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HIGHLIGHTS

« Conventional fine aggregates and pozzolans can be used to produce UHPCs.

« Overall, ternary blend UHPCs containing silica fume and fly ash exhibited highest bulk properties.

« Inclusion of steel fibers significantly improved splitting-tensile and flexural strength of the studied UHPCs.

« Drying shrinkage of the plain UHPCs decreased with increases in aggregate-to-cementitious materials ratios.
« An increase in steel fiber content significantly improved post-peak retention capacity.
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The properties of ultra-high performance concretes (UHPCs) made with traditional fine aggregates, differ-
ent cementitious materials types and combinations, and varying steel fiber contents and shapes were
studied. In the first phase, a total of 78 UHPCs were used to assess their compressive and splitting-
tensile strengths, and drying shrinkage, which led to identifying 40 optimized mixtures for the second
phase of the investigation for which their compressive, splitting-tensile, and flexural strength, modulus
of elasticity, load-deflection response, and drying shrinkage properties were obtained. The outcome of
this study revealed that the optimized UHPCs displayed excellent bulk properties and dimensional stabil-
ity. Amongst the utilized cementitious materials combinations, UHPCs made with the combined silica
fume and class F fly ash, as a partial replacement of cement, performed the best, whereas the companion
mixtures incorporating only class F fly ash exhibited the contrary. A clear strain hardening and softening
was observed in the load-deflection response of steel fiber-reinforced UHPCs. Due to better steel to con-
crete surface adhesion, straight steel fibers had a more positive influence on the mechanical properties
and dimensional stability of the studied UHPCs when compared to those of the hooked fibers. Overall, this
experimental study supports that, with proper gradations and proportioning, traditional fine aggregates
can be used as an effective substitute for the expensive filler materials used for production of the propri-
etary UHPCs without compromising their mechanical properties and dimensional stability.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction tional or even high-performance concrete. UHPC is limited to con-

crete that has a minimum specified compressive strength of 22,000

In recent years, the utilization of advanced chemical admixtures
and fibers; specialized aggregates with excellent packing density;
very high binder content; low water-to-cementitious materials
ratio; and customized mixing and curing has led to the develop-
ment of ultra-high performance concrete (UHPC) [1-8]. According
to ACI 239R [9], “Ultra-high performance concrete (UHPC) is a class
of advanced cementitious materials with greater strength, tensile
ductility, and durability properties when compared to conven-

* Corresponding author.

psi (150 MPa) with specified durability tensile ductility and tough-
ness requirements; fibers are generally included to achieve speci-
fied requirements.” In ASTM C1856 [10], it is mentioned that,
UHPC should have “specified compressive strength of at least
120 MPa, with nominal maximum size aggregate of less than
5 mm and a flow between 200 and 250 mm.” UHPC provides the
following advantages over conventional concrete:
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(i) The very high compressive, tensile, and flexural strengths,
and modulus of elasticity of UHPC results in significant
reduction in the sectional size of the concrete members,
which saves floor space and reduces structural dead load.
Blais and Couture [11] mentioned that UHPC members
may weigh only one-third to one-half of corresponding con-
ventional concrete members.

(ii) Superior ductility and energy absorption provide greater
reliability even under extreme conditions, such as earth-
quakes or blasts. Moreover, fibers inside UHPC enable the
concrete to sustain structural integrity towards tensile load
after first cracking, by bridging cracks and transferring the
load across the cracks [12].

(iii) The superior durability of UHPC leads to a long service life
with reduced maintenance. UHPC is nearly impermeable,
allowing almost no carbonation nor chloride or sulfate pen-
etration [13]. Bonneau et al. [14]| documented that only 26%
of cement hydration is required for UHPC to achieve discon-
tinuous capillary pores.

(iv) A significant amount of unhydrated cement in the hardened
UHPC provides a self-healing potential under cracking con-
ditions [15].

(v) The absence of coarse aggregate in UHPC allows for high
quality surface finishes [11].

(vi) The circulation of stray current through conventional steel
reinforcement is known to cause accelerated corrosive dam-
age to steel. Unlike conventional steel reinforcement in con-
crete, fiber-reinforced UHPC does not usually have a
continuous conductive path for an electric current [16].

Some suggestions of drawbacks associated with the use of
UHPCs reported in the literature are:

(i) Only a few proprietary blends have been used by different
researchers in the assessment of UHPC properties. The uti-
lization of a very high amount of silica sand, steel fibers,
chemical admixtures, and silica fume in proprietary UHPCs
make the production costs of such mixtures about 10 to 20
times higher than conventional concrete [8,17,18].

(ii) Under normal curing condition, UHPCs are susceptible to
higher autogenous and drying shrinkage due to their higher
amounts of cementitious materials and high range water
reducing admixture [19].

(iii) High shear mixers are needed to properly batch UHPC's
ingredients. This kind of mixers may not be available at con-
struction sites [20]. Additionally, specific procedures maybe
needed including the use of ice cubes instead of water to
provide the shearing action and to reduce heat of hydration
and mixing time.

(iv) There is lack of design codes for using UHPCs [1].

The first structural application of UHPC was in 1997, when
UHPC was used to construct a pre-stressed hybrid pedestrian
bridge in Sherbrooke, Canada [21]. After that, applications of UHPC
were successfully demonstrated in several countries [22,23]. How-
ever, the widespread use of UHPC is still limited due to high initial
production cost. A number of researchers have tried to compensate
for the very high production costs of UHPCs by using different
materials and methods (Table 1). Karim et al. [13] used masonry
sand as a replacement for expensive quartz sand, while Arora
et al. [24] used coarse and fine aggregates collectively to reach a
compressive strength of 150 MPa. Yang et al. [25] reduced the total
cost of UHPC by utilizing supplementary cementitious materials,
such as fly ash and ground granulated blast-furnace slag (GGBS),
as a partial replacement for Portland cement. Alsalman et al. [26]
reported that more than 10% silica fume content, as a partial

Table 1

Studies on UHPCs with conventional aggregates.
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Reference  Materials used as aggregates Properties evaluated®
Sobuz Fine aggregate: washed river Compressive strength (121-
et al. sand, mined sand, 153 MPa); elastic modulus
[60] manufactured sand, and (10.2-40.9 GPa); strain at peak
granulated lead smelter slag; stress (0.00426-0.0091)
Coarse aggregate: crushed
bluestone
Meng Missouri river sand, masonry Compressive strength (120-
et al. sand 135 MPa); splitting-tensile

[30] strength (10-14 MPa); flexural
strength (20-24 MPa); elastic
modulus (46-53 GPa); Drying
shrinkage (56-600 pm/m)

Alsalman  Arkansas river sand, class C fly Compressive strength (124.1-
et al. ash 162.4); elastic modulus (36.9-
[26] 45.9 GPa)

Karim Conventional fine aggregate, Splitting-tensile strength
et al. masonry sand (10.1-11.8 MPa); drying
[13] shrinkage (0.110-0.148%)

¢ properties relevant to present study.

replacement of Portland cement, had a minimal effect on compres-
sive strength, whereas other researchers emphasized using a high
volume of silica fume to achieve the desired properties [27-29].

An essential constituent in UHPC is discontinuous fiber rein-
forcement. The inclusion of fiber is necessary to improve the duc-
tility required for structural safety. Meng et al. [30] employed
hybrid fibers, and evaluated the fresh and mechanical properties
of non-proprietary UHPCs. When compared to conventional con-
crete, due to the presence of fiber reinforcement, UHPC has exhib-
ited considerable tensile strength, even after first cracking [12].
Another study reported a profound improvement in flexural tensile
strength corresponding to an increase in fiber content [31]. Maca
et al. [32] used steel fiber and reported that the highest flexural
strength is obtained when a 3% fiber volume is used. In another
study, Yoo et al. [33] concluded that an increase in steel fiber con-
tent resulted in an improved elastic modulus up to 3% of fibers.
Wille et al. [34] pointed out that twisted steel fibers led to lower
tensile strength than straight steel fibers at elevated load rates.
Yoo et al. [33] also found that straight fibers outperformed
twisted/hooked fibers in flexural tensile strength performance. In
contrast, other studies have reported better performance by
twisted or hooked fibers in flexural/tensile strength performance,
as compared to that of straight fibers [35,36].

