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A B S T R A C T

Polypropylene (PP) fibers are widely used in fiber-reinforced concrete (FRC) and Strain-Hardening Cement-based 
Composites (SHCCs), to improve crack control, reduce plastic shrinkage cracking, and enhance ductility. How
ever, their smooth surface and low chemical reactivity limit fiber-matrix interaction. The goal of this research is 
to develop engineered core-shell bicomponent PP fibers and improve their interfacial adhesion with cement- 
based binders by gradually increasing the amount of fine ground calcium carbonate (GCC) powder in the 
fiber shell. The influence of stepwise increasing GCC content on fiber spinnability, surface micro-roughness, and 
tensile strength, was assessed to optimize the particle content for stable and continuous spinning. Differential 
Scanning Calorimetry (DSC) revealed that GCC hinders the dynamic crystallization and affects the melting 
temperature, potentially influencing melt-spinning by altering flow behavior and solidification kinetics. Single 
fiber pullout (SFPO) tests demonstrated that fibers with optimized GCC content exhibited higher energy ab
sorption due to increased surface micro-roughness, promoting mechanical interlocking with the matrix, as 
confirmed by scanning electron microscope (SEM) observations of localized matrix deformation. The SEM ob
servations also suggested that GCC particles promote cementitious hydration phase growth after immersion in 
the cement solution. A threshold particle content of 20 vol% marked the transition from pullout-dominated to 
partial fiber breakage, while higher contents led to premature fiber rupture. These results demonstrate that GCC- 
induced surface roughness can effectively enhance microscale fiber–matrix interactions and energy dissipation 
during pullout.

1. Introduction

Recent research has focused on enhancing the tensile ductility of 
Strain-Hardening Cementitious Composites (SHCC) by comprehending 
and optimizing the fiber crack-bridging mechanisms, with the goal of 
improving the performance of the material under various loading con
ditions [1–3]. This goal can be pursued by adjusting the matrix 
composition, for example by replacing Portland cement with alternative 
pozzolanic materials with reduced environmental impact such as cal
cium carbonate (CaCO3) particles, and by modifying the fiber surface to 
increase its roughness or hydrophilicity. The mechanical properties of 
SHCCs and the fiber-matrix interaction at the micro level have been 
acknowledged to greatly influence the properties of the composites at 

macroscopic level, as highlighted by Kanda and Li [4] and Ranade et al. 
[5], are prone to vary their effects at different strain ratios [6].

Fibers commonly used in SHCC, such as polyethylene (PE), polyvinyl 
alcohol (PVA), polyvinyl chloride (PVC), and polypropylene (PP), are 
known for their resistance to chemical degradation in highly alkaline 
environments. Within this wide spectrum, PP fibers are emerging as a 
promising reinforcement option due to their cost-effectiveness, dura
bility, high degree of recyclability [7,8] and established use in concrete 
[9,10]. However, the flammability of PP fibers represents a considerable 
drawback stemming from their wholly aliphatic hydrocarbon structure 
[11]. In addition, the inert chemical nature and smooth surface of PP 
fibers limit the adhesion with hydraulic matrices, thus impairing their 
crack-bridging ability.
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As a novel approach that deviates from the traditional concepts of 
fiber coating or etching, bicomponent and blended PP fibers incorpo
rating different particles, have been produced by melt-spinning to 
explore their potential and properties for a large spectrum of applica
tions. In particular, the effect of melt-spinning processing parameters on 
the thermal, physical, and mechanical properties of PP fibers/yarns 
containing Phase Change Materials (PCMs) has been investigated. These 
PCMs include granular shells of melamine-formaldehyde resin and 
paraffin waxes [11–14], and granular particles with 
melamine-formaldehyde capsule including either paraffin [13] or 
microencapsulated flame retardant [11] cores. In particular, Salaün 
et al. [11] examined the feasibility of adopting these materials in textile 
applications. In addition, the influence of size and shape of CaCO3 
particles added to PP fibers as a blend was studied with respect to 
spin-line limitation, stability, fiber forming structure, rheology, and 
mechanical properties. Ground CaCO3 particles (mean size 2.2 µm) and 
precipitate CaCO3 particles (mean sizes ranging from 0.25 to 1.1 µm and 
0.7 µm) have been investigated as blends with PP resin. The study 
compared the effects of different filler concentrations including 5, 10, 15 
and 20 wt% [15]. Ariffin et al. [16] alternatively blended 30 wt% CaCO3 
(mean size 4.5 µm) and talc (mean size 6.3 µm) and studied the particle 
content limitation before fracture. Based on observations from both 
studies, the die swell ratio and degree of melt fracture for 
multicomponent-filled PP are generally lower than for CaCO3-filled PP 
but higher than for talcum-filled PP.

