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Abstract: The article focuses on studying the impact-driven penetration of multi-strength fibrocon-
crete pyramid-prismatic piles. The research object includes multi-strength pyramid-prismatic piles
with varying types of reinforcement and different levels of concrete compressive strength. The aim
of the study is to experimentally investigate the enhancement of pile impact resistance through the
differentiated selection of concrete strength based on the dynamic stresses in the pile shaft caused by
impact forces. As a result of the experimental studies on the piles, it was found that the difference in
energy costs for driving them does not exceed 3.7-4.1%, proving the insignificant influence of the type
of reinforcement and fiber concrete strength on the energy expenditure during driving. At the same
time, it was established that the type of reinforcement and the type of fiber significantly affect the
strength and impact-resistant properties of the pile shaft, ensuring defect-free driving. For example,
the defectiveness (e.g., chips, cracks, potholes, spalling) of the head of the steel fiber concrete (SFC)
pile reaches 57.5%, while for the polypropylene fiber concrete (PFC) pile it does not exceed 5.2%,
demonstrating the advantages of using polypropylene fiber under impact conditions.

Keywords: driven pile; polystrength pile; fiberglass; reinforcement; fiber-reinforced concrete; static
tests; compressive load; deformation; dynamic tests; strength

1. Introduction

Currently, driven pile foundations are widely used at construction sites in Kazakhstan
with complex engineering and geological conditions. The use of these foundations is
motivated by their reliability, durability, and cost-effectiveness. It is known that replacing
strip foundations with pile foundations can reduce the volume of earthworks by 50-70%,
the consumption of reinforced concrete by 30% or more, labor intensity by 25%, and the
estimated cost by 30% [1]. Pile production, and consequently, the construction of pile
foundations, can be carried out year-round without slowing the pace of work, even in
winter conditions.

However, despite these advantages, pile foundations have certain drawbacks. Among
these are pile damage and failure to reach the design depth during driving. Experience
with pile foundations shows that when driven into soils of medium and high strength, up
to 35% of reinforced concrete piles are damaged and fail to reach the design depth (see
Figure 1). Additionally, more than 80% of these piles require the undriven portion to be
cut off [2,3]. These negative phenomena increase construction costs due to higher labor
intensity, additional material expenses, and extended time for completing the underground
portion of structures.
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Figure 1. Undriven piles of the bridge under construction over the Shu River (Zhambyl Region,
Republic of Kazakhstan).

Given these circumstances, in recent years, modified alternatives to traditional piles
have been proposed in pile geotechnics. These include piles made of composite concrete
and combined piles, which possess higher strength properties. Below are the results
of several studies dedicated to examining the features of their fabrication, driving, and
performance under load.

Piles made from composite concrete refer to those constructed using regular concrete
but reinforced with fibers, such as steel or non-steel fibers (glass, basalt, polypropylene,
polymer, asbestos, etc.). In construction, these concretes are commonly referred to as
fibro concrete. Research findings presented in studies [4-8] indicate that fibro concrete is
significantly more effective than conventional concrete, offering five times greater impact
resistance, twice the crack resistance, 20-50% higher compressive strength, and 30—40%
higher modulus of elasticity. Highly effective alkali-activated concrete (HP-AAC) is also
known for use in the manufacture of concrete structures. This material is environmentally
friendly, cement-free, and can replace conventional concrete and reduce CO, emissions [9].

Several studies [10-13] report substantial improvements in crack resistance and
strength of fibro concrete piles made with steel fibers. Steel fibers are recommended
as a replacement for traditional steel reinforcement in piles. Rodov G.S. et al. [14] suggested
producing the head section of driven piles, 350 mm in height, from steel fiber-reinforced
concrete without the use of traditional transverse reinforcement grids, to ensure defect-free
driving. Experiments have shown that the impact resistance of steel fiber-reinforced con-
crete samples is 3.7-9.3 times higher than that of unreinforced concrete and 2-5 times higher
than that of conventional reinforced concrete. Furthermore, the static compressive strength
of steel fiber-reinforced concrete is 1.08-1.27 times greater than that of unreinforced con-
crete. The authors note that using piles with steel fiber-reinforced concrete heads reduces
material losses in both concrete and reinforcement, increases the efficiency of pile-driving
operations, and optimizes the use of pile-driving equipment. The high effectiveness of
fibro concrete and its significant role in enhancing pile impact resistance are also noted in
studies [15-21].

