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Abstract:    Plastic pipes reinforced by cross helically wound steel wires (PSP), which have exhibited excellent mechanical 
performance, consist of inner polyethylene (PE) layer, winding layer and outer PE layer. The winding layer is composed of two 
monolayers where steel wires are cross helically wound. An analytical procedure is developed to predict the short-term burst 
pressure of PSP as the monolayer is assumed to be elastic and orthotropic. The 3D anisotropic elasticity and Maximum Stress 
Failure Criterion are employed in the formulation of the elasticity problem. Good agreement between the theoretical results and the 
experimental data shows that the proposed approach can well predict the short-term burst pressure of PSP.  
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INTRODUCTION 
 

Plastic pipes reinforced by cross helically wound 
steel wires (PSP), a new type of plastic-matrix steel 
composite pipes developed in China, is being exten-
sively used in areas of petroleum, chemical engi-
neering and municipal water supply, etc. (Lu et al., 
2005; Zheng et al., 2007). As shown in Fig.1, steel 
wire mesh skeleton is sandwiched in the middle 
joined thermoplastic polyethylene (PE) on the inside 
and outside of the pipe wall. The skeleton is formed 
by cross wound high strength steel wires which are 
integrated with PE by high performance cohesive 
resin. By combining the advantages of both plastic 
and metal, the PSP has many potential properties such 
as high stiffness and strength, good corrosion resis-
tance and thermal insulation. The PSP consists of 
three continuous layers, i.e., inner PE layer, winding 
layer and outer PE layer. The composite layer is 
considered to be a laminated structure, constituted by 

upper and lower monolayers (Zheng et al., 2006), as 
shown in Fig.2. 

Prediction of the burst pressure of PSP for a 
critical application is an important consideration in its 
design for safety and reliability. To obtain a more 
realistic indication of the margin of safety available 
over the maximum expected operating pressure 
(MEOP), it is very necessary to explore the value of 
burst pressure. Considering the time dependent be-
haviour of the PE, there exist short-term and 
long-term failure modes, in which the PE is modelled 
as a linear elastic material and a viscoelastic material, 
respectively (Kruijer et al., 2006). This research is 
mainly concerned with the short-term failure behav-
iour of PSP.  

There have been many researches on mechanical 
response of composite structures under internal 
pressure. The composite structures have a similar 
structure to PSP. Xia et al.(2001a; 2001b) developed 
the stress analysis of the filament wound sandwich 
pipes under internal pressure based on the 3D classi-
cal lamination theory. Parnas and Katirci (2002) also 
conducted the stress analysis of the fiber-reinforced 
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composite pressure vessels subjected to internal 
pressure. Kobayashi et al.(2007) proposed an elas-
tic-plastic analysis on the filament wound carbon 
fiber-reinforced composite pipes by applying partially 
plastic thick-walled cylinder theory. The probabilistic 
analysis combined with progressive failure analysis is 
developed by Uemura and Hwang to predict the 
short-term burst pressure of a composite pressure 
vessel (Uemura and Fukunaga, 1981; Hwang et al., 
2003). 

Provided that the interfaces between the steel 
wire and PE are perfectly bonded, the strain of the 
steel wire and PE in the steel wound direction can be 
considered to be equal. Because the Young’s modulus 
of the steel wire is far greater than that of PE, the 
stresses in the steel wires are much greater than those 
in the PE. When the PSP is subjected to internal 
pressure, steel wires first reach their strength limits 
and break, resulting in that the PSP loses the rein-
forcement of the steel wire mesh skeleton and bursts 
in a short-term. It can be concluded that the winding 
layer containing the steel wire mesh skeleton deter-
mines the PSP’s burst resistance. 

In this research, the authors propose that short- 
term burst pressure of PSP is just the internal pressure 
when steel wires reach their strength limits. By ap-
plying the 3D anisotropic elasticity and Maximum 
Stress Failure Criterion, a new solution for predicting 
short-term burst pressure of PSP is presented. 

THRORETICAL CALCULATION FOR SHORT- 
TERM BURST PRESSURE  

 
Multi-layer elastic analysis 

The monolayer, basic mechanical analysis unit 
of winding layer, has three symmetrical performance 
planes and is orthotropic. As shown in Fig.3, the 
material coordinate system of the monolayer is des-
ignated as (L, T, r), where L is the steel wound direc-
tion, T is the direction vertical to the steel wire in 
plane, and r is the normal direction of the monolayer. 
The cylindrical coordinate system is designated as (z, 
 θ, r), where z, θ, r is the axial, circumferential and 
radial direction of PSP, respectively. The two coor-
dinate systems have the same coordinate direction of r, 
and α is the angle between L and z direction. 

