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HIGHLIGHTS

« Service life of pipeline in chlorinated soil considers nonuniform earth pressures.
« Nonhomogeneous coefficient is introduced to describe pressure nonuniformity.

« Service life is shortened with increase of pressure nonuniformity and stress level.
« Thicker protective cover and shallower buried depth can extend service life.
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This paper proposes an analytical model to estimate the service life of concrete pipelines buried in chlo-
ride contaminated soils, which properly considers the effects of nonuniformly distributed earth pressures
on both the internal tensile stress of concrete protective cover and the chloride diffusion coefficient
through the nonhomogeneous coefficient of earth pressure. It is assumed that the underground concrete
pipeline arrives at the service life end when cracking induced by expansion pressure due to the corrosion
products occurs in the concrete protective cover. Hence, the whole service life of underground concrete

Iéﬁﬁ?ﬁiéd soil pipeline is composed of chloride diffusion period and protective cover corrosion period. The diffusion of
Service life chloride ions is simulated through a diffusion model for dual compound media and the service life of this
Diffusion period is evaluated by solving the diffusion equation. The service life of corrosion period is estimated
Corrosion based on the corrosion expansion pressure with the aid of the concrete tensile strength. The validity of

chloride diffusion model is examined through the comparison between the present analytical analysis
and the numerical analysis from finite element simulations, guaranteeing that there are reliable results
available for the subsequent analysis of corrosion period. Comprehensive parametric studies are con-
ducted to explore the effects of nonuniformly distributed earth pressures and concrete cover thickness
on the pipeline service life. The results demonstrate that the nonuniformly distributed earth pressures
lead to the occurrence of tensile stress in the protective cover and give rise to the increase in the chloride
diffusion coefficient, which in fact accelerates the diffusion of chloride ions in the concrete pipeline and
induces the cracking of concrete protective cover and thus significantly shortens the service life of con-
crete pipelines buried in chlorinated environment.

Nonuniform earth pressure
Underground concrete pipeline

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

With increasingly high requirements on the structure service
life, the durability problem grows cumulatively serious and has
turned into a significant research topic for practitioners and
researchers in both industry and academia [1-7]. The underground
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concrete pipeline, as a primary concrete structure for cablecasting
and water and oil delivery, suffers from more complex durability
problem, because of more complex corrosion mechanism and load
condition (i.e. nonuniformly distributed earth pressures). Among
the factors that impair the durability of underground concrete
pipelines in coastal regions, the chloride ion contamination takes
the dominant place, because in coastal regions the soil is chroni-
cally immersed by sea water and the chloride ion content is always
at a comparatively high level. When concrete pipelines are buried
in the chlorinated environment, chloride ions will diffuse into the
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concrete and gradually accumulate around steel bars, which will
further give rise to the generation of rust. With the increase of rust,
the corrosion expansion pressure increases and may bring about
the concrete cracking. As the cracking develops to a certain degree,
the concrete pipeline can be damaged, which may cause the pollu-
tion of soil and water due to pollution leakage and even give rise to
the collapse of roads and houses because of the soil erosion around
the pipeline. These potential adverse results will definitely cause
great threat to people’s life and safety. Therefore, to ensure that
underground concrete pipelines can be safely put into the use in
coastal regions for a long term, great attention should be paid to
the prediction on the service life of underground pipelines in chlo-
rinated soils.

Compared with the corrosion mechanism of concrete super-
structures, the corrosion mechanism of underground concrete
pipelines shows great difference. This is because underground con-
crete pipelines not only suffer from the attack of chloride ions, but
also are under the influence of nonuniformly distributed earth
pressures. It is without doubt that the nonuniformly distributed
earth pressures affect the stress state of pipeline and thus exert
great influences on the chloride diffusion in the concrete pipeline
and the cracking of concrete protective cover. As a consequence,
particular concern should be given when referring to common con-
crete structures to carry on researches to explore the durability
problem of underground concrete pipelines. Up to now, extensive
researches have been conducted to investigate the chloride diffu-
sion behaviour in concrete structures with different loading levels.
For example, Konin et al. [8] conducted several chloride diffusion
tests on concrete specimens with different compressive strengths,
which are in compressive states and under a sequence of drying
and wetting circles. The test results yielded a relationship between
the loading level and the chloride diffusion coefficient and indicate
that the chloride diffusion rate in the concrete increases remark-
ably as the tensile stress level increases; Fransoic and Maso [9],
Gowripalan et al. [10] and Castel et al. [11] carried on different
experiments to investigate the chloride diffusion behaviour in
the flexural concrete members and summarized that the diffusion
rate of chloride ions in the tensile zone is much rapider than the
rate in the compressive zone; Lim et al. [12] explored the chloride
permeability of concrete slides subjected to the uniaxially com-
pressive stress and observed that as the uniaxially compressive
stress lies in a certain range, the chloride diffusion rate slows down
slightly as the stress increases, whereas the chloride diffusion rate
increases apparently as the uniaxially compressive stress exceeds
the certain range; and Lu et al. [ 13] conducted chloride penetration
experiments on concrete specimens subjected to axially compres-
sive stress and statistically summarized the semi-empirical rela-
tionship between the stress level and the chloride diffusion rate.
However, from the abovementioned researches, it is easily found
that most of the investigations on the chloride diffusion behaviour
in the concrete are based on the experiments conducted on con-
crete specimens, but they are lack of the theoretical analysis;
moreover, the concrete specimens adopted in the experiments
are in the plate form and the corresponding experimental results
are unable to be directly applied to the exploration on the durabil-
ity problem of underground concrete pipelines, since most under-
ground concrete pipelines are circular.

