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Wpływ wielkości czworobocznych nieciągłości 
na pochłanianie energii w stalowych profilach strukturalnych*

In this paper the effect of discontinuity size on energy absorption performance of steel square profiles is reported. The analysis 
consists of finite element simulations and experimental results of the compression strength of steel profiles with discontinuities. 
The discontinuities were placed at the mid span of the profiles in two walls opposite to each other. Square, rectangular and dia-
mond initiators were evaluated at different scales. The numerical results determined the size intervals that present a good energy 
absorption performance in each case. Energy absorption capabilities were increased up to 12.54% with respect to a structure 
without discontinuities. Additionally, the peak load value (Pmax) was decreased 25.97% with the implementation of a diamond 
initiator. For structures with discontinuities with major axis close to the profile width, a buckling effect was observed. Finally, it 
was observed that the size of the initiators contributes to reduce the peak load (Pmax) value.

Keywords:	 thin-walled structure, geometrical discontinuities, finite element method, energy performance.

W pracy przedstawiono analizę wpływu rozmiaru nieciągłości na pochłanianie energii przez stalowe profile o przekroju kwadra-
towym. Analiza przedstawia wyniki symulacji elementami skończonymi próby ściskania profili stalowych z nieciągłościami oraz 
porównanie z danymi eksperymentalnymi. Nieciągłości zostały usytuowane w środku profilu w dwóch przeciwległych ścianach. 
W pracy zostały przebadane nieciągłości o formach kwadratowych, prostokątnych i rombowych dla różnych wymiarów. Stwier-
dzono wzrost o 12,54% możliwości pochłaniania energii w porównaniu dla struktur bez nieciągłości. Dodatkowo, w przypadku 
nieciągłości rombowych stwierdzono spadek wartości siły maksymalnej (Pmax) o 25,97%. Zaobserwowano występowanie efektu 
wyboczenia dla nieciągłości rombowej gdy wymiar jej osi zbliża się do szerokości profilu. Zaobserwowano, ze rozmiar nieciągło-
ści wpływa na redukcje wartości maksymalnego obciążenia oraz w tym samym czasie na obniżenie pochłanianej energii.

Słowa kluczowe:	 struktury cienkościenne, nieciągłości geometryczne, metoda elementów skończonych, pochła-
nianie energii.

1. Introduction

Worldwide, an estimated of 1.2 million people die in road crashes 
every year and 50 million are injured. This evidence can be increased 
by 65% for the next 20 years [16]. With the introduction of the crash-
worthiness concept in previous decades and the addition of the efforts 
to ensure the life of the passengers, the use of thin walled structures as 
energy passive absorbers is taking relevance. Many characteristics can 
be attributed to them; however, the most important is the high perform-
ance which absorbs energy by plastic deformation. With the objective 
to optimize the energetic behavior of structural members, numerical 
and experimental studies have been realized. In these studies, factors 
such as cross section geometry [21, 11], length of the profile [10] and 
manufacture material [17] have been evaluated. Other studies have 
focused their efforts in the implementation of geometrical disconti-
nuities to reduce the peak load value. Many shapes of imperfections 
have been analyze such as circular [2, 4, 5], slotted [13], elliptical 
[9] and dimples [8]. In all cases the effectiveness of discontinuities 

have been corroborated, nevertheless according to Szwedowicz et al 
[18] the energy abortion capacity also can be modified by location 
of imperfections along the structure. In [14] the effect of location of 
circular discontinuities on square profile was studied, concluding that 
the best performance is obtained by placing discontinuities at middle 
height. Likewise, a numerical comparison between circular, elliptical 
and slotted discontinuities was carried out by [6]. In the analysis the 
initiators were located at the midpoint of the square aluminum tube 
in two opposite walls. A reduction of 11.7% in peak load value was 
obtained with a pair of holes. In this paper the effect of discontinuity 
size on the crashworthiness characteristics of square steel profiles is 
analyzed. For this purpose, numerical simulations were realized using 
Abaqus finite element software. Square, rectangular and elliptical ge-
ometries discontinuities were evaluated at difference scales. 
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2. Measurement of the energy absorption perform-
ance

As mentioned there are two important parameters to determine the 
response of structural members under crushing force; the energy ab-
sorbed (Ea) and the maximum value of crushing load called peak load 
(Pmax).  The energy absorption by elastic and plastic deformation can 
be calculated by integration of the area below the load-displacement 
curve, using the following equation [7]:
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where: F is the crushing force and δ is the displacement in the axial 
direction. 

