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Ultra-high-performance concrete (UHPC)

Ultra-high-performance concrete (UHPC) is a type of cement-based composite for new construction and/or
restoration of existing structures to extend service life. UHPC features superior workability, mechanical prop-
erties, and durability compared with conventional concrete. However, some challenges limit the wider appli-
cation of UHPC, such as low workability for large-volume production, high autogenous shrinkage, insufficient
flexural/tensile properties, and unpredictable durability after concrete cracking. Therefore, this paper reviews
the state-of-the-art technologies for developing UHPC mixtures with improved properties. This review covers the
following aspects: (1) the existing design methodologies; (2) the typical ingredients (e.g., binders, aggregates,
chemical admixtures, and fibers) for preparation of UHPC and the underlying working principals; (3) the
technologies for improving and controlling key properties (e.g., workability, autogenous shrinkage, compressive
performance, tensile/flexural properties, and durability); and (4) the representative successful applications. This
review is expected to advance the fundamental knowledge of UHPC and promote further research and appli-

cations of UHPC.

1. Introduction

Ultra-high-performance concrete (UHPC) has been developed for
three decades and is considered one of the most promising construction
materials for future sustainable and resilient infrastructure [1-5]. Given
its low water-to-binder ratio (w/b, 0.15-0.25), high particle packing
density (0.825-0.855), high-volume of steel fibers (>2%, by volume),
and proper addition of chemical admixtures, UHPC exhibits good
flowability (mini-slump flow >160 mm) and high mechanical properties
(28-day compressive strength >120 MPa [6] and tensile strength >5
MPa [7], under standard curing; 28-day compressive strength >150
MPa, under steam curing [8]). Due to the use of high-volume fibers,
UHPC exhibits strain-hardening behaviors after cracking [9,10]. Addi-
tionally, UHPC exhibits superior durability because its matrix is nearly
impermeable to carbon dioxide, chloride, sulfate, etc., as shown in Fig. 1
[11-13].

In the past 30 years, UHPC has developed through four stages [14].
Before the 1980s, high-strength concrete could only be produced on
lab-scale with vacuum mixing and heat curing [14]. In the early 1980s,
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micro-defect free cement (MDF) was invented for production of
ultra-high-strength concrete with compressive strength over 200 MPa.
However, the extremely high material cost and complicated production
process restrained its applications [15]. Afterwards, dense silica particle
(DSP) cement was invented in Denmark [16]. The DSP cement was
designed to improve the particle packing density of concrete and was
easier to produce compared with MDF cement. Combining the silica
fume, superplasticizer, and pressure curing conditions, the maximum
compressive strength of DSP incorporated concrete can reach up to 345
MPa [16]. In the mid-1980s, steel fibers were introduced to overcome
the brittleness of this concrete. Finally, slurry infiltrated fiber concrete
(SIFCON) was developed, which incorporated up to 20% steel fibers (by
volume). The 28-day flexural strength of SIFCON ranged from 25 MPa to
70 MPa [17-19]. However, the SIFCON was not workable, which hin-
dered its wider application.

Thanks to the advancement of superplasticizers in the 1990s, reac-
tive powder concrete (RPC) with superior workability was developed by
Richard and Cheyrezy, which is considered the most major milestone in
the UHPC development [20]. The RPC was classified into two grades,
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RPC200 (strength below 200 MPa) and RPC800 (strength from 200 MPa
to 800 MPa). Since then, the term “ultra-high-performance concrete
(UHPC)” was introduced [21]. Later, the first commercial UHPC was
developed based on the recipe of RPC [20], then many other UHPCs
were commercialized [22-28]. Some representative commercial UHPC
formulations are summarized in Table A of the Appendix. The features of
these UHPC mixtures include: (1) extremely low water-to-binder ratio
(0.15-0.24), (2) optimized gradation of solid particles for high particle
packing density (0.825-0.855), (3) finely grounded quartz sand (dmax <
0.6 mm), (4) high cement content (800-1100 kg/m3) and silica fume
content (150-300 kg/m3), and (5) high steel fiber content (2-5%) [29,
30]. However, the initial material cost is still high.

After 2000, instead of pursuing high strength, the focus of the UHPC
development switched to reduce its CO, emissions and initial materials
cost for more eco-friendly and economical UHPC. To this end, various
methods have been employed: (1) reduce cement content (<850 kg/m3)
and silica fume content (<200 kg/m®) by using a high volume of sup-
plementary cementitious materials (SCMs) and fillers [31-35]; (2)
reduce binder content (<1200 kg/m3); (3) replace finely grounded
quartz sand by conventional concrete sand or quartz sand [36-39]; (4)
reduce fiber content by hybrid fiber systems [40-42]; (5) use standard
curing instead of heat curing for lower energy consumption [32,43-45].
The representative mixture designs of the economical and eco-friendly
UHPC are summarized in Table B of the Appendix. The performance
of these UHPC mixtures is comparable with the commercial ones [31,
46]. However, the use of different by-products (e.g., fly ash and rice husk
ash) may lead to inconsistent performance [47]. For example, the
chemical composition of fly ash highly depends on coal sources and
combustion processes which may vary. Furthermore, many power plants
have changed the combustion process for environmental benefits,
increasing the carbon content in fly ash, which may compromise the
properties of UHPC [48]. For this reason, the current application of the
economical UHPC is mainly in small quantities, such as connections and
joints of bridges [49]. Modern UHPC is still struggling to become a
mainstream material for wider applications. While UHPC usually works
well on a lab scale, the mixing difficulty significantly increased for
large-scale production which might lead to the malfunction of the mixer
[47]. Thus, the allowable volume for each batch was restricted. For
example, Berry et al. [50] used a pan mixer with a maximum capacity of
0.34 m3, and Mendonca et al. [51] used a pan mixer with a maximum
capacity of 0.45 m, but the allowable batch size was limited to 0.1 m®
which significantly affected the construction efficiency. Besides, due to
the low w/b ratio and high cementitious materials content, the typical
value of autogenous shrinkage of UHPC is reported over 800 pe [52].
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Under restrained conditions, there is a high risk of cracking and/or
debonding for UHPC structures [53-56]. In addition, while UHPC with
high-strength steel fiber shows good ductility and resilience, the
high-strength steel fibers account for approximately 35% of the total
costs of UHPC which resulted in the high initial cost of UHPC [57]. Thus,
it is challenged to reduce the steel fiber content while retaining or
further improving flexural/tensile properties. Further, although the
intact UHPC has excellent durability, cracks always exist in concrete
structures under outer service loads. Attention should also be paid to the
durability when some special raw materials were incorporated, such as
waste glass and porous sand, which may introduce expansive gel and
porosity [58]. In recent years, more researchers have focused on the
development of UHPC using new materials and advanced technologies
to resolve the associated issues and expand the adoption of this novel
class of cementitious composites, while maintaining its high mechanical
properties and durability.

This paper comprehensively reviews the new development of UHPC.
First, the design methodologies and typical UHPC designs are summa-
rized. Second, the typical ingredients of UHPC are discussed, such as
binder materials (e.g., cement, supplementary cementitious materials,
and fillers), aggregates (e.g., fine and coarse type), chemical admixture
(e.g., HRWR, viscosity modifying admixture, shrinkage reducing agent,
and expansive agent), and reinforcing fibers. The unique properties,
recommended contents, and underlying mechanisms are elaborated for
each ingredient. Third, the state-of-the-art technologies to improve and
control the key properties of UHPC are summarized. The key properties
include workability, autogenous shrinkage, compressive performance,
flexural/tensile properties, and durability. Finally, representative ap-
plications of UHPC are introduced.

2. Design methodology

UHPC mixtures are designed to achieve a high particle packing
density (Fig. 2) that contributes to low porosity, high mechanical
strengths, and impermeability. Anderson and Andreasen model is the
most widely used theoretical model to design the UHPC [59] to achieve
the maximum packing density of particles involved. However, this
method only considered the particles under dry conditions, which may
not reflect the real particle packing of UHPC because the influence of
water and other liquids are not considered [60]. Therefore, to obtain the
“real” maximum particle packing, the wet particle packing density
method was introduced [61]. However, the maximum packing density
does not always result in the best performance of UHPC, thus the
performance-based method was developed. This section introduces
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Fig. 1. Evaluation of durability for UHPC compared with HPC and conventional concrete [11].
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Conventional concrete

Coarse aggregate (4.75mm to 20mm)

'Quartz sand (150pm to 600um)

Cement (1pm to 100 pum )

@ Quartz powder (1 to 100um)
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@ Pores in concrete

@ Silica fume (0.1pm to 1um)

Fig. 2. Two-dimensional schematic particle packing of conventional concrete and UHPC. The UHPC has a higher particle packing density [20].

some useful methods to design UHPC: model-based methods (dry par-
ticle packing and wet particle packing methods) and performance-based
methods.

2.1. Particle packing model-based methods

2.1.1. Dry particle packing method

For the dry particle packing method, there are two typical models for
the mixture design: the discrete model [21,62-64] and the continuous
model [65-67]. The continuous model is more preferred in UHPC design
because it can achieve a denser particle skeleton as illustrated in Fig. 3.

Fuller [65] and Andersen [66] developed the first continuous model
by introducing target particle size distribution P(D). Considering the
effect of minimum particle size on particle packing, Funk and Dinger
[67] developed the Modified Andreasen & Andersen model and intro-
duced Dy, as presented in Eq. (1).

D1 — D!,
D) X 100% €

min

P(D)=(

where Dy is the minimum particle size (pm) in all materials; Dpiy is the
maximum particle size in all materials; q is the distribution modulus.
Brouwers and Radix [69] suggested distribution modulus (q) is in the
range of 0-0.25 for concrete with a large amount of cementitious ma-
terials [46,70]. For UHPC, the q value was suggested in the range of
0.21-0.25 [71]. Yu et al. [46] developed UHPC mixtures by using the
Modified Andreasen & Andersen model. The distribution modulus q was
set at 0.23. The optimal volume ratio of each raw material was deter-
mined by fitting the composed gradation curve (Fig. 4, dashed line) with
the target curve (Fig. 4, solid black line) by using Eq. (2). After con-
firming the proportion of dry materials, the Puntke test was applied to

determine the w/b. Finally, a fixed HRWR content (5% mass of cement)
was used to enhance the flowability.

n 2
RSS = " (Pyir(D}™") = Py (D)) )

where P,y is the composed mixture (black dash line); and the Py,; is the
target mixture (black solid line) calculated from Eq. (1).

However, the dry particle packing method does not consider the
effect of water and HRWR on particle packing. In practice, water and
HRWR play significant roles in particle packing and the performance of
UHPC [72].

2.1.2. Wet particle packing method

When the fine particles are dry, the high particle friction hinders the
increase of packing density [73]. The presence of water can mitigate the
friction force. when fine particles are in the saturated or over-saturated
state [74], the force can be eliminated. In addition, the addition of
HRWR can affect the thickness of the water film on particles and thus the
packing density of UHPC [72]. Therefore, a higher particle packing
density will be achieved using the wet particle packing model than that
determined by the dry packing model, as shown in Fig. 5. A high wet
packing density enhances the macro-meso-micro pore structures and the
compressive strength of UHPC [72].

