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This paper investigated the influences of shrinkage reducing agent and expansive admixture on autogenous and drying shrinkage
of ultrahigh performance concrete (UHPC) containing antifoaming admixture.The shrinkage reducing agent was used at dosage of
0.5%, 1%, and 2% and the expansive admixture was used at dosage of 2% to 4% by mass of cementitious material. The results show
that the air content of UHPC increases with the higher addition of shrinkage reducing agent and expansive admixtures. However,
the fluidity, compressive strength, and shrinkage of UHPC exhibit a declining tendency. The usage of expansive agent at dosage
of 4% significantly reduces the shrinkage of UHPC. The 7-day autogenous shrinkage was decreased by 16.0% and 28-day drying
shrinkage was decreased by 29.5%, respectively. Shrinkage reducing agent at dosage of 2% reduced the 7-day autogenous shrinkage
by 44.3% and 28-day drying shrinkage by 50.2%. Compared with expansive admixture, shrinkage reducing agent exhibits more
efficient shrinkage reduction effect on UHPC.

1. Introduction

As a new generation of concrete, ultrahigh performance
concrete (UHPC) possesses numerous advantages such as
high strength, high durability, high reliability, and high
performance [1]. However, there is no unified standard about
technical requirements for UHPC. In France, the guide
“Ultrahigh Performance Fiber Reinforced Concrete-Interim
Recommendations” described ultrahigh performance fiber
reinforced concrete (UHPFRC) as a highly viscous cement
based composite material with the 28-day compressive
strength over 150MPa, mixed with the steel fiber to increase
toughness and mixed with fine quartz sand as aggregate [2].
And two French standards related to UHPFRC have been
published in April 2016. Japanese Civil Engineering Society
defined UHPC as a cement based material reinforced by
steel fiber with 28-day compressive strength over 150MPa
and mixed with cement and highly active volcanic ash as
cementitiousmaterials [3].The diameter of aggregate was less
than 2.5mmandwater-to-binder ratio was less than 0.24.The
content of steel fiber was less than 2% by volume of concrete.
The diameter of steel fiber ranged from 0.10mm to 0.25mm

and the length of steel fiber was in the range of 10mm to
20mm. At present, the research and application of UHPC in
China are still in the experimental stage and the accumulation
of experimental data and engineering experience is very
necessary.

Low water-to-binder ratio, high-efficiency water reduc-
ing agent, and highly active volcanic ash were applied in
order to achieve the excellent performance of UHPC [4].
Nevertheless, the autogenous and drying shrinkage of UHPC
also increased because of the application of the mentioned
methods. The shrinkage of concrete would lead to the
generation and propagation of internal microcracks, which
could greatly decrease the durability of concrete, shorten its
service life, and even cause serious engineering accidents [5].
Therefore, control of the shrinkage is crucial for the current
research and application of UHPC [6].

Cwirzen et al. systematically studied the mechanical
properties, volume stability, and durability of UHPC [7].
Experimental results showed that high curing temperature
tended to improve the compressive strength of reactive
powder concrete (RPC). The strength of the samples cured
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at high temperature could reach 200MPa, while the high-
est compressive strength of the specimens cured at room
temperature was only 150MPa. The shrinkage of UHPC was
high; furthermore, the shrinkage of the ultrahigh strength
mortar (UHSM) was approximately twice as that of UHPC.
However, UHPC and UHSM possessed excellent durability.
Liu et al. investigated the influences of mineral powders on
volume stability of RPC. The research results indicated that
high content of mineral powders could decrease early-stage
shrinkage value of RPC to 300 × 10−6 and the development
of shrinkage at later age was negligible [8]. Tam et al.
investigated the influences of mixing proportions and curing
conditions on the shrinkage of RPC [9]. The results showed
that shrinkage increased with the decrease of water-to-
cement ratio and the increase of dosage of high-efficiency
water reducing agents. However, the steel fiber and high-
temperature autoclave curing could reduce the shrinkage of
RPC effectively.Wong et al. investigated the shrinkage of RPC
cured at room temperature [10]. The results showed that 1-
day shrinkage accounted for 77% of the 7-day total shrinkage
when curing temperature was 20∘C and the relative humidity
was 50%. Moreover, the size of specimen also had certain
influence on the shrinkage value. The shrinkage of large
specimen was lower than that of small one. Han concluded
that the fly ash and other mineral powders had significant
effects on the early-age shrinkage of RPC. Shrinkage reducing
admixture and expansive agent could effectively decrease the
early-age shrinkage of RPC, while excessive expansive agent
could significantly increase the plastic shrinkage [11].

