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A B,C D E FandG.

This way, the efficiency of each different loading cell is different from the other depending on their
shape and boundary conditions:

Cell A CellB
Fig. VII.9 Idealized deformed shapes of cells A and B.
Cell A'is the unique rectangular alveolus, considered in this investigation.

The first case of figure VII.9 [cell A] is characterized by having only one face restricted to buckling,
since the deformation is symmetric respect to the vertical axis of the section. Cell A is exceptionally
rectangular, although this investigation has clearly prioritized the square-shaped geometries. Thus,
in case of R2, the stiffening plate provides rigidity to the tube only in one direction. On the contrary,
cell B comes from section R4, being already square-shaped originally [200x200 mm]; this cell is
characterized by having two of its four faces completely restricted to buckling. This restriction
allows having half part of the core subjected to high confining stresses.

Then again, three more cells come from section R9. Firstly, cell B of section R4 is converted here
into cell C, owing to its position in the cross-section. Secondly, cell D appears restricted to buckling
by three of its four faces. And finally cell E corresponds to the central alveolus, completely
embedded, and restricted to buckling by all its faces; the confinement on concrete filling of this cell
allows reaching surprising values of concrete strength.

CellC CellD CellE
Fig. VII.10 Idealized deformed shapes of cells C, D and E.
Differences in behavior come from the position of the cell in the cross-section.

Other two cells can be also obtained from reticulated circular sections; in this case, two different
circular sectors can be considered: F and G.
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Fig. VII.11 Idealized deformed shape of sectors F and G.
Two circular sectors are obtained from sections C2 and C4.

The distribution of vertical stress in each different cell is summarized by figure VI1.12, coming from
the FE analysis. Tensional distribution is represented by using the same range as used in figure
VIL5; note that cell E becomes completely, and uniformly confined by a severe hydrostatic pressure.
Stresses in square-shaped cells varies from 0 to 70 MPa, while stresses in circular sectors go from 0
to 100 MPa; this is the reason why the blue color scale in these last cells is lighter than in the first
five alveoli.

Fig. VII.12 Tensional distribution of vertical stress in each different loading cell.
See figure VI1.8 for the nomenclature A to G, depending on their position and their typology.

In order to check the obtained values for coefficient ¢ in Section 7.1.1, a detailed study of tensional
distribution in the cross-sectional plane has been carried out. By determining the percentage of
confinement at different parts of the core and averaging all these values, a final parameter for
confinement effect has been obtained. The purpose of this analysis is to summarize the load-
bearing capacity of each sectional part graphically: finally, and having the compressive capacities by
separately, designers could be capable of proposing new sectional typologies by combining all these
mentioned cells.

The analysis of the tensional distribution of concrete core is shown in figures VII.13, VII.14 and
VII.15. Different areas of the core have been compared, according to the percentage of gain in
compressive strength. Finally, a general coefficient, ¢, for each cell has been also calculated below:
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Fig. VI1.13 Distribution of vertical stress in cells A and B, coming from the FE results.
See Figure VI1.8 for the nomenclature used for cells.
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Fig. VII.14 Distribution of vertical stress in cells C,D and E, coming from the FE results.
See Figure VI1.8 for the nomenclature used for cells.
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Fig. VII.15 Distribution of vertical stress in cells F and G, coming from the FE results.
See Figure VI1.8 for the nomenclature used for cells.

The obtained values for coefficient ¢, coming from an ocular inspection of the tensional distribution
in the cross-sectional plane, coincide with accuracy with those obtained from the stress-strain
curves. In table VI1.8, the precision of the theoretical parameter ¢ compared with the FE curves is
shown. Thus, by using the corrective parameters for steel of table VI1.2 and the following values for
the increment of strength of concrete, it is possible to determine easily the axial capacity of each
independent cell.

Table VII.8 Obtained values for coefficient ¢ in circular sections.
Parameter ¢ Av. %AV./JFE* @ Av. %AV./FE*

Section b e

R2 1.176 1.013 1.157 0.997
R4 1.586 1.054 1.161 0.959
R9 1.723 1.057 1.304 0.944
C2 1.527 1.106 1.240 1.016
C4 1.942 0.971 1.305 1.011

* Proportion between the averaged and the numerical value of ¢.

The terms “b” and “e” refer to the nomenclature used for reticulated CFT sections in all chapters of
this work, described in tables from VI.1 to VI.5.

Being:
Av. Averaged value
FE Obtained value from the Finitie Element analysis.

By using the previously obtained values, the load-bearing capacity of new interesting typologies, as
a product of the combination of these previously mentioned cells can be easily approximated. These
combinations provide to designers the freedom of working with new interesting designs, coming
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from an improved structural performance. Sections [a], [b] and [c] of figure VII.16 would be three
possible examples of this proposal: they are the consequence of combining cells C, D and E. Thus,
their maximum load-bearing capacity could be calculated quite accurately, by using the expressions
proposed before.

