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Abstract. Concrete-filled tubes (CFT), formed by an outer steel tube filled with plain or reinforced
concrete inside, have been increasingly used these recent decades as columns or beam-columns, especially
for tall buildings in seismic areas due to their excellent structural response. This improved behavior is
derived from the effect of confinement provided by the tube, since the compressive strength of concrete
increases when being subjected to hydrostatic pressure. In circular CFTs under compression, the whole tube
is uniformly tensioned due to the radial expansion of concrete. Contrarily, in rectangular and square-shaped
CFTs, the lateral flanges become subjected to in-plane bending derived from this volumetric expansion, and
this fact implies a reduction of the confinement effect of the core. This study presents a numerical analysis of
different configurations of CFT stub columns with inner stiffening plates, limited to the study of the
influence of these plates on the compressive behavior without eccentricity. The final purpose is to evaluate
the efficiency in terms of strength and ductility of introducing stiffeners into circular and square CFT
sections under large deformation axial loading.

Keywords: axial compression; concrete-filled steel tubes; numerical analysis; design codes; composite
structures

1. Introduction

Concrete-Filled Tube sections (CFT) have been increasingly used in recent years as columns or
beam-columns, especially in tall buildings, due to their improved ductility and strength. These
mechanical properties come from the combination of steel and concrete. CFT sections constitute
one curious case of “symbiosis” between two materials, similar to those associations of organisms
in nature: concrete strength is enhanced by the tube, while steel is partially restricted against local
buckling (Chacon et al. 2012). The result is a very versatile sectional typology, with high
mechanical strengths and ease of construction. CFT sections have been studied from several points
of view by renowned experts, especially under compressive loading (as it is the most beneficial
way of loading). Schneider (1998) carried out a collection of experimental tests on CFT sections
and other researchers did the same for bending (Elchalakani et al. 2001) and shear. The most
important issue dealing with compression has been the confinement effect of concrete provided by
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the tube, so that the behavior of concrete under high hydrostatic pressures plays a significant role.

The case of circular CFT sections is really different from square or rectangular-shaped ones,
since this confinement is significantly higher in the first group due to the uniform distribution of
pressure. This is the reason why several researchers have been focused on exploring different
alternatives to stiffen the flanges of square sections in order to preserve the confinement effect.
One of the alternatives consists in introducing welded bars inside the tube, so that they play the
role of stiffeners. Hu et al. (2003) have been carrying out research and tests about the efficiency of
stiffening bars, and also others worked in the same direction: Huang et al. (2002), Liu et al. (2002),
Nassem Baig et al. (2006) and Cai and Long (2009). Tao et al. (2005) have been working these
last years with some experts as B. Uy and L.H. Han regarding to the influence of these bars inside
CFT square and rectangular sections (Tao et al. 2007) and (Tao et al. 2009). From all these
experiments, it is derived that square-shaped CFT sections stiffened with bars tend to behave
similar to circular sections under compression.

A similar alternative to these stiffening bars has emerged these last recent years, consisting in
replacing the bars by entire inner stiffening plates (Fig. 1); this solution comes from Japan,
proposed by Yamao et al. (2002) and Zhanfei and Yamao (2011) for hollow steel tubes, and it has
been already used in some real bridges. No studies exist yet about which influence could these
plates have in case of composite sections. Besides no specific experiments have been carried out,
especially due to the fact that this is a solution thought for columns with significant diameters for
bridge piers or tall buildings (starting from 400 mm). Zhanfei and Yamao (2011) analyzed the
behavior of partially stiffened sections under cyclic loading, but he did not compare the efficiency
of this proposal versus the alternative of proposing a thicker tube. The paper which is proposed
here aims to describe the advantages and the efficiency of introducing stiffening plates in circular
and square-shaped CFT sections under large deformation axial loading (up to the collapse of the
section).

Derived from the need of new geometries, Ren et al. (2014) tested a set of 44 CFT specimens
with unusual shapes under compression. Some of the tested sections come from circular sections
(1/4 and 1/2 tube, for example), in order to know how lateral pressure is distributed in smaller
alveoli and combining circular and square shapes.

It is clear that the introduction of internal plates in tubular sections is not especially trouble-free
from a strictly practical point of view. The prescription of these plates should obey a clear concept
of structural efficiency in terms of strength and ductility, which could compensate the significant

Stiffening platcs

Fig. 1 FE model of stiffened specimen CR8330 analysed by Zhanfei and Yamao (2011)
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Fig. 2 Stiffening plates in square-shaped tubes limit the deformability of the flanges, while in
circular tubes it seems to not be significant

effort of welding or fixing the plates to the tube. This research aims to propose this particular
solution for engineers and architects, especially for heavily loaded columns located in seismic
areas.

