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STRENGTH MODEL FOR CALCULATING CENTRALLY
COMPRESSED CONCRETE ELEMENTS WITH COMPOSITE
REINFORCEMENT, TAKING INTO ACCOUNT THE SPACING
OF STIRRUPS

Ashot G. Tamrazyan, Andrey E. Lapshinov
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Abstract. The article discusses the relevance of developing techniques for confined elements with FRP
reinforcement. The method for calculating centrally confined concrete columns with non-metallic GFRP
reinforcement (without regard to its compression work) is proposed for the first time in the Russian
Federation. The strength model was developed based on the well-known theoretical model of confined
concrete. The article considers the effect of strengthening the concrete core of the columns, which is obtained
due to the more frequent placement of both transverse and longitudinal reinforcement. The dependence of the
bearing capacity of concrete columns on the strength of the transverse reinforcement material is shown. It
was proved that with a decrease in the spacing of the longitudinal reinforcement, the area of the effectively
confined concrete core inside the reinforcement cage increases. It was shown that, due to the low
compressive modulus of elasticity of the FRP reinforcement, the stress in it will be comparable to the
concrete stress. Therefore, the compressive strength of the FRP reinforcement can be neglected in the case of
determining the bearing capacity of centrally confined concrete elements. As a result, a strength model for
calculating confined concrete elements with FRP reinforcement was proposed, considering the spacing of
transverse reinforcement, the longitudinal and transverse reinforcement ratio, and the strength of the material
of transverse reinforcement. The developed strength model can be applied not only for square, but also for
columns of round and rectangular sections.
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INPOYHOCTHASA MOIEJIb 1JIA PACUETA HEHTPAJIBHO
CKATBIX BETOHHBIX JIEMEHTOB C KOMIIO3UTHOM
APMATYPOU C YUYETOM IIAT'A IONEPEYHBIX CTEP)KHEM

A.I. Tampa3zan, A.E. /lanuiunoe

HauuonanbeHbli ucciaeaoBaTebCKuii MOCKOBCKHN FOCYJaPCTBEHHBIN CTPOUTENIbHBIN YHUBEPCUTET, I. MOCKBa,
POCCHA

AnHoTanus. B cratee oOcyxmaeTcs akTyalbHOCTh pa3paOOTKM METOAMKHU JUISl SJIEMEHTOB € 3(PQEKTUBHO
00’XaTBIM SIPOM M apMHUPOBaHHWEM CTEKJIOKOMIIO3UTHOW apMaTypoil. Briepseie B Poccuiickoit denepanun
NPEAJIOKEH  METOJ| pacdyera LEHTPAJIbHO  CXKATBIX  OCTOHHBIX  KOJOHH C  HEMETaJUIMYeCKOH
CTEKJIIOKOMITO3UTHOM apMmaTypoii (06e3 yueTa ee paboTHI Ha cxkaTre). Moaenb mpoyHocTH OblIa pazpaboTaHa
Ha OCHOBE XOpOIIO H3BECTHOM TeopeTndeckol mozaenn obxartoro OeroHa. B crathe paccmarpuBaercs
3¢ eKT ycuneHus: OETOHHOTO si/Ipa KOJOHH, KOTOPBI 00pa3yeTcs 3a c4eT Ooyiee 9acTOro pa3MemeHus KaK
MOTIEPEYHON, TaK W TPOJONBHONW apMaTypbl. [lokazaHa 3aBHCHMOCTH HECyIIEH CIIOCOOHOCTH OETOHHBIX
KOJIOHH OT IPOYHOCTH MaTepHasa IOoINepeIHoN apMaTypbl. bblIo 10Ka3aHO, 9TO ¢ YMEHBIIEHUEM PACCTOSIHUS
MEXIy MPONOJIBHOW apMaTypoil miomans 3(PQPEeKTUBHO 00XkKaroro sjapa OeToOHa BHYTPH apMaTypHOTO
Kapkaca yBeJIM4MBaeTcsi. bblIo 1MoKa3aHo, YTO M3-3a HU3KOIO MOJYJISl YIIPYTOCTH MPU CXKATHH apMaTypbl U3
CTEKJIOIUIACTHKA HalpsyKeHHe B Hell OyJeT COIOocTaBUMO C HamlpspkeHHeM B OeTone. CleloBaTelbHO,
MIPOYHOCTBI0 Ha C)XKAaTHE CTEKJIOKOMIIO3MTHOH apMaTypbl MOXKHO TpeHeOpedb B Cilyyae OIpe/elICHUs
Hecyllell CIocOOHOCTH LIEHTPAIBbHO CKATHIX OETOHHBIX JIEMEHTOB. B pe3ynbTaTe Oblia NpeaaokeHa MoJenb
MIPOYHOCTH JJIs pacdeTa CKaThIX OETOHHBIX 3JIEMEHTOB C apMHPOBAHNEM KOMITO3UTHON apMaTypol ¢ y4eToM
paccTosHUS MEXJIy NONEepeyHOH apMaTypoi, IpOIEHTa apMHPOBAaHUS TPOAOJIBHOH W IIONEPEYHON
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apMaTyphl, a TaK)Ke MaTepuala MonepedHoi apMaTypsl. PaspaboTanHast MpOYHOCTHAST MOJIETh MOXKET OBITH
MIPUMEHEHA HE TOJIBKO ISl KBaPATHBIX, HO M JJISI KOJIOHH KPYTJIOTO M HPSIMOYTOJIFHOTO CEUCHHMSI.

