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Abstract: Ultra-high performance concrete (UHPC) refers to cement-based materials exhibiting com-
pressive strength higher than 120 MPa, high ductility, and excellent durability. High cracking tendency
of UHPC derived from autogenous shrinkage can be a concern due to its high binder content and low
water to binder ratio (w/b). This paper reviewed early hardening, microstructure, and shrinkage develop-
ment of UHPC. The effect of supplementary cementitious materials (SCMSs), such as silica fume (SF),
ground granulated blast-furnace slag (GGBS), fly ash, limestone powder, rice husk ash, and nano-mate-
rials, and curing methods on hydration and microstructure was reviewed. In addition, the effect of cement,
water content, aggregate, chemical admixtures, SCMs, curing methods, and fiber on the shrinkage of
UHPC was summarized. Different methods to compensate and/or reduce the early-age shrinkage of

UHPC were introduced.

Keywords: Ultra-high performance concrete (UHPC); hydration; microstructure; autogenous shrink-

age.
1. Introduction

Ultra-high performance concrete (UHPC) refers
to cement-based materials with excellent mechanical
properties [1-3]. With the incorporation of steel fiber,
the ductility and energy absorption of UHPC are typ-
ically 300 times greater than that of high perfor-
mance concrete (HPC) [3]. UHPC possesses excel-
lent durability [4], which is nearly impermeable to
carbon dioxide, chlorine ion and sulphates. Its supe-
rior durability can increase service life and reduce
maintenance [5]. The enhanced abrasion resistance
of UHPC provides extended life for structural ele-
ments, such as bridge decks and industrial floors. At
the same time, it can also provide protection to areas
under corrosive or harsh climate conditions [6]. Due
to ultra-high compressive strength, UHPC structures
weigh only one-third or one-half of conventional
concrete structures under the same load [3]. This al-
lows production of more slender structures, which
increases usable floor space in high-rise buildings
and reduces overall costs. Elimination of
steel reinforcement reduces labor costs and provide
greater architectural space, allowing nearly limitless
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structural member shapes and forms for architects
and designers [6].

Though UHPC possesses many outstanding
properties, the low water-to-binder ratio (w/b) in
UHPC and use of high content of fine supplementary
cementitious materials (SCMs), such as silica fume,
can lead to self-desiccation and even cracking in
some cases [7]. Autogenous shrinkage is one of the
most important issues that needs to be considered for
UHPC, especially at early stage [8]. High auto-
genous shrinkage was found during the first one or
two days after mixing due to the initial hydration,
which can cause a considerable cracking potential at
early ages. Different research with different mix pro-
portions would result in different shrinkage [9-13].
Autogenous shrinkage up to 1000 pe at 28d was re-
ported by Liu [14]. The difference in shrinkage val-
ues was related to the water-to-cement ratio (w/c) or
water-to-binder ratio (w/b), cement type, types and
amounts of SCMs, use of aggregate, curing methods,
and fiber characteristics. Therefore, it is very im-
portance to clarify the factors influencing autoge-
nous shrinkage of UHPC.

Large shrinkage, especially the autogenous sh-
rinkage, is one of the main characteristics of UHPC,
which may induce cracking in the UHPC structures,
therefore it is very important to control the shrinkage
of UHPC. In addition, the development of shrinkage
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in UHPC is related to the hydration and microstruc-
ture of UHPC. Therefore, this paper reviewed hard-
ening, microstructure, and shrinkage development of
UHPC in order to provide some insights and sugges-
tions for further research, and to facilitate the appli-
cations of UHPC. Factors including cement and wa-
ter content, aggregate, chemical admixtures, pozzo-
lanic materials, curing conditions, and fiber, were
discussed. Some preventive measures for reducing
autogenous shrinkage were discussed in order to mit-
igate shrinkage and improve the cracking resistance
of UHPC.

2. Hardening of UHPC

2.1 Hydration process of UHPC

The addition of SCMs has an important influ-
ence on hydration of UHPC. UHPC usually contains
10-30% silica fume (SF) based on the mass of total
binder materials. It is well known that silica fume
could accelerate the hydration of cement in conv-
entional concrete. It also has great influlence on the
hydration of binder material in UHPC [15] (Fig. 1).
As can be seen from Fig. 1(a), compared to the refer-
ence mixture UO (without silica fume, w/c=0.18), the
use of silica fume decreases the dur-ation of dormant
period of UHPC matrix from 12h to 9h or less. As
hydration proceeds, UHPC mixtures with 25% silica
fume (U25) shows the accelerated hydration peak
first, followed by those of U20, U15, and U10, with
20%, 15%, and 10% silica fume, repectively. How-
ever, the hydration peak of UOQ is delayed to 28h. The
heat of hydration of UHPC mixture with silica fume
evolves faster than that of the reference sample [15].
This is due to the fact that the incorporation of silica
fume can absorb Ca** and OH" ions to form calcium
silicate hydrate (C-S-H), which increases the rate
and amount of heat evolution [16]. However, when
the silica fume content increased to 30%, the heat
evolution rate decreased and the accelerated hydr-
ation period increased [17]. Partial replacement of
cement with ground granulated blast-furnace slag
(GGBS) or fly ash can retard hydration mainly
during the dormant and acceleration periods [17, 18],
as shown in Fig. 1(b). However, the combined use of
silica fume and fly ash is significantly different from
the hydration of pure cement at w/b of 0.35 [19]. This
may be due to the reason that silica fume particles
dominate the hydration at very low w/b. There is also
aslight retardation tendency for the hydration heat of
the mixtures with silica fume and GGBS [17].
Limestone powder (LP) can accelerate the hydration
of cement [20, 21] and improve the hydration degree
of binder materials [22-25]. Use of rice husk ash
(RHA) also increases the degree of hydration of
cement at later ages because of the pozzolanic rea-