2. The hypothesis

Concrete in circular CFT sections becomes usually confined by the steel tube, and this is a
phenomenon due to the circular geometry of the tube, which allows a uniform distribution of
pressure over the core. When concrete is subjected to relatively advanced stages of loading, the
material starts to expand laterally much more than the expansion which is established by the
elastic Poisson’s ratio. This volumetric expansion during the plastic range is converted into a
tensile hoop stress in the tube, thanks to this lateral pressure. However, this phenomenon mostly
occurs in circular sections, thanks to the efficiency of the annular shape.

The confinement effect is less significant in square and rectangular-shaped sections, due to the
deformability of the flanges of the tube (see Fig. 2). The lack of rigidity of the flanges in this case
not only has a decisive influence on the confinement effect, but also on ductility: the introduction
of embedded plates inside these tubes may improve both mechanical properties of the composite
section. This study presents a numerical analysis of circular and square-shaped CFT sections, with
and without stiffening plates, subjected to monotonic compression. The study shows a comparison
between the results coming from stiffened and unstiffened sections (but always equivalent in terms
of material).

3. Material properties and constitutive models

The paper presents a parametric study of 10 different cases based on a numerical analysis; for
that purpose, S355 steel and C40 concrete have been assumed in order to reduce complexity. Since
the specimens have been subjected to large deformation axial loading (up to the collapse of the
sections), inelastic period has been obviously considered in both materials up to the failure. For
that purpose, continuum models in ABAQUS software (version 6.10) have been used, with a
multilinear elastic-plastic model with isotropic hardening for steel and a damaged plasticity model
for concrete (DPC). Both constitutive models have been previously validated with real tests.
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Fig. 3 Uniaxial true and engineering stress-strain curves for steel. Original engineering curve
from Brockenbrough (1999), Section 1.1

3.1 Steel

A multilinear elastic-plastic model has been used for steel, by following the von Mises yield
criterion with isotropic hardening. A monotonic uniaxial stress-strain curve has been introduced,
with three different separated areas, according to the structural response of the material: (a) the
elastic zone; (b) the yield plateau; and (c) the strain hardening zone up to the fracture (see Fig. 3).
The true stress-strain curve has been assumed instead of the engineering one; this option has been
determinant in order to reproduce the influence of the hardening period of steel on the load-strain
curve of the section. The initial Young modulus for steel has been assumed as 210.000 MPa, and
the elastic Poisson’s ratio, 0,29.

3.2 Concrete

Damage plasticity model for concrete (DPC) has been used to simulate the concrete behaviour.
This is a three-dimensional continuum plasticity-based damage model that is capable of simulating
both tensile and compressive concrete responses, including for the case of high confining
pressures.

Two hardening laws (depending on the plastic strain rates) can be defined separately for tension
and compression. Concrete in the inelastic range behaves different under tension than under
compression, as it is shown in Fig. 4 shown below. In the plastic range, a damage process starts to
degrade the stiffness matrix of the material, and it is expressed by a scalar coefficient d. which
represents the percentage of cracked or crushed concrete, (Lubliner and Oller 1985). In CFT
sections, this process depends not only on the hydrostatic pressure, but also on the geometry of the
filling tube. This is the reason why the most difficult point when simulating the behaviour of
concrete embedded in tubes is to predict the slope of the softening loading curve, as well as the
residual stress.
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Fig. 4 Uniaxial stress-strain curve used for concrete. The post-peak behaviour has been
determined according to Susantha et al. (2000)

The expressions given by Susantha et al. (2000) were used in this study to modify the
post-peak period of the stress-strain curves, depending on the shape and the thickness of the tubes.
Susantha et al. (2000) proposed some simplified expressions to describe the softening curve after
the peak, using the results from more than 40 experiments with different shapes.

In this study, the first period of the compressive stress-strain curve has been always fixed up to
the maximum strength of concrete (f,« = 40 MPa) for all specimens, while the softening period has
been defined according to Susantha’s model. These expressions provide a value for the softening
slope (Z) and the residual stress strain (&) (see Fig. 4) depending on the geometry of the tube and
the material properties of each section.

The expressions given by Susantha et al. (2000) which have been used are shown below Egs.
(1)-(4), depending on the radius-to-thickness parameter

f
R =+30-v?) E—yzi't (1)

The following criteria for circular CFT sections have been used to compute parameters Z and
Eeu

0 if R(f//f,)<0.006 )
B 1.0><106Rt(fc’/fy)—6000 if R(f//f,)>0.006 @
&y, =0.025 (3)
Similar expressions for square-shaped sections have been also implemented
7 0 if R(f./f,)<0.0039 ’
123,400 R (f,/ f,)-9126 if R(f./f,)>0.0039 @
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0.04 if R(f,/f,)<0042
£o =11450%[R (f,/ ,)f —24%R (,/ f,)+0.116 if 0.042<R(f,/f,)<0073 (5)
0.018 if R(f,/f,)>0073

To compute these values for stiffened specimens, the parameter D of the radius-to-thickness
ratio has been assumed as the smaller dimension of the resulting cell in square sections, while in
case of circular sections, as the outer section diameter. These assumptions have been done in order
to obtain the accurate results as possible.

