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Mechanics condition of thin-walled tubular component with rib hydroforming 
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Abstract: To explore the hydroforming possibility of thin-walled tubular component with rib, mechanical analysis and finite element 
analysis (FEA) were conducted to investigate the rib buckling mechanics conditions. Based on lath-beam assumption, buckling Euler 
force was derived for rib which is restrained at one end and free at the other. The results indicate that it is possible to achieve a sound 
thin-walled tubular with rib component through hydroforming process and its expiation ratio can reach 20%. According to FEA, the 
effects of rib height and inner radius on buckling degree were studied and the threshold values of both rib height and inner radius 
were given. Simulation results indicate that there is a certain value for buckling and the threshold values of rib height and inner 
radius to thickness are 14 and 30. The formability deteriorates as rib height and rib inner radius increase. At last, the hydroforming 
limit diagram was drawn for hydroforming thin-walled tubular component with rib of 1Cr18Ni9. The results are useful for further 
study of hydroforming regularity of thin-walled tubular component with rib. 
Key words: thin-walled and height-rib component; tubular component; hydroforming; mechanics condition; integral forming; 
buckling 
                                                                                                             
 
 
1 Introduction 
 

With the continuous improvement of high-speed 
and high-maneuverable flight vehicle, higher and higher 
demands are proposed on light-weight and long-life 
performances of structure components. As a result, 
internal components are more and more widely used in 
modern flight vehicle design [1−4]. Thin-walled tubular 
component with rib is a typically component of such 
kind structure [5−7]. Up till now, for manufacture of 
thin-walled tubular component with rib, the forming 
process is usually as main body forming−rib 
forming−welding, namely, main-body and rib were 
specially formed and then welded together [8,9]. Such 
forming process would induce seriously welding wrinkle, 
which led to worse shape precision and lower reliability 
[10−12], especially for the ultrathin wall hollow 
components [13,14]. It was found that uniformity of 
welding residual stress is the key factor for crack growth 

under cyclic loading. BIAN et al [15] and LI et al [16] 
studied the effects of welding residual stress 
systematically and its result shows transverse weld-seam, 
i.e. the direction of weld-seam perpendicular to the 
direction of first stress, reduces the fatigue life by 
20%−40%. As a result, transverse weld-seam is not 
recommended for aeronautical structure. What’s more, 
the development of modern weapons is also demanding 
integral component to replace welding or riveting 
structure. In view of the forming situations above, a new 
process of main body and rib integral forming was 
proposed to solve the inherent difficulties during 
conventional forming process. 

In this work, the mechanics condition and process 
diagram were studied for thin-walled tubular component 
with rib hydroforming based on mechanical analysis and 
FEA. At last, according to the effects of rib height and 
inner radius on buckling degree, the hydroforming limit 
diagram of thin-walled tubular component with rib was 
given. 
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2 Method selection of buckling calculation 

 
In view of thin-walled tubular component with rib 

hydroforming shown in Fig. 1, the key problem to 
achieve a sound component is whether the rib could be 
expanded successfully without buckling. The mechanics 
condition is analyzed. 
 

 
Fig. 1 Schematic diagram of thin-walled tubular component 
with rib hydroforming 
 

Under internal pressure, force analyses of both main 
body and rib are shown in Fig. 2. It can be seen only a 
uniform pressure Q acting on the in-circled edge of rib 
and improves continuously as expansion ratio of main 
body increasing. Thus, rib has trend to buckling with 
deformation going on, if the height of rib extends to 
some degree. If buckling happens, it can be divided into 
two types according to its happening stage. The first is 
buckling happened while rib is at elastic deformation 
stage, and such shape rib cannot be used to  
hydroforming. The second is buckling happened after rib 
experienced certain degree of plastic expansion. 
Therefore, the plastic expansion ability before buckling 
can be used to hydroforming. As a result, internal 
hydroforming ability of thin-wall tubular component 
with rib improves as the rib plastic expansion degree 
before buckling. Thus, the relation between ribs buckling 
Euler force and yield stress is the key to assess if it has 
plastic expansion ability. 
 

