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Abstract. Experimental studies of short axially compressed cylindric elements with various indirect concrete
reinforcements — fiberglass shells, steel spirals, and the joint use of these two types of reinforcement — have been
carried out. The results of the experiments performed confirm the positive effect of both the outer fiberglass shell
and spiral reinforcement on the strength of such elements. The highest strength was achieved with the
simultaneous use of both types of indirect reinforcement. The presence of two types of indirect reinforcement
significantly increased the deformability of the compressed elements under study. The maximum recorded values
of the longitudinal deformations of shortening of such samples amounted to about 1.7 %. Such a high deformability
of the compressed elements will allow to use high — strength longitudinal reinforcement efficiently in them. We list
the main premises and dependencies of the method of deformational calculation of the strength of compressed
concrete structures with indirect reinforcements. A performed comparison of the calculation results with
experimental data indicates that the proposed method is perfectly suitable for practical use.

1. Introduction

The relatively rapid degradation of the strength properties of traditional building materials operating in
aggressive environments is one of the main problems in the operation of buildings and structures in industry
and civilian infrastructure.

Traditional building materials (steel, concrete, wood, brick and stone) have significant drawbacks that
noticeably increase the cost of their maintenance, and reduce their service life. For example, it was estimated
that in the United States repair and replacement of supporting building structures (piles, bridge supports, etc.)
costs more than $ 1 billion annually [1].

We should also note that for load-bearing structures with external indirect reinforcement, such as
concrete filled glass fiber-reinforced polymer tubes (CFGFT), the destruction of the external metal shell from
corrosion can cause not only the destruction of the element, but also of the structure as a whole.

These circumstances force the search and use in building structures of modern, more advanced building
materials with high physical and mechanical properties, low specific gravity, not subject to corrosion, rotting,
warping; possessing chemical resistance, low combustibility, low coefficient of thermal linear expansion, a
wide range of operating temperatures.

Some materials possess the required properties, namely, polymer composite materials (PCM) —
polymer materials reinforced with fabrics, mats, strands or other forms of fibrous fillers (FRP). These materials
are considered an attractive alternative for structures operating in marine and other aggressive environments,
since they are resistant to the destruction mechanisms mentioned above.

Due to the advantages of FRP, researchers in many countries, including China, the USA, Canada,
Japan, etc., are studying CFGFT with PCM shells. The strength and deformability of compressed CFGFT
elements [2, 7, 8, 13—15, 17], as well as the use of compressed CFGFT elements in piles [3, 9-11], offshore
platforms [4], sheet piling [5, 6], road constructions [12, 16]. In Russia, in connection with the adopted program
for the introduction of composite materials, structures and products from them in the construction industry of
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the Russian Federation (approved by the order of the Ministry of Regional Development of the Russian
Federation No. 306 dated July 24, 2013), PCM production (pipes made of glass and carbon fiber,
reinforcement for reinforcing reinforced concrete structures, woven materials, etc.) has grown significantly.
However, today, there is a significant lag behind the USA, a number of European countries and China in the
development of a regulatory framework for the design and calculation of building composite structures using
PCMs, as well as noticeably less experience in the use of PCMs in building structures and the operation of
such structures. The lack of domestic materials, technologies and equipment for the production of PCMs
dictates a high price for the final product, thereby restraining their use.

However, increasing interest in the use of PCMs in construction, and a number of the above — mentioned
measures of state support for manufacturers of composite materials, emphasize the relevance of the
development and research of composite load — bearing building structures, such as, for example, CFGFTs.

In order to reduce the cost of compressed CFGFT elements, we propose to reduce the size of the outer
fiberglass shell (wall thickness or pipe diameter), while maintaining the necessary bearing capacity through
the use of high — strength concrete and (or) additional reinforcement of the concrete core. An analysis of the
possible options for reinforcing the concrete core indicates that the use of spiral reinforcement will be most
effective here [20, 21].

The purpose of this work is to evaluate the effectiveness of the spiral reinforcement of a high-strength
concrete core of short compressed CFGFT elements.