= R

Y, (Y. |,
\ﬁ\fi\‘

[a] [b] [c]

Fig. VII.16 New sectional possible typologies, derived from the combination of different
loading cells.

7.2 Influence of stiffening plates on ductility.

Another clear objective of this investigation is to determine the influence of stiffening plates on the
ductility of reticulated CFT sections. Conclusions about ductility go hand in hand with those about
confinement effect, as it will be commented in the following Section.

7.2.1 Ductility and ultimate strain of reticulated concrete-filled tubes.

The fact of introducing stiffening plates in square-shaped CFT sections represents an important
increment in ductility. Contrary, in circular CFT sections, the disposition of these plates does not
represent a clear enhancement of ultimate strain, but even it can lead to a diminution. Comparing
the obtained values of ultimate strain of sections C2b and C4b with that of section CF4-CC40,
commented in Chapter V2, we can conclude they are almost equivalent. Besides, the increment of
ductility between sections C2 and C4 is not really significant.

However, in reticulated square-shaped sections, ultimate strains go much beyond the obtained
values from their homologous unstiffened tubes, such as 4LN [see figure V1.40]. While section 4LN
collapses at strains of 6%, similar reticulated sections fail at strains between 8% and 10%. In the
following two tables, the obtained values of ultimate strains are shown:

Table VI1.9 Ultimate strains obtained from the FE analysis.

Section a b c d e f
fer™* 30 40 50 30 40 50
Cc2 0.139 0.135 0.132 0.148 0.145 0.140
C4 0.130 0.127 0.125 0.128 0.125 0.120
R2 0.080 0.082 0.082 0.110 0.112 0.112
R4 0.125 0.135 0.137 0.162 0.157 0.156
R9 0.120 0.125 0.128 0.119 0.116 0.115

* All values are non-dimensional.

2 See figure V.13. Sections C2b, C4b and Cf4-CC40 have the same D/t ratio, about a value of 40.
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Note how the square-shaped section which shows more ductility is R4, even more than section R9.
This is directly related to the restriction to buckling of stiffening plates, and logically to the quantity
of them. Although section R9 seems it should be more ductile owing to the fragmentation in nine
different loading cells, this is not exactly in this way. Stiffening plates in R9 do not cross the
centroid of the section, and this is the reason why they deform in the plastic range [see figure
V1.29]. The deformation of these plates has a decisive influence on the ultimate strain, and this
phenomenon leads section R9 to collapse earlier than section R4.

Concrete has almost no influence on the ultimate strain of these sections; the collapse starts
normally with the failure of steel. Usually, at values of deformation close to the failure, concrete is
already completely damaged [see Chapters V and VI]; then, the failure of steel is directly followed
by the collapse of the first. Thus, the introduction of stiffening plates is decisive in order to lengthen
the ductility of square-shaped sections.

On the contrary, the presence of these plates in circular sections does not provide any enhancement
of ultimate deformation; actually, the failure of steel in these sections occurs even earlier, as it is
derived from table VII1.9. According to Section 3.2.5, the introduction of rigid edges in the tube wall
generates some bending stresses, which are combined with tensile stresses coming from the hoop
component. Therefore, the collapse of steel is focused on the points which are more stressed,
normally those of central areas of the sector, since they are subjected to combined tension and
bending [see figure VII.17]. Far from being a uniform failure like in circular CFT sections, the
beginning of the collapse is clearly localized in these cases.

In figure V1.14 from the previous Chapter, the difference in hoop stresses between stiffened and
unstiffened circular sections is clearly shown. In the first group, the presence of stiffening plates
implies the appearance of bending stresses in the wall-thickness; these stresses, combined with
tensile hoop stresses derived from internal pressure, speeds up the failure of steel. Thus, the areas
of the tube which are more sensitive are the outer face of central parts of circular sectors and the
inner face of the intersection points of the tube with stiffening plates [see figure VII1.17].

Major hoop
stresses appear in

the mid span of the
secmr—/|

Fig. VI1.17 Evolution of von Mises stresses in the tube of specimen C4e, before the collapse
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Note how those areas which are more stressed are central parts of the circular sectors.
7.2.2 Effectiveness of stiffening plates in reference to ductility.

As natural continuity of the previous Section, a comparison of ultimate strains between reticulated
sections and their unstiffened equivalent sections has been carried out. As it has been detected in
Section 6.2.2.1, the introduction of stiffening plates in circular reticulated CFT sections [see figure
VI1.17] does not improve their ductility. The change of geometry from circular into cruciform
modifies the distribution of stresses across the wall-thickness, leading to an earlier collapse. This
fact can be already observed by using the values shown in table VII.9, becoming more evident in
curves of figure VI1.13.

