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Abstract: This article explores the influence of transverse reinforcement (spiral) and high-strength
longitudinal reinforcements on the physical-mechanical properties of centrifuged annular cross-section
elements of concrete. The test results of almost 200 reinforced, and over 100 control elements are
summarizing in this article. The longitudinal reinforcement ratio of samples produced in the
laboratory and factory varied from 1.0% to 6.0%; the transverse reinforcement ratio varied from
0.25% to 1.25%; the pitch of spirals varied from 100 mm to 40 mm and the concrete strength varied
from 25 MPa to 60 MPa. Experimental relationships of coefficients for concrete strength, moduli of
elasticity and limits of the longitudinal strain of centrifuged concrete in reinforced concrete structures
in short-term concentrically compression were proposed.

Keywords: centrifuged concrete; concrete strength; modulus of elasticity; longitudinal strains;
longitudinal and transverse reinforcement

1. Introduction

Concrete members of centrifugally cast annular cross sections are useful in a variety of scenarios,
including industrial and hydraulic engineering and energy and transportation engineering design
practice [1]. Reinforced concrete annular cross section piers and columns are produced by centrifugation.
These elements are reinforced with a longitudinal reinforcement evenly distributed over the entire cross
sectional perimeter. The resistance of such elements to mechanical impact is the same in all directions,
which makes centrifugal annular piers and columns economical, especially under horizontal loads [2].
Steel spirals are used for transverse reinforcements. Durability, stability, high elasticity, compressive
and tensile strength are characteristics of centrifuged, reinforced concrete structures [3].

The strength of bending and eccentric compressive reinforced concrete elements of the annular
cross section is more dependent on the strength of the concrete than on the element of the square or
I-beam section [2,4-8]. The amount of longitudinal reinforcement in the tensile or compressive zone
depends on the position of the neutral axis. Longitudinal high-strength steel reinforcements Are more
effective than the conventional ones, with a yield strength of 400 MPa, which prevent the concrete
from deforming in the falling part of the stress—strain diagram [9].

In elements of other cross sections, the compressive and tensile reinforcements are most often
located in the furthest layers, i.e., those most distant from the neutral axis. This explains why the correct
determination of the real strength of centrifuged concrete in both prestressed and non-prestressed
tensioned elements of the annular cross sections continues to be a problem.
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The strength of the concrete and its other physical and mechanical characteristics in reinforced
concrete products may vary considerably from those of the control tests (tests of prisms, cylinders or
annular cross-section concrete).

The real compressive strength of centrifuged concrete is in the cylinder strength. The manufacturing
and testing process of tubular samples of the annular cross section is complex, and it is difficult to
determine this value even for control samples, let alone for the real concrete structures. Indeed, it is
common knowledge that concrete strength in real structures can differ significantly from the strength
of concrete present in control samples.

Centrifugation is one-way of compacting concrete in order to create a product that is fundamentally
different in terms of structure and texture from that produced by means of vibration. Centrifuged
concrete has a high tensile strength; the process of centrifugation able to increase the compressive
strength of concrete by a factor of two or more. However, the process of centrifugation leads to an
anisotropy of the concrete strength and deformability through the wall thickness [10-12].

With a thin ring of centrifuged wall, components of the concrete mixture are distributed over
the wall thickness, depending on the weight of the particle. For example, coarse aggregates collect
closer to the outer surface of the element, finer particles are located between the coarse aggregates.
Towards the inner surface the amount of coarse aggregate reduces in concentration and the sand is
evenly distributed in the cement stone. The inner layer of the surface consists of cement, fine aggregate
particles and a sludge [13,14].

Centrifugation of the concrete allows water filtration in the mixture from one layer to another,
so that capillaries extending from the outer to the inner surface form in the centrifuged concrete.
These join together to form macrocapillaries in the middle of the element wall, which reduces the
strength of concrete. The intensity and amount of microcapillaries depend on the initial water and
cement ratio in the concrete mixture. The residual w/c ratio (which is independent of the initial mixture
w/c ratio) will be between 0.30 and 0.32 [14-16] when the optimal centrifugation time and pressing
pressure is reached.

The strength of the concrete changes at different points throughout the thickness of the wall of the
centrifuged element. A high resistance of concrete is found at the outer surface of the element, with the
weakest in the inner surface [10-12]. This difference can be up to 20% for thin-walled (wall thickness
up to 70 mm) centrifuged elements [13,17,18].

The anisotropy of the texture and density of concrete in the wall of centrifuged element changes
the strength, deformability and other physical-mechanical properties [16].

Reinforcement can affect the conditions of compaction and curing of concrete, the values of
shrinkage stresses, the occurrence of additional damage to concrete, the redistribution of stresses
between concrete and reinforcement and the stress—strain state of the concrete inside the spiral [19].

There was much research during the 1950 s and 1970 s into the mechanical and technological
properties of centrifuged concrete, at a time when increasing overhead powerlines were being erected
throughout the world, which required a commensurate number of poles to support centrifuged
power lines [3,20,21]. Nevertheless, evidence for the influence of longitudinal and transverse
reinforcements on the mechanical properties of centrifuged concrete during production is mostly
absent in scientific literature. Reinforcement is an important factor and does affect the mechanical
properties of centrifuged concrete.