In recent years, a number of researchers have conducted studies
in optimization of UHPC’s compositions with limited information
available to date [13,26,30]. In particular, literature suffers from
limited data on utilization of various supplementary cementitious
materials in production of sustainable and cost-effective UHPCs.
This paper aimed to investigate the role of different cementitious
materials compositions and aggregate-to-cementitious materials
ratios, as well as various steel fiber contents and shapes, on prop-
erties of the studied UHPCs. The investigated properties included
compressive  strength, splitting-tensile resistance, flexural
strength, load-deflection response, flexural strain, elastic modulus,
and drying shrinkage. The outcome of this investigation will add to
the body of knowledge in utilization of locally available aggregates
and different supplementary cementitious materials in production
of UHPCs.

2. Experimental Program

This study was divided in two Phases. In the Phase I, various
cementitious materials types and combinations, aggregate grada-
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tions, water-to-cementitious materials ratios, and aggregate-to-
cementitious materials ratios were evaluated to identify the opti-
mized plain UHPCs. During Phase II of this study, the effects of steel
fiber contents and shapes on the bulk properties and dimensional
stability of the optimized UHPCs were investigated. As this study
has two Phases (Phase I and II), all materials and method section
explained at the Experimental Program Section, with the exception
of mixture design of Phase II (as these mixtures were selected once
Phase I was completed).

2.1. Materials

A quest for UHPC optimization using traditional aggregates was
undertaken based on standard tests. In the production of the
UHPCs, ASTM Type V Portland cement (C), class F fly ash (F), natu-
ral pozzolan (N), ground granulated blast-furnace slag (S), and sil-
ica fume (SF) were used as cementitious materials. Type V cement
(with 4% C3A) was selected to ensure the resistance against severe
sulfate action. The chemical characteristics of the cementitious
materials are presented in Table 2, and scanning electron micro-
scopic (SEM) images are shown in Fig. 1. Fig. 2 represents the par-
ticle size distribution of the cementitious materials. Silica fume,
slag, industrial (Class F fly ash), and natural pozzolans were used
at different replacement levels of cement content. The natural poz-
zolan was sourced from a vitrified rhyolite as a silica-rich volcanic
ash. Several investigators assessed the effect of steel fiber content
(up to 3%) on properties of UHPCs [37-39]. In the Phase II of this
study, two types of steel fibers (straight and hooked), with
13 mm length and 0.30 mm width (aspect ratio of 43) were used
at the levels of 2 and 3% of the total concrete volume. The specific
gravity of the steel fibers was 7.86 and met the minimum tensile
strength requirement of ASTM A820 [40].

2.2. Selection of cementitious materials Combinations, w/cm, and
HRWRA content

At first, 100% cement was batched at various water-to-
cementitious materials ratios (w/cm = 0.16-0.24), and tested for
flow to obtain the minimum water content required to achieve
the minimum relative flow, as shown in Fig. 3a. A total of 30 com-
binations of cementitious materials (15 binary, 10 ternary, and four
quaternary cementitious material compositions) were batched at
various water-to-cementitious material ratios (w/cm = 0.16-0.24)
, and tested for flow to obtain the minimum water content
(Fig. 3b) and HRWRA (polycarboxylate based) requirement of dif-
ferent binder combinations, in comparison with 100% cement.
Based on the findings of flow test conducted in accordance with
ASTM (230 [41], a total of 26 combinations of binders were
selected with the water-to-cementitious materials ratio of 0.21.
The correlation between the relative flow and required HRWRA
to achieve the flow of 250 + 25 mm is given in Fig. 3c.

Table 2
Chemical compositions of the Type V cement and pozzolanic materials.
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2.3. Aggregate gradation

Two types of locally produced fine aggregates were used; their
size gradation varied from 0.075 mm to 4.75 mm. To obtain the
maximum packing density and minimum porosity, a uniquely-
sized graded manufactured fine aggregate was determined and
stored separately for each size gradation. Unit weight was mea-
sured for the graded aggregates at different distribution moduli
(0.19-0.23), using the modified Andreasen and Andersen model,
as shown in Fig. 4 [42]. The unit weight of the aggregates was
determined as per ASTM C29 (rodding method) [43]. The modified
Andreasen and Andersen particle packing model is based on the
following equation:

Q_ne
P(D) = (1
Dmax - Dmin

where, P(D) represents the weight percentage of aggregate passing
the sieve with size D; D 4 is the maximum particle size (um); Dpin
is the minimum particle size (um); and Q is the distribution modu-
lus, which is related to the aggregate particle size. The maximum
unit weight with minimum void percentage was obtained using
the distribution modulus of 0.21. Sieve analysis of aggregate I,
aggregate II, and the combined Andreasen and Andersen sizes (op-
timized curve) for the distribution modulus of Q = 21 is presented in
Fig. 5. The combined fine aggregates had a specific gravity of 2.80, a
fineness modulus of 2.92 and an absorption of 0.45%.

2.4. Mixture proportions of plain UHPCs

A total of 78 plain UHPC mixture compositions were selected to
determine their compressive and splitting-tensile strengths and
drying shrinkage. The aggregate-to-cementitious materials ratio
(Va/Vem) plays an important part in the strength development of
UHPC [13]. Most researchers selected a Va/V.y, between 0.60 and
1.4 [2,30]. In this study, to observe the effect of the aggregate/ce-
mentitious materials ratio, the Va/V, varied at 0.80, 1.0, and 1.2.
For each Va/V.m, 26 cementitious compositions were investigated,
which consisted of the control (C100), along with 13 binary, nine
ternary, and three quaternary cementitious compositions. The unit
contents of the selected UHPC constituents for various aggregate-
to-cementitious materials ratios (Va/Vem) are given in Table 3.
The water-to-cementitious materials ratio (w/cm) of 0.21 was kept
constant for all mixtures. The actual water content of the UHPCs
varied due to variation in the required HRWRA dosage to maintain
uniform flowability.

2.5. Mixing, Sampling, Curing, and testing

Due to the high quantity of small-sized particles, coupled with
the low water-to-cementitious materials ratio, and the addition of
steel fibers (used in Phase II), a longer mixing time and higher
energy were required for UHPC production as compared to tradi-

Composition Type V cement (%) Class F fly ash (%) Natural pozzolan (%) GGBS (%) Silica fume (%)
Si0, 21 59.93 71.0 31.0 94.72

Ca0 62.4 4.67 2.3 43.64 -

Al,03 4 22.22 7.9 115 -

Fe,03 3.7 5.16 0.70 0.80 -

MgO 2.6 - - 4.7 -

SO5 2.2 0.38 0.1 4.85 0.23

Na,0 + K,0 0.54 1.29 7.5 - 0.47

Loss on Ignition (LOI) 20 0.32 34 0.30 2.82
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Fig. 1. Scanning electron microscopic (SEM) image of cementitious materials (a) class F fly ash, (b) natural pozzolan, (c) ground granulated blast-furnace slag, and (d) silica

fume.
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Fig. 2. Particle size distribution of cementitious materials.

tional concrete. The mixing time, mixing speed, mixing sequence,
temperature, and relative humidity were closely monitored and
uniformly maintained. The mixing sequence is shown in Fig. 6.
The flow properties were evaluated according to the modified
ASTM (230 (as all the UHPCs were self-consolidating, 25 drops of
blow were skipped) before they were poured into cylinders and
beam-shaped molds [13]. The specimens were kept for 24 h in a
controlled-moisture curing room at 22 + 3 °C and 95% relative
humidity. After 24 h, the specimens were demolded and returned
to the moisture room for additional days, depending on the curing
duration and test scheme. The detailed test scheme of the studied
UHPCs (both plain and fiber-reinforced) are presented in Table 4.
The displacement at the mid-span of the beam was evaluated using
an LVDT placed at the bottom center of the beam specimen. The
flexural strength of the studied UHPCs was determined according
to ASTM C1609 [48].

3. Experimental results on plain UHPCs (Phase I)

The results of compressive and splitting-tensile strengths, along
with drying shrinkage for different Va/Vy, as functions of curing
durations are presented in Table 5. For the 28-day cured UHPCs,
the compressive strength varied from 119 to 149 MPa, 118 to
151 MPa, and 108 to 139 MPa for V,/V.y, of 0.80, 1.0, and 1.20,
respectively. Similarly, the splitting-tensile strength ranged
between 8.7 and 10.8 MPa, 8.6 to 10.5 MPa, and 8.1 to 10.3 MPa
for the same V4/Vcm. The average 120-day drying shrinkages were
0.1062, 0.0979, and 0.0896% for Va/V.m of 0.80, 1.0, and 1.20,
respectively. The relative performance of binary, ternary, and qua-
ternary UHPCs, as compared to that of the control (C100) UHPC, are
illustrated in Fig. 7. The effects of cementitious materials composi-
tions and Va/V.m, on the bulk and dimensional stability properties
of the studied plain UHPCs are discussed in the following sub-
sections.

