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3anponoHOBAHO METOAMKY OLIHKHM HaNpy:KeHo-1eOpMOBAHOI0 CTaHy Tpy04YacTHxX
€JIEMEHTIB 31 CTIILHUKOBOIO 0y10BOIO CTIHKH. Y Pe3yJIbTaTi 3alIMCAHO CHCTeMY M (epeHIiaIb-
HHUX PIBHSIHb IS BiIIOYKaHHSI 3YyCWIb TA MOMEHTIB, 110 BUHMKAKTb Y CTiHIi CTUILHUKA.
BcraHoB/IeHO KJIO4YOBI PiBHSIHHS AJIs1 OHIHKM KOMIIOHEHT HamnpyxeHb. HaBeneHo pexomeH-
Janil 10 po3paxyHKY Ta NPOEKTYBAHHSI JOBIOI CTUILHUKOBOI TPYOM Ta BepPTHUKAJIbHOIO
CTiJILHMKOBOI'0 pe3epByapa, 0 Po3MillleHUil y IPYHTI.

M ethods of the estimation of the stress-strain state of tubular elements with cellular wall
structure are suggested. As a result, a system of differential equations for the search of the
forces and moments which arise in the cell wall iswritten. Key equations for the estimation of
the stress components ar e established. Recommendations on the calculation and designing of a
cellular long tube and a vertical cell reservoir, located in soil, are presented.

Introduction. At present polymers and high-density polyethylene (HDPE) in particular are the most
common materials for production of low-pressure industrial pipelines [1]. Thin-walled structures made of
these materials possess a number of advantages in comparison with the metal ones [2]. Tests have
demonstrated that the expected lifetime of polyethylene pipesis 50-100 years[3, 4, 5].

To decrease the weight of large diameter polyethylene pipes and tanks their walls are made as a
hollow structure [6, 7]. In practice the polyethylene pipes and tanks with atubular profile wall are used [7,
8]. The production technology of the thin-walled elements with a tubular profile wall foresees a
continuous process of winding of infinitely long polyethylene pipes of a diameter of 20 + 110 mm, using
special devices-drums, with their synchronous extrusion welding of coils from the internal and outer sides.
This technology allows us to produce atubular construction of a diameter of 6000 mm.

A hollow pipe structure differs significantly from the solid-wall structure. Therefore, calculations for this
type of buried thin-walled structures are different from those for the classical pipes [1, 2] and they should
consider awall hollowness [6, 7, 9, 10, 11]. To predict the durability and servicesbility of polyethylene thin-
walled structures with a hollow wall structure it is necessary to determine the stress-strain state and also to set
the alowable strength parameters in such constructions. Based on the above mentioned the final formulas for
engineering calculations are proposed and the appropriate practical recommendations are devel oped.

General methodology of the problem solution. Polyethylene is a viscoelastic materid. Its behavior in
the strained state depends on the external load, temperature and operating time. When making a design of the
polyethylene tube constructions these characteristics must be taken into consideration. Investigations of the
strength of polyethylene solid-wall pipes under action of the internal pressure depending on temperature and
operation time enabled the development of the well-known international standards [3]. Similar studies were
conducted in [4, 5]. According to the results of these studiesit is possible to establish the alowable loads for the
HDPE thin-walled structures with a tubular profile wall under condition

maXﬂGl|,|02|,|03|}S MRS, (1)

where o; are principal stresses in the hollow construction wall, MRS is the minimum required strength of
HDPE [3, 4].
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When applying condition (1) for assessing the boundary state of the investigated constructions it is
necessary to evaluate their stress-strain state. This paper proposes the method for ng the stress-strain
state of the polyethylene pipe of the underground hollow-wall constructions with account of the real
operating conditions.

Basic equations for assessing the stress-strain state of cylindrical thin-walled structures with a
tubular profile wall. A ratio of wall thickness d of the investigated thin-walled structure (Fig. 1) and its
diameter D isd/D<1/10, where d is a diameter of the polyethylene tube, used to build a construction. Based
on the diameters ratio let us use the shell theory apparatus for the stress-strain state evaluation [12]. A chart
of the hollow wall structureis shown in Fig. 2.

a o

Fig. 1. Cylindrical thin-walled structures with a tubular wall profile: a—a long pipe
b —a vertical tank (reproduced by permission of Corporation Energoresurs Invest, http://en.energoresurs.conv).