In recent year’s there was more research on the use of FRP reinforcement, as well as on vibrated
concrete structures reinforced with longitudinal and transverse FRP reinforcement. Numerous
articles [19,22-31] have be published on the work of full circular cross section concentrically and
eccentrically loaded concrete columns reinforced with FRP and GFRP and on the physical-mechanical
properties of concrete. Our conclusions do not suggest an assessment of the influence of spiral
reinforcement on the bearing capacity or deformability of annular cross section of centrifuged
reinforced concrete structures.
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Various experimental studies provided new data on physical and mechanical properties of centrifuged
concrete (i.e., strength, deformability and durability) under varying and maintenance conditions [1,18,32].
The results obtained in these studies allowed the researchers to define the applied theories to predict strength,
toughness, reliability, durability and resistance to cracking of differently reinforced elements of annular cross
section more exactly. With the introduction of a new generation of reinforcement (high-strength metal and
FRP) and various additives that improve the properties of concrete mixture, the improvement of structural
production technologies made it necessary to expand experimental research [1,2].

The purpose of this study is to analyze the physical and mechanical properties of centrifuged
concrete structures reinforced longitudinal and transverse reinforcement. The physical-mechanical
properties of concrete in real structures may differ significantly from the control concrete samples.
Physical-mechanical properties of centrifuged elements depend on composition of concrete,
technology of their production, longitudinal and transverse reinforcement, wall thickness of elements.
The presented and analyzed experimental research data provide some recommendation for engineers.

2. Materials and Methods

2.1. Materials

Reinforced concrete samples of centrifugal annual cross section were made of concrete with a
strength of 25 MPa to 60 MPa. Washed crushed granite (large fraction from 5 mm to 20 mm), sand
and cement with an activity of 52 MPa was used for the concrete mixture. Samples of concrete of
centrifugal annual cross-sectional (control) and centrifuged concrete prisms were manufactured from
the same concrete mixture in the same form along with the reinforced concrete specimens (Figure 1a).

The high-strength reinforcement bars with a diameter of 10, 12 and 14 mm were used as
longitudinal reinforcement. The mean values of the 0.2%-proof-stress fo» and ultimate tensile strength
fu of reinforcement were 1060, 890, 868 MPa and 1260, 1052, 1138 MPa, respectively. The deformed
steel wire of 4 or 5 mm in diameter with ultimate tensile strength 630 or 670 MPa is used for transverse
(spiral) reinforcement.

2.2. Mixture Design and Reinforcement Frames

The concrete mixture consisting of cement, sand, crushed granite and water are presented in
Table 1. Due to the centrifugation process, a part of the water and cement additives were removed
from concrete mixtures. Therefore, their initial water—cement ratio varied from 0.41 to 0.65 decreased
to the residual water—cement clinker ratio from 0.31 to 0.33.

Table 1. Composition of concrete mixture for 1 m3.

Series Cement (kg) Sand (kg) Crushed Stone (kg) Water (kg) w/c (W/0)residual
A 320 to 450 680 to 755 1080 to 1120 155 to 195 0.41 t0 0.56 0.31t00.33
Bk 460 750 1080 175 0.38 0.32
Ba 350 to 400 700 1080 202 0.52 to 0.58 0.31t00.33
C 360 to 460 750 to 850 1010 to 1100 175 to 210 0.44 to0 0.65 0.31t00.33

(b) (c)

Figure 1. (a) Manufactured concrete and reinforced concrete specimens of centrifuged concrete and

(b,c) reinforcement frames.



Appl. Sci. 2020, 10, 3570 40f19

Reinforcement frames are made from longitudinal and transverse reinforcement. The number of
longitudinal reinforcement bars in the reinforced concrete samples ranged from 6 to 51. The ratio of
longitudinal reinforcement 5 varied from 1.0% to 6.0%, while the ratio of transverse reinforcement i,
from 0.25% to 1.25%, with a corresponding lead of the spirals: from 40 mm to 100 mm. Examples of
reinforcement frames are presented in Figure 1b,c.

2.3. Centrifuged Concrete and Reinforced, Centrifuged Concrete Specimens Preparation and Curing

Approximately 193 reinforced concrete and 125 concrete specimens were tested for the influence of
longitudinal, transverse, longitudinal and transverse reinforcement on the strength and deformability
of centrifuged concrete. The samples with an external diameter of 260 mm or 500 mm, height of
400 mm or 800 mm and wall thickness from 35 mm to 80 mm were produced using single-layer
centrifugation. Table 2 presents a research plan for the transverse, longitudinal and both longitudinal
and transverse reinforcement effect on the strength and deformability of the centrifuged annular
cross-section concrete elements. The specimens were prepared by centrifugation in support of a radial
or belt type centrifuge in the factory (group Ba) and laboratory (groups A, Bk, C;, Cp, C3) conditions.
Special metal diaphragms were used to form the specimens. All specimens curing under natural
conditions for about 3 to 4 days in molds, and after disassembly they were stored under natural
(temperature-humidity) conditions.

Table 2. Research plan for the reinforcement effect of concrete strength and deformability of centrifuged
annular cross-section elements. Main characteristics of test specimens.