Under the earth pressures, the stress and strain are generated
within the underground concrete pipeline, which gives rise to the
variation in the void ratio and the stress state of concrete. The rel-
evant research [14] indicates that the chloride diffusion rate is
highly related to the void ratio and stress state of concrete, and
thus the earth pressures can exert influence on the chloride diffu-
sion in the underground concrete pipeline. Furthermore, as the
underground concrete pipeline is subjected to nonuniformly dis-
tributed earth pressures, there is compressive or tensile state at

different locations within the pipeline. The void ratio of concrete
increases and the microcracks get development when the concrete
is in the tensile state, and hence the tensile state greatly acceler-
ates the chloride diffusion in the pipeline; on the contrary, the
compressive state results in the decrease of void ratio of concrete
and further slows down the chloride diffusion [11,13]. Simultane-
ously, the stress state of underground concrete pipeline in the per-
iod of cracking due to corrosion expansion is also influenced when
the pipeline is subjected to nonuniformly distributed earth pres-
sures. As a consequence, it is of great significance to build an ana-
lytical model to estimate the service life of underground concrete
pipelines under nonuniformly distributed earth pressures in chlo-
rinated soils, based on the chloride diffusion theory as well as the
theory on protective cover cracking caused by corrosion expansion.

To achieve this aim, the whole service life of concrete pipeline
buried in chlorinated soils is divided into the diffusion period of
chloride ions together with the cracking period of concrete protec-
tive cover. Both periods incorporate the effects of nonuniformly
distributed earth pressures via introducing the nonhomogeneous
coefficient of earth pressure. The chloride diffusion is modelled
through the diffusion model for a dual compound media and the
service life of this period is evaluated by deriving an analytical
solution to the diffusion equation. The service life of corrosion per-
iod is predicted by means of corrosion expansion pressure along
with the concrete tensile strength. The validity of proposed model
for chloride diffusion is examined by finite element simulations,
which ensures that the diffusion results are reliably available for
the subsequent corrosion analysis. Comprehensive parametric
studies are carried on to investigate the effects of nonuniformly
distributed earth pressures and concrete cover thickness on the
pipeline service life. The corresponding results are expected to pro-
vide significant guidance for designing underground concrete
pipelines with adequate service life in chlorinated soils.

2. Chloride diffusion in underground concrete pipeline
2.1. Stress distribution of underground concrete pipeline

When the concrete pipeline is buried in the soil at a relatively
shallow depth, the earth pressure acting on the pipeline in the ver-
tical direction differs from that in the lateral direction. This degree
of difference can become obvious as the buried depth decreases.
The nonuniformly distributed earth pressures not only change
the void ratio and stress state of concrete, but also give rise to
the tensile zone in the underground pipeline, which definitely
affects the chloride diffusion in the pipeline as well as the cracking
of concrete protective cover. This indicates that the whole service
life of underground concrete pipeline is under the great influence
of nonuniformly distributed earth pressures. Therefore, the effects
of nonuniform earth pressure on underground concrete pipeline
should be taken into account. For the simplicity of building the
analytical model, it is reasonable to decompose the nonuniformly
distributed earth pressures into the lateral earth pressure, Gy,
and the vertical earth pressure, G, respectively [15], which is
shown in Fig. 1(a). The nonhomogeneous coefficient of earth pres-
sure, K, equal to 1 —Kj, is adopted to describe the difference
between the lateral and vertical earth pressures (i.e. nonuniformity
of earth pressure), where K, represents the coefficient of earth
pressure at rest. Correspondingly, the lateral and vertical earth
pressures can be calculated as

Gy = (1 - K)ph (1)
G =7h 2)

where h is the buried depth of concrete pipeline, and 7y is the soil
unit weight.
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Fig. 1. Earth pressure on underground concrete pipeline: (a) both vertical and lateral pressures; (b) only vertical pressure; (c) only lateral pressure.

The superposition principle of elasticity indicates that the force
state of pipeline can be decomposed into the vertical force state
(Fig. 1(b)) plus the horizontal force state (Fig. 1(c)). On the surface,
these two force states look different. As a matter of fact, the states
can be considered identical, because it can be regarded that a circle
is subjected to the force only in one direction and the stress state of
circle is irrelevant to the direction where the force is acting. Hence,
only the stress distribution of underground concrete pipeline in the
horizontal force state needs to be calculated. Then, the stress distri-
bution of pipeline in the vertical force state can be obtained
through replacing the lateral pressure with the vertical pressure
and switching the polar angles. To determine the stress distribu-
tion of pipeline in the horizontal force state, the diagram of hori-
zontal earth pressure (Fig. 2(a)) is decomposed into two
diagrams (Fig. 2(b) and (c)). Here, the compressive stress is
assumed to be positive in this study. Then, as for the force diagram
shown in Fig. 2(b), the boundary conditions can be written as

r=rin:0,=0,79y=0 (3)
r'=Tou:0r = —%COSZ@, T = %sinZB (4)

where r and 0 are the polar coordinates; 1o, and r, denote the outer
and inner radii of pipeline, respectively; and o, and 7, represent
the radial and shear stresses, respectively.

From the boundary conditions, it can be known that the stresses
in the pipeline should be a function of radial distance, f(r), times
cos20. Therefore, the stress function, U, can be assumed as

U = f(r)cos20 (5)

Gn/2 Gy/2

Fig. 2. Decomposition of lateral earth pressure on underground concrete pipeline.

This stress function satisfies the biharmonic function in the
polar coordinate system, which is written as

8—2+13+1 & 2U—O (6)
or2  ror -

7 o
Substituting Eq. (5) into Eq. (6) gives

af(r)  20°f(r) 9 Pf(r) 9 o)
{ ot T o 2 oz P or cos20 =0 @
Solving the above equation yields the stress function as
U= (Ar4 +Br’ +C+ 22> cos20 (8)
r

where A, B, C and D are the parameters for expressing the stress
function, which will be determined in the following.

The stress components can be calculated based on the theory of
elasticity, respectively, as

4C 6D
o= — (23 + = + 74) cos20 9)
0y =— (12Ar2 + 2B+ g) cos20 (10)
r
2C 6D\ .
Trg = <6Ar2 +2B— = 74) sin20 (11)

where g, is the circumferential stress.

Substituting all stress components (i.e. Eqs. (9)-(11)) into the
boundary conditions (i.e. Egs. (3) and (4)), the parameters, A, B, C
and D can be determined as follows

Gh rd i _ plopd

C in” out in ~ out 12
2 I+ AT R — O+ AT T — T 12
D— Ghr?nrgut + SC(riznrﬁut - r?nrgut) (13)
12(r:ln - rgUt)
2C 3D
B=—-———— (14)
T T
1 C 3D
A=z (+ 2 -5) (1)

Then, the stress components can be specifically obtained
through substituting the above four equations into Eqgs. (9)-(11).