The load-strain diagrams of two circular specimens, equivalent in area to sections C4b and C4e, are
compared with them in figure VII1.18. The effect of the shape and geometry can be clearly evaluated
through these equivalent sections. It is evident that the cruciform geometry is much less efficient
than the circular one, from the point of view of ductility. Both reticulated specimens show a lower
ultimate strain than their homologous; in other words, the substitution of the tube, by other
equivalent tube, thinner and stiffened [with exactly the same area of steel] leads to a clear
reduction of ductility of the composite section.

N [kN]

24000 Increment of energy of fracture -Agi
22000 Decrement of energy of fracture IS EE l""'o
..11.(‘4 5

20000

18000
16000
14000
12000

Axial load

0 0.02 004 006 0.08 0.1 012 014 016 0.8 0.2
Axial Strain

Fig. VI1.18 Comparison of load-strain diagrams between sections C4b and C4e and their
equivalent circular sections.
The black curve corresponds to section C4b, with 10 mm wall-thickness, and the red curve to
section C4e, with 5 mm wall-thickness.

Thus, by comparing circular sections, and assuming an equivalent area of steel and concrete, we can
conclude that the use of a cruciform geometry instead of circular is not exactly effective for ductility
and confinement purposes. Otherwise would be the comparison between the behaviors of a same
circular tube with and without the stiffening plates: it is evident that in this case, stiffening plates
would provide to the core an extra effect of confinement, but not a significant increment of ductility.
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Really different is the case of square-shaped tubes. The significant deformability of the plates
makes the use of stiffening plates much more decisive. A similar comparison between equivalent
sections, stiffened and unstiffened, is shown in figure VI1.19. From diagrams shown below, needless
to say that the gain in ductility and strength is notorious in all cases, especially in those sections
with thicker plates. In case of section R9b, the increment of energy of fracture thanks to the
reticulated geometry, instead of square-shaped, is about 50% more [see figure VII1.19].

M [kN]
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45000 Decrement of energy of fracture

40000

35000

30000

25000
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20000

15000

10000

0 002 004 0.06 008 0.1 012 014 016 018 0.2
Axial Strain

Fig. VI1.19 Comparison of load-strain diagrams between sections R9b and R9e and their
equivalent square-shaped sections.
The black curve belongs to section R9b, with 10 mm wall-thickness, and the red curve to section
R9e, with 5 mm wall-thickness.

The numerical translation of the previous diagrams is summarized in table VI1.10. In this table, the
ultimate strains obtained for each typology and their equivalent sections in the FE analysis are
shown. In addition, the proportion between the value corresponding to reticulated sections and
that corresponding to their equivalent is also shown, in the fourth and seventh columns. Note how
the ductility clearly diminishes in circular sections, and how it increases in square tubes instead.

Table VII.10. Comparison between the obtained values of ultimate strains.

Section b beq b 4 e eeq b 4
fe™ 40 40 40 40

C2 0.135 0.1412 0.956 0.145 0.1523 0.952
C4 0.127 0.1360 0.933 0.125 0.1420 0.880
R2 0.082 0.0742 1.105 0.112 0.0792 1.414
R4 0.135 0.0954 1.415 0.157 0.0732 2.144
R9 0.131 0.0773 1.694 0.129 0.0560 2.303

* Values expressed in N/mma2, Ultimate strains are nondimensional.
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Being:
y Relation between the ultimate strain of reticulated sections and that of its
equivalent section, without the stiffening plates.

The terms “b”, “e”, “b eq”, and “e eq” refer to nomenclature used for the sections analyzed in this
investigation and presented in tables VI.1 to VI.5. The term “eq” refers to “equivalent” sections.

From results presented in table VII.10, the influence of stiffening plates is evident, referring to
ductility of square CFT sections. In case of R9e, the increment of ductility owing to stiffening the
CFT section may be about 130% more.

7.3 General criteria for design

Derived from the benefits provided by stiffening plates described before, a set of general criteria for
designers can be established.

GENERAL CONSIDERATIONS

+« Ingeneral terms, the introduction of stiffening plates in the core of CFT sections is positive
for their structural response under different points of view.

« Stiffening plates provide an additional compressive capacity to the section, with the
particularity that these plates are restricted to buckling in most cases.
[except for those the plates which do not cross the centroid]

« The load-bearing capacity of each independent cell derived from introducing stiffening
plates can be analyzed separately in order to combine them and generate new typologies.

CIRCULAR SECTIONS

Squash Load

¢+ The introduction of one or two stiffening plates in CFT sections leads to an increment of
confinement effect to the core, providing that the area of steel of the tube is not replaced by
the area of the plates; otherwise, confinement effect would be diminished since the circular
geometry is more efficient than the cruciform shape [see Section 7.1.2].