Among combined piles, the most common types are piles made from polymer pipes
reinforced with thin fibers and piles composed of pipes filled with reinforced concrete
mixtures [22-26].

Anandakumar R. [27] presents the results of impact tests conducted on 15 models of
tubular (hollow) piles reinforced with basalt fiber (BFRP). The tests involved impact driving
of the piles using a 78.5 kg striker dropped from a height of 1.20 m. Based on the results, it
was determined that the reinforcement of piles with basalt fiber provides sufficient strength
to withstand impact loads. According to the author, the greater rigidity of BFRP fibers
allowed the piles to endure higher impact forces and reduced shaft deflection due to impact
loads compared to conventional piles. Modernized piles using BFRP withstood 150-250%
more impact loads than control piles.
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In another study [28], researchers presented laboratory test results on FRP piles in
sandy soil, focusing on their response to vertical and lateral loads. The tests were conducted
in a specialized pressure chamber using models of CERP piles (polymer piles reinforced
with carbon fiber) and GFRP piles (polymer piles reinforced with glass fiber). The pile
models, filled with concrete, were 300 mm in length, with diameters of 12.5 mm and 20 mm,
and a wall thickness of 1.25 mm. The chamber pressure was set at 100 and 250 kPa. It was
found that under a vertical load of 2 kN, the settlement of the GFRP pile was 8 mm, which
was 1.21 times greater than that of the CFRP pile (6.6 mm). Under the same load, doubling
the chamber pressure led to a 1.66-fold increase in the settlement of the CFRP pile. Thus,
the CFRP pile demonstrated better resistance to vertical loads compared to the GFRP pile.

The revised text maintains the technical nature and detailed explanations required for
a scientific or engineering report while being more accessible to readers. However, tests
on the pile models under lateral load showed the opposite trend. The resistance force of
the CFRP pile was found to be 11% lower than that of the GFRP pile. An increase in pile
diameter by 1.6 times resulted in a 1.5-fold increase in lateral resistance.

In the study [29], the authors examined the behavior of piles made from thin-walled
pipes reinforced with polymer fibers (FRP) and filled with concrete. The test models had
a diameter of 168 mm, a wall thickness of 7.8 mm, and a length of 1.5 m. A steel tubular
pile model with similar dimensions, but a thinner wall (6.35 mm), was used as the control
model. The pile models were driven into sandy soil to the same depth, after which their
cavities were filled with self-compacting concrete (SCC). No defects were observed on the
surface of the piles after driving. It was established that under static compressive load, the
bearing capacity of both the test models and the control model were comparable (120 kN
and 125 kN, respectively). Under lateral load, however, the resistance force of the FRP pile
model was 20 kN, 49% lower than that of the steel pile model (35 kN). The lower lateral
resistance of the combined piles indicates their reduced bending stiffness, which, according
to the researchers, could be improved by using stiffer fibers for pile reinforcement.

Several types of combined FRP piles were field-tested in Port Elizabeth, USA [30]. The
study included the following piles:

- PPIpile (length L = 19.8 m, diameter d = 38.7 cm, made from recycled plastic reinforced
with steel rods);

- SEAPILE pile (length L = 20 m, diameter d = 42.5 cm, made from recycled plastic
reinforced with glass fiber reinforcement);

- Lancaster Composite pile (length L = 18.8 m, diameter d = 41.9 cm, consisting of a hollow
fiberglass tube filled with expanding concrete and featuring an anti-corrosion coating);

- American Ecoboard pile (solid polyethylene pile, length L = 11.8 m, diameter d = 41.9 cm).

It was found that the Lancaster Composite and SEAPILE piles, which include glass
fibers and fiberglass in their materials, exhibited fewer defects during driving and showed
greater bearing capacity under compressive loads. These advantages over traditional piles
and other piles used in the study suggest that these types are suitable for deep foundation
construction, particularly in coastal areas and aggressive soils.