2. Methods

In the course of laboratory studies, the strength of short CFGFT cylindrical samples under axial
compression was evaluated. The cross — sectional diameter of the test samples was 109 mm; their length was
500 mm. In total, two series of sample elements were investigated. Each series consisted of 3 identical
samples.

For the production of samples of series |, heavy concrete of class B80 was used. A fiberglass pipe was
used as the outer shell for concrete. It had the following characteristics:

— section diameter of 109 mm;

— wall thickness of 4.5 mm;

— modulus of elasticity under axial tension (compression) E,; = 13.8 GPa;
— modulus of elasticity at circumferential tension E,; = 22.8 GPa;

— axial tensile strength f,; = 265 MPa;

— tensile strength at circumferential tension f,, = 303 MPa;

— Poisson's ratio vpo = 0.39;

— volumetric weight y, = 19.5 kN/m3.

Series |l differed from Series | only by the presence of spiral reinforcement of the concrete core. Before
molding samples of this series, a reinforcing cage was placed inside the fiberglass pipe. A wire with a diameter
of 5 Vr500 served as spiral reinforcement of the frame, which was wound with a pitch of 30 mm around four
longitudinal rods made of wire of the same class — diameter 5 Vr500. The diameter of the cross section of the

spiral was 90 mm. The yield strength of reinforcing wire is s = 552 MPa.

Series Il consisted of reinforced concrete elements with a cross — sectional diameter of 100 mm.
Prototypes of this series had indirect reinforcement similar to the series Il, but they did not have fiberglass
shells.

To obtain more objective data, when comparing the strength of samples of the structures under study,
three samples of different series were simultaneously formed using concrete mix of one batch.

After manufacturing, all the prototypes were kept at a temperature of about 20 °C for 28 days. The tests
were carried out on a 500 — ton hydraulic press with a short — term compressive load. The load was transmitted
over the entire cross section of the structures. In this case, a standard technique was used, regulated by
Russian State Standard GOST 8829.
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3. Results and Discussion

The main results of the experiments are summarized in Table 1. It contains the following data for each
sample:

— prismatic strength of the source concrete f;

— percentage of fiberglass reinforcement up;

— percentage of spiral reinforcement tisc;

— breaking load N;**;

— the force that the sample could withstand under conditions of uniaxial compression Nep;

— indirect reinforcement efficiency coefficient m,, = N;XP/NCP ;

— relative limit of elastic work 1, = N&® /N, where NP is maximum effort corresponding to the
stage of elastic work;

- limitary axial deformation of shortening &™*".

Table 1. Main laboratory test results.

Sample fe,MPa  up, % Use, % N7® kN Nep, kN Meff el &P, %
I-1 82.9 18.8 0 967 651 1.48 0.49 0.65
|-2 84.6 18.8 0 1033 664 1.55 0.54 0.75
-3 85.0 18.8 0 1000 667 1.50 0.52 0.80
11-1 82.9 18.8 1.45 1300 694 1.87 0.52 1.70
11-2 84.6 18.8 1.45 1300 708 1.84 0.58 1.57
11-3 85.0 18.8 1.45 1380 711 1.94 0.60 1.80
-1 82.9 0 1.45 867 651 1.33 0.55 0.55
11-2 84.6 0 1.45 833 664 1.25 0.51 0.50
11-3 85.0 0 1.45 900 667 1.35 0.56 0.48

An analysis of the results indicates that indirect reinforcement (fiberglass shell and / or spiral
reinforcement) had a significant effect on the strength of centrally compressed samples. Explicitly, the
presence of just spiral reinforcement led to an increase in their strength compared to uniaxially compressed
elements by an average of 1.31 times, the presence of a fiberglass shell — by 1.51 times, and the presence of
both types of indirect reinforcement — by 1.88 times.

The relative limit of elastic work for the samples of series |l turned out to be higher than for samples of
other series, but not by much. Compared to the samples of series |, it is 5-10 % higher, and compared to the

samples of series lll, the difference in n¢; values is even less.

