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Abstract: Since the 1990s, the technology of fiber-reinforced concrete has undergone significant development,
initiated by the publication of the comprehensive ACI 544 committee report. Standardized methods for
measuring the key mechanical properties of fiber-reinforced concrete are outlined in EN 14651 and ASTM
C1609, while material properties are specified in CEN/TS 19101. It is widely known that the addition of
fibers improves the properties of concrete; however, their effectiveness depends on various factors such as
material type (metallic and non-metallic fibers), shape (crimped and fibrillated fibers), dimensions (length,
diameter and slenderness), fiber volume in the concrete mix, and even the consistency of the mix. The aim
of the experimental studies was to assess the load-bearing capacity of concrete produced under industrial
conditions, modified with various synthetic fibers at different dosages. The primary selection criterion for
the fibers was to meet the residual strength requirements of the tested element with the lowest possible
weight fraction of dispersed reinforcement. In addition to determining the residual strength of PFRC, the
study also measured compressive strength, flexural tensile strength, and the modulus of elasticity. The
obtained results and force-crack width relationships were used to validate the numerical model of a standard
notched beam. This calibrated material model was then used to develop a finite element model (FEM) and to
conduct a preliminary assessment of the load-bearing capacity of prefabricated FRC rings using the ATENA
software.
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1. Introduction

Prefabricated concrete rings are vertical structural components of the manhole shaft
characterized by a constant cross-sectional profile. They are widely used in road infrastructure,
particularly in sewerage, water supply, and drainage systems. These rings constitute an
integral part of prefabricated water-retaining structures (WRS), such as tanks, dams, pools,
flood embankments, and other hydraulic installations designed for water storage, control, or
management. Concrete used in sewer manhole rings is continuously exposed to groundwater,
rainfall, harmful organic compounds, and salts present in wastewater, including sulfates,
chlorides, nitrates, and ammonia. Typically, concrete rings are reinforced with single steel bars,
wire coils, or — if the element has a small diameter and carries relatively low loads-remain
unreinforced. Although traditional steel reinforcement provides high mechanical strength, it is
susceptible to corrosion in aggressive environments characterized by high salt content, variable
pH levels, and the presence of chemical and biological agents. Due to the porous and hydrophilic
nature of concrete, chloride ions can penetrate to the surface of embedded steel, initiating
corrosion processes. Corrosion not only reduces the load-bearing capacity of the reinforcement
but also leads to deterioration of the concrete cover, thus accelerating the degradation of
the entire structure and necessitating costly repairs [1,2]. Consequently, increasing attention
is being given to the use of corrosion-resistant reinforcement materials that simultaneously
simplify and accelerate construction processes. The application of non-metallic dispersed
reinforcement, such as fiber-reinforced concrete (FRC), represents an innovative solution that
eliminates problems associated with steel corrosion and the need for conventional reinforcement
assembly. In addition to enhanced durability, synthetic reinforcement offers advantages such
as a lower carbon footprint, shorter construction times, and greater economic efficiency.

Since the 1990s, fiber-reinforced concrete technology has undergone significant advance-
ments [3], initiated by the publication of the comprehensive ACI 544 committee report [1].
Testing methods for determining the mechanical properties of FRC have been standardized in
EN 14651 [4] and ASTM C1609 [5], while material specifications are provided in CEN/TS
19101 [6], forming the basis for FRC design standards. It is widely acknowledged that the incor-
poration of fibers improves the overall performance of concrete [7]. Dispersed reinforcement
is typically classified based on the modulus of elasticity of the fibers:

— Low-modulus fibers (e.g., nylon, polypropylene, polyethylene, polyester) primarily

enhance crack resistance,

— High-modulus fibers (e.g., steel, carbon, glass) significantly improve both crack resistance

and strength properties [8,9].