 
Fig. 2 Schematic diagram of force analysis of main body and 
rib 
 

For ease of following presentation, build 
columniation coordinate system is shown in Fig. 2. The 
rib is restrained at in-circled border and free at the other 
according to the actual geometrical structure 
characteristics. Consequently, under such kinds of 
restrain and loading, forms of instability of rib could 
only be unidirectional bending according to plate 
instability theory. Unidirectional bending means there is 

curvature along r direction but no curvature along θ 
direction on r−θ plane, and bending shape is only 
half-wave as shown in Fig. 3. If blank initial shape is 
axial symmetry, force conditions of all particles on circle 
of r=a (a∈[rin, rout], where, rin is inner radius of rib, rout 
is outer radius of rib) are just the same. At the same time, 
radii of all particles on circle of r=a are just the same. 
 

 
Fig. 3 Bending shape of rib 
 

Fundamental assumptions: 
1) Direct normal assumption: the normal line 

perpendicular to mid-plane is still straight line after 
buckled, and the distance of particles on normal keeps 
unvaried before and after deformation. 

2) Thickness stress is far smaller than other stress, 
i.e., σt≈0. 

3) Neglect the deformation of mid-plane. 
Based on the above assumptions and according to 

plate instability theory, following conclusions are  
derived. In view of unidirectional bending, Euler force is 
just determined by materials’ elastic modulus, plane 
height and plane thickness, and is not concerned with 
plane width and width direction stress. That means Euler 
force of plane can be calculated based on lath-beam 
assumption. Thus, the Euler force of rib shown in Fig. 1 
can be calculated by analyzing the buckling Euler force 
of lath-beam L as shown in Fig. 4. 
 
3 Calculation of buckling Euler force 
 

According to imaginary displacement principle, 
assuming the deflection of lath-beam L is ω(y) when it is 
in different equilibrium. Then apply an imaginary 
displacement δω(y) on the lath-beam L. Thus, if ω(y) is 
an equilibrium stage, then δVL=δWL, where δVL is virtual 
strain energy, δWL is external virtual work, VL and WL are 
strain energy and external work of lath-beam L while it is 
deformed from initial place to bending place (shown in 
Fig. 4(e)) respectively. 
 

 2
L  0

L L

1 d2
⎧ ′′=⎪
⎨
⎪ =⎩

∫
h

V EI y

W T

ω

Δ
                         (1) 

 
where T is external force. 

Because external force T keeps unchanged, the 
relation between UL and WL can be described as UL=WL. 
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Fig. 4 Schematic diagram of force analysis of lath-beam L 
 

According to the geometric relationship as shown in 
Fig. 4(e), 

2
Ld d (1 cos ) 2d sin

2
= − =y y θΔ θ                  (2) 

Because θ is quite small, sin2(θ/2)=(θ/2)2, and 
2

Ld d / 2′= yΔ ω , thus,  
  2

L L 0  0

1d d
2

′= =∫ ∫
h h

yΔ Δ ω                       (3) 
 

And external work WL can be derived as  
 2

L L  0

1 d
2

h
U W T yω′= = ∫                        (4) 
 

For lath restrained at one end and free at the other, 
its flexural functions is fitted as  

1
π( ) 1 cos
2

yy a
h

ω ⎛ ⎞⎛ ⎞= −⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

                      (5) 
 

Combining Eqs. (5) and (1), strain energy VL can be 
derived as 

4
  2 2

L 12 2 0  0

πd
22(1 ) 2(1 )

h hEI EIV y a
h

ω
υ υ

⎛ ⎞′′= = ⋅⎜ ⎟− − ⎝ ⎠∫ ∫  

4
2 2

12 2

π πcos d
2 64(1 )

y EIy a
h hυ

=
−

               (6) 

Combining Eqs. (5) and (4), external work UL can 
be derived as 

2
  2 2

L 1 0  0

1 1 π( ) d ( )
2 2 2

h h
U q h y y q h y a

h
ω ⎛ ⎞′= − = − ⋅⎜ ⎟

⎝ ⎠∫ ∫  

2
2 2

1
π π 1sin d ( )
2 2 16 4

y qy a
h

= −                 (7) 

