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Abstract:

Introduction/purpose: Structural design and calculation are based on the
behavior of concrete and steel separately, without taking into account the
contribution of stirrups in concrete confinement. The influence of
confinement in structural modeling can be used to better approximate real
behavior. The purpose of this study is to develop and validate a non-linear
model for the behavior of reinforced concrete structures, taking into account
concrete confinement.

Methods: A 3D finite element model is used to analyze framed structures.
This model takes into account shear deformations. The cross-section of the
beam is discretized into trapezoidal layers, while each layer is assumed to
be uniaxially stressed. Non-linear constitutive laws are applied to the
materials. For concrete confinement, the material’s ductility is considered
using the relationships proposed by Bouafia et al. These models are
implemented in a computer program. The software monitors the behavior
of column-beam structures under variable loads until reaching their load-
bearing capacity.

Results: The results are compared with experiment results, focusing on
maximum strength and deformability. The comparison shows very
satisfactory results. In addition, the use of transverse reinforcement for




concrete confinement significantly impacts the global behavior of reinforced
concrete structures by influencing the contribution of ductility.
Conclusion: The consideration of confinement in structures provides the
best possible approach to the real behavior of structures. In contrast to
existing calculation codes, concrete behavior laws do not take into account
the contribution of confinement by transverse reinforcement.

Keywords: reinforcement, confinement, modelling, simulation, ductility,
stirrups.

Introduction

In the field of engineering, particularly in construction of civil and
industrial structures, design and modeling are mainly based on the finite
element method (FEM). This method has developed considerably
(Zienkiewicz & Taylor, 2005), initially employing a linear approach for
discretizing beam elements before evolution towards non-linear
methodologies (Bathe, 2006). Successive research has continued to refine
and develop these approaches (Bratina et al, 2004; Rozman & Fajfar,
2009; Eltoft & Lande, 2015).

Recent models have introduced various approaches to taking non-
linearity into account in the analysis of reinforced concrete structures,
including concentrated non-linearities at end nodes, based on the concept
of plastic hinges (Spacone et al, 1996) or distributed along the element
(Spacone et al, 1992). These models aim to provide a more accurate
representation of actual structural behavior, particularly in the case of
complex or elongated structures subjected to high loads (Scott et al, 1982;
Mander et al, 1988). Analysis of these structures requires consideration of
the actual behavior of the materials used - concrete and steel - with recent
studies proposing various behavioral relationships for these materials
(Popovics, 1973; Bentz & Collins, 2000; Elwood & Moehle, 2003).

The main objective is to simulate the actual behavior of structures up
to failure. This requires the consideration of mechanical non-linearities
between stress and strain and the effects of transverse reinforcements,
which not only absorb shear forces but also improve the compressive
strength of concrete through a confinement effect. Recent experimental
and theoretical studies have focused on the strength and ductility of
ordinary concrete elements reinforced with transverse reinforcement,
illustrating the significant impact of confinement on the behavior of
concrete sections, whether circular or rectangular (Blume et al, 1961; Roy
& Sozen, 1965; Soliman & Yu, 1967).

Ourabah, A. et al, Influence of confinement by transverse reinforcement on the nonlinear behaviour of reinforced concrete structures, pp.1916-1947



@VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 4

Several recent experimental and theoretical studies have analyzed
the strength and ductility of ordinary concrete elements reinforced with
transverse steel. This research has highlighted the critical role of
confinement in the behavior of concrete sections, whether circular or
rectangular. Recent research by Lu et al. (2019) and Paultre & Légeron
(2008) has expanded on previous findings, exploring the effects of
confinement in both rectangular and circular sections. Further
experimental analyses on small-scale specimens have been advanced by
researchers such as Canbolat et al. (2005) and Li et al. (2023), providing
further insight into material behaviors under various loading conditions.
These studies continue to highlight the critical influence of steel
reinforcement on the mechanical properties of concrete.

For confined concrete, Kent & Park (1971) proposed a model based
on previous experimental studies. Park et al. (1982), Saatcioglu & Razvi
(1992), Sheikh & Uzumeri (1982), Ahmad & Shah (1982), Mander et al.
(1988), Tang et al. (2021) and Chung et al. (2002) have proposed stress-
strain relationships based on the results of tests they carried out. Mander
et al. (1988) propose a single mathematical relationship that describes the
entire application domain. Yalcin & Saatcioglu (2000) and Hoshikuma et
al. (1997) propose two behavior branches.

