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Abstract This study aimed to determine the abrasion
resistance of ultra-high-performance concretes (UHPCs)
for railway sleepers. Test samples were made with different
cementitious material combinations and varying steel fiber
contents and shapes, using conventional fine aggregate. A
total of 25 UHPCs and two high-strength concretes (HSCs)
were selected to evaluate their depth of wear and bulk
properties. The results of the coefficient of variation (CV),
relative gain in abrasion, and abrasion index of the studied
UHPCs were also obtained and discussed. Furthermore, a
comparison was made on the resistance to wear of the
selected UHPCs with those of the HSCs typically used for
prestressed concrete sleepers. The outcomes of this study
revealed that UHPCs displayed excellent resistance against
abrasion, well above that of HSCs. Amongst the utilized
cementitious material combinations, UHPCs made with
silica fume as a partial replacement of cement performed
best against abrasion, whereas mixtures containing fly ash
showed the highest depth of wear. The addition of steel
fibers had a more positive influence on the abrasion resis-
tance than it did on compressive strength of the studied
UHPCs.
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1 Introduction

Presently, timber is the most widely used material in pro-
ducing railway sleepers. Every year, the USA replaces
approximately 14 million timber sleepers [1]. However,
timber is susceptible to physical and mechanical degrada-
tions that lead to early-age replacements. The scarcity and
maintainability of wood as a sleeper material has become a
problem over time, and many countries need an alternative
material for sleeper production. The new requirements of
different codes and standards called for a sleeper element
that allows reliable connectivity for the rail, as well as
longer service life and higher lateral track stiffness.
Moreover, the loading patterns of a new generation of high-
speed railway tracks are different from conventional ones.
These new types of railway demand additional features
from the rail track system in terms of physical, mechanical,
and durability aspects, which timber sleepers lack. In this
context, prestressed concrete sleepers have become popular
for use in high-speed tracks [2].

During the early 1960s, when prestressed concrete was
adopted by the railway industry, the service life expectancy
of prestressed concrete sleepers was about 50 years, which
is 20 years more than that of timber sleepers. However, due
to the increase in load, speed, and traffic volumes in rail-
way transport systems, prestressed concrete has failed to
perform well in many cases [3—6]. As a point of reference,
in 1997, about 120,000 concrete sleepers installed by
Amtrak lasted only 4 years before replacements were made
[7]. In addition, early deterioration of concrete because of
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cracking, tensile fracture, low flexural stiffness, and sub-
stantial self-weight, as well as its low capacity for rail-seat
abrasion, has made it challenging for the railway industry
to use prestressed concrete as a railway sleeper, especially
on high-speed tracks [8].

Over the last three decades, researchers in different parts
of the world have been investigating the failures of con-
crete sleepers and looking for sustainable solutions. Among
many factors that affect the mechanical properties and
durability of concrete, one of the common reasons for
deterioration is abrasion (Fig. 1). Most commonly, concrete
pavement, railway concrete sleepers, bridge piers, and
industrial floors have been severely affected due to abra-
sion stresses generated from friction, skidding, sliding, or
rubbing [9-11]. According to the American Society for
Testing and Materials (ASTM), abrasion is defined as
“physical wear due to hard particles or protuberances
forced against and moving a solid interface.” The Ameri-
can Concrete Institute (ACI) defines abrasion damage as
“wearing away of a surface by rubbing and friction” [12].
Per ASTM, abrasion resistance is expressed either in terms
of wear index, weight loss, depth of wear, or wear cycles.
In prestressed concrete sleepers, failure is caused either by
rail-seat abrasion, hydro-abrasive erosion, or hydraulic
pressure cracking. Rail-seat abrasion occurs due to the
relative movements between the rail pad and concrete rail
seat, which subsequently result in the gradual wearing
away of the cement paste from the concrete by frictional
forces. Several factors are responsible for rail-seat abra-
sion, including (1) water presence, (2) heavy axle loads, (3)
fastener failure, (4) shoulders or sleeper pads, (5) steep
track gradients, and (6) track curves greater than two
degrees [13, 14].

Resistance to concrete abrasion depends on many fac-
tors, including water-to-cementitious materials ratio,
compressive strength, aggregate quality, aggregate—paste
interface, aggregate fineness, curing, and surface finishing
[15, 16]. Over the years, a number of researches have
addressed concrete pavement, sleeper, and bridge deterio-
ration due to surface wear [17-19, 42-47]. Ghafoori and
Sukandar [20] stated that the testing condition had more
impact on abrasion resistance than the strength of concrete.

Fig. 1 Prestressed concrete rail-seat abrasion: a Reiff et al. [13],
b Zeman et al. [7]

@ Springer

Naik et al. [21] observed that for high-strength concrete, up
to 30% of class C fly ash replacement gave similar abrasion
resistance compared to concrete without fly ash. Addi-
tionally, Atis [22] concluded that the presence of fly ash
improved the micromorphology of calcium silicate hydrate
(C-S-H) gel, which resulted in enhanced cohesion between
aggregate and paste, and improvement in abrasion resis-
tance. Further, Siddique [23] replaced fine aggregate with
up to 40% class F fly ash and found 40% improvement in
abrasion resistance. In another study, Ghafoori and Dia-
wara [24] showed increases in abrasion resistance by
incorporating up to 10% silica fume in the concrete as a
partial replacement of fine aggregate. Later, Ghafoori et al.
[25] reported that self-compacting concrete performed
better than the conventional vibratory-placed concrete in
resisting abrasion. They also investigated the effect of the
cement content and water-to-cementitious materials ratio,
and concluded that an increase of cement content and a
decrease of water-to-cementitious materials ratio improved
abrasion resistance [25, 26]. Another investigation done by
Ghafoori and Dutta [27] showed that a higher aggregate—
cement ratio reduced resistance to abrasion, and that
compaction energy played an important role in resisting
concrete wear. In other research, Sadegzadeh et al. [28]
studied the influence of various surface finishing tech-
niques on wear resistance, and identified that the near
surface porosity of concrete controlled its wear perfor-
mance. Additionally, Nanni [29] concluded that the mois-
ture condition of concrete’s surface had a significant effect
on abrasion performance.

