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� UHPC incorporating coarse basalt aggregate is designed.
� The mineral admixture effect on fluidity, strength and drying shrinkage of UHPC pastes is assessed.
� The basalt aggregate size effect on the strength of UHPC is studied.
� The powder content effect on compactness, strength and distribution modulus of UHPC is analysed.
� The interaction between coarse aggregate and steel fibre in UHPC is discussed.
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In the present research, Ultra-high Performance Concretes (UHPCs) applying coarse basalt aggregate with
a maximum particle size of 16 mm are designed by using the particle packing theory and considering
optimal powder proportion. The fluidity, shrinkage, strength of paste, and the compressive and tensile
splitting strength of UHPC are investigated. The effect of coarse basalt aggregate size and resulting pow-
der content change are evaluated. Furthermore, the mineral admixture effect, interaction between aggre-
gate and steel fibre are analysed and discussed. The results show that the optimal proportion of powder is
5% of micro-silica and 20% of limestone powder by mass of the total powder. The coarse basalt aggregate
has limited reducing effect on the mechanical strength of UHPC. The optimal powder content of about
800 kg/m3 and 700 kg/m3 is found for UHPC when the maximum basalt aggregate size is 8 mm and
16 mm, respectively. Furthermore, a distribution modulus q of 0.19 for the modified Andreasen and
Andersen model is recommended for designing UHPC with coarse aggregates. The optimal powder con-
tents are the same for UHPC without and with 2 vol% steel fibre, and longer fibre is suggested for UHPC
with coarser aggregate.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ultra-high Performance Concrete (UHPC) is a relatively new
building material, which has superior mechanical strength, ductil-
ity, impact resistance, fatigue resistance and durability [1–5]. The
UHPC usually can be designed with various cementitious compo-
nents, fine or ultra-fine aggregates, high strength fibres, chemical
admixtures and water. The performance of UHPC is greatly depen-
dent on the type, size and proportion of those raw materials [6]. To
obtain an excellent mix design of UHPC, it is important to under-
stand the effect and mechanism of those ingredients on the prop-
erties of UHPC.
To avoid the limit of intrinsic strength of coarse aggregate, over-
come the inherent weakness between coarse aggregate and paste
matrix, increase the homogeneity and eliminate stress concentra-
tion at the contact points between those aggregates, most of
UHPCs are designed by using only fine aggregates or refined aggre-
gate [1–3]. However, concrete containing appropriate type and
content of coarse aggregate can possess certain advantages. Roza-
lija and Darwin [7] reported that high-strength concrete containing
basalt aggregate yields higher mechanical properties than high-
strength concrete containing limestone, which is attributed by
the intrinsic strength of the rock. Ma et al. [8] reported that coarse
aggregate can improve the elastic modulus and alter the workabil-
ity of UHPC more easily, as well as reduce the cost. Some research-
ers presented that an addition of coarse aggregate does not reduce
or even exhibits a slightly higher compressive strength [9,10]. With
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the utilization of coarse aggregate, the autogenous shrinkage was
reduced by approximately 40% [2]. Peng et al. [11] suggested to
use coarse basalt aggregate to improve the penetration impact
resistance. Tai et al. [12] presented that at higher loading rates
(impact loading), the cracks form quickly and can propagate
through the aggregates, consequently increasing the impact resis-
tance. Both the disadvantages and advantages are very consider-
able for concrete incorporating coarse aggregate. To utilize the
coarse aggregate in UHPC, these contradictions should be well bal-
anced. Hence, it is of importance to study the aggregate size effect
in UHPC. In this study, basalt aggregates are used to match the high
strength of paste matrix of UHPC.

Currently, most UHPCs are designed with a high content of
powder, which leads to poor economic benefit and low efficiency
[13]. On the other hand, a relatively high content of powder is
needed to fill the voids between the aggregates to reduce the con-
tact stress concentration and result in a homogenous stress distri-
bution through the matrix [14]. Normally, the powder volume
fraction in UHPC containing coarse aggregate is lower than that
without coarse aggregate [8]. Some investigations show that the
compressive strength of self-compacting concrete (SCC) increases
noticeably with the increase of powder content, especially in lower
water-to-cement ratios [15]. But Domone [16] pointed out that
there was no discernible trend of variation on the mechanical
properties of SCC when increasing the powder contents. Therefore,
it is necessary to further understand the powder content effect and
find an optimal amount for UHPC when coarse basalt aggregates
are utilized. Steel fibre is a critical ingredient because of its consid-
erable reinforcement on mechanical properties, especially for ten-
sile strength, ductility and energy dissipation. The interaction
effect between coarse aggregate and steel fibre is also researched
on the UHPCs with different powder contents in the present study,
as well as the discussion of fibre length for UHPC with coarser
aggregate.