Each of the authors proposes stress-strain relationships that take
confinement into account. Each model is more or less limited; the
percentages of longitudinal p; and transverse p, steel are more or less
restricted. The proposed relationships are applied for confinement
percentages (which depend on the density of longitudinal and transversal
steels) of between 20 and 25 %o only. When applying these models, there
is a considerable discrepancy between experimental results and
calculation, especially in the post-peak branch, for confinement
percentages below 20 %.. It can be noted that the ascending part is more
or less representative of all these models, but the descending part after
the deformation peak differs significantly from the experimental results.
Another approach, carried out by Bouafia et al (Bouafia et al, 2014; Iddir,
2016) consists of the proposal of three relations to better approximate the
post-peak behavior. The correlation of the stress-strain curves with the
experimental results is satisfying for confinement percentages between 10
and 25 %o.

The present work then asks how to estimate this contribution
regarding the structures' ductility, particularly by considering confinement
at the nodal zones at the connection of the reinforced concrete columns-
beams. This study aims to model structures in reinforced concrete under
monotonic increasing loads until rupture by the finite element method. The




modeling is performed considering the six degrees of freedom; it is a three-
dimensional analysis.

This modeling considers the material non-linearity; the behavior
relationships of concrete and steel are those derived from actual behavior
until rupture. This modeling considers the geometric non-linearity and the
evolution of the shear stresses due to the variation of the shear force
outside the linear domain. The last parameter is considered by estimating
the degradation of the shear modulus of concrete. The most interesting
methods for predicting total displacements were developed from the 1980s
onwards. Studies by Vecchio & Collins in 1986 (Vecchio & Collins, 1986;
Kachi, 2006; Kachi et al, 2006; Houde, 2007) led to the modified
compression field theory, which allows shear force to be taken into account
in reinforced concrete beams. This model uses the method of strips and
ties, representing a beam section by a succession of diagonal cracks
crossed by transverse reinforcement.

Based on the modified compression field theory, a theoretical model
presented by (Kachi, 2006) analyzes the failure behavior of reinforced and
prestressed concrete beams subjected to the combined effect of plane
bending and shear force in non-linear elasticity. It can be used to estimate
the shear stiffness of beams with various cross-sectional shapes and
reinforcement details.

The compressive strength of the concrete is limited by the strength of
the concrete at the struts, which decreases as a function of the principal
tensile strains perpendicular to the cracking. Cracks affect the transfer of
shear forces, increasing the compressive forces to maintain equilibrium,
which reduces the principal compressive stress in the concrete parallel to
the cracks.

The third method used in the present study to account for the effect
of shear stress is that proposed by Adjrad, which adjusts the shear
modulus as a function of distortion evolution (Adjrad, 2015).

The present study is organized as follows: first, the behavior of
concrete and steel used is presented, followed by the effect of transverse
steel in concrete confinement. Finally, the numerical results, given by
applying the software developed for this study, are compared and
validated with the results of experimental tests published in the literature.

Material behavior

Concrete in compression and tension

The non-linear behavior until failure in compression of concrete,
without taking into account confinement, is given by Sargin's relation
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(Sargin, 1971). The advantage of this relationship is that the ascending
and descending branches can be adjusted by the coefficients Kb and K’b,
respectively, to the results of tests carried out on specimens of standard
dimensions (J = 16 cm, h = 32 cm). The graphical representation of this
relationship is given in Figure 1 and its mathematical expression is given
by Eq.1.
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Figure 1 — Stress-strain diagram of unconfined concrete, the Sargin model

The behavior of concrete in tension is described by the relations
proposed by (Grelat, 1978) and shown in Figure 2.
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Figure 2 — Stress-strain diagram of unconfined concrete, the Grelat model
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with

f; is the compressive strength of concrete,




&y is the peak deformation corresponding to f, and
Ewo is the elastic modulus of concrete at the origin.

The stress-strain relationships, for the tension behavior of concrete,
are given by Eq (2).

o, = Eh()ght ;lgml < &g
E—&,
Oy = _f,, ( = )2 €, < |€m| <e,
(gr'l _g//
g, =0 Je.] > e, (2)

fy: is the tensile strength of concrete,
&r¢ is the peak deformation corresponding to fg;, and

&+ Is the deformation corresponding to the plasticization of the tensest
steel.

Confined concrete by transverse reinforcement

The behavior of concrete confined by transverse reinforcement is
described by the relations proposed by Bouafia et al. (2014). These

relations define three behavior segments:
0('("‘

I
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Figure 3 — Stress-strain diagram of confined concrete, model by Bouafia et al. (2014)

The first part of the curve is ascending and non-linear; the authors
have proposed a modification of Sargin's relation (Sargin, 1971) to account
for the confinement (see Equations 3 to 8).

For O<gc <8uO
k&, —(k 1)z’
e = e 1+(k, —2)z, — k.8
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Fect (4)
E.c0 = Eep {1 + S[Q - IH
Ja (5)
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where:

fec is the compressive strength of confined concrete,
feo is the compressive strength of unconfined concrete,
&.co is the peak deformation corresponding to fc,

&qo IS the peak deformation corresponding to £, and
K, is the adjustment coefficient.