As for the force diagram shown in Fig. 2(c), it can be easily
found that it is a classical axisymmetric problem in the elasticity.
Hence, the radial and circumferential stresses can be simply deter-
mined based on the theory of elasticity as
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E
0 =5 +2F (16)
E
0():—r—2+2F (17)
'L'r()ZO (18)

where E and F are the parameters for expressing the stress
components.
The corresponding boundary conditions can be written as
Gn

r=Tin, T = Tow: 07 = =5 (19)

T=Tin,T =Tout : Trg =0 (20)

Substituting Eqs. (16) and (17) into Egs. (19) and (20), the stress
components can be determined as

Gh Tiz
ar:—7<—r—;+]> 21)
_ Gh Tizn
T, =0 (23)

Combining Eqgs. (9)-(11) and Egs. (21)-(23), with the substitu-
tion of Egs. (12)-(15), the stress distribution of underground con-
crete pipeline only subjected to lateral earth pressure can be
calculated as

4C 6D Gh ([ 12
ar:—<ZB+r—2+r—4>c052()—7h<—r#2“+1> (24)
2
Gy — (12Ar2+23+%>c0520—%<%‘+1> (25)
Ty = <6Ar2 +2B— ZTZC - ?—?) sin20 (26)

As stated above, the stress distribution of underground concrete
pipeline only subjected to vertical earth pressure can then be
determined by replacing G, with G, and 0 with 0 — /2 in Egs.
(24)-(26). Combining the two kinds of stress distributions, the
stress distribution of underground concrete pipeline subjected to
nonuniformly distributed earth pressures can be finally
determined.

2.2. Effect of stress distribution on chloride diffusion coefficient

It can be easily found from Eq. (25) that the circumferential
stress can show different states, i.e. compressive or tensile state,
on different cross sections because of different corresponding val-
ues of angle 0. This is an important aspect different from the state
of circumferential stress in the underground concrete pipeline sub-
jected to uniformly distributed earth pressure, since its circumfer-
ential stress is always compressive. When the circumferential
stress is the tensile stress, it greatly affects the void ratio of con-
crete as well as the generation and development of initial cracks,
which further significantly affects the chloride diffusion rate in
the concrete pipeline. To describe the chloride diffusion process
in the underground concrete pipeline subjected to nonuniformly
distributed earth pressures, the empirical relations of diffusion
coefficient for different stress states obtained by Li [16] is adopted,
which are listed as follows

D, = Do(1+ QnT + Q,G°)(tensile state) (27)

Df = Do(1 + QG + Q,0%) (compressive state) (28)

where G denotes the stress level, equal to @ = g/f, for the tensile
state and @ = g /f, for the compressive state, respectively; ¢ is the
acting stress; f, and f, are the tensile and compressive strengths
of concrete; Q; and Q;, are the fitting coefficients for the tensile
state and equal to 0.4184 and —0.1239, respectively; Q. and Qg
are the fitting coefficients for the compressive state, which equal
0.0968 and —0.5507, respectively; and D, represents the chloride
diffusion coefficient in the uncracked concrete, equal to [17]

Do = 10exp[—3.9(w/c)2 +7.2(w/c) — 14.0] (29)

where w/c denotes the water-cement ratio.

The reason for adopting the empirical relationship proposed by
Li [16] to describe the chloride diffusion in the underground con-
crete pipeline subjected to nonuniformly distributed earth pres-
sures is that compared with other empirical relationships, this
relationship considers the tensile and compressive strengths of
concrete and thus it can provide more practical guiding
significance.

2.3. Solution of diffusion equation

As mentioned above, the stress in the circumferential direction
varies with the angle, 0, as the underground concrete pipeline is
subjected to nonuniformly distributed earth pressure and can
become either compressive or tensile stress, which results in the
nonuniform chloride diffusion along the radial direction. In
another word, with different values of angle, 6, the diffusion of
chloride ions is different in each radial direction. Therefore, the dif-
fusion in the radial direction should be considered with each indi-
vidual value of angle, 0, based on the directions of stress extreme
values obtained from the solution of stress distribution. Then, the
location where the chloride ion concentration firstly reaches the
critical concentration resulting in the steel corrosion can be deter-
mined. Additionally, the service life of underground pipeline under
the nonuniformly distributed earth pressures in the diffusion per-
iod can be estimated. To achieve these aims, the chloride diffusion
in the radial direction with each individual angle, 6, can be mod-
elled based on the diffusion in the compound media in the Carte-
sian coordinate system.

As shown in Fig. 3, the coordinate system is built by setting the
center of pipeline as the origin and the radial direction as the x axis.
The concrete cover is divided into m layers along the x axis. The
coordinate of inner surface is denoted as x; and the coordinate of
outer surface is set as x,,. Because each concrete layer is subjected
to different stress levels, the diffusion coefficients of each layer are
different, which are denoted as D; (i=1,2,3,---,m). When the
pipeline is just buried in the chlorinated soil, the chloride ion con-
centration of each inner concrete layer equals zero. The concentra-
tion at the outer surface equals the equilibrium chloride ion

Y Oc (x,t) 0
. ¢, (x,t)=c,
T T T T
I I I I
| | | |
C | (&) | | Cm—1| Cm
I I I I
[0 f f f t p
| | | |
Tin I I I I
| | | |
Tout T T T T
1 1 1 1
X X X3 Xm-1 ¥m Xmtl

Fig. 3. Diffusion in compound media in Cartesian coordinate system.
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concentration of surrounding soil, cs, since it is completely exposed
to the outer chlorinated environment. As time goes on, the chloride
ions at the outer surface diffuse inwards. In comparison, the chlo-
ride ions at the inner surface do not diffuse further, because it is
isolated from the outer chlorinated environment.

The governing equation of chloride diffusion can be given,
according to the Fick’s second law, as

dax.t) _ o

ot P ox2’
where t is the time; and c; represents the chloride ion concentration
of the ith concrete layer.

