‘l, International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056
JET Volume: 11 Issue: 12 | Dec 2024 www.irjet.net p-ISSN: 2395-0072

Stress Analysis and Testing Method for Combined Bending and
Twisting Deformation of Thin-Walled Circular Tubes

Jilei DONG , Guanghong MIAO , Liang LI , Hongxue ZHANG

School of Mechanics and Optoelectronics Physics,

Anhui University of Science and Technology, Anhui Huainan 232001 , China

Abstract: The thin-walled circular tube bending and twisting combined deformation experiment is a typical representative
of combined deformation experiments. Through this experiment, one can master the principles of strain gauge placement,
learn to analyze the strain components of corresponding strain gauges, and thus design bridge paths appropriately to
measure the strain components generated by a certain internal force separately. This article first conducts stress analysis on
the bending and twisting combined deformation of thin-walled circular pipes, in order to understand the stress state at any
point on the surface of thin-walled circular pipes; Then analyze the magnitude and direction of the principal strain at the
designated point of the thin-walled circular tube under three different strain flower pasting methods; Finally, the electrical
measurement method is used to study the magnitude and direction of the principal stress at a specified point on the surface of
a thin-walled cylinder, as well as the normal stress caused by the bending moment in the specified section, the shear stress
caused by the torque, and the shear stress caused by the shear force. This technology can lay a solid practical foundation for

students to engage in work related to engineering monitoring.
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1. INTRODUCTION

Resistance strain measurement (electrical measurement) technology is an important and practical technique in the field of
mechanics. The use of resistance strain effect can convert the measured mechanical quantities into electrical quantities for
testing. Mastering this technology can lay a solid practical foundation for students to engage in engineering monitoring

work[1].

In engineering practice, components often undergo two or more basic deformations under load, namely combined
deformation [2]. The experiment of thin-walled cylinder under combined bending and twisting deformation is a typical
representative. The determination of internal forces during the combined bending and twisting deformation of thin-walled
cylinders is one of the teaching experiments in the course of materials mechanics, and it also has practical value in
engineering. Through this experiment, one can master the principle of arranging strain gauges, learn to analyze the strain
components of strain gauges, and be able to design bridges appropriately to measure the strain components generated by

certain internal forces separately [3].

2 STRESS ANALYSIS OF COMBINED BENDING AND TWISTING DEFORMATION

The experimental apparatus for combined bending and twisting deformation and the cross-section of the thin-walled
circular tube are shown in Figure 1. One end of the circular tube is a fixed end, and the other end is fixedly connected to a
steel crank arm with a length of @. The circular tube undergoes a combination of bending and twisting deformation under
the action of concentrated force F , and the distance from the tested section I-Ito the free end is L. According to the stress
state theory analysis, all points on the surface of the thin-walled cylinder are in a plane stress state [4].
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Section I-I

Fig.1: Experimental apparatus and cross-sectional schematic diagram for combined bending and twisting deformation

Take any point on the surface of the thin-walled circular tube for stress analysis, and the plane stress state of any point
is shown in Figure 2. From Figure 2, it can be seen that the surface of the component is in a plane stress state. To obtain the
magnitude and direction of the principal stress of the unit cell in the plane stress state, it is necessary to know the
magnitude and direction of the stress in the two perpendicular directions of the unit cell, as well as the magnitude and

direction of the shear stress [5].
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Fig.2: Stress analysis under plane stress state
According to Hooke's Law [6], it can be concluded that:

&= i(‘3'1 — Ho,)
= (W

Among them: O isthe maximum principal stress, 0, isthe minimum principal stress, &; is the line strain in the
direction of the maximum principal stress (0;), &, is the line strain in the direction of the minimum principal stress

(0,), E istheelastic modulus,and # is Poisson's ratio.

The magnitude of the principal stress at any point can be obtained from equation (1) as follows:

E
oy = m(gl + 1E,)
(2)

E
0, = (& + &)
1-4°

© 2024, IRJET | ImpactFactorvalue: 8.315 | 1S09001:2008 Certified Journal | Page 154



‘,/ International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056
]Ff Volume: 11 Issue: 12 | Dec 2024 www.irjet.net p-ISSN: 2395-0072

For the convenience of expressing strain in different directions, a coordinate system is set for the measuring point, and
the strain components at the measuring point are defined as ¢, gy, and Yy The angle between the measuring point

and the X-axis is defined as the main direction in the @ direction, and the angle @ is defined as positive when rotated

counterclockwise. There are [7]:
&, =6,C08° a+¢&,5in" a+y, sinacosa (3)
After transforming the trigonometric relationship, we obtain:

& tE, g€

Yy
£ = + Y cos2a +“2sin 2« (4)
“ 2 2 2

From equation (4), a strain circle can be obtained as shown in Figure 3, with £ on the x-axis and —y/2 on the

y-axis [8]. This strain circle can represent the variation of strain in different directions at a point under plane stress state.

v/
Fig.3: Strain Circle under Plane Stress State

According to the strain circle under the plane stress state shown in Figure 3, it can be concluded that:

a=2{(+e)+ e, -2 7
1 2 2
82:E|:(8x+8y)_\,(gx_8y) +7/xy:| (5)

I
20, =arctan—>—

£,—&,

3 TEST THE METHOD OF PASTING STRAING STRAIN GAUGES

In actual measurement, &, and €, can be directly measured, but ), cannot be directly measured. The unique

circle can be determined by three points, and as long as the line strain in any three directions is known, the unique strain
circle can be determined. In actual measurement, when the direction of the principal stress at each point is unknown, it can
be determined by arranging a right angle strain flower vertically pasted at the measured point, a right angle strain inclined
45 degree pasted method, or an equiangular strain flower pasted method [9].

According to equations (4) and (5), three strain flower pasting methods can be obtained, and the magnitude and

direction of the principal strain are shown in Table 1.

© 2024, IRJET | ImpactFactorvalue: 8.315 | 1S09001:2008 Certified Journal | Page 155



‘,/ International Research Journal of Engineering and Technology (IRJET)  e-ISSN: 2395-0056
]Ff Volume: 11 Issue: 12 | Dec 2024 www.irjet.net p-ISSN: 2395-0072

Table 1:Three types of strain flower pasting methods and the magnitude and direction of the principal strain

b Schematic diagram of
aste
strain flower pasting | Main strain magnitude and direction
p g
method
method
. vl
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By substituting the principal strain values of the three strain gauges in Table 1 into equation (2), the principal stress
values corresponding to the three strain gauges can be obtained.
The magnitude of the principal stress for the vertical pasting method of the right angle strain flower and the 45 °

inclined pasting method of the right angle strain flower is:

o, = E . [“—'u(ga+gc)+M\/(8a—gb)2 +(£b—gc)2}

2 2
(6)

o, = E 2|:1+’u(5 +gc)_M\/(ga—gb)2+(5b—80)z}

The principal stress magnitude of the adhesive method for equiangular strain flowers is:

0, = 1—E,L12 |:1+Tlu(ga +&,+&,) +@\/(5a _‘9b)2 +(& _gc)z (& _ga)z}

V2@

(7)
|:1+T/u(ga + & +gc)_—_,U)\/(‘9a _gb)2 + (gb _80)2 +(8c _ga)2:|

_E
1- 47

o,

3
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4 TESTING METHOD FOR COMBINED BENDING AND TWISTING DEFORMATION

Taking the method of pasting strain gauges at a 45 degree angle with a right angle strain inclination as an example,
this study investigates the magnitude and direction of the principal stress at a specified point on the surface of a
thin-walled cylinder, as well as the normal stress caused by the bending moment within the specified section, the shear

stress caused by the torque, and the shear stress caused by the shear force.

Select four points, A. B. C. D, on the top, bottom, front, and back of the |-l section of the thin-walled cylinder
shown in Figure 1. The positions of the four points are shown in Figure 4, and a set of strain flowers with a right angle

strain inclination of 45 degrees are pasted at the points A. B. C. D, as shown in Figure 5.

. ) ] Fig.5: Schematic diagram of pasting strain
Fig.4: Surface test points on section I-1 )
gauges at test points

4.1 Testing method for magnitude and direction of principal stresses at points A, B. C. D
4.1.1 Theoretical analysis of the magnitude and direction of principal stresses at points A. B. C. D

According to the knowledge of material mechanics [10], there are three types of internal forces: bending moment M,
torque T, and shear force Q on section I-I. Therefore, the stresses of the unit cells at points a/b/c/d on section I-lare caused
by these internal forces.

Points B. D:Point B experiences tensile stress, while point D experiences compressive stress. The shear stress
caused by bending is zero, and the normal stress caused by bending and the shear stress caused by torsion constitute a

biaxial stress state, as shown in Figure 6.
4 4

Fig.6:Stress state analysis of points B and D

According to the knowledge of material mechanics, the normal stress caused by bending moment M at points B and D
and the shear stress caused by torsion T at points B and D are respectively:

M AF-L
: L(l—a“)
32
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T AF -a
‘ L(1— )

Among them, W, is the bending section modulus of the circular tube; WV,

is the torsional section modulus of the
circular tube; @=d/D

According to Figure 6, the stress components at points B. D are as follows

O, =0y
co,=0 (10>
z-xy:TT

The magnitude and principal direction of the normal stress at points B. D are

2 2
o, +0 o, — 0O o o
Oa=——2+% L 4 =Mt Mol
' 2 2 2 2

(11

27, 2
tg2a = — y _ h
o,—0, o

Among them, & is the angle between the main stress and the axis of the circular tube

Two points A and C: Both points A and C are in a state of pure shear stress, and both points are on the neutral layer, so

they will not cause principal stress. However, torque and shear force respectively cause shear stress, as shown in Figure 7

i 7 /gl

Fig.7:Stress state analysis of points A. C

According to the knowledge of material mechanics, the shear stress caused by the shear force Q at points B and D is
Q_Q

To = = (12>
A Rt

Among them, Q=F , R, =(D+d)/2 , t=(D-d)/2.