Previous studies by the authors focused on manufacturing bicom
ponent PP fibers using a melt-spinning process [17–21] as illustrated in 
Fig. 1. Rice-shaped Precipitated Calcium Carbonate (PCC) particles with 
particle size volume median diameter (VMD) width of 4.07 ± 0.44 µm 
were incorporated into the fiber shell up to 10 vol% to enhance the 
surface micro roughness for better mechanical interlocking with the 
cementitious matrix. Although single-fiber micromechanical pullout 
tests showed twice the pullout work compared to commercial PP mon
ocomponent fibers, particle agglomeration occasionally caused fiber 
rupture during spinning, limiting their processability.

To address these processing issues, the current study focuses specif
ically on replacing PCC with Ground Calcium Carbonate (GCC), which 
has a smaller particle size, different morphology (size and shape) and 
reduced agglomeration. The aim is to refine the design of PP fibers by 
incorporating GCC-coated powder with an even finer particle size in the 
outer layer, in order to achieve better melt-spinning stability than in 
earlier studies [19]. The upper limit of particle content in the outer shell 

will also be determined, with the aim of further improving the interfacial 
bonding with a fine-grained cementitious matrix, focusing mainly on the 
pullout behavior. Although GCC particles could potentially interact 
chemically with cement hydration products, the present study focuses 
on mechanical interlocking as the main reinforcement mechanism. The 
filament core is designed to contribute to fiber strength. At the same 
time, the particle size is crucial for the processability (compounding and 
melt-spinning steps), which is constrained by technical parameters such 
as spin-die size, with the drawing stage limited compared to pure PP 
fibers without particles.

One of these GCC-based fiber formulations was up-scaled and 
incorporated into specially designed limestone calcined clay cement 
(LC3)-based composites, showing favorable mechanical interlocking 
properties for application in highly tough fiber-reinforced cementitious 
composites [21]. In fact, it is known that interfacial properties must be 
precisely adjusted to prevent easy extraction when bond stress is too 
low. Additionally, the fiber-matrix bond should not exceed a certain 
threshold, as this can result in easy tensile failure and limited toughness 
[22]. At the composite scale, these fibers enhanced fiber–matrix inter
locking, improving the fresh and hardened properties of limestone 
calcined clay cement (LC3)-based composites with a low cement content 
of 35 % by weight of the total binder, allowing a significant reduction of 
the fiber dosage (2.5 vol%) while matching or even surpassing the me
chanical performance obtained with 3 vol%. of commercial mono
component PP fibers. Additionally, dynamic tensile tests supported this 
outcome, showing that the PP fibers with improved interfacial proper
ties ensured satisfactory toughness and triggered multiple cracking 
patterns in fiber-reinforced concrete [23]. This study focuses on the 
microscopic evaluation of the new fibers developed, which includes 
examining GCC particles, fiber surface roughness, and conducting 
micro-mechanical tests such as single fiber tensile and pullout tests. The 
study also explores nucleation and growth mechanisms on PP fiber 
surfaces in a cementitious solution, considering a sort of commercial 
monocomponent PP fiber as a benchmark.

2. Materials and methods

2.1. Materials

Monofilament bicomponent fibers could be manufactured at IPF 
using a commercially available polypropylene grade (PP: HG 475 FB, 
Borealis, Vienna, Austria). The as-received virgin PP was used as the 

Fig. 1. Performance-based design of PP fibers: (a) monocomponent PP fiber with minimal surface micro-roughness and (b) bicomponent PP fiber with high surface 
micro-roughness and representative cases of fiber deformation during crack propagation. The top-right inlet of (b) shows the schematic of the morphology of 
the particles.
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core and shell material for all fibers. Different volume percentages of 
GCC particles supplied by Omya (Oftringen, Switzerland) were mixed 
with the PP by a microcompounder (Xplore Instruments B.V. 5&15 
Micro Compounder, Sittard, The Netherlands) to produce the material 
mix for the shell. The polymer mixture was prepared to obtain a ho
mogeneous mix following the same procedure as in the investigations of 
Popa et al. [19] in batches of 16 g, at 230 ◦C, for 10 min, at a rotor speed 
of 100 rpm. In addition, the shell material was pelletized to facilitate the 
melt-spinning process. For a better comparison, the cementitious matrix 
developed by Curosu et al. [6] and recalled in Table 1 was used for single 
fiber pullout (SFPO) tests to evaluate the interfacial adhesion between 
fiber and matrix.

2.2. Methods

2.2.1. Monofilament bicomponent fiber processing technology
Individual core-shell bicomponent PP fibers were produced using a 

piston spinning device designed and built at the IPF [24], with two 
chambers, each with a volume of 10 cm3. These fibers consist of two 
components arranged in a core-shell configuration. The core component 
acts as the structural backbone for the unstable shell material, hence 
contributing to the fiber stability and strength [25].

The pellets were melted in two separate piston chambers and pres
surized into the die, which put together the melt streams into a thin 
bicomponent single filament stream, allowing the core-shell ratio to be 
adjusted at a temperature of 220◦C. The total mass flow rate of the 
bicomponent fiber production was 1.25 cm3/min. The diameters of the 
die (nozzle holes) were 0.5 mm for the core and 0.8 mm for the shell, 
with a chosen core-shell ratio of 80/20 %. After spinning, the filaments 
were wound onto a bobbin at a maximum winding speed of 800 m/min 
and spooled in a free-fall section. An offline drawing ratio of three 
(DR=3) was applied by stretching single filaments using a Zwick/Roell 

Z0.5 (Ulm, Germany) tensile testing device. The gauge length was set to 
100 mm, with a pre-test displacement rate of 500 mm/min and a 
drawing displacement rate of 200 mm/min. Fig. 2 illustrates a schematic 
of the fiber spinning workflow.

