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PREFACE

In the early third millennium, the artificial environment is
characterized by the widespread use of concrete as a building material.
The dominant position of cement concrete in construction is explained
by the availability of unlimited raw materials in the Earth’s crust, their
relatively low cost, and the good physical and mechanical properties
of concrete. Additionally, the continuous efforts of scientists and
practitioners to improve high-strength concrete and enhance its
physical and mechanical properties ensure its leading position among
construction materials.

The ultimate result of numerous improvements is the rational use
of concrete in building elements and structures. The combination of
the beneficial properties of concrete and steel in reinforced concrete
elements has secured the prominence of this material in load-bearing
structures. The introduction of prestressing in reinforced concrete
elements has allowed for relatively inexpensive, crack-resistant, and
durable structures for buildings and facilities.

In the first half of the twentieth century, two fundamental methods
of prestressing rebars and concrete compression were proposed: “pre-
tensioning” and “post-tensioning”. Today, hundreds of approaches
exist to implement these methods. Most of them have been well studied,
and some of the best have been practically applied. Almost all of these
approaches share one common feature: they involve transferring the
prestress force of steel onto already hardened, high-strength concrete.

The potential for developing new, more efficient prestressing
methods within the narrow framework of a single force transfer
principle has largely been exhausted. According to most experts, this
has led to a slowdown in progress in this field. In this situation, further
development requires a qualitative transition to fundamentally new
principles of prestressed concrete that would set a precedent for the
rapid growth of ideas and innovations.

While working on this problem, the author proposed creating
prestressing even at the stage when the cement concrete components are
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still in the mixture form. That is, instead of waiting for the concrete
to harden, the pre-compression force is applied directly to the fresh
mix. In this process, the concrete mix is compacted and hardens
under pressure, significantly increasing the concrete’s strength in the
structure. The rebar prestress is preserved due to the fact that, after
compaction of a specially selected concrete mix, a sufficiently strong
and rigid skeleton is formed from its solid constituents, and to it are
the prestressed rebars fully or partially anchored.

Thus, a dual effect is achieved in a single technological operation:
compacting the concrete mix through compression and tensioning
the steel. As a result, the structure achieves high crack resistance and
superior strength.

The practical implementation of the principle of transferring
prestress force to freshly placed concrete requires the development
of new technological solutions, including innovative, movable
formwork systems capable of withstanding compression. Today, this
new technology has been successfully developed and introduced into
production and has been used in manufacturing large-scale reinforced
concrete bridge elements.



CHAPTER 1
PRESTRESSED REINFORCED CONCRETE
STRUCTURES AND THEIR PROPERTIES

1.1. Methods of Creating Prestress
in Reinforced Concrete Structures

The first attempts to create prestressed reinforced concrete structures
date back to the late 18th century. In 1886, a patent application (USA
875999) was filed in the United States, followed by a similar proposal
in 1888 by W. Doering in Germany (DRP 535.48). These patents
introduced reinforced concrete elements with prestressed reinforcement
to prevent cracking in the tensile zone of concrete.

The concept of counteracting external loads with internal prestress
was first expressed by G. Mendl in the Viennese journal Zeitschrift
d. Oster. Ing. u. Arch. Ver in 1896.

In 1905, I. G. Lund from Norway proposed placing pre-stretched
steel rods with threaded ends in floor slabs to prevent concrete cracking
[1, 2]. In 1906, M. Kenen in Berlin conducted experiments with
prestressed reinforcement encased in concrete. These tests demonstrated
a significant increase in the load required to initiate cracking.

In 1908, K. R. Steiner suggested preventing early bonding between
reinforcement and concrete, allowing the steel rods to be tensioned only
after the concrete had gained sufficient strength (USA patent 903909).
In 1910, Ziseler in Germany [3] and Sigwart in Switzerland applied
steel wire wrapping under tension around concrete pipes, with Sigwart
using a prestress of 62.5 MPa.

In the same year, 1910, K. Bach and O. Graf reported in their
research [4] on the use of reinforcement subjected to a stress of 60 MPa
in experiments. The curved placement of prestressed reinforcement
followed by concreting was patented by V. Wilson in British patent
No. 103681 in 1916.
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In 1919, K. Wettstein (Bohemia) was the first to use thin wire,
with a diameter of 0.3—1.2 mm and high initial tension, as prestressed
reinforcement. By 1921, he had already demonstrated that thin high-
strength wire could self-anchor in concrete [5]. In 1922, W. H. Hewett
from the United States successfully eliminated tensile stress in
circular reinforced concrete tanks by applying wire tension [6].

Between 1923 and 1925, R. H. Dill in the United States proposed
a method for producing prestressed beams by tensioning high-
strength steel wire after the concrete had hardened. To prevent early
bonding, he suggested applying a protective coating to the wire. Dill’s
approach is considered a precursor to the modern post-tensioning
method, where prestress is transferred to fully hardened concrete
(Figure 1.1).

In 1927, Rich Ferber patented (DRP 557331) a technique for
placing unbonded steel reinforcement in concrete, allowing post-
hardening tensioning. He suggested coating steel with paraffin or
installing metal or cardboard sleeves, a concept now used in modern
tendon ducts. The latter, as is known, has been reflected in modern
conduit formers for reinforcement.

During that period, most prestressing methods provided only
temporary strengthening, improving crack resistance in the early
stages. Over time, the prestress diminished, and structures behaved
like conventional reinforced concrete. This was due to relaxation in
the reinforcement, shrinkage, and creep of concrete, leading to losses
in prestress force.

Prestressed reinforced concrete became widely used only after
1928, when E. Freyssinet convincingly demonstrated in French
patents 680547 and 36703 that reinforcement needed to have a tensile
strength above 400 MPa and a high yield limit. His work focused
on pre-tensioning on fixed supports before casting (pretensioning)
(Figure 1.1).

For the production of prestressed concrete pipes, E. Freyssinet
suggested simultaneous compaction of concrete through pressure and
transverse reinforcement tensioning [8, 9]. By 1938-1939, Germany
had industrialized the manufacture of such pipes, using internal
pressure to stretch circumferential reinforcement. Here, excessive
internal pressure was created to tension the wound reinforcement wire.
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As a result, the pipe diameter increased by an amount
corresponding to the elongation of the circumferential reinforcement.
High-quality compaction of the concrete mixture was ensured by the
application of radial pressure on the outer surface of the pipe. The
ratio of external to internal pressure during production shifted over
time in favor of the latter. It was recommended to carry out concrete
compaction by pressing when the setting process had already begun.

In the 1939 work [10], F. Emperger proposed mixed reinforcement
of reinforced concrete structures with partial prestressing.
F. Emperger’s idea became highly relevant for the further development
of reinforced concrete element design. The concept of placing
prestressed reinforcement in open ducts, followed by tensioning on
hardened concrete and filling the duct with concrete, was introduced
by P. Abeles (England) in 1942—-1943.

In 1942, K. B. Bilner from the USA proposed a thermoelectric
method for prestressing reinforcement. The distinctive feature of
this method was coating the reinforcement bar with a thermoplastic
material containing sulfur and tensioning it after the concrete had
hardened by passing an electric current through the bar. In this
process, the heated coating of the reinforcement softened and acted as
a lubricant, helping to reduce prestress losses caused by friction in the
reinforcement.

In the 1940s, the Bauer—Leonhardt method [11] was developed
in Germany for the simultaneous tensioning of all prestressed
reinforcement on hardened concrete. This method was used in the
construction of several bridges [12; 13].

After 1945, several major works on prestressed concrete
were published abroad, including those by I. Guyon, G. Magnel,
E. Morsch, F. Leonhardt, P. Abeles, H. Riisch, T. Lin, L. Pacholik,
G. Kani, and many others [14-21]. Similar to most foreign authors,
Dr.-Ing. G. Kani, in his work [22], considered prestressed concrete
as an independent material, obtained by transferring the prestressing
force from the reinforcement to hardened, strong concrete.

The fundamental works of Professor F. Leonhardt, published in
translation in 1957 and 1983 [23], made a significant contribution to
the development and generalization of the results of earlier research
on prestressed reinforced concrete. Notably, both by 1955 and 1980,
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when these books were first published, the methods of prestressing
reinforced concrete structures known in global practice remained
within the framework of two techniques: tensioning the reinforcement
against anchors (force-based method) before the concrete mixture had
hardened, and tensioning the reinforcement on hardened concrete
(Figure 1).

This is confirmed by data from A. Komendant’s book [24], as
well as the concluding materials of the International Federation for
Prestressed Concrete (FIP) and the current International Federation
for Structural Concrete (fib) [25-28]. In the book by Polish authors
A. Ajdukiewicz and 1. Mames [29], published in 1984, the creation of
prestress in reinforced concrete structures is also noted to be carried
out using these two aforementioned methods.

In all the cited works, regardless of the reinforcement tensioning
method, prestressing was achieved by transferring the tensioning
force from the reinforcement to the hardened concrete. Significant
contributions to the development of efficient prestressed reinforced
concrete structures were made by researchers such as A. A. Gvozdev,
V. V. Mikhailov, S. A. Dmitriev, O.Ya. Berg, G. 1. Berdichevsky,
V. V. Baikov, A.Ya. Barashikov, A. P. Vasiliev, L. 1. Storozhenko,
T. M. Petzold, A. L. Shagin, A. 1. Kozachevsky, and I. P. Shapoval.
In the creation of new types of prestressed reinforcement and
methods of tensioning, notable contributions were made by
K. V. Mikhailov, N. N. Mulin, A. P. Korovkin, and E. G. Ratz.
Research into the properties of prestressed concrete was advanced
by S. V. Alexandrovsky, I. N. Akhverdov, F. 1. Ivanov, 1. I. Ulitsky,
A. B. Golyshev, G. A. Klimov, A. E. Sheikin, V. M. Moskvin, and
many others. In the field of bridge construction using prestressed
reinforced concrete elements, significant achievements were made by
N. M. Kolokolov, E. A. Troitsky, E. L. Shcherbakov, A. V. Zakharov,
A. 1. Druganova, Ya.D. Livshits, A. L. Tseitlin, and G. B. Fuks
[30-46].

V. V. Mikhailov was the first to develop the method of continuous
reinforcement (author’s certificates No. 61894, 77326, 88356), which
involved winding the reinforcement wire in a stressed state onto the
supports of a stand or force-based form. Prestressing was achieved
by passing the wire through blocks and devices of a tensioning
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machine equipped with a tensioning station and a counterweight. The
transfer of the prestressing force using this method was applied to the
hardened concrete of the structure [31].

The problem of creating and calculating modern prestressed
reinforced concrete structures has been addressed in the works
of A. S. Zalesov, E. N. Kodysh, L. L. Lemysh, 1. K. Nikitin [47],
A. B. Golyshev, V.Ya. Bachinsky, V. I. Polishchuk, A. V. Kharchenko,
I. V. Rudenko [48], V. N. Baikov and E. E. Sigalov [49], A. N. Kudzis
[50, 51], A.Ya. Barashikov [52], G. B. Murashkin [53], E. M. Babich
[54], O. A. Gershberg [55], L. K. Luksha [56], A. S. Dekhtyar [57],
L. A. Murashko [58], L. I. losilevsky [59], A. E. Lopashto [60-63],
Yu.A. Klimov [64], V. A. Sekhniashvili [65], V. M. Bondarenko and
D. G. Suvorkin [66], B. V. Stefanovich [67], O. A. Volyansky [68], and
many others. All these works highlight the possibility of prestressing
reinforced concrete structures using either the “anchorage” method
or the “hardened concrete” method. In both cases, the transfer of the
prestressing force to the concrete occurs after it has gained sufficient
transfer strength.

Recently, technologies aimed at reducing the production cycle of
prestressed reinforced concrete structures and increasing their strength
have been actively developed. These include methods that involve
simultaneous pressing and tensioning of reinforcement, followed by
the transfer of the prestressing force to hardened concrete. Under the
supervision of Prof. G. V. Murashkin, a press mold was developed
and tested for producing rectangular cross-section elements (author’s
certificate No. 1390034), with the transfer of prestressing force applied
to hardened concrete. This method involves transverse pressing of
the solid prismatic element by externally applying pressure to its
lateral surfaces. This process achieves tensioning of the longitudinal
reinforcement and compaction of the concrete mixture, ensuring high
concrete strength in the finished product. It should be noted, however,
that achieving high-quality transverse pressing for large volumetric
elements is challenging, and controlling the prestressing force of the
reinforcement is difficult to carry out.

A reinforced concrete element with a rectangular cross-section
and a hollow core can be manufactured through simultaneous
pressing and prestressing of transverse reinforcement, as proposed by
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V. G. Matveev and G. I. Amelkin (author’s certificate No. 1047697).
According to the invention, the concrete mixture is compacted by
expanding the inner core of the formwork, while the reinforcement
is tensioned and fixed using anchoring supports. The transfer of the
prestressing force from the reinforcement is applied to the hardened
concrete. The use of rigid anchors within the structure allows for
controlled application of the prestressing force on the reinforcement.
However, it is challenging to determine the exact pressure exerted
by the formwork on the concrete mixture. Additionally, leaving steel
anchors within each finished structure is not always economically
justified.

It should be noted that for both of the aforementioned methods
of transverse pressing of structures, there is a high likelihood of
deformation (bending) of the transverse reinforcement bars during
compression. This necessitates the implementation of special techno-
logical measures, as well as enhanced quality control procedures.

Among the proposed methods, a notable one developed in Japan
(application No. 49-29936) involves manufacturing prestressed
reinforced concrete through pressing, where the reinforcement bars
passing through the element are tensioned simultaneously with
the compaction of the concrete mixture. According to the Japanese
application, a movable plunger positioned on top of the formwork
is used to compress the concrete mixture. As the plunger presses
down, it simultaneously drives a wedge mechanism that tensions the
reinforcement bars. After the concrete hardens and gains the required
strength, the pressing force is released, and the reinforcement is
freed. The use of wedge devices for tensioning and releasing the
reinforcement has made the technology simple and reliable, ensuring
the necessary control over the reinforcement tensioning force.

The original Japanese technical solution, like other known methods
of mechanical surface pressing, is characterized by a relatively small
thickness of the concrete layer that can be effectively compacted.
This limitation is due to technical constraints, as generating the
required pressing force would demand an unjustifiably high effort.
As a result, the production of massive structures with a densely
compacted concrete structure is challenging within the framework of
this technical approach.
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The idea of using prestressing for compressing concrete
mixtures was reflected in the works of Prof. Ye.M. Babich [69, 70].
Experimental production of prestressed piles was carried out at the
Rivne Reinforced Concrete Plant. During the forming process, one
end of the reinforcement bar was secured to a movable punch, while
the other end was fixed in the grips of a jack. The bar was placed inside
a closed form filled with a concrete mixture. When the reinforcement
was tensioned, the mixture was compressed by the punch in the form
under a pressure of 6—7 MPa [69]. The results showed that, despite
the vibrational impact during compression in the closed form, a plug
of compacted concrete formed near the ends, while the middle section
of the pile remained insufficiently compacted. Due to friction forces,
particularly the friction of the mixture against the formwork walls and
jamming of coarse aggregate within the form, the prestressing force
was effectively transferred to the rigid formwork. As a result, the
reinforcement tensioning corresponded to the well-known “abutment
method.”

The problem of transferring prestressing force to freshly placed
concrete and ensuring its uniform compaction has remained
unresolved until recently. It could not be effectively addressed within
the framework of existing technological capabilities of formwork
systems, equipment, and machinery.

In the context of the above, the development of prestressed long-
span reinforced concrete structures with reinforcement tensioning and
the transfer of prestressing force to freshly placed concrete emerges
as a relevant challenge for the further advancement of prestressed
reinforced concrete technology. This approach would enable the
production of efficient, high-strength reinforced concrete elements
using medium-grade cements and standard aggregates.

1.2. Influence of Prestressing on the Physical
and Mechanical Properties of Concrete

Concrete compression in reinforced concrete structures can
be applied before hardening (by pressing the concrete mixture)
or after hardening (by transferring the prestressing force from the
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reinforcement). Applying an external load to concrete can significantly
affect its physical and mechanical properties (see Fig. 1.2) [41-140].
Below are the most notable studies in this field.

The use of pressing as a method of compacting concrete mixtures
and increasing concrete strength has been known for a long time. As
early as 1879 in France, during the construction of a 276-meter-long
tunnel under the Oise River, pressure compaction of the concrete mix
was employed [71]. Later, French scientists E. Roberts and L. Lesse
[72] studied vibration pressing in the production of precast reinforced
concrete elements.

In the 1930s, E. Freyssinet applied pressing during the production
of reinforced concrete piles and pipes [73]. Later, other compaction
techniques were developed, including:

* “How-Con” technology in England for forming large-scale slabs
and panels [74].

* “PressVacuum Concrete” and “Press-Bet” technologies in
Poland.

» The “Spiroll” extrusion method in Canada [26], later improved
by the Roth company [75].

All these techniques aimed to increase the strength of concrete by
compacting the mix during molding, achieving varying degrees of
success.

Recently, new power rolling (press rolling) methods [76] have
allowed for significant increases in concrete strength [77] even when
using medium-grade cements. Studies by A. V. Satalkin [78], P. Lermit
[79], 1. Bolomey[80], G. Z. Lokhvitsky [81], and V. V. Mikhailov
[82] in the 1930s—1950s confirmed the effectiveness of pressing and
optimized concrete mix compositions and compression regimes.

In the 1960s—1970s, many international studies focused on
the strength of pressed cement stone, mortar, and concrete. One
significant study by T. Klyuz [83] investigated cylindrical concrete
samples (80-94 mm diameter, 80 mm height) subjected to pressures
of 24-71 MPa. By day 28, the maximum compressive strength of
cement stone reached 206 MPa under 71 MPa compression (initial
water-cement ratio 0.6). The maximum strength of concrete samples
(composition 0.4:0.6:0.06 — C:S:G:W) reached 91 MPa under 32 MPa
compression.



16 Prestressed Concrete Structures: During-Tensioning Method

According to S. D. Lawrence [84], cement stone achieved
a compressive strength of 375 MPa after 28 days under 672 MPa
double compression, followed by curing in water at 293K.

The theory and practice of pressed concrete were further developed
by A. A. Ananenko, I. N. Akhverdyan, E. M. Babich, Ya.M. Belkin,
A.Ye. Desov, 1. R. Yenukashvili, G. V. Murashkin, O. P. Mchedlov-
Petrosyan, A. V. Svitonsky, A. L. Tsionsky, M. G. Elbakidze, and
others. Studies indicated a significant increase in the strength of
vibrated concrete when pressed, making it suitable for high-strength
reinforced concrete structures [43, 87-96].

In recent years, multiple studies have investigated the effects
of prolonged concrete compression [97-116]. Research shows
that increasing the duration of concrete exposure to pressure can
significantly enhance its strength. Experiments by G. V. Murashkin
on granite aggregate concrete (composition 1:0.68:1.94, W/C = 0.38,
pressure P=5 MPa) demonstrated a steady strength increase over
28 days when compression duration increased from 15 seconds to
7 hours.

According to A. A. Varlamov, the optimal curing period under
pressure without thermal treatment is 12—16 hours, as this timeframe
ensures sufficient early strength for formwork removal. The strength
gain of compressed concrete during the first 16 hours of hardening is
2.2 to 2.6 times higher compared to the initial strength.

Observations from reinforced concrete pipe [82, 87, 107, 108]
production (pressing at ~3 MPa for 10—12 hours with heat treatment)
indicate a stable 1.5-1.7 times increase in strength by day 28.
Observations on the strength development of concrete hardened under
pressure indicate that even after 28 days, its rate of strength gain is at
least equal to that of conventional concrete.

