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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.

Streszczenie. Artykuł przedstawia wykorzystanie technologii
druku 3D do wzmocnienia stalowych profili zimnogiętych ty-
pu C. Przedmiotem analizy były zimnogięte belki stalowe
usztywnione w połowie rozpiętości elementami wykonanymi
w technologii druku 3D. Zaprezentowano wyniki doświadczal-
no-numeryczne trójpunktowego zginania. Obliczenia numerycz-
ne przeprowadzono, uwzględniając nieliniowość materiału
z uwzględnieniem dużych przemieszczeń. Analiza potwierdziła
zwiększenie sztywności modeli poddanych trójpunktowemu zgi-
naniu z wykorzystaniem usztywnienia wykonanego w technolo-
gii druku 3D z użyciem filamentu ABS.
Słowa kluczowe: druk 3D; profile zimnogięte; zginanie; obli-
czenia numeryczne.
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S 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.

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

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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pro cess of de si gning new so lu tions,
po ssi bi li ties of the ir opti mi za tion and
prac ti cal 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 re se arch was to com -
pa re the ef fec ti ve ness of the pre sen ted
so lu tions. Ad di tio nal ly, expe ri men tal re -
se arch was used to nu me ri cal ly va li da -
te the ad op ted mo dels.

Experimental research
Expe ri men tal te sts we re car ried out

in the La bo ra to ry of the De part ment
of Ci vil En gi ne ering of the Czę sto -
cho wa Uni ver si ty of Tech no lo gy. In
or der to de ter mi ne the strength pa ra -
me ters, a ten si le test was car ried out in
ac cor dan ce with the PN -EN ISO 6892-
1:2020-05 stan dard [10] in the ca se of
ste el sam ples and the PN -EN ISO 527-
2:2012 stan dard – sam ples ma de
using 3D prin ting tech no lo gy [11]. Fi gu -
re 1 shows the di men sions of the ele -
ments used in the ten si le test. The fil ling
den si ty for sam ples ma de using ABS fi -
la ment 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

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.

Fi gu re 2 shows the three -po int ben -
ding test dia gram. The length of the
stif fe ning ele ment ma de of ABS fi la -
ment is equ al to the lar gest di men sion
of the cross -sec tion of the ste el pro fi -
le (Fi gu re 2a). The trans ver se di men -
sions cor re spond to the di men sions of
the in ner part of the pro fi le (Fi gu -
re 2b).

Numerical analysis
The nu me ri cal ana ly sis was per for -

med to as sess the com plian ce of its 
re sults with expe ri men tal stu dies. This
will al low in the fu tu re to es ti ma te the
pro per ties of re in for ced be ams using 
nu me ri cal mo dels wi tho ut the ne ed to
pre pa re a stand for expe ri men tal te sts.
The cal cu la tions we re per for med
using the An sys 2021R pro gram, ta -
king in to ac co unt the is su es of ma te -
rial non li ne ari ty and using the in cre -
men tal -ite ra ti ve New ton -Ra ph son me -
thod [13, 14].
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Table 1. Nominal and actual dimensions of
the tested C90 profiles
Ta be la 1. Wy mia ry no mi nal ne i rze czy wi ste
ba da nych pro fi li C90

Cross-sec-
tion di-

mensions
of the C90

profile

Dimensions
[mm]

nomi-
nal actual

a 90 90

b 38 37,8

s 18 17,5

t 1.5 1,5

r 3 3

Fig. 1. Strength test samples: a) steel; b) made of ABS filament; dimensions are in mm
Rys. 1. Próbki do badań wytrzymałościowych: a) stalowa; b) z filamentu ABS; wymiary
podano w  mm

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) przekrój podłużny belki; b) przekrój poprzeczny belki – wymiary 
w mm; c) element usztywniający; d) element usztywniający osadzony w profilu
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The nu me ri cal mo del of three -po int
ben ding was bu ilt in ac cor dan ce with
the ac tu al di men sions of the pro fi le gi -
ven in Ta ble 1 and the dia gram shown
in Fi gu re 2. The ad op ted nu me ri cal
mo del was ba sed on sur fa ce and so lid
ele ments [14, 15]. The thin -wal led
pro fi les we re mo de led using 4-no de
shell ele ments of the Shell 181 ty pe,
whi le the stif fe ning ele ments, the lo -
ading ele ment and the sup ports we re
mo de led as So lid 187 so lid ele ments
(10 no des) [14, 16]. A non li ne ar iso -
tro pic ma te rial was as su med for the
cal cu la tions both in the ca se of pro fi -
les and stif fe ning ele ments. The expe -
ri men tal ly de ter mi ned strength cha -
rac te ri stics of the stress -stra in cu rve
we re co nver ted in to a re al cu rve as
a re sult of co nver sion using lo ga ri th -
mic equ ations and used for nu me ri cal
cal cu la tions [17]. The ba sic ma te rial
da ta used in the nu me ri cal ana ly sis are
pre sen ted in Ta ble 2. The most unfa -
vo ra ble re sults ob ta ined from the ten -
si le strength test of ste el and ABS fi -
la ment we re al so ta ken in to ac co unt
for the ana ly sis.

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

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

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.

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
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Table 2. Basic technical parameters of
materials used to the numerical model
Ta be la 2. Pod sta wo we pa ra me try tech nicz -
ne ma te ria łów przy ję tych w mo de lu nu me -
rycz nym

Material
Young’s
modulus
[MPa]

Poisson’s
ration

Yield
strength
[MPa]

Steel 200,65 0,3 381,08

ABS filament 1247,9 0,38 20,97

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 obciążenie; b) rozpatrywane usztyw-
nienie w postaci wkładki wykonanej w technologii druku 3D; c) siatka elementów
skończonych

Fig. 4. Relationships between stress and
strain obtained from the tensile test of the
samples: a) steel; b) made of ABS filament
Rys. 4. Za leż no ści mię dzy na prę że niem a od -
kształ ce niem uzy ska ne z pró by roz cią ga nia pró -
bek: a) sta lo wych; b) z fi la men tu ABS
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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
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 per for med nu me ri cal ana ly sis, ta -
king in to ac co unt the non li ne ari ty of the
ma te rial, ena bled the as ses sment of the
de gree of de for ma tion of the te sted pro -
fi les. Ba sed on the maps of di spla ce -

ments and re du ced stres ses of the nu me -
ri cal mo del, the most stres sed pla ces can
be ob se rved (Fi gu res 8 and 9).

The re sults of nu me ri cal cal cu la tions
of the ad op ted con fi gu ra tions, as in the
expe ri men tal te sts, dif fer in the num ber
and pla ce of lo cal loss of pla stic sta bi li -
ty (Fi gu res 8 and 9). In both mo dels 
con si de red, the loss of sta bi li ty to ok 
the form of lo cal de for ma tion of the 
web and flan ges of the C -pro fi le, cha -
rac te ri zed by a spe ci fic num ber of 
wa ves along its length. In the ca se of 
an unstif fe ned pro fi le, the ob ta ined 
form of sta bi li ty loss was cha rac te ri zed
by the oc cur ren ce of a sin gle wa ve on
the web and flan ges. Ho we ver, in a stif -
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Fig. 5. Real curves used to description of
materials models adopted for numerical
analysis: a) steel; b) filament
Rys. 5. Krzy we rze czy wi ste przy ję te do opi -
su mo de li ma te ria łów uży tych do ana li zy nu -
me rycz nej: a) sta li; b) fi la men tu

Fig. 6. Comparison of force-displacement curves, of experimental beams with numerical
models
Rys. 6. Po rów na nie krzy wych si ła – prze miesz cze nie be lek z ba dań do świad czal nych z mo de -
la mi nu me rycz ny mi

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. Ba da ne sta lo we bel ki zim no gię te: 
a) bez usztyw nie nia; b) z usztyw nie niem w po -
sta ci wkład ki wy ko na nej w tech no lo gii dru -
ku 3D

Fig. 8. The map of displacements for the profiles: a) unstiffened; b) stiffened
Rys. 8. Mapy przemieszczeń w przypadku profili: a) nieusztywnionych; b) usztywnionych
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fe ned pro fi le, ad di tio nal lo cal de for -
ma tions ap pe ar on the flan ge and web
wi thin the stif fe ner lo ca tion. The nu me -
ri cal ly ob ta ined ima ges of da ma ged 
be ams con firm the re sults ob ta ined in
expe ri men tal te sts.

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 -po int ben ding ana ly sis car -
ried out re gar ding the as ses sment of lo -
ad trans fer ef fi cien cy in the ca se of
unstif fe ned and stif fe ned be ams shows
the in flu en ce of the 3D stif fe ning 
ele ments used on the stra in of the pro -
fi les in the en ti re ran ge of the ir ope ra -
tion. In the ana ly zed ca ses, the dif fe -
ren ce be twe en the ave ra ge ul ti ma te 
lo ad ob ta ined for unstif fe ned be ams
is 20% smal ler com pa red to stif fe ned
be ams. In the ela stic li mit for both 
be am con fi gu ra tions, sam ple cal cu la -
tions we re ma de for a lo ading for ce of

6 kN. The ave ra ge di spla ce ment 
va lu es for the three be ams wi tho ut and
with re in for ce ment we re 3.44 and
2.956 mm, re spec ti ve ly. After ap ply ing
the re in for ce ment, the stif f ness of 
the be am in cre ased by ap pro xi ma-
te ly 16%.

The be ha vior of the nu me ri cal be am
mo dels de scri bed by the for ce -di spla ce -
ment re la tion ship in the mid dle of the
span of the te sted ele ments in di ca tes qu -
ali ta ti ve agre ement with the expe ri men -
tal re sults over the en ti re lo ad ran ge. Sa -
tis fac to ry agre ement is ob se rved in the
pre sen ted re al ima ges of da ma ged be -
ams in cor re la tion with nu me ri cal te sts.
In ac cu ra cies in the area of buc kling on
the pro fi le web can be ob se rved in the
ca se of stif fe ned pro fi les (Fi gu res 7b, 8
and 9). This may be re la ted to the asym -
me tri cal ar ran ge ment of the stif fe ner in
the te sted pro fi le and the pla ce of for ce
ap pli ca tion.

It sho uld be bor ne in mind that dif fi -
cul ties in ob ta ining a nu me ri cal so lu tion
con si stent with the expe ri men tal one
may al so re sult from the ad op ted mi ni -
mum step of di spla ce ment in cre ment.
The pre sen ted is sue of using 3D prin ting
to im pro ve the ope ra tion of ele ments
and struc tu res ma de using li ght ste el fra -
me tech no lo gy in c lu des, among others:
aspects re la ted to de ter mi ning the me -
cha ni cal pro per ties of de si gned 3D
struc tu res [2].

Literatura
[1] Du bi na D, Ungu re anu V, Lan dol fo R. De sign of
cold -for med ste el struc tu res. The Eu ro pan Co nven -
tion for Con struc tio nal Ste el work Brus se les. Han cok
G. J., 2003. Cold -for med  ste el  struc tu res. Jo ur nal of
Con struc tio nal Ste el Re se arch. 2012; 118: 59 – 73. 
[2] Urbań ska -Ga lew ska E, Ko wal ski D. Za sto so wa nie
lek kich kon struk cji sta lo wych do re no wa cji, roz bu do -
wy i re mon tów obiek tów bu dow la nych, XXIII Ogól -
no pol ska Kon fe ren cja, Szczyrk 2008.
[3] Go sow ski B. Zgi na nie i skrę ca nie cien ko ścien -
nych ele men tów kon struk cji me ta lo wych, Ofi cy na
Wy daw ni cza Po li tech ni ki Wro cław skiej, Wro -
cław 2015.
[4] PN -EN 1993-1-5 2008, Eu ro kod 3 – Pro jek to wa -
nie kon struk cji sta lo wych – Część 1-5: Bla chow ni ce.
[5] Szym czak Cz., Kre ja I. Ana li za wraż li wo ści
dwu te owe go prę ta cien ko ścien ne go ze wzglę du
na zmia ny pa ra me trów prze wią zek, In ży nie ria i Bu -
dow nic two. 2003; 593.
[6] Ma jor M, Ka li now ski J, Ko siń M. Wy trzy ma łość
na roz cią ga nie ele men tów dru ko wa nych z ma te ria -
łów ABS, PA6+CF15, PA 12+CF15. Ma te ria ły Bu -
dow la ne. 2022; DOI: 10.15199/33.2022.10.21.
[7] Ngo TD, Ka sha ni A, Im bal za no G, Nguy en KTQ,
Hui D. Ad di ti ve ma nu fac tu ring (3D prin ting): A re -
view of ma te rials, me thods, ap pli ca tions and chal len -
ges. Com po si tes Part B. 2018; 143.
[8] Ma jor M, Ka li now ski J, Ko siń M. Wkład ka
usztyw nia ją ca, zwłasz cza cien ko ścien nych pro fi li
ty pu C, Po li tech ni ka Czę sto chow ska, 234844, Wia -
do mo ści Urzę du Pa ten to we go 04/2020.
[9] Ko siń M, Ma jor I, Ma jor M, Ka li now ski J. Mo del
Te sts of Ben ding and Tor sio nal De for ma tions of Thin -
-Wal led Pro fi les Stif fe ned with Ele ments Ma de in 3D
Prin ting Tech no lo gy, Ca se Stu dies in Con struc tion
Ma te rials. 2020; DOI: 10.1016/j.cscm.2020.e00401.
[10] PN -EN ISO 6892-1:2020-05, Me ta le – Pró ba
roz cią ga nia – Część 1: Me to da ba da nia w tem pe ra -
tu rze po ko jo wej.
[11] PN -EN ISO 527-2:2012. Two rzy wa sztucz ne
– Ozna cza nie wła ści wo ści me cha nicz nych przy sta -
tycz nym roz cią ga niu – Część 2: Wa run ki ba dań
two rzyw sztucz nych prze zna czo nych do róż nych
tech nik for mo wa nia. 2013.
[12] PN -EN 1993-1-3 2008, Eu ro kod 3, Pro jek to -
wa nie kon struk cji sta lo wych – Czę ść1 -3: Re gu ły
ogól ne – Re gu ły uzu peł nia ją ce dla kon struk cji
z kształ tow ni ków i blach pro fi lo wa nych na zim no.
[13] Hu ei -Hu ang Lee Fi ni te Ele ment Si mu la tions
with An sys Work bench 13 Schroft De ve lop ment
Cor po ra tion 2011.
[14] An sys – Work bench v. 18.1 sys tem do cu men -
ta tion, An sys, Inc. So uth po in te 275 Tech no lo gy Dri -
ve Ca nons burg, PA 15317.
[15] Krze siń ski G, Za gra jek T, Ma rek P, Bor kow ski P.
Me to da ele men tów skoń czo nych w me cha ni ce ma te -
ria łów i kon struk cji. Roz wią zy wa nie za gad nień za po -
mo cą sys te mu An sys. Ofi cy na Wy daw ni cza Po li tech -
ni ki War szaw skiej War sza wa. 2015.
[16] Ła czek S. Mo de lo wa nie i ana li za kon struk cji
w sys te mie MES AN SYS v. 11, Wy daw nic two PK,
Kra ków 2011, ISBN 978-83-7242-584-3.
[17] Pe trik A, Aroch R. Usa ge of true stress -stra in cu rve
for FE si mu la tion and the in flu en cing pa ra me ters, IOP
Conf. Ma te rials Scien ce and En gi ne ering. 2019; 566.

Accepted for publications: 16.08.2023 r.

NAUKA W BUDOWNICTWIE – WYBRANE PROBLEMY

10/2023 (nr 614) ISSN 0137-2971, e-ISSN 2449-951X www.materialybudowlane.info.pl

Fig. 9. The map of reduced stresses for the profiles: a) unstiffened; b) stiffened
Rys. 9. Mapa naprężeń zredukowanych w przypadku profili: a) nieusztywnionych; 
b) usztywnionych
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