KiroueBbie ciioBa: 06xaTHe, XOMYTbI, CTEKIOKOMIIO3UT, LIAT, TPOLEHT apPMUPOBAHUSL.

INTRODUCTION

In recent years, studies of confined concrete are
becoming more and more widespread [1,2]. It
was noted that concrete works most efficiently
under three-dimensional stress, which led to the
appearance of structures with both various types
of confinement reinforcement and an increased
spacing of transverse reinforcement [3]. The
advantages of increasing the bearing capacity of
columns by creating a three-dimensional stress
state with the use of transverse reinforcement
are obvious and have great potential [4]. There
is also a whole spectrum of compressive
members  suffering  from  reinforcement
corrosion, where the use of steel reinforcement
leads to early failure of the structure due to
corrosion and shortens the life cycle. In such
harsh conditions (for example, in tanks, silos,
bunkers, reservoirs) columns with non-metallic
FRP reinforcement can be successfully used,
increasing the life cycle of structures, their
overhaul intervals and reducing capital repair
costs.

However, a strength model that would
consider the effect of an increased spacing of
transverse reinforcement on the strength of
centrally confined elements has not been
introduced in the Russian Federation so far.
There is still no methodology for calculating
centrally confined columns reinforced with
longitudinal and transverse FRP reinforcement
in our country. In the modern design standards
of the Russian Federation [7], the design
resistance of FRP  reinforcement for
compression is taken equal to 0. In the design
standards of different countries, FRP
reinforcement as compression reinforcement
is also not considered [8, 9]. Canadian
researchers [10] proposed the following
formula (1) for calculating centrally confined
circular elements considering confined GFRP
reinforcement:

le4

PB=085f (A, —A)+a, [, 4., (1)

where 0.85 — coefficient defined as the ratio
between the strength of concrete in a structure
and the cylindrical strength of concrete;

f’c — cylinder strength of concrete;

Ag — column cross-section area;

Ar — cross-sectional area of confined FRP
reinforcement;

og — a new coefficient that considers the
compressive strength of FRP reinforcement
depending on its tensile strength.

Jiu — tensile strength of FRP reinforcement.

From formula (1), it can be established that with
the strength of FRP reinforcement of 1000 Mpa
and a coefficient of ag = 0.3, the strength of
composite reinforcement considered in the
design will be 300 Mpa.

It is known that the design compressive strength
of reinforcement is determined to a greater
extent by the ultimate compressibility of
concrete eou=2-1073. The ultimate
compressibility of concrete depends on the
strength of the concrete, its grade, composition,
and the duration of the load application. With an
increase in the grade of concrete, the ultimate
deformations decrease, however, with an
increase in the duration of the load application,
they increase.