On the other hand, the maximum tensile yield stress for concrete f has been considered as 9%
of the maximum characteristic compressive stress, and the elastic Poisson’s ratio has been
assumed as an initial value of 0.20. The initial modulus of elasticity of concrete derives from the
following experimental expression in literature

E =4700x./ f, (6)

As it is known, the DPC model allows defining the yield surface by means of the two
parameters K. and oyo/o: the first one describes the shape of the deviatoric plane, while the latter
describes the ratio between the initial equibiaxial to the uniaxial compressive yield stress. A
non-associated flow rule is used and the flow potential follows the Drucker-Praguer hyperbolic
function. The dilation angle proposed is in this case 31%nd the viscosity parameter is defined
clearly small (close to zero) in order to allow stresses outside the yield surface and to avoid this
way convergence difficulties.

In this case, the dilation angle is a decisive parameter to reproduce the effect of confinement
over concrete, since it determines the volumetric expansion in the inelastic period. With a wrong
value of this parameter, concrete in the model would not achieve the peak of load as steel expands
more than concrete in the elastic range. This parameter has been determined by using the existing
literature such as Jankowiak and Lodygowsky (2005), and Susantha et al. (2000). The last one
proposes a formula to determine the apparent Poisson’s ratio of a CFT, v,

v, =0.2312+0.3582xv, ~0.1524*(f,/ f, )+ 4.843xv, x(f,/ f,)-9.169x(f./f,}  (7)

v, =0.881*10° x(D/t)’ —2.58x107* *(D/t)? +1.953x102 x(D/t)+0.4011 (8)

Considering that the values coming from expression (2) range between 0.72 to 0.85 for Di/t
ratios between 20 and 60 in case of C40 concrete and S355 steel, a value of 31° was finally
adopted according to a preliminary analysis by using a cylindrical specimen of 150 x 300 mm (D
x H) with an equivalent lateral pressure f,, = 6 MPa (from Eq. (9)), simulating an outer tube with
D/t = 30. The lateral expansion varied depending on this parameter (see Fig. 5).

fo =, —v4)x(2tx f, )/(D-2t) 9)

4. Features of the model

4.1 Element type
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Fig. 5 Variation of the apparent Poisson’s ratio depending on the dilation angle. The analysis
has been done assuming a lateral pressure of 6 MPa in a cylindrical specimen
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Fig. 6 Different analysed typologies, with their respective meshes

The three-dimensional brick element, C3D8, available also in ABAQUS, has been used for all
the models. A fine hex mesh has been chosen for the analysis in order to use solid elements to
model both concrete core and steel plates. The final element proportions have been determined by
evaluating results from different finite element models. In the meshes chosen in this study, three
or more elements have been used through the wall-thickness of all steel components in order to
consider possible stress variations, and being the steel elements approximately 3 to 4 times smaller
than the specimen’s width (see Fig. 6).

4.2 Size and boundary conditions

The size and boundary conditions of the tested specimens are also important factors in this
analysis. Similar conditions shown by real experiments have been used in the numerical models, in
order to be capable of comparing and validating the results. With this objective, specimens used
for validation and those for the parametric study have a height to width ratio about 2, being all
restricted against rotation at the upper face and also against vertical displacement at the base.
These conditions reproduce those of experiments in laboratory to reproduce the same behaviour
and failure mode.

4.3 Interaction properties

The interaction properties have been assumed by enabling surface-to-surface contact between
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the steel and concrete instances. The model which has been used is capable of transferring both
normal and shear stresses.

For normal stresses, the “hard contact” option has been chosen to determine whether contact
takes place between steel and concrete or not; for tangential stresses, a constant friction coefficient
has been established with an initial allowable elastic slip (Hajjar et al. 1998). The friction
coefficient has been assumed with a value of 0.20, with a critical maximum value of transferred
shear stresses depending on the shape and according to (Eurocode 4 2004), which is 0.40 MPa for
filled tubes.

5. Validation of the model

The model has been validated by using real experimental tests of CFT sections under
compression published by other researchers, and classified later by Susantha et al. (2000). To
validate the finite element model is especially imperative at three different points along the
load-strain diagram: the peak of load, the subsequent softening of concrete, and the hardening
period of steel.

The achievement of the peak of load by using the numerical model is especially important in
order to confirm that concrete is expanding properly, so that interaction between both materials is
correct. Besides, during the post-peak period, it is also necessary to verify whether the
confinement pressure keeps constant or not. As confinement effect depends not only on the
loading stage, but also on the shape of the tube, the simplified formulation proposed by Susantha
et al. (2000) to describe the post-peak behaviour in CFT sections has been implemented in the
uniaxial stress-strain curves which have been used in this study, depending on the geometry of the
section. Diagrams in Figs. 7-10 compare the experimental versus the numerical curves obtained in
this analysis for a set of different circular and square-shaped sections. Eight different sections with
different diameters and thicknesses have been used for validating the model, and a good agreement
with experimental tests can be globally observed (Tables 1-2).