The maximum recorded values of the longitudinal deformations gj"p of the samples under study
significantly depended on the level of indirect reinforcement. The smallest value of these deformations was
recorded in samples of series Ill. Their g;"p, on average, amounted to 0.63 %, which is approximately two

and a half times higher than similar deformations of uniaxially compressed concrete. The limit deformations of
series | samples turned out to be 22 % higher. The highest deformability was demonstrated by samples in a
fiberglass shell with spiral reinforcement of concrete. For them, the average value was 1.69 %. It should be
noted here that the high deformability of the compressed elements makes it possible to use high — strength
longitudinal reinforcement efficiently in them.

The nature of the destruction of the studied samples mainly depended on the presence of an outer shell.
For reinforced concrete elements with spiral reinforcement, before reaching the maximum load, almost
complete destruction of the protective layer was observed (Figure 1, c). With a further increase in load, the
concrete core crushed inside the spiral.

The destruction process of samples of series | and Il was different. Immediately before the destruction,
a slight bulging of the outer shell was observed. The reason for this was the fragmentation of the concrete
core in local zones, due to the beginning of the shift of its parts. With a further increase in load, a rupture of
the fiberglass shell was observed (Figure 1, a, 1, b). The nature of the destruction of the samples of both series
was fragile. Externally, the picture of the destroyed samples practically did not differ. However, the presence
of spiral reinforcement in Series Il samples slightly decreased fragility due to a significant increase in the limit
of deformability.
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Figure 1. The nature of the destruction of samples from the series | (a), Il (b) and lll (c):
1 — not destroyed area; 2 — shell rupture at an angle of 30—-60 degrees to the longitudinal axis;
3 — peeling of the protective layer of concrete; 4 — vertical cracks in the protective layer of concrete.

Strength calculation of test samples

In this paper, we study the force resistance of short samples of little flexibility. Their destruction occurs
from a loss of compressive strength.

In modern publications, there are proposals for the calculation of such structures based on the breaking
stress method [18]. In this case, the volumetric stress state of the materials is taken into account using
empirical dependencies having a limited area of applicability. There are publications listing the results of
calculations of compressed concrete elements based on finite element models [18-20]. Sadly, neither of the
published works takes into account the actual nature of the force resistance of compressed elements with
indirect reinforcement. In particular, they ignore the fact of a change in lateral pressure on the concrete core
during a gradual increase in load, which causes a constant change in the stress state of the materials.

Considering this, we propose to calculate the strength of CFGFT using a different approach. The nature
of their reinforcement involves the use of a deformation model for this purpose [21].

The essence of the proposed deformational calculation of the strength of centrally compressed elements
is as follows. An element is considered, at the ends of which compressive load N with a random eccentricity
e, is applied. Before that, the concrete core and the outer shell (if applicable) of the element is divided into
small ranges with areas A; and Ay, within which the emerging stresses are averaged. The area of each rod
of longitudinal reinforcement (if applicable) is indicated as Agx.

In the calculation, the axial deformations of the most compressed fiber are increased step by step,
starting from zero. In accordance with the Bernoulli hypothesis, a strain diagram is constructed in the cross
section of an eccentric compressed element corresponding to the equilibrium conditions of internal forces in
concrete, fiberglass, and forces from external load. To check the equilibrium conditions by the values of
deformations in each section of concrete and fiberglass outer shell, into which the normal section of the

element was previously divided, we calculate the stresses Oczj, Opzk and Oxzn. The equilibrium conditions in
the general case are written in the form of a system of equations:

N'ea = Zo-cszchcj + ;O-pzkAkapk + Zo-sznAansn; (1)
J n

N = Z Gczj ch + Z O-pzk Apk + z O-szn Asn s (2)
J k

where Z;, Zpi and Zs, are coordinates of the center of gravity of the j-th section of concrete, the k-th section
of the fiberglass outer shell (if applicable) and the n-th rod of longitudinal reinforcement (if applicable).