Since, due to bond, the reinforcement deforms
with the concrete &sc= epu, the limiting stresses
in it are determined by the formula of Hooke's
law:

GSC = SSCES (2)
where Es — modulus of elasticity of the
reinforcement. Therefore, the design resistance

of the steel reinforcement will be equal to
Rsc=400 MIlla, which is accepted in modern
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design standards for traditional reinforced
concrete structures.

Using Hooke's law (2) it can be obtained that
the limiting stresses in the FRP reinforcement at
the compressive modulus of elasticity 30 000
MPa and standard strain values for concrete
0,2% achieved only around 50-60 MIla, which
can be comparable to the compressive stresses
of concrete. Under such stresses, considering
the ratio of reinforcement in confined structures
(usually no more than 2-3%), the share of FRP
reinforcement in the bearing capacity of the
column will be very small, comparable to the
computational error, which greatly limits the
prospects for its use in confined elements.

Thus, the stresses in confined FRP
reinforcement, due to the low modulus of
elasticity, cannot reach such high values
proposed by Canadian researchers; therefore,
this approach is practically inapplicable. In
addition, this strength model ignores the
influence of the transverse reinforcement
parameters (diameter, spacing, strength) on the
strength of a confined element, which, as studies
show [11, 12], is incorrect. The results of
studies carried out with the usual, not frequent
spacing of the stirrup [13], show no increase in
the strength of the samples. Therefore, it is
necessary to develop a methodology that
considers the step of the transverse
reinforcement, the ratio of longitudinal and
transverse reinforcement, and the strength of the
stirrups.

METHODS

During the development of the strength model,
general scientific research methods were used
(analysis and  synthesis, methods of
generalization, induction, and deduction). To
develop the calculation methodology, the well-
known model of confined concrete proposed by
Mander et al in 1988 [14] was taken and
adapted for columns with FRP reinforcement.

A comparative stress-strain diagram is shown in
Figure 1. This figure shows two curves. One
curve is for unconfined concrete (bottom), the
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other is for confined (top). The upper curve has
2 branches - ascending and descending. The
ascending branch has a variable slope and starts
at a point with a value E». Further, the slope of
the curve decreases until it reaches the value of
the maximum limited strength Rcp, &cb.
Thereafter, a descending branch begins with a
slight negative slope, reflecting plastic behavior.
The end of the curve has a point with maximum
deformation s, in which the destruction of the
first stirrup occurs. The bottom curve reflects
the behavior of unconfined concrete. It has the
same ascending branch as the confined concrete
curve, with a peak value f¢ (Rs), eco. Then, the
descending branch follows to the wvalue
1,5...2¢ec0. Further, the dependence is a straight
line until zero strength is reached when cracks
appear (esp). In our case, it is extremely
important to find the dependence for
determining the stress-strain state of a limited
concrete core inside the stirrups.

@ Confined Concrete
8 fec Mg
15} S i First Hoop
2 { Ve \ Fracture
g fo—h |
= | |
5}
o s
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5/ Bec | !

Ewo 1. 58t Ee Eeu

Figure 1. Axial Stress-Strain Model proposed by
Mander et al. (1988) for monotonic loading

A distinctive feature of the methods for
calculating structures with a triaxial stress state
of the inner core is considering the increased
strength of concrete in the longitudinal
direction.

When comparing the efficiency of structural
elements  with  different  methods  of
reinforcement, the factors of the efficiency of
concrete work is m and the efficiency of the
structural element as a whole - m.
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where o,— longitudinal stresses in concrete at

the moment of failure;
N — bearing capacity of the element.
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For elements reinforced only with longitudinal
reinforcement and the usual standard spacing of
transverse reinforcementn7 =m =1, previously
conducted experiments [15] found that the

efficiency of confined concrete largely depends
on the method of reinforcement (Table 1).

Table 1. The dependence of the efficiency factors of concrete u and the structural element m on

the reinforcement method

Type of element, reinforcement 1] m
Steel tube confined concrete (STCC) 1,5...2,0 3,0..42
With reinforcement
Spiral 1,2...1,4 1.4...1,8
Mesh 1,3...1,5 1,4...1,8
List 1,2...1,4 1.4...1,7
Angle (L-shape) 1,1...1,2 1,2...1,5

The efficiency of a confined concrete core
operating in confined conditions can vary
significantly depending on the type of concrete.
So, for example, for steel tube confined concrete
(STCC) concrete #u varies from 3.0 for
lightweight aggregate concrete to 4.2 for
conventional concrete; for elements with mesh
and spiral reinforcement - from 1.4 to 1.8,
respectively; with corner reinforcement - from
1.2to L.5.

