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Abstract: This research investigates the application of plastic fiber reinforcement in pre-tensioned
reinforced concrete railway sleepers, conducting an in-depth examination in both experimental
and computational aspects. Utilizing 3-point bending tests and the GOM ARAMIS system for
Digital Image Correlation, this study meticulously evaluates the structural responses and crack
development in conventional and plastic fiber-reinforced sleepers under varying bending moments.
Complementing these tests, the investigation employs ABAQUS’ advanced finite element model-
ing to enhance the analysis, ensuring precise calibration and validation of the numerical models.
This dual approach comprehensively explains the mechanical behavior differences and stresses
within the examined structures. The incorporation of plastic fibers not only demonstrates a sig-
nificant improvement in mechanical strength and crack resistance but paves the way for advance-
ments in railway sleeper technology. By shedding light on the enhanced durability and perfor-
mance of reinforced concrete structures, this study makes a significant contribution to civil engi-
neering materials science, highlighting the potential for innovative material applications in the
construction industry.

Keywords: railway; reinforced concrete; sleeper; pre-stressing; plastic fiber reinforcement; laboratory
experiments; numerical modeling; FEM; ABAQUS; DIC

1. Introduction
1.1. General Introduction

Transportation has been crucial in driving growth and development throughout hu-
man history [1,2]. The development of the wheel, advances in marine transportation, the
Industrial Revolution with its breakthrough steam engine technology, and later inventions,
such as electricity and internal combustion engines, are all key milestones that represent
substantial improvements [3,4]. Today, transport sciences comprise a wide range of dis-
ciplines, such as transport engineering, logistics and transport packing, civil engineering,
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electrical engineering, mechanical engineering, vehicle engineering, computer science, and
economics [5-8].

It is critical to address three primary transportation disciplines: land transportation,
air transportation (including space travel), and water transportation. These disciplines
interact and play important roles in many subdisciplines of transportation. On the other
hand, pipeline transport functions differently and is primarily concerned with the flow of
gas and oil rather than passenger transit. This is why pipeline transport is not addressed in
this context.

In each of these fields, significant considerations such as sustainability, ecological
operation, and economics must be considered [9-11].

This article will examine rail transportation, especially focusing on railway sleepers,
and will pay dedicated attention to concrete structures reinforced by plastic fibers (see
Section 1.2).

Before describing the particular field of the article, the authors would like to discuss
general topics as introductory themes. The paper is mainly related to civil engineering;
however, other engineering disciplines (e.g., mechanical engineering, material engineering,
and technologies) are also being brought as appropriate and connecting fields.

In the case of traditional ballasted railway permanent ways, their structure consists of
the superstructure, i.e., rails, sleepers, rail fasteners (fastening system), ballast bed with
its subballast, and the substructure, i.e., granular protection layer (formation layer or pro-
tection layer) and the subgrade [12-16]. In European terminology, subballast refers to the
lower layer of the ballast bed beneath the sleepers; in American terminology, however, sub-
ballast is synonymous with the formation layer and is classified as part of the substructure.
The elements of the layer structure constitute a (force) support system in which vertical
and horizontal loads (forces) are distributed according to a given distribution law.

1.2. Railway Sleepers

Railway sleepers, which are crucial for constructing and maintaining railway tracks,
provide essential support and stability for the safe operation of trains [17,18]. Historically,
materials like wood, concrete (mainly reinforced concrete—i.e., RC), steel, and synthetics
have offered unique benefits [17,18]. Reinforced concrete sleepers can increase the load-
bearing capacity of structures, simultaneously decreasing deformation due to loading
and the crack width in the concrete [19]. The railway companies’ experiences with these
reinforced structures are favorable [20].

The current paper deals with pre-stressed reinforced concrete railway sleepers with
and without additional plastic fiber reinforcement. Concrete sleepers are favored for
their durability and low maintenance and are particularly suitable for high-speed rails.
Reinforced with steel rods or fibers, reinforced concrete sleepers offer improved strength
and resilience and are ideal for areas with heavy loads and temperature extremes. Fiber-
reinforced sleepers combine the benefits of reinforced concrete with additional strength
and maintenance efficiency, making them suitable for high-stress areas.

Adding extra fiber reinforcement to steel-reinforced concrete sleepers represents a
major advancement in railway infrastructure. This review compiles findings from various
studies, highlighting how fiber reinforcement affects the performance of concrete sleepers.
Each statement reflects the organized content from the provided dataset to ensure precision
and thoroughness.

The studies investigated different materials for sleepers, including recycled chopped
carbon fiber and epoxy resin [21], pre-stressed concrete with CFRP (Carbon Fiber-Reinforced
Polymer) [22], and synthetic fiber-reinforced concrete [23]. Other studies looked at ma-
terials like laminated form carbon [24] and steel-reinforced concrete [25]. These varied
materials underscore the broad exploration of fiber reinforcement in enhancing sleeper
properties.

The fibers used in these studies included carbon fibers, synthetic fibers, and hybrid
mixes of steel and polypropylene fibers [21-23,25]. Carbon fibers are popular for their high
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strength and stiffness [21]. The quantity of fibers varied, with some studies optimizing
the content to 2 wt% carbon fiber for the best results [21], while others tested amounts like
2.0 kg/m3 and 5.0 kg/m? [23]. This variation was crucial in identifying the most effective
reinforcement levels.

The main methodologies involved lab experiments to evaluate the mechanical and
dynamic properties of sleepers. These included flexural strength tests, rail seat static
positive moment tests, and dynamic damping assessments [21-25]. The studies aimed to
reduce vibration and noise issues [21], compare modal and harmonic responses [22], and
assess flexural tensile strength [23]. For instance, tests on CFRPC sleepers aimed to mitigate
vibration and noise problems [21].

Comparative studies were vital, contrasting fiber-reinforced sleepers with traditional
steel-reinforced ones. The results consistently showed that fiber reinforcement significantly
enhanced the mechanical properties of concrete sleepers. CFRPC sleepers, for example,
demonstrated better flexural strength and reduced vibration compared to conventional
sleepers [21]. Similarly, CFRP-reinforced, non-pre-stressed sleepers performed similarly to
pre-stressed B70-type sleepers [22]. Adding synthetic fibers to concrete greatly improved
its mechanical properties, like flexural tensile strength [23].

Incorporating additional fibers into concrete sleepers provided many benefits. En-
hanced durability and strength were common themes [21-23,25]. Adding fibers like syn-
thetic and carbon fibers increased resistance to cracking and improved load-bearing ca-
pacity [23]. Polypropylene fibers, for example, contribute to better energy absorption and
distribution during impact, which is crucial for the longevity and safety of railway infras-
tructure [24]. Another study found that LCR-6 sleepers with additional fiber reinforcement
performed better than conventional sleepers [25].

Despite these benefits, challenges with fiber reinforcement remain. One major issue is
the complexity of manufacturing, which could increase production costs [23]. Ensuring
even the distribution of fibers within the concrete matrix is critical for consistent perfor-
mance, requiring precise mixing and placement techniques [22]. Additionally, the long-term
performance and environmental impact of synthetic fibers need further study [24]. The
main conclusions from the study on LCR-6 sleepers indicated that adding fibers signifi-
cantly improved performance, although manufacturing complexities were noted [25].

Table 1 contains the results of a very detailed literature review with more considered
aspects [21-49].



Polymers 2024, 16, 1498

4 of 52

Table 1. The details of the executed literature review, with the consideration of relevant aspects.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers Sleepers forcement Fibers Fibers Type
The aim was to reduce
vibration and noise
problems in railway slabs
Laborator using CFRPC. Additional wgkll‘i ZC;I::ng;: Tg: rth
- Y methods: oxygen plasma o kd
experiments and 2 wt% carbon fiber
including flexural treatment to enhance the content exhibited the
Carbon Fiber strength tests and adf}ilbeg1i‘0ar111lcjleetW:)Z2 v :easrikr’lon Comparisons highest mechanical and
Reinforced Polymer Recycled chopped impact vibration X-ra hofoelthron ' werg made dynamic properties,
4 e PP Not . 2 wt% carbon fiber tests. Three-point yP showing a flexural
13 &
[21] Concrete (CFRPC) carbon fiber and epoxy aoplicabl Yes Carbon fibers f imal 1 . spectroscopy (XPS) between CFRPC
. pplicable or optimal results bending test and . . strength of 25.12 MPa
sleeper and Polymer resin impact test for analysis, and scanning sleepers and and a damping value of
Concrete (PC) sleeper nrljeasurin electron microscopy polymer 0 019§4 "gl"his
stiffness ar?d (SEM). Validation phases: confj, .uratio.n reduced
d . the study included i
amping lidation through the noise level by 4 dB
roperties vaudation taroug compared to the PC
P comparison with polymer sleeper
concrete sleepers using a P
1/6 scale model of the
railway structure
The CFRP-reinforced
non-pre-stressed
sleepers demonstrated
higher damping
capabilities compared
The aim was to compare to the pre-stressed B70
the modal and harmonic sleepers. The
Laborator response of new CFRP non-pre-stressed
experimer\tS'yrail laminate-reinforced sleepers showed a
lPre-st‘resseii cc'mfcreteCl B70 sleepeg: seat static positive c]§)7ncrete sleepers w1t£1 Compan;ons significant redl-xgtuin in
B70, pre-stressed sleeper: steel-reinforce pre-stresse B70 sleeper: moment tests, . 0-type Ere—staessg were made to ; stresg at Crltl{ié'i )
concreeslocperanda RGNS g endonedy  0Sleepers ot applcable. modaland SR L amping | presened  apoentilly longer
[22] new CFRP (Carbon concrete sleeper: CFRP- ' no; CFRP- CERP- N/A harmonic response capabilities anthheg leepers which seeri)ce life an}c,i red%lced
fiber-reinforced . N . reinforced reinforced analysis. . . . .
. carbon fiber-reinforced reinforced . potential for reducing are widely used maintenance needs.
polymer)-reinforced 1 CFRP 1 . sleeper: yes sleeper: Numerical i . ldwide f Specificall
concrete sleeper polymer ( ) sleeper: carbon fiber simulation: finite railway maintenance costs worldwide for pecifically, stress
laminate without element simulation and extending service life.  high-speed train levels in
reinforcements pre-stressing Other methods: lines non-pre-stressed CFRP

using ANSYS®
2020 R1 software

validation phases with
laboratory experiments,
comparison with results
from the literature

sleepers were kept
below 16 MPa in critical
frequency ranges,
whereas pre-stressed
B70 sleepers
experienced stress
levels up to 212 MPa,
which would likely
reduce their service life
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Table 1. Cont.

Type of the Tested/ . Additional Type of . Lo
Ref. Investigated Railway Matse;::l :rfsthe Tensioning Fiber Rein- Additional Qual;?filg}e'rt;f the Inve;tlgeatlon Aims and Methods Comparisons Main Conclusions
Sleepers 3 forcement Fibers P
The addition of
The aim was to assess the synthe?lc fibers to
. . concrete increased the
A hybrid flexural tensile strength of .
g . . flexural tensile strength
combination Laboratory concrete with synthetic . o o
. ) Comparisons by 5.5% to 13.5%
of steel and experiments fibers and to propose a were made with depending on the
. polypropy- Different including new formula for flexural . P &
Synthetic . - . - plain concrete mixture. The best
Unknown-type . . lene fibers. quantities were three-point tensile strength ; -
[23] fiber-reinforced N/A Yes . . 3 ) . and with other results were obtained
concrete sleeper Synthetic tested: 2.0 kg/m bending tests calculation. The study . . )
concrete ! 3 studies on with a hybrid blend of
fibers of and 3.0 kg/m (3PBT) to assess also evaluated the . . - L
- N A . fiber-reinforced  fibers. The ductility and
different flexural tensile ductility and residual concretes residual flexural tonsile
geometry and strength flexural tensile strengths
X . strengths were also
form of fiber-reinforced s
significantly enhanced
concrete 5 . N
with the incorporation
of synthetic fibers
The . .
i . The main conclusions
. additional The aim of the .
According to . . R The study of the paper regarding
. fiber investigations was to test . i
the provided Sy . The type of - involved the additional
: : Considering reinforcement . oo the new design of . . -
information, investigation done . comparisons of  fiber-reinforcement are:
s the type . L-CFRPU-reinforced
The sleepers tested are it is suggested . AN includes newly produced newly produced
. basis/normal (material) is . concrete sleepers and . -
Laminated form carbon that . incremental LUR . sleepers with L-CFRPU-reinforced
Ny . . tendons, the carbon fiber- . compare them with .
) Unknown-type fiber-reinforced pre-stressing . tests, which are . the traditional concrete sleepers show
[24] . sleepers reinforced N/A widely used concrete . .
concrete sleeper polyurethane- might not be . laboratory A concrete higher enough design
. contain polymer, . sleepers in terms of o .
reinforced concrete necessary for o, 7 experiments to test . i sleepers, load capacities without
additional specifically . design load capacities and . . . -
sleepers the L-CFRPU- . . the mechanical Lo i potentially with needing pre-stressing,
. fiber Laminated . service life; no specific . £
reinforced . properties of the . . an emphasis on suggesting a longer
reinforcement form carbon mention of a validation o o077
concrete . sleepers ; . . load capacities service life compared to
fiber- phase is provided in the . o
sleepers . and longevity traditional concrete
reinforced excerpt sleepers
polyurethanes P
In the paper, it is
B70 sleepers The aim of the . concluded that the
. - Comparisons LCR-6 sleepers
are investigation was to o
. were made demonstrate an 83%
The B70 sleepers are pre-stressed . - evaluate the impact PN
The investigation 3 - between the reduction in FRF
made of concrete The damping characteristics . .
. . LCR-6 i type was . conventional magnitude values
The paper considers steel-reinforced sleepers, additional and mechanical strength
. . sleepers . laboratory B70 pre-stressed compared to B70
two types of sleepers: concrete, whereas the while LCR-6 . fiber . of LCR-6 sleepers .
. contain . experiments that concrete sleepers after impact
standard B70 LCR-6 sleepers consist sleepers are ", reinforcement . compared to B70 sleepers,
[25] . additional A N/A included modal . sleepers and the loads and show an
pre-stressed concrete of laminated carbon non-pre- . . material in . . also employing modal . .
< . fiber reinforce- analysis, rail seat : o new LCR-6-type increase of damping
sleepers and the new fiber-reinforced stressed . LCR-6 ; analysis. Validation . o
. ment, while . loading tests, and o sleepers after ratios by 274%. The
LCR-6-type sleepers polyurethane materials concrete sleepers is . phases, such as feasibility
. . B70 do not - repeated impact . . they were cracks formed on
without a pre-stressing sleepers carbon fiber studies and mechanical - .
. tests . subjected to impacted LCR-6
process reinforced tests, were applied - .
. R . repeated impact sleepers were minor
with carbon alongside impact loading .
] loads and did not cause
fiber procedures

