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ABSTRACT: Self-compacting concrete (SCC) incorporating silica fume is characterized by a dense microstructure 
and reduced permeability; however, the influence of polypropylene fiber length on simultaneously ensuring 
self-compactability and frost resistance remains insufficiently investigated. The objective of this study was to 
evaluate the effect of low-modulus polypropylene fiber length (6–20 mm) on the rheological behavior, 
durability performance, and microstructure of SCC. The mixture composition and superplasticizer dosage were 
kept constant; only the fiber length was varied at a fixed dosage of 1.0 kg/m³. Rheological properties were 
assessed using slump flow, T500 time, V-funnel, L-box, and J-ring tests. Durability was evaluated in terms of 
water absorption and frost resistance, while phase composition and morphology were analyzed by X-ray 
diffraction (XRD) and scanning electron microscopy (SEM), respectively. The results indicate that increasing 
fiber length led to reduced flowability of the mixture: slump flow decreased from 700 to 600 mm, T500 time 
increased from 2.1 to 5.8 s, V-funnel flow time increased from 6.3 to 13.8 s, the L-box ratio decreased from 
1.00 to 0.82, and the J-ring blocking step increased from 8 to 26 mm. The optimal combination of properties 
was achieved at a fiber length of 12–15 mm, at which water absorption decreased to 4.1–4.2%, and frost 
resistance reached F350 (compared to 4.8% and F300 for the control mixture). XRD analysis did not reveal the 
formation of new crystalline phases, while SEM observations indicated the development of a dense fiber–
matrix interfacial transition zone. The findings substantiate the suitability of 12–15 mm polypropylene fibers 
for achieving a balanced combination of rheological performance, durability, and service-related properties in 
silica fume-modified SCC under the tested conditions. 
 
Keywords: Self-Compacting Сconcrete; Silica Fume; Polypropylene Fiber Length; Rheology; Freeze–Thaw 
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1. INTRODUCTION 
 

Modern construction is increasingly focused on 
reducing the carbon footprint while maintaining the 
durability of reinforced concrete structures. The 
cement industry remains one of the major sources 
of CO₂ emissions, accounting for approximately 7–
8% of global anthropogenic emissions. Therefore, 
the partial replacement of cement with pozzolanic 
mineral admixtures is considered a key strategy for 
both decarbonization and enhancement of concrete 
performance [1]. 

One of the most promising materials in this 
context is self-compacting concrete (SCC), an 
innovative type of high-performance concrete 
developed by Okamura and Ouchi in the late 1980s 

at the University of Tokyo [2–4]. SCC is capable of 
consolidating under its own weight without external 
vibration, ensuring effective filling of formwork 
even in densely reinforced sections. However, the 
elevated content of cement and fine particles 
typically required for SCC increases both its cost and 
carbon footprint [5]. 

The relevance of incorporating industrial by- 
products and active mineral admixtures 
(SCMs/ACMs) into cementitious composites as a 
key pathway toward sustainable and low-carbon 
construction has been confirmed by recent review 
studies [6,7]. Accordingly, improving the efficiency 
and environmental performance of SCC through the 
use of mineral additives such as silica fume, zeolite, 
fly ash, metakaolin, and slag has become a research 
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priority, as these materials contribute to improved 
microstructure and long-term performance [6,8–10]. 

In studies conducted by Akhmetov et al., the 
influence of low-modulus polypropylene fiber on 
the mechanical and deformation characteristics of 
silica fume-modified SCC was investigated. It was 
demonstrated that an optimal selection of fiber 
length and dosage enhances flexural strength and 
crack resistance while reducing shrinkage 
deformation. The best overall performance was 
achieved with fibers approximately 12–15 mm in 
length at a dosage of 1–1.5 kg/m³ [11]. 

In SCC mixtures, silica fume serves not only as a 
partial cement replacement but also significantly 
influences the formation of the cementitious matrix. 
Through pozzolanic reactions and the microfiller 
effect, silica fume contributes to matrix 
densification, reduced porosity, and enhanced 
durability [12,14]. 

The combined use of silica fume and 
polypropylene fiber can be considered 
complementary in action: silica fume increases the 
density and homogeneity of the cement matrix, 
while fibers restrict the development of shrinkage-
induced microcracks and improve resistance to 
crack propagation under flexural loading. These 
synergistic effects may influence not only the 
rheological behavior of fresh SCC mixtures but also 
the freeze– thaw resistance and microstructural 
characteristics of hardened concrete. 