Thus, the analysis above shows that both fibro concrete piles and combined piles
demonstrate strong impact resistance, which depends on factors such as the material,
dimensions, reinforcing elements, and other relevant characteristics.

However, despite these advantages, it can be argued that the application of these piles
is not fully efficient. This inefficiency arises from the fact that most of them are designed
with uniform strength along the entire length of the shaft (with the exception of piles with
fibro concrete heads). The uniform strength throughout the pile shaft negatively affects
their efficiency due to the following factors.

It is well known that during pile driving, the maximum compressive stresses occur in
the head (upper) section, while the lowest stresses are in the lower section. As a result, in
most cases, the head of the pile is damaged during driving, while the middle and lower
sections are rarely or less frequently affected (see Figure 1). This is logical since the material
strength of driven piles is typically uniform along their entire length. With this approach to



Buildings 2024, 14, 3595

4of 15

pile shaft formation, the material strength in the middle and lower sections of the piles is
underutilized (both during driving and operation), while the strength in the upper (head)
section proves to be insufficient. Therefore, unlike traditional piles, it is advisable to use
multi-strength piles composed of three sections with varying strengths, arranged according
to the pattern of dynamic stress distribution during driving [3].

Based on this, in recent years, the authors have conducted comprehensive research
to develop manufacturing technologies and study the behavior of multi-strength piles
under both driving and static load conditions [31]. This paper presents the results of
studies evaluating the impact-driven drivability of multi-strength fibro concrete pyramidal-
prismatic piles. The pyramidal-prismatic piles, proposed by the authors [32], offer several
significant advantages over traditional prismatic and pyramidal piles [33-36]. Therefore,
transforming them into multi-strength piles and investigating them in this new, modified
form is a relevant endeavor.

In the initial phase of the research, the static and impact resistance characteristics
of fibro concrete pile specimens were studied, and the results are detailed in [37]. These
findings form the basis for designing multi-strength fibro concrete pyramidal-prismatic
piles with various reinforcement configurations and differing concrete strengths along the
pile shaft.

2. Characteristics of the Pile Models, Equipment, and Research Methodology

The pile models (hereafter referred to as piles) were made from solid monolithic
reinforced concrete with a uniform cross-section and continuous length. The geometric
scale for the pile modeling was set at 1:3. The length of the pyramidal section of the piles
was 556 mm, and the cross-sectional dimensions of the upper part of the pyramidal section
were 10.0 x 10.0 cm (Figure 2). The slope of the side faces of the pyramidal section relative
to the vertical was 0.01.

SFC-1 PFC-1 SFC-2 PFC-2 SFC-3 PFC-3 SFC-4 PFC-4
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Figure 2. Pile reinforcement scheme.

For testing, piles were made using two types of fiber concrete (steel fiber-reinforced
concrete—SFC—and polypropylene fiber-reinforced concrete—PFC) and constructed with
the following four reinforcement methods:
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1.  SFC-1: Fibro concrete pile made with DRAMIX 3D steel fibers, non-prestressed
longitudinal reinforcement, and transverse reinforcement along the shaft;

2. PFC-1: Fibro concrete pile made with polypropylene fibers, non-prestressed longitu-
dinal reinforcement, and transverse reinforcement along the shaft;

3. SFC-2: Fibro concrete pile made with DRAMIX 3D steel fibers and non-prestressed
central reinforcement;

4. PFC-2: Fibro concrete pile made with polypropylene fibers and non-prestressed
central reinforcement;

5. SFC-3: Fibro concrete pile made with DRAMIX 3D steel fibers, featuring localized
frame reinforcement at the boundary between concrete layers of different strengths,
and non-prestressed longitudinal and transverse reinforcement;

6.  PFC-3: Fibro concrete pile made with polypropylene fibers, featuring localized frame
reinforcement at the boundary between concrete layers of different strengths, and
non-prestressed longitudinal and transverse reinforcement;

7.  SFC-4: Fibro concrete pile made with DRAMIX 3D steel fibers, non-prestressed
longitudinal reinforcement, without transverse reinforcement along the shaft;

8.  PFC-4: Fibro concrete pile made with polypropylene fibers, non-prestressed longitu-
dinal reinforcement, without transverse reinforcement along the shaft.

