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In model 5, with reduction of pile’s cross-section area, the results 
were very similar to those observed in model 1. 
In general, a good approximation between experimental and nu-
merical results was observed, as it can be verified in the results 
presented in Table 7.
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In all numerical models prismatic compressive struts were 
formed. At the bottom surface of the column stress flow was di-
vided equally in two halves, proving [1] statement that it is cor-
rect to consider that half pile cap-column interface receives half 
of the column’s forces. Besides, all compressive stresses have 
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Figure 6 – Crack evolution in model 1 - (a) at the beginning of load steps; 
(b) at the middle of load steps; (c) at the collapse (ATENA)

 

(a) (b) (c) 

Figure 7 – Cracks at pile cap's collapse - (a) model 2; (b) model 3; (c) model 4; 
(d) model 5 (ATENA)

   
(a) (b) (c) (d)

Table 7 – Crack opening values of numerical models and Delalibera [1] experimental specimen

Load (kN) 

Delalibera 
[1] 110 219 438 548 780 1005 1225 

Numerical 
analysis 125

 
225

 
425

 
550 775 1000 1225

 

Crack 
opening 

(mm) 
‘ 

 

Delalibera 
[1] 

0 0 0 0,147 
0,23

0 
0,26

3 
(1)0,266 

Model 1 0 0,017 0,087 0,127 
0,18

1 
0,25 0,315 

Model 2  0 0,023 0,098 0,129 
0,20

9 
0,26

4 
0,337 

Model 3  0 0,040 0,110 0,145 
0,22

7 
0,31

2 
0,425 

Model 4  0 0,017 0,086 0,126 
0,16

7 
0,23

0 
0,293 

Model 5  0 0,014 0,077 0,109 
0,17

5 
0,27

0 
0,321 

 
 (1)Note:  Crack opening in the experimental model [1] at point 2 was equal to 0,32mm.
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propagated up to piles surfaces, forming compressive struts and 
concentrating at the piles cross-section closest to the column, as 
shown in Figures 8 and 9.
Maximum compressive stresses, presented in Table 8, occurred in 
the intersection between column-pile cap and piles-pile cap. This 
indicates the collapse of pile caps in the nodal zones region, simi-
larly to [1] specimen rupture.
In models 2 and 3, the eccentricity provoked by piles supports area 
reduction, which resulted in an augment in structure’s displacement, 
caused struts stress expansion towards the inferior nodal zone. This 
resulted in a redistribution of pile cap stresses at the piles surface. 
In model 3, struts stress flow became to concentrate in the pile’s 
surface that is closer to the pile caps border, as shown in Figure 9 (b)
In model 5, presented in Figure 9 (d), struts compressive stresses 
were distributed in all piles cross-section area. Notwithstanding, 
maximum stresses were similar in value to model 1, as shown in 
Table 8, proving that in model 1 piles cross-section surfaces were 
only partially solicited by struts compressive stresses.

Tensile stresses perpendicular to compressive struts were also 
formed, characterizing concrete splitting, which is indicated by ten-
sile vectors perpendicular to compressive vectors shown in details 
in Figure 8. Splitting steel bars of model 4 absorbed partially these 
tensile stresses, contributing to pile caps resistance increase, as 
predicted by Delalibera [1]. A significant reduction in tensile stress 
was also observed on the pile cap’s inferior surface (between piles) 
as shown in Figure 12 (a). These results confirm splitting steel bars 
favorable action to pile caps tensile and shear resistance increase. 
In the other models, tensile stress in the pile cap inferior surface 
was similar, as shown in Figures 10, 11 and 12 (a and b).

4.3 Ultimate load and ruin

In all models a fragile collapse occurred with compressive struts 
formation and concrete splitting and crushing. Also intensive 
cracks were observed.
Ultimate load in model 1 was 1900 kN. Comparing to the experi-
mental model the results were very similar, as demonstrated in 
Table 9.
In model 3, with supports in only 25% of the pile’s basis, the princi-
pal reinforcing bars of the ties yielded. There was also a reduction 
in pile cap load carrying capacity. In the other models, yielding oc-
curred only after the model’s ruin.
In model 4, with splitting reinforcing bars, an increase in pile cap ulti-
mate load capacity was observed, as shown in Table 9. In addition, 
no significant variation was observed in pile cap’s ruin, stiffness and 
bearing capacity patterns. The numerical results are similar to those 
obtained by [1] in experimental tests with pile caps with splitting rein-
forcement where an augment in pile cap’s ultimate load was obtained.
In model 5, despite piles cross-section area reduction, no signifi-
cant difference was observed in pile cap bearing capacity. Ulti-
mate load capacity of the numerical model was 1825 kN, which is 
close to the experimental model. The results restate that piles of 
numerical model 1 are only partially solicited, occurring compres-
sive stress concentration in the pile’s cross-section area that are 
closer to the column (in the beginning of the inferior nodal zone).