Macrofibers provide substantial residual strength and post-cracking load transfer capabilities,
enabling them to replace traditional steel reinforcement in structural applications. Microfibers,
in contrast, mainly reduce plastic shrinkage and limit early-age cracking [10]. These properties
contribute to enhanced durability, prolonged service life, and reduced maintenance costs.
Polypropylene fibers, in particular, improve crack distribution control, thereby increasing
the watertightness of concrete structures. Laboratory studies have demonstrated that even
small additions of monofilament polypropylene fibers can significantly reduce water and
chemical permeability, protecting concrete from frost damage and corrosion [11]. Due to
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their excellent stability in aggressive environments, polypropylene fibers ensure the long-term
durability of concrete components, which is critical for prefabricated rings exposed to harsh
conditions. Adding a small volume fraction of randomly distributed polypropylene fibers
enhances crack resistance, ductility, and impact resistance [12, 13]. Dispersed reinforcement
increases the energy absorption capacity of concrete by several orders of magnitude compared
to fiberless matrices, effectively mitigating brittle fracture phenomena [14, 15]. Furthermore,
polypropylene fibers not only improve crack resistance and delamination resistance but also
contribute to enhancements in tensile and flexural strengths [16, 17]. An optimal polypropylene
fiber content of approximately 0.5% by volume has been reported for maximizing flexural
strength, and 0.25% for compressive strength [18]. However, the effect of polypropylene fibers
on compressive strength remains ambiguous, with studies reporting both increases [18] and
decreases [19] relative to plain concrete. Other investigations [20,21] have found no significant
impact on compressive strength, although increases in tensile and flexural strengths have been
observed with longer curing times and higher fiber contents [22,23]. When evaluating the
flexural strength of fiber-reinforced concrete, a significant increase in flexural strength was
noted with increasing fiber content [24]. The elastic modulus of FRC is generally comparable
to that of plain concrete [25], with slight increases over time [26]. The presence of fibers,
however, significantly influences the workability of concrete mixes. Excessive fiber content
leads to a marked deterioration of workability and, in extreme cases, can negatively affect
mechanical properties due to increased porosity, permeability, and water absorption.

The primary objective of the experimental study was to optimize the dosage of polypropylene
fibers under industrial conditions. The selection criterion was the fulfillment of standard residual
strength requirements with the minimum necessary fiber content. In addition to residual strength,
compressive strength, flexural tensile strength, and the elastic modulus of the polypropylene
fiber-reinforced concrete (PFRC) were also determined. The obtained material properties were
employed for the preliminary validation of the fiber-reinforced concrete through finite element
modeling (FEM) of a notched beam specimen. The calibrated material model was subsequently
used to develop the final FEM model and to conduct a preliminary load-bearing capacity
assessment of prefabricated PFRC rings using the ATENA simulation software.

2. Materials

The concrete class C45/55 and the geometry of the concrete rings were adopted in accor-
dance with the assumptions of the concrete manhole manufacturer. The detailed composition
of the analysed concrete mixtures is presented in Table 1.

Three types of synthetic macrofibers — BC35, BC50, and MP40 — whose properties are
listed in Table 2, were used in the tests. The letter code indicates the material from which the
fibers were made, while the number specifies the fiber length. All fibers were monofilament
and had tensile strengths ranging from 500 to 590 MPa, chemical resistance, densities between
0.91 and 0.92 g/cm?, and melting temperatures ranging of 160—170°C.
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Table 1. Concrete strength class and components

Cement | Fly ash | Sand/Gravel | Water wle Admixture Chryso
(kg/m?) | (kg/m?) | (kg/m’) 0 (kg/m*)

0/2 | 2/8 | 8/16 Premia | Air LB )Fel

Time

CC1-C45/55| 380 100 [ 690|480|490 | 131 |0.345| 43 3.0 3.84
CC2 - C45/55| 350 100 |[750(480|490 | 160 |0.457 2 0.2 6.4

Table 2. Fiber properties

Contec 35 Contec 50 .
BC35 BC50 Nordica MP40
Base Material bicomponent bicomponent modified
polyolefin polyolefin polypropylene
Tensile Strength (MPa) 590 590 500
Elastic Modulus (GPa) >11 >11 6
Diameter (mm) 0.5 0.5 0.7
Length (mm) 35 50 40
Aspect Ratio (1/d) 70 100 57
macro macro macro
Form
monofilament monofilament monofilament
3»\ SN ir\ —

3. Experimental investigations

3.1. Research methods

The research encompassed two stages involving the preparation of concrete mixtures: one
reference mixture without fibers and three mixtures incorporating fibers at dosages of 3.0 kg/m?,
3.5 kg/m?, and 4.0 kg/m>, as detailed in Table 3. In the first stage, aimed at comparing the
strength of concrete based on the CC2 recipe with different types of fibers, concretes labeled
PRFC3 to PRFC6 were prepared. Analysis of the results indicated that the PFRC4 mixture,
containing MP40 fibers, exhibited the highest residual strength, leading to its selection for further
investigation. The second stage involved comparing the strength parameters of concrete without
fibers and with varying amounts of MP40 fibers. For this mixture (CC1), slight modifications
were made to the aggregate grading curve and to the dosing of air-entraining and workability-
improving admixtures, due to the variability of the raw materials used, as listed in Table 1.
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Samples for testing were prepared and cured under industrial conditions at the manufacturer’s
prefabrication plant, reflecting the actual production environment of prefabricated manholes,
in accordance with PN-EN 12390-1 [27] and PN-EN 12390-2 [28] standards.