After reaching the maximum stress, i.e., after the peak stress, the
behavior tends to decrease along a linear descending branch (this is the
post-peak zone). The behavior is described by equation (9). When the
longitudinal strain reaches the value given by equation (11), the stress
decreases to the value given by equation (12). This stress remains
constant and a ductility phase is observed, in which the deformation
reaches values close to ¢, (see Equation 13).

For 8660 < gc < 865

O'(.(. = f;c - E‘s (EC - gccU) (9)
with:
__6/%
Cokp S (10)
gy = 0.35f,, ‘e,
6(( = O65f;c (12)
)

£,, =0.0035+0.4
Jeo (13)
ke is the effective confinement coefficient,

fyn is the yield stress of transverse steels, and

Eccu 1S the ultimate strain.
1922



Behavior of steels

The behavior of steels under monotonic loads is quasi-identical in
tension and compression; the steels used are natural and hardened. For
natural steels, the perfect elastoplastic law is adopted (Eyrolles, 2000).

o=FEz¢g, ;6,2 ¢,
o=f, 6, <¢, <€,
o=0 1€, > 8, (14)

The behavior law of work-hardened steels is defined as follows
(Eyrolles, 2000):

o, =Ez¢, ;0,<0.70,

(o}

K e

5
o, =%+0.823[ﬁ—0.7] 1070, <o, <110,
o, =1.1o, 1% <, <¢, (15)

where:

E; is the longitudinal modulus of steel,
.. is the elastic limit strain of steel,

o, is the elastic limit stress of steel, and
&, is the ultimate deformation of steel.

Degradation of the shear modulus of concrete

To more accurately predict the deformation evolution of structures
subjected to increasing external forces, it is essential to take into account
deformations attributed to shear in the non-linear domain. Traditional
studies, such as (Kwon & Spacone, 2002; Buyukozturk, 1977), have often
neglected these non-linear deformations induced by shear stress.
Although shear strength can generally be estimated using simple formulas,
these do not take into account the effects of bending in composite
materials. In addition, the appearance of shear cracks can result in
considerable shear displacement, complicating the overall response of the
structure. Recent research (Lee et al, 2015; Chen et al, 2013) has
addressed these complexities by incorporating shear deformations into
their analysis, providing a more complete understanding of structural
behavior under such conditions.

The truss analogy model, consisting of connecting diagonal concrete
struts inclined at an angle 6 (see Figure 4) and transverse steel ties, is
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used to calculate the tensile forces in the reinforcement and the
compressive forces in the concrete connecting struts subjected to
longitudinal sliding forces (Bouafia, 1991).

¢ Detail A

Cracked concrete

reinforcement

+ Tensioned transverse

Detail B Tensioned longitudinal reinforcement

Figure 4 — Truss analogy model

The tension in the reinforcement ranges from maximum to mid-
distance from the cracks (see Figure 5. A), while the strut of concrete is
subjected to compression parallel to the cracks and tension in the direction
of the reinforcement (see Figure 5. B). The average elongation of the
reinforcement is related to the maximum stress. Modeling must take into
account the compression of the concrete in the direction where the
reinforcement stress is tension (Bouafia, 1991; Kachi et al, 2006).

.r? vertical steel bars

"""" / | Ve
/concrctc strip

_______ Ya " L Fi+oF

M \ longitudinal steel bars
ox=1

Detail A Detail B

Figure 5 — Local behavior of reinforced concrete in the transverse direction (A) and the
longitudinal direction (B)




In an alternative method, the degradation of the shear modulus is
taken into account by applying the model proposed by (Adjrad, 2015). The
authors propose expressions for estimating the value of the shear modulus
as a function of the characteristics of the cross-section and the steels (see
Egs. 16, 18, 19). These expressions are given according to the three
behavior zones defined in Figure 6 which allow following the degradation
of this shear modulus according to the evolution of the cracking of the
concrete.

7 Zone 03
Zone 02

Tfiss

Zone 01

0 5 T
Vfiss Ypla 7r

Figure 6 — Shear stress evolution versus distortion for a cross-section of reinforced
concrete (Adjrad, 2015)

The model proposed by the authors is based on a theoretical and also
statistical study that exploits more than 17 test results carried out on
reinforced concrete beam and wall elements. These three zones are
defined as follows:

Zone 01: before the concrete cracks, the variation of shear stress as
a function of distortion is linear; the transverse deformation modulus G is
given by the formula derived from the theory of linear elasticity (see Eq.
16).

E
G= < Jor0<y <y, =0.0003
2(1-p) (16)

Zone 02: this is the post-cracking phase of the concrete and extends
to the beginning of the softening of the steel. This zone is represented by
a straight line whose slope is given by Eq.(17).