After reaching the Pmax value, the initial stiffness of the structure 
is broken.  Then the force required to continue with plastic deforma-
tion decreases with an oscillating value. This force is denominated 
mean crushing force and it is equal to the ratio of the absorbed energy 
(Ea) and displacement (δ) [7]:
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A dimensionless parameter that associates the energy absorbed 
(Ea), the peak load (Pmax) value and the displacement (δ) is known as 
the energy efficiency (Ee) defined by [19], is expressed in %:
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Finally the specific energy (Se) is used when the structures evalu-
ated have different mass. It is defined as the ratio of energy absorbed 
(Ea) to the mass (m) of the structure [12]:
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3. Numerical model and experimental 
validation

A first numerical model about the crushing 
process of a steel square profile without discon-
tinuities was developed in Abaqus/Explicit. The 
geometry evaluated corresponds to a structure 
with square cross-section (50 x 50 mm), 240 
mm in length, thickness of 1.32 mm and round-
ed corners (radius of 2 mm). According to [3, 
18] and in addition with the quasi-static nature 
of the compression test, the profile was modeled 
with elastic-plastic material properties and the 
hardening effects were negated. The structural 
member was modeled as a deformable body 
with shell elements (S4R) with a thickness of 
1.32 mm. The crushing process was carried 
out by two rigid plates using R3D4 elements. 
A fixed displacement restriction was applied to 
a lower plate while an upper rigid plate could 
move only in the y- direction to allow the com-
pression of the structure. The boundary condi-
tions applied to a profile were a tie restriction 

between the upper tip and the lower rigid plate beside a contact inter-
action between the upper tip and the top rigid plate. Finally a general 
contact condition was established to ensure the internal and external 
contact during the forming of wrinkles. A frictional coefficient of 0.15 
was used for all contact conditions. A smooth post-buckling response 
was introduced in the discrete model by the *IMPERFECTION com-
mand. In this sense were introduced first two eigenvalues with an im-
perfection sensivity equal to 0.1 of thickness value. The eigenvalues 
were obtained from buckle analysis in Abaqus.  The elastic-plastic 
properties of the material were established using an isotropic plas-
ticity model. The mechanical properties of the material used for the 
development of the numerical model, were [15]: Young modulus = 
200 GPa, Poisson’s ratio = 0.26, yield stress = 250 MPa, density = 
7850 kg/m3. The hardening effects due to the load velocity were not 
considered in the discrete models.

The numerical model of the structure was validated experimen-
tally by a quasi-static crushing test.  The structural member was 
subjected to compression load by universal test machine (Shimadzu 
UH-300 kNI) with a velocity of 6 mm/min.  During the evaluation 
test, the profile was located between two compression plates, after a 
maximum displacement of 160 mm was programmed. The figures 1, 
2, 3 and 4 show the mechanical behavior of the profile to compare nu-
merical and experimental results. In all cases a good agreement it was 
obtained. In this form the usefulness of the discrete model of the test 
specimen was experimentally validated and it was used to modeling 
discontinuities.

Fig. 1. Comparison of numerical and experimental load/displacement curves

Fig. 2. Progressive collapse of specimen ST-01 (without holes)

Fig. 3. Numerical simulation of the progressive collapse process of specimen ST-01 (without holes)
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4. Development of numerical simulation with disconti-
nuities

The effect of discontinuity size on the response of square struc-
tures is evaluated by means of several numerical models. Since the 
best position to bore imperfections is at the mid span of the specimen 
walls in symmetric arrangements [14, 18], square, rectangular and 
diamond discontinuities were placed at mid span on the structure in 

two opposite walls (120 mm). The initial sizes 
of the imperfections were determined from the 
Von Karman principle based on effective width. 
In this way the implementation of the disconti-
nuity modifies the mechanical response of the 
structure.

The structures were divided in three groups 
depending on the shape of the discontinuity. In 
each case, the discontinuity size was increased 
by a scale factor; this factor defines the resiz-
ing rate of the discontinuities in respect to the 
smallest size of the initiator for every group. 
The geometry of the structures is given in Table 
1 for groups I, II and III, respectively. 