Table 3. PFRC composite mixtures

i?:tc:i: Type of fiber 3((;;%&;

CM1 - :
PFRCI cCl pa0 .
PFRC2 MP40 35
PFRC3 Pa0
PFRC4 e MP40 1
PFRCS pess -
PFRC6 5050 :

According to PN-EN 12390-3 [29] and PN-EN 12390-4 [30], cube samples measuring
150 x 150 x 150 mm and cylindrical samples measuring 150 X 300 mm were prepared from
each mixture to determine compressive strength and elastic modulus. During the tests, the initial
elastic modulus E¢ o, stabilized secant modulus Ec s, and the average secant modulus E,,
were determined. The flexural tensile strength f.; ,,, was determined according to PN-EN 12390-
5 [31], using a four-point bending configuration. The last destructive test involved determining
the residual flexural strength of fiber-reinforced concrete (PFRC) using the three-point bending
test (3PBT) in accordance with PN-EN 14651 [32]. Beams measuring 150 X 150 x 700 mm
were notched at mid-span to a depth of 25 mm and width of 5 mm. The destructive force was
applied at mid-span, with displacement control at a rate of 0.05 mm/min up to a crack mouth
opening displacement (CMOD) of 1 mm, and then 0.2 mm/min up to a CMOD of 4 mm. The
F-CMOD (force—crack opening displacement) relationship was measured, and the residual
flexural strength fr ; was determined according to PN-EN 14651 [32].

3.2. Compressive strength and elastic modulus

The compressive strength of concrete samples is presented in Table 4. The mean compressive
strength f..,,,, standard deviation s r., coeflicient of variation V., and characteristic strength
were calculated. In the first stage of the study, the mean compressive strength f..,,, ranged from
86.8 MPa to 89.9 MPa for PFRC3 to PFRC6. The coeflicient of variation V. ranged from
0.9% to 2.1% for fiber-reinforced concretes containing MP40 fibers, and from 3.9% to 8.9%
for concretes containing BC35 and BC50 fibers. The large variability in results could be due
to difficulties encountered during mixing, related to the greater stiffness of BC35 and BC50
fibers compared to other fibers. The conducted tests did not show a significant influence of
fiber type on the compressive strength of the tested samples. The authors of publication [33]
indicated that when the fiber slenderness exceeded 75, the compressive strength and crack
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resistance of concrete decreased. However, this observation was not confirmed in the conducted
tests on cubic samples; only slight effects of fiber slenderness were observed in tests on
cylindrical samples, as shown in Table 5. The second stage involved comparing the compressive
strength of fiber-reinforced concrete with varying MP40 fiber contents to the reference concrete
without dispersed reinforcement. The compressive strength f.,, of cubic samples increased
by 2.4% and 4.4% for PFRC1 and PFRC2 concretes with fiber additions of 3.0 kg/m® and
3.5 kg/m?, respectively, compared to the reference samples (CM1). For cylindrical samples,
the compressive strength f.,, increased by up to 1%. Therefore, it can be concluded that the
type and amount of fibers do not significantly affect f,,, which is consistent with [24,34].
The stabilized elastic modulus Ec s of concrete was determined according to Method A [35],
and the results are shown in Table 6. The use of BC50 fibers, which have the highest elastic
modulus (> 11 GPa) and the greatest slenderness, resulted in the highest elastic modulus value
of the tested fiber-reinforced concrete PFRC6 — 53.5 GPa.

Table 4. Compressive strength of cubic specimens of PFRC

S c,cube [MPa] Sfem Sfe Vie S ¢,0.05
2 ls]als|e] 78] o]i0]n]i|Mpal| [MPal | [%] | [MPa]

Dosage

CMI1 [71.9|67.2|64.3|71.8|74.2|170.3|70.0|68.5]/70.0|68.8|72.1|68.6| 69.8 2.6 3.7 68.5

PFRC1|72.1{71.1|73.2170.0|70.5|72.1| — | — | = | — | = | — 71.5 1.2 1.7 70.9

PFRC2|74.2174.4|72.0(75.7|77.2|75.5|70.9|70.1|68.870.9|74.1|71.8| 73.0 2.6 35 71.2

PFRC3|91.3(89.3|87.4190.4|88.4|924| — | — | — | — | = | — 89.9 1.9 2.1 88.6
PFRC4|87.1(87.1|85.4(86.5|87.2|874| — | — | — | — | = | — 86.8 0.7 0.9 86.3
PFRC5(91.0(94.7|95.6(78.9|77.6(89.0| — | — | — | — | = | — 87.8 7.8 8.9 82.6
PFRC6|87.2(83.4|86.1(89.5|91.9(89.9|936| — | — | — | = | — 88.8 35 3.9 86.6