Ngamkhanong et al. [42] studied the effect of surface
abrasion on the impact capacity of prestressed concrete
sleepers. They concluded that surface abrasion reduced the
moment capacity of the studied sleepers. Ngamkhanong
et al. [43] further concluded that surface abrasion reduced
the strength and impact capacity of concrete sleepers.
Another study by Li et al. [44] showed that abrasion at the
rail seat had less influence on creep and shrinkage than it
did on the bottom of a sleeper. Later, You et al. [45]
concluded that increases in concrete’s tensile strength also
increased the cracking load capacity of railway sleepers,
whilst ultimate load capacity remained unchanged. Then
Kernes et al. [46] improved the abrasion performance of
concrete sleepers by grinding off the top mortar paste layer.
Although many studies tried to minimize or solve the
problem of concrete deterioration caused by abrasion, it
still remains a major concern for prestressed concrete
sleeper abrasion performance.

According to the Portland Cement Association (PCA)
[30], “Ultra-high performance concrete (UHPC) is a con-
crete material that has a minimum specified compressive
strength of 120 MPa with specified durability, tensile
ductility, and toughness requirements; fiber are generally
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included in the mixture to achieve specified requirements.”
Because of the very high production costs, which are about
10 to 20 times higher than the conventional concrete
[31, 32], only a few proprietary mixtures have been used by
different researchers in the assessment of UHPC properties.
To compensate for the very high production cost of
UHPCs, Karim et al. [33] used masonry sand in place of
expensive quartz sand and compared the results with those
of the proprietary UHPCs. Further, Arora et al. [34] com-
bined coarse and fine aggregates using a compressible
packing model to achieve a compressive strength of 150
MPa. To reduce the total cost, Yang et al. [35] utilized
supplementary cementitious material such as fly ash and
slag as a partial replacement of cement. Meng et al. [36]
employed hybrid fibers and evaluated the fresh and
mechanical properties of nonproprietary UHPCs. In
another study, Zmetra et al. [37] used UHPC to repair an
existing bridge girder and reported that successful
restoration of the damaged section. The superior strength
and improved longevity potential of UHPC can increase
the targeted lifespan of the concrete structure significantly
with minimum maintenance costs, thus compensating for
its initial production cost.

While there has been growing attention to UHPCs’ fresh
and mechanical properties, there have been limited pub-
lished studies on their abrasion resistance (Table 1). In one
study, Graybeal and Tanesi [38] used ASTM C 944 to
determine the abrasion resistance of UHPCs by measuring
the amount of concrete abraded off from the concrete’s
surface. They found that steam-treated UHPC significantly
enhanced the wear resistance, as compared to that of

Table 1 Studies on UHPC abrasion

customarily cured samples. However, their testing was
limited to only 400 revolutions. Further, Zhao et al. [39]
utilized the nano-scratch test, as per BS 812-113, to eval-
uate wear performance of UHPC, and compared it with
high-performance concrete (HPC). They concluded that
UHPC showed a 50% higher abrasion resistance than that
of HPC. Additionally, Pyo et al. [40] compared the effect
of aggregate type and size on abrasion resistance, and
found that the UHPCs made with coarser aggregates pro-
duced lower abrasion resistance than the UHPCs batched
with finer aggregate sizes.

Amongst the past studies, no investigation has focused
on the abrasion resistance of UHPCs for railway sleepers.
To this end, the purpose of this study was: (1) to determine
the abrasion resistance of selected UHPCs made with dif-
ferent cementitious material combinations, and varying
steel fiber contents and shapes; (2) to ascertain the
parameters influencing the wear resistance of UHPCs; and
(3) to compare the resistance to wear of the studied UHPCs
with those of the high-strength concrete (HSC) typically
used in the production of railway sleepers.

2 Experimental Program
2.1 Materials

In the production of the UHPC mixtures, ASTM Type V
Portland cement, class F fly ash, and silica fume were used
as cementitious materials. The chemical characteristics of
the cementitious materials are presented in Table 2. Two

Ref. Variations Binder composition® Test details No. of fc Depth of Mass
revolution (MPa) abrasion loss (g)
(mm)

Pyo et al. [40] SNI1.5* 1 C% 0.05-0.25 SF; 0-1.5% steel ASTM (C944: Load 16000 161 0.23 2.5
SD1.5° fiber’; w/cm = 0.22-0.30 44 1b, 200 rpm" 151 039 405
SB1.5% 130 0.43 4.87
HSC 67.8 2 28

Zhao et al. [39] UHPC 415-520 C°¢, 0-160 F°, 0-120 SF%; BS 812-113: Load 6000 - 1.9 -
HPC? 0-1% steel fiber’; w/em = 0.20 4.4 1b, 60 rpm" _ 3] _

Graybeal and UHPC 712 C°, 231 SF®; 2% steel fiber"; ASTM C944: Load 400 - - 1

Tanesi [38] w/cm = 0.20

44 1b, 200 rpm’

4 SN: river sand (no coarse aggregate), SD: dolomite and river sand, SB: basalt and river sand;

° HPC: high-performance concrete;

¢ C: cement, SF: silica fume, F: fly ash, w/cm: water-to-cementitious materials ratio;

4 volume fraction
© weight (kg/m® of concrete);
T tpm: revolutions per minute;

& at 4000 revolution

@ Springer
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Table 2 Chemical
compositions of UHPC and

Composition

Type V cement (%) Class F fly ash (%) Silica fume (%)

HSC cementitious materials SiO,
(percentage mass) Ca0

AlLO3
Fe,05
MgO
SO;

Nazo + Kzo

21 59.93 94.72
62.4 4.67 -

4 2222 -

3.7 5.16 -

2.6 - -

22 0.38 0.23
0.54 1.29 0.47
2.0 0.32 2.82

Loss on ignition (LOI)

types of locally produced fine aggregates were used. Their
size gradation varied from 0.075 mm to 4.75 mm. To
achieve the maximum packing density with the minimum
porosity, a uniquely size-graded manufactured fine aggre-
gate was determined. To this end, the relative density was
measured for the graded aggregates at different distribution
moduli (0.20-0.25), using the modified Andreasen and
Andersen model. Maximum packing density was obtained
from the distribution modulus of 0.21. The gradation of the
fine aggregate is given in Table 3. The combined fine
aggregates had specific gravity of 2.80 and water absorp-
tion of 0.45%.