The framework reinforcement arrangement and principles for the piles were designed
in accordance with the standard requirements [38]. For longitudinal reinforcement, steel
bars with a periodic profile, 6 mm in diameter, of class A400 were used. The longitudinal
bars of the piles (for piles SFC-1, PFC-1, SFC-4, and PFC-4) were assembled into a frame-
work by spirally winding steel wire, 3 mm in diameter, which served as the transverse
reinforcement. The transverse reinforcement of class Vr-1 was tied to the longitudinal bars
using wire of class 1.0-O-C (Figure 2).

These prepared reinforcement frameworks were placed into wooden molds of the
corresponding shape. Each mold was pre-divided into three equal-length sections using
temporary transverse partitions to facilitate the production of piles with different concrete
strengths. The first section included the upper part of the pile, namely the pyramidal
portion of the shaft; the second section corresponded to the middle prismatic part of the
shaft; and the third section represented the lower prismatic part of the shaft and the pile tip
(Figure 3). Each section of the piles was 556 mm in length. The first section was filled with
concrete mix corresponding to class B20 for compressive strength, the second section with
mix corresponding to class B15, and the third section with mix corresponding to class B12.5.
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(a) General view of the pile (b) Diagram of dividing the pile shaft into equal sections

Figure 3. Type and diagram of pile with sections.
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This principle of pile manufacturing is adopted to meet the experimental goal of
producing piles with sections of varying strength along the shaft. This approach ensures
optimal strength distribution during pile driving, where the maximum compressive stresses
are concentrated at the head and the minimum stresses occur at the lower part.

The inner surface of the molds was treated with technical oil to ensure the defect-free
removal of the finished piles. The placement of the reinforcement frameworks in the
molds was performed while considering the formation of a protective concrete layer of the
required thickness.

Fine-grained concrete was used for pile casting, with the selection of concrete com-
ponents made in accordance with standard [38]. To produce piles with varying concrete
strengths, separate preparation of the concrete mix was carried out. During the preparation
process, steel fibers (DRAMIX 3D) and polypropylene fibers were added to the mix in
dosed amounts, with a reinforcement ratio (1 = 1%) [37]. The prepared fiber-reinforced
concrete mix was then placed into the molds, which already contained the reinforcement
frameworks. Each section of the mold was filled with a concrete mix of the correspond-
ing strength.

After the molds were filled, the temporary partitions that divided the mold into
separate sections were removed. Vibrational loading was applied to the molds using the
“Grohot KP-109” (manufactured in the Russian Federation) to ensure proper compaction of
the concrete mixture. Once the concrete had gained initial strength, the piles were extracted
from the molds and stored until they reached the required strength.

The appearance of the pile molds and fragments of their filling with fiber-reinforced
concrete are shown in Figure 4.

@  ®  (© ()

Figure 4. Appearance of pile models and segments filled with fiber-reinforced concrete. Pile Models:
(a) SFC-1 and PFC-1; (b) SFC-2 and PFC-2; (c) SFC-3 and PFC-3; (d) SFC-4 and PFC-4; (e) filled
with concrete.

The strength of the concrete in the piles was assessed after the curing period through
the testing of control samples made from the fiber-reinforced concrete mix collected during
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the pile manufacturing process. These control samples, measuring 100 x 100 x 100 mm,
underwent compressive strength testing (Figure 5) using a hydraulic press P-125, produced
in Russia. The tests were carried out in accordance with the standards outlined in [38].

(a) Sample before testing (b) Sample after testing

Figure 5. Control samples before and after testing.

The results of testing control samples of fiber-reinforced concrete for compressive
strength confirmed that they meet the required strength for their respective concrete classes:
B20 in the first (upper) section of the piles, B15 in the second (middle) section, and B12.5 in
the third (lower) section, aligning with the research objectives.

Impact driving of the piles was conducted at the testing ground located on the premises
of the Southern Kazakhstan branch of KazNIISA JSC. The experimental site, measuring
6.0 X 3.0 m in plan and 3.0 m deep, was composed of sandy loam. Site preparation
included layer-by-layer placement and uniform compaction of the soil from the bottom of
the previously excavated pit. The physical and mechanical characteristics of the soil were
determined using the penetration method with the PSG MG-4 device (Table 1).