The wet particle packing model was proposed considering the effect
of water and HRWR [61]. To obtain the wet particle packing density, the
following procedures should be conducted: (1) set the initial w/b; (2)
weigh the water and cementitious materials and mix them; (3) transfer
the mixture to a cylinder mold and weigh the amount of paste; (4)
calculate the solid concentration (®) and void ratio (u) based on Egs.
(3)-(5); (5) repeat the above steps at a lower w/b ratio until the

Fig. 3. Two different packing models: (a) binary discrete model, and (b) continuous model [68].
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Fig. 5. Particle packing models: (a) dry particle packing model; and (b) wet particle packing model. The wet particle packing model provides a higher packing
density [75].

maximum packing density is achieved. where M and V are mass and volume of paste in the cylindrical mold (the

M mold is of 62 mm diameter x 60 mm height); py is the density of water,

°T Pty + pRe + psRy +p,R, 3 pos pp and p, the corresponding solid density of different cementitious
materials; Ry, Rg and R, are the volumetric ratios of different cementi-
u=(V-V,)/V. (&) tious materials.
Fig. 6 shows an example of determining the minimum void ratio (u)
o=V./V 5) and the maximum solid concentration (&#). The optimum w/b can be
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Fig. 6. Trends of solid concentration and void ratio of typical mixtures versus w/b. With this relationship, the optimal w/b for the highest wet particle packing can be
determined [60].
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determined given the highest wet packing density.

However, the highest particle packing density does not always lead
to the expected performance of UHPC. For instance, high particle
packing does not ensure the high fire resistance of the UHPC mixture,
because a relatively high porosity is preferred to release pore pressure in
a high-temperature environment.

2.2. Performance-based method

To design UHPC mixtures in compliance with desired performance
for different applications, performance-based methods were proposed
[76]. Meng et al. [31] developed a performance-based method to opti-
mize non-proprietary UHPC mixtures. Fig. 7 illustrates the step-by-step
optimization process. First, the binder combination has three sub-steps:
(i) preliminarily select binder combinations by flow characteristics; (ii)
narrow down the binder combinations considering particle packing,
flowability, and mechanical properties; and (iii) finalize the binder
combinations according to rheology properties including plastic vis-
cosity (up) and yield stress (o). Second, the w/b for paste is determined
considering both workability and 28-day compressive strength. Subse-
quently, the sand gradation, binder-to-sand ratio, and steel fiber content
are determined by the modified Andreasen & Andersen model and
overall performance. The finalized non-proprietary UHPC mixture is
adjusted to satisfy the requirements of the mini-slump and 28-day
compressive strength.

The main advantage of the performance-based method is that the
mixture design parameters, such as w/b, fiber content, and binder to
sand ratio, can be directly and accurately determined based on the
relationship established between the variables and the target
performance.

3. Typical ingredients of UHPC
This section introduces the characteristics and working principles of

typical ingredients in new development of UHPC, including binder
materials, aggregates, reinforcing fibers, and chemical admixtures.

[ Select raw materials and input expected }

performance for UHPC
[ 1. Optimize binder cl;mbination for paste
( 2. Select prelimil{'ar}f w/b for paste ]
( 3. Determine sand gradation |
( 4. Determine \lbes for mortar |
( 5_Determine fiber volume for UHPC ]

l

[ 6. Adjust w/b and/or HRWR and evaluate ];

performance of UHPC

1
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3.1. Binder materials

3.1.1. Cement

Depending on the environmental conditions and applications, the
types of cement used in conventional concrete include Type I to V and
white cement [77] which can all be employed to develop the UHPC.
Type III [78] and white cement [14] are the most used types because
they can provide fast setting and strength development due to the high
C3S content and Blaine fineness. If a high early strength is not manda-
tory, but a relatively low shrinkage is preferred, Type I cement is
alternatively used as its cost and reactivity are relatively low.

3.1.2. Supplementary cementitious materials

Representative SCMs include silica fume, fly ash, slag, glass powder,
and rice husk ash, which have been used in UHPC to reduce its cost and
carbon footprint and improve properties. Chemically, SCMs feature a
high amount of SiO, or/and reactive CaO, which can promote cement
hydration through pozzolanic and/or hydraulic reactions, especially
when the w/b is extremely low. Table 1 summarizes the chemical
compositions, physical properties, and typical contents of the most
common SCMs used in UHPC. Their effects on workability, mechanical
strength, volume stability, and durability are compared with the
“Reference mixture” (see Table C in Appendix).

3.1.2.1. Silica fume. Silica fume is a typical but critical constituent for
UHPC mixtures, with typical usage ranging from 5% to 25% depending
on the volume of the binder. Due to the small particle size, the addition
of silica fume (when <10%) improves the particle packing density of
UHPC, thus increasing the workability. However, when the content
exceeds 10%, the workability may be significantly reduced because the
high surface area [79] of silica fume is prone to adsorbing free water and
HRWR, which causes particle agglomeration and suppresses the cement
reaction [80,81]. Silica fume has a high SiO, content (>90%), which
provides a seeding effect and pozzolanic effect, promoting cement hy-
dration [82] and thus refines the microstructure of UHPC. Consequently,
the use of silica fume normally increases the mechanical strengths of
UHPC, and the refinement of pores benefits the durability of UHPC.

1a. Selcet potential binder combinations based
on flow characteristics of paste

1b. Narrow down binder candidates considering
key fresh and hardened properties of paste

1c. Finalize binder combination selection based
on rheological properties of paste

—.{ Evaluate key fresh properties of UHPC

[ Mini-slump =280+10

l Yes

Evaluate key hardended
properties of UHPC

No

No
f.= 120 MPa (stdanrdard curing) Adjust
or 150 MPa (heat curing) wib

l‘res

[ Determine unit cost of UHPC |

[ Final mixture |

( Evaluate related properties of UHPC |

Fig. 7. Flow chart of a performance-based method for designing UHPC mixtures. The left part is the performance-based procedure, and the right part elucidates the

performance for each step [31].
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Table 1
The summary of supplementary cementitious materials used in UHPC [31-33,46,83-92].
Fly ash
SCMs type Silica fume Rice husk ash Slag Glass
Type C Type F powder
SiO, 93.9 87.40 36.50 58.40 36.80 73.00
c = Al,03 - 0.40 24.80 23.80 9.20 1.50
8 2 é Fe,0; 0.59 0.30 5.20 4.19 0.76 0.40
g § z Ca0 1.85 0.90 28.10 7.32 37.10 11.30
S§Es Mg0 0.27 0.60 5.00 1.11 9.50 1.20
o= SO3 - 0.40 2.50 3.04 0.06 0.00
LOI 0.30 4.60 0.50 2.13 5.10 0.60
Blaine (m?/kg) - - 465 366 589
B.E.T. (m?/kg) 18500 64700 - 3021 -
Specific gravity 2.2 2.05 2.70 2.90 Based on
Particle shape factor - - 1.20 1.20 1.58 application
Typical content
(by volume of binder, %) 5-25 20 40-60 10-30 30-50
Workability ¢ 1 1 1 1
28-day f; (MPa) ¢ 1 ~30% ~10% ~20% T ~25%
28-day autogenous - " - ~15-
shrinkage (um/m) ¢ 80% 25% 35% 65% <
Durability ) © < ©
Reference [83, 84] [33, 85, 86] [31, 87] [46,88,89] [31,90] [32,91,92]

Note: 4" stands for increases, |, stands for lower,

stands for increase or lower, € stands for no significant impact, - stands

for limited research, and f stands for compressive strength. These are compared with the reference mixture in Table C in

Appendix.

Particle shape factor stands for the degree of deviation from an ideal shape (When the value is closer to 1, the particle shape is

closer to spherical).

3.1.2.2. Rice husk ash. Rice husk ash is usually used to partially and/or
entirely replace silica fume due to their comparable amount of amor-
phous silica. The dsg of rice husk ash ranges from 5 pm to 20 pm, which
is 50-100 times larger than that of silica fume. However, rice husk ash
possesses a higher surface area (i.e., 64,700 mz/kg) than silica fume (i.e.,
18,500 m2/kg) due to its porous structure, making it prone to absorbing
more free water and HRWR [93]. As a result, the workability can be
significantly reduced with the addition of rice husk ash. Additionally,
the high water absorption can cause rice husk ash to absorb the mixing
water during the mixing process thus to gradually release to the UHPC
matrix during the hydration process, which delays the decrease of in-
ternal humidity of pores in UHPC and hence mitigates the autogenous
shrinkage, as shown in Fig. 8(a) [33]. As evidenced in Fig. 8(b), the
addition of rice husk ash also refines the microstructure, which improves
the durability as well as the mechanical performance of UHPC at longer
lifespans.

3.1.2.3. Fly ash. Type C and Type F fly ash have been used in

100 =
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development of UHPC [94]. Type C fly ash undergoes both hydraulic
and pozzolanic reactions, but Type F fly ash mainly experiences a
pozzolanic reaction due to its lack of CaO. Fly ash commonly replaces
cement with volume ratios of 40%-60% for Type C and 10%-30% for
Type F. As listed in Table 1, the particle shape of fly ash is more spherical
than cement, which reduces inter-particle friction, and thus increases
the workability [70]. Additionally, dsg of fly ash ranges from 30 pm to
50 pm, which is coarser than cement and silica fume. Fly ash can miti-
gate the self-desiccation-induced shrinkage because more free water is
available to retain the relative humidity in the pore solution. Due to the
lower hydration reactivity, the replacement of cement with fly ash re-
tards the hydration process [95]. The pozzolanic reaction is slow but can
refine the microstructure in long term [96]. The refinement of pores
benefits the durability of UHPC. However, due to the high Al,O3 content
in fly ash, the calcium in the solution is quickly consumed by aluminate
to precipitate ettringite on the surface of fly ash, creating a calcium-sink
effect. The reduction of calcium concentration reduces the formation of
calcium-rich hydration products at early ages. Therefore, the use of fly
ash suppresses the hydration process and reduces mechanical strengths

0.1
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Fig. 8. Comparison of UHPC mixtures with silica fume and with rice husk ash: (a) internal humidity with time [33]; and (b) the pore size distribution [93].
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at early ages [97,98].

3.1.2.4. Slag. Depending on the main metal oxides, the slag used in
UHPC can include iron slag [31], copper slag [99], and barium slag
[100]. As a typical alternative SCMs, slag is usually used to replace
cement with a replacement ratio of 30%-60%, depending on the volume
of binder. The slag particles have angular shapes (higher shape factor),
increasing inter-particle friction and thus reducing the workability of
UHPC compared with using the same amount of fly ash. The dso of slag
ranges from 30 pm to 50 pm, greater than that of cement, which benefits
maintaining a low shrinkage. Similar to the fly ash, the lower hydration
reactivity of slag retards the hydration process [99] and tends to refine
the microstructure of UHPC [101]). In contrast to fly ash, the slag has a
low Al;O3 content [97]. The addition of slag in UHPC has less retarding
effect on the development of mechanical strengths compared with fly
ash [46].

