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Abstract

An approximated model and mathematical formulation are presented for the uniform torsion analysis
of closed moderately thick-walled, thick-walled, and solid cross-sections. For this purpose, the considered
section is ideally divided into thin-walled closed strips one inside the other. Using this model and Bredt’s
theory, the torsional moments carried by each strip are obtained. Then, considering that the number of the
imaginary strips is sufficiently high, formulas are derived for the maximum shearing stress and the angle of
twist of the considered cross-section. To demonstrate the accuracy and efficiency of the formulation, results
for several cross-sections having exact or numerical solutions are presented. These results show that the
formulation gives accurate values for solid and hollow sections with regular curvilinear contours. On the
other hand, although for the thin-walled and moderately thick-walled sections there is high accuracy in the
results, for the thick-walled and solid ones the accuracy decreases gradually. Thus, it is thought that the
derived formulas can be useful especially for the analysis of a wide class of closed thin-walled and moderately
thick-walled cross-sections subjected to torsional loading.

Key Words: Uniform torsion, Approximate analysis, Moderately thick-walled sections, Thick-walled sec-
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Introduction

Torsion is an important factor in the design of some
load carrying elements such as shafts, curved beams,
edge beams in buildings, and eccentrically loaded
bridge girders. Therefore, the uniform (St. Venant)
and non-uniform torsion problem of structural com-
ponents has long been the subject of theoretical
and practical interest in the field of solid mechan-
ics (Chen et al., 2001).

Structural elements with very different cross-
sectional shapes are widely used in various engineer-
ing structures. The exact solutions for torsion have
been found for some simple cross-sectional shapes
such as circle, ellipse, and triangle. In the theory
of elasticity, unfortunately, it is difficult to obtain

analytical solutions for complicated cross-sections.
To solve general cross-sectional problems, numeri-
cal methods are usually necessary. The widely used
numerical methods are the finite element method
(Herrmann, 1965; Li et al., 2000; Jiang and Hen-
shall, 2002; Darilmaz et al., 2007), the finite differ-
ence method (Ely and Zienkiewicz, 1960), and the
boundary element method (Friedman and Kosmatka,
2000; Sapountzakis, 2001; Sapountzakis and Mokos,
2004). The first 2 of these methods require the whole
cross-section to be discretised into elements or grids.
For a complicated section, both of these methods ne-
cessitate a large number of elements or grids. The
boundary element method requires discretisation of
the boundary only, but in this method one has a sin-
gular integral on the boundary. Recently, mesh-free

277



GUREL, PEKGOKGOZ, KISA

methods have developed fast as alternative solution
methods (Kotodziej and Fraska, 2005; Di Paola et
al., 2008).

In the solution of torsional problems the anal-
ogy methods such as membrane, electrical, and fluid
flow analogies have also been used (Zhen-min and
Ke-xue, 1986). In analysing complex sections, these
techniques may be time consuming and the accuracy
of the results depends largely on the experimental
procedure followed.

The difficulty of solving accurately the torsional
problem of generally shaped cross-sections has driven
some researchers to simpler approximate calcula-
tions or approximate models. Lamancusa and Sar-
avanos (1989) performed the torsional analysis of
hollow square tubes with finite elements, using a
2-dimensional thermal analogy. They investigated
the dependence of torsional properties on wall thick-
ness. Serra (1996) using an approximated model and
starting from the well-known Bredt’s formulas (valid
only for thin-walled closed sections) obtained a for-
mulation for the calculation of the torsional problem
of solid cross-sections. Wang (1998) introduced the
method of eigenfunction expansion and matching to
solve the torsion problem of arbitrary shaped tubes
described by curved and straight pieces. Najera
and Herrera (2005) presented a method to approxi-
mate the torsional rigidity of non-circular solid cross-
sections encountered in mechanisms and machines.
Hematiyan and Doostfatemeh (2007) presented a
simple formulation for torsion analysis of moderately
thick hollow tubes with polygonal shapes.

In this paper, Serra’s (1996) modelling pro-
cess has been extended to model arbitrarily shaped
closed moderately thick-walled and thick-walled
cross-sections subjected to uniform torsion. This is
of considerable importance for such sections, since
these find application areas especially in structural
and mechanical engineering. The developed formu-
lation can also be applied to solid cross-sections.