G =6oaltaPrSs g, Vs SV <7 =0.0025
Jy (17)
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Zone 03: this phase is characterized by the development of softening
of the steels, and the shear modulus is given by Eq.(18).

G=3a72delia p ey —0.006
o (1 8)

where:
p; is the percentage of transverse reinforcement,
p; is the percentage of longitudinal reinforcement,
fe. is the yield strength of transverse reinforcement,
fe, is the yield strength of longitudinal reinforcement,
fcj is the characteristic compressive strength of concrete,
Yriss iS the shear strain at concrete cracking,
Ypia 1S the shear deformation due to steel plasticization,
¥, is the shear strain at fracture, and
u is Poisson's ratio.

The behavior of confined concrete

The compression forces applied to a reinforced concrete section
produce lateral forces on the concrete inside the transverse reinforcement.
The transverse steels are then solicited and thus provide concrete
confinement. This (internal) confinement, generated by an adequate
disposition of the steels, increases the load-bearing capacity and ductility
of the structure. The compressive strength of confined concrete is given
by Eq.(03) (Ngo & Scordelis, 1967; Soliman & Yu, 1967; Nait-Rabah, 1990;
Spacone et al, 1992, 1996).

Circular section

The circular section, Figure 7, can be idealized by an effectively
confined concrete which is inside the spiral steel, and an unconfined
concrete which represents the cover.

\<—"'>}
1
[ | Cover
| I
| | cnncrek\ }
s'||s
d y
Effectively |
. |
confined % d-s/2
concrete L
d
s
Horizontal section Vertical section

Figure 7 — Confined concrete in a circular section




The confinement coefficient is defined by (Mander et al, 1988):

[1_ S'j
A 2d
ho=le N )

! 1-p,

cc

(19)
The equilibrium of forces in the section can be written as follows:

2,4, = fsd

(20)
The lateral confinement stress is given by:
1
ﬁ zszke.f;fh
(21)
Rectangular section

For a rectangular section, the effective confined section is the area
obtained after subtracting all the unconfined parabolas, see Figure 8. The
effective confinement coefficient is given by:

Conver

A concrete

Y

A\ g !

w' N Effectively < >
< > - be
b confined

¢
concrete
Horizontal section Vertical section

Figure 8 — Confined concrete in a rectangular section

The effective confinement coefficient is given by:

w'" s’ s'
1- — 1= J1=
k _ Ae [ ;6bcdc) ( 2b€j ( 2dcj

A, (1-p.)

B
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The longitudinal and transverse steel proportions, respectively, can
be expressed by the following relationships:

A

ﬁx :i yh :pr;’h
(23)
A.\y
Fo =i I = Pl
(24)
The result will be:
S = kepx.f:vh
(25)
f'ly = kepyf,‘vh
(26)

The distribution of the lateral confining stress is at an angle of 45°,
and the value is given by:

S

A 2 @7)

Model validation

A finite element analysis software for three-dimensional reinforced
concrete structures, based on the displacement method, taking into
account the confinement of the concrete by the transverse reinforcements,
is developed in the present study and written in Fortran language. This
program is then applied to isostatic, continuous beams and column-beam
structures. The comparison with the experimental results is given below
and is rather satisfactory.

Confinement is taken into account using the compressive strength of
the concrete, the diameter and percentage of longitudinal and transverse
reinforcement, and the geometry of the concrete cross-section. A
comparison is made with a series of experimental tests carried out by
Mander (10 tests for circular sections and 13 tests for rectangular
sections). Figures 9 and 10 present a comparison of the results between
the experimental and the model of Bouafia et al, for a rectangular and
circular section, respectively. (Mander et al, 1988; Bouafia et al, 2014;

ddir, 2016)
1928
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Figure 9 — Comparison of the experimental and theoretical stress-strain curves for a
rectangular shape
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Figure 10 — Comparison of the experimental and theoretical stress-strain curves for
circular shape
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The influence of taking into account the transverse reinforcement
(percentage, spacing, and diameter) was demonstrated in the proposed
model.

There is a clear contribution in terms of strength and ductility due to
the confinement of the section. Thus, the approach adopted (proposal of
three branches) provides certain flexibility to the model and therefore
provides a better approach to the behavior of the material. Its application
for confinement percentages from 10 to 25 %o is reasonably satisfactory.
This model is used in the present study.

Isostatic beam: Toronto test

This experiment was done at the University of Toronto by (Vecchio &
Shim, 2004). It is a program that regroups a series of tests on 12 reinforced
concrete beams. In our study, we were interested in two representative
beams from the geometric and reinforcement aspects: B2 and C2. The
geometric characteristics are shown in Figure 11.