tion and internal curing, even higher than those con-
taining silica fume at 91d [26, 27].

Heat evolution rate (kJ/kg.h)
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Fig. 1 Heat evolution rate of UHPCs: (a) with
different silica fume contents (U0, U10, U15, U20,
and U25 represent use of 0%, 10%, 15%, 20%, and

25% silica fume by the total mass of binder
materials, respectively) [15]; (b) with different
contents of silica fume and fly ash [18].

It is well known that nanomaterials can provide
significant enhancement in performance of cement-
based material given their physical (filling and nuc-
leation) effects as well as the chemical reactivity.
The addition of nanomaterials not only shortened the
dormant period but also led to an earlier appearance
of the acceleration periods, which have been repor-
ted by some references [28, 29]. According to refer-
ence [11], the dormant period of the reference mix-
ture is around 13h, the addition of hano-CaCQj; shor-
tens the dormant period to about 9h due to the filling
and chemical effects induced by nano-CaCQOs; [30].
However, the addition of 4.8% nano-CaCOs, by ma-
ss of binder materials, causes an earlier and higher
heat of hydration than the addition of 6.4% nano-
CaCO0:s. This might be due to a dilution effect asso-
ciated with the addition of nano-CaCOs; when it is
used as a substitution of cement. Nano-SiO; can also
accelerate the heat of hydration due to its filling effe-
ct and nucleation seed for the precipitation of C-S-H
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[31]. Meng and Khayat [32] found that both of
carbon nanofiber (CNF) and graphene nanoplatelet
(GNP) increased the cumulative hydration heat when
CNF reduced induction period, and the use of nano-
platelet extended the induction period. It is attributed
by the fact that the dispersion of CNF needs less
super-plasticizer than GNP, and this behavior is also
found in the use of aluminum oxide nanofibers [33].
On the other hand, Norhasri [34] reported that the
addition of nano metaclay had a retarding effect on
UHPC due to increase of surface area from the nano
metaclay.

On the other hand, due to the high dosage poly-
carboxylate superplasticizer (2%-4%, by mass of
binder materials) in UHPC, the early hydration of
binder in UHPC is usually retarded. The retardation
is dependent on the type and dosage of the super-
plasticizer. In addition, the increase of curing temp-
erature can accelerate the hydration of cement and
promote the secondary hydration between SCMs and
Ca(OH); [35], which has a great influence on the
hydration products (See the next section).

2.2 Hydration products

The hydration products of binder materials in
UHPC is similar to those in ordinary concrete (OC).
In UHPC, it contains a larger amount of SCMs. Initi-
ally, Portland cement hydrates to form calcium sili-
cate hydrate (C—S—H) and calcium hydroxide (CH).
Then, SCMs, such as silica fume, GGBS, and fly ash
reacts with CH to form C—S—H [36]. The amount of
CH is much lower than that in OC at 28 days as
shown in Fig. 2, but the pozzolanic reactions are still
incomplete. Different SCMs have different influ-
ences on CH content of UHPC. When the silica fume
content increases from 0 to 50%, the calcium hy-
droxide content decreases from 7.4% to 6.25% [17].
Both RHA and SF can strongly reduce CH content,
and the effect of SF is greater than that of RHA at
later ages [26]. However, the effect of GGBS content
has limited effect on the CH content [17]. Shi and
Wang [17] found that the combination of silica fume
and GGBS had negative synergistic effect on the cal-
cium hydroxide content of UHSC, but no explana-
tion was given.

The content of crystalline phases is considera-
bly higher in OC, whereas less amorphous phases
were observed in the UHPC as shown in Fig. 2 [36].
Because of no considerable phase carbonation in
UHPC, no calcite is measured even after 28 days in
this specimen. The variations of ettringite content
development between the first day and the second
day indicate some conversion of ettringite to mono-
sulfate phase, and that significant amount of alumi-
nate may enter the X-ray amorphous C-S—H phases
[36]. When UHPC contains LP constituents, calcium
aluminate monocarbonate is preferably formed, the

hydration of CsS is accelerated, and some carbo-
silicates are produced in the pastes [37]. Other liter-
atures [38, 39] shows that LP in binder materials
systems has a compaction filler and great dispersion
effect on the precipitation of Ca(OH); and C-S-H
gel, and plays a core role in crystallization during the
hydration of cement.
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Fig. 2 Time-dependent phase development in OC
and UHPC [36]