Thus, research confirms that pressed concrete strength continues
to grow with increased compression time, suggesting that
precompression in structures where concrete remains under sustained
pressure is highly effective.

The magnitude of compression pressure significantly affects
concrete strength. Studies indicate [43, 110, 111] that increasing
pressure raises concrete strength, though the rate of strength gain
decreases over time.
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Key factors limiting pressure include:

» Strength properties of aggregate materials (weaker aggregates
may crack under pressure) [91, 112].

» Technological equipment constraints.

* Economic feasibility of applying excessive pressure [107,
113, 114].

Studies suggest an optimal pressing pressure range of 0.1-10 MPa,
which can increase compressive strength by up to 2.3 times [43, 99—106].

Aggregate quality also plays a crucial role. Research by S. Naga-
taki [112] shows that a 18% decrease in coarse aggregate strength
resulted in a 70% reduction in concrete compressive strength due to
aggregate crushing under pressure.

Findings by I. R. Yenukashvili [91] suggest that aggregate grains
may begin fracturing at pressures as low as 5 MPa. Therefore,
aggregate strength should at least match the hardened cement paste
strength after compression [43, 91, 111].

Studies by A. V. Satalkin reveal that compression timing and
speed significantly affect concrete strength. Optimal load application
coincides with the end of the induction period (between the start and
end of cement gel setting) [78, 111].

Research by 1.Zh. Khusainov shows that rapid loading improves
the strength of semi-dry mixes [115]. For higher moisture content
mixes, slower pressure application leads to better strength gains.

With an increase in the moisture content of the mixture, a slower
increase in pressure is required to enhance the concrete’s strength.
In the production of reinforced concrete pipes, the optimal rate
of pressure application, according to the studies by A. E. Popov,
A. L. Tsionsky, S. I. Korzun, and R. M. Ruditser [107, 95, 116, 117],
is approximately 0.1 MPa per minute.

From the presented data, it follows that the research findings of
various authors confirm consistent trends in the influence of these
technological factors on the strength properties of concrete curing
under pressure (Fig. 1.2). In addition to strength, the deformation
properties of concrete are crucial for determining the load-bearing
capacity of compressed reinforced concrete structures.

According to the research by Ye. Babich and V. Kizima [101],
compressing the mixture under a pressure of 5-6 MPa increased the
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elastic modulus of concrete from 27.6 x 10> MPa to 35.4 x 10° MPa,
alongside a 63% increase in prismatic strength. In the study [118] by
1. Ye. Seskin, V. A. Esmond, and G. V. Murashkin, it was demonstrated
that the higher the pressing pressure, the greater the elastic modulus
of the concrete. Their experiments showed that after 630 days
of curing, the modulus for regular concrete was 30.8 x 10° MPa,

whereas for concrete compressed under 3 MPa and 5 MPa, it reached
45.7 x 10°* MPa and 47.8 x 10° MPa, respectively.
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Figure 1.2. The effect of compression on concrete strengthening
according to research data:
1-795];2—[48]; 3—-[120]; 4—[53]; 5—[107]

The Poisson’s ratio at a load equal to 20% of the prismatic strength
was 0.13 for regular concrete and increased to 0.15 for concrete
compressed at around 4 MPa. In I.Ye. Seskin’s work [119], applying
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6 MPa of pressure led to a maximum modulus increase of 38% by the
seventh day of curing.

Research by A. A. Varlamov, A. L. Krishan, and V. G. Matveev
[120] also confirmed an increase in the elastic modulus of
compressed concrete by up to 35% compared to ordinary concrete.
The enhancement of the initial elastic modulus due to compression is
consistently noted by nearly all researchers.

The possibility of increasing the ultimate compression of concrete
is indicated in the work of Ye.M. Babich [69]. In the research
conducted by H. V. Murashkin [53], for concretes with a cement
content of 500—700 kg per cubic meter and a large aggregate grain
spacing factor (0, > 1.5), an increase in the values of relative
compression deformations corresponding to the maximum load — ¢,
and the ultimate load — €,,, was obtained.

Specifically, for concrete compressed under a pressure of 3 MPa,
the value of ¢, was 315 x 1073, and ¢, was 388 x 107°. The concrete
testing was carried out in a steel cylinder with a height-to-diameter
ratio of two. These testing conditions are unlikely to be considered
close to standard, and further clarification of the parameters of
compressed concrete is necessary.

Since the application of a load to the concrete mixture alters
the water-cement ratio, causes structural changes, and generates an
initial stress field, this affects the magnitude of both the inherent
deformations and the creep deformations of compressed concrete.

According to the research by Ye.M. Babich [70], the values of
shrinkage and creep deformations in compressed concrete are reduced
by half compared to ordinary concrete.

The results of studies by V. G. Matveev, A. L. Krishan,
A. A. Varlamov, and H. I. Amelkin [121] indicate that under
a compression pressure of 3 MPa, the shrinkage and creep
deformations of concrete decrease by 2 and 1.5 times, respectively.
At a pressure of 6 MPa, shrinkage deformations are practically
eliminated, while creep deformations are reduced by half.

Experimental and theoretical data on the inherent deformations
and creep deformations of compressed concrete, obtained by
H. V. Murashkin, are considered as the sum of decompression and
shrinkage deformations of the concrete [53, 98].
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Experiments [53], as well as other studies [107, 122—124], show
that decompression deformations are functionally dependent on the
magnitude of the compression pressure and are opposite in magnitude
to shrinkage deformations.

According to H. V. Murashkin, the total value of decompression
and shrinkage deformations of test samples on the 300th day of
concrete curing is close to zero when the compression pressure is
6 MPa.

At earlier stages of concrete curing, decompression deformations
dominate over shrinkage. For concrete compressed under a pressure
of 3 MPa, a reduction of inherent deformations by nearly half is
observed compared to ordinary concrete.

Regarding the creep deformations of compressed concrete, studies
[53, 119, 124, 125] indicate that they depend on the composition of
the concrete mix, the magnitude of the compression pressure, the
timing and magnitude of the applied load, and other factors.

In these studies, the loading of compressed concrete samples
and observations of creep deformations were carried out after
decompression, starting from the seventh day.

According to experimental research results, the creep rate for
concrete compressed at a pressure of 3 MPa decreased by 1.64 times
at a load level of 0.3 and by 1.52 times at a load level of 0.7. For
concrete compressed at double the pressure, i.e., 6 MPa, the reduction
in creep rate was 2.36 and 2 times, respectively, at the same load
levels.

The presented research results indicate a reduction in the
creep deformations of hardened concrete with an increase in the
compression pressure of the mixture. This finding is significant for
the design of prestressed reinforced concrete structures.

At the same time, it should be noted that the conducted studies
did not include continuous observations of the concrete deformation
process starting from the moment of mixture compression. It is
possible that during this initial period, significant deformations occur,
related to contraction and other processes that take place during the
hardening of compressed concrete.

Numerous studies on the properties of concrete subjected to
compression after hardening have been conducted both in Ukraine and
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abroad. Particular attention is drawn to research on early loading, as
the influence of preloading on concrete characteristics increases with
the reduction of the concrete’s age at the time of loading [126—147].

Overall, early loading of concrete can be considered a specific
case of long-term compressed concrete.

The experiments conducted by R. A. Melnyk [128] demonstrated
that preliminary compression of hardened concrete at an early age
intensified the growth of compressive strength by 20-25% and
increased the modulus of elasticity by up to 6%.

Research on the influence of load levels on the mechanical
properties of concrete by O. Ya. Berg [33, 129], I. N. Akhverdov
[130, 131], Ye.M. Babich [69], and others is analyzed in the work of
A. V. Satalkin [132], who reached the following conclusions:

a) Loading concrete at a certain intensity can lead to an
improvement in its structure and enhancement of its properties,
such as increased strength and water resistance, as well as reduced
shrinkage and creep;

b) Improvement in structure and enhancement of properties under
load are observed in concrete of any age and can be considered
a general pattern inherent to materials capable of plastic deformation
under stress.

According to research analysis, the optimal loading intensity for
concrete is approximately 0.4 of its compressive strength.

In the experimental studies of pre-compressed concrete conducted
by I. N. Akhverdov and I. V. Podmostko [131], an increase of up
to 30% in the modulus of elasticity was observed for concrete with
a compressive strength of 50 MPa when loaded at the age of three
days. In contrast, when the same concrete was loaded at the age of
three months, the increase in the modulus of elasticity did not exceed
9%. This highlights the effectiveness of applying load to concrete at
the earliest stages.

According to the research conducted by L. P. Makarenko and
G. A. Fenko [133], A. I. Semenov and S. 1. Arzhanovsky [134],
as well as A. P. Kudzis and V. M. Glebov [135], an increase in the
compressive strength of concrete by 20-25% and in the modulus of
elasticity by 15-20% can be achieved when the intensity of long-
term concrete compression reaches 0.4-0.47 of the prism strength.
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However, tests on compressed specimens in a series of experiments
revealed a decrease in the tensile strength of concrete.

According to the studies by L. P. Makarenko [27], after long-term
compression, the tensile strength of concrete decreased by 25-35%,
while the ultimate tensile strain was reduced by 35-50%. As noted by
the author, this reduction lowers the cracking moment in the tensile
zone of beams.

Numerous experiments conducted by various researchers,
including A. V. Satalkin and B. A. Senchenko [136, 137], V. A. Zed-
genidze, V. M. Oplachko, and V. I. Polovets [138], O. B. Golishev and
0. V. Melnychenko [139], D. R. Mailian [127], and Yu.A. Ivanova and
L. I. Syrovatka [140, 144], have confirmed that under compression,
concrete is capable of improving its structure and physico-mechanical
properties. This can be effectively utilized to enhance the load-bearing
capacity of reinforced concrete elements.

From the above, it follows that compressing freshly placed
concrete mixture is more effective than early loading of hardened
concrete and can significantly improve the physico-mechanical
properties of concrete. It enhances compressive and tensile strength,
increases the initial modulus of elasticity and the value of relative
deformations (g,), and reduces shrinkage and creep deformations.
These improvements can be advantageously utilized in prestressed
reinforced concrete structures.

1.3. Analysis of Methods for Calculating the Load-Bearing
Capacity of Prestressed Reinforced Concrete Elements

The load-bearing capacity of reinforced concrete structures largely
depends on the physical and mechanical properties of concrete
and reinforcing steel. As demonstrated in the previous section,
compression of the concrete mix and hardened concrete significantly
affects strength and deformation characteristics. Numerous studies
have been conducted to account for these changes when determining
the load-bearing capacity of reinforced concrete elements.

Several works [145-150] propose predicting the long-term
strength of hardened concrete for structural calculations.
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* Yu.V. Zaitsev [147, 148] suggests normalizing the working
condition coefficient based on the load case and concrete class.

 [. E. Prokopovich [149] proposes adjusting strength calculations
for prestressed elements by increasing Rsc (compressive strength)
for high-strength reinforcement and modifying first-limit state
calculations for over-reinforced bending and eccentrically compressed
elements.

* V. M. Batashev and V. 1. Fedorchuk [146] refine Rc and Ec
values based on the level of compressive stress in the structure.

* D. V. Babenko recommends applying a 0.9 coefficient for
permanent and long-term loads and 1.15 for short-term additional
loads during operation.

In [126, 150], formulas are proposed to consider changes in
prism strength (Rc) and initial modulus of elasticity (Ec) based on
compression level:

R.=R'+0.260,, (1.1)
E.=E’+2300,, (1.2)

Other works [127, 143, 151-154] suggest accounting for long-term
load effects on beam load-bearing capacity by adjusting compressive
strain limits to include creep deformations:

X Scu+gc(z‘)
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where

€, — creep coefficient;

&', — additional strain at the boundary between elastic and plastic
zones;

x — height of compressed zone;

x, | — of the compressed zone.



Prestressed Concrete Structures: During-Tensioning Method

According to D. R. Mailian [127], failing to account for changes in
compressed concrete properties can lead to errors in stress distribution
in reinforcement and underestimating the actual load-bearing capacity
by 20-25%. To correct this, he suggests using:

* a strength increase coefficient Kj,,

* a strain reduction coefficient K.

In the works of V. A. Zedgenidze and V. 1. Polovets [153], as
well as P. I. Vasiliev, Yu. I. Kononov, and Ya. N. Chirkov [152], the
compression of hardened concrete is accounted for by introducing
corresponding work condition coefficients into the calculations.

In strength calculations, V. Ya. Bachinsky and Yu. G. Ametov [151]
assume that under prolonged loading, an internal force redistribution
occurs between the concrete and reinforcement within the averaged
section. This redistribution results from an increase in the height of
the compressed zone and a reduction in the internal moment arm. At
the same time, the contribution of the tensile concrete is neglected.

At the loading stage, a trapezoidal stress diagram in the concrete
and a linear strain distribution law along the section height are
assumed. The section’s resistance is considered exhausted when
the strain of the compressed fiber reaches its ultimate values. In
calculations, a coefficient of concrete work conditions is introduced,
determined based on research data [147].

Analyzing the aforementioned studies, it is important to note the
existing contradictions regarding the effect of hardened concrete
compression on its ultimate compressive strain. According to
S. 1. Lytvyak [143], the ultimate compressive strain of concrete
increases, whereas D. R. Mailian [127] reports a decrease.

It can be assumed that under equal compression conditions, in
hardened concretes with a higher cement paste content and greater
dispersion of coarse aggregate particles, the ultimate strain may
increase. Conversely, in cases where the aggregate forms a rigid
framework within the concrete, this strain decreases, which can be
explained by the structural characteristics of the concrete.

The above discussion pertained to structures in which concrete
compression was applied after hardening. However, in reinforced
concrete structures, pressurized concrete, which hardens under
pressure, can also be used. The limited research on load-bearing
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capacity in this area is based on the assumptions of existing standards
[155] and is restricted to the adjustment of certain parameters.

For instance, in the work of A. A. Varlamov [156], an analysis
of the stress-strain state characteristics of bar elements with
a compressed concrete structure led to the conclusion that such
structures can be calculated using existing standard methodologies.
Based on the processing of experimental data, A. A. Varlamov
adjusts the value of the stress diagram shape coefficient ® and the
coefficient B, which characterizes the center of gravity of the stress
diagram, in the standard calculation formulas.

A similar approach to assessing load-bearing capacity is found in
the works of G. V. Murashkin [54] and I. E. Seskin [119]. A distinctive
feature of their calculations is the consideration of decompression
strains when determining the inherent deformations of concrete and
the stress-strain state of the section.

According to the standards [155], calculations are performed
based on the condition of ultimate equilibrium, where the stress
state in the section is represented by a rectangular stress diagram
in the compressed concrete zone and forces in the reinforcement,
which depend on the height of the compressed zone. The ultimate
equilibrium method is entirely justified for low-strength concretes
and steels that exhibit a distinct yield plateau.

However, when using high-strength compressed concretes and
high-strength reinforcing steels, there is a noticeable increase in
the internal lever arm of forces, and experimental data may exceed
calculated values by 20-25% or even more [157, 158]. The proposals
of N. M. Mulin and Yu. P. Gushcha [155], aimed at reducing the
discrepancy between experimental and theoretical data by introducing
a dependence of the relative height of the compressed zone on the
strength and deformation properties of concrete and reinforcement,
imposed material property constraints on the ultimate equilibrium
method, depriving it of universality.

As a result, to determine the load-bearing capacity of reinforced
concrete elements with higher accuracy, calculation methods based on
real stress-strain (c-€) diagrams of materials have been increasingly
used in recent years. Notably, in international standards such
as ECB-FIP (MC-90), stress-strain diagrams for concrete and
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reinforcement with established ultimate stresses and strains are
utilized in calculations [159].

Calculations of reinforced concrete structures using c-g\sigma —
\varepsilonc-¢ diagrams obtained directly from material testing
allow for the most accurate consideration of their properties, which
is especially important for the still insufficiently studied compressed
concretes. There are numerous proposals for the experimental
determination of concrete’s “c-¢” diagram with a descending branch
[54, 160, 161].

One successful solution was found at the Research Institute
of Building Structures (NDIBK), where a special high-rigidity
mechanical press is used to impose fixed deformations on a concrete
specimen. The methodology for determining the 6-¢ diagram and the
description of the equipment are presented in the recommendations
developed by V. Ya. Bachinsky, A. M. Bambura, S. S. Vatagin, and
N. V. Zhuravleva [162].

Of particular interest in these recommendations is the methodology
for determining the “c-¢” diagram for non-uniformly compressed
concrete. According to the guidelines, this involves testing rectangular
cross-section beam specimens with specified dimensions, processing
experimental data, and calculating the stresses corresponding to the
observed deformations.

According to the research by S. S. Vatagin [163], the axial and
non-uniform compression diagrams of concrete, obtained based on
the “equivalent” section model, are identical. I. A. Uzun from OISI
states that to transition from the axial compression diagram to the
non-uniform compression diagram, an enhancement coefficient
should be applied [164].

All of these findings pertain to conventional heavy concrete.
However, there is a lack of comparative analysis data on axial and
non-uniform compression for concrete compressed at the mix stage,
which requires further study. Therefore, research is needed to justify
the applicability of the axial compression diagram for calculating
structures where non-uniform compression occurs in concrete that
has been compressed at the mix stage.

To use the “c-g”diagram of concrete in the calculation of section
load-bearing capacity, an analytical description of the diagram is
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required. Numerous proposals exist for the functional representation of
the “stress-strain” relationship of concrete, including those presented
in the works of Ya.V. Stolyarov, G. K. Evgrafov, V. M. Baikov,
L. I. Onishchik, R. O. Krasnovsky, I. E. Prokopovich, A. I. Zaikin,
and N. L. Karpenko [165-175].

he description of the “c-¢” diagram of concrete using a fifth-degree
polynomial, based on research from NDIBK, ensures high accuracy,
ease of use, and universality [176]. This polynomial can describe the
compression diagram of concrete with strengths ranging from 10 MPa
to 100 MPa with equal precision.

It can be assumed that, due to its universality, this mathematical
expression can also be applied to compressed concrete.

This mathematical approach aligns with G. A. Murashkin’s
findings, confirming that stress-strain curves for pressed concrete
resemble those of high-strength hardened concrete [154, 161, 163].

A. M. Bambura, V. Ya. Bachynskyi, N. V. Zhuravlova, and
N. M. Pishkova developed “Methodical Recommendations for the
Refined Calculation of Reinforced Concrete Elements Considering
the Full Concrete Compression Diagram™ [176]. These guidelines
allow for determining the load-bearing capacity of elements with
rectangular, T-shaped, and I-shaped cross-sections by finding the
maximum on the “load-curvature” dependency curve.

In the calculations of the stress-strain state of the cross-section, the
following assumptions are made:

1. The “equivalent” cross-section is considered as the calculation
base, with deformations averaged over the length of the block
between cracks.

2.The hypothesis of flat sections holds true for the assumed
cross-section.

3.The relationship between stress and strain for concrete is
expressed by a power polynomial, while for reinforcement, it follows
a discrete-linear diagram.

4.The effect of progressive cracking is taken into account
by multiplying by a corresponding coefficient.In the works of
L. L. Lemish [177] and S. S. Vatagin [163], axial tension diagrams of
concrete are considered to refine calculations. Based on experimental
and theoretical data, S. S. Vatagin concludes that the behavior of
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concrete in the tension zone has virtually no effect on the load-bearing
capacity of reinforced concrete elements.