4.4 Reinforcement strains and stresses

Steel bars, except in model 3, did not yield until the pile caps 
ruin. Moreover, the ties steel bar stresses were not uniform, 

Figure 8 – Principal stress flow of model 1, 
highlighting tensile stresses activity (ATENA)

Figure 9 – Principal stress flow - (a) model 2; (b) model 3; (c) model 4; (d) model 5 (ATENA)

(a) (b) (c) (d) 
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occurring significant reduction in the inferior nodal zones due 
to struts compressive effect, as shown in Figure 13. The re-
duction of the supporting area of the piles caused an increase 
on pile cap’s inferior surface strains due to the rotation of the 
piles axis. Consequently, the ties steel bar tensile stresses 
augmented.
Horizontal stirrups have absorbed part of the tensile stresses in 
the struts region. In model 3 stresses in the superior longitudinal 
steel bars achieved 360 MPa, as shown in Figure 13 (c). Besides, 
in model 3, due to stress concentration near the piles supports, an 
increase in piles stirrups stresses located near the supports was 
observed, as shown in Figure 13 (c).
Splitting reinforcement of the model 4 absorbed part of pile cap’s 
stresses, proving to be effective against pile caps tensile stress, as 
shown in Figure 14.
In Table 10 maximum strain and stress values of both numerical 
analysis and experimental models are presented. The results dem-
onstrated a good approximation between them. In Figures 15 to 19 
the pile caps inferior nodal zones are shown in details, demonstrat-
ing the ties anchorage region (lanc) and the ties stress graphic values.
In all models (Figures 15 to 19) strains at the ties steel bar ends 
were very low. Notwithstanding, as the piles supporting area was 
being reduced, there was a progressive increase in the area of 
the nodal zones. An increase of the stresses in the ties steel bar 
at the end of the inferior nodal zone also occurred with repercus-
sion in the steel bar ends as can be seen in Figures 15, 16 and 17. 
Despite that, the stress in the ends of the ties steel bar remained 
low. This confirms Clarke’s [5] statement that ties anchorage is 
positively influenced by struts confinement action, which excludes 
the use of tie hooks.
In model 4, with splitting reinforcing bars, intensive stresses in the 
ties steel bars at the beginning of the inferior nodal zone were ob-
served. However, a considerable reduction in steel bar stresses 
occurred along the nodal zone. Very low stress values rose at the 
steel bar ends, as shown in Figure 18. 

In model 5, despite the reduction of the piles cross-section area, 
zero strain value occurred at the end of the ties steel bars, as 
shown in Figure 19.

4.5 Stiffness and bearing capacity

In relation to the experimental specimen, model 1 was more rigid, 
presenting lower displacements. This was a result of the vertical 
restraints imposed to the piles in the numerical models, which has 
produced a clamping effect, limitating the rotation of the piles and 
the displacements of the pile caps.
The reduction of the pile’s supporting area caused a decrease in 
the pile caps structural stiffness, leading to a growing convergence 
of the force versus displacement curve among the models 1, 2 and 
3. In model 3, as shown in Figure 20, the force versus displace-
ment curve overlapped with the experimental model’s curve which 
is already adjusted to expunge displacements due to specimen 
accommodation in the first load stages.
This proves that in numerical models the supports of the piles di-
rectly affect the stiffness of   structural elements. At the same time, 
load bearing capacity was not significantly changed. Both numeri-
cal and experimental models achieved ultimate load capacity with 
very similar load intensity and crack pattern. 
In addition, as the supporting area of the piles was reduced, there 
was a shift in the maximum plastic strain location. In Figure 21 it is 
possible to notice plastic strain shift from the inferior nodal zones to 
the superior nodal zones. If this reduction in the pile caps support-
ing area, on one side, allowed increased structural displacements, 
on the other side, it generated a high compressive zone in the pile 
cap’s superior nodal zone. In general, there was a reduction up 
to 30% in stresses in the piles-pile cap contact surfaces with an 
increase up to 28% in the stresses in the column-pile cap’s contact 
surface, as shown in Table 8.
In model 4, splitting reinforcement contributed to load bearing ca-
pacity and to the increase in the pile cap resistance.