3.1. Effect of cementitious materials types and compositions

3.1.1. Compressive strength

The compressive strengths of the plain UHPCs, as a function of
cementitious materials compositions and Va/Vy,, are shown in
Table 5 and Fig. 7. All UHPCs gained strength with the increase
in testing duration due to their continued hydration. The UHPCs
with binary fly ash combinations showed slower compressive
strength development at early ages, as compared to the control
UHPC (C100). However, due to increased pozzolanic reactivities,
the 90-day cured binary UHPCs incorporating fly ash displayed
similar or higher compressive strength when compared to the con-
trol UHPC. The binary UHPCs with natural pozzolans followed a
similar trend as did fly ash in the binary UHPCs. The binary UHPCs
containing GGBS followed the same trend as the control UHPC in



A. Hasnat and N. Ghafoori

0.25
0.24
0.23

E 0.22
2 0.21
0.2
0.19
0.18

Minimum

water content

O C100

0.1

0.2

Relative flow

0.3

Construction and Building Materials 299 (2021) 123907

1.4
b) — c)
o (l) G‘IEEII[DED é
- oyt - 1.2
/.. & ®
u}uﬂ» (i) £
/ o 1
®0 °
&
i) M HRWRA d d
p cc?r:r?pared to C1%?an ; 0.8 J
| (ii) Less HRWRA demand 14
compared to C100 ==
. 0.6 L
0.1 0.3 0.5 0.07 0.1 0.13

Relative flow

Relative flow

Fig. 3. Criteria for the selection of cementitious material combination: (a) minimum water content required for Type V cement (C100), (b) relative water demand at different
w/cm, (c) demand of HRWRA based on relative flow.

Overall, the UHPCs containing fly ash or natural pozzolan dis-
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Fig. 5. Aggregate gradation of UHPCs, as per modified Andreasen and Andersen
model.

compressive strength development over time. On the other hand,
the UHPC with silica fume, as a partial replacement of Portland
cement, surpassed the strength gains of the control UHPC at all
curing ages. The presence of reactive fine silica helped the UHPCs
to develop higher early strengths, as compared to the control
UHPC. Irrespective of cementitious materials types and combina-
tions, similar trends were observed for every Va/Ven.

played higher long-term compressive strengths, whereas UHPCs
made with silica fume showed higher compressive strengths at
early ages. In comparison to the control UHPC, GGBS containing
UHPCs produced slightly lower compressive strengths at all
cement replacement levels. Once calcium hydroxide (CH) was pro-
duced from the primary hydration reaction, the secondary poz-
zolanic reaction produced stronger calcium silicate hydrate (C-S-
H), which was responsible for better later-age strength perfor-
mance of the studied UHPCs having fly ash and natural pozzolans
[50]. On the other hand, as shown in Fig. 2, silica fume had higher
particle fineness than that of other cementitious materials which
enabled it to produce superior early-age cementitious reactivities
[51].

When 10% Portland cement was replaced by secondary cemen-
titious materials, the UHPCs with 10% silica fume displayed the
highest compressive strength, whereas the natural pozzolan
showed the lowest results. At a 20% cement replacement level,
UHPCs having GGBS showed higher compressive strength than
UHPCs with fly ash and natural pozzolan. However, after 90 days
of curing, the test samples incorporating fly ash showed the high-
est compressive strength amongst all binary mixtures with 20%
cement replacement. When 30% of the Portland cement was
replaced by secondary cementitious materials, the one and
seven-day cured UHPCs’ incorporating GGBS had higher compres-
sive strengths. However, as the curing age increased, UHPCs with
30% fly ash and natural pozzolan showed higher compressive
strengths, as compared to the UHPCs containing GGBS.

As mentioned earlier, an increase in fly ash/natural pozzolan
content resulted in lower early strength development due to the
pozzolanic materials’ inactivity. With CH production, the sec-
ondary cementitious reaction of pozzolanic materials with CH
resulted in better strength results for 90-day cured samples. How-
ever, the threshold for using these secondary cementitious materi-
als depends on CH production in the matrix, as without it, these
pozzolanic materials only act as filler materials in the UHPC matrix.
Overall, in the binary blend UHPCs, mixtures with fly ash or silica
fume performed better than slag and natural pozzolan. The spher-
ical shape of the fly ash and silica fume enabled them to fill the
micro voids within the matrix better than the irregular shaped
GGBS or natural pozzolan (Fig. 1). As a result, slightly better
strength performance can be seen with the binary UHPCs made
with fly ash or silica fume, as compared to the UHPCs with same
amount of natural pozzolan or GGBS.

Most of the mixtures having ternary blend displayed better
compressive strength as compared to the control UHPC. Among
all the ternary compositions, C80F15SF5, C80N15SF5,
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Table 3
Mixture proportions of plain UHPCs.
Classification Mixture ID* Va/Vem w/cm cb P NP sP SE® Agg” HRWRAP wP
kg/m>
Control C100 0.8 0.21 1280 910 12.0 262
Binary C90F10 0.8 0.21 1152 95 910 11.1 256
C80F20 0.8 0.21 1024 189 910 10.9 249
C70F30 0.8 0.21 896 284 910 10.3 243
C60F40 0.8 0.21 768 379 910 10.2 236
C90N10 0.8 0.21 1152 84 910 11.2 254
C80N20 0.8 0.21 1024 149 910 11.2 241
C70N30 0.8 0.21 896 195 910 104 224
C90Ss10 0.8 0.21 1152 105 910 11.8 258
C80S20 0.8 0.21 1024 187 910 12.0 248
C70S30 0.8 0.21 896 245 910 123 233
C95SF5 0.8 0.21 1216 43 910 123 258
C90SF10 0.8 0.21 1152 82 910 124 252
C85SF15 0.8 0.21 1088 116 910 12,5 246
Ternary C80F15SF5 0.8 0.21 1024 142 36 910 113 247
C80N15SF5 0.8 0.21 1024 112 36 910 115 240
C80S15SF5 0.8 0.21 1024 140 36 910 121 246
C70F20SF10 0.8 0.21 896 189 63 910 121 235
C70N20SF10 0.8 0.21 896 130 63 910 121 222
C70S20SF10 0.8 0.21 896 163 63 910 123 229
C50F30SF20 0.8 0.21 768 284 109 910 12.6 237
C50N30SF20 0.8 0.21 768 167 109 910 12.7 213
C50S30SF20 0.8 0.21 768 210 109 910 13.0 221
Quaternary C60F15S15SF10 0.8 0.21 768 142 105 54 910 124 218
C60F10S20SF10 0.8 0.21 768 95 140 54 910 12.5 215
C50F20N20SF10 0.8 0.21 640 189 93 45 910 123 197
Control C100 1 0.21 1184 1052 12.0 243
Binary C90F10 1 0.21 1065 88 1052 11.1 237
C80F20 1 0.21 947 175 1052 10.9 230
C70F30 1 0.21 828 263 1052 10.2 224
C60F40 1 0.21 710 350 1052 10.2 218
C90N10 1 0.21 1065 77 1052 11.1 235
C80N20 1 0.21 947 138 1052 111 222
C70N30 1 0.21 828 181 1052 10.3 207
C90s10 1 0.21 1065 97 1052 11.8 238
C80S20 1 0.21 947 173 1052 12.0 229
C70S30 1 0.21 828 226 1052 123 215
C95SF5 1 0.21 1124 40 1052 12.2 238
C90SF10 1 0.21 1065 75 1052 124 233
C85SF15 1 0.21 1006 107 1052 125 227
Ternary C80F15SF5 1 0.21 947 131 34 1052 113 228
C80N15SF5 1 0.21 947 103 34 1052 114 222
C80S15SF5 1 0.21 947 129 34 1052 121 227
C70F20SF10 1 0.21 828 175 59 1052 12.0 217
C70N20SF10 1 0.21 828 120 59 1052 121 206
C70S20SF10 1 0.21 828 151 59 1052 123 212
C50F30SF20 1 0.21 710 263 101 1052 125 219
C50N30SF20 1 0.21 710 155 101 1052 12.7 196
C50S30SF20 1 0.21 710 194 101 1052 12.9 204
Quaternary C60F15S15SF10 1 0.21 710 131 97 50 1052 124 201
C60F10S20SF10 1 0.21 710 88 129 50 1052 12,5 199
C50F20N20SF10 1 0.21 592 175 86 42 1052 12.2 182
Control C100 1.2 0.21 1101 1174 11.9 226
Binary C90F10 1.2 0.21 991 81 1174 11.0 220
C80F20 1.2 0.21 881 163 1174 10.8 214
C70F30 1.2 0.21 771 244 1174 10.2 209
C60F40 1.2 0.21 660 326 1174 10.1 203
CI90N10 1.2 0.21 991 72 1174 11.1 218
C80N20 1.2 0.21 881 128 1174 11.0 207
C70N30 1.2 0.21 771 168 1174 10.2 193
C90Ss10 1.2 0.21 991 90 1174 11.8 221
C80S20 1.2 0.21 881 160 1174 11.9 213
C70S30 1.2 0.21 771 211 1174 123 200
C95SF5 1.2 0.21 1046 37 1174 12.2 222
C90SF10 1.2 0.21 991 70 1174 124 217
C85SF15 1.2 0.21 936 99 1174 125 211
Ternary C80F15SF5 1.2 0.21 881 122 31 1174 113 212
C80N15SF5 1.2 0.21 881 96 31 1174 114 206
C80S15SF5 1.2 0.21 881 120 31 1174 12.0 211
C70F20SF10 1.2 0.21 771 163 55 1174 12.0 202
C70N20SF10 1.2 0.21 771 112 55 1174 12.0 191
C70S20SF10 1.2 0.21 771 140 55 1174 12.2 197
C50F30SF20 1.2 0.21 660 244 94 1174 125 204
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Classification Mixture ID? Va/Vem w/cm ch P NP sP SE” Agg” HRWRAP wP
kg/m>3

