
 

                                                         H. A. R. Cruz et alii, Frattura ed Integrità Strutturale, 63 (2023) 271-288; DOI: 10.3221/IGF-ESIS.63.21 
 

271 
 

 

 
 
 
  
Numerical analysis of isolated end-flattened steel bars under 
compression in space trusses 
 
 
Henrique de Araujo Rosa Cruz, Luciano M. Bezerra, Welington Vital da Silva, Ramon Silva 
University of Brasilia, Brazil 
henrique.arcruz@gmail.com, lmbz@unb.br, welington.vital@gmail.com, ramon.silva@unb.br 
 
 
ABSTRACT. This research aims to characterize the behavior of isolated end-
flattened steel bars under compressive loading, in which global instabilities or 
excessive local deformations represent a significant part of the causes of 
structural collapse. The association of numerical analyses using the finite 
element method (FEM) with previously collected experimental data is 
performed, and their respective results are the core object of critical analysis 
in this work. Numerical simulations are based on the modified Riks method, 
complemented in part by modal analysis, whose results demonstrate the 
occurrence of the aforementioned failure modes in prototypes with 
slenderness ratios varying in the spectrum from 20 to 200. Finally, the 
analytical formulations that describe the phenomenon from the approach of 
global and local instabilities incorporated into current normative expressions 
are applied in a comparison with the results gathered in the numerical 
approach. 
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INTRODUCTION  
 

he application of three-dimensional trusses as a structural system solution for different types of engineering work is 
notorious. This fact is due to a set of factors, such as its inherent resilience and its efficiency in the transmission of 
acting loads, which, in general, allow the design of slender and economically advantageous structures. Spatial trusses 

are often adopted as roof supports for sports gymnasiums, airports, industrial warehouses, and train stations – civil works 
usually designed to overcome large spans and maintain the structure’s own weight value at an optimal level. A space truss 
type that has been frequently adopted as a structural system worldwide is the one composed of hollow circular cross-section 
bars, whose ends are previously flattened to promote coupling with other connection members by use of a single bolt. 
According to Bezerra et al. and Silva et al. [1-2], the simplicity and low cost of its construction method are relevant factors 
in its choice among engineering professionals. Despite this fact, some of its critical features, such as potential bending 
moments generated by eccentricity in the connections and the reduced rigidity due to the flattening process, must be duly 
considered in the designing process Silva et al [3]. It is imperative to establish specific normative criteria that provide an 
efficient and safe application of this type of structural element Freitas et al. [4-5]. Fig. 1 shows an example of these truss 
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members. It presents details of the connection system described above and illustrates the failures of some diagonal truss 
elements due to the characteristics aforementioned, with record of the first space truss collapse in Brazil in 1994. 
 

  
(a)                                                                   (b) 

 

Figure 1: Connection configuration of the end-flattened steel bars (a) and the collapse of a three-dimensional truss (b) [1]. 
 

   
 (a) 

 

   
(b) 

 

  
(c) 

Figure 2: Types of failure of space trusses with bars under compression. (a) Failures in space trusses with flattened-ends of the bars. (b) 
Fault in the roof space truss of the Dutch football club FC Twente. (c) Failure at the end of the space truss bars with cross section 
variation in the Shah Alam Stadium football in Malaysia.  
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Failure due to instability of bars subjected to compression has resulted in progressive collapse of several lattice roofing 
systems around the world, as presented in the technical literature [6-16]. Some recent examples of global collapse of 
structural systems composed of bars subjected to compression are briefly presented. In 2010, a roof of a sports gymnasium 
located in Spain, in space truss with flattened bars, collapsed due to snow loading, which resulted in buckling of the diagonals 
of the trusses [17]. The following year, in 2011, the Dutch football club FC Twente made an extension to their football 
stadium, with the execution of a space lattice roof, which during assembly resulted in the roof collapse, with bars buckling 
Karel Terwel et al [18-19]. Already in 2013, another failure of a coverage in space truss using bar with reduced section in 
conical shape occurred in the Shah Alam Stadium football at Malaysia. The report carried out by the Malaysia technical team 
concluded that the collapse was due to buckling of the bars and in conjunction with the rupture of several connections 
[2,20-21]. In this context, the Fig. 2 shows the different types of global collapse in bars under compression. Therefore, 
reliably predicting the strength of the bar under compression is very important to structural designers. However, the design 
codes do not present formulations for reducing the section of flattened-ends bars.  
In the research carried out by Dundu [22] on the strength and stability characteristics of space trusses made up of steel bars 
with flattened extremities, the author describes two forms of failure for the main structural elements, when subjected to 
compressive loads: global buckling or excessive deformation of the transition zone of cross-sections at the ends of the bars. 
There is a significant correlation between the form of failure that a specific element presents and its respective slenderness. 
Furthermore, it was shown that the diameter-to-thickness ratio also influences the manifestation of one of the phenomena 
to the detriment of the other. The conclusions obtained from the study were that bars with high slenderness and low 
diameter-to-thickness ratios tend to fail due to global buckling by bending; bars that had a low slenderness and high 
diameter-to-thickness ratios generally failed due to excessive deformation in the transition zones of their ends. The impact 
that the number of holes for the bolts in the connections of the bars exerts on their compressive strengths was also 
investigated in the referenced work. However, no measurable changes in the load capacity have been detected by varying 
such feature. The configuration of the testing of the isolated bars with stamped ends and the different failure modes noticed 
in the experimental tests are shown in Fig. 3. 
 