5. Results and discussion

5.1.	 Group I. Square discontinuities

The crushing behaviour of structures in group I was obtained by 
force-displacement curves, which are presented in figures 5 and 6. The 
crushing load and plastic folds of structures I-A, I-B and I-C present 
similar behaviours.  Even if the mechanical response of the structures 
were similar, small differences are found at Pmax due to the size of dis-
continuities.  After reaching the peak value (Pmax), the crushing load 
continues to deform the material with a mean crushing force of 17.62 
kN.  Besides at displacement of 110 mm, a second increase of crush-
ing load is produced. 

In respect to profiles I-D, I-E and I-F, the effect of size on Pmax has 
a better appreciation.  A decrease of this value was noticed by increas-
ing the size of the initiators. The mean crushing force (Pm) for these 
profiles presents an approximated value of 16.87 kN.  This means a 
decrease of Pm with respect to the first structures. Small differences 
occurred during the plastic fold mechanism, although the appearing 
of a second pulse of crushing load was presented in all cases, at a 
displacement of 105 mm (see figure 6).

The energy absorption capacities of the profiles depend on the 
quantity and mode of deformation. The absorbed energy occurs in 

Fig. 4.	 Experimental and numerical final deformation state for the straight square profile (ST-01), where: 
a) top view and b) bottom view, S in MPa

Table 1.	 Geometry employed in group I, II, III

Group I. Geometrical details 

Profile 
code

Shape of dis-
continuity

Size of discontinuity (mm) Scale 
Factor

Mass 
(gr)Side

I-A

Square

5.32 - 477.94

I-B 7.98 1.50 477.21

I-C 10.63 2.00 476.18

I-D 13.29 2.50 474.86

I-E 15.95 3.00 473.25

I-F 18.61 3.50 471.35

Group II. Geometrical details 

Profile 
code

Shape of 
disconti-

nuity

Size of discontinuity (mm)
Scale 
Factor

Mass 
(gr)Major axis 

(horizontal)
Minor axis 
(vertical)

II-A

Rectan-
gular

6.65 4.25 - 477.94

II-B 9.97 6.38 1.50 477.21

II-C 13.29 8.51 2.00 476.18

II-D 16.62 10.63 2.50 474.86

II-E 19.94 12.76 3.00 473.25

II-F 23.26 14.89 3.50 471.35

Group III. Geometrical details 

Profile 
code

Shape of 
disconti-

nuity

Size of discontinuity (mm)
Scale 
Factor

Mass 
(gr)Major axis 

(horizontal)
Minor axis 
(vertical)

III-A

Diamond

9.40 6.02 - 477.94

III-B 14.10 9.02 1.50 477.21

III-C 18.80 12.03 2.00 476.18

III-D 23.50 15.04 2.50 474.86

III-E 28.20 18.05 3.00 473.25

III-F 32.90 21.06 3.50 471.35

Fig. 5.	 Load–displacement curves for structure with square discontinuities 
(first part)

Fig. 6.	 Load–displacement curves for structure with square discontinuities 
(second part)
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four different ways by the formation of cylindrical (E1), conical (E2), 
toroidal (E3) and trapezoidal surfaces (E4), (see figure 7). For all ana-
lysed structures, the formation of plastic wrinkles was determined by 
localization of the discontinuity. Additionally, it was observed, that 
as the size of discontinuities increases, the formation of hinge lines 
presents low resistance on collapsing, in this way the peak load value 
diminished (see figure 8). However, the size of discontinuities was in-
creased; a buckling effect appeared at the vicinity of the discontinuity, 
causing just a partial deformation in the structure.