Despite the available data on strength and 
shrinkage performance, the rheological behavior of 
silica fume-modified SCC incorporating 
polypropylene fibers of different lengths, as well as 
the relationship between fiber length, freeze–thaw 
resistance, and microstructural evolution, remains 
insufficiently addressed. In particular, a 
comprehensive evaluation of flowability and 
passing ability (slump flow, V-funnel, L-box, J-ring), 
durability under cyclic freezing and thawing, and 
phase composition and morphology of hydration 
products supported by SEM observations  and X-ray 
diffraction analysis is required [22,24–26]. 

Considering previously published results on the 
mechanical and deformation characteristics of silica 
fume-modified SCC reinforced with polypropylene 
fibers, and the identified effectiveness of fibers of 
optimal length, the present study represents a 
logical continuation of this research. It aims to 
provide an extended assessment of rheological 
performance, freeze–thaw resistance, and 
microstructural characteristics (SEM, XRD) in order 
to develop a more comprehensive understanding of 
the combined effect of the “silica fume + 
polypropylene fiber” system on the service 
performance and durability of self-compacting 

concrete. 
 
2. RESEARCH SIGNIFICANCE 
 

The present study is aimed at improving the 
service performance of silica fume-modified self-
compacting concrete through optimization of 
polypropylene fiber length. Unlike previous studies 
mainly focused on mechanical and shrinkage 
behavior, the present research provides a 
comprehensive evaluation of rheological 
performance, freeze–thaw resistance, water 
absorption, phase composition, and microstructural 
characteristics of SCC reinforced with polypropylene 
fibers of different lengths. The results indicate that 
a rational selection of low-modulus synthetic fiber 
length makes it possible to maintain the self-
compactability of the mixture while simultaneously 
enhancing durability parameters. The obtained 
results may be applied in the design of reinforced 
concrete structures and precast elements operating 
under cyclic freezing–thawing conditions. The 
proposed approach contributes to improved 
structural reliability and durability, reduced 
maintenance costs, and more efficient utilization of 
self-compacting concrete in infrastructure 
construction. 

 
3. 3. MATERIALS AND METHODS 

 
3.1 Raw materials 

 
Portland cement CEM II 42.5 trade name 

“Standard”, was used as the primary binder. 
Laboratory testing confirmed that its physical and 
mechanical properties complied with standard 
requirements. The residue on the 0.08 mm sieve 
was 0.5%, indicating high fineness, while the 
standard consistency of the cement paste was 28%. 
The compressive strength at 7 days reached 63 MPa 
and the flexural strength was 6.6 MPa. No violations 
of volume stability were observed [16,17]. The 
composition of cement clinker (Composition of 
cement clinker) and the chemical composition of 
Portland cement (Chemical composition of slag-
portland cement) are presented in Tables 1 and 2. 

 
Table 1. Composition of cement clinker 
 

Name of components Amount, % 

The total content of tricalcium 
and bicalcium silicates (C₃S, C₂S) 

75 

Mass ratio of calcium to silicon 
oxide (CaO/SiO₂) 

2.8 

Magnesium oxide (MgO) 1.6 
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Table 2. Chemical composition of slag-portland 

cement 

 
Name of components Amount, % 

Mass loss during calcination 0.7 

Insoluble residue 1.4 

Sulfur oxide (SO₃) 2.2 

Magnesium oxide (MgO) 1.6 

Chloride-ion (Cl⁻) 0.05 

 
Silica fume MK-95 produced by Tau-Ken Temir 

LLP (Karaganda, Republic of Kazakhstan) was used 
as a mineral admixture. The material contained 
95.9% active SiO₂ and consisted of spherical 
particles with an average diameter of about 0.1 μm 
and a bulk density of 150–250 kg/m³. Its 
physicochemical properties meet the requirements 
for use in concrete mixtures [18–20]. The total 
binder consisted of Portland cement and silica fume, 
where silica fume replaced 10% of cement by mass 
in all mixtures. The total binder content was 594 
kg/m³, and the water-to-binder ratio (w/b) was 
maintained at 0.44 for all mixtures. 

 
Table 3. Chemical composition of silica fume MK-
95, % 

 
SiO₂ C Moisture Fe₂O₃ Al₂O₃ CaO pH ρ 

g/cm³   
Loss on 
ignition 

95.9 1.3   1.07 0.07 0.2 0.46 7.89 0.44 2.68 

 
Quartz sand from the Giada LLP quarry was used 

as the fine aggregate. The sand had a fineness 
modulus of 2.3 (medium-grained), a moisture 
content of 2.5%, and a dust and clay content of 
0.15%. The bulk density was 1140 kg/m³. The 
selected medium-grained quartz sand with a 
fineness modulus of 2.3 provided adequate particle 
packing, improved flowability, and reduced the risk 
of segregation in self-compacting concrete mixtures. 