For a more comprehensive comparison of their interaction with the 
concrete matrix, the bicomponent PP fibers investigated in this study, 
which feature different surface micro roughness, were evaluated taking 
into account the results of previous studies [20]. Furthermore, 
commercially available monocomponent PP fiber sourced from 
Baumhueter GmbH (Rheda-Wiedenbrück, Germany) were considered as 
a benchmark. Technical and morphological details on the features of the 
fiber shells are detailed in Table 2. Three different dosages of GCC 
particles in the shell of bicomponent fibers were investigated, namely 
10 %, 20 % and 40 % by volume. The melt flow rate (MFR) of the core 
and shell materials were determined according to ISO 1133 at 
230◦C/2.16 kg. The core MFR of PP: HG 475 FB closely aligns with the 
value of 27 g/10 min provided by the supplier. However, during com
pounding, the high temperatures cause the polymer chains in PP to 
break, resulting in shorter chains, which increases the MFR and im
proves flowability compared to pure PP. However, as the GCC particle 
content increases, the proportion of PP in the sample decreases. This 
reduction in PP leads to a higher filler-to-polymer ratio, which typically 
lowers flowability. Furthermore, the GCC particles may form agglom
erates, which restrict the mobility of the polymer chains and increase the 
system’s viscosity, ultimately decreasing the overall flowability as par
ticle content continues to rise. Additionally, the unknown coating on the 
GCC particles may also influence the overall system and its properties.

2.2.2. Particle size distribution, bicomponent PP fiber morphology and 
micro roughness measurements

The as-received GCC particle size distribution analysis was deter
mined using a laser diffraction with a Helos/BR particle size analyzer 
equipped with a RODOS dry dispersion unit and ASPIROS microdose 
module (Sympatec, Clausthal-Zellerfeld, Germany). The measurements 
were conducted at a pressure of 1 bar pressure. The cumulative particle 
distribution provides values for dv,10, dv,50, and dv,90, representing the 
diameters at which 10 %, 50 %, and 90 % of the GCC are included, 
respectively. The particle size volume median diameter (VMD), reflected 
by the median diameter (dv,50), offers an average particle size based on 
volume distribution.

Differential scanning calorimetry (DSC) was employed to examine 
how the crystallization properties of the polymer compounds might 
impact further spinning process, as the content of GCC fine powder in 
the fiber shell was incrementally increased. The samples, tested in a 
nitrogen atmosphere using a DSC Q2000 (TA Instruments, USA), un
derwent heating at a rate of 10 ◦C/min 220◦C (1st run), followed by 
cooling and reheating at the same rate (2nd run) while recording heat 
flow. Crystallinity was determined using a melting enthalpy (ΔHlit, 
100 % = 207 J/g) for PP as referenced in [19].

Scanning electron microscopy (SEM) analyses were conducted at 

Table 1 
Matrix composition (dosages are given in kg/m3).

Raw constituent / Product Supplier Dosage

Portland cement CEM I 42.5 R-HS Schwenk, Germany 505
Fly ash Steament H4 Steag Power Minerals, 

Germany
621

Quartz sand 0.06–0.2 mm Strobel Quarzsand, Germany 536
Superplasticizer Master Glenium ACE 

30
BASF, Germany 10

Viscosity modifying agent (VMA) SIKA, Switzerland 4.8
Water ​ 338

Fig. 2. Simplified schematic representation of the spinning process including 
GCC particles.

Table 2 
Overview of investigated fibers; parameters and flowability rate property for 
bicomponent fiber manufacturing.

Fiber type Shell 
composition

Shell 
MFR

Fiber name Core 
MFR

g/ 
10 min

g/ 
10 min

Monocomponent fiber 
(M), commercial

– – M-PP – 
Commercial)

–

Bicomponent fiber (B) PP + 10 vol% 
GCC

70.93 B-10G 29.29

PP + 20 vol% 
GCC

61.30 B-20G

PP + 40 vol% 
GCC

40.57 B-40G
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various magnifications using a Carl Zeiss Microscopy GmbH ULTRA 
PLUS microscope equipped with a secondary electron (SE) detector to 
examine filament morphology and particle distribution along the fiber 
shell and cross-sectional areas. To prevent charging effects due to the 
insulating nature of PP, the samples were coated with Pt-Pd prior to 
analysis. SEM analysis was also employed to examine the surface 
modification of the individual polypropylene (PP) fibers after immersion 
in a cementitious pore solution under different time step conditions in 
order to observe potential growth of mineral phases initiated by the GCC 
particles. Cement (CEM I 42.5R-HS) was initially mixed with tap water 
at 23◦C for 72 h. The M-PP fiber with a diameter of 19.8 µm and the B- 
20G PP fiber with a diameter of 22.7 ± 0.4 µm were specifically chosen 
for analysis. Following CEM filtration, these fibers were transferred into 
a sample holder and subjected to immersion time periods ranging from 
24 h to 5 days. Post-removal from the sample holders, the fibers un
derwent rinsing with deionized water, drying at room temperature, and 
subsequent preparation and analysis via SEM.