While Nexp is the maximum compressive load coming from the experimental test, Neem
corresponds to the maximum load derived from the numerical model which is used in this study.
The same agreement of results is shown in the diagrams of Figs. 7 to 10, where two load-strain
curves are superimposed: one coming from the numerical model (continuous line) and the other
one from experimental test (dashed line). A very good accuracy is obtained from the numerical
results, since these sections are circular and square-shaped and the post-peak behavior has been
defined according to Susantha expressions. The only specimen which shows a significant
difference (15%) between numerical and experimental results is 4 MN (see fig. 10), since

Table 1 Circular CFT sections used for verification Susantha et al. (2000)

* * * * " *
Section (rgm) (ngm) Dit (|\];|ypa) (h];ICPa) E\Ilfﬁp) N(Ei“f)
3MN 15000 320 4687 2877 220 9371 8834 0942
AHN 15000 400 3750 2799 287 12054 12294  1.019
CCA-C-4 30020 296 10142 2830 405 33943 35641  1.050

CF4-CC40 31850 7.90 40.32 358.1 475 6524.7 6544.0 1.002

Neem/Newy Mean COV

1.003 0.059
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Table 2 Square-shaped CFT sections used for verification (Susantha et al. 2000)

B t B/t fy fc Nexp NFEM
(mm)  (mm) (MPa) (MPa) (kN) (MPa)

S5 126.80 7.47 1697 3470 23.8 15505 16354 1.054
S3 126.90 455 2789 3220 23.8 10747 1078.2 1.003
CR4-A-4 14820 438 33.83 261.2 405 14844 143238 0.965
4 MN 150.00 4.30 3490 279.9 181 11142 12815 1.150

Section Negm/ Ney  Mean COV

1.043 0.076
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Fig. 9 Validation with specimens S3, S5 Fig. 10 Validation with specimens 3 MN, 4 LN

contrarily to others it is composed by low-strength concrete. The maximum confined compressive
strength f.. which is achieved by concrete in each case is very sensitive to the parameters used in
the constitutive model, and a validated dilation angle of 25 MPa concrete was used also in this
case. This is the reason of the difference in the results shown below.



1032 Albert Albareda-Valls and Jordi Maristany Carreras

Table 3 1/4 of circular sections used for verification (Ren et al. 2014)

D* r D/t fy* fc* Nexp Neem™*
(mm)  (mm) (MPa) (MPa)  (kN) (kN)

1/4c1-1 145.09 292 4968 389.3 614 16340 14910 0.912
1/4c2-1 145.09 3.71 39.10 389.3 614 2060.0 1890.0 0.917

Section Negm/Neyy  Mean  COV

0.914 0.003

As it is derived from the diagrams shown before, the use of the formulation proposed b
Susantha et al. (2000) in the stress-strain curve for concrete of the numerical model is especially
useful in order to reproduce the softening of CFT sections. The decrement of stress beyond the
peak of load of these sections is very sensitive to the confinement effect and also to the geometry
of the tube, as Susantha and others observed. A good simulation of the post-peak period is
important to describe the ductility and the collapse of a CFT specimen. Ductility is here referred to
the capacity of the section to deform under a compressive load before the ultimate load (where the
collapse takes place).

In order to check the validity of the model also for the case of stiffened CFT sections, where
there is no perfect lateral pressure distribution, some experiments carried out by Ren et al. (2014)
have been also used. These authors tested more than 40 specimens with special shapes to know
about the behaviour of concrete inside different tube geometries. However, it is obvious that the
expressions proposed by Susantha were valid only for circular and square-shaped tubes, so that
other shapes tend to behave slightly different. Table 3 shows the properties of two specimens used
for validation, with a cross-sectional shape of 1/4 of a circular tube and Fig. 11 compares the
obtained curves with the experimental ones.

There is a slight difference between numerical and experimental results in case of Ren et al.
(2014) specimens, contrarily to others used for validation before (Figs. 7-10). This difference is
due in part to the specific geometry of these sections (1/4 circular instead of pure circular), but
especially due to the use of 60 MPa concrete instead of 40 MPa. To get a fine agreement at the
peak of load, it is important to validate certain parameters such as the dilation angle, for each
strength of concrete.

2500,00

2250,00 1/4 circular
2000,00
= 1750,00
1500,00 Qo
w 7 AN
© 125000 o\
© II S
€ 100000 o N e ==
- Il
5 750,00 g —1/4C1-1 FE Model
<

500,00 -=-1/4¢1-1 EXP CURVE
—1/4C2-1 FE Model

250,00
------ 1/4c2-1 EXP CURVE

0,00

0 0,005 0,01 0,015 0,02
AXIAL STRAIN

Fig. 11 Validation with specimens 1/4c1-1 and 1/4c2-1 carried out by Ren et al. (2014)
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6. Numerical analysis

To describe the influence of stiffening plates in CFT tubes, five different configurations have
been analysed depending on the number of internal stiffeners. This way, one and two plates have
been considered in this analysis for circular sections, and also four plates in case of square CFT’s
(Fig. 12). Depending on the geometry and boundary conditions, 7 different cells have been
detected in these configurations, which in practice correspond to 7 different patterns of
confinement (named with letters from A to G). For example, while cell A is restricted only by one
internal face, cells B and C are restricted by two internal faces; cell D is surrounded by three
internal faces, and cell E becomes completely surrounded by internal stiffeners.