Crushed stone fractions of 5–10 mm and 10–20 
mm produced by Ozentas were used as coarse 
aggregates. The content of flaky and elongated 
particles did not exceed 10%, while the mass loss 
after crushing was 1.28%. The bulk density was 
approximately 1240 kg/m³ [21].  

The particle size distribution of fine and coarse 
aggregates was selected to ensure continuous 
grading and adequate packing density in 
accordance with EFNARC recommendations for self-
compacting concrete. The combined grading of 
aggregates was designed to achieve optimal 
flowability and minimize segregation and blocking 
effects. 

The specific gravity of the quartz sand was 
approximately 2.65, with a water absorption of 
about 1.0–1.5%. The coarse aggregates exhibited a 

specific gravity of approximately 2.70 and water 
absorption in the range of 0.5–1.0%, which is typical 
for crushed stone materials used in concrete 
production. 

The selected proportion of coarse aggregate was 
limited to ensure sufficient passing ability of the 
mixture, reduce internal friction, and maintain the 
self-compactability of SCC without external 
vibration. 

The dosage of the polycarboxylate ether-based 
superplasticizer was fixed at 6.5 kg/m³ according to 
the optimized SCC composition reported by D.A. 
Akhmetov et al., ensuring stable self-compactability 
in accordance with EFNARC recommendations 
[11,22]. 
 
Table 4. Characteristics of the superplasticizer 
CHRYSO Fluid Optima 203 

 
 Parameter  Description  

State Liquid 

Viscosity 1.040±0.02 g/cm3 

Color Dark brown 

pH 6.00±1 

Solid material 21.50±%5 

Chloride content < 0.10% 

Alkali content < 2.0% 

 
Polypropylene fiber “FibraLux” was used as 

dispersed reinforcement. The monofilament fibers 
had a circular cross-section, a length of 6–20 mm, 
and a diameter of approximately 34 μm. The 
surface was treated with Silastol CUT 70 to improve 
dispersion and adhesion to the cement matrix. 

The fiber density was 0.91 g/cm³, with tensile 
strength of 320–600 MPa, elastic modulus of 3500–
3900 MPa, and elongation at break up to 200%. The 
fibers exhibited negligible water absorption and 
thermal stability up to 160–170 °C [23]. 

The aspect ratio ranged from approximately 176 
to 588 depending on fiber length, influencing 
rheological behavior and fiber–matrix interaction. 
At a dosage of 1.0 kg/m³, the mixture contained 
about 12.9 million fibers per cubic meter, ensuring 
uniform dispersion and crack-bridging. 

The fiber dosage was fixed at 1.0 kg/m³ based 
on the optimized SCC composition reported by 
Akhmetov et al. [11], ensuring stable self-
compactability, uniform dispersion, and the 
absence of blocking effects in accordance with 
EFNARC recommendations. 

The composition of the self-compacting 
concrete used in the present study was adopted 
based on a previously developed and validated 
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mixture reported by Akhmetov et al. [11]. Within 
the framework of this research, the specified 
composition was used as the reference matrix, and 
the experimental program was aimed at evaluating 
the effect of polypropylene fiber length on 
rheological performance, freeze–thaw resistance, 
microstructural characteristics and phase 
composition. 

 
Table 5. Concrete mixture composition 

 
Mixture 
designation 

Cont
rol 
mix 

F6 F12 F15 F18 F20 

Fiber 
length, mm 

- 6 12 15 18 20 

Cement, 
kg/m³ 

540 540 540 540 540 540 

Sand, 
kg/m³ 

944 944 944 944 944 944 

Crushed 
stone 5–10 
mm, 
kg/m³ 

625 625 625 625 625 625 

Crushed 
stone 
10–20 
mm, 
kg/m³ 

175 175 175 175 175 175 

Silica fume, 
kg/m³ 

54 54 54 54 54 54 

Fiber, 
kg/m³ 

0 1.0 1.0 1.0 1.0 1.0 

Super plastic 
izer, 
kg/m³ 

6.5 6.5 6.5 6.5 6.5 6.5 

Water, 
kg/m³ 

260 260 260 260 260 260 

 
All mixtures were prepared under the same 

laboratory conditions using the mixture proportions 
presented in Table 5. The ambient laboratory 
temperature during mixing and casting was 
maintained at 20 ± 2 °C. The control mixture 
contained silica fume without polypropylene fiber, 
whereas the fiber-reinforced mixtures differed only 
in polypropylene fiber length; the fiber dosage, 
cement content, silica fume content, aggregate 
composition, water-to-binder ratio and 
superplasticizer dosage were kept constant. The dry 
components, including cement, silica fume, sand 
and coarse aggregates, were first mixed until a 
visually homogeneous mixture was obtained. Water 
premixed with the polycarboxylate-based 
superplasticizer was then gradually added, followed 
by gradual introduction of polypropylene fibers to 
reduce fiber balling and ensure uniform dispersion 
within the cementitious matrix. The total mixing 