Table 5. Compressive strength of cylindrical specimens of PFRC

S c,cyl [MPa] Sem Sfe Vie S ¢,0.05

Dosage
| N 3 4 5 6 . 3 [MPa] | [MPa] | [%] | [MPa]

CM1 |54.0(594 |61.4|61.0|56.6|61.2|58.6|596| 59.0 2.6 43 57.5

PFRC1 | 459 | 653 | 649 | 659 | - - - - 60.5 9.7 16.1 49.1

PFRC2 | 58.7 | 62.7 | 57.7 | 60.5 | 59.8 | 59.2 | 63.5| 63.9 | 60.8 23 3.8 59.4

PFRC3 | 82.4 | 83.6 | 80.3 | 86.9 | — - - - 83.3 2.8 33 80.1
PFRC4 | 86.0 | 85.2 | 84.5 | 86.4 | - - - - 85.5 0.8 1.0 84.5
PFRCS | 46.2 | 77.4 | 82.8 | 80.1 | - - - - 71.6 17.1 23.9 51.5

PFRC6 | 78.1 | 763 | 725 | 772 | - - - - 76.0 2.5 32 73.1
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Table 6. Elastic Modulus of PFRC

PFRC Seen Oa Ecsi | Ecsz2 | Ecs3 Eem Ste Vie
[MPa] [MPa] [GPa] [GPa] [GPa] [GPa] [MPa] [%o]

CM1 54.0 18.0 37.0 35.5 353 359 1,1 3,0
PFRC1 459 15.3 36.0 36.4 34.8 35.7 0.8 2.3
PFRC3 82.4 27.5 44.7 51.1 46.7 47.5 3.3 6.9
PFRC4 86.0 28.7 46.5 44.2 437 44.8 1.5 3.3
PFRC5 46.2 154 45.0 50.9 48.2 48.0 3.0 6.2
PFRC6 78.1 26.0 51.2 55.8 90.8 53.5 3.3 6.1

3.3. Flexural tensile strength and residual strength

The tensile strength of concrete in flexure obtained from the tests is summarized in Table 7.
A slight decrease in the flexural tensile strength of fiber-reinforced concrete elements was
observed compared to the strength determined for the reference concrete samples (CM1)
which is not consistent with the results of many studies presented in the literature. However,
it should be noted that the tested concrete was produced under industrial conditions, where
the water-cement ratio could vary slightly due to the moisture content of the aggregate or the
preparation of the concrete mix. The test results showed that the reference concrete (without
fibers) had the highest average flexural strength, but also the greatest heterogeneity of the
results obtained, with the highest coefficient of variation exceeding 12.5%.

Table 7. Flexural tensile strength of PFRC beam specimens

Jet [MPa] J\Z?’n;] [MPal [V°§§3
1 2 3 4 5 6

CM1 6.82 7.84 6.86 5.39 6.45 6.09 6.6 0.8 12.5
PFRC1 6.12 5.74 5.64 — - — 5.8 0.3 4.3
PFRC2 5.85 7.21 6.00 5.16 6.32 5.81 6.1 0.7 11.2
PFRC3 4.64 4.85 4.96 - - - 4.8 0.2 3.4
PFRC4 5.12 5.62 4.98 — - — 52 0.3 6.4
PFRC5 5.50 5.16 5.37 - - - 5.3 0.2 3.2
PFRC6 5.47 5.67 4.93 - - - 5.4 0.4 7.1

The subsequent stage of the research focused on determining the residual flexural tensile
strength within the limit of proportionality (LOP, fcft’ 1) with three specimens tested for each
type of concrete. The recorded F—CMOD curves were transformed, in accordance with [32],
into fr, ;—CMOD curves, with averaged values presented in Fig. 1(a). A distinct peak in the
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force fr,; was observed in the initial loading phase, indicating a high load transfer capacity
immediately following crack initiation. The load—deflection curves of the PFRC1, PFRC2,
PFRC4, and PFRC6 concrete mixtures exhibited pronounced post-cracking hardening behavior,
indicating that MP40 and BC50 fibers possess superior crack-bridging capabilities. Notably,
the F~CMOD relationships for individual samples within each series exhibited considerable
variability, likely attributable to the limited crack surface area and the high statistical variation in
the number of fibers effectively engaged in stress transfer across the notch. It was also observed
that FRC specimens containing fibers with higher stiffness exhibited greater variability in
the test results, confirming the increased tendency of stiff fibers to distribute unevenly within
the concrete mix. In all samples, as similarly reported in [36], quasi-vertical cracks initiating
within the notch area were observed, which did not lead to complete failure of the specimens.
Figure 1(b) presents the mean force values accompanied by error bars, indicating the dispersion
of results for crack mouth opening displacements (CMOD) ranging from 0.5 mm to 3.5 mm.
Figure 2 shows a graphical comparison of the residual strengths fg1, fr2, fr3 and fr4 obtained
from the tested samples. Based on the results, PFRC4 concrete with a fiber content of 4 kg/m3
was selected for further analysis, as it was the only mix that satisfied the minimum residual
strength requirements: fg 1 is equal 1.5 MPa at 0.5 mm CMOD and fg 4 is equal 1.0 MPa at
3.5 mm CMOD, in accordance with PN-EN 14889-1:2007 [37].