The corresponding boundary and initial conditions can be writ-
ten as

X <X<Xyy1,i=1,2,..,m (30)

aci(x.t)
= =0,x=x (31)
m(X7 t) = Cs, X = Xm+1
Ci(x,0) = 0,% < X < Xi11 (32)

The continuity condition for the influx and flux of chloride ions
should be satisfied at the interface between the concrete layers,
which can be expressed as

—D. 9¢i 1 (x,t)
HIor T x=xq,i=1,2,--,m—1 (33)

D ac; Xt
{ c,(x, t) = ciq(x, 1)

With the aid of these boundary and initial conditions, the the-
ory of partial differential equation indicates that the mathematical
problem for solving Eq. (30) can be separated into a homogeneous
unstable state diffusion problem along with two nonhomogeneous
stable state diffusion problems. Therefore, the solution of Eq. (30)
is the sum of the solutions of these three problems. The specific
derivation processes of the solutions of these three problems have
been given by Wang et al [ 18] in detail. Here, only the final solution
of Eq. (30) is given as

Ci(xvt):Csﬂi(xvt)'i_wi(x:t):i:]727"'7m (34)
where
di(x) =1 (35)

Csxy]n (36)

Ze”",\, Yin(Bas X Z/_

In Eq. (36), B, are the eigenvalues when the determinant of
coefficient for the governing equation equals zero; N, is a parame-
ter for simplifying the equation expression; and y;, is the eigen-
function. The expressions of N, and y;, are written as

Nn = Zm: / " XYoo (B X)dX (37)
i=1 /%
Xin(X) = Ainsin ( \%_X> +BinC05< \%ix) (38)

To show how to specifically solve the problem, the following
derives the solution of characteristic equation for four-layer com-
pound media. Based on the boundary and continuity conditions,
the corresponding characteristic equation should satisfy the fol-
lowing homogenous linear equations as

Miy My | (L 0
= (39)

M1 My |\ Ly 0
where My, My, My; and M,, are the block matrices and their

expressions are written as

cos(n,) —sin(n,) 0 0
Pmos(”;ﬁ) Pysin 2) —cos (11,) sin (17,)
My = .
" 51n(’“"2> cos ;—f) —sin(1,) —cos(1,)
0 0 chos(%) —stin(%)
(40)
I 0 0 00
0 0 00
My, = 41
? 0 0 00 4D
L —cos(n;) —sin(y;) 0 O
[0 0 sin(%) cos(”}(—f)
My — |00 0 0 (42)
00 0 0
L0 O 0 0
[ —sin(#;) —cos(#;3) 0 0
chos(—") —P;sin(”;ﬁ) —cos(n,) sin(n,)
My, = sin(T) cos('“x“) —sin(n,) —cos(n,)
0 0 snn(4x5) cos(""f’)
(43)
1 A3n
Bln B3n
Ly = Ly = 44
11 Azn s 21 A4n ( )
BZn B4n
where
/}ﬂ
m=x b,
’72:"2\%—2
— xz b (45)
N3 = 3\/,2
'74—X4\/—

P = /3t
Py = /32 (46)
Py = /22

where the eigenvalues, g, (n=1,2,3,4), can be determined by
making the determinant of coefficient of Eq. (39) equal to zero.
Then, the parameters A;, and B;, (i=1,2,3,4) can be calculated
through solving Eq. (39) as below

_cos (1)
"=y @

P, [COS (%) + Fip8in (%)} + Fan sin (1)

fan = cos 1) )
Bay = [€OS (17,) + Py sin (#,)F1,] sin <7I)1< 2>
+ [F1 €0S (17,)—P; sin (17,)] cos (’71] 2) (49)
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P, [Ezn cos (72"3) — Fap sin (%)] + F3psin (173)

Ao = cos (1) Y
ot (1) (12

~Pasinny) Bl (22) + Rt (22| Gl
.
-l (32 s (1)

— Pysin(n, ){E;ncos ('7;23) + Fausin (";23)} (53)

where J, and Y, are the first-order first kind and second kind Bessel
functions; and Ej, (j = 2,3) and Fy, (k=1,2,3) are the parameters
for the analytical solution of underground concrete pipeline sub-
jected to uniformly distributed earth pressure and their expressions
can be specifically found in the Appendix.

Combining Egs. (34), (35) and (36)-(52), the chloride diffusion
in the four-layer compound media can be determined. Here, the
chloride ion threshold level is taken as the ratio of chloride ion con-
tent to cement content, because this criterion considers the cement
hydration inhibiting effect as well as free chloride ions recombina-
tion. According to the summarization of critical chloride ion con-
tents reported by Shao and Li [19], it can be known that the
critical value of the ratio of chloride ion content to cement content
generally varies from 0.2% to 3.08%. As a result, the pipeline service
life in this period, Tp, can be determined through solving Eq. (30),
with the substitution of the steel bar radial location and the critical
chloride ion content.

3. Protective cover cracking caused by corrosion expansion
3.1. Basic assumptions

To estimate the service life of underground concrete pipeline
under the nonuniformly distributed earth pressure in the chloride
contaminated environment, the concrete pipeline is simulated as
the dual compound media consisting of the corrosion products
and outer productive cover, which is just shown in Fig. 4. The
outer protective cover is subjected to the forces from three direc-
tions, which are the vertical earth pressure, G,, the lateral earth
pressure, G, and the uniformly distributed corrosion expansion
pressure, P;. The notations R, and R, denote the outer and inter
radii of the mechanical model. As the circumferential tensile
stress at the inner surface of outer productive cover arrives at
the concrete tensile strength, the thickness of corrosion products
between the concrete and steel bar can be determined from the
displacement superposition of pipeline subjected to the afore-
mentioned three kinds of pressures. Before deriving the solution
of the displacement caused by each kind of pressure, four basic
assumptions need to be made here, which are given in the
following:

em:l 28+£+@—v 12Ar? +ZB+6D
E. r4

Corrosion products

Gy

Outer protective cover

Fig. 4. Mechanical model of dual compound media composed of corrosion products
and outer protective cover.