% The proportion between the thickness of stiffening plates and the thickness of the outer
tube wall is not really significant in order to describe the confinement effect of circular CFT
sections [see Section 3.2.5]. Assuming that these plates are always restricted to buckling,
they could be conceived really thin.

+» Stiffening plates embedded in concrete core are fully restricted to buckling since all they
pass by the centroid of the cross-section. Therefore, full plastic strength of these plates can
be assumed [see Section 6.2.2]

¢+ The introduction of more than two stiffening plates could provide a huge enhancement of
confinement effect over the core. However, this hypothesis is not worth to take into
account for practical reasons of execution.
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Ductility

The introduction of one or two stiffening plates in CFT sections does not improve the
ductility of the section under pure compression, being even reduced [see Section 7.2.2]

The substitution of the circular geometry of the tube by a cruciform shape is clearly
unfavorable in terms of ductility, by assuming equivalent areas of steel and concrete of the
Section [see Section 7.2.2].

The introduction of more than two plates could result in a significant enhancement of
ductility, since the wall of the tube would lose any responsibility on the collapse. However,
as it has been commented, this possibility is not contemplated for practical reasons.

Although stiffening plates do not imply a significant enhancement of ductility in circular
CFT sections under compression, they could play a significant role under other combined
states [shear combined with bending and compression, etc.]

SQUARE-SHAPED SECTIONS

Squash Load

The introduction of stiffening plates in square CFT sections clearly provides to the section a
significant increment of confinement effect over the concrete core. This effect occurs in all
cases, independently of the width of the tube and the wall-thickness [see Section 7.1.2].

The proportion between the thickness of stiffening plates and the thickness of the outer
tube wall is not crucial in order to describe the confinement effect, but it is more significant
than in circular sections [see Section 3.3.4].

The introduction of stiffening plates allows considering also thin-walled tubes for
structural purposes. The limits established by the Eurocodes through the expressions
(3.46) and (3.120) can be clearly reduced thanks to the rigidity provided by these inner
plates.

Stiffening plates embedded in concrete core are restricted to buckling in most cases, by
keeping the load until the collapse, except for the case of those plates which do not cross
the centroid [Section 6.3.5].

Ductility

The introduction of stiffening plates clearly improves the ductility of the section in all cases
[see Section 7.2.2].

The substitution of the square-shaped geometry of the tube by a cruciform shape is clearly
favorable, assuming equivalent area of steel and concrete [see Section 7.2.2].

The introduction of more than two plates is possible in square-shaped tubes and provides a
clear enhancement of the ductility of the section, apart from other interesting qualities.

Stiffening plates can play a decisive role in resisting situations of combined compressive
and shear forces especially in those sections with more than two.
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7.4 Practical application

7.4.1 Possible applications of stiffened concrete-filled tubes.

Real applications of reticulated CFT sections are especially focused on compressed elements. Their
capacity of absorbing energy through crushing of concrete makes these sections ideal to resist
dynamic loading: they keep on resisting the load, even being the concrete filling completely
damaged.

Beyond axial loading, reticulated CFT sections are perfect for those cases involving combined
stresses: compression with shear forces and bending moments. The distribution of the plates
uniformly in the cross-section allows being more effective in front of shear forces, and also in front
of bending moments; this is exactly the case of those columns located in the ground floors of tall
buildings.

Although this investigation is devoted to short columns only, reticulated CFT sections would be
suitable also for slender pillars. Although slenderness has not been taken into account during this
investigation, the fact of proposing independent alveoli allows filling or not the cells in order to
maximize the radius of gyration of the composite section. This way, optimal sections could be also
designed in terms of slenderness through the radius of gyration:

ol (7.1)
" |a
As lower is the value of the cross-sectional area of the denominator, higher is the radius of gyration
for similar values of moment of inertia. Thus, the hollow section [b] of figure VII1.20 is more efficient
than an homologous section, but completely filled with concrete.

Besides, the segmentation in different small cells allows considering the confinement effect by
separately. This means that each independent cell can be confined under a different compressive
state, independently on the neighbor. This assumption can be also interesting for bent elements,
where the compressed areas could improve their uniaxial strength of concrete filling by means of
confinement [figure VI1.20a]. Thus, although this study is devoted to pure compressive states,
reticulated CFT sections are also appropriate for beams or beam-columns3 [see figure VI1.20].
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Fig. VI1.20 Partial concreting of section R9 for different purposes.

® This combined states in unstiffened CFT sections has been studied by different researchers, such as
Chitawadagi and Narasimhan (Chitawadagi, et al., 2009), Lu and his collaborators (Lu, et al., 2007) and
Elchalakani (Elchalakani, et al., 2008)].
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Optimal section for bending [a], and optimal section in front of slenderness [b].