Number of Control Series Specimens
. Strength of )
Series Group Annular Cross-Section Reinforcement Geometrical
Concrete, MPa . Number
Specimens of Concrete Characteristics Characteristics

Investigation of the effect of transverse (spiral) reinforcement

s =0 h =400 mm
A A 30 to 50 21 34 Ueir = 0.25% t01.25%  t =36 mm to 55 mm
s =40, 70, 100 mm Pext =260 mm

Investigation of the effect of longitudinal reinforcement

s = 1.0% to 6.0% i = 400, 800 mm

Bk 50 to 60 6 15 s = 100 mm t = 45 mm to 60 mm
- Qext = 260 mm
B
h =400 mm
- 0, 0,
B, 25 t0 40 12 26 Hs=10%t0d5% 3¢ 1m to 80 mm
s =100 mm
Pext = 500 mm
Investigation of the effect of longitudinal and transverse (spiral) reinforcement
s = 1.0% to 6.0%
Cq 38 Heir = 0.25% to 0.50%
30 to 60 86 s =100 mm
s = 1.0% to 6.0% h = 400, 800 mm
C Cy 42 tieir = 0.5% t0 1.0% £ =35mm to 60 mm
s =70 mm Gext =260 mm
ts = 1.0% to 6.0%
Cs 38 teir = 1.0% to 1.25%
s =40 mm

A previous study by Makarov A. S [10] showed that the optimal pressure at the outer diameter
500 mm of the elements is 0.1-0.2 MPa and for 260 mm is 0.01-0.02 MPa. In this case, centrifugation
time is recommended from 10 to 15 min, respectively.
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2.4. Mechanical Tests of Specimens

Concrete and reinforced concrete elements were tested for short-term compression, 100 days after
the specimens were dismantled. Previous investigations [14,18] shows that the increase in the strength
of centrifuged concrete after 100 to 120 days of hardening under ambient conditions is significant
(the strength remained virtually unchanged during the test period). In this way, variation in the
strength of the concrete during the test period was avoided.

A metal plate with a clip was fitted to each end of the specimen and attached using cement mortar
to distribute the load uniformly and also to prevent splitting. Previous studies [14,32] have shown that
the scaling effect occurs in annular cross-section elements at the height of element, which is equal to
the wall thickness of it, that is about from 30 to 60 mm from the press support. During the test, the load
was progressively increased from 5 to 10 min, which represented about 7%-10% of the destructive
load. For one specimen the duration of the test from the beginning of loading until disintegration was
about from 50 to 60 min (Figure 2a—c).

Figure 2. Specimens of centrifuged concrete (a) before and (b,c) after loading.

Longitudinal and transverse strains at the start and finish of each loading stage of the specimen
were measured with strain gauges at a base of 50 mm. The strains were measured on 4 sides over the
entire height of the specimen, transverse strains were measured in the middle cross section of the entire
height of the specimen. In addition, mechanical clock-type indicators measured longitudinal strains
with a measuring base of 200 mm or 500 mm and measured with strain gauges on each reinforcement
bar. The transverse reinforcement strains were measured at 4 to 6 points in the middle cross section,
according to the height of the specimens. At the loading stages—and prior to breaking point—the
impedance of the strain gauges was set using an automatic electronic system and readings from the
mechanical indicators were recorded visually.

3. Assessment of Mechanical Properties for Specimens

This study analyzed the effect of longitudinal and transverse reinforcement on the elasticity
modulus E of reinforced high-strength centrifuged concrete, concrete strength f.s and longitudinal
concrete strains . matching this strength and longitudinal strains ¢, of the reinforced elements
when the maximally allowed load N, (Figure 3) was applied.

The longitudinal reinforcement significantly influences the deformability (the value of longitudinal
strains) of the reinforced concrete element only when the stresses in concrete reaches its maximum
and when plastic deformation has not yet occurred in the reinforcement. At this point, the concrete
breaks down, but deforms plastically in the downward part of the 0—¢ diagram until the stresses in the
reinforcement reach the yield state. A high-strength (yield strength more than 800 MPa) longitudinal
reinforcement is currently using for reinforcement in most centrifuged concrete structures [2]. It can
significantly influence the redistribution of action effects between concrete and reinforcement by
loading the reinforced concrete element (Figure 3).
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However, it is difficult to make a quantitative evaluation of this assumption because stresses in
the reinforced concrete elements of the annular cross section are determined indirectly.

fcs = Nc,max Ac = (Nl_Nsl)/Ac = (Nl_fclesAs)/Ac (1)

where Ny is the maximum load carried by the concrete of a reinforced concrete element; Ny is the
load carried by a reinforced concrete element; N,; is the axial load carried by reinforcement; A, and A;
are cross-sectional areas of concrete and reinforcement, respectively; E; is the modulus of elasticity of
reinforcement; e, is the compressive strain in the concrete at the peak stress fs.

N

Ne, max

o
!
L nenaay

Figure 3. Representation of the force—strain relation for axially loaded members. (a) plain concrete;

(b) reinforced concrete; (c) their cross section. 1—reinforced high-strength concrete; 2—high-strength
reinforcement; 3—member.

3.1. The Effect of Transverse Reinforcement for Mechanical Properties of Reinforced, Centrifuged
Concrete Elements

The transverse reinforcement in the vibrated elements significantly influences their behavior,
especially during the collapse stage—and at the same time—changes the physical-mechanical properties
of the reinforced concrete: it increases the values of limit strain and stress of the concrete.