 
 
 
 
 
 
 
 
 
 
 
 
The stress-strain relations of the kth layer in the 

cylindrical coordinate system is given as 
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The stress-strain relations of the kth layer in the 

material coordinate system is given as 

Fig.3  Relation of material coordinate and cylindrical
coordinate system 
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Fig.2  Schematic diagram of PSP’s cross-section
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Fig.1  Structure of PSP 
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To define the 3D laminated plate properties, the 

material modulus matrix elements Sij (i, j=1,2,3) and 
Sii (i=4,5,6) are needed. Their values can be calcu-
lated from elastic constants of the monolayer (EL, ET, 
Er, GLT, GTr, GrL, μLT, μTr, μrL), as shown in Eq.(9), and 
these elastic constants would be determined by Zheng 
et al.(2006). 
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The on-axis stiffness matrix C(k), is the inversion 
of on-axis flexibility matrix S(k), written as 

 

 ( ) ( ) 1( ) .k k −=C S                          (10) 
 

The off-axis flexibility and stiffness matrices 
( )k
S  and 

( )k
C  can be calculated from the on-axis 

flexibility and stiffness matrices S(k) and C(k), by using  
flexibility and stiffness transformation matrices Tε 

and Tσ, respectively, written as, 
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where m=cosα, n=sinα, and α is the cylindrical angle 
of the steels from the pipe axis. 

The relation of kth layer’s stresses and strains 
between the cylindrical and material coordinates is 
respectively expressed as 

  
( ) ( ) ,k k

z Lσ=σ σT                               (15) 
( ) ( ) .k k

z Lε=ε εT                                 (16) 
 

The inner layer and outer layer represent iso-
tropic, having the same stress-strain relations in any 
coordinate. 

 
Global elastic constants  

Based on the assumptions that all inter-laminar 
stresses are continuous across ply interfaces and that 
all in-plane strains are continuous through the thick-
ness of composite laminates. Chou et al.(1972) pre-
sented a control volume approach to yielding a 
closed-form solution to determine global elastic con-
stants for a laminated medium composed of individ-
ual layers. 

The PSP’s global stiffness matrix C  can be 
obtained by calculating the monolayers’ off-axis 
stiffness matrices (2)C and (3)C , the inner and outer 
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layers’ stiffness matrices (1)C and (4)C , the volume 
ratio of monolayers V(2) and V(3) and the volume ratio 
of inner and outer layers V(1) and V(4). The global 
stiffness constants ijC can be expressed as follows 

(Chou et al., 1972): 
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tc, tn is the thickness of  the inner layer, winding layer, 
outer layer, respectively. t is the wall thickness of PSP. 
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The global flexibility matrix S  can be obtained 

by inversing the global stiffness matrix .C  The global 
elastic constants are determined as 
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Short-term burst pressure calculation 

By analyzing the monolayer’s mechanical prop-
erties with micro mechanics (Qiao, 1997), the 
monolayer’s tensile strength in the L direction Xt, can 

be written as 
 

  t st st PE, st(1 ),LX X υ σ υ′= + −                  (24) 
 

where PE,Lσ ′  is the stress of PE in the L direction 
when steel wires break, MPa; υst is the ratio by vol-
ume of steel wires in PSP. 

The thickness ratio is defined as the ratio be-
tween the outer and insider radii of PSP. For PSP with 
thickness ratio larger than 1.1, the thick wall analysis 
can satisfactorily be used. According to the Lame 
equation (Zheng et al., 2001), the 3D stresses in the 
cylindrical coordinate can be described as 
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where P is the internal pressure, MPa; Ro, Ri are the 
outer and insider radii of PSP, respectively, m; r is the 
radius of calculation position, m.   

From the generalized Hooke’s law, the 3D stains 
in the cylindrical coordinate are written as 

 
 ( ) ( ) ( ) .k k k

z z= Sε σ                                 (28) 

 
Substituting Eqs.(25)~(27) into Eq.(28) and us-

ing Eqs.(21)~(23), the monolayer’s strains ( )k
zε  are 

obtained. According to equation ( ) ( ) ( )k k k
z z=σ εC , 

which is from Eq.(1), the monolayer’s stresses ( )k
zσ , 

are obtained, then based on equation (k) 1 (k)
L zσ

−=σ σT , 
which is from Eq.(15), the monolayer’s stresses σL

(k) 
are obtained. 