For ring-shaped rib, deformation along hoop 
direction also happens during buckling bending. For 
elastic deformation stage, hoop strain εθ and radius strain 

εr can be expressed as follows:  

r2

r r2

( )
1

( )
1

⎧ = − +⎪ −⎪
⎨
⎪ = − +
⎪ −⎩

E

E

θ θ

θ

ε σ μσ
μ

ε σ μσ
μ

                      (8) 

 
According to principle of force equilibrium, hoop 

stress σθ and radius stress σr can be described as  

r

⎧ =⎪⎪
⎨ −⎪ =
⎪⎩

pr
h
h yp

h

θσ

σ
                               (9) 

 
Combining Eqs. (8) and (9), the relation between 

hoop strain εθ and radius strain εr can be described as  

r
( ) ( )

( ) ( )
+ − + − ′′= =
− + − +

r h y r h y
h y r h y rθ
μ με ε ω

μ μ
           (10) 

 
Because the principal stress axes keep unvaried, 

dΔLθ can be described as[17]  
2

L
( )d d / 2

( )
+ − ′=
− +

r h y y
h y rθ
μΔ ω

μ
                  (11) 

 
Then strain energy VLθ and external work ULθ along 

hoop direction can be derived by combining Eqs. (6), (7) 
and (10). But, the functions of strain energy and external 
work are nonsoluble if it still uses the flexural function 
as Eq. (5). 

To achieve a mathematical expression, flexural 
function is simplified as Eq. (12) for energy VLθ and 
external work ULθ analysis.  

2
1( )y a yω =                                 (12) 

 
Combining Eqs. (1), (4), (10) and (11), the strain 

energy VLθ and external work ULθ along hoop direction 
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can be derived as follows:  
2 2 1

L 11 0

( ) d
2 ( ) 2

h a EIEI r h yV a y
h y rθ
μ

μ
⎡ ⎤+ −

= = ⋅⎢ ⎥− +⎣ ⎦
∫  

2
2 22 (1 ) lgr r h rh

h r r
μμ μ μ

μ μ μ
⎡ ⎤+

+ − + −⎢ ⎥
+⎣ ⎦

   (13) 

 2
L 1 0

1 ( )( ) d
2 ( )

h r h yU q h y a y
h y rθ
μ

μ
+ −

= − =
− +∫  

2 2
2 2 21 (1 ) (1 ) lg

2 2
a h q h rrhq r q

r
μ μμ μ μ

μ
⎡ ⎤+

− − − −⎢ ⎥
⎣ ⎦

 

(14) 
Combining Eqs. (6) and (13), the total strain energy 

V is derived as  
2 4

21
2 2

π
2 32(1 )

a EI rV h
h

μ
μυ

⎡
= + + −⎢

−⎣
 

2
22 (1 ) lgr h r

h r r
μμ μ

μ μ
⎤+

+ − ⎥
+ ⎦

             (15) 
 

Combining Eqs. (7) and (14), the total external 
work U is derived as 
 

2 2 2
21 π 1 (1 )

2 16 4 2
a h qU q rhqμ μ

⎡ ⎛ ⎞
= − + − − −⎢ ⎜ ⎟

⎝ ⎠⎣
 

2 2(1 ) lg h rr q
r
μμ μ

μ
⎤+

− ⎥
⎦

                   (16) 

 
Thus, the total routine can be given as follows: 

 
V UΠ = −                                  (17) 

 
According to the variational principle, the 

requirement of functional taking stationary value is the 
first variation of functional Π=V−U equal to zero. Thus, 
virtual displacement can be expressed as 
 

( ) 0V Uδ − =                                (18) 
 

Combining Eqs. (15), (16) and (18), the first 
variation of functional Π=V−U is described as 
 