Table 8 – Maximum stress values (MPa) on ultimate load of numerical models and Delalibera [1] 
experimental specimen

Pile caps specifications Delalibera 
[1]

Model 
1

Model 
2

Model 
3

Model 
4 

Model 
5 

Maximum 
compressive 
stress (MPa)  

Sruts - 35 35 32 35 35 

Inferior 
nodal zone - 30 27 28 35 34 

Superior 
nodal zone - 36 37 34 35 34 

Column-pile 
cap 

interface
58,3 52 50 67 54 48 

Piles-pile 
cap 

interface
58,3 52 50 37 54 62 

Ultimate tensile strength - 2,5 2,5 2,3 2,4 2,3 
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In model 5, with the reduction in the cross-section area of the piles, 
stiffness and load bearing capacity were similar to model 1.

5. Conclusions

The results of the numerical models showed that the reduction in 
the piles supporting area has a direct influence in the pile caps load 
bearing capacity and a non-negligible influence in pile caps stiffness. 

In model 1, vertical displacement restraints in all pile’s basis gen-
erated a clamping effect that lead to structural stiffening. Despite 
piles confining effect due to soil reaction along the piles, this fact 
is not observed in pile caps. Pile caps are not tensile structures. 
Therefore small displacements of the piles could cause great influ-
ence in pile caps stiffness. Therefore, this could become a critical 
question and deserves considerable attention in laboratory tests 
and numerical analysis.

Figure 10 – Details of model 1 tensile stresses [MPA] at the bottom of pile cap (ATENA)

Figure 11 – Tensile stresses [MPa] at the bottom of pile cap: (a) model 2; (b) model 3 (ATENA)

  
(a) (b) 
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Comparison between numerical and experimental models demonstrat-
ed a good approximation. A fragile collapse by concrete crushing and 
pile cap concrete splitting occurred in all numerical models analyzed.
Prismatic struts were developed in all models. Added to this, ten-
sile stresses, which are responsible for concrete splitting, were ob-
served across the struts.
Stress flow within the pile caps was divided equally in two halves 
on the inferior column cross-section and was propagated up to the 
piles superior surfaces, where stress concentration occurred on 
the pile’s cross-section area, close to the column.

Figure 12 – Tensile stresses [MPa] at the bottom of pile cap: (a) model 4; (b) model 5 (ATENA)

(a) (b)
 

Table 9 – Ultimate load of numerical models 
and Delalibera [1] experimental specimen 

Model Load (kN)  
Delalibera [1] 1820 

Model 1 1900 
Model 2  1980 
Model 3 1775 
Model 4 2075 
Model 5 1825 

Figure 13 – Reinforcement bars stresses - (a) model 1; (b) model 2; (c) model 3; (d) model 5 (ATENA)

(a) (b) (c) (d)

First cracks appeared in the inferior nodal zones and propagated in 
direction to the superior nodal zone. Intensive cracks were devel-
oped with a rupture plane formation along the struts.
Principal tie stresses were not constant along the reinforcing bars. 
An abrupt reduction in ties stresses was observed in the inferior 
nodal zones due to favorable compressive struts action.
At the border of the ties steel bars stresses were very low or null, 
which proves the non-necessity of hooks anchorage.
Splitting reinforcing bars contributed to pile cap’s ultimate load ca-
pacity increase and to crack control and reduction.
Steel bars adherence was not a relevant factor and did not influ-
ence in the pile cap’s resistance. In all models ties steel bars did 
not slip until pile cap’s ruin. 
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Figure 14 – Splitting reinforcement stresses 
in model 4 (ATENA)
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Figure 15 – Anchorage length and ties stresses [MPa] in the inferior nodal zone of model 1
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Figure 16 – Anchorage length and ties stresses [MPa] in the inferior nodal zone of model 2

Figure 17 – Anchorage length and ties stresses [MPa] in the inferior nodal zone of model 3

Figure 18 – Anchorage length and ties stresses [MPa] in the inferior nodal zone of model 4
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Figure 19 – Anchorage length and ties stresses [MPa] in the inferior nodal zone of model 5

Figure 20 – Load vs. displacement curve

Figure 21 – Principal plastic strains - (a) model 1; (b) model 2; (c) model 3

(a)    (b)     (c) 
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