In fact, the polyethylene construction works under linear-elastic deformation. This is consistent with
condition (1), in which parameter MRS is less than the yield strength of HDPE. The polyethylene creep is
not taken into account.

Fig. 2. Wall of a thin-walled construction

The system of differential equations for cylindrical orthotropic shells. Let us model a HDPE thin-
walled structure by a cylindrica shell (Fig. 3). The shdll is considered to be structurally orthotropic. Structural
orthotropy means that anisotropic properties are caused by the hollow structure of the polymer product.

A shell is referred to the coordinate system xOy (Fig. 3). The location of the point of the shell
median surface is characterized by coordinates x and y=R¢, where X is the distance of the point along a
generatrix from the initial equatorial section, R=D/2 is the radius of the cylindrical shell, ¢ is the angle
between the initial and arbitrary median planes. Axis Oz is directed outward along a normal to the median
surface. It is considered that the main directions of elasticity at each point of the shell coincide with the
direction of the coordinate lines Ox, Oy, Oz

Let us investigate the stress-strain state of such a shell. The shell differential equations of
equilibrium are similar to the equations of the theory of ordinary shells[12, 13].
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Deformation components &;;, ®, Yji, T
of the median surface are expressed by
displacement components u, » , w sSimilarly
to the orthotropic shells[12, 13]

A cdllular structure is accounted by
the corresponding presentation of the state
equations of the considered shell. The
equation of state, relating forces Ty, Top,
S, Sn and moments Gi1, Gyo, Hio Hog of
the strain components &;, ®, yi, t of the
medium surface, is written similarly to the

Fig. 3. Geometry and coordinate system equations of the theory of orthotropic shells
of a cylindrical orthotropic shell [12, 13].

Ty = B_>Lk1811 + VzBfls 2, Gu=- Dlell —V2 Dle 22 (1Z 2) ,

* * % T *
S = Bpo, SZl:BlZOHDlZE’ Hip =Hjp = Dyt )
The positive direction forces T;;, S;; and moments G;;, H j; are shownin Fig. 3.
Such a presentation allows us in a particular case to get known results for pipes with a solid wall.
flexural rigidities Djj in equation (2) which are established for tubes

ij o
with a solid wall simultaneously with formulation of equations (2) in the case of cells, are unknown values.
They determine the appropriate structural orthotropy. The value of these characteristics can be set by the

However, extensional rigidities B,

experimental or numerical methods. Rigidities B{J-k and ij‘ depend on the structure of the polyethylene

construction wall, i.e the diameter of polyethylene pipe d of its thicknesst and the mechanical properties of
polyethylene (elasticity modulus E and Poisson’s ratio v).
1
For this purpose the rigidities in equation (2), are written in the form:
" Ed Ed ] Ed® Ed®
Bi=f

i——— Bhy=fip———, D = Pj————— Djp= Pp———. 3
"1-vyv, B2 = 2 20v) T P A v y,) 2T PRy )

Here v; (i=1,2) are Poisson’s ratios in the x and (¢ direction respectively for an orthotropic shell which
values are found below, fjj, p; are functions that are determined by the cellular structure. Values f;j, pj
characterize the decrease of extensional rigidities and flexural rigidities to compare to the same values for
the shell with a solid wall of thickness d. Thus the problem arises to establish the Poisson’s ratio v; and
functions fjj, p;. When accepting f;;=1, p;=1 and v;=V,=Vv the corresponding rigidity values for the shell with
asolid wall of thickness d are obtained.

The value of rigidities B, D{f and Poisson’s ratio v; are evaluated by the numerical experiment.

Determination of Poisson’s ratios v;
and functions f;;, p;. Poisson’s ratios V;
are found from the ratio of longitudinal g;
and transverse &  deformations.

Longitudinal ¢ and transverse g

deformations are  evaluated  under
specimen tension. The specimen is a

Fig. 4. Achart of a hollow plate .
g P rectangular plate (Fig. 4).
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Longitudina ¢; and transverse €; deformations are determined numerically using the finite element

method [14]. Two cases are considered: the evenly distributed forces are applied in the direction Ox (T1y)
and in the direction Oy (T) (Fig. 4). In the first case, the calculations will be related with evaluation of
the Poisson’' s ratio v, and in the second — of v.. The model of the investigated object is shown in Fig. 5. It
takes into account the geometry of the cellular structure. The numerical analysis was done using the
NASTRAN [15] finite element program system.

