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In this study, Ultra-High Performance Concrete (UHPC) mix was optimised to expand its use in large-scale ap-
plications. Using alternative curing methods instead of heat treatment, it was aimed that UHPC will meet the
required strength and workability criteria and thus be presented applicable solutions for widespread use of UHPC
in engineering applications. Therefore, effect of aggregate type, fiber content, curing method, compacting
method, cement type, water/cement ratio and aggregate granulometiy on mechanical properties of UHPC was
investigated. Compressive strength, flexural tensile strength, splitting tensile strength, pull-out behaviour,
modulus of elasticity and toughness values of the UHPC series were determined. Standard water curing
(compared to wet hessian application) increased the compressive strength by 11.2% and the flexural tensile
strength by 19%, while the inclusion of hybrid fibers (compared to the use of a single type of fiber) increased the
compressive strength by 16.7% and the flexural tensile strength by 48%. Type of aggregate was found very
effective on flexural tensile strength as well, and it provided additional ductility by increasing the matrix
strength. In cases where heat treatment is not available, it was observed that the required strength criteria can be
met with standard water curing as well. UHPC with a compressive strength of 170 MPa, which has excellent
workability, was developed. As a result of the study, optimum solutions were proposed for the widespread use of
UHPC in the precast industry.

Optimisation

Mechanical properties
Steel fiber

Curing method

Locally available materials

1. Introduction

Ultra-High Performance Concrete (UHPC) is a new generation
cement-based composite material with superior mechanical properties
and durability. Although different values (100 to 120 MPa) were given
in various standards [1-3], the minimum compressive strength of UHPC
to be used in structural applications was stated as 150 MPa and 165 MPa
for cylinder and cube specimens, respectively, in NF P 18-470 [4].

In recent decades, interest in high-strength materials is increasing in
structural engineering applications, with the effect of the tendency to-
wards slender, aesthetic and light structures. Owing to the ultra-high
compressive strength of UHPC, the use of UHPC can reduce the weight
of the structure to one third of a structure designed for the same purpose
and with conventional concrete [5,6]. Due to the use of more slender
elements and the decrease in the weight of the structure, UHPC reduces
the earthquake load that will affect the structure, and also transportation
and labor costs. In addition to it being used as an economical solution in
large-span bridges, it is also seen as a potential material for wide use in
high-rise buildings and protective structures (such as military buildings
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and nuclear industry) [7-10]. Its superior durability provides a long
service life with less maintenance [6].

UHPC has much higher compressive strength, tensile strength, frac-
ture energy, durability, fatigue, impact and abrasion resistance
compared to conventional concrete [ 10]. However, in order for UHPC to
achieve the desired strength, it is generally recommended in the liter-
ature to apply heat treatment at 90 °C for atleast 48 h [11-14]. Although
it has numerous advantages over conventional concrete, the use of
UHPC in engineering applications has remained limited due to the
limited design codes (standards/guidelines) and the difficulty of per-
forming heat/autoclave/steam curing in practice [15,16]. In addition to
application difficulties, hear treatment application carried out for a long
time is not preferred, as it is often seen as an additional cost and labor by
the precast industry.

Graybeal [17] compared the compressive behaviour of untreated
samples produced to simulate the potential condition that the large-scale
structural element may encounter with steam-treated specimens. As a
result of the study, it was shown that the compressive strength can be
reduced by 35% if steam treatment is not applied. Moreover, it was
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stated that the steam-treated samples behaved linearly up to 80-90% of
compressive strength in stress—strain curves, whereas linearity was lost
earlier in untreated specimens. In the study conducted by Shi et al. [18],
a UHPC with a low carbon dioxide index was obtained by optimising the
binder system. Thus, it was stated that an eco-efficient UHPC mixture
was designed. As a result of the study, it was reported that the
compressive strength of the UHPC mixture, which has a compressive
strength of 201 MPa under autoclaved curing condition, is 150 MPa
under standard curing. A study on the optimisation of UHPC mix was
carried out by Chen and Zheng [19]. The highest compressive strength
obtained under the standard water curing was reported as 129 MPa at
cube specimens. However, it was stated that the mixes have extremely
low fluidity due to the low water-to-binder (w/b) ratio and therefore it is
difficult to cast into the mold. Zhang et al. [16] conducted a study on the
enhancement of UHPC strength under standard water curing conditions
with constant 3% fiber reinforcement. As a result of the study, it was
reported that a UHPC with a compressive strength of 152.4 MPa was
obrtained from cube specimen with a w/b ratio of 0.194 and the collapse
was 120 mm according to the conventional slump test. In another study
investigating the effect of different curing conditions [20], it was stated
that the consistency of fresh concrete was low enough to require addi-
tional operations such as hand operations and vibrators for casting and
compaction, even though compressive strength up to 200 MPa was
achieved with standard water curing. Nasrin and Ibrahim [21] investi-
gated the mechanical properties of UHPC using locally available mate-
rial as fine aggregate. It was reported that the compressive strength can
be increased up to 55% with the appropriate choice of aggregates. In
addition, it was stated that compressive strength of 140 MPa can be
reached without applying any form of heat treatment. In the study
conducted by Kazemi and Lubell [22], approximately 140 MPa
compressive strength was obtained in the UHPC cube specimen under
conventional moist curing. In the same study, the effect of the com-
pacting method was also examined and 13% higher compressive
strength was obtained from vibrated UHPC specimens compared to
nonvibrated mixes. Dong et al. [12] compared the mechanical properties
of standard cured and heat cured specimens. While the highest
compressive strength obtained under standard curing conditions was
149 MPa, the importance of heat curing was pointed out at the end of the
study.

Dinggqiang et al. [23] proposed a mix design method for UHPC using
various models. The effects of steel fiber on particle packing system were
investigated by employing straight (long and short) and hooked-end
steel fibers. As a result of the study, the fiber content was optimised
using the D-optimal design (DOD) model and it was recommended that
the fiber content should not exceed 2% for dense matrix structure and
high fiber efficiency. On the other hand, several studies are available in
the literature showing that mechanical properties improve as the
amount of fiber increases [13,24,25], in addition to research that
recommend the combination of short and long fibers [26,27]. Further-
more, flexural tensile strength increases both when the fiber alignment
can be controlled and the fiber length increases [28]. Moreover, in order
to obtain desired properties (such as strain-hardening behaviour
accompanied by multiple micro-cracks), considerably high fiber content
(i.e. 4-6%) could be required in UHPC [29]. However, considering that
steel fibers constitute the majority of the cost of concrete, it is becoming
more of an issue to study maximizing the strength by optimising the
mixture, including minimizing the amount of fiber as much as possible.