To observe the effects of fiber shape, two types of low-
carbon steel fiber (straight and hooked), with the aspect
ratio of 43, were incorporated into the total volume of
concrete. A commercially available polycarboxylate-based
high-range water-reducing admixture (HRWRA) was used
to achieve the desired flowability of the studied UHPCs. To
produce HSCs, ASTM Type V Portland cement and locally
available fine and coarse aggregates were used. The fine
aggregate had specific gravity of 2.78 and water absorption
of 0.81%, whereas the coarse aggregate had specific
gravity of 2.76 and water absorption of 0.82%. Both fine
and coarse aggregate complied with the ASTM C33 gra-
dation requirements.

Table 3 Aggregate gradation of UHPCs as per the modified
Andreasen and Andersen model

Sieve no. Sieve opening (mm) Percentage retained
#8 2.38 23.5
#16 1.19 20.1
#30 0.595 17.0
#50 0.297 15.1
#100 0.149 13.0
#200 0.074 11.3

@ Springer

2.2 Mixture Proportions of UHPCs and HSCs

A total of 25 UHPCs and two HSCs were used to determine
their abrasion resistance through depth of wear. The unit
content of the mixture constituents of the selected UHPCs
and HSCs is given in Table 4. To observe the effect of
secondary cementitious materials, cement was replaced
with 20 and 30% class F fly ash, 5% silica fume, and
combined 15% fly ash and 5% silica fume, in addition to
the control UHPC (100% cement). The water-to-cementi-
tious materials ratio (w/cm) of 0.21 remained constant for
all UHPCs. The actual water content of the UHPCs varied
because of the variation in the HRWRA dosage percentage.
The dosage of HRWRA varied from 10.1 to 14.3 kg/m*
depending on the cementitious material combination and
the percentage of steel fiber used. The UHPCs with steel
fiber and silica fume required higher amounts of HRWRA
in order to maintain the desired flowability. Two types of
steel fibers, hooked and straight, were used at the levels of
2 and 3% of the total volume of concrete.

For the studied high-strength concretes (HSCs), repre-
senting the typical concretes used in prestressed railway
sleepers, two cement contents of 445 and 564 kg/m3, HSC1
and HSC2, respectively, were used. The water-to-cemen-
titious materials ratio (w/cm) was kept constant at 0.275.
To accelerate the hydration process of HSCs, a 2% non-
chloride accelerating admixture was used, in addition to the
HRWRA. A constant workability of 125 +25 mm was
maintained for the studied HSCs.

2.3 Mixing, Sampling, Curing, and Testing

Due to the high quantity of small-sized particles, coupled
with the low water-to-cementitious materials ratio and
addition of steel fibers, a longer mixing time and higher
energy were required for the production of UHPCs, as
compared to traditional concrete. The mixing time, mixing
speed, mixing sequence, temperature, and relative humidity
were closely monitored and uniformly maintained. In this
study, the UHPCs’ dry cementitious materials were first
mixed for 5 min in a Hobart-type mixing machine. To
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Table 4 Mixture proportion of UHPCs and HSCs

Mixture designation® c® F° SF® FA® CA® HRWRA® w/cm WP®  Steel fibers Flow (mm) Unit weight (kg/m3)
kg/m®

C100 1101 - - 1174 - 12.1 0.21 226 - 248 2470
C100-H2% 1101 - - 1174 - 13.2 0.21 226 156 241 2536
C100-S2% 1101 - - 1174 - 13.2 0.21 226 156 256 2531
C100-H3% 1101 - - 1174 - 14.3 0.21 225 234 251 2585
C100-S3% 1101 - - 1174 - 14.3 0.21 225 234 271 2592
SF5 1046 - 39 1174 - 12 0.21 215 - 273 2451
SF5-H2% 1046 - 39 1174 - 13.1 0.21 214 156 247 2512
SF5-S2% 1046 - 39 1174 - 13.1 0.21 214 156 240 2506
SF5-H3% 1046 - 39 1174 - 14.1 0.21 214 234 255 2551
SF5-S3% 1046 - 39 1174 - 14.1 0.21 214 234 250 2583
F20 881 163 - 1174 - 11 0.21 215 - 270 2405
F20-H2% 881 163 - 1174 - 12 0.21 215 156 271 2475
F20-S2% 881 163 - 1174 - 12 0.21 215 156 247 2491
F20-H3% 881 163 - 1174 - 13 0.21 214 234 240 2540
F20-S3% 881 163 - 1174 - 13 0.21 214 234 255 2543
F30 771 244 — 1174 - 10.1 0.21 210 - 250 2374
F30-H2% 771 244 — 1174 - 11.2 0.21 209 156 269 2440
F30-S2% 771 244 - 1174 - 11.2 0.21 209 156 270 2446
F30-H3% 771 244 — 1174 - 12.2 0.21 208 234 246 2498
F30-S3% 771 244 — 1174 - 12.2 0.21 208 234 238 2506
F15SF5 881 122 39 1174 - 11.5 0.21 214 - 253 2388
F15SF5-H2% 881 122 39 1174 - 12.5 0.21 214 156 248 2483
F15SF5-S2% 881 122 39 1174 - 12.5 0.21 214 156 264 2490
F15SF5-H3% 881 122 39 1174 - 13.5 0.21 213 234 265 2535
F15SF5-S3% 881 122 39 1174 - 13.5 0.21 213 234 243 2535
HSCI 386 - - 933 1040 3.2 0275 103 - - -
HSC2 504 - - 846 1034 25 0.275 136 - - -

1 kg/m® = 1.685 Ib/yd®

# C100: 100% cement, SF5: 95% cement and 5% silica fume, F20: 80% cement and 20% class F fly ash, F30: 70% cement and 30% class F fly
ash, F15SF5: 80% cement and 15% class F fly ash and 5% silica fume, S2% and S3% represent 2% and 3% straight steel fibers, H2% and H3%

represents 2% and 3% hooked steel fibers.