Shrinkage had negative impacts on the durability of
UHPC, which needed to be controlled [12]. The incorpora-
tion of shrinkage reducing admixture and expansive agent
was the effective method to improve the volume stability of
UHPC. The introduction of antifoaming admixture could
efficiently reduce internal bubbles of UHPC and make the
microstructuremore dense [13].What ismore, the addition of
antifoaming admixture could greatly improve themechanical
and durability properties of UHPC. For UHPC with the
addition of antifoaming admixture, few studies focused on
the influence of shrinkage reducing admixture and expansive
agent on the volume stability. This paper investigated the
effects of shrinkage reducing agent and expansive agent on
the shrinkage of UHPC mixed with antifoaming admixture
and proposed some suggestions for future research work.

2. Raw Materials and Test Methods

2.1. Raw Materials. The cement used was ordinary Portland
cement with the strength grade of 52.5 complying with the
Chinese National Standard GB175-2007. The particle size
distribution of cement was shown in Figure 1. The specific
surface area of silica fume (SF) was 21000m2 kg−1 and the
pozzolanic activity index was 104%. Two types of silica
sand (SS) with bulk density of 1.405 g/m3 and 1.329 g/m3,
respectively, were used. According to the theory of high
packing, the mass ratio of the coarse and fine silica sand
was 3.9 : 4.9. A polycarboxylate-based superplasticizer (SP)
from Harbin Qiang Shi Company was used. It has a water
reducing efficiency greater than 30% and a solid content
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Figure 1: Particle size distribution of cement.

Figure 2: Autogenous shrinkage measuring device.

of about 40%. The antifoaming admixture (AF) used was
produced by Japanese Toho Chemical Industry Company.
The shrinkage reducing agent (SRA) used was produced
by Germany Evonik Industries. The expansive agent (EA)
used was calcium magnesium compound expansive agent
produced by Jiangsu Heitman Company Limited.

2.2. Test Methods. The mixing proportions of UHPC were
shown in Table 1.The water-to-binder ratio was 0.2 for all the
mixtures.

The fluidity of UHPCwas tested according to the Chinese
standard GB/T 2419-2005. The mixture was cast into a
minicone mold uniformly. The mini-slump cone has a base
diameter of 60mm, a top diameter of 36mm, and a height
of 60mm. Then the mold was lifted vertically and two
diameters perpendicular to each other were measured. The
mean value was recorded as slump flow to evaluate the
fluidity. The air content was tested according to the Chinese
standard GB/T 50080-2002. The mixture was cast into a
cylinder container uniformly and the entrapped air content
was recorded through a pressure gauge. The compressive
strength was tested according to the Chinese standard GB/T
50081-2002.

Autogenous shrinkage of UHPC was tested by the self-
designed measuring device shown in Figure 2. UHPC was
mixed and cast into plastic corrugated pipe. After 6 hours,
its initial length was measured. Then the dial gauge readings
were recorded every 24 hours until the age of 7 days.

Drying shrinkage of UHPC was tested by the self-
designed measuring device shown in Figure 3. UHPC was
mixed and cast into the mold with the size of 25mm ×
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Table 1: Mixing proportions of UHPC.

Sample Cement SF SS Water SP AF SRA EA
JP0 100 25 110 25 1.8 0.5 0 0
J1 100 25 110 25 1.8 0.5 0.5 0
J2 100 25 110 25 1.8 0.5 1 0
J3 100 25 110 25 1.8 0.5 2 0
P1 100 25 110 25 1.8 0.5 0 2
P2 100 25 110 25 1.8 0.5 0 3
P3 100 25 110 25 1.8 0.5 0 4

Figure 3: Drying shrinkage measuring device.

25mm × 285mm. After curing under the temperature of
20 ± 3∘C and relative humidity beyond 90% for 2 days, the
UHPC specimens were demolded and the initial length of the
specimen was measured. Then the dial gauge readings were
recorded every 24 hours until the age of 28 days.

The shrinkage of UHPC was calculated using the follow-
ing equation:

𝜀st =
𝐿0 − 𝐿 𝑡

𝐿𝑏
, (1)

where 𝜀stwas the shrinkage ofUHPC,𝐿0was the initial length
of the specimen,measured value, 𝐿 𝑡 is themeasured value, 𝐿𝑏
was the standard length of the specimen.

3. Results and Discussion

3.1. Fluidity and Air Content. Figure 4 exhibited the effects
of shrinkage reducing agent on the air content and fluidity of
UHPC. It could be found that the fluidity of UHPC decreased
with the increase of dosage of shrinkage reducing agent. It
showed that the highest fluidity value reached 256mm when
UHPC was prepared without mixing the shrinkage reducing
agent. But the fluidity of UHPC was decreased by 15.8% to
221mm and by 24.2% to 201mm when shrinkage reducing
agent was used at the dosage of 0.5% and 2.0%, respectively.