Considering these, optimising the mix proportions is of great
importance for the widespread use of UHPC. This study aimed to
develop a UHPC that is well flowable and can be used in structural ap-
plications as well as meeting the required strength criteria without heat
treatment by optimising the mix design of UHPC. Accordingly, in the
first stage of the study, the effect of aggregate type, fiber content and
curing type on UHPC’s mechanical properties was experimentally
investigated. For this purpose, different steel fiber contents were intro-
duced into UHPC series that were manufactured using different
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aggregate types. After determining the optimum mix, the effect of
alternative curing methods that can be applied to the structural element
in case of not applying heat treatment on mechanical properties was
investigated. In the second stage of the study, a series of experimental
studies were carried out on improving the mechanical properties of the
optimum mix. Thus, the effect of water-to-cement (w/c) ratio, com-
pacting method, cement type and aggregate granulometry on mechan-
ical properties was investigated experimentally. As a result of the study,
optimum solutions have been proposed for the widespread use of UHPC
in the precast industry, large-scale applications and structural element
applications, thanks to the optimisation of mix proportions and simpli-
fication of the procedure followed in production.

2. Materials and method
2.1. Materials

Two types of Portland cement were used in the mixes. In addition to
CEM I 52.5 N portland cement, which is widely used in UHPC, CEM 1
42.5R was used in some series considering its widespread use in con-
ventional concrete applications, ease of procurement and low cost.
Moreover, undensified silica fume (SF) was used and chemical compo-
sitions of the binders are given in Table 1. 28-day compressive strengths
of the cement were 52.9 MPa and 61.1 MPa for CEM I 42.5R and CEM 1
52.5 N, respectively. Quartz powder (0-100 pm) and two types of sand
as grain size were used in the mixtures. Sands with grain distribution of
100-300 pm and 300-700 pm were named as Sand-1 and Sand-2,
respectively. Additionally, two types of sands having similar particle
size distributions were used such as crushed quartz sand and natural
silica sand. Table 2 provides the chemical composition and physical
properties of the types of sands. Quartz sand is originally white in nature
and iron content (Fe,O3) results in colours that range from pink to
brown [30]. Thus, as seen in Table 2, natural silica sand containing
relatively more Fe;O3 has light brown colour. A polycarboxylate-based
highly active superplasticizer was used to achieve desired fluidity.
This superplasticizer, in addition to fluidizing the fresh concrete, enables
it to reach high strength in a short time [13]. Two types of steel fibers
were used in the study. The brass-coated short straight fibers (6,/0.2) and
the long hooked-end fibers (35/0.75) are illustrated in Fig. 1 and their
technical properties are given in Table 3. Particle size distribution of
aggregates used in concrete series is shown in Fig. 2.

3. Method
3.1. Mixing

Pan type mixer with a capacity of 50 L was used to mix UHPC mix-
tures. However, due to the extremely low w/c ratio, the mixing method
in UHPC is different from conventional concretes. Moreover, a wide
variety of mixing methods are available for different UHPC mixes.
Various researchers [13,24,31-33] have followed different methods of
mixing UHPC mixes. The mixing procedure applied in this study was as
follows:

Binders (cement and silica fume) were put into the mixer and mixed
dry for 3 min.

Water and superplasticizer additive were slowly added to the
mixture, allowing it to mix for another 7 min.

Then, the rest of the dry components (powder and sand) were added
into mixer and mixed for 4 min.

Steel fibers were added last and allowed to mix for another 3 min
until uniformly distributed.

Mixing speed was kept constant throughout the mixing process.
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Table 1
Chemical composition of the binders (%).
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Si0o Al,O3 FeqO3 CaO MgO NayO eq. 503 cr CsS CsS CsA C4AF
CEM I 42.5R 19.8 4.7 3.18 64.35 1.27 0.77 2.49 0.008 67.80 5.62 7.08 9.68
CEMIS25N 19.8 4.4 3.89 64.67 1.35 0.44 2.56 0.011 62.67 9.54 5.18 11.84
Silica Fume 94.1 0.7 0.25 0.50 0.60 0.56 0.50 0.10 - - - —
Table 2
Chemical composition and physical properties of the sands (%).
§i0s AlO5 Fes05 Ca0O MgO Na,O eq. TiO» Colour View
Crushed Quartz 99.5 0.01 0.01 - 0.37 0.07 White
Natural Silica 98.3 0.91 0.20 0.02 0.07 0.12 Light Brown

Straight

Hooked-End
[35/0.75]

Fig. 1. Types of steel fibers used in the study.
3.2. Curing

In this study, it was taken into consideration that heat treatment,
which will be applied for a long time, is not preferred by the precast
industry, due to additional cost and labor reasons. Thus, instead of heat
treatment, the traditional curing methods such as storing at 20 °C in
water and covering with wet hessian (depending on the concrete series)
were carried out until the experiment day, in accordance with the cor-
responding standard [34]. The curing methods used are illustrated in
Fig. 3. All experiments were performed at the age of 28 days.

3.3. Optimisation of the aggregate granulomeiry

The aggregate combination used in the UHPC series manufactured in
the first stage of the study was taken from the literature [13]. This
aggregate mixture is hereinafter referred to as Aggregate Combination
—1 (AC1). After the first stage, aggregate granulometry was optimised in
order to examine the effect of aggregate granulometry on the mechan-
ical properties of UHPC and to increase concrete strength. Thus, the

“Fuller and Thompson Curve” [35] was used. According to Fuller and
Thompson, in case the aggregate gradation meet the reference curve
obtained from Equation (1), the mix may have a better particle packing
and thus higher compressive strength.

pP= (ﬁ)"xl()o 1

where P is % finer than the sieve, d is aggregate particle size, Dy is
maximum aggregate particle size, and n is a parameter that is taken 0.5
for maximum particle density.

With the help of the Fuller curve, a new aggregate combination
denoted as AC2 was generated and was included in the experimental
program since it was seen to be closer to the Fuller curve than AC1. In
line with the scope of the study, in addition to the Fuller & Thompson
curve, computer software was also used to enhance the compactness of
the mix and obtain the denser particle packing. The mix proportions of
the aggregate combinations that were obtained from literature, Fuller &
Thompson equation and computer software are shown in Table 4. The
aggregate ratios in Table 4 are given in proportion to the cement weight
in the concrete mixture.