® C: cement; F: class F fly ash, SF: silica fume, HRWRA: high-range water-reducing admixture, CA: coarse aggregate, FA: fine aggregate, W:

actual water

reduce agglomeration of particles, fine aggregates were
slowly added, and the combined materials were dry-mixed
for another 5 min. Afterwards, nearly 90% of the mixing
water was added and mixed for a period of 5 min before the
remainder of water and HRWRA were added. Finally, steel
fibers were slowly introduced to the matrix, and mixing
continued for additional 3-5 min until a well-dispersed
mixture was attained. The flow properties of the studied
UHPCs were evaluated according to ASTM C230 (as all
the UHPCs were self-compacting, 25 drops of blow were
skipped) before they were poured into cylinders (50-mm
diameter and 100-mm height) and cubes (300 x 300 x 300

mm). The specimens were kept for 24 h in a controlled,
moist curing room at 22 =+ 3°C and 95% relative humidity.
After 24 h, specimens were demolded and returned to the
moisture room for an additional 27 days.

A pan-style counter-current mixer was used to batch the
studied HSCs. After pouring freshly mixed concrete into
the molds, specimens were densified using a vibrating
table. The curing method and duration used for the HSCs
were similar to those of the UHPCs.

The 28-day-cured UHPCs and HSCs were tested for
compressive strength, splitting-tensile resistance, and
abrasion resistance as per ASTM C39, ASTM C496, and

@ Springer
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ASTM C779 (procedure C, ball bearings), respectively.
The UHPCs’ elastic modulus was measured as per ASTM
C469. The adopted abrasion test was used to simulate high
contact stresses, impact, and sliding friction. This method
simulates traffic wear and extreme weather conditions, thus
making it suitable for UHPC applications. Moreover,
AREMA recommends that the ASTM C779 procedure C
should be used to ascertain the abrasion performance of
railway sleepers [41]. The abrasion test setup is shown in
Fig. 2. The apparatus consisted of 12 equally spaced
18-mm diameter steel balls inside a bearing plate. A con-
tinuous water flow was maintained during testing to
remove abraded particles. The depth of abrasion was
measured using a dial gauge that could read to the nearest
0.025 mm. The abrasion resistance was evaluated every 30
s for 20 min of testing or until a 3.0-mm depth of wear was
reached.

3 Results and Discussion
3.1 Fresh and Bulk Properties of UHPCs and HSCs

The characteristics of the UHPCs’ fresh properties are
summarized in Table 4. The mini-slump flow was mea-
sured immediately upon completion of mixing. A satis-
factory flow spread diameter of 250 25 mm was attained
for all studied UHPCs. As can be seen in Table 4, the
demolded unit weight of the UHPCs varied from 2374 to
2592 kg/m>. The presence of steel fiber increased the unit
weight of the studied UHPCs.

The compressive strengths of the studied UHPCs and
HSCs are presented in Fig. 3. The 28-day-cured silica fume
containing UHPCs provided a slightly better compressive
strength than the 28-day-cured fly ash containing mixtures
due to their higher reactivity during that curing period.

Total Weight

Handle to . |
Raise/Lower on sample
Spindle

Dynamic Dial Water Supply
Gauge

1000
rpm/min

Spindle

Ball Bearing

Rotating Cutter 3
:

Clamping and
Leveling Plate

Fig. 2 Abrasion test setup in accordance with ASTM C779,
procedure C, ball bearings

@ Springer

Overall, the compressive strength of UHPCs improved
marginally with the introduction of steel fiber, with a
similar result for both straight and hooked fibers. The
mixtures with 2% hooked or straight fibers experienced a
small increase of 2 to 8% in compressive strength, in
comparison with the companion plain UHPCs. A slightly
higher increment (4—-13%) was found for the mixtures with
3% steel fibers. The minor improvement in compressive
strength may be attributed to the enhanced micro-crack
arrest when fibers were used. As can be seen in Fig. 3, an
increase in cement content from 386 to 504 kg/m® resulted
in a nearly 10% improvement in the compressive strength
of the studied HSCs. When compared to the plain UHPC
(C100), HSC1 and HSC2 produced 33 and 26% lower
compressive strengths, respectively.

Figure 4 shows the 28-day splitting-tensile strength of
the studied plain and fiber-reinforced UHPCs using dif-
ferent cementitious material combinations. The average
splitting-tensile strength of the studied UHPCs varied from
8.8 to 13.1 MPa. The UHPCs containing silica fume as a
partial replacement of cement performed best amongst the
studied mixtures. The incorporation of steel fibers signifi-
cantly improved the splitting-tensile strength of the studied
UHPCs. The addition of 2% hooked steel fiber resulted in a
17% improvement in splitting-tensile strength, as com-
pared to that of the companion plain UHPC. With the
introduction of 3% hooked fiber, the corresponding gain in
the average splitting-tensile strength was nearly 37%. In
comparison, test specimens having 2 and 3% straight fibers
increased their average splitting-tensile strengths by 18 and
38%, respectively. This can be attributed to the anticipated
increase in the matrix stiffness of the fiber-reinforced
UHPCs. Additionally, steel fibers managed to distribute
localized stress to the surrounding concrete and acted as a
crack arrester.

As presented in Fig. 4, HSCs show, on average, 42%
lower splitting-tensile strength as compared to that of the
plain UHPC (C100). This can be attributed to a lower
cementitious material content and higher water-to-cemen-
titious materials ratio, as well as the presence of coarse
aggregates, along with variation of the physical properties
of the coarse and fine aggregates of the studied HSCs. Once
steel fibers were added, the fiber-reinforced UHPC (C100)
produced an average 54% higher splitting-tensile resistance
than that of the studied HSCs.

Figure 5 represents the 28-day elastic moduli of the
UHPCs. As can be seen, fibers had minimal effects on the
elastic moduli of the studied UHPCs. When comparing
fiber-reinforced UHPCs to plain UHPCs, the inclusion of 2
and 3% hooked steel fibers resulted in average elastic
moduli increases of 3 and 6%, respectively. In comparison,
the improvements in the elastic moduli of the UHPCs made
with 2 and 3% straight steel fibers were 4 and 8%,
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Fig. 3 Compressive strength of
the studied UHPCs and HSCs
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respectively. As can be seen in Fig. 5, the elastic moduli of
the studied HSCs were found to be nearly 3% lower than
the plain UHPC (C100).