     
(a) (b) (c) 

 

Figure 3: Failure modes of insulated bars with stamped ends: (a) experimental set. (b) global buckling. (c) and excessive deformation of 
the transition zone of cross-sections [22]. 
 
In the research by Silva [23], extensive studies were conducted on the structural behavior of three-dimensional trusses, 
especially on alternatives to connecting systems, as they represent a critical region regarding the origins of failures and 
collapses of engineering works. In the cited research, the history of structural systems for space trusses developed worldwide 
is summarized. Their inherent characteristics are presented, in addition to the proposition of new patented systems. For the 
experimental program, emphasis was given to the structural system of three-dimensional trusses comprised of end-flattened 
steel bars and single bolt connections. The tests to determine the mechanical properties of the steel used in the experiments 
and the tests of isolated bars are treated in this paper as direct subsidiary sources of information for its development. 
Aiming to extend the understanding of the phenomenon of instability of three-dimensional trusses composed of end-
flattened steel bars, this work proposes the systemic numerical analysis of these structural elements submitted separately to 
compressive loading. In a first phase, nine finite element prototypes of these bars are developed, whose geometric and 
mechanical properties are based on the specimens tested by Silva [23]. Such simulations cover a spectrum of slenderness 
ratios ranging from 20 to 100. This parameter has been chosen for the categorization of the prototypes given its predictive 
influence on the phenomenon under study. In addition, other six prototypes with slenderness ratios in the range of 100 to 
200 were built. Compound simulations were then carried out based on the combination of modal analysis with analysis by 
the modified Riks method. All the simulations described above were conducted by use of the commercial software Abaqus® 
[24-25]. With these results, a qualitative comparison was made between the structural behavior of the numerical specimens 
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and the general code specifications for the predicted compressive strength of prismatic steel bars. The concepts of maximum 
load of compressive strength, maximum displacements, and deformations were explored in the simulations, as well as the 
stress fields developed in the structures during the application of the loads. 
The paper structure is divided as follows: at first, the introduction presents a research about space trusses’ mechanical 
behavior and history of collapses, based on papers regarding especially trusses composed by end-flattened steel bars. In the 
sequence, the experimental program made by Silva [23] is described, where the geometry and material properties of its 
prototypes serves as the basic initial input data for the numerical analysis to be developed. The next section is dedicated to 
the description of the numerical modelling of the end-flattened steel bars under compressive loads, shows step by step the 
constitution of the finite element models, passing through the applying of the boundary conditions and loads, the partition 
of the prototypes, the meshing generation process and the general settings to perform the simulations. The results obtained 
from the numerical analysis is then evaluated and compared with code formulations’ results. Finally, it is emphasized that 
the contribution of this paper consists of nonlinear numerical simulation with Von Mises criterion, using a unit load step 
with Riks algorithm of the ABAQUS library, with automatic increment size. In which different lengths of tubes were 
simulated with flattening at the ends with slenderness between 20 and 200 submitted centered compression without 
eccentricity. This is because in the design standards the loss of resistance of the bars with flattening at the ends are not 
considered and several accidents have been recorded over the years. 
 
 
EXPERIMENTAL PROGRAM 
 

he carbon steel used in the experiments, according to the nomenclature established by the American Iron and Steel 
Institute (AISI) and the Society of Automotive Engineers (SAE), is called AISI 1020. The good formability and 
weldability of this type of steel encourage its frequent specification by designers. It is a material of usual application 

in the construction of three-dimensional trusses for spans of up to 30 m [23]. 
Tensile tests were carried out with the aid of the universal machine model EMIC DL-30000, which has a load capacity of 
300 kN. A total of nine specimens from the lot supplied were analyzed at an extension rate of 0.010 mm/min, in which 
samples were taken from the ends and central regions of the bars. Fig. 3 exemplifies the execution of this experiment. 
The results obtained from the experiments for the mechanical properties of the material are consistent with the 
manufacturer's specifications, in which the elastic modulus is close to 200 GPa, the yield strength was determined at 198 
MPa and the ultimate strength was equal to 248 MPa. In addition, the measured elongation at break, based on a measurement 
of 50 mm, was 30% strain (mm/mm), and the associated Poisson ratio was 0.29. 
The effective lengths of the tested bars were determined in the following based on the slenderness ratios addressed in the 
research of Silva [23], which vary on a scale between 20 and 100. The upper limit of the slenderness index was thus 
established due to the geometric limitations of the testing machine’s frame. The total length of the bars was therefore 
maintained in the range of 490 mm to 1565 mm. The thickness of the thin-walled bars is equal to 0.95 mm. Fig. 4 provides 
details on the tested specimens. 
 