significant mechanical
capacity loss
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Matse;::l :rfsthe Tensioning Fiber Rein- Additional Qual;?filg}e'rt;f the Inve;tlgeatlon Aims and Methods Comparisons Main Conclusions
Sleepers P forcement Fibers P
The newly The aim of the The study concluded
developed investigations was to that the new LCR
sleepers are The stud assess the performance of sleepers met the static
The sl di d mentioned as duct }cll new laminated carbon capacity requirements
aree scsﬁgrirtse sisezusesrz an alternative T;)l?orlallioi fiber-reinforced of standards and
specificall lamirf;te ¥ to ex erimen}t,s polyurethane-reinforced The new LCR exhibited fewer vertical
caprbon fibe};—reinforce d pre-stressed Yes, the newl iﬁclu ding concrete railway sleepers sleepers were plastic deformations,
Unknown-type olyurethane- (pre- dévelo od Y Carbon fiber- im roveg under demanding compared to which are crucial for
[26] concrete slezyzrs reig fche d concrete tensioned) slee gs reinforced N/A incrzmen tal operational conditions. ordinary high-speed railways.
P railway sleepers, as concrete con tair}: them polymer loading— The tests were used to pre-stressed Sleepers that had the
o ose}cll to sfan d/ar d sleepers but unloa dign ) measure sleeper concrete L-CFRPU surface
PE teclreinforced do not reloadin testgs and deformations, first crack sleepers sanded and a more
concrete sleepers explicitly onest ag o static formation loads, and spread of L-CFRPU in
P state whether loa ding tests permanent crack width, the concrete section
the new type 8 but no explicit mention of showed better
is pre-stressed a validation phase is performance than the
or not made other samples
The aim was to assess the
The paper suitability of polymers The use of glass fibers
discgsses and polymer composites Comparison as reinforcement in
olymers Laboratory for sleeper production, between polymers reduced the
Unknown concrete Concrete and polymer Pre-stressed iin}gorce d experiments and especially in terms of traditional thermal expansion
[27] sleeper com, osilses y concrete with elass Glass fibers N/A evaluation of thermal expansion and materials and coefficient, indicating a
P P sleepers fibersé;s an thermal expansion gauge stability. the tested positive impact on the
alternative properties Experimental polymer stability of the sleeper’s
material measurement of thermal composite dimensions under
expansion in laboratory temperature changes
conditions was mentioned
The aim was to assess the
reuse of GFRP wastes in
concf:)ectz—sli)ssegnntl}?:iernals, Incorporation of GFRP
mne . recyclates in concrete
mechanical properties P
. ) materials improves
L . and cost-effectiveness. Comparisons .
The paper Investigation type: . . compressive and
. 3 lab, Research methods: mix were made with il 1 behavi
The concrete mentions various aboratory design formulations concrete exural behavior up to
contains replacement ratios  experiments. Tests combressive stren tI; mixtures 15% replacement ratios.
Unknown-type Steel-reinforced o ; of sand aggregates executed: P & . However, higher
[28] N/A additional Glass fiber ; . tests, flexural strength containing ¢
concrete sleeper concrete fiber with GFRP waste compressive and tests, and the varvin replacement ratios may
. fractions up to 15% flexural strength . L . ying lead to significant
reinforcement . . incorporation of silane amounts of - .
in weight of total tests were . losses in mechanical
coupling agents were GEFRP recyclates .
aggregates executed properties due to the

applied. Validation
phases: the paper does
not explicitly mention
validation phases but
includes extensive testing
and comparison of results

and other fillers

increased water-cement
ratios needed for
workability
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Table 1. Cont.

Type of the Tested/ . Additional Type of . Lo
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers " Fibers Type
Sleepers forcement Fibers
The
reinforcement
type for the
concrete The aim of the The main conclusion
sleeper in this investigations was to regarding additional
Meimesigaions M TN o1 e Compurons o 6t et
s done include both P ! other structures
in ‘Ehe The slee_pers The sleepers laboratory spec1f1ca}1y the_ sleeper are not directly FRP-OF sensors show
™ ) provided ) contain contain experiments and dynamic strain, as a mentioned in good_per_formance f_or
e material of the excerpts, so it additional additional field dynamic tests means to reflect the the excerpts monitoring dynamic
considered sleeper is remains fiber fiber to mor}\litor sleeper wheel/rail force under rovided pThe strains of bi-block
Unknown-type fiber-reinforced unspecified. reinforcement  reinforcement . P high-speed train loads. To P A sleepers, offering a
[29] i ; . N/A dynamic strain. R . study primarily
concrete sleeper concrete, specifically However, the in the form of  in the form of Ther Iso th achieve this, a £ o valuable supplement to
with Fiber-Reinforced context of Fiber- Fiber- ESZ V(;’fa Z ?ir?ﬁe ¢ Fiber-Reinforced Val(;(c:l‘;iif Othe future wheel /rail force
Polymer high-speed Reinforced Reinforced element model to Polymer-Optical Fiber embe dc%e d monitoring. The
ral'lwe%y Pglymgr— Pglymgr— simulate sleeper sensor was embedded FRP-OF sensor sensors enabled t.he
applications Optical Fiber Optical Fiber strain under within the sleeper. The within the detection of strain
suggests that loadine conditions laboratory tests and field sleeper itself variations that were in
they are likely & tests served as validation P line with the
to be phases for the monitoring characteristics of wheel
pre-stressed method load distribution ratio
for added
strength and
durability
CC16: Conventional Laboratory
pre-stressed concrete experiments were The aim was to
sleeper used in the conducted investigate the offects of Comparisons The addition of 0.75
Korean railway system. including static GG];]SS Erau; steile filicerss (;n were made VZT"/ stegl fi(l)ner.s
BS16: Same geometry and impact tests the flexural behavior of between imprO\:ed the impact
and reinforcement as using a railway PSC sleepers sleepers with resistance and residual
CC16, but with partial CC16: No. drop-weight under static and impact different capacity of the PSC
replacement of . BS16: No. BSF16 and BSF14 impact test loads, and to evaluate the materials and sleepers. Specifically,
Portland cement with Steel-reinforced Hooked steel - o machine with . . reinforcement o
[30] GGEBFS. BSF16: S pre-stressed BSF16: Yes. - contain 0.75 vol% ; . structural integrity after . . BSF16 showed 22% and
. : Same as concrete . fibers . potential energies . configurations. o7 T -
. o BS14: No. hooked steel fibers impact damage. Research 87% higher residual
BS16 but with 0.75% BSF14: Yes of 7.85 and 9.81 k. methods: static bendin, For example, flexural strengths at
steel fibers and removal ) Tests included tests, dro i —woight im a%t CC16 was otential energ ies of
of stirrups. BS14: Same measuring 4 ’t mp rgm ntp ¢ compared to p 785 and 9 8% %
maximum load, €SS, Measurement o BS16 and BSF16 oo a y 4

as BS16 but with 14
pre-stressing strands.
BSF14: Same as BSF16
but with 14
pre-stressing strands

deflections, strain
variations, and
residual flexural
performance

deflections, strain, and
residual flexural
performance

under static and
impact loads

respectively, compared
to BS16 without fibers
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers Sleepers forcement Fibers Fibers Type
The study concluded
The paper that UHPC sleepers
compares the with steel fiber content
The research aimed to performance of greater than 1%
investigate the structural UHPC sleepers showed improved
and electrical responses of with different control over early-stage
1The UHPC The sleepers Steel fib Stect fib Stecl fib IilI—E’C sleeperlsfygith ﬁ]ljzvels of stegl Ciél; 'd'evelﬁpm;mt
Unknown-type Ultra-high performance sleepers were contain teel fibers are teel fibers are teel fibers are itferent steel tiber er content but 1t10pa y, the
131] ultra-high performance  concrete with steel fiber fabricated additional used as the used as the used as the contents. The tests does not research highlighted a
g concrete sleeper reinforcement using the post- steel fiber supplemen- supplementary supplfementary conducted provided an explicitly strong correlation
tensioning reinforcement tary fibers fibers fibers evaluation of the compare them between the volume
method mechanical properties to sleepers made fraction of steel fibers
and electrical insulation of other and the structural
performance of the materials or behavior of the
sleepers with no steel sleepers, emphasizing
fiber the benefits in tensile
reinforcement capacity and fatigue
performance
The addition of macro
The aim was to evaluate synthetic fibers
the residual performance increased the residual
Laboratory of MSFRC sleepers after flexural strength and
experiments with dynamic impacts from Comparisons toughness of MSFRC
full-scale dynamic wheel-rail irregularities. mage with sleepers, making them
Unknown-tvpe Macro Synthetic Macro impact behavior Research methods conventional more adaptable to the
[32] YP Fiber-Reinforced Pre-stressed Yes synthetic N/A studies, and a included full-scale testing rail network with
concrete sleeper C ] . . ) pre-stressed . .
oncrete (MSFRC) fibers series of and analysis of residual improved residual
. concrete
material-scale flexural strength and sleepers performance after
flexural toughness. Validations P dynamic impacts when
experiments were made through compared to the

comparisons with
conventional sleepers

conventional
pre-stressed concrete
sleepers
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers " Fibers Type
Sleepers forcement Fibers
The addition of steel
fibers to geopolymer
The aim was (i) to assess concrete significantly
) . enhances its mechanical
Laboratory the load-carrying capacity, roperties. The
experiments: static ~ ductility, and durability of Comparisons SI;RGPRS slée ors
bending tests, rail  the proposed geopolymer were made > oep
- ! . showed a 23% increase
seat bending concrete sleepers; (ii) to between: (i) in load-carrvin
moment Evaluate the impact of steel capacity and ayz 4 %10/
Geopolymer concrete evaluation, steel fiber reinforcement fiber-reinforced irr:crea}s,e in moment °
Pre-stressed composed of Fly Ash compressive on the mechanical geopolymer capacity compared to
Geopolymer Railway (FA) and Ground strength tests, properties and structural sleepers corlzvenzional Pc)oncre te
Sleepers (PGRS) and Granulated Blast . o flexural strength performance of the (SFRGRS), (ii)
[33] . . Pre-stressed Yes Steel fibers 1% by volume s sleepers (CC). The
Steel Fiber-Reinforced Furnace Slag (GGBFS), tests, modulus of sleepers; (iii) to compare pre-stressed . ! .
. X . g inclusion of steel fibers
Geopolymer Railway with steel fibers used as rupture tests, the performance with geopolymer improved the
Sleepers (SFRGRS) secondary electrical conventional pre-stressed  sleepers (PGRS) di P .
. . isplacement ductility
reinforcement impedance tests, concrete sleepers (PCS). and (iii) demand by 25%
and Validation Phases: conventional (ultimate) };8 50;
microstructural experimental validations pre-stressed (failure) and '30/0
analysis using were performed on concrete (resi dual, ductilito
SEM-EDAX & full-scale sleeper sleepers (PCS) . | quenty
. index). This indicates a
XRD members under static ionificant
loading conditions stghitican
enhancement in the
ductility and durability
of the sleeper members
The aim was to The main conclusion is
investigate the efficiency that the use of hybrid
of using steel fibers in steel fibers in concrete
improving sleeper sleepers leads to an
Laboratory characteristics such as Comparisons to mereasem
. . . . load-carrying capacity
. . experiments load-carrying capacity conventional X
Unknown-type Steel-reinforced Hybrid steel fibers including static and energy absorption sleepers without and energy absorption.
[34] Pre-stressed Yes Steel fibers of0,0.3,0.5,0.7, & 24 ¢ This results in

concrete sleeper

concrete

and 1% by volume

tests like negative
bending moment
tests

with a focus on service
life improvements for
high-speed tracks.
Validation was done by
averaging results from
two specimens for each
condition

additional steel
fibers were
made

enhancements in the
service life of the
sleepers, while
maintaining dynamic
characteristics similar
to conventional
sleepers
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Table 1. Cont.