In order to determine the aggregate combination having the highest
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=
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-
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g 40 owder
& o Sand-1
30 @ Sand-2
Fuller (700 pm)
20 Aggr. Comb. 1
10 —e— Aggr. Comb. 2
o = —— Aggr. Comb. 10
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0 0063 0.125 025 0425 05 06 0.7 1 2

Sieve Size [mm]

Fig. 2. Aggregates grading.

Table 3
Characteristics of the steel fibers.
Length [mm] Diameter [mm] Aspect Ratio Tensile Strength[MPa] Modulus of Elasticity [GPa] Shape
Short Fiber 6 0.20 30 = 2500 200 Straight
Long Fiber 35 0.75 45 ~ 1225 200 Hooked-end
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Fig. 3. Curing methods.
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Table 4

Proportions by weight to cement weight of aggregate combinations.
Notation ACl1 AC2 AC3 AC4 ACS5 AC6 AC7 AC8 AC9 AC10 AC11 AC12
Powder 0.40 0.40 0.40 0.40 0.40 0.40 0.44 0.18 0.18 0.28 0.29 0.37
Sand-1 0.29 0.26 0.23 0.20 0.17 0.14 0.15 0.19 0.03 0.27 0.00 0.22
Sand-2 0.29 0.32 0.34 0.37 0.40 0.43 0.39 0.59 0.76 0.42 0.68 0.38
Source Ipek et al., 2011 Fuller Curve Computer Software

compactness, the compacted bulk density values of all aggregate com-
binations given in Table 4 were experimentally analyzed (Fig. 4).
Equation (2) was used to determine the compacted bulk density.
Experimentally determined compacted bulk density values are shown in
Fig. 4.

W,

A — aggr.

V.

aggr.

2

where A is compacted bulk density of the aggregate combination, Wgr.
is the weight of the compacted aggregate combination and Vg is the
volume of the aggregate combination.

It is seen in Fig. 4 that AC10 is the combination with the highest
compactness among the combinations obtained from the computer
software (i.e. 1.927 g/cms). In addition to AC1 obrained from the
literature and AC2 obtained from Fuller and Thompson equation, AC10
was selected among the combinations obtained from the computer
software for the optimisation of aggregate granulometry and included in

2.00
1.96
192
1.88

1.84

Compacted Bulk Density [g/cm?]

1.80

1.859
e

the experimental program. Thus, three different aggregate combina-
tions, AC1, AC2 and AC10, were used in UHPC productions. Particle size
distributions of the aggregate combinations used in the scope of the
study is shown in Fig. 2. When Fig. 2 is examined, it can be seen that AC2
is slightly closer to the Fuller reference curve than AC1. AC10, on the
other hand, seems to be almost completely compatible with the refer-
ence curve, particularly in large grain sizes (i.e. d> — 400 pm), although
it moves away from the reference curve in fine sieve sizes.

3.4. Experimental program

Within the scope of the study, many parameters such as fiber content,
aggregate type, cement type, curing method, compaction method,
aggregate granulometry, w/c ratio were investigated. In the first stage of
the study, the effect of fiber content, aggregate type and curing method
on UHPC mechanical properties in the series manufactured with the
notation “Initial Mixes” (IM series) was examined. The mix proportions

1.924

1.869 1.866

1.861

ACl ACZ AC3 AC4 ACS AC6 AC7 AC8 AC9 AC10 AC11 AC12

Fig. 4. Compacted bulk density values of the aggregate combinations.
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of the IM series were taken from previous studies [13,36]. Crushed
quartz sands (Sand-1 and Sand-2) were used at the initial stage of the
research, and then replaced by natural silica sand which is locally more
available. After determining the aggregate type that gives the best re-
sults in terms of mechanical properties, the effects of the two different
curing methods were compared. Two types of fiber content were
investigated in the research. While the short straight fiber content was
kept constant at 2% by volume in some of the UHPC series, 2% short
fibers and 1% long hooked-end fibers were combined in the rest. Thus,
the fiber contents of 2% (straight) and 3% (2% straight + 1% hooked-
end) by volume were investigated experimentally.

Once optimum fiber content, aggregate type and curing method were
determined in terms of UHPC mechanical properties, the second stage of
the study (with series M1 to M5) aimed to further improve the me-
chanical properties of the series which gave the best result. Therefore,
after examining the effect of fiber content on different types of speci-
mens (in cubic specimens unlike the IM series) in M1 series, the effect of
cement type, compacting method, aggregate granulometry and w/c
ratio on mechanical properties was investigated. Mix proportions and
notations are presented in Table 5 and Table 6, respectively.

Two different compaction methods, vibrating table and internal
vibrator, were used in different test series for compacting fresh concrete.
Internal vibrator application was performed in one layer and two layers,
respectively, in concrete series coded as M2-1V1 and M2-1V2. Taking
into account the experimental findings w/c ratio was gradually
decreased (0.25 to 0.20) in order to achieve the desired strength. The
placement method used in the study was also effective in achieving this
reduction. Additionally, the cement type was changed and aggregate
granulometry was optimised to maximize the strength (in the second
stage of the study).

The fluidity of UHPC was examined by flow table test in accordance
with the standard [37]. Fresh UHPC was filled in a steel mold having a
cone-shape, and then, allowed it to flow after the mold was lifted
carefully. The flow table was dropped 25 times within a period of 15 s.
Spread diameter was determined as an average diameter of perpendic-
ular measurements. Thus, the minimum spread value obtained from the
UHPC series was 215 mm (Fig. 5). This value that agreed well with the
values reported by [8,38-40] can be assessed as well flowable.

In order to determine the compressive strength and modulus of
elasticity, 100 x 200 mm cylindrical specimens were manufactured
from IM series. Compressive strength in the final mixes (M1 to M5) was
determined in cubic specimens (100 x 100 mm). When the final mix
(M5) is obtained, both cubic and cylindrical specimens were manufac-
tured for compressive strength, and the modulus of elasticity was
determined in cylindrical specimens. Thus, the optimised UHPC mix
(M5) was compared with the initial mixes (IM series), in terms of
modulus of elasticity. In the compression tests, the loading rate was
taken as 0.7 MPa/s in accordance with the standard [4].
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Symmetrically arranged strain gauges were attached to the cylinder
specimen surfaces using fast-setting cyanoacrylate type glue, in order to
obtain stress—strain curves [4]. After the stress—strain curves obtained,
modulus of elasticity values were calculated according to the standard
[41], by using Equation (3).