time was approximately 5–7 minutes, including 
initial dry mixing (2 minutes) and subsequent mixing 
after water and superplasticizer addition (3–5 
minutes). No external vibration was applied during 
casting, since the mixtures were designed as self-
compacting concrete. The fresh mixture was placed 
into molds under its own weight. The specimens 
were kept in molds for 24 h under protected 
conditions to prevent moisture loss, then demolded 
and cured in water at 20 ± 2 °C until the testing age. 
For each mixture and each test type, at least three 
specimens were prepared and tested. The 
experimental results are reported as mean values 
with standard deviations, where applicable, to 
characterize the variability of the measurements. 
The same mixing, casting and curing procedure was 
applied to all compositions to ensure comparability 
of the results. 

 
3.2 Test Methods 
 

The rheological properties of the self-
compacting concrete mixtures were evaluated in 
accordance with the EN 12350 series of European 
standards and EFNARC recommendations. The test 
program included slump flow diameter and T500 
time for assessing filling ability and viscosity, V-
funnel flow time, L-box ratio, and J-ring blocking 
step for evaluating passing ability and resistance to 
blocking of SCC mixtures. Slump flow and T500 
were used to determine the deformability and flow 
rate of the mixtures, while the V-funnel, L-box, and 
J-ring tests were used to evaluate viscosity, passing 
ability, and resistance to blocking under conditions 
simulating reinforcement congestion. All tests were 
conducted at a temperature of 20 ± 2 °C. Each 
measurement was performed at least three times, 
and the reported results represent average values 
[24–26]. 

 

 
 

Fig. 1. Rheological testing of SCC: (a) L-box test; (b) 
V-funnel test 

 
Freeze–thaw resistance was determined 

according to GOST 10060–2012 using cyclic freezing 
and thawing of fully water-saturated cubic 
specimens (100 × 100 × 100 mm). Prior to testing, 
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the specimens were saturated with water to 
constant mass. The specimens were frozen at −18 ± 
2 °C and thawed in water at +20 ± 2 °C. The frost 
resistance grade was established based on mass 
loss and residual compressive strength after 
repeated freeze–thaw cycles, provided that the 
reduction in strength and mass did not exceed the 
permissible limits specified by the standard [27]. 

Water absorption was determined according to 
GOST 12730.3–2020 using cubic specimens (100 × 
100 × 100 mm). The specimens were first dried to 
constant mass at 105 ± 5 °C, cooled to room 
temperature, and then immersed in water until 
constant saturated mass was reached. Water 
absorption was calculated as the relative increase in 
mass after saturation and expressed as a 
percentage [28]. 

X-ray diffraction (XRD) analysis was performed 
for two representative self-compacting concrete 
compositions: the control mixture with silica fume 
(SCC + SF) and the mixture with silica fume and 12 
mm polypropylene fiber (SCC + SF + F12). These 
mixtures were selected because all compositions 
had the same cementitious matrix, silica fume 
content, water-to-binder ratio, aggregate 
composition, superplasticizer dosage and fiber 
dosage; only the polypropylene fiber length was 
varied. The F12 mixture was selected as the 
representative fiber-reinforced composition 
because it showed the most balanced rheological, 
mechanical and durability-related performance 
under the tested conditions. 

The analyses were conducted using a 
modernized automated DRON-3 X-ray 
diffractometer with CuKα radiation and a β-filter 
operating at 35 kV and 20 mA. Diffraction patterns 
were recorded in θ–2θ scanning mode at a scanning 
rate of 2°/min. Prior to analysis, the samples were 
ground to a particle size of less than 0.05 mm. 