Micro roughness was quantitatively assessed using a confocal mi
croscopy (µSurf expert, Nanofocus AG, Oberhausen, Germany). Corre
lations between surface morphology and topography (micro roughness) 
of hydrophobic bicomponent PP fiber surfaces were established using a 
50 × magnification objective, capturing images of 320 µm× 320 µm 
with a resolution of 1024 × 1024 pixels. The sampling interval was 
adjusted based on the dominant scale of different parts of the analyzed 
surface. Additionally, the µSoft analysis software was employed to 

adjust the cylindrical shape of the fibers. However, areas with abrupt 
slopes could not be avoided, causing the microscope light to improperly 
capture the surface points, which may introduce errors in the roughness 
analysis, based on 3D surface profiles. Micro roughness analysis 
included arithmetic mean deviation of the surface, Sa, and the ten-point 
height of the surface, Sz [26] of the flattened fiber surface was performed 
on different selected areas along the fiber axis. Data analysis included 
repeated measurements on a minimum of ten fibers per composition.

2.2.3. Tensile testing for single fibers
Single-fiber tensile tests were conducted on the bicomponent PP fi

bers to determine their tensile strength and Young's modulus. The tests 
were performed using a FAVIMAT+ machine (Textechno H. Stein GmbH 
& Co. KG, Germany) equipped with a 610 cN load cell and hard rubber/ 
vulkolan clamps. Prior to testing, fiber diameter was determined on a 
fixed length scale of 50 mm using a vibroscopy system, and was calcu
lated using a density of 0.9 g/cm3. Each fiber was clamped at an initial 
length of 100 mm and tested at a rate of 5 mm/min under standard room 
conditions (23◦C, 50 % relative humidity). The linear density of each 
individual fiber, required for the evaluation, was determined prior to the 
tensile test using the vibroscopic method in accordance with ASTM 
D1577 [27] guidelines. From this, the diameter of each fiber was 
calculated, assuming a density of 0.9 g/cm³ for PP. To ensure accuracy, 
stress-strain curves were recorded for a minimum of 30 samples per 
composition.

2.2.4. Single fiber pullout test
The effects of micro-GCC particle addition on the bonding perfor

mance of the bicomponent PP fibers embedded in a concrete composite 
were investigated by single fiber pullout (SFPO) tests, as illustrated in 
Fig. 3. As in our previous studies [17,24], the cementitious matrix was 
prepared using a high-speed mixer, and single fibers were embedded 
into the matrix at a constant speed to a depth of approximately 1000 μm 
with computer assistance. After curing for 28 days at a relative humidity 
of 97–99 %, a cyanoacrylate adhesive was used to fix one end of the fiber 
to a mandrel.

SFPO tests were then conducted at a pulling speed of 10 mm/s and a 
strain rate of 10 s− 1, as recommended by Wölfel et al. [28], and the 
force-displacement curves were obtained. SFPO test was possible for 
displacements up to 450 μm due to the technical limitations of the 
piezo-actuator adopted. As a consequence, force-displacement curves 

Fig. 3. Single-fiber pullout test: (a) a schematic of the setup, (b) single fiber embedded in the matrix prior to testing, and (c) pullout test setup with the sample 
mounted into the testing device with the free fiber end fixed to the mandrel using an adhesive.

Fig. 4. Monomodal particle size distribution of as-received GCC microparticles.

M.-M. Popa et al.                                                                                                                                                                                                                               Construction and Building Materials 509 (2026) 145199 

4 



were evaluated as energy absorption (Wtotal) up to the maximum 
displacement of 300 µm, as defined in Eq. 1, to ensure a constant strain 
rate during the test. At least 15 single fibers of each type were analyzed 
to ensure the necessary statistical rigor. 

Wtotal =

∫ le

0
F(s)ds (1) 

3. Results and discussion

3.1. Particle size distribution analysis

Fig. 4 shows the GCC particle size distribution, measured using a 
confocal laser scanning diffractometer (LCD) and the main information 
is summarized in Table 3. The monomodal distribution ranges from 
0.13 µm to 11.16 µm, with cumulative volume-based size distribution 
values aligning with the expected size range. The narrower distribution, 
indicated by smaller span values, reflects a tighter range of particle sizes, 
which could influence the flowability of the compound during melt- 
spinning. The span factor, measured according to British Standards 
[29] and Chew and Chan [30], quantifies the width of the distribution, 
further confirming the narrow spread of the particle sizes. In the 
melt-spinning process, GCC particles are concentrated in the shell of the 

fiber (20 %), while the core remains pure polymer. Although the narrow 
particle distribution helps prevent die clogging, the high standard de
viation in dv,90 indicates the presence of larger particles or potential 
agglomerations.