Type of the Tested/ . Additional Type of . Lo
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers " Fibers Type
Sleepers forcement Fibers
Aim: To investigate the
influence of steel fibers Sleepers incorporating
and GGBFS on the static 0.75% steel fibers
and fatigue performance showed higher loads at
Laborator of pre-stressed concrete first cracking and
experiments );n d sleepers, and to assess the Comparisons improved crack control,
Type: BS16, BS14, (irlounft_:lugranul?ted field tests. Static potegl tial fto reduce t.he were made with lgadmglto eg\?apced
BSF16. BSF14. CC16 ast furnace slag bending tests number of pre-stressing conventional exural and fatigue
[35] - e (GGBFS) and steel Pre-stressed Yes Steel fibers 0.75% by volume . ’ strands. Methods: Static . performance. Steel
(Conventional railway . . fatigue tests, . . sleepers without . .
fiber-reinforced and fatigue testing at the " fibers effectively
sleepers) pull-out tests for . . steel fibers oy
concrete . . rail seat section and replaced traditional
the rail fastening . d (CC16) . d ided
shoulder center section, compare stirrups and provide
with conventional an economical solution
sleepers. Validation: Yes, by allowing the use of
the results were fewer pre-stressing
compared with existing strands
standards and criteria
Comparison The study concluded
vk that UHP-FRC with 2%
conventional of macro steel fibers by
re-stressed volume significantly
The aim was o develop an P ncret enhances the
Laboratory optimal UHP-FRC 1 cone e(IfSC) compressive and
experiments. Tests: material with high fsole;;riiar axle flexural strengths of the
7-day compressive flexural strength for Joads (25 sleeper material,
strength, 28-day manufacturing TAL /ton axle achieving 7-day
. flexural strength, non-pre-stressed concrete compressive strength of
Non pre-stressed Ultra-high performance . load/and 40
. . . . . modulus of sleepers. The applied 103 MPa and 28-day
Ultra-high performance fiber-reinforced Without Optimal content of . . TAL). Found
) : . Macro steel ) elasticity, flexural methods were the Taguchi flexural strength of
[36] fiber-reinforced concrete (UHP-FRC), pre-stressing Yes . macro steel fibers: R that non-pre-
- fibers o (modulus of method for optimization, 21.4 MPa. The
concrete (UHP-FRC) also known as reactive tendons 2% by volume ) . ) stressed
rupture) tests, trial mixes, and material non-pre-stressed
sleeper powder concrete (RPC) K . UHP-FRC
compression tests testing procedures. The 1 s h UHP-FRC sleepers
on cylinder validation was related to Sl.e eﬁ::f 51 ave designed for 25 TAL
samples, elastic material tests to irlgss_s);ciirogig and 40 TAL are only
modulus determine the optimal but satisfy the slightly larger than
determination content of fibers and M conventional PSC

mechanical properties

required shear
strength and are
more efficient in
design and
manufacturing

sleepers and do not
require pre-stressing
tendons, simplifying
the manufacturing
process
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers Sleepers forcement Fibers Fibers Type
The study concluded
that concrete admixture
Investigated The aim was to The study Izgtsh t:\?v;z;lgﬁggstoefel
o ortigns are investigate the potential compared the & fib(I:r improves all
The study focuses on propo; o Laboratory of replacing silica fume performance of pre
. 0.5%, 1%, and 1.5% - - - o o characteristics of the
concrete sleepers, with st’e ol f"iber b experiments were with a combination of traditional silica concrete compared to
Unknown-type potential enhancements Glass powder Yy conducted, with glass powder and steel fume concrete . P
[37] . N/A Yes " concrete volume . $ N . R traditional silica fume
concrete sleeper using glass powder and and steel fiber and 5%, 10% and particular tests not fiber in concrete sleepers,  admixtures with admixtures. An
steel fiber as silica fume 15% 1;’5 s (;’:N der specified in the and to evaluate the new admixtures optimal combi.nation
replacements 1; gwei I;\t of provided snippets mechanical performance containing glass P for mechanical
cer}rllent cgontent of these alternative powder and erformance was found
admixtures steel fiber P o
to be 10% glass powder
and 1.5% steel fiber by
respective measures
Adding 0.75 vol% steel
fibers and increasing
Comparisons the number of strands
The aim was to made to other mgr;ic;r;tils);aenncl;a(r)}ced
The studies investigate the effects of sleepers, ro-stressed concrete
involved supplementary materials including those pslee ers to multiple
The volume laboratory and fiber reinforcement made with im pacts im roviFr)1
ercentage of steel experiments on the performance of conventional e};k re(;cti(};n loa dg
Unknown-type Steel-reinforced X P € O including concrete sleepers, such as materials and P . .
[38] Pre-stressed Yes Steel fibers fibers added is 0.75 . . RO ; deflection behavior,
concrete sleeper concrete vol% as stated in drop-weight their durability, impact varying crack width reduction
one gf the papers impact test resistance, and structural amounts of steel and concrete spallin ’
pap machine and other behavior. Validation fibers or R i g
- 4 X lici > prevention. These
static and dynamic phases are not explicitly different modifications also led
tests mentioned in the numbers of to improved flexural
provided excerpts pre-stressing P 4 1
strands strength and overall

performance of the
sleepers under impact
loads
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Table 1. Cont.

Type of the Tested/

Additional

Type of

Ref. Investigated Railway Tensioning Fiber Rein- Additional Qual;?filg}e'rt;f the Inve;;,lgeahon Aims and Methods Comparisons Main Conclusions
Sleepers forcement Fibers
The addition of
polypropylene fiber
reduced compressive
Laborator The aim of the strength but improved
experiments };n d investigations was to splitting tensile and
ptests were assess the effect of flexural strengths, with
conducted. Types polypropylene fiber on the optimum amount
of tests inc.lu)cllle): d the durability, and Comparisons being 0.7 kg/m°>. At
Quantities of compressive physical and mechanical were made with this concentration,
olvoropylene stren tl}:: splittin characteristics of concrete plain concrete compressive strength
p fi)l,)Pe)r ]fs)é d: tens;gle ;tri ngthg for application in sleepers. sleepers (PC1) was 8.8% lower, tensile
: , " . o
] 05kg /0, three-point Addmonal methpds and various gtrength was 39%
Unknown-type Steel-reinforced - Polypropylene K 3 f 1 h included Scanning concentrations higher, and flexural
[39] Pre-stressed Yes " 0.7 kg/m>, exural strength, ) o
concrete sleeper fiber (PPF) 0.9 ke/m3 Vee-Bee Electron Microscope of strength was 10%
1'5 kg /m3, consistometer (VB) (SEM) analysis and X-ray polypropylene higher compared to
ék g/m3 ’ tests, Rapid Diffraction (XRD) to fiber-reinforced plain concrete sleepers.
and 4gk /r,n3 Chioricllge study microstructures and concrete Polypropylene fibers
8 Penetration Test interfacial transition (PPFRC) also significantly
(RCPT), water zones. Validation phases sleepers improved the
enetration included the comparison durability of the
ull’Erasonic tes:cs of results with known concrete by reducing
and sorptivi tes,ts standards and control chloride penetration,
ptivity samples water penetration, and
sorptivity attributed to
the pore-blocking effect
of the fibers
. Theaim of the Fibers have little impact
investigations was to C . . :
omparisons on static compressive
The research evaluate the performance -
. . were made to and pre-cracking
included of MSFRC under static B
. . conventional flexural strengths but
laboratory and dynamic loadings sleeper considerably improve
Macro synthetic Macro experiments to and to assess its economic materialIS) in the ost—crackiny beﬁavior
) Unknown-type 4 . study the static feasibility for railway N P & D /
[40] concrete sleeper N/A Yes synthetic N/A and dynamic sleeper applications life cycle cost energy absorption, and
P fibers Y per app analysis to ductility. At higher

behavior of

through life cycle costing;

identify the

fiber dosages,

MSFRC under other relevant research most financiall workability. and
loading for sleeper ~ methods such as life cycle iabl ion f y Ly h
applications cost analysis were viable option for compressive strengt]

applied. Validation
process was not specified

railway sleepers

may decrease due to
the balling effect
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers " Fibers Type
Sleepers forcement Fibers
The aim was to evaluate
the mechanical properties
and durability
performance of concrete
mixes with GGBFS and
steel fibers for railway The addition of 0.75%
sleepers, and to assess .
Laboratory - . . steel fibers to slag
. their eco-friendliness by
experiments and reducing CO» emissions concrete (GGBFS)
field tests: static g & T . resulted in enhanced
Research methods: Comparisons
flexural tests R flexural strength,
. . mechanical property tests, were made to
(third-point o . toughness, and
Pre-stressed concrete L durability performance conventional .
X . bending); impact ; . freeze-thaw resistance
sleeper with ground Steel-reinforced 0.75% by volume loading tests (dro evaluations, life cycle concrete compared to the mix
[41] granulated blast concrete with GGBFS Pre-stressed Yes Steel fibers VIR N e P assessment for CO, sleepers (control ompare
. of steel fibers weight impact o . without fibers. The use
furnace slag (GGBFS) and steel fibers N emissions, and mix CC) X
tests); chloride of steel fibers decreased

and steel fibers

migration tests;
accelerated
carbonation tests;
freeze-thaw
resistance tests

comparison with
conventional concrete
mixes. Validation phases:
pilot production and
mechanical properties
evaluation of ninety
pre-stressed concrete
sleepers under factory
conditions were done to
assure quality control and
validate laboratory
findings

currently used
for railway
sleepers

the carbonation
coefficient by 18% and
showed improved
durability performance
with reduced chloride
ion penetration
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Table 1. Cont.

Type of the Tested/ . Additional Type of . Lo
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantllty of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers " Fibers Type
Sleepers forcement Fibers
Aim of investigations was
(i) to evaluate thg strain, The integration of
stress, deformation, and 1
load capacity of smart supplementary carbon
" fibers and nanotubes in
sleepers; (ii) to assess the concrete sleepers
impact of temperature s oep
gradients on sleeper 51gné£1cantl}}/11m_pr(l)ves
flexural response; (iii) to er?OT;Zni?;i d
infer differential ballast pertor .
Laboratory settlement usin Compared to monitoring capabilities.
Carbon fibers experiments and . 8 X traditional Strain readings indicate
. self-sensing sleeper data; .
(CF), Carbon numerical . . concrete non-linear sleeper
. . (iv) to integrate robust .
. nanotubes simulation. o sleepers and behavior, and
, Unknown-type Steel-reinforced . sensors for the acquisition . [N
[42] Pre-stressed Yes (CNT), N/A Three-point . . smart sleepers micro-crack initiation
concrete sleeper concrete . of sleeper information a1 1 .
Carbon bending tests and . . with different can be effectively
during manufacturing,
nanofibers static and cyclic installation. and g types of detected. Pre-tensioned
(CNEF) rail seat bending . ! embedded concrete sleepers with
operation. The research
tests . - 5ensors embedded sensors
methods applied: (i) show that a
Finite Element Method temperature-induced
(FEM) modeling; Discrete p 0,
Element Method (DEM) curl can add up to 20%
modeling. Validation to ;lhe neglatlve center
Phases: the validation exura dgrganill
using field and experienced by the
experimental sleeper
measurements
The FFU sleepers
showed superior
performance in
reducing bending
moment fluctuations
The aim was to analyze The study and were less sensitive
the response of a turr}:ou t compares FFU to variations in velocity
Numerical Po! sleepers with compared to concrete
. . . system with unsupported o
simulation using sleepers via numerical concrete bearers, sleepers. Specifically,
. . FFU sleepers: synthetic Finite Element eepers focusing on their ~ FFU sleepers enhanced
FFU (Fiber-Reinforced f simulations capable of .
material. Concrete Method (FEM). . . performance in the turnout
) Foamed Urethane) . Not Not . . capturing dynamic forces.
[43] sleepers: N/A . - Not applicable Tests conducted: terms of performance by
sleepers and concrete ; applicable applicable . Research methods: . g
steel-reinforced bending moment . . . bending providing smoother
sleepers e O multi-body simulations, o
concrete distribution and dynamic train-turnout moments and transitions between
displacement gynanm . displacements turnout panels, with
interaction analysis, and . i
measurements . ) under maximum positive
validation through field .
measurements unsuppprted bendm_g moments
conditions approximately 28%