 
 

Figure 3: Tensile test at room temperature of sample of AISI 1020 steel [23]. 
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Figure 4: Geometric details of the tested bars [23]. 
 
To define the plastic behavior of the material in the numerical modeling process, it should be noted that the software 
Abaqus® establishes that the stress and strain input data must be informed in their true form and in ascending order. Thus, 
based on a representative set of tensile test data, made available directly by the author of the experiments in tables of ordered 
pairs of engineering stress and strain, its insertion into the program was performed after the proper conversion of the data 
into true stresses and strains. This procedure was executed with the successive application of Eqns. 1 to 3 in a spreadsheet 
program. The results obtained by converting the original data into true stresses and plastic strains are shown in Fig. 5. 
 

 eng engσ = σ   1 + ε           (1) 

 

 engε = ln  1 + ε            (2) 

 

pl el
σ

ε  = ε - ε  = ε - 
E

          (3) 

 
where: 
σ is the true stress; 
ε is the true strain; 
σeng is the engineering stress; 
εeng is the engineering strain; 
εpl is the plastic deformation; 
εel is the elastic deformation; 
E is the elastic modulus of the material. 
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Figure 5: True stress data vs. plastic deformation of AISI 1020 steel. 

 
 
ANALYTICAL STRENGTH OF BARS UNDER COMPRESSION 
 

uler's theory of bars is used to estimate the critical buckling load of column, since the stress in the column remains 
elastic. The critical buckling load is the maximum load that a column can withstand when it is on the verge of 
buckling. The buckling failure occurs when the length of the column is greater when compared with its cross-

section [8]. The Euler's theory is based on certain assumptions related to the point of axial load application, column material, 
cross-section, stress limits, and column failure by compression. The validity of Euler’s theory is subjected to a condition, 
that failure occurs due to buckling [15].  
This theory does not consider the effect of direct stress in column, the out of plumb and residual stress, that is always 
present in column, and possible displacements of axial load application point from the center of the cross-section of the 
compressed bar, with emergence of eccentricities. As a result, the theory may overestimate the critical buckling load and 
normative corrections are carried out. Therefore, this section presents a comparison of the test results with existing design 
codes from of ABNT NBR 16239:2013 [26]; ANSI/AISC 360-16 [27]; Eurocode 3 Part 1.4 [28], and Canadian standard 
CSA-S16 [29]. With the FE modelling, comparison has been made according to test type of the compression of the bars. 
The analytical calculation of the bars under compression was considered with both ends pinned. All partial safety factors 
have been set to unitary to enable a direct comparison of the results. 
The Brazilian standard of circular hollow sections ABNT NBR 16239:2013 [26] presents prescriptions for the 
determination of the axial compression strength of calculation for prismatic bars. It is emphasized that the 
standard provides resistance capacity without regarding the bars flattened‐ends and eccentricities [30]. ABNT 
NBR 16239:2013 [26] considers that the sizing of bars under compression load must be carried out in accordance 
with the requirements of ABNT NBR 8800:2008 [31]. However, it presents its own curve to calculate the 
reduction factor associated with the axial compression load for tubular profiles [30]. Thus, the computation of 
the axial compression strength of calculation given by: 
 


,

1

 =  g y
c Rd

a

QA f
N                            (4) 

 
where, χ is the reduction factor associated with the compression strength; Q is the total reduction factor associated 
with local buckling χ Annex F of the standard; Ag is the gross cross‐section area of the bar; fy is the steel yield 
strength; γa1 is the resistance factor equal to 1.1. The reduced slenderness ratio, λ0, is given by 
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0=  g y

e

QA f

N
                           (5) 

 
The elastic buckling axial force, Ne, is obtained by the expression: 
 

 
 2

2= e
EI

N
KL

                          (6) 

 
On the other hand, the reduction factor associated to the compression strength, χ, is provided by NBR 
16239:2013 [26] through the expression: 
 

 



1/2.244.48

0

1
= 

1
                         (7) 

 
In ANSI/AISC 360-16 [27] when dealing with elastic columns, the buckling stress is multiplied by a reduction factor 
of 0.877 over the elastic curve, to explain the effects of initial curvature according to Eqn. E3-3. Therefore, it is 
easy to obtain the ANSI/AISC 360-16 [27] equation in the elastic regime for columns with the Euler curve 
correction factor as follows in the Eqn. 8. If the column exhibits inelastic behavior, the flexural buckling stress 
based on the AISC E3-2 equation shown from Eqn. 9, which will be equal to 0.658 raised to the power of the 
reduced slenderness index, and multiplied by the yield strength of the steel. 
 

   
2

=  0.658             1.50cr

y

f
Q

f
                                             (8) 

 

 


   
 2

0.877
=                   1.50cr

y

f
Q

f
                                             (9) 

 




2=  y y

e

f QAfKL

r NE
                                    (10) 

 
Therefore, what determines whether a column falls in the elastic or inelastic range depends on a single inequality 
given by the reduced slenderness index , whereas the design resisting force for bar with axial force is given by 
the Eqn. 11. 
 