3.1.2.5. Glass powder. Glass powder has been used to replace cement or
silica fume of UHPC at a replacement ratio of 10%-50% (by volume of
binder), and dso ranges from 1 pm to 20 pm [92]. Among different glass
waste sources, soda-lime glass occupies 81% of total glass production
and is the main source of glass powder. The smooth surface of glass
powder helps reduce inter-particle friction [102]. Additionally, the
dense microstructure of glass powder makes it possess a low surface
water absorption compared with other types of SCMs. Thus, the addition
of glass powder improves workability. In a similar mechanism to the
above-mentioned SCMs (i.e., fly ash and slag), the proper use of glass
powder refines the pore structure of UHPC [103].

However, when used glass powder is used, a major complication is
the potential of an alkali-silicate reaction (ASR). The Na® and K™ ions
released by glass powder may increase the pH value of pore solution to
be higher than 13, which breaks the chemical bond of siloxane (e.g., =
Si-O-Si =) of glass and generates = Si-O™ ions [104]. Then, =Si-O™ ions
react with Na' and K* and produce expansive ASR gel that may cause
cracking, as shown in Fig. 9. It was reported that the use of fine particle
size glass powder (less than 50 pm) alleviated the ASR. This is because:
(1) the pore size in UHPC may accommodate the ASR gel generated by
small size glass powder; and (2) fine particle size glass powder can react
with calcium hydroxide at early ages to produce C-S-H gel through a
pozzolanic reaction, which helps binds alkali ions, densify the micro-
structure, and improves the crack resistance of the matrix [105].

3.1.3. Fillers

Due to the low w/b in UHPC, the hydration degree of cement at 28
days is usually less than 35% [106], meaning that the majority of cement
particles remain unhydrated. The unhydrated cement can be replaced by
inert fillers without mitigating the properties of UHPC. The main func-
tions of the filler are to maximize the particle packing density and
provide extra sites for the nucleation and growth of hydration products,

Fine glass

e

DR Coarse glass

\_/\/\/
(a)
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thus promoting cement hydration degree [107,108]. Depending on the
particle size, the fillers are categorized into micro-scale and nano-scale
fillers.

3.1.3.1. Micro-scale fillers. Quartz powder is a typical filler used in the
production of proprietary UHPC. Quartz is inert and does not participate
in cement hydration when temperatures are lower than 150 °C [109].
However, despite the high cost, the International Agency for Research
on Cancer (IARC) has reported that it can cause untreatable silicosis
[110]. Alternative filler is therefore in demand.

Limestone powder has been proposed as an alternative type of micro
filler for UHPC [34,111]. The cement replacement ratio was reported to
be up to 50% by volume. The dsq of limestone powder ranges from 10
pm to 20 pm, similar to quartz powder. Due to its inert property,
spherical shape, and small particle size, the proper addition of limestone
powder enhances the workability of UHPC [112]. The use of limestone
powder also reduces the autogenous shrinkage and accelerates the hy-
dration reaction [34] due to (1) the filler effect, the limestone powder
does not hydrate but provides extra nucleation sites for hydration of
cement and/or other reactive particles; (2) the dilution effect, the
replacement of cement with limestone powder increases the effective
water-to-cement ratio which allows more free water for cement hydra-
tion and assists in maintaining the internal relative humidity (IRH) [35].
However, if an excessive amount of limestone powder is used, the hy-
dration peak can be significantly reduced, and the porosity is increased
[34]. This is because the overuse of fillers may cause a shortage of
reactive materials, limiting the amount of hydration products generated
[351.

3.1.3.2. Nano-scale fillers. Inactive nanomaterials, such as nano-CaCO3
[113] and nano-clay (NC), have been introduced to UHPC as nano-scale
fillers [114,115]. Due to the very high specific surface area, the addi-
tional nucleation and growth sites provided by an appropriate content of
nano-scale fillers can effectively promote the hydration reactions and
refine the microstructures of the UHPC matrix [116]. Besides, NCs have
been found to increase the yield stress and apparent viscosity, as shown
in Fig. 10(a). This is because nanoparticles of NCs can fill the gaps be-
tween cement particles or pastes agglomerates and the increased phys-
ical contact points can lead to the improvement in the rheology of UHPC
[117]. However, given a fixed dispersion method, an excessive amount
of nano-fillers may cause agglomeration due to inter-particle adhesion
via weak forces [118], and thus introduce defects with increased
porosity, as shown in Fig. 10(b) [119]. Two main methods have been
used for the uniform dispersion: (1) conduct ultra-sonification: the ul-
trasonic cavitation generates high shear forces that break particle ag-
glomerates into single dispersed particles [120], and (2) add surfactants:
the surfactants convert the hydrophobic surface of nanomaterials into a
hydrophilic surface for better dispersion in the aqueous phase [121].
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Fig. 9. Illustration of glass particle size on ASR in a cementitious matrix [105]: (a) before any reaction of glass particles, and (b) after chemical reactions of

glass particles.
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3.2. Aggregates

Finely grounded quartz sand with sizes ranging from 150 pm to 600
pm is usually used to prepare UHPC. However, the cost of fine quartz
sand is high. Alternative aggregates are therefore proposed for the new
development of UHPC. Table 2 summarizes the chemical compositions
and physical properties of the alternatives, and their effects on different
properties of UHPC. These properties are compared with the “reference
mix” (the mixture design is shown in Table C of the Appendix).

3.2.1. Fine aggregates

River sand is the primary fine aggregate used to replace quartz sand
[31,36,49]. However, the particle size of river sand ranges from 0 mm to
4.75 mm, with the maximum particle size 5-8 times larger than that of
fine quartz sand. Consequently, fully replacing the fine quartz sand with
river sand can undermine the particle packing density. To improve the
particle packing, finer and more uniformly sized masonry sand (size
range: 0-2 mm) was incorporated [31]. However, masonry sand is
produced by crushing and grinding coarse aggregates, causing more
angular particles than river sand which adversely affects the workability
of UHPC [129]. Furthermore, the larger average particle size of river
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Fig. 10. UHPC with nano-scale fillers: (a) the effect of NC particles on the rheology of cement pastes [122]; and (b) the agglomerated NC particles [123].

sand and masonry sand compared with quartz sand leads to a weaker
interfacial transition zone (ITZ) between sand and UHPC matrix [31,37,
49]. Optimization of the particle packing should be conducted to
minimize the ITZ.

Limestone sand has a low cost, homogenous composition, abundant
reserves, and worldwide availability [130-132]. Yang et al. [133]
validated the feasibility of using recycled rock dust in place of fine
quartz sand to prepare UHPC. It was reported that the raw cost per unit
volume of UHPC was reduced by 40% without sacrificing the work-
ability and mechanical performance [133].

Most recently, the lightweight porous sand has been utilized to
produce UHPC, such as lightweight sand [128,134] and volcanic rock
sand [126]. The porous structure of this sand allows for internal curing
in the UHPC. As shown in Fig. 11, the pre-saturated internal curing
agents (i.e., porous sand) hold the curing water during concrete mixing
and release the water during concrete hydration. This increases the
cement hydration degree and reduces the self-desiccation effect by
increasing the IRH [135,136]. Internal curing can provide more effective
curing than external moisture curing and help develop UHPC with low
shrinkage and high mechanical properties [126-128].

Table 2
The summary of aggregates used in UHPC [31,36,38,55,124-128].
- Silica sand Limestone Basalt Volcanicrock  Lightweight
sand type River Masonry sand/agg.  sand/agg. sand sand
sand sand
Si0, 80.3 86.5 0.07 49.62 70.55 57.6
c | AlOs3 10.5 0.39 0.00 14.93 11.21 19.4
T2 g Fels 3.43 1.47 0.02 11.04 4.57 9.6
ES 3 cao 1.72 9.42 56.90 8.22 0.81 3.4
S g < MgO 1.70 0.00 0.13 7.69 0.06 2.6
© = SO3 1.07 0.00 0.05 0.02 0.06 0.6
LOI 1.28 0.24 42.73 2.24 2.93 0.0
Specific gravity 2.65 2.64 2.70 2.89-3.05 1.08 1.8
Size range (mm) 0-4.75 0-2.00 0-19.00 0-16.0 0-1.25 0-4.75
Workability l l © l T
28-day f, (MPa) l l 1 <5% 1 <10% 1 18~30% -7~8%
28—fiay autogenous ! l o 1 | 5~55% | 30~80%
shrinkage (um/m)
Durability © < < - 1 T
Reference [31, 36] [31] [124] [38, 125] [126, 127] [53, 128]

Note: /I stands for increases, ), stands for lower,

stands for increase or lower, € stands for no significant impact, - stands

for limited research, and f stands for compressive strength. These are compared with the reference mixture in Table C in

Appendix
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Fig. 11. Schematic illustration of the mechanism of internal curing agents used
in UHPC [128].

3.2.2. Coarse aggregates

Basic principles of developing UHPC have been established by
Richard and Cheyrezy [20], in which the coarse aggregates (i.e., size
greater than 4.75 mm) are generally eliminated. This is attributed to the
negative effects of coarse aggregates: (1) the angularity of coarse ag-
gregates significantly reduces the initial packing density of UHPC [38];
(2) the stress concentration at the contact between aggregates leads to
weakness in the UHPC matrix [137]; and (3) the ITZ between coarse
aggregate and UHPC matrix is weaker than the ITZ between sand and
UHPC matrix (Fig. 12) [138].

However, the benefits of using coarse aggregates in the UHPC have
been also reported: (1) decreasing the volume of cementitious paste,
which increases the elastic modulus and reduces the shrinkage of UHPC,
as shown in Fig. 13(a) [139]; and (2) enhancing the penetration impact
resistance [140,141]. Due to the low cost, high elastic modulus, and
inert property, basalt and limestone have been adopted [38,39]. How-
ever, the results show that when the maximum particle size of aggregate
was increased from 3 mm to 16 mm, the 28-day compressive and tensile
strengths were reduced by 10% and 15%, respectively [38], as shown in
Fig. 13(b).

' =
o0\
Thin layer of @

C-S-H )

Weak interface zone with large CH
crystals and ettringite needles

Fig. 12. Schematic illustration of the ITZ between coarse aggregate and UHPC
matrix [138].

Composites Part B 224 (2021) 109220

3.3. Chemical admixtures

Chemical admixtures are used to modify the fresh and/or hardened
properties of UHPC [142]. This section reviews the typical chemical
admixtures used for UHPC and the underlying mechanisms.

3.3.1. High-range water reducer

High-range water reducer (HRWR) has been used in UHPC to achieve
a self-consolidating property [114]. Among different types. the poly-
carboxylate ethers (PCE) HRWR shows high efficiency in dispersing
cement particles [143]. As shown in Fig. 14(a), the PCE head with
negative charge is absorbed on the surface of cement particles, and the
steric hindrance between the side chains of the absorbed PCE HRWR
disperse the cement particles [144]. Attributed to the stereochemistry of
the allylether-based HRWR, it is preferred to absorb and disperse silica
fume particles. However, the absorbed HRWR on cementitious particles
hinders the hydration reaction (Fig. 14(b)), which prolongs the setting
time and decreases the mechanical strengths at early ages.

