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Abstract. The article examines modern
normative and practical approaches to the design
and detailing of reinforced concrete elements under
torsion in accordance with the requirements of DBN
V.2.6-98:2009 and DSTU B V.2.6-156:2010, which
are harmonized with European standards [1-7]. The
physical nature of torsion as a complex three-
dimensional stress-strain  state is revealed,
accompanied by the occurrence of principal tensile
and compressive stresses oriented at an angle to the
longitudinal axis of the element. The features of
reinforced concrete behavior under torsional
moments, the mechanism of spatial inclined crack
formation, and the causes of reduction in load-
bearing capacity of elements compared to bending
are analyzed. It is shown that in most cases torsion
acts in combination with bending and shear force,
which significantly complicates the design and
requires consideration of internal force interaction.

The paper presents a classification of torsion into
primary (equilibrium) and secondary
(compatibility) torsion, defines fundamental
differences between them and features of
consideration in engineering practice. Cases when
torsion design is mandatory are considered, as well
as situations where limitation to minimum
reinforcement without detailed verification of load-
bearing capacity is permitted.

The deformation model of the space truss and the
concept of equivalent thin-walled closed cross-
section, which form the basis of modern normative
design methods [7-20], are detailed. The principle
of determining shear stresses in the walls of the
equivalent cross-section, the mechanism of concrete
compression struts, and the role of transverse and
longitudinal reinforcement in
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resisting tensile forces are described. Limit state
verification criteria are provided, particularly
conditions for preventing crushing of concrete
struts, as well as features of selecting the inclination
angle of compressed members of the space truss.

The article analyzes the combined action of
torsion, shear force and bending, presents
conditions for superposition of internal forces and
principles for total determination of required
reinforcement area. Special attention is paid to
detailing requirements for elements working under
torsion, particularly the use of closed stirrups,
uniform distribution of longitudinal reinforcement
along the cross-section perimeter, and ensuring
reliable anchorage of the reinforcement cage.
Features of open thin-walled cross-sections are
considered, for which warping and additional
normal stresses must be accounted for.

The obtained results generalize modern
normative approaches to the design of reinforced
concrete elements under torsion and can be used in
the design of beams, girders, frame and spatial
structures where torsion is a determining or
accompanying factor of the stress-strain state.

Keywords: torsional moment; spiral cracks;
warping; shear stress.
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PROBLEM STATEMENT

Torsion is a complex stress state in which
principal tensile and compressive stresses occur
in a reinforced concrete element, directed at an
angle of 45° to its longitudinal axis [1-5].

a

Torsion transforms a linear element into a
spatial system. Unlike bending, principal
stresses "wrap" the element spirally (Fig. 1),
requiring three-dimensional reinforcement [7-
9.

Fig. 1 The nature of spatial torsion: bending (a) and torsion (b).
Puc. 1 [Ipupoaa npocTopoBoro KpyTiHHS: 3TUH (2) Ta KpyTiHHS (0).

Torsion rarely acts in pure form, but often
accompanies bending. Typically torsion occurs
in elements with asymmetric loading: in beams
with  one-sided cantilever slabs (e.g.,
balconies), edge frame girders, or in masts
when wires break on one side.

The danger of torsion lies in the fact that the
resistance of reinforced concrete to it is
significantly less than to bending. Due to low
tensile strength of concrete, dangerous spiral
cracks form already at early loading stages.
They encompass all four faces of the element,

and without proper reinforcement the structure
can quickly fail along a spatial section.

According to current codes, torsion is
divided into two categories: primary
(equilibrium) and secondary (compatibility)
torsion. Examples of such torsion are shown in
Fig. 2.

Fig. 2 Two types of torsion: Equilibrium torsion (a) and compatibility torsion (b).
Puc. 2 /IBa BuaM KpyTiHHS: KPYTiHHS piBHOBaru (a) Ta KpyTiHHS cyMicHOCTi (0).
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If the static equilibrium of the entire
structure depends on the torsional capacity of
elements (primary torsion), design is
mandatory and requires complete verification
for first and second limit states. Such structures
include, for example, edge beams, spatial
frames, or elements curved in plan (Fig. 2, a).