(i) The concrete material made into the outer productive cover
exhibits the linear elasticity and its corresponding mechan-
ical properties remain constant before cracking;

(ii) The concrete and steel bar are not fully contacted and there
are micro voids consisting of porous zone at the concrete-
steel surface. Once the steel begins to rust, the corrosion
products fill in the porous zone at first;

(iii) The corrosion products around the steel bar are uniformly
distributed. Thus, the corrosion expansion pressure is acting
uniformly on the steel bar and the productive cover;

(iv) In fact, the cracking of concrete cover is attributed to many
factors, such as shrinkage, chemical reactions, thermal
changes, overloading, premature drying and the like. If all
of these factors are taken into consideration, it is impossible
to build the analytical model since the solution to the ana-
lytical model will become extremely complex and quite dif-
ficult to solve, let alone putting it into practice. Therefore, for
sake of deriving the analytical solution, only the cracking
caused by the corrosion expansion pressure and the nonuni-
formly distributed earth pressure are taken into account.

3.2. Mechanical analysis of protective cover

According to the above assumptions and the theory of elasticity,
the circumferential strain of underground concrete pipeline only
resulting from the lateral earth pressure, &;, can be easily obtained
just through substituting the stress equations (i.e. Egs. (24) and
(25)) into the following physical equation, i.e.

(54)

where ¢, is the circumferential strain; E. is the concrete effective
elastic modulus, calculated as E./(1+ ¢.,); and v is the concrete
Poisson’s ratio. The notations, ¢,,, and E. represent the creep coef-
ficient and elastic modulus of concrete, respectively.

The expression of &,; can be written after the substitution as
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Substituting the above equation into the geometric equation
(i.e. & = ou,/or and u, represents the radial displacement), inte-
grating the equation and determining the integration constant
based on the axisymmetric condition, the radial displacement in
the underground concrete pipeline can be determined as

U == |—|2Br - — - — v<4Ar3 +2Br — @)} 020 —
ror r

As for the situation that the underground concrete pipeline only
subjected to vertical earth pressure, the displacement can be calcu-
lated just through replacing the lateral earth pressure, Gy, with the
vertical earth pressure, G,, as well as the polar angle, 6, with the
polar angle, # —%. The superposition of displacement solutions
caused by two-direction earth pressures yields the final displace-
ment solution of underground concrete pipeline subjected to
nonuniformly distributed earth pressures.

The circumferential stress in the underground concrete pipeline
arising from the corrosion expansion pressure, oy, can be easily
calculated on the basis of the theory of elasticity via assuming
the corrosion expansion pressure as P, in the following

2 2
O3 PrR3 (1 +R4> (57)

) 2 2
R;—Rg r

The corresponding displacement in underground concrete pipe-
line can be calculated as

U = P.Rs ) {(r2 +13) + Ve (Rf1 - rz)} (58)

Eer(REl R

Therefore, the superposition of stress solutions resulting from
the three-kind pressures yields the stress distribution in the under-
ground concrete pipeline subjected to nonuniformly distributed
earth pressures. Making the radial distance equal to the inner
radius (i.e. r = R3), the circumferential stress at the inner surface
of outer protective cover at each angle, 0, can be determined and
it is easily found that the circumferential stress changes with the
change in the value of angle 0. When the angle 0 reaches a certain
value, 0, the circumferential stress can arrive at the maximum
value, oymax. As the maximum value of circumferential stress
increases to the concrete tensile strength, f,, (i.e. Gpmax = f;), the
corrosion expansion pressure, P, can determined as

Ri—R:

45 59
RS +R; 9

P. = (f; — Oom — Oom2)

where 6,1 and oy, are the circumferential stresses at the inner
surface of outer protective cover resulting from lateral and vertical

Compressive stress @

Fig. 5. Mechanical model of inner protective cover and corrosion products.

GnR?

z(Ri—R

earth pressures, respectively, as the angle 0 reaches the certain
value, 0p,.

Substituting the corrosion expansion pressure, P;, (i.e. Eq. (59))
and r = R into Eq. (58) and summing the three displacement solu-
tions, the radial displacement of protective cover is able to be

(5) o) 55
r r

determined. Since the thickness of corrosion products, ds,, equals
the radial displacement of protective cover, the thickness of corro-
sion products, ds,, can be determined as well.

Due to the corrosion expansion pressure, the inner protective
cover is compressed towards the center of pipeline and the corre-
sponding radial displacement is negative, which is just shown in
Fig. 5. In the figure, R, and R; denote the outer and inner radii of
inner protective cover. The corrosion products of steel bar fill in
the porous zone arising from this radial displacement after the
steel bar rusts. Therefore, the thickness of corrosion products
around steel bar, ds;, equals the negative radial displacement of
inner protective cover, which is able to be easily calculated on
the basis of the theory of elasticity as

PR, [(R§ + R%) + v(R% - Rg)]
- E(R - R?)

s1

3.3. Mass of corrosion products and pipeline service life

The total mass of corrosion products is composed of three parts,
which are the mass of corrosion products filling in the porous zone
at the concrete-steel interface, m,, the mass of corrosion products
yielding expansion pressures, m,, and the mass of corrosion prod-
ucts filling in the steel bar loss because of corrosion, m;. The
expressions of three parts can be written as

me = ZpCTC[deo + (Rz +do + dg)do] (61>

my = 2pC7T[R3dsz + (RZ - ds] )dsl} (62)
Mgt mrw

m— o s 63

P TP, ©3

where p, denotes the density of corrosion products; dy is the thick-
ness of porous zone around steel-concrete interface; p,, is the steel
bar density; d; represents the initial steel bar diameter; m,, is the
loss weight of steel bar; and w is the ion mass proportion in corro-
sion products, the value of which varies from 0.523 to 0.622 [20].

Summing the three parts up yields the total mass of corrosion
products, mr, as

mr = M [deo + (Rz + do + dg)do + R3d52 + (Rz — ds1)ds1]
Pst — P

(64)

As the corrosion layer thickness increases, the diffusion distance
of ions increases and correspondingly the production rate of corro-
sion decreases [20]. Therefore, the corrosion productivity, J.,,, can
be determined, since it is inversely proportional to the total weight
of corrosion products, as follows
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. me(t) _ kp
qur - dt - mT(t)

(65)

where k,, is the production rate and depends on the corrosion rate of
steel bar, able to be determined using the corrosion rate as [21]

nicor ds

ky = 0.098 — 52

(66)

where i, is the electric current density of corrosion. Note that the
units of production rate of corrosion products, k,, and corrosion
electric current density, ior, are kg/(m?-a) and pA/cm?,
respectively.