When the equality of the left and right sides in Equations (1) and (2) is observed, the compressive force
from the external load is fixed and the deformation build — up process continues &:max. The calculation
continues until the compressive force reaches its maximum value N, or until axial deformation reaches the
maximum permissible value &, set by the researcher (see Figure 2).

Krishan, A.L., Narkevich, M.Yu., Sagadatov, A.IL, Rimshin, V.I.



Magazine of Civil Engineering, 94(2), 2020

8 8 ) € 2) 8 3 8 ) 8 (&) 8

cz ez ez z ez z (1

Figure 2. Dependencies «N — £:»: 1 is when Figure 3. Concrete deformation diagrams
N reaches its maximum value; 2 is when & for incremental longitudinal deformation: 7 — uniaxial
reaches its set value. compression, 2, 3 — volumetric compression
at intermediate stages of deformation,
4 — volumetric compression in the limiting state.

The deformation calculation involves the use of deformation diagrams of the materials from which the
structure under consideration is made. In our case, it is necessary to have diagrams reflecting the
dependences between stresses and strains of axial direction for volumetrically stressed concrete and shell
«Ocz — &z» and «opz — &». Longitudinal reinforcement deformation diagram «os; — &::» can be adopted
according to the recommendations of current standards. The accuracy of the calculations largely depends on

the reliability of the adopted diagrams. In this case, the most difficult task is to build a diagram of concrete
deformation.

Numerous proposals in publications on this subject [21, 22, 27-31] do not provide a reliable estimate of
the strength resistance of a concrete core. They offer analytical dependences for describing the deformation
diagrams of volumetric compressed concrete when a lateral pressure of a certain value is applied to it.
Pressure is most often taken for the limit state of the structure. In fact, the lateral pressure is constantly

changing with increasing load level. To each side pressure o

cr

at a particular i-th step of the calculation,
there is a corresponding strain diagram. Taking into account the constant change in lateral pressure, we can
obtain multiple diagrams «o'” —&'”» (see Figure 3). This fact significantly complicates the deformation
strength calculation, but it cannot be ignored.

To construct such strain diagrams, we propose to view the concrete core as a transversely isotropic

body. The outline of each diagram is assumed to be curved with upward and downward sections. In this
setting, for the analytical description of the diagrams, the most important task is to determine the coordinates

of the vertices — the maximum stress £’ and corresponding deformation &').

According to previously performed theoretical studies [32, 23], the maximum stress fc(c” and deformation

" of volumetric compressed concrete corresponding to lateral pressure is calculated using the following

cel

formulas:

; ©)

(4)

where G, is a relative value of lateral pressure from the outer shell to the concrete core &, = " /ﬁ ;
b is material coefficient, which is an experimental value (for heavy concrete b = 0.096 [24]);
&1 is relative strain of uniaxially compressed concrete under stress f;

ai is coefficient of strength growth of volumetrically compressed concrete (c,, = £/ £.).
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The relationship between stress and strain 0(’) gf,? can be adopted according to the proposal of

M. Attard and S. Setung [25], or a slightly modernized formula of D. Mander [16], which is written in the
following form

(l)

0 €
() (i) g ¢ ('ri
Gcz =f(:’c cc([,) A0 2 (5)
A0 —1+ Lgﬂj
()
gccl
where A7 is a coefficient calculated by the following formula:
; E
A= 6)
(i) (1) ’
f ccl

where E. is initial modulus of elasticity of concrete.