higher than the normal
track section, while
concrete sleepers
showed an 80%
increase
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Material of the Tensioning Fiber Rein- Additional Quantity of the Investigation Aims and Methods Comparisons Main Conclusions
Sleepers Sleepers forcement Fibers Type
The study concluded
Numerical Comparisons that sleepers with
simulation: between dowels made of glass
. . different types fiber-reinforced
non-linear finite The was to study the of dowel olyamide, especiall
element effect of temperature on terial pthy . tlr’1 f\ h y
simulation. the development of h.m; Zna S ¢ (ise t‘.m ad llg er
Glass-fiber Experimental longitudinal cracks in ;;ﬁle_th;rlles;g slfo?;elé rs?;;;i;l;ﬁt
Unknown-type Steel-reinforced reinforcement validation: thermal pre-stressed concrete olyamide an/d longitudinal crackin,
[44] te sl YP " nerot Pre-stressed Yes in polvamid infrared sensor sleepers. Other methods: poy la ’ % nder thermal 8
concrete sleepe concrete %O yamide measurement and comparison of the . 8ass under the
owels crack opening influence of design flber—rel.nforced variations. The crack
measurement. parameters (concrete p;lf}f’amlilite) and O}zergrég mcreas.i}cll up
Tests executed: aggregates, dowel y feren yg::es b N tm“T with a ¢
thermal cycles thickness, and material) Of concrete emperature mcremen
with infrared aggregates of 6Q C in sleepers
heating (carbonate and using carbonate
siliceous) aggregates and thicker
dowel geometries
The aim was to assess the The_?lclusllop of FRP
effects of fiber-reinforced mgg: IC?.I;; y 1nCresses
polymer (FRP), beam ultimeatsellor;edsi: r‘aci
Numerical length, and pre-stressed of re-stressg d ty
simulation (Finite load on the ultimate Comparisons reinfgrce d concrete
Element Analysis), loading capacity and werg made beams. The best fiber
laboratory stiffness of pre-stressed between oriéntation for
experiments, reinforced concrete beams. different beam maximum load
Unknown-type Steel-reinforced Fiber- parametric study, The study also aimed to shapes capacity is 0 degrees
[45] pre-stressed reinforced " pre-stressed Yes Reinforced investigations understand the effects of (rect pl d II:’ Y 1 %h ’
concrete beam concrete Plastic (FRP) included tests for different reinforcement rectanguar an or example, the

load-displacement,

ultimate load
capacity, stiffness,
and failure
mechanisms

ratios and FRP
configurations on
strengthened beams.
Validation phases
involved comparing
numerical simulation
results with experimental
data

T-section) and
different
reinforcement
ratios

average increased
maximum load for
beams with additional
FRP layers is 50% for
long rectangular beams,
55% for long T-beams,
150% for short
rectangular beams, and
200% for short T-beams
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Matse;::l :rfsthe Tensioning Fiber Rein- Additional Qual;?filg}e'rt;f the Inve;tlgeatlon Aims and Methods Comparisons Main Conclusions
Sleepers P forcement Fibers P
The addition of SAP to
The aim was to HPSCC
Laboratory investigate and improve (High-Performance
experiments, the spalling behavior of Self-Compacting
specifically pre-stressed concrete Concrete) significantly
small-scale fire slabs by adding SAP improved fire spalling
Unknown-type, tests. Tests (Superabsorbent Comparisons resistance. Specimens
concrete sleeper, included Polymers) to the mix. were made with SAP showed no
) pre-stressed with CFRP Steel-reinforced . Polypropylene 3 measuring Research methods: Fire between slabs spalling, while
40l (Carbon concrete Pre-stressed Yes (PP) fibers 2kg/m spalling time, tests follow the related with SAP and reference samples did.
Fiber-Reinforced failure time, mode, ISO standard to assess reference slabs The combination of
Plastic) tendons and the resulting spalling resistance and without SAP SAP and PP fibers
deflections of deflections. Validation allows for maintaining
pre-stressed slabs phases included self-compacting
under fire comparison with properties with lower
conditions reference samples without fiber content,
SAP enhancing the overall
performance
The aim was to study the The study concluded
: - that the use of FRP
behavior of reinforced S .
. significantly increases
Numerical and pre-stressed concrete . .
simulation using structures strengthened Comparisons the ultimate load
Unknown-type Steel-reinforced Fiber- finite element by FRP and to develo were made to capacity of concrete
[47] typ Pre-stressed Yes reinforced N/A : vy P slabs with and slabs. Specifically, the
concrete sleeper concrete . analysis (FEA). constitutive models for . .
plastics (FRP) - . ) without FRP ultimate load of the
Four-point static these materials. . .
. o . strengthening slab strengthened with
loading tests Validation: Numerical ERP increased by about
results were validated o y
against experimental data 84% compared to the
& slab without FRP
Concrete pre-stressed
The aim was to using CFRP tendons is
Laboratory investigate the behavior ixfflaestﬁlriifr?; tzt:tlstaelgs
experiments: static of pre-stressed concrete CFRP re—strgsse 4 ’
tests, including beams reinforced with beams el>9< hibit ductile
load/deflection CFRP strands and Comparisons failure characteristics
. curves and compare it with beams were made to L
Unknown-type Steel-reinforced . . . similar to steel
re-stressed concrete concrete, CFRP (Carbon Carbon Fiber- fracture behavior pre-stressed with steel reference re-stressed beams, but
[48] P b . o Pre-stressed Yes Reinforced N/A analysis. strands. Other methods: sleepers P !
eams with an I Fiber-Reinforced . S . . they do not allow for
. . Plastic (CFRP) Investigation of Comparison of static load pre-stressed o,
cross-section Plastic) strands . . load transposition due
fracture behavior, tests and fracture with steel . X
. . S to their pure elastic
static system mechanisms. Validation strands

analysis, and
failure mechanism
assessment

phases: Comparison with
a basis test sample
pre-stressed using steel
strands

deformation behavior.
This disadvantage can
be compensated for by
arranging additional
strands above the
center support
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Table 1. Cont.

Type of the Tested/ . Additional Type of . I
Ref. Investigated Railway Matspil::l :rfsthe Tensioning Fiber Rein- Additional Qua?;g}e’rzf the Inve;tlgeatlon Aims and Methods Comparisons Main Conclusions
Sleepers 3 forcement Fibers P
The aim was to evaluate Comparisons The incorporation of
PO: No Life Cycle Cost the life cycle cost of macro were made macro s nIt)hetic fibers
Unknown-type additional (LCC)yanal sis synthetic fiber-reinforced between timber , hp slez ors increased
concrete sleeper (PO). PO: Steel-reinforced fiber Compara t?ve : concrete (MSFRC) sleepers (TS), the ac Li)isition costs
Pre-stressed concrete concrete. PF: reinforcement. pare sleepers compared to conventional q
. . All . study of timber s R but provided long-term
sleeper with macro Steel-reinforced considered PF: Contains PF and PFr: (TS), conventional existing materials in the pre-stressed financial benefits b
[49] synthetic fibers (PF). concrete with macro sleepers (PO additional macro PF and PFr: 1.0% ’re—stresse d Australian railway concrete reducing re lacemeﬁt
Pre-stressed concrete synthetic fibers. PFr: P ’ fiber synthetic fiber volume ratio P industry. Methods: sleepers (PO), 8 rep’
) . PF, PFr) are . . concrete (PO), and . . - cycles and maintenance
sleeper with reduced Steel-reinforced reinforcement. fibers Financial analysis of and pre-stressed .
. . . pre-stressed . - pre-stressed e . costs. The PF sleeper is
pre-stressing wires and concrete with macro PFr: Contains concrete with acquisition, maintenance, concrete recommended for rapid
macro synthetic fibers synthetic fibers additional macro synthetic and end-of-life costs. No sleepers with adaptation due to t}rie
PFr fiber . explicit validation phases ~ macro synthetic
(PFr) reinforcement fibers (PF and PFr) p p yn

were detailed in the
document

fibers (PF and
PFr)

ease of casting with
existing processes
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1.3. Identification of the Research Gap and the Structure of the Current Paper

The review of the current literature highlights a notable gap in the study of plas-
tic fiber reinforcement in (pre-stressed) steel-reinforced concrete railway sleepers (see
Sections 1.1 and 1.2). While many studies have explored high-strength fibers like carbon
and polypropylene, the potential benefits of plastic fibers have been largely overlooked.
There is also a lack of comprehensive comparisons and long-term performance data for
sleepers reinforced with plastic fibers. This research aims to address these gaps by perform-
ing thorough laboratory tests and numerical modeling to assess the mechanical properties
and overall performance of plastic fiber-reinforced sleepers. By doing so, it seeks to demon-
strate the feasibility, cost-effectiveness, and durability of using plastic fibers in railway
sleeper construction.

The current paper is the so-called continuation of the authors’ previous publication [19].
The main aim was to investigate a unique plastic fiber-reinforced pre-stressed concrete
railway sleeper in the laboratory and in sophisticated finite element (FE) software, namely
ABAQUES. The entire examination is founded on the procedure in which the behavior of the
above-mentioned unique sleeper is compared with the same product without plastic fiber
reinforcement. It should be mentioned that the basis for pre-stressed reinforced-concrete
sleepers were the L4-type standard sleepers manufactured by the MABA Hungaria Ltd.
(Hungary) in Varpalota [50,51] the unique sleepers received additional plastic fibers. All
specimens (sleepers) were fabricated following the standard (and daily used) factory pro-
duction control of MABA Hungaria Ltd. The authors executed several laboratory tests
(bending tests in the vertical plane) supplemented by DIC measurements, and the experi-
ments were modeled using finite element software to obtain more profound insight. Based
on the experimental investigations and numerical modeling, the behavior of the different
setups and structures could be compared, and the effects of plastic fiber reinforcement
could be evaluated.

Section 2 details the materials and methods, Section 3 contains results and discussion,
and Section 4 summarizes the study’s main conclusions.

2. Materials and Methods
2.1. Materials
2.1.1. Details of the Pre-Stressed Sleeper

The employed sleepers were designed with a length of 2600 mm and featured a
variable cross-sectional area. The concrete utilized for sleeper construction adhered to the
commonly used C50/60 concrete grade specifications, while the reinforcing steel for the
sleepers was specified as high-strength steel (as outlined in Section 3). Figure 1 illustrates
the sleeper specimen, delineating its geometric dimensions and reinforcement details.
Expressly, the sleeper incorporated six @5 mm stirrups (B550B) on its sides (& means
the diameter), and it was longitudinally reinforced with eight @6 mm pre-stressed bars
(Ap 160/180) to withstand tensile forces.

The concrete sleeper MABA L4 SV 60 railform with a Vossloh System W14 rail fastening
system was prepared at the same time as the specimens (for which rail system and with
which rail reinforcement system it was prepared is not relevant for the laboratory tests
performed), both in normal (regular) and fiber-reinforced design, intended for laboratory
tests.

A total of 5056 g of plastic fiber (SIKA HPP50) was used to manufacture the fiber-
reinforced concrete sleepers (mixed with 0.8-0.9 m? of concrete per sleeper).

The finished railway sleepers (structural test) and for the cylindrical specimens (hard-
ened concrete test) were delivered to the Building Materials and Structural Testing Labora-
tory of the Széchenyi Istvan University of Gy6r after 28 days of hardening.
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Figure 1. Sleeper details. (a) Side view, (b) Section A-A, (c) Section B-B, (d) Top view (all dimensions
are given in millimeters).

Regarding tests on hardened concrete specimens, the splitting-tensile strength of
cylinder specimens and the compressive strength of cylinder specimens taken during the
production of reinforced concrete sleepers for railway construction were tested. These tests
were necessary to establish a suitable material model for the subsequent finite-element
model and to simulate reality, which can be used to verify the laboratory structural tests.
The test results are introduced and detailed in Sections 2.1.2 and 2.1.3.

2.1.2. Compressive Strength of Cylinder Samples

Compressive strength tests of cylinder samples (determination of the tensile strength
of hardened concrete, according to MSZ EN 12390-6 [52]) were carried out. The results are
shown in Table 2.

Table 2. Compressive strength of cylinder samples.