C50N30SF20 1.2 0.21 660 144 94 1174 12.7 182

C50S30SF20 1.2 0.21 660 181 94 1174 12.9 190

Quaternary C60F15515SF10 1.2 0.21 660 122 90 47 1174 12.4 187

C60F10S20SF10 1.2 0.21 660 81 120 47 1174 12.5 185

C50F20N20SF10 1.2 0.21 550 163 80 39 1174 12.1 169

1 kg/m? = 1.685 Ibjyd?

2 Mixture ID: number after C, F, N, S, and SF indicates percentage of respective cementitious materials. For example, C90F10 means 90% cement and 10% class F fly ash.
b C: Cement; °F: Class F fly ash; °N: Natural pozzolan; PS: Ground granulated blast-furnace slag; "SF: Silica fume; PAgg: Aggregate; PHRWRA: High-range water reducing

admixture; "W: Water

e —— S| (e e Ee—— )
D titi :
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(5 min) (5 min)
~—_———— ~—
e e T—— ) (e e E—"— )
HRWRA Water
(2-5 min) (5 min)
~—_—— N~———
(e e i—— )
Steel fiber
(3-5 min)
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Fig. 6. UHPCs’ mixing sequence.

C70F20SF10, and C70N20SF10 displayed excellent compressive
strength, with a minimum 28-day strength of 120 MPa and 90-
day compressive strength of 150-MPa. Early age pozzolanic reac-
tivity of the silica fume facilitated the early strength development,
while the secondary pozzolanic activity of fly ash/natural pozzolan
helped in the long-term compressive strength gain of the studied
UHPCs. UHPCs with more than 30% of Portland cement replaced
by fly ash/GGBS/natural pozzolan did not achieve the target 28-
and 90-day compressive strengths of 120 MPa or 150 MPa, respec-
tively. The probable reason is that with conventional curing, UHPCs
with a high amount of fly ash/GGBS/natural pozzolan did not react
entirely. For this reason, several investigators have tried heat cur-
ing to maximize the pozzolanic material hydration [52,53].

Quaternary UHPCs incorporating a high amount of fly ash,
GGBS, and natural pozzolan displayed lower compressive strengths
at one and seven days curing durations. However, six out of nine
mixtures achieved compressive strengths of 120 MPa and
150 MPa at 28- and 90-day curing. Perhaps, the amount of sec-
ondary cementitious materials in the quaternary mixtures
exceeded the availability of CH to effectively activate these sec-
ondary cementitious materials [50].

When 20% of Portland cement replaced with 20% fly ash (Binary
UHPC), compared with 15% fly ash and 5% silica fume having UHPC
(Ternary UHPC), improvement was observed in the ternary UHPC.
Similar improvements were also observed for ternary natural poz-
zolan and silica fume, as well as ternary GGBS and silica fume hav-
ing UHPC, when compared to the binary UHPC with 20% natural
pozzolan/GGBS as a partial replacement of Portland cement. At
the 30% Portland cement replacement level, all ternary UHPCs dis-
played superior performance over binary UHPCs. Smaller particle
size of silica fume contributed to the larger surface area which

Table 4
Test details of the studied UHPCs.

Phase I: Plain UHPCs

Tests Specimen details Test age Standards
(days)"
Flow Freshly mixed UHPCs - ASTM
€230 [41]
Unit weight Disk (100 mm diameter and 1 ASTM
50 mm height) C642 [44]
Compressive Cylinder (50 mm diameter and 1, 7, 28, ASTM C39
strength 100 mm height) and 90 [45]
Splitting-tensile  Cylinder (50 mm diameter and 28 ASTM
strength 100 mm height) C496 [46]
Drying Beam (25 x 25 x 250 mm) 120 ASTM
shrinkage C596 [47]
Phase II: Fiber-reinforced UHPCs*
Flow Freshly mixed UHPCs - ASTM
€230 [41]
Unit weight Disk (100 mm diameter and 1 ASTM
50 mm height) C642 [44]
Compressive Cylinder (50 mm diameter and 28 ASTM C39
strength 100 mm height) [45]
Splitting-tensile  Cylinder (50 mm diameter and 28 ASTM
strength 100 mm height) C496 [46]
Load-deflection  Beam (50 x 50 x 200 mm) 28 ASTM
response C1609 [48]
Flexural Beam (50 x 50 x 200 mm) 28 ASTM
strength C1609 [48]
Flexural strain Beam (50 x 50 x 200 mm) 28 ASTM
C1609 [48]
Elastic modulus  Cylinder (75 mm diameter and 28 ASTM
150 mm height) C469 [49]
Drying Beam (25 x 25 x 250 mm) 120 ASTM
shrinkage C596 [47]