F
) 4570 )
stirrup mstirrup
©6.4/190 ;h6.4/210 h
M (8]
21029,9— 2029.9
229 152

B2 C2

Figure 11 — Detail of the Toronto beam B2 and C2




The test consists of applying a load to the mid-span of the beam using
a hydraulic jack. The load increments are 40 KN until the beam fails. The
mechanical characteristics of the concrete and the longitudinal and
transverse reinforcement are given in Table 1.

Table 1 — Mechanical characteristics of materials. Toronto Beam B2 and C2

Concrete | f/ (MPa) fi (MPa) E. (MPa) &
Beam B2 | 23.2 3.76 32900 0.0021
Beam C2 | 23.8 3.93 32900 0.0021
Steels Diameter (mm) | Area (mm?) | f, (MPa) | E; (GPa)
M25 252 500 440 210

M30 29.9 700 436 200
Stirrup 6.4 32.2 600 200

Figures 12 and 13 show the evolution of the deflection as a function
of the loading at the point of application of the incremental force. It can be
seen that the simulation of our study approaches the experimental curve
with good results. The concrete confinement is of course taken into
account according to the real spacing of the transverse steels.

These figures show a comparison of the results with the confined
concrete model used in the EN 1992-1-1 code. It can be seen that the two
behavior laws for confined concrete (Bouafia et al, 2014; Eyrolles, 2000)
satisfactorily approximate the actual behavior of the experimental tests on
the beams B2 and C2. The experimental behavior is better approximated
in the present study.

—— Experimental i
—— Present study (Spacing 19 cm)
—— EN 1992-1-1

|
0 T T T
0 10 20 30 40

Deflecion (mm)

Figure 12 — Load deflection curves - Toronto Beam B2
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320 T
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- 160 -
©
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— 120 -
80 Experimental 4
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0 T
0 5 10 15 20 25
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Figure 13 — Load deflection curves - Toronto Beam C2

Figure 14 shows the influence of transverse steel spacing on concrete
confinement.

400 —
350
300
250
c
g
200 z
“g ] —— Spacing 25 Cm
= 450 J —— Spacing 19 cm

—— Spacing 15 Cm

—— Spacing 10 Cm

—— 8pacing 7 Cm
Spacing 5 Cm

| - Spacing 2,5 Cm

o T T T T T T T T T I‘ T T

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Deflexion (mm)

100

50

Figure 14 — Load deflection curves for different spacings — Toronto beam B2




Thus, the evolution of ductility in terms of displacement, as well as a
potential energy of the beam as a function of the ratio of transverse
reinforcement can be observed as shown in Table 2.

Table 2 — Potential energy versus stirrup spacing. Toronto Beam B2

Spacing Potential energy | The gain in comparison to the experimental (%)
(cm) (Joules)

2.5 20479.4 124.56

5 17613.4 93.14

7 14997 .1 64.45

10 14997 1 38.51

15 10680.4 17.11

25 8496.83 -83.17

Hyperstatic beam: Mattock tests

The example is taken from a series of tests carried out by Mattock
(1965) on continuous hyperstatic reinforced concrete beams. The beam to
be studied has two equal spans and a load point applied in the middle of
the first span (see Figure 15). The cross-section beam is rectangular and
the percentage of reinforcement is summarised in Table (3).

Table 3 — Mechanical characteristics of materials. Mattock beam

Concrete fe (MPa) ft (MPa) E. (MPa) -0
Beam 03 24.99 2.1 32160 0.0024
Steels Diameter (mm) | Area (mm?) | f, (MPa) | E; (GPa)
Top layer 6.35 31.67 400 200
Bottom layer 6.35 31.67 400 200
Stirrup spacing 15.24 cm | 6.35 31.67 400 200
B C
o
P i : L
2
o6
o
A C D v

A B i A _10.16_

1.829 1.829
a — >

Figure 15 — Details of the Mattock beam - B3 Beam
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According to Figure 16, there is a good correlation between the
simulation and the experiment. The ratio between the calculated and
experimental rupture load is close to 1 (see Table 4). For displacement,
the relative error does not exceed 6%.

70 T T T T I T

60 -

I I3
IS) S
1 1
1 1

Load (KN)
8
1

[\S]
o
|
|

Experimental
—— present study (Spacing 15,24 Cm)

'y
o
1

0 I 1 1 I I 1
0 2 4 6 8 10 12 14

Deflexion (mm)
Figure 16 — Load deflection curves - Mattock beam

Table 4 — Load and displacement at the rupture. Mattock beam

&VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 4

Displacement (mm)

Rupture load (KN)

Simulation 11.75 62.75
Experimental 12.45 62.63
Relative error (%) | 5.62 0.19

To assess the influence of the concrete confinement, the spacing of
the transverse reinforcement was increased from 2.5 to 20 cm.

The results, in terms of potential energy, gain compared to the
experimental, are given in Table 5 and the behavior curves in Figure 17.

The contribution in terms of gain in potential energy and also in
ductility of the beam is clearly shown.