The powder content in an UHPC matrix will be consequently
altered when applying coarse aggregate with different sizes. Vari-
ous cementitious materials have been utilized to produce UHPC,
such as Portland cement, micro-silica, slag, fly ash, metakaolin,
limestone powder, nanoparticles, etc. As an industrial by-product
from the exhaust gases of ferrosilicon, silicon, and other metal
alloy smelting furnaces, micro-silica is an essential constituent
for UHPC. Previous researches have already shown that micro-
silica can improve the microstructure of UHPC by pozzolanic,
filling and nucleation effects, consequently improving its
strength, interfacial transition zone (ITZ), durability, etc. [17–20].
Amorphous SiO2 in micro-silica can react with Ca(OH)2 from the
hydration of cement to produce C-S-H. The ultra-fine particle in
micro-silica can provide nucleation site to accelerate the cement
hydration, as well as act as good filler. As a non-pozzolanic mineral
admixture, the limestone powder is mainly used as a filler to par-
tially replace cement. Recent researches indicate that the particle
surface of limestone powder is an active template for the nucle-
ation and growth of cement hydration products [21]. Somewhat
soluble limestone powder contributes to preferably form the car-
boaluminate hydration instead of monosulfate [21,22]. It can
improve the fluidity and microstructure of concrete, and has a pos-
itive effect on the generation of C-S-H gel [23,24]. However, there
are still some problems for utilizing micro-silica and limestone
powder in UHPC. Too much micro-silica can lead to poor fluidity
[25] due to the high water demand and agglomeration [26,27]
due to the high surface energy, especially for UHPC with low
water-to-powder ratio. Too high content of limestone powder
can result in the decrease of the mechanical strength due to the
dilution effect on binders. Furthermore, the optimal contents of
those mineral admixtures are highly dependent on the water-to-
cement ratio [19], which indicates the optimal amount in normal
concrete is not suitable to UHPC with relatively low water content.
Therefore, investigating the optimal contents of micro-silica and
limestone powder in UHPC is still a challenging issue. It is of great
significance to investigate the mineralogical composition and
understand the synergetic effects of those different powders for
properly designing the UHPC.

The objective of this study is to investigate the effect of coarse
aggregate size and the consequent alteration of powder content
on the properties of UHPC. In addition, the mineral admixture
effect, and interaction between basalt aggregate and steel fibre
are investigated. The optimum content of micro-silica and lime-
stone powder is attained, based on the workability, mechanical
strength and shrinkage of paste. Then, UHPCs applying coarse
basalt aggregate are designed by using the particle packing theory
and optimal mineral proportion. The basalt aggregate size effect on
mechanical strength is measured and analysed. The powder con-
tent effect on compactness and strength of UHPC with coarse
basalt aggregate is analysed and discussed, and optimum powder
content and corresponding value of distribution modulus q are
suggested. The strength improvement of UHPC is measured with
2 vol% steel fibre, and interaction between coarse basalt aggregate
and steel fibre is discussed.
2. Experimental program

2.1. Materials

The raw materials used in this study are Portland Cement CEM I
52.5 R (CEM), micro-silica (mS), limestone powder (LP), sand 0–2
(S), basalts aggregate (BA), water (W), PCE-type superplasticizer
(SP). The steel fibre (SF) (length = 13 mm, diameter = 0.2 mm, ten-
sile strength = 1100 MPa) is utilized to investigate the reinforce-
ment ratio for UHPC under different powder contents. The
dosage of steel fibre is 2% vol. of the UHPC, which is proven to be
an appropriate dosage for UHPC [3,28]. The specific densities of
those ingredients are measured by a gas pycnometer (AccuPyc
1340 II Pycnometer), shown in Table 1. The particle size distribu-
tions (PSD) of the used materials are measured by the sieve and
laser diffraction analyses (Malvern Mastersizer 2000�), respec-
tively, shown in Fig. 1. The particle morphologies of the used pow-
ders are tested by scanning electron microscopy (SEM, Phenom
ProX), shown in Fig. 2. The chemical compositions of the used pow-
ders are tested by X-ray Fluorescence (XRF), shown in Table 2.
2.2. Mix design of mixtures

To study the mineral admixture effect and obtain optimal
proportions of all powders (CEM, mS, LP), the pastes (containing
powder, water and SP) were designed with a water-to-powder
ratio (w/p) of 0.2 and SP dosage of 0.8% by the weight of total
powder. The mS and LP were changed from 5% to 15%, 10% to
30% by the weight of total powder, respectively. To further study
the mechanism of different mineral admixtures on the fluidity,
the water demand of the individual powder is determined by the
mini spread flow test.