The increase of curing temperature can acce-
lerate the hydration of cement and promote the pozz-
olanic reaction between SCMs and CH [35]. Hydra-
tion products of cement after curing at 90°C remain
amorphous. On the condition of no external SiO;
source, the hydration of CsS and C,S leads to form-
ation of crystalline a-dicalcium silicatehydrate. On
the other hand, tricalcium aluminate (CsA) and tetr-
acalcium alumino-ferrite (C4AF) form a hydrogarnet
phase. The bonding properties of these two phases
are rather unfavorable. If finely ground quartz and/or
other SiO; sources are used, a pozzolanic reaction
takes place between CH and SiO, yielding crys-
talline 1.1 nm tobermorite (CsSsHs) as the main pro-
duct of reaction at temperatures between about
150°C and 200°C. Xonotlite C-S—H (1), C-S—H (1),
and a-C>,SH may also be formed at even higher
temperature [40]. The formation of both 1.1 nm tobe-
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rmorite and xonotlite can increase strength of auto-
claved products [41]. Itis clear from Fig. 3 and Table
1 [42, 43] that there is an important effect of tem-
perature on hydration of UHPC. Hydrates formation
ratio increases from 10% to 55% when the cur-ing
temperature increases from 90°C to 250°C. It is also
significant to notice that Q2 increases faster with
temperature higher than Q1 (Fig. 3). This indicates
that C-S-H average statistical chain length increases
with temperature. This point is also clearly demon-
strated by statistical average chain length that corre-
sponds to pentamer at 200°C when it is trimer at
90°C or 200°C. Between 200 and 250°C, another
microstructural change is observed with the appea-
rance of a Q3 peak at 250°C (Fig. 3). This peak is
attributed to the presence of a crystal hydrate, xono-
tlite, whose structure implies the presence of silicon-
oxygen tetrahedra connected to three neighbor tetr-
ahedra (Q3 species). The H/C (H.0 to CaO) ratio of
C-S—H of OC is approximately one, while the H/C
of xonotlite is 1/6, and xonotlite forms only in the

50

inner part of concrete specimen [44]. The formation
of xonotlite in heat-cured UHPC is due to local, large
water vapor pressures. However, lower dynamic eg-
uilibrium vapor pressures (3 Pa) can totally suppress
the formation of crystalline hydration products, and
even no xonotlite or other crystalline hydration prod-
ucts forms at 250°C [45].

3. Microstructure development

UHPC has a very dense and uniform micro-
structure according to following fundamental effects:
(2) close packing of solid particles; (2) hydration and
pozzolanic reactions of binder; (3) improvement of
the interfacial transition zone (ITZ) between aggre-
gates and bulk matrix [2]. The internal microstru-
cture of UHPC mainly includes unhydrated cement
particles, quartz sand, and hydration products, such
as C—S—H [46]. The microstructure of UHPC depe-
nds on the pore structure, morphology of hydration
products, and microstructure of ITZ.
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Fig. 3 Percentages of Q0 to Q4 for specimens with heat treatment at 90, 200, and 250°C for 8h [43].
NOTE: Q represents a SiO,* unit and the degree of connectivity, n is related to the oxygen bonds number
between the SiO4* units (Q4FS for silica fume and Q4CQ for crushed quartz)

Table 1 Hydrates formation ratio H, connectivity ratio C, average statistical chain length, pozzolanic activity
of silica fume PSF and crushed quartz PCQ of samples with heat treatment at 90, 200, and 250°C [43]

Samper H PSF PCQ C Statistical length
C2/REF 0% 0% 0% - -
C2/90°C/8h 10% 10% 0% 1.40 Trimer or quadrimer
C2/200°C/8h 40% 65% 20% 1.65 Pentamer or hexamer
C2/250°C/8h 50% 75% 65% 1.73 Hexamer or heptamer

NOTE: Hydrates formation ratio H=(Q1 + Q2 + Q3); connectivity ratio C= (Q1 + 2Q2 + 3Q3)/(Q1 + Q2 + Q3); poz-
zolanic activity of silica fume PSF=(Q4FS-Q4FS,)/Q4FSy; crushed quartz PCQ = (QCQ4 — QCQ40)/QCQ40)
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3.1 Pore Structure

UHPC is designed by close packing density and
use of SCMs. Therefore, it has a very low porosity.
For UHPC at water to binder ratio (w/b) of 0.20, its
capillary pores become discontinuous when only 26%
of cement is hydrated, instead of 54% for HPC (w/c
= 0.33) [47]. Figure 4 shows the pore radius dist-
ribution, measured using high-pressure mercury intr-
usion porosimetry, of a high-quality class C45/55
normal-strength concrete, a class C90/105 high-
strength concrete, and two UHPC mixes (90°C heat
treatment, coarse- and fine-grained mixes) [48]. The
porosity of UHPC consists mainly of pores with
diameter smaller than a threshold value (Fig. 5), and
a reduction of cumulative porosity corresponds with
a decrease in the threshold value. The pore size of
UHPC basically concentrates between 2 and 3 nm,
the most probable pore diameter is 2.0 nm, and its
total porosity is 2.23%.