Table 5 — Potential energy versus stirrup spacing. Mattock beam

Spacing Potential energy The gain in comparison to the experimental
(cm) (Joules) (%)
25 1165.13 104.77
5 976.78 71.66
7 942.30 65.60
11 685.56 20.48
20 354.43 -37.71
70

——— Spacing 20 Cm

—— Spacing 15,24 Cm
Spacing 11 Cm

——— Spacing 7 Cm
Spacing 5 Cm
Spacing 2,5 Cm

Load (KN)

O T T T T 1 T T T T 1

0 2 4 6 8 10 12 14 16 18 20 22
Deflexion (mm)

Figure 17 — Load deflection curves for different spacings — Mattock beam

Portal Frames: Cranston P7 - P9

The portals we are proposing for study are part of an experimental
program initiated by Cranston (Grelat, 1978; Espion, 1986; Nait-Rabah,
1990; Robert, 1999).

The study concerns eight portal frames of the same dimensions,
hinged at the base (Figure 18).
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These portals are loaded at the top of the column by a force H which
equals one-tenth of the force P applied at two points on the beam.
The mechanical characteristics of the portal frame are given in Table 6.

Table 6 — Mechanical characteristics of materials. Cranston portal frame

Concrete fe (MPa) fi (MPa) | E. (MPa) -0
Portal frame P7 33.2 2.59 32000 0.0020
Element As 995 | Ai $95 | f, (MPa) E, (GPa)
1,20 2 2 278 200
2,6,15,19 2 2 278 200
3,4,5,16,17,18 | 2 2 278 200
7,14 4 2 278 200
8,13 4 2 278 200
9,10, 11,12 6 2 278 200

The vertical deflection at the middle section of the beam (at the
junction of elements 10 and 11, see Figure 18) versus the vertical load P
is shown in Figure 20.

The simulation results conform with the experimental results,
especially in the linear domain and in the region of the rupture. The
disparities observed in the post-cracking domain may be due to the
incertitude of the mechanical properties of the steels; these are not
provided by the author but are given by Grelat (1978). The difference
(relative error) observed between the rupture loads (calculation/test) is
0.39% and in terms of displacement, this difference is 1.79%. (see Table

7).



— Experimental
Present study (spacing 7 cm)

O 1 I 1 1 1 I 1 I 1
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Figure - 19 Load deflection curves — Cranston portal frame

Table 7 — Load and displacement at the rupture. Cranston Portal frame

Displacement (mm)

Rupture load (KN)

Simulation 13.64 48.16
Experimental 13.89 48.35
Relative error (%) | 1.79 0.39

Closer stirrups provide a gain in potential energy. This gain is also
estimated and compared to the portal frame configuration with the actual
stirrup spacing (Table 8). The ductility contribution is shown in Figure 20.

Table 8 — Potential energy versus stirrup spacing. Cranston portal frame

Spacing Potential energy The gain in comparison to the experimental
(cm) (Joules) (%)

25 487.28 14.26

5 439.86 3.15

15 256.31 -39.90
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Figure 20 — Load deflection curves for different spacings — Cranston portal frame

For the behavior of the portal frame under the effect of the horizontal
load, Figure 21 shows the evolution of the horizontal displacement of the
top of the portals as a function of the lateral load H.
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Figure 21 — Lateral displacement versus the horizontal load H — Cranston portal frame P7




The results of the calculation/test comparison are satisfactory; the
behavior is well described by the numerical simulation (see Table 9).

Table 9 — Lateral load and displacement at the rupture. Cranston portal frame

Displacement (mm)

Rupture load (KN)

Simulation 19.09 4.60
Experimental 19.37 4.63
Relative error (%) | 1.46 0.60

The closer spacing of the transverse reinforcement allows better
confinement of the concrete; this increases ductility (Figure 22). This gain
is also reflected in an increase in potential energy, which is estimated as
a function of the spacing of the transverse steels and by comparison with
the experimental configuration (Table 10).

Table 10 — Potential energy versus stirrup spacing. Cranston portal frame

Spacing Potential energy The gain in comparison to the experimental
(cm) (Joules) (%)

25 1036.49 72.84

5 860.73 43.53

15 336.47 -43.89

=31
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Figure 22 — Lateral displacement versus load for different spacings - Cranston portal
frame
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Conclusion

Taking into account the confinement of concrete permits us to
appreciate the contribution in terms of ductility and the gain in potential
energy. It also allows the increase in the ultimate load of reinforced
concrete structures to be appreciated. The selected model is implemented
in a computer program written in the Fortran language. This program
allows following the behavior of column-beam structures subjected to
variable loading until the structure's capacity is exhausted. The calculation
results are compared with the experimental test results on reinforced
concrete beams and frames obtained by other authors.