Therefore, when assessing the load-bearing capacity of reinforced
concrete elements, it is sufficient to use a simplified rectangular stress
distribution diagram for concrete tension in the cross-section, taking
into account the coefficient ybt in the stress-strain state equations. In
most modern studies, numerical calculation methods using computers
are preferred when solving integral equations of the stress-strain state
(SSS). This approach is fully justified for practical calculations of the
load-bearing capacity of reinforced concrete structures with complex
cross-sectional contours.

However, for simple cross-sections that can be easily described
analytically, such as rectangles, circles, or rings, an exact solution
to the SSS integral equations, considering the accepted calculation
assumptions, will be less cumbersome and can be fully or partially
implemented within the capabilities of standard microprograms.

Moreover, an analytical solution is always more accurate than
a numerical one, where significant error accumulation can occur due
to approximation. It is important to note that while exact analytical
solutions for the SSS integral equations are known for rectangular,
T-shaped, and I-shaped cross-sections of reinforced concrete elements,
such solutions are insufficient for circular and annular cross-sections.
These cross-sections are particularly prevalent in various structures,
such as columns, support shafts of buildings and structures, including
bridge supports.

Based on the above, it can be concluded that research in the field of
load-bearing capacity calculations for structures made from concrete
compressed at the mixture stage is limited and requires further
development. The determination of the load-bearing capacity of
elongated structures with tensioned reinforcement and the transfer of
pre-stressing force to freshly placed concrete requires investigation,
as the production of such elements within the framework of existing
technological solutions has proven challenging. The application of
calculation methods using complete “c-g” diagrams for concrete in
this class of structures is possible only after substantiating the identity
or similarity of the axial and non-uniform compression diagrams for
concrete pre-compressed at the mixture stage.
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1.4. Conclusions and Research Objectives

The analysis of the aforementioned experimental and theoretical
studies leads to the following conclusions:

1. The mechanical methods known in global construction practice
for creating pre-stressed reinforced concrete structures involve trans-
ferring the pre-stressing force from the reinforcement to the concrete
structure after it has hardened and reached the required strength.

2. Compression of hardened concrete has a relatively minor effect
on its physical and mechanical properties. In cases of early loading
of hardened concrete, the increase in compressive strength typically
does not exceed 20%.

3. Pressing the concrete mixture and allowing it to harden under
pressure can significantly enhance the compressive strength of
concrete—by 1.5 to 2.3 times—and increase its tensile strength by up to
15-20%, while also altering the material’s deformation characteristics.

4.The calculation of eccentrically compressed and flexural
reinforced concrete elements, based on the use of experimental “c-¢”
diagrams for concrete and reinforcing steel, provides a more accurate
picture of the stress-strain state of the element under load, allowing
for a more precise assessment of its load-bearing capacity.

5.Based on the equivalent cross-section model and complete “c-€”
diagrams of materials, analytical methods have been developed for
calculating the load-bearing capacity of eccentrically compressed
and flexural elements with rectangular, T-shaped, and I-shaped cross-
sections. However, for circular and annular cross-sections, such
analytical solutions require further development and refinement.

Research Objectives

1.To develop elongated reinforced concrete structures with
enhanced load-bearing capacity, compressed by means of pre-
stressing reinforcement on freshly placed concrete mixture. Propose
a new method for their production, design principles for formwork
and equipment that ensure the transfer of pre-stressing forces to the
mixture, as well as measures for reliable quality control of compressed
structures.

2. To develop an experimental methodology for studying the load-
bearing capacity of eccentrically compressed and flexural reinforced
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concrete elements manufactured by the method of pre-stressing
reinforcement on freshly placed concrete mixture.

3.To experimentally determine the patterns of the influence of
the preliminary compression level of the concrete mixture on the
load-bearing capacity of reinforced concrete elements. Evaluate
the possibility of using axial load diagrams of compressed concrete
samples for calculating eccentrically compressed and flexural
reinforced concrete elements produced by the new method.

4.Based on the “equivalent” cross-section model, develop
analytical relationships for the stress-strain state and a methodology
for determining the load-bearing capacity of eccentrically compressed
and flexural reinforced concrete elements with circular, annular, and
rectangular cross-sections, compressed using the “on the mixture”
method. Assess the accuracy of calculations by comparing theoretical
and experimental data.

5. Develop an algorithm for the practical calculation of reinforced
concrete structures with circular, annular, and rectangular cross-
sections pre-stressed on freshly placed concrete mixture. Verify
the research results during the production of full-scale large-sized
reinforced concrete structures.



CHAPTER 2
DURING-TENSIONING METHOD
OF PRESTRESSING REINFORCED

CONCRETE STRUCTURES

2.1. Methods of Prestressing Reinforced Concrete Structures

In modern construction, prestressed structures are traditionally
manufactured either by tensioning the reinforcement against anchors
before concreting or by tensioning the reinforcement after concreting
onto the hardened concrete. The implementation of both methods of
prestressing structures involves transferring the prestress forces of the
reinforcement to the hardened concrete. This requires a certain amount
of time for the concrete to achieve the necessary transfer strength and
typically involves sequential operations of reinforcement tensioning
and concrete compaction.

In such structures, it is challenging to significantly enhance strength,
frost resistance, and water impermeability without substantial additional
costs.

To develop high-strength and durable prestressed structures by
making fuller use of the physical and mechanical properties of building
materials, the author has proposed manufacturing structures with
reinforcement tensioning and the transfer of prestress forces onto the
freshly placed concrete mix [179, 186, 189, 212, 213-227]. The general
scheme of prestressing methods in reinforced concrete structures,
supplemented by the author’s proposal, is presented in Fig. 2.1.
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Methods of prestressing

Pretensioning During-tensioning * Post-Tensioning

Principle of action on reinforcement

Mechanical Thermal Compatibility-based Chemical

Methods of transferring presiress

To hardened To fresh

concrete concrete mix*

Reinforcement anchorage

Bonded Mechanical

anchorage

Figure 2.1. General classification of methods for inducing
prestress in reinforced concrete structures
* Refers to freshly laid concrete mix being compressed.
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2.2. Techniques for Manufacturing Reinforced Concrete Elements
with During-tensioning on Freshly Laid Concrete Mix

In the technology of manufacturing prestressed reinforced concrete
structures, tensioning the reinforcement onto the freshly placed
concrete mix serves not only as a method for ensuring rigidity and
crack resistance but also for increasing the load-bearing capacity of
reinforced concrete elements. Within this approach, several specific
methods have been developed for producing reinforced concrete
elements, which involve either full or partial transfer of prestressing
forces from the reinforcement to the compressed concrete mix.

Let us consider mechanical reinforcement tensioning methods,
which are among the most reliable and precise in industrial production.

The production of reinforced concrete structures with reinfor-
cement tensioning onto the compressed concrete mix involves placing
the concrete mix using vibration, tensioning the reinforcement while
simultaneously compressing the concrete mix, and subsequently
curing the concrete in a compressed state. In this process, the concrete
mix is compressed by the tensile force of the reinforcement, with full
or partial transfer of this force to the mix before the concrete hardens
(Author’s Certificate No. 1548389).

During the transfer of prestressing forces from the reinforcement
to the freshly placed concrete mix, the mix is compressed, expelling
excess water and air beyond the formwork, compacting the aggregate,
and improving surface contact (adhesion) with the reinforcement.

The compaction effect can be enhanced at the initial stages of
compression through dynamic impact on the concrete mix, as well
as by cyclically applying the load. In this process, the strength of the
concrete mix components is utilized as a framework around which the
reinforcement is tensioned.

Once the optimal density of the mix is achieved, the reinforcement
tension force is increased to the required level. The concrete then
hardens under the influence of the prestressing forces.

Thus, in a single operation and from a single drive, both the
reinforcement tensioning and the concrete compaction through
compression are performed simultaneously. The energy expended on
reinforcement tensioning is utilized for compacting the concrete mix,
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contributing to a reduction in the production cycle, an increase in
concrete strength, and improved corrosion resistance of the structure.

The implementation of the proposed method of prestressing
reinforced concrete elements is associated with the need for
specialized formwork systems. An analysis of existing formwork
design solutions, both in domestic practice and abroad, did not reveal
an approach that ensures relatively uniform longitudinal compression
of the concrete mix under the action of prestressing forces applied
to the reinforcement [22, 31, 54, 105, 108, 136, 198-201, 204, 206,
207, 209, 211, 214-227]. This issue primarily arises due to the
significant friction between the concrete mix and the inner surface
of the formwork. When the end sections of a long structural element
are compressed, the formwork absorbs a substantial portion of the
prestressing force due to friction.

Under such conditions, the prestressing of reinforcement effectively
corresponds to the conventional “pre-tensionsng” method, where the
longitudinal rigid walls of the power formwork act as the abutments.
Even with considerable friction reduction—achieved through the
application of release agents, anti-friction coatings, or liners made of
low-friction materials—the formwork still absorbs a significant portion
of the longitudinal prestressing forces. As a result, the intended effect
of prestressing “on the concrete mix” is largely negated, reverting to
the traditional “abutment” method”.

Therefore, for the effective implementation of this method, it is
necessary to develop a fundamentally new formwork design that
minimizes friction between the concrete mix and the formwork
while ensuring a uniform stress distribution along the entire length
of the element. Potential solutions may include the use of movable
or flexible formwork walls, specialized vibration systems, or other
innovative technical approaches.

Several traditional approaches have been tested to address this
issue, including the introduction of specialized chemical admixtures
into the concrete mix, the application of anti-friction coatings
on the inner surface of the formwork, polishing of the formwork
walls, the use of various liners made of materials such as PTFE
(polytetrafluoroethylene), and the application of vibration and other
dynamic effects.
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Experimental studies have shown that these measures had some
effect only on short laboratory specimens. However, they did not
eliminate the transmission of longitudinal prestressing forces by
the rigid formwork, especially in the production of long structural
elements. Therefore, the challenge arose to develop a fundamentally
new formwork system and equipment for the practical manufacturing
of structures prestressed using the “on fresh concrete mix” method.

The author was the first to propose dividing the structural
formwork into separate sections using deformation joints, with these
sections interconnected by longitudinal guides (Author’s Certificate
No. 1548389). During longitudinal loading, the sections are able to
move linearly and exert minimal resistance to compression. This
type of formwork (Figures 2.2, 2.3, 2.4) practically does not absorb
the longitudinal prestressing forces, thereby ensuring uniform
transmission of prestressing compression to the fresh concrete mix
along the entire length of the reinforced concrete element.

Since the longitudinal compressive force is almost entirely
absorbed by the fresh concrete mix (due to the sectionalized
formwork), and the transverse pressure on the formwork typically
does not exceed 0.27-0.30 of the longitudinal pressure [111], it
follows that the reinforcement is tensioned “on the concrete mix”,
with the prestressing force being directly transferred to the mix.
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Figure 2.2. Longitudinally Movable Sectional Formwork
for Prestressing Reinforcement on Concrete Mix
1 — formwork sections; 2 — transverse deformation joint; 3 — prestressed
reinforcement; 4 — concrete mix; 5 — movable end; 6 — force traverse;
7 — longitudinal guides
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Figure 2.3. Longitudinally movable formwork for columns
1 — movable section; 2 — deformation joint; 3 — longitudinal guide,
4 — reinforcement bar; 5 — jack; 6 — fixator
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Figure 2.4. General view of the longitudinally movable
formwork for columns

The working displacement of the formwork deformation joints
is determined based on the condition of uniform compaction of
the concrete mix along the entire element during the transfer of
the prestressing force to the mix. This is achieved when the total
possible displacements at the section joints, taking into account the
movement of the formwork’s movable ends, are equal to or exceed
the displacement corresponding to the laboratory compaction of the
concrete mix under the specified pressure.
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To account for the condition of uniform compaction, it is
convenient to use the specific compaction value:

AV
== 2.1
p V 2.1
where AV is the change in the volume of the mix due to compression,
and V is the initial volume of the mix.

For a constant cross-section of the formwork, the value of B is
expressed as follows:

AL
= 2.2
p 7 (2.2)
where AL is the change in the initial length of the formwork L due to
the compression of the concrete mix.

To determine the magnitude of the working displacement of the
deformation joint, it is necessary to calculate the sum of the specific
deformations of the concrete mix over the length of the section from
the joint axis to the midpoint of the adjacent sections. The calculated
length LLL in formula (2.3) is taken, according to the scheme shown
in Fig. 2.5, as the sum of the distances from the midpoint of the
adjacent sections to the axis of the deformation joint.

L=1+1 (2.3)

The minimum working displacement of the formwork deformation
joint is determined by the formula:

AL=f"L, (2.4)
where
* AL— minimum working displacement of the deformation joint;
* B —specific compaction of the concrete mix;
» L —design length according to the scheme (Fig. 2.5).

The value of  during compression is influenced by several factors,
including the composition of the concrete mix, the quality of the
formwork’s shaping surfaces, friction between formwork elements
and along the guiding tracks, and many other variables.
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Figure 2.5. Scheme for determining the magnitude
of the working displacement of the deformation joint:
1 — movable section; 2 — concrete mix, 3 — transverse deformation joint;
4 — longitudinal guides

In addition to the internal and external friction of the concrete mix,
numerous other factors affect the compaction process, many of which
are difficult to account for precisely.

Therefore, it is advisable to determine P using the experimental
“B-p” dependence, obtained by compressing a sample of the concrete
mix in a laboratory form with movable ends. When determining
the practical working displacement of deformation joints, it is also
necessary to consider the possibility of incomplete filling of the
formwork with the concrete mix after placement.

The movable-sectional design of the formwork (Fig. 2.3) enables
directed regulation of the density and strength of concrete within the
element. This is achieved by specifying the appropriate displacements
in the deformation joints of the formwork. Once the predetermined
working displacement of the deformation joint is exhausted due to
compression, adjacent formwork sections come into contact along
their flanges, halting further compaction of the concrete mix in that
section of the element.

This mechanism can be utilized to compensate for frictional forces
during the production of long-span structures, ensuring uniform
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density and strength along their length. The proposed production
technology also allows for equipping each formwork section joint or
a group of joints with individual actuators for controlled compaction
of the concrete mix through compression.

To facilitate the longitudinal movement of sections in a long form-
work, especially those located far from the movable ends, it is advisable
to use spring, rubber, or other compression-transmitting devices between
the sections. This approach helps achieve a more uniform or precisely
controlled compaction of the concrete in the structure.

It should be noted that the excess water in highly flowable concrete
mixtures, when expelled, leads to the formation of open channels and
paths that reach the surface of the element. Therefore, for such concrete
mixtures, it is necessary to apply high-frequency vibration after the
complete cessation of water expulsion. This process helps to fill and seal
the channels, paths, and pores with a cement-sand mortar. This method
is effective for all implementations of the proposed pre-compression
technique for concrete mixtures with excessive water content.

To improve the accuracy of structural fabrication, ensure the
specified length, and prevent deformation of the reinforcement cage
during the compression of the element, a specialized design for the
end section of the formwork has been developed (Author’s Certificate
No. 1678618). Figure 2.6 presents the general view of one of the end
sections of the formwork: (a) during reinforcement tensioning, (b) the
same after its fixation.

Since the sleeve (4) is positioned within the formwork according
to the specified dimensions of the product and is securely fixed, the
required product length is maintained even if the piston (7) is recessed
into its end. This design prevents deformation of the reinforcement
cage (2) located beneath the sleeve (4) and significantly reduces the
likelihood of jamming or clamping of the prestressed reinforcement (3).

If it is necessary to manufacture eccentrically precompressed
reinforced concrete elements such as beams, columns, and slabs, in
order to balance the eccentricity, in addition to compensators, the
parallel tensioning of reinforcement for two or more elements can
be used. Figures 2.7, 2.8, and 2.9 show the general view of a paired
longitudinally movable formwork system during the simultaneous
tensioning of reinforcement for two elements.
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Figure 2.6. End section of the segmented formwork;
a — during reinforcement tensioning, b — after its fixation
1 — concrete mix, 2 — reinforcement cage; 3 — prestressed reinforcement,
4 —sleeve; 5 — screw mechanism; 6 — guide, 7 — piston; 8 — retainer;
9 — power traverse; 10 — hinge; 11 — anchor

In mass production, the use of cassette technology is justified for
manufacturing such precompressed reinforced concrete elements,
particularly slabs. Cassette molds should typically have movable
surfaces.

The transfer of prestressing force to the reinforcement can
be carried out in stages both before and after the hardening of the
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concrete mixture (Author’s Certificate No. 1747632). The device for
implementing this method is shown in Fig. 2.10.

Figure 2.7. Paired Longitudinally Movable Formwork
System During Reinforcement Tensioning on Freshly Placed
Concrete Mix
1 — concrete mix; 2 — paired formwork sections, 3 — prestressed
reinforcement; 4 — movable ends; 5 — deformation joint; 6 — joint anchor;
7 — section movement guides

__L__

]

1]

i~

Figure 2.8. Longitudinally movable formwork
for beams
1 — outer guide; 2 — movable section, 3 — deformation joint; 4 — prestressed
reinforcement; 5 — traverse, 6 — jack, 7 — fastener; 8 — inner guide



Chapter 2. During-Tensioning Method of Prestressing Reinforced Concrete Structures 43

Figure 2.9. Longitudinally movable power formwork for beams.
General view from the jack side:
a and from the traverse side — b
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Fig. 2.10. Device for the Stepwise Transfer of Prestressing Forces
to the Concrete Mixture:
1 — prestressed reinforcement; 2 — formwork sections; 3 — movable end;
4 — deformation joint; 5 — concrete mixture; 6 — hydraulic jack; 7 — screw;
8 —plate; 9 — nut

The increase in structural rigidity and crack resistance, while
maintaining high strength, is achieved by transferring only part of the
prestressing force to the freshly placed concrete mixture, followed by
the full transfer of the prestressing force to the hardened structure.
Additionally, the proposed method may provide for compressing the
concrete mixture under the full tensile force of the reinforcement
during the prestressing process.

To enhance the durability of the structure, a device is proposed
that allows the compaction of the protective concrete layer through
external volumetric precompression during reinforcement tensioning
(Patent No. 175901). In Fig. 2.11a, the end view of the device is



Chapter 2. During-Tensioning Method of Prestressing Reinforced Concrete Structures 45

shown during the compression of an annular cross-section element. In
Fig. 2.11b, the cross-sectional view of the core is depicted during its
separation from the finished structure.

As the reinforcement (11) is tensioned, the longitudinal ends of the
outer shell (1) move towards each other, reducing the outer diameter
of the forming space. This results in the compaction of the concrete
mixture through external volumetric compression. To maintain the
precompression force, a high-rigidity core (7) is used.

To release the core (7) from the finished compressed product, the
drive shaft (8) with segments (9) is slowly rotated. The segments (9)
press against the shaft (8), releasing the external compression from
the core. Further rotation of the shaft (8) enables the separation of
the sheet (10) from the inner contour of the reinforced concrete
element. At each moment during the separation process, the
detachment of the thin sheet (10) from the concrete surface occurs
along a narrow strip of small area, minimizing force impacts during
formwork removal.

The prestressing of a reinforced concrete element can be achieved
through centrifugal forces with compaction of the concrete mixture—
Fig. 2.12 (Patent No. 1330284).

For mass production of small-sized reinforced concrete elements
with precisely defined geometric dimensions—such as railway sleepers
(Fig. 2.13) — a manufacturing method (Patent No. 1799970) can be
applied. This method ensures high strength and crack resistance of
the structures by first transferring the prestressing force transversely
to the reinforcement direction on the fresh concrete mixture. After
the structure hardens, the reinforcement is released, and the same
prestressing force is transferred longitudinally to the hardened
concrete. The increased crack resistance effect is explained by the
reduction of prestress losses during the setting and hardening of the
concrete mixture.