,   1

1

=           1.0y
c Rd a

a

QAf
N with                                                              (11) 

 
At the design resistant axial force indicated in Eqn. 11, Q represents the reduction coefficient due to local buckling 
and Afy is the plastic strength of the cross-section. The compressive strength reduction factor χ, given to the 
buckling effect, as a function of the reduced slenderness of the compressed bar. Where Ne is the critical elastic 
buckling force of the bar, e, is applicable to the full range of rolled and welded profiles and tubes under centric 
compression. 
The Eurocode 3 Part 1.4 [28] formulations for the determination of flexural buckling resistance are determined 
from Eqn. 12.  
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,  

1

=       eff y
c Rd

M

A f
N  for class 4 cross-sections   1   1.0a                                            (12) 

 
where Aeff is the effective area of Class 4 cross-sections, χ is the reduction factor accounting for buckling 
determined from Eqn. 13, and γM1 is a partial safety factor and set equal to unitary for this comparison. 

 

 2 2

1
χ  =       

Φ Φ
 but   1.0                                                                 (13) 

 
where the intermediate factor Ф and the non-dimensional member slenderness λ are defined by Eqn. 14 and Eqn. 
15, respectively. 

 

        
2

0Φ  = 0.5 1                                                                                           (14) 

 

=  eff y

cr

A f

N
 for class 4 cross-sections                                                (15) 

 
In which α is an imperfection factor (taken as 0.49 for the sections investigated herein), λ0 is the limiting 
slenderness taken as 0.4, and Ncr  is the elastic critical buckling force for the relevant buckling mode based on the 
gross properties of the cross-section [32]. The strength of the bar under axial compression according to the 
requirements of code CSA-S16 [29] is based on a fully fixed column and with an initial imperfection of L / 1000 
according to the 1P curve of the Social Science Research Council [33]. Unlike other international standards, the 
Canadian standard does not use a normalized relief curve, the equation for defining the axial compressive strength 
is simpler and more compact. In which, the resistance of a bar in compression, critical “Cr”, with buckling about 
any axis is defined as Eqn. 16 given by. 

 

  



1/2Cr  =  1

nn
yAf       with n = 1.34                                                                                             (16) 

 

 2λ =  yfKL

r E
                                                                                                              (17) 

 
 

NUMERICAL ANALYSIS 
 

rom the geometric characteristics of the end-flattened steel bars tested by Silva [23], as indicated in Fig. 4, the design 
of the base geometries of the numerical models concerning the first phase of simulations was made in the software 
AutoCAD®. Fig. 6 presents the details and denomination of the different regions of the bars. The bars’ geometries 

were exported individually in SAT (Standard ACIS Text) format files for the constitution of the numerical models. To 
perform the numerical analysis of the prototypes investigated in this research, the Finite Element Method (FEM) was 
applied by means of the computational tools provided by the software Abaqus®. After verifying the consistency of the 
dimensions of the models, the modeling of the mechanical properties of the steel used in the research proceeded as discussed 
previously. Since the prototypes are essentially composed of thin plates, whose thickness is equal to 0.95 mm, a shell-type 
cross-section was adopted as its representative shape. 
By default, the program has a pre-defined initial phase, in which the system's starting boundary conditions are included. 
The extremities of the end-flattened steel bars were totally restrained in terms of displacements and rotations, except for 
the one associated with the acting compressive load, whose translational degree of freedom parallel to the longitudinal axis 
of the prototypes was released.  To define the technique and analysis parameters, a new subsequential phase was created, 
where the modified Riks static general procedure was applied in order to capture any local unstable collapse of the models 

F 
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and to consider the geometric and physical nonlinearities inherent to the phenomena under study. As the load is treated as 
an additional variable to the simulation, this method makes use of the arc length as the base quantity to measure the progress 
of the solution. Since one of the main goals of this work is to determine the maximum magnitude of the compressive load 
before the loss of stiffness and collapse of each specimen, the initial load value must be set below that limit. Based on the 
experimental results presented by Silva [23], which indicate ultimate resistance loads of a few units or tens of kilonewtons 
(kN) for the different slenderness levels of the bars, the initial load value was adopted as equal to 1.0 kN. 
 

 
 

Figure 6: Details of the base geometry of the numerical models developed: regions of original cross-section, transition of cross-sections 
and flattened cross-section. 
 
The development of the finite element meshes in Abaqus® originated from partitions previously made in the geometry of 
the prototypes, where domain subdivisions were prescribed along their edges to control the size of the elements generated 
in each specific region. For the general geometry of the models, an upper size restriction of 5 mm was imposed on the 
elements, while maximum dimensions of 2 mm were assigned to the geometry of the holes of the bolted connections. 
According to the description of the initial modeling stages, the bars are represented by numerical models with shell-type 
cross-sections, and therefore must contain finite elements of the same class. Among the finite element library of the 
software, the S4R type was chosen for the execution of the simulations. This is a four-node shell element type suitable for 
thin-walled structures, which makes use of reduced integration and hourglass control incorporated in its formulation. The 
geometry partitioning process mentioned above also allowed the application of the structured mesh generation technique 
to the numerical models. The mesh transition minimization algorithm was added to this procedure, aiming to guarantee the 
shape regularity of the finite elements and, thus, the accuracy of the results. Fig. 7 and Fig. 8 presents the finite element 
mesh pattern generated in this phase of the study. 
 

 
 

Figure 7: Finite element mesh pattern of the numerical models of the end-flattened steel bars. 
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Figure 8: Boundary conditions of the numerical simulation of the bar under centered compression. 
 
The numerical simulations were performed with increasing compressive loads on the models and concluded a few steps 
after reaching the ultimate strength load relative to each reference slenderness ratio of the bars. To this end, the equilibrium 
trajectories of the prototypes were monitored based on the increment data of the analysis and its Load Proportionality 
Factor (LPF). This quantity represents the value by which the load initially applied to the models must be multiplied to 
determine the load acting on the structure at a given stage or increment. Once the total load of 1.0 kN was established at 
the beginning of the simulations, the LPF directly indicates the load applied to the models, in kilonewtons. When obtaining 
negative increments for the LPF, the passage through the first critical point of the equilibrium trajectory of the specimens 
is thus configured. The results regarding the simulations of the end-flattened steel bars with slenderness ratios (λ) ranging 
from 20 to 100 will be presented and discussed along with the results obtained in the second phase of the numerical analysis 
in the proper section. 
The numerical modeling of the end-flattened steel bars with slenderness ratios (λ) in the spectrum from 100 to 200 followed 
the methodology described for the previous modeling phase, regarding the execution of the geometry of the bars and the 
insertion of the properties of the AISI 1020 steel in the software, as well as the application of the boundary conditions, 
loading and definition of the finite element meshes. However, due to the susceptibility of these slenderer models to the 
global buckling failure mode, this complementary set of numerical analyses required the implementation of adjustments in 
its approach. In order to certify that the models developed previously do not show a tendency to the referred failure mode, 
the model with a slenderness ratio equal to 100, the slenderest of the first group, was also included in this new series of 
simulations. 
The geometric configuration of the other specimens evaluated in this work, whose slenderness ratios range from 100 to 
200, was modeled at a later stage by the continuous extension of the lengths of the first set of bars. All the flattened and 
transition regions of cross-sections remained with their original characteristics. 
Due to the symmetry of the studied prototypes in terms of geometry, boundary conditions and compressive axial loading, 
the eventual manifestation of global buckling in the numerical analyses by the single application of the modified Riks method 
is prevented. Thus, the models needed an additional mechanism so that this failure mode could be captured in the 
simulations. The way chosen in this work to overcome the presented problem is based on the introduction of initial 
imperfections in the numerical models, which were established as a limit value of 1% of the bars’ wall thickness, in 
millimeters, to preserve the concept of the experiment idealized. The type of analysis previously conducted was replaced by 
a numerical composite analysis, resulting from the sequential association of a modal buckling analysis with an analysis by 
the modified Riks method. 
By performing the modal analysis of the bars with a straight initial geometry and slenderness ratios (λ) in the range of 100 
to 200, the deformed configuration of each prototype is obtained and their first and main buckling mode is determined. 
For the eigenvalues to directly represent the generating load of the global buckling of the bars, the total initial load was kept 
unitary. The translation of these buckling modes into nodal displacements was effectively recorded in the output files of the 
Abaqus® software, which are visually available to the user of the program with the aid of its post-processing tools. Fig. 9 
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shows the deformed configuration of an example of a prototype after the buckling analysis, in which its displacements were 
increased with a scale factor of 1e+02 for better visualization of the phenomenon in question. After recording the 
displacements of the meshes’ nodes in the program's result files, such information is incorporated into the initial conditions 
of the geometry of the further analysis by the Riks method, which is structured as explained in the first phase of the 
numerical analyses. 
 
 

 
 

Figure 9: Example of the main buckling mode of a numerical model in Abaqus® software. Unit of displacements in millimeters (mm). 
 
 
RESULTS AND DISCUSSION 
 

rom the analysis of the results collected, the first noticeable fact is the equivalence between the first and second 
phases of simulations of the prototype with a slenderness ratio equal to 100. In terms of the structural failure mode 
presented by the specimens, namely the excessive deformation and collapse of their extremities, as well as the 

magnitude of the ultimate compressive load, the models were consistent. In this sense, the second phase of simulations had 
the role of ratifying the results obtained in the previous phase. These results are summarized in Figs. 10 and 11. 