Although sections which have been analyzed in this investigation are basically oriented to
architectonical purposes, they are also appropriate for bridge piers and other civil constructions.
Since tubular construction is spreading more every day, practical applications of these sections are
also increasing: the tubular arch bridge Xisha Bridge in Chongquing [see figure 1.3] is a clear
example of this universal application.

7.4.2 Size range and thicknesses.

For practical reasons, the specimens analyzed in this investigation have been considered 400 and
600 mm width, depending on typology. Needless to remember, that reticulated CFT sections are
suitable for heavily loaded columns of tall buildings; for these purposes these dimensions could be
clearly insufficient. Of course wider sections composed by different cells —even larger than 200 mm
width- could be conceived. This way, it is possible to compose new sectional typologies [see figure
VI11.16], by using different combinations of the proposed individual cells.

While the minimal cell size has been established in 200x200mm for practical reasons referring to
welding and concreting, plate thicknesses have been varied from 5 to 12 mm. It is derived from the
analysis presented before that the fact of stiffening the tubes allows reducing surprisingly the
thickness of the plates involved. Besides, thanks to the restriction to buckling, the full compressive
plastic strength can be considered for the extra embedded plates [see Section 6.3.5 of Chapter VI].
Remember that this restriction is valid only, providing that these plates cross the centroid. Under
this assumption, and knowing that the thickness of stiffening plates is not definitively significant,
stiffening plates could be surprisingly thin.

Remember that the minimal B/t ratio for square-shaped sections is 42.30, while for circular tubes
this proportion grows up to 59.57 [according to expressions (6.1) and (6.2) of Section 6.2.1]; this
limit entails that the minimal thickness to avoid second-order effects in cells of 200x200mm is 4.73
mm for rectangular sections, and 3.3 mm for circular tubes. Assuming that stiffening plates crossing
the centroid do not suffer from buckling effects, these plates could be exceptionally even thinner!

7.4.3 Construction process approach.

Few of the disadvantages of reticulated concrete-filled tubes could come from execution. Assuming
that they are not produced as extruded sections, it will be necessary to think in welding as the most
suitable procedure for assembling the plates; of course, welding may be expensive, but the benefits
of stiffening concrete-filled tubes may offset these costs in most cases. The important thing is to
weld the plates at workshop, and assemble them afterwards in the worksite. The final objective
would be to compensate the price of the welding with an important saving in steel.

Reticulated CFT sections provide to columns a set of really important advantages, as it has been
widely mentioned before. Two of the most important advantages are that they make the best of the
materials involved [due to confinement effect and stiffening] and at the same time, they show an
extended ductility and a significant capacity of energy absorption. These qualities, together with
their high compressive strength, make these sections very suitable for tall buildings; these
extraordinary qualities justify the use of expensive methods such as welding.

Referring to welding, and assuming that considering more than four cells clearly could complicate
the execution, a real sample of section R9 has been built during this investigation. The proposed
welding process is the following:
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a) 2 plates 600x200x56 mm

b) 4 plates 197x200x5 mm

c) 4 plates 192x200x5 mm

d) 4 plates 194x200x5 mm

e) 2 plates 194x200x56 mm

f) 4 plates 197x200x6 mm

Fig. VII.21 Welding process considered for section R9.
Note that the process goes always outwards from the centroid of the section.
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The only way to make possible this process of welding is to proceed always outwards from the
centroid. According to the sequence of the process presented before, in the first step, only plates “a”
and “f” are welded. In figure VI1.22, it is presented the real process:

Fig. VIl1.22 Photographs of the real welding process.
Note that the process goes always outwards from the centroid of the section.

7.4.4 Advantages and disadvantages of reticulated concrete-filled tubes.

Some of the advantages of concrete-filled tubes stiffened with plates are the following:

e They improve the response of the section under compressive forces, generally.
e They are capable of dissipating significant amounts of energy through damage.
e They allow using really thin plates embedded in the concrete filling.
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o Stiffening plates could be considered partially protected against the action of fire.

e The distribution in grid-shaped or according to a cruciform geometry is really favorable to
absorb shear forces and dynamic loading.

e Most part of the execution process can be done in workshop, which is a more reliable
process and may be more efficient in terms of costs.

e Their geometry and the presence of stiffening plates simplify the conception and execution
of beam-column joints in structures of buildings.

And some of the disadvantages are the following:

e Their execution is only justified for heavily loaded columns of tall constructions.

e They require an important amount of welding bead.

e They require a really fluid and self-compacting concrete, as it is not easy to guarantee a
good concreting of the lower parts of the columns.

e The transition of the columns between one plant to the other must be analyzed separately,
in order to guarantee a good performance of the insertion.
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8.1 General conclusions about the finite element analysis.
8.2 Conclusions about the concrete filled tubes behavior.
8.3 Conclusions about the influence of introducing stiffening plates in CFT sections.