On the other hand, the proposed specimens have been named by using the code C or S for
circular or square shapes, followed by the number of alveoli (2, 4 or 9). The first four resulting
typologies C2, C4, S2 and S4 correspond to one or two-plate configurations, while the latter (S9)
is only appropriate for heavily loaded columns. Since the introduction of these plates plays a
decisive role on the deformability of the flanges of the tube, two different thicknesses have been
also considered in the analysis (6 and 12 mm) to describe the influence of stiffeners depending on
the B/t ratio. Contrarily, the outer size of the cells have been kept constant with a width of 200 mm,
which is considered a reasonable reduced size to guarantee the confinement effect in square
sections. Internal plates have been considered 1.2 times thicker than the outer ones, to improve the
effect of stiffening on the flanges. All the analyzed specimens and their mechanical properties are
shown below (Table 4).

Y Y R 2 e R T
B|B c|p|cC ‘HW
S2 S4 S9 C4 Cc2

Fig. 12 Different cells and typologies corresponding to different configurations of stiffening plates

Table 4 Stiffened CFT Sections

Specimen D or B (mm) toue (MmM) tinn (Mm) D/t or B/t
C2a 400.00 10.0 12.0 40.00
C2b 400.00 5.0 6.0 80.00
Cda 400.00 10.0 12.0 40.00
C4b 400.00 5.0 6.0 80.00
S2a 400.00 10.0 12.0 40.00
S2b 400.00 5.0 6.0 80.00
Sda 400.00 10.0 12.0 40.00
S4b 400.00 5.0 6.0 80.00
S9a 600.00 10.0 12.0 60.00
S9b 600.00 5.0 6.0 120.00

* D and B are the outer diameter or dimension
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All sections are 400 mm width, except for the case of S9, which is 600 mm width in order to
keep the same B/t ratio for internal cells (the cells are kept 200 mm width). A medium-strength
concrete (40 MPa) and a regular-strength steel (355 MPa) have been used for all specimens only,
since the hypothesis of this study is basically focussed on a geometrical issue. The influence of the
material strengths and properties is not the scope of this investigation.

By combining the different obtained cells, lots of new geometrical configurations could be
desi-gned, assuming also different percentages of confinement for each alveoli. The confinement
pressu-re would depend on the thickness of the flanges, on the B/t ratio of the cell and on the
position of this cell inside the cross-section area (boundary conditions).

7. Evaluation of efficiency

To evaluate the efficiency of the proposed stiffening plates in CFT sections subjected to
monotonic compression, a parametric analysis has been done by comparing stiffened sections with
other unstiffened ones, but equivalent in terms of area (with the same outer diameter or width, and
the same amount of steel and concrete). This equivalence is obtained through an equivalent
thickness, te, which is implemented into a fixed-diameter circular (or square-shaped) section (see
Fig. 13); in this way, the sections are fully equivalent in terms of material and cost. The purpose of
this comparison is to determine the influence and the benefits of introducing these mentioned
plates inside tubular composite sections, being subjected to compressive loads.

The equivalent sections which have been considered in the analysis are the following (Table 5).

teq v Leg

1

Fig. 13 Equivalent circular and square sections proposed in this study

Table 5 Proposed equivalent specimens

Specimen D/B teq (MmM) D/t or B/t*
C2a.eq 400.00 13.9 28.77
Cda.eq 400.00 17.7 22.59
S2a.eq 400.00 13.0 30.76
Sda.eq 400.00 16.0 25.00
S9a.eq 600.00 22.0 27.27
C2b.eq 400.00 6.9 57.97
Cdb.eq 400.00 8.8 45.45
S2b.eq 400.00 6.5 61.53
S4b.eq 400.00 8.0 50.06
S9b.eq 600.00 11.0 54.54

*Depending on the geometry (circular or square)
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Regarding to the distribution of longitudinal stresses along the column, different patterns of
confinement can be detected. It is curious to see that as more stiffened becomes the section, more
similar is the distribution of confinement effect over concrete to the one shown by a circular tube.
However, in case of section S2 (which is clearly different in both axes) the lack of rigidity of two
lateral flanges leads to a one-way confinement effect.