According to Figure 7, the stress component at point A is:
o,=0,=0
o (13)
T, =71 + 7,
The stress component at point C is:
o,=0,=0
o (14)
T, =Tr —Tg

The magnitude and direction of the principal stress at points A. Care
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(15

4.1.2 Testing method for magnitude and direction of principal stresses at points A. B. C. D

Connect strain gauges R —R, at four points A. B. C. D on section |-l using the half bridge common

external compensation wiring method to the strain gauge, and measure the bridge as shown in Figure 8.

Fig.8: R -R, Half Bridge Common Temperature Compensation Wiring Method

After loading the levels, the strains of points A. B. C. D can be measured separately. By substituting the strain

g of points A, By C. D into the following formulas, the magnitude and direction of the principal stress at each

point can be calculated.

Oy, = E(g45° e ) + \/E )\/(80° “E )2 * (80° € s )2

2(1—/1) B 2(1+,u

i "

265 ~ &5 ~E 5

(16)

tg2a =
4.2 Testing method for normal stress caused by bending moment M

The theoretical value of the normal stress caused by bending M at points B and D is shown in equation (8).
Measure the normal stress caused by bending moment M by connecting strain gauges R, and R, at 0" on the

top and bottom ( B\ D) of the cylinder using the half bridge connection method, as shown in Figure 9.
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Fig.9: Wiring diagram for measuring normal stress caused by bending moment

According to the knowledge of electrical measurement method, the relationship between strain degree and positive

strain caused by bending moment when wiring according to Figure 9 is:

= a7m

Among them: &, isthe measured strain reading; &,, 1is the positive strain value caused by bending moment.

According to Hooke's Law, the normal stress caused by bending moment is:

E
o, =Ee, = :ds (18)

Among them, ©,, isthe normal stress caused by bending moment.

4.3 Testing method for shear stress caused by torque T

The theoretical value of the normal stress caused by torque T at points B and D is shown in equation (9).

Measure the shear stress caused by torque T by connecting four strain gauges Rl, R3, R7, and R9 at two points

-45 ° and 45 ° in front and behind the cylinder (A, C) to the entire bridge line, as shown in Figure 10.

B

74 '>c

4

D

Fig.10:Wiring diagram of shear stress caused by torque measurement

According to the knowledge of electrical measurement method, the relationship between strain degree and strain

caused by torque when wiring according to Figure 10 is:

&y =46; (19
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Among them, &; is the strain value caused by torque T .
The shear strain caused by torque is:
€4

=2 =5 (20>
7T T 2

Among them, p; is the shear strain caused by torque T .

According to Hooke's law of shear, the shear stress caused by torque is:

. =Gy, = (21)

Among them: 7; is the shear stress caused by torque T ; G is the shear elastic modulus of a thin-walled cylinder.

4.4 Testing method for shear stress caused by shear force Q

The theoretical value of shear stress caused by shear force Q at points B and D is shown in equation (12).
The shear stress caused by the shear force Q is measured by connecting four strain gauges R1' RS, R7, and R9

at-45 °and 45 ° in front and behind the cylinder (4, C) to the entire bridge line, as shown in Figure 11.

B

/TN

24 >c

N/

D

Fig.11: Wiring diagram of shear stress caused by shear force measurement
According to the knowledge of electrical measurement method, the relationship between the strain degree and the
strain caused by shear force when wiring according to Figure 11 is:

gds

=4g, (22)

Among them, & is the strain value caused by shear force.
The shear strain caused by shear force is:

g
Yo =264 = % (23)

Among them, Yo is the shear strain caused by shear force.

According to Hooke's law of shear, the shear stress caused by shear force is:
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74 =Gy, = 2010 (24)

Among them, Ty is the shear stress caused by shear force.
5. CONCLUSIONS

This article first conducts stress analysis on the combined deformation of bending and twisting of thin-walled circular
pipes to understand the stress state at any point on the surface of the thin-walled circular pipe; Then analyze the
magnitude and direction of the principal strain at the designated point of the thin-walled circular tube under three
different strain flower pasting methods; Finally, the electrical measurement method is used to study the magnitude and
direction of the principal stress at a specified point on the surface of a thin-walled cylinder, as well as the normal stress
caused by bending moment, shear stress caused by torque, and shear stress caused by shear force within a specified
section when the thin-walled cylinder undergoes combined bending and twisting deformation. The above research not
only provides a measurement method for separately measuring the strain component generated by a certain internal force
in composite deformation, but also lays a solid practical foundation for students to engage in work related to engineering

monitoring.
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