After the first wrinkle was created, the structures showed two dif-
ferent ways of fold formation. Some structures were deformed with 
direction to the upper tip of the profile (e.g.  I-A) and others continued 
to the bottom tip profile (e.g. I-D). The final deformation state for all 
structures is shown in figure 9. The global collapse mode of the struc-

tures was symmetric (s), independent of the 
hole´s size. A summary of the performance of 
the structures belonging to the group I is shown 
in Table 2. In all cases, the Pmax value decreases 
within a range of 0.77–11.55% compared with a 
profile without discontinuities (ST-01).  The en-
ergy absorbed increased until reaching a maxi-
mum value of 2.84 kJ (I-C), later an increase in 
the scale factor produced a reduction of energy 
absorption in structures I-D, I-E and I-F. The 
largest energy efficiency (Ee) was obtained for 
the profile named I-F with a value of 31.12%, a 
value close to 100% represents the optimal effi-

ciency of the structure. Due to the quasi-static nature of the compres-
sion test simulation and the symmetry of the discontinuities, the final 
deformation state of the specimens, was symmetric (s).

5.2.	 Group II. Rectangular discontinuities

The crushing load vs displacement curves for these profiles are 
shown in figures 10 and 11.  A perceptible difference was noticed 
between the profile II-A and II-B.  Moreover, structures II-B and II-C 
described a similar crushing behaviour during the plastic deformation 
process. The peak load (Pmax) at the beginning of the compression 
process was diminished by increasing the size of the discontinuity.

Fig. 9. Final deformation state for profiles with square discontinuities
Fig. 11.	 Load–displacement curves for structure with square discontinuities 

(second part)

Fig. 10.	 Load–displacement curves for structures with rectangular disconti-
nuities (first part)

Fig. 7.	 Forming of plastic surfaces at basic folding mechanism element [20]

Fig. 8 Effect of size of discontinuities on formation hinge lines for group I 

Table 2.	 Numerical results for group I.

Profiles with square discontinuities (group I)

Specimen 
code

Pmax 
(kN)

Pm 
(kN) Ea(kJ) Ee(%) Se(J/gr) Deforma-

tion mode

ST-01 61.03 15.94 2.55 26.11 5.32 s

I-A 60.56 17.69 2.83 29.21 5.92 s

I-B 59.99 17.68 2.82 29.47 5.93 s

I-C 59.70 17.77 2.84 29.77 5.97 s

I-D 57.87 16.93 2.70 29.25 5.70 s

I-E 55.40 16.96 2.71 30.61 5.73 s

I-F 53.98 16.80 2.68 31.12 5.70 s
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The tendency of reduction of the peak load continues to appear 
for structures II-D, II-E and II-F. Very close mechanical behaviours 
are described by profiles II-E and II-F, particularly during the emer-
gence of an increase in the crushing load at approximately 97 mm. 
This increase in crushing load is due to a change in the direction of 
the formation of the plastic folds. The mean crushing force (Pm) for 
II-E and II-F presented similar values during the plastic deformation 
process with an approximate value of 16. 42 kJ.

According to numerical simulations, effects such as the forma-
tion of hinge lines during the first plastic wrinkles and the energy 
absorption capabilities (Ea), are directly associated to the size of the 
discontinuities. The energy absorption occurs by plastic deformation 
of the structure (see figure 7). An increase on the discontinuity size 
generates a buckling effect at the near regions of the discontinuity. 
This effect provokes a reduction of the peak load and at the same time 

a reduction of the energy absorption capacity 
was observed due to a partial deformation of the 
structure (see figure 12).

After the collapse of the structure for the 
first time, the plastic deformation process was 
propagated in two directions, one at a time, 
depending on the hinge line formation. Conse-
quently, all the material was deformed in one 
direction, the process repeats in the opposite di-
rection until reaching the final state of deforma-
tion. The structures showed symmetric collapse 

modes independent of the size of the hole (see figure 13).
Table 3 presents the results obtained for the profiles in group II. 

Accordingly, as the scale factor is increased, the Pmax values decrease 
to around 1.69-13.47% with respect to a structure without holes (ST-
01).  Also, the energy absorbed (Ea) increases until it reaches a maxi-
mum value of 2.86 kJ (12.15%) for the structure II-B. Later the pro-
files showed a gradual decay of performance on Ea by the resizing of 
discontinuities. The largest energy efficiency (Ee) was registered by 
profile II-D with a value of 31.14%.  A symmetric collapse mode was 
observed in all the profiles evaluated.