6.0x fRrj 3/\ £Rj
[MPa] 1 MPa]

1,54 "—‘+ % %

6 1 S s S ] ;
0,54 'I'- i + % I
> 1 1 L 1 L
T el 0 T T T T T T ;I
0,0 1,0 2,0 3,0 4.0 05 1,0 1,5 20 25 3,0 35
CMOD [mm] CMOD [mm)]
PFRCl.m = = =PFRC2.m PFRC3.m PFRC3 e=@==PFRC4
PFRC4m ====- PFRCS5.m  eeeeveeee PFRC6.m «==@==PFRC5 «=@=PFRC6
(a) (b)

Fig. 1. fg,;~CMOD curves for PFRC: (a) mean values, (b) mean values with average coefficient of
variation
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CMOD [mm]
3,0

2,5
2,0
lf) ‘_‘ ‘_‘ Av—i —1

1,5
1,0

AO O
0,5 II
0,0 I

PFRC1 PFRC2 PFRC3 PFRC4 PFRCS5 PFRC6

mfR,1 [MPa] fR;2[MPa] ®fR3[MPa] M{R,4[MPa]

Fig. 2. Residual flexural tensile strength corresponding to CMOD (mean value)

4. Numerical analysis

4.1. FRC material model

The results of the experimental tests were used as input data for a numerical inverse
analysis aimed at determining optimal bilinear force—crack mouth opening displacement
(F—CMOD) relationships. The inverse analysis procedure developed by Olesen [38] was
employed to identify the parameters of the fiber-reinforced concrete (FRC) material model
based on experimental results from three-point bending tests (3PBT). This method involves
fitting theoretical force—displacement curves to the experimental bending test data in order to
derive the stress—crack opening relationship.

The beam was modeled using GID and ATENA 2024 software (Cervenk a Consulting) as
a rectangular, symmetric 2D structure with a centrally located notch to facilitate controlled
crack initiation, as shown in Fig. 3. A regular, structured mesh with an element size of 5 mm was
applied. Given the notch dimensions at mid-span (25 mm in depth and 5 mm in width), mesh
element sizes of 2.5 mm and 5 mm were evaluated in the numerical model. Since the results
obtained using the 2.5 mm and 5 mm FE meshes differed only slightly, and the 5 mm mesh
resulted in a significantly shorter simulation time, the 5 mm mesh was selected. Isoparametric
quadrilateral plane elements with bilinear interpolation and four Gauss integration points were
employed. Along the vertical axes of the notch edges, monitoring points were implemented
to track crack development. Constraint Points were defined at the beam supports to establish
boundary conditions and displacement constraints. Concrete was modeled as a nonlinear
material utilizing the CC3DNonLinCementitious2 User material model, which is specifically
designed for simulating the behavior of fiber-reinforced concrete. This model incorporates the
added fracture energy approach proposed by Juhdsz [39], which modifies the tension-softening
branch of the stress—crack width curve to enhance the material’s ductility. The approach
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accounts for the additional energy contributed by fibers during the cracking process, reflecting
mechanisms such as fiber debonding, bridging, and pull-out, thus allowing a more accurate
representation of FRC behavior under load. Steel supports were modeled as linearly elastic
materials (SOLID Elastic), simulating a non-deformable contact. Loading was applied via
a vertical displacement of 1 mm at the center of the upper steel plate, progressing in two stages
up to a total displacement of 7 mm. In the first stage, the load was applied over 20 steps with
an interval multiplier of 0.1; in the second stage, it was applied over 100 steps with an interval
multiplier of 5.