The recipes of UHPCs are shown in Table 3. The mS and LP are
fixed at 5% and 20% by mass of total powder, respectively, based
on the investigation of the mineral admixture effect. To research
the effect of basalt aggregate size on the strength of UHPC, the
powder content of UHPC is fixed at 900 kg/m3, considering that
most UHPC incorporates powder more than 900 kg/m3 [4,19,29–
33]. To investigate the effect of powder content on the compact-
ness and strength of UHPC, the powder contents are changed from
900 kg/m3 to 650 kg/m3. The fraction of the basalt aggregates are



Table 1
Specific densities of raw materials.

Materials CEM mS LP S BA 8-11 BA others W SP SF

Specific density (g/cm3) 3.15 2.32 2.71 2.72 2.89 3.05 1.00 1.07 7.85
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Fig. 1. The PSDs of raw materials and UHPCs.
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calculated by using the modified Andreasen and Andersen model
as follows [34–38]:
P Dð Þ ¼ Dq � Dq
min

Dq
max � Dq

min

ð1Þ
RSS ¼
Xn
i¼1

Pmix Diþ1
i

� �
� Ptar Diþ1

i

� �h i2
! min ð2Þ

in which D is the particle size, Dmin and Dmax represent the min-
imum and maximum particle size, respectively; P(D) is the cumu-
lative fraction of the total solids being smaller than size D; q is the
distribution modulus, and 0.22 is used in this study as recom-
mended in [39,40], Pmix is the designed mix, and the Ptar is the tar-
get grading calculated from Eq. (1). The proportions of each basalt
aggregate in the designed mixture are adjusted until an optimum
fit between Pmix (D) and Ptar (D), using an optimization algorithm
based on the Least Squares Method, as presented in Eq. (2). It
should be pointed out that the 750 kg/m3 and 650 kg/m3 are the
optimum powder content for the UHPC with the maximum aggre-
gate size of 8 mm and 16 mm, respectively, based on the modified
Fig. 2. Particle morphologies of (a
Andreasen and Andersen model without any fixed condition of
powder content. Examples of the PSDs of the target and designed
curve of UHPCs are shown in Fig. 1.

To research the interaction between coarse aggregate and steel
fibre, Ultra-high Performance Fibre Reinforced Concretes
(UHPFRCs) were designed, based on the designed UHPCs (in
Table 3) with reinforcement of 2 vol% steel fibre.

2.3. Mixing regimes for mixtures

The mixing of mixtures lasts about 5.5 min (paste), 8 min
(UHPC) and 10 min (UHPFRC), respectively, by using a 20-liter
Hobart mixer. The dry mixing of powders and sand is conducted
for about 1 min, sequentially adding 75% water, mixed solution
of 25% water and superplasticizer product, steel fibre and basalt
aggregate. The detailed mixing regimes are shown in Fig. 3.

2.4. Testing methods

2.4.1. Fresh behaviour
The spread flow of pastes was measured by using a truncated

conical mould (Hägermann cone: height 60 mm, top diameter 70
mm, bottom diameter 100 mm), in accordance with EN 1015-3
[41]. Fresh paste was filled in the mould and the cone was lifted
straight upwards to allow the paste flow freely without jolting.
The spread flow was calculated by the average value of two per-
pendicular diameters. The flow tests were conducted at room tem-
perature of about 20 ± 1 �C.

The water demand of powder is greatly influenced by a layer of
adsorbed water around the particles and inter-granular water,
which can strongly affect the fresh behaviour of concrete, espe-
cially for UHPC with low water-to-powder ratio. In this study,
the water demands of powders are evaluated by the relative slump
method, a detailed information about the method can be found in
[35,36,42,43]. The relative slump is calculated by using the mini-
spread flow, as shown above. Several mixes with different water-
to-powder ratios were measured in order to obtain a statistically
reliable trend line for the regression analysis.

2.4.2. Mechanical strength
The fresh pastes were casted into plastic moulds (40 � 40 �

160 mm3) and steel cubic moulds (100 � 100 � 100 mm3) for flex-
ural and compressive strength tests, respectively. The fresh UHPCs
) CEM, (b) LP, (c) mS by SEM.



Table 2
Chemical composition of powders.

Substance (%) CaO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 MgO TiO2 MnO

CEM 64.60 20.08 4.98 3.24 0.53 0.27 3.13 1.98 0.30 0.10
mS 0.90 93.06 – 2.06 1.15 0.63 1.28 0.70 – 0.07
LP 97.21 0.87 0.17 0.13 – – 0.11 1.17 0.01 0.01

Table 3
Recipes of UHPCs with different basalt sizes and powder contents (kg/m3).