In statically indeterminate structures, torsion
often arises only as a result of deformation
compatibility of adjacent elements (secondary
torsion). In such cases, structural stability does
not depend on torsional resistance, therefore
when checking the ultimate limit state it can
generally be neglected (Fig. 2, b)

Despite the fact that for secondary torsion,
strength verification can be neglected, to
prevent excessive crack opening it is mandatory
to provide minimum reinforcement in the form
of closed stirrups and longitudinal bars.

Clear identification of the torsion type
determines the necessity of detailed
reinforcement design.

The design of reinforced concrete elements
under torsional moments is performed based on
the spatial failure model (spatial section
model). The torsional resistance of the cross-
section is determined based on the thin-walled
closed cross-section model, in which
equilibrium is ensured by a closed flow of shear
stresses. Solid cross-sections are modeled as
equivalent thin-walled hollow cross-sections.

Complex cross-sections, such as T-shaped or
I-shaped, are divided into several simpler
rectangular components for design. The total
torsional resistance of such an element is taken
as the sum of resistances of its individual parts,
and the distribution of external torsional
moment between them is carried out
proportionally to their torsional stiffnesses in
the uncracked stage. For hollow cross-sections,
the actual wall thickness is the upper limit (Fig.
3-5).

Shear stress z:; in the wall of the equivalent
cross-section from pure torsional moment Teq is
determined from equilibrium conditions of the
closed contour. Shear force Veq,i in each i-th
wall is calculated as the product of shear stress
i, reduced wall thickness ter,i and length of the
wall side z;.
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According to the deformation model (space
truss analogy), after diagonal crack formation,
torsional resistance is provided by a spatial
lattice where concrete between cracks works as
compression  struts, and transverse and
longitudinal reinforcement works as tension
ties (Fig. 6). The length of side z; is determined
as the distance between intersection points of
axes of adjacent walls.

The area Ay, used in equilibrium equations
(Bredt-Batho formula) is the area enclosed
precisely by the centerline of connected walls
of the equivalent cross-section, and includes the
area of the internal hollow region. Accurate
determination of A is critical for correct shear
stress calculation.

Under torsion, shear stresses concentrate at
the periphery. The internal concrete core is
ignored since shear stresses circulate only along
the element perimeter (Fig. 3, b). For torsion
design, a solid massive cross-section is
modeled as a closed "thin-walled tube" (Fig. 4,
5). The effective wall thickness of this tube is
calculated as tes=A/u, but cannot be less than
twice the distance from the face to the
longitudinal reinforcement axis. The physics of
the “thin-walled tube" is universal. These DBN
rules apply to T-shaped, I-shaped, or hollow
elements. The torsion flow wraps around
internal voids.

The thin-walled tube is designed by analogy
with a space lattice truss. In this model,
concrete forms compression struts (diagonals)
at angle 4, and closed stirrups and longitudinal
bars work as tension members (ties and chords
of the truss).

The inclination angle of concrete
compression struts € is not fixed; it can be
chosen within the range from 21,8° to 45° (1 <
cot 0 < 2,5). Changing this angle allows
optimization of costs: a smaller angle requires
fewer stirrups but more longitudinal
reinforcement, and vice versa.
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a b
Fig. 3 Spatial model of torsional failure (a) and cross-section abstraction for calculation — from solid section
to thin-walled pipe (b).
Puc. 3 [IpocropoBa Moziesb pyHHyBaHHS Bia Ail KpyueHHs (a) Ta aOCTpaKIiis nepepisy s pO3paxyHKy — Bij
CYLINBHOTO NIepepizy 10 TOHKOCTIHHOT TpyOu (6).

1
L
|

a b C
Fig. 4 Equivalent thin-walled cross-section: solid cross-section (a), ignoring the core (b), equivalent tube
©).
Fig. 4 ExBiBasieHTHUI TOHKOCTIHHUI TIepepi3: CYLIbHUI nepepi3 (a), irHopyBaHHs siipa (0), eKBiBaleHTHA
TpyOa (B).
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Fig. 5 Geometry of the equivalent cross-section: ter; — effective wall thickness, Ak — area inside the
centerline of the equivalent wall (shaded area), ux — perimeter of the area Ax.

Fig. 5 T'eomeTpist eKBiBaICHTHOTO Mepepi3y: tefi — €PEKTHBHA TOBLIMHA CTIHKHU, Ak — IUIOIIA BCEPEANHI
OCBOBOI JIiHIT €KBIBAJICHTHOI CTIHKH (3alITPHXOBAHA 30HA), Uk — TIEPUMETP TUIONT Ak.
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If the acting torsional moment exceeds this
value and the concrete strength condition is not
satisfied, increasing the reinforcement amount
will not help — it is necessary to increase the
concrete cross-section dimensions or increase
the concrete strength class.

In real structures, torsion almost always
accompanies shear force action. Since these
forces compete for the same concrete struts
(Fig. 8, a), their shear stresses add on one face
of the cross-section, creating a critical zone.

Under combined action of shear and torsion,
the inclination angle of compression struts 0
must be taken equal for both types of design
(Fig. 6, 7). The design reinforcement area (both
transverse and longitudinal) is determined as
the sum of reinforcement required to resist
shear and reinforcement for torsion.

To prevent brittle concrete failure, the
superposition condition (linear interaction) is
mandatory (Fig. 8):

TEd VEd

+

v <10. (1)

T

Rd,max Rd,max

To resist tensile forces from torsion, joint
action of both reinforcement types is necessary:
closed transverse stirrups and longitudinal bars
acting as a unified spatial cage. Torsional
moment generates a uniform shear stress flow,
therefore each stirrup leg works in tension.

T
Asw — Ed (2)
s 2Af,,cotd

The calculated area is added to the stirrup
area required for shear (Veq).

Element bending creates zones of pure
compression and pure tension. According to
DBN/DSTU, tensile stresses from torsion are
subtracted from compression stresses from
bending in the upper zone (which reduces the
need for longitudinal torsion reinforcement),
but are added to tensile stresses from bending
in the lower zone (which significantly increases
the amount of bottom reinforcement).

In element flanges compressed from
bending, the design amount of longitudinal
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torsion reinforcement may be reduced
proportionally to the existing compressive force
in concrete. However, in tension flanges,
torsion reinforcement must be added to
longitudinal reinforcement. This area is
distributed along the cross-section perimeter
and added to reinforcement designed for
bending (Meq).

The total area of additional longitudinal
reinforcement LA, designed for torsion must

be uniformly distributed along the entire inner
perimeter of stirrups, not concentrated only in
the tension zone from bending (Fig. 9).
T.,U
A, = K coth
Ay 2A 1, (3)

Even with accurate design, spatial element
behavior under torsion will not be ensured
without  proper  detailing.  Transverse
reinforcement working under torsion must be
executed exclusively as closed stirrups reliably
anchored in compressed and tensile zones.

Longitudinal reinforcement must be located
along the cross-section perimeter. For small
cross-sections it may be concentrated at corners
(at the ends of each wall length) to ensure
formation of a spatial reinforcement cage.

Since torsion causes spiral cracks on all
element faces, stirrups must have reliable
lapping or welded hooks to avoid stirrup
opening when the concrete cover spalls at
cross-section corners (Fig. 9-11).

Torsion requires absolute closure of the
contour. Ordinary open U-shaped stirrups used
for bending do not work under torsion because
warping (distortion) of the cross-section occurs.

Stirrups must be closed with reliable
anchorage by hooks at 135° angle into the
concrete core (puc. 9, a). U-shaped stirrup
forms are unacceptable.

Longitudinal bars act as chords of the space
truss, restraining diagonal crack opening. They
must be located strictly at the corners of closed
stirrups to resist local bearing stresses from
concrete struts (Fig. 9, b).
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concrete and reinforcement.

Fig. 6 IIpocropoBa po3paxyHkoBa MOJIENb: 3MiHa KyTa @ BU3Ha4ae GajaHc MK HEOOXiTHUM OCTOHOM Ta
apMaTyporo.

Fig. 7 Kinematics of the truss (a) and the angle of compressed braces (b).
Puc. 7 Kinemaruka gepmu (a) Ta KyT CTUHCHYTUX PO3KOCIB (0).

Interaction Envelope

L ¥ L 1 —7

ke ~KpyritHa (Teg)  Tea/Tramax !