7.1 Efficiency regarding to maximum compressive strength

By comparing the results coming from the numerical analysis for stiffened circular sections,
with those from their equivalent unstiffened specimens, it can be seen how surprisingly, the
unstiffened group behaves better than the stiffened one (see Figs. 14 and 15). The maximum
compressive strength is always higher for unstiffened sections with a pure circular geometry (see
how the dashed line in Figs. 14 and 15 corresponding to the unstiffened sections achieves higher
values of load in both cases).This enhancement becomes even more evident for thick-walled
sections, since internal plates also help to delay and soften local buckling effects during the plastic
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Fig. 15 Stiffened versus unstiffened section (C4b)
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range. This phenomenon has a direct consequence on the application of these sections, since it
becomes evident that stiffening plates are no especially convenient under pure compression.

This phenomenon can be explained by analyzing the geometry in the cross-sectional plane. By
considering the deformed shape of stiffened sections C2 and C4 (see Fig. 16(b)), it is derived that
internal plates generate slight parasite bending moments in the cross-sectional plane. The presence
of specific points which are more rigid than the rest (those at the junction between the plate and
the tube) leads to light negative and positive moments along the tube. The combination of stresses
derived from bending moments and hoop tension in the wall-thickness implies that stresses in the
tube are no longer uniformly distributed, and this is the reason why the section collapses earlier. If
the stress is not uniform along the tube, the squash load of the section becomes also lower since
the steel collapses locally before. Contrarily, in unstiffened circular sections (see Fig. 16(a)), the
whole section becomes subjected to a tensile state as a result of the shape itself, and no bending
moments occur in the cross-sectional plane. Thanks to this state, the efficiency of these tubes is
higher, concerning to the effect of confinement over the core.

The case of square-shaped CFT sections is different, since the introduction of internal plates in
this case becomes decisive in order to determinate the maximum compressive strength (see Figs.
17 and 18). Rectangular plates forming square tubes are quite deformable in its plane, derived

—— > >
&= S

(@) (b)

Fig. 16 Distribution of stresses in the wall-thickness of: (a) a circular tube; and (b) a stiffened circular tube
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Fig. 17 Stiffened versus unstiffened section (S9a)
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Fig. 18 Stiffened versus unstiffened section (S9b)

Table 6 Results of the FE model, corresponding to the analysis of efficiency

Unsti_ffened Npeak fec 4 Stiffened Npeak’ fee p AN

specimens (kN) (MPa) specimens (kN) (MPa) (kN)
C2a.eq 14436.25 80.28 2.00 C2a 11715.32 55.27 1.38 -2720.94
Cda.eq 1677196 88.71 221 Cda 15285.61 74.47 1.86  -1486.34
S2a.eq 13155.35 4477 112 S2a 13373.50 46.33 1.16 218.15
Sda.eq 1455499 4505 1.12 Sda 17184.92 64.47 1.61 2629.93
S9a.eq 31250.10 43.83 1.09 S%a 37890.34 65.31 1.63 6640.24
C2b.eq 8424.06 4825 1.20 C2b 8488.44 48.80 1.22 64.38
Cdb.eq 9892.16 53.54 1.33 Cdb 9703.96 51.90 1.29 -188.20
S2b.eq 9689.80 4248 1.06 S2b 10345.75 46.86 1.17 655.95
S4b.eq 10423.47 4168 1.04 S4b 11414.37 48.40 1.21 990.90
S9b.eq 2288250 42.10 1.05 S9h 25470.95 49.84 1.24 2588.44

from their poor flexural stiffness. Due to lateral expansion of concrete, and as a consequence of
their condition of flatness, they become subjected to important in-plane bending. This is the reason
why stiffening plates in square CFT sections become seriously recommendable, as they restrict the
deformability of the plates and may result in an enhancement of the compressive strength up to
added percentages of 20% and more (see Table 6).

A list of numerical results is shown in Table 6. The influence of stiffening plates over CFT
sections can be observed here, by comparing the grade of confinement over the core (¢,
confinement in unstiffened sections and ¢’, confinement in stiffened sections, see Eq. 10). The
value of f,. (maximum confined compressive strength of concrete) is also reported here, and it is
obtained as the average of vertical stresses in concrete from the FE model. Note that in case of
circular sections, there is a decrement of strength (negative AN), while in case of square-shaped
sections there is a clear increment.

p="o (10
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While the introduction of only 1 stiffening plate in square-shaped sections (Section S2)
provides almost no extra confinement effect over the core, independently of the thickness, in cases
of sections S4 and S9 with 2 and 4 embedded plates, this influence becomes much more evident
(see Fig. 19). The shape of the resulting cell is very important to determine the enhancement of
concrete strength; this is the reason why the increment of confinement effect in sections S4 and S9
is higher than in section S2. While cells in sections S4 and S9 are square-shaped, in section S2 the
resulting cells are clearly rectangular: this is very important to guarantee this effect over the core,
since two of the plates in section S2 are still clearly deformable despite the introduction of the
stiffener. (a) In sections of group with thicker plates and tubes (to,c = 10 mm), (b) the effect of
stiffening of the plates is clearly more significant than in those of group (to,t = 5 mm).