The scientific literature has little to say on the behavior of hollow concrete elements reinforced
with only transverse reinforcement. Moreover, the work of the full circle and annular cross-section
elements is fundamentally different due to the stress—strain state of concrete, the stability conditions of
the longitudinal reinforcement and finally, their cost-effectiveness.

The effect of the transverse (spiral) reinforcement on the modulus of elasticity on the strength and
strains of the centrifuged concrete, can be evaluated by the following formulae:

Qeirl = Eccir/Ec (2)
QAeir = fccir/fc (3)
Qi3 = Eccir/ Ecu 4)

where E;, is the modulus of elasticity of concrete reinforced by transverse (spiral) reinforcement; f;,
is the strength of concrete reinforced by transverse reinforcement; ¢, denotes longitudinal strains
of concrete reinforced by transverse reinforcement, matching the carrying capacity of the element;

E. is the modulus of elasticity of concrete; f, is the compressive strength of concrete; ., denotes the
compressive strain of concrete at the peak stress value f;.
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3.2. The Effect of Longitudinal Reinforcement for Mechanical Properties of Reinforced, Centrifuged
Concrete Elements

Few data were obtained in studying the performance of the compressed reinforced, centrifuged
concrete elements with longitudinal reinforcement of high strength. A specific method of concrete
reinforcement and compaction in centrifugation compared to the reinforced concrete made of vibrated
concrete allows us to state that longitudinal reinforcement can affect the formation of the structure
of centrifuged concrete and the conditions of concrete compaction and hardening, as well as the
mechanical properties of centrifuged concrete [17]. The effect of longitudinal reinforcement on the
modulus of elasticity and compressive strength of reinforced, centrifuged concrete are evaluated by
using the dimensionless coefficients as; and a;p:

as1 = Ees/Ec ®)

Asp = fcs/fc (6)

where E is the modulus of elasticity of reinforced concrete elements; fs is the compressive strength
of centrifuged concrete of reinforced members. Thus, the coefficient a5y expresses a general effect
of longitudinal reinforcement on the concrete strength both in the process of concrete production
and loading.

The influence of longitudinal reinforcement on the longitudinal strain €., of reinforced, centrifuged
concrete and the longitudinal strain ., of the reinforced element can obtain by evaluating the
coefficients ag3 and agy as follow:

as3 = Ecs1/Ecu (7)

sy = Ecs2/ Ecu (8)

When high-strength reinforcement with the relative yield strength f; g » = 850-900 MPa is used for
longitudinal reinforcement; the limiting strains ¢, of the compressed reinforced concrete element,
matching its load-carrying capacity, should increase (Figure 3). This increase the coefficient of the
reinforcement strength usage, although this reinforcement was characterized by elastic performance
before the failure of the compressed element.

3.3. The Combined Effect of Longitudinal and Transverse Reinforcement for Mechanical Properties of Reinforced,
Centrifuged Concrete Members

The effect of transverse and longitudinal reinforcement on the resistance and the initial modulus
of elasticity of centrifuged concrete caused by the changes in the manufacturing and curing conditions
(as well as by the appearance of the casing effect for reinforced concrete elements of annular cross
section) can be both positive and negative.

Most design regulations recommend that the optimal pitch of transverse reinforcement for
structures of annular cross section should be equal to 100 mm. However, these structures have some
areas where a smaller spiral pitch is required or recommended to ensure the anchoring of prestressed or
non-prestressed longitudinal reinforcement. In specific structures that are considered to be important
to structural integrity or structures used in cold climates, the compaction of transverse reinforcement is
used to ensure reliability and carrying capacity. The aim here is to increase concrete strength and avoid
fragile and sudden structural failure. However, as mentioned above, the compaction of reinforcement
can change the physical and mechanical properties of centrifuged concrete. In structures with a
diameter of 260 mm, having ~50 mm thick walls and the ratio of reinforcement ps ~ 3.0% and s = 6.0%,
the distance between the axes of longitudinal reinforcement bars is ~50 mm and 30 mm, respectively.
Hence, when a 5.0 mm diameter is used for transverse spiral reinforcement and when the spiral pitch
changes the hole of the reinforcement mesh, which varies from 40 X 95 mm to 40 X 35 mm (for the
ratio of reinforcement s = 3.0%) and from 25 X 95 mm to 25 x 35 mm (for the ratio of reinforcement
Us = 6.0%), then this has a strong negative effect on the conditions of concrete formation and curing.
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The concrete structure in the cross section can also change, which, in turn, will affect its physical and
mechanical properties as well.

The combined effect of the longitudinal and transverse reinforcement on the initial modulus
of elasticity and the strength and the strains of centrifuged concrete can be evaluated using the
following formulae:

a1 = Ecseir/Ec 9
a2 = fescir/ fe (10)
a3 = Ecslcir/ Ecu (11)
ay = Ecsdcir/ Ecu (12)

where E; ., is the modulus of elasticity of longitudinal and transverse (spiral) reinforcement reinforced
concrete; f .y is concrete strength of longitudinal and transverse reinforcement reinforced concrete;
Ecs1,cir is alongitudinal strain of longitudinal and transverse reinforcement reinforced concrete, matching
maximal stress in the reinforced element; ¢c5 (i is a longitudinal strain of longitudinal and transverse
reinforcement reinforced concrete, matching resistance of the reinforced element.