The incorporation of shrinkage reducing agent also had a
significant effect on the air content of UHPC mortar. The air
content of UHPC without the shrinkage reducing agent was
1.5%. With the increase of the dosage of shrinkage reducing
agent, the air content of UHPC showed sharp increase. The
air content of UHPC was increased by 106.7% to 3.1% and by
180% to 4.2% when the shrinkage reducing agent was used
at the dosage of 0.5% and 2.0%, respectively. As mentioned
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Figure 4: Effects of shrinkage reducing agent on air content and
fluidity of UHPC.
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Figure 5: Effects of expansive agent on air content and fluidity of
UHPC.

above, the fluidity of UHPC exhibited declining tendency
with the introduction of the shrinkage reducing agent, which
might hinder the release of the air in UHPC during the
vibration procedure and resulted in the increase of the air
content in UHPC.

Figure 5 showed the effects of expansive agent on the air
content and fluidity of UHPC. The results indicated that the
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Figure 6: Effects of shrinkage reducing agent on compressive
strength of UHPC.

fluidity decreased and air content increased obviously with
the addition of expansive agent. Since the main chemical
compositions of the expansive agent were MgO, CaO, and
sulphoaluminate, much of mixing water was consumed due
to the physical absorption and chemical reaction for UHPC
with the introduction of expansive agent. The consumption
of free water decreased the fluidity and hindered the release
of air, which led to the increase of the air content. Some
published research work also indicated that the addition of
the expansive agent decreased the fluidity of concrete [14, 15].

3.2. Compressive Strength. Figure 6 showed the effects of
shrinkage reducing agent on the compressive strength of
UHPC. The results indicated that the compressive strength
of UHPC decreased with the increase of dosage of shrinkage
reducing agent. Some published studies also drew the same
conclusion that the addition of shrinkage reducing agent
decreased the compressive strength of mortar sample [16–
18]. For the samples without mixing with shrinkage reduc-
ing agent, 7-day and 28-day compressive strength reached
114.7MPa and 133.1MPa. However, when the shrinkage
reducing agent was introduced at dosage of 2%, 7-day
and 28-day compressive strength was decreased by 24.4%
to 86.7MPa and by 17.8% to 109.4MPa, respectively. The
reduction caused by shrinkage reducing agent was more
significant for the 7-day strength of UHPC, which indicated
that shrinkage reducing agent had a more obvious effect on
the early-age strength of UHPC.

Figure 7 exhibited the effects of expansive agent on the
compressive strength of UHPC. The results showed that the
compressive strength of UHPC decreased with the increase
of dosage of expansive agent. The published research work
obtained similar conclusion that the compressive strength
of concrete decreased when the dosage of expansive agent
exceeded 40 kg⋅m−3 [19].

For the samples without mixing with expansive agent,
7-day and 28-day compressive strength reached 114.7MPa
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Figure 7: Effects of expansive agent on compressive strength of
UHPC.

and 133.1MPa. However, when the expansive agent was
introduced at dosage of 2%, 7-day and 28-day compressive
strength was decreased by 12.7% to 100.1MPa and by 7.0% to
123.8MPa, respectively. The reduction caused by expansive
agent was more significant for the 7-day strength of UHPC,
which indicated that expansive agent had a more obvious
effect on the early-age strength of UHPC.

3.3. Autogenous Shrinkage. Figure 8 exhibited the effects of
shrinkage reducing agent on the autogenous shrinkage of
UHPC. The results showed that the autogenous shrinkage
of UHPC decreased with the introduction of shrinkage
reducing agent. A published study obtained similar result
that the use of shrinkage reducing agent was favorable for
improving the restrained autogenous shrinkage behaviors
of UHPFRC [20]. The autogenous shrinkage developed in
the first 3 days was dominant and then the growth rate of
shrinkage tended to be slow. For the sample without mixing
with shrinkage reducing agent, 7-day autogenous shrinkage
reached 1080 × 10−6. However, 7-day autogenous shrinkage
decreased to 718 × 10−6, 649 × 10−6, and 602 × 10−6 when
the shrinkage reducing agent was used at dosage of 0.5%,
1.0%, and 2.0%, respectively. That is to say, 7-day autogenous
shrinkage of samples with shrinkage reducing agent at dosage
of 0.5%, 1.0%, and 2.0% was decreased by 33.5%, 39.9%, and
44.3%, respectively.