7.2 Efficiency regarding to ductility

Referring now to the influence of stiffening plates on the ductility of CFT sections, similar
conclusions can be done from the FE results, being this influence more evident than in case of
strength. For circular CFT sections, the presence of internal plates reduces the energy of fracture
of the section, and consequently the ductility (see Table 7). The light bending moments which
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Fig. 19 Increment of confinement factor over concrete strength due to stiffening plates
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Fig. 20 Large deformation axial loading diagram for sections C4a and C4a.eq. (Thickness of the
stiffened tube is 10 mm)
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Fig. 21 Large deformation axial loading diagram for sections C4b and C4b.eq. (Thickness of the
stiffened tube is 5 mm)
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Fig. 22 Large deformation axial loading diagram for sections S9b and S9b.eq. (Thickness of the
stiffened tube is 10 mm)
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Fig. 23 Large deformation axial loading diagram for sections S9b and S9b.eq. (Thickness of the
stiffened tube is 5 mm)

appear in the cross-section impedes the tube becoming uniformly tensioned, so that the maximum
yield stress is only achieved in some specific points; thus, the failure of the specimen starts by
these points, earlier than in unstiffened circular sections. Figs. 20 and 23 correspond to large
deformation monotonic loading, up to the failure, for both stiffened and unstiffened sections with
two different outer thicknesses.

As in terms of strength, the influence of stiffeners in square-shaped sections is more decisive.
Note how section S9a notably improves its energy of fracture by eliminating the post-peak
softening period, by introducing the embedded plates. After the peak of load, the stiffened section
S9a keeps the load constant until the slope of the hardening period of steel arises. This effect takes
also place in section S9b, although it is less significant.
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Although stiffened square-shaped CFT sections fail later than the unstiffened ones, the failure
occurs slightly sharper. The new configuration achieves that most part of the load can be retained
until the ultimate strain, but at the same time the slope of the load-strain curve after the failure is
also steeper. Values for the ultimate strain of stiffened and unstiffened sections are shown in Table
7 and are used to describe the concept of “ductility”’; the parameter ¢ (Eq. 11) indicates the ratio
between the ultimate and the peak strains (see Fig. 23) for unstiffened specimens. In the same way,
parameter @' indicates this ratio for stiffened specimens.

6=—1" (11)

peak

&
By comparing the difference between parameters ¢ and 6’ between different typologies, a

significant decrement in circular sections is observed; on the contrary, a significant increment for
square sections is also noted (curve of Fig. 24). The increment of ductility in stiffened square

Table 7 Peak and ultimate strains of analyzed specimens

Equivalent specimen Epeak &y 7] Stiffened specimen &’ peak &y 6
C2a.eq 0.004 0.141 35.0 C2a 0.009 0.135 15.0
Cda.eq 0.004 0.136 34.0 Cda 0.015 0.127 8.4
S2a.eq 0.004 0.074 185 S2a 0.004 0.082 205
Sda.eq 0.006 0.095 15.9 Sda 0.007 0.135 192
S9a.eq 0.009 0.077 85 S%a 0.018 0.131 7.2
C2b.eq 0.003 0.152 50.7 C2b 0.006 0.145 241
Cdb.eq 0.003 0.142 473 Cdb 0.009 0.125 1338
S2b.eq 0.004 0.079 19.8 S2b 0.004 0112 280
S4b.eq 0.005 0.073 14.6 S4b 0.005 0.157 314
S9b.eq 0.004 0.056 14.0 S9b 0.004 0.129 322
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Fig. 24 Increment of confinement factor over concrete strength due to stiffening plates
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The stiffeners
deform laterally
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Fig. 25 (a) Deformation pattern of S9 before the collapse; (b) Lateral deformability of stiffening
plates leads to an earlier collapse

sections can be explained by the deformation pattern of these sections (which is similar to circular
ones); those strongly stiffened square sections (with one or more stiffening plates) tend to behave
and collapse like circular concrete-filled tubes (see Fig. 25). Nevertheless, the descending slope in
section S9 is significant: while the effect of confinement over concrete still grows from S4 to S9,
the ductility of the latter becomes slightly reduced. This fact is mostly due to the eccentricity of the
stiffeners respect to the centroid of the section; while in S2 and S4 the stiffening plates cross the
centroid, in the geometry proposed by S9, the inner plates do not coincide with this point. In
advanced stages of loading, the lateral expansion of concrete implies a lateral deformation of those
plates which do not cross the centroid: in S9 all the plates accomplish this condition, so that the
section collapses earlier than the rest by a geometric restriction itself (see Fig. 25(b)). We can say
that section S9 allows more confinement over the core than sections S4 and S2, but at the same
time it shows a sharper collapse.

This phenomena in those sections with an outer wall-thickness of 5 mm takes no place due to
the global deformability of the flanges.