The curing method and temperature have great
influence on pore structure of UHPC. It is nil in the
range of 3.75 to 100 nm for UHPC cured at between
150 and 200°C [44]. When the curing temperature is
from 20°C to 65°C, setting pressure had no influence
on the cumulative porosity in the range of 3.75 nm
to100 um. However, setting pressure is able to elim-
inate the air trapped in sample and to compact the
sample. A portion of free water is also eliminated. In
that range of temperature, the porosity threshold is
not modified. For curing temperatures between 80
and 200°C, lower cumulative porosity, intermediate
(3.75 nmto 100 um) porosity and threshold pore size
is obtained for pressed samples. The greater part (B
90°C/SC, Fig. 5) if not the whole porosity (BQ
200°C/P, Fig. 5) corresponds in that case to pore di-
ameters smaller than 3.75 nm. For temperatures of
250°C and above, the porosity increases, as well as
the threshold pore size (see BQ200°C/P and
BQF400°C/SC in Fig. 5).
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Fig. 5 Cumulative porosity versus pore diameter of UHPC [44]

NOTE: B20°C/SC, Basic formulation heated at 20°C, soft cast (setting pressure, 1 atm); B20°C/P, Basic formulation
heated at 20°C, pressed (setting pressure, 30 atm); B90°C/SC, Basic formulation heated at 90°C, soft cast; BQ200°C/P,
Basic formulation with crushed quartz heated at 200°C, pressed (setting pressure 625 atm); BQF400°C/SC, Basic
formulation with crushed quartz and steel fibers heated at 400°C, soft cast
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The porosity of UHPC decreases with the
increase of silica fume content due to its filling and
pozzolanic effects [17]. When silica fume content
increases from 0% to 50%, the 3d porosity decreases
from 14% to 12.7%, and the 56d porosity decreases
from 10.4% to 8.3%. If the silica fume content is
higher than 25% and GGBS content is less than 25%,

GGBS has little effect on the porosity of UHPC at 3d.

However, GGBS at any content would increase the
porosity of UHPC at 56d. The combination of silica
fume and GGBS can cause a negative synergistic
effect on the porosity of UHPC in reference [17], but
no explanation was given. The total porosity of the
RHA modified is higher than that of the SF modified
sample, but lower than that of the control sample
because of greater filler effect and pozzolanic reac-
tion [26]. The use of 0.3% carbon nanofiber (CNF)
can reduce the total porosity of the UHPC by appro-
ximately 35%, indicating that the presence of CNF
can refine the microstructure of UHPC [32].

3.2 Morphology of hydration products

UHPC is composed of aggregates and compact
matrix phase, including unhydrated particles, quartz
sand, and hydration products. A reactive interface is
formed between completely unhydrated core and hy-
dration products. The core plays a role in skeleton to
matrix, and greatly enhances the microstructure of
matrix phase [49]. Scanning electron microscope
(SEM) observation indicates that the structure of
hardened paste is very dense due to very low wi/b,

hydration of cement, and the pozzolanic action of SF
and GGBS. The main hydration product C—S—H gel
is homogeneous, no Ca(OH); and ettringite could be
found [20, 50]. The curing method has a great influ-
ence on microstructure of UHPC, as shown in Figs.
6and 7.

Fig. 6 shows the microstructures of UHPC sam-
ples under different curing conditions. From Fig 6(b),
it can be observed that there is clear unhydrated bin-
der constituents in UHPC, which are adhered to sev-
eral hexagonal CH crystals before heat curing, thus
leading to relatively loose microstructure compared
to UHPC after heat curing. Visible microcracks are
also found propagating along the boundaries of the
CH crystals in Fig. 6(b). However, the microstru-
ctures of the UHPC samples after10h of heat curing
become much denser compared to that before heat
curing, as shown in Fig. 6(c). At the same time, it is
less likely to observe the CH crystals in the sample
after heat curing. Similarly, in Fig. 6(d), the even
denser microstructure of sample after 48h of heat
curing confirms that the chemical hydration degree
is further higher. The reason is that during heat cur-
ing, the high-density nano-crystalline layers typi-
cally forms calcium was distinctly difficult to detect
the extreme-value of the pore distribution curve.
This indicates that heat curing can effectively accel-
erate chemical hydration of UHPC and form more
hydrated products to fill up the pores and voids of the
internal structure, resulting in denser microstructure
and small pores [51].
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Fig. 6 Microstructure of conventional concrete and UHPC under difdferent curing conditions
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Fig. 7 ITZ of conventional mortar and UHPC under different curing conditions

Fig. 8 SEM image of autoclaved UHPC specimen at
200°C/15 bars. A crack is filled with crystalline C-S-

H (black arrows). The white arrow points to a

completely hydrated grain of fly ash, which indicates

a high degree of pozzolanic reaction [57]