8.5 Further investigations
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8.1 General conclusions about the finite element analysis.

One of the main objectives of this investigation was to carry out a reliable finite element model of
concrete-filled tubes. For that purpose, it has been strictly necessary to do a verification process not
only of the geometry and the mesh size, but also of constitutive material models above all. Derived
from this extent procedure, a set of interesting conclusions have been obtained.

Conclusions about geometry and boundary conditions of the model:

o A fine mesh is crucial in order to obtain sufficiently accurate results, especially when
plates and shells are modeled with solid elements. As it has been observed in Chapter
IV, a minimum of three elements must be considered in the wall-thickness of the
plates in order to be capable of reproducing second-order effects faithfully. However,
the deformed shape from a mesh formed by solid elements is more attractive and
representative than other formed by shells.

e Also boundary conditions are important in order to compare the numerical results
with experimental ones —this fact has been demonstrated in Chapter IV. Thus, for
verification purpose all the specimens have been modeled with the two loading faces
completely embedded, in order to match accurately with experiments.

e All tubular sections are symmetrical in the two axes of the cross-sectional plane.
Although they could be analyzed with only a half-part of the model for most
investigations, entire _models have been done since they match better with
experimental results in case of pretending to reach the collapse with an explicit
procedure.

e In a large deformation axial loading analysis and in order to maximize the
convergence of the problem, it is recommended to load by imposing an axial
displacement instead of a uniform pressure. The predominant axis in case of large
deformation analyses is the horizontal, instead of the vertical one.

e Contact conditions do not show a significant influence on a compressive analysis,
although its normal component must be considered at least.

Conclusions about constitutive material models:

e To use a constitutive material model for concrete based on a cylindrical yield surface
[such as CONC+MISO] can be enough accurate for uniaxial compression or bending
analyses [according to literature]. However, the analysis of CFT sections involves
considering high hydrostatic stress states, and this fact requires the assumption of a
pressure-sensitive yield surface as the Drucker-Praguer conical surface. Otherwise,
concrete would not expand laterally and its strength would be not enhanced [see
Chapters IV and V].

e The flow angle [dilatancy angle] is the decisive parameter which determines
accurately the volumetric expansion of concrete during yielding. Its magnitude must
be calibrated and compared with experimental results; the values obtained in this
investigation and contrasted with literature are about 30-31°.

e To simulate the behavior of concrete under high hydrostatic states, it is necessary that
both yield and failure surfaces do concur [the first one for describing the plastic flow,
and the second one to define the cracking and crushing limits]. While this objective is
relatively easy to satisfy under tensile states, in case of high compressive conditions
these surfaces become almost tangential and this matching becomes really complex.
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e To describe the behavior of concrete as a cohesive material it is indispensable to do a
damage evolutionary analysis, parallel to the tensional analysis. This way, the stiffness
degradation of the material is considered, and the energy absorption is analyzed.

e For a large deformation axial loading analysis, it is strictly necessary to use the true
stress-strain curve of steel, since stresses in the plastic hardening period are quite
lower under compression, and quite higher under tension.

8.2 Conclusions about the compressive behavior of concrete-filled tubes.

Other of the important objectives of this investigation presented in Chapter I, is the description and
analysis of the large deformation axial loading behavior of CFT sections, according to a tensional
point of view and compressive damage. The compressive response of concrete-filled tubes is based
on the confinement effect provided by the tube to the core, and this is the reason why the load is
transferred from one component to the other in several occasions during the loading process. Main
conclusions obtained from the FE analysis are the following:

e The loading process is decisive in order to determine the magnitude of the squash
load in CFT sections. It is completely different to load the steel tube or the concrete
core only, or both materials simultaneously. By following the first assumption, the
steel absorbs most part of the load expanding transversally more than concrete, so
that the latter does not become confined. Contrarily, and according to the second
assumption, the unique loaded component is the core, expanding transversally owing
to the value of plastic dilatancy; thus, the steel under this assumption works only
circumferentially, by confining the concrete of the core. Finally, in the last case, both
components are loaded simultaneously, being the steel tube axially and
circumferentially stressed, providing high confinement effect to the core.

e To reach the squash load predicted by Eurocode 4 for circular and square-shaped
sections, both components must be considered simultaneously loaded. No matter
whether the components are loaded together or whether the load is transferred
through shear connectors.

o Usually, confinement effect on concrete core is not fully activated due to safety
factors on material strengths and loads. Note that confinement effect appears when
concrete expands transversally more than the expansion predicted by its plastic
Poisson’s ratio, and this phenomenon takes place from stresses of 0.5f,.