4. Experimental Results and Their Analysis

4.1. The Effect of Transverse Reinforcement

Experimental results of samples series A reflecting the effect of transverse reinforcement for
physical-mechanical properties of annular cross section of centrifuged concrete are presented in
Figure 4. The authors are analyzed the ratio of transverse (spiral) reinforcement i, = 0.25% to 1.25%,
concrete strength f, = 30 MPa to 50 MPa and relative wall thickness of annular cross section element
p=tfr1 =025t00.4.

The effect of the spiral reinforcement on the modulus of elasticity E;, on the cylindrical strength
fecir and strain €., of the centrifuged concrete, should be evaluated by the following formulae:

Qeir1 = 1 (13)
iy = 0.81+ 09, — 0.6%, (14)
Qs = 14 0.7 (1 = 0.01f, — 0.16py) (15)

Thus, experiments (Figure 4) demonstrate that the intensity of the spiral reinforcement has
practically no effect on the modulus of elasticity of the centrifuged concrete. The reason for this is
that in the initial stage of loading in which the initial modulus of elasticity is determined, i.e., under
relatively low stresses, the reinforcement has no noticeable effect on the stress—strain properties of
concrete without microcracks.

Short-term compression tests have shown that longitudinal strains of reinforced concrete specimens
with transverse spiral reinforcement were larger by 10%-25% than those of the specimens not reinforced
by spiral reinforcement. These results match the scarce data provided by other authors [32] on testing
the specimens of annular cross section reinforced by transverse (spiral) reinforcement. The experiments
conducted by authors and by Kvedaras A. [32] have shown that the mechanical properties of centrifuged
concrete are influenced not only by longitudinal reinforcement, but also by transverse reinforcement.
This influence is similar to the effect produced on concrete by the core of the column’s casing with
confinement reinforcement. It was stated that a decrease in the pitch of the spiral (with a ratio of
transverse reinforcement p.;, = 0.25% to 1.25%) causes an increase in the structural compressive strength
of concrete up to 20% [2,18]. This relatively insignificant effect of the transverse reinforcement on the
structural strength of the centrifuged concrete may be accounted for by the fact that the stress—strain
state of the tubular sample is closer to the two-dimensional (plane) state than to the three-dimensional
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state. It is known [32] that plane biaxial compression has no effect on the strength of concrete. It is
close to its prism strength.
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Figure 4. Coefficients a1 (a), agir2 (b), acirs (¢) dependence on the ratio of transverse reinforcement
(when the coefficient of longitudinal reinforcement equal zero).

4.2. The Impact of Longitudinal Reinforcement

The results of the experimental studies samples series B, reflecting the effect of longitudinal
reinforcement when the transverse (spiral) reinforcement pitch s = 100 mm are presented in
Figures 5 and 6.

As shown by Figure 5a,e, in most cases, the elasticity modulus E, of reinforced concrete is smaller
than that of non-reinforced concrete E.. This shows that longitudinal reinforcement negatively affects
the process of concrete formation. The larger the thickness of the wall, the larger the modulus of
elasticity E¢s of the reinforced concrete, so that when wall thickness increases, the coefficient o; also
increase. When the wall’s thickness is greater than 70 mm (in fact, the wall thickness of the produced
supports for the power transmission lines is equal from 50 to 70 mm) it is equal to 1.0. This shows that
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for a sufficiently thick wall, i.e., with an adequate, thick interior and exterior protective layer of concrete,
longitudinal reinforcement does not affect the modulus of elasticity of centrifuged concrete anymore.

A negative effect of longitudinal reinforcement on the elasticity modulus E seems to be caused
by the limited compressive strains of the reinforced concrete elements in the curing concrete, causing
high tensile stresses, which, in turn, leads to additional micro defects in the concrete. Further curing of
the concrete under these stresses could not eliminate the defects which appeared in the structure of the
curing concrete.

The authors argue that there are two reasons for the increase in the coefficient as; when the wall
thickness t of the element increases and the ratio of longitudinal reinforcement s remains the same
(Figure 5e). First, with the rise in the number of reinforcing bars, compressive strains are distributed
more evenly and decrease by an absolute value. Second, the inner concrete layers of a tubular element
are less constricted because the alignment radius of longitudinal reinforcement is constant for all the
elements regardless of their wall thickness.

Based on the performed statistical analysis, the formula presented below was proposed for
calculating the coefficient a1 for assessing the effect of longitudinal reinforcement on the modulus of
elasticity of centrifuged concrete:

as1 = 1-8(y—0.2)us (16)

wherey = Zf—i: > 0.2 is the ratio of the external protective layer’s value and the internal protective
layer’s value. This expression can be applied when the compressive concrete strength f; varied from
25 MPa to 60 MPa and the ratio of longitudinal reinforcement u; varied from 1.0% to 6.0%.

The experimental data presented in Figure 5b,f show that the strength fs of the reinforced concrete
specimens of annular cross section can decrease considerably compared to that of the strength f; of the
non-reinforced concrete elements. Only in some particular cases f; is larger than f.