3.3 Microstructure of ITZ

The microstructure of interfacial transitional
zone (ITZ) in conventional cement mortars and
UHPC from SEM observations are shown in Fig. 7.
It can be seen that the 1TZ between aggregates and
paste matrix has a high porosity and CH content, and
is the weakest part in conventional concrete. How-
ever, UHPC has a very dense ITZ without obvious
pores [20]. Normally, the microstructure of the ITZ
is influenced by the “wall effect” in the vicinity of
aggregate surfaces. This region is about 50 um from
the grain surface into the cement paste [54]. How-
ever, in reference [26], sand with particle sizes rang-

Fig. 9 SEM image of autoclaved UHPC speci-
mens at 200°C/15 bars. Dissolution rims on a
grain of the quartz filler producing strong co-
hesion with crystalline cement paste (black ar-
rows) [57]

ing from only 100 to 300 um is used as the main ag-
gregate. This can reduce the “wall effect” and thick-
ness of the ITZ. Moreover, with such a small sand
particle size and a very small thickness of the ITZ,
the effect of SCMs, such as SF or RHA, in reducing
the 1TZ thickness could not be significant. Therefore,
the thickness of the ITZ of all samples obtained in
this study is similar and very small. However, owing
to the low w/b and pozzolanic reactions between CH
and reactive mineral admixture, which consumes
most of the CH crystals and converts them to C-S—
H [1, 55], the ITZ in UHPC seems as dense as the
matrix. The homogenous structure is important for
the excellent performance of UHPC.
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The denser microstructure of 1TZ in UHPC is
closely related to high temperature curing. When
UHPC is cured in the hot water at 90°C for 10h, the
hydration products become denser, and basically the
existence of calcium hydroxide cannot be seen (Fig.
6(c)). Increased curing temperature could accelerate
the hydration reaction of cement and pozzolanic
activity, and improve the microstructure of ITZ [44].
Autoclave curing can improve degree of hydration,
and a homogeneous, dense microstructure consisting
of close networked crystal fibers with length up to
one micrometer would occur under the autoclave
curing condtion. Cracks and small pores are filled
with crystalline C-S-H, as shown in Fig. 8. The pore
volume was lower than the heat treated specimen and
the median pore diameter was reduced to 5 nm when
autoclace curing was used. The autoclaved specim-
ens exhibits dissolution processes around quartz gra-
ins, which produces a better cohesion between fillers
and fine crystalline cement paste (Fig. 9) [56, 57]. In
addtion, the heat curing and autocalve curing can
also improve the microstrcture around the steel fiber
[35].

4. Autogenous shrinkage of UHPC

4.1 Factors affecting autogenous shrinkage of

UHPC
4.1.1 Binder and water contents

Shrinkage of concrete is usually caused by loss
of water due to evaporation or by chemical change
resulted from the hydration of cement. Concrete with
higher w/b has higher drying shrinkage but lower
autogenous shrinkage. For UHPC, the w/b normally
is less than 0.25, and the autogenous shrinkage
accounts for up to 80% [14]. In addition, the increase
in cement content and the decrease in water amount
would cause a greater autogenous shrinkage [59]. A
higher rate of hydration results in higher autogenous
shrinkage due to the decreased volume of hydration
products relative to their constituents and higher
water consumption. These could reduce bleeding and
increase the concrete temperature [60, 61]. It has a
major role on early-age shrinkage through contro-
Iling the amount of free water, and the development
of the microstructure and pore system, which conse-
quently affects the capillary tension and meniscus
development (autogenous shrinkage). The strains of
samples with lower w/c are higher than those with
higher wi/c, as shown in Fig. 10. Moreover, cement
containing more Cs3A content (cement B) led to
higher strains. In addition, the shrinkage increases

with w/c, when the UHPC is made by cement B (8.6 %

CsA content by mass). This confirms the importance
of the C3A for the autogenous shrinkage of UHPC

[9].

4.1.2 Aggregate

Aggregates can act as an internal restraint to re-
duce shrinkage. It can also reduce the volume of ce-
ment paste, leading to lower chemical shrinkage [60].
For UHPC, Meng et al. found that the auto-genous
shrinkage is reduced with increase of sand to binder
ratio [59]. However, Xie et al. [62] reported that the
autogenous shrinkage increased with increase of
sand to binder ratio. Different con-clusions for these
two references may be attributed by the fact that the
two research results choose different test zeros time
for autogenous shrinkage. In addition, the particle
size and clay content of aggregate have a significant
influence on shrinkage of UHPC. Ma et al. [47] re-
ported that the autogenous shrinkage could be con-
siderably reduced by incorporating basalt coarse ag-
gregates with size ranging from 2 to 5 mm. In addi-
tion, there was no swelling in the UHPC specimens
produced with coarse aggregates after initial shrink-
age, while swelling was observed in UHPC without
coarse aggregates [63]. It was found that the shrink-
age strain rate linearly increased with clay content of
fine aggregate [64]. Furthermore, light-weight ag-
gregates (LWAs) with high water absorption were
found to reduce autogenous shrinkage as they act as
internal curing materials [8, 65-67]. The shrinkage-
reducing efficiency in UHPC is related to the particle
size [66], content [65, 67], water absorption [68] and
pretreatment method [65] of LWA. For UHPC, it is
recommended that use of 15-25% fine LWA is opti-
mal content [67, 69].
4.1.3 Supplementary cementitious materials