The quality of the product can be improved by ensuring uniform
compaction of the concrete mixture. This is achieved by reducing
the size of the fixed mold-forming surfaces of the formwork
and inducing compression of the mixture along the length of the
product.
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Figure 2.11. Diagram of the Manufacturing Process
for a Ring-Section Element:
a — end view of the device during external volumetric compression
of concrete and prestressing of reinforcement;
b — cross-section of the finished element and the form core during its
separation; 1 — outer casing; 2 — outer end ring; 3 — inner end ring;

4 — movable stops; 5 — hydraulic jack; 6 — ring rotation lock; 7 — rigid core;
8 —drive shaft; 9 — core segment; 10 — sheet inner casing fixed to one of the

segments, 11 — prestressed reinforcement; 12 — concrete
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Figure 2.12. Diagram of Prestressing a Reinforced Concrete
Element Using Centrifugal Forces:
1 — tensioned reinforcement, 2 — anchor; 3 — movable; 4 — vibropiston;
5 — hinge; 6 — formwork; 7 — concrete mix, 8 — rotating stand

Figure 2.13. Diagram of a Device for Manufacturing Pre-Stressed
Small Reinforced Concrete Elements:
1 — formwork molds; 2 — concrete mixture; 3 — guiding base;
4 — prestressed reinforcement; 5 — movable form shield; 6 — wedge clamps;
7 — retainer

Fig. 2.14 illustrates the mold developed by the author, which
meets the specified requirements. The mold consists of an elastic
movable casing (1), fixed in a stretched state on a spring frame (2),
which is installed in a guiding sleeve (3). When the reinforcement (4)
is tensioned, the concrete mixture (5) is compacted by compression.
The movement of the spring frame in the compression direction is
transmitted through the elastic casing, inducing uniform surface
compaction of the concrete mixture. The gaps between the frame
coils decrease, increasing the rigidity of the forming surface, which
ensures a high-quality smooth product surface. The length of the
mold shortens with slight transverse expansion, which contributes to
the dense placement of coarse aggregate in the concrete.
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Figure 2.14. Longitudinally Movable Spring Mold:
a — during reinforcement tensioning and concrete mixture compression;
b — during demolding of the finished product: 1 — elastic shell; 2 — spring
frame; 3 — guide casing; 4 — reinforcement; 5 — concrete mixture
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After the coarse aggregate is encased in the concrete mixture and
the reinforcement reaches the designed stress, it is fixed in place. The
further demolding of the finished product is carried out by separately
compressing the spring frame (Fig. 2.14) and removing the elastic
shell from the product.

A more versatile method for manufacturing prestressed reinforced
concrete structures involves using formwork assembled from separate
panels (Fig. 12). The key feature of this formwork is that the panels
have a longitudinally movable surface. The mobility of the surface
is ensured by the elasticity of the shell 1. The shell is secured in
a stretched state on the rigid movable elements of the formwork.
These elements are positioned with their axes 2 in longitudinal guides
3. Springs 4 are placed between the axes. All elements, except for the
outermost ones, are designed as rollers 5. They make contact with the
elastic shell along surface 3, providing it with the necessary rigidity.

To enable the placement of concrete mix into the formwork, the
upper panel is designed as a grating, where instead of rollers, movable
triangular cross-section elements 6 are used. During longitudinal
compression, the rigid elements of the panels shift, promoting the
compaction of the concrete mix. The space between them decreases,
increasing the transverse rigidity of the form and ensuring the
absorption of lateral expansion forces.

The presence of openings in the upper part of the formwork and
fine perforations in the elastic shell facilitate the removal of excess
water and air, preventing the formation of voids and pores. The
movement of the form-shaping surfaces and the peristaltic action of
the formwork contribute to closing open pores in the concrete.

Taking into account the above and the known methods and tech-
niques for manufacturing prestressed reinforced concrete structures,
the general scheme of their implementation is presented in Fig. 2.15.

The analysis of the considered technical solutions for
manufacturing prestressed reinforced concrete structures by
tensioning reinforcement on freshly placed concrete mix shows that
the proposed technology significantly increases concrete strength,
improves its joint performance with reinforcement, and enhances the
durability of the structure by eliminating macro-defects and partially
reducing micro-defects in the concrete structure.
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Figure 2.15. Longitudinally movable panel formwork
and product:
a — preliminary compression, b — product in formwork;
— product cross-section;
d — formwork panel: 1 — finely perforated elastic casing,; 2 — roller axis;
3 — longitudinal guides; 4 — spring; 5 — roller; 6 — movable element of the
upper panel; 7 — prestressed reinforcement; 8 — concrete mix

2.3. Technology for Producing Compressed Columns

The new technology was tested and refined under laboratory and
production conditions during the manufacturing of both small and
large-scale reinforced concrete elements with a volume of up to nine
cubic meters. This allowed the research to cover the most commonly
used construction volumes in practice.
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The production of cylindrical support columns was carried out in
accordance with the described technology, with the following specific
features. The reinforcement cage, along with the rear movable end of
the mold, was placed into the prepared lower half of the formwork
(Figures 2.16, 2.17, 2.18). Initially, the rear end served as a jig
during the fabrication of the reinforcement cage for the columns. The
embedded component, designed as a flange at the end of the cage,
facilitated the fixation of the reinforcement bars to the movable
end. The rear end was positioned in the formwork according to the
predetermined initial column length.

Next, the front end shield was installed and securely fastened to
the lower half of the formwork using bolt connections. The protruding
reinforcement bars of the cage were placed into the slots of the front
end. These bars were then connected to the tensioning device using
couplers and threaded rods. Any deviations in the actual length of the
reinforcement bars were adjusted using threaded rods with nuts to
ensure uniform tensioning of all bars.

After verifying the presence of through holes for the release of
water and air in the upper half of the formwork, it was assembled
onto the lower half and secured with clamping bolts

The initial position of the formwork sections before concreting
was ensured by placing spacers in the joints between them, followed
by securing the sections together with bolts. A special device for
collecting concrete test samples was installed on the inspection
window of the formwork.

After verifying the functionality of the pumping station and
vibrators, the concrete mixture was fed into the formwork. The
mixture was placed using vibrators to ensure proper compaction. Once
the form was completely filled with concrete, the excess mixture was
removed from the intake hoppers, and the hatches were sealed. The
hatches were secured using a screw clamping mechanism.

Next, the process of pre-compression of the concrete mixture
was initiated (Figs. 2.16, 2.17). For this, the spacers controlling the
working movement of the deformation joints were removed from
the formwork sections, and oil was pumped into the hydraulic jack
cylinder. The compression force was gradually increased at a rate of
0.1 MPa per minute, with a hold time at each loading stage (no fewer
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than ten) until the outflow of water from the designated formwork
openings ceased.

b

Figure 2.16. General view of the device for producing
compressed bridge pier posts using the “on-mixture” method:
a — top view of the longitudinally movable formwork;

b — tensioning unit
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Figure 2.17. Compression scheme of a full-scale pier post
in formwork using the “on-mixture” method
1 — frame; 2 — tensioning device; 3 — inventory rods; 4 — sectional
formwork; 5 — hatch with screw fastener, 6 — concrete mixture,
7 — reinforcement bars; 8 — movable end; 9 — device for taking concrete
samples; 10 — deformation joint
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Figure 2.18. Reinforcement of full-scale bridge pier posts
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The tension force of the reinforcement was monitored using the
pressure gauge readings of the pumping station and mechanical
strain gauges installed on the reinforcement bars. Simultaneously,
the compaction of the concrete in the formwork was controlled by
measuring the displacement of its sections and the movement of the
rear movable end shield. The results are presented in Table 2.1.

Table 2.1
Results of Compression of Bridge Piers Using
the “On Mix” Method
Displacement, mm
Concrete Mix | Degree of . Sections in
” . Pile . AV
Composition, | Compression Marking deformation | End Total B= 7
kg/m® P,MPa joints face
AN A
Cb-592|93(58| - 26 | 177 0.029
C=338 Cb-792|94(58| 51 10 | 235 0.031
S=565 15 Cb-792|93|79| 52 | 17 | 241 0.032
G=1272 ’ Cb-792192{79| 50 | 10 | 231 0.031
V=180 Cb-792191(80| 53 | 15 | 239 0.032
Cb-792192|58| - 30 | 180 0.029

During the compression of the concrete mixture, especially in
the initial period, there was intense water expulsion. The water was
expelled through all the designated special openings in the formwork,
as well as through the rubber seals installed in the longitudinal joints
of the sections. The amount of expelled water depended on its initial
content in the concrete mixture, and at the final stage of compression,
the water content was approximately the same in all the stands.

As manufacturing practice showed, the scale factor introduced
significant corrections to the issue of water drainage from the
formwork. While the amount of water expelled in the experimental
laboratory samples of columns was relatively small and had little
impact on the formwork pressure and the surface quality of the
product, in the full-sized piers with a volume of more than six
cubic meters, several liters of water were expelled. This water could
locally wash away the cement paste from the surface of the concrete.
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Therefore, to ensure peripheral water drainage and air expulsion,
up to ten special holes per meter were made in the upper half of the
formwork. These measures allowed for the achievement of a high-
quality surface on the concrete of the full-sized pier and reduced the
load on the formwork.

The process of compressing the pier was accompanied by the
movement of the sections and the movable end shield of the formwork.
The working stroke of the deformation joints did not exceed 100 mm.
The compaction coefficient of the concrete mix, 3, was in the range of
0.029-0.032 for the compressed piers (see Table 2.1). After reaching
the design length of the pier, the compression was fixed using the
screw spacers of the tension device (Fig. 2.16b), and then the external
force exerted by the jack was removed.

The curing of the pier took place in the compressed state under
natural conditions. After two days, the tensioned reinforcement was
released, and the formwork was dismantled. During this process,
the control samples of concrete were separated from the reinforced
concrete pier. The finished pier was removed from the lower half of
the formwork using a bridge crane, kept in humid conditions, and after
quality inspection, it was sent to the construction site for installation.

The manufactured piers had a round solid cross-section with
a diameter of 1.2 meters and lengths of 5.92 and 7.22 meters. The
reinforcement of the piers was made in the form of a tied cage
with 20 bars and transverse wire reinforcement. The longitudinal
reinforcement used bars with a nominal diameter of 25 mm, class
A-IIT (A400), which were placed in a circular arrangement with an
equal step of 171 mm (Fig. 2.18). For transverse reinforcement, hot-
rolled smooth bars with a diameter of 8 mm, class A240, were used.
The spacing of the transverse reinforcement according to the design
was 100 mm. To provide rigidity to the reinforcement cage, rings
made of periodic profile reinforcement with a diameter of 16 mm
were placed inside.

In the lower part of the pier, flat reinforcement meshes made of
A240 class steel bars with a diameter of 10 mm were placed. In the
upper part of the pier, the design provided for the extension of all
longitudinal bars for their subsequent monolithic connection to the
bridge support beam. The concrete cover layer was set at 40 mm.
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The reinforcement layout and formwork dimensions of the pier are
shown in Fig. 2.18. The concrete used for the bridge piers met the
design strength class C35/40, frost resistance grade F200, and water
impermeability grade W4.

The use of the new technology allowed for the timely delivery
of a high-quality quantity of piers for the construction of the bridge
crossing over the Dnipro River in Kamyanske. In this process, the
grade of cement used in the piers was reduced from 600 to 400, and
its consumption was decreased by a quarter. The additional costs of
the technology were offset by the savings on cement and the reduction
in the production cycle for manufacturing the reinforced concrete pre-
stressed piers.

Among the promising structures that can be produced using the
proposed technology are tram and railway ties, road slabs, heavily
loaded columns for industrial and civil buildings, piles, curbstones for
highways, masts, piers of bridge supports with a circular or cylindrical
cross-section, and many other structures. The annual production
volume of these could reach several million cubic meters in Ukraine
alone.



CHAPTER 3
TEST RESULTS AND ANALYSIS

3.1. Strength and Deformability
of Concrete and Reinforcement 3

Reinforced concrete elements with pre-stressed reinforcement on
freshly placed concrete mix, according to the manufacturing technology,
involve the transfer of pre-stressing forces to the unset concrete mix,
which significantly affects the properties of the concrete. During the
tensioning of the reinforcement, the initial stresses are perceived by the
mixture of coarse and fine aggregates, cement binder, water, and trapped
air. Under operational loads, the concrete works as a solid artificial
stone material in the structure. The deformability of the concrete mix
and the resulting stone material directly affects the loss of pre-stress in
the reinforcement and the operational qualities of the finished structure.
Therefore, in experimental studies, particular attention was given to the
deformability of the concrete mix, especially during the phase transition
to a solid state. The modeling of the behavior of the concrete mix under
pre-compression was carried out in lever spring devices (Fig. 3.1).

The averaged data from the observations of the deformations of the
concrete samples, compressed according to the “on the mix” method
and the conventional samples with the same initial composition under
a constant load P of 10 MPa, are shown in Fig. 3.2.

As follows from the observation results of the deformation of
experimental prism samples, the expected losses of pre-stressing caused
by the deformations of the concrete can be smaller for the structures
manufactured using the “on the mix” method. In the experiments, the
relative deformations of the compressed concrete were 2.4 times smaller
compared to the initial ones. This is explained by the compaction of
the fillers during the final stage of compression, leading to smaller
shrinkage and creep deformations of the hardened compressed
concrete.
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Figure 3.1 General appearance of the specimens compressed
by the *During-tensioning’ method in a lever force device:
a — specimen in the mold; b — specimen after removal from the mold without
unloading
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Figure 3.2. Deformation schemes of loaded prism specimens
according to the method:
a — During-tensioning; b — Pretensioning

The intrinsic deformations of concrete caused by shrinkage and
release in reinforced concrete elements are presented in Table 3.1. The
monitoring of prestress losses in the reinforcement of specimen beams
and columns was carried out from the moment the reinforcement was
fixed until the start of their testing (300 days). As expected, the total
values of such losses in reinforced concrete specimens, produced
using the method of tensioning the reinforcement on fresh concrete
mix, were lower than those in traditionally manufactured specimens.
The results of observations of the reinforcement deformations in the
test specimens are presented in Table 3.1. The values of the initial
compression of the concrete mix P in the specimens corresponded to
the initial value of the prestress in the reinforcement o,

The characteristics of hardened concrete for each series were
determined in accordance with DSTU B V.2.7-217 (corresponding to
EN 12390-3 and EN 12390-13 for compressive strength and modulus
of elasticity of hardened concrete), as well as by the ultrasonic
pulse method based on DSTU B V.2.7-226 (corresponding to
EN 12504-4: Testing concrete — Determination of ultrasonic pulse
velocity).
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Testing of cube specimens showed that uniaxially compressed
concrete is an anisotropic material. The structure of the concrete
formed under such compression better resists compression in the
direction of the previous preloading. The strength ratio of concrete f;
in the direction of pressing to the strength in the orthogonal plane f,
during compression up to 10 MPa in the study reached 1.25. It should
be noted that the proposed technology for manufacturing reinforced
concrete elements involves the convergence of the directions of
the initial concrete compaction by compression and the operational
compressive forces. In the test specimens of columns and beams,
prolonged compression of the concrete along the structure was
performed, which, in direction, corresponded to the forces occurring
in the compressed zone of the section of the structure under the
test load. Accordingly, for the strength calculations of compressed
structures, the characteristics of the concrete along the direction of the
initial compression should be determined. Taking this into account,
the concrete characteristics are presented in Table 3.2.

As a result of testing compressed and standard-sized ordinary
prisms according to the methodology [162] in the volume presented
in Table 3.2, “c,-¢,” diagrams with a descending branch under axial
compression were obtained. The prism specimens were tested directly
before the testing of the main reinforced concrete specimens. The
loading regime for the prism specimens was maintained close to the
loading regime of the main specimens. The averaged “c.-g.” curves
are shown in Figs. 3.3, 3.4, and 3.5. The main parameters of the
diagrams and the values of the variation coefficients of the concrete
characteristics, C,, are presented in Table 3.3.

The table shows that the parameters of the ’load-deformation’
relationship of concrete provided there are sufficiently accurate. The
values of the variation coefficient of concrete characteristics in the
studies do not exceed 9%. At the same time, for compressed concrete,
they are lower — 8%. The test results for prestressed and normal
concrete obtained using the methodologies of DSTU B V.2.7-217
(corresponding to EN 12390-3 and EN 12390-13) and the procedure
[162] are in good agreement.
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Table 3.1
Results of observations of deformations in the test specimens
L .E % % £ ] % %"u‘ b
g SEs% | EEB= | €283 EEEx g x,
77 |G85c| 5897 | 584° | Fsi | -4
S =8 ° = g a
1 2 3 4 5 6
I 40 329 BHC-1-1 320 61
BbHc-I-2 318 63
KHec-I-I 131 32
KHe-1-2 130 30
2.0 383 BHc-I-3 160 26
BbHc-1-4 160 27
KHec-1-3 66 24
KHec-14 65 25
0 475 B0-1-5 - -
BO-I-6 - -
KO-I-5 - -
KO-I-6 - -
I 50 312 BHec-I1-1 117 57
BHc-11-2 118 58
25 375 BHe-11-3 59 25
BHc-11-4 59 25
0 482 BO-I1-5 - -
BO-1I-6 - -
il 10.0 28.6 BHc-ITI-I 235 95
BHc-111-2 236 95
5.0 337 BHc-11-3 117 57
BHe-1114 117 56
KHe-111-3 165 32
KHc-11I-4 166 33
0 552 BO-III-5 - -
BO-III-6 - -
KO-III-T - -
KO-ITI-2 - -
1 2 3 4 5 6
0 552 BHy-II1-7 236 114
BHy-I1-8 236 112
BHy-111-9 118 64
BHy-I1I-10 117 66
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Table 3.2
Strength and Deformability Characteristics of Compressed
and Ordinary Concrete

- 3
£ s(f::nn\l:fje fissMPa | £, MPa | £, MPa |f,, MPa Eﬁ;g ’
A| pmpa | O [ GM%ICE%CN%] oy,
I 0 40.2 432 38.8 297 324

43 52 62 6.1 23
2.0 - 72.1 583 342 37.1

64 5.1 7.3 38
4.0 - 853 66.8 3.79 422

37 43 53 1.8
I 0 423 46.1 39.2 291 32.8
82 83 7.5 6.9 6.0
2.5 - 78.5 63.3 3.52 36.2

1 6.1 6.6 42
50 - 9.5 73.0 3.90 41.0

47 5.7 58 3.5

1 0 412 443 | 387 | 305 | 327
6.1 74 6.6 6.3 52
50 - 982 | 746 | 402 | 440

44 49 53 24
10.0 - 1086 | 840 | 421 | 473

3.1 44 | 45 1.6
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Figure 3.3. Experimental “c-¢” dependencies for compressed
and ordinary concrete of the first series
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Figure 3.4. Experimental “c-¢” dependencies for compressed
and ordinary concrete of the second series
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Figure 3.5. Experimental “c-¢” dependencies for compressed
and ordinary concrete of the third series

Table 3.3
Characteristics of the Complete Axial Compression
Diagram of Concrete

Serics C"“\‘};ﬁ?w“ Ei:l}f’ R, MPa |, 10% | 6, MPa | ., MPa
P,MPa | Cfe, | 0 |G| G % | G %
1 2 3 4 5 6 7
I 0 324 35.5 186 24.8 352
42 54 6.6 8.1 83
20 372 56.2 224 435 315
: 3.8 49 5.0 7.1 6.8
40 422 66.2 247 59.9 305
: 3.1 3.8 4.1 59 6.1
I 0 32.8 37.8 199 26.5 360
6.1 7.9 78 9.5 9.9
25 36.2 61.0 240 56.2 320
: 49 6.2 6.5 72 74
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Continuation of Table 3.3

1 2 3 4 5 6 7
41.0 262 66.7 311
>0 42 12451 53 6.2 604
- 0 327 | 367 | 188 | 257 | 356
3.8 4.7 52 7.3 7.8
0 440 | BI | 260 | 689 | 306
4.0 4.5 4.8 6.4 6.2
0o | 413 | 8 | 22 | 817 | 286
32 39 4.0 5.8 6.0

For the adopted concrete mix, the results of the tests established
a tendency for the reduction of tensile deformations ect as the
compression of the concrete mixture increased. According to the
experimental data, this reduction in deformability compared to
ordinary uncompressed concrete was 18-22% at a compression
of 5MPa and 26-30% at a compression of 10 MPa. This can be
explained by structural changes in the concrete, with the presence of
internal tensile stresses in the matrix after the release of the concrete.
The aforementioned occurs against the background of an increase in
concrete tensile strength as a result of compression.