It should be noted that when the amount of reinforcement increases, the thickness of the optimal
wall also increases, although we see a decrease in the strength of the centrifuged concrete elements of
annular cross section. Accordingly, the optimal wall thickness of the centrifuged concrete elements
depends on technological as well as structural parameters. In the case of a very thin wall, the decrease
in the concrete strength is more evident because premature breaking of the elements takes place due to
the loss of stability of the reinforcing bars. When the amount of longitudinal reinforcement elements
increases, the strength of reinforced concrete of annular cross section decreases (Figure 5f). However,
the increase in the wall’s thickness causes an increase in the values of coefficients as, and a1, though
asp is always larger than ag;.

Analysis of the experimental results demonstrate that with the increase in the thickness of the
wall of reinforced concrete elements, the influence of the reinforcement amount on the strength f; of
centrifuged concrete of annular cross section and the modulus of elasticity Es decreases. The graphs
presented in Figure 5e,f show that when the wall’s thickness exceeds 50 mm (i.e., when the ratio of the
thickness of the external layer to the internal protective layer of longitudinal reinforcement ~1.0) the
difference between as1 and as; is the same, regardless of the reinforcement amount.

We conclude by arguing that the amount of longitudinal reinforcement for the elements with the
wall thickness ¢ > 50 mm has no influence on the concrete strength because it depends on the technology
of the concrete structure’s formation. In other words, longitudinal reinforcement influences concrete
strength not only in the process of its loading, but also during the concrete mixture formation. At this
time, reinforcement has a negative effect on the cement stone structure and its cohesion with aggregates.

Our experimental results have shown that longitudinal reinforcement has a different effect on
the strength of the reinforced elements with the thickness ¢ = 3545 mm. In this case, longitudinal
reinforcement often causes premature destruction of concrete in the elements with a thin wall.

The effect of reinforcement on the strength of centrifuged concrete can evaluate by applying the
coefficient ag, as follows:

Ogp = 1—ﬁ[JS (17)
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here f = 0-3 is the coefficient assessing the size of crushed granite. When crushed granite fraction
varied from 5 to 20 mm, f = 1.5. In design practice it is recommended to use a;; > 0.8, when y <1 and
asp =0.8if y > 1.

The experimental results presented in Figure 5g show that for a wall with a thickness of more
than 50 mm longitudinal strain of the compressed concrete element are 51 = &1, while the coefficient
is as3 = 1.0. Thus, as presented in Figure 5c,g, the ratio of reinforcement increases the formation of
longitudinal concrete strain €1 from 5% to 10%. Generally, this increase depends on the wall thickness
and the ratio of reinforcement. For the thin wall, the value of the coefficient @53 decreases even from
0.7 to 0.8 due to the premature failure caused by the peeling of the interior concrete layer and breaking
of the reinforcement.

LT~ @ t=38 mm L1 1
O t=48 mm
A =
B i A ©=58mm _ ] A
g 1.0 Ac% A Q 4 &75mm 7 1.0 ‘.: ° . o A
5 ) g &) ’ 5]
209 - &3 % & 0$° 509 cola
= 9 O\ O & X“ma A
g =b® @ k5 B | XK ©1.1-1.6%
) 8 l fo) 3 ' X . . o
O 0.8 - © Jo0s4{ A m2632%
A 41%
X52-59%
0.7 T T T T T 1 0-7 T T T T 1
0 1 2 3 4 5 6 30 40 50 60 70 80
Ratio of longitudinal reinforcement (%) Wall thickness (mm)
(a) (e)

1.2 1.2 -

1.1 - “ 4 1.1 - 3
o M A A 2 ’ 0eA
S B § A S 10 - ? ‘
£1.0 o o £ 1L .l X o8
g :@ % @@ ° g m, B
£009 - o g oo S094 g gRERA
g 5 oo 8 L& x
“ 08 - N - “osd{ 4 8

' o a ' A =

0.7 T T T T T 1 0.7 T T T T 1

0 1 2 3 4 5 6 30 40 50 60 70 80
Ratio of longitudinal reinforcement (%) Wall thickness (mm)
(b) )
13 - 13 -
1.2 - 12 4 .
@ 2 o
211 - o 8 %80 S 11 A §}
- (] o
510 4 &)8 % 5 o g 1.0 A ..o’ . q. ° ‘!
< ° 5% = A ‘
~ 0.8
0.8 -~ o . A
0-7 T T T T T 1 0-7 T T T T 1
0 1 2 3 4 5 6 30 40 50 60 70 80

Ratio of longitudinal reinforcement (%)

©

Figure 5. Cont.

Wall thickness (mm)
(8)



Appl. Sci. 2020, 10, 3570 12 0f 19

17 A O 17 A X
L 15 A oo L 15 .* ¥ A
K o o % 3 o _m yXa
£13 - é £13 - Oy = 4
.é ' Oé go ,§ ' % -AAI 00 g
£11 - g@ % a £ 11 - @ A
3 o 8 g 1
S )

0.9 1 B m 094  am

= A
0.7 T T T T T 1 0.7 T T T T 1

0 1 2 3 4 5 6 30 40 50 60 70 80
Ratio of longitudinal reinforcement (%) Wall thickness (mm)

(d) (h)

Figure 5. Coefficients as1, asp, as3, as4 dependence on (a,b,c,d) the ratio of longitudinal reinforcement
Us and (e, f,g,h) wall thickness t, while the spiral pitch s = 100 mm.
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concrete strength, f.