4 2
2

1 2 2
π

32(1 )
r ra EI h

h rh
μ

μ μυ

⎧ ⎡⎪ + + − +⎨ ⎢
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2 π 12 (1 ) lg ( )
16 4 2

h r h qq
r
μ μμ μ

μ
⎡⎤+

− − − + −⎢⎥
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2 2 2(1 ) (1 ) lg 0h rrhq r q
r
μμ μ μ

μ
⎫⎤+

− − − =⎬⎥
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        (19) 

Due to a1≠0, buckling Euler force qE is derived as 
4 2

2
E 2 2

π
32(1 )

r rq EI h
h rh

μ
μ μυ

⎧ ⎡⎪= + + − +⎨ ⎢
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2 2
2 π 12 (1 ) lg

16 4 2
h r h

r
μ μμ μ

μ
⎡⎛ ⎞⎫⎤+

− − + −⎢⎜ ⎟⎬⎥ ⎜ ⎟⎦ ⎢⎭ ⎝ ⎠⎣
 

2 2 2(1 ) (1 ) lg h rrh r
r
μμ μ μ

μ
⎤+

− − − ⎥
⎦

          (20) 

If p0 is the initial pressure of rib hydrobulging, 
conclusions can be obtained as follows: 

If qE<p0, the rib has no ability to hydroforming. 
If qE>p0, the rib has ability to hydroforming. 

 
4 FEA of rib buckling 
 
4.1 Finite element model 

AbaqusTM is used to simulate the expand process of 
rib restrained at one end and free at the other. A quarter 
of a plane strain model is analyzed according to the 
symmetrical profile. Rib is meshed by 3D-shell element 
S4R and the FEM modal is shown in Fig. 5. Two 
boundary conditions were carried out. Symmetric 
constrains were applied on both lines of θ=0 and θ=90°. 
R and θ rotation constrains were applied on rib in-circled 
edge to simulate the tie boundary conditions between 
main body and rib. An initial deflection on out-circled 
edge is applied to inducing plate buckling bending. 
 

 
Fig. 5 Finite element model 
 

The rib blank is a stainless steel (0Cr18Ni9Ti) with 
an original thickness of 2 mm and is assumed as 
elastic-plastic strain hardening material and the material 
properties are shown in Table 1. 
 
Table 1 Parameters of materials 

Elastic
modulus,

E/GPa 

Poisson
ratio, υ 

Strain 
hardening 

exponent, n 

Stress 
coefficient, 

K/MPa 

Yield 
stress, 
σs/MPa

21 0.3 0.45 1200 375 

 
4.2 Buckling process 

Figure 6 shows the deformed shapes of rib in 
different stages, whose inner radius is 60 mm and ratio of 
rib height to thickness, described by h/t, is 14 and 15. It 
can be seen that rib plate is steady for rib with h/t<14, 
when displacement of inner edge is less than 20%rin. In 
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Fig. 6 Shape of rib after expansion: (a) rin=60 mm, h/t=14, u1=10%rin; (b) rin=60 mm, h/t=15, u1=10%rin; (c) rin=60 mm, h/t=14, 
u1=20%rin; (d) rin=60 mm, h/t=15, u1=20%rin 
 
view of rib with h/t>15, rib induces overall buckling 
when displacement of inner edge reaches 20%rin. It can 
be concluded that rib restrained at one end and free at the 
other end expresses some degree of plastic expansion 
ability if ratio h/t is among a certain degree. Thus, such 
rib could be hydroformed. 
 
4.3 Effect of rib height 

In this work, z-direction displacement, named as dz, 
was selected to quantitatively describe buckling degree, 
and the measurement method of dz is shown in Fig. 7. 
 

 
Fig. 7 Schematic diagram of z-direction displacement 
 

Figure 8 shows the effect of rib height on buckling 
degree. It can be seen that there is a certain threshold 
value of rib height to induce buckling happening. 
Buckling happens only when rib height reaches the 
threshold value, and buckling level aggravates rapidly as 
rib height. As shown in Fig. 8, dz is always zero when h/t 
is less than 14, which means that rib can be expanded 
successfully if h/t is less than 14. When h/t reaches 14, a 
negligible amount of dz happens, which is about 0.26 

mm. But dz increases rapidly to 7.5 mm during h/t 
increased by 1 reaching to 15. It is worthwhile to note 
that obviously buckling bending can be observed under 
this displacement level as shown in Fig. 6. After h/t 
increases to 18, dz increases slowly. Thus, it can be 
concluded that the threshold value is 14 for rib height to 
induce buckling. 
 