The strength and deformability characteristics of reinforcing
steel were determined in accordance with DSTU EN ISO 6892-1
(corresponding to EN ISO 6892-1: Tensile testing of metallic
materials) and are presented in Table 3.4.

Table 3.4
Characteristics of Reinforcing Steel
Nominal Yield | Ultimate Elastic Relative
. Reinforcing | Strength | Strength Modulus Elongation
Diameter, 5
mm Steel Class G, 0.2 G, E,x107, 0,
MPa MPa MPa %
6 A-1(A240) 378 466 . 2.10 26.4
8 A-1(A240) 395 471 2.10 27.2
14 A-v (A800) 892 1143 1.98 7.8
25 A-Iv (A600) 668 965 1.91 8.8
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The tensile diagrams of the reinforcement are shown in Fig. 3.6.
As a result of the surface treatment of the reinforcement bars for
attaching strain gauges, the working cross-section of the bars
decreased, and according to the field measurements, it was 1.26 cm?
for 14 mm diameter bars and 4.44 cm? for 25 mm diameter bars.

Gs,
MPa 755——\ 1

w0 !
//—!'\ 5
/(//

800

600

400 7 777777

200

&, %

Figure 3.6. Experimental tensile diagram of reinforcing steel:
1 —class A-II (A800); 2 — class A-III (A600),; 3 — class A-I (4240)

The effect of concrete strengthening due to prolonged compression
of the specimens from each series is illustrated by the ’strengthening
coefficient — compression value’ dependencies in Fig. 3.7. Here, the
strengthening coefficient Kc is taken as the ratio of the prism strength
of compressed concrete f,* to the strength of ordinary concrete R’
of the same initial mix. From this dependency, it follows that the
most intense increase in concrete strength occurs when the mixture is
compressed to a pressure of 5-6 MPa.

Higher levels of compression of the concrete mixture result in
a less noticeable strength increase, but in this case, for structures pre-
stressed using the *on mix’ method, the determining factor may be the
requirements for crack resistance.
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Figure 3.7. Dependence of the concrete strengthening coefficient
Kc on the magnitude of pre-compression P:
1 — for specimens of the first series,; 2 — for specimens of the third series;
3 — for specimens of the second series

Overall, the increase in strength and the change in the
deformability characteristics of concrete as a result of its compression
under dynamic action at the initial stages of loading can be explained
by the elimination of mixing defects, the densification of aggregates,
the expulsion of excess water and air from the mixture, the thinning
of the adsorptive films on the cement grains, the suppression of
destructive hardening processes, and, consequently, the reduction in
pore sizes with a general decrease in porosity [180], a slight increase
in the degree of cement hydration, improvement in adhesion, and
other primarily structural changes. As for the relationship between
concrete properties and the formation of special chemical compounds
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under pressures up to 10 MPa under natural temperature and humidity
conditions, according to our data and information from works [43; 53,
66-70; 86; 130; 132; 152], it is insignificant.

The anisotropic properties of compressed concrete, established
through experimental studies, are effectively used in the developed
reinforced concrete specimens. Longitudinal compression allows
for the most efficient use of the strength properties of concrete in the
compressed zone of the beam or column cross-section. Structural
changes and the increased density of compressed concrete are
confirmed by the results of ultrasonic investigations and the data
on the dependencies of the differential deformation coefficient of
concrete on the load (Fig. 3.8).
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Figure 3.8. Results of testing concrete prisms:
— compressed, ---- ordinary
a — deformation curve; b — state diagram based on ultrasonic data;
¢ — curve of the change in the differential coefficient of lateral deformation

The experimental results of the study of the physicomechanical
properties of compressed concrete before and after hardening indicate
the possibility of pre-stressing reinforcement on fresh concrete mix
and the retention of pre-stress forces in the reinforcement in the
finished structure. In this case, the transfer of pre-stress forces to the
uncured concrete mix contributes to an increase in concrete strength
by up to 2.3 times, as well as an increase in the initial modulus of
elasticity E, of relative deformations €, to 40-45%.
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3.2. Test Results of Reinforced Concrete Beams

According to the experimental plan, beams with pre-stressed
reinforcement on the concrete mix, on supports, and ordinary
reinforced concrete beams were fabricated and tested. In total,
22 beams were tested. The overall testing scheme for reinforced
concrete beams is shown in Fig. 3.9.

To prevent the formation and propagation of radial cracks
along the anchorage zone of the stressed reinforcement and for
technological reasons of compression, a new anchoring element was
invented by the author and applied (author’s certificate 17284271).
The anchoring element was made of a thin (6 =1 mm) steel sheet
in the form of a truncated cone with cuts for filling the cavity with
concrete mix (Fig. 3.10). The reliability assessment of the applied
anchoring element was carried out by measuring the displacement
of the reinforcement bar in the concrete at the ends of the beams
during testing (Fig. 3.9). The obtained data allow us to state that such
displacements do not exceed the allowable limits according to DSTU
B V.2.6-7,1ie.,6<0.1 mm.

The main test results, as well as the actual data on the geometric
dimensions of the specimens, the arrangement of reinforcement
in the cross-section, the level of its pre-stress, the percentage of
reinforcement, and the magnitude of the initial compressive force
on the concrete mix are presented in Table 3.5. The data in the table
take into account the reduction in the working cross-section of the
reinforcement due to surface treatment for bonding strain gauges.
The same table also includes data on the cracking moment M,,,, the
maximum moment M,,,. and the curvature x

For all the beams, it was possible to record the maximum bending
moment during the tests. The destructive moment was obtained for
most of the tested beams.

The values of the maximum bending moments for the twin
beams made using the ’on the mix’ method are within 2-5%, while
for traditionally made beams, the differences reach up to 7%. The
statistical variation in the values of M,,,,, for the twin beams is primarily
caused by the different magnitude of the internal force couple arm
due to deviations in the actual position of the reinforcement in the

max *
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cross-section, as well as differences in the properties of the concrete.
The slightly improved homogeneity of the results for the compressed
concrete in beams with pre-stressed reinforcement on the concrete
mix has led to a reduction in the variation coefficient C,M™mx,

Table 3.5
Results of Testing Pre-stressed and Ordinary Reinforced
Concrete Beams

v
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BHc-I-I | 99x198 | 0.80 |0.64| 5128 | 4.0 | 10.62 | 103.7 |20.08
BHc-I-2 | 101x198| 0.82 [0.63| 5049 | 4.0 | 1094 | 102.6 |19.25
BbHc-I-3 [ 100x197| 0.81 |0.64| 196.0 | 2.0 | 441 | 89.4 |19.07
BHc-T-4 |100x199| 0.80 [0.63| 198.0 | 2.0 | 460 | 90.7 |18.29
BO-1-5 |[101x200| 0.79 |0.62 - 0 3.66 | 84.8 |17.77
BO-1-6 |[100%200| 0.80 |0.63 - 0 341 | 84.7 |17.03
BHc-II-1 | 99x199 | 0.79 [2.25| 1146 | 5.0 | 9.06 | 60.3 [47.92
BHc-1I-2 [100x198| 0.81 [2.24| 1146 | 50 | 9.03 | 59.1 |47.27
EHc-1I-3 | 99x198 | 0.80 [2.26| 649 25 | 7.14 | 57.8 [45.56
BHc-1I-4 [100x199| 0.79 [O0°| 64.9 25 | 708 | 58.1 [43.92
BO-II-5 |102%x200| 0.79 |[2.18 - 0 2.68 | 52.1 |37.22
BO-1I-6 |101x199| 0.82 |2.21 - 0 249 | 492 (3649
BbHc-III-1 | 100x198| 0.80 |2.24| 267.4 | 10.0 | 14.74 | 654 |48.39
BHc-1II-2 |101x199| 0.79 |221| 2693 | 10.0 | 14.86 | 65.6 |49.35
BbHc-II-3 | 101x198| 0.81 |222| 1146 | 50 | 9.18 | 59.3 |47.60
BHc-11I-4 |100x198| 0.80 |224| 116.5 | 5.0 | 922 | 604 |47.72
BO-MI-5 |[102x199| 0.82 |2.19 - 248 | 47.1 |36.21
BO-II-6 |102x201| 0.78 |2.17 - 259 | 512 |36.73
BbHy-III-7 |100x200| 0.81 |[2.18| 233.0 12.66 | 50.2 |38.88
BHy-II-8 |102x198| 0.80 |2.20| 236.8 1231 | 499 |38.20
BHy-III-9 |102x198| 0.82 [2.20| 103.1 7.98 | 50.5 |39.06
BHy-MI-I0 | 101 x200| 0.79 |2.22| 974 7.61 | 494 |36.50
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During the tests, deformations were measured with indicators
at four levels along the height of the beam, which allowed for
an assessment of the validity of the plane section hypothesis for
structures with pre-stressed reinforcement on the concrete mix. The
analysis of the experimental data confirmed a linear distribution of
deformations along the height of the beam cross-section until the
moment reached the value of M.

The deformation measurements of the compressed edge of
the beams, using mechanical action devices based on 300 mm and
strain gauges, showed that the data from the strain gauges, with
deformations up to 200 x 10°, were within the measurement error
range. As the deformations increased, the strain gauge data became
“delayed,” and at the moment of failure, they tended to zero.
The failure of the experimental beam samples occurred when the
concrete reached the critical deformations ecu of the compressed
fibers, and it was characterized by the spalling of the concrete in
the compressed zone (Fig. 3.11). In samples made with pre-stressed
reinforcement on the concrete mix, the failure had a brittle character
and was accompanied by a sound effect. The compressed zone section
would immediately detach from the body of the beam, fly off, and
subsequently, the concrete would spall from the tensioned edge,
exposing the reinforcement (Fig. 3.11 c). The brittle failure effect
intensified with the increase of the pre-compression force in the over-
reinforced beams.

According to the experimental data for each beam, the “bending
moment — curvature” curves are shown in Fig. 3.12-3.16. As can be
seen from the graphs, for the twin specimens, the “M-x"’ dependencies
are quite similar.

Hus, the proposed anchoring element provided reliable fixation of
the reinforcement in the concrete of the experimental beams.

The results of the tests show that the load-bearing capacity of the
beams pre-compressed using the “on mixture” method depends on the
magnitude of the initial pre-stress, the content, and the placement of
the reinforcement in the cross-section.
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Figure 3.10. Construction of the anchoring element:
1 — steel sheet; 2 — reinforcing bar, 3 — slits; 4 — plate springs
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Figure 3.11. Characteristics of the failure of experimental beams:
a — conventional reinforced concrete beam,; b — pre-stressed concrete beam
traditionally, ¢ — during-tensioned concrete beam using the proposed
“on mixture” method
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Figure 3.12. The dependence “M-»” for beams of the first series:
1 — during-tensioned concrete beam using the proposed “on mixture”

method at P = 4 MPa: — — BH -I-1, ---- — bH -1-2;
2 — during-tensioned concrete beam at P=2 MPa: — — bH -I-3, ---- — BH -1-4;
3 — conventional reinforced concrete beams (P = 0): — — bO-I-5, ---- — FO-1-6
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Figure 3.14. Dependence of “M-»” for pre-compressed beams by the
““on mixture” method — 1, 2, and ordinary — 3 beams of the third series:
1 — at concrete mixture compression pressure P = 10 MPa:

— — BHc-11I-2, - — BHc-11I-1;

2 — the same, at P = 5 MPa: — — BHc-11I-4, ---- — BH -11I-3;

3 — ordinary reinforced concrete beams (P = 0): — — BO-III-6, ---- — BO-III-5
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Figure 3.15. Dependence of “M-»” for beams of the third series:
1—by the “on mixture” method at P = 5 MPa: — — BHc-11I-4, ---- — BHc-111-3;

2~ traditionally pre-stressed; — — BHy-I11-9; ---- — BHy-11I-10
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Figure 3.16. Dependence of “M-»” for pre-compressed beams

of the third series:

1—by the “on mixture” method at P=10 MPa: — — FHc-I1I-2, ---- — BHc-1II-1 ;
2 — traditionally pre-stressed: — — BHy-IB-7, ---- — BHy-1II-8
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In the beams of the first series, with a reinforcement content
of 0.65% in the cross-section, the effect of pre-compression had
only a minor impact on their load-bearing capacity. For example,
at a compression pressure of 4.0 MPa, the average increase in the
load-bearing capacity of the beams did not exceed 13%. This can
be explained by the fact that with low reinforcement percentages,
the increase in concrete strength has little effect on the load-
bearing capacity of the elements due to the very small height of the
compressed concrete zone in the cross-section.

The load-bearing capacity of the second series of beams, with
a higher reinforcement content in the cross-section (from 2.18%
to 2.25%), significantly depended on the magnitude of the pre-
compression. For the beams of this series, the average value of the
maximum bending moment M,,,, was: 36.85 kNm, 44.74 kNm, and
47.60 kNm, respectively, for the pre-compression pressures of 0,
2.5, and 5.0 MPa. The maximum value of the load-bearing capacity
increase coefficient for the beams pre-compressed using the “on
mixture” method in the second series was 1.29.

According to the results of the third series of beam tests, the follo-
wing values of the maximum bending momen M,,,.: were obtained:
36.47 kNm for a conventional reinforced concrete beam (with
P=0MPa); 47.66 kNm for a compressed beam with a pressure of 5 MPa,
and 48.87 kNm for a compressed beam with a pressure of 10 MPa.
The increase in load-bearing capacity due to the transfer of pre-stress
force to the freshly laid concrete mixture in this series reached 34%.

In beams traditionally pre-stressed using the “support method”,
with the same initial stresses in the reinforcement o, of 450 MPa and
225.2 MPa, as in the compressed samples, the averaged values were
38.54 kNm and 37.78 kNm, respectively. Therefore, the change in the
magnitude of the pre-stressing in the reinforcement practically did not
affect (within 2%) the load-bearing capacity of the traditional beams.

Based on the test results presented in Table 3.5, it follows that the
nature of the relationship between the cracking moment M,,, and the
pre-compression force is similar for both methods of pre-stressing.
At the same time, the strength of the over-reinforced beams with
tensioned reinforcement on the freshly laid concrete mixture was
25% higher than that of the traditional beams.
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3.3. Test Results of Reinforced Concrete Columns

Within the experiment, both ordinary columns and those with pre-
stressed reinforcement on the unset concrete mixture were fabricated
and tested. A total of ten columns were tested under eccentric loading.
Six of them were pre-compressed using the “on mixture” method.
The overall testing scheme for the columns is shown in Fig. 3.17.
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Figure 3.17. General view of the testing of compressed columns

The actual geometric dimensions of the test columns,
reinforcement percentage, the value of the initial compression of the
concrete mixture, the eccentricity of load application, as well as the
test results, are provided in Table 3.6.

The first series of columns — KHc-I-I, KHc-1-2, KHc-I1-3, KHc-
I-4, KO-I-5, and KO-I-6 — were tested with an eccentricity of load
application equal to 10 mm, corresponding to a random eccentricity
magnitude.
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Table 3.6
Results of experiments on conventionally reinforced concrete
columns compressed by the ’on mixture’ method
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KHc-I-1 | 252 [498.5 152 [196.0| 40 [1.0]|35972| 85 313
KHc-I-2 | 25.0 |530.5 142 |188.0| 40 [1.0]|3600.8| 83 298
KHc-I-3 | 252 [498.5 1.52 832 ] 2.0 [1.0]|30764| 80 -
KHec- 14 | 25.7 | 5185 1.45 792 | 20 | 1.0|3084.6| 79 | 329
KO-1-5 | 252 [498.5 1.52 - 0 |1.0[1999.6| 9.2 —
KO-1-6 | 250 [490.6| 154 - 0 |09(2109.5| 10.1 | 362
KO-III-5 | 250 [490.6| 154 - 0 |4.6(1249.6| 17.8 | 366
KO-III-6 | 25.2 |498.5 1.52 - 0 |4.7(1229.1| 17.8 | 347
KHc-1II-3 | 25.8 |522.5 145 [2633| 50 [4.6|2051.1| 159 | 312
KHec-III4 | 262 |538.8 140 2633 | 5.0 [4.7(2038.1| 160 | 303

The results of measurements of longitudinal deformations and
deflections of the first series columns showed that their stressed state
during loading was quite close to the central one. At the same time,
the load-bearing capacity and stiffness of columns with the same
concrete mix composition varied significantly. The maximum increase
in the load-bearing capacity of these columns due to the compression
of the concrete mixture reached 75%. Based on the deformation
measurements of the columns under load, the ”Ne-»” diagrams were
constructed and are shown in Figures 3.18-3.20.

The columns of the third series were tested with an eccentricity of
load application corresponding to the operational value intended for
natural supports before being implemented into production. For the
test columns, the eccentricity of the applied test load was 46—47 mm.
The “load-curvature” dependencies for the columns compressed at
a pressure of 5.0 MPa and the conventional columns are shown in
Figure 3.18.
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Figure 3.18 — The dependence of “load — curvature” for compressed
columns of the first series using the “mixture method”:
1, 2 and ordinary reinforced concrete columns —
3 with a load eccentricity of up to 1.0 cm
I —at P=4 MPa: — - KH-I-2, ---- — KH -I-1;
2—at P=2 MPa: — —KH -I-4, ---- — KH-I-3;
3 — for traditionally columns (P=0): — — KO-I-6, ---- — KO-I-5;
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Figure 3.19 — The dependence of “load — curvature” for
compressed columns of the third series using the “mixture
method” — 1 and ordinary reinforced concrete columns — 2 with
an increased load eccentricity of up to 4.7 cm
1 —at P=5 MPa: — — KH -III-3, ----- — KH -11I-4;

2 — for traditionally columns (P = 0): — — KO -IlI-1, ----- — KO-III-2
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Figure 3.20. The dependence of the capacity increase factor K,
on the pre-compression of the concrete mixture P
1 — for columns of the first series, 2 — for beams of the third series,
3 — for beams of the second series; 4 — for beams of the first series
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The increase in the bearing capacity of the compressed columns
for the applied compression force and the eccentricity of the applied
test load was on average 65%.

The failure of the column specimens predominantly occurred
during the holding phase under constant load, which allowed for the
accurate recording of the maximum load value. All specimens from
the first series failed in the middle part of the columns. The failure
of the conventional specimens was more plastic compared to the
compressed ones.

All eccentrically compressed columns from the third series failed
due to the spalling of concrete from the side of the most compressed
fiber. No rupture of the transverse spiral reinforcement wire was
observed during the experiments.

The measured deformations of the columns during the tests,
using mechanical devices and strain gauges, were consistent within
200 x 107 relative units. The differences in these measurements did
not exceed 10%.