The Maximum Stress Criterion considers that 
the material will fail as soon as one of the stresses 
exceeds the material’s strength limit in its corre-
sponding direction (Takayamagi et al., 2002). For the 
monolayer studied in the paper, when σL=Xt, the steel 
wires break and then the PSP bursts. The short-term 
burst pressure of PSP can be described as 
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B i c ,P PR=                                      (29) 
 

where PB is the short-term burst pressure, MPa; Pi is 
the initial value of the short-term burst pressure, MPa; 
Rc is the strength ratio (Rc =Xt/σL). 

Based on the analysis above, the short-term burst 
pressure of PSP can be calculated according to Fig.4. 

 
 

EXPERIMENTAL INVESTIGATION 
 
Material test 

The materials of PSP are the steel wire and high 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

density polythene (HDPE). After the material test 
according to the Chinese Standards GB/T228-2002  
(2002) and GB/T8804.3-2003 (2003), mechanical 
properties of the steel wire and HDPE were obtained, 
as shown in Table 1. 

 
 
 
 
 
 
 

 
Burst test  

To prove availability of the presented analysis, 
burst test was carried out on 20 types of PSP at room 
temperature (25 °C), and each type includes four 
specimens. The parameters of outer radius (DN), wall 
thickness (t), steel wire’s diameter (d), winding steel 
wires’ amount (N) are listed in Table 2, and these 
specimens have the uniform winding angle of 54.7°. 

In order to study the effect of reinforcement of 
the steel wire mesh skeleton, the burst test was per-
formed on four PE specimens having an outer radius 
(DN) of 250 mm, a wall thickness (t) of 15 mm. The 
comparable specimen of PSP is Type 15 (Table 2). 

The specimens were pressurized with a hydraulic 
pump. The flows of fluid were regulated through a 
non-return valve. Experimental equipment is sealed 
by clamping fixtures, which are a type of the Chinese 
Standards GB6111-2003 (2003), as shown in Figs.5 
and 6. The test method refers to Chinese Standards 
GB/T15560-95 (1995). The specimens were con-
tinuously pressurized till they burst and the short-term 
burst pressure values were recorded. The 
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Material properties 

Material Tensile rength
(MPa) 

Percentage of 
breaking  

elongation (%) 

Poisson’s 
ratio 

Steel wire 1832 5 0.26 
HDPE* 26.5 785 0.45 

* HDPE: high density polythene 

Fig.4  Flow chart for calculating short-term burst 
pressure 

Elastic 
constants of PSP 
Stiffness matrix of 
monolayer in the  

cylindrical coordinate 

Integral elastic 
constants of PSP 

Set the internal 
pressure of PSP, Pi 

Stresses and strains in  
the cylindrical coordinate 

Stresses of monolayer  
in the cylindrical  

coordinate 

Stiffness matrix of  
monolayer in the  

cylindrical coordinate 

Coordinate  
transformation matrix 

Stresses of monolayer  
in the material coordinate 

Stiffness matrix of
inner and outer layers

 in the cylindrical 
coordinate

Tensile strength 
of monolayer in
 the  L  direction

 Strength ratio of  
monolayer in the L direction 

Short-term burst pressure  
of PSP, PB=PiRc 

End 

Table 2  Parameters of specimens 
Type No. DN (mm) d (mm) N t (mm) Type No. DN (mm) d (mm) N t (mm)

1 110 0.8   36   8.5 11 200 1.0 120 10.5 
2 110 0.8   56 10.0 12 200 1.0 160 10.5 
3 160 0.8   60   9.5 13 250 0.8 100 12.0 
4 160 0.8   90 10.0 14 250 0.8 200 12.5 
5 160 1.0   60   9.5 15 250 1.0 200 16.0 
6 160 1.0 144 10.0 16 250 1.2 200 15.0 
7 200 0.8   80 11.0 17 315 0.8 210 12.5 
8 200 0.8 120 10.5 18 315 0.8 280 12.5 
9 200 0.8 160 10.5 19 400 1.0 320 15.0 
10 200 1.0 100 10.0 20 500 1.0 384 16.0 

 DN: outer radius of PSP; d: steel wire’s diameter; N: winding steel wires’ amount; t: wall thickness of PSP 



Zheng et al. / J Zhejiang Univ Sci A  2008 9(5):640-647 
 

645

experimental data of short-term burst pressure of each 
type shown in Table 3 is the average value of four 
specimens’ experimental data. 
 
 
RESULTS 
 

The short-term burst pressure is calculated using 
the mechanical properties of material (Table 1) and 
the parameters of PSP (Table 2). The theoretical data 
and experimental data are both listed in Table 3, and 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the comparison between theoretical and experimental 
data indicates that there is a good agreement between 
them. The absolute error range is −0.3 MPa~0.2 MPa, 
the relative error range is −5%~4.1%, the average 
value of relative error is −0.65%, and the quadratic 
sum of relative error is 0.0154. 