2 For comparison 11 plain UHPCs were also selected for these tests, ® four spec-
imen prepared per test age.

enabled silica fume to react at the early stages with free lime to
produce C-S-H. In addition, the unreacted spherical silica fume
had the ability to fill the smaller voids that other pozzolanic mate-
rials could not reach. For this reason, most of the ternary UHPCs
displayed higher compressive strength as compared to that of the
quaternary and binary UHPC blends. However, for quaternary
blends, the presence of very high amounts of primarily unreactive
pozzolans and a lack of CH produced from the binders to trigger
the secondary reaction, as well as the size of the pozzolanic mate-
rials and availability of free water for secondary hydration, played
important roles in the lower compressive strength gains, when
compared to those of the binary/ternary UHPC blends. To support
this statement, Yazici et al. [54] reported that, large number of
cementitious particles remains unhydrated even after 28 days of
curing due to lack of available water for hydration. Mehta and
Monterio [55] mentioned that, pozzolanic material larger than
45 pm does not have the ability to participate in the secondary
pozzolanic reaction to produce hydration product. As can be seen
in Fig. 2, some of the fly ash/natural pozzolan/slag had particle size
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Table 5
Compressive and splitting-tensile strength, along with drying shrinkage of UHPCs at different V/Vep,
Classifications Mixture ID ‘}L:\" —-08 “//A -1.0 \)/A =12
fr- fc- fc- fc- ﬁf- DIZOD fr- fc- fc- fc- ﬁ:- D120D fc- fc- fc- fc- ﬁt- D120D
D 7D 28D 90D 28D D 7D 28D 90D 28D D 7D 28D 90D 28D
(MPa) (%) (MPa) (%) (MPa) (%)
Control C100 63 105 134 153 94 0.103 62 102 128 152 9.3 0.092 61 100 125 150 9.1 0.087
Binary C90F10 57 103 133 - 9.4 0.086 54 91 129 - 9.2 0.078 54 91 123 - 9.1 0.071
C80F20 53 94 128 158 9.6 0.084 51 89 128 154 9.2 0.076 52 84 122 151 9.0 0.068
C70F30 53 103 133 160 9.3 0.076 50 85 126 150 9.0 0.070 50 81 120 150 8.8 0.064
C60F40 49 95 124 157 9.2 0.072 46 74 119 147 8.6 0.066 46 74 113 150 8.1 0.061
C90N10 56 98 129 166 94 0.095 53 97 126 144 9.2 0.088 54 88 121 143 9.0 0.075
C80N20 54 97 127 151 9.3 0.086 54 89 123 145 89 0.078 52 84 119 146 89 0.071
C70N30 48 99 130 143 8.8 0.081 50 87 118 133 8.7 0.072 50 81 116 138 8.6 0.065
C90S10 59 93 125 167 8.8 0.110 65 103 127 149 89 0.098 61 96 123 148 8.9 0.087
C80S20 63 111 134 149 94 0.100 64 100 129 148 9.2 0.091 56 89 119 143 9.2 0.086
C70S30 64 111 134 152 8.9 0.096 68 104 127 148 89 0.084 57 91 119 139 8.8 0.080
C95SF5 73 118 140 165 9.8 0.116 71 114 140 171 9.5 0.106 65 109 131 168 9.4 0.096
C90SF10 74 120 149 168 105 0.120 74 124 147 175 10.0 0.110 71 117 138 164 9.8 0.101
C85SF15 75 120 149 - 108 0.130 75 126 151 177 105 0.116 72 119 139 - 10.3 0.103
Ternary C80F15SF5 71 116 141 147 9.8 0.109 64 113 137 165 9.6 0.100 61 101 129 153 9.5 0.093
C80N15SF5 70 115 139 150 9.6 0.110 60 107 134 158 9.5 0.102 59 96 127 151 9.3 0.094
C80S15SF5 69 102 128 139 9.5 0.116 67 115 132 159 9.5 0.106 64 104 124 149 9.5 0.096
C70F20SF10 64 120 148 131 9.8 0.121 60 103 140 144 9.9 0.114 59 97 131 132 9.2 0.098
C70N20SF10 59 112 144 136 9.7 0122 57 105 136 151 9.8 0.112 59 99 130 145 9.1 0.100
C70S20SF10 65 109 139 148 103 0.125 62 106 135 145 9.8 0.114 63 101 130 146 9.3 0.098
C50F30SF20 53 97 126 138 94 0.127 52 84 126 145 9.2 0.111 45 75 116 128 8.7 0.101
C50N30SF20 56 91 119 133 101 0.137 53 86 120 129 9.3 0.119 45 76 113 121 8.5 0.106
C50S30SF20 57 929 127 149 9.3 0.140 54 91 122 134 8.7 0.122 50 83 117 125 8.3 0.108
Quaternary C60F15S15SF10 59 109 132 144 8.7 0.112 52 92 125 140 86 0.100 48 82 116 127 8.6 0.093
C60F10S20SF10 60 102 131 151 9.2 0.097 47 88 127 145 9.2 0.113 46 80 112 131 9.2 0.118
C50F20N20SF10 54 72 123 154 9.2 0.090 45 70 118 148 9.2 0.107 40 72 108 137 9.1 0.109

Note: 1 MPa = 145 Psi; f'c1p, f'c.7p, fc-28p, and f'c.gop denotes compressive strength at 1-day, 7-day, 28-day, and 90-day, respectively; f;»sp denote splitting-tensile strength at

28-day; D20p denote drying shrinkage at 120-day

larger than 45 um which explains the lower strength development
at higher pozzolan replacement for quaternary blends.

3.1.2. Splitting-Tensile strength

The splitting-tensile strengths of the plain UHPCs, as a function
of cementitious materials compositions and V,/V., are docu-
mented in Table 5 and Fig. 7. Nearly all splitting-tensile strengths
of the binary, ternary, and quaternary UHPCs displayed similar
trends to those of the compressive strength. However, for the stud-
ied plain UHPCs, a higher cementitious material content had less
influence in improving tensile strength than it had on compressive
strength. The average compressive-to-splitting-tensile strength
ratios were 14, 13.95, and 13.6, for aggregate-to-cementitious
material ratios of 0.80, 1.0, and 1.2, respectively, whereas for con-
ventional concrete the ratio mostly varies between 8 and 12 [56]. A
study on UHPCs conducted by Meng et al. [30] also found a very
high compressive-to-splitting-tensile strength ratio of 16.8. It is
possible that the absence of coarse aggregate changes the interfa-
cial transition zone of the plain UHPCs in sustaining tensile force.
This limitation is not well documented in the literature, as nearly
all studied UHPCs contained some sort of fiber to compensate for
the brittle failure of plain UHPCs. Therefore, it can be said that
using plain UHPCs will not be sufficient for the requirement of
all mechanical properties.

The average 28-day cured splitting-tensile strength of the fly
ash incorporating binary UHPCs varied from 9.2 to 9.4 MPa, 8.6
to 9.2 MPa, and 8.1 to 9.1 MPa, for aggregate-to-cementitious
materials ratios of 0.80, 1.0, and 1.2, respectively. The binary
UHPCs with natural pozzolan/GGBS showed similar splitting-
tensile strengths at the 28-day testing age. With an increase of
the fly ash/natural pozzolan content from 10 to 30%, the split ten-
sile strength decreased. In contrast to fly ash/natural pozzolan,
increases in silica fume content in the binary UHPCs improved

the splitting tensile strength results. The binary UHPCs with silica
fume displayed average 3, 9, and 14% increases in splitting-tensile
strength, as compared to the control UHPCs at 5, 10, and 15%
replacement levels. When fly ash was substituted for portions of
Portland cement at 10 and 20% by weight, nearly no decrease in
splitting tensile strength was observed. However, with 30 and
40% fly ash, on average 3 and 7% lower splitting tensile strengths
were observed as compared to that of the control UHPC. Amongst
all the studied UHPCs, C85SF15 displayed the highest splitting-
tensile strength for all aggregate-to-cementitious material ratios,
whereas, C60F15S15SF10 and C60F40 displayed the lowest average
splitting-tensile strength values as compared to that of the control
UHPC.

Overall, in the binary blend UHPCs, the increase of natural poz-
zolan/fly ash/ slag resulted in decreased splitting-tensile strength
when compared to that of the control UHPC, whereas, increased
silica fume content improved the splitting-tensile strength of the
binary silica blended UHPCs. This phenomenon can be explained
by the highly reactive silica triggering early hydration and fly
ash/slag/natural pozzolan’s inability to be reactive during early
hydration ages. This is also in-line with the compressive strength
performance, as at 28 days, the compressive strength of UHPCs
incorporating fly ash/natural pozzolan were lower than the control
UHPC. However, 90-day binary UHPCs with cured fly ash surpassed
the control UHPC. The splitting-tensile strength of ternary and qua-
ternary blend UHPCs followed a similar pattern as compressive
strength discussed in the previous section.

3.1.3. Drying shrinkage

Table 5 and Fig. 7 document the 120-day drying shrinkage
results of the 78 studied UHPCs. Secondary cementitious materials
had significant effects on the concretes’ drying shrinkage, with fly
ash performing the best and silica fume performing the worst
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Fig. 7. Relative properties of the UHPCs, as compared to the control UHPC (C100) (a) for an aggregate-to-cementitious materials ratio of 0.8, (b) for an aggregate-to-
cementitious materials ratio of 1.0, (c) for an aggregate-to-cementitious materials ratio of 1.2.

against drying shrinkage. UHPCs made with GGBS displayed simi-
lar shrinkage performance as the control mixture. The presence of
unhydrated cementitious particles having fly ash/natural pozzolan
minimized drying shrinkage by filling the voids, which provided
additional dimensional stability to the UHPCs. On the other hand,
extra fine silica fume consumed more water for hydration and
resulted in higher drying shrinkage. Karim et al. [13] also con-

cluded that higher silica fume amounts resulted in higher drying
shrinkage.

All ternary blend UHPCs displayed higher drying shrinkage as
compared to the control UHPC, and mixtures with silica fume trig-
gered UHPC drying shrinkage increases. However, UHPCs with 5%
silica fume and 15% fly ash/natural pozzolan displayed only 6.5%
higher drying shrinkage in comparison to that of the control UHPC.
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UHPC blends having 20% silica fume displayed highest drying
shrinkage amongst all mixtures. However, ternary and quaternary
blend UHPCs made using both silica fume and natural pozzolan
and/or fly ash displayed better performance against drying shrink-
age compared to those of the binary UHPCs with silica fumes. Qua-
ternary blend UHPCs with 20% fly ash and 20% natural pozzolan
and 10% silica fume showed lower drying shrinkage as compared
the control UHPC. The presence of fly ash and natural pozzolan
compensated for the higher drying shrinkage exhibited by the sil-
ica fume, as seen in the binary blend UHPCs made with silica fume
[57].