Table 1. Physical and mechanical characteristics of the soil at the experimental site.

. . Maximum i Internal .
- Humidity, Density, p, Moisture at Moisture at Plasticity Penetration Spec.lflc Friction Deformation
Characteristics W, 2% K g/m3 the Pour the Rolling Number, I Resistance Adhesion, c, Anele Modulus, E,
s to Point, Wr,%  Edge, W, % 7 p ¢ MPa &€ P, MPa
Pmax, MPa grade
The values 2.97-4.89 1680-1750 25.01-25.58 16.95-17.30 6.75-6.85 1.50-1.65 0.017-0.018 16.9-17.5 16.5-20.4

To drive and test the pile models, special experimental equipment has been developed
and manufactured (Figure 6). The parameters, principles, and sequence of operations using
this equipment are described in detail in the study [39].

The driving of piles into the ground was carried out through impact driving with a
consistent energy level for each blow. A hammer weighing 60 kg was dropped onto the
pile head from a height of 0.5 m (see Figure 7). To protect the pile head from destruction, a
removable metal cap was used. A wooden board, 30 mm thick and covering the entire area
of the upper end of the pile, was installed as a shock absorber between the cap and the pile.

The pile-driving process was accompanied by a count of the number of blows, assess-
ing the energy expenditure of the hammer during installation. The piles were driven to an
equal depth, measuring between 145.0 and 145.5 cm, with a maximum deviation of just
0.34%. Additionally, during the driving process, monitoring was conducted to observe
the appearance and progression of defects on the surface of the piles as the number of
blows ncreased.
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Figure 7. Fragments of pile driving (a) and instrumental diagnostics of piles (b).
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According to the regulatory guidelines [40], the criteria for acceptable defectiveness
of the piles were established as follows, specifically regarding the condition of their head

section post-driving:

- The deviation of the pile’s end surface from the horizontal should not exceed 5°;
- The width of any concrete spalling around the perimeter of the pile’s cross-section

should not exceed 50 mm;

- Wedge-shaped spalls at the corners should not exceed 35 mm;
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- Thelength of wedge-shaped spalls should be at least 30 mm above the pile’s embedded
surface in the soil.

After the piles were driven, an instrumental diagnosis of the driving depth and
localization of defects in the pile shaft was performed (see Figure 7) using the PDS-MG4
device (produced by LLC “SKB Stroypribor,” Chelyabinsk, Russia). The diagnostic work
was carried out following the requirements of the PNST 804-2022 “Piles. Seismoacoustic
Method for Controlling Length and Continuity” [41].

3. Research Results

Information on the energy costs of driving in the form of a histogram is shown in
Figure 8.

36.787 36.198  36.493

35.316

Driving potential energy, J

13.243
10.300 9.123
l B .

SFC-1 PFC-1 SFC-2 PFC-2 SFC-3 PFC-3 SFC-4 PFCH4

Type of piles
Figure 8. Histogram of pile driving.

The assessment of the drivability and energy efficiency of the fiber-reinforced pyramidal-
prismatic piles was conducted based on the following indicators:

- The number of hammer blows spent on driving the pile model;

- The specific energy intensity of driving a pile model Ev, taken as the ratio of the total
potential energy of the impact of the impactor spent on driving the model to the
volume of its immersed part in the ground (see Figure 8);

- The coefficient of relative energy intensity of driving a pile model Ke, taken as the
ratio of the total potential energy of the impactor’s impacts spent on driving the
experimental model pile to a similar energy parameter of the control model of the pile.
The findings from the study reveal several key features of the driving process for the

test piles:

- Full embedding to the required depth was achieved for piles SFC-1, PFC-1, SFC-4, and
PFC-4;

- Piles SFC-2, PFC-2, SFC-3, and PFC-3 experienced significant damage, preventing
them from being driven to the desired depth (see Figure 8);

- Both the potential energy and the specific energy consumption during the driving
of piles SFC-1, PFC-1, SFC-4, and PFC-4 were closely aligned, with differences not
exceeding 4.1% and 3.7%, respectively.