When the total mass of corrosion products is determined (i.e.
Eq. (64)), the pipeline service life during corrosion can be deter-
mined via solving Eq. (65) as

wm?
Teor = 0.1967td;icor (67)

As the pipeline service life during corrosion is determined, the
whole service life of pipeline in the chlorinated soil can be finally
determined by summing up the service life of diffusion period
and the service life of corrosion period.

4. Finite element modeling for verification

To examine the validity of proposed solution for predicting the
chloride diffusion in the underground concrete pipeline subjected
to nonuniformly distributed earth pressures, a two-dimensional
finite-element model is built with ABAQUS. The chloride diffusion
is simulated by means of the heat transfer module. As shown in
Fig. 6, the x coordinates of outer and inner surfaces of protective
cover model are 0.42 m and 0.3 m, respectively. The model is
divided equally into four layers and the diffusion coefficients of
each layer from the inside out are D; =2.0x 107 m2/s,
D, =30x10"2 m?/s, D;=40x10" m?/s, and
D4 = 5.0 x 10> m2/s, respectively. Note that no chloride diffusion
occurs at the inner surface of protective cover and the constant
chloride ion concentration of protective cover, ¢, is 0.346% of the
concrete weight [22]. The sweeping method and the linear heat
transfer quadrilateral element are employed to divide the finite-
element model into 64 elements. The diffusion coefficient of
uncracked concrete, Dy, equals 0.76 x 102 m?/s [23].

Fig. 7 illustrates the distribution contour of chloride ion concen-
tration after different exposure periods. It can be found that the
chloride diffusion in the concrete cover can be effectively simu-
lated through the established finite element model. At the same
x coordinate, the chloride ion concentration remains constant
along the y axis. The chloride ion concentration shows a decrease

Oc,(x,t)

=0, no diffusion inward
ox

trend from the outer surface to the inner surface. The chloride
ion concentration arrives at the maximum value at the outer sur-
face, equaling the chloride ion concentration of surrounding soil,
while at the inner surface the chloride ion concentration arrives
at the minimum value. This is because the chloride ions diffuse
from the outer surface to the inter surface and the chloride ions
at the inner surface do not diffuse further.

Fig. 8 shows the comparison of chloride ion concentration after
different exposure periods along the data path selected in Fig. 7(b)
between the proposed analytical analysis and the finite element
simulation. The chloride ion concentration at the radial distance,
r, is normalized with that at the outer surface of concrete cover.
The radial distance, r, is normalized with the relative radius,
X = (x—a)/(b—a). It can be observed from the figure that the
chloride ion concentration after different exposure periods pre-
dicted by analytical solution show good agreements with the
numerical results from finite element simulation, which strongly
demonstrates that the proposed analytical method can appropri-
ately estimate the diffusion of chloride ions in underground con-
crete pipelines subjected to nonuniformly distributed earth
pressures. In addition, the verification of present diffusion model
provides reliable results for the subsequent analysis of service life
in the corrosion period.

5. Case analysis and parametric study
5.1. Pipeline service life of diffusion period

To explore the effects of nonuniformly distributed earth pres-
sures and the thickness of concrete protective cover on the pipeline
service life in the period of diffusion, the concrete pipeline with
unit length is taken as a case for analysis. In the analysis, the pipe-
line inner radius equals 0.3 m. The initial thickness of protective
cover is 30 mm. The unit weight of overlaying soil of concrete pipe-
line is 18 kN/m? and the initial nonhomogeneous coefficient of
earth pressure, K, equals 0.5. The critical chloride ion concentra-
tion, c., is 0.237% of concrete weight and the constant chloride
ion concentration, cs, is 0.346% of concrete weight. The concrete
elastic modulus, E., and Poisson’s ratio, v, equal 27 GPa and 0.18,
respectively. The creep coefficient of concrete is taken as 2.0. With
these parameters, the evaluation of service life in the diffusion per-
iod are conducted.

Fig. 9 shows the distributions of circumferential stress of con-
crete protective cover when the vertical and lateral earth pressures
are taken as 180 kPa and 90 kPa, respectively. The stress distribu-
tions of concrete protective cover are illustrated in Fig. 10(a) and
(b) as well. From the figures, it can be found that the circumferen-
tial stress varies periodically with the variation of angle, 0, and the

Constant, ¢y, (x,t) = ¢ = 0.346%

\

ls— Tim——>

“ Tomt

X1

Xs

Fig. 6. Two-dimensional finite element model for four-layer compound media in Cartesian coordinate system.
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Fig. 7. Distribution contours of chloride ion concentration after different exposure periods: (a) Tq = 20a; (b) T4 = 40a; (c) T4 = 60a.
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Fig. 8. Comparison of chloride ion concentration between analytical analysis and Fig. 9. Circumferential stress at inner and outer surfaces of concrete cover with

finite element modeling. different circumferential positions.
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Fig. 10. Schematic of Circumferential stress distributions of concrete cover: (a) inner surface; (b) outer surface.

length of monotony interval is 7/2. For the inner surface of con-
crete cover, when the angle, 0, equals 7/2 and 37/2, the circumfer-
ential stress is the tensile stress and reaches the maximum value;
when the angle, 0, is equal to 0 and 7, the circumferential stress
belongs to the compressive stress and arrives at the maximum
value. On the contrary, the circumferential stress at the outer sur-
face of concrete cover shows the opposite variation trend. When
the angle, 6, equal /2 and 37/2, the circumferential stress is the
compressive stress and arrives at the maximum value, while as
the angle, 0, equal 0 and 7, the circumferential stress is the tensile
stress and reaches the maximum value. It should also be noticed
that when the angle, 0, equal /4, 37/4, 57/4 and 77/4, the cir-
cumferential stresses at the inner and outer surfaces of concrete
cover almost equal each other and both of them are the compres-
sive stress. For both inner and outer surfaces of concrete cover, the
range of angle, 0, that leads the circumferential stress to being the
compressive stress is larger than the range leading the circumfer-
ential stress to being the tensile stress. Moreover, the maximum
value of compressive stress is larger than the maximum value of
tensile stress. These two phenomena indicate that the circumfer-
ential stress of underground concrete pipeline show different
states, i.e. tensile or compressive stress, when the pipeline is sub-
jected to nonuniformly distributed earth pressures. However, the
compressive state takes the dominant place between the two
states.