The experiments indicate that longitudinal strains &, = &, of the compressed centrifuged
concrete, matching the carrying capacity of the compressed reinforced concrete element, are larger
than the longitudinal strain of the concrete element ¢,1 under the maximum load. Moreover, when the
ratio of reinforcement us, is growing longitudinal strain, matching the carrying capacity ¢, of the
compressed reinforced concrete element, is significantly increased (Figure 5d,h). In the considered
case, with the ratio of reinforcement y; ~ 4.0%, the strain of the reinforced concrete element reaches
eeu ~ (2.8-3.5) x 1073, while the strains of the non-reinforced concrete element are much smaller,
reaching ¢4 ~ (2.0-2.5) x 1073.

A different type of deformability and failure of an element with a thin (from 35 mm to 45 mm)
wall can be observed. In this case, longitudinal strains ¢, are much smaller than those of the elements
with a thicker wall, while the failure takes place when the inner concrete layer cracks and peels off.
One of the main causes of losing the balance by the longitudinal bars is a too small protective concrete
layer on the inner part of the annular element.

The thickness from 10 mm to 15 mm of the protective layer can hardly ensure sufficient cohesion
of longitudinal reinforcement with concrete. For this reason and because of the isotropy of concrete
deformability, which is present through the wall’s thickness, the cohesion of internal reinforcement
with concrete is decreased (weakened). This explains the lack of stability of reinforcing bars under the
loads approaching the point of destruction.
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According to technical regulations and design manuals [33-35] when the thickness of the whole
element is 500 mm the thickness of the external protective layer should reach at least 15 mm.
The thickness of the longitudinal reinforcement protective layer on the inner side is not regulated.
However, the cross-section parameters recommended in these regulations for the wall thickness of
50 mm and the external diameter of 300 mm to 500 mm the internal layer of 15 mm is acceptable.
The pitch of spiral reinforcement of these elements should be 100 mm, while the cross section of
longitudinal bars—10 mm, which corresponds to the parameters of some specimens in a number of the
research works performed by the authors. As shown by the presented research, the considered cross
section and reinforcement parameters cannot ensure the efficient and safe performance of centrifuged
elements and, therefore, the thickness of the protective interior layer should increase.

The longitudinal reinforcement strongly affects the formation, compaction and hardening of
centrifuged concrete. It negatively affects its structure and physical-mechanical characteristics,
decreasing the elasticity modulus of centrifuged concrete more than its compressive strength.

The decrease in features depends on the amount of longitudinal reinforcement, its position in the
cross section, the thickness of the element’s wall, and, as shown in further research by the authors,
the grading of a coarse aggregate. Longitudinal reinforcement by high-strength bars actually does
not affect longitudinal strains corresponding to centrifuged concrete strength. However, this type
of reinforcement greatly increases the number of longitudinal strains of the reinforced, centrifuged
concrete elements, matching the element’s carrying capacity.

4.3. The Combined Effect of Longitudinal and Transverse Reinforcement

The combined effect of longitudinal and transverse reinforcement on the concrete strength and
deformability of reinforced, centrifuged concrete specimens were analyzed. The results of experiments
performed on the test series C and the series By are compared (Figures 7 and 8).

As shown by the presented test data, the spiral reinforcement (Figure 4a) does not actually or only
slightly (by a few percent) decreases the initial modulus of elasticity E ;.. It seems that the distance of
100 mm to 40 mm between the spiral coils does not significantly affect the conditions of the concrete
mix formation and hardening when a coarse aggregate (up to 20 mm in diameter) is used. Coarse
elements of the concrete fraction are easily pressed against the external wall of the mold, slightly
retarding the development of small transverse compressive strains in the process of concrete curing.

The decrease in coefficient g is more influenced by the number of longitudinal bars than by the
increase in their diameter. The number of longitudinal bars has a stronger effect on the coefficient’s
decrease than the increase in their diameter. The increase in the number of bars results in a more
significant reduction of reinforcement mesh size than the increase in diameter of longitudinal bar.
In the case under consideration the increase in the number of longitudinal bars from 6 to 12 (i.e., the
increase (5 from 1.5% to 6.0%) decreases the coefficient a; to 10%.

As arule, a transverse (spiral) wire increases the elastic strains of reinforced, centrifuged concrete
elements. The decrease in the pitch of transverse reinforcement, i.e., increase the confinement
effectiveness (this is due to the restraint of transverse tensile strains) and the strength fs of reinforced
concrete. Moreover, the compaction of longitudinal and transverse reinforcement leads to a more
uniform distribution of loads in the wall of a centrifuged concrete element of annular cross section,
which leads to fewer defects in the concrete structure and a relative increase in concrete strength.

The relationship of the coefficient a; on the concrete strength is also apparent. Regardless of the
spiral pitch, the increase in the concrete strength leads to the increase in the coefficient a. This can be
explained by the fact that tensile stresses caused by shrinkage strains have a less negative effect on
stronger concrete.