3.2. Effect of Va/Vem, on compressive and Splitting-Tensile Strengths,
and drying shrinkage

Table 5 and Fig. 8a present the effect of V4/Vm, on the average
compressive strength of the plain UHPCs at various curing dura-
tions. With the increase in curing age, the compressive strength
also increased. On average, the UHPCs with V4/V,, = 0.80 attained
46 and 78% of their 28-day compressive strength at one and seven
days, respectively. Similar compressive strength developments
were found for Va/Vem = 1.0 and 1.20. On average, the 90-day com-
pressive strengths were 13, 17, and 18% higher than the 28-day
compressive strength for the UHPCs having Va/V., = 0.80, 1.0,
and 1.2, respectively. For Va/Vy, = 0.80 and 1.0, fifteen out of the
twenty-six UHPCs achieved the minimum compressive strengths
of 120 and 150 MPa, respectively, at 28 and 90 days curing dura-
tions. When the V,/Vey, = 1.2 was used, 12 out of 26 UHPCs pro-
duced the minimum compressive strength of 120 and 150 MPa
for the same curing ages.

Generally, with the increase of V,/V.y, from 0.80 to 1.2, the
compressive strength decreased. However, the effects were mini-
mal at later curing durations. For example, at the 7-day testing
an average of 6 and 12% reduction in compressive strength was
observed for UHPCs having Va/Vem = 1.0 and 1.2, respectively,
whereas for 90-day testing, the reduction in compressive strengths
were 3 and 7% when compared to those of the UHPC with Va/
Vem = 0.80. Overall, while cementitious materials content can make
a sizeable impact on strength, the proportions of aggregate-to-
cementitious materials also plays a role on strength, due to contri-
butions of quality and amount of aggregate on the resulting w/cm,
porosity, and interfacial zone.

The effect of Va/V.n on the average 28-day splitting-tensile
strength of the plan UHPCs is shown in Fig. 8b and Table 5. Similar
to the results of strength in compression, with the increase of Va/
Vem, @ decrease in the splitting-tensile strength was observed. On
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average, 9.5, 9.3, and 9.0 MPa splitting-tensile strengths were
obtained for the studied UHPCs using Va/Ven = 0.80, 1.0, and
1.20, respectively. Also, on average, 2.4 and 4.8% reductions in
splitting-tensile strengths were observed for Va/V., = 1.0 and
1.2, respectively, as compared to Va/V.y = 0.80. Higher cementi-
tious material amounts resulted in slightly higher tensile strength
values; however, the differences were not significant. As previously
discussed, significantly high 28-day compressive strength-to-
splitting-tensile strength ratio was observed for the studied
UHPCs; however, as the V,/V., increased, this strength ratio
decreased, indicating the higher fine aggregate amounts improved
splitting-tensile strength more than the compressive strength.
Therefore, the use of very high cementitious material amounts
does not improve compressive strength more than splitting-
tensile strength. For this reason, in nearly all studies conducted
on UHPCs, researchers included some sort of fibers to improve ten-
sile strength performance.

The effect of Va/Vm on the average 120-day drying shrinkage of
the plain UHPCs is shown in Fig. 8c and Table 5. In general, with the
increase of Va/Vcm, a decrease in drying shrinkage was observed.
On average, 0.106, 0.097, and 0.087% drying shrinkage was
obtained using Va/V.m of 0.80, 1.0, and 1.20, respectively. More-
over, on average, a 9.1 and 17.7% reduction in drying shrinkage
were observed for V,/V.y, of 1.0 and 1.2, respectively, as compared
to that of the Va/V¢y, of 0.80. This can be attributed to the lower
cementitious materials content and higher restraining effect of
the filler materials as the Va/V¢y, of the UHPCs increased.

3.3. Optimized plain UHPCs

In the first phase of the study, three aggregate-to-cementitious
materials ratios (0.80, 1.0, and 1.20) were used to assess the bulk
properties and dimensional stability of the studied UHCs. The aver-
age 28-day compressive strength test shows that UHPCs with the
Va/Vem equals to 1.20 displayed 7% lower compressive strength
and 5% lower splitting-tensile strength than that of the V[V, of
0.80. Interestingly, as the curing duration increased from 28-day
to 90-day, the average compressive strength of UHPCs made using
Va/Vem of 1.20 was only 3% lower than the V4/Vy, of 0.80. In con-
trast, the average 120-day drying shrinkage of UHPCs having Va/
Vem of 0.80 was significantly (22%) higher than that of the UHPCs
made using Va/Vcn of 1.20. Considering these outcomes, Va/Vem
of 1.20 was selected for the Phase II of this study.

Amongst the 26 cementitious material compositions used in the
first phase of this study, four binary (out of 13), four ternary (out of
nine), and two quaternary (out of three) cementitious composi-
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Fig. 8. Effects of aggregate-to-cementitious materials ratios on UHPCs’ (a) 28-day compressive strength, (b) 28-day splitting-tensile strength, and (c) 120-day drying
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tions were selected based on their mechanical and dimensional
stability performance within their own respective groups. Addi-
tionally, concrete cost was considered when similar properties
were obtained in the same cement blend group. The price distribu-
tion of Portland cement and slag is similar, and it seemed that
addition of GGBS did not add much benefit to the bulk and dimen-
sional stability of the UHPCs incorporating GGBS. On the other
hand, class F fly ash and natural pozzolan significantly improved
the long-term strength properties, as well as the 120-day drying
shrinkage behavior. For this reason, in the Phase II, GGBS was only
incorporated in one fiber-reinforced UHPC. Silica fume addition
improved bulk properties significantly, however, it negatively
impacted dimensional stability. Silica fume with fly ash/natural
pozzolan provided both higher bulk properties and lower dimen-
sional stability. For these reasons, the ternary UHPCs selected for
Phase II study contained silica fume combined with fly ash or nat-
ural pozzolan.

4. Fiber-Reinforced UHPCs (Phase II)

Based on the results of the strength properties and drying
shrinkage of the UHPCs studied in Phase I, a total of 40 UHPCs
(11 plain UHPCs and 29 steel fiber-reinforced UHPCs) with 11 bin-
der combinations were selected to study the performance of fiber-
reinforced UHPCs. The Phase II mixture proportions for fiber-
reinforced UHPCs are presented in Table 6. Their batching proce-
dure was the same as the one presented in Section 2.5. The inves-
tigated properties included compressive strength, splitting-tensile
resistance, flexural strength, load-deflection response, flexural
strain, elastic modulus, and drying shrinkage. The details of all
the tests performed in this phase are given in Table 4.

5. Experimental results on Fiber-Reinforced UHPC (Phase II)

Table 7 summarizes the bulk, shrinkage, and flexural strain
properties of fiber-reinforced UHPCs and UHPCs without steel
fibers. A detailed discussion is provided in the following sub-
sections.

5.1. Flow and unit weight

The UHPCs’ flow diameters and demolded unit weights are pre-
sented in Table 7. A satisfactory flow spread diameter of
250 + 25 mm was attained for all UHPCs. UHPCs containing steel
fibers required additional HRWRA to maintain the required flow
spread diameter. Fly ash’s spherical shape (Fig. 1) gave the mix-
tures additional flowability and a lower demand for HRWRA. On
the other hand, UHPCs containing silica fume, with a very high sur-
face areas, (Fig. 2) required a higher amount of HRWRA. On aver-
age, 2402, 2490, and 2546 kg/m> unit weight was obtained using
0, 2, and 3% steel fibers, respectively. A typical unit weight of
UHPCs varies from 2300 to 2700 kg/m? [20]. Due to the high rela-
tive density of the steel fibers, the UHPCs containing 2 and 3% steel
fibers showed higher unit weights as compared to those of the
companion plain UHPCs.

5.2. Effect of steel fiber content and shape

5.2.1. Compressive strength

The 28-day compressive strength of the UHPCs containing 2 and
3% hooked and straight steel fibers is documented in Table 7 and
Fig. 9a. In general, the introduction of fibers improved the UHPCs’
compressive strength to some extent, and UHPCs made with 3%
steel fibers produced slightly higher compressive strengths than
those UHPCs incorporating 2% steel fibers. When 2% hooked steel

11
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fiber was added, the average compressive strength improved by
3% as compared to the control UHPC without steel fibers. With
the introduction of 3% hooked fiber, the corresponding gain in
average compressive strength was 6%. The increases in the com-
pressive strength, with increases in fiber content, can be attributed
to the anticipated increase in the matrix stiffness of the fiber-
containing UHPCs; however, these improvements were minimal.
Several other studies also reported similar finding [58,59]. The
addition of 2 and 3% straight steel fibers to the UHPCs resulted in
an average increase of 2% in compressive strength as compared
to those of the UHPCs made with the hooked fibers, possibly due
to better interfacial bonding between the matrix and straight
fibers.

