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Leading European manufacturers of profiles intended for 
the production of construction joinery currently use mainly 
PVC profiles with various configurations of external and in-
ternal shapes, allowing the production of functional prod-
ucts due to their intended use, shape, possibility of build-
ing them, maintaining color and maintaining low thermal 
transmittance coefficients of profiles. It is important to 
obtain high cross-sectional strengths, especially for torsion 
and bending. It is related to high wind loads of structures. 
A profile is made of a PVC with a low Young’s modulus com-
pared to other materials, and thus it has low stiffness and 
strength indicators. This leads to relatively easy deforma-
tion of the joinery profiles during assembly. To avoid this 
unfavorable effect, the PVC profiles are reinforced with 
steel sections. Currently, in the industry producing PVC 
profiles, open steel reinforcement profiles are almost exclu-
sively used. This solution is very disadvantageous for rea-
sons of stiffness. However, manufacturers use such profiles 
primarily for technological and price reasons. Closed pro-
files pose many technological problems in their production 
and are approx. 30% more expensive compared to the cor-
responding open profiles. This paper presents research on 
the use of closed steel stiffening sections in place of open 
profiles. The main advantage of stiffening closed profiles is 
many times greater bending and torsional stiffness com-
pared to open profiles. The theoretical and experimental 
studies carried out for selected cross-sections have shown 
that the stresses in a closed profile are several times lower 
than in an identical open profile, and the torsional stiffness 
of a closed profile is even several dozen times higher than 
that of an identical open profile.
KEYWORDS: torsional stiffness, bending stiffness, window 
open frames, window closed frames

Czołowi europejscy producenci profili do produkcji stolarki 
budowlanej stosują obecnie głównie profile PVC o różnych 
konfiguracjach kształtów zewnętrznych i  wewnętrznych, 
pozwalające na produkcję wyrobów funkcjonalnych ze 
względu na ich przeznaczenie, kształt, możliwości kon-
strukcyjne, zachowanie koloru oraz utrzymanie niskich 
współczynników przenikania ciepła profili. Ważne jest uzy-

skanie wysokiej wytrzymałości przekrojowej, zwłaszcza na 
skręcanie i zginanie. Jest to związane z dużymi obciążenia-
mi wiatrowymi konstrukcji. Profil wykonany z PVC o niskim 
module Younga w  porównaniu z  innymi materiałami ma  
niskie wskaźniki sztywności i  wytrzymałości. Prowadzi to 
do stosunkowo łatwego odkształcenia profili okiennych 
podczas montażu. Aby uniknąć tego niekorzystnego efek-
tu, profile z PVC są wzmacniane kształtownikami stalowy-
mi. Obecnie w  branży produkującej profile z  PVC stosuje 
się niemal wyłącznie otwarte stalowe profile wzmacniają-
ce. To rozwiązanie jest bardzo niekorzystne ze względu na 
sztywność. Jednak producenci stosują je przede wszystkim 
z  powodów technicznych i  kosztowych. Produkcja profili 
zamkniętych stwarza wiele problemów i są one o ok. 30% 
droższe od profili otwartych. W  pracy przedstawiono ba-
dania nad zastosowaniem zamkniętych stalowych kształ-
towników usztywniających w  miejsce profili otwartych. 
Główną zaletą usztywniania profili zamkniętych jest ich wie-
lokrotnie większa sztywność giętna i skrętna w porównaniu  
z profilami otwartymi. Badania teoretyczne i doświadczal-
ne wybranych przekrojów wykazały, że naprężenia w profi-
lu zamkniętym są kilkukrotnie mniejsze niż w identycznym 
profilu otwartym, a sztywność skrętna profilu zamkniętego 
jest nawet kilkadziesiąt razy większa niż profilu otwartego.
SŁOWA KLUCZOWE: sztywność skrętna, sztywność giętna, 
ramy okienne otwarte, ramy okienne zamknięte

Introduction

In	modern,	currently	used	construction	joinery,	es-
pecially	windows,	 PVC	profiles	 reinforced	with	 steel	
sections	are	used.	Steel	sections	act	as	stiffening	ele-
ments	and	are	made	as	open	profiles.	This	 is	due	 to	
two	facts:
● open	profiles	are	cheaper	than	closed	profiles,
● closed	 profiles	 are	 much	 more	 complex	 in	 terms	
of	 technology	 and	only	 few	 companies	 can	 afford	 to	
make	such	structures.
The	main	disadvantage	of	 the	 steel	 elements	 that	

stiffen	the	window	structure	is	that	they	cause	large	
thermal	bridges.	This	is	mainly	due	to	the	high	thermal	 
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conductivity	 of	 the	 steel	 and	 the	 large	 dimensions	
of	 the	 chambers	 in	 which	 the	 sections	 are	 placed.	
This	 causes	 the	 intensification	 of	 convective	 heat	
exchange.	 The	 considerable	 sizes	 of	 the	 chambers	
result	 from	 the	necessity	 to	obtain	 sufficiently	high	
bending	strength	 indexes	and	bolting	complete	sec-
tions	 used	 for	 frames.	 As	 a	 result	 of	 assembly	 and	
operational	loads,	the	supporting	profiles	of	window	
frames	 are	 subject	 to	 significant	 deformation.	 This	
causes	 leaks	and	air	 infiltration	 inside	 the	building.	
Profile	deformations	result	from	their	relatively	low	
torsional	and	bending	stiffness	as	well	as	faulty	fixing	
of	the	profiles	to	the	window	frame,	which	is	particu-
larly	visible	in	the	case	of	large	window	surfaces	and	
the	door.
A	typical	window	profile	consists	of	a	prismatic	PVC	

jacket	with	a	generatrices	parallel	to	the	bar	axis	and	
ribs	transverse	to	this	axis.	The	bar	is	most	often	made	
in	such	a	way	that	the	wall	thickness	is	much	smaller	
than	the	other	two	dimensions.	The	ribs	are	character-
ized	by	very	high	stiffness	in	their	plane	and	high	wh-
ippiness	 in	the	direction	perpendicular	to	this	plane.	
Inside	 the	profile	 there	are	 reinforcing	 steel	profiles	
(Fig. 1).
When	 a	 load	 is	 applied	 to	 the	 outer	 bar,	 stresses	

arise	in	its	shell,	depending	on	the	method	of	loading.	
The	contact	of	the	outer	and	inner	rods	causes	the	load	
of	the	inner	rod	in	the	form	of	bending	and	torsional	
moments	 as	 well	 as	 concentrated	 normal	 forces.	 As	
the	Young’s	modulus	of	the	PVC	jacket	is	much	smaller	
than	the	steel	material	of	 the	 inner	rod,	a	significant	
part	 of	 the	 load	 is	 transferred	 by	 the	 steel	 section.	 
If	 the	resultant	of	the	action	of	all	external	 forces	ly-
ing	in	the	section	under	consideration	passes	through	

a	specific	point	of	the	section,	then	the	state	of	load	on	
a	bar	comes	down	to	its	bending	only.	This	particular	
point	of	 the	cross-section	 is	called	 the	center	of	 tan-
gential	forces	(ŚŚP	–	Fig. 2).	Its	coordinates	in	relation	
to	the	center	of	gravity	of	the	cross-section	O	are	de-
scribed	by	the	quantities	ex	and	ez	(Fig. 2).	In	this	case,	
the	expense	of	 the	 tangential	 stresses	qs	 on	 the	 long	
free	edge	is	equal	to	zero.
In	the	case	of	loading	window	structures,	due	to	the	

characteristics	of	their	work,	they	will	be	loaded	pri-
marily	with	 a	 torsional	moment.	 Therefore,	 the	 tan-
gential	stresses	are	dimensioned	when	turning	open	
sections.	 The	 strength	 condition	 comes	 down	 to	 the	
form	τmax < kt.	The	maximum	stresses	occur	in	the	ex-
treme	layers.	In	practice,	an	element	is	obtained	with	
a	high	degree	of	its	load	on	the	side	surfaces	(profile	
walls).	Thus,	it	shows	the	necessity	of	using	bars	with	
a	tubular	cross-section.
During	the	analysis	of	the	tangential	stress	state	in	

a	 thin-walled	 tubular	 section,	 the	 following	 assump-
tions	were	taken	into	account	[8,	9]:
● Only	tangential	stresses	occur	in	cross	sections.
● The	stresses	are	directed	along	the	perimeter	of	the	
cross-section	and	are	constant	across	 the	wall	 thick-
ness	of	the	thin-walled	profile.
● The	magnitude	of	the	stresses	in	the	walls	τ = const.
The	resultant	cross-sectional	 load	due	 to	 the	pres-

ence	 of	 tangential	 stresses	 must	 be	 equal	 to	 the	 
torsional	moment	Ms.	Thus,	determining	the	moment	
with	respect	to	any	point	0	from	the	resultant	tangen-
tial	 stresses	 τ	 acting	 on	 the	 elementary	 wall	 length	 
ds	with	 the	 thickness	 t	 and	 for	 the	moment	M0 = Ms,	 
the	 relationship	 (1)	 can	 be	written	 and	 the	 stresses	
can	be	determined:

Fig. 1. A typical window profile with metal open reinforcements

Fig. 2. Loading of the steel bar reinforcing the window frame (closed 
and open)

MECHANIK NR 8–9/2022   47



48   MECHANIK NR 8–9/2022

 	 (1)

The	 greatest	 shear	 stresses	 τsmax	 will	 occur	 in	 the	
place	where	the	wall	thickness	t	is	the	smallest:

 	 (2)

where:	A	is	the	area	contained	within	the	centreline	of	
the	given	profile.	 Interpretation	of	the	area	A	 for	the	
open	and	closed	sections	is	shown	in	Fig. 3.	This	area	
is	 relatively	 small	 for	 the	open	section,	 and	 thus	 the	
tangential	stresses	are	very	high	[1–3].
For	closed	profiles	with	a	constant	wall	thickness	t,	

the	 tangential	 stresses	 are	 constant	 and	 determined	
from	the	dependence:

 	 (3)

In	this	case,	A	is	the	area	bounded	by	the	mean	contour	
line	of	the	profile.	This	area	is	much	larger	in	relation	to	
the	A	surface	of	the	open	profile,	and	thus	the	tangential	
stresses	 in	 the	 closed	 profile	 are	 several	 times	 lower	
than	the	stresses	 for	the	same	open	profile.	The	form	

free	surfaces.	It	is	assumed	that	for	the	ratio	of	the	lin-
ear	dimensions	of	the	cross-section	s/t > 15	(s	–	wall	
length,	t	–	wall	thickness),	such	profiles	transfer	tor-
sion	very	badly,	i.e.	high	torsional	stresses	arise	even	
for	small	moments	and	it	is	not	advisable	to	use	them	
in	structures	twisted.

Analytical research

Strength	calculations	of	thin-walled	open	profiles	sub-
jected	to	free	torsion	are	carried	out	with	the	simplifying	
assumption	that	the	cross-section	of	the	bar	consists	of	
rectangles	with	a	length	ai	much	greater	than	the	thick-
ness	 ti.	 Moreover,	 for	 twisted	 thin-walled	 structures	
with	complex	shapes,	 they	are	divided	 into	rectangles	
of	thickness	ti	and	length	ai	(along	the	contour	average	
line),	it	does	not	matter	whether	the	axis	of	the	rectan-
gle	is	a	straight	or	curved	line	(Fig. 4).	It	is	also	assumed	
that	the	torsion	angle	of	the	entire	bar	is	equal	to	the	tor-
sion	angles	of	each	part	of	the	bar	cross-section	and	the	
torsional	moment	transmitted	through	the	entire	bar	is	
equal	to	the	algebraic	sum	of	moments	transferred	by	
individual	rectangles.	The	open	and	closed	profiles	pre-
sented	below	were	adopted	for	consideration.
Generalizing	 the	 above	 equations	 into	 profiles	 of	

variable	 thickness,	 the	 maximum	 stresses	 can	 be	 
determined	from	the	relationship:

  (4)

 	 (5)

  (6)

where:	Ms – torsional	moment	 [Nm],	G – rigidity	mo- 
dulus	 (Kirchhoff	 modulus)	 [Pa],	 ν –	 Poisson’s	 ratio,	 
C	–	torsional	stiffness	of	the	bar	[Nm/rad].

The	maximum	 stresses	 occur	 in	 the	middle	 of	 the	
longest	side	for	the	thickest	rectangle	tmax.

Fig. 3. Interpretation of a twisted section for an open and closed bar

Fig. 4. Computational model of an open and closed profile

(angular)	 deformation	 of	 a	 closed	
bar	is	similar.	With	the	same	cross-
section,	the	torsional	stiffness	of	the	
closed	 profile	 is	 several	 times	 (or	
even	several	hundred	times)	great-
er	than	that	of	the	open	profile,	and	
thus	the	angular	deformation	of	the	
closed	profile	is	much	smaller	than	
that	of	the	open	profile.
It	 can	 be	 concluded	 that	 open	

bars	 with	 thin-walled	 walls	 work	
poorly	during	 free	 torsion.	There-
fore,	 it	 is	 advisable	 to	 use	 closed	
profiles	 which	 are	 more	 techno-
logically	 complicated	 and	 more	
expensive,	but	provide	high	struc-
tural	rigidity	and	lower	weight.	 In	
open	 profiles,	 the	 material	 is	 not	
used	 at	 points	 belonging	 to	 the	



In	 order	 to	 compare	 the	 strength	 and	 stiffness	 of	
various	structures,	the	quotient	of	the	maximum	shear	
stresses	 and	 the	 torsional	 moment	 τmax/Ms	 (7)	 and	 
the	torsional	stiffness	C	(6,	7)	were	analyzed	[4–6].

 	 (7)

If	ti = t = const,	then	the	expression	(7)	simplifies	to	the	
formula:

 	 (8)

On	 the	 other	 hand,	 for	 thin-walled	 closed	 profiles,	
based	on	the	hydrodynamic	theory,	the	highest	shear	
stresses	will	occur	in	the	place	where	the	wall	thick-
ness	t	is	the	smallest:

 	 (9)

where:	∫ dA	–	surface	area	limited	by	the	contour	line.

The	 quotient	 of	 the	 maximum	 shear	 stresses	 and	 
the	torsional	moment	τmax/Ms	equals:

 	 (10)

The	 stiffness	 of	 a	 thin-walled	 closed	 section	 is	 de-
scribed	by	the	equation:

 	 (11)

For	the	case	when	ti	=	t =	const,	the	expression	(11)	
simplifies	to	the	form:

 	 (12)

where:	P	–	the	length	of	the	perimeter	along	the	aver-
age	contour	line	for	the	profile.

In	the	conducted	theoretical	and	experimental	stud-
ies,	both	open	and	closed	steel	profiles	were	analyzed.	
As	 a	 result,	 the	 maximum	 tangential	 stresses	 and	
profile	stiffness	were	determined,	which	made	it	pos-
sible	to	compare	these	shapes	of	sections	in	terms	of	
strength	and	stiffness.	The	calculation	results	for	the	
open	profiles	are	presented	in	table	I.
Table	 II	 presents	 the	 calculation	 results	 for	 closed	

profiles	joined	by	welding.

TABLE I. Strength analysis of steel open profiles with properties 
E = 210 GPa and ν = 0.3

Profile	 
designation Profile

1 26.371 3.06
{0.053}

2 17.003 5.94
{0.104}

3 6.731 24.00
{0.419}

4 10.15 15.91
{0.278}

TABLE II. Strength analysis of steel closed profiles with proper-
ties E = 210 GPa and ν = 0.3

Profile	 
designation Profile

5 0.559 2215.9
{38.675}

6 0.358 2954.5	
{51.437}

7 0.299 3992.4
{69.681}

8 0.726 1103.1
{19.253}
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Experimental research

In	order	 to	verify	 the	 theoretical	 considerations	 in	
practice,	the	stiffness	of	selected	sections	was	tested.	
Due	to	their	intended	use	and	application	in	windows	
where	 there	 is	 a	 risk	 of	 corrosion,	 sections	made	 of	
stainless	 steel	 type	 1.4301	 and	 high-strength	 steel	
type	HSS	were	used	for	the	tests	with	the	designation	
DP 600	[7, 10, 11].	The	tests	were	carried	out	both	on	
window	profiles	as	well	as	on	complete	window	mun-
tin	and	frames	with	mounted	profiles.
The	experimental	 tests	were	 carried	out	on	a	 spe-

cially	dedicated	test	stand,	designed	and	built	as	part	
of	 the	 project.	 The	 layout	 of	 the	 stand	 is	 shown	 in	
Fig. 5.	The	stand	enables	testing	of	window	elements	
subjected	to	the	action	of	a	torsional	moment,	and	the	
measurements	of	displacements	and	their	registration	
allow	the	determination	of	the	angle	of	torsion	of	the	
sections	and	their	torsional	stiffness.	According	to	the	
Fig. 5	and	Fig. 6,	the	profile	twist	angle	can	be	deter-
mined	from	the	relationship:

 	 (13)

The	 stiffness	 of	 a	 twisted	 bar	 is	 described	 by	 the	
equation:

 	 (14)

where:	torsional	moment	Ms	was	determined	from	the	
relationship:

 	 (15)

In	 the	 designated	 stand,	 the	 following	 dimensions	
were	adopted:	l = 250 mm,	the	length	of	the	measured	
bar	L = 1000 mm,	Q	–	loading	force.	
As	 a	 result	 of	 the	 experimental	 studies,	 the	 stiff- 

ness	 characteristics	and	 the	dependence	of	 the	 tor-
sion	angle	on	 the	 torsional	moment	Ms	were	deter-
mined	for	individual	cross-sections.	For	all	compara-
tive	 tests,	 bars	 with	 a	 twisted	 length	 of	 1 m	 were	
used.

Closed	 metal	 bars	 were	 made	 using	 open	 bars	
and	closed	 them	with	a	butt	 joint,	 intermittent	weld	
with	a	 thickness	equal	 to	 the	 thickness	of	 the	 joined	
sheets,	length	l = 50	mm	and	pitch	p = 50 mm.	Torsion	
diagrams	and	the	obtained	maximum	stiffness	values	 
are	shown	in	the	Fig. 7.

Conclusions

Open	bars	show	much	lower	torsional	stiffness	com-
pared	 to	 closed	 bars	 with	 contour	 dimensions	 and	
identical	wall	thicknesses	(even	several	hundred	times	
smaller).	The	stiffness	of	open	bars	can	be	increased,	
first	of	all,	by	increasing	the	wall	thickness	of	the	sec-
tions.	 However,	 this	 leads	 to	 a	 significant	 increase	
in	 the	weight	 of	 the	 structure	 and	 an	 increase	 in	 its	
price.	The	conducted	research	shows	that	the	highest	
torsional	stiffness	is	shown	by	a	“3”	cross-section	bar,	
which	is	at	least	twice	as	stiffer	than	other	profiles.	It	
is	pointless	to	use	thin-walled	open	profiles	of	the	“1”	
type	in	the	construction	of	windows	(table	I).	Torsion	
diagrams	of	the	tested	open	profiles	in	the	entire	load	
range	behaved	in	a	linear	manner.

Fig. 5. Layout of the stand for testing the torsional stiffness of profiles

Fig. 6. An example of testing a closed window profile



Closed	bars	show	much	higher	torsional	stiffness	in	
comparison	to	open	profiles	of	identical	dimensions	
(from	several	dozen	to	several	hundred	times	great-
er).	 It	 is	 therefore	 expedient	 to	 use	 closed	profiles.	
The	 torsional	 strength	 of	 closed	 bars	 in	 relation	 to	
identical	bars	with	an	open	section	 is	up	 to	several	
dozen	times	higher	(up	to	30	times	in	the	conducted	
tests).	Closed	bars	have	a	non-linear	stiffness	charac-
teristic.	After	exceeding	a	certain	torsion	angle	(ap-
prox.	 10°),	 they	 significantly	 reduce	 their	 ability	 to	
transmit	 high	 torsional	moments.	 All	 the	 discussed	
profiles	are	made	of	steel.	Therefore,	they	are	heavy	
and	 tend	 to	 corrode,	 which	 reduces	 the	 quality	 of	
windows	during	operation.	In	order	to	eliminate	this	
disadvantage,	it	would	be	necessary	to	use	corrosion-
resistant	steel	or	closed	profiles	made	of	glass-fiber	
reinforced	composites.	The	use	of	 closed	profiles	 is	
particularly	 justified	 in	 the	 production	 of	 construc-
tion	joinery	with	large	dimensions	subjected	to	high	
wind	loads.
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Fig. 7. Torsion diagrams and the obtained maximum stiffness values
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