(SCMs)

The type, fineness, and percentage of SCMs
have very significant effect on autogenous shrinkage
of UHPC. Silica fume was found to significantly in-
crease the autogenous shrinkage due to refinement of
pore structure [70, 71]. Similar increased autogenous
shrinkage was observed for GGBS [72, 73]. A high
level of cement replacement by metakaolin (10%-
15%) was found to reduce both the autogenous and
drying shrinkage at early-ages, as shown in Fig. 11(a)
[74]. This reduction may be a result of the dilution
effect of reducing the cement content [75, 76]. Sta-
quet et al. [77] found that use of metakaolin to sub-
stitute 2/3 SF would cause a reduction of around 50%
in autogenous shrinkage of UHPC at 6d. In addition,
the curing temperature had some influences on the
shrinkage reducing effects of metakaolin. Significant
reduction of early age autogenous shrinkage was ob-
tained by replacing silica fume with metakaolin in
specimens cured at 20°C [48]. However, for UHPC
cured at 42°C, the total shrinkage measured for a
mixture containing metakaolin was negligible com-
pared to those with silica fume or fly ash [49]. How-
ever, Song et al. [28] suggested that the combination
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of 60% SF with 40% MK significantly decreased the
pore size distribution of UHPC into the range of
about 5-10 nm compared to the UHPC with 0% and
100% MK, and it may cause a high autogenous shri-
nkage. However, there is no autogenous shrinkage
results in this reference. Incorporation of fly ash cou-
Id decrease the shrinkage of concrete, because the
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unhydrated binder material acted as aggregate to re-
strain shrinkage and it also diluted cement content
[78, 79]. In contrast, it was reported that very fine fly
ash had a similar effect to that of silica fume [70].
RHA markedly decreased the autogenous shrinkage
due to its internal curing effects on restraining the
drops of internal relative humidity [80-82], as shown
in Fig. 11(b).

—| s (c: 800, w: 168, wic: 0.23)
s 2B (C: 800, w: 192, wic: 0.26)
3B (c: 800, w: 224, wic: 0.30)

A.

4 4
o [a%]
i |

|
e
5]

[

e

=N
|

Shrinkage strain [mm/m]
o
(s3]

|
e
]

OO 1 1 1
0 7 14 21 28
Age [d]
(b) variation of w/c at constant content
(cement B)
-1.2 1 =—=1B (c: 800, w: 168, wi/c: 0.23)
4B (c: 700, w: 168, wic: 0.26)
_ -1.0 7 —5B (c: 600, w: 168, w/c: 0.30)
£
08
=
S 0.6
w
[4h]
[=p]
£ -04
=
=
9 0.2
OO I 1 | |
0 7 14 21 28
Age [d]
(d) variation of wi/c at constant water content
(cement A)

Fig. 10 Autogenous shrinkage vs. age: variation of w/c at constant cement content and variation of cement
content at constant water content [9].

NOTE: Cement B contained considerably more C3A (A: 2.0 mass %; B: 8.6 mass %); 16.2% silica fume by mass.



Journal of Asian Concrete Federation, VVol. 5, No. 2, December 2019

Control

]

5% MK

1400 + 10% MK

15% MK

>
>3
B

o 0>

20% MK

=3 n
=3 =]
=3 =]
o

©
=3
o

600

Autogenous shrinkage (um/m)

400

200

30

60 90 120 150
Hydration time (days)

(a) Metakaolin [74]

Deformation [mmim)

0.10

0.20

15 20 25

Ages[d]
(b) SF and RHA [83]

10 30

Fig. 11 Effects of pozzolanic materials on autogenous shrinkage

4.1.4 Chemical admixtures

Greater early-age shrinkage of cement and mor-
tar was observed with the addition of superplasticizer
(SP) as a result of improving cement dispersion,
which consequently increased the rate of hydration
[60, 61]. However, Eppers [9] showed that the super-
plasticizer content had no influence on the shrinkage
of UHPC at the age of 28d, although it had a signifi-
cant effect on the early age behavior. Shrinkage re-
ducing admixtures (SRASs) belong to a class of or-
ganic chemicals known as surfactants [84-87]. SRA
can decrease the surface tension of the capillary pore
solution resulting in a reduction of the capillary ten-
sion and led to a significant reduction in autogenous
shrinkage of UHPC [88]. Furthermore, SRA lowered
the evaporation rate in the matrix and delayed the
mass loss in the drying conditions [85, 89]; and
hence the drying shrinkage was reduced. Expansive
agent (EA) is categorized as iron powder, alumina
powder, magnesia, calcium sulfoaluminate, and cal-
cium oxide. Suzuki et al. [90] reported that an autog-
enous shrinkage of more than 700 millionths would
be reduced to zero with the use of EA. However, the
expansion action of EA increased water demand. A
combination of EA and internal curing exhibits high
efficacy in mitigating shrinkage [91], because inter-
nal curing could provide more water for concrete.
Recently, a new type of internal curing materials, su-
perabsorbent polymer (SAP) was used for reducing
shrinkage of UHPC [8, 14, 89], as shown in Fig. 12.
SAP has water absorption capacity of up to 1000
times of their own mass [92] and its internal curing
function is based on the release of water from satu-
rated SAP into the matrix as the relative humidity
drops over time. The effectiveness of SAPs is related
to its chemical characteristics [93-95], dosage [8, 96],
particle size [97, 98], and w/b of the matrix [99-101].
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Fig. 12 Autogenous deformation of UHPC with dif-
ferent wi/c ratios and SAP additions in the first 30
days of hydration. The results were zeroed at the fi-
nal setting time of the corresponding cement pastes.
Each curve is the average of triplicate samples
[102]