During the driving of piles SFC-2 and PFC-2, initial defects appeared as horizontal
cracks with a width of up to 0.5 mm at the junction of the pyramidal and prismatic sections
of the piles after 16-17 impacts of the hammer. Further increases in the number of impacts
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led to the widening of these cracks and a reduction of the piles’ penetration into the ground,
ultimately resulting in their stoppage. When the number of impacts reached 3545, the
width of the cracks in the piles exceeded 2 mm, leading to a loss of integrity in the pile
shaft, separating it into distinct pyramidal and prismatic parts (see Figure 9¢,d).

. E
(h)

Figure 9. Driven piles and their defects: (a) SFC-1; (b) PFC-1; (c) SFC-2; (d) PFC-2; (e) SFC-3; (f) PFC-3;
(g) SFC-4; (h) PFC-4.

Inspection of the piles after their failure revealed that the head section of the pile
had no significant defects, apart from minor chips around the perimeter with widths of
5-8 mm. This indicates that the fiber-reinforced concrete sufficiently protected the integrity
of the head section. However, the emergence of defects that resulted in the failure of piles
SFC-2 and PFC-2 suggests that the reinforcement of their shafts with fibers and central
longitudinal reinforcement does not adequately safeguard against structural failure.

For piles SFC-3 and PFC-3, the first (hairline) cracks, with a width of up to 0.25 mm,
were observed after 10-12 impacts at the locations of the local reinforcement cages. As
the number of impacts increased, the width of these cracks grew by 0.5 mm with every
subsequent five impacts. Complete failure of the piles occurred after 25-30 impacts (see
Figure 9e,f), with small sections of concrete chipping off at the local reinforcement areas.
The shafts of these piles were divided into three distinct parts: the upper pyramidal
section above the first local reinforcement area; the middle prismatic section between the
reinforcement areas; and the lower prismatic section below the second local area. An
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inspection of the piles after failure showed that the head section exhibited no significant
defects other than minor chips around the perimeter, with widths not exceeding 7 mm.

The failure of piles SFC-3 and PFC-3, which did not achieve the required embedding
depth, highlights that reinforcement of the pile shafts with fibers and local reinforcement at
the boundaries of sections with varying strengths do not ensure the integrity of the piles,
even though the defects in the head sections remained within the criteria for acceptable
defect levels [39].

The driving of piles SFC-1 and SFC-4 was accompanied by damage to the concrete of
the reinforcement in their head sections. At the end of the driving process, after the piles
reached the required depth, the following defects were identified (see Figure 9a,g):

- Partial exposure and bending of longitudinal and transverse reinforcement;

- Concrete chips around the perimeter of the pile heads exceeding 60-80 mm;

- Significant wedge-shaped chips at the corners of the pile heads with depths greater
than 90 mm.

The nature, size, and extent of these defects do not fully comply with the criteria for
acceptable defect levels in piles [39]. Piles SFC-1 and PFC-4 underwent acoustic inspection
using the PDS-MG4 device (see Figure 10a,c), revealing micro cracks at a depth of 46 cm
from the ground surface in the shaft of pile FPP-1. Similar micro cracks were detected in
the shaft of pile SFC-4 at a depth of 51 cm from the surface. These findings indicate that the
identified defects developed in the middle section of the piles, where the concrete strength
was rated at B15.

Thus, piles SFC-1 and SFC-4, made from DRAMIX 3D steel fiber-reinforced concrete
with peripheral longitudinal reinforcement, exhibited low impact resistance regardless
of the presence or absence of transverse reinforcement. Such reinforced piles may be
suitable for ensuring a rigid connection of the pile heads to a monolithic raft, as in such
cases, the defective section of the pile head is subject to forced destruction, exposing the
reinforcement. As a means of enhancing the impact resistance of the examined piles, it is
recommended to use higher-strength concrete for the upper and middle sections during
their manufacture.
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Figure 10. Cont.
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Figure 10. Results of testing piles using the acoustic method: (a) SFC-1; (b) PFC-1; (c) SFC-4; (d) PFC-4.