0.4f. —fi

ke = 000005

(3

where f, is the ultimate compressive strength, f; is the stress corre-
sponding to a longitudinal strain of 0.00005, and &5 is the longitudinal
strain produced by stress at 40% of f.

In order to determine the flexural tensile strength, prismatic speci-
mens of 50 x 50 x 300 mm were manufactured and three-point bending
test (Fig. ba) was carried out. In addition to the flexural tensile strength,
toughness values were also calculated for all series. Toughness values
were calculated by using the area under the load-deflection curves up to
3 mm deflection. In order to determine the flexural tensile strength of
the specimens, standard test procedure suggested by [42] was per-
formed. In the final mix (M5) obtained as a result of the optimisation,
prismatic specimens of specimen size (100 x 100 x 400 mm), which are
widely used in the literature [43-46], were manufactured and four-point
bending test (Fig. 6b) was performed. Thus, the flexural behaviour of
M5, which is the final mix that was optimised, was examined in detail.
Additionally, size effect was observed by comparing the flexural tensile
strength of specimens manufactured in different sizes using the same
mix.

In order to determine the splitting tensile strength of the final mix
(M5), cubic specimens (100 x 100 mm) were manufactured, and stan-
dard test procedure suggested by GB/T 50081-2002 [47] was per-
formed. Splitting tensile strength was calculated using Equation (4)
suggested by [47], as in previous studies [48,49].

2P P
Ji= = 0.637; ©))]
where f; is the splitting tensile strength, P is the splitting tensile failure
load, and A is the area of split cross section.

In order to examine the adhesion of the steel fiber with the matrix,
the pull-out test was performed in the M5 series. As soon as the UHPC
mixture was placed in the cubic molds (100 x 100 mm), a single hooked-
end fiber was centrally embedded into fresh mixture until half of the
fiber length (i.e. [, = l#2). 28 days after casting, single fiber was pulled
out from the puIlfour- test specimens. The test speed was applied as 1
mn/min.

Table 5
Mix proportions UHPC series.
CEM I 425 CEM 1525
Initial Mixes (IM) Mix #1 Mix #2 Mix #3 Mix #4 Mix #5
A B [ D A B A A B A A
Cement: 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Silica Fume: 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Quartz Powder: 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.28
Sand-1: 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.26 0.29 0.27
Sand-2: 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.32 0.29 0.42
Warter: 0.25 0.25 0.25 0.25 0.23 0.23 0.22 0.21 0.21 0.20 0.20
Steel Fiber (6/0.2): 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Steel Fiber (35/0.75): = 0.09 = 0.09 = 0.09 0.09 0.09 0.09 0.09 0.09
Superplast. (%): 3.00 3.00 3.50 3.50 3.00 3.00 3.00 3.00 3.00 3.00 3.00
w/e 0.250 0.250 0.250 0.250 0.228 0.228 0.223 0.208 0.208 0.200 0.200
w/b: 0.192 0.192 0.192 0.192 0.175 0.175 0.172 0.160 0.160 0.153 0.153
Aggregate Comb.: AC1 AC1 ACl AC1 AC1 AC1 AC1 ACL AC2 ACl AC10
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Table 6
Notations of the series.
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Notation Mix Proportion Fiber Content Sand Type Curing Method Compaction Method Cement Type
IM-A-WH Initial Mix A 2% Straight Steel Fiber Natural Silica Sand Wet Hessian Vibrating Table 42.5
IM-B-WH Initial Mix B 3% Hybrid Steel Fiber Natural Silica Sand Wet Hessian Vibrating Table 42.5
IM-A-WT Initial Mix A 2% Straight Steel Fiber Natural Silica Sand Water Tank Vibrating Table 42.5
IM-B-WT Initial Mix B 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Vibrating Table 42.5
IM-C-WT Initial Mix C 2% Straight Steel Fiber Crushed Quartz Sand Water Tank Vibrating Table 42.5
IM-D-WT Initial Mix D 3% Hybrid Steel Fiber Crushed Quartz Sand Water Tank Vibrating Table 42.5
M1-A Mix #1A 2% Straight Steel Fiber Natural Silica Sand Water Tank Vibrating Table 42.5
M1-B Mix #1B 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Vibrating Table 42.5
M2-VT Mix #2 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Vibrating Table 42.5
M2-IV1 Mix #2 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 42.5
M2-1IV2 Mix #2 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 42.5
M3-A Mix #3A 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 52.5
M3-B Mix #3B 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 52.5
M4 Mix #4 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 52.5
M5 Mix #5 3% Hybrid Steel Fiber Natural Silica Sand Water Tank Internal Vibrator 52.5

Fig. 5. Flowability test.

4. Results and discussion
4.1. Initial mixes (IM series)

Mechanical properties obtained from IM series can be found in
Table 7. It was observed that standard water cured specimens (-WT
coded) had higher strength than specimens covered with wet hessian
(-WH coded) (both in terms of compressive and flexural strength).
Considering this circumstance, standard water curing will be preferred
for all specimens in the rest of the study, thus the modulus of elasticity
values were determined only in the water-cured specimens. The stan-
dard water curing application increased the compressive strength by
4.9% and 11.2%, respectively, in specimens with 2% and 3% fiber
content, while the flexural strength increased by 8.8% and 19%. In
addition, it was observed that the series using natural silica sand have

better mechanical properties than the series using crushed quartz sand.
Moreover, IM-C-WT series with the lowest compressive strength (i.e.
92.6 MPa) is not evaluated in UHPC strength class by some standards
such as [3] due to compressive strength less than 100 MPa. When
crushed quartz aggregate was replaced by natural silica sand, in the
series containing 2% short straight fiber and 3% hybrid fiber, 18.5% and
16.4% higher compressive strengths were obtained, respectively,
whereas an increase of more than 30% was obrained in flexural tensile
strength. Moreover, regardless of aggregate type and curing method,
when the fiber content increased, improvement in mechanical proper-
ties was observed in all UHPC series. Unlike conventional fiber-
reinforced concretes, fiber reinforcement has a significant positive ef-
fect on the compressive strength of UHPC [13,24,50]. While the increase
in fiber content (from 2% to 3%) led to an increase of about 16% in the
compressive strength, it increased the flexural tensile strength up to
48%. In addition to total fiber volume, combining of different types of
fibers influenced the mechanical properties of UHPC positively, as

Table 7
Mechanical properties of the initial mixes.
Compressive Strength™ Flexural Strength Toughness(kN.
(MPa) [St. Dev.] (MPa) [St. Dev.] mm)
IM-A- 104.54 [2.44] 19.94 [0.13] 7.43
WH
IM-B- 113.03 [3.85] 23.73 [0.85] 15.86
WH
IM-A- 109.68 [1.23] 21.69 [0.19] 13.06
WT
IM-B- 125.69 [3.05] 28.24 [1.37] 18.52
WT
IM-C- 92.55 [1.34] 14.71 [0.45] 4.96
WT
IM-D- 107.97 [1.76] 21.77 [0.48] 12.52
WT

* Compressive strength value obtained from 100x200 mm cylindrical
specimens.