Mass dq dy h F feitest E
Designation
[kgl [mm] [mm] [mm] [kN] [N/mm?] [N/mm?]
RTV-1a 104.70 105.46 21438
RTV-1 RTV-1b 4.755 104.22 105.18 214.26 7096 821 35,700
RTV-2a 105.26 105.08 212.30
RTV-2 RTV-2b 4.709 105.60 104.24 212.16 677.0 78.1 39,400
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Table 2. Cont.
Mass dl dz h F fci,test E
Designation
[kgl [mm] [mm] [mm] [kN] [N/mm?] [N/mm?]
RT-1a 105.26 105.04 215.32
RT-1 RT-1b 4.796 105.04 105.34 215.08 669.9 771 37,700
RT-2a 105.32 105.22 212.34
RT-2 RT-2b 4.736 105.12 105.28 213.36 680.7 78.3 38,500
STV-1a 105.02 105.24 211.88
STV-1 STV-1b 4.652 105.06 105.38 211.96 672.6 774 34,500
STV-2a 104.84 105.20 212.82
STV-2 STV-2b 4.664 104.42 104.94 212,58 680.7 78.8 36,700
ST-1a 105.14 105.28 210.00
ST-1 ST-1b 4.605 105.24 105.28 210.06 627.8 72.2 34,400
ST-2a 105.46 105.18 216.04
ST-2 ST-2b 4.760 105.46 105.16 215.54 6524 749 38,100
Note: After the measurements, the f; ;os; (compressive strength of cylinder samples), and E (Young modulus for
regular and synthetic fiber concrete) were calculated.

Explanation of the symbols:

RTV reference, compressive strength after storage in water.

RT reference, compressive strength after storage in air.

STV synthetic fiber-reinforced, compressive strength after storage in water.
ST synthetic fiber-reinforced, compressive strength after storage in air.

The results showed that the f; ;,;; (compressive strength of cylinder samples) values
for reference sleepers were, on average fc; sest,reference = 78:9 N/ mm?, while for synthetic
fiber-reinforced sleepers f.; ot fiber-reinforced = 79-8 N/ mm?, no significant differences were
found in the determination of this value.

Young’s moduli (E) for reference (without fiber reinforcement) and fiber-reinforced con-
crete were determined from graphs constructed from the measurement results and calculated
values. The average Young’s modulus for the reference footings was Ejeference = 37,825 N/ mm?,
while for the fiber-reinforced cross-sleeper, Egperreinforced = 35,925 N/ mm?.

2.1.3. Splitting-Tensile Strength of Cylinder Samples

The authors performed the splitting-tensile strength of cylinder samples according
to the MSZ EN 12390-3:2019 [53] standard requirements. The results obtained during the
studies are shown in Table 3.

Table 3. Splitting-tensile strength of cylinder samples.
) ) Mass dq dy h F Jetisp,test
Designation
[kg] [mm] [mm] [mm] [kN] [N/mm?]
RBV-1a 105.18 105.36 22212
RBV-1 RBV-1b 4.954 104.90 105.74 222 46 184.76 >0
RBV-2a 105.16 105.28 221.38
RBV-2 RBV-2b 4.908 105.12 105.36 221.40 17583 48
RB-1a 104.78 105.18 219.10
RB-1 RB-1b 4.781 104.90 105.08 218.18 214.05 59
RB-2a 105.34 105.18 220.64
RB-2 RB-2b 4.889 105.14 105.26 22170 199.30 55
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Table 3. Cont.

Designation Mass & & k F Seti,sp,test

kgl [mm] [mm] [mm] [kN] [N/mm?]
T
S 4 e R P 9
T
552 S T 7

Explanation of the symbols:

RBYV reference, splitting-tensile strength after storage in water.

RB reference, splitting-tensile strength after storage in air.

SBV synthetic fiber-reinforced, splitting-tensile strength after storage in water
SB synthetic fiber-reinforced, splitting-tensile strength after storage in air.

As before, reference and synthetic fiber-reinforced cylinder samples were prepared for this
test. The authors calculated f; s st (Splitting-tensile strength of cylinders). For reference speci-
mens, the mean splitting-tensile strength was f; s est,reference = 5-3 N/ mm?, while for synthetic
fiber-reinforced cylinder samples, the mean value was fct; sp test, fiber-reinforced = 4-6 N/ mm?.

The results presented in Tables 2 and 3 served as input parameters for determining
the concrete-material parameter of the finite-element model.

2.2. Methods
2.2.1. GOM Aramis DIC Measurement System

The GOM Aramis Digital Image Correlation (DIC) system is a sophisticated tool
designed for precise measurement and analysis in the field of materials and structural
testing. This innovative system utilizes digital image correlation technology to pro-
vide accurate, non-contact 3D deformation and strain measurements on various objects
and surfaces.

At its core, the GOM Aramis DIC system employs high-resolution cameras to capture
a sequence of test object images, typically marked with a random speckle pattern. This
pattern allows the software to track and analyze the surface deformation accurately. When
the object is subjected to mechanical stress, the cameras continuously record its surface,
capturing even the smallest deformations and strains.

The strength of the GOM Aramis system lies in its versatility and precision. It can
be used in a wide range of applications, from material testing and component testing to
validating numerical models in research and development. The system provides valuable
insights into material properties, such as elastic modulus, Poisson’s ratio, and limit of
elasticity. It is also instrumental in failure analysis, helping engineers and researchers
understand the behavior of materials under stress and identifying potential weak points in
a structure.

In conclusion, the GOM Aramis DIC system significantly advances material and
structural analysis. Its ability to provide detailed, accurate measurements non-invasively
makes it an invaluable tool in research and industrial applications, leading to better product
design, quality control, and innovation in material science.

The GOM ARAMIS 5M system is an advanced Digital Image Correlation (DIC) tool
known for its versatility and material and structural analysis precision. This unique system
can perform detailed measurements without physically contacting the object. Here is a
rephrased description of its key aspects.
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ARAMIS systems use DIC technology for non-contact surface and point inspection,
which is ideal for delicate or hazardous materials. Suitable for various object sizes, it
accurately measures 3D coordinates, movement, and surface changes. It performs detailed
analyses of materials’ forming limits and tensile stress responses, which are valuable in
material science. Dual 12-megapixel cameras detect minute changes over large areas,
providing precise data. Interchangeable camera brackets and calibrated lenses simplify
setup for different measurements. The system requires fewer calibrations, ensuring con-
sistent performance. It captures up to 25 fps at full resolution, with adjustable rates for
detailed component behavior analysis. ARAMIS uses advanced techniques like normalized
cross-correlation and least squares, for accurate nonlinear optimization. It recommends
ideal speckle patterns for precise DIC tests and accurate deformation monitoring (see
Figure 2). The system continuously monitors gray-level changes and image matching for
high-accuracy analyses.

Figure 2. Pattern importance in Digital Image Correlation (DIC) measurements.

The GOM ARAMIS 5M system stands out for its non-contact, high-resolution, and
adaptable measurement capabilities, making it an invaluable tool in various research and
industrial applications.

The settings used in this research for the GOM Aramis were as follows. The GOM
Aramis 5M DIC system was utilized. The measurement range applied was CP20 or MV90,
which can measure an area of 100 x 120 mm from a distance of 836 mm with an accu-
racy of 0.01 mm. The sampling frequency was 0.5 Hz, approximately 0.5 fps during the
measurement. The results were evaluated using GOM Aramis 2018 software.

2.2.2. List of Devices Used for Structural Testing in the Laboratory

Tables 4-8 summarize the devices applied for structural testing in the laboratory.

Table 4. Characteristics of the applied hydraulic cylinder.

Cylinder

Manufacturer Factory Power/ Lifting Height Cyllnder Max. Pressure
Number Diameter
Performance
Hi-Force BK0603 50 tons 102 mm 127 mm 700 bar
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Table 5. Characteristics of the applied load cell.

Manufacturer Type Admissibility Criterion

(Accuracy)
MOM-Kaliber 7924 (500 kN) Precision: 0.10%
Table 6. Characteristics of the applied measuring amplifier.
Channel . . Operating
Manufacturer Type Number Sampling Rate Resolution Temperature Accuracy Class
HBM QuantumX 8 40KkS/s 24 Bit —20...+65°C 0.05%
Table 7. Characteristics of the applied measurement data acquisition software.
. . Analyze Data during
Manufacturer Type Data Collection Speed Display Measurement
General scientific
12 MS/s; . calculations
HBEM Catman Easy DAQ 100 MB/s Real-time Calculations of strength
tests
Table 8. Characteristics of the applied computer.
Manufacturer Type Processor Memory Operating System
Intel® Core™ i5-8250U
LENOVO 20LX-S1GKO00 CPU 8.00 GB 64 bit
@ 1.60 GHz 1.80 GHz
2.2.3. Static Structural Tests of Sleepers

The measurements were executed according to annexes MAVSZ 2964:2007 [54] and
MAVSZ 2964 /1M [55].

The moment load-bearing requirements of reinforced concrete monoblock sleepers,
according to MAVSZ 2964:2007 [54], at the age of 28 days, are shown in Table 9 for concrete
sleeper type L4.

Table 9. Test Specifications. Requirements for MABA L4-type sleeper.
Cross-Section under the Rail In the Middle (Middle of the Support)
Type of Sleeper Length Mg, M08 Fj,08 Height Mg, Mcn2s Ficnos Height
[em] [KNm] [kNm] [kN] [mm] [kNm] [kNm] [kN] [mm]
MABA L4
Q <250 kN 260.00 17.00 21.30 170.00 215.00 —10.6 —133 38.00 185.00
V <200 km/h

Static tests of sleepers were carried out according to the following list (no dynamic
loading test or cyclic loading test was performed):

1 Examination of the cross-section under the rail in the installation position (loading
the under-rail cross-section for a positive moment) in accordance with standard MSZ
EN 13230-2 [56].

2 Examination of the central cross-section of the sleeper in an inverted position for a
negative moment (static loading for a negative moment. Sleeper center (inverted
position)) in accordance with standard Section 4.1.3 of MSZ EN 13230-2 [56].
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3 Examination of the central cross-section of the sleeper in the normal position for a
positive moment (static loading for a positive moment, sleeper center).

Normal and plastic fiber-reinforced sleepers were examined under vertical static load-
ing to observe their behavior under load while recording the progress of the tests using
GOM Aramis software (version 2019) and a camera system. The authors continuously mon-
itored and recorded the development of cracks’ images (patterns) during the measurements.
During the loadings, the force value was also recorded in minutes for the force ranges and
the location, direction, length, and width of the cracks formed. as well as the number and
time value of the resulting image in the GOM software (this for later retrieval/verifiability).

Examination of the Cross-Section under the Rail in the Installation Position

The load (force) of the under-rail cross-section for a positive moment was performed

as follows (see Figure 3).
T
|
|
|

1|

3
2— ! — | 2
1
Lp = 0.450 meter |
| Lr/2 | Lr/2 |

| Lr/2 = 0.600 meter |

Figure 3. Loading arrangement. Loading of the cross-section under the rail to a positive moment (1.
Rigid support; 2. Hinged support. 3. Elastic disk; 4. Pre-stressed concrete sleeper; 5. Standard public
insert; 6. Steel sheet with bend; Side stand and washer plate (if required by the customer)).

The initial (reference) forces were calculated according to the formula (Table 9 data).

4 Mdr

Fr, = I —o1 [kN] (force under the rail for a positive moment) (1)
r — U.

The support distance (L;) was chosen at 0.6 m.
Figure 4 shows the application of the load in a graph.

Load (kM)
h
Fis T
|
| |
] I
= | |
Fros - I \ I I
= ! | i
| | | |
— —1 [ I| | |
| ror | | |
Fe 4— | h | | [
/ \ 1 | | [ |
/ \ | | \ |
/ f | ! | |
/ \ | | i
Fre _ Vo (. P |
/ 4 | | ! | i
VAL (. ll I|I ', |
! - (N . |
20kM/min .| / min. 10 sec '|I | | I|I \ || |
! max. Smin | | \ |
1 ] ','I'-l | -
~ crack checking Time (min)

Figure 4. Application of the load. Loading of the cross-section under the rail to a positive moment.
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F,, value given by the manufacturer based on the required load-bearing capacity;
F,, the force value that causes the first crack;

Fro10 the force value causing a crack width of 0.1 mm;

Frp 05 force value causing a crack width of 0.05 mm remaining after unloading;
F,p a force value that can no longer be increased (causing breakage).

Examination of the Central Cross-Section of the Sleeper in an Inverted Position for a
Negative Moment

The load (force) for bending tests in the central cross-section of the sleeper in an
inverted position for a negative moment was performed as follows (see Figure 5).

Figure 5. Loading arrangement. Center cross-section loading on a negative moment (1—Rigid
support; 2—Hinged support; 3—Elastic disk; 4—Pre-stressed concrete sleeper; 5—Standard public
insert; 6—Steel sheet with a bend).

Figure 6 shows the application of the load in a graph.

Load (kN)
A

Fegn

Fem S

Feon —
=
s

\ min. 10 sec

max. 5 min

max. 120kN/min

=

Time (min)

Figure 6. Application of the static load for a negative moment. Sleeper center (inverted position).
Support distance (L): 1.514 m.

4Mdc,

F =
con L.—01

[kN] (force at bottom center to negative moment) 2)

Feon value given by the manufacturer based on the required load-bearing capacity;
F.n the force value that causes the first crack;

Fc0.10n the force value causing a crack width of 0.1 mm;

Fc0.05n force value causing a crack width of 0.05 mm remaining after unloading;
F.py, a force value that can no longer be increased (causing breakage).
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Examination of the Central Cross-Section of the Sleeper in the Normal Position for a
Positive Moment

The load (force) for bending tests in the central cross-section of the sleeper in the
normal position for a positive moment was performed as follows (see Figure 7).