e When a CFT section reaches the peak of load, concrete of the core is already damaged
in_a percentage of 20%. During the yield plateau, concrete resists most part of the
stress thanks to be contained in a recipient, although its stiffness is already
completely damaged. This evolutionary damage process guarantees important rates
of energy absorption, a question which becomes interesting under dynamic loading.

e The interaction between both components is crucial in order to satisfy the loading
transference from one to other. During the loading process, the two components
become loaded in different stages. Firstly, steel absorbs most part of the load until
concrete reaches the 50% of its compressive strength; at this moment, concrete starts
to expand transversally and confinement effect on the core takes place. From then,
concrete is progressively loaded until its maximum confined strength, point where
softening occurs; vertical stress of both materials remain constant up to the hardening
of steel, when the latter absorbs most part of the load again.

o CFT sections -especially those circular- show an extended ductility. The post-peak
behavior of the load-strain curve [basically, the softening period] depends directly on
the D/t or B/t ratio of the tube and on concrete strength. Rigid thick-walled tubes
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filled with low strength concretes tends to minimize the descent during the softening
period, while thin tubes filled with high strength concretes tends to maximize it.

8.3 Conclusions about the influence of introducing stiffening plates in CFT sections.

Finally, the final and most important objective established in Chapter I, is to determine the
influence of introducing stiffening plates in CFT sections on their axial compressive behavior. Note
that the influence of stiffening plates can be analyzed, through the differences between using one,
two or four plates. This way, the trend of behavior of these plates can be determined by comparing
one typology with the other. Finally, in Chapter VII, a comparison between these reticulated
typologies and their equivalent circular sections, has been also carried out in order to determine
the efficiency of the cruciform shape instead of the circular or square-shaped of the tube.

It is important to remember that the conclusions exposed below correspond only to the analysis of
the typologies proposed in Chapter VI; this means that only the cases of one and two plates have
been considered for circular sections, and the cases of one, two and four plate, have been
considered for square sections. Other hypotheses with a higher number of stiffening plates have
been discarded, for practical reasons related with execution.

As it has been already predicted in Sections 3.2.5 and 3.3.3 of Chapter I, the introduction of these
proposed plates in the concrete filling has a direct influence on the confinement effect on the core
and on the ductility of the composite section.

Conclusions about the influence of stiffening plates on CIRCULAR CFT sections:

e The introduction of stiffening plates in circular concrete-filled tube sections clearly
improves the confinement effect on concrete core. These plates have a favorable effect
on confinement effect: as it can be seen in the sequences shown in figure VI.15, the
introduction of a second plate in a circular tube clearly enhances vertical strength of
concrete [see Section 6.2.2].

e In equivalence of area, the circular shape is more effective in terms of
confinement effect than the cruciform geometry, derived from stiffening plates.
This fact is caused by the appearance of parasite bending moments in the tube wall
and on the [yz] plane, coming from the high rigidity of the intersection points between
the stiffening plates and the tube. Then, this bending stress is combined with the
tensile stress derived from the volumetric expansion of concrete, and this effect leads
to a less uniform distribution of pressure on the core [see Section 7.1.2].

e The introduction of these stiffening plates does not change the tensional distribution
of concrete core, except for the case of section C2. In this case, the tube is symmetrical
respect to one of the two cross-sectional axes only [see Section 6.2.2].

e The thickness of stiffening plates is not especially significant in order to determine the
confinement effect on concrete core. Actually, these plates are not almost loaded
transversally, owing to the high effectiveness of the circular geometry of the tube [see
Section 3.2.5].

e The introduction of stiffening plates does not improve the ductility of CFT sections. A
circular section does not lengthen the value of its ultimate strain thanks to the
introduction of stiffening plates in the core. In the diagrams of figures V1.4 and V1.5, it
can be clearly seen how the ductility is not improved by means of introducing a
second stiffening plate in the core [see Section 6.2.2].
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e In equivalence of area of steel and concrete, the circular shape is more effective in
terms of ductility of the whole section. This means that assuming the same amount of
steel and concrete, reticulated CFT sections tend to collapse earlier than their
homologous, circular-shaped only [see Section 7.2.2].

e Stiffening plates clearly allows reducing the slenderness limit for the wall-thickness of
circular tubes, established by Eurocode 4. Rigidity provided by these plates reduces
significantly the effects of buckling in the tube [elastic and plastic]. Therefore, thinner
tubes can be conceived, by means of replacing part of the steel of the tube wall into
embedded plates [see Section 6.2.2].

o Stiffening plates clearly delays the compressive damage of concrete core. By analyzing
the sequences shown in figures VI.19 and VII.20, where the evolution of the
compressive damage ratio of sections C2 and C4 is compared, we can quickly note that
the introduction of a second stiffening plate delays this evolutionary process of
damage slightly.