Crack Width

Cod1

[m]
0.00393
0.00344
0.00294
0.00245
0.00196
0.00147
0.00098
0.00049
0.00000

Deformation scale:
5.2058416263

Time: 120.000

ATENA

%64 V. 6.0.0.23065
License 561
Rzeszow University

©
Fig. 3. Sample (a) before and (b) after numerical FEM and (c) after experimental residual tensile strength
test

An iterative procedure was conducted, in which an initial bilinear numerical model (com-
monly referred to as the softening function) was assumed, and preliminary material parameters
based on mean values were adopted, including (fc cue, fe.cyl> Ecm, for,m)- Subsequently, the
model response was obtained in the form of a force—displacement curve (e.g. ATENAexpl)
and compared against the experimental results (PFRC4.m), as shown in Fig. 4.

Special attention was paid to the tensile function, as it determines the shape of the load—
displacement diagram and the position of its peak. In the case of significant discrepancies
between the numerical and experimental curves, the relative stresses in the tensile function
were adjusted proportionally to the difference between the calculated and the expected bending
force. This process started on ATENAexp1 curve and was repeated until satisfactory agreement
was achieved. This method has been successfully applied in previous studies [40,41], where
the behavior of FRC reinforced with steel fibers was simulated using inverse analysis based on
the cohesive crack model. The model incorporating the identified parameters demonstrated
very good agreement with the experimental data in terms of the F—~CMOD curves, as presented



www.czasopisma.pan.pl P N www.journals.pan.pl

Y
ASSESSMENT OF THE CRUSHING STRENGTH OF CONCRETE RINGS . . . 257
35,0
Finean [KN] ——PFRC4.m
30,0 ——ATENAexpl [
25.0 W === ATENAexp2
’ \ —— ATENAexp2.2

20’0 ATENACXp2.3 I

\ —— ATENAexp3
15,0 ——ATENAexp3.l |——

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
CMOD [mm]

Fig. 4. Finean—CMOD curves for PFRC4 from experimental and numerical inverse analysis

in Fig. 5. The behavior of the model indicated an accurate representation of FRC material
performance, particularly accounting for energy absorption by the fibers following crack
initiation. The calibrated material model was subsequently used to develop the final finite
element model (FEM) and to perform a preliminary assessment of the load-bearing capacity
of fiber-reinforced precast concrete rings using the ATENA software.

18,0
Fmean [kN] [ ——PFRC4.m }»

15,0 | ~==——ATENAexp3.4
12,0

” \ /f

6,0 N

3,0

0,0

0,0 0,5 1,0 L5 2,0 2,5 3,0 3,5 4,0
CMOD [mm]

Fig. 5. Comparison material model from experimental data with final material model obtained from
numerical inverse analysis

Based on the F—~CMOD model fitted to the experimental data presented in Figure 5, taking
into account the standard deviation of the test results and the number of samples tested, the
F-CMOD dependence for characteristic values was determined.

4.2. Assessment of the crushing strength of fiber-reinforced concrete rings
in accordance with PN-EN 1917

To evaluate the effectiveness of dispersed fiber reinforcement as an alternative to con-
ventional metallic reinforcement, numerical simulations were performed replicating typical
load-bearing and deformability tests for concrete rings. The FEM model for the concrete ring
crushing test was developed in accordance with the standards PN-EN 1917 [42] and PN-EN
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476 [43]. The precast concrete element was modeled as a 3D solid body with an internal
diameter of 1500 mm, a wall thickness of 150 mm, and a height of 500 mm. The cross-section
of the tested element is shown in Fig. 6(a), while the loading setup and finite element mesh
division are illustrated in Fig. 6(b). In the numerical analysis, isoparametric quadrilateral plane
elements with bilinear displacement interpolation (4-node elements) were employed. The
load was applied vertically along the y-axis in two stages. In the first stage, a displacement
of 0.2 mm was applied over 100 steps with an interval multiplier of 6, in the second stage,
a displacement of 1 mm was applied over 100 steps with an interval multiplier of 50. The
concrete ring was modeled using the previously calibrated CC3DNonLinCementitious2User
material model, while the steel supports were defined as linearly elastic materials (SOLID
Elastic). A Master-Slave contact formulation was applied between the surfaces of the concrete
and steel elements, ensuring displacement compatibility between the non-conforming meshes
of both materials. In this approach, the steel surface was defined as the Slave and the concrete
surface as the Master. To ensure model stability and accurately simulate the real structural
behavior, boundary conditions were imposed: displacements were fully restrained (in the x, y,
and z directions) at the bottom support, and restrained in the x and z directions at the top
support. During the analysis, vertical y and horizontal x displacements were monitored. The
maximum deformation of the structure is presented in Fig. 7, while the force-displacement
relationship obtained from the numerical analysis is shown in Fig. 8.