H[;
4 5
Ve L ’EI e N ¥

| |
| e
[

Le = 1.500 meter

Figure 7. Loading arrangement. Center cross-section loading at a positive moment. (1. Rigid support;
2. Hinged support; 3. Elastic plate; 4. Pre-stressed concrete sleeper).

Figure 8 shows the application of the load in a graph.

Load (kN)
A

Fcg s

Fo »

/_/
l—

\ min. 10 sec

max. 5 min

Fes

=
=
o

max. 120kN/min

=
Time (min)

Figure 8. Application of the static load for a positive moment. Sleeper center.

Support distance (L): 1.500 m

Fey = LALL{éCl [kN] (static force for a positive moment) 3)
C - .

Fo value given by the manufacturer based on the required load-bearing capacity;
F., the force value that causes the first crack;
Fc0.10 the force value causing a crack width of 0.1 mm;

Fcp.05 force value causing a crack width of 0.05 mm remaining after unloading;
F.p a force value that can no longer be increased (causing breakage).
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2.2.4. FE Modeling
Concrete Damage Plasticity Constitutive Model (CDM)

In readily available scholarly research and literature, comprehensive expositions of
this model are available. At this juncture, a concise overview of the concrete constitutive
model is provided, supplemented by relevant details. Utilizing the Prandtl-Reuss concept
in conjunction with elasto-plastic deformations, the authors disintegrated the overall strain
tensor value ¢;; into two distinct components: an elastic component (ef} ) and a plastic

component (e fjl), as explicated in the subsequent discussion (see Equation (4)).
1
€ij = ef]l + efj . (4)

The internal force-strain relations are precisely defined by the elastic damaged scalar
equation (see Equation (5)).

a” 1 pl
Uij = ijkl'(eij — € ) )

Subsequently, the symbol Df]-lkl represents the diminished elastic stiffness (see Equation (6)).
fju = (1 =)D (6)

In addition, D signifies the initial (undamaged) elastic stiffness of the material.
Meanwhile, ‘d” represents the scalar stiffness degradation variable, ranging from zero
(indicating an undamaged state of the material) to one (indicating a fully damaged state of
the material). In the context of scalar damage theory, the reduction in stiffness is treated as
isotropic and is accounted for by the degradation variable ‘d’. By employing the established
principles of continuum damage mechanics, the actual internal force is elucidated as follows
(see Equation (7)):

vij = Dy - (€i; — 65’) 7)

When there is no damage (i.e., d = 0), the actual internal force 0;; is equivalent to the
internal force ﬁij. However, as the damage occurs, the actual internal force becomes a more
representative measure, particularly when comparing it with the internal force regarding
resistance to external loads.

Equation (5) can be reformulated by incorporating the nominal stress and the reduced
elastic tensor provided in Equation (7), resulting in Equation (8).

N 1 1
0'1']' = (1 —d)Ds -(eij—efj). (8)

The ensuing internal force—strain relation constitutes the foundation of the damage
plasticity constitutive model (see Equation (9)).

&ij = (1 — d)ﬁzj — 5'1']' = (1 — dt)?t,']- + (1 — dC)EC,'j (9)

The compression damage variable, denoted as d., and the tension damage variable,
denoted as d;, evolve from representing the undamaged condition (0) to signifying complete
damage (1). Correspondingly, 7 and o, represent the actual internal force in tension and
compression, respectively. Typically, the model used to characterize damage in concrete
accounts for two primary failure mechanisms: crushing under compression and cracking
under tension.

However, understanding the uniaxial response of concrete requires a more comprehen-
sive consideration of the intricate degradation mechanisms associated with the cyclic behav-
ior of concrete, involving the opening and closing of micro-cracks. The plasticity-damage
model is expected to influence concrete’s uniaxial compressive and tensile responses, as
illustrated in Figure 9.
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Figure 9. The response of concrete under uniaxial loading conditions in two scenarios: (a) compression
and (b) tension.

The uniaxial compressive and tensile responses of concrete within the context of
the concrete damage plasticity model under both compression and tension loading are
described as follows (see Equations (10) and (11)).

plh

0y = (1 — dt)E()(Gt — €t ) (10)
oo = (1—de)Eo(ec — €™ (11)

expressing Eg as the initial (undamaged) Young’s modulus of the material, and denoting
efl’h and €’ M as the respective plastic strains in tension and compression, the actual uniaxial
compressive and tensile stresses 7 and 7. are presented as follows (see Equations (12) and (13)):
— Ot pLh
= ——— = Ep(er — 12
Ut (1 . dt) 0 (et et ) ( )
oc

(1—dc)

Lh
Oe = = Eo(ec —el™™) (13)
Therefore, the tensile strain €; is defined as the sum of the plastic strain in tension €; M and
the elastic strain in tension efl , while the compressive strain €, is defined as the sum of the

. o . Lh . . . .
plastic strain in compression e/ " and the elastic strain in compression €¢/. Accordingly, €¢!
and €¢ represent the respective elastic strains in tension and compression.

Numerical Modeling of the Sleeper by ABAQUS FE Software

ABAQUS software was utilized in conjunction with the Concrete Damage Plasticity
(CDP) model to calibrate the concrete behavior in both the tension and compression states
for numerical modeling of the sleeper specimens. Depending on the experimental results
of the concrete mixes, CDP was employed to describe the concrete response in tension and
compression. Two different mixes were used to cast the experimental sleeper specimens.
The first mixture was regular concrete, denoted as “R” in this work, while the other mixture
was prepared by adding 5056 g of plastic fibers (SIKA HPP50) and mixing them with
0.8-0.9 m? of concrete, referred to as “S”. The experimental properties of the two mixes
are presented in Table 10, including compression strength (f;), tensile strength (f;), and
modulus of elasticity E.
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Table 10. Experimental concrete properties in compression and tension.

L 7. E fi
Designation [N/mm?] [N/mm?] [N/mm?]
RTV-1 821 35,700 5.0
RTV-2 781 39,400 48
RT-1 771 37700 5.9
RT-2 783 38,500 55
STV-1 77.4 34,500 52
STV-2 78.8 36,700 49
ST-1 722 34,400 45
ST2 74.9 38100 37

Moreover, these characteristics were incorporated into ABAQUS to obtain the CDP
parameters replicating the desired concrete damage behavior. Following sensitivity anal-
yses, the input CDP parameters were adopted, as presented in Table 11, while the finite
element analysis (FEM) assumed a concrete Poisson’s ratio of v = 0.2. The impact of the fiber
reinforcement within the concrete underwent iterative calibration until the appropriate
CDP parameters were established to mirror the experimental behavior.

Table 11. CDP input data for concrete (the data were mainly adopted from [19]).

Mix Type Dilation Angle Eccentricity foolfeo K Viscosity
Regular 35 0.2 1.16 0.667 0.0079
concrete

Fiber-

reinforced 37 0.2 1.16 0.667 0.005

concrete

As previously mentioned, the sleepers were reinforced with pre-stressing tendons.
In this study, these tendons had a yield strength of 1650 MPa, a Modulus of Elasticity of
195,000 MPa, and a Poisson’s ratio of v = 0.3. The applied pre-stressed load within the
tendons was assumed to be 305 kN.

In contrast, the stirrups had a yield strength of 550 MPa, a modulus of elasticity of
200,000 MPa, and a Poisson’s ratio of v = 0.3. A predefined temperature load was applied
to the specified tendons to simulate the pre-stressing effect in ABAQUS.

Considering that mesh size influences both result accuracy and simulation time, a
mesh size study was conducted to assess its impact on accuracy and calculation time. An
optimal mesh size of 20 mm was subsequently employed to ensure accuracy. This resulted
in a total element count of approximately 13,231 elements, as depicted in Figure 10.

Figure 10. Meshed numerical model in ABAQUS.
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For numerical modeling, an 8-node linear brick element with reduced integration and
hourglass control (C3D8R) was utilized to define the concrete material, while two-node 3D
truss elements were employed to represent the steel material. The interaction between steel
bars and concrete was implemented using the embedded region option.

Furthermore, the numerical analysis involved three steps. The initial step encom-
passed the establishment of boundary conditions. The second step introduced the pre-
stressed (predefined temperature) effect. Finally, the third step focused on analyzing and
computing outputs by applying the Static Risk (SR) concentrated force. As a result, the
numerical models illustrated in Figure 11 were obtained.

/ [] =y T \

Figure 11. Numerical modeling of the sleeper in ABAQUS.

In this research, three distinct test methods were established. In the first method, the
sleeper was subjected to a one-point load applied at its mid-span, with the load direction
oriented upward. The second method applied a similar one-point load at the mid-span,
but the load direction was downward this time. The third case involved loading at the base
plate connected to the railway rail. Figure 12 provides a visual representation of all loading
scenarios and supporting arrangements.

Figure 12. Loading conditions and supporting details related to running in ABAQUS: (a) Mid-span
upward loading case, (b) Mid-span downward loading case, and (c) Rail base plate loading case. (The
midspan loading case is rotated 180° in reality; this figure is only for comparison and understanding).
The arrows mean the concentrated forced applied on the sleepers in the finite element models.
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For the three cases (Figure 12a—c), a concentrated force was applied (static risk) at a
specific point. To ensure that the applied force behaves correctly and accurately simulates
the experimental conditions, a coupling effect was considered. This coupling effect involves
constraining the degrees of freedom (DOFs), and the control point for the coupling aligns
with the same point where the loading force is applied.

All loadings and boundary conditions were selected to comply with EN 13230-1 [57]
and EN 13230-2 [56] standards, making the sleepers simply hinge supported. In the
numerical simulations, the concentrated load was applied vertically to the loading surface
at a single point, considering the coupling effect over a defined area. The standard values of
L, (bay length during bending tests) and L. were adhered to, as specified in EN 13230-2 [56],
withL, =0.6mand L. =15m.

Table 12 presents the experimental results for the tested specimens in each loading
scenario. The specimens are denoted as follows:

e Rand S specimens correspond to models subjected to rail base plate loading with and
without fibers, respectively.
R¢ and Sy are specimens subject to mid-span upward loading, with and without fibers.
Rno and Sy are specimens subjected to mid-span downward loading, with and without
fibers.

Table 12. Measurement results of the bending tests related to the examination of the cross-section
under the rail in the installation position.

Load (Force)

Designation of Test Specimens

Values [kN] R1_1 R1_2 avg. S1_1 S1.2 avg.
Fro 136.0 136.0 136.0 136.0 136.0 136.0

Fyy 170.0 180.0 175.0 160.0 168.0 164.0
Fro.10 220.0 210.0 215.0 240.0 240.0 240.0
Fro05 320.0 320.0 320.0 280.0 270.0 275.0
Fp 438.52 434.25 436.39 441.56 426.10 433.83

Note: (R: regular (reference); S: synthetic fiber-reinforced), e.g., The examination of the cross-sections under the
rail R1_1 and R1_2 took place on the same sleeper (on both ends), similarly for fiber-reinforced S1_1 and S1_2.

Table 12 comprehensively presents the ultimate loading values obtained through rig-
orous experimental testing. These values represent critical insights into sleeper specimens’
structural behavior and load-bearing capacities under various loading conditions and with
different concrete mixtures. Alongside this crucial data, the corresponding image is also
provided, vividly displaying the areas of damage and cracks that emerged during the
experiments. This visual representation serves as a valuable complement to the numerical
results, allowing for a more holistic understanding of the sleeper’s response to different
loading scenarios and concrete compositions. Using fibers obviously increased the ultimate
load slightly, while the cracking severity clearly decreased.

3. Results and Discussion

In this section, the authors present in detail the results of the hardened concrete tests
of cylindrical specimens, both normal (standard) and synthetic (plastic) fiber reinforced,
carried out by sampling during the production of cross beams after 28 days of storage, and
the results of the tensile and compressive strength tests of cylindrical specimens.

The extent of crack initiation and the resulting force ranges (stress ranges) were
continuously monitored during structural testing. The limit states were recorded on a
measurement sheet, and the behavior of the sleepers under load was observed using a
GOM Aramis DIC instrument.
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3.1. Laboratory Tests
3.1.1. Examination of the Cross-Section under the Rail in the Installation Position (Rail Base
Plate Loading Case)

The results of the laboratory experiments considering both types of railway sleepers
are presented in Table 12 and Figure 13.

(a) (b)

Figure 13. Specimen R1_2. Photos taken during the bending tests related to the examination of the
cross-section under the rail in the installation position: (a) the test setup with the evolved cracking
and (b) the broken sleeper due to the loading.

Compliance Criteria
Static load, cross-section under the rail:

FTI’>F7‘0

Fr0.05>kls'Fro
FrB>k25'Pro

3.1.2. Examination of the Central Cross-Section of the Sleeper in an Inverted Position for a
Negative Moment (Mid-Span Upward Loading Case)

The results of the laboratory experiments considering both types of railway sleepers
are presented in Table 13 and Figure 14.