1.0

——0=0 —e— 0=m7/8

—=— @=m/4 —o— 6=31/8 f=m/2

o
W

-
o

'
=
W

'
—_
(=]

Circumferential stress, o, (MPa)

0.0 0.2 0.4 0.540.6 0.8 1.0
Normalized radius, R’ = (r-a) / (b-a)

Fig. 11. Circumferential stress along with radial direction for different circumfer-
ential positions.

As mentioned above, the length of monotony interval of circum-
ferential stresses is 7/2, therefore Fig. 11 shows the variation of
circumferential stresses along with the radial direction with differ-
ent values of angle, 0, within the range from 0 to 7/2. It can be
observed that for each angle, 0, the circumferential stress varies
with the different positions in the radial direction. The amplitude
of variation first decreases and then increases as the angle, 0,
increases from 0 to 7r/2. When the angle 6 equals 7 /4, the circum-
ferential stress almost remains constant along with the radial
direction, which illustrates that in the concrete protective cover,
there is a radial line, on which the compressive stress is nearly
equal. Simultaneously, it is worth noting that when the relative
radius is equal to 0.54, the circumferential stresses of each angle,
0, are the compressive stress and equal each other. This illustrates
that in the concrete protective cover, there is a circumferential line,
on which the compressive stress keeps the same. Moreover, it can
be found that for the zone where there are both compressive and
tensile stresses, the zone for compressive stress is always larger
than the zone for tensile stress and the maximum value of com-
pressive stress is larger than the maximum value of tensile stress.
This demonstrates again that the compressive stress takes the
dominant place as the underground concrete pipeline is subjected
to nonuniformly distributed earth pressures.

Fig. 12 describes the variation of chloride diffusion coefficient
along the radial direction for different circumferential positions.

Q
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g" —e— @=m/4 —e— 6=37/8
N —— 0=1/2
i)
-
5
=
(o]
G
]
=
L
S
=
(]
8 N PARE
o S g \ < & $
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a 0.0 0.2 0.4 0.6 0.8 1.0

Normalized ratio, R’ = (r-a) / (b-a)

Fig. 12. Chloride diffusion coefficient along with radial direction for different
circumferential positions.
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It can be found that the chloride diffusion coefficient along the
radial direction for each angle, 0, shows the similar variation trend
as the variation of stress in Fig. 11. The chloride diffusion coeffi-
cient in the tensile zone for each angle, 0, is obviously larger than
the diffusion coefficient in the zone without stress, while the chlo-
ride diffusion coefficient in the compressive zone is smaller than
the diffusion coefficient in the zone without stress. It is worth not-
ing that the variation range in the tensile zone is apparently larger
than the variation in the compressive zone. When the angle 0
equals m/2 and the relative radius equals 0, the variation range
in the tensile zone reaches the maximum value, which is equal
to 037 x10°"* m?/s (from 1.80x 102 m?/s to 2.17 x 10"
m?/s). In comparison, when the angle 6 equals 0 and the relative
radius equals 0, the variation range in the compressive zone arrives
at the maximum value, which is equal to 0.04 x 10~'? m?/s (from

1.80 x 102 m?/s to 1.76 x 10" m?2/s) and is much smaller than
the value of variation range in the tensile zone. This is because at
a relatively low stress level, the void ratio of concrete decreases
as the compressive stress increases, which consequently leads to
the decrease in the chloride diffusion coefficient. On the contrary,
the void ratio of concrete increases as the tensile stress increases
in the tensile zone. Consequently, some original micro cracks
develop further and some new micro cracks is generated. Corre-
spondingly, some macro cracks will be generated, which will sig-
nificantly increase the chloride diffusion rate in the underground
concrete pipeline.

Fig. 13 illustrates the variation of chloride ion concentration at
the steel bar with different thicknesses of concrete protective
cover, nonhomogeneous coefficients of earth pressure and earth
pressures at different circumferential locations. It should be
pointed out that the exposure period of underground concrete
pipeline in the chlorinated soil is assumed as 20 years. From the
figure, it can be seen that the chloride ion concentration decreases
as the angle, 0, increases, when the earth pressure and the thick-
ness of concrete protective cover are constant. Therefore, at the cir-
cumferential position 0 = 0, the chloride ion concentration at the
steel bar will reach the critical chloride ion concentration of steel
corrosion at first. In another word, the steel bar at this circumfer-
ential location will corrode firstly. Comparing Fig. 13(a) with
Fig. 13(b) yields that the chloride ion concentration of concrete
pipeline increases significantly as the thickness of concrete protec-
tive cover decreases, as the earth pressure and the circumferential
position are determined. For example, when the vertical earth
pressure, G, = 360 kPa, and the lateral earth pressure, G, = 180
kPa, the chloride ion concentration increases 1.27 folds (from
0.18 to 0.41) as the thickness of concrete protective cover
decreases by 25% (from 60 mm to 45 mm). This can be attributed
to that with the decrease of concrete protective cover thickness,
the diffusion path of chloride ions becomes shorter. Correspond-
ingly, the time requested for the chloride ions arriving at the crit-
ical concentration at the steel bar reduces at a certain diffusion
rate. Therefore, in the same exposure period, the chloride ion con-
centration is higher at the steel bar with the smaller thickness of
concrete cover. Moreover, it can be found that with as the earth
pressures increase, the chloride ion concentration increases signif-
icant at the direction of angle 0 = 0, while the chloride ion concen-
tration decreases gradually at the direction of angle 0 = 7/2. This is
because the variation of earth pressure has a significant effect on
the chloride diffusion coefficient in the tensile zone. In addition,
the chloride ions diffuse from the outside in, which leads to that
the variation of diffusion coefficient has more important effect on
the chloride diffusion in the outer layer, compared with that in
the inner layer. Comparing Fig. 13(a) with Fig. 13(c) gives that
when the underground concrete pipeline is subjected to earth
pressures with strong nonuniformity, the chloride ions show a
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Fig. 13. Chloride ion concentration at steel bar with different cover thicknesses,
nonhomogeneous coefficients of earth pressure and earth pressures at different
circumferential positions: (a) C = 60 mm, K = 0.5; (b) C =45 mm, K = 0.5 and (c)
C=60mm, K=0.7.

