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Abstract: Peculiarities of stress-strain state of pressure hull of underwater technical device, shaped as torus with circle intersection, which 

was obtained by spiral winding of polymer composite materials, are presented. 
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1. Introduction 

The method of winding by fiber (band) is an efficient method 

of production of pressure hulls of underwater technical devices, 

made of polymer composite materials (PCM), which allows 

maximal realization of physical and mechanical properties of 

fiberous PCM. This method allows realization of such a complex 

shape of PCM-made pressure hull as torus. 

Spiral winding, scheme of which is presented at Fig. 1, is one 

of the types of continuous fiber winding. 

 

  

a – inner radius of meridian intersection; R – distance 

between rotation axis and the center of meridian intersection  ; 

r0 – maximal rotation radius (on the outer equator);  r – distance 

from   в-в  rotation axis to given К(θ) point of the middle surface 

in meridian intersection; ±φ – angles of spiral winding 

Fig.1. Geometric sizes and schemes of winding of round 

toroidal casing 

 

Spiral winding is a symmetric laying of fibers (band), at 

which the wall of multilayer material is formed by pairs of 

identical monolayers, which are laid under the angles of ± φ to 

meridian. Depending on the used scheme of spiral winding, 

geodesic and equilibrium windings are distinguished. Spiral 

winding leads to the formation of composite material with 

orthogonal reinforcement. Thus  toroidal pressure hull is 

considered as multilayer orthotropic casing, and evaluation of 

elastic characteristics of material of winded toroidal casing wall 

was performed by approximation of their real structure by 

multilayer model [1]. 

The algorithm of the evaluation of toroidal casing as a 

pressure hull of underwater  technical devices, made by winding, 

is considered in paper [2], yet the issues of the peculiarities of the 

impact of the angle during spiral winding of toroidal pressure 

hulls from the strength point of view are still open. 

The goal of work is to study the peculiarities of stress-strain 

state (SSS) of oroidal pressure hulls, made of PCM, at spiral 

winding.. 

2. Results and discussion 

The main peculiarity of spiral winding is the fact that the 

thickness of casing by meridian intersection is constant, contrary 

to transverse winding with longitudinal winding (or facing). 

However, the slope of spiral related to the axis of big circle is 

variable. Momentary stress state by the meridian is also affected 

by the geometry of torus shape, which is taken into account in 

evaluation by introducing k=a/R coefficient. 

 

 

 

а) b) 

 

Fig. 2. Geometric parameters of diameter intersection of 

toroidal casing of averaged thickness (a) and stress state in the 

point of К(θ) type of middle surface of casing (b) 

 

Elastic characteristics for the evaluation of Сij, Dij rigidity of 

the i-th layer in θ, ψ coordinates for the reinforced materials, 

obtained by spiral winding, in case when reinforcing material is 

situated under φ angle were evaluated by the following formulas 

[3]: 
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where η – coefficient of volume filling by fiber. 

At the present stage, due to the mathematical complexity of 

taking the change of winding angle φ(θ) into account, method of 
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averaging according to [4] was used both for geodesic spiral 

winding (GSW) and equilibrium spiral winding (ESW), which 

allowed stabilization of elastic modulus border values.  

After the system of infinite linear algebraic equations was 

solved, values of the coefficients for the functions of um and wm 

displacements of К(θ) type points (see Fig. 2) were found, which 

allowed theoretical study of SSS of pressure hull with circle 

transverse intersection, obtained by spiral winding from carbon 

reinforced plastic (CRP) and glass reinforced plastic (GRP). 

Orthotropic toroidal casings, made of CRP and GRP (see Fig. 

2) with parameters of а =1 m, k = 0,33 were considered as an 

example of pressure hull of underwater technical device. Elastic 

characteristics of monolayer and averaged batch thickness were 

chosen from the durability point of view according to solutions, 

presented in [5] for immersion depth of H = 1000 m 

(Ркр = 10 MPa): for GRP (S-2 GLAAS/Epoxy) – Е1 = 59 GPa, 

Е2 = 20 GPa, µ1 = 0,28, hΣ
GRP = 0.064 m and for CRP 

(M35J/Epoxy) – Е1 = 207 GPa, Е2 = 7,4 GPa, µ1 = 0,348, 

hΣ
СRP = 0.04 m. 

Obtained solutions allowed the obtainment of  diagrams of 

distributions of thicknesses h(θ), flexures w(θ), normal stresses 

Т1(θ) and Т2(θ), bending moment М1(θ) and cutting force N1(θ) 

for both considered materials in meridian intersection of torus 

(see Fig. 3 and Fig. 4) while taking into account the equations (1–

4) for um and wm displacements and holding 5 row members by 

m. 

 

 

 

 

 

 

а) b) 

Fig. 3 The diagrams of distributions of thicknesses h(θ), 

flexures w(θ), normal stresses Т1(θ) and Т2(θ), bending moment 

М1(θ) and cutting force N1(θ) for spiral wound toroidal pressure 

hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for GRP S-

2 GLASS/Epoxy in case of GSW (а) and ESW (b) 

 

 

 

 

 

 

 

а) б) 

Fig.4. The diagrams of distributions of thicknesses h(θ), 

flexures w(θ), normal stresses Т1(θ) and Т2(θ), bending moment 

М1(θ) and cutting force N1(θ) for spiral wound toroidal pressure 

hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for CRP 

M35J/Epoxy in case of GSW (а) and ESW (b) 

 

Evaluation of the function of thickness change h(θ) for all 

considered spiral winding types confirm its constancy. 

The diagrams of distributions of flexures w(θ) are 

substantially uneven, which confirms significant contribution of 

momentary stress state of casing by meridian. Maximum for 

flexures of casing, made of GRP, is situated at θ = ±π/2 area and 

is wΣ
GRP= 8,78 mm for GSW and wΣ

GRP = 10,2 mm for ESW. 