3.3.2. Viscosity modifying admixture

Viscosity modifying admixture (VMA) is composed of water-soluble
polymers and can be used to improve the rheological properties of UHPC
[146]. The most commonly used VMAs in cement-based materials are
cellulose-ether derivatives and polysaccharides from microbial sources
such as welan gum [116] and diutan gum [147]. The working mecha-
nisms of VMAs involve the combination of physicochemical effects: (1)
Water retention: the long chain of VMA polymers can adsorb free water
and swell to increase the viscosity (Fig. 15(a)). (2) Polymer—polymer
interaction and entanglement: adjacent VMA polymers can develop
attractive forces to form a gel-like network, blocking the motion of water
and thus increasing viscosity (Fig. 15(b)). (3) Polymer-particle inter-
action: the VMA polymers can absorb cement particles, which increases
cement particle size, thus strengthening the network and increasing
viscosity (Fig. 15(c)).

3.3.3. Shrinkage reducing admixture

Shrinkage reducing admixture (SRA) is composed of organic chem-
icals [148] - one hydrophilic (polar) head and one hydrophobic
(non-polar) tail [149]. The main role of SRA is to reduce the autogenous
shrinkage of UHPC by reducing the surface tension in the pore solution
of the UHPC matrix. As shown in Fig. 16, the non-polar tail of SRA can
absorb the particles at the water-solid interface, and the electrostatic
repulsive force between the adjacent polar heads compensates for the
shrinkage-induced force and thus reduces shrinkage [150]. Addition-
ally, SRA can absorb air at the water-air interface, retarding water
evaporation, thus maintaining the IRH and mitigating the
self-desiccation-induced autogenous shrinkage [151].

3.3.4. Expansive agents

Expansive agents are powders that can generate expansive products
during the hardening of UHPC. As shown in Fig. 17, the expansive stress
compensates for the shrinkage stress, and thus reduces the shrinkage of
UHPC. There are three main types of expansive agents: calcium
sulfoaluminate-type [152], CaO-type [153], and MgO-type [154]. The
calcium sulfoaluminate-type expansive agents produce ettringite in
UHPC [155]. However, because ettringite consumes a lot of water, the
workability of UHPC can be significantly reduced, and therefore the
capacity for reducing shrinkage is limited [156]. Also, ettringite is
thermally unstable which is decomposed at 70 °C [157]. Compared with
the calcium sulfoaluminate-type, the CaO-type expansive agents need
less water to form portlandite which is more stable than ettringite [158].
However, the CaO-type expansive agents react fast at early ages, which
prohibits the reduction of shrinkage at later ages. The MgO-type
expansive agents have been proposed to compensate shrinkage at later
ages [156] because the reaction between MgO-type expansive agents
and to produce the Mg(OH) is slow.
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Fig. 13. Effects of coarse aggregate on the performance of a UHPC: (a) the autogenous shrinkage [139]; and (b) the compressive and tensile strengths [38].
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Fig. 14. Effects of PCE HRWR on UHPC: (a) fundamental mechanism of steric repulsion effect [144]; and (b) retarded hydration [145].
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Fig. 15. Schematic illustration of VMAs working mechanisms [146]: (a) water
retention; (b) polymer-polymer interaction; and (c) polymer-particle
interaction.
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Fig. 16. Working mechanism of the SRA: the shrinkage-induced force is
compromised by the electrostatic force between the repellent SRA mod-
ules [150].

3.4. Fibers

Fibers are used in UHPC to improve the tensile properties by
restraining the initiation and propagation of cracks [160-162]. The
characteristics of fibers, including fiber materials (texture), aspect ratio,
shape, and surface conditions, significantly influence the properties of
UHPC, as shown in Table 3.

3.4.1. Effect of fiber materials

Steel fibers are the most commonly used fibers in UHPC [41]. Meng
et al. [41] indicated that as the steel fiber content increased from 0% to
2% (by mass of mixture), the 28-day flexural strength and toughness of
UHPC were increased by 120% and 3360%, respectively. However, steel
fibers have drawbacks such as (1) high initial cost, (2) corrosion po-
tential [172,173], (3) adverse influence on structure surface finishing
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Fig. 17. Working mechanism of expansive agents: the expansive stress com-
pensates shrinkage induced stress [159].

[174], and (4) high density (add dead load).

To overcome the drawbacks of steel fibers, glass fibers with similar
tensile strengths have been used [166]. However, the flexural strength of
UHPC with 2% glass fibers is reduced by 25% compared to that of UHPC
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with 2% steel fibers [166]. Alternatively, synthetic fibers such as poly-
ethylene (PE) fibers have been applied. However, the hydrophobic
surface of synthetic fiber leads to a porous ITZ between fiber and matrix,
which may improve the tensile strain capacity (ductility) by introducing
multi-cracking patterns with delayed growth of localized major cracks
[175] but compromises the tensile/flexural strength [169]. On the
contrary, mineral fibers (e.g., basalt fiber) have similar chemical com-
positions to the UHPC matrix, generating a strong chemical bond and
achieving higher cracking stress [176]. However, the ductility is
compromised because cracks initiated due to the rupture of fibers rather
than being pulled out of the matrix [177], the crack propagates quickly,
which leads to failure of the UHPC.

Along with enhancing tensile/flexural properties, some fibers made
with special materials can add beneficial functions [178-183] to the
UHPC. For instance, due to the excellent electrical conductivity of car-
bon, self-sensing UHPC has been developed by adding carbon nanofibers
[184]. As shown in Fig. 18(a), the tensile (bending) process gradually
generated cracks in the UHPC matrix, and the cracks affected the
conductive pathway and increased the electrical impedance. Therefore,
the stress-strain curve of the UHPC was satisfactorily monitored by
measuring the fractional change in impedance. In addition, materials

Table 3
The summary of fibers used in UHPC [41,163-171].
Fiber t Steel Carbon Glass Cellulose Mineral fiber Synthetic fiber
ertype fiber fiber fiber fiber Basalt PVA PP PE
Length (mm) 13 0.05-0.2 13 bevend 12 12 13 19
Diameter (um) 200 01 18 oe"teh”e 18 100 22 23
Density (kg/m?) 7800 2000 2600 dif?erent 2800 1300 910 960
(Tgss')'e strength 13 30 2 type (jute, 2848 1.23 04 3.25
a. flax, etc.)
Elastic modulus (GPa) 203 240 52-87 86-90 29.5 3.7 113
Recommended ratio
(by volume of 2.0-3.0 0.3-0.5 1.5 <10 0.5 0.5 1.0 1.0
mixture, %)
Workability l l l l - l l !
28-dayf. (MPa) ! ! | 5% o 1 15% 15w | 5%
Ve 5~10%  5~15% 15%
28-day ff' (MPa) Tswew 1T10% |20% 1T 30%2 T 3%° T 10% - 1sl°/b
3
28-day toughness (J) ! - - 1 L 70%¢ T 13% - )
5~20% 45%°¢
28-day autogenous l L a .
shrinkage (um/m) 6~15% | 30% | 3s%
[41, 163,
Reference 164] [165] [166] [167, 168] [169] [41] [170] [171]

Note: f/ stands for compressive strength, ff' stands for flexural strength, a stand for 3-day stem curing results, b stands for the

28-day tensile strength, ¢ stands for 28-day tensile strain capacity. The mixtures reinforced by different types of fibers are
compared with the UHPC mixture with 2% steel fibers in corresponding papers.
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Fig. 18. Mechanisms of multifunctionality of UHPC: (a) self-sensing property due to the use of carbon fibers [184]; and (b) fire-resistance property due to the use of

polypropylene fibers [185].
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with low melting temperatures such as polypropylene fibers have been
used to develop fire-resistance UHPC [185]. When concrete is exposed to
elevated temperatures, the melted fibers create channels to alleviate
internal vapor pressure and prevent explosive spalling, as shown in
Fig. 18(b).

3.4.2. Effect of fiber aspect ratio

The aspect ratio is the ratio between fiber length (L) and fiber
diameter (D¢) [186]. In most cases, steel fibers with a higher aspect ratio
provide better flexural performance (e.g., flexural strength, deflection
capacity, and toughness) [57,187]. This is because the reinforcing fibers
with a higher aspect ratio have a larger effective fiber-matrix bond area,
and thus provide better post-cracking behavior [188]. Yoo et al. found
that when the volume of steel fibers was fixed at 2%, an increase in the
fiber aspect ratio from 65 to 97.5 increased the flexural strength and
toughness of UHPC by 40% and 105%, respectively [57]. Moreover, the
number of cracks in UHPC with steel fiber (L¢/Df = 97.5) increased by
125%, and the average crack spacing was reduced by 45%.

3.4.3. Effect of fiber shape

Many shapes of metallic fibers include straight, hooked, corrugated,
and twisted [40,41,163] have been used in the UHPC. In particular, the
deformed fibers show better performance in enhancing the tensile/-
flexural properties of UHPC [189,190]. Fig. 19 summarized the load-slip
curves of different shaped steel fibers [191]. For straight fibers, the
debonding and friction at the fiber-matrix interface govern the pull-fiber
behaviors [192]. For deformed fibers, additional resistance can be pro-
vided by the mechanical anchorage/interlock [40]. After the elastic
stage (before Al, A2, and A3), different shapes caused different load-slip
responses. For the straight fiber, the peak load (B1) was followed by
debonding (B1-C1). Then, the fiber was pulled out from the matrix
under friction (C1-S) [192]. For the hooked fiber, a steady region
(C3-D3) with a constant load was observed after the pull-out load
dropped from the peak, which can be attributed to the mechanical
anchorage/interlock provided by the hooked end [193]. Finally, the fi-
bers were pulled out from the matrix under friction (D3-S). For the
corrugated fiber, multiple steady regions were observed (C2 and D2),
because the curved shape led to straightening processes that can carry
sustained loads [191].

Researchers have quantitatively evaluated the effect of fiber shape
on fiber-matrix bond strength [40,194]. The bond strengths of corru-
gated and hooked fibers were 200% and 600% higher than that of
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straight fibers. The flexural strengths of UHPC with corrugated fibers
and hooked fibers were 5% and 20% greater than that of UHPC with
straight fibers. The bond strength between the UHPC matrix and twisted
triangular fibers was 40% higher than that of straight circular fibers. As
a result, the tensile strength of UHPC with twisted triangular fibers was
35% greater than that of UHPC with straight circular fibers.

3.4.4. Effect of fiber surface condition

Other than using deforming the fibers, applying treatment to
roughen the fiber surface can also improve the fiber-matrix bond
[195-199]. Several treatment methods have been developed, including
using chemical solutions immersion [194], sandpaper [200], and cold
gas plasma [201]. Based on the quantitative evaluation by atomic force
microscope images, after 6 h of immersion in an ethyl-
enediaminetetraacetic acid solution, the roughness of steel fibers was
increased by 290%, as shown in Fig. 20(a) and (b) [194]. Therefore, the
tensile strength and strain capacity of UHPC with the roughened steel
fibers were increased by 15% and 16%, compared with those of UHPC
with untreated steel fibers, as shown in Fig. 20(c).

4. Improve and control the key properties of UHPC

This section addresses the solutions to the challenges related to the
workability, autogenous shrinkage, mechanical property, and durability
of UHPC, as identified in Section 1.

4.1. Control workability

To facilitate the construction and ensure homogeneity and dense
microstructure of UHPC, the workability must be well controlled. If the
workability is too high, high-density materials (e.g., steel fibers) will
segregate [202] and low-density materials (e.g., synthetic fibers and
lightweight sand) will float upward; if the workability is too low, UHPC
cannot be self-consolidated, and the dense microstructure required for
UHPC cannot be achieved. The methods for adjusting the workability
are introduced below.

4.1.1. Improve flowability by regulating hydration

As mentioned in the introduction, the flowability of UHPC de-
preciates quickly during large-scale field construction, especially at
elevated temperatures. This problem is mainly attributed to the initial
hydration of cementitious materials, in which the tricalcium aluminate
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Fig. 19. Comparison of the typical pull-out load-slip curves of different shaped steel fibers.
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Fig. 20. Effect of surface roughness of steel fibers and tensile properties [194]: (a) atomic force microscope image of untreated steel fibers surface; (b) image of
roughened steel fibers surface (6-h immersion); and (c) results of tensile properties of UHPC with different roughness of fibers.

(C3A) and gypsum in cement react with water and generate a large
amount of ettringite that increases the connections and interparticle
frictions [203]. Worse still, higher temperatures can increase the
dissolution of C3A and gypsum in water, accelerating the initial hydra-
tion and exacerbating the reduction of workability. Therefore, delay or
reduce the rate of hydration is key to improve the flowability of UHPC.

4.1.1.1. Physical control of early-age hydration. Because the dissolution
rate of C3A, gypsum, and other ions for the hydration reaction signifi-
cantly reduces with a decrease in temperature [203], one of the main
methods to slow down the early-age C3A reaction is to reduce the ma-
terial temperature. To this end, some researchers partially replaced the
mixing water with crushed ice. Xie et al. [204] found that when 50% of
fresh water was replaced with crushed ice, the temperature of cement
paste was reduced from 25 °C to 1.2 °C (Fig. 21(a)) and as shown in
Fig. 21(b), when the mixing temperature was reduced from 30 °C to 10
°C, the rate of hydration heat was significantly reduced in the first 50
min, and thus benefits the workability.

4.1.1.2. Chemical control of early-age hydration. Another method is to
use high volume SCMs and/or inert fillers to replace the cement and/or
silica fume in UHPC [9-11]. The effect of SCMs and inert fillers on hy-
dration reactions is introduced in Section 3.1. Yang et al. [205] found
that, as the replacement ratio of slag was increased from 0% to 50% (by
mass of cement), the mini-slump spread of UHPC was increased from
260 mm to 310 mm (by 20%) and the dormant period was extended
from 2.6 h to 8 h, as shown in Fig. 22. The underlying mechanism is that
the replacement of cement by slag significantly reduces the reactive C3A
content in the UHPC.
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4.1.2. Control rheology by adjusting chemical admixtures

The rheological properties of the suspension must be controlled to
prevent inhomogeneity (Fig. 23) [10]. Meng et al. used VMA for the
rheology control [10,206]. It was found that for UHPC with 2% steel
fibers, the plastic viscosity of the suspending mortar should be adjusted
to around 52 Pa s (optimum value) to obtain the best fiber uniformity.
However, the optimum plastic viscosity is dependent on the type and
content of fibers. For example, for UHPC with 1% and 3% steel fibers,
the optimal plastic viscosity was 36 Pa s and 66 Pa s, respectively [206].

4.2. Reduce autogenous shrinkage

The autogenous shrinkage of cementitious materials is attributed to
the internal self-desiccation and chemical shrinkage during the hard-
ening [207]. The typical value for autogenous shrinkage of UHPC is
larger than 800 pe [52], which has a high cracking potential [53-56].
Reduction of autogenous shrinkage, especially at the early age, is
necessary. Fundamentally, four mechanisms control the development of
autogenous shrinkage: (1) degree of hydration, (2) reduction rate of
IRH, (3) restraint of volume change, and (4) internal forces for
compensating shrinkage-induced tension. Based on different mecha-
nisms, autogenous shrinkage mitigation strategies have been summa-
rized in Table 4 and elaborated in the following.

4.2.1. Reduce chemical shrinkage by regulating hydration reaction
Chemical shrinkage due to cement hydration is the main contributor
to autogenous shrinkage of UHPC [215]. Compared with cement, SCMs
have lower calcium content and hydraulic reactivity, which hinder the
hydration process of UHPC and reduce autogenous shrinkage. The
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Fig. 21. Physical control: (a) effect of ice replacement on temperature reduction [204]; (b) hydration heat flow of cement paste (w/b = 0.3) at different temperatures

(preliminary results).
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Table 4
Summary of strategies to mitigate autogenous shrinkage.

Mechanism Mitigation Recommended Mitigation Reference

method content (%) rate (%)

Degree of Fly ash 20-40? 18-24 [31,208]
cement Slag 30-60? 15-20 [31,208]
hydration Rice husk ash 100° 45-75 [33,209]

Limestone 20-60¢ 10-30 [35,210]

Reduction rate Superabsorbent <0.5¢ 80 [211]
of internal polymer
relative Cellulose fibers 0.06¢ 35 [168]
humidity Lightweight 25-50° 35 [128]

sand
Porous pumice 30¢ 60 [127]

Restraint Aggregates 30 40 [139]
degree for Reinforced fiber 1-3 20-55 [40]
volume
change

Introduction of ~ Shrinkage <3¢ 45-60 [212,
internal reducing 213]
forces to admixture
compensate Expansive agent - 15-55 [212,
shrinkage- 214]
induced
tension

Note: a by volume of binder, b by volume of silica fume, ¢ by mass of cement,
d by volume of mixture, e by volume of sand, - stands for the recommended value
is uncertain which is highly related with the type of EA, SRA stands for shrinkage
reducing agent, and SAP stands for superabsorbent polymer.

replacement of cement and/or silica fume with less reactive SCMs or
inert fillers can regulate the hydration reaction and reduce the autoge-
nous shrinkage. For instance, Kang et al. [35] found that, as the lime-
stone replacement ratio was increased from 0 to 50% (by mass of
cement), the 28-day autogenous shrinkage of UHPC was reduced from
818 pe to 550 pe (by 32%). Ghafari et al. [208] found that, as the silica
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fume was fully replaced by fly ash or slag, the 28-day autogenous
shrinkages of UHPC were reduced by approximately 15%. It is note-
worthy that the ability of rice husk ash to mitigate the autogenous
shrinkage is stronger than other alternatives due to the porous structure
which provides an internal curing effect to reduce the drop of IRH in
UHPC [33].

4.2.2. Reduce self-desiccation by increasing internal relative humidity

Self-desiccation occurs due to the reduction of IRH. Internal curing
agents can be used to maintain the IRH by gradually releasing internal
curing water [216]. Different types of internal curing agents have been
applied to UHPC, such as superabsorbent polymer (SAP) [217], porous
fine aggerate [127,128], and cellulose fibers [168].

4.2.2.1. Superabsorbent polymer. SAP is a type of polymer with a cross-
linked surface that can absorb water by an osmotic pressure effect
[218-221]. Liu et al. [222] found that, as the SAP content increased to
0.6% (by mass of binders), the 7-day IRH was increased from 76% to
90%, and the 7-day autogenous shrinkage was reduced from 610 pe to
189 pe (by 70%), as shown in Fig. 24.

However, as the SAP content increased to 0.6%, the 91-day
compressive strength of UHPC was reduced from 121 MPa to 111 MPa
(by 8%). The negative effect of the SAP addition on strength develop-
ment was also reported by other researchers [211,223]. The strength
reduction is mainly due to the formation of voids after the water
desorption from SAP, as shown in Fig. 25 [211]. The voids can increase
the porosity of the UHPC matrix and become weak zones.

4.2.2.2. Porous sand. Porous sand such as coral sand, expanded shale
sand, and recycled concrete sand can also provide internal curing and
has advantages over SAP [218], such as high stability and maintained
mechanical strength. The absorption capacity of porous sand is between
10% and 20% [127,128]. Meng and Khayat [128] found that as the
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Fig. 24. Experimental results of the effect of SAP on (a) IRH; and (b) autogenous shrinkage [222].

Fig. 25. Detail of SAP voids in UHPC matrix [211]. Note: green color indicates
porosity caused by SAP, and pink color indicates CH.

concentration of pre-saturated porous sand (i.e., expanded shale sand)
increased from 0% to 75% (by mass of river sand), the 7-day IRH was
increased from 83% to 92%, and the 28-day autogenous shrinkage was
reduced from 490 pe to 197 pe (by 60%), as shown in Fig. 26.

As shown in Fig. 27, proper incorporation (<25%) of pre-saturated
porous sand promotes cement hydration that produces hydration
products to fill the pores, which reduces porosity, densifies the micro-
structure, and strengthens the ITZ. However, excessive porous sand
increased porosity and reduced the strength of UHPC [10]. A vacuum
saturated method has been proposed to retain the IRH for a longer time,
which may help minimize the use of porous sand [224].
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Fig. 27. Effect of the LWS content on the porosity of UHPC after hydrating for
28 days [128].

4.2.2.3. Cellulose fiber. Cellulose fibers have been used as internal
curing agents due to the meso-porous structure and high water ab-
sorption rate [225]. As shown in Fig. 28(a), the slow water release rate
of cellulose fiber at high relative humidity levels (>70%) is advanta-
geous for UHPC because of longer internal curing, and thus benefits the
autogenous shrinkage reduction, as shown in Fig. 28(b).

4.2.3. Restrain volume change

Shrinkage can be reduced by providing internal restraints and/or
reinforcement such as fibers and aggregates [156]. The mechanism and
effects of aggregates on autogenous shrinkage reduction are elucidated
in Section 3.2. Reinforcing fibers such as steel fibers can help maintain
the volume, resist shrinkage stress, and reduce autogenous shrinkage of
UHPC [156]. The effectiveness of the fibers is dependent on fiber
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Fig. 26. Results of lightweight sand content on (a) internal relative humidity; (b) autogenous shrinkage. The Figures are adopted from Ref. [128].
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Fig. 28. Effects of cellulose fibers on autogenous shrinkage of UHPC [226]: (a) the water release rate; and (b) the autogenous shrinkage of UHPC with cellu-

lose fibers.

characteristics. For example, as the amount of straight steel fiber was
increased from 0% to 3% (by volume), the 72-h autogenous shrinkage
was decreased by 50%, as shown in Fig. 29(a) [40]. Given the me-
chanical interlock effect, the incorporation of deformed fibers can
further improve the transferring of shrinkage-induced stress and reduce
the autogenous shrinkage. As shown in Fig. 29(b), when straight steel
fibers were changed to hooked steel fibers, the 72-h autogenous
shrinkage was further decreased by 25%.