* All dimensions are in mm.

a) b)

* All dimensions are in mm.
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Fig. 6. Technical drawings of the flexural test mechanisms.
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confirmed by [26,27,51]. Additionally, it is observed that flexural ten-
sile strength increases when compressive strength increases. Due to the
fact that changes in the series are reasonable, a considerably high cor-
relation coefficient (i.e. 0.97) was obtained (Fig. 7).

Load-deflection graphs obtained from three-point bending tests are
provided in Fig. 8. Appearance of the specimens after the experiment is
shown in Fig. 9. Similar to the compressive strength, natural silica sand
contributed positively to the flexural tensile strength as well. The use of
natural silica sand indirectly increased the ductility of the UHPC mix,
related to the increased strength of the concrete, due to the fact that
debonding of the fibers became harder from the high strength matrix.
Specimens manufactured from natural silica sand had the highest
toughness when using 3% hybrid steel fiber, and failed after deflecting
approximately 1/55 (L/55) of the span. A more brittle behaviour was
observed in IM-C and IM-D series manufactured using crushed quartz
sand, resulting in a 1./154 and 1./88 deflection. However, while short
fibers control the cracks at the initial stage, macro cracks are formed and
long fibers are activated as the load increases [26]. Thus, softening oc-
curs faster in short-fiber reinforced concrete [52]. Therefore, specimens
with 2% fiber content reached failure with less deflection. This
circumstance reflected in the toughness results of the specimens. The
series with the greatest flexural strength (i.e. 28.2 MPa) and toughness
(i.e. 18.5 kN.mm) was the standard water cured IM-B-WT containing 3%
hybrid steel fiber reinforcement and natural silica sand, while the lowest
toughness values were obtained from the specimens having 2% micro
fiber reinforcement. IM-B-WT was also able to continue to carry load
linearly up to high load levels, as can be seen in Fig. 8. Furthermore,
considering the post-peak stage, the use of long fiber in addition to the
increased fiber volume is thought to have a positive effect on post-peak
ductility. Accordingly, it was observed that the slope of the descending
branch was generally smaller in specimens with 3% hybrid fiber content.
While post-cracking behaviour depends on fiber content, geometry and
orientation, increasing the length of steel fibers significantly increases
the strength and fracture energy after cracking [53,54].

Additionally, multiple cracking and deflection hardening are some of
the distinctive properties of UHPFRC as a cement-based composite
material having outstanding mechanical properties, ductility, and
durability [52,55]. Particularly in IM-B-WT, with the indirect contri-
bution of the aggregate used in addition to the high fiber content,
multiple cracking was observed before deformation started to localize in
the decisive failure crack (Fig. 10). Although in the other UHPC series,
when the crack formed perpendicular to the plane of the specimen in the
midpoint of the span is generally decisive, it was observed that the
secondary crack formed perpendicular to the specimen plane in the
middle of the span in IM-B-WT and could not reach up to the bottom of
the cross section (Fig. 9). Additionally, the path that is followed by the
crack was extended, owing to its high fiber content. It is thought that the
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Fig. 7. Correlation of compressive strength and flexural tensile strength (for
initial mixes).
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Fig. 9. Prism specimens after bending test.

orientation of the crack towards the section where the fiber orientation
is favorable for itself has a positive effect on the UHPC performance
under bending (Fig. 10).

4.2. Final mixes (M series)

Mechanical properties obtained from the final mixes can be found in
Table 8. Depending on the increase in fiber content, a 14.8% improve-
ment, which is in agreement with the cylindrical specimens of IM series,
was observed in the compressive strength of the cube specimens. While
2% short straight fiber-reinforced M1-A has a compressive strength of
113.6 MPa, its compressive strength increased to 130.4 MPa with 3%
hybrid fiber content. By taking into account this finding, 3% hybrid fiber
inclusion was adopted for the rest of the study. In the M2 series, where
the effect of compaction methods on mechanical properties was exam-
ined, it was observed that the application of internal vibrator in two
layers (denoted as M2-1V2) contributed significantly to the compressive
strength. Due to the small section height, the internal vibrator could
only be applied in one layer and therefore bending specimens were not
manufactured from M2-1V2.

When the w/c ratio was reduced from 0.21 to 0.20, the compressive
strength increased by 5%, while a significant change was not observed in
the flexural tensile strength and toughness values. The experimental
study began with CEM I 42.5 cement, which is the most widely used in
conventional concrete manufacturing, taking into account the conve-
nience of storage and supply. However, since the desired strength could
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Fig. 10. Crack formations on specimes (a) general view (b) bottom view.

Table 8
Mechanical properties of the final mixes.
Compressive Strength*® Flexural Strength Toughness(kN.
(MPa) [St. Dev.] (MPa) [St. Dev.] mm)
M1-A 113.56 [4.41] 18.89 [0.17] 7.46
M1-B 130.41 [4.62] 21.12 [0.58] 12,11
M2- 125.28 [1.44] 21.33 [0.47] 8.57
VT
M2- 114.69 [3.94] 16.08 [0.79] 8.42
V1
M2- 135.16 [3.01] - -
v2
M3-A 158.11 [2.61] 23.73 [0.80] 13.05
M3-B 154.05 [2.81] 19.42 [0.53] 9.84
M4 165.92 [1.77] 23.18 [0.38] 14.73
M5 170.34 [1.19] 25.29 [0.19] 14.38

” Compressive strength value obtained from 100x100 mm cubic specimens.

not be achieved, CEM I 52.5 was used by changing the cement type in
Mix # 3 and subsequent mixes. When the cement strength increased, the
compressive strength of UHPC also increased, as expected. When the
cement type was changed and w/c ratio was reduced (from —0.22 to
~0.21), an increase of approximately 17% was observed in the
compressive strength. However, in the M3 series where the high strength
cement (CEM I 52.5 N) is used, large air voids (Dy,ig = 6.9 mm) were
detected on the concrete surface after the compression test (Fig. 11a).
The diameters of the voids seen in Fig. 11a vary between 3.5 and 6.9
mm. It is thought that these spherical voids, which are independent of
each other, are formed by the effect of the superplasticizer. These voids
should be minimized, in order to increase the concrete strength.
Although the same compaction procedure was applied in fresh state, it
was observed that the number and the size of the voids decreased (i.e.
Dyoid 2.6 mm) in the M5 series (Fig. 11b). In addition to reducing the
w/c ratio, optimising aggregate granulometry is thought to be effective
in minimizing these voids. Optimising aggregate granulometry and
using the densest aggregate combination (AC10) obtained by using

computer software created a more compact structure. The minimization
of the voids led to increases in the compressive strength as well. The
highest compressive strength was obtained from M5 with 170.34 MPa.
Thus, the strength (at least 165 MPa in cube specimen), which is given in
the French code [4] and aimed to be achieved in this study, was
exceeded.

