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The influence of reinforcement’s congestion to
the strength of centrally compressed concrete
members with GFRP reinforcement
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Abstract. The article presents the results of the computational analysis of
compressed concrete columns of a water tank with GFRP reinforcement. It
is analytically proved that with an increase in the confinement
reinforcement ratio and the magnitude of the relative lateral pressure
coefficient due to an increase in the congestion of the longitudinal and
transverse reinforcement, the strength of the effectively compressed core
increases linearly. The strength of the effectively confined concrete core in
GFRP reinforced specimens is somewhat less compared to similar
specimens reinforced with steel reinforcement. The coefficient of
strengthening of columns (in relation to a pure concrete specimen without
reinforcement) increases with increasing frequency of transverse
reinforcement. At the same time, the calculated strength of columns with
GFRP reinforcement is only 10% less than that of similar columns with
steel reinforcement.

1 Introduction

Recently, updated editions of the standards for the design of structures with FRP
reinforcement have been published in Japan [1], Italy, USA [2,3] and Canada [4,5]. A guide
for the design of structures with composite reinforcement has appeared in countries such as
France [6,7], and an annex to the Eurocode concerning the design of structures with FRP
internal reinforcement has finally been officially approved [8-10]. Design standards are
being prepared in Brazil and Uruguay.

The successful experience of using composite reinforcement in compressed and
compressed-bendable elements [11-15] determines its further use in structures operated in
aggressive environments. Nevertheless, the use of composite reinforcement is still
constrained by the lack of calculation methods and examples.

Due to the fact that the use of FRP reinforcement as a main working one in compressed
elements is limited by modern Russian standards [16], a comparative calculation based on
recently presented models of the strength of columns with composite reinforcement is of
interest.
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2 Methods

The calculation was performed in accordance with the strength model of concrete
columns reinforced with composite reinforcement presented in [17].

The following calculation assumptions are allowed in this methodology:

— Bernoulli's flat cross-section hypothesis;

— the hypothesis of the isotropy of steel, the isotropic properties of concrete and the
anisotropy of composite material;

- hypothesis about the relationship between stresses and deformations of materials in
the form of a generalized Hooke's law;

— all transverse stirrups are in the same stress-strain state along the entire length of the
element;

— the transverse deformations of concrete distributed along the clamps along the entire
height of the columns are equal to each other;

— full bond of GFRP reinforcement and concrete is realized;

— the maximum stresses in the transverse reinforcement (stirrups) do not exceed the
value of 0.004E;;

- the strength of the longitudinal GFRP reinforcement for compression is directly
proportional to the ultimate deformation of concrete and the modulus of elasticity of glass
composite reinforcement for compression;

- residual stresses and geometric imperfections are replaced by equivalent initial
bending deviations, taken into account by random eccentricities.

As an example, let's take a reinforced concrete column of the middle row of a
rectangular water tank from the standard project 901-4-63.83 "Rectangular reinforced
concrete precast water tanks with a capacity from 12,000 to 20,000 m3 with the use of
industrial products" with a roof slab made of precast reinforced concrete elements [18].
Columns of such structures most often suffer from corrosion caused by the constant
presence of structures in harsh conditions of high humidity. Under such conditions, the
durability of reinforced concrete columns with steel reinforcement is greatly reduced and
the structures will need to be repaired after several years of operation.

The columns of the tanks are calculated for the vertical load from the weight of the roof
slab, taking into account the random eccentricity. The design scheme of the column is a
vertical member with a hinged support on top and an anchoring on the bottom.
Requirements for fire resistance to the supporting structures of the tank are not imposed.

Consider the tank column of the 3KR from the TP901 series-4-63.83- KZHI-5.310SAT
(album V) [18]. The grid of columns is 6x6 m. The column with a height of 3.03 m has a
square section of 400x400 mm made of concrete of class B22.5 is reinforced with four rods
@16 mm of working longitudinal steel reinforcement of class (A400) and clamps of steel
reinforcement wire of class Bp500 with a spacing of 300 mm (Figure 1). Instead of 4016
steel A400, we will install 8316 GFRP, the spacing of the stirrups will be set to 50 mm
instead of 300 mm. In addition, due to the anticorrosive properties of the GFRP, it is
possible to reduce the size of the concrete cover from 40 mm to 25 mm according to [16],
which will increase the design parameters of the internal effectively compressed concrete
core.

Given: bxh=400x400 mm, a=40 mm. R,=14,5 MPa, E,=30000 MPa, ¢, ,=0,002.