10K

3cyB (V)

a b
Fig. 8 Shear and torsion interaction (), interaction envelope (b).
Puc. 8 Bzaemosis 3cyBy Ta KpyTiHHA (@), 0000HKa B3aemoii (0).
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Fig. 9 Design requirements: fixed clamps (a), longitudinal anchoring at corners (b), uniform spacing of
longitudinal bars along the contour of the section (c), 1 — unreinforced central zone, 2 — mandatory
rod in each corner, 3 — rod spacing along the contour of the clamps < 350 mm.

Fig. 9 KoHCcTpyKTHBHI BUMOTH: 3aMKHEHI XOMYTH (@), MO3/I0BKHE aHKepyBaHHs y KyTax (0), piBHOMipHHI
KPOK IO3JIOBKHIX CTEPKHIB [0 KOHTYpPY Tiepepisy (B), | — HeapMoBaHa IIEHTpaJIbHA 30Ha, 2 —
000B’I3KOBUH CTPMXKEHD Y KOXKHOMY KYTi, 3 — KPOK CTPIIKHIB B3I0BX KOHTYPY XOMYTiB < 350 MM.

Fig. 10 Anatomy of an element during torsion: 1 — concrete core, 2 — concrete compressed struts, 3 —
transverse reinforcement (clamps), 4 — longitudinal reinforcement.

Fig. 10 Anaromis enemenTa npu KpyTiHHI: 1 — 6eTOHHE Sp0, 2 — OETOHHI CTHCHYTI MiaKOCH, 3 —
roriepedHa apMarypa (XoMmyTH), 4 — Mo3/I0BXKHSA apMarypa.
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Fig. 11 Engineering deconstruction of the work of a reinforced concrete cross-section in torsion.
Fig. 11 ImkxeHepHa IEKOHCTPYKILis pOOOTH 3a51i300€TOHHOTO Mepepi3y Ha KPyTiHHS.

Maximum longitudinal stirrup spacing is Pull-out forces under torsion push
strictly limited by the smallest cross-section reinforcement outward. Poor anchorage equals
dimension, distance ux/8, and cannot exceed torsional section failure.

300 mm. The distance between longitudinal
bars along the stirrup contour must not exceed
350 mm (Fig. 9, ¢).
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The universal deformation model and thin-
walled closed cross-section model are based on
the assumption of free torsion without
significant cross-section warping from the
plane. For closed thin-walled and solid cross-
sections, warping under torsion can generally
be neglected (Fig. 12).

T
i S ——

T v <
E s ———

a) KN

Fig. 12 Effect of deplaning: closed and solid
sections (a), open thin-walled sections (b

Fig. 12 BB geruianariii: 3aKpuTi Ta CyIiibHi
nepepisu (a), BIAKPUTI TOHKOCTiHH1
nepepizu (0).

However, for open thin-walled elements
(e.g., channels or I-beams without end
stiffening ribs), warping causes significant
additional normal stresses. In such cases,
classical formulas are inaccurate.

For open thin-walled elements, codes
require mandatory consideration of warping
under torsion. Their design must be carried out
based on more complex beam-lattice or "truss"
models capable of accounting for combined
action of bending and longitudinal normal force
and shear caused by warping.

CONCLUSIONS

The design and detailing of reinforced
concrete elements under torsion is one of the
most complex areas of design, since such a
stress-strain state is accompanied by spatial
behavior of concrete and reinforcement,
formation of inclined spatial cracks, and
significant interaction of torsion with bending
and shear force. The conducted analysis of
normative provisions of DBN V.2.6-98:2009
and DSTU B V.2.6-156:2010 showed that

40

modern methods are based on the deformation
model of the space truss and the concept of
equivalent thin-walled closed cross-section,
which quite accurately describe element
behavior after cracking.

It is established that the key stage of design
is correct determination of the torsion character
— primary (equilibrium) or secondary
(compatibility). This determines the necessity
of complete load-bearing capacity calculation
and the scope of detailing measures. For
primary torsion, complete verification for limit
states is mandatory, while for secondary torsion
in many cases it is permissible to limit to
minimum reinforcement aimed at limiting
crack formation and ensuring spatial element
rigidity.