higher concentration at the steel bar. The reason for this phe-
nomenon is that when the pipeline is subjected to uniformly dis-
tributed earth pressures, the circumferential stress in the
pipeline is the compressive stress and the occurrence of tensile
stress is just because of the nonuniformity of earth pressures.
Therefore, with the increase of nonuniformity of earth pressures,
the maximum value of tensile stress will increase and the tensile
zone will develop further as well. As such, the diffusivity of chlo-
ride ions will be enhanced and thus the chloride ion concentration
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Fig. 14. Service life of pipeline with different vertical earth pressures, nonhomo-
geneous coefficients of earth pressure and cover thicknesses in the diffusion period:
(a) C =45 mm and (b) C = 60 mm.

at the steel bar will increase, because of the nonuniformly dis-
tributed earth pressures.

Fig. 14 exhibits the effects of thickness of concrete protective
cover and nonuniformity of earth pressures on the pipeline service
life in the diffusion period. It is observed that the service life
decreases with the increase of magnitude of vertical earth pressure
and the nonhomogeneous coefficient of earth pressure, while the
service life increases with the increase of thickness of concrete
cover. It is well known that compared with the hard clay, the soft
clay has a larger coefficient of earth pressure at rest. Thus, it has a
smaller nonhomogeneous coefficient of earth pressure and corre-
spondingly its nonuniformity is relative weak. As a result, the con-
crete pipeline buried in such soils has a longer service life. This also
illustrates that to extend the pipeline service life, the factors
including the buried depth, soil type and thickness of concrete pro-
tective cover should be comprehensively considered. In other
words, shallow buried depth, thick concrete protective cover and
soft clay layer should be prioritized to improve the durability of
underground concrete pipeline during diffusion.

5.2. Pipeline service life of corrosion period

In this case analysis, the values of soil weight, mechanical
parameters of concrete and initial nonhomogeneous coefficient of
earth pressure are all the same as the last case. The other parame-
ters requested to be clarified include: the ion mass proportion in

the corrosion products, §, taken as 0.523; the thickness of porous
zone, dy, equal to 12.5 um; and the densities of corrosion products,
p., and steel bar, p,, equal to 3.6 g/m? and 7.9 g/m?, respectively.
Using these parameters, the pipeline service life in the period of
corrosion is estimated.

Fig. 15 exhibits the variation of circumferential stress at the
inner surface of underground concrete pipeline at different circum-
ferential positions. The pipeline is assumed to be subjected to the
vertical earth pressure, G,, equal to 90 kPa, and the lateral earth
pressure,Gy,, equal to 9 kPa, as well as the corrosion expansion
pressure, P;, equal to 0.3 MPa. It is found that the circumferential
stress varies periodically with the circumferential position and
the period is 7. When the circumferential position 0 equals 7/2
and 37/2, the circumferential stress is the tensile stress and arrives
at its maximum value. Therefore, the tensile stress at the circum-
ferential positions 0 = 7/2 and 0 = 37/2 of inner surface of con-
crete protective cover will reach the tensile strength of concrete
at first. In other words, these two positions are the most dangerous
position where the cracking may first occur.

Fig. 16 shows the prediction on pipeline service life in the cor-
rosion period, which is assumed to be subjected to different
nonuniformly distributed earth pressures and have different con-
crete protective cover thicknesses. It can be found that with the
same nonhomogeneous coefficient of earth pressure and concrete
protective cover thickness, the service life reduces obviously with
the increase of nonuniformly distributed earth pressures. This is
because the larger nonuniformly distributed earth pressure results
in a larger circumferential stresses at the dangerous surface (dan-
gerous surface means the surface where the cracking is easiest to
occur) and as such the circumferential stress only needs the super-
position of a very little corrosion expansion pressure to reach the
tensile strength of concrete for cracking. This further indicates that
only a few corrosion products can yield the cracking of under-
ground concrete pipeline. Therefore, its corresponding time for
corrosion becomes shorter, which indicates that the underground
concrete pipeline has a shorter service life in the corrosion period.

Comparing Fig. 16(a) with Fig. 16(b) yields that with the same
concrete protective cover thickness and vertical earth pressure,
the smaller nonhomogeneous coefficient of earth pressure corre-
sponds to a longer pipeline service life. The reason is that the stress
in the pipeline tends to be the compressive stress when the
nonuniformity of earth pressure is weak. As such, the circumferen-
tial tensile stress reduces at the dangerous surface and even turns
into the compressive stress as the nonhomogeneous coefficient of
earth pressure is equal to zero. As a consequence, a larger corrosion
expansion pressure is required to give rise to the cracking of
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Fig. 15. Circumferential stress at inner surface of concrete cover subjected to
corrosion expansion pression at different circumferential positions.
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Fig. 16. Service life of pipeline with different cover thicknesses and nonuniformly
distributed earth pressures in corrosion period.

pipeline, which accounts for that the pipeline service life is
extended under such conditions.

Moreover, it can be observed that when the nonuniformly dis-
tributed earth pressure is determined, the pipeline service life
increases as the concrete protective cover thickness increases. This
can be attributed to that the inner radius of outer protective cover
increases due to the increase of cover thickness. This implies that
more corrosion products require to be produced to fill in porous
zone and to yield the same corrosion expansion pressure. Corre-
spondingly, more corrosion products mean a long-time corrosion
and hence the pipeline service life is extended. Hence, when
designing underground concrete pipelines, shallow buried depth,
large concrete protective cover thickness and soft clay layer should
be given priority to ensure that the underground concrete pipeline
can meet the use requirement in the whