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Abstract. The article presents the use of 3D printing technology
to strengthen cold-formed C-type steel profiles. The subject of
the analysis were cold-formed steel beams stiffened in the middle
of the span with elements made in 3D printing technology. The
paper presents experimental and numerical results of three-point
bending. Numerical calculations were carried out in the non-
linear range of the material and taking into account large
displacements. The analysis confirmed the increase in stiffness
of the models subjected to three-point bending with the use of a
stiffener made in the incremental printing technology with the
use of ABS filament.

Keywords: 3D printing; cold-formed profiles; bending;
numerical calculations.

zimnogietych profili typu C

Streszczenie. Artykul przedstawia wykorzystanie technologii
druku 3D do wzmocnienia stalowych profili zimnogigtych ty-
pu C. Przedmiotem analizy byly zimnogigte belki stalowe
usztywnione w potowie rozpigtosci elementami wykonanymi
w technologii druku 3D. Zaprezentowano wyniki do§wiadczal-
no-numeryczne trojpunktowego zginania. Obliczenia numerycz-
ne przeprowadzono, uwzgledniajac nieliniowo$¢ materiatu
z uwzglednieniem duzych przemieszczen. Analiza potwierdzita
zwigkszenie sztywnosci modeli poddanych tréjpunktowemu zgi-
naniu z wykorzystaniem usztywnienia wykonanego w technolo-
gii druku 3D z uzyciem filamentu ABS.

Stowa kluczowe: druk 3D; profile zimnogigte; zginanie; obli-
czenia numeryczne.

teel structures made of cold-bent

elements constitute a group of

load-bearing structures charac-

terized by good strength indica-
tors in relation to their own weight [1].
However, cold-bent sections are suscep-
tible to loss of global and local stabili-
ty. One of the methods of protecting
cold-formed elements against loss of
stability is the use of profiles with
a complex cross-sectional shape. Howe-
ver, there may be a need to strengthen
elements made using light steel frame
technology during the building’s opera-
tion stage. For this purpose, the authors
conduct, among others, research on
a solution to increase the load-bearing
capacity and stiffness of cold-bent pro-
files in buildings.

The process of profiling cold-bent
elements enables, among others: sha-
ping the walls of cross-sections with
edge and intermediate stiffening.
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Thanks to additional stiffeners, the lo-
ad-bearing capacity of the section
walls is increased, and consequently
also of the entire cross-section [2].
Thin-walled open-section bars can be
stiffened along the entire length of the
profile or at points. In practice, there
are many known methods of stiffening
thin-walled profiles with lacing, dia-
phragms or grating. This type of stif-
feners limits the de-planation of the
bar cross-section, reducing internal
forces and displacements [3]. The nu-
merical approach to modeling thin-
-walled elements is included in An-
nex C to PN EN 1993-1-5 [4] and [1].
The authors of [5] presented a sensiti-
vity analysis of the behavior of a thin-
-walled I-section bar due to changes in
the parameters of the battens.

The article presents an assessment of
the possibility of using elements stiffe-
ning cold-bent steel profiles made
using 3D printing technology — three-di-
mensional elements are created on the
basis of a three-dimensional model by
hardening the material (filament), layer
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by layer [6, 7]. The proposed stiffening
is composed of three elements which,
when inserted into a cold-bent steel pro-
file, wedge together to form one whole.
The invention was submitted to the Pa-
tent Office in Poland under number
P. 423102 [8] on February 11, 2020, and
it was granted patent protection on
April 30, 2020. The proposed solution
was also the topic [9], where the impact
of stiffening on flexural-torsional loads
in the range of linear work of materials
was presented.

Using the discussed technology, an
experimental and numerical analysis
of three-point bending of cold-bent
beams was carried out, taking into
account material nonlinearity. The
mechanical properties of the steel
used in cold-bent profiles and the
filament used to make stiffening ele-
ments were also determined. The 3D
printing method is not yet widely used
in construction and requires many
analyzes related to its effectiveness.
The results presented in the article
provide information necessary in the
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process of designing new solutions,
possibilities of their optimization and
practical use.

Subject, scope and purpose
of research

The tests were carried out on cold-
bent steel C-section profiles stiffened at
mid-span. An original solution made
of ABS filament using additive
technology (3D printing) was used for
stiffening. The scope of the research
included experimental and numeri-
cal three-point bending of beams in
two configurations: a beam without
stiffening and a beam stiffened with 3D
printed elements. In the case of the
adopted configurations, three three-
point bending tests were performed. The
tests were carried out in the full load
range, up to the failure of the beams.
Additionally, the mechanical properties
of the profile material and 3D stiffener
structure were determined, and the
obtained results were used to perform
numerical analysis.

The aim of the research was to com-
pare the effectiveness of the presented
solutions. Additionally, experimental re-
search was used to numerically valida-
te the adopted models.

Experimental research

Experimental tests were carried out
in the Laboratory of the Department
of Civil Engineering of the Czgsto-
chowa University of Technology. In
order to determine the strength para-
meters, a tensile test was carried out in
accordance with the PN-EN ISO 6892-
1:2020-05 standard [10] in the case of
steel samples and the PN-EN ISO 527-
2:2012 standard — samples made
using 3D printing technology [11]. Figu-
re 1 shows the dimensions of the ele-
ments used in the tensile test. The filling
density for samples made using ABS fi-
lament was 100%.

To test the mechanical properties of
the samples, a testing machine with
a maximum load of 50 kN and an
increase in the traverse displacement of
0.03 mm/s was used. The three-point
bending test was carried out using a
testing machine with a maximum load
of 100 kN. Due to the limitations of the
testing machine, the length of the bent
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Fig. 1. Strength test samples: a) steel; b) made of ABS filament; dimensions are in mm
Rys. 1. Probki do badan wytrzymatosciowych: a) stalowa; b) z filamentu ABS; wymiary

podanow mm

beam was 830 mm and the distance
between the supports was 560 mm. The
increment of the traverse displacement
was 0.5 mm/s.

Cold-bent profiles are made of cold- or
hot-rolled galvanized steel sheet. In the
EN 1993-1-3 Eurocode standard [12],
steel grades and their nominal values
are given. The analysis carried out
considered a cold-bent C-shaped profile
with the dimensions given in Table 1.
Table 1. Nominal and actual dimensions of
the tested C90 profiles

Tabela 1. Wymiary nominalne i rzeczywiste
badanych profili C90
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b +/-1. tion di-
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Figure 2 shows the three-point ben-
ding test diagram. The length of the
stiffening element made of ABS fila-
ment is equal to the largest dimension
of the cross-section of the steel profi-
le (Figure 2a). The transverse dimen-
sions correspond to the dimensions of
the inner part of the profile (Figu-
re 2b).

Numerical analysis

The numerical analysis was perfor-
med to assess the compliance of its
results with experimental studies. This
will allow in the future to estimate the
properties of reinforced beams using
numerical models without the need to
prepare a stand for experimental tests.
The calculations were performed
using the Ansys 2021R program, ta-
king into account the issues of mate-
rial nonlinearity and using the incre-
mental-iterative Newton-Raphson me-
thod [13, 14].

support support
125 90 125

560 '
830

b) B 90 ) c)

force
C90 profil
profile 18

support stiffening

Fig. 2. Tested beams: a) longitudinal section of the beam; b) cross-section of the beam —
dimensions in mm; c) the stiffening element; d) the stiffening element embedded in the

profile

Rys. 2. Badane belki: a) przekroj podtuzny belki; b) przekroj poprzeczny belki — wymiary
w mm, c) element usztywniajqcy,; d) element usztywniajqcy osadzony w profilu
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The numerical model of three-point
bending was built in accordance with
the actual dimensions of the profile gi-
ven in Table 1 and the diagram shown
in Figure 2. The adopted numerical
model was based on surface and solid
elements [14, 15]. The thin-walled
profiles were modeled using 4-node
shell elements of the Shell 181 type,
while the stiffening elements, the lo-
ading element and the supports were
modeled as Solid 187 solid elements
(10 nodes) [14, 16]. A nonlinear iso-
tropic material was assumed for the
calculations both in the case of profi-
les and stiffening elements. The expe-
rimentally determined strength cha-
racteristics of the stress-strain curve
were converted into a real curve as
a result of conversion using logarith-
mic equations and used for numerical
calculations [17]. The basic material
data used in the numerical analysis are
presented in Table 2. The most unfa-
vorable results obtained from the ten-
sile strength test of steel and ABS fi-
lament were also taken into account
for the analysis.

Table 2. Basic technical parameters of
materials used to the numerical model

Tabela 2. Podstawowe parametry technicz-
ne materiatow przyjetych w modelu nume-

rycznym

Young’s Poisson’s Yield

Material  modulus ration strength
[MPa] [MPa]
Steel 200,65 0,3 381,08
ABS filament  1247,9 0,38 20,97

The analyzed numerical models take
into account contact between frictional
elements. Frictional contact allows the
elements to separate and slide against
each other [13, 14]. A friction coefficient
of 0.17 was assumed in the case of
profile-support contact and 0.35 -
between the profile and the stiffening
insert and in the case of the elements
of the stiffening insert itself, the
so-called profile stiffening. A finite
element mesh was used to discretize
the model, assuming the dimensions
of each element were 3 mm. The
adopted discretization method ensured
sufficiently accurate observation of
the strain and stress states occurring
in the analyzed model. The boundary

mﬂTERIﬂi:

conditions were defined in a way that
allows for three-point bending by
locking the support sections in the
plane (Figure 3). The model was loaded
due to the non-linear relationship
a) displacement UZ = -20 mm

N

. fixed support

stiffening
N

The assessment of the degree of
reinforcement of steel profiles with
stiffening elements was carried out on
the basis of the force-displacement
relationship for the transverse central

Ve

4
fixed support

wedging element .

3

]

Fig. 3. The numerical model: a) boundary conditions and load; b) considered stiffening
in the form of an insert made in 3D printing technology; c¢) mesh of finite elements

Rys. 3. Model numeryczny: a) warunki brzegowe i obciqzenie,; b) rozpatrywane usztyw-
nienie w postaci wkiadki wykonanej w technologii druku 3D; c) siatka elementow

skonczonych

between load and displacement by
forcing a displacement of UZ = - 20 mm
(Figure 3a).

Results analysis

The purpose of the static tensile test
was to obtain information on the basic
mechanical properties of steel and
filament. The obtained results were used
to create real curves used in numerical
calculations. Figure 4 shows the graphs
obtained during the static tensile test of
samples made of steel and ABS
filament. Based on the static tensile test,
the basic parameters of the materials
were determined, which were used,
among others, in numerical analysis
(Table 2). Figure 5 shows the actual
curves used to describe material models
in numerical analysis, in the case of the
most unfavorable results obtained in the
tensile test.
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Fig. 4. Relationships between stress and
strain obtained from the tensile test of the
samples: a) steel; b) made of ABS filament
Rys. 4. ZaleznosSci miedzy naprezeniem a od-
ksztatceniem uzyskane z proby rozciqgania pro-
bek: a) stalowych, b) z filamentu ABS
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a) A Actual stress [MPa]
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Fig. 5. Real curves used to description of
materials models adopted for numerical
analysis: a) steel; b) filament

Rys. 5. Krzywe rzeczywiste przyjete do opi-
su modeli materiatow uzytych do analizy nu-
merycznej: a) stali; b) filamentu

section of the analyzed beams. Figure 6
shows the course of deformation of the
steel profile web of experimentally and
numerically tested thin-walled cold-bent
beams. The obtained numerical results
of the force-displacement relationship
are qualitatively consistent with the
experimental results (Figure 6). In the
area of linear-elastic behavior, the beam
deformations determined numerically
are consistent with the deformations
obtained experimentally. Discrepancies
between the numerical and experimental
results are observed in the elastic-plastic
phase of the beam operation, after the
profile has plasticized.

The beam deformations shown in
Figure 7 correspond to the full load
range. In the case of beams without
stiffening, there was a local loss of
stability at the point where the load was
applied (Figure 7a). The deformation of b)
the web of the stiffened beam shown in
Figure 7b compared to the unstiffened
beam differs in the number and location
of zones where permanent deformations
occur.

The performed numerical analysis, ta-
king into account the nonlinearity of the
material, enabled the assessment of the
degree of deformation of the tested pro-
files. Based on the maps of displace-

A Force [kN]
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8
7
6 4
A.v‘” —tests — profile 1 without reinforcement
‘gv‘a —— tests — profile 2 without reinforcement
4 &g‘* ——tests — profile 3 without reinforcement
Af."- ——tests — reinforcement profile 1
3 4[?',’ -~ tests — reinforcement profile 2
2 ,,; ---tests — reinforcement profile 3
X
g - numerics — profile without reinforcement
1g numerics — reinforced profile
0 >
0 2 4 6 8 10 12 14 16 18 20

Displacement [mm]

Fig. 6. Comparison of force-displacement curves, of experimental beams with numerical
models

Rys. 6. Porownanie krzywych sita — przemieszczenie belek z badan doswiadczalnych z mode-
lami numerycznymi

The results of numerical calculations
of the adopted configurations, as in the
experimental tests, differ in the number
and place of local loss of plastic stabili-

a)

Fig. 7. The tested cold-formed steel beams:
a) without stiffening; b) with stiffening in the
form of an insert made in 3D printing
technology

Rys. 7. Badane stalowe belki zimnogiete:
a) bez usztywnienia; b) z usztywnieniem w po-
staci wktadki wykonanej w technologii dru-
ku 3D

ments and reduced stresses of the nume-
rical model, the most stressed places can
be observed (Figures 8 and 9).

18,757
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BENDING 20 mm
Total Deformation
Unit: mm

15,876 12,995
14,435 11,554

10,114

ty (Figures 8 and 9). In both models
considered, the loss of stability took
the form of local deformation of the
web and flanges of the C-profile, cha-
racterized by a specific number of
waves along its length. In the case of
an unstiffened profile, the obtained
form of stability loss was characterized
by the occurrence of a single wave on
the web and flanges. However, in a stif-
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Fig. 8. The map of displacements for the profiles: a) unstiffened; b) stiffened
Rys. 8. Mapy przemieszczen w przypadku profili: a) nieusztywnionych; b) usztywnionych
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Fig. 9. The map of reduced stresses for the profiles: a) unstiffened; b) stiffened
Rys. 9. Mapa naprezen zredukowanych w przypadku profili: a) nieusztywnionych,
b) usztywnionych

fened profile, additional local defor-
mations appear on the flange and web
within the stiffener location. The nume-
rically obtained images of damaged
beams confirm the results obtained in
experimental tests.

Conclusions

The effectiveness of stiffening cold-
bent C-section profiles with elements
made using 3D printing technology was
assessed. The stiffened cold-bent C-
profiles were subjected to three-point
bending and compared with the
behavior of beams without stiffening.
Experimental research was supported by
numerical calculations, which provided
information of practical importance,
necessary in the process of creating new
solutions for 3D structures using 3D
printing technology.

The three-point bending analysis car-
ried out regarding the assessment of lo-
ad transfer efficiency in the case of
unstiffened and stiffened beams shows
the influence of the 3D stiffening
elements used on the strain of the pro-
files in the entire range of their opera-
tion. In the analyzed cases, the diffe-
rence between the average ultimate
load obtained for unstiffened beams
is 20% smaller compared to stiffened
beams. In the elastic limit for both
beam configurations, sample calcula-
tions were made for a loading force of

6 kN. The average displacement
values for the three beams without and
with reinforcement were 3.44 and
2.956 mm, respectively. After applying
the reinforcement, the stiffness of
the beam increased by approxima-
tely 16%.

The behavior of the numerical beam
models described by the force-displace-
ment relationship in the middle of the
span of the tested elements indicates qu-
alitative agreement with the experimen-
tal results over the entire load range. Sa-
tisfactory agreement is observed in the
presented real images of damaged be-
ams in correlation with numerical tests.
Inaccuracies in the area of buckling on
the profile web can be observed in the
case of stiffened profiles (Figures 7b, 8
and 9). This may be related to the asym-
metrical arrangement of the stiffener in
the tested profile and the place of force
application.

It should be borne in mind that diffi-
culties in obtaining a numerical solution
consistent with the experimental one
may also result from the adopted mini-
mum step of displacement increment.
The presented issue of using 3D printing
to improve the operation of elements
and structures made using light steel fra-
me technology includes, among others:
aspects related to determining the me-
chanical properties of designed 3D
structures [2].
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