Columns of circular cross-section are rarely
used in structures for industrial and civil
construction therefore, for further research, we
will use columns of square and rectangular
cross-section.

For the calculation of traditional tube confined
concrete structures with a reinforcing cage
inside the tube, previously it was proposed to
distinguish three characteristic zones in its cross
section, which are in different stress-strain state
[3].

In our case, due to the frequent setting of
transverse reinforcement, only 2 characteristic
zones can be considered in the cross section of
the element — 4/ inside the reinforcement cage
and A2 from the outer edge of the column to the
inner edge of the reinforcing cage (Figure 2).
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Inside of the Al zone concrete works under
conditions of a biaxial stress state, while in the
zone A2 the stressed state of concrete can be
characterized as uniaxial compression.
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Figure 2. Plot of lateral pressure over the core

For the rest, the calculation is proposed to be
carried out by analogy with square-section
concrete not taking the steel shell into account.

RESULTS

The strength of the concrete core of a composite
reinforcing cage element operating under
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volumetric compression is determined as the
average value of the strength of the peripheral
and central zones:

_ Rb3,fAsz +Rb(A_As,z)

Rb3,m : A s (5)

where R,, ,— the compressive strength of the

b3.f
central zone of a concrete core having indirect
reinforcement in the form of frequently installed
transverse FRP reinforcement. 4, . — area of the

zone inside the stirrups.
Strength of concrete reinforced core R;; , is

determined by the formula (6) with replacement
of Ry by Rpss and o by os(or o). In our case

o - the relative value of the lateral pressure in
the limiting state from the side of the
reinforcing cage on the concrete core and Rps —
compressive strength of concrete with indirect
reinforcement with stirrups.

Ry, 3r1s calculated by the formula:

— 2
N O'»,—z O"_z o
o a1 057252 225 ©
1

where o - relative radial stresses inside the
reinforcement cage.

The value of o, is calculated by the following
formula [6,13]:
o =048 p (7)

In the formula (7) the structural element p is
replaced by py, defined as follows:

y.p-p (8)

The value of E_ﬁ: is calculated by the following
formula:
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- ufccy,sc
G,=—"", 9
TR, )

whereo | - spiral yield strength;

M, - transverse reinforcement ratio with

stirrups.

The transverse reinforcement ratio with stirrups
depends on the area of the stirrup Az, the area
limited by the diameter of the spiral dey and

spacing of stirrups s. 4. is calculated according

to the formula:

e (10)
o d s
off

Formulas (9) and (10) reflect the previously
made assumption that the smaller the spacing of
transverse reinforcement, the higher the relative
radial stresses inside the reinforcement cage
and, therefore, the higher the strength of the
concrete core.

In our case, in formula (9) instead of the yield
point of steel o, . it is necessary to use the

c

tensile strength of the material from which the
stirrups are made, namely GFRP reinforcement.

In current construction practice, bent steel rods
are already shipped to site prefabricated or bent
on site. Unlike the FRP reinforcement, steel has
an elastoplastic nature and, therefore, can be
easily fixed to “cold”. Current design codes
specify bending radius for steel reinforcement
from 2,5ds for mild steel, which corresponds to
a maximum deformation of 20%. In the case of
FRP reinforcement, there may be problems with
potential buckling of the fibers on the inner
(compressed) side. Besides that, the typical
ultimate strain of composites ranges from 1% to
2.5%, therefore strains in the fibers must be
controlled to avoid early failure of the entire
rebar. As a result, the cold bending of composite
rebar requires larger radius than steel rebar.

It is believed that the bending strength of FRP
reinforcement bars is lower than the strength of
a straight bar [16, 17]. The key factor is the
parallelism of the fibers. So, for fibers, the
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decrease in strength begins for angles from 5°.
For laminates with an angle of inclination of the
fibers from the b-axis 30° strength is only 10%
of the initial (Figure 3).