5.2.2. Splitting-Tensile strength

The 28-day splitting-tensile resistance of the UHPCs with 2 and
3% hooked and straight steel fibers is presented in Table 7 and
Fig. 9b. The introduction of fibers significantly improved
splitting-tensile strength. The UHPCs made with 3% steel fibers
produced a significantly higher splitting-tensile strength as com-
pared to the UHPCs made with 2% steel fibers. When 2% hooked
steel fiber was added, the average splitting-tensile strength
improved by 17% as compared to that of the plain UHPC. With
the introduction of 3% hooked fiber, the corresponding gain in
the average splitting-tensile strength was nearly 37%. Additionally,
the test specimens having 2 and 3% straight fibers increased their
average splitting-tensile resistance by 18 and 38%, respectively.
This finding can be attributed to the anticipated increase in the
matrix stiffness of the fiber-reinforced UHPCs. Additionally, steel
fibers distributed localized stress to the surrounding concrete
and acted as a crack arrester. The addition of 2 and 3% straight steel
fibers resulted in a similar increase in splitting-tensile strength, as
compared to those of the UHPCs made with the hooked fibers.

5.2.3. Load-Deflection Response, flexural Strength, and flexural strain

The mid-span load-deflection (P-3) response of the 28-day
cured UHPC beams for both plain and fiber-reinforced UHPCs
was determined and the representatives are depicted in Fig. 10.
Fig. 10a shows the load-deflection response of the control UHPCs
incorporating 0, 2 and 3% hooked steel fibers. The P-3 responses
of all three UHPCs were linear until the deflection values reached
near to 0.1 mm, at which plain UHPC reached its peak load and
failed in a brittle manner. An increased load capacity was obtained
when the fiber volume increased from 2% to 3%. The fiber-
reinforced UHPCs showed a strain hardening response between
0.1 and 0.45 mm deflection for 2% fiber-reinforced UHPCs, and
0.1 to 0.80 mm deflection for 3% fiber-reinforced UHPC specimens.
As the fiber content increased from 2 to 3%, the post-peak load
retention capacity also increased. A similar trend was found for
the UHPCs containing straight steel fibers as depicted in Fig. 10b.
The failure sequence of fiber-reinforced UHPCs having 3% steel
fibers is illustrated in Fig. 11. The steel fibers acted as a bridge to
restrain crack development, and a clear demonstration of the
strain-hardening and softening effect is depicted. Arora et al. [24]
also documented a similar strain-hardening trend in the P-§
responses of fiber-reinforced UHPCs.

The 28-day flexural strength of the studied UHPCs are given in
Table 7. Overall, significant improvement in flexural strength was
observed when steel fibers were incorporated, with the addition
of 2 and 3% hooked steel fibers resulting in average increases of
23 and 36%, respectively, when compared to those of the plain
UHPCs. In comparison, improvements in the flexural strength of
the UHPCs made with 2 and 3% straight steel fibers were 29 and
43%, respectively. The effects of fiber content and shape on the
UHPCs’ flexural strength is presented in Fig. 12. From the box-
whisker plot, the shape of fiber had only a minor influence on flex-
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Table 6
Mixture proportions of fiber-reinforced UHPCs.
Mixture ID* Va/Vem w/cm cb F NP sP SF® Agg” HRWRAP wP Fiber”
kg/m>
C100-2%H 1.2 0.21 1101 1174 131 224 156
C95SF5-2%H 1.2 0.21 1046 37 1174 134 220 156
C90SF10-2%H 1.2 0.21 991 70 1174 13.6 216 156
C80F20-2%H 1.2 0.21 881 163 1174 11.9 213 156
C70F30-2%H 1.2 0.21 771 244 1174 11.2 208 156
C80F15SF5-2%H 1.2 0.21 881 122 31 1174 124 211 156
C80N15SF5-2%H 1.2 0.21 881 96 31 1174 12.5 205 156
C70F20SF10-2%H 1.2 0.21 771 163 55 1174 13.2 201 156
C70N20SF10-2%H 1.2 0.21 771 112 55 1174 13.2 190 156
C60F10S20SF10-2%H 1.2 0.21 660 81 120 47 1174 13.7 184 156
C50F20N20SF10-2%H 1.2 0.21 550 163 80 39 1174 133 168 156
C100-2%S 1.2 0.21 1101 1174 131 224 156
C95SF5-2%S 1.2 0.21 1046 37 1174 134 220 156
C80F20-2%S 1.2 0.21 881 163 1174 11.9 213 156
C70F30-2%S 1.2 0.21 771 244 1174 11.2 208 156
C80F15SF5-2%S 1.2 0.21 881 122 31 1174 124 211 156
C80N15SF5-2%S 1.2 0.21 881 96 31 1174 12.5 205 156
C100-3%H 1.2 0.21 1101 1174 14.9 222 234
C95SF5-3%H 1.2 0.21 1046 37 1174 13.2 220 234
C80F20-3%H 1.2 0.21 881 163 1174 124 214 234
C70F30-3%H 1.2 0.21 771 244 1174 13.7 208 234
C80F15SF5-3%H 1.2 0.21 881 122 31 1174 13.9 210 234
C80N15SF5-3%H 1.2 0.21 881 96 31 1174 16.5 202 234
C100-3%S 1.2 0.21 1101 1174 14.7 223 234
C95SF5-3%S 1.2 0.21 1046 37 1174 13.8 218 234
C80F20-3%S 1.2 0.21 881 163 1174 15.2 209 234
C70F30-3%S 1.2 0.21 771 244 1174 154 205 234
C80F15SF5-3%S 1.2 0.21 881 122 31 1174 183 205 234
C80N15SF5-3%S 1.2 0.21 881 96 31 1174 16.3 204 234

1 kg/m> = 1.685 Ibjyd>

2 Mixture ID: number after C, F, N, S, and SF indicates percentage of respective cementitious materials. 2%S, 2%H, 3%S, and 3%H after hyphen (-) denotes percentage of steel
fiber used. For example, C95SF5-2%H means 95% cement and 5% silica fume and 2% hooked steel fiber.
b C: Cement; F: Class F fly ash; °N: Natural pozzolan; ®S: Ground granulated blast-furnace slag; SF: Silica fume; "Agg: Aggregate; "HRWRA: High-range water reducing

admixture; "W: Water; "Fiber: Steel fiber.

ural strength of the UHPCs. Mixtures incorporating 2% and 3%
straight fibers showed 7 and 11% higher flexural strength, respec-
tively, when compared with those made with hooked fibers. The
addition of steel fibers had more influence on the UHPCs’ flexural
strength resistance than it did on their compressive strength.

The 28-day flexural strain evaluated from the load-deflection
responses of the UHPCs are tabulated in Table 7. Due to the brittle
nature of plain UHPCs, these mixtures had a very low flexural
strain at peak load. As shown in Fig. 13, presence of steel fibers
improved the flexural strain by arresting crack growth and gener-
ating strain-hardening before the peak strength was reached. The
improvement in flexural strain capacity, due to the contribution
of steel fibers, corroborates the increased ductility of the studied
fiber-reinforced UHPCs.

5.2.4. Elastic modulus

Table 7 documents the 28-day elastic moduli of the studied
UHPCs. Similar to the results of compressive strength, the addition
of steel fibers did not have significant effects on the elastic moduli
of the studied UHPCs. Yoo et al. [33] also reported minor improve-
ment of elastic moduli in fiber-reinforced UHPCs. Inclusion of 2
and 3% hooked steel fibers resulted in average increases of 3 and
6%, respectively. In comparison, improvements in the elastic mod-
uli of the UHPCs made with 2 and 3% straight steel fibers were 4
and 8%, respectively. Fig. 14 documents the effects of fiber contents
and shapes on the elastic moduli of the studied UHPCs. The UHPCs
made with straight steel fibers performed slightly better than the
hooked steel fibers. Mixtures containing 2% and 3% straight fibers
showed 7 and 11% higher elastic modulus, respectively, when com-
pared to the companion UHPCs containing hooked fibers.
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5.2.5. Drying shrinkage

The drying shrinkage of the plain and fiber-reinforced UHPCs is
documented in Table 7. The effects of the cementitious materials
and fine aggregate-to-cementitious materials ratio on the UHPCs’
drying shrinkage were discussed in Section 3.1.3 and 3.2. The effect
of steel fiber content and shape on the drying shrinkage as a func-
tion of time is shown in Fig. 15. Inclusion of steel fibers greatly
restrained the drying shrinkage. Overall, the drying shrinkage of
both plain and fiber-reinforced UHPCs peaked at about 60 days
with minor increases thereafter. Straight steel fibers performed
slightly better in restraining drying shrinkage due to better fiber
to paste surface bonding. This finding is in line with the other
mechanical properties, such as flexural strength and elastic modu-
lus. On average, inclusion of 2 and 3% steel fiber resulted in 14 and
26% reductions of drying shrinkage as compared to that of the plain
UHPCs. As can be seen, 3% steel fibers were more effective in reduc-
ing drying shrinkage than 2% steel fibers. Yoo et al. [33] also found
3% steel fiber to be optimum in reducing drying shrinkage.