Table 13. Measurement results of the bending tests related to the examination of the central cross-
section of the sleeper in an inverted position for a negative moment.

Designation of Test Specimens

Load (Force) Values [kN]

Rf 1 Sf1

Feon 30.0 30.0

Fern 45.0 45.0

Feo10n 70.0 60.0
Feo.05n - _

Fopn 95.2 97.7

Note: (R: regular (reference); S: synthetic fiber-reinforced).
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(a) (b)

Figure 14. Specimen Sf_1. Photos taken during the bending tests related to the examination of the
central cross-section of the sleeper in an inverted position for a negative moment: (a) the test setup
with the evolved cracking and (b) the broken sleeper due to the loading.

Compliance Criteria

Static load, middle cross-section:
Fem > Feon

3.1.3. Examination of the Central Cross-Section of the Sleeper in the Normal Position for a
Positive Moment (Mid-Span Downward Loading Case)

The results of the laboratory experiments considering both types of railway sleepers
are presented in Table 14 and Figure 15.

Table 14. Measurement results of the bending tests related to the examination of the central cross-
section of the sleeper in the normal position for a positive moment.

Designation of Test Specimens

Load (Force) Values [kN]

Rno_2 Sno_1
Feo 30.0 30.0
For 55.0 60.0
Feo10 60.0 80.0
Feo.05 - -
F 106.0 111.6

Note: (R: regular (reference); S: synthetic fiber-reinforced).

Figure 15. Specimen Rno_2. Photos taken during the bending tests related to the examination of the
central cross-section of the sleeper in the normal position for a positive moment: (a) the test setup
with the evolved cracking from one side and (b) the test setup with the evolved cracking from the
other side.
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Compliance Criteria

Static load, middle cross-section:
Fem > Feon

3.2. FE Modeling
3.2.1. Calibration Process

Upon completing the modeling process, the results and plots for calibration and
comparison with experimental tests were obtained, as shown in Figure 16. The subfigures
depict the load (P) versus deflection (A) response for all models under various loading
conditions and concrete mixtures, where P represents the vertical force in kilonewtons (kN)
and A represents the vertical deflection in millimeters (mm). The calibration was validated
by the ultimate load and vertical deflection values from the experiments, with the curves in
Figure 16 showing compatibility.

R- Numerical

S- Numerical S -Experimental

@

Sf - Numerical ==~~~ Rf - Measured ==~~~ Sf - Measured

Rf - Numerical

Almm]

(b)

Sno - Numerical Rno Experimental Sno Experimental

Rno - Numerical

Figure 16. Load-deflection responses of the tested sleepers: (a) rail base plate loading case,
(b) mid-span upward loading case, and (c) mid-span downward loading case.
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Table 15 details the deflection calibration outcomes, with experimental measurements
taken using a specialized device capturing deflection patterns at different loads. The
numerical results for both load and deflection align well with the experimental findings.
Figure 16 and Table 15 illustrate a detailed comparison between DIC measurements and
numerical modeling, confirming the high accuracy of the FEM predictions. For example,
in the rail base plate loading scenario, FEM predicted ultimate load and deflection values
within 5% of the experimental results. Table 15 further supports this finding by showing that
deflection measurements for different load cases, such as mid-span upward and downward
loading, were accurately captured by the numerical models. This consistent alignment
confirmed that FEM effectively replicated vertical displacement and crack development
observed experimentally, validating the combined use of DIC technology and numerical
modeling as a robust method for evaluating the structural performance of fiber-reinforced
concrete railway sleepers.

Table 15. Calibrated deflection values (the “???” sign means that the GOM software cannot measure
accurately the displacements at the pre-given, pre-chosen points due to the tear of the paint on
the surface).

Case P [kN] Vertical Deflection Results
dy
26079435 Geametry reference: 0000 5
% TensileTest 1 -1.746 [mm]
o “Lea0
Ll -1.680
40
-1.720
20
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E 136 lo
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20
1.840
-40
-1.880
-60
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m+- X a
-140 -120 -100 -80 -60 -40 -20 o 20 40 60 80 100 120 140 -1.9451
Original alignment B
u,u2
+1.014e+01
+9.131e+00
+8.123e+00
7.116e+00
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N 75 o610
:
( um') +2.081e+00
+1.074e+00
+6.639e-02
-9.407e-01
-1.948e+00
dy
8339805 Geometry reference: 0.000 s
80 [mm]
-11.554
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R 2
-12.000
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-12.300

-40
Y

-12.450
X
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Table 15. Cont.

Case

P [kN]

Vertical Deflection Results

R¢
(Num.)

93

+1.22e+401

+6.56e+00 ~
+4.68e+00

+2.80e+00

+9.23e-01

-9.57e-01

-2.84e+00

-4.72e+00

-6.60e+00

(Exp.)

97

dy

10919745

| Original alignment

Geometry reterence: 0.000 3
(mm) |
~13.822 |

13,900 |

S
(Num.)
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+1.45e+01
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+7.86e+00
+5.65e+00
+3.43e+00
+1.21e+00
-1.01e+00
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-9.88e+00
-1.21e+01
dy
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no 95
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+ X -7.500 |
100 80 60 -40 20 o 20 40 60 100 120 40,534 |
Original alignment

Rno
(Num.)
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+6.33e+00

7718400

3.2.2. Results of FE Modeling
Table 15 represents the calibrated deflection values.
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Various sections were examined to facilitate more comprehensive comparisons and
provide clarity regarding sleeper behavior, as illustrated in Figure 17. Section A-A divides
the sleeper into two-halves along its width. Section B-B crosses the sleeper section at the
loading point for mid-span loading scenarios. Section C-C intersects the loading point for
side-loaded cases while also crossing the support line for mid-span loading cases. Lastly,
section D-D intersects the support line in the case of a side load.

Figure 17. Considered sections of the studied sleepers.

Considering the sections above, the extent of damage and cracking between the
numerical and experimental outcomes were compared. Table 16 summarizes the numerical
results acquired following the calibration process, with fully dam-aged areas in red and
undamaged ones in blue.

Table 16. Numerical results of the calibrated sleepers—Concrete part.

Tension Damage Coefficient (dy)

Max. Load Max. i
Case (Force) Deflection Section E— -
P [kN] A [mm] <0.05 >0.9
A-A
R 431.66 8.5
C-C

D-D
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Table 16. Cont.

Tension Damage Coefficient (dy)

Max. Load Max.
Case (Force) Deflection Section E— -
P [kN] A [mm] <0.05 >0.9
A-A
S 449.89 8
C-C
D-D
A-A
R¢ 93.61 12.46
B-B

Cc-C
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Table 16. Cont.

Tension Damage Coefficient (dy)

Max. Load Max.
Case (Force) Deflection Section E_— -
P [kN] A [mm] <0.05 >0.9
A-A
S¢ 96.97 14.79
B-B
C-C
A-A
Rno 97.5 7.59
B-B
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Table 16. Cont.

Tension Damage Coefficient (dy)

Max. Load Max.
Case (Force) Deflection Section E— -
P [kN] A [mm] <0.05 >0.9
Sno 102.6 7.91

Conversely, Table 17 displays stress values for each steel bar in the longitudinal section
(A-A) and the loading section (B-B for mid-span loading cases, C-C for side-loading cases).
It is worth noting that these cases were derived at the ultimate loading level, resulting in
steel bars reaching the yield point or being in a pre-yield stage due to the applied load.
Additionally, it was observed that stirrups experienced minimal stresses, as they were
positioned beyond the shear range for all loading scenarios.

The curves displayed in Figure 16 provide ultimate load (force) values that align with
the experimental findings. Notably, a lower load value was observed when considering mid-
span loading compared to the rail base plate loading case. This reduction, which exceeded
half of the ultimate loading value, can be attributed to the decrease in the a/d ratio (the ratio
of load to support distance), resulting in higher ultimate load values. The mid-span loading
case generally exhibited higher deflection values than the other scenarios. This outcome
could be attributed to applying a longer bay length, allowing the sleeper to exhibit a more
elastic response, thus reflecting the recorded deflection values. It was evident that the
damaged regions primarily occurred between the supports where the highest stresses were
initiated. In Table 16, the damaged sections of the models are highlighted in red, signifying
the most severely affected areas within the concrete. These color-coded representations
specify the intensity of damage, with red indicating fully damaged parts (d; = 1) and blue
hues representing undamaged sections (d; = 0).

Notably, the most extensive damage was concentrated precisely beneath the applied
load, corresponding to the region where the steel bars also experienced heightened stress
levels, vividly marked in red, as shown in Table 17. Conversely, the stirrups situated
beyond the damage zone exhibited minimal stress, indicated by their unaltered blue color,
signifying a case of minimal stress or non-yielding conditions. It is worth noting that
the failure type observed is a flexural-shear failure characterized by the generation of
inclined cracks or damaged sections in both the experimental and numerical findings.
This leads to the conclusion that incorporating stirrups within cracked regions would
prove advantageous.
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Table 17. Numerical results of the calibrated sleepers—Steel part.

Steel Stress Intensity (c/c)

Case Section
<0.05 >0.9
5, Mises
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+1.650e+03
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Table 17. Cont.

Steel Stress Intensity (c/c)
— -

Case Section
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Table 17. Cont.
Steel Stress Intensity (c/c)
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Conversely, an intriguing observation emerges when comparing models with and
without fibers. Adding fibers resulted in a marginal increase in the ultimate load values,
aligning well with the experimental findings. Furthermore, the corresponding deflection
values also exhibited a slight increment in the presence of fibers. However, the most
prominent and significant impact in numerical simulations and experiments became evident
in the intensity of cracking. Table 16 distinctly reveals that the inclusion of fibers leads to
narrower and more confined lines of damage, thereby demonstrating the pivotal role of
fibers in constraining and limiting the extent of cracks within the material.

3.3. Further Discussion
3.3.1. General Topics

The examination of mechanical properties in pre-tensioned reinforced concrete railway
sleepers, both traditional and those enhanced with plastic fiber reinforcement, provides
significant insights into their structural performance. Incorporating plastic fibers into
sleepers leads to an assumed improvement in crack propagation control and load-bearing
capacity. This is evidenced by supposed reduced crack widths and increased ultimate load
capabilities in specimens reinforced with fibers, highlighting the fibers’ role in enhancing
stress distribution throughout the concrete matrix. Such findings underscore the potential
of fiber reinforcement to extend the durability and lifespan of railway sleepers, thereby
strengthening the resilience of railway infrastructure.

These results may champion a revolutionary approach to railway sleepers’ design and
material selection. Using plastic fibers not only enhances the sleepers’ mechanical properties
but also signifies a shift toward greater sustainability within railway infrastructure based
on the presumed results. The improvements in crack resistance and load-bearing capacities
may indicate that fiber-reinforced sleepers can significantly reduce maintenance costs and
increase the service life of railway tracks.

A detailed understanding of stress distribution and deformation patterns under vari-
ous load conditions has been achieved by accurately calibrating and validating numerical
models using ABAQUS finite element (FE) software. These models” ability to accurately
replicate sleeper behavior under a range of stress scenarios highlights the value of ad-
vanced simulation techniques in improving the sleeper design and testing process. This
advancement not only optimizes the design workflow but also enables the efficient and
cost-effective exploration of novel materials and reinforcement strategies.

Incorporating considerations of sustainability into the development of reinforced
railway sleepers is an important area of future research. Utilizing plastic fibers, particularly
from recycled materials, can significantly contribute to a circular economy and lessen
the environmental impact of railway construction. Additionally, lifecycle assessments of
fiber-reinforced sleepers can offer valuable insights into their environmental and economic
benefits, further promoting sustainable infrastructure development practices.

This research signifies a pivotal progression in civil engineering materials science,
offering compelling evidence of the advantages of plastic fiber reinforcement in railway
sleepers. It contributes to the evolution of more robust, efficient, and sustainable railway
systems globally, overcoming traditional barriers in sleeper design and material application.
The ongoing pursuit of innovative materials and design techniques is expected to be crucial
in the continual evolution of railway infrastructure.

3.3.2. Specific Topics

Based on the results mentioned above, written in Sections 3.1 and 3.2, the following
observations can be drawn regarding the laboratory tests and calibrated-validated modeling
carried out:

e  There were cases where fibers were twisted /turned into cracks during/before load
removal, but the cracks did not close after load removal;

e  The real deflection (vertical displacement) values were compared with the results
obtained from numerical modeling;
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In the DIC measurements, the surface area was 100 x 100 mm (or 150 x 150 mm),
which showed only a small area of failure. This proved to be a good solution for the
cross-section below the rail; however, in the case of loading the middle cross-section
up to failure, the cracks appearing in the load “lower pulled-bended area” could not
be examined.

The examination of crack development in pre-stressed concrete railway sleepers rein-
forced with plastic fibers revealed detailed insights. During load application, cracks
first appeared at force values of 45 kN, monitored continuously using DIC technol-
ogy. The inclusion of plastic fibers significantly reduced crack width and promoted
a more confined crack pattern compared to traditional sleepers. For instance, at a
force value of 95.2 kN, the plastic fiber-reinforced specimens exhibited less severe
cracks, demonstrating their enhanced crack resistance and limited crack propagation.
Additionally, the crack width at 0.05 mm remained after unloading at a force of 275 kN
for fiber-reinforced sleepers, compared to 320 kN for non-reinforced ones, indicating
an improvement in crack control. This crack management significantly contributes to
the overall structural integrity and longevity of railway sleepers, highlighting the effec-
tiveness of plastic fiber reinforcement in reducing maintenance needs and extending
service life.

In the case of bending tests of the sleepers with the examination of the cross-section
under the rail in the installation position (rail base plate loading case), see Section 3.1.1.
The regular (reference) sleepers provided 436.39 kN, while the synthetic-reinforced
ones provided 433.83 kN load-bearing capacity considering the average static vertical
force values according to the test setup. Comparing the synthetic-reinforced specimens
with the regular (reference) ones, there was a —0.6% difference. This means that
the plastic reinforcing fibers slightly reduced the reference load-bearing capacity.
Interestingly, there was a —6.3% reduction in the F,, values on average (175.0 kN for R
specimens and 164.0 kN for S specimens, respectively), while comparing Fy( 19 and
Fr0.05 values, these differences were +11.6% and —14.1%, respectively. There were no
differences between the other results (values) according to the measurements.

In the case of bending tests of the sleepers with the examination of the central cross-
section of the sleeper in an inverted position for a negative moment (mid-span upward
loading case), see Section 3.1.2. The regular (reference) sleeper provided 95.2 kN,
while the synthetic-reinforced one 97.7 kN load-bearing capacity, considering the
average static vertical force values according to the test setup. It was a +2.6% im-
provement with the synthetic reinforcement. Comparing the Fcq g5, values, there
was a —14.3% reduction (70.0 kN for the R specimen and 60.0 kN for the S specimen,
respectively). There were no differences between the other results (values) according
to the measurements.

In the case of bending tests of the sleepers with the examination of the central
cross-section of the sleeper in the normal position for a positive moment (mid-span
downward loading case), see Section 3.1.3. The regular (reference) sleeper provided
106.0 kN, while the synthetic-reinforced one had a 111.6 kN load-bearing capacity,
considering the average static vertical force values according to the test setup. It
was a +5.3% improvement with the synthetic reinforcement. Comparing the Feq g5
values, there was a +33.3% increase (60.0 kN for the R specimen and 80.0 kN for the S
specimen, respectively). In the case of Fcr, the improvement was +9.1% (55.0 kN for
the R specimen and 60.0 kN for the S specimen). There were no differences between
the other results (values) according to the measurements.

The authors were able to calibrate the FE models (see Section 3.2.1) with a maximum
of £2-5% differences compared to the real experiments conducted in the laboratory
(see Section 3.1). The primary calibration process was based on the vertical deflection
values measured using the GOM Aramis DIC system.
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Based on the vertical deflection results (see Section 3.2.1), there was a clear result that
the specimens reinforced by plastic fibers provided an improvement compared to the
regular (reference) types (i.e., without additional plastic fiber reinforcement). Parallel
with these results, in the case of bending tests of the sleepers with the examination of
the central cross-section of the sleeper in an inverted position for a negative moment
(mid-span upward loading case) until 50-55 kN, there was no significant difference,
while between this value and approximately 92 kN, the S specimen was worse than
the R specimen (the maximal vertical deflection difference was approximately 50%, 6.0
mm compared to 4.0 mm). At approximately 92 kN, there was an “inflection point”,
and above 92.0 kN, a slight improvement was observed. In the case of bending tests of
the sleepers with the examination of the central cross-section of the sleeper in a normal
position for a positive moment (mid-span downward loading case), the inflection
point was at approximately 80 kN, i.e., below this value, the S specimen provided
lower vertical deflections than the R specimens; hence, above it, the result was the
opposite. Below 80 kN, the difference was not significant; however, between 80 kN
and the ultimate load, the difference was enormous.

Section 3.2.2 contains the details related to the FE analysis, and every small detail can
be checked synchronously with the DIC measurements.

Based on the above results, and without long-term field tests, the examined plastic
fiber-reinforced sleepers cannot be unequivocally recommended; however, they some-
times improve the load-bearing capacity values and the vertical deflections. More
detailed investigations are needed in the future.

. Conclusions

The current study represents a significant advancement in understanding and using ad-
ditional plastic fiber reinforcement in manufacturing pre-tensioned reinforced concrete
railway sleepers, showing notable progress in railway infrastructure technology.
Through detailed experimental and numerical analysis, including sophisticated fi-
nite element modeling in ABAQUS and comparisons with lab results, this study
highlights the structural advantages and resilience that plastic fibers add to concrete
sleepers, while also pointing out the complexity and varying impacts of this type
of reinforcement.

The research delves into how these fibers behave under and after stress, uncovering
instances where fibers bend or twist into cracks but fail to return to their original shape
once the stress is removed. This reveals a complex relationship between the fibers’
assumed orientation and the concrete’s integrity when under pressure.

The study closely compares actual deflection measurements to those predicted by
numerical models using the Digital Image Correlation (DIC) method for accurate
vertical displacement measurements. This approach, which focuses on specific surface
areas, was effective in identifying failure modes, particularly in crucial sections beneath
rail bases, although it did reveal some limitations in tracking crack development under
certain stress conditions.

In terms of quantitative analysis, the research provides an in-depth look at how
reinforced sleepers perform under various loads. For example, in bending tests at the
rail cross-section, sleepers reinforced with synthetic fibers showed a slight reduction
in load-bearing capacity of 0.6% compared to standard sleepers, suggesting a minor
decrease in load-bearing ability. However, this was accompanied by exciting findings
in reducing and improving specific force resistance values, indicating that while the
overall capacity slightly diminished, the performance under certain stresses could
actually improve.
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e  The study also examined different loading scenarios according to related standards,
like mid-span upward and downward loading cases, and found improvements in
load-bearing capacity with synthetic reinforcement by 2.6% and 5.3%, respectively.
These scenarios also showcased variances in vertical deflection performance, with
reinforced sleepers displaying both enhancements and decreases in deflection resis-
tance at various stages of loading, highlighting the intricate performance traits of these
materials under different structural stresses.

e  The accuracy of the Finite Element (FE) models, calibrated to within a 2-5% difference
from actual lab experiments, showcases the precision of the simulation techniques
used. This calibration, primarily based on vertical deflection measurements taken
by the GOM Aramis DIC system, provides a valuable tool for predicting sleeper
performance under a range of conditions. However, it also emphasizes the need for
more detailed studies and long-term field tests before recommending the widespread
use of plastic fiber-reinforced sleepers.

e  This thorough study significantly contributes to the field of civil engineering materials
science and opens the door to more sustainable and resilient railway infrastructure
solutions. By incorporating innovative materials like plastic fibers into the design
of railway sleepers, the research underlines a dedication to improving durability
and efficiency, establishing a new benchmark for railway construction and mainte-
nance. Although the findings are encouraging, they underscore the essential role of
material science and engineering in meeting modern challenges and driving forward
technological advances in the railway industry.

e  The authors conclude that, based on the presented results and without long-term
field tests, the examined plastic fiber-reinforced sleepers cannot be unequivocally
recommended. However, they sometimes improve load-bearing capacity values and
vertical deflections. More detailed investigations are needed in the future.
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Abbreviations

3PBT Three-Point Bending Test
ABAQUS A sophisticated software based on finite element method calculation which is mainly
used for research and development

ANSYS A sophisticated software based on finite element method calculation which is mainly
used for research and development

CDM Concrete Damage Plasticity Constitutive Model

CDP Concrete Damage Plasticity

CF Carbon Fibers

CFRP Carbon Fiber Reinforced Polymer

CFRPC Carbon Fiber Reinforced Polymer Concrete

CNF Carbon Nanofibers

CNT Carbon Nanotubes

DEM Discrete Element Method

DIC Digital Image Correlation

DOF Degree of Freedom

FE Finite Element

FEM Finite Element Method or Finite Element Modeling

FFU Fiber-Reinforced Foamed Urethane

FRF Frequency Response Function

FRP Fiber Reinforced Plastic or Fiber Reinforced Polymer

FRP-OF Fiber Reinforced Polymer-Optical Fiber

GFRP Glass Fiber Reinforced Polymer

GGBFS Ground Granulated Blast Furnace Slag

HPSCC High-Performance Self-Compacting Concrete
L-CFRPU  Laminated Carbon Fiber Reinforced Polyurethane
MSFRC Macro-Synthetic Fiber Reinforced Concrete

PC Polymer Concrete

PGRS Pre-stressed Geopolymer Railway Sleepers

PPF Polypropylene Fiber

R Regular (Reference)

RB Reference, splitting-tensile strength after storage in air [N/mm?]

RBV Reference, splitting-tensile strength after storage in water [N/mm?]

RC Reinforced Concrete

RCPT Rapid Chloride Penetration Test

RPC Reinforced Polymer Concrete

RT Reference, compressive strength after storage in air [N/mm?]

RTV Reference, compressive strength after storage in water [N/mm?]

S Synthetic fiber-reinforced

SAP Superabsorbent Polymers

SB Synthetic fiber-reinforced, splitting-tensile strength after storage in air [N/ mm?]
SBV Synthetic fiber-reinforced, splitting-tensile strength after storage in water [N/mm?]
SEM Scanning Electron Microscope

SFRGRS Steel Fiber Reinforced Geopolymer Railway Sleepers

SHM Structural Health Monitoring

ST Synthetic fiber-reinforced, compressive strength after storage in air [N/ mm?]
STV Synthetic fiber-reinforced, compressive strength after storage in water [N/ mm?]
TAL tons axle load

UHPC Ultra-High Performance Concrete

UHP-FRC  Ultra-High Performance Fiber-Reinforced Concrete

VB Vee-Bee Consistometer

XRD X-ray Diffraction
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Nomenclature

v Poisson’s ratio [-]

o Normal stress [MPa] or [Pa]

o Compression (compressive) stress [MPa] or [Pa]

oy Tensile stress [MPa] or [Pa]

ocij Actual internal compression force [MPa] or [Pa]

0ij Internal force tensor value [MPa] or [Pa]

Tjj Actual internal force [MPa] or [Pa]

Ttij Actual internal tension force [MPa] or [Pa]

A Vertical deflection of the sleeper in ABAQUS modeling [mm]

&j General strain tensor value [-]

s,-j"l Elastic part of the general strain tensor value [-]

Sl.].pl Plastic part of the general strain tensor value []

N Tensile strain [-]

egl Elastic strain in compression [-]

ef L Plastic strain in compression [-]

ef’ Elastic strain in tension [-]

ef L Plastic strain in tension []

d Thickness of the sleeper under the rail foot’s center [m]

d Scalar stiffness degradation variable [-]

de Compression damage variable [-]

d; Tension damage variable [-]

Dgl Initial (undamaged) elastic stiffness of the material [kN/mm]

ijlkl Degraded elastic stiffness [kN/mm]

E Young’s moduli [N/ mm?]

Eog Material initial (undamaged) Young’s modulus

fro Equibiaxial compressive strength of concrete [MPa]

feo Uniaxial compressive strength of concrete [MPa]

F Value given by the manufacturer based on the required load-bearing capacity [kN]

Feo05 Force value causing a crack width of 0.05 mm remaining after unloading [kN]

Fe.10 The force value causing a crack width of 0.1 mm [kN]

F A force value that can no longer be increased (causing breakage) [kN]

Seitest Compressive strength of cylinder samples, [N/mm?]

Feon Value given by the manufacturer based on the required load-bearing capacity [kN]

For The force value that causes the first crack [kN]

fetisptest  Splitting-tensile strength of cylinders [N/ mm?]

F,0.05 Force value causing a crack width of 0.05 mm remaining after unloading [kN]

F,0.10 The force value causing a crack width of 0.1 mm [kN]

F.p A force value that can no longer be increased (causing breakage) [kN]

Fro Value given by the manufacturer based on the required load-bearing capacity [kN]

Fyy The force value that causes the first crack [kN]

K Ratio of the second stress invariant on the tensile meridian in ABAQUS modeling [-]

Lc Design distance between center lines of the rail seat for the test arrangement of mid-span
loading based on EN 13230-2 [56] [m]

L, Design distance between the articulated supports center lines for the test arrangement at
the rail seat section based on EN 13230-2 [56] [m]

M Mean value of bending moment [kNm]

My Design value of bending moment [kNm]

My, Value of the bending moment causing cracking related to the sleeper’s center [kKNm]

My, Value of the bending moment causing cracking under the rail foot [kNm]

P Vertical load acting on the sleeper in ABAQUS modeling [kN]
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