4.2.4. Introduce internal forces

4.2.4.1. Induce expansive force. Using expansive agents to induce an
expansive force can compensate for the shrinkage in UHPC (Fig. 30(a))
[156]. The mechanism and different types of expansive agents are
introduced in Section 3.3.4. However, the 28-day compressive strength
of UHPC can be slightly reduced by introducing the expansive agent, as
illustrated in Fig. 30(b). The expansive products (e.g., ettringite and
portlandite) densify the microstructure of UHPC at early ages, but the
water consumed by expansive agents reduces the hydration degree of
cement.

4.2.4.2. Induce repulsive force. During cement hydration, the capillary
stress is increased due to the surface tension of pore solution [156], thus
causing shrinkage. SRA reduces the surface tension by introducing
repulsive forces between particles, as detailed in Section 3.3.2. Su et al.
[212] found that as the SRA content was increased from 0 to 2% (by
mass of cement), the 7-day autogenous shrinkage of UHPC was reduced
by 45% (Fig. 31(a)). However, as shown in Fig. 31(b), the use of SRA
compromised the mechanical strength of UHPC. This can be attributed
to: (1) the SRA is adsorbed on the water-solid (air) interface and gen-
erates “organic molecular film” that hinders hydration reaction [213,
228]; and (2) the admixture reduces the alkali contents in the pore
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solution, which retards the dissolution of C3S [229]. To mitigate the
negative effects, Soliman and Nehdi [230] suggested combining the use
of wollastonite microfiber.

4.3. Improve compressive performance

Generally, UHPC has excellent compressive strength due to the low
porosity and refined microstructure [231]. In case further improvement
of the compressive strength is needed, efforts can be focused on (1)
reducing the porosity, and (2) densifying the hydration products.

4.3.1. Reduce porosity

4.3.1.1. Improve particle packing density. Improving particle packing
density leads to smaller voids in the matrix and creates more contact
points among particles, thus improving the compressive strength of
UHPC [232]. Reducing w/b and optimizing the gradation of particles
are the typical ways to increase the particle packing. As shown in Fig. 32
(a), when the cement content increased from 30% to 100% (by mass of
binder), the packing density and compressive strength of UHPC
increased and then decreased. The maximum packing density and
compressive strength were simultaneously reached when the cement
content was 80% [233]. Meanwhile, as shown in Fig. 32(b), when the
binder systems were fixed, use glass sand with optimized size also
benefits the particle packing, and thus the compressive strength of UHPC
[91].

4.3.1.2. Promote hydration reaction. The promotion of cement hydra-
tion generates more hydration products, which refine the microstructure
of UHPC. According to the Power’s model [234], the ultimate hydration
degree of a typical UHPC with w/b between 0.20 and 0.22 ranges from
47% to 52%. The unhydrated cement particles can be replaced by fillers
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Results of autogenous shrinkage of UHPC [40]: (a) effect of steel fiber content; and (b) effect of steel fiber shape.
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Fig. 32. The relationship between initial packing density and compressive strength: (a) packing density variation by adjusting binder combinations [233]; and (b)
packing density variation by adjusting sand gradation [91]. Note: GS-225 stands glass sand with the dso of 225 pm.

and/or SCMs for sustainability purposes, and to promote hydration re-
actions that further refine the microstructure and improve the
compressive strength, as shown in Fig. 33. As elaborated in Section
3.1.3, fillers provide extra nucleation sites for precipitation of cement
hydration products and thus promote the hydration reaction. However,
when the addition of nanomaterials exceeds a certain amount, the
compressive strengths are reduced due to the agglomeration of nano-
materials forming weak zones [235]. Other nanomaterials follow a
similar trend, as reported by other researchers [236-238].

As elaborated in Section 3.2.1, applying internal curing effectively
promotes cement hydration in UHPC [240]. Meng et al. [128]
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successfully used porous sand as an internal curing agent to prepare
UHPC with reduced autogenous shrinkage and improved compressive
strength.

4.3.2. Densify hydration products

Hydration products can be densified by applying heat curing or/and
promoting pozzolanic reaction to strengthen UHPC matrix and ITZ, thus
improving the compressive strength of UHPC. Fig. 34 shows the
compressive strength and proportion of different types of C-S-H. As the
fraction of ultra-high-density C-S-H increased from 15.4% to 100%, the
compressive strength increased from 150 MPa to 180 MPa (by 20%).
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Fig. 33. Results of filler effect on compressive performance of UHPC: (a) micro-scale filler [34]; and (b) nano-scale filler [235,239].
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Fig. 34. Results of heat curing on compressive strength and fractions of different types of C-S-H in UHPC [241].

4.4. Improve flexural/tensile properties

By using high-volume reinforcing fibers (>2%, by volume of
mixture), UHPC can achieve strain-hardening behavior. However, other
than the high cost, a high fiber content can cause handling issues (e.g.,
hard to mix and low workability due to the fiber agglomeration) [57,
242,243]. To minimize the fiber content while retaining or improving
flexural/tensile properties, innovative methods have been proposed: (1)
improving the fiber dispersion and fiber orientation; and (2) incorpo-
rating multi-scale reinforcements.

4.4.1. Improve fiber dispersion and fiber orientation

4.4.1.1. Improve fiber dispersion. Fiber dispersion represents the layout
of the reinforcing fibers in UHPC and is quantified by the deviation of
the number of fibers per unit area from the total number of fibers in the
whole cross-section. Fig. 35 shows that uniformly dispersed fibers lead
to a higher flexural strength of UHPC beams [244] because an even fiber
dispersion can improve the encapsulation effect of the UHPC mortar on
the fiber surface and increase the fiber-matrix interfacial properties
[245].

Fiber dispersion can be controlled by the viscosity of the UHPC
suspending mortar [10]. According to Ref. [206], overall, the coefficient
of fiber dispersion (a) increased with the plastic viscosity of UHPC
mortar, as shown in Fig. 36(a). Meanwhile, the flexural strength and
toughness increased with the coefficient of fiber dispersion, as shown in
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Fig. 35. Relationship between fiber dispersion coefficient and flexural strength
of UHPC [246].

Fig. 36(b). The slight reduction of flexural strength was due to an in-
crease of entrapped air in the UHPC matrix due to the excessive addition
of VMA.

4.4.1.2. Improve fiber orientation. The optimal fiber orientation aligns
the reinforcing fibers along the direction of tensile stress [247]. For the
UHPC cast with the conventional method, the fibers are randomly ori-
ented [248]. According to single-fiber pullout test results, when the
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Fig. 36. Results of rheology control for UHPC: (a) the plastic viscosity of UHPC suspension mortar versus fiber dispersion; and (b) fiber dispersion versus the flexural

strength of UHPC [206].

angle of reinforcing fibers is over 30° off the tensile direction, the energy
dissipation capacity and bond strength can be significantly reduced
[249-251]. When more fibers are orientated to the tensile direction,
higher flexural properties of UHPC can be achieved, as depicted in
Fig. 37 [10].

The casting methods show a significant effect on the fiber orientation
[160,252,253]. The best practice for casting a UHPC beam is to induce
self-orientation of fibers by allowing the UHPC to flow from one side to
the other side of a beam. Due to the high viscosity of UHPC, the velocity
gradient of the shear flow of fresh UHPC drives the fibers to be oriented
along the flow direction [10]. It is noteworthy that the fiber orientation
is dominated by the size of the specimen [253,254]. Huang et al. [254]
indicated that the free rotation of fibers was impeded near the formwork
boundaries so that the fiber orientation near the formwork is better than
that far from the formwork walls (i.e., wall effect), as shown in Fig. 38.
The thickness of the wall-effect zone is dependent on the dimension of
the molds [254], thinner specimens generally have better fiber orien-
tation when the same casting method is employed.

Besides, Song et al. [253] found the fiber orientation in UHPC was
also improved by increasing the length of the casting mold. The casting
mold was divided into three zones: (1) adjusting zone: fibers start to
re-orient; (2) optimized zone: most of the fibers align to the flow di-
rection; and (3) re-disorder zone: fibers were disordered due to the
reduction of flow velocity. As low S,y (the average area of fibers)
represents a good fiber orientation (Fig. 39(a)), the Sayer value first de-
creases with the increase of flow distance and increases at the other end
of the mold (Fig. 39(b)). When the casting length increased from 400
mm to 1000 mm, the length of the optimized zone was increased from 0
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Fig. 37. Relationship between the fiber orientation and the flexural strength of
UHPC [246].
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mm to 280 mm (Fig. 39(c)).
4.4.2. Incorporate multi-scale/physics reinforcements

4.4.2.1. Use hybrid fibers. The flexural/tensile properties of UHPC are
dependent on the material, aspect ratio, shape, and surface condition of
fibers. Usually, a single type of fibers are used to prepare UHPC,
designated as mono fiber. Recently, multiple types of fibers have been
used to improve the flexural/tensile properties of UHPC, designated as
hybrid fibers.

(1) Hybrid fibers with different materials

Hybrid fibers with different materials have been proposed to
improve multiple properties. For example, basalt fibers have been used
to increase the first cracking strength due to their strong chemical bond
with cement, although this can hinder the post-cracking behaviors and
ductility of UHPC. However, steel has excellent ductility, the hybrid of
steel and basalt fibers can result in high first cracking strength as well as
good ductility. Kang et al. [42] reported that the first cracking stress of
UHPC with 1.0% steel fiber + 0.5% basalt fiber was increased by 40%
compared with that of UHPC with 1.5% mono steel fibers [171]. Poly-
ethylene fibers can be incorporated to further improve the ductility
[171] because their hydrophobic surfaces can create a porous
fiber-matrix interfacial zone and weak bond. Yoo and Kim [171] re-
ported that the strain capacity of UHPC with 1.0% steel fiber + 1.0% PE
fiber was increased by 45% compared to that of UHPC with 2% mono
steel fiber.

(2) Hybrid fibers with different aspect ratios/scales

Reinforcing fibers with different aspect ratios have been combined to
improve the flexural properties of UHPC through multi-scale bridge ef-
fects for macro-, meso-, and micro-scale cracks [186,255], as illustrated
in Fig. 40. For example, Meng and Khayat first proposed to use graphite
nanoplatelets and carbon nanofibers to significantly improve the flex-
ural properties of UHPC [106,174]. The effect of the combination of
straight steel fiber with different aspect ratios, e.g., l¢/df = 65, 97.5, and
100, on the flexural strength was studied, and the results indicated that
the combination of 1% long steel fibers (l¢/df = 100) with 1% medium
steel fibers (l¢/df = 97.5) increased the 28-day flexural strength and
deformation by 10% and 25%, respectively, compared with UHPC with
2% mono long steel fibers [256].