The outline of this presentation is as follows. In
the following section the analysis model and the
derived formulation are described. Then, expres-
sions for maximum shearing stress and the angle of
twist are obtained. To verify the accuracy of the
model and the expressions, results for some cross-
sections having analytical or numerical solutions are
presented in the subsequent section. The conclusions
obtained are given in the last section.
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Analysis Model and Formulation

An arbitrarily shaped thick-walled closed cross-
section subjected to a torsional moment 7' is shown
in Figure 1(a). The domain and the boundaries of
the cross-section are denoted by €2, T'yyt, and Tjpn,
respectively. The point C' is the centre of rotation
of the cross-section and the origin of the x and y
axes. The material of the cross-section is assumed to
be homogeneous, isotropic, and linearly elastic with
a shear modulus G. Moreover, it must be pointed
out that the formulation developed in the following,
which is based on Bredt’s theory, does not consider
the cross-sectional warping and ignores the stress
concentrations.

=V

(b)

Figure 1. (a) An arbitrary shaped thick-walled cross-
section under torsional moment, (b) discretisa-
tion of the section into imaginary closed strips.

The whole cross-section is divided into n imag-
inary closed strips, all having the same thickness
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over a radial line, and numbered from 1 to n (Figure
1(b)). It must be noted that the numeration of the
strips is started from the core of the hole and there-
fore, while 7 is the last strip of the hollow region, i+1
is the first strip of the solid part of the cross-section.
The mathematical relation between any strip and the
outer and inner boundaries of the section is called
homothety.

Figure 2 compares the jth and nth strips of the
cross-section. Suppose that P is a point on the me-
dian curve of the nth strip. For the calculation, the
following definitions are used: I',, is the median curve
of the nth strip, p, is the segment CP, dS,, is the
arch element over I',,, and A,, is the area bounded
by I',. Assume also that I';, p;, dS;, and A; are the
same quantities related to the jth strip (Figure 2).

Figure 2. Two strips of the cross-section.

Due to the similarity between the CQ@/ and
CPPr triangles, one can write

pn (0),dS; = %dSn (1a,b)

S|~

pj (0) =

(G=i+1,i4+2,...n)

Moreover, from the knowledge of differential geome-
try, the areas surrounded by the jth and nth strips
are

27 27

1 1
A; = w{pi (0)d0, A = 5 j{pi (0)de  (lc,d)

0 0

and taking into account Eq. (1a), one obtains

A i\2 2
o ae ()
From Figure 3(a) and considering the triangle

CPN" in Figure 3(b), for the thickness ¢, of the jth
strip, the following expression is obtained:

Normal to FJ

=v

(a)

Va

N N
CPN"-PQN-0-5

(b)

Figure 3. (a) The jth strip of the section, (b) the calcu-
lation of the thickness, J;, of this strip.

n5j .
cos (0 — ) = o0
5 =06= p"f) cos (0 — B) (2)

Let us consider now that the jth and kth strips
take the torsional moments AT; and AT}, from the
total moment T'. At this stage, using Bredt’s second
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formula, the angles of twist w; and wy, of the jth and
kth strips can be written, respectively, as

AT, [ dS;
YiTacaz] s (32)
Sj
G=i+1,i+2,...,n)
AT, [ dSy
RUENVTEY R S (3b)
Sk

(k=i+1,i4+2,...n)

In these equations S; and Sj are the perimeters of
the jth and kth strips, respectively. On the other
hand, according to the compatibility condition of the
problem, one can write

Wi =wE =w 4)

(G#£kjk=i+1,i+2,...n)

which implies that all the strips rotate at the same
angle w. Now, substituting Eqgs. (3a) and (3b) into
Eq. (4),

A@‘%d%__Aﬂ,%d& (5)
AGAZ ) 5 T aGAL ) S
Sj Sk

G#k,jk=i+1,i+2,...,n)
and considering Eq. (1b), one obtains

ATy ATy
20T gz

k (5b)

Substitution of Eq. (1le) into Eq. (5b) gives

AT:; ATy
Ty (6)

Now, when the index k is taken equal to the i+1,
Eq. (6) gives

. 3
J
ATj = (H—1> AE-H (7&)
and
n \3
AT, = (H-—1> AT (7b)

On the other hand, torsional moment equilibrium of
the cross-section yields

T= i:AE (8)

j=i+1
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Substituting Eq. (7a) into Eq. (8), and considering
that

DD WL
Jj=i+1 7=0 j=0
nin+1)1° Ti(i+1)]°
S el
one obtains
ATy, — AT (i +1)° (10)

[ (n+ 1)) = [i (i + 1))

and then substituting this expression into Eq. (7b),
one arrives at the following expression

4Tn3
Ao —gaer M

which is the torsional moment carried by the nth
strip of the cross-section.