The dependence of the capacity increase factor K, for the test
samples on the pre-compression force p of the concrete mixture is
shown in Figure 3.16. The capacity increase factor was defined as the
ratio of the load-bearing capacity of the compressed sample to that of
the standard (non-compressed) sample.

The results from the experimental data indicate that the most
effective use of pre-compression force for increasing the strength
in reinforced concrete elements occurs when there is minimal
eccentricity in the application of the external load.



CHAPTER 4
METHOD FOR CALCULATING
THE LOAD-BEARING CAPACITY
OF REINFORCED CONCRETE STRUCTURES

4.1. Strength of Compressed Concrete
with a Matrix-Frame Structure

An effective method for increasing the strength of prestressed
concrete structures can be considered the compression of the concrete
mix and its hardening under external pressure. As shown above,
it is advisable to use the pre-stressing force of the reinforcement for
compressing the concrete mix. The technology for such compression has
already been largely developed and was used in industrial production.
However, the problem of calculating the strength of compressed
concrete, taking into account the specifics of the technology, requires
further clarification and elaboration.

Existing theories for calculating the strength of long-term
compressed and regular concrete [111, 198, 199, 108; 33, 200, 201,
48, 155, 202, 203, 207, 31, 54, 208, 209] predominantly consider it as
a composite material with a matrix structure, where the coarse aggregate
particles do not contact each other. However, according to the author’s
research, to maintain the pre-stressing force on the mix, it is necessary
to use concretes with a contacting framework arrangement of coarse
aggregate particles in the structures. In this case, a significant portion
of the pre-compression force is transmitted contact-wise through thin
solution films from one aggregate particle to another.

In light of the above, a calculation apparatus for the strength of pre-
compressed concrete with a framework structure and dense placement
of aggregate particles has been proposed [213]. The calculation
apparatus for practical use is based on a two-component model of
concrete: cement-sand mortar and coarse, strong aggregate.
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For deriving the mathematical expressions for calculating the strength
of compressed concrete, the following assumptions were considered:

The pre-compression force of the concrete is perceived by the
cement-sand mortar and coarse aggregate according to the magnitude
of their deformation moduli. In this case, the deformation modulus of
the compressed mortar is smaller than the corresponding modulus for
the coarse aggregate.

The difference in stress between the coarse aggregate and the
mortar, when subjected to external loading on the concrete, is
transferred from one aggregate particle to another, concentrated at the
contact points.

The failure of the concrete with the adopted framework structure
occurs due to the cracking of the coarse aggregate particles under the
action of internal tensile stresses.

The destructive load depends on the crushability of the coarse
aggregate in the mixture as an integral characteristic of its strength.

The pre-stressing force of the reinforcement is predominantly
perceived by the framework of coarse aggregate particles (considering
long-term processes such as contraction, shrinkage, and creep in the
mortar).

The adhesive and mechanical bond between the coarse aggregate
and the cement-sand mortar is accounted for by the tensile strength
of the compressed mortar and the values of shape, texture, and
microtexture coefficients of the aggregate particles.

For the adopted two-component concrete model, the loading
scheme of the coarse aggregate particles under the action of external
forces on the concrete is shown in Figure 4.1. At the contact points of
the coarse aggregate, concentrated forces N act on the particle, while
along the contact surface between the aggregate and the cement-sand
mortar, a distributed load ¢. is applied. The effect of these loads on the
coarse aggregate particle is considered as three-dimensional.

Considering the fact that the coarse aggregate particles have
different shapes, surfaces, and sizes, and their arrangement in the
concrete is similar to that of a packed mixture of coarse aggregate,
the author proposes evaluating the strength of the concrete based on
the crushability of the coarse aggregate mixture under compression in
a standard cylinder.
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Figure 4.1. Loading Scheme Figure 4.2. Compressibility
of a Coarse Aggregate of Cement-Sand Mortar-1
Particle and Concrete Mix-2

The effect of pre-compression and dynamic action on the
concrete mix results in the densification and additional loading of
the framework formed by the coarse aggregate particles. While
the material properties of the coarse aggregate (granite) remain
unchanged in this process, the characteristics of the cement-sand
mortar significantly depend on the degree of compression. The
increase in tensile strength and the initial deformation modulus of the
cement-sand mortar can be characterized by logarithmic dependencies
in relation to the magnitude of the external pressure [207].

It is quite clear that under pre-compression of the concrete mix,
only a portion of the pressure is transmitted to the cement-sand
mortar. The magnitude of the pressure depends on the deformation
of the concrete mix during compaction. Based on the comparison of
experimental “d-p” diagrams for the concrete mix and cement-sand
mortar, and considering the proportion of the mortar in the concrete
mix, the pressure acting on the cement-sand mortar can always be
determined. Figure 4.2 shows the characteristic “8-p” dependencies
for the concrete mix and cement-sand mortar.

Given all the information above and based on well-known
assumptions, the formula for the strength of pre-compressed
concrete with a matrix-framework structure is derived as
follows:
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q
f;= KnK—+K1'Kz'Ks'Kbt'fp_Hth_CGN X
- (4.1)

I
I—KE n
where

K, — is the proportionality coefficient, equal to 0.2—0.36;

q — s the standard load for determining the crushability of the coarse
aggregate particles, equal to 11.32 MPa;
K,, — is the crushability coefficient of the coarse aggregate
particles, arranged in the way they are in the concrete (i.e., in bulk,
vibrated, compacted with dynamic effects and loading);

K, — is the shape coefficient of the coarse aggregate particles,
which can range from 1.27 to 1.55;

K, — is the surface texture coefficient of the aggregate (1.18-1.40);

K, —is the microtexture coefficient of the aggregate (1-1.41).

The values of the coefficients K, K,, K; can be determined using
the methodology outlined in the work [12, 202]. For a typical coarse
aggregate made of granite gravel, the product K, x K, x K; can be
approximately taken as 2.5.

The increase in the tensile strength of ordinary mortar f,,, ., due
to compression is accounted for by the coefficient K, It can be
determined using the logarithmic dependence:

K, =1+ on9.8p, (4.2)
where
o, = 0.18 for the given concrete composition,
p — represents the applied external pressure.

In formula (4.2), oy — represents the pre-compression stress
transmitted to the concrete mix, while the coefficient C accounts
for the portion of this stress that compresses the coarse aggregate
particles. For a framework concrete structure, considering long-term
processes in the concrete (such as creep and shrinkage), the value of
the coefficient C is approximately equal to one.
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VP —Hy

The given ratio 7 = characterizes the volumetric fraction

of the mortar in the concrete. The compaction coefficient of the
cement-sand mortar K, , depending on the applied pressure p for the
concrete shown in Figure 4.2, is determined by the formula:

K,=1-0.027 p*%, (4.3)
where

p=0.279 g,

The coefficient of increase in the initial modulus of deformation of
the cement-sand mortar K, due to compression is calculated using the
following logarithmic dependence:

K.=1+0,1n9.8p, (4.4)
where
o, = 0.1 for the given concrete composition,
p — represents the applied external pressure.

The ratio of the initial deformation moduli of the cement-sand
mortar (matrix) E,,, and the original coarse aggregate material E| is
denoted in formula (4.1) as n, meaning:

E,_
el .

E

3

According to the given formula (3), it is also possible to determine
the strength of concrete in cases where the pre-compression force 6,
is later removed and no longer contributes to the loading of the coarse
aggregate framework. To account for this condition, the term ¢ - 6, in
the formula should be set to zero.

In the case of ordinary non-compressed concrete with a framework
arrangement of coarse aggregate particles, the parameters K,, oy,
K, and K, in formula (4.1) are equal to one. As a result, the strength
formula for such concrete takes on a simplified form:

q 1
Jo= Kn_K +K1'K2‘K3'fp—Hyct_CGN -(1_n—rj (4.5)
op.
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Formulas (4.1) and (4.5) are intended for calculating the prismatic
strength of concrete with a matrix-framework structure. However,
they do not account for the well-known confinement effect caused by
the press plates when testing cube samples.

Since we now have all the necessary expressions for calculating
the strength of both ordinary and pre-compressed concrete with
a matrix-framework structure, the theoretical strength values can be
determined for the concrete composition listed in

Table 4.1
Values of the Coefficients | Compression
Concrete Mix Composition K, K, K citl;[s;a

Cement — 450 kg
Sand — 454 kg
Coarse aggregate — 1305 kg
Water — 183 kg 1.36 1.2 0.976 2.5

1.5 1.28 0.969 5

1.64 1.36 0.951 10

According to the results of preliminary tests of the initial materials
for concrete, the crushability coefficient of coarse granite aggre-
gate K,, for ordinary concrete is 0.14, and for concrete compressed
with dynamic impact:

» under 2.5 MPa pressure — 0.098,

» under 5 MPa pressure — 0.089,

* under 10 MPa pressure — 0.083.

The product of the shape, relief, and micro-relief coeffi-
cients K, x K, x K for the applied granite crushed stone is 2.48.

The initial modulus of deformation of granite E, is 5/1 - 10* MPa.

The tensile strength of ordinary cement-sand mortar as
a component of concrete f, ,, ., is 1.87 MPa, and its initial modulus of
deformation E, ,, = 1/810* MPa.

The relative volume fraction of mortar in concrete r is 0/46.



Chapter 4. Method for Calculating the Load-Bearing Capacity of Reinforced Concrete Structures 8

Let’s calculate the ratio of the initial deformation moduli of the
mortar £, and the coarse aggregate Ej:

n=£=0.35
5.1

Let’s determine the strength of conventional concrete with
a matrix-framework structure using formula (4.5):

f.= 0.3611'32 +2.48-1.87
0.14

! —O.46j =36.4 Mlla
35

To determine the strength of compressed concrete using
formula (4.1), it is necessary to first calculate a number of parameters
that depend on the magnitude of the load o,. he results of previous
calculations using expressions (4.2), (4.3), and (4.4) are summarized
in Table 4.1. According to the table, the values of the strength
enhancement coefficient K, and the initial deformation modulus K,
of the cement-sand mortar increase with the increase in pre-compres-
sion o,, especially intensively up to a pressure of 5 MPa. At the same
time, the value of coefficient K., which characterizes the compaction of
the mortar under the influence of the pre-load, decreases accordingly.

Now, we have all the necessary grounds to determine the
strength of the compressed matrix-frame structured concrete using
formula (4.1). In the case where the pre-compression of 2.5 MPa is
gradually removed from the concrete after the mixture compaction:

7 =[0361132 1 2 48.136.1.87 |
0.14
X(;—O.976-0.46J=61.1 MPa.
1-1.2-0.35

In the case of maintaining the pre-compression force of the mixture
in the hardened concrete at a level of 2.5 MPa:

7 :(0.36w+2.48-1.36~1.87—2.5jx
0.098

X ;—0.976-0.46 =579 MPa.
1-1.2-0.35
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Similarly, we will perform strength calculations for compressed
concrete under pressures of 5 MPa and 10 MPa.
Under compression ¢, =5 MPa:

fc 036@ 2.48-1.5-1.87 |x
0.089

X ;—0.969'0.46 =72 MPa;
1-1.28-0.35
fc 0361132+2.48-1.5-1.87—5 X
0.089
X ;—0.969-0.46 =65.2 MPa.
1-1.28-0.35

Under compression ¢, = 10 MPa:

fc 0361132+2.48-1.64-1.87 X
0.083

X ;—0.951-0.46 =83.4 MPa.
1-1.36-0.35
fc 03611 32+2.48-1.64-1.87—10 X
0.083
X _ —0.951-0.46 |=68.7 MPa
1-1.28-0.35

For the previously discussed cases of concrete mix compaction by
compression, a dynamic impact was applied to the mix, leading to the
rearrangement of coarse aggregate grains, an increase in the number
and total area of grain contacts. This, as is well known, contributes
to the reduction of stresses in the aggregate grains, which in turn
enhances the load-bearing capacity of the framework and increases
the concrete strength.

For the case of concrete mix compaction by compression without
dynamic action and rearrangement of coarse aggregate grains, the
crushing coefficient K, in the strength formula (4.41) should be
considered as a constant value.
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Figure 4.3 presents graphs showing the dependence of the strength
enhancement coefficient of concrete on the magnitude of pre-
compression and the mode of its application.

E3

L
e

The comparison of the calculated dependencies with experimental
data indicates their consistency.

*
K:

Summarizing the above, it can be noted that the proposed
strength formula for pre-compressed matrix-frame structured
concrete provides results satisfactory for practical use. It allows for
the consideration of the transfer of pre-compression forces to the
concrete mix, both in cases where the force is retained and when it
is released. Additionally, accounting for the strength of the coarse
aggregate framework through its crushability enables the theoretical
model of material behavior to be brought closer to reality, yielding
more accurate calculation results.

It is evident that the physico-mechanical properties of the rock
material, the shape, size, and roughness of the aggregate particles, as
well as their packing density in concrete, play a significant role in
determining its strength. Test results indicate that the crushability of
coarse aggregate varies nearly twofold depending on its compaction.
Therefore, the application of dynamic impact during the placement
and pre-compression of the concrete mix is highly effective.

Regarding the shape of the coarse aggregate grains, preference
should be given to cubic-shaped crushed stone, as it has higher
crushing resistance. The use of gravel with a smooth surface slightly
reduces its adhesion to the cement-sand mortar, which negatively
affects the strength of the concrete. Additionally, the ratio of the
deformation moduli of the coarse aggregate material and the mortar
plays a significant role. The closer this ratio is to one, the more evenly
the internal forces are distributed between the concrete components,
resulting in higher overall strength. As is well known, this effect is
further enhanced by the compression of the cement-sand mortar in the
concrete.
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Figure 4.3. Dependence of the Strength Enhancement Coefficient
of Compressed Concrete on the Magnitude and Mode
of Application of the Preload
——————————————— — experimental; — theoretical;
1 — compression under dynamic impact with subsequent load removal;
2 — the same, with preload force retention; 3 — compression without
dynamic impact with subsequent load removal; 4 — the same, with preload
force retention

The actual increase in the strength of concrete with a matrix-
framework structure due to its compression under dynamic impact on
the mixture reaches 1.5 to 2 times at a pressure of up to 10 MPa. Such
high-strength concrete can be effectively used to ensure the high load-
bearing capacity of prestressed reinforced concrete elements.
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4.2. Analysis of Stress-State Equations for Concrete and
a New Additional Criterion

The mathematical interpretation of the concrete stress-strain
diagram plays a crucial role in the calculations of reinforced concrete
structures [175]. Among numerous proposals for the analytical
representation of the “stress-strain” diagram of concrete, one of
the most accurate mathematical descriptions is a function based on
a power polynomial [172—-176]. As noted by most researchers [176]
and based on the author’s own experience [178], this dependency
describes the behavior of concrete under external loading with high
accuracy.

However, to date, there is no sufficiently substantiated explanation
for this. The author proposes to consider the stress in concrete as the
sum of three components (Fig. 4.4a):

G (4.6)

5

:(5@,+(5p,+(5

cres

where
o,, — represents elastic stresses;
o, — represents plastic stresses;
.. accounts for crack inhibition and friction processes.

crc

Elastic stresses are determined by the following expression:

G, = Je aE- 4.7)
Scl

Plastic stresses and stresses that account for crack growth
inhibition processes and friction are characterized by the following

expression: , \
€ €
G, =f.|a (—j -I—a{—] . (4.8)
8cl 8cl

The stresses caused by crack formation are described by the
following relationship:

4 5
s, =f|a, [ij +ay (iJ . (4.9)
8cl 801
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Accordingly, the deformation modulus of concrete (Fig. 4.4 b)
also consists of three components:

E:Eel+Epl+Ecrc’ (410)
which are determined by the expressions:
Eel = f;‘ al
cl
€ g
Epz = fc(Za2 851 +3a, 8—31]
and
3 4
€ €
Ecrc :f;,(4(14—4+5a5—5J, (411)
cl 8cl
or
E,=FE,a,, (4.12)
and
2
€ €
E, :Esh[2a28_+3a3 [8—] J (4.13)
cl cl
3 4
E, =E,|4a, (iJ +5a, [i] , (4.14)
8() c
where ] 1

C

E,, — ultimate secant modulus £, =

. — prism strength of concrete,

a; — coefficients of the power polynomial,

€ — given relative deformations,

g, — relative deformations corresponding to the prism strength of
concrete.
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Figure 4.4. Diagrams:
a — “Stress-Strain”” b — “Modulus-Deformation” for Concrete Class C 32/40

The general expression for determining the relationship between
stresses and deformations in concrete can be represented as a power
polynomial [4, 5]:

i

S
c=1>a £, (4.15)
i=1 8cl
imilarly, for the deformation modulus, we obtain:
5 e i-1
E=E,Y ia|—| . (4.16)
i=1 Scl
The product of the secant modulus of elasticity Ec and the
polynomial coefficient a: represents the instantaneous modulus of
elasticity:

E=kE.a,, (4.17)

where k is a coefficient that accounts for the ratio between the
instantaneous modulus of elasticity and the standard initial modulus
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of elasticity, caused by differences in loading rates. For most practical
calculations, k can be assumed as 1.
From this, the first polynomial coefficient in the first approximation

can be easily determined:

E
a=—. (4.18)

As is well known, plastic deformations consist of creep
deformations, ¢,, and deformations caused by crack formation, ¢

Spl = Sn + gcrc . (419)

The former are governed by the gel component of the concrete
microstructure and other related factors, whereas the latter are
associated with the disruption of internal bonds within the concrete
structure.

Accordingly, the stresses can also be divided into two similar
components:

6=0,+0,. (4.20)

Elastic stresses are determined by expression (3), since:
G, =0,. 4.21)

The plastic component:

5 i

&
Gpl ZECZ“f i-17?

i=2 cl
requires a more detailed analysis.

As an example, let us consider concrete of class C 32/40.
Figure 4.5 shows the complete “stress-strain” diagram, while
Figure 4.6 separately presents the dependencies of elastic and plastic
deformations.

At the moment of loading, close to reaching the prism strength
of concrete, significant cracking occurs, leading to substantial
material degradation. Due to bond disruptions, the stress state of the
material becomes extremely heterogeneous. Plastic deformations
caused by creep are exhausted. In some parts of the material volume,
stresses decrease, and unloading processes, as well as reverse plastic
aftereffects, occur. The process of crack growth inhibition intensifies.
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Internal friction significantly increases, creating additional resistance
within the concrete.
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Figure 4.5. Stress Diagram for Concrete Class C 32/40
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Figure 4.6. Stress-Strai” Diagrams of the Elastic ¢,,(¢) and
Plastic(c,,(¢) Components

The resistance curve o, =f(¢), according to formula (4.21),
reaches its minimum and then gradually increases (see Fig. 4.4).
At the same time, the crack formation process accelerates (see
6.,.=f(¢) in Fig. 4.4). The moment when these function graphs
intersect corresponds to the ultimate strength of concrete f,".
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The intersection point of these function graphs — Z — is charac-
terized by the condition:

Gpl = Gcrc = GZ . (4.22)
The magnitude of the relative deformations will be — € = g,, with

an accuracy of up to five percent for concrete classes ranging from
C 12/15 to C 40/50.

50
50

375

I
|

i , Parametric
! / Point Z
|

I

|

|

25

125
Ocre (€)

on(g) 0 "

/| A

. 1 '..
-12.5 fo;= 19.57 MPa . -
T f—
|-
25 |
|
-375 :
ei=0.00183 ||
=50 -59 4
0 36-10 %7210 % 000108000144 00018 0.002160.002520.00288
0 € 0.00288

Figure 4.7. Stress—Strain Diagrams of the Plastic Components
6. (¢) and o, (¢), and the Position of the Parametric Point ZP

Let us determine these stresses. At the given relative deforma-
tions — €, the total stresses are known. They correspond to the prism
strength of concrete f.. The stresses from the elastic deformations of
concrete 6,, are known from formula (4.7).

o, = Es,. (4.23)
At relative deformations — g, taking into account formulas (1)
and (6), we obtain:
R, =Ee, +20.. (4.24)
From this:

o, = % (4.25)
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or:

o, =—d e (4.26)

For example, for concrete of class C 32/40, the stresses at the
parametric point Z (see Fig. 4.7) are — 18.31 MPa. For medium
concrete classes, the stresses are presented in Table 4.2.

Table 4.2
Parametric Stresses
Concrete Class f., MPa c,, MPa
C 30/35 25.5 —-15.89
C 32/40 29.0 —-18.31
C 35/45 32.0 —19.68
C 40/50 36 -21.46

Equation (4.26) made it possible to obtain an additional condition
for determining the coefficients of the power polynomial of the
“stress-strain” diagram of concrete, namely:

a,+a,=a,+as. (4.27)

If we take into account that the sum of all coefficients equals one,
then expression (13) can be written as:

_l—q.
a, +a, = 5

(4.28)
1-a,
a,+a;= ,

where a, is a known value related to the modulus of elasticity and
depends on the loading rate [176].

The intersection point C on the graph (Fig. 4.7) of the plastic
deformation modulus and the crack formation deformation modulus
characterizes the onset of processes in concrete that will lead to the
ultimate state and failure of the concrete. In other words, it predicts
concrete failure under certain influences over a given period.



0 Prestressed Concrete Structures: During-Tensioning Method

This point is physically related to the upper limit of microcrack
formation in concrete [175]. Knowing the deformations
corresponding to this point for a specific concrete—typically within
€.,=0.0012 + 0.0001 — and the stress relationships,

c

B. = 7 (4.29)

the first coefficient of the polynomial can be determined as follows:

B 2 3 4 5
8cl Scl 8cl gcl

a = r 2 3 4

& 10—15( & ]+10[ & J —15( & ] +12( & ) ]

Scl 8cl Scl Scl 8(‘1

Let us formulate additional conditions that allow determining the
polynomial coefficients. The deformation modulus of concrete at its
maximum strength is equal to zero, i.e., E,; =0, or:

E,=—(E,+E,.). (4.31)

cre

W

. (4.30)

For concretes of class C 30/35 and higher, the plastic deformation
modulus at this point is close to zero. Let us assume E,, = 0. Then:

E =-E . (4.32)

el cre

Let us consider the condition for the minimum of the plastic
deformation modulus function (see point M in Fig. 4.4 b):
dE

pl
—=0. 433
e (4.33)

From which, after transformations, we obtain:

€
a, +3a,—~=0. (4.34)

cl
The combined solution of the above equations made it possible
to determine the deformations at which the minimum of the plastic
deformation modulus function is reached. For concretes with
a compressive strength class higher than C 30/35, this deformation is:
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8cl
g, % (4.35)
For the specified concrete classes, among various solutions, the
following methodology for determining the coefficients of the power
polynomial appears to be the most concise.
For the first coefficient, which characterizes the elastic work of
concrete, the following condition must be satisfied:

> Bt (4.36)

c

a

The plastic work of concrete is characterized by a pair of
coefficients.

The second coefficient is determined by the following dependency:

a, :%(l—al). (4.37)
The third coefficient is found using the following ratio:
3
a, =—Ea2. (4.38)
The fourth coefficient is calculated using the following expression:
5-3a
a,= 5 L. (4.39)
And the fifth coefficient is determined by the expression:
a; = _”‘%4“4 . (4.40)

The calculation results of the coefficients are presented in
Table 4.3.
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Table 4.3
Presents the calculated polynomial coefficients for different
concrete classes

Concrete
Class a, a, a; a, as
C30/35 2.246 —1.869 1.246 —0.869 0.246
C32/40 2.263 —1.894 1.263 —0.894 0.263
C 35/45 2.230 —1.845 1.230 —0.845 0.230
C 40/50 2.192 —1.788 1.192 —0.788 0.192

As follows from the table, in the considered range of values, the
coefficients formally differ by a magnitude that is a multiple of one:

a;=a, -1, (4.41)

as=a,—2, (4.42)
and

a=at1, (4.44)

which makes it easy to verify the calculations.

The results of the calculations of heavy concrete parameters are
presented in Table 4.4.

Table 4.4
Values of the Parameters of the Concrete Compression Diagram

Concrete E, Emax € Eu
Class | | Ot | xqos | 105 | x10° | x105 | B | B
C30/35 | 255 | 255 183 183 313 313 | 0.78 | 0.77
C32/40 | 29.0 | 29.0 185 185 288 288 | 0.83 | 0.85
C35/45 | 320 | 320 188 188 263 263 | 0.88 | 0.87
C 40/50 36 36 190 190 237 237 | 093 | 091

The calculated parameters of the concrete compression diagram in
Table 4.4 are denoted by the index ¢.

The ratio of the stress at the conditional failure limit [175], which
is reached when the concrete specimen splits into separate blocks or
parts, to its prism strength is denoted in the table by the symbol f8,,.
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Gbu
v = - (4.45)

As follows from Table 2, for the first three parameters, all
calculated data exactly match those given in study [175], while the
fourth parameter — the zone of unstable concrete behavior—differs by
less than 2.15%.

Plastic and pseudo-plastic processes are described by the second
and third terms together, as well as the fourth and fifth terms together,
in the power polynomial. The first two are determined by the gel
component of the concrete structure, crack growth inhibition, friction,
and other factors, while the latter are associated with the disruption of
bonds within the concrete structure.

In this context, the identified parametric point Z can serve as
an additional criterion for concrete strength. The existence of this
parametric point can be considered an established fact.

Thus, based on the three-component stress model, an interpretation
of the stress-strain state of concrete under compression is provided,
explaining the physical and mechanical processes described by the
well-known fifth-order power polynomial. A parametric point has
been obtained that defines the compressive strength limit of concrete.
It does not depend on elastic deformations and is entirely determined
by plastic and pseudo-plastic processes in concrete.

4.3. Stress-State Equations for Reinforcing Steel

For reinforced concrete structures, the stress state of the
reinforcement steel largely determines their strength and deformability
under external loading. Therefore, to model the stress-strain state
of a reinforced concrete structure at all stages of its performance,
up to failure, it is necessary to have general state equations for the
reinforcement steel that fully cover all stages of steel loading.

here are several challenges in developing such equations. The
nature of the stress-strain (“o-g”) relationship exhibits a relatively
sharp transition from a linear to a nonlinear curve when the diagram
crosses certain limits. Approximating these dependencies using
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elementary functions leads to significant discrepancies. Introducing
high-order polynomial dependencies—beyond the fifth order—reduces
absolute deviations but fails to accurately represent the actual
behavior of reinforcement steel. Graphically, this approximation
appears as a wave oscillating around the experimental points. As the
polynomial order increases, the number of maxima and minima in the
approximation curve also increases.

At the same time, reliable computational dependencies for
the discrete description of the “c-¢” diagrams of reinforcement
steel are well known [48, 155, 162, 176]. Figure 4.8 presents the
computational “64-g4” relationship for mild reinforcement steel, while
Figures 4.9 and 4.10 illustrate the same for hard steel. Each linear
segment of the computational “o¢-g4” diagram is well described by an
expression in the form of the product of relative deformations and the
corresponding modulus of deformation of the reinforcement steel. By
combining individual solutions into a single continuous dependency
through the introduction of a special function in the form of several
coefficients, it is possible to derive a general equation for the stress
state of reinforcement steel across all stages of loading.

To achieve this, utilizing the properties of an irrational
mathematical function with an odd degree, we derive expressions for
the aforementioned coefficients:

K,.=S;+0.5;
K, ,=05-3§,
where
S;=0.5(g,—a,)"

Here, n is an odd positive integer, and its magnitude determines the
accuracy of the proposed function. For most practical calculations, as
will be shown below, a value of n=9999 fully satisfies the required
accuracy.

As follows from Figures 4.8, 4.9, and 4.10, the values of
coefficients K, and K,; are opposite and change sharply from zero to
one and vice versa. The boundary of this abrupt change is the value a;.
Considering this, by appropriately multiplying the linear dependencies
for “o,-¢,” by the coefficients K, and K;, it becomes possible to unify
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discrete solutions into a comprehensive dependency. This is achieved
by preserving the magnitude of one linear functional dependency
when multiplied by a coefficient close to one while reducing others to
zero by multiplying them by a coefficient close to zero.

Cs
fs 'I
| &
a >
K
A
K &= |1 Ko
— 0. >
K 10 K
0 +a_

Figure 4.8. Computational “c¢-¢,” diagram and the
corresponding “K,-¢.”” dependency for mild reinforcement steel

Based on the above, we derive the general equations for the stress
state of reinforcing steel. For mild reinforcing steel, which exhibits
a physical yield plateau (Figure 4.9), the “o,-¢,” diagram is discretely
described by two linear dependencies:

G, = Ewl ’ 8.\" (446)
and

o, =/, (4.47)



106

Cs 4

Prestressed Concrete Structures: During-Tensioning Method

Eigc '
1
|
1
a a ! d> I i
; . : T E——— >
E E ! 0, Ecu tgez _- 70, — 03 Es
1 1 ! -
: : : -7
! tgh1 = Eq ! i - tg0: = Eg
: : f L-" -
N/
1 K 4
K Bmany Ko,
_——— e e = —— . :
aly :
Ko Lo Ko I
gal
E K 5
K &~a; .: o Koo
0.5 &
j L g
Koo : 0 K].z I
Lo
e
Fig. 4.9

Figure 4.9 presents the calculated diagram of “cg-e5” and the
corresponding dependencies “Ki,-g,” and “Ki,-¢,” for high-strength

reinforcing steel
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Figure 4.10 presents the calculated diagram of “c¢-g” and the

corresponding dependencies «Ki &,

2 2

and «Ki,-e” for pre-

stretched high-strength reinforcing steel
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The boundary between the first dependency (4.46) and the second
(4.47) is the deformation value equal to o, where
s
o= (4.48)
E S1
We combine the separate known expressions (10) and (11) into
a single general equation by multiplying them by the coefficients K,
and K,, respectively:

e, =K E e, + K, f. (4.49)

To verify the effectiveness and determine the accuracy of the
proposed stress state equation for mild steel, we will perform
calculations for reinforcement of class A240. For the specified
reinforcement steel, we assume: f; =225 MPa, E, =21 - 10* MPa.

Let’s determine the boundary value using expression (4.48).

o= 225 _ —0,00107 .

21-10%

For g,= 0.0005 1
S =(0.0005 +0.00107)** =0.99935;

K,=0.5-0.99935+0.5=0.99968;

K, =0.5-0.5-0.99935=0.00032.
The stress value in the steel according to the state equation (4.49) is:

o, =0.99968-21-10* -0.0005 +0.00032 - 225 =105.0 MPa

For €, =a=-0.00107:

S§=(-0.00107 + 0.00107)ﬁ =0;
K,=05-0+0.5=0.5;
K =05+0.5-0=0.5;
The stress in the reinforcement steel is:

6, =0.5-21-10* - (=0.00107) + 0.5 - (—225) = —224.9MPa -
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These and other characteristic values of the “c,-¢,” diagram for
mild reinforcement steel of class A240 are presented in Table 4.5. The
performed calculations indicate sufficient accuracy (deviations do not
exceed 0.6%) of the stress values o,, determined using formula (4.79)
for reinforcement steel that exhibits a physical yield plateau.

Table 4.5
o, MPa
&, calculated using exact value Ao, MPa
equation (4.9)

0.0005 105.0 105.0 0
—0.0005 —105.0 —105.0 0
—0.000107 —224.9 —225.0 0.1
—0.05 —226.5 —225.0 1.5

The calculation formula for determining the stresses based on
the given deformations of high-strength reinforcement steel with
a nominal yield limit is as follows:

05 =Koy (K -85 Egy + Ky, (85 —dy)Esp) + Ky (85 —d5)E 5. (4.50)

The values of the four coefficients K|, re determined considering
the limits @, and a, (see Figs. 4.5 and 4.6).

081
E

S1

: (4.51)

al
and
a —A——O 002 (4.52)
, = =-0. . .
S1

The deformation modules of the reinforcement steel can be
determined using the expressions:

1
E;, =1g6, “1 001’ (4.53)
7+'7
and ESI fS
‘m-1
Eyy =1g0, =— 250171 (4.54)

E, -2 —0.02
E

S1
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In this case, the values of the nominal initial deformations for the
first segment of the “o-g;” diagram are zero, while for the second
and third segments, they are respectively:

1 1
d,=08f.| ————1, 4.55
? fS[ES3 ESIJ ( )
and
d, = f (L—L]—O.OOZ (4.56)
ES3 S1

The given expressions (10-16) describe the behavior of both
conventional and prestressed high-strength reinforcement steel within
the range of +0.8f; to —0.8f..

If the specified limits of the initial steel stress are exceeded,
namely:

0.8f,<o,<f.

partial irreversible deformations occur. This can be accounted
for by shifting the coordinate axes by the magnitude of the plastic
deformations (see Fig. 4.6).

1 1

A=(0g,,, —0.8f5)(E——E—] . (4.57)

S3 S1

Such initial tensile stress in the reinforcement steel expands the
range of possible elastic deformations (see Fig. 4.6).

_ GS con

a’l,sp - E

S1

(4.58)

This occurs due to the reduction of the elastic-plastic regions of
the steel “o,-¢,” diagram:

o, =0, —A; (4.59)

and

g, =g, —A (4.60)

su,sp

Accordingly, the nominal initial deformations of the steel increase
in absolute value:

d

2,sp

=d, +A; (4.61)
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and
d

3,sp

=d, +A; (4.62)

The given dependencies are sufficient to determine the stress state
of the reinforcement steel at any stage of its loading.

For the given deformations g we will determine the actual
stress o, for high-strength reinforcement steel of class A800, which
had a controlled initial stress of o,,, =610 MPa. For the specified
reinforcement steel: f, = 680 MPa, E;; = 19-10* MPa and n = 1.15.

Since the value of the prestressing reinforcement steel stress lies
within the range 0.8f, < o, ., <f., we apply the state equation (4.50)
with additional formulas (4.17-4.22). The “o,-¢,” diagram for this
case is shown in Fig. 4.10. Let’s determine the steel deformation
modules:

1
E,, =———F——=50077 MPa;
1 N 0.01
19-10° 680
and
Egy = 050: géés D 7073 MPa ..
0.02 - ;—0.02
19-10

The magnitude of the coordinate axis shift due to the plastic
deformations of the reinforcement is:

A:(—610—o.8-680)(L+ 1

50077 19-10*

Let us determine the boundaries of the linear segments of the
“o,-¢,” diagram.

j =-0.00097.

= 019 _ 0.0032;

" 19-10°

-680

a,,, =————0,002+0,00097 =-0.00461.
¥ 19-10
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At the same time, the possible tensile deformations of the
reinforcement steel are limited by the value:

€, ,, =—0.02+0.00097 =-0.01903;

Su,sp

The nominal initial strains are determined using expressions (4.55;
4.56) and (4.61; 4.62).

d, =0.8'680-(L— ! 4)+0.00097=O.00897;
’p 50077 19-10
1 1
dy,, =680 ——— — |+0.00097 =0.09153.
' 7073 19-10

To determine the strain g, = —0/0005

L

S, =0.5-(=0.0005 +0.00321)* =0.49970;
K,,,, =0.49970+0.5 = 0.99970;

K, =0.5-0.49970 =0.00030;

Llsp

1

S, =0.5-(~0.0005 +0.0461)** =0.49972;
Ky, =0.49972+0.5=0.99972;

K

1,2sp

=0.5-0.49972 =0.00027 .
The stress in the reinforcement is determined using equation (4.50):

5, = 0.9997 - (~0.9997(—0.0005)19 - 10* + 0.0003 x
x (=0.0005-0.00897) - 50077+0.00027 x
x (0.0005-0.09153) - 7073 = —95.3 MPa

The stress values at characteristic points of the “6,-¢,” diagram for
A800 — class reinforcing steel are given in Table 4.6.

The deviations of the calculated stress values o, of the reinforcing
steel, obtained using equation (4.50), from the given values are
insignificant.
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Table 4.6

o, MPa
&, K, K., | Ky, | Ky | calculated using | exact
equation (4.50) | value
0.0005 | 0.99972 |0.00028 | 0.99974 | 0.00026 94.7 95.0
—0.0005 [-0.99970 | 0.00030 | 0.99972 | 0.00027 -95.3 -95.0
-0.00321 0.5 0.5 10.99967 | 0.00033 —609.9 -610.0
—0.00461 | 0.00033 |0.99967 | 0.5 0.5 —680.0 —680.0
—0.01903 | 0.00021 |0.99979 | 0.00021 | 0.99979 —782.1 —782.0

The derived equations describing the stress state of mild and
high-strength reinforcing steels as continuous functions enable the
modeling of their behavior at all loading stages of conventional and
pre-stressed reinforced concrete structures up to failure.

The proposed approach, which integrates discrete solutions into
a single generalized and continuous function, can also be applied to
solving various other design calculation problems.

4.4. Stress-Strain State of Reinforced Concrete Elements with
Solid Circular and Annular Cross-Sections

In construction practice, reinforced concrete elements with
circular and annular cross-sections are quite common. These include
columns, support posts, piles, masts, pipes, and many other structural
components. For a more precise analysis of the stress-strain state of
reinforced concrete elements, as previously demonstrated [176, 162,
48, 205], it is advisable to use a nonlinear “6-¢” diagram for concrete.

Let us consider the analytical solution of the stress-strain state
equations for normal sections of reinforced concrete elements within
the assumptions of the “equivalent” cross-section.

To derive the equations of the stress-strain state of the normal
cross-section of reinforced concrete elements, we assume the
following provisions:

The design cross-section is considered the one where deformations
are equal to the average along the length of the block between cracks
(if cracks are present).
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The average deformations of concrete and reinforcement are
distributed across the cross-section according to a linear law.

The relationship between concrete stresses and deformations (see
Fig. 4.11) is described by a polynomial of degree:

5
o= > ouef. (4.63)
K=1
O¢
A
7 .
[S7C 770 T A i ———————————
03f 1 . E=tga .: .:
Eetu E i €
o 1 1
f“ ch Ecu

Figure 4.11. Design “c-¢” diagram for concrete

The relationship between stresses and deformations of
reinforcement steel is assumed in the form of the “c,-¢,” diagram,
whose parameters are obtained from experimental data or the

recommendations of the previous section.
He reduction of force carried by the tensile concrete zone due to
cracking can be accounted for using a coefficient:

Ver =47 . (4.64)
where &, — is the relative deformation of the extreme fiber in tension.

Based on the above assumptions, the stress-strain state equations
for any cross-section take the following form:
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N= jc dA+> 6 A (4.65)

Si Sl’

(4.66)

M= jc hdA+ZGSl ihis
where

o, — normal stresses on the elementary plane dA, located at
a distance h from the outermost compressed fiber,

o, A h; — normal stresses, area, and distance to the outermost

compressed ﬁber of the cross-section for the i-th reinforcement bar.

In equations (4.65) and (4.66), the defined integral characterizes the
work of the compressed concrete. For an element with a ring-shaped
cross-section, it can be geometrically represented as a complete or
open cylinder, whose height is described by a power polynomial.

In this case, the bending moment carried by the compressed
concrete is determined as the product of the resultant force, applied
at the geometric center of the given body, and the distance /# from
the force to the outermost compressed fiber in the cross-section
(see Fig. 4.12).

Considering the above, the stress-strain state equations for
reinforced concrete elements with a ring-shaped cross-section can be
expressed as:

N =2[Sag(],' N2Rh -1 (&, ~yh)* dh~

J~m R+’\/2r(h R+ry—(h- R+r) (g, — Xh) dh) -y, R,
X(I;Rmdh_,":t;”\/zr(h_le+V)—(h—R+r)2dh)]—|—

+>0.4

(4.67)

M=2[ zaK(j N2Rh—h* (g, —yh)" dh-

[ " R+r\/2r(h R+7r)—(h—R+r) (e, —yh)dh)—y, R,
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x(f:’e\/th W dh— j:*; J2r(h=R+r)—(h—R+ r)zdh) +,

=

+>0,4,h,, (4.68)
where

2\J2Rh —h? — chord length of a circle with radius R,

2\/2r(h ~R+7r)—(h—R+r)* —the same for radius r;

g, —yh — the relative strain corresponding to each accepted value

of h within the range from zero to 2R; here y is the curvature.

T G
Tats
G“
Osifs
OimAsm
3 L L 8
5 la 3
€1 Oc &
s
s = Tute:
~ T
Oty
OsmAsm
€2
2. 3.

Figure 4.12. Stress-strain state of a ring-shaped cross-section:
a — for the first equilibrium form,; b — for the second equilibrium form;
1 — cross-section; 2 — strain distribution diagram,; 3 — stress distribution
diagram
The given equations (4.67) and (4.68) describe both the first and
second equilibrium forms of reinforced concrete structures with ring-
shaped and circular cross-sections. The difference between them is
accounted for by substituting the appropriate integration limits.
If we denote the integrals as:

Iy = [W*N2Rh—1*dh,
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and

J o= [ J2r(h=R+r)—=(h—R+r) dh,

then equations (4.35) and (4.36) take the form:

where

sz[zNK _th]+zcsiAsi;

M = 2[ZMK _Mbt]+zGSiAsihsi’

N, :al[gl(IO_JO)_X(]l _‘]1)];

N, =a e (1, —Jy) =2z (L = J) +72 (I, = 1) ]

(4.69)

(4.70)

N, :a3[813(10_']0)_3x812([1 _J1)+3X81(12 _Jz)_X3(13 _Js)]5

N, =ae (1, —J,)—4ye’ (I, - J,) +
167, (1, —J, ) —4e, (I, = J,) + 1 (L, — )]s
Ny=afe’ (I, ~Jy)~5%e" (1, - J,)+
+10%%e* (1, - J,)—10x’e” (I, - J; ) +
+5xe, (1, —J,) =1 (I, - J5)];

N, =y, R, (It = J"):;

M, =ae (1, -J)-x(L, - 1,)];

M, =ae} (1, —J,)~2xe> (L~ 1)+ (L - 1)];
M, =ae (1, —J,) -3’ (I, —J,) +
B3e (L =J3) =1 (1, - J,)];

M, =ae (I, —J,)~ 4y’ (I, —J,)+
+6 e, (I, = J,)—4x’e, (1, - J, )+
o (=) );
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M =aje’ (1, - J,) =5y (1, - J,) +
+10y°e,’ (1, - J;)—10x’e,* (1, - J, ) +
+5X481([5 _Js)_XS(Ie _Js)];

M, =vy,R, (Ilbt - szt) :

Here J, =L, + (R—r)Ly;
J,=L,+2(R-r)L, +(R—r)Ly;
Ji=Ly+3R-r)L,+3(R—-ryL, +(R-r) Ly
Jy=L,+4R-r)Ly+6(R—r)*Ly+4(R—r)L, + (R—r)*Ly;

Jo=Li+5([R-r)L,+10(R—r)P L, +
+10(R-7Y L, + 5(R—r)*L, + (R—r)’ Ly;

Jo=Le+6(R—r)Ls+ 15(R—r) L, +20 (R—r) Ly + 15 (R—r)'L, +
+6(R—ry L, +(R—7)\L,

For K= 0, the equations take the form:

1, =O,5[(h—R)\/2Rh—h2 +R? arcsin# (@471
and
(h=2R+r)W2r(h=R+r)—(h—R+r) +
Jy=05] hloRes .(4.72)
+r” arcsin ————
For K=1, 2, ... 5, ..., the analytical solution of the integrals /,

and L, is obtained based on the recurrence formula for the integral of
the differential binomial:

L,=-2QRY*(I'v.,— I'y), (4.73)

RNN2(R-Wh 2K +3

= + Iy, 4.74
2K +2)-2RF? 2Kk +4 57 *749)

where
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| _ ~R, bR
[O:_i h ZR\/2Rh—h2+R2arcsinh R ( M - (4.75)
16\ R R 4R’

Accordingly:

Ly +=22r) 7 (L~ L ), (4.76)
where

_ K+l Y

K:(h R+7r) "N Rh Kh2 R +2K+3 Kl’(477)
2(K+2)-2r)"" 2K +4
Eoz—i(h_zR — —(h- 2Jrarcsinh_err
16\ r r
_ 2 _ 2
N (h—R+r)\/th h"—R . (4.78)
4r

Thus, all the required formulations have been established for the
analysis of the equations describing the stress—strain state of reinforced
concrete elements with annular and circular cross-sections. It should be
emphasized that the values of the coefficients a, in the formulas are taken
based on the approximation of the experimental full stress-strain diagram
“o-g” of concrete or according to the recommendations in [176].

In the formulas, it is necessary to account for the integration limits.
For the compressed zone of the ring-shaped cross-section, the value
of h varies: from 0 to 2R for the outer circle and from R—r — to R+r —
for the inner circle. If a tensile zone is present in the cross-section,
h varies: from 0 to A, for the outer circle, and from R-r — to h -R+r —
for the inner circle (see Fig. 4.12).

By substituting the corresponding integration limits into
expressions (4.75) and (4.78) for the compressed zone of the cross-
section, we obtain:

— Rj
+

1.0 = l?;(thR \J2Rh, —h, + R*arcsin h,
(4.79)

hJQR=h)h 3
J’_— P —
4R 32

b
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w\/%(h S2R+7)—(h —2(R+r) +
.

J— *
16 ) . h.=2R-r
+r- arcsin ————
r
LB —2R-1) ‘426_” JR( —R+r)—(h—R+r) - R —%n. (4.80)
;

Finally, the values of the integral expressions are calculated
according to formulas (4.73), (4.74), (4.76) and (4.77).

The values of I’ and J* for the tensile zone of concrete in the
cross-section are as follows:

i ]
1 _os{nR —(h,—R)\J2Rh —h’ — R arcsin RR . (4.81)

\ + R arcsin BT _ 3(2Rh(, —h’)x
1M =05 2 R 3 (4.82)

2RI —h? = R(r—h)\2Rh — 1 |

I =0, r2r(R+r) = (R+7)* =7 (arcsin h—2R+r

3

LT
—arcsin— |—
R

—(h, = 2R+ r)W2r(h,—R+r)—(h,—R+r) ], (4.83)

. R- .
S = 0,5[1”3 (arcsm h +arcsin Ej + % .

r r

(@r(h, 2R +r)=(h, = 2R+7)* -\J2r(h, =R+ 7r) = (h, =R +7r)* —

—2r(R+r)—(R+ 1)) 2r(R+r)—(R+r)) +

+ r(R\/2r(R +r)—(R+r) +

+(R=h)W2r(h —R+7)—(h,—R+r)’ )]. (4.84)
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By substituting the obtained values of I, and Jy into equa-
tions (4.69) and (4.70), we obtain the corresponding values of the
normal force and bending moment in the ring-shaped or circular
cross-section of the structure, based on the known deformations ¢,
and curvature . This cross-section may have cracks in the tensile
zone of the concrete.

In the case where the circular cross-section of the reinforced
concrete structure has no tensile zone, after performing mathematical
transformations, we obtain the exact solution of the stress-strain state
equations (4.69) and (4.70):

N =nR[a(e, —xR) +a, (gﬁ —2ye,R+ %szzj +
+a, (813 —3ye R+ %XZSIRZ —~ %X3R3 j +

21
+a, (814 —4e’R+ 1?5X2312R2 -7, R’ + §X4R4j +

g’ —5yxg, 'R+ %nglst — §X3812R3
+a,
+10—5x4s R* -

1

]+icsiAsi; (4.85)
ﬁsts =l

5 5
M= nRS[al(a1 - ZXR) +a, (Xlz _EXEIR + %X2sz +

15 21 21
+a,| g ——ye R+—y’e,R* ——+’R’ |+
3( 1T XE 1 X g 3 X
+a, (814 —5xg’R +%X2812R5 —%X381R3 +%X4R4]+

815_§X 14R+35X2 SRS _ 105X3 2p3

+a;
165 i g 429 ops

e
g £ O Ty

]+Zcﬂ b (4.86)
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The stress values in the reinforcing steel o,; can be determined
using equations (4.46—4.62). At the same time, the deformations ¢, are
found based on the fiber deformations of the concrete:
G, =& —Yhy,

g +g,

2R

were (4.87)

Thus, the obtained analytical dependencies for determining the
stress-strain state of reinforced concrete elements with circular and
ring cross-sections in the possible range of variation of the properties
of concrete and reinforcement for any loading stage of the structure.

The calculation of the bearing capacity of normal sections of
compressed and ordinary reinforced concrete structures involves
finding the relationship between the load and deformations. The
maximum point on the “load-curvature” curve corresponds to the
bearing capacity of the reinforced concrete structures.

To determine the bearing capacity of a column with circular or
ring cross-sections, one can use the equations of the stress-strain
state provided in the section. The solution of the two equilibrium
equations of the section with three unknowns, such as the normal
force N and the deformations at the extreme fibers of the section g,
can be achieved through iteration and verification. For this, fixed
values of g, are assumed, and the value of ¢, is selected that satisfies
the condition N -e = M with the given accuracy. When determining
the boundary conditions, it is assumed that the strength of the section
is considered exhausted when the deformations of the concrete or
reinforcement reach their limit values, specifically €. = ¢, or &, = g,

The load-curvature diagrams for compressed and ordinary piers of
a bridge transition with a circular cross-section are shown in Fig. 4.13.

The diagrams show that, in the case with pu = 0.68%, the reduction
in cement consumption due to lowering its grade from 600 to 400 and
pre-compressing the concrete mix with a pressure of 1.5 MPa amounts
to 25 percent, or 112 kg per cubic meter of concrete. For one bridge
pier with a length of 7.22 m and a volume of 8.2 m’, this represents
just under one ton of cement. In the variants with cement consumption
of 450 kg/m? of grade 600, the calculated steel savings for longitudinal
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reinforcement bars when using steel class A-IIlv (A400) reach 23
percent, and over 38 percent when using steel class A800.

Nex100,kN-m

/2
-
10 -

/ —
8

1 2 3 b % x107% cm™

Figure 4.13. Calculated dependencies “Ne-y” for full-scale bridge
pier supports:
a — compressed using the “mixing” method:
1 —atp = 3.5 MPa, C=450 kg/ m*, M 600, and u=0.54%
with class A800 steel; 2 —at p = 2 MPa, C=450 kg/ m*, M 600 and
u=0.68% with class A-1ll steel ; 3 —at p = 1.5 MPa, C =338 kg/ m*, M 400
and u=0.88% with class A-111, steel;
b — ordinary reinforced concrete as per the project:
4 —at C=450 kg/ m?, M 600 and u=0.88%

The analysis of the results for the calculation of the bearing
capacity of production piers with a circular cross-section using
electronic computing machines showed the potential for significant
reductions in the consumption of reinforcement steel and cement
when compressing freshly placed concrete mix using the new method.
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Taking into account the capabilities and production conditions of
Bridge Construction Unit 73 (“MOSTOBUD” of Ukraine), a variant
of the compressed pier with = 0.88% and p = 1.5 MPa was adopted
and successfully implemented in construction practice.

4.5. Quality Control of Compressed Reinforced Concrete Structures

One of the most important issues when implementing the new
technology for manufacturing compressed reinforced concrete piers
(see Figs. 4.14, 4.17) was ensuring reliable and accurate control of the
concrete quality.

Figure 4.15. Control of reinforcement elongation
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Figure 4.16. Compressed bridge pier

Figure 4.17. Movable end of the pressure mold with a device for
sampling compressed concrete of standard sizes

Traditional concrete sampling in accordance with the current state
standard could not provide satisfactory results because the concrete
in the piers underwent compression, which changed its water-cement
ratio and led to structural changes. Reproducing in separate control
samples (Figs. 4.18, 4.19) the compression conditions identical to
those in the piers during production is difficult. Therefore, it was
necessary to develop special measures for quality control of the
compressed structures.
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Figure 4.18. Pressure mold for manufacturing compressed samples
1 —traverse; 2 — bolt connection, 3 — tension rod; 4 — plunger, 5 — hinge;
6 — locking nut

Figure 4.19. General view. Pressure mold for manufacturing
compressed samples
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An overview of the existing concrete sampling methods in
domestic practice and abroad did not reveal a sufficiently reliable
and acceptable option for the conditions of this production. Non-
destructive strength testing methods for critical structures, taking
into account the new technology, could not satisfy the consumer.
Therefore, a new special device (patent No. 1749040) was developed
for sampling directly from the concrete of the compressed pier. For
this purpose, a window was provided in the formwork, through which
the device was fixed to the mold (see Fig. 20). The cross-section of
the design of the concrete sampling device is shown in Fig. 21.

Figure 4.20. End of the pressure mold with a device for sampling
concrete of standard sizes

To ensure the reliability of concrete strength control, standard
control samples were made simultaneously with the main structure
from the same concrete. For this purpose, standard sample molds
were fixed to the movable end of the main formwork on a special
frame, which was equipped with a splitting wedge. The main form
had a window through which the concrete mix was pressed into the
standard molds. After the concrete hardened, the standard control
samples were separated from the finished structure using the wedge
and tested according to the generally accepted method.
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Figure 4.21. Device for sampling concrete of standard sizes
1 — formwork of the structure; 2 — concrete mix; 3 — standard sample mold;
4 — filter; 5 — seal; 6 — frame; 7 — wedge; 8 — plate; 9 — pin; 10 — screw;
11 —bar; 12 — spring

During the manufacturing of piers at the production facility,
the required number of cube samples for testing the strength of the
compressed concrete was obtained (see Fig. 20). For comparison,
samples of the original uncompressed concrete were also made using
the standard method. The test results are presented in Table 4.8.
Preliminary evaluation of the concrete’s tensile strength was carried
out directly from the data of the force obtained when detaching the
samples from the compressed structure.

After the manufacture of the full-scale piers, a selective quality
control of the concrete was performed using the ultrasonic pulse
method (Figs. 4.23, 4.24), in accordance with EN 12504-4:2021.
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The UK-10 P device was used for measuring the pulse velocity.

Acoustic contact between the concrete and the working surfaces of
the ultrasonic transducers was achieved using solidol as the coupling
medium.

Figure 4.22. Compressed cube samples and wedge device

Table 4.8
Evaluation of concrete quality of pre-compressed piers
using the “mixing” method

Ultrasonic Wave Speed v, m/s Cube Strength
In the Cross-Section of the Pier MPa
. In the fo Strength
o Cubes Improve-
=2 Taken pre- P
& % | Startofthe | First | Second Ordinary ment,
= | Pier Length | Third | Third | % | O™ | Conerete | ™| %
er Lengt the Pier | ~O""' | ressed
Concrete

Cb-592 4510 4461 | 4455 |4474| 4454 47.6 652 37
Cb-7.22 4487 4445 | 4474 4493 | 4443 432 62.0 43
Cb-7.22 4504 4474 | 4447 | 4466 | 4442 415 614 49
Cb-7.22 4496 4493 | 4440 |4459| 4440 42.0 59.8 42
Cb-7.22 4508 4476 | 4456 | 4476 | 4452 43.6 63.6 46
Cb-592 4491 4459 | 4449 |4493 | 4448 45.6 643 41




Prestressed Concrete Structures: During-Tensioning Method

Figure 4.23. Quality Control by Ultrasonic Pulse Method:

a — Surface sounding, b— Transverse sounding

Figure 4.24. General View. Ultrasonic Quality Control

The method of transverse through-sounding of the product was
applied.

For this, a marking was applied to the pier surface, and the
sounding base was adjusted accordingly.
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The ultrasonic wave velocity (V) is determined by the following
formula:

v=—t107, (4.88)
11,
where
L — is the sounding base (in mm);
t — total propagation time of the ultrasonic pulse in the concrete,
as measured by the UK-10P device;

The concrete strength at controlled sections of the piers was
determined using a pre-established “velocity-strength” relationship
for compressed concrete. The results of the measurements of the
ultrasonic pulse velocity and the corresponding concrete strength data
for the piers are shown in Table 4.8.

From the data in the table, the strengthening effect of the concrete
due to compression at 1.5 MPa in the full-scale piers ranged from
37% to 49%. There was a tendency for a slight reduction (up to 7%)
in the strengthening effect in the middle section of the structure.

The main reason for this reduction can be attributed to the
decreased compaction effect in the middle part of the pier, which is
likely caused by friction between moving elements of the formwork
and the internal and external friction of the concrete mix during the
compression process.

The implementation of the proposed quality control measures
for reinforced concrete structures, compressed by the tension of
reinforcement during curing, allowed for effective and reliable control
of product quality in production conditions.

Observations of the behavior of the compressed piers under
service loading at the supports of the elevated approach section of
the bridge across the Dnieper River in Kamianske (Figs. 4.25-4.27)
demonstrated the absence of defects, confirming the high quality of
the piers compressed using the proposed During—tensioning method.
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Figure 4.25. Operation of the piers compressed using
the During-tensioning method for the bridge supports
over the Dnieper River in Kamianske
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Figure 4.26. Overall view of the bridge over the Dnieper River

in Kamianske:
a — River section, b — Land section
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c

Figure 4.27. Operation of the piers compressed using
the During—tensioning method for the bridge supports over the
Dnieper River in Kamianske:
a — general view of the shoreline section, b — compressed columns,
¢ — fragment of the structure compressed column



AFTERWORD

Based upon existing methods of prestressed concrete production
(post-tensioned and pre-tensioned), where hardened concrete is
subjected to tensile forces, an innovative approach has been introduced.
This method involves transferring prestress to the freshly laid concrete
mix before it hardens.

Following vibrodynamic compaction, the placed mix undergoes
compression from the steel stressing force, hardening under pressure.
This process enhances mix compaction, removes excess water and
air, eliminates macro- and partially micro-defects in the structure,
and mitigates destructive processes during concrete hardening.
Steel prestressing is retained because, after compacting a specially
proportioned concrete mix, a strong and rigid skeleton of solid
ingredients forms, securely fixing the stressed steel within this structure.

The technological feasibility of prestressing a freshly laid concrete
mix was made possible by the author’s invention of specialized
formwork that moves during compression, along with devices enabling
full or partial prestress transfer.

Extensive experimental research has been conducted, providing
reliable data. The analysis of these findings allows for an accurate
assessment of the load-bearing capacity of such prestressed structures.

The research has reached the stage of industrial implementation.
Currently, large 30-ton bridge elements made using this method—where
unset concrete is compressed by the force of steel tensioning (during-
tensioning)—are successfully in use in Ukraine.

As a result of comprehensive research and practical application,
concrete strength has been increased by 50-70%, while crack resistance
remains at conventional levels. This improvement is achieved by
compressing the unset concrete mix during the steel tensioning process.
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