8. Evaluation of the results compared with EC-4

Eurocode 4 (2004) allows considering the confinement effect in circular CFT sections only. In
these sections, the enhancement of the compressive strength of concrete depends on the
slenderness ratio and the D/t and f/f; ratios. By the contrary, this effect cannot be taken into
account in square sections due to the lateral deformability of the plates. Nevertheless, this
consideration is really conservative for low B/t ratios (Liu et al. 2003), where lateral plates are
thick enough to provide also confinement to the core. In this way, the contribution of stiffeners is
not considered in the EC-4 for any case. The following Table 8 shows a comparison between the
obtained numerical values and those predicted by the Eurocode; it is important to highlight that to
compute the EC-4 values no extra confinement coming from stiffeners has been taken into account,
so that this effect has been only considered in circular sections directly derived from the circular
shape.
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Table 8 Results from the FE model compared with the EC-4

Stiffened specimens Npeak (KN) NEurocode (KN) Npeak / Neurocode Mean cov
C2a 11715.32 13684.30 0.856
0.940 0.126
Cda 15285.61 14918.69 1.024
S2a 13373.50 10324.90 1.295
Sda 17184.92 11715.94 1.466 1.391 0.062
S%9a 37890.34 26782.02 1.414
C2b 8488.44 9570.39 0.886
0.916 0.046
C4b 9703.96 10253.75 0.946
S2b 10345.75 8389.22 1.233
Sab 11414.37 9114.98 1.25 1.238 0.009
S9b 25470.95 20708.50 1.229

This results show how conservative is the EC-4 to predict the compressive behavior of stiffened
square CFT sections. The confinement effect provided by inner plates is not considered by the
Eurocodes, although stiffened square-shaped sections tend to behave as circular (see how these
sections improve the compressive strength up to 46% more than the value which is given by the
Eurocode). Contrarily, in case of circular CFT sections, the introduction of these plates implies a
decrement of ductility (see Section 6.2) that leads also to a decrement of the confinement effect
over the core. This is the reason why the Eurocodes provide an un-conservative design value for
circular stiffened sections and it should be revised for these cases.

9. Conclusions

This study aims to describe the influence of stiffening plates in circular and square CFT
sections, subjected to large deformation axial loading (up to the collapse of the section). The fact
of having these embedded plates have a clear influence not only on the compressive strength, but
also on ductility; it is derived from this numerical analysis that the presence of these plates is not
always efficient in terms of sectional optimization.

The first conclusion which can be stated from this study is that stiffening plates in circular
tubes do not allow a uniform distribution of hoop stress along the tube, so that the confinement
effect over the core and the ductility become reduced in all cases. This means that the proposed
alternative of introducing embedded plates in circular CFT sections with the aim of saving
material is not really efficient, under large monotonic compression. Since the confinement effect
depends directly on the shape of the section, the tubular geometry is the most efficient one in order
to generate a uniform pressure over the concrete, and to maximize the ductility.

The second conclusion of this research and the most important one is that, contrarily to the case
of circular sections, stiffening plates provide a beneficial influence on the compressive response of
square-shaped CFT sections in all cases as they avoid the local buckling. The ductility and the
strength of all the sections which have been analysed have been enhanced by the presence of one,
two or four embedded plates, independently on the outer thickness of the tube. This fact can be
explained because these plates provide a high grade of rigidity to the flanges of square-shaped
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tubes. The rigidity of the flanges implies a clear growth of the confinement effect over the core
that leads directly to an increment of strength.

By comparing circular with square-shaped tubes, it can be also stated that strongly stiffened
square-shaped sections (with two or more inner plates) behave in a very similar way to those
perfectly circular, in terms of confinement and ductility: even the failure mode follows the typical
elephant foot shape as in case of circular CFT sections, as it can be observed in Fig. 25 from
Section 6.

Derived from the sections which have been analysed, it can be derived that as thicker is the
tube, higher is the influence of stiffeners on confinement and compressive strength (diagram of Fig.
19). Contrarily, as thinner is the outer tube, higher is the influence of these plates on the ductility
of the composite section (diagram of Fig. 24). This phenomenon leads to propose this plates for
thin-walled square-shaped tubes in all cases, while this solution is only suitable to improve the
compressive strength in thick-walled tubes (since it may involve a decrement of ductility in some
cases).

Nevertheless, it is important to remember that this investigation is focussed on the efficiency of
stiffeners in CFT sections, but always compared with unstiffened ones by assuming an equivalent
area of steel and concrete. This fact means that the conclusions stated before refer to equivalent
sections in terms of area. Needless to say that the addition of stiffeners in a section without a
reduction of the wall-thickness of the outer tube leads always to an improvement of the
compressive response of the section. In this case, this is caused by the increment of steel area in
the cross-section.

Finally, stiffening plates in CFT sections are interesting for many other reasons. This study is
focussed on the influence of these plates on large axial loading response without eccentricity, but
stiffeners are beneficial also under other points of view. As the Japanese Zhanfei and Yamao
(2011) pointed out for hollow tubes, this solution seems to be especially interesting under cyclic
loading also for concrete-filled tubes. The next step in this research is to spread the analyses under
different loading cases (combined compression and bending) and also cyclic loading.
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