GFRP with tensile strength 6,=1100 MPa, R =105 MPa, E;=50 000 MPa, E;=30 000 MPa,
A=1608,8 cm>.
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Fig. 1. Geometric dimensions of the column of the mark 3KR from [18].

3 Results

Determine the geometric parameters of reinforcement (see Figure 1):
b.=350 mm, d.=350 mm, s =45 mm, w'=160 mm.
Calculate the area of efficiently confined concrete Ae, as indicated in the works of
the authors [17,19]:
: M s s i (160)* 45 45 2
A=bd -3+ (1 - —)(1 - ): 350350 — 3, -1 (1 - )(1 - )= 83051 mm
i=1 i

2b 2d 2350 2350
¢ i=1

c

)
Calculate the confinement reinforcement ratio pg:
24, 2019.6

uf(:: deffs = 35050 = 0,0022. ()

Determine the strength of the GFRP stirrups on the bends:

R, = 0,004-50000 = 200 MPa. 3)
fw

The value of the relative lateral pressure o fe is determined by the formula:

W R 0,0022:200
— fefw U —
O_fc = Rb = 145 = 0, 03. )

Calculate the strength of effectively confined concrete Ry; ..

— — 2
N c_—2 o, —2 [
_ sc fe fe _
Rb3,f = Rh 1+ <0'56fc +—t ( 4 ) + b, > = 14, 5[1 ++

0,03-2 0,03-2\% | 003
0,5+ 0,03 + 255 +4/(242) +400)]= 15,8 Mpa

)

As a result, the bearing capacity of a centrally compressed element with GFRP
reinforcement:

E_A_ = 15,8 ¢ 83051,1 ++ 14,5(400 « 400 — 83051,1) + 0,002 ¢ 30000 ¢ 1608 = 2595, 4 kH.

=R, Epute” e fe

As,z + Rb(A - As,z) +

Nult,Sf f

©®
Thus, the resulting load-bearing capacity of the GFRP reinforced cross-section of columns

and the increased congestion of the transverse reinforcement (bigger than required by the
design codes) is practically equivalent (2.3% lower) to the load-bearing capacity of the
cross-section with steel reinforcement with the usual placing of the transverse
reinforcement. At the same time, despite the increased consumption of GFRP
reinforcement, compared with steel, the structure will be more economically efficient due to
durability and an increase in the life cycle of the structure and the structure as a whole.
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Also, saturation with longitudinal and transverse reinforcement leads to an increase in the
plastic stage of the construction [20].

4 Discussion

Table 1 shows the results of the calculation of columns from the standard project TP
901-4-63.83 with steel (KM) and GFRP reinforcement (KC) and different spacing of
transverse and longitudinal reinforcement.

With a decrease in the spacing of the transverse reinforcement, the area of effectively
confined concrete inside the reinforcement cage increases. From the calculation results, it is
possible to notice an increase in the strength of effectively confined concrete of the core
section in specimens with both steel and GFRP reinforcement. The coefficient of strength
increase of the effectively confined core of the concrete cross section increases to 1.19 for
specimens with steel reinforcement and to 1.15 for specimens with GFRP reinforcement
with a transverse reinforcement spacing of 25 mm. As a consequence of the increase in the
strength of the effectively confined core, the limiting longitudinal force N3, (Nyy30),
perceived by the entire cross section, also increases.

Figures 2-4 show a graph of the dependence of the strength of the effectively confined core
of the concrete section depending on the spacing of the transverse reinforcement, the
confinement reinforcement ratio and the magnitude of the relative lateral pressure on the
example of the calculation of columns of a typical project TP 901-4-63.83. From the
analysis of the graphs, it is obvious that with a decrease in the spacing of the transverse
reinforcement, the strength of effectively confined concrete increases, and with a decrease
in step strength increases more rapidly. At the same time, it can be noted that for specimens
with GFRP reinforcement (KC), the strength remains somewhat lower, due to slightly lower
values of the strength of the stirrups at the bends. The dependence can be characterized as
nonlinear, which correlates well with the results of experimental studies of samples in the
study of [20]. A similar situation can be observed from the graphs of the dependences of the
strength of the efficiently compressed core, depending on the coefficient of indirect
reinforcement and the magnitude of the relative lateral pressure (Figures 3, 4). With an
increase in the confinement reinforcement ratio and the magnitude of the relative lateral
pressure due to an increase in the congestion of the longitudinal and transverse
reinforcement, the strength of the effectively confined core also increases, but linearly. From
the graphs, it can be seen that the strength of the effectively compressed concrete core in
specimens with GFRP reinforcement is also somewhat less.