The study showed that the limit state under
torsion is determined not only by reinforcement
strength, but primarily by the load-bearing
capacity of concrete compression struts. The
condition of preventing concrete crushing is
determining, and exceeding the limit torsional
moment cannot be compensated by simply
increasing the reinforcement amount. In such
cases, increasing the concrete class or
increasing cross-section geometric dimensions
is necessary. This confirms that the efficiency
of element behavior under torsion is largely
determined by spatial geometry and cross-
section rigidity.

Special attention must be paid to the
combined action of torsion, shear force and
bending, since all these factors use a common
mechanism of force transfer through concrete
struts and the reinforcement system. In this
case, design must be performed according to the
internal force interaction condition, and the
inclination angle of concrete struts must be
taken uniform for combined element behavior.
Design practice shows that ignoring the
combined action of internal forces often
becomes the cause of local damage and brittle
structural failure.

The work also confirmed the decisive
importance of proper reinforcement detailing.
Spatial element behavior under torsion is
possible only with the use of closed stirrups,
uniform distribution ~ of  longitudinal
reinforcement along the perimeter, and
ensuring  reliable  anchorage of  all
reinforcement cage elements. Open stirrups or
insufficient corner zone reinforcement do not
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allow formation of an effective space truss and
lead to intensive development of spiral cracks.

Thus, detailing requirements in torsion
design have no less important significance than
analytical verifications themselves.

It should be noted separately that classical
normative models are effective mainly for
closed or solid cross-sections where warping
can be neglected. For open thin-walled
elements, it is necessary to use more complex
spatial models capable of accounting for
additional normal stresses from cross-section
warping. This indicates the importance of
correct selection of the design model depending
on structure type and its working conditions.

Therefore, the modern approach to
designing reinforced concrete elements under
torsion is based on combining physically
justified deformation models, normative
requirements, and detailing principles for
ensuring spatial behavior. Comprehensive
consideration of torsion, shear and bending
allows increasing reliability and durability of
structures, avoiding brittle failure forms, and
ensuring safe operation of spatial and frame
systems under real working conditions.
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PO3PAXYHOK TA KOHCTPYIOBAHHA
3AJII3OBETOHHUX EJIEMEHTIB HA
KPYTIHHSA: HOPMATHUBHI
HIAXOAU TA ITPAKTHYHI
OCOBJINBOCTI

Jleonio CKOPYK

AHoTamisi. Y crarTi poO3MISIHYTO CydacHi
HOpPMATHBHI Ta MPaKTHYHI MiAXOAU 0 PO3PaXyHKY
1 KOHCTpPYIOBaHHS 3aJi300€TOHHUX €JIEMEHTIB Ha
KpyTiHHA BiamosigHo A0 Bumor JIbH B.2.6-98:2009
ta JICTY b B.2.6-156:2010. BucsitieHo ¢iznuny
HOPUPOIY KPYTIHHA SK CKJIAQJHOTO HPOCTOPOBOTO
HarpyXeHo-Ie()opMOBaHOTO CTaHy, 110
CYIPOBOJUKYETbCS ~ BUHHUKHEHHSM  TOJIOBHHX
pPO3TATYBAIBHUX 1 CTHUCKalIbHUX HAaIlpy)KEHb,
OpIEHTOBAaHMX M KyTOM IO TIO3J0BXKHBOI OCI
enemenTa. I[IpoanamizoBaHo oco0amMBOCTI pobOTH
3ai1i300€TOHy TIpH Jii KPYTHUX MOMEHTIB, MEXaHI3M
YTBOPEHHSI MPOCTOPOBHX TMOXWIMX TPILMH Ta
NPUYHHU 3HIKEHHST Hecydoi 3/IaTHOCTI €JIEMEHTIB
y nopiBHAHHI 3 poOororo Ha 3ruH. [lokazano, 110
KpYTiHHS y OUIBIIOCTI BUIAJAKIB JIi€ CyMICHO i3
3THHOM Ta TMONEPEYHOI CHJIOKD, IO CYTTEBO
YCKIIQJIHIOE PO3PaxyHOK 1 BHUMarae BpaxyBaHHS
B32€MO/Ii1 BHYTPIIIIHIX 3yCHJIb.
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VY po6oTi HaBeaeHO Kiacu(iKaLilo KPYTiHHS Ha
nepBUHHE (pIBHOBaXHE) Ta BTOpHHHE (BiX
cyMicHOCTI nedopmailiii), BU3HAYEHO MPHUHITUIIOBI
BiZIMIHHOCTI M’k HUMH Ta OCOOJIMBOCTI BpaXyBaHHs
B IH)KGHEpHIA mpakThimi. PO3risHYTO BUMAIKH,
KOJIM PO3PaxyHOK Ha KPYTiHHS € 00OB’SI3KOBUM, a
TaKOX CHUTYaIlil, y AKX JOIMTyCKAETHCSI 0OMEKECHHS
KOHCTPYKTHBHUM apMyBaHHAM ©0e€3 JeTanbHOi
TIEPEBIPKH HECYUOT 3JaTHOCTI.