3.2 Resistance to Wear of UHPCs

The results of abrasion depth for the studied UHPCs, as
varied by cementitious material combinations and steel
fiber content and type, at different time intervals are pre-
sented in Table 5. The ultimate depth of abrasion varied
from 0.43 to 0.65 mm, reflecting the high surface quality of
the studied UHPCs. The influence of cementitious material
combinations, steel fiber content, and steel fiber shape on
the resistance to wear of the studied UHPCs are discussed
in the sections to follow. Additionally, the results of
coefficient of variation (CV) and relative gain in abrasion
along with the abrasion index (AIl) and concrete surface
conditions after the abrasion tests of the studied UHPCs are
presented and discussed.

Abrasion depth of plain UHPCs (mm)

0.70
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0.50

0.40
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0.20
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0.00

— —-F15SF5

10

15 20

Time (minutes)

Fig. 6 Depth of wear of plain UHPCs as a function of time

Table 5 Depth of wear at

. L Mixture designation
different time intervals

Depth of wear at various time intervals (mm)

1 min 2 min 5 min 10 min 15 min 20 min
C100 0.12 0.20 0.40 0.53 0.57 0.59
C100-H2% 0.10 0.19 0.32 0.46 0.49 0.51
C100-S2% 0.10 0.18 0.30 0.42 0.46 0.49
C100-H3% 0.09 0.16 0.29 0.40 0.44 0.45
C100-S3% 0.09 0.15 0.28 0.40 0.43 0.45
SF5 0.07 0.12 0.27 0.43 0.50 0.55
SF5-H2% 0.07 0.11 0.26 0.38 0.43 0.48
SF5-S2% 0.06 0.09 0.24 0.37 0.43 0.48
SF5-H3% 0.05 0.09 0.23 0.35 0.41 0.43
SF5-S3% 0.04 0.08 0.22 0.35 0.40 0.43
F20 0.10 0.20 0.46 0.58 0.62 0.65
F20-H2% 0.07 0.15 0.35 0.49 0.52 0.54
F20-S2% 0.07 0.15 0.34 0.46 0.50 0.52
F20-H3% 0.06 0.11 0.27 0.39 0.44 0.46
F20-S3% 0.06 0.12 0.28 0.38 0.43 0.46
F30 0.08 0.15 0.31 0.51 0.60 0.63
F30-H2% 0.08 0.13 0.29 0.43 0.48 0.53
F30-S2% 0.06 0.11 0.26 0.39 0.46 0.51
F30-H3% 0.05 0.10 0.24 0.36 0.41 0.45
F30-S3% 0.05 0.09 0.23 0.34 0.40 0.45
F15SF5 0.07 0.15 0.35 0.49 0.52 0.54
F15SF5-H2% 0.07 0.15 0.30 0.42 0.46 0.48
F15SF5-S2% 0.07 0.14 0.31 0.46 0.48 0.50
F15SF5-H3% 0.07 0.12 0.27 0.36 0.42 0.44
F15SF5-S3% 0.05 0.10 0.24 0.36 0.41 0.43

1 mm = 0.0394 inch
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3.2.1 Influence of Cementitious Materials Combinations

A typical depth of wear of the plain UHPCs as a function of
time is shown in Fig. 6. From Table 5 and Fig. 6, the
following observations can be made:

e UHPCs containing fly ash replacing 20 or 30% Portland
cement showed the lowest abrasion resistance after 20
min of testing. The presence of fly ash delayed the
strength development of the 28-day-cured UHPCs, and
made them comparatively weaker in resisting wear. A
comparison between UHPCs F20 and F30 showed a
slightly higher depth of wear for up to 12 min of the
testing. Afterwards, UHPC F20 displayed a slightly
lower depth of wear, compared to that of the UHPC
F30. This finding may be attributed to the higher
coefficient of variation displayed by the UHPC F20, as
compared to that of the UHPC F30, during the initial
period of testing. As testing progressed, this trend
reversed itself, resulting in a marginally lower depth of
wear for UHPC F20.

e In contrast, the UHPCs made with silica fume displayed
the lowest abrasion depth, as silica fume produced more
cementitious activities during the 28-day curing period,
resulting in the UHPCs with denser and stronger
microstructures.

e With increases in time, the rate of abrasion decreased.
A major change in the rate of abrasion occurred at
about 5 min of testing.

3.2.2 Influence of Steel Fiber Content and Shape

The abrasion resistance values for the UHPCs containing 2
and 3% hooked and straight fibers are documented in
Table 5. In general, the introduction of fibers improved the
abrasion resistance of the studied UHPCs, and the UHPCs
made with 3% steel fibers produced lower abrasion depths,
as compared to the companion UHPCs containing 2% steel
fibers. When 2% hooked steel fiber was added, after 20 min
of testing, the resistance to abrasion improved by 10, 13,
16, 16, and 9% for the mixtures C100, SF5, F20, F30, and
F15SFS5, respectively. With the introduction of 3% hooked
fiber, the corresponding gains in abrasion resistance were
23, 22, 29, 29, and 20%, respectively, for the same
cementitious materials combinations. In comparison, test
samples containing 2% straight fibers increased abrasion
resistance by 18, 14, 19, 19, and 7%, respectively. The
improvements in abrasion of the UHPCs containing 3%
straight steel fibers were nearly identical to those of the
companion mixtures made with 3% hooked fiber.

Overall, hooked fibers increased the abrasion resistance
of the studied UHPCs by 15 and 26% for 2 and 3% volu-
metric contents, respectively, when compared with those of

the companion plain UHPCs (Fig. 7a). Once straight fibers
were used, the resistance to wear increased by 17 and 27%,
respectively (Fig. 7b). The reduction in the depth of wear,
with increases in fiber content, can be attributed to the
anticipated increase in the matrix stiffness of the fiber-
containing UHPCs. Depth of wear relationships between
plain and fiber-reinforced UHPCs, having coefficient of
determination (R?) values greater than 0.97 at 95% confi-
dence level, are documented in Fig. 7.

The effect of fiber shape on the depth of wear of the
studied UHPC:s is presented in Fig. 8. From the parity plot,
it can be seen that the shape of fiber had negligible influ-
ence on abrasion resistance. Mixtures containing 2 and 3%
straight fibers showed a 4 and 1% increases in abrasion
resistance, respectively, when compared with the com-
panion UHPCs made with hooked fibers. Correlations
between straight and hooked fibers, as shown in Fig. 8,
stood at the R? values of 0.98 and 0.99, respectively.

The addition of 2 and 3% steel fibers to the studied
UHPCs resulted in average increases in compressive
strengths of 3 and 7%, respectively, when compared to
those of the plain UHPCs. In comparison, the improve-
ments in the abrasion resistance of the UHPCs made with 2
and 3% steel fibers were 15 and 24%, respectively. These
observations portray that the addition of steel fibers had
more influence on the wear resistance than it did on the
compressive strengths of the studied UHPCs.

To determine the relative gain of abrasion depth of the
studied UHPCs with respect to the testing duration, abra-
sion depth ratios at 1, 2, 5, 10, and 15 min to the 20-min
depth of wear were determined by dividing the abrasion at
the time # by the final abrasion depth. The relative gains in
abrasion are shown in Table 6 and Fig. 9. The rate of
abrasion gain reduced with the testing duration. Moreover,
all studied UHPCs attained nearly 85% of their ultimate
depth of wear in the first 10 min of testing. The relative
gains in abrasion remained independent of cementitious
materials compositions, steel fiber content (2 and 3% fiber),
and steel fiber shape (hooked and straight). The UHPCs
without fibers produced average relative gains of 15, 28,
60, 86, and 95% after 1, 2, 5, 10, and 15 min, respectively.
In comparison, fiber-reinforced UHPCs showed average
relative gains of 14, 26, 58, 84, and 93% at the same time
intervals. The higher initial gains in wear of the studied
UHPCs can be attributed to the higher concentrations of
abrasive force, due to the smaller ball bearing contact
surface, as well as lower surface stiffness of the top mortar
paste layer.

3.2.3 Coefficient of Variation (CV)

The concrete surfaces in contact with the molds (four
surfaces) were tested to ascertain the acceptability of the

@ Springer



Urban Rail Transit (2021) 7(2):101-116

110
0.80
//
T (a) Line of parity -
£ s
g DWH2%2= 0.86DW,y,, ,
2060 | R2=0.99 v
= 4
4
§ DWap, = 0.74DWy,  +
S R?=0.97 L,
< 4
£ 040 ¢ /,' S
g p
© Ve
o o
: Ry
%020 |
< ¥ O 2% Hooked fiber
2 o
[ O 3% Hooked fiber
4
0.00 ) ' :
0.00 0.20 0.40 0.60 0.80

Depth of wear with 0% fiber (mm)

0.80
e
— (b) Line of parity ,#
£ ,
£ _ e
= DWyyy, = 0.83DWp, y
§ 0.60 F R2=0.98 //'
Y= v’
£ DWsy, = 0.73DW,, 7
(=] — Vi
2 R2=0.97 ) s
» it
£ 040 | p ©
s I o
S 7/
] v (e}
%020 | ‘
7
£ O 2% Straight fiber
o 7z 0
a o 3% Straight fiber
4
0.00 ¥ . L L
0.00 0.20 0.40 0.60 0.80

Depth of wear with 0% fiber (mm)

Fig. 7 Effect of steel fiber content on the depth of wear: a effect of hooked fiber, b effect of straight fiber

0.80

Line of parity ,”
7
DWo o, = 0.96DW, 5, Al
R2=0.98 4

DWesy, = 0.99DW, 50,
R2=0.99

0.60

0.40 r

0.20 r

Depth of wear with straight fiber (mm)

0O 2% fiber
O 3% fiber
0.00 o L L L

0.00 0.20 0.40 0.60 0.80

Depth of wear with hooked fiber (mm)
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test results. Following each abrasion test, the abrasion path
of the test specimen was carefully examined, and when the
abrasion path was not uniform, the result was discarded.
Table 7 and Fig. 10 present the coefficients of variation
(CV) of the abrasion depth after 1, 2, 5, 10, 15 and 20 min.
During the initial testing period, a fully leveled seating of
the abrasion apparatus on the concrete surface could not be
achieved, resulting in higher CVs. With progress in testing,
a more uniform concrete path was developed, and lower
than 10% CVs were observed for most of the studied
UHPCs after testing durations of 20 min. On average, the
CVs for the plain UHPCs were 27, 18, 15, 12, and 7% after
1, 5, 10, 15, and 20 min of testing, respectively. In com-
parison to the plain UHPCs, the fiber-reinforced mixtures

@ Springer

displayed higher CVs at the levels of 36, 23, 17, 12, and
9%, respectively, for the same time intervals.

3.2.4 Abrasion Index

An abrasion index (AI) was also used to examine the
resistance to wear of the studied UHPCs. The Al was cal-
culated using the following formula [15]:
R
Al = £ (1)
P
where Al is abrasion index, R is the ball race revolution (in
thousands), and P is the depth of abrasion (in mm or inch).
Based on the results presented in Table 8 and Fig. 11,
several observations can be made:

e Due to their strong microstructures, the studied UHPCs
produced very high abrasion indices. As a reference,
the accepted Al for roadways and industrial settings is
1.20.

e The UHPCs made with 5% silica fume, as a replace-
ment of total cementitious materials, showed the
highest abrasion indices, whereas UHPCs containing
fly ash produced the contrary.

e On average, UHPCs at 20-min testing duration dis-
played 7 and 15% higher Als, as compared to those of
the 10- and 15-min testing durations, respectively.

e The addition of steel fibers had a positive impact on the
abrasion indices of the studied UHPCs. The inclusion
of steel fibers increased Al by 22% on average, as
compared to that of the plain UHPCs. The abrasion
indices also improved with increases in fiber content
from 2 to 3%.
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Table 6 Relative gain of Mixture designation Rate of wear of UHPCs at various testing time

abrasion depth of UHPC

mixtures at 28 days 1 min 2 min 5 min 10 min 15 min 20 min
C100 0.20 0.34 0.68 0.90 0.96 1.00
C100-H2% 0.19 0.35 0.60 0.87 0.96 1.00
C100-S2% 0.21 0.36 0.62 0.87 0.95 1.00
C100-H3% 0.20 0.35 0.64 0.88 0.96 1.00
C100-S3% 0.19 0.33 0.63 0.88 0.96 1.00
SF5 0.13 0.22 0.49 0.78 0.91 1.00
SF5-H2% 0.14 0.23 0.54 0.79 0.90 1.00
SF5-S2% 0.12 0.19 0.51 0.78 0.91 1.00
SF5-H3% 0.10 0.20 0.53 0.82 0.95 1.00
SF5-S3% 0.09 0.19 0.51 0.82 0.93 1.00
F20 0.16 0.31 0.71 0.90 0.96 1.00
F20-H2% 0.13 0.28 0.65 0.91 0.95 1.00
F20-S2% 0.13 0.28 0.65 0.88 0.95 1.00
F20-H3% 0.13 0.24 0.58 0.84 0.95 1.00
F20-S3% 0.13 0.26 0.61 0.83 0.93 1.00
F30 0.13 0.24 0.49 0.81 0.94 1.00
F30-H2% 0.15 0.25 0.55 0.81 0.91 1.00
F30-S2% 0.11 0.21 0.50 0.76 0.90 1.00
F30-H3% 0.12 0.23 0.53 0.80 0.91 1.00
F30-S3% 0.11 0.21 0.51 0.76 0.89 1.00
F15SF5 0.13 0.28 0.65 0.91 0.95 1.00
F15SF5-H2% 0.14 0.30 0.61 0.86 0.94 1.00
F15SF5-S2% 0.14 0.28 0.62 0.93 0.97 1.00
F15SF5-H3% 0.16 0.28 0.61 0.83 0.94 1.00
F15SF5-S3% 0.20 0.34 0.68 0.90 0.96 1.00
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Fig. 9 Relative gain of abrasion depth as a function of time

3.3 Relationship Between Compressive Strength,
Splitting-Tensile Strength, and Elastic Modulus
with Depth of Wear

The relationship between the depth of wear (DW) and
compressive strength (ﬂ) of the 28-day-cured UHPCs (at a
95% confidence level) is shown in Fig. 12a and Eq. (2). As
can be seen, with increases in compressive strength, the
depth of wear of the studied UHPCs decreased. A similar
trend was also reported by Pyo et al. [40]. The correlation
between the depth of wear and the splitting-tensile strength
(fy) of the studied UHPCs is shown in Fig. 12b and Eq. (3).
Pyo et al. [40] developed a correlation between the tensile
strength of UHPC with mass loss, and found that the tensile
strength of concrete played a positive role in reducing the
mass loss after an abrasion test. Figure 12c and Eq. (4)
document the relationship between depth of wear and
elastic modulus (E,) of the studied UHPCs.

DW = 9333.6f. %% R? = 0.60 (2)
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Table 7 Coefficient of Mixture designation

CV for the wear test of UHPCs at various testing time

variation (CV) for the abrasion

test of UHPC mixtures 1 min 2 min 5 min 10 min 15 min 20 min
C100 36.42 34.86 29.35 19.45 18.63 8.97
C100-H2% 42.68 36.32 31.54 20.46 22.39 10.73
C100-S2% 38.03 19.31 15.25 16.24 12.70 9.01
C100-H3% 47.59 37.54 27.23 21.59 16.54 11.61
C100-S3% 46.37 35.20 18.07 6.40 6.94 5.93
SF5 23.18 22.93 13.49 12.39 9.54 3.97
SF5-H2% 25.63 24.82 17.32 16.30 12.61 8.56
SF5-S2% 38.20 43.21 16.74 15.95 9.83 5.55
SF5-H3% 29.32 33.52 20.05 19.32 11.75 10.61
SF5-S3% 26.84 17.81 18.00 16.87 10.04 7.59
F20 28.39 31.20 9.97 14.58 8.94 7.52
F20-H2% 34.00 31.87 3543 16.32 7.89 8.35
F20-S2% 19.32 21.57 18.41 10.35 6.84 8.16
F20-H3% 48.21 36.04 33.21 14.86 12.73 8.83
F20-S3% 42.62 32.19 27.58 16.41 13.52 8.27
F30 21.20 23.24 18.17 13.52 7.51 5.50
F30-H2% 31.78 25.64 26.94 19.47 16.31 12.14
F30-S2% 33.42 19.63 21.42 13.54 9.62 8.17
F30-H3% 41.47 38.21 32.14 18.92 17.52 12.41
F30-S3% 45.21 36.07 21.57 20.79 12.64 11.42
F15SF5 27.58 26.71 18.64 17.54 13.57 9.21
F15SF5-H2% 40.11 45.37 17.58 16.75 10.32 5.83
F15SF5-S2% 31.96 36.54 21.85 21.06 12.81 11.56
F15SF5-H3% 28.85 32.98 19.73 19.01 11.56 10.44
F15SF5-S3% 26.17 17.36 17.55 16.45 9.79 7.40
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Fig. 10 Coefficients of variation of abrasion depth of the studied
UHPCs as a function of time

DW = 4.3f"% R* =0.93 (3)
DW = 314.1E;" R* = 0.60 (4)
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3.4 Observation of UHPC Surface after Abrasion
Test

The abraded surfaces of the typical UHPCs (with and
without fibers) after completion of the tests are shown in
Fig. 13. As shown in Fig. 13a, both fine aggregate and
pastes were integrally worn away. This was due to the
strong bond action between the aggregate and paste. As
shown in Fig. 13b, the orientation of steel fibers played a
role in resistance to wear. Steel fibers parallel to the contact
surface acted jointly with the matrix to increase concrete
stiffness and abrasion resistance. Those fibers not parallel
to the concrete surface generated shadow zones just below
the fibers to protect the underlying matrix against wear.