At the same time, it is interesting to note that the values of the spacing of the transverse
reinforcement, close to the recommended by design standards, practically do not increase
the strength of the inner core of the concrete section and do not allow to obtain effectively
confined concrete inside the reinforcement cage, which was confirmed during the
experiments of some authors. It is necessary to reduce the spacing of the transverse
reinforcement, that is, higher values of the coefficient of transverse reinforcement.
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Fig. 2. Dependence graph of the effectively confined concrete core’s strength depending on the
spacing of the transverse reinforcement.
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Fig. 3. Dependence graph of the effectively confined concrete core’s strength depending on the
confinement reinforcement ratio.
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o Parameter KM300 | KM200 | KM100 | KM50 KM25 KC300 | KC200 KC100 | KC50 KC25 K W/R
/11
1 b, m 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0.4 0.4 0.4
2 d, m 0.4 0.4 0,4 0,4 0.4 0.4 0,4 0,4 0.4 0.4 0.4
3 a, m 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,04
4 bc, m 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32
5 dc, m 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32 0,32
6 W 0,32 0,32 0,32 0,32 0,32 0,16 0,16 0,16 0,16 0,16
7 s, m 0,3 0,2 0,1 0,05 0,025 0,3 0,2 0,1 0,05 0,025
8 s 0,295 0,195 0,095 0,045 0,02 0,295 0,195 0,095 0,045 0,02
9 n 4 4 4 4 4 8 8 8 8 8
10 ) stirrup, mm 5 5 5 5 5 5 5 5 5 5
11 AJAL, mm® 804 804 804 804 804 1608 1608 1608 1608 1608
12 R./R 400 400 400 400 400 105 105 105 105 105
13 R /Ry 500 500 500 500 500 200 200 200 200 200
14 E./E.., Gpa 200 200 200 200 200 30 30 30 30 30
15 R,, MPa 14,5 14.5 14.5 14,5 14,5 14.5 14.5 14.5 14,5 14,5
16 A,, mm’ 25652,1 | 26902,1 | 29818,8 | 31902,1 | 33100,0 | 66820,5 | 70607,7 | 78001,6 | 83051,1 85914,0
17 U 0,0004 | 0,0006 | 0,0012 | 0,0025 | 0,0049 | 0,0004 | 0,0006 0,0011 0,0022 0,0045
18 0./C 0,014 0,021 0,042 0,084 0,17 0,005 0,008 0,015 0,031 0,062
19 R, /R, MPa 15,10 15,4 16,2 17.8 20,6 14,7 14,8 15,2 15,8 17.0
20 K strenth coner 1,04 1,06 1,12 1,23 1,42 1,02 1,02 1,05 1,09 1,17
21 Nuiae/Nuise KN | 2657,0 [ 2665,5 | 2693,1 | 2746,6 | 2844,0 | 2503,7 | 25123 2540,0 | 2595.,4 2700,9 2320
22 KsrrengTi CoL 1,15 1,15 1,16 1,18 1,23 1,08 1,08 1,09 1,12 1,16 1

Table 1. Calculation results for columns of the standard series [18] with metal (KM) and GFRP reinforcement (KC).
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Fig. 4. Graph of the dependence of the strength of the effectively confined core section of concrete
depending on the relative lateral pressure.

From Table 4.3 it can be seen that the strengthening coefficient of columns (in relation to a
pure concrete specimen without reinforcement) increases with the increase in congestion of
transverse reinforcement. At the same time, the calculated strength of columns with GFRP
reinforcement is 10% less than that of similar columns with steel reinforcement.

Also, from the analysis of Table 1, it can be seen that in columns with a transverse
reinforcement spacing of 50 mm, the concrete strengthening coefficient reaches 1.09...1.23,
which correlates quite well with the values of the transition coefficient from biaxial concrete
strength to triaxial f = 1.15...1.2, confirmed by experimental data, for example in [21].

5 Conclusions

1.  With an increase in the confinement reinforcement ratio and the magnitude of the
relative lateral pressure coefficient due to the increase in the congestion of the
longitudinal and transverse reinforcement, the strength of the -effectively
compressed core increases linearly. The strength of the effectively compressed
concrete core in GFRP reinforced specimens is somewhat less compared to similar
specimens reinforced with steel reinforcement.

2. The coefficient of strengthening of columns (in relation to a pure concrete
specimen without reinforcement) increases with increasing congestion of
transverse reinforcement. At the same time, the calculated strength of columns
with GFRP reinforcement is only 10% less than that of similar columns with steel
reinforcement.

3. The values of the spacing of the transverse reinforcement, close to the
recommended by design standards, practically do not increase the strength of the
inner core of the concrete section and do not allow to obtain effectively confined
concrete inside the reinforcement cage.
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