These could disrupt the uniform dispersion within the shell, creating 
weak points that may lead to premature fiber breakage and reduced 
tensile strength. Improving particle size uniformity and dispersion is 
essential for enhancing fiber quality and performance.

3.2. Thermal analysis of raw PP and compounds

The impact of chain alignment in raw PP versus compounds with 
10 %, 20 % and 40 % GCC particles by volume fractions were investi
gated using differential scanning calorimetry (DSC), as shown in Fig. 5.

The DSC results (Fig. 6) show that GCC particles had no significant 
effect on the melting temperature of the compounds, consistent with 
Zuiderduin et al.'s findings [31]. While the 10 vol% GCC sample showed 
a slight decrease in ΔHm and Xc, possibly due to sample inhomogeneity, 
the 20 and 40 vol% samples exhibited values similar to as-received PP. 
This suggests that the polymer chains remained largely intact during 
compounding at 230ºC, with no significant thermal degradation occur
ring, as indicated by Gonzalez et al. [32]. The slightly increased ΔHm and 
Xc in these compounds might be attributed to the nucleating effect of 
GCC, as noted by Al-Samhan et al. [33] and Mao et al. [34].

As known from previous work with fibers showing a core-shell ratio 
of 80/20, the particles are placed close to the fiber surface, partly being 
exposed. Their localization at the very outside of the cross-section sug
gests that the crystallization and polymer alignment inside the fiber core 
is less effected by the particles. During melt-spinning, the crystalline 
structure requires almost same energy to melt, enabling consistent 
polymer flow and fiber formation. Based on the DSC results it can be 
stated that the reduced spinnability of fibers with increasing particle 
content seems to be less a consequence of reduced chain alignment but 
instead of geometrical factors caused by hindering the particles when 
flowing through and leaving the nozzle. However, the Young`s Modulus 
(see part 3.4), that is strongly depending on the chain alignment and 
degree of crystallinity, is reducing with increasing particle content, what 
is contradicting this assumption and highlights the demand for further 
investigation.

3.3. Surface, cross-sectional area, morphology, and roughness of 
bicomponent PP fibers

The SEM morphology images in Fig. 7 depict the surface of B-PP fi
bers containing particles in their shell after offline drawing, compared to 
M-PP fibers. In all cases, the core of B-PP fibers (Fig. 7b-d) is fully 
covered by a shell layer consisting of PP and GCC particles, resulting in a 
significantly rougher surface than the as-received M-PP fibers (Fig. 7a). 
In addition, the surface roughness is considerably affected by the extent 

Table 3 
The particle size distribution fraction values were derived through particle size 
distribution analysis.

Material dv,10 [µm] dv,50 [µm] dv,90 [µm] VMD [µm] Span factor 
[-]

GCC 0.51 
± 0.01

1.78 
± 0.02

5.12 
± 9.94

2.37 
± 0.02

1.30

Fig. 5. DSC curves of the PP sample (HG) used to calibrate the heat of fusion vs. 
the compounded materials.

Fig. 6. Thermal properties of PP and compounded materials with varying concentrations of GCC particles.
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of particle addition and increases with increasing particle amounts.
Further texture morphology analysis on the cross-section of the B- 

10G, B-20G, and B-40G PP fibers confirmed the successful integration of 
the GCC particles into the outer layer. However, large particle sizes and 
subsequent agglomerations observed in the SEM images, particularly at 
higher GCC concentrations, pose manufacturing challenges. These ag
glomerations can disrupt the spinning process, increasing the risk of 
filter blockage and die clogging during extrusion. During melt spinning, 
fibers with lower GCC content (B-10G) demonstrated smoother pro
cessing and fewer disruptions (e.g. breakage during offline drawing), 
correlating with the more uniform dispersion observed in Fig. 7b. In 
contrast, higher GCC concentrations (B-20G and B-40G) resulted in 
noticeable inconsistencies during spinning, likely caused by the 
increased particle content and agglomerations, which created localized 
flow disruptions. This behavior emphasizes the critical role of proper 
particle amount and dispersion in maintaining stable spinning condi
tions and producing defect-free fibers.

Fig. 8a displays the diameters of bicomponent PP fibers analyzed 
using SEM, while the diameter of commercial monocomponent PP fiber 
was provided by the supplier. Fig. 8b presents the micro roughness 
measurement of B-PP fibers in comparison with smooth M-PP fibers, 
which exhibit very low average micro roughness. The Sa and Sz pa
rameters, as outlined in Fig. 8b, describe surface roughness properties as 