KB TR1 1500x 500

500
590

(2) (b)

(a) (b)

Fig. 7. Maximum displacement: (a) x-direction, (b) y-direction
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Crack Width
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Fig. 8. Numerical model of the ring: (a) Crack width for F., (b) Collapse model of the ring

Requirements for a steel fiber-reinforced working chamber element or manhole shaft element
(ring) as a concrete product, according to PN-EN 1917, state that it shall withstand a specified
test load of F, = 0.67F,, without showing any signs of distress, where F,, is the minimum
crushing load. In accordance with the PN-EN 476 [43] standard, the minimum crushing
strength F), of a concrete ring should be 25 kN per meter of length and crushing strength F, of
a concrete ring should be higher than F,,. Thus, for the analyzed ring with a length of 0.5 m,
the required minimum strength is 12.5 kN. The conducted investigations demonstrated that the
shaft wall element achieved a mean crushing strength exceeding F,, = 41.2 kN, significantly
surpassing the normative requirements. Additionally, according to the standard, the shaft wall
or working chamber element should withstand a crack initiation load F,. equal to 0.67F,
without the occurrence of continuous surface cracks wider than 0.3 mm over an uninterrupted
length of 300 mm in the tension zones of the concrete. For a test load of F. = 8.4 kN, no
surface cracking of the shaft wall concrete was observed until F = 28.3 kN, as shown in
Fig. 8(a). The final condition of the ring after failure, including x-direction displacement and
cross-sectional cracking, is presented in Fig. 8(b).

4.3. Assessment of the serviceability of fiber-reinforced concrete rings
accordance the FIB Model Code

According to the FIB Model Code 2010 [44], in all FRC structural elements that do not
contain the minimum amount of conventional reinforcement, at least one of the following
conditions must be satisfied:

4.1 Ou > 200515
4.2) 6peak > 56sLs

where: ¢, — ultimate displacement, dpesx — displacement at the maximum load, ds.s — the
displacement at service load computed by performing a linear elastic analysis with the
assumptions of uncracked condition and initial elastic Young’s modulus.
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In order to assess the suitability of the analysed elements in accordance with relations (4.1)
and (4.2), numerical simulations of the crushing of a fiber-reinforced concrete ring were
performed, similarly to point 4.2. The numerical simulations took into account the characteristic
values of the material parameters of fiber-reinforced concrete — PFRCA4.

The numerical simulations took into account the characteristic values of the material
parameters of fiber-reinforced concrete — PFRC4. The characteristic values were determined in
accordance with Annex D of PN-EN 1990 — ‘Design with the use of test data’, section D7.2 —
‘Estimated characteristic values’, taking into account the sample size — 3 elements, and the
coeflicient of variation of individual test results presented in Tables 4 to 7.

The initial portion of the force-displacement relationship was found to be linear up to the
occurrence of the first crack in the fiber-reinforced concrete (FRC) element, corresponding to
a characteristic load of F =26.08 kN and a service load displacement of dsp.s = 0.38 mm. The
maximum characteristic load sustained by the shaft wall was F' = 39.5 kN, corresponding to
a measured vertical displacement of §,eax = 1.28 mm. Upon exceeding the tensile strength of
concrete, a decrease in characteristic load capacity was observed down to F = 20.9 kN, followed
by a strengthening phase reaching F' = 31.6 kN, accompanied by increasing displacements up
to failure at , = 48 mm, as shown in Fig. 9.

50, 50
MF [kN] 1 F [kN] '
40 40 T
]
1 ]
30 30 ! t 8 peak
]
20 20 ' S5t i
) ]
10 10 | i
. u, [mml i ! u, [mm]
0 10 20 30 40 50 0 1 2 3 4
(a) (b)

Fig. 9. Result from crushing strength numerical test of working chamber element (ring): (a) characteristic
value of the force-displacement diagram until damage, (b) characteristic value of the force-displacement
diagram until 4 mm

In the analysed case, only the condition expressed by Equation (4.1) was satisfied. However,
the material behavior under loading, represented by the force—displacement relationship (Fig.
8), did not exhibit a sudden brittle failure typically associated with plain concrete, but rather
showed a distinct plastic plateau. The ability of the model to sustain further loading after
exceeding the tensile strength and the initiation of cracking confirms the effectiveness of fiber
incorporation in enhancing the ductility and post-cracking load-bearing capacity of concrete.

5. Conclusions
Based on the experimental investigations and numerical analyses, the following general

and specific conclusions were drawn
General conclusions:
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— The use of synthetic macrofibers in precast concrete enables compliance with normative
requirements for residual strength, confirming their suitability as an alternative to
conventional steel reinforcement in aggressive environments.