Average short-term burst pressure of PE pipe at 
room temperature is 3.4 MPa and that of PSP is 7.8 
MPa. That is to say, the latter is 129% higher than the 
former. Accordingly, the steel wire mesh skeleton can 
enhance the burst resistance of the pipes effectively. 

 
 

DISCUSSION 
 

With the increasing of internal pressure on the 
test, the PSP deformed uniformly. A crack of steel 
wire break was heard when the internal pressure was 
close to the short-term burst pressure and the PSP 
burst subsequently. After observing the crevasse, we 
found that the steel wire was breaking, which dem-
onstrated that the stresses of steel wires had reached 
their tensile strength. The plastic of this region was 
mainly lacerated and had a few rough edges, be-
longing to ductile burst.  

The burst shape of PSP takes on some forms due 
to practical manufacture technics, especially the 
uniformity of steel wire’s spacing. This paper gives 
some burst shapes (Fig.7). The straight burst is 375 
mm in length (Fig.7a); The U shaped burst is 455 mm 
in length (Fig.7b).  

We found that the distribution of steel wires is 
not uniform in some regions due to the imperfect 
winding (Fig.8). The uniformity of steel wire’s 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5  Equipment for burst test 

Table 3  Theoretical and experimental data of short-term burst pressure 
Type 
No. 

Theoretical 
data (MPa) 

Experimental
data (MPa) 

Absolute 
error (MPa)

Relative
error (%)

Type
No.

Theoretical 
data (MPa)

Experimental 
data (MPa) 

Absolute 
error (MPa) 

Relative 
error (%)

1 6.0 6.3 −0.3 −4.8 11 5.8 5.9 −0.1 −1.7 
2 8.0 8.0   0.0   0.0 12 7.0 7.0   0.0   0.0 
3 4.5 4.4   0.1   2.3 13 3.3 3.4 −0.1 −2.9 
4 5.5 5.7 −0.2 −3.5 14 4.5 4.6 −0.1 −2.2 
5 5.5 5.6 −0.1 −1.8 15 6.6 6.6   0.0   0.0 
6 9.5 9.4   0.1   1.1 16 8.1 8.0   0.1   1.3 
7 4.0 4.2 −0.2 −4.8 17 3.2 3.2   0.0   0.0 
8 4.5 4.4   0.1   2.3 18 3.7 3.8 −0.1 −2.6 
9 5.3 5.2   0.1   1.9 19 3.8 4.0 −0.2 −5.0 
10 5.1 4.9   0.2   4.1 20 3.0 2.9   0.1   3.4 

Fig.6  Inlet end of the equipment for burst test
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spacing is a very important factor which affects the 
burst shape of PSP significantly. 

1. Straight burst (Fig.9a) 
Assume that the steel wire’s spacing is uniform 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

and the 4th steel wire breaks at the point of a firstly, 
then the stress of the 7th steel wire will reach the limit 
strength and breaks subsequently. Through the similar 
analysis, we can obtain that the next breaks of steel 
wires will happen at the b and c points, respectively. 
Therefore, the straight burst will appear when the 
steel wire’s spacing is uniform. 

2. U shaped burst (Fig.9b) 
Assume that the steel wire’s spacing is not uni-

form in regions of I and III. In Region I, because of 
the symmetric winding, the total load of four steel 
wires (6th~9th) is almost equal to that of five steel 
wires (10th~14th), so the stress of the 6th~9th steel 
wires is larger than that of the 10th~14th steel wires, 
which lead to the fact that the 6th~9th steel wires 
break at a, b and c points, respectively. In Region III, 
through the similar analysis, we can obtain that the 
15th~18th steel wires break at f, g and h points, re-
spectively. In Region II, the steel wire’s spacing is 
uniform, so there will appear the straight burst (the 
straight line of c-d-e-f) in this region. 

 
 

CONCLUSION 
 
This paper presents a solution to predict the 

short-term burst pressure of PSP based on the as-
sumption of an orthotropic material model for the 
monolayer. Through a 3D analysis and an experi-
mental investigation, the following conclusions were 
obtained: 

(1) By applying the anisotropic elasticity and 
Maximum Stress Failure Criterion, a theoretical ap-
proach to calculating the short-term burst pressure of 
PSP is obtained. Good agreement between theoretical 
results and experimental data shows that the proposed 
approach can well predict short-term burst pressure of 
PSP. 

(2) Burst test was carried out on PE pipes at 
room temperature and experimental results show that 
short-term burst pressure of PSP at room temperature 
is increased by 129% comparing with that of PE pipes. 
Therefore, the effect of reinforcement of the steel wire 
mesh skeleton is obvious. 
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