In contrast to all the experimental piles, including SFC-1 and SFC-4, piles PFC-1 and
PFC-4, constructed from fiber-reinforced concrete with polypropylene fibers, were driven
to the required depth without significant defects. The inspection revealed only minor
concrete chips in the head section, measuring up to 5-7 mm. Acoustic inspections of these
piles showed no micro defects (see Figure 10b,d). The condition of these piles meets the
criteria for acceptable defect levels [39]. Therefore, piles reinforced with polypropylene
fibers and featuring peripheral reinforcement, with or without transverse reinforcement,
can be classified as impact-resistant foundation structures. From an economic perspective,
pile PFC-4, which lacks traditional transverse reinforcement, is the more advantageous
option among these piles.

4. Conclusions

Based on the results of the experimental studies presented, the following key conclu-
sions can be drawn:

o Influence of Reinforcement Type and Material Strength: the type of reinforcement and
the strength of the material in fibrous, multi-strength pyramidal-prismatic piles do not
affect the energy expenditure required for their installation to the required depth;

e Impact of Central and Local Reinforcement: Fibrous, multi-strength piles with central
reinforcement and similar piles with local reinforcement at the boundaries of sections
with varying concrete strength do not possess impact resistance. In these structures,
both the type of reinforcement and the kind of fibers do not influence the piles” impact
resistance. These piles can be used in weak or loose, uncompacted soils, employing
the method of static pushing for their installation;

e  Performance of Steel Fiber-Reinforced Piles: Multi-strength piles made of concrete
with DRAMIX 3D steel fibers, featuring longitudinal peripheral and transverse re-
inforcement of the shaft, as well as similar piles without transverse reinforcement,
exhibit low impact resistance. The impact resistance of such piles can be improved by
utilizing higher-strength concrete for their construction;

e  Performance of Polypropylene Fiber-Reinforced Piles: Multi-strength piles made from
concrete with polypropylene fibers, which have longitudinal peripheral and transverse
reinforcement, as well as similar piles without transverse reinforcement, demonstrate
high impact resistance. It is economically advantageous to use piles without transverse
reinforcement, which can be effectively employed in dense and medium-density soils;

e  Effect of Fiber Type on Impact Resistance: In the pile structures referenced in points 3
and 4, the type of fiber does influence the impact resistance of the piles. The use of
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polypropylene fibers in the construction of piles helps preserve their material integrity
during driving, preventing damage;

e Influence of Reinforcement Type and Material Strength: the type of reinforcement and
material strength in fibrous, multi-strength pyramidal-prismatic piles do not signifi-
cantly affect the energy expenditure required for their installation to the desired depth;

e Impact of Central and Local Reinforcement: Fibrous, multi-strength piles with central
reinforcement, as well as those with local reinforcement at the boundaries of sections
with varying concrete strengths, do not exhibit notable impact resistance. In these
structures, neither the type of reinforcement nor the type of fibers affects their impact
resistance. Such piles are suitable for installation in weak or loose, uncompacted soils,
using the method of static pushing;

e  Performance of Steel Fiber-Reinforced Piles: Multi-strength piles made of concrete with
DRAMIX 3D steel fibers, incorporating longitudinal peripheral and transverse shaft
reinforcement—or lacking transverse reinforcement—show low impact resistance. En-
hancing the impact resistance of these piles is possible by using higher-strength concrete;

e  Performance of Polypropylene Fiber-Reinforced Piles: Multi-strength piles made from
concrete reinforced with polypropylene fibers, with both longitudinal peripheral and
transverse reinforcement or without transverse reinforcement, demonstrate high im-
pact resistance. For economic efficiency, using piles without transverse reinforcement
is advantageous, and they can be effectively used in dense and medium-density soils;

o  Effect of Fiber Type on Impact Resistance: In the pile structures described in Sections 3
and 4, the type of fiber does affect impact resistance. The use of polypropylene fibers
helps maintain the structural integrity of piles during driving, preventing damage.

These findings underline the significance of material selection and reinforcement
strategies in optimizing the performance of fibrous piles within various soil conditions,
ultimately guiding engineers toward more resilient and cost-effective foundation solutions.
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