4.1.5 Curing condition

Curing method, duration, and temperature have
a significant effect on autogenous shrinkage of
UHPC. Normally, an early-age drying environment
would cause a higher shrinkage for normal concrete
and high-performance concrete. For UHPC, because
of it’s denser microstructure, the shrinkage caused
by drying condition only occurs for about 20% of to-
tal shrinkage [14]. However, a remarkable rise in
drying shrinkage was observed when high-volume of
fly ash and GGBS was used for UHPC to replace
Portland cement [73]. In addition, shrinkage incr-
eases with the increasing curing temperature after
casting [73, 103]. This was because of the accelera-
tion of hydration reactions, which results in higher
chemical shrinkage and the nonuniform distribution
of the hydration products. The former is considered
as the main driving force for shrinkage until an inter-
nal rigid skeleton is formed [104-107]. It is reported
that the shrinkage of UHPC could not be observed
obviously until the curing temperature reached to



Journal of Asian Concrete Federation, VVol. 5, No. 2, December 2019

50°C during heat curing. While the curing tempera-
ture was close to 70°C, the value of shrinkage in-
creased rapidly and reached to 450x10° ultimately
as shown in Fig. 13 [108]. At the same time, the
steam curing also increased the early autogenous
shrinkage [109].
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Fig. 13 Effect of heat curing on early age shrinkage
of UHPC [108]

4.1.6 Fiber

As an essential component of fiber-reinforced
concrete (FRC) for strengthening and toughening
including UHPC, steel fiber can restrain shrinkage
cracking. This is because high elastic modulus of
steel fiber can reduce crack width and delay cracking
propagation during the shrinkage developing process,
including autogenous shrinkage. Wu and Shi [110]
found that steel fiber volume had a significant effect
in restraining shrinkage of UHPC, as shown in Fig.
14. 1t is found that the use of 2% steel fibers is the
optimal dosage for reducing the autogenous shrin-
kage of UHPC. In addition, the evolution of autog-
enous shrinkage is influenced by the geometric char-
acteristics of steel fiber, such as aspect ratio and fiber
shape [110, 111]. With the increase of the aspect
ratio of steel fiber, total shrinkage decreased [111].

11

In addition, the hooked fiber was more efficient in
restraining shrinkage compared to the stra-ight and
corrugated fibers, as shown in Fig. 13(b) [110]. The
crimped and harex fibers were more effective in
restraining autogenous shrinkage compared with
melt extract and hooked fibers, owing to their sup-
erior anchorage characteristics [112]. Bouziadi fou-
nd that polypropylene fiber is more effective than
steel fiber in reduction of autogenous shrinkage of
high performance concrete [111].

1400

U20-0-S

)

S

S
T

L U20-1%-S
1000 -

800 | U20-2%-S.
600 -
U20-3%-S

400 -

Autogenous shrinkage (um/m)

0 L 1 1 " 1 1 " 1
12 24 36 43 56

Age (h)
(a) Fiber content

72

1400

1200

1000

800 U20-2%-S

U20-2%-C

J

600 -

’‘

U20-2%-H

400

200

Autogenous shrinkage (um/m)

0 " 1 1 " 1 L " L
12 24 36 48 56

Age (h)
(b) Fiber type
Fig. 14 Effects of steel fiber on autogenous
shrinkage of UHPC [110]
NOTE: S, C, and H represent straight, corrugated
and hooked fibers, respectively.

72

4.2 Mitigation methods for shrinkage of UHPC
Typical UHPC mixtures are characterized by
low w/b, high cement and SCMs content, and the in-
corporation of admixtures. A characteristic of UH-
PC’s is its superior mechanical properties in the har-
dened state. However, at the moment of application,
some difficulties arise, mainly because of its sensi-
tivity to early-age cracking, which are associated
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with self-desiccation and autogenous shrinkage. Cra-
cking may lead to reduced strength, decreased dura-
bility, loss of prestress in prestressed structural ele-
ments, and structural integrity. Thus, it's important to
understand and control autogenous shrinkage of
UHPC.