Load-deflection graphs obtained from three point bending tests are
reported in Fig. 12. The use of high-strength cement, although not as
aggressive as it is in compressive strength, has also positively affected
the flexural tensile strength. Additionally, optimisation of aggregate
granulometry also led to a 9% increase in flexural tensile strength. By
means of the optimisation of the granulometry, a more compact mix was
obtained (Fig. 4). This circumstance, besides the increase in compressive
strength, is thought to make fibers debonding difficult from the matrix.
Fibers that cannot be easily debonded from a matrix with high
compactness and strength increased the flexural tensile strength,
resulting in the increased the crack bridging they make. Similar to the
compressive strength results, it was seen that the M5 series has the
highest flexural tensile strength. When the maximum deflection values
of the specimens at the time of failure are compared, it was observed that
the largest deflection (i.e. —4.5 mm) was obtained from the M4 and M5
series, while M2-VT (compacted using vibrating table) and M1-A (hav-
ing 2% fiber content) series failed without large deflections after peak
load. This circumstance reflected in the toughness results of the speci-
mens as well. Thus, the greatest toughness values were observed at M4
and M5. Additionally, it can be stated that the initial stiffness of the
series having the same fiber content may vary slightly depending on the
compressive strength. Moreover, all specimens continued to carry load
after the first crack and exhibited deflection hardening behaviour.

It is observed thar flexural tensile strength increases when
compressive strength increases as is the case with the initial mixes. In
other words, there is a parallel manner between compressive strength
and flexural tensile strength as seen in Fig. 13. However, a lower cor-
relation coefficient (i.e. RZ2 = 0.63) was obtained from the final mixes
than that of IM series (i.e. R? = 0.97), due to the variability of w/c ratio
and the use of cement with different strength. This can be explained by
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Fig. 11. Air voids on specimens surface (a) M3-A (b) M5.
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Fig. 13. Correlation of compressive strength and flexural tensile strength
(final mixes).

the fact that cement quality and w/c ratio do not influence the flexural
tensile strength as much as compressive strength. In UHPC having suf-
ficiently strong fiber reinforcement, the effect of the fibers can be
determining factor in terms of flexural strength rather than the other
factors [53].

4.3. Stress-Strain curves of the specimens under compression loading

Stress-strain curves obtained from the UHPC series can be found in
Fig. 14. Modulus of elasticity (E.) values calculated by using Eq. (3) can
be found in Table 9.

During the experiment, after 90% of the peak loads were exceeded,
some strain gauges were damaged together with the concrete (Fig. 15).
Thus darta could not be collected from strain gauges when approaching
the ultimate load value in some specimens. However, this circumstance
does not constitute an obstacle in determining the modulus of elasticity
(see Equation (3)).

In particular, the series containing crushed quartz sand exhibited
much more brittle and rigid behaviour than the series containing natural
silica sand. This situation was clearly observed during the experiment,
and it was observed that the concrete was damaged by the detaching of a
part from the surface with the increase of the load (Fig. 15). In series
with the same aggregate type, the modulus of elasticity regularly
increased with the increase in compressive strength. However, it was
observed that the series containing crushed quartz sand, despite the
lower compressive strength, had a higher modulus of elasticity than the
series using natural silica sand (see Table 7 and Table 9). In UHPC
containing natural silica sand, a modulus of elasticity similar to that of
crushed quartz sand mixes (IM-C-WT and IM-D-WT) was only reached
with the higher compressive strengths obtained by optimising the mix (i.

160
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20

Stress [MPa]

—_— M5

0 0.001 0.002

Strain

0.003 0.004

Fig. 14. Stress-strain cwves of cylindrical specimens under compres-
sion loading.
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Table 9
Modulus of elasticity values.
Concrete Series IM-A-WT IM-B-WT IM-C-WT IM-D-WT M5
E. [GPa] 52.7 54.4 61.8 63.7 62.5
Natural Silica Sand Crushed Quartz Sand

Fig. 15. View of the specimens after compression test.

e. M5). For instance, in the case of using natural silica sand, a
compressive strength approximately 40% greater than the series con-
taining crushed quartz sand was required in order to obtain a similar
modulus of elasticity. In another study conducted by Pourbaba et al.
[25], although a strength similar to that achieved in this study (i.e. —
140 MPa for cylindrical specimen) was achieved by increasing the fiber
content to 6% (by weight), lower modulus of elasticity values were re-
ported. However, it is observed that the modulus of elasticity values
found in this study are in agreement with Shafieifar et al. [56]. They
reported modulus of elasticity as 60 GPa for 138 MPa of compressive
strength.

The modulus of elasticity value of the M5 series with the highest
compressive strength was 62.5 GPa. Thus, M5 had a modulus of elas-
ticity approximately 15% greater than IM-B-WT (i.e. E. = 54.4 GPa)
having the same type of aggregate and fiber content. This resulted from
the increase of compressive strength owing to optimisation steps, such as
the reduction of the w/c ratio, the use of high strength cement and the
optimisation of aggregate granulometry. When the fiber volume
increased, the modulus of elasticity increased. This finding is confirmed
by Pourbaba et al. [25]. Increases in compressive strength arising from
the increase in fiber content led to increase in modulus of elasticity. The
relationship between compressive strength and modulus of elasticity
was shown in Fig. 16. Fiber inclusion may generally reduce the modulus
of elasticity in conventional concrete [50]. However, due to the fact that
short fibers act as a rigid aggregate, the modulus of elasticity values in
UHPC do not decrease, but rather increase related to the increased
compressive strength [13]. Although the correlation coefficient is lower
due to the smaller number of specimens containing crushed quartz sand
(specimens from only IM-C and IM-D series), a considerably high cor-
relarion was obtained in particular for UHPC containing natural silica
sand (i.e. R = 0.89).