HeransHo BuCBiTIEHO aAedopMauiiHy MOAEb
MIPOCTOPOBOI (hepMH Ta KOHIIETIIiI0 €KBIBaJICHTHOTO
TOHKOCTIHHOT'O 3aMKHEHOT'0 TIepepi3y, sKi Jexarh B
OCHOBI  CydYacHMX  HOPMAaTUBHHX  METOJHK
po3paxyHKy. OmnmcaHO TNPUHLUUI BU3HAYEHHS
JOTUYHHUX HANpyXeHb Y CTIHKaX EKBiBAJICHTHOTO
nepepily, MexaHi3M poOoTH OETOHHUX CTUCHYTHX
PO3KOCIB Ta POJb TMOMNEPEYHOi 1 MO3T0BKHBOT
apMaTypu y CIPUHHSTTI pO3TATyBaJbHUX 3yCHIIb.
HaBeneHo kpurepii mepeBipku TpaHUYHUX CTaHIB,
30KpeMa YMOBH HEIOIYLICHHS PO3JaBJIIOBAHHS
OCTOHHHMX PO3KOCIB, a TAKOK OCOOJIMBOCTI BHOOPY
KyTa Haxujly CTHCHYTHX EJIEMEHTIB IIPOCTOPOBOI
thepmu.

Y crarti mpoaHaNi30BaHO ~CYMICHY  Hif0
KPYTiHHS, TIONIEPEYHOI CHJIM Ta 3THHY, HaBeIEHO
YMOBH  CYIEpIO3WIlii BHYTPIMIHIX 3yCWJb 1
NPUHOMIN CyMapHOTO BHU3HA4YEHHS HEOOXiTHOT
wiomi apMarypu. Okpemy yBary NpUIIEHO
KOHCTPYKTHBHUM  BHMOTaM 10  apMyBaHHs
€JIEMCHTIB, IO TPAIIOIOTh HAa KPYTIHHS, 30KpeMa
3aCTOCYBaHHIO 3aMKHEHUX XOMYTiB, PIBHOMIpHOMY
PO3MILIICHHIO ~ MO3J0OBXHBOI  apMaTypu IO
MIEpUMETPY TIepepidy Ta 3abe3neueHHI0 HaliiHOTO
aHKepyBaHHS apMaTypHOTO Kapkaca. PosrisiHyTo
0COONIMBOCTI POOOTH BIJKPUTHUX TOHKOCTIHHUX
nepepiziB, UIA SIKUX HEOOXiJHO BpaxoBYBaTH
JIETUIAHAIIO Ta JOJIATKOBI HOPMaJTbHI HATIPY>KEHHSI.

OTpuMaHi pe3ynbTaTh y3arajJbHIOIOTH Cy4acHi
HOPMAaTHBHI T TX 0T o pO3paxyHKy
3aJ1i300€TOHHUX €JIEMEHTIB Ha KPYTiHHS Ta MOXYTb
OyTH BHKOpWCTaHI TIPH TIPOEKTYBaHHI OaJloK,
pUrelniB, paMHHUX 1 MPOCTOPOBHX KOHCTPYKUIH, Y
AKX KPYTIHHSA € BHU3HAYaJbHUM ab0 CyMyTHIM
(hakTOpOM Hanpy>KeHO-1e(POPMOBAHOTO CTaHY.

KarouoBi ciaoBa: kpyTHHII MOMEHT, CHipaibHi
TPIIIVHMA, JCTUTAHAIIIS.
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