig. 3. Effect of curing conditions on mechanical properties: (a) compressive strength; (b) flexural
strength; (c) splitting tensile strength; (d) elastic modulus.

some voids are formed and the density of
the cement is reduced, which negatively af-
fects the strength of cement-based materi-
als. With a higher w/b ratio, the cement
mixture can be mixed well, reducing the
defects and increasing the compressive
strength. The flexural strength and split-
ting tensile strength follow the same trend
as compressive strength in Fig. 2(b) and (¢),
respectively. However, the flexural com-
pression ratio of UHSC was higher than
that of ordinary concrete, indicating that
low w/b ratio can significantly improve the
flexural compression ratio. The tension-
compression ratio was lower than that of
ordinary concrete, indicating the toughness
of UHSC is poor. The splitting tensile
strength of UHSC is higher than that of
nano-SiO, modified concrete (4 MPa) pro-
duced by Cao et al., but the ratio of the
splitting tensile strength to compressive
strength is lower [12]. Fig. 2(d) displays the
elastic modulus of samples. The elastic
modulus can exceed 45 GPa after aging for
28d. The samples experienced explosive
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damage when the ultimate load was ex-
ceeded. All information shows that UHSC is
highly brittle.

Fig. 3 shows the effect of curing condi-
tions on the mechanical properties of as-pre-
pared samples. It can be seen that the com-
pressive strength of sampled cured in hot
water is higher compared to samples cured
at room temperature. This is because high
temperature can accelerate the hydration of
cement and form more hydration products,
and the improvement effect is more obvious
at an early stage of aging. On the contrary,
the flexural strength and splitting tensile
strength decreased slightly after curing in
hot water. The curing conditions have little
effect on the elastic modulus. This can be
explained by the fact that the compression
resistance of UHSC is much higher than the
tensile strength. High temperature acceler-
ates the hydration reaction of cement and
the consumption of water, and the auto-
genous dry shrinkage of the cement matrix
induces some micro-cracks inside cement,
which does not affect compressive strength,

Functional materials, 29, 3, 2022



X.Yuan, G.Liao /| Investigation on the brittleness of ...

Loading (kN)

0.0 0.5 1.0 15 2.0 25
Deflection (mm)

Fig. 4. Load-deflection curve at (a) low w/b ratio, (b) high w/b ratio.

but reduces flexural strength and splitting
tensile strength.

3.2. Factors affecting fracture
properties

3.2.1. Water-to-binder ratio

The load-deflection curves are shown in
Fig. 4. It can be seen that the ascending
section of the curve is close to a straight
line, and the peak load is close to the limit.
This may be due to the removal of coarse
aggregate in the components of UHSC. The
composition is uniform, and the fracture
surface is no longer mainly the transition
zone between the slurry and interface. The
specimen may break right through the ag-
gregate. As the strength of concrete in-
creases, the peak load increases. With an
increase in the w/b ratio, the peak load gen-
erally tends to decrease; when the water-
binder ratio is 0.22, the value reaches the
maximum, which is consistent with the
compressive strength. Due to the rigidity of
the testing machine, the descending section
of the load-deflection curve was not meas-
ured in this test, and the brittle fracture
was observed when the peak load was
reached during the experiment, indicating
that UHSC is highly brittle.

To further characterize the brittleness of
UHSC specimens, the fracture energy and
characteristic length were determined.
Fig. 5 shows the change of the fracture en-
ergy and characteristic length with the w/b
ratio. The fracture energy of UHSC is lower
than that of high strength concrete, and is
much less than that of ordinary concrete.
The fracture energy is in the range of 100 ~
150 J-m™2. When the w/b ratio is 0.16 ~
0.26, the fracture energy increases first and

Functional materials, 29, 3, 2022
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Fig. 5. Effect of the w/b ratio on fracture
parameters.

100 80

then decreases with the w/b ratio; it reaches
its maximum at a water-binder ratio of
0.20. In the range of w/b ratio 0.22 ~ 0.26,
the characteristic length does not change
significantly. In the range of w/b ratio 0.18
~0.22, the compressive strength increases
with a decrease in the w/b ratio, while the
characteristic length decreases signifi-
cantly. According to the definition of the
characteristic length in the virtual fracture
model, the smaller is the value of [.,, the
greater brittleness. When the w/b ratio is
low, the brittleness of UHSC increases sig-
nificantly with increasing strength.

2.2 Curing conditions

Fig. 6 displays the effect of curing condi-
tions on the fracture energy and charac-
teristic length. The fracture energy of
specimens cured in hot water is much lower
than that cured at normal temperature. The
fracture energy of samples cured at high
temperature is about half that of conven-
tional samples. Hot water curing does not
affect ultimate load, and the characteristic
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Fig. 6. Effect of curing condition on (a) fracture energy and (b) characteristic length.

length of hot water cured specimens is sig-
nificantly shorter than that of specimens
cured at normal temperature. The test re-
sults of the tension-compression ratio in the
previous chapter also reflect that the brit-
tleness of the specimen increases sharply
after hot water curing, but the charac-
teristic length of the material decreases; the
load-deflection curve of the loading point
obviously becomes steeper, and the area
under the curve, namely the fracture en-
ergy, decreases, and the brittleness in-
creases significantly. This proves that hot
water curing not only increases the strength
of UHSC, but also markedly increases brit-
tleness.

2.3 Mineral admixtures

Fig. 7 shows the effect of the silica fume
content on the fracture properties of UHSC.
When the silica fume content is 10 % ~
15 %, there is no notable change for the
limit load and fracture energy, but the
characteristic length has noticeably de-
creased. When the silica fume content ex-
ceeds 15 %, there is huge decline for the
limit load and fracture energy, and the
characteristic length slightly increases. This
indicates that the addition of silica fume
may increase the brittleness of UHSC; this
effect is especially noticeable at a high con-
tent of silica fume. This is due to the fact
that silica fume mainly consists of amor-
phous SiO, with a high fineness; therefore,
highly active silica fume can react intensely
with Ca(OH),, consuming some water and
releasing a lot of heat. As a result, the
autogenous shrinkage is serious and there
are many inner micro-cracks, which will act
as fracture paths, and consequently, sam-
ples with a high silica fume content break
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Fig. 7. Effect of the content of silica fume on
the fracture parameters.

easily under the same load, showing obvious
brittleness.

Fig. 8 shows the effect of the ratio of
gilica fume to fly ash on the fracture pa-
rameters. The limit load decreases with an
increase in the ratio of silica fume to fly
ash. However, the fracture energy and char-
acteristic length increase with the silica
fume content, but decreases when the ratio
of silica fume to fly ash exceeds 1:1. When
the ratio of silica fume to fly ash is 1:1, the
characteristic length and fracture energy
reach the highest values and the brittleness
is the lowest value. This suggests that mix-
ing silica fume and fly ash can improve the
toughness and reduce the brittleness of
UHSC, but adding silica fume alone will
increase brittleness, consistent with the re-
sults reported by Young [13]. This is prob-
ably due to the fact that fly ash is less
active than silica fume, and the hydration
reaction is not as intense as silica fume.
Therefore, fewer autogenous shrinkage de-
fects will be generated and the internal mi-
crostructure will be improved.

Functional materials, 29, 3, 2022
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ash on the fracture parameters

4. Conclusions

* Ultra-high strength cement-based mate-
rials are prepared by using conventional
construction technology and common raw
materials. The 28-day compressive strength
and flexural strength can reach 1380 MPa
and more than 20 MPa, respectively.

* The fracture surface is smooth. The
obtained flexural strength is higher than
that of ordinary concrete. The flexural-to-
compression ratio of the matrix is about 1/7
~ 1/9, which is higher than that of ordinary
cement-based materials, and the ratio of
tension to compression is about 0.06.

* Ultra-high strength cement-based mate-
rials can reach high strength at an early
stage, with compressive strength of more
than 110 MPa after 7 d, and the strength
growth is slow after 7 d. High temperature

Functional materials, 29, 3, 2022

curing can increase the brittleness of
UHSC.

* The load-deflection curve of ultra-high
strength cement-based materials is very
steep after reaching the limit load, and the
drop is very large, indicating that the ma-
trix has the characteristics of high brittle-
ness. The characteristic length can better
characterize the brittleness change of

UHSC.
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