Various equations are available in the literature to calculate the
modulus of elasticity depending on the compressive strength of UHPC
[57-61]. Ma et al. [57] proposed Equation (5) to determine the modulus
of elasticity of UHPC without coarse aggregate and compared the pro-
posed equation with the CEB-FIP Model Code [62]. The coefficient k,
given as 21,500 in [62], was revised by [57] as 19000.
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Federal Highway Administration (FHWA) [58] recommended
Equation (6) for determining the modulus of elasticity, in the technical
report named FHWA-HRT-14-084. According to Equation (6), f. should
be taken in ksi.

E. = 1550,/f. (6)

Equation (7) was taken from AFGC 2013 [59]. Additionally, it is
stated that the k value in the equation varies between 8800 and 11000
for various UHPC mixtures. Equation (8) and Equation (9) were taken
from [60] and [61], respectively.

Correlation of compressive strength and modulus of elasticity.

)

E. = k(f.} @)
E, = 11800(f, )7 (8)
E. = 8010(£.)"% (9)

where f, represents compressive strength, and k is the factor that links
the compressive strength to the modulus of elasticity, depending on the
type of aggregate.

Considering the experimental results, it was seen that the k coeffi-
cient given in Equation (7) should be 13,500 and 11200, respectively,
for the UHPC mixtures with crushed quartz sand and natural silica sand
investigated in this study. Likewise, in the case the coefficient k in
Equation (5) is taken as 29,000 and 24000, respectively for crushed
quartz sand and natural silica sand, the equation seems more compatible
with the experimental results. The comparison of the results obtained
using these generated coefficients with the equations in the literature
and experimental results are provided in Table 10. While the modulus of
elasticity values of the crushed quartz sand series differ from the equa-
tions due to their lower compressive strength but higher modulus of
elasticity, modulus of elasticity values of the series containing natural
silica sand stayed in the range (close to the higher bound of the range)
specified in [59]. However, it was observed that the modulus of elas-
ticity of the UHPC mixtures investigated in this study could be predicted
more accurately by means of the revised new k coefficients.

4.4. Flexural, splitting and Pull-out behaviour of the optimised mix

In this section, the flexural behaviour of M5, which is the final mix
achieved by optimising, was examined in detail. The load-deflection
graph obtained from the 100 x 100 x 400 mm prism specimens is shown
in Fig. 17. Toughness indices and residual strength factors were deter-
mined according to ASTM standard [63] and provided in Table 11.
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Table 10
Comparison of modulus of elasticity values (in GPa).
Experiment Ma et al. FHWA-HRT-14- AFGC 2013 Kollmorgen Alsalman Proposed equation in Experimental
series [57] 084 [58] [59] [60] [61] this study
UHPC mixes withnatural IM-A-WT 42.2 42.6 42.1-52.7 52.7 43.5 53.3 52.7
silica sand IM-B-WT 44.2 45.6 44.1-55.1 55.0 45.6 55.8 54.4
M5 46.2 48.7 46.1-57.6 57.4 47.9 58.3 62.5
UHPC mixes witherushed M-C-WT 39.9 39.2 39.8-49.8 49.9 40.9 60.9 61.8
quartz sand IM-D-WT 42.0 42.3 41.9-52.4 52.4 43.2 64.1 63.7
controlling the larger cracks and increased the final strength [65].
MOR Moreover, in addition to high compressive and tensile strength, UHPC is
50 expressed by multiple micro-cracks and deflection hardening behaviour
LOP: Limitof Proportionality LoP 59 o IS CAY :
MOR: Modulusof Rupture . [52,54,55]. As seen in l?lg. 17, although. the first crack was observed at a
40 1op w8 load of 35 kN, the specimen could continue to carry more load. In other
E i G words, the specimen continued to carry a load up to 1.5 times the load
; 30 ‘ [;effltect_mn = s 0KE value at which crack formation was first seen, thus both the deflection
1 : ¥ 4 y "
g i | OTlenime, - - —1556 hardening and deflection softening stages were observed (Fig. 17).
= 20 gEﬂ;“{Oﬂ While the toughness value of the sample was 9 kN.mm until the first
~ALCEMng crack was formed, it had more than 4 times toughness (i.e. 37.95 kN.
10 mm) when it reached the peak load. At the end of the experiment, the
\ area under the curve exceeded 16 times the area at the time of the first
0 {

0 1 2 3 4 5 6 7
Deflection (mm)

Fig. 17. Load-deflection curve of the M5.

Toughness indices Is, 11, I and I3 were calculated by dividing the area
up to a deflection of 3, 5.5, 10.5, 15.5 times the first crack deflection (8)
by the area up to first crack, respectively. First crack was observed at the
point where the linearity ended (LOP) in the load-deflection curve, as
also confirmed by [54]. Residual strength factors (denoted as Rs 1o,
Rio,20 and Rgg 30) represent the remaining strength in fiber-reinforced
concrete derived from the toughness indices [64] and were calculated
as presented in Equation (10).

Run = C(Iy —Iu) (10)
where Iy and Iy; are the toughness indices (N > M), and constant C equals
to 100/(N-M).

During the experiments, although the first audible sizzling sound,
corresponding to a few fibers being pulled out from the matrix, was
heard under approximately 20 kN load, the first crack occurred under 35
kN load. In UHPC, cracks are halted by short fibers as soon as they start
to form [26]. Despite debonding of a few fibers, the fact that a distinct
crack did not occur immediately is thought to be due to the presence of a
considerable amount of short fibers in the mix. In other words, the high
number of fibers per unit volume had an effect on this circumstance.
Load continued to be applied and the maximum load value that was
carried by the specimens is determined to be approximately 54 kN.
Average flexural tensile strength was calculated as 16.22 MPa depend-
ing on the maximum load value of the test specimens under bending.
After the first crack is formed, longer fibers played an active role in

Table 11
Toughness indices and residual strength factors of the M5.

crack (i.e. Isg = 16.15). Moreover, it was observed that even if the
deflection at the time of the first crack reaches 3 times, specimens can
still carry 67% of the maximum load.