To find the lateral pressure on concrete from the fiberglass shell, the following formula was proposed in
[16]

M _, )
o = P Y )

“ o d o 1-0Y e (7)
—+
2E,t VUE,

pc

where u ) and l) ) are lateral deformation coefficients of concrete and fiberglass;

(i

v is the coefficient of elasticity of concrete;

Epc is modulus of elasticity of the steel shell in compression;
d and t are external diameter and wall thickness of the steel shell

The coefficient of elasticity of concrete introduced into this formula to refine the calculation in the zone
of large deformations is determined by the formula

()
i o
@) _ cz
Ve = 0 o0 (8)

c-cz

To simplify the calculations, the fiberglass shell can be considered as an elastic isotropic material. In

this setting 0\ = v

00 Where U, is Poisson's ratio of fiberglass.

The transverse strain coefficient of concrete varies. As the stress level increases, it increases from the
Poisson's ratio U¢, = 0.18+0.25 to the limit value u() at the stage of concrete destruction.

In [23], to determine the current values of U;:,) (j =z, r) by A.L. Krishan offered the following formula:

( )0 _(p® (i) -ve
1 1 1 L‘ZM
UZ}”H Zrlt ) (l) . (9)

Cle

The limit value of the coefficient of transverse deformation for a concrete core is determined by the

formula
O = Uy +(1=3V2), (10)
where vc(;; is the coefficient of elasticity of the concrete core at the top of the diagram of its deformation,

calculated by the formula (8) with J f(’) and 5(’) =¥,

ccl

Based on the proposed method of deformation calculation, an algorithm and a computer program
«CFST-18» have been developed, which allow us to evaluate the stress-strain state and determine the
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strength of compressed concrete elements. Table 2 shows a comparison of the new experimental values of
strength and ultimate axial deformations of the samples studied by the authors of the article with the results of
calculations using this program. Here, for analysis, calculated data are given on the total percentage of indirect

reinforcement u, the strength of volumetrically compressed concrete £, as well as lateral pressure ¢’ in
the limiting state of the element.

Table 2. Comparison of experimental data with calculation results.

fth NP £OP
Series  u,%  foMPa o ,MPa f" MPa «a == N" kN ]\;”“ &", % g”th
I-1 18.8 82.9 22 115.8 1.40 933 1.04 0.63 1.03
-2 18.8 84.6 2.3 117.9 1.39 957 1.08 0.62 1.21
13 18.8 85.0 2.3 1185 1.39 962 1.04 0.62 1.29
11-1 2025 829 44 136.2 164 1440 0.0 1.92 0.88
11-2 2025 846 44 138.9 164 1482 0.88 1.89 0.83
11-3 2025 850 44 139.4 164 1490 093 1.88 0.96
-1 1.45 82.9 4.0 126.7 153 826 1.05 0.44 1.25
-2 1.45 84.6 4.0 129.1 153 845 0.98 0.42 1.19
-3 1.45 85.0 4.0 129.6 1,52 850 1.06 0.42 1.14

Based on the comparison, we can state that the proposed calculation method allows to obtain quite
reliable results on the strength and deformability of compressed elements with different options for indirect
reinforcement. The maximum difference between the experimental and theoretical values of strength was
12 %. Moreover, such a discrepancy is observed for samples in which lateral deformations of concrete are
restrained by both the outer shell and spiral reinforcement. Theoretical and experimental values of limit strains
differ more significantly. The difference between them is in the range of +19 to —-21 %. However, specialists
know that such differences should be considered quite acceptable for deformations. Therefore, in general, we
can state that the performed comparison confirmed the adequacy of the adopted calculation model.

4. Conclusions

1. The results of experimental studies indicate a positive effect on the strength of short compressed
CFGFRT elements of both options used indirect reinforcement — the outer fiberglass shell and spiral
reinforcement.

2. The high strength of such samples is due to a significant increase in concrete strength, which in
samples with two types of indirect reinforcement increased by about 64 %.

3. The simultaneous presence of two types of indirect reinforcement significantly increased the
deformability of the studied compressed elements. The maximum recorded values of longitudinal deformations
of shortening of series Il specimens amounted to about 1.7 %.

4. The high deformability of the compressed elements allows the efficient use of high-strength
longitudinal reinforcement in them, which has economic feasibility.

5. The proposed calculation method allows obtaining reliable results on the strength and deformability
of compressed elements with different options for indirect reinforcement.
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