5.3.	 Group III. Diamond discontinuities

The load–displacement curves for structures with diamond shape 
discontinuities are presented in figures 14 and 15.  According to these 
results, the size of the discontinuities did not modify the behaviour of 
structure III-B compared to III-A.  Regarding to profile III-C, a sec-
ond major value of peak load was noticed at a 100 mm displacement. 
This increase of peak load is due to a change in the direction of the 
formation of wrinkles.

The effect of size of the diamond-shape hole on peak load (Pmax) 
projected from the structure III-F, where a reduction of peak load 
(Pmax) was obtained with respect to structures III-D and III-E, which 
show similar peak load values. The crushing response of the struc-
tures presents similar loops, however when the mean crushing force 
(Pm) was calculated, some differences were found. Thus, the mean 

Fig. 13.	 Final deformation state for profiles with rectangular discontinuities.

Fig. 12. Effect of size of rectangular discontinuities on formation hinge lines for group II 

Fig. 14.	 Load–displacement curves for structure with diamond discontinuities 
(first part)

Fig. 15.	 Load–displacement curves for structure with diamond discontinuities 
(second part)

Table 3.	 Numerical results for group II

Profiles with rectangular discontinuities (group II)

Specimen 
code

Pmax 
(kN) Pm (kN) Ea(kJ) Ee(%) Se(J/gr) Deforma-

tion mode

ST-01 61.03 15.94 2.55 26.11 5.32 s

II-A 61.08 17.60 2.81 28.81 5.89 s

II-B 60.00 17.88 2.86 29.79 5.99 s

II-C 57.81 17.74 2.83 30.68 5.96 s

II-D 54.88 17.09 2.73 31.14 5.76 s

II-E 53.78 16.44 2.63 30.57 5.56 s

II-F 52.81 16.40 2.62 31.05 5.57 s
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crushing force values were 16.56, 17.94 and 17.34 kN for structures 
III-D, III-E and III-F, respectively.

The formation of hinge lines was determined by the location of 
the discontinuity.  In this part, the crushing load required for its for-
mation depended on the size of the discontinuities, decreasing as the 
scale factor increased.  During the creation of the external cylindrical 
face (E1) the structure III-A and III-B showed a full deformation of 
material while it was partially interrupted in structure III-C, contribut-
ing to diminish the energy absorption performance (see figure 16). 
For structures with discontinuities of length of major axis, close to the 
width of the profile, the formation of the external and internal cylin-
drical faces was interchanged (III-D, III-E and III-F).

The final deformation state of the structures with diamond  shape 
holes is shown in figure 17. Despite the fact that the profile described 

Fig. 17. Final deformation state for profiles with diamond discontinuities

different directions of propagation after the first 
collapse; the complete structure reached sym-
metric modes of deformation.

A summary of the results obtained is given 
in Table 4. According to these results, the peak 
load (Pmax) decreases as the size of the discon-
tinuities increases. The minimum value of Pmax 
reached was 45.18 kN for structure III-F, this 
quantity represents a decrease of 25.97% re-
spect to a square profile without discontinuities 
(ST-01). A maximum value of energy absorbed 
of 2.87 kJ (12.54%) was obtained by III-E, this 

means a good relation of specific energy (Se) of 6.06 J/gr.  However, 
according to Ee, the structure III-F presented the best energetic per-
formance with a value of 38.32 %. Finally a symmetric (s) mode of 
deformation was observed in all structures evaluated.

5.4.	 Discussion of results

In order to visualize the response of the structures due to variation 
of geometry and initiator’s size, a comparison of peak load (Pmax) 
values for all structures is presented in figure 18.  If the outlier value 
for structure III-E is neglected, a tendency of reduction in the peak 
load due to an increase in size of the discontinuity is observed. For 
structures with denomination A and B (Groups I, II and III) the value 
of Pmax was independent of the initiator geometry. The geometrical 
factor gains importance in the structures with denomination C.

Independently of geometry of holes a reduction of energy ab-
sorbed performance was noticed for groups I and II (profiles with 
square and rectangular initiators). In this way a maximum value of 
2.84 kJ and 2.86 kJ was obtained for profiles I-B and II-B, respective-
ly. The structures with diamond discontinuities (Group III) followed 
the same tendency of decrease of structure D. Subsequent profiles  
III-E and III-F show a secondary effect that caused an increase of 
energy absorption (see figure 19).

The increase of energy absorption characteristics, contrary to what 
is expected for specimens III-E and III-F, is directly associated with 
the mode of formation of the first wrinkle. Figures 20 is presented 
where the size of discontinuities causes torsional effects (2) along the 
major axis of the initiator, furthermore, a movement of inward curl 

Fig. 18.	 Comparison of Pmax values obtained for different groups of struc-
tures

Fig. 19. Comparison of energy absorbed for different groups

Fig. 16. Effect of size of diamond discontinuities on formation hinge lines for group III

Table 4.	 Numerical results for group III

Profiles with diamond discontinuities (group III)

Speci-
men 
code

Pmax 
(kN) Pm (kN) Ea(kJ) Ee(%) Se(J/gr) Deforma-

tion mode

ST-01 61.03 15.94 2.55 26.11 5.32 s

III-A 60.93 17.84 2.85 29.23 5.97 s

III-B 60.16 17.92 2.86 29.71 6.01 s

III-C 57.32 17.32 2.77 30.20 5.82 s

III-D 55.72 16.56 2.64 29.61 5.58 s

III-E 56.82 17.94 2.87 31.57 6.06 s

III-F 45.18 17.34 2.77 38.32 5.89 s
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was developed (1), both effects contribute to increase the energy ab-
sorption performance.

Finally, with a cut view of profile III-E, a third mechanism of 
energy absorption is exposed, which indirectly improves the perform-
ance of the profile. After the inward curl process is completed (1), a 
contact between folds (external and internal) is presented. It produces 
additional work to deform the inner wrinkle counterclockwise (3), 
such as seen in figure 21.

Finally according to figure 19 for the specific case of this paper, 
there is a maximum energy value that can be absorbed by the struc-
tures suggesting a limit for the sizing of the discontinuities. In this 
way the limits related to the sizing of the square, rectangular and dia-
mond discontinuities were numerically found according to the width 
of structure C, side (S) and the length of the major axis of the discon-
tinuity (D).

For square discontinuities:

	 0.10C≤S≤0.21C

For rectangular discontinuities:

	 0.13C≤D≤0.27C

For diamond discontinuities:

	 0.19C≤D≤0.28C

5. Conclusion

A numerical study was carried out to evaluate the effect of size 
of quadrilateral discontinuities on crashworthiness performance of 
square profiles. According to results obtained in the ‘perfect’ profile 
(ST-01), the implementation of both square, rectangular and diamond 
discontinuities, showed a reduction on peak load (Pmax) value within 
a range of 0.77 – 25.97%. As the size of discontinuities grows, a re-
duction of peak value was registered independently of the initiator’s 
shape. In all groups, the size of discontinuities determined the appear-
ing of buckling effects at the beginning of the collapse of the profiles. 
It was observed that the reduction of the peak value (Pmax) is influ-
enced by the length of the major axis of the initiator in a major scale 
than in the minor axis. For discontinuities with a major axis length 
close to the width of the structure, the occurrence of hinge lines was 
faster and with less effort than discontinuities with denomination A 
and B. In all groups, the shape of the discontinuities is of great im-
portance on peak load values from structures with denomination C 
holes (2.00 factor scale). With respect to energy absorption character-
istics (Ea), the implementation of any type and size of discontinuities 
showed a better performance compared with a profile without dis-
continuities within a range of 2.74 – 12.54%.  The values of Ea in all 
cases were increased until reaching an approximate maximum value 
of 2.86 kJ, after a decrease of Ea was noticed. A particular case was 
observed with structures III-E and III-F, which has a tendency to de-
crease Ea by increasing the size of initiator, these structures registered 
a second increase on energy absorption capabilities.  Finally, it was 
found that the reduction of Ea capabilities resulted in partial deforma-
tions by buckling effect during the hinge line formation. This effect is 
major for structures with initiators with scale factors of 2.50, 3.00 and 
3.50. For the specific case of profiles III-E and III-F it was observed 
that the relation between the minor axis and the major axis in addition 
to the diamond shape, have effects such as torsional and secondary 
deformations, improving the energy absorption characteristics (see 
fig. 20 and 21).

Fig. 20.	 Secondary effects by increase the size of the discontinuity in profile 
III-E

Fig. 21.	 Secondary effects by increase the size of the discontinuity in profile 
III-E
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