The  compromise  between  mechanical
properties, ease of manufacture and use of
composite stirrups is a bend diameter 7 times
larger than the stirrup diameter [18]. In addition,
some researchers [19] obtained graphs of the
dependence of the strength of FRP
reinforcement rods on the angle of inclination of
the fibers (Figure 4).
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Figure 3. The influence of deviation angle of
fibers to strength of UD laminates for different
fiber contents [19]
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Figure 4. Induced strain values in cold bent
bars [18]

Considering the above, we can conclude that for
composite stirrups the strength of the rebars on
the bends critically depends on the angle of
inclination of the fibers. This fact is reflected in
the design standard of the Russian Federation
for  structures  reinforced  with  FRP
reinforcement [7]. So, according to clause
5.2.10 [7], the design value Rsv of the resistance
of FRP reinforcement to tensile at the bend
radius of stirrups made of rebars with a diameter
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dsw, equal to at least 6ds» should be defined by
the formula:

R, =0.004E, <0,5R, (11)

Thus, at the most common value of the tensile
elastic modulus of GFRP reinforcement 50 000
MIlla it is necessary to substitute values no more
than R#w=200 MPa in the formula (11) instead

of o

ysc *

It is also important to determine the area of the
effectively confined core of the section.
According to [4], the area of an effectively
limited concrete core 4. is less than the area of
the core inside the center lines of the stirrups,
excluding the area of the longitudinal
reinforcement Az.. The confined concrete zone is
assumed to be the area within the center lines of
the stirrup’s perimeter (Figure 5).

HEIPQ HEuMEr gau-o
OEPOHUME ot ¥ ozponuseniozo Agoa

Figure 5. Zone of confined concrete for square
columns

The total ineffective area of the confined core
at the level of the stirrups, taken that their
number is #:

(12)

Considering that the boundary of effectively
confined concrete between two adjacent stirrups
has the shape of a square parabola with an initial
angle of inclination 45°, the ratio of the area of
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effectively confined concrete to the area of the
core will be as follows:

(13)

As can be seen from Fig. 5, the contour of an
effectively limited core is not square or rectangular,
as it was assumed earlier [20]. From the equation of
the area of a square parabola, the ordinate of the
parabola depends on the abscissa (the spacing of
the longitudinal reinforcement). That is, with a
decrease in the distance between the bars of the
longitudinal reinforcement, the ordinate of the
parabola also decreases. At the same time, the area
of unconfined concrete is reduced, and the area of
efficiently confined concrete is increased. Based on
the above, we can conclude that saturation with
longitudinal reinforcement, i.e., an increase in its
spacing, directly affects the area of an effectively
confined core enclosed inside the stirrups and, as a
result, affects an increase in the bearing capacity of
the centrally compressed element.

Thus, the area of confined concrete in the
section is determined in the middle between two
adjacent stirrups:

O G R G o A

Accordingly, the effective area in the middle
section is calculated as follows:

el i)
2b 2d (15)

b 7 Lb d, ZK—Z}) d (I_EII_%j
g5 o

It can be seen from the formula above that the
smaller the spacing of the transverse
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reinforcement, the larger the area of effectively
confined concrete in the core of the section will
be and, therefore, the higher the bearing capacity
of the centrally compressed element will be. This
proves the previously stated assumption that with
a decrease in the spacing of the transverse
reinforcement, the bearing capacity of a confined
concrete  element increases with  FRP
reinforcement. In addition, the spacing of the
longitudinal reinforcement also affects the area
of the effectively compressed core of the section.
The more often the longitudinal reinforcement is
installed in the section, the smaller the variable
w' will be, the larger the area of the effectively
compressed core and, therefore, the greater the
bearing capacity of the element will be.

DISCUSSION

As a result, the bearing capacity of a
compressed element with FRP reinforcement
can be represented as following:

N 3f — Rb3,fAe +R,(4-4,)

u (17)
This formula takes into account the increased
strength of an effectively confined core Rbsf
whereas the compressive strength of the FRP
reinforcement is not taken into account.
Generally, the method takes into account the
spacing of the transverse reinforcement, the
saturation of the longitudinal and transverse
reinforcement, the strength of the material of the
transverse reinforcement (stirrups).