When the specimen size increased, the flexural tensile strength
decreased. This is in agreement with the findings in the literature
[29,43]. In the case of increasing the specimen size (i.e. from 40 x 40 x
160 mm to 150 x 150 x 750 mm), the decrease in flexural tensile
strength obtained might be up to 40% [53]. In this study, the flexural
tensile strength obtained from the 100 x 100 x 400 mm prism specimen
was 16.22 MPa, while approximately 56% greater (i.e. 25.29 MPa)
flexural tensile strength was obtained from 50 x 50 x 300 mm specimen
manufactured from the same mix (i.e. Mix # 5). The higher strength
obtained from the small size specimens is based on the surface layer size
effect. Due to the fact that random fiber orientation is restricted close to
the surface of the mold, fibers on the molded surface tend to align
parallel to the mold surface. Therefore, fibers can have an advantage in
bridging the cracks that form in the perpendicular direction. Strength of
the surface layer of the specimen becomes greater than the inside. Since
the surface layer constitutes a larger part of the total cross-sectional
area, small-sized specimens have a higher flexural strength [43]. Be-
sides, according to Weibull’s theory, specimens can be modeled as a
chain with many elements. Since a larger specimen has more elements in
the chain, the failure probability is higher than that of the smaller
specimen [29].

Splitting tensile test setup is illustrated in Fig. 18a while the
appearance of the specimen after the experiment is shown in Fig. 18b.
All specimens showed a ductile failure mode due to their high fiber
content, did not split into two pieces, and remained intact. The crack
formed parallel to the loading plane and almost linearly along the
midline as seen in Fig. 18b. Average splitting tensile strength value for
the optimised final mix (M5) were 18.95 MPa. This value seems greater
than the values reported by [66-68]. This is thought to be due to the

Deflection P (kN) & (mm) f (MPa) Toughness (kN.mm) Toughness Indices Residual Strength
Factors
5 35.00 0.52 10.50 9.07
MOR 54.05 1.13 16.22 37.95
Residual 386 36.30 1.57 10.89 57.07 I5 6.29
Strengths
5.58 17.25 2.88 5.18 90.16 110 9.94 R5.10 72.97
10.58 9.89 5.50 2.97 124.14 120 13.69 R10,20 37.46
15.58 7.44 8.12 2.23 146.52 130 16.15 R20,30 24.67
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Fig. 18. Splitting tensile test (a) test setup (b) failure mode of the specimen.

strong bond between fiber and matrix. Splitting tensile strength in fiber-
reinforced concretes is directly related to adherence between the fiber
and the matrix. The pull-out test to demonstrate the adherence of the
fibers is shown in Fig. 19. As a result of the pull-out test, it was observed
that the fibers did not slip from the matrix and ruptured (Fig. 19¢). This
indicates sufficient bonding performance of the steel fiber in the UHPC
matrix. Moreover, the load—displacement graph obtained from the pull-
out experiment is shown in Fig. 20. Additionally, it should be noted that
a little spalling in the matrix was initially observed during the pull-out
experiment (Fig. 19b). A slight movement in the steel fiber under pull-
out load caused this spalling. Despite a slight movement in the steel
fiber, it is thought that the microfibers resist this movement and prevent
the steel fiber from tear out the martrix, and thus the adherence con-
tinues, as also seen in Fig. 20. Hence, excellent fiber-matrix bond was
obtained, the steel fiber was held very strongly by the matrix and broke
without considerable damage to the matrix.

5. Conclusion

In this study, mixture optimisation was the goal in order to obtain a
UHPC that can be used in structural applications. Therefore, many pa-
rameters such as fiber content, aggregate type, cement type, curing
method, compaction method, aggregate granulometry, water to cement
ratio were examined. The following conclusions are drawn from this
study:

e UHPC with a compressive strength of 170 MPa that has excellent
workability was developed under standard water curing.

Construction and Building Materials 315 (2022) 125777
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Fig. 20. Load-displacement curve in the pull-out test.

In cases where heat treatment is not available, a well-flowable UHPC
that meets the required strength criteria and can also be used in
structural applications can be manufactured by means of water
curing to be applied properly instead of heat treatment. However, the
choice of the appropriate compaction method, fiber content, cement
type and w/c ratio together with the optimisation of aggregate
granulometry is also of great importance.

Fiber inclusion improves the mechanical properties. In addition to
increasing the total fiber volume from 2% to 3%, the combination of
short fiber and long fiber positively affected the flexural strength,
post-peak ductility and toughness properties. The conversion of fiber
reinforcement from 2% short straight fiber reinforcement to 3%
hybrid fiber reinforcement led to increases up to 16% and 48%,
respectively in compressive strength and flexural strength.
Specimen type (cube or cylinder) had no significant effect on the
percentage of increase in compressive strength arising from the fiber
content. When the fiber content increased, the compressive strength
increased almost at the same rate in cylinder and cube specimens.
Wert hessian application reduced both compressive strength and
flexural tensile strength, compared to standard water curing. Loss of
strength was more remarkable in UHPC series having high fiber
volume. In the case of wet hessian curing application, the fiber
content did not contribute to the compressive and flexural strength
as much as it did in the water cured specimens.

Use of natural silica sand led to much better results in UHPC
compared to crushed quartz sand, in terms of mechanical properties.
Remarkable increases in compressive and flexural strength was
observed when using natural silica sand. The proper choice of
aggregate type had a positive effect in terms of ductility as well as
strength.

Fig. 19. Pull-out test (a) test apparatus (b) during the experiment (c) after the experiment.
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Modulus of elasticity values changed depending on compressive
strength. Since the compressive strength increases when the fiber
content increases, the modulus of elasticity also increased.
Experimentally obtained modulus of elasticity values were predicted
accurately, using the new k coefficients determined to predict the
modulus of elasticity.

When the w/c ratio was decreased by 0.01, the compressive strength
increased by only 5%. The increase was 17% when the cement type
was also changed in addition to the 0.01 decrease in the water to
cement ratio.

The air voids on the specimen surfaces are effective on compressive
strength. Even if they are not completely eliminated, reduction of
their diameter and the number led to a significant increase in
compressive strength.

It is difficult for the fibers to be pulled out from a high-strength
matrix with high compactness. Therefore, the flexural and splitting
tensile strength increased due to the excellent matrix-fiber bond and
increased efficiency of the fibers in the matrix obtained as a result of
optimisation of aggregate granulometry.

A considerably strong linear relationship was found between the
compressive and flexural strengths of the UHPC series having the
same cenient type. Contrary to conventional concretes, the signifi-
cant contribution of fibers to compressive strength became effective
in this situation.

When the specimen size increased, the flexural tensile strength
decreased. Due to the high probability of defects in the large size
specimen and the notch effect, approximately 56% greater flexural
tensile strength was obtained in the small size prism specimen.
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