Fig.5. Finite element model of a rectangular hollow ( cellular) specimen

When applying this program the displacement u; (displacement in the direction Ox, in this case i=1
corresponds to forces Ty, and i=2 — to force T,,) and vi.(towards Oy) of the medium surface of the hollow

specimen is established. Using the obtained displacements determine the longitudinal ¢; and transverse &
relative strains of the cellular plate specimen by the relation
&1 =|w(a)-w(0)/a, &) =|vi(a)-v,(0)/a;
g2 =[v2(b)-v2(0)/b, &% =|uz(b)-uz(0)/b. @
Then Poisson’ s ratios v4 and v, will be
vi=g/e;, vo=¢h/es. (5)
By analyzing numerical calculations carried out on the basis of relations (4) and (5), the Poisson’s
ratios will be represented as

vi(d/t)=hy(d/thv, vo(d/t)=v, (6)
where v is the Poisson’s ratio of the polyethylene and function hy(d/t) depends significantly on parameter
d/t. Dependence h; on the parameter d/t is shown in Fig. 6.

Rigidities By;, Dj; are evaluated using the - hy(dlt)
results obtained for the stress-strain state of

=)

" 0,8F

the hollow plate elements. Rigidities By, :

Dy; and the corresponding functions f.y, pis 0.6F

in equation (3), are evaluated numerically by 04F
the finite element method. For this purpose i dit
the first two relations (2) are written as 02— L o
2 4 6 8 10 12 14

* k
T11=Buse11, Gu=-Dyar. (0) .
where for the cellular plate element the Fig. 6. Dependence of hy on d/t parameter
deformation components &;; = du/ox and

Y11 = 62W/8X2 , and component €5, =0v/dy =0, ¥y = 62W/8y2 =0. Two last relations are true for the
plane deformation conditions[16] of the elagtic body. Therefore we consider a hollow plate element whichisin
the plane strain conditions (Fig. 2) and loaded first by force Ty, and then by a separate moment Gy;.

Using the finite element program NASTRAN [15] a set of numerica experiments to determine the stress-
strain State of cellular eements under plane strain conditions were performed. The chart of the finite element
mode of the studied object isshownin Fig. 7. It takes into account the geometry of the cellular structure.
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Fig. 7. A chart of the finite element model

From the data obtained for displacements u and w of the medium surface of the cellular lamellar
specimen the components of strain ey, y11 are set by formulas

e =(u(a)-u(0))/a, z =(w(a)-2w(a/2)+w(0))/(a/2)’. 8)
Using relation (7) and taking into account expressions (8), the corresponding dependences of
rigidities Bj; and Dj; are established.
By varying the parameter d/t one can find the corresponding dependences of rigidities Bj;, D;; on para-
meter dit, i.e. functions f11(d/t), pu(d/t). Below the dependence of these functions on parameter dit is presented.
Setting rigidities By, and D3, (in the circumferential direction) is less time consuming. So, for a

hollow beam the relationships between its relative elongation [0 and axial force N and also between
curvature y and bending moment M are as follows [17]
N =FEe¢, M=I1,Ey, 9)
where F and |, are area and moment of inertia of the beam cross-section .
Summarizing the results presented by relations (9), in the case of ahollow plate let us write:
Ty, = FEep +v, FEeyy , Gy= IxEx2 vy IxExn _ (10)
d(1-vy,) d(1-vy,) d(1-v,) d(1-v,)
Here F and I, are the area and moment of inertia of polyethylene pipe containing aweld in the wall
of the construction (Fig. 2).

From relations (2) and (10) the extensional rigidity B;, and the flexural rigidity D3, take theform

FE dE | E d’e
o =——=fp(d/t)——, Doy =—2—— = d/t)————. 11
2 d(l—V1V2) 22( / )l—V]_VZ 2 d(l_V1V2) p22( /)12(1_V1V2) ( )
Accordingly functions f.x(d/t) and p.x(d/t) are asfollows
f,p(d/t)=F/d?=0,933- z(}2-t/d ),
oo (d/t) =121, /d* =] 0,837~ 37(Y2-1/d)* | -12(2,/d)" Tz (d/1). (12)