— As shown by numerical simulations of the elimination of conventional steel reinforcement
in favour of synthetic distributed reinforcement, a multi-criteria assessment of the
analysed prefabricated elements is required, taking into account their crushing strength,
deformability and, ultimately, the loads resulting from their installation.

Specific conclusions:

— The MP40 fibers dosed at 4 kg/m>(PFRC4) met the required residual strength criterion
with the minimum necessary dosage according to PN-EN 14889-1:2007 [37]. According
to fib Model Code 2010, this corresponds to class “1.5¢” which indicates a post-cracking
residual tensile strength of 1.8 MPa at CMOD = 0.5 mm and 2.8 MPa at CMOD =
2.5 mm. This class reflects pseudo-hardening behavior and may allow partial or full
substitution of traditional reinforcement depending on structural requirements.

— No significant effect of synthetic fiber addition on compressive strength was observed,
while an increase in the elastic modulus of concrete was noted with increasing fiber
slenderness.

— Flexural tensile strength was strongly dependent on both the type and dosage of fibers,
with the highest values recorded for PFRC5 and PFRC6, which incorporated fibers with
a high elastic modulus.

— The introduction of dispersed reinforcement significantly improved crack resistance
and crack propagation behavior, with macro-crack bridging mechanisms and enhanced
post-cracking energy absorption capacity being observed.

— The material model calibrated based on notched beam tests showed very good agreement
with the experimental results, enabling its use in finite element modeling (FEM) to
assess the load-bearing capacity of actual precast elements.

— The numerical analysis of the ring, in relation to the requirements specified in PN-EN
476 [43], demonstrated compliance with a considerable safety margin.

— Throughout the conducted numerical simulations, no sudden brittle failure of the tested
rings was observed. The application of an adequate amount of polymeric reinforcement
allowed the shift of the failure mechanism from a dangerous brittle mode — typical of
plain concrete elements — to a ductile behavior characterized by a distinct plastic plateau
and the capacity for substantial deformations after the initiation of first cracks.
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Wytrzymalos$¢ na zgniatanie prefabrykowanych kregéw wykonanych
z betonu zbrojnego wiéknami syntetycznymi

Stowa kluczowe: fibrobeton, FRC, prefabrykowane kregi, wytrzymatos¢ resztkowa, wiékna polime-
rowe

Streszczenie:

Od lat 90. XX wieku technologia betonu zbrojonego wiéknami przeszla znaczacy rozwdj, ktéry
zostat zapoczatkowany przez publikacje kompleksowego raportu komitetu ACI 544. Znormalizowano
sposoby pomiaréw kluczowych wlasciwosci mechanicznych fibrobetonu w EN 14651 i ASTM C1609
oraz materialowych w CEN/TS 19101. Powszechnie wiadomo, ze dodatek widkien poprawia wiasciwosci
betonu, jednak skuteczno$¢ ich zalezy od wielu czynnikéw takich jak: rodzaj materiatu (widkna meta-
liczne i niemetaliczne), ksztalt (wtdkna faliste i fibrylowane), wymiary (dlugos¢, Srednica i smuklo$¢),
objetos¢ w mieszance betonowej, a nawet konsystencji mieszanki. Celem przeprowadzonych badan
doswiadczalnych byla ocena no$nosci betonu produkowanego w warunkach przemystowych, modyfi-
kowanego r6znymi widknami syntetycznymi o zré6znicowanym dawkowaniu. Docelowym kryterium
wyboru widkien bylo spelnienie wymagan wytrzymatosci resztkowej badanego elementu przy mozliwie
najmniejszym udziale wagowym zbrojenia rozproszonego. W trakcie prowadzonych badan oprécz
wytrzymatosci resztkowej PFRC, wyznaczono wytrzymalo$¢ na Sciskanie, rozciaganie przy zginaniu
oraz modul sprezystosci. Otrzymane wyniki oraz zaleznosci sita-rozwarcie szczeliny, wykorzystano do
walidacji modelu numerycznego normowej belki z nacieciem. Tak skalibrowany model materiatlowy
wykorzystano do budowy docelowego modelu MES i wstepnej oceny no$nosci fibrobetonowych kregéw
prefabrykowanych w programie ATENA. Projekt “Regionalne Centrum Doskonatosci w Inzynierii dla
Jakoéci Zycia i Rozwoju Technologii”, finansowany z subwencji Ministra Nauki i Szkolnictwa Wyzszego
w ramach programu “Regionalna Inicjatywa Doskonatosci” (projekt nr RID/SP/0032/2024/01).
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