Phase identification and semi-quantitative 
evaluation were carried out using the ICDD PDF-2 
database, Release 2022, and HighScore Plus 
software. The crystalline phase content was 
estimated using the reference intensity ratio (RIR) 
method. The method provides semi-quantitative 
results with an estimated error of 10–20% for 
phases exceeding 10 wt.%, while minor phases 
were identified qualitatively. Since C–S–H gel is 
poorly crystalline or amorphous, it cannot be 
accurately quantified by conventional XRD. 
Therefore, the XRD results were used mainly to 
identify dominant crystalline phases and were 
interpreted as representative rather than as a 
complete phase-composition assessment of all fiber 
lengths. Since XRD was performed only for the 
control and F12 mixtures, the results were not 

generalized to all fiber lengths. 
Microstructural analysis was performed using 

scanning electron microscopy (SEM) on selected 
representative specimens. The SEM examination 
focused on the control mixture and the F12 mixture, 
since the matrix composition was identical for all 
mixtures and only the fiber length was varied. The 
purpose of SEM analysis was to support the 
interpretation of performance trends by examining 
fracture morphology, pore structure, microcracks 
and fiber–matrix interaction. 

Fragments approximately 1–2 cm in size were 
collected after mechanical testing, cleaned of 
surface dust, and mounted on aluminum stubs, 
Ø12/25 mm, using conductive carbon tape without 
epoxy impregnation or conductive coating. SEM 
observations were conducted in low-vacuum mode 
to examine dielectric materials without additional 
coating and to minimize charging effects. Imaging 
was performed in secondary electron (SE) mode at 
magnifications of ×2000–×4000. 

The SEM images were interpreted qualitatively 
as supporting evidence for the mechanical and 
durability results. Since no quantitative image 
analysis of porosity or interfacial transition zone 
thickness was performed, the SEM results were 
discussed using cautious terminology such as “SEM 
observations indicated” and “SEM images 
suggested” rather than as definitive confirmation. 

 
4. RESULTS AND DISCUSSION 
 
4.1 Rheological, Physical and Durability Properties 
of Self-Compacting Concrete 

 
Table 6 showed the fresh-state and rheological 

properties of the self-compacting concrete mixtures 
modified with polypropylene fibers of different 
lengths were evaluated using slump flow, T500 time, 
fresh density, V-funnel, L-box and J-Ring tests in 
accordance with EFNARC recommendations.  

 
Table 6. Fresh-state properties of self-compacting 
concrete mixtures 

Mixture 
designation 

Control 
mix 

F6 F12 F15 F18 F20 

Slump flow, 
mm 

700 675 630 624 615 600 

T500, s 2.1 2.8 3.6 3.9 4.5 5.8 

V- 
funnel flow,s 

6.3 7.4 9.0 9.6 10.5 13.8 

L-box 
(h₂/h₁) 

1.00 0.98 0.96 0.95 0.94 0.82 

J-Ring, 
Δ D = D₀ −Dⱼ 
(mm) 

8 10 16 18 22 26 
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Fresh density, 
kg/m³ 

2390 2395 2343 2340 2336 2325 

*Values are presented as mean ± standard deviation (n = 3). 

These tests make it possible to assess the filling 
ability, viscosity, passing ability and resistance to 
blocking of SCC mixtures. The obtained 
experimental results are presented in Table 6. 

The fresh-state properties of self-compacting 
concrete were noticeably influenced by the length 
of polypropylene fiber. The control mixture showed 
the highest slump flow value of 700 mm, the 
shortest T500 time of 2.1 s, and a fresh density of 
2390 kg/m³. With increasing fiber length, the slump 
flow gradually decreased from 675 mm for F-6 to 
600 mm for F-20, while the T500 time increased 
from 2.8 s to 5.8 s, indicating reduced filling ability 
and increased viscosity of the mixtures. 

According to EFNARC classification, the control 
mixture and F-6 corresponded to the SF2 class, 
while F-12, F-15, F-18 and F-20 corresponded to the 
SF1 class. The fresh density of the fiber-reinforced 
mixtures ranged from 2325 to 2343 kg/m³. 

Compared with the control mixture without 
fiber (V-funnel flow time – 6.3 s, L-box ratio – 1.00, 
J-Ring ΔD – 8 mm), the incorporation of 6 mm fibers 
caused a slight reduction in flowability and passing 
ability; however, the obtained values remained 
within the acceptable limits for SCC. 

For mixtures containing 12–15 mm fibers, the 
V-funnel flow time increased to 9.0–9.6 s and J-Ring 
ΔD increased to 16–18 mm, while satisfactory L-box 
ratios (0.95–0.96) were maintained. This indicated 
preservation of self-compacting ability without 
significant blocking effects. 

Further increasing the fiber length to 18–20 
mm resulted in a considerable increase in T500 time 
(4.5–5.8 s), flow time (10.5–13.8 s), a decrease in 
the L-box ratio to 0.82–0.94, and an increase in J-
Ring ΔD to 22–26 mm. These results indicated 
reduced self-compactability and a higher tendency 
toward blocking. 