1
Here z, =—0,12d[3,73—27r(1/2—t/d)1 is the neutral axis displacement in the wall of HDPE

construction.
Variation of functions f;=f;;(d/t) and p;=p;;(d/t) that are included in the expressions for rigidities (3),
and show the effect of a hollow structure in dependence on the d/t value, is shown graphically in Fig. 8.
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Fig. 8. Dependence of f;;=f;;(d/t) and p;;=p;i(d/t) on d/t
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From the results in the plot, it follows that rigidities (By;, Dj;) of an orthotropic shell in the axial

direction are less to compare with those (B;,, D5,) in the direction along its edge. The rigidities of the

wall of the cylindrical thin-walled shell with a tubular profile wall for the most common value d/t=10 are
written as

0,163Ed

0,432Ed . 0,265Ed° . 0,672Ed°
1-0,45/2

,B;“sz, 11:12(1—0,45v2)’ 22=m'

B = (13)
The values of these quantities in the axia direction are about three times smaller than the
corresponding rigiditiesin the circumferential direction.
Assessment of the stress tensor component in the cellular structure wall. To establish the boundary
state of the HDPE pipes and tanks by equation (1) it is necessary to estimate the stress state in their wall.
By setting from equations (2), (5), (13) forces Ti;, S; and moments G;;, Hjj, calculate stress oj; in the
cell wall. Components 611 can be represented as

-1
o11(%9,2)= wa(x,z)—wnﬁl(x,z)}(hzj , (14)
d R

where ny;(x,2), my(X,2) are correction functions, representing the influence of the cellular structure on the
stress state in the wall of the construction. Functions ny1(x,z), m(x,2) are set numerically using the finite
element method. For this purpose let us consider a cellular plate
element subjected to the plane strain conditions (Fig. 7) and
loading by forces Ty; and moment Gy;. Using the finite-element
program determine the stress state of the cellular specimen.

-3.0

From the values of stress components oy;(x,z) and

o5 (x,2) thefunctions are tabul ated

nu(%2)=dof (%2), my(xz)=-d°c5(x2)/12, _ ) 58
Their values are presented in Fig. 9.

The stress component o, in the cellular cylindrical
construction wall is estimated by the relation:

T(%e)  12Gy(X¢)(2-%)
d 22 d3

(X0 2)= mzz]’ (15)

Fig. 9. Functions ny;, myy/d in the cell wall
where ny, =1y, My =1/py.
Similarly, the formulafor calculating the stress components
o iswritten. Other stress components are negligible small in comparison with the estimated ones. Therefore,
in further calculations they are neglected.

Recommendations. Based on the proposed method for the stress-strain state evaluation of a
polyethylene pipe with atubular profile wall the design recommendations for along pipe, placed in the soil
(Fig. 1a) and areservoir set in the soil (Fig. 1b) were devel oped.

For along HDPE pipe, condition (1) holds at

%100% <5%, (16)

where A/D isrelative deflection of a pipe evaluated from formula[1]
A 0llHy

e 17
D 8Sg+0,061E'
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Here D is HDPE pipe diameter, y is specific weight of the soil, H is depth of soil filling above the
pipe; E' is modulus of soil reaction; Ss=EI/D? is specific stiffness of the pipe [1]. Here | is moment of
inertia of cross section of the pipe wall per unit length (Fig. 2).

For design of a HDPE tank with a tubular profile wall (Fig. 1b) verticaly set in the soil, using conditions
(1), the recommendation takes the form

max M(—3,85+2J , —@(3+ 0,329j
d d d d

Here H isthe distance from the ground to the top bottom of the reservoir.

}s MRS. (18)

Conclusions. Based on the theory of shells a system of equations to estimate the stress-strain state of
the thin-walled structures with a tubular profile wall was built. Modified Poisson’ sratios, flexural rigidities
and extensiona rigidities were determined numerically using the finite element method. The modified
Poisson’ s ratios along the mutually perpendicular directions are found to be different, and in the direction
Ox the Poisson’s ratio v, decreases and depends on the parameter d/t, while in the direction Oy it is

constant with respect to the Poisson’ s ratio of polyethylene v. It is shown that the modified rigidities ( By,
Dy;) of an orthotropic shell in the axial direction are smaller compared with the same (B;,, D5,) in the
direction along its edge. It turns out that rigidities B;, D;; for d/t=10 are about three times smaller than

the corresponding rigiditiesB5,, D,,. A correlation to evaluate the stress components in the wall of thin-

walled structures with a tubular profile was proposed. From the obtained results, the recommendations for
ensuring a durable and reliable operation of the buried HDPE pipes and tanks with a tubular profile wall
were devel oped.
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