Calculation of Maximum Shear Stress and the
Angle of Twist

In this section, firstly the expression of shearing
stresses on the boundary of a general cross-section
is derived and then the angle of twist per unit length
is obtained.

Shear stresses on the outer boundary of the
cross-section

For the calculation of the shear stresses on the outer
boundary of the section, now consider the outer strip,
i.e. the nth strip of the section. This strip carries the
torsional moment AT,,. At this stage it is convenient
to use Bredt’s first formula in the following;:

AT,
T 20,4,

(12)

Tn

By substituting the expressions of AT,, and §,, from
Egs. (11) and (2) into the above equation, one ob-

tains

2T
0= o Arcos -1,
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When the section is divided ideally into the suffi-
ciently high number of strips, i.e. the number n is
high enough, such as 1000, 10,000, 50,000, one has

pn — P An — A
(14)
cos (0 — 3), — cos (0 — f3)

where p: radius of the boundary (segment CP, Fig-
ure 2), A: area of the section, and cos (§ — 3): value
of cos (0 — [3) on the point P (Figure 2). Therefore,
the expression for the shearing stress 7 on the bound-
ary becomes

2T n*

T7T(l) = —————
©) pAcos(0—B) [n(n+1)]° —

[i (i + D))

(15)
If the cross-section is a solid section, i.e. if it does
not have any hole, in this case ¢ = 0, and taking
n — oo, one has

lim n* lim ( n >2
—_— —)1

n— 00 [p(n+1)]? n—o00 \n+1
(16)
and hence Eq. (15) takes the following form
pAcos (0 — )

which coincides with Serra’s (1996) shearing stress
expression. By using Egs. (15) and (17), respec-
tively, the shearing stress at any point on the con-
tour, and at the same time the maximum shearing
stress, of a closed moderately thick-walled, thick-
walled, or solid cross-section can be calculated.

Angle of twist of the cross-section

To arrive at an expression for the angle of twist w of
the cross-section, let us consider Eq. (3a)

AT, [ dS;
S

From the differential geometry, the infinitesimal arch
element dS; can be written in polar coordinates as

dS; = \/p? + p3df (18)

where the prime denotes derivation with respect to
0, and hence Eq. (3a) becomes

wj = 4GA2 % Pn (19)

COS

By substituting Egs. (1a), (le), and (7a) into Eq.
(19) and taking into account Eq. (10), one arrives at

T nt
YT ER PGP

pn cos (

Again, considering that the cross-section is divided
into a large number of strips, one can write the above
equation in the following form

T n*

GA? [n (n—i—l)]2 — 8

w =

[i (i + 1))

2m
/73 & 52
j{pi"'pdg (21)

peos (0 — D)

In the case of a solid section i becomes zero, and
taking the limit as n — oo, Eq. (21) takes finally
the following form:

=12
w— GA2% Vo +p s (22)

peos (

which coincides with Serra’s (1996) angle of rotation
expression.

Application to Several Cross-Sections and
Discussion

To verify the accuracy and efficiency of the derived
expressions of (15), (17), (21), and (22), several
cross-sections having analytical or numerical solu-
tions are chosen. Firstly 6 solid sections and then
3 hollow sections are considered.

Solid cross-sections

a) Circular cross-section with mdius r, Figure 4:
For this section p = 7, A = 7%, and § = 3 —
cos (§ — 3) = 1. Thus, from Egs. (17) and (22) one

obtains

e 2T 2T
max. g3’ Gnrd

which are equal to the exact solutions.

281



GUREL, PEKGOKGOZ, KISA

H
A1
\4

-~ 7
Figure 4. Solid circular cross-section.

b) Elliptical cross-section with diameters 2a and
2b, (a > b), Figure 5: For the ellipse A = mab, and in
this section maximum shearing stresses occur at the
end points, P; and Py, of the minor axis, Figure 5.
At these points p =band § = 8 — cos (0 — () = 1;
therefore, from Eq. (17) one finds

2T
Tab?

Tappr —

max

which is equal to the exact value (Inan, 1988). As
for the angle of twist, by the properties of an ellipse,
the following expressions can be written

B a? (14 tan? ) e
pl0) = 1+ (a/b)? tan? 91 (232)
{ + (a/b)? tan? 9}
cos (0 — ) = 7
{ (1 + tan®0) [ (a/b)* tan? 9} }
23b)
and therefore from Eq. (22)
G (wab)?

do

°T(1+ tan26) {1 + (a/b)"* tan2 9}
0/ [1 + (a/b)” tan® 9} ’
T

- a ma’bh?
a? + b2
which is equal to the exact solution of the theory of

elasticity (Inan, 1988).
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2a I
Figure 5. Solid elliptical cross-section.

¢) Regular octagonal cross-section with a side
of a, Figure 6: In this section, maximum stress
is obtained at the midpoints of the sides where
p = 1.2071a and cos (f — 3) = 1. For the section
A = 4ap = 4.8284a> and therefore

27 ~ 0343154
a

Tappr —

max T (1.2071a) (4.8284a2) 1

The theory of elasticity gives the following maximum
stress value for the section (Inan, 1988):

T
TEXACE — (). 38643

max

Thus, the relative error (75X3ct — £abbr) /rexact jg gh_
tained as 11.20%.

For the angle of twist, after determination of p(6)
in each of the 8 regions of the section, Eq. (22) yields

appr — / V 7,2 + p

G (4. 8284(12 pcos (0

157/8

/ p/2 + p
pcos (0

T
=———[0.828+0.828 + - - - + 0.828]
G (4.8284a2)
T
= —————8x0.828=0.2841 ——
G (4.8284a2) Ga

and exact solution is (Inan, 1988)

T
exact =0.2733—
“ Ga?

The relative error for twist |(w®™act — @PPT) /(oxact|
is obtained as 3.95%.
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B=3m4

[3:71

B=5m4

o3 L="m/4

Figure 6. Solid regular octagonal cross-section.

d) Regular hexagonal, square, and equilateral tri-
angular cross-sections, Figure 7: For these sections
T2PPY and w?PPT values are calculated and compared
with the exact values (Inan, 1988) in the Table. As
can be seen, from hexagon to triangle, the relative

errors increase for both 7 and w.

(a) y A (b) y A

A\

Hollow cross-sections

a) Circular section with a co-centric circular hole:
Consider a hollow circular cross-section with outer
radius ro,; = r and inner radius r;,, = 0.5 r, shown
in Figure 8. Let us divide the cross-section into n =
10,000 imaginary closed strips. Since the ratio of in-
ner and outer radii is 0.5, i becomes 5000. As stated
earlier 7 is the number of the last strip of the hol-
low region. Moreover, for this cross-section p = r,
cos ( — B) =1, and A = 7r2. Now, using Egs. (15)
and (21) one obtains

. 2T 2T
FAPPT — 1 06646, w PP = 1.06646 ———
w3 Grrt

which are almost equal to the exact values of

exact 2T exact 2T
Tt = 1.066667TT3,w = 1.06666 il

b) Elliptical section with a co-centric elliptical
hole: Consider an elliptical section with outer diam-
eters 2aout, 2boyt and inner diameters 2a;,,, 2binn
(Figure 9). For such a cross-section, with a;n, /
Aout = binn /[ bour = k < 1, the theory of elasticity
gives the following results (Timoshenko, 1970; Inan,
1988; Sadd, 2005):

(c) v A

a

a

q

/
v

-

S

A
al/

»
»
X

T

28\

|
1

T/

Figure 7. Some other solid sections; (a) regular hexagon, (b) square, (c) equilateral triangle.

Table. Comparison of approximate and exact Tmax and w values for hexagonal, square, and equilateral triangular cross-

sections.
Cross- Max. shearing stress Angle of twist Relative errors, %
section TAPDE Toxact WAPPT wexact For 7 For w
Hexagon,
Figure 7(a) | 0.8888 T'/a® | 1.0193 T/a® | 1.0266 T/Ga* | 0.9628 T/Ga* | 12.808 | 6.628
Square,
Figure 7(b) 47T/a? 4.8077 T /a® 8 T/Ga* 7.092 T/Ga* | 16.80 12.803
Triangle,
Figure 7(c) 16 T/a? 20 T'/a® 55. 424 T/ Ga* | 46.188 T/ Ga* 20 20

283



GUREL, PEKGOKGOZ, KISA

2T
exact — 24
Tmax WaOUthUt (1 — k4) ( a')
T
wexact — (24b)

agutbgut 4
Gﬂ-agut + bgut (1 g )
Now, let us select a special case of £k = 0.60. When
the section is divided into n = 10,000 imaginary
closed strips, ¢ becomes 6000. For the section p =
bout, cos (0 — ) = 1, and A = Tasyutbous.- From Egs.
(15) and (21) one can obtain the 7 and w values as

2T
TAPPY — 1 14869 —
ﬂ-aO’U«tbout

T
WPPT = 1.14869 —
aoutbout

Gr——out out
ﬂ-agut + bgut

which are almost equal to the exact values obtained
from Eqgs. (24a) and (24b)

2T

TeXact — 1.14889
Waoutb

max 2

out

WAt — 114889
Gm

¢) Hollow square cross-section: As the last exam-
ple, a hollow square section with uniform thickness,
shown in Figure 10, is considered. Structural ele-
ments having this type of cross-section are widely
used in numerous engineering systems, such as truss
and framed structures, automotive chassis, mecha-

nisms, and robot arms (Lamancusa and Saravanos,
1989).
y A

P o=p

v

L —

—» 057 |=—

l———— V' ——p

Figure 8. Hollow circular cross-section.

284

YA
B
P 7
/Tf P(0)
2b0ut 2binn >
!y )
\\
2ainn 1
2aou! |
Figure 9. Elliptic section with elliptic hole.
VA
t * B=mn2

P_~0
. : /A

T T p(6) p=0

] p=3712

< a

Figure 10. Hollow square cross-section.

The outer length of each edge and the wall thick-
ness of the section are a and ¢, respectively. Analy-
ses are carried out for the range of 0 < ¢ < 0.5. In
this case, the calculated section is situated between
2 extreme sections: negligibly thin-walled and solid
sections.

It must be pointed out that, while the inner cor-
ners and outer mid-length points of this section are
both locations of high stress, disregarding the stress
concentration on the inner corners, only mid-length
stresses are considered here. Investigation of the
stresses at the inner corners is outside the scope of
this analysis.

As is well known, one can express the maximum
shearing stress and the angle of twist of any cross-
section, in compact form, as

(25a,b)
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in which Wy and GKp are the torsional strength
moment and the torsional rigidity of the section, re-
spectively. Making use of Egs. (15) and (21), and
taking into account the specific properties of the con-
sidered cross-section, we can write W and GK 1 in
non-dimensional forms as follows:

2 i(i 2
L/ S TUES) T TRV
GKr _ T _
Ga* ~ wa

0 peos (0 —0)

For this type of section, Lamancusa and Saravanos
(1989) give second, third, and fourth-order polyno-
mial expressions for the non-dimensional torsional
strength moment and the torsional rigidity expres-
sions, which are derived from the performed finite
element analyses. In the following, only third-order
polynomials are given:

Wr T

a3

Tmaxas

t t\? £\?
1.864 (—) —5.340 (—) 1 4.984 (—) (27a)
a a a
GKr T

Gat wat

t £\? £\?
0.978 (—) ~2.309 (—) 1+1.826 (—) (27b)
a a a

Wiy x103/ a3
300

(a)
200 4---n-- nf

100 1 - - -/~ -\ - -—Ao— Lamancusa and Saravanos
1 —o— Present study
—=— Thin-wall approximation

0 0.1 0.2 03 04 0.5
tla

On the other hand, from the thin-wall approxima-
tion theory (Bredt’s theory) the following equations
are obtained readily for these 2 quantities:

2
WT:L:LAt:2£<1_£> (28a)

a3 Tmax@® a3 a

GEr _ T _ 4GA® ¢ ¢
Ga* _wa4_Ga4§§_a

1— E)S (28D)

where A is the area enclosed by the median curve.
Equations (26a), (27a), (28a), and Eqs. (26b),
(27b), (28b) are plotted in Figure 11(a) and (b),
respectively. It is clear from Figure 11(a) that
all 3 methods show good agreement for low thick-
ness/width ratios, but the thin-wall formula (Eq.
(28a)) especially and presented formula (Eq. 26(a))
to some extent, deviate from the finite element
method results (Eq. (27(a)) at high thicknesses.
For the solid section, the exact value of dimension-
less torsional strength moment, (Wr/a?)x 103, is
208, and therefore the relative errors of the thin-wall
approximation, presented formulation, and the finite
element method are 20.19%, 20.19%, and 5.77%, re-
spectively. As for non-dimensional torsional rigidity,
it is deduced from Figure 11(b) that, again, the
presented formulation, finite element method, and
thin-wall approximation are in good agreement for
thin-walled sections. For the thick-walled and solid
sections, while the results of the presented formula
(Eq. (26b)) are similar to those of the finite element

Ky x10%/ a*
150

100 4 ------

30 j "4 77 |—a— Lamancusa and Saravano
—o— Present study

—g— Thin-wall approximation

0 0.1 0.2 03 04 0.5
tla

Figure 11. For hollow square section, variation of dimensionless quantities with ¢/a ratio; (a) torsional strength moment,

(b) torsional rigidity.
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method (Eq. (27b)), the results of the thin-wall ap-
proximation (Eq. (28b)) display significant discrep-
ancy from the results of the finite element method.
For the solid square cross-section, the exact value of
the non-dimensional torsional rigidity, (GKr/Ga*)x
103, is 141, and therefore the relative errors of the
thin-wall approximation, presented formulation, and
the finite element method are 55.67%, 11.35%, and
0.71%, respectively.

From the above-presented solid and hollow sec-
tion examples, we can make the following remarks:

e In the case of circular and elliptical cross-
sections, which have regular curvilinear con-
tours, exact values are obtained for both shear-
ing stresses and angles of twist.

e For the sections with contours formed by
straight sides and having obtuse angles, such
as regular octagonal and hexagonal cross-
sections, good approximation is obtained with
the exact values.

e In the case of cross-sections with contours
formed by straight sides and having right or
acute angles, such as square and triangular sec-
tions, approximated theory gives less good re-
sults. This is caused partially by no consider-
ation of warping effect in the presented formu-
lation.

e For the closed thin-walled and moderately
thick-walled sections there is high accuracy,
but for the thick-walled ones the accuracy is
somewhat low.

e Since the sharp dead corners have very lit-
tle contribution to the total torsional strength
of the cross-section, and because the approx-
imated theory is unable to take into ac-
count this aspect, the following relations apply:
Tg‘lg‘r;(r S Trerzl);a;(ct and (WAPPT Z wexact'

Conclusions and Future Work

One of the main problems that must be solved in the
design of some load carrying elements subjected to
torsion is to determine the maximum shear stresses
and the angles of twist under a given torsional mo-
ment. The approximate model and the mathemat-
ical formulation presented in this paper allow for
conducting uniform torsion analysis of closed mod-
erately thick-walled, thick-walled, and solid cross-
sections. Similar to thin-walled theory, stress con-
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centrations have been ignored in the formulation.
Easily and quickly calculable expressions of maxi-
mum shearing stress and the angle of twist have been
derived for both hollow and solid cross-sections. The
maximum shearing stress and the angle of twist val-
ues of a series of sample cross-sections have been
calculated and compared with the analytical or nu-
merical values. The results have shown that the ob-
tained formulas give exact values for the sections
having regular curvilinear contours. Moreover, re-
sults obtained for hollow sections demonstrated that
the model is more suitable for sections with small
and moderate wall thicknesses than for those having
high wall thickness values. In conclusion, the model
and the formulation presented in this paper are ef-
ficient and can help engineers to solve the uniform
torsion problem of a wide variety of cross-sections
encountered in engineering practice.

To improve the presented formulation, the au-
thors are working on a new study that takes into
account the cross-sectional warping effect. Another
possible extension of the study is the torsion analy-
sis of composite sections made of 2 or more different
materials, which is left for a future study.

Nomenclature

A area of the cross-section,

A;j area confined by the jth strip,
G modulus of shear,

GKrp  torsional rigidity of the cross-section,

a, b, t dimensions related to the sample cross-
sections,

) index,

n number of imaginary strips,

r radius of circular cross-section,

T torsional moment,

Wr torsional strength moment of the cross-
section,

I6) angle between the horizontal line and

any median curve,

thickness of a strip,

torsional moment carried by the jth

strip,

inner boundary of the cross-section,

median curve of the jth strip,

outer boundary of the cross-section,

domain of the cross-section,

distance from the centre of rotation,

shear stress,

angle measured from the = axis,

angle of twist.
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