The fiber dosage of 1.0 kg/m³ was selected 
based on preliminary trials and previous studies, 
which showed that this dosage provided effective 
crack control without excessive loss of workability. 
Three specimens were tested for each mixture, and 
the average values are presented in the tables. 
Freeze–thaw resistance was determined according 
to GOST 10060–2012 using cyclic freezing and 
thawing in water. Water absorption was measured 
according to GOST 12730.3–2020.  

The frost resistance and water absorption of 
the studied self-compacting concrete mixtures were 
significantly affected by polypropylene fiber length 
(Table 7). The control mixture showed 4.8% water 

absorption, 2.6% mass loss after freeze–thaw cycles, 
87.2% residual compressive strength, and frost 
resistance grade F300. 
 

Table 7. Frost Resistance and Water Absorption of 
SCC Mixtures 

Mixture 
designation 

Control 
mix 

F6 F12 F15 F18 F20 

Water 
absorption, % 

4.8 4.5 4.1 4.2 4.3 5.2 

Mass loss 
after freeze–
thaw, % 

2.6 2.1 1.4 1.6 1.9 2.3 

Residual 
compressive 
strength, % 

87.2 89.1 93.4  92.6 90.3 85.6 

Frost 
resistance 
grade 

F300     
F3
00 

  F350 F350   F300   
F25
0 

*Values are presented as mean ± standard deviation (n = 3). 

The addition of 6 mm fibers slightly improved 
durability, reducing water absorption to 4.5% and 
mass loss to 2.1%, while increasing residual 
compressive strength to 89.1%, with frost 
resistance remaining at F300. 

The best results were obtained for mixtures 
with 12–15 mm fibers, which showed the lowest 
water absorption (4.1–4.2%), minimal mass loss 
(1.4–1.6%), and the highest residual compressive 
strength (92.6–93.4%), corresponding to frost 
resistance grade F350. This was attributed to 
improved matrix densification, reduced capillary 
porosity, and effective crack-bridging by the fibers. 

Further increasing fiber length to 18–20 mm 
led to higher water absorption (4.3–5.2%), greater 
mass loss (1.9–2.3%), and lower residual 
compressive strength (85.6–90.3%), resulting in 
reduced frost resistance (F300–F250). This suggests 
that excessive fiber length may reduce mixture 
homogeneity and negatively affect durability-
related properties. 

Thus, under the investigated conditions, 
polypropylene fibers with a length of 12–15 mm 
were the most effective for improving frost 
resistance and durability of silica fume-modified 
self-compacting concrete. 

 
4.2 X-ray Diffraction Results 

 

X-ray diffraction analysis was performed for two 
representative mixtures: the control mixture (SCC + 
SF) and the mixture containing 12 mm 
polypropylene fiber (SCC + SF + F12). These 
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Peak List 

 

 

 

 

00-001-0705; K Al Si3 O8; Microcline 

 

 

 

 

01-072-1937; Ca ( C O3 ); Calcite 

 

 

 

 

01-075-8320; Si O2; Quartz 

 

 

 

 

05-001-0864; Ca0.4 Na0.6 Al1.4 Si2.6 O8; Andesine 

compositions were selected because all mixtures 
had the same binder system and mineral base, 
differing only in fiber length, while F12 showed the 
most balanced combination of rheological, 
durability and microstructural performance under 
the tested conditions. 

The XRD measurements were carried out using a 
DRON-3 diffractometer with CuKα radiation at 35 
kV and 20 mA. Phase identification was performed 
using the ICDD PDF-2 database (Release 2022) and 
HighScore Plus software. Since bulk XRD patterns 
are mainly dominated by aggregate minerals, while 
cement hydration products are largely amorphous, 
the analysis was used primarily for comparative 
evaluation of representative mixtures. 

 

 

Fig. 2. X-ray diffraction pattern of the control 
mixture. 

 

A pronounced amorphous hump is observed in 

the diffraction pattern within the 2θ range of 

approximately 20–35°, which is characteristic of gel- 

like hydration products of cement (C–S–H), as well 

as amorphous silica involved in the pozzolanic 

reaction. Against this background, intense 

diffraction peaks of quartz (SiO₂) are detected, with 

the main reflection at 2θ ≈ 26.6°, along with peaks 

corresponding to feldspars, attributable to the 

presence of natural aggregates. 
Additionally, moderate reflections of calcite 

(CaCO₃) are identified, associated with carbonation 
processes occurring in the cement matrix.  

Semi-quantitative X-ray diffraction analysis 
showed that the phase composition of the 
specimen is dominated by quartz (SiO₂) (~50%), 
originating from natural aggregates. Feldspar 
minerals, including sodium–calcium feldspar 
(Ca₀.₄Na₀.₆Al₁.₄Si₂.₆O₈) (~26%) and potassium 

feldspar (KAlSi₃O₈) (~11%), are also present and are 
associated with the mineral composition of the 
aggregates rather than cement hydration. 