It can be noted that the developed model can be
adapted for round and rectangular columns as
well. Only in the case of columns with a circular
cross-section, the efficiency of using FRP
reinforcement should be higher due to the
greater strength of the transverse reinforcement
material without bends.For comparison with the
experimental data, a comparison was made with
the research results obtained in [11,12,21]. The
comparison results (table 2 and figure 6) shows
good correlation between theoretical and
experimental values.
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Table 2. Experimental results and model prediction for GFRP reinforced compressed members

Ne Specimen b(d), w, s,mm | Ry, MPa | Ry3r, MPa Nexp Ntheor ﬂ
mm mm N theor
1 2 3 4 5 6 7 8 9
CB 1-1 200 75 500 14,9 15,65 615,1 646 0,95
CB 2-1 200 75 500 14,9 15,22 504,5 624,9 0,81
CB 1-2 200 75 250 14,9 16,36 600,1 640 0,94
CB 2-2 200 75 250 14,9 15,53 532,2 626,8 0,85
§ CB 1-3 200 75 167 15,9 18,05 738,3 689,6 1,07
§ CB 14 200 75 100 15,2 18,59 746,1 688,6 1,08
_c'c: CB 2-4 200 75 100 15,9 16,67 619,8 680,1 0,91
zn CB 1-1 200 75 500 14,9 15,63 568,4 650,4 0,87
_é CG 2-1 200 75 500 14,9 15,22 561,1 628 0,89
':-%" CG1-2 200 75 250 14,9 16,35 583,3 643 0,91
- CG2-2 200 75 250 14,9 15,52 491,2 629,8 0,78
CG1-3 200 75 167 14,9 17,05 586,1 641,4 0,91
CG1-4 200 75 100 15,2 18,64 798.4 678,6 1,18
CG2-4 200 75 100 15,2 16,74 726,2 646,4 1,12
CG2-3 200 74 167 19,73 21,9 849.6 818,6 1,04
CG 2-4-6 200 74 100 19,73 23,18 901,3 839.,1 1,07
E CG 2-4-3 200 74 100 19,73 23,18 901,3 839,1 1,07
g CG 2-4-4 200 148 100 19,73 23,18 849,6 779,1 1,09
g CC1-4 200 74 100 19,73 23,79 10423 848 1,23
E; CS1-4 200 74 100 19,73 23,79 1091 1210 0,9
g" CS 1-5 200 74 50 19,73 27,14 1140 1270,7 0,9
:E CS 1-5 200 74 50 19,73 27,14 1042,2 908,7 1,15
% CS 2-5 200 74 50 19,73 26,08 993,6 891,5 1,11
CS 2-5-4 200 74 50 19,73 26,08 901,3 891,5 1,01
CS 2-5-6 200 75 50 19,73 26,08 936,5 890,4 1,05
Tj C.4010-50-1 150 100 50 22,4 35,95 670,5 541,4 1,24
Q;a C.40010-50-2 150 100 50 27,8 41,97 652,3 664,6 0,98
.g C.4010-100-1 150 100 100 20,1 27,68 501,5 471,2 1,06
% _ | €4010-100-2 150 100 100 20,1 27,68 5389 471,2 1,14
Ef 5 C.8010-50-1 150 50 50 26,2 40,20 721,6 666,8 1,08

In the table 2: CB — columns with BFRP rebars, CG — columns with GFRP rebars, CC —
columns with CFRP rebars, CS — columns with steel rebars, C.40 — columns with GFRP rebars.
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Figure 6. Comparison of calculated and experimental strength data of the author's tests [11,12,21]

CONCLUSION

1. Based on the above-described model of
confined concrete, a model for calculating the
strength of a centrally compressed concrete
element with FRP reinforcement has been
adapted and proposed for the first time in RF.

2. The proposed method considers the effect of
the frequent spacing of the transverse
reinforcement and saturation of longitudinal
reinforcement on the strength of centrally

confined concrete elements with FRP
reinforcement.
3. The influence of the strength of the

transverse reinforcement material on the bearing
capacity of the centrally compressed concrete
element has been justified.

4. An increase in the bearing capacity of
confined elements with a decrease in the
spacing of transverse reinforcement and
saturation of the amount of longitudinal
reinforcement is theoretically justified.
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