(3) Hybrid fibers with different shapes

Reinforcing fibers with different shapes can be combined to improve
flexural properties. Deformed fibers can increase the mechanical
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interlock between reinforcing fibers and the UHPC matrix, thus
improving the flexural/tensile properties of UHPC, as elucidated in
Section 3.4.3 [163]. However, in some cases, the use of high-volume
deformed fibers decreases the tensile/flexural properties of UHPC [57,
257]. This is because deformed fibers in the brittle matrix might
generate split cracks during the pull-out process, which creates weak
zones and deteriorates the reinforced effect of adjacent fiber (Fig. 41).
Further, the cost of UHPC using deformed fibers further increases due to
the additional manufacturing process of deformed fibers [57]. There-
fore, it is recommended to combine deformed fibers with straight fibers.
Meng and Khayat [41] found that when the steel fiber content was fixed
at 2%, hybrid 1% straight steel fiber with 1% hooked steel fiber achieved
the optimal flexural performance. The 28-d flexural strengths were
improved by 25% and 30%, and the toughness was increased by 30%
and 35%, respectively, compared with that of UHPC with 2% mono
straight steel fiber and UHPC with 2% mono hooked steel fiber.

4.4.2.2. Use fiber-reinforced polymer meshes with multi-directional rein-
forcement. Fiber-reinforced polymer (FRP) meshes can be used to
strengthen UHPC elements to achieve high flexural strength and
toughness, corrosion resistance, and lightweight property [258,259].
Meng et al. [246,260] studied flexural behaviors of UHPC with steel
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Front view

Force

Side view

Fig. 41. The use of mono-deformed fiber may cause split cracks and reduce the
flexural performance of UHPC [57].

fibers and FRP meshes, including glass FRP (GFRP) and carbon FRP
(CFRP, shown in Fig. 42) meshes. The steel fibers restrain the micro-
cracks, and the FRP mesh provides two-directional reinforcement to
enhance the UHPC panel on a larger scale. The results showed that the
combination with 2% steel fiber and a single-layer CFRP increased the
peak load and energy dissipation by 35% and 81%, compared with the
UHPC panel without FRP [246].

Fig. 43 illustrates a nacre-inspired cementitious-FRP composite
structure that was reinforced by polypropylene fibers as well as vinyl-
coated polyester FRP [261]. The FRP meshes were placed between the
layers of high-strength engineered cementitious composites. This nacre
structure can boost the flexural performance of cementitious-FRP com-
posites by isolating the accumulation of damage within each layer,
which inherently distributes damage instead of allowing damage to
localize at a single weak point to improve the ductility [261-263]. Based
on the nacre-inspired composite design schemes, the modulus of
rupture, inelastic flexural toughness, and tensile capacity increased by
65%, 520%, and 345%, compared with that of the engineered cemen-
titious composite without FRP meshes [261].

4.5. Improve durability

UHPC exhibits superior durability due to its dense matrix. Table 5
lists the technical specifications, parameters, typical values, and test
methods for evaluating the durability of UHPC. The impermeability of
UHPC has been proven by the water adsorption and sorptivity tests,
which justify the high resistance with the intrusion of detrimental
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chemical ions (e.g., Cl"and SO?{) and CO, [91,264]. However, dura-
bility issues exist, which can be attributed to: (1) inappropriate use of
porous materials (e.g., SAP and porous sand); (2) crack development
under service loads; and (3) alkali-aggregate reaction when recycled
materials are used such as recycled concrete aggregate and glass. The
solutions for these potential problems are addressed in the following.

4.5.1. Optimize content of porous materials for dense microstructure

As mentioned in Section 4.2, the successful application of porous
sand as an internal curing agent in UHPC effectively decreased the
autogenous shrinkage of UHPC. Fan et al. [58] studied the effects of
porous sand on corrosion of steel reinforcing bars embedded in UHPC
and the resistance of the matrix [128]. The results showed that excessive
use of porous sand could compromise the corrosion resistance of steel
bars and lead to the shortcut of current by the chopped steel fibers in
UHPC. This is because, as the porous sand content exceeds the optimum
value, the total porosity of UHPC was significantly increased. To miti-
gate the adverse effect, the replacement ratio of the porous sand should
be limited to the optimum value. When below the value, the introduc-
tion of pre-saturated porous sand promotes the hydration reaction, and
the hydration products fill the pores that help compensate for the
porosity introduced by the sand, as shown in Fig. 44. Similarly, the
addition of other porous materials in UHPC should be carefully designed
and optimized to maintain or improve the microstructure.

4.5.2. Control crack width for corrosion resistance

The superior impermeability of intact UHPC can effectively protect
steel reinforcement inside UHPC. However, cracking is inevitable for
concrete structures. Cracks provide short paths that facilitate the
migration of aggressive ions (e.g., chloride ions and sulfate ions) to
contact the steel. Most often, cracks are accompanied by debonding
between steel and UHPC, which can damage the passive film on the steel
surface and further accelerate corrosion [275]. In this sense, the
self-healing of cracks in UHPC is significant for long-term durability.
Self-healing of UHPC is attributed to the low degree of cement hydration
[276]. Once cracked, unhydrated particles in UHPC are exposed to
moisture and air, producing hydration products from hydraulic and/or
pozzolanic reactions and precipitating calcium carbonate and C-S-H, as
shown in Fig. 45. It is noteworthy that the crack width is critical for
self-healing because wide cracks cannot be filled up, and typically it is
preferred to control the crack width within 100 pm [277]. The usage of
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Fig. 42. Flexural behaviors of UHPC with FRP meshes [246]. Reference stands for UHPC without FRP (only 2% steel fiber); U1G stands for 2% steel fiber + single
layer GFRP; U2G stands for 2% steel fiber + dual layer GFRP; and U1C-2% steel fiber + single layer CFRP.
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Fig. 43. The mechanism of nacre-inspired cementitious composite structure [261].

Table 5
Test methods, specification, and suggested value of UHPC durability.
Test method Specification Parameters Suggested Reference
value
Water ASTM C642 Permeability <0.005 [265]
adsorption
Water ASTM C1585 Sorptivity <0.044 kg/ [266,
sorptivity coefficient m?/h%® 267]
Alkali- ASTM C1567 Expansive <0.1% [36,91]
aggregate percentage
reaction
Sulfate ASTM C1012 Length change =0 [268,
resistance 269]
Fire resistance ASTM E119 Residual f.’ <20% [170,
270]
Rapid chloride ASTM C1202 Charge Passed <100 [271,
permeability coulombs 272]
Freezing- ASTM C666 Durability >95% [36,273]
thawing factor
resistance Mass loss <0.6%
Carbonation 1SO Carbonation <3 mm [268,
1920-12:2015 depth 274]
Abrasion ASTM (€944 Wearing depth <1 mm [36]

resistance

Fig. 44. EDS mapping of interfaces between LWS and matrix [128]. Note: the
blue color indicates Si, and the yellow color indicates Ca.

synthetic fibers in UHPC is promising to control crack width. With the
introduction of synthetic fibers, the cracking behaviors of UHPC are
more prone to multi-micro-cracking patterns rather than localized major
cracking patterns. Thus, the number of cracks is increased, and the width
of each crack is reduced. In addition, any methods that can reduce
autogenous shrinkage and improve the tensile strength of UHPC are
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Fig. 45. Schematic illustration of the self-healing phenomenon and the
mechanisms in UHPC.

promising to improve the crack resistance and control the crack width.

4.5.3. Limit particle size of reactive materials for ASR resistance

Reactive aggregates and powders such as waste glass and recycled
concrete aggregate have been used to develop cost-effective UHPC
mixtures. Under a high pH (>13), the siloxane bond (= Si-O-Si =) of
waste glass is broken, and =Si-O” ions are generated, which can react
with alkali ions (K, Na™) to produce ASR gel [105]. An osmotic pres-
sure gradient between the ASR gel and concrete pore solution in con-
crete drives water and other ions to be absorbed into ASR, which leads to
the expansion of ASR gel [278]. As elucidated in Section 3.1, to mitigate
the cracking potential of internal ASR, the maximum diameter of the
glass powder particles needs to be smaller than the average pore size of
UHPC, so the ASR products by glass powder cannot crack the UHPC
matrix [279].

5. Representative applications of UHPC
In recent years, UHPC has been attracting increasing interest from
the construction industry and it has been applied in numerous structural

projects. This section reviews representative structural applications of
UHPC.

5.1. Buildings

The superior mechanical properties of UHPC enable the design and


astm:C642
astm:C1585
astm:C1567
astm:C1012
astm:E119
astm:C1202
astm:C666
astm:C944

J. Du et al.

fabrication of slender, light, and aesthetically-appealing building com-
ponents, as shown in Fig. 46. For example, the Museum of European and
Mediterranean Civilizations, which is the first building in the world that
extensively uses UHPC, was constructed in Marseille, France in 2013.
The tree-like facade, brackets and decks of the perimeter footbridges,
facade and roof lattices, and the protective covers to the prestressing
anchorage points were all made using UHPC [280]. In 2014, Foundation
Louis Vuitton pour la Creation was constructed in Paris, France, which
features high geometric complexity. The claddings were composed of
19,000 unique and prefabricated UHPC panels [281]. UHPC was also
used to construct the roof of the Jean Bouin Stadium in Paris [282], the
roof of the Olympic Museum in Lausanne [283], and the cladding for the
Qatar National Museum [284]. Besides, a 4-m-high freeform pillar was
fabricated using UHPC in Provence, France [285].

5.2. Bridges

Compared with buildings, bridges are generally subjected to higher
live loads, so UHPC has been proven a promising material for bridges, as
shown in Fig. 47. In 2006, the first UHPC bridge — Mars Hill bridge
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(Fig. 47(a)) in the United States was built in Wapello County, Iowa,
United States. The 33.5-m-long I-shaped prestressed bridge girders were
fabricated using UHPC. The superior compressive strength of UHPC
helped reduce the amount of prestress tendons and the girder depth
[286]. Based on the success of the project, the shape of UHPC girder was
further optimized, and Pi-shaped girders were designed, as shown in
Fig. 47(b). With the optimized design, the Jakway Park Bridge showed
excellent performance after it was open to traffic [287]. The successful
development of Pi-shaped UHPC girder greatly expanded the applica-
tion of UHPC in bridges. However, the high upfront cost of proprietary
UHPC used in the two projects prevented wider acceptance of UHPC in
other states. Therefore, cost-effective locally-available materials have
been utilized to develop non-proprietary cost-effective UHPC. However,
the feasibility of using non-proprietary UHPC as structural elements of
bridges needs to be further investigated.

In addition to the cast-in-place bridge girders, precast UHPC ele-
ments have been widely used in Accelerated Bridge Construction (ABC)
projects. In 2011, the first precast UHPC waffle bridge deck panels were
installed in the Little Cedar Creek Bridge in Wapello County, Iowa [288],
as shown in Fig. 47(c). After bridge construction, no fatigue damage was

®

Fig. 46. Representative applications of UHPC in buildings: (a) Museum of European and Mediterranean Civilizations [280]; (b) Foundation Louis Vuitton pour la
Creation [281]; (c) Jean Bouin Stadium [282]; (d) Olympic Museum in Lausanne [283]; (e) Qatar National Museum [284]; and (f) a 4-m-high pillar fabricated via 3D

printing [285].
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Fig. 47. Representative applications of UHPC in bridges: (a) I-shaped girder [286]; (b) Pi-shaped girder [287]; (c) precast waffle bridge deck panels [288]; (d) joint

connection [289]; (e) bridge deck overlay [291]; and (f) pier jacket [293].

found, and the displacements of the bridge deck were considerably
smaller than the allowable limits.