defined by Stout et al. [35]. Sz values may be more suitable for evalu
ating mechanical interlocking in concrete, as it quantifies the absolute 
height differences between the peaks and valleys, reflecting the surface's 
potential for strong interlocking with the concrete matrix, which is 
essential for enhancing fiber adhesion for micro crack bridging, and 
overall mechanical performance. Fibers containing 10 vol% GCC parti
cles exhibited an average micro roughness (Sz = 4.63 ± 1.07 µm), 
slightly different to that of fibers with the same amount of PCC particles 
(Sz = 3.67 ± 0.96 µm) [19]. This difference might be due to the presence 
of larger GCC particles, even PCC fillers, which tend to form agglom
erates that might not have been fully detected within the selected sur
face areas for this analysis. In our previous work [19], these larger 
particles or agglomerates led to an unstable melt-spinning process, 
setting 10 vol% as the upper limit for PCC content compared to the use 
of GCC in this study. Interestingly, no significant increase in surface 
micro roughness was captured up to 20 vol% when Sa values are 
considered, despite the potential for higher particle concentrations to 
alter polymer melt flow. However, above this threshold (B-40G PP fiber) 
notable amplification in micro roughness, approximately twice that of 
the other counterparts was indicated. The 10, 20 and 40 vol% thresholds 
were arbitrarily chosen for the bicomponent PP fiber production. 
Continuous spinning was not achieved at this level, with fibers breaking 
after only a few meters, preventing upscaling and highlighting 

Fig. 7. SEM representative images of surface morphology along the fiber axis and cross-sectional areas of (a) M-PP fiber vs. the offline drawn (DR=3) (b) B-10G, (c) 
B-20G and (d) B-40G PP fibers.

Fig. 8. Bar graphs illustrating the (a) shell ds (blue charts) vs. core dc (gray charts) diameters and (b) mean values of the arithmetic mean deviation of the surface Sa 
(blue charts) and ten-point height of the surface Smax (gray charts) and the standard deviations values of the M-PP fiber vs. the offline drawn (DR=3) B-10G, B-20G 
and B-40G PP fibers determined by confocal microscopy. Note the different limits of the scale axes.
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challenges in achieving consistent spinnability at higher filler 
concentrations.

Other investigation techniques could have been adopted to charac
terize the variation in surface properties of bicomponent PP fibers 
compared to commercial counterparts. Water contact angle measure
ment, for example, is a direct indicator of wettability and is widely used, 
especially when chemical treatments are performed. Although contact 
angle measurements were performed in this study, the fibers' pro
nounced surface roughness led to a strong hysteresis in thereby 
impairing the formation of a clear contact line [36]. The significant 
scatter associated with this measurement prevented meaningful inter
pretation of the data and could lead to misleading conclusions. In fact, 
other studies in the literature could quantify the change in wettability 
compared to the reference PP fiber or membrane only for roughness 
extents in the order of a few nanometers [37]. Considering the typical 
water contact angle values measured on PP substrates, which are 
generally higher than 90◦ [36,38] and often exceed 110◦ depending on 
the type of PP (see, for example, the works by Long et al. [39] and Zhang 
et al. [40]), it is reasonable to assume a considerable increase in 
wettability due to the presence of GCC particles.

3.4. Mechanical properties of bicomponent PP fibers

The typical stress-strain curves for each fiber type are plotted in 
Fig. 9, while the average values of the main mechanical performance 
indices of the bicomponent PP fibers are summarized in Fig. 10. To allow 
a comprehensive comparison between the newly developed fibers pre
sented here and those investigated in previous studies containing the 
same amount of 10 vol% filler but PCC instead of GCC [19] (σ = 420 
± 22.1 MPa, ε = 51 ± 5.4 %, E = 3.8 ± 0.3 GPa), as well as the M-PP 
fibers, the highest possible drawing ratio of three was used, as detailed 
in Section 2.2. Unlike the PCC-filled fibers, which exhibited 

agglomerations that reduced their mechanical properties and processing 
efficiency, GCC-filled fibers showed improved homogeneity and me
chanical performance. Therefore, for this study, the PCC filler was 
replaced with GCC filler, as GCC is also derived from natural stone.

In contrast to M-PP fiber, the tensile strength and stiffness of the B-PP 
fibers were more than doubled at the expense of a significant reduction 
in the strain at break, even though they indicate a lower degree of 
molecule chain orientation as GCC particles amount increases, as dis
cussed in Section 3.2. This improvement was achieved through potential 
differences in raw PP type and spinning procedures between M-PP fibers 
and our B-PP fiber production. In addition, the stress-strain curves reveal 
that the mechanical properties of B-PP fibers decrease with increasing 
particle content due to non-uniform flow behavior of shell compound 
during melt-spinning, as presented in Table 2 by the MFR values. Despite 
this, they remain superior to the benchmark M-PP fiber, except for the B- 
40G PP fiber. This high particle content of 40 % by volume leads to an 
inhomogeneous surface, creating strain concentration points within the 
fibers. Consequently, the ‘form fit’ structure, which increase mechanical 
interlocking by enhancing adhesion capability in concrete, is compro
mised, resulting in reduced spinnability and overall fiber tensile 
strength. The extremely low strain of B-40G PP fibers indicate that a 
higher drawing ratio is not feasible.