From the graphs shown in Figure 7e-h, it can be seen that transverse and longitudinal reinforcement
decreases the coefficient a; to 20%. Therefore, the total effect of transverse and longitudinal
reinforcement on concrete strength due to various conditions of production and compaction or
the appearance of a confinement effectiveness can be positive or negative.
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The combined effect of the longitudinal and transverse reinforcement on the strength and the
initial modulus of elasticity of centrifuged concrete should be evaluating of the following formulae:

ap = 0.78 45— s+ 0.002f, < 1 (18)

01-s
<1
)

Here w = 1-2.5 is the coefficient the value of which depends on the strength of concrete and on the
ratio of longitudinal reinforcement pis; s is the pitch of the spiral. When f, = 30 MPa to 40 MPa, w = 2,
when (s < 3.0% and w = 2.5 when 3.0% < ps < 6.0%; in f. = 40 MPa to 60 MPa, w = 1, when s < 3.0%
and w = 1.5 when 3.0% < s < 6.0%.

According to [2,17], longitudinal reinforcement of high strength (and a high value) added to
the elements has virtually no effect on longitudinal strain .1, corresponding to the strength fs of
reinforced concrete. The ratio of longitudinal reinforcement is ys < 4.0% and the transverse spiral
reinforcement pitch is s = 100 mm. The average value of the coefficient a3 is equal to 1.0, while the

spread of the experimental data are +10%. The transverse reinforcement has an effect on the value of

a = 1- w(ys - (19)

longitudinal strain &g;.
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Figure 8. Coefficients «3 (a,b,c,d) and oy (e,f,g,h) dependence on the ratio of longitudinal reinforcement
Us by different pitch of transverse reinforcement.

As shown in Figure 8e—d by lowering the pitch of transverse reinforcement, the strain, as well as

the coefficient o3 are increased. When the pitch of spiral reinforcement is decreased from 100 mm to
70 mm or to 40 mm the coefficient &3 increases to 10% and 20%, respectively. The effect of concrete
strength on the values of coefficient &3 and longitudinal strain .1 can be observed only for large
values of the ratio of longitudinal and transverse reinforcement. When concrete strength decreases
and the ratio of longitudinal reinforcement increases, the coefficient «3 and the longitudinal strain €

are increased.
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The correlation and regression analysis showed, the experimental strain can be expressed:
a3 = (1.3-3s)(1+ ps)(1.15-0.0025f.) > 1 (20)

When the concrete of the compressed reinforced concrete element reinforced by high-strength
reinforcement achieves the maximum strain, the external force taken over by the element continues to
increase (Figure 4). The decrease in the spiral reinforcement pitch from 100 mm to 70 mm and 40 mm
increases concrete compression strains from 15% to 20% and from 25% to 30%.

When the ratio longitudinal reinforcement is small (u; =1.5%) and the transverse reinforcement
pitch according to structural requirements is s = 100 mm the concrete strains ¢, increase up to 10%,
while for s = 5.5% and s = 40 mm they increased twice. The decrease in the concrete strength increases
the strain &.».

In thin-walled elements, transverse reinforcement prevents bars of longitudinal reinforcement
from losing their stability, thereby allowing the stresses transferred from the concrete to high-strength
longitudinal reinforcement. It should be noted that the effect of stress redistribution is considerable
when the longitudinal reinforcement takes over at least 30% of the compressive force.

The pitch of transverse reinforcement and concrete strength decrease. The longitudinal
reinforcement increase; the stress—strain, diagram for the concrete in its lower part becomes more
even and is longer until the maximum bearing force Ny of the element is achieve. The expression of
the coefficient a4 depends on the mathematical expression of the stress—strain concrete diagram, the
durability of the load and the parameters of the reinforcement of the structure. In addition, the degree
of utilization of high-strength longitudinal reinforcement directly determines the size of strain €.

5. Conclusions

Our conclusions are as follows: For the most part, the strength of the eccentrically or concentrically
compressive or bending annular cross-section elements depends on the strength of the actual concrete.
In the course of laboratory tests, it may be possible to determine that reinforced concrete elements
could differ significantly from the strength of the actual concrete. Thus, it is important to be able to
estimate the real strength of the concrete at the design stage. Further, the influence of longitudinal
reinforcement on the initial modulus of elasticity of centrifuged concrete and concrete strength in
practical calculation of reinforced concrete elements of annular cross section can be assessed by the
coefficients a1 and a».

We also found that while undergoing centrifugation, the longitudinal and transverse reinforcement
has a specific negative effect on the consolidation and curing conditions of the concrete mixture. This also
affects the structure and the strength and stiffness properties of concrete. Stresses develop in the
hardening concrete constrained by the tensile reinforcement due to shrinkage. In actual load-bearing
structures these stresses contribute to the formation and development of microcracks in concrete, which
impacts negatively on its strength and the initial modulus of elasticity.

On the other hand, the longitudinal and transverse reinforcement contributes to the redistribution
of forces between the steel reinforcement and concrete, thereby improving the operation of the latter
on the descending branch of the working diagram of compression o—e. The reduction of spacing
between rods of transverse reinforcement pitch to a more defined dimensional stress state of the inside
part of the wall, and, thus, in a way it increases the concrete resistance of the inside part of the wall
of the centrifuged element. Moreover, due to the bond between concrete and steel, the longitudinal
reinforcement contributes to a more uniform distribution of stresses across the wall thickness of the
annular cross section of elements. It slightly increases the uniformity of strains of compressed concrete.
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