The shrinkage, especially autogenous shrinkage,
development of UHPC is related to hardening and
hydration process. The capillary tension theory in
general explicates the autogenous shrinkage using
pore structure, relative humidity, self-stress, degree
of hydration, and interface structure [71]. Over time,
free water in the matrix gradually decreases due to
progressive hydration of cement and SCMs, and
chemical shrinkage occurs. This shrinkage appears
as absolute volume change before initial setting, and
creates capillary pores in the UHPC matrix. With
ongoing hydration, the internal relative humidity
reduces. Consequently, a large number of pores are
formed in the hardened cement paste and the satur-
ation of water in the pores declines. With the change
in the saturation state of capillary pore from satur-
ated to unsaturated, the inner concave surface of pore
is subjected to an internal pressure. In order to make

Table 2 Shrinkage compensating methods

the concave surface in a state of equilibrium, the
capillary tension increases by which autogenous shr-
inkage takes place. The capillary tension theory can
well elaborate the accentuated influence of low
water-to-cement ratio and SCMs in autogenous shri-
nkage of UHPC as they remarkably affect the pore
structure, relative humidity, and self-stress, degree of
hydration, and interface structure. Although some
studies have addressed the effects of pore structure
and relative humidity in particular on auto-genous
shrinkage, some equations and model were establis-
hed between the shrinkage stress with capillary pore
diameter, internal relative humidity, and elastic mod-
ulus [8]. However, the roles of self-stress, degree of
hydration, and interface structure are mostly disc-
ussed through influence of cement, SCMs, aggre-
gates, and etc. and there is need for more research to
consider the effects microstructure of matrix and
interface. Based on previous discussion, different
methods should be recommended to compensate for
and/or reduce shrinkage of UHPC. Table 2 summa-
rizes these different methods. Two or more meth-ods
are often combined to reduce autogenous shrinkage.

Mechanism Methods

Examples Reference

Control hydration of
binder materials

By adding SCMs to hin-
der early hydration or
reduce hydration heat

Fly ash, metakaolin, and
RHA, etc.

[82, 83, 113, 114]

Reducing hydration Crushed ice [62]
temperature rise
Reduce capillary Restrain the drop of in- | Light-weight aggregate [65, 67]

tension ternal relative humidity

(LWA)

(Internal curing)

Super-absorbent polymer
(SAP)

[14, 89, 102, 103, 115,
116, 117]

Reduce surface tension
of pore solution

Shrinkage reducing ad-
mixture (SRA)

[89, 111, 112]

Physical restrain Increase tensile strength

Steel fiber and synthetic
fiber

[110, 118]

Hydration product with
tendency to volume in-
crease

Expansive agent (EA)

[90, 103, 119]

5. Conclusions and remarks

Based on the above literature review and disc-
ussions, the following conclusions can be drawn:

(1) The hydration of binders in UHPC is similar to
that in OC. Silica fume and nanoparticles accel-
erate, whereas GGBS or fly ash retards the hy-
dration of binder. When UHPC is cured under
90°C, the average C—S—H chain length increases.

(2)
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If the curing temperature is raised to 250°C, C—
S—H will be dehydrated to form xonotlite.

UHPC has a very low porosity, especially after
heat curing. The microstructure of UHPC was
greatly related to the addition of SCMs and cur-
ing conditions. Addition of silica fume or RHA
could decrease the porosity of UHPC due to their
filling and pozzolanic effects. However, the total
porosity of the RHA modified sample was higher
than that of the SF modified sample. GGBS had
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little effect on the porosity of UHSC at early
stages and increased the porosity of UHSC at
later stages.

The incorporation of nanomaterial as partial re-
placement for cement appears to be effective in
improving the properties of UHPC. It can pro-
duce better dispersion and interaction of the re-
inforcement systems and achieve significantly
higher mechanical strength and durability.

The curing method has a great influence on mi-
crostructure of UHPC. High temperature curing
is beneficial to the pozzolanic reactions between
CH from the hydration of cement and supple-
mentary binder materials, such as silica fume,
which improves the microstructure. The autocl-
aved curing specimens exhibited dissolution pr-
ocesses around quartz grains, which produced a
better cohesion between fillers and fine crysta-
Iline cement paste.

UHPC with low water-to-binder ratios had high
autogenous shrinkage. Aggregates can act as an
internal restraint to reduce shrinkage, and also
reduce the volume of cement paste, leading to
lower chemical shrinkage. Shrinkage reducing
agent (SRA) can decrease the surface tension of
the capillary pore solution resulting in a reduc-
tion of the capillary tension, which lead to a sig-
nificant reduction in the shrinkage of UHPC.

Silica fume and GGBS were found to signifi-
cantly increase the autogenous shrinkage due to
refinement of the pore structure. However, in-
corporation of fly ash could decrease the shrink-
age of concrete because the unhydrated binder
material acted as aggregate to restrain shrinkage.
Shrinkage increases with the increasing curing
temperature. Fiber type and fiber shape also af-
fect the shrinkage of UHPC.

Different methods have been developed to com-
pensate for and/or reduce early-age shrinkage of
UHPC, such as internal curing, fiber, SRA, and
EA. When the content is proper, some SCMs,
such as fly ash, metakaoli, and RHA, also cloud
reduce the autogenous shrinkage.
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