6. Relationships between UHPCs’ bulk properties

Various correlations were developed amongst compressive
strength (120-150 MPa), splitting-tensile resistance, flexural
strength, and elastic modulus of the studied plain and fiber-
reinforced UHPCs. A suitable relationship, at a 95% confidence
level, between 28-day cured compressive strength and splitting-
tensile resistance is shown in Fig. 16. Increases in the UHPCs’ com-
pressive strength led to increased splitting-tensile strength for the
studied UHPCs. The steel fiber content had more influence on
splitting-tensile strength than it had on compressive strength.
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Table 7
Summary of test results of Phase II study.
Mixture ID Flow Veon fe28p fe-28p fr-28D Ec2sp Di20p &f (%)
(mm) (kg/m>) (MPa) (MPa) (MPa) (GPa) (%)

C100 248 2470 125 9.1 11.8 38.9 0.087 0.00005
C95SF5 273 2451 131 9.4 13.2 41.8 0.096 0.00005
C90SF10 268 2432 138 9.8 14.3 44.0 0.101 0.00006
C80F20 270 2405 122 9.0 12.5 379 0.068 0.00004
C70F30 250 2374 120 8.8 12.2 372 0.064 0.00004
C80F15SF5 253 2388 129 9.5 133 42.2 0.093 0.00005
C80N15SF5 236 2386 127 9.3 12.7 41.2 0.094 0.00005
C70F20SF10 274 2372 131 9.2 12.7 41.5 0.098 0.00005
C70N20SF10 267 2369 130 9.1 11.9 399 0.100 0.00004
C60F10S20SF10 244 2385 123 9.2 12.7 374 0.086 0.00004
C50F20N20SF10 272 2393 120 9.1 10.7 353 0.083 0.00004
C100-2%H 241 2536 127 10.5 16.2 394 0.079 0.00102
C95SF5-2%H 247 2512 135 11.1 18.0 423 0.083 0.00107
C90SF10-2%H 244 2506 143 114 183 44.7 0.093 0.00119
C80F20-2%H 271 2475 125 10.6 15.4 39.2 0.059 0.00093
C70F30-2%H 269 2440 127 10.4 15.1 39.8 0.056 0.00078
C80F15SF5-2%H 248 2483 136 11.2 16.6 42.5 0.081 0.00165
C80N15SF5-2%H 250 2478 131 10.9 16.9 41.7 0.082 0.00144
C70F20SF10-2%H 248 2504 136 10.7 17.0 42.3 0.086 0.00190
C70N20SF10-2%H 251 2473 135 10.6 16.8 421 0.092 0.00187
C60F10S20SF10-2%H 245 2488 131 103 15.1 38.1 0.082 0.00111
C50F20N20SF10-2%H 242 2483 123 10.1 14.9 36.7 0.081 0.00099
C100-2%S 256 2531 127 10.6 16.8 399 0.078 0.00128
C95SF5-2%S 240 2506 134 11.0 18.5 42.4 0.083 0.00205
C80F20-2%S 247 2491 125 10.7 17.7 39.0 0.059 0.00085
C70F30-2%S 270 2446 128 10.6 17.3 40.1 0.056 0.00107
C80F15SF5-2%S 264 2490 135 111 18.7 43.7 0.078 0.00189
C80N15SF5-2%S 245 2481 133 11.0 17.3 42.6 0.080 0.00157
C100-3%H 251 2585 130 12.3 18.7 414 0.069 0.00385
C95SF5-3%H 255 2551 139 12.8 22.0 43.1 0.073 0.00449
C80F20-3%H 240 2540 127 12.2 17.5 39.8 0.054 0.00383
C70F30-3%H 246 2498 131 12.1 17.2 433 0.052 0.00352
C80F15SF5-3%H 265 2535 140 13.1 222 43.9 0.072 0.00532
C80N15SF5-3%H 261 2533 137 12.9 19.9 43.1 0.074 0.00443
C100-3%S 271 2592 131 12,5 20.7 419 0.067 0.00403
C95SF5-3%S 250 2583 141 13.0 23.1 44.7 0.074 0.00540
C80F20-3%S 255 2543 128 12.4 20.7 40.4 0.054 0.00448
C70F30-3%S 238 2506 133 123 19.7 42.8 0.053 0.00424
C80F15SF5-3%S 243 2535 143 13.1 24.7 45.0 0.068 0.00557
C80N15SF5-3%S 264 2545 137 13.0 23.0 43.9 0.070 0.00509

Note: 1 MPa = 145 Psi; ycon denote unit weight; f_,gp denotes compressive strength at 28-day; fi_,sp denote splitting-tensile strength at 28-day; f;_»sp denote flexural strength

at 28-day; E.,gp denote elastic modulus at 28-day; D10p denote drying shrinkage at 120-day; &; denote flexural strain at peak load.
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Fig. 9. Effect of steel fiber content and shape on UHPCs’ (a) 28-day compressive strength, (b) 28-day splitting-tensile strength.
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Fig. 11. Failure sequence of typical fiber-reinforced UHPC (C100-S3%), (a) first crack, (b) strain hardening, (c) softening, (d) failure of sample.
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Increases in steel fiber content also resulted in the reduced
compressive-splitting-tensile strength ratios of the studied UHPCs.
The relationship between the flexural and splitting-tensile strength
of fiber-reinforced UHPCs, with a coefficient of determination (R?)
value of 0.92, is presented in Fig. 17. The proposed equation can be
used to predict the splitting-tensile strength of UHPCs using flexu-
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Fig. 13. Correlation between flexural strength and flexural strain at peak load.

ral strength data. Compressive strength and modulus of elasticity
relationships are well established in various codes and standards
for conventional and high-strength concrete. An attempt was made
to develop a correlation between compressive strength and modu-
lus of elasticity of the studied UHPCs. Fig. 18 documents the most
suitable relationship between compressive strengths and elastic
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use of high amounts of cementitious materials and omission of
coarse aggregate in UHPCs resulted in the relationship between
compressive strength and elastic modulus that differed from that
of the conventional UHPC concretes. A similar observation was also
reported by Alsalman et al. [26].

7. Conclusions

Based on the results of this study, the following conclusions can
be drawn:
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(1) The binary blend UHPCs containing fly ash or silica fume dis-
played higher strength properties than slag and natural poz-
zolan. Overall, amongst the studied binary, ternary, and
quaternary cement blend UHPCs; ternary blend UHPCs con-
taining fly ash and silica fume exhibited highest bulk
properties.

(2) The increase of aggregate-to-cementitious materials ratio
(Va/Vem) from 0.80 to 1.20 resulted in reduced 28-day com-
pressive strength of the studied UHPCs. However, reduction
in compressive strength became less pronounced once cur-
ing age was extended to 90-day.

(3) Cementitious materials types and compositions had more
influence than aggregate-to-cementitious materials ratio
on the strength properties of the studied UHPCs.

(4) Inclusion of steel fibers significantly improved splitting-
tensile resistance and flexural strength, whereas its effect
on compressive strength and elastic modulus was minimal.

(5) Straight steel fibers produced a slightly better bulk proper-
ties and dimensional stability than hooked fibers.

(6) Drying shrinkage of the plain UHPCs decreased with
increases in aggregate-to-cementitious materials ratios
(Va/Vem). Secondary cementitious materials had significant
effects on drying shrinkage of the studied UHPCs’, with fly
ash performing the best and silica fume performing the
worst. Addition of fly ash or natural pozzolan and steel fibers
compensated for the higher drying shrinkage exhibited by
the silica fume in the binary blend UHPCs.

(7) The studied plain UHPC beams failed in a brittle manner. A
clear strain-hardening before peak strength was observed
in steel fiber-reinforced UHPCs. An increase in steel fiber
content significantly improved post-peak retention capacity
of the studied fiber-reinforced UHPCs.
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