Figure 9 showed the effects of expansive agent on the
autogenous shrinkage of UHPC. The results indicated that
the autogenous shrinkage of UHPC decreased with the
introduction of expansive agent. For the sample without
mixing with expansive agent, 7-day autogenous shrinkage
reached 1080 × 10−6. However, 7-day autogenous shrinkage
decreased to 907 × 10−6, 920 × 10−6, and 937 × 10−6 when the
expansive agent was introduced at dosage of 4.0%, 3.0%, and
2.0%, respectively. That is to say, 7-day autogenous shrinkage
of samples with expansive agent at dosage of 4.0%, 3.0%, and
2.0% was decreased by 16.0%, 15.2%, and 13.2%, respectively.
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Figure 8: Effects of shrinkage reducing agent on autogenous
shrinkage of UHPC.
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Figure 9: Effects of expansive agent on autogenous shrinkage of
UHPC.

Compared with the results in Figure 8, shrinkage reducing
agent had more significant shrinkage reducing effect than
expansive agent for autogenous shrinkage of UHPC.

3.4. Drying Shrinkage. Figure 10 exhibited the effects of
shrinkage reducing agent on the drying shrinkage of UHPC.
The results showed that the drying shrinkage developed in
the first five days was dominant and then the growth rate of
shrinkage tended to be slow. The results also indicated that
the variation of drying shrinkage after 10 days was relatively
low. The 10-day drying shrinkage of samples JP0, J1, J2, and
J3 was 719 × 10−6, 442 × 10−6, 404 × 10−6, and 371 × 10−6,
which accounted for 87.2%, 96.9%, 92.9%, and 90.3% of 28-
day drying shrinkage, respectively.

It could also be found that the drying shrinkage of UHPC
decreased obviously when the shrinkage reducing agent was
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Figure 10: Effects of shrinkage reducing agent on drying shrinkage
of UHPC.
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Figure 11: Effects of expansive agent on the drying shrinkage of
UHPC.

introduced. A published research work obtained similar
conclusion [21]. Shrinkage reducing agent was regarded as
one of the important measures to prevent shrinkage cracking
of concrete [22]. 28-day drying shrinkage decreased to 411
× 10−6, 435 × 10−6, and 456 × 10−6 when the shrinkage
reducing agent was introduced at dosage of 2.0%, 1.0%, and
0.5%, respectively. That is to say, 28-day drying shrinkage of
samples with shrinkage reducing agent at dosage of 2.0%,
1.0%, and 0.5% was decreased by 50.2%, 47.3%, and 44.7%,
respectively. With the increase of the dosage, the shrinkage
reducing agent exhibited more significant reducing effect for
the drying shrinkage.

Figure 11 exhibited the effects of expansive agent on the
drying shrinkage of UHPC. The results showed that the
drying shrinkage of UHPC decreased with the introduction
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of expansive agent. It was also reported that expansive
agent decreased the drying shrinkage of UHPC [15]. The
main chemical compositions of expansive agent were MgO,
CaO, and sulphoaluminate; the reaction mechanism of those
crystals are as follows:

MgO +H2O → Mg (OH)2 (2)

CaO +H2O → Ca (OH)2 (3)

C4A3S +H2O → AFt (4)
The generation and growth of these crystals filled the pore

and increased the density of UHPC, which could help in the
expansion of cement paste and decrease the shrinkage of con-
crete. For the sample without mixing with expansive agent,
28-day drying shrinkage reached 825× 10−6. However, 28-day
drying shrinkage decreased to 582 × 10−6, 740 × 10−6, and 800
× 10−6 when the expansive agent was introduced at dosage
of 4.0%, 3.0%, and 2.0%, respectively. That is to say, 28-day
drying shrinkage of samples with expansive agent at dosage
of 4.0%, 3.0%, and 2.0% was decreased by 29.5%, 10.3%, and
3.0%, respectively. Compared with the results in Figure 10,
shrinkage reducing agent hadmore significant reducing effect
than expansive agent for drying shrinkage of UHPC.

4. Conclusion

From the above experimental results, the following conclu-
sions can be obtained.

(1) The air content ofUHPC increaseswith the increasing
dosage of shrinkage reducing agent and expansive
admixture and the fluidity of fresh UHPC shows a
declining tendency.

(2) The higher addition of shrinkage reducing agent and
expansive admixture results in the lower compressive
strength of UHPC. This negative effect on compres-
sive strength is more obvious at early ages.

(3) Both autogenous and drying shrinkage of UHPC
decrease obviously with the higher dosage of shrink-
age reducing agent and expansive admixture. Shrink-
age reducing agent presents a more significant reduc-
tion effect on shrinkage of UHPC than expansive
agent.
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