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Fig. VI.40  Evolutionary sequence of vertical stress beyond the peak of load  

in specimens R2, R4 and R9. 
The same tensional range has been considered in order to represent the confined areas. 

For points E,F,G and H, see figure VI.34. 
 

6.3.4 Compressive damage evolutionary analysis of concrete 
 
As it has been explained in several occasions before, to describe the behavior of concrete-filled tube 
sections is necessary to do also a complementary damage analysis in order to determine the 
stiffness degradation process of concrete. Damage dissipation energy depends directly on the 
defined damage evolutionary ratio. It is important to be capable of describing the dissipated energy 
through compressive damage, with the aim of considering these sections for seismic purposes. To 
define the damage evolutionary laws for each case, the expressions proposed by Susantha and Ge 
have been used (Susantha, et al., 2000). This is the reason why damage ratio grows differently 
according to the B/t proportion. To determine this geometrical percentage, parameter B has been 
defined as the width of the cell, �$�Ö�Ø�ß�ß, and t as the outer plate thickness. 
 
The following sequences show the evolution of the compressive damage ratio in concrete of 
sections R2, R4 and R9. Note that the differences in the evolution of damage between sections of 
different B/t ratios are explicit, especially in specimens R4 and R9 [see figures VI.42 and VI.43]. The 
influence of the thickness on the damage evolutionary ratio is not significant in section R2, owing to 
the general lack of rigidity of the plates involved [see figure VI.41]. 
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Fig. VI.41  Evolutionary sequence of compressive damage in section R2. 

Sections with Bcell/t=40 [a], and sections with Bcell/t=80 [b]. 

 
Fig. VI.42  Evolutionary sequence of compressive damage in section R4. 

Sections with Bcell/t=20 [a], and sections with Bcell/t=40 [b]. 

 
Fig. VI.43  Evolutionary sequence of compressive damage in section R9. 

Sections with Bcell/t=20 [a], and sections with Bcell/t=40 [b]. 
 

Damage in concrete goes closely related with the dissipated energy coming from crushing of 
mortar. Figure VI.44 shows the evolution of the damage dissipation energy compared to the 
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evolution of vertical stress in the core; note how energy dissipated by section R2 is more significant 
than the energy dissipated by section R4. In equivalence of areas, section R2 is really more 
deformable than section R4; this condition leads directly to more elevated energy dissipation. On 
the contrary, section R9 shows a value of dissipation energy two times higher than that dissipated 
by section R4. This is a consequence of the difference of area of concrete between the two 
typologies. It is obvious that as larger is the area of the core, higher is the damage dissipation 
energy too. 
 
It is also interesting to see how the damage dissipation energy quickly grows up to point a in figure 
VI.44, coinciding with the descent of softening of concrete. Thus, most part of the damage occurs as 
a consequence of the softening period, as it can be derived from the curves shown below. While 
damage energy dissipation occurs sharply in those less stiffened sections, such as R2, this process is 
slower in those sections which are stiffer, such as R9. 
 

 
Fig. VI.44  Comparison between damage dissipation energy and vertical stress of concrete. 

These diagrams belong to reticulated sections of 10 mm wall-thickness. 
 
Similar as in case of circular sections, the softening period of concrete is intimately related to the 
evolutionary damage process. As it has been mentioned before, much part of the energy is 
dissipated during this period [see point a, of figure VI.44]; thus, the presence of hydrostatic 
pressure during this period is important to diminish the load decrement and also the importance of 
the crushing process. Figure VI.45 clearly shows the evolution of the stiffness degradation of 
concrete. Major difference between sections R4b and R4e is that the first one does not suffer from 
softening owing to the rigidity provided by the stiffening plates. The evolutionary process of 
damage is also delayed in the first case, by showing a different magnitude for stiffness at point C. 
Point A in figure VI.45 refers to the beginning of damage of concrete and Point B refers to the peak 
of load. Note that at point B, concrete is already damaged in a 20%. 



Chapter VI 
Parametric analysis 
 

 248 

 
 

Fig. VI.45  Comparison between vertical stress of concrete and evolution  
of compressive damage ratio. 

Red curve belongs to section R4b [10 mm wall-thickness]  
and the black curve to section R4e [5 mm wall-thickness]. 

 
Figure VI.45 shows the importance of the B/t ratio of the outer tube, not only to enhance the 
compressive strength of the filling, but also to reduce the importance of the softening period in 
concrete as a consequence of the confinement effect. The pink-colored area of the diagram shows 
the loss of load-bearing capacity owing to the deformability of the plates. The numbers shown 
under the two curves correspond to the damaged stiffness of the core at each stage of loading. 
   
6.3.5 Analysis of contact pressure. 
 
Contact pressure in stiffened square-shaped sections behaves really different from the case of 
circular CFT sections. The deformability of the plates leads to concentrate normal and friction 
forces on the edges and intersection points of the tube; as a consequence, most part of concrete is 
not compressed by the plates [see the blue-colored areas of figure VI.46], except the case of the 
embedded stiffening plate. 
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Fig. VI.46  Contact pressure on concrete core, specimen R2, [N/mm2]. 

The contact pressure is a clear reflex of the confinement provided by the tube. 
 
Different from circular sections, where the pressure provided by the tube is uniformly distributed 
on the core, in square-shaped sections, contact areas are fully concentrated in specific points of the 
geometry. This phenomenon is a consequence of the deformability of the plates in the cross-
sectional plane, and it leads to a distribution of the pressure in the cross-section in arch effect; as 
the stiffened edges of the tube are much more rigid than the rest, most part of the load is 
transferred by these points when concrete expands laterally. The rigidity of these points implies a 
tensional distribution in the [x] and [y] axes of the cross-sectional plane in arch effect, a fact which 
leads to a pattern of confinement on the core, according to figure VI.36. 
 
The pressure transferred by stiffening plates on concrete constitutes a clear reflex of the restriction 
to buckling provided by the core. Central areas of these plates are subjected to high levels of 
pressure owing to the volumetric expansion of concrete, while the rest is even not compressed [see 
figure VI.46] 
 

 
                                   [a]                                                                                          [b] 

Fig. VI.47  Contact pressure on concrete core in specimens R4 [a] and R9 [b], [N/mm2]. 
The contact pressure is a clear reflex of the confinement provided by the tube. 

 
Other cases shown in figure VI.47 correspond to sections R4 and R9, in which contact pressure is 
more uniformly distributed, owing to the rigidity provided by stiffening plates. Note that most part 
of these plates is compressed in the two cross-sectional axes of the plane, so that tangential stresses 
can be perfectly transferred. This phenomenon is one of the most interesting strengths of 
reticulated concrete-filled tubes, since connectors can be avoided in all cases. 
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