 
Table 8. Results of semi-quantitative analysis of 
crystalline phases in the control mixture 

 
№ PDF 
cards                 

Chemical 
formula 

Mineral Concentrat
ion, % 

01-075-
8320 

SiO₂ Quartz 50 

05-001-
0864 

Ca₀.₄Na₀.₆
Al₁.₄Si₂.₆O₈ 

Feldspar 26 

01-080-
2815 

(Ca₀.₂₆₈Fe₀.
₇₃₂)₃(Al₀.₉₀₄
Fe₀.₀₉₆)₂(Si
O₄)₃ 

Garnet 
(almandine
) 

6 

01-072-
1937 

Ca(CO₃) Calcite 7 

00-001-
0705 

KAlSi₃O₈ Potassium 
feldspar 

11 

 
Calcite (CaCO₃) (~7%) was identified as a 

carbonation product of the cement matrix, while 
minor almandine ((Ca,Fe)₃(Al,Fe)₂(SiO₄)₃) (~6%) 
originates from the aggregates. Overall, the phase 
composition is typical for cementitious composites 
containing natural aggregates, with the cement 
matrix structure mainly governed by amorphous 
hydration products. 

 

 

 
Fig. 3. X-ray diffraction pattern of SCC + SF + 
F12.  

The X-ray diffraction pattern of the self- 
compacting concrete modified with silica fume 
and polypropylene fiber shows the presence of 
both amorphous and crystalline components. A 
broad amorphous hump in the 2θ range of 20–35° 
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indicates the predominance of C–S–H gel and the 
participation of amorphous silica fume in the 
pozzolanic reaction. The crystalline phases are 
mainly represented by quartz (SiO₂) with a 
characteristic peak at 2θ ≈ 26.6° and feldspar 
minerals originating from the aggregates, 
while weak reflections of calcite (CaCO₃) indicate 
carbonation of the cement matrix. No new 
crystalline phases were detected after the 
incorporation of polypropylene fiber, which 
suggests that the main structural development of 
the concrete is governed by cement hydration and 
the pozzolanic reaction of silica fume. 

Table 9. Results of semi-quantitative analysis of 
crystalline phases in SCC + SF + F12 

№ PDF 
cards 

Chemical 
 formula 

 

Mineral Concentr
ation, % 

00-001-
0705 

KAlSi₃O₈ Potassium 
feldspar 

20 

01-072-
1937 

Ca(CO₃) Calcite 2 

01-075-
8320 

SiO₂ Quartz 58 

05-001-
0864 

Ca₀.₄Na₀.₆Al₁.₄Si₂.
₆O₈ 

 

Feldspar 

 

20 

 
Semi-quantitative XRD analysis suggested that 

the phase composition is dominated by quartz 
(SiO₂) (~58%) originating from aggregates. Feldspar 
minerals, including potassium feldspar (KAlSi₃O₈) 
(~20%) and sodium–calcium feldspar 
(Ca₀.₄Na₀.₆Al₁.₄Si₂.₆O₈) (~20%), were also observed 
and are associated with the aggregate composition 
rather than cement hydration. Calcite (CaCO₃) (~2%) 
was detected as a carbonation product of the 
cement matrix. The cementitious matrix is mainly 
governed by amorphous hydration products. 

Due to the predominance of crystalline 
aggregate phases and the amorphous nature of C–
S–H, the XRD analysis is considered qualitative. The 
RIR-based phase contents should be interpreted 
with caution, particularly for phases below 10 wt.% 
and amorphous components; therefore, the results 
are used mainly for phase identification and 
comparative analysis. 

 
4.3  Microstructural Investigation 
 

The control self-compacting concrete mixture 
containing silica fume (SCC + SF) and the mixture 
modified with silica fume and 12 mm polypropylene 
fiber (SCC + SF + F12) were selected for 
microstructural investigation based on the results of 
comprehensive testing, which identified this fiber 
length as providing the optimal combination of 

rheological properties, freeze–thaw resistance, and 
water absorption. 

Since all mixtures had the same mineral base 
and differed only in dispersed reinforcement 
parameters, the microstructural analysis was 
limited to representative specimens to characterize 
the cement matrix structure and the fiber–matrix 
interfacial zone while avoiding duplication of similar 
SEM images. 

 

 
Fig. 4. SEM images at ×2000 magnification: (a) self-
compacting concrete containing silica fume; (b) self-
compacting concrete containing silica fume and 12 
mm polypropylene fiber. 
 

SEM observations of representative images 
suggested that the control mixture appeared to 
exhibit a heterogeneous cementitious matrix with a 
gel-like morphology and localized pore regions 
typical of silica fume-modified SCC. 

In contrast, the mixture containing 12 mm 
polypropylene fiber appeared to show a more 
developed fiber–matrix interfacial zone, with fiber 
surfaces partially covered by hydration products 
and no clearly visible interfacial defects or 
debonding. The matrix in the vicinity of the fiber 
appeared denser. 

These observations suggest differences in 
microstructural organization associated with fiber 
incorporation. 

 

Fig. 5. SEM micrographs at ×4000 magnification: 

(a) self-compacting concrete containing silica fume; 
(b) self-compacting concrete containing silica 
fume and 12 mm polypropylene fiber. 

 
SEM observations at ×4000 magnification 

suggested a finely dispersed gel-like structure of 
cement hydration products, with localized plate-
like and needle-like formations. The 
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microstructure appeared heterogeneous, with 
uneven distribution of hydrated phases and the 
presence of isolated micropores within the 
intergranular space. 

The mixture modified with silica fume and 12 
mm polypropylene fiber appeared to exhibit a 
more compact cementitious matrix, particularly 
near the fiber–matrix interfacial zone. Hydration 
products appeared more densely distributed in 
this region, and no clearly pronounced interfacial 
defects or debonding were observed. 

Comparison of the microstructures at ×4000 
magnification suggests differences in the 
distribution and morphology of hydration 
products after fiber incorporation, which may 
indicate the formation of a more organized 
interfacial zone. 

The presented SEM micrographs are 
representative and were obtained under 
consistent imaging conditions with scale bars, as 
described in the Materials and Methods section. 
The SEM analysis is qualitative; therefore, the 
observations are discussed in terms of general 
trends rather than precise quantitative values. 

 
5. CONCLUSION 

 

Based on the conducted experimental 
investigations, the results indicated that the 
length of low-modulus polypropylene fiber 
affected the rheological performance, durability 
parameters, and microstructural organization of 
silica fume-modified self-compacting concrete. 

An increase in fiber length from 6 to 20 mm 
resulted in a gradual reduction in the flowability 
of self-compacting concrete mixtures. The slump 
flow decreased from 700 mm to 600 mm, the 
T500 time increased from 2.1 s to 5.8 s, the V-
funnel flow time increased from 6.3 s to 13.8 s, 
the L-box ratio decreased from 1.00 to 0.82, and 
the J-ring blocking step increased from 8 mm to 
26 mm. Fibers with a length of 12–15 mm were 
found to provide a balanced rheological behavior, 
maintaining self-compactability without 
significant blocking effects. 

Durability-related properties were also 
influenced by fiber length. The lowest water 
absorption values (4.1–4.2%) and the highest 
frost resistance grade (F350) were obtained for 
mixtures containing 12–15 mm fibers, compared 
with 4.8% water absorption and frost resistance 
grade F300 for the control mixture. Further 
increasing the fiber length to 18–20 mm was 
associated with higher water absorption, reduced 
frost resistance, and lower residual compressive 

strength, which suggested a decrease in mixture 
homogeneity and durability performance. 

The X-ray diffraction results suggested that 
the incorporation of polypropylene fiber did not 
lead to the formation of new crystalline phases in 
the representative mixtures. The phase 
composition was mainly governed by quartz and 
feldspar minerals originating from the aggregates, 
while the cementitious matrix was associated 
with amorphous hydration products, including C–
S–H gel, and the pozzolanic reaction of silica fume. 
Therefore, the effect of fiber reinforcement was 
mainly related to microstructural organization 
and the fiber–matrix interfacial zone rather than 
changes in crystalline phase composition. 

SEM observations suggested the possible 
formation the formation of a developed fiber–
matrix interfacial zone in the mixture containing 
12 mm fibers. The fiber surfaces were partially 
covered with hydration products, and no 
pronounced interfacial defects or debonding 
were clearly observed, suggesting compatibility 
between the dispersed reinforcement and the 
densified silica fume-modified matrix. 

Under the investigated conditions, for the 
mixture containing 1.0 kg/m³ of polypropylene 
fiber and 54 kg/m³ of silica fume, fibers with a 
length of 12–15 mm can be considered the most 
rational, as they provide a balanced combination 
of rheological performance, durability, and 
microstructural stability under cyclic freeze–thaw 
conditions. These findings are valid for the 
investigated mixture composition and may vary 
with changes in fiber dosage and binder 
composition. 
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