No. Note a-b CEM mS LP S BA 1-3 BA 2-5 BA 5-8 BA 8-11 BA 8-16 W SP

UHPC1 3-900 675.0 45.0 180.0 864.5 576.3 0 0 0 0 180.0 10.8
UHPC2 8-900 675.0 45.0 180.0 588.1 178.6 403.1 313.9 0 0 180.0 10.8
UHPC3 16-900 675.0 45.0 180.0 304.7 308.3 306.6 247.5 120.9 206.2 180.0 10.8
UHPC4 8-850 637.5 42.5 170.0 700.1 100.5 435.7 310.4 0 0 170.0 10.2
UHPC5 8-800 600.0 40.0 160.0 812.2 22.3 468.4 307.0 0 0 160.0 9.6
UHPC6 8-750 562.5 37.5 150.0 903.6 0 318.8 453.8 0 0 150.0 9.0
UHPC7 16-900 675.0 45.0 180.0 242.9 338.9 278.6 251.5 109.9 200.7 207.0 5.4
UHPC8 16-850 637.5 42.5 170.0 355.0 259.4 315.4 238.5 118.1 203.1 195.5 5.1
UHPC9 16-800 600.0 40.0 160.0 467.2 179.9 352.2 225.3 126.4 205.4 184.0 4.8
UHPC10 16-750 562.5 37.5 150.0 579.3 100.4 389.0 212.2 134.6 207.8 172.5 5.3
UHPC11 16-700 525.0 35.0 140.0 698.7 0.6 445.2 186.9 147.8 209.6 161.0 4.9
UHPC12 16-650 487.5 32.5 130.0 782.6 0.0 406.6 221.5 136.2 213.9 149.5 4.6

a and b means the maximum particle size of used basalt and powder content, respectively. The water-to-powder ratio of No. UHPC1 – UHPC6 is fixed at 0.2, while the water-
to-powder ratio of No. UHPC7 – UHPC12 is fixed at 0.23.

0 1 2 3 4 5 6 7 8 9 10 11

Paste
End

25% W + SP75% WPC+mS+LP

Start

UHPFRC

End

25% W + SP75% W

Start

End

BA

Start

BASF25% W + SP75% W

PC+mS+LP+S

Mixing time (min)

PC+mS+LP+S

UHPC

Fig. 3. Mixing regimes for mixtures.
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were casted into steel cubic moulds (100 � 100 � 100 mm3). All
samples were covered with polyethylene film to prevent the mois-
ture loss. They were demoulded approximately 24 h after casting
and then cured in water under room temperature of 20 ± 1 �C.
The compressive and flexural strength of paste samples were
tested after 7 days and 28 days, based on EN 12390-3 [44] and
EN 196-1 [45], respectively. The compressive and tensile splitting
strength of UHPC samples were measured after 28 days, based on
EN 12390-3 [44] and EN 12390-6 [46].

2.4.3. Shrinkage
The fresh pastes were casted into 40 � 40 � 160 mm3 moulds

for shrinkage test based on DIN 52450-A [47], then covered by a
polyethylene film and cured at room temperature of 20 ± 1 �C.
The samples were demoulded after 24 h and then cured in an envi-
ronmental chamber (50% RH, 20 ± 1 �C). The initial length along the
longitudinal axis of sample was measured by adopting a digital
length comparator (±0.001 mm) immediately after demoulding.
The changed length was recorded at desired ages within 91 days.
3. Results and discussion

3.1. Mineral admixture effect

3.1.1. Water demand of powder
The water demand of powder is greatly dependent on its phys-

ical and chemical characteristics, which subsequently influence the
flowability. To investigate the water demand of different powders,
the relative slump Cp was calculated [35,48]:

Cp ¼ d
d0

� �2

� 1; d ¼ d1 þ d2

2
ð3Þ

where d1 and d2 are the perpendicular diameters of the spread flow,
d0 is the cone base diameter (100 mm). The relative slump can be
plotted versus w/p and a linear trend line can be plotted thus
[36,42]:

Vw

Vp
¼ bp þ EpCp ð4Þ
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where Vw and Vp represent the volume of water and powder. bp is as
water demand and represents the minimum water content to
assure a fluid paste. The deformation coefficient (Ep) is derived from
the slope of the linear regression line, which indicates the sensitiv-
ity of the materials on the water demand for a specified workability.
To intuitively understand the replacement effect of different pow-
ders on flowability by mass, the linear relation between water-to-
powder ratio and relative slump is proposed as:

mw

mp
¼ b0

p þ E0
pCp ð5Þ

where mw and mp are the mass of water and powder. b0
p ¼ qw=qpbp

and E0
p ¼ qw=qpEp are the water demand and deformation coeffi-

cient expressed by mass. qw and qp are the specific density of water
and powder, respectively.