3.5 Comparison Between UHPCs and HSCs

The compressive strength and depth of wear of the studied
UHPCs (plain and fiber-reinforced) were compared with
those of the two high-strength concretes (HSC1 and
HSC?2), and the results are presented in Fig. 14. As can be
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IT;})IEESS Abrasion index of Mixture designation Abrasion index of UHPCs at various testing time

1 min 2 min 5 min 10 min 15 min 20 min

C100 8.3 7.1 5.6 6.0 6.9 7.6

C100-H2% 10.0 7.6 7.0 6.9 7.6 8.4

C100-S2% 10.0 8.1 7.5 7.5 8.4 9.2

C100-H3% 11.1 8.8 7.7 7.9 8.9 9.9

C100-S3% 11.6 9.4 7.9 7.9 8.9 9.9

SF5 14.3 11.8 8.3 74 7.7 8.1

SF5-H2% 154 12.9 8.6 8.3 9.0 9.3

SF5-S2% 18.2 15.7 9.3 8.5 9.0 9.4

SF5-H3% 222 16.1 9.7 9.0 9.5 10.4

SF5-S3% 25.0 17.7 10.2 9.0 9.7 10.4

F20 10.0 7.1 4.9 55 6.2 6.9

F20-H2% 14.3 9.4 6.4 6.5 7.5 8.3

F20-S2% 14.7 9.6 6.6 6.9 7.8 8.6

F20-H3% 17.2 12.9 8.4 8.2 8.9 9.7

F20-S3% 16.7 11.8 8.0 8.3 9.0 9.7

F30 12.5 9.4 7.2 6.2 6.5 7.1

F30-H2% 12.3 10.9 7.7 7.4 8.1 8.4

F30-S2% 17.9 13.0 8.8 8.1 8.4 8.8

F30-H3% 18.9 139 9.3 8.8 9.4 9.9

F30-S3% 20.4 15.2 9.9 9.3 9.8 10.0

F15SF5 14.3 9.4 6.4 6.5 7.5 8.3

F15SF5-H2% 14.7 9.7 7.5 7.5 8.4 9.1

F15SF5-S2% 14.3 10.1 7.2 6.8 8.0 8.9

F15SF5-H3% 14.7 11.8 8.4 8.8 9.5 10.3

F15SF5-S3% 20.0 14.6 9.3 8.7 9.3 10.1
30 e ey fibers in the UHPC-C100 widened the gap between the two

N
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1
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Fig. 11 Abrasion index of the studied UHPCs as a function of time

seen, HSC2 exhibited 11% improvement in abrasion
resistance, over that of HSCI1, while its compressive
strength increased by nearly 10%. In comparison to the
HSCs, the plain UHPC-C100 displayed an approximately
16% increase in wear resistance, whereas its compressive
strength improved by nearly 30%. The introduction of steel

concrete types by a nearly 32% improvement in wear
resistance, whereas their compressive strengths remained
nearly unchanged. The significantly higher cementitious
material content used in the studied UHPCs, as compared
to those of the HSCs, had more influence in improving
compressive strength than it did in improving its resistance
to wear.

A comparison between the depths of wear and splitting-
tensile strengths of the studied HSCs and UHPCs is illus-
trated in Fig. 15. Plain HSC2 displayed a 6% increase in
splitting-tensile strength as compared to that of the HSCI,
whereas the abrasion resistance increased by 11%. UHPC-
C100 produced a 42% higher splitting-tensile strength
compared to those of the HSCs. With the introduction of
steel fibers, the improvement in splitting-tensile strength
increased to 54%. The aforementioned results indicate that
the steel fibers improved splitting-tensile strength and
resistance to wear more than they did compressive strength.

While elastic, the moduli of the plain HSCs and UHPCs
were nearly identical, the depth of wear decreased by 11%
for plain UHPCs as compared to HSCs (Fig. 5). The
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Fig. 13 The abraded surface of
typical UHPC after 20 min of
testing: a plain UHPC, b steel
fiber-reinforced UHPC
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Fig. 14 Comparison between UHPC with HSC in terms of wear and
compressive strength

addition of steel fibers slightly improved the elastic moduli
of UHPCs (3% improvement) as compared to the HSCs,
whereas the improvement to wear was 32%.

After 20 min of testing, HSC1 and HSC2 showed an Al
of 6.0 and 6.8, respectively. In comparison, the plain
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Fig. 15 Comparison between UHPC and HSC in terms of wear and
splitting-tensile strength

UHPC (C100) produced an Al of 7.6, an increase of 16%
compared to those of the HSCs. Once steel fibers were
incorporated, the fiber-reinforced UHPCs displayed 32%
higher Als, as compared to those of the studied HSCs.
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4 Conclusions

Based on the results of this study, the following conclu-
sions can be drawn:

1. The studied UHPCs displayed excellent compressive,
splitting-tensile, and stiffness properties. The varia-
tions in cementitious materials combinations had a less
positive effect on splitting-tensile resistance and elastic
moduli than they had on compressive strength. The
low water-to-cementitious materials ratio, very high
cementitious materials content, and customized natural
aggregate gradation produced a very dense matrix,
which resulted in the excellent resistance to wear
displayed by the studied UHPCs.

2.  Amongst the studied cementitious materials combina-
tions, the 28-day-cured UHPCs containing silica fume
showed the highest resistance to wear, whereas the
UHPCs containing fly ash produced the contrary.

3. The addition of steel fibers improved the abrasion
resistance of the studied UHPCs. The inclusion of steel
fibers had more influence in improving the abrasion
resistance (20%) than it did on the compressive
strength (5%) of the studied UHPCs. Minimal differ-
ences in wear resistance and compressive strength
were observed between the straight and hooked steel
fibers.

4. Nearly 85% of the UHPCs’ ultimate wear was attained
in the first 10 min of testing.

5. The relative gain in abrasion of the studied UHPCs was
independent of cementitious materials compositions or
steel fiber content or type.

6. The higher cementitious materials content of the
UHPCs, as compared to those of the HSCs, enhanced
the compressive strength more than the resistance to
wear. In contrast, the increase in cementitious mate-
rials contents of the studied HSCs improved the
resistance to wear more than the bulk properties.

7. Railway sleepers made with UHPC can produce
superior bulk properties and resistance to wear, as
compared to the currently used prestressed concrete
sleepers.
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