The comparison results, in terms of maximum load and deformability,
are very satisfactory. The difference between the calculated values and
those obtained experimentally does not exceed 2% in terms of maximum
load. The contribution in terms of deformability represents 10 % to 70 %.

The ultimate value of the rupture load is greater the smaller the
spacing of the stirrups. Finally, the influence of taking into account the
confinement of concrete by transverse reinforcements on the nonlinear
behavior of column-beam structures and their ductility was demonstrated.
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Resumen:

Introduccion/objetivo: El disefio y calculo estructural se basan en el
comportamiento del hormigon y del acero por separado, sin tener en cuenta
el aporte de los estribos en el confinamiento del hormigon. La influencia del
confinamiento en el modelado estructural se puede utilizar para
aproximarse mejor al comportamiento real. El propdsito de este estudio es
desarrollar y validar un modelo no lineal para el comportamiento de
estructuras de hormigon armado, teniendo en cuenta el confinamiento del
hormigén.

Meétodos: Se utiliza un modelo de elementos finitos 3D para analizar
estructuras enmarcadas. Este modelo tiene en cuenta las deformaciones
por corte. La seccion transversal de la viga se discretiza en capas
trapezoidales, mientras que se supone que cada capa esta estresada
uniaxialmente. A los materiales se les aplican leyes constitutivas no
lineales. Para el confinamiento del hormigon, la ductilidad del material se
considera utilizando las relaciones propuestas por Bouafia et al. Estos
modelos se implementan en un programa informatico. El software
monitorea el comportamiento de estructuras columna-viga bajo cargas
variables hasta alcanzar su capacidad portante.

Resultados: Los resultados se comparan con los resultados del
experimento, centrandose en la méaxima resistencia y deformabilidad. La
comparacion muestra resultados muy satisfactorios. Ademas, el uso de
refuerzo transversal para el confinamiento del hormigbén impacta
significativamente el comportamiento global de las estructuras de hormigén
armado al influir en la contribucion de la ductilidad.

Conclusion: La consideracion del confinamiento en estructuras proporciona
la mejor aproximacion posible al comportamiento real de las estructuras. A
diferencia de los codigos de calculo existentes, las leyes de
comportamiento del hormigén no tienen en cuenta la contribucion del
confinamiento mediante el refuerzo transversal.

Palabras claves: refuerzo, confinamiento, modelado, simulacion,
ductilidad, estribos.
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Pesrome:

Besederue/uens: [poekmupogaHue u pac4em KOHCMPYKUUL OCHO8aHbI
Ha rnosedeHuu bemoHa u cmarnu, paccmMampusgaemMbix omoesibHo, 6e3
ydyema erusiHUsi XoMymoe 8 ripedsapumeribHO HarnpsiKeHHoM 6emoHe.
OSgpbekm 0OaeneHusi npu CcMPYKMypHOM MOOenupo8aHuUU MOXHO
ucrionb3o8ame O7is1 slyHwe20 npubnuXxeHus K pearibHOMY ogedeHuro.
Llenbto daHHO20 uccrniedogaHus sensiemcs paspabomka u ucrnbimaHue
HernuHeltiHOU modenu rnoeedeHusi ese306emoHHbIX KOHCMPYKyuUl ¢
yyemom cxxamusi 6emoHa.

Memoosi:  [na  pacdema  xerne306emOHHbIX  KOHCMPYKyul
ucrnonb3yemcsi mpexmepHasi  MoOeslb  KOHEYHbIX  37IEMEeHMOs,
yqyumbiearouwas cosuzosbie deghopmayuu. [NonepeyHoe ceveHue barnku
pa3denieHo Ha mparneyuesudHbie criou, rpu 3mom rpedronazaemcs,
umo KaxO0bll criol umeem OOHOOCHOe HarpsixeHue. K mamepuanam
npumeHsiromcsi  HernuHelHble — onpedenisgowue  3aKoHbl.  [ns
onpedernieHuss npoyHocmu 6emoHa y4yumbieaemcs nnacmu4YyHoCmb
Mamepuana C UCMO0/Ib308aHUEM COOMHOWEHUU, pPeONOXEHHbIX
byacbueli u coasmopamu. 3mu modenu  peanu3osaHbl 8
KomribromepHol npoepamme. lpoepammHoe obecrieyeHue
omcriexueaem ogedeHuUe KOMOHHO-6anouHbIX KOHCMpyKUyul npu
rnepemeHHbIX Hagpy3kax 00 0ocmuXXeHUs1 Ux Hecyujeli criocobHocmu.