0 30 60 90 120 150 180 210 240 270 300

0 30 60 90 120 150 180 210 240 270 300

0

4

8

12

16

20

0

4

8

12

16

20

LP
F

 (
kN

)

Arc Length for 20 ≤ ≥ 200

 LPF =20
 LPF =30
 LPF =40
 LPF =50
 LPF =60
 LPF =70
 LPF =80
 LPF =90
 LPF =100
 LPF =110
 LPF =120
 LPF =130
 LPF =140
 LPF =150
 LPF =160
 LPF =170
 LPF =180
 LPF =190
 LPF =200

 
Figure 10: LPF data vs. Arc length of the end-flattened steel bars’ numerical simulations – 20 ≤ λ ≤ 200. 
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Figure 11: Max LPF data. vs. Slenderness ratio (λ) of the end-flattened steel bars’ numerical simulations – 20 ≤ λ ≤ 200. 
 
Based on the collected data, it is observed that the value of ultimate resistance load of the numerical models with slenderness 
ratios (λ) ranging from 20 to 100, represented by the maximum LPFs, did not present a significant correlation with the 
slenderness of the bars, where its value was approximately constant at 18.0 kN. This fact is corroborated by the failure mode 
exhibited by the prototypes, in which the local failure of the transition zone of cross-sections at their ends was present in 
all the models developed. The experimental tests conducted by Silva [23] presented coincident results regarding the 
structural failure form of the end-flattened steel bars for this slenderness range. With the monitoring of the LPF during 
each numerical simulation, the formation of the first plasticizing point in these regions is accurately observed when the 
LPF’s increment value becomes negative - that is, when the loss of rigidity of the system begins. Fig. 12 exemplifies the 
simulation step previously described. For the stress analysis carried out in this study, the von Mises equivalent stress criterion 
was adopted as a reference, given its wide applicability in the steel structures’ field [3,5,34-36]. 
 

 
 

Figure 12: Simulation step in the Abaqus® software with the beginning of the plasticizing of the transition zone of cross sections at the 
flattened ends of the numerical models. Unit of von Mises stresses in MegaPascal (MPa). 
 
Due to the ideal conditions pertinent to the numerical modeling process, it appears that the results obtained represent an 
upper limit of critical load when designing bars with stamped ends. The inclusion in the analysis of semi-rigid supports, 
geometric imperfections or initial loading eccentricities, residual stresses or deformations, for example, has the potential to 
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reduce the ultimate resistance load of the structural elements in question. The fact that the critical loads of the shorter bars 
present little variability due to the local rupture mode of the totality of the specimens indicates that such values basically 
translate into the resistance of the transition zone of cross sections of these bars. Thus, by modifying the geometric patterns 
of the bars, especially the extension of the transition zone of cross-sections, as well as the diameter-to-thickness ratio of the 
original circular cross-section, a corresponding change in the value of the ultimate load resisted by the specimens is expected, 
even if keeping the slenderness ratios in the reference range of 20 to 100. Further experimental and numerical investigations 
should be carried out in a parametrical study to put these considerations into test and are recommended as a future line of 
research. Finally, an aspect of potential impact on the structural efficiency of the bars in terms of their geometric properties, 
especially in the transition zone of cross-sections, is the development of the stress fields during the compressive loading. 
The evaluation of the distribution of von Mises stresses in the numerical models was carried out in the successive steps of 
analysis, so that an absolute uniformity was observed between the collected data of the set of smaller slenderness ratios. Fig. 
13 shows the loading stages in terms of percentage of the ultimate resistance load (Pult) and the stress fields of a 
representative numerical simulation, based on the specimen of slenderness ratio equal to 100. 
From the analysis of these results, at first it is possible to observe the stress concentration at the spot of application of the 
compressive loading in the prototypes, with its intensity being comparatively higher in the innermost hole in relation to the 
outer one. As the cross-sections of the flattened region after the holes are analyzed, towards the center of the bars, the 
spreading and homogenization of the stresses are perceived, as foreseen by the Saint-Venant principle. When the transition 
zone of cross-sections is reached, the stress distribution becomes more complex due to the variable geometry of its cross-
sections, in which a higher stress concentration is noted on the sides of the models with the conjugate stress relief in the 
upper and lower regions. Viewing the models in plan, as shown in Fig. 4, the load eccentricity existing between the lateral 
ends of the flattened regions and the original circular cross-section region is evidenced, which corroborates the fact that 
there is a greater stress on the sides of the prototypes to the detriment of complementary upper sub-regions. When 
evaluating the original circular cross-section region of the models, a new uniformity of the stresses is evident when 
examining cross-sections closer to the geometric center of the bars. 
 

 
 

Figure 13: Development of the stress fields in the numerical models in Abaqus® software. Unit of von Mises stresses in MegaPascal 
(MPa). 
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As the results of the other models are evaluated, in ascending order of slenderness ratio, there is a gradual reduction in the 
ultimate resistance load of the prototypes. A common factor in this set of simulations is the failure mode of the specimens, 
in which global buckling prevailed over local instabilities. Figs. 14 through 15 illustrate the collapse of one of the numerically 
tested models, with slenderness ratio equal to 200, in the analysis increment referring to its ultimate resistance load and, 
thus, to the beginning of its global instability. Fig. 16 shows the local failure due to the flattening of the bar, for small indices 
of slenderness (20 ≤ λ ≤100). To provide greater clarity to the visualization of the specimen deformation at this loading 
stage, a scaling factor of 5e+01 was applied to the displacements of the finite element mesh. 
 