3.5. Pullout behavior

To qualitatively and quantitatively evaluate the interfacial interac
tion resulting from the induced rough surfaces, single fiber pullout tests 
were conducted on the B-PP fibers, with the results displayed in Fig. 11
and Fig. 12. These were compared to the commercial M-PP fiber within a 
normal-strength concrete matrix. Results for M fibers have been pre
sented in a previous paper by Popa et al. [19] and here reported as a 
benchmark. The pullout work for displacements of 100, 200 and 
300 µm, denoted as W100, W200 and W300, was calculated considering 
fiber breakage at a minimum displacement of approximately 120 µm 
and end measurement at 300 µm displacement, as discussed in Section 
2.2. The Fmax values were calculated by averaging the results from 15 
tests performed for each batch of fibers. The results are plotted in the bar 
chart of Fig. 10.

A notable increase in pullout work values was observed for the B-PP 
fibers compared to the M-PP fiber, consistent with previous studies [19]
on different modification strategies. The enhanced mechanical inter
locking is attributed to the increased surface micro roughness resulting 
from the addition of particles to the fiber shell.

The threshold at which the failure mode started shifting from pullout 
to fiber tensile breakage was represented by a fiber volume fraction of 
20 % in the shell. This was due to the competing effects of tensile 
strength reduction and micro roughness increase. Moreover, increasing 
the particle content up to the arbitrarily chosen spinning limits (i.e. B- 
40G in Fig. 11d) resulted in a drastic drop in energy absorption capacity 

Fig. 9. Tensile stress-strain curves of the M-PP fiber vs. the offline drawn 
(DR=3) B-PP fibers.

Fig. 10. Bar graphs illustrating the mechanical properties of the M-PP fiber vs. offline drawn (DR=3) B-PP fibers. Note the different limits of the scale axes.
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compared to other B-PP fibers, owing to premature fiber breakage 
occurring at modest displacements. In fact, with respect to the other 
fiber types, the peak bond stress was rapidly reached due to the reduced 
transfer length promoted by the increased interlocking as indicated by 
Signorini et al. [41], followed by sudden fiber rupture of all B-40G PP 
fibers, at a displacement ranging from approximately 120 µm to 230 µm. 
Nevertheless, despite the observation of premature tensile failure of the 
fiber, the increased bond strength stemming from surface micro 

roughness amply compensates for the poor interfacial adhesion by M-PP 
fibers [19].

3.6. Fiber surfaces after pullout

The examination of the fibers’ surface by SEM after the SFPO tests of 
M-PP fiber compared to the B-PP fibers is displayed in Fig. 13. The 
surface of M-PP fibers reveals only sparse, thin longitudinal lines 

Fig. 11. Dynamic SFPO force-displacement curves of measurements at embedding length le = 1000 µm of the (a) M-PP fiber vs. the (b-d) offline drawn (DR=3) B-PP 
fibers pulled out of the normal strength matrix.

Fig. 12. Bar graphs and table illustrating the mean values of peak force Fmax (black line plots) and the pullout work until 100, 200 and 300 µm displacement W100, 
W200 and W300 (gray charts) and the standard deviations. Note the different limits of the scale axes.
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resulting from polymer abrasion. This response is typical of a smooth, 
hydrophobic surface, such as plain polypropylene, and has been exten
sively documented in the literature [42–44]. The absence of chemical 
functional groups and roughness on the surface prevents fiber-matrix 
chemical bond and mechanical interlocking, allowing the fiber to slip 
without visible damage. Conversely, distinctive, pronounced 

deformation patterns are observed for bicomponent fiber types whose 
shell portion incorporates particles, as shown in Fig. 13b-d. Remarkably, 
both varieties of bicomponent PP fibers, incorporating either 10 % or 
20 % CaCO3 particles, exhibit the following: (i) longitudinal abrasions of 
the polymer medium from the surface, and (ii) displacement of the 
particles during extraction. The former phenomenon is evident in the 
form of thin scratches on the fiber surface, while the latter is charac
terized by localized micro-excavations of varying depths depending on 
the size and local agglomeration of the CaCO3 particles, which are 
dragged and excavate through locking.

This rather localized, characteristic damage mode, known as the 
"locking-front model", is typically observed on hydrophilic polyvinyl 
alcohol (PVA) fiber surfaces, as documented in the study by Ranjbarian 
et al. [45], and significantly contributes to the increase in the pullout 
force during the post-debonding stage, which is often referred to as 
“slip-hardening” [42,46]. In addition, particles that moved along the fiber 
surface and remain embedded in the polymer can lead to plastic surface 
tearing deformation. This deformation is clearly visible in the magnified 
inlet of Fig. 13b, for example, and stems to the longitudinal, irreversible 
stretching of the PP shell layer.

To better understand the fiber-matrix interaction and the specific 
influence of adding GCC particles to the fiber shell, Fig. 14 illustrates the 
matrix channel where the fiber was positioned for the SFPO test. This 
micrograph shows a clear mechanical interlocking effect between the 
fiber and the matrix, which is underscored by the localized micro- 
grooving of the matrix and the potential presence of particle residues 
within the fiber-matrix interlocking zone, as indicated by the yellow 
arrows. This observation confirms the occurrence of a friction-driven 
interaction at the interface, evidenced by surface wear marks and the 
likely transfer of GCC particles from the fiber surface to the surrounding 
matrix during the pullout process.