Another application of UHPC is a filed-cast joint connection for
bridge decks, which is commonly implemented in the ABC projects. The
typical connection requires complicated reinforcement layouts which is
time-consuming. The use of UHPC simplifies the on-site assembling
process for reinforcement and shortens the construction time [289]. In
2009, two field-cast UHPC connection projects (Route 31 Bridge in
Lyons and Route 23 Bridge in Oneonta) were successfully implemented,
as shown in Fig. 47(d) [290].

Most currently, in the U.S., UHPC has been applied for the repair and
rehabilitation of deteriorated bridge decks and columns/piers. In 2017,
the first UHPC bridge deck overlay was constructed in Buchanan
County, Iowa States (Mud Creek Bridge) [291], as shown in Fig. 47(e).
The field test showed satisfactory bonding properties between the UHPC
overlay and substrates, as well as commendable crack resistance of the
overlay [292]. However, given the slope of the bridge deck, when
applied as an overlay, the UHPC mixtures should be designed with
thixotropic property for the slope casting; otherwise, the UHPC mixture
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would flow freely under gravity due to the slope, and the formworks
must be used, which further increases the construction cost. Design a
thixotropic UHPC can help mitigating or even eliminating the use of
formworks [292]. Further, to improve the seismic behavior, spalling
resistance, and corrosion resistance of the concrete bridge pier, the
UHPC was also applied as a pier jacket. In 2014, one of the UHPC pier
jacket projects was constructed in Canada (The Mission Bridge) [293], as
shown in Fig. 47(f).

5.3. Other applications

In addition to buildings and bridges, it is promising to apply UHPC to
other structures, such as tunnels, wind turbine towers, and nuclear
power plants. For tunnel application, UHPC can develop more efficient
tunnel systems with larger useable spaces by reducing the thickness of
tunnel elements [294]. For wind turbine towers, UHPC components
allow for the creation of taller and more slender wind turbine towers,
thus increasing the efficiency of energy generation [295]. For nuclear
power plants, UHPC possesses better radiation shielding property and



J. Du et al.

higher blast tolerance which can better guarantee the security of critical
infrastructure [296].

6. Conclusions and further research
6.1. Conclusions

A critical review is carried out on new development of UHPC mix-
tures. The mixture design methodologies and typical ingredients of
UHPC are comprehensively introduced. Besides, as an effort to resolve
some challenges associated with the UHPC, some state-of-art solutions
are summarized. Finally, some representative applications are intro-
duced. Based on that, the following conclusions can be drawn:

(1) The main mixture design methodologies for UHPC include the
dry particle packing method, wet particle packing method, and
performance-based method. The principle of the dry particle
packing method and wet particle packing method is to maximize
the initial packing density of UHPC. The performance-based
method is to directly link the design variables with the target
properties of UHPC.

The typical ingredients of UHPC include: (1) binder materials:
SCMs and fillers (2) aggregates: fine aggregates and coarse ag-
gregates; (3) chemical admixtures; (4) reinforced fibers. The
unique properties, recommended contents, effects on UHPC
properties, and the working principles of the ingredients have
been comprehensively reviewed.

The workability of UHPC should be well controlled for con-
structability. The physical control and chemical control are
elucidated to effectively improve the flowability of UHPC to
guarantee the self-consolidating property. The adjustment of
viscosity modified agent content is proposed to control the
rheology of UHPC suspending mortar to prevent fiber segregation
and floating of lightweight raw materials.

Four effective methods to reduce the autogenous shrinkage of
UHPC are discussed, including control degree of cement hydra-
tion, reduction rate of internal relative humidity, restraint degree
for volume change, and introduction of internal forces to
compensate shrinkage-induced tension.

Two methods to improve the flexural/tensile properties are
summarized, including fiber dispersion and fiber orientation

(2)

(3)

(€))

(5)
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(6) Three potential durability issues and corresponding solutions are
proposed. The content of porous materials needs to be optimized
to prevent affecting the porosity of UHPC. The crack width needs
to be controlled within 0.1 mm to allow sufficient self-healing.
The particle size of reactive aggregates needs to be restricted to
prevent ASR cracking.

6.2. Future research trend

Based on the above review, some future research opportunities have
been identified as follows:

(1) The unit weight of UHPC is high due to the use of steel compo-
nents. Future studies should be conducted to further reduce the
unit weight of UHPC for lightweight structures and repair and
rehabilitation applications.

(2) Some specific nanomaterials can provide UHPC with function-
ality, such as self-sensing property, self-cleaning property, and
electromagnetic interference shielding property. More research
can be done in the area.

(3) SCMs such as slag, fly ash, and silica fume are important com-
ponents in UHPC mixture design. However, due to the switching
from coal to natural gas power plants, the typical SCMs are
scarcer. As a result, research on alternative SCMs is highly in
demand.

(4) UHPC usually contains high volumes of binders which can be
used to sequester recycled or atmospheric CO2 while improving
the mechanical properties and durability of the UHPC. The
technologies of CO; sequestration by the UHPC are of interest to
be developed.
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Appendix
Table A
Commercial UHPC mixture designs
Designation formulation (kg/ms) Mini slump (mm) 28-day f‘c (MPa) Reference
Code Premix Cement SF QP Sand AC HRWR Water Steel fiber
Ductal® - 712 231 211 1020 30 31 109 156 180 + 20 149 [22,23]
BSI® - 1114 169 - 1072 - 40 209 234 640* 175 [24]
CEMTEC® - 1050 268 - 514 - 44 180 470 - 205* [25]
CRC® 930 - - - 1300 - 150 225 - 150 [26]
BCV® 2136 - - - - 21.5 - 156 750* 140 [27]
Cor-Tuf® - 758 497 295 733 - 13 158 140 - >200" [28]

Note: Premix stands for the combination of all cementitious materials (proportion is unknown), QP stands for quartz powder; AC stands for accelerator; f; stands for
compressive strength, * stands for slump flow results, # stands for heat curing, ® stands for the special curing method (moisture curing at 22 °C and 100% for 8 days,
then cured in water bath at 85 °C for 4 days, finally dried in an oven for 2 days at 85 °C for a cumulative age of 13 days).
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Table B1

UHPC mixture designs (using high-volume SCMs)
Designation formulation (kg/ms) Mini slump (mm) 28-day fc (MPa) Reference
Code Cement SF QP FA Slag GP RHA NP Sand HRWR Water Steel fiber
G50SF5 548 42 - - 535 - - - 998 16.0 167 156 280 125 [31]
G50 593 - - - 546 - - - 993 12.5 182 156 285 124
FAC40SF5 663 42 - 367 - - - - 1011 12.0 171 156 285 124
FAC60 486 - - 556 - - - - 1019 5.5 188 156 285 120
80C20 GP 623 216 - - - 390 - - 935 13.0 188 158 217 170 [32]
U1l-RHA 781 - 208 - - - 155 - 1029 23.4 202 78 280 170 [33]
U2-RHA 579 - 208 - 183 - 155 - 1029 22.9 203 78 315 185
M2 900 110 - - - - 110 1036 40.0 163 157 184 138 [297]
M5 630 220 - - - - 270 994 40.0 163 157 184 131

Note: SF stands for silica fume, QP stands for quartz powder; FA stand for fly ash, GP stands for glass powder, RHA stands for rice husk ash, NP stands for natural
pozzolan, HRWR = high-range water reducer. All UHPC mixtures are under standard curing, f, stands for compressive strength.

Table B2

UHPC mixture designs (use high-volume fillers)
Designation formulation (kg/m®) Mini slump (mm) 28-day f. (MPa) Reference
Code Cement SF LSP QP NS NC Sand HRWR Water Steel fiber
LP25C 595 198 198 278 - - 873 7.1 191 162 - 160 [35]
LP50C 397 198 397 278 - - 873 4.7 191 162 - 130
CSFLS34 826 192 486 - - - 444 10.5 201 - 360 148 [34]
NC3.2-2 829 216 - - - 34.5 923 NG 177 156 220-250 115 [113]
NS1.0-2 852 216 - - 10.8 - 923 NG 177 156 220-250 114
NS1 900 135 - - 10.4 - 1125 22.5 186 78 - 132 [235]

Note: SF stands for silica fume, LSP stands for limestone powder, QP stands for quartz powder, NS stands for nano-silica, NC stands for nano-CaCOs, f, stands for
compressive strength.

Table B3
UHPC mixture designs (low powder content by incorporating coarse aggregates)
Designation formulation (kg/m>) Mini slump (mm) 28-day f, (MPa) Reference
Code Cement SF LSP Sand Coarse aggregates HRWR Water Steel fiber
UHPC1 675 45 180 864 576 (Max size = 3 mm) 10.8 180 156 - 142 [38]
UHPC2 675 45 180 588 895 (Max size = 8 mm) 10.8 180 156 - 139
UHPC3 675 45 180 304 1189 (Max size = 16 mm) 10.8 180 156 - 136
1-1 450 50 - 797 1195 (Max size = 19 mm) 18.0 90 - 200* 131 [39]
1-2 630 70 - 715 1073 (Max size = 19 mm) 18.0 126 - 270* 135
1-3 810 90 - 616 923 (Max size = 19 mm) 18.0 162 - 550* 138

Note: SF stands for silica fume, LSP stands for limestone powder, HRWR stands for high-range water reducer, f, stands for compressive strength.

Table B4

UHPC mixture designs (hybrid fibers)
Designation formulation 28-day fc (MPa) 28-day f;. (MPa) 28-day ﬂ (MPa) Toughness Reference

T150 (J)

Code SF BF PVA GF WF CF
MGF 1.5 - - - 1% - - 152 11.2 - [166]
$1.0-B0.5 1% 0.5% - - - - 128 - 14.7 - [42]
$1.0-PVAO0.5 1% - 0.5% - - - 143 - 11.8 - [42]
PVA0.581.5 1.5% - 0.5% - - - 160 23.4 - 58.5 [41]
Basalt 1 - 1% - - - - 139 - - - [169]
Wollastonite - — — - 1% — 145 - - — [169]
UHPC-J10 - - - - - 10* 118 13.8 - - [298]

Note: SF stands for steel fiber, BF stands for basalt fiber, PVA stands for polyvinyl alcohol fiber, GF stands for glass fiber, WF stands for wollastonite fiber, CF stands for
cellulose fiber, f, stands for compressive strength, f} stands for flexural strength, * stands for kg/m°, f, stands for tensile strength.

Table C
Proportioning of the Reference UHPC mixture
Designation formulation (kg/m3) Mini slump 28-day fc 28-day f} Toughness Autogenous Reference
mm T150 (J shrinkage (pm/m
Code Cement SF Qs FS HRWR  Water  Steel (amm) (MPa) (MPa) 2 ge )
fiber
Reference 712 231 1020 211 6.5 164 156 275 135 19.7 40.4 730 [31]

Note: Reference UHPC mixture is under standard curing.
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