¢ Although the last conclusion can be considered in the design, it is worth to take into
account that the D/t ratio is always more decisive on the damage evolutionary process
than the stiffening plates of the core [assuming a maximum of two stiffening plates for
practical reasons, according to the typologies analyzed in this investigation].

Similar to circular sections is the case of the analysis of square CFT sections. Note that all the
conclusions of this investigation derive from the analysis of a limited number of combinations; this
means that only the cases of one, two and four stiffening plates have been considered. However,
this parametrical analysis is sufficiently extense to determine the trend of behavior of these
sections, and to compare it to the behavior of unstiffened ones.

Thus, the conclusions referring to the influence of stiffening plates on square-shaped CFT sections
are the following:

e The introduction of stiffening plates in square concrete-filled tube sections has a
decisive influence on the confinement effect on concrete core. The rigidity provided
by stiffening plates to the tube is crucial in order to reduce the deformability of the
faces of square-shaped tubes [see Section 6.3.2].

e In equivalence of area, the reticulated shape is much more effective in terms of
confinement effect than the simply square-shaped geometry. This fact is caused by the
significant deformability of the plates in a square tube. The diminution of the buckling
length of these plates is crucial to reduce transversal deformation also, and to improve
at the same time the confinement effect on the core [see Section 7.1.2].

e The introduction of these stiffening plates clearly changes the tensional distribution in
concrete core. Stiffening plates provide a high percentage of rigidity to the core and
distribute transversal stresses quite differently than in square sections, as it is shown
in figure VIL.5 [see Section 7.1.2].

e The thickness of stiffening plates is not especially significant in order to determine the
confinement effect on concrete core. However, in case of square-shaped CFT sections,
the thickness of these plates determines the rigidity of the joint with the tube and the
axial capacity of the stiffening [see Section 3.3.4].

e The introduction of stiffening plates has a significant influence on the ductility
of square CFT sections. In general terms, the introduction of these plates clearly
lengthens the ultimate strain and enhances the energy of fracture of the section. This
effect can be seen in the diagrams shown in figure VI1.26, where the collapse of section
R4 takes place much later than in case of section R2. This enhancement depends
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directly on the position of the stiffening plates; if they do not cross the centroid of the
section, stiffening plates suffer from buckling in the plastic range, leading to an earlier
collapse, as in case of section R9. However, crossing or not the centroid, the ductility
provided by these plates is always higher than that of simple square sections [see
Section 6.3.4].

e In equivalence of area of steel and concrete, the reticulated shape is always more
efficient than the square-shaped geometry in terms of ductility. This fact means that
assuming the same area of steel and concrete, square CFT sections collapse always
earlier than their homologous, but stiffened with plates [see Section 7.2.2].

o Stiffening plates clearly allows reducing the slenderness limit for the wall-thickness of
the plates, established by Eurocode 4. Rigidity provided by these plates reduces
significantly the effects of buckling in the tube [elastic and plastic]. Therefore, thinner
tubes can be conceived, by means of replacing part of the steel of the tube wall into
embedded plates [see Section 6.3.2].

o Stiffening plates clearly delays the compressive damage of concrete core. By
comparing the three sequences of figures VI.41, VI.42 and VI1.43, we can see how the
introduction of these plates clearly delays the compressive damage process of
concrete, although the thickness of the outer tube is also decisive in this process [see
Section 6.3.3.2].

8.4 Further investigations.

This work constitutes also the beginning of a line of research. Something which started with a clear
interest about the behavior of concrete-filled tubes, finished with a proposal of improvement of the
typology. Now, after this investigation, lots of different questions are pending of study and
refinement.

May be the first activity to be carried out would be the performing of an experimental campaign
about reticulated concrete-filled tubes. In addition, some aspects require a more detailed analysis;
the influence of high strength concrete or the verification of the new typologies created from the
combination of alveoli, for example. The author of this study is interested in going on with two
different questions: the first is to evaluate the possibility of designing really thin stiffening plates
embedded into the concrete filling; the second, is to carry out a numerical analysis of reticulated
concrete-filled tubes under dynamic loading [combined shear with compression, for example].

On the one hand, t is obvious that the possibility of using really thin plates to carry compressive
axial loads results attractive from different points of view; first advantage of it comes from
enhancing the efficiency of geometry, since local buckling effects of slender plates are really
diminished. These embedded plates could be also protected against fire by the concrete filling. On
the other hand, the disposition of the embedded plates in a grid-shaped geometry on the cross-
section provides the specimen with an optimal response in front of shear forces and dynamic
loading. Thus, the next step in the investigation is to determine the efficiency of these sections, not
also under pure compression, but also under combined states and dynamic loading. These further
investigations would be really of interest too in order to apply these typologies in real tall buildings.
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