These SEM observations directly relate to the fiber’s slip and fracture 
behavior. In fact, the scratches and localized matrix deformation indi
cate stress transfer and resistance to fiber pullout, demonstrating how 
surface roughness and particle-induced interlocking enhance energy 
absorption and delay fiber slip.

Fig. 13. SEM representative morphology images of the commercial monocomponent (M-PP) fiber, and bicomponent fibers, i.e. (b) B-10G PP and (c, d) B-20G PP 
fibers after being pulled out of the cementitious matrix.

Fig. 14. SEM representative image of the embedment channel within the 
cementitious matrix after the complete B-20G PP fiber pullout. The yellow ar
rows point possible particle remnants that remain within the fiber-matrix 
interlocking zone.
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3.7. Fiber surface modification after immersion in cementitious pore 
solution

The morphological change of the fibers after immersion in the 
cementitious pore solution and the possible nucleation of hydration 
products were examined by SEM analysis after five days of immersion 
(Fig. 15). As shown in Fig. 15a, no hydration products were detected on 
the inert M-PP fiber surface, confirming the poor wettability of plain PP 
[47,48]. Conversely, the as-spun B-20G PP counterpart (Fig. 15b,c) 
showed a uniform deposition of cement pore solution hydration prod
ucts along the surface, resulting in a significantly increased development 
of crystal nucleation sites.

In the magnified view of the B-20C PP fiber surface in Fig. 15c, 
clusters of calcium carbonate (most likely in the polymorph of calcite) 
with distinct cubic hydrates were observed [49,50]. This study is 
restricted to 5 days of immersion and only provides insights into the 
improved hydrophilicity of this new variety of B-PP fibers. Further 
analysis is needed to provide a more comprehensive assessment of the 
hydration reactions occurring at the interface. In fact, according to 
Lakshtanov and Stipp [51], nucleation and growth mechanisms can in
fluence the shape and size of the crystals formed. Nevertheless, a qual
itative evidence of improved compatibility between the modified PP 
fiber and cementitious media can be provided, underlying a promising 
application in fiber-reinforced cementitious composites with enhanced 
bridging capacity of this class of engineered PP fibers.

4. Conclusions and outlook

To address issues with state-of-the-art fibers (M-PP), namely smooth 
surface, poor hydrophilicity, and weak matrix bonding, we have 
advanced the polypropylene development of bicomponent PP fibers. 
These novel fibers feature ground GCC particles in their outer shell, 
enhancing surface micro roughness for better interlocking in the con
crete matrix. The main findings can be summarized as follows: 

• A reduction in the size of the GCC particles, together with an opti
mization of compounding parameters could facilitate their incorpo
ration into the fiber shell, thereby reducing the likelihood of clogging 
at the dies zone during the melt-spinning process.

• Increasing the GCC content in the fiber shell progressively reduced 
the mechanical properties of the single fiber. Despite this reduction, 
fibers with moderate filler content (B-20G) still outperformed com
mercial M-PP fibers typically used for fiber-reinforced concrete ap
plications. The highest filler content (B-40G) led to inhomogeneous 
surface that failed prematurely, demonstrating lower tensile perfor
mance than commercial M-PP fibers.

• As emerged from SFPO tests, the onset of fiber breakage was 
observed with B-20G PP fibers, which subsequently progressed to 
complete fiber breakage with B-40G PP fiber. This latter fiber type 
exhibited slightly higher energy absorption than M-PP fiber. How
ever, B-40G PP fiber showed a pronounced reduction in energy 

absorption compared to other B-PP fibers, experiencing nearly 
instantaneous failure at small displacements (approximately 
120–230 µm) during SFPO tests. In contrast, fibers with moderate 
filler content in their shell offered a good balance of mechanical 
interlocking and controlled failure.

• In addition to improving the mechanical interlocking between the 
fiber and matrix, incorporating GCC particles into the fiber shell 
created nucleation sites for the formation of the hydration products 
of the cementitious phases upon immersion. This process was evi
denced by crystal deposits on the fiber surface, facilitating the 
development of some extent of chemical bonding at the fiber–matrix 
interface. However, the characterization of the chemical fiber-matrix 
interaction was beyond the scope of the present study and is 
currently being investigated in greater detail.

In terms of economic assessment, while no specific prediction can be 
made at this stage, it is expected that the modified PP fibers will incur 
slightly higher costs, since the particles must be compounded in a PP 
matrix as an additional step. However, once the spinning process has 
been established, it does not differ from that of neat PP fibers, although 
it may run at a reduced velocity.

This micro-level study represents the basis for scaling up our 
research, optimizing variables such as particle content, melt-spinning 
investigation parameters, and polypropylene type for the production 
of bicomponent PP fibers. In addition, by improving the interfacial bond 
with mineral media, we aim to increase the tensile ductility of PP fiber- 
reinforced concrete composites, particularly with respect to impact 
loading. Future work will involve macro-scale testing, building on our 
previous studies [21].
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