 
Fig. 8 Effect of rib height 
 
4.4 Effect of rib inner radius 

Figure 9 shows the effect of rib height on buckling 
degree. It can be seen that dz decreases rapidly when rib 
inner radius is less than 65 mm, but is gradually tending 
to zero after rib inner radius is larger than 75 mm, which 
means there is not a obvious threshold value of rib inner 
radius to induce buckling happening. As shown in Fig. 9, 
dz is about 7.6 mm when inner radius is 60 mm, and 
decreases to 1.3 mm when inner radius is 65 mm. When 
rib inner radius reaches 70 mm, z-direction displacement 
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is always 0.25 mm. Under this deformation level, 
buckling bending still can be observed. Only when rib 
inner radius is larger than 75 mm, dz decreases to smaller 
than 0.02 mm. For such displacement level, it can be 
concluded that the threshold value is 75 for rib inner 
radius to induce buckling. 
 

 
Fig. 9 Effect of initial inner radius 
 
4.5 Forming limit diagram 

Comprehensive simulations were conducted to 
investigate the influence of inner radius and ratio of rib 
height to thickness. Failure modes are located with the 
aid of process diagram as shown in Fig. 10, where SOU 
Com and BUC Def denote no buckling bending and 
buckling bending, respectively. It can be seen that, for an 
inner radius rib, buckling bending occurs only when h/t 
exceeds some degree. For rib with certain ratio h/t, 
buckling bending does not occur if inner radius reaches 
some degree. Consequently, integral hydroforming is 
possible for thin-walled tubular component if rib is 
among proper geometric structure. 
 

 
Fig. 10 Process diagram 
 
5 Conclusions 
 

1) Based on lath-beam assumption, buckling Euler 
force is derived for thin-walled tubular component with 

rib internal hydroforming. Mechanical analysis proves 
that it is practical for tubular component with rib 
hydrobulging. The mechanical boundary condition is that 
rib initial yield pressure is larger than rib buckling Euler 
force. The geometry boundary condition is that rib height 
is less than and rib inner radius is larger than the 
threshold value. 

2) Rib restrained at one end and free at the other end 
has hydrobulging ability. Expansion ratio can reach 20% 
for 1Cr18Ni9Ti blank when ratio of rib height to 
thickness is less than 14 and the threshold values of rib 
height and inner radius to thickness are 14 and 30, 
respectively. 

3) For thin-walled tubular component with rib, trend 
of buckling bending increases with the increase of ratio 
of rib height to thickness and decreases with the increase 
of inner radius. Thin-walled tubular component with rib 
can be hydroformed successfully only when rib height is 
less than that of threshold values and at the same time rib 
inner radius is larger than that of threshold values. 
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薄壁高筋筒形件内高压成形力学条件分析 
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摘  要：为探讨薄壁高筋筒形件整体内高压成形的可行性，采用力学分析和数值模拟相结合的方法，研究了一端

约束、一段自由约束特征的薄板(加强筋)失稳的力学条件。基于“板条梁”理论给出了筋板失稳欧拉力的数学表

达式。结合数值模拟分析了筋板高度和内径对失稳的影响。结果表明：对于 1Cr18Ni9Ti 薄壁高筋筒形件胀形量为

20%时其临界高厚比和径厚比分别为 14 和 30。随着高厚比增大，成形性降低，随着径厚比增大，成形性提高。

绘制了内高压成形窗口图，为薄壁高筋筒形件内高压成形规律的深入研究和内高压成形工艺设计奠定了理论基

础。 

关键词：薄壁高筋件；筒形件；内高压成形；力学条件；整体成形；失稳 
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