Maximum for flexures of casing, made of CRP, is situated at 

θ = ±2π/3 area and is wΣ
CRP = 5,12 mm for GSW and wΣ

CRP = 

7,43 mm for ESW. Their relation to casing thickness is wΣ
GRP /h 

= 0,185 for GSW and wΣ
GRP /h = 0,215 and wΣ

CRP /h = 0,248 for 

RSW, which allows consideration of casing as thin even at 

k = 0,33.  

The diagrams of distributions of Т1(θ) normal stresses are 

substantially uneven which is clearly shown for the following 

relations – for GSW T1
GRP

max/ T1
GRP

min = 1,39 and T1
CRP

max/ 

T1
CRP

min = 1,42, and for RSW T1
GRP

max/ T1
GRP

min = 1,42 and 

T1
CRP

max/ T1
CRP

min = 1,48, which is due to the impact of torus 

geometry. Maximum of normal stresses is situated at A pole. The 

diagrams of distributions of Т2(θ) normal stresses are almost even 

by meridian intersection for all considered casings.  

The diagrams of distributions of М1(θ) have three noticeable 

maximums at θ = 0, θ = ±π/2 and θ = π. The biggest of them is 

situated at θ = ±π/2 area.  

The diagrams of distributions of N1(θ) cutting force have two 

maximums in θ = ±π/6 and θ = ±2π/3 areas. 
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а) b) 

 

Fig. 5. The diagrams of distributions of middle surface 

stresses σθ(Т1) and  σψ(Т2) for spiral wound toroidal pressure 

hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for GRP S-

2 GLASS/Epoxy in case of GSW (а) and ESW (b) 

 

  
а) b) 

 

Fig. 6. The diagrams of distributions of middle surface 

stresses σθ(Т1) and  σψ(Т2) for spiral wound toroidal pressure 

hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for CRP 

M35J/Epoxy in case of GSW (а) and ESW (b) 

 

The values of total maximal stresses of middle surface σθ and 

σψ (see Fig. 5 and Fig. 6) for toroidal casing are only dependent 

on the values of Т1 and Т2 normal stresses correspondingly. For 

the GRP the σθ and σψ are almost indentical for GSW and ESW 

and their values are σθ
max = 260 MPa and σψ

max = 105 MPa for 

each type of winding. At the same time, for CRP the maximum 

σθ stresses for GSW are lower than for ESW and are 410 and 465 

MPa correspondingly, while the maximum σψ value for GSW is 

higher than for ESW and is 165 MPa (142 MPa for ESW). Thus, 

GSW leads to unloading of meridian intersection, which is due to 

the fact that stressed state by meridian intersection is 

substantially non-axis-symmetrical (contrary to cylinder) due to 

torus geometry.   

Maximum values of σθ stresses of middle surface (see Fig. 5 

and Fig. 6) for toroidal pressure hulls in all cases will be situated 

on the inner equator at А (θ = π) point, and for σψ stresses they 

will be situated on the outer equator at В (θ = 0°) point. While for 

toroidal pressure hull made by transverse winding combined with 

longitudinal winding (or facing) maximum values of the middle 

surface σθ and σψ  stresses will be situated on the outer equator at 

В (θ = 0°) point [2]. 

 

  

  

  
а) б) 

 

Fig .7. The diagrams of distributions of σθ stresses for spiral 

wound toroidal hulls at outer (1) and inner (2) surfaces of 

casings (а = 1 m, k = 0.33) on the depth of H = 1000 m for GRP 

S-2 GLASS/Epoxy in case of GSW (а) and ESW (b) 

 

  

  

  
а) b) 

 

Fig.8. The diagrams of distributions of σθ stresses for spiral 

wound toroidal hulls at outer (1) and inner (2) surfaces of 

casings (а = 1 m, k = 0.33) on the depth of H = 1000 m for CRP 

M35J/Epoxy in case of GSW (а) and ESW (b) 

 

Momentary component of stresses σθ
М changes its sign 

simillary for all considered cases (see Fig. 7 and Fig. 8). 

It is shown, that tacking moment М1 into account 

significantly impacts the value of total σθ  stresses and is 15 % 
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for GRP and 11.5% for CRP in case of GSW and 18 % for GRP 

and 15.3 % for CRP in case of ESW in θ=±π/2 area.  

The results of combination of meridian normal σθ
Σ stresses 

for all considered cases are shown at Fig. 7 and Fig. 8. Maximal 

σθ
Σ stress for all considered cases is situated on the inner surface 

at the A pole area and at Ркр=10 MPa for GRP S-2 

GLASS/Epoxy it is σθ
max = 280 MPa at GSW and 

σθ
max = 290 MPa at ESW, and for CRP M35J/Epoxy it is 

σθ
max = 430 MPa at GSW and σθ

max = 490 МПа at ESW.  

3. Conclusions 

The specified method for determination of SSS components 

for toroidal pressure hulls of underwater technical devices, made 

by spiral winding, is considered.  

It is found out, that the maximal flexure for GRP is 18 % for 

GSW and 21.5 % for ESW at θ=±π/2, and for CRP it is 16.3 % 

for GSW and 21 % for ESW at θ=±3π/2. 

It is shown, that maximum values of normal stresses T1
max are 

in effect at θ = π, and T2
max at θ = π, while bending moments 

M1
max are at θ = ±π/2. 

It is proven, that tacking moment М1 into account 

significantly impacts the value of total σθ  stresses and is 15 % 

for GRP and 11.5% for CRP in case of GSW and 18 % for GRP 

and 15.3 % for CRP in case of ESW.  
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