 

 
 

Figure 14: Displacements referring to the global buckling of a numerical model example in Abaqus® software, in millimeters (mm). 
 
 

 
 

Figure 15: Von Mises stresses referring to the global buckling of a numerical model example in Abaqus® software, in MegaPascal (MPa). 
 
The displacement and stress results of specimens with slenderness ratios contained in the range of 120 to 200 indicate a 
brief transition between failure modes due to excessive local deformation of the flattened ends and global buckling of the 
prototypes. In such a transition, a partial plasticizing is observed in the transition zones of cross-sections of the model with 
a slenderness ratio equal to 120, although global instability is its characteristic collapse mode. In the following numerical 
analyses, related to the three models of slenderness immediately greater, a reduction in the level and a change in the location 
of the highest tensions can be observed. In this set of analyses, the critical stresses of the prototypes moved from the 
flattened ends of the bars to their central regions. To conclude the series of simulations, the structural behavior of the model 
with a slenderness ratio equal to 200 under compressive load was defined by the global buckling of the prototype still in the 
linear elastic regime. This fact is attested by the von Mises stress level reached at this stage of the analysis, whose values are 
entirely below the yield strength of AISI 1020 steel. 
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Figure 16: Von Mises stresses at the extremities of a numerical model example in Abaqus® software, in MegaPascal (MPa). 
 
The ultimate limit state design methodology of linear compressed elements referring, for example, to the Brazilian code 
NBR 16239:2013 [26] and ABNT NBR 8800:2008 [31], encompasses the local and global effects of instability of such 
structures for a variety of configurations of cross-section geometric shapes. However, in the case of bars with flattened 
ends, the normative provisions do not indicate a specific approach to determine the influence of the stamping process and 
the consequent geometry on the structural strength of the designed element. To verify the form of the ultimate load vs. 
slenderness ratio curves relative to the numerical simulations and the normative values, Fig. 17 contains the plotting of both 
data sets. The curve regarding the resistance capacity of the profiles foreseen by the design criteria of the aforementioned 
code, namely Pult – Normative criteria, is shown in Fig. 16 in terms of characteristic values. This choice was made by aiming 
to compare the numerical and analytical results under the same criterion of variability in the mechanical properties of the 
steel, since, in the numerical simulations, the component material of the modeled bars is deterministically constituted. 
Consequently, this procedure allows a more isolated assessment of the effect of stamping on the axial compressive strength 
of hollow cross-sections. 
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Figure 17: Pult data vs. Slenderness ratio (λ) of the numerical simulations of the end-flattened steel bars and the application of the design 
criteria of the ABNT NBR 8800:2008 [31] code. 
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The experimental, analytical and numerical results are presented in Tab. 1. 
 

Dext. 

(mm) 
Dint.  

(mm) 
D/t r 

(mm) 
Lef 

(mm) 
λ  

(Lef/r) 
Ag 

(mm²) 
*Nexp 
(kN) 

N_NBR¹ 
(kN) 

N_AISC² 
(kN) 

N_EC-3³ 
(kN) 

N_CSA-164 
(kN) 

NUMERICAL 
ABAQUS (kN) 

38 36.1 40 13.1 250 20 110.57 18.62 19.88 19.61 20.01 19.72 19.20 
38 36.1 40 13.1 400 30 110.57 18.18 18.85 19.19 19.23 19.36 18.75 
38 36.1 40 13.1 525 40 110.57 17.67 18.78 18.70 18.55 18.82 18.23 
38 36.1 40 13.1 650 50 110.57 17.05 18.60 18.10 17.81 18.09 17.59 
38 36.1 40 13.1 800 60 110.57 16.16 18.18 17.25 16.81 16.98 16.68 
38 36.1 40 13.1 915 70 110.57 15.40 17.66 16.51 15.95 16 15.89 
38 36.1 40 13.1 1050 80 110.57 14.44 16.79 15.56 14.83 14.78 14.89 
38 36.1 40 13.1 1175 90 110.57 12.78 15.35 14.63 13.71 13.62 13.91 
38 36.1 40 13.1 1325 100 110.57 11.66 14.08 13.26 12.08 12.04 12.69 
38 36.1 40 13.1 1572 120 110.57 

-- 

12.48 11.47 10.11 10.21 10.51 
38 36.1 40 13.1 1834 140 110.57 10.00 9.41 8.15 8.39 8.58 

38 36.1 40 13.1 2096 160 110.57 8.01 7.48 6.61 6.92 6.65 

38 36.1 40 13.1 2358 180 110.57 6.48 5.77 5.43 5.75 5.25 

38 36.1 40 13.1 2620 200 110.57 5.32 4.32 4.52 4.82 4.25 

 
Table 1: Experimental, analytical and numerical results. 

* experimental results of bars under compression; 
1, 2, 3, 4 Resistances based on standards: ABNT NBR 16239:2013 [26]; ANSI/AISC 360-16 [27]; Eurocode 3 Part 1.4 [28], and CSA-S16 [29]. 

 
In the analysis of the results presented in Tab. 1, the first fact noted is the approximately constant distance between the 
compressive strength curves of the numerical and analytical front models, specifically in the region of higher slenderness 
ratios. The difference in resistance load between the curves, taking the normative values ABNT NBR 16239:2013 [26] and 
ABNT NBR 8800:2008 [31] as a reference, varies between the limits of 16 and 25%. Since the main dimensions and their 
boundary conditions were applied in an equivalent way in the two proposed approaches, such a difference is attributed to 
the consideration of residual stresses in the normative formulations and their respective absence in the numerical models. 
When evaluating the results collected for bars with slenderness ratios lower than 80, it is noted that the characteristic strength 
of the profiles determined by the criteria of the ABNT NBR 8800:2008 [31] code exceeds that predicted by the numerical 
tests. In their simulations, the local failure of the flattened ends is demonstrated on the numerical front as a limiting factor 
to the axial compressive strength load of the bars contained in this range of the spectrum of slenderness ratios. This fact 
can be graphically recognized by the horizontal portion of the modified Pult – Numerical analysis curve in Fig. 16. The 
resistance load difference between the numerical and analytical curves reaches percentages of up to 24%, in relation to the 
reference values predicted by the code. In this way, the limitation of the normative analytical formulations to deal with the 
case is required, by partial adjustments in the process of designing short and medium slender bars or a broad reformulation 
of the equations that involves the whole spectrum of slenderness ratios. 
 
 
CONCLUSIONS 
 

ith the objective of deepening the understanding of the phenomena of global and local instabilities of three-
dimensional trusses constituted by end-flattened steel bars and typical bolted connections, this study 
demonstrated, through a series of numerical models the structural behavior of these elements when individually 

subjected to compressive loads. 
From the development of numerical models with the aid of the Abaqus® software, subdivided into a couple of simulation 
phases with prototypes of slenderness ratios (λ) ranging from 20 to 200, two main forms of failure of the bars with flattened 
ends were observed, namely: the global buckling, characterized by the lateral displacement along the length of the axially 
compressed profiles; and the local instabilities of the transition zones of cross-sections of the models tested. The first of 
these was noted in the slenderest prototypes, being the ultimate resistance load of the profiles a function of this same 
property. Additionally, the short and medium slender models presented the second form of failure listed and converged 
approximately on a single resistance load value, so that local failure due to excessive deformation of the ends of the bars 
constituted a limiting threshold of characteristic resistance load. It is noteworthy that, for the prototypes with slenderness 

W 
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ratios between 100 and 140, a transition between the aforementioned failure modes was observed, in which both were 
combined in variable proportions upon reaching the axial compressive strength of the modeled bars. 
Referring to the bars with slenderness ratios from 100 to 200, the analysis by the modified Riks method was complemented 
by the previously processed modal analysis to enable the manifestation of global buckling for those models that presented 
susceptibility to this phenomenon. With the results collected for the model with such slenderness, its compatibility with the 
model referring to the first phase of the numerical analysis is evidenced, in terms of the failure mode due to excessive 
deformation and collapse of the ends of the prototypes, as well as in terms of the magnitude itself of the ultimate 
compressive strength load presented by both. The product of the simulations with the slenderer models, when arranged in 
increasing order of slenderness ratios, indicates a progressive reduction in the ultimate resistance load of the prototypes. A 
characteristic aspect of this set of simulations is the failure mode of the specimens, in which global buckling was 
predominant over local instabilities at the flattened ends of the bars. 
In order to derive equations that can analytically and statistically represent the structural behavior of the end-flattened steel 
bars, parametric experimental tests should be carried out. A range of geometric and mechanical properties of the profiles 
should be tested, such as their diameter-to-thickness ratios and the yield stress of the steel. In any case, regarding the criteria 
to be used in the design of three-dimensional truss bars, the consideration of eccentricities in the connections of the profiles, 
especially in their diagonal elements, whose longitudinal axes in general have a distance not negligible to the lines of action 
of the requesting normal loads, is of notorious importance. Such normal load eccentricities translate into a state of flexure 
associated with tension or compression of the profiles, which reduces their resistance compared to simple situations of axial 
load. 
Finally, for the bar models with axial compressive strength determined by the normative criteria of the Brazilian code ABNT 
NBR 8800:2008 [31], an approximately constant and non-negligible difference in strength was observed between the 
numerical and analytical approaches of the profiles with the highest slenderness ratios of the spectrum under study. This 
difference was attributed to the consideration of residual stresses in the normative formulations, which in turn predict a 
lower resistance to this set of structural elements. As for bars with slenderness ratios lower than 80, the resistance loads 
established by the reference code exceeded those of numerical tests by up to 24%. Due to the fact that the flattened ends 
of the bars limit the resistance value of the short and medium slender profiles and change the moments of inertia of these 
regions in the profiles in general, adjustments or integral reformulation of the code criteria for dimensioning linear elements 
submitted to axial compression loading for consideration of the present case are required. 
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