Pesynbmambi:  [lonyyeHHble  pe3ynbmambl  CpasHUeanuchb ¢
pesynbmamamu 3KCepuMeHmMo8 C aKkUeHmMoOM Ha MaKCuMalrbHYo
npo4yHocmb U deghopmupyemocmb. CpagHUMEsbHbIU aHanu3 rnokasarl
gecbma ydosrnemeopumersibHble  pedynbmamel. [lomumo moeo,
ucronb308aHUe oNepeyHo20 apmMuposaHusi 0718 npPoYHocmu bemoHa
CyuwecmseHHo enusem Ha obwue Xapakmepucmuku
XKene306emoHHbIX  KOHCmpyKyud, 8 moM yucrie U Ha eeo
n1acmuyHoOCMb.

Bbigod: Yuem cxamusi 8 KOHCMpyKuusix obecriequeaem Haunydwud
nodxod K pearnbHOMYy [08e0eHU0 KOHCMpyKyul. B omnudyue om
cywecmesyrowux rpaesun pacyema, 3aKkoHbl rosedeHuss bemoHa He
yyumsigarom erusiHUe cxxamusi 3a c4em rornepeyHo20 apMuUpO8aHUs.

Krrouesble  crioga:  apmuposeaHue, cxamue, ModenuposaHue,
CUMYITSIUUS, MIaCMUYHOCMb, XOMYMbI.

YTuuaj nputuckarma nonpeyHoM apMaTypoM Ha HENMHeapHO
noHallawe apMMpaHoOBETOHCKUX KOHCTPYKLMja

AdHaH Opaba, ayTop 3a npenucky, Jycyg Byadma,
A60denkadep Noup, MyxaHd Caud Kaun

YHusepauteT ,Mynya Mamepwn”,

Operbemne 3a rpahesuHapcTeo, Jlabopatopuja L2ZMSGC,
Twsu Y3y, HapogHa JemokpaTtcka Penybnuka Amxup




OBNACT: mawunHcTBO, rpafleBuHapcTBO
KATETOPWJA (TUIM) YIAHKA: opurHanHu HayvHu pag

Caxxemak:

Yeod/yurs: Npojekmosarse u npopadyH KOHCMpyKuuja 3acHuseajy ce Ha
roHawary 6emoHa U 4yernuka rocmampaHux o08ojeHo, 6e3 ysumarba y
063up ymuuaja y3eHauja y npumucHymom 6emoHy. Ymuuaj npumuckara
y mModeriogarby KOHCMpyKUuje MOxe ce uckopucmumu 3a 60sby
anpokcumauyujy cmeapHo2 roHawara. Y cmyduju je passujeH u
mecmupaH HernuHeapHU MoOes1 3a roHalaHe apMupaHobemoHCKUX
KoHecmpyKuuja, y3umajyhu y 063up npumuckar-e 6emoHa.

Memode: 3a aHanu3y apmupaHux KOHCMpyKuuja kopucmu ce modlern
KOHay4HuUx eniemeHama 3L Koju y3uma y 063up Oeghopmayuje cmuyar-a.
lMonpeyHu nipecek epede je duckpemu3osaH y criojege obruka mparne3a
20e ce 3a ceaKu croj y3uma Oe je y jeOHOOCHOM Cmakby Harpesar-a.
lpumetrbyjy ce HenuHeapHU KOHCMUMYMUSHU 3aKOHU Mamepujana. 3a
npumuckarbe bemoHa pasMampa ce OyKmuriHocm Mamepujana
Kopuwhersem penauuja rpednoxeHux y byacua u dp. Tu modenu cy
uMmrnemMeHmupaHu y Komrjymepcku rnpoepam. Cogpbmeep npamu
roHawar-e KOHCMpyKuuja cmyb-2peda oo pasnu4umum
onmepeheruma 0o docmu3sarba HUX08€ yHe HOCUBOCMU.

Pesynmamu: Pesynmamu Koju cy riopehieHu ca eKkcriepuMeHmarnHum
pesynmamuma, Hapo4umo kada je ped O MakcumarHoj 4epcmohu u
OGeghopmabunHocmu, rokasasu cy ce kao eeoma 3adoeorbasajyhu. lNoped
moea, Kopuwhet-e rMonpeyHo2 ojayar-a 3a MpumuckaHe bemoHa ymude
Ha MoHawarbe apmMupaHobemOHCKUX KOHCMpyKuuja y UenuHu rymem
doripuHoca OyKmusIHoOCMU.

Sakpyvak:  Pasmamparse  npumucHymocmu Yy KOHCmpyKuujama
obesbehyje Hajborbu Moayhu mnpucmyn roHawary KOHCmpyKyuja y
peanHocmu. 3a pa3snuky 00 nocmojehux rnpopayyHCKUX uspasa, 3aKoHU
roHawar-a bemoHa He y3umajy y 063up OonpUHOC npumuckar-a nomohy
rorpeyHe apmamype.

KrbyuHe peuu: apmuparbe, npumuckame, Modesiogare, cumyrauuja,
dykmurnHocm, y3eHauje.
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