Domone and His-wen [49] experimentally proved that it is pos-
sible to estimate values of bp and Ep for powder mixtures by a sim-
ple law of mixtures (namely, from those for the individual
powders). The water demand and deformation coefficient can be
expressed as:

bp ¼
Xn
i¼1

Vpi

Vp
bpi; Ep ¼

Xn
i¼1

Vpi

Vp
Epi ð6Þ

where i represents the type number of different powders. According
to the Eqs. (4)–(6), the water-to-powder ratio can be derived as
follows:

mw

mp
¼ qwVw

qpVp
¼

Xn
i¼1

mpi

mp
b0
pi þ

Xn
i¼1

mpi

mp
E0
piCp ð7Þ

Eqs. (5) and (7) indicate that b0
p and E0

p for powder mixtures also
comply with a simple law of mixtures, as follows:

b0
p ¼

Xn
i¼1

mi

mp
b0
pi; E

0
p ¼

Xn
i¼1

mi

mp
E0
pi ð8Þ

Hence, it is reasonable to use the water demand of individual
powder by mass to explain the replacement effect of mineral
admixtures on the flowability of paste.

Fig. 4 shows that water demand of different powders by mass
proportion. The largest water demand (b0

p) can be observed for
micro-silica of 0.48, followed by cement of 0.39 and limestone
powder of 0.31. It indicates that the substitution of cement by
limestone powder can increase the flowability, while addition of
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Fig. 4. Water demand of different powders.
micro-silica results in reduced fluidity. Fig. 4 also shows smaller
deformation coefficients (E0

p) of micro-silica and limestone powder
than that of cement, which indicates that those two materials are
more sensitive to water amount than the cement. Therefore, the
blended paste is more sensitive to water addition than plain
cement paste.

3.1.2. Flowability of paste
Fig. 5 shows the spread flow of pastes incorporating different

contents of micro-silica and limestone powder. With the increase
of micro-silica content, the spread flow decreases continuously
because of the much larger water demand of micro-silica than that
of cement. The maximum decrease occurs at the limestone powder
content of 10%, from 29 mm to 11.4 mm. The reason is that the
micro-silica with very fine particle sizes adsorbs much superplas-
ticizer on the surface [50] and decreases the amount of lubricating
water available within the inter particle voids [43]. Furthermore,
micro-silica has a high reactivity due to its fineness and pozzolanic
property, which increase the inter-particles friction [26]. The
increasing addition of limestone powder improves the fluidity
greatly, especially at the micro-silica content of 15%, which
increases from 11.4 mm to 27.4 mm. The limestone powder has a
neutral surface with the main constituent of Ca2+ and CO3

2� ions.
The groups of OH� localize over the Ca2+ surface in aqueous solu-
tion, leading to inter-particle electrostatic repulsion, which conse-
quently reduces cement particle flocculation and enhances the
flowability of the paste [21,51]. Furthermore, the less water
demand of limestone powder than that of cement (seen in Fig. 4)
contributes to improved fluidity of cementitious pastes. The spread
flow can be classified into 6 levels (in Fig. 5). With the linearly
increasing content of micro-silica from 5% to 10%, the content of
limestone powder should be almost linearly increased from 20%
to 30%, to attain the first level (35–40 mm).

3.1.3. Mechanical strength of paste
The flexural and compressive strengths of pastes are depicted in

Figs. 6 and 7. A relatively low content of micro-silica and limestone
powder tends to improve both flexural and compressive strength,
especially for the 7 days strength. A too high content (more than
5%) of micro-silica results in negative effect on the strength, attrib-
uted to dispersion problems and agglomeration of particles, which
is similar to nano-silica [26,52]. A higher content (more than 20%)
of limestone powder decreases the strength of paste because of
dilution effect due to the cement reduction, resulting in less hydra-
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tion products and weaker bonding force. However, it is important
to notice that the 28 days strength of pastes are only slightly
reduced or even slightly improved at a higher content of micro-
silica and limestone powder, which is in line with [53]. The poz-
zolanic reaction of micro-silica with calcium hydroxide formsmore
C-S-H gel and fills the remaining voids at later stages, which refines
the microstructure and improves mechanical properties [36]. Fur-
thermore, somewhat soluble limestone powder contributes to
preferably forming the carboaluminate instead of monosulfate
[21,22]. The carboaluminate is stiffer than conventional cement
hydration products and increases mechanical properties. An appro-
priate limestone powder amount causes a nucleation effect which
accelerates the hydration reaction and causes more C-S-H gel
[23,24] and improves the microstructure.

The compressive strength of pastes with micro-silica less than
5% is also measured to find the optimum content of micro-silica,
as shown in Fig. 8. To summarize, the optimal proportion of pow-
ders is 5% of micro-silica and 20% of limestone powder by mass of
total powder by considering both fluidity and strength of pastes,
which will be used in the following mix design of UHPCs. Vance
et al. [54] modified the hydration and strength development of
Portland cement with ternary blends containing 10% limestone
and 10% fly ash or metakaolin. Wang et al. [55] also successfully
introduced 20% to UHPC containing 10% mS and 20% ground gran-
ulated blastfurnace slag.
3.1.4. Shrinkage of paste
Some researchers have already indicated that mineral admix-

tures affect the shrinkage behaviour of concrete significantly
[56–60]. But the relevant research is very limited in UHPC with
relatively low water amount. According to the Mackenzie equation
[61], the shrinkage strain can be expressed as:

ep ¼ rcapð 13K � 1
Ks

Þ ð9Þ

where K is bulk modulus of the whole porous body and Ks is bulk
modulus of the solid material. The capillary tensile stress can be
calculated according to the Kelvin-Laplace equation [62]:
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rcap ¼ 2ccosa
r

¼ � lnðRHÞqRT
M

ð10Þ

where M is molar weight of water, q is density of water, R is ideal
gas constant, RH is the relative humidity and T is absolute temper-
ature. It can be seen that the mineral admixture effect on shrinkage
is greatly dependent on the different abilities of capillary water loss
in different cementitious systems.

The shrinkages of pastes incorporating different contents of
micro-silica and limestone powder are shown in Fig. 9. Within
91 days, the mixture with a mass replacement of cement by 5%
micro-silica shows a similar behaviour in shrinkage strain to plain
cement paste, which is probably due to the mutual effects of higher
reactivity (positive) and better pore structure refinement (nega-
tive) by C-S-H gel formed [63]. While, substitution of cement by
20% limestone powder shows a considerable increase of absolute
value of shrinkage, up to 1.6 times after 91 days compared to the
plain cement paste. However, Itim et al. [53] found that 25% addi-
tion of limestone powder generates a similar total shrinkage to
that of ordinary Portland cement after half year, while Benachour
et al. [64] reported the addition can even be up to 35%. The consid-
erably different effect of limestone powder on the shrinkage is
attributed to the relatively low water-to-powder ratio in the pre-
sent case. With the partial substitution by limestone powder for
a low amount, the relative water-to-binder ratio increases greatly,
consequently increasing the porosity (especially for small pores),
which makes the relative humidity (RH) loss more easily in Eq.
(10) and enlarges shrinkage of the paste. Furthermore, the dilution
effect by limestone powder contributes to low reactivity and leaves
more free water in the pore structure. The loss of those free water
can increase the capillary tensile stress and enlarge the shrinkage.
In the presence of 20% limestone powder, 5% micro-silica can
greatly inhibit the shrinkage, approximately 15% reduction. The
micro-silica in paste can reduce the small capillary pores of the
paste matrix due to formation of more C-S-H gel by pozzolanic
reaction with calcium hydroxide, subsequently reduces the diffu-
sion of the capillary and adsorbed water to the environment, which
is the main cause of the shrinkage mechanism [65].

In a short summary, limestone powder has the lowest water
demand, and an excellent fluidity can be obtained with substitu-
tion of cement by 20% limestone powder, without sacrifice of
mechanical strength. However, 20% limestone powder replace-
ment enlarges the shrinkage greatly, while 5% micro-silica addition
is observed to greatly inhibit the shrinkage in the presence of 20%
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limestone powder. Nevertheless, higher micro-silica dosage is not
preferred as it will lead to dramatic reduction on workability and
increase on cost. Hence, by considering the properties of water
demand, flowability, mechanical strength and shrinkage, the opti-
mal proportion of 5% micro-silica and 20% limestone powder by
mass of total powder is recommended, which is used as a fixed
composition in the following investigations in this study.
3.2. Basalt aggregate size effect

Fig. 10 presents the compressive and tensile splitting strength
of UHPCs versus the maximum size of basalt after 7 days and 28
days, respectively. The results show that the 7 days compressive
strength of UHPCs do not have obvious difference, namely at about
of 122 MPa, while the tensile splitting strength of UHPCs has a lin-
ear decrease from 9.1 MPa to 6.1 MPa. At 28 days, the compressive
strength has a linear decrease trend from 144 MPa to 132 MPa,
while the tensile splitting strength shows a slight decrease from
9.8 MPa to 8.2 MPa, with the maximum basalt size changing from
3 mm to 16 mm.

The decrease tendency of strength caused by the larger basalt
aggregate size fraction is probably attributed to the following rea-
sons: some aggregates with lower strength than paste, weaker
interfacial transition zone (ITZ) between the aggregate and paste,
and stress concentration at the contact points between those
aggregates. Nevertheless, the decrease degree by basalt aggregate
size effect is rather limited, which is similar to other researches
[9]. It was even reported that the addition of coarse aggregate exhi-
bits a slightly higher compressive strength [10]. In this case, the
intrinsic strength of basalt aggregate is higher than ordinary aggre-
gate, dense basalt can easily get a compressive strength more than
150 MPa. Besides, the ITZ between coarse basalt aggregate and
paste can be stronger after optimization of powder content. Fur-
thermore, with an appropriate powder content, the stress concen-
tration can be improved by reducing contact points between the
coarse aggregates. It can be concluded that it is possible to design
UHPC with inclusion of coarse basalt aggregate.
3.3. Powder content effect

3.3.1. Compactness of UHPC
Packing density is defined as the ratio of the solid volume to

bulk volume. Several models can be utilized to describe the pack-
ing density, such as Furnas Model, Toufar Model, Dewar Model,
Linear Packing Density Model, Compressible Packing Model, etc.
[66]. The Compressible Packing Model can present the compact-
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ness of a mixture via the virtual packing density b [67,68], calcu-
lated from:

b ¼ min
bi

1�
Xi�1

j¼1

½1� bi þ bijbi 1� 1=bj

� ��rj � Xn

j¼iþ1

ð1� aijbi=bjÞrj

8>>>><
>>>>:

9>>>>=
>>>>;
ð11Þ

bj ¼ ð1þ 1=KÞaj ð12Þ

aij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1� dj=diÞ1:02

q
ð13Þ

bij ¼ 1� ð1� di=djÞ1:50 ð14Þ
in which aij and bij are interaction coefficients representing

loosening effect and wall effect, respectively [67]; dj is the average
particle diameter of j-class particle and arranged in a sequence as
dj > djþ1; bj is the virtual packing density of the j-class particle;
aj is the experimentally determined packing density of j-class par-
ticle based on the EN 1097-3 [69]; K is the compaction index to
determine the real packing density, the K value equal to 4.1 is used
in this study, indicating no compaction is applied; rj is the volume
fraction of j-class particle.

The size class with the lowest b is called the dominant size class.
In this study, the dominant grain is found always to be the cement
grain based on the calculation by Eq. (11), where the packing den-
sity of individual ingredient is experimentally acquired. This also
indicates that the cement consumes more space than the intersti-
tials available between the large particles. Because the fractions of
micro-silica and limestone powder are fixed based on the cement
in this study, it can conclude that the powder content is the dom-
inant factor which greatly influences the compactness of the
designed UHPC. The packing densities of the designed UHPCs with
basalt aggregate of 8 mm and 16 mm are shown in Fig. 11. In this
study, a lower powder content contributes to a better compact-
ness, which indicates a lower powder content is preferably used
to design UHPC incorporating coarse aggregate.

3.3.2. Mechanical strength of UHPC
The above analysis shows great influence of powder content on

the compactness of UHPC with coarse basalt aggregate. Hence, it is
of great significance to investigate the powder content effect on the
mechanical strength of UHPC. Fig. 12 shows the 28-day strength of
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UHPCs with different powder contents, using the maximum basalt
size of 8 mm and 16 mm, respectively. Fig. 12(a) presents the
strength of UHPCs with maximum basalt size of 8 mm. With the
increase of powder content from 750 kg/m3 to 900 kg/m3, the com-
pressive strength of UHPC first increases and then decreases,
reaching the maximum value of 143 MPa at the powder content
of 800 kg/m3. The tensile splitting strength only has a slight fluctu-
ation between 8.4 MPa and 9.1 MPa. Fig. 12(b) presents the
strength of UHPCs with the maximum basalt size of 16 mm, which
has a similar tendency to Fig. 12(a). The maximum compressive
strength of 140 MPa occurs at the powder content of 700 kg/m3,
and the tensile splitting strength fluctuates between 6.5 MPa and
8.7 MPa.

The results indicate that the powder content effect has a greater
influence on compressive strength rather than tensile strength of
the designed UHPC. The optimal powder content occurs at a mod-
erate value, rather than the highest content (900 kg/m3) or the
lowest content based on modified Andreasen and Andersen model.
It indicates that the optimized mix design of UHPC with coarse
basalt aggregate should incorporate an appropriate amount of
powder to fill into the gaps between aggregate and avoid the pos-
sible stress concentration. The optimal powder content of UHPC is
reducing from 800 kg/m3 to 700 kg/m3, with the maximum basalt
size changing form 8 mm to 16 mm. It indicates that a lower pow-
der dosage is requested to design UHPC when coarser aggregate is
applied, which is in accordance with the results in Fig. 11.

3.3.3. Distribution modulus q
The modified Andreasen and Andersen model has already been

successfully employed in the optimization design for UHPC with-
out coarse aggregate [39,40]. Different types of concrete can be
designed using Eq. (1) by different values of distribution modulus
q, which determines the proportion between fine and coarse parti-
cles. A smaller value of q contributes to a mixture rich in fine par-
ticles. Brouwers theoretically demonstrated the q value ranging of
0–0.28 [70], Hunger [39] and Yu [40] recommended using q in the
range of 0.22–0.25 to design self-compacting concrete and UHPC
with fine aggregate. However, an appropriate value of q has not
been investigated for the UHPC incorporating coarse aggregate.

In this study, an initial q value of 0.22 is used to design UHPC
with basalt aggregates. The PSD of the target and designed curves
of UHPCs are shown in Fig. 13 (with the detailed mix proportion
information in Table 3), according to Eqs. (1) and (2). Based on
the modified Andreasen and Andersen model with q value of
0.22, the optimum powder contents can be computed, around
750 kg/m3 and 650 kg/m3 for the designed UHPCwith basalt aggre-
gate of 8 mm and 16 mm, respectively, as shown in Fig. 13. How-
ever, the maximum strengths occur at the powder contents of
800 kg/m3 and 700 kg/m3, respectively, which indicates that the
chosen q value of 0.22 is slightly too high in this study. In order
to get appropriate powder contents (800 kg/m3 and 700 kg/mm3)
for excellent mechanical strength of UHPCs with coarse basalt
aggregates, a lower distribution modulus q, is requested, yielding
0.19.

3.4. Interaction between coarse aggregate and steel fibre

Steel fibre is a critical parameter in designing UHPC because of
its considerable reinforcement on mechanical properties. The
strength of designed UHPFRCs, reinforced by 2 vol% steel fibre,
are shown in Fig. 14.

The steel fibre reinforcement is researched on the UHPFRCs
with different powder contents. Compared the results in Fig. 12
with those in Fig. 14, the powder content has a similar effect on
mechanical strength, with and without 2% steel fibre. The optimum
powder contents still occur at 800 kg/m3 and 700 kg/m3, respec-
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tively. The increase ratios of compressive strength of UHPCs are
less than 25%. But, the increase ratios of tensile splitting strength
are considerable, due to the bridging effect of steel fibre [71],
between 83% and 131%. Fig. 15 shows the strength improvement
ratios of UHPCs at a favourable powder content, 700 kg/m3 and
800 kg/m3. The strength improvement ratio of the mixture UHPC5
is always higher than that of the mixture UHPC11. A lower utiliza-
tion efficiency of the 13 mm long steel fibre is observed for the
UHPC containing coarser basalt aggregate, which indicates that
the fibre-bridging stress interlock between fibre and coarse aggre-
gate becomes worse. The steel fibre cannot completely overlay too
large aggregate, subsequently the combined effect between steel
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fibre and bigger aggregate is weaker. Hence, steel fibre with proper
length is suggested when designing UHPC with inclusion of rela-
tively big aggregate.

4. Conclusions

This study investigates the effect of coarse aggregate size and
the consequent alteration of powder content on the properties of
UHPC. Moreover, the mineral admixture effect, and interaction
between basalt aggregate and steel fibre are investigated. Based
on the obtained results, the following conclusions can be drawn:

� The optimal proportion of powders is 5% of micro-silica and 20%
of limestone powder by mass of the total powder, by consider-
ing the flowability, mechanical strength and shrinkage of UHPC
pastes.

� Substitution of cement by 20% limestone powder results in
enlarged shrinkage of UHPC paste up to 1.6 times after 91 days,
attributed to the increasing capillary pores and free water
amount. 5% micro-silica can greatly inhibit the shrinkage, with
approximate 15% reduction.

� The coarse basalt aggregate results in a decrease on mechanical
strength, but the decrease degree is rather limited. With the
increase of particle size of basalt aggregate, both compressive
and tensile splitting strengths tend to decrease, from 144 MPa
to 132 MPa and 9.8 MPa to 8.2 MPa at 28 days, respectively.

� A reduced powder content is required to design UHPC when
coarser aggregates are applied. The optimal powder content of
UHPC in this study is about 800 kg/m3 and 700 kg/m3 with
the maximum basalt aggregate of 8 mm and 16 mm, respec-
tively. In addition, a distribution modulus q of 0.19 is recom-
mended for the modified Andreasen and Andersen model.

� The optimal powder contents are the same for UHPCs without
and with 2 vol% steel fibre. The reinforcement effect is more
efficient on tensile strength rather than compressive strength,
ranging from 83% and 131%. Fibres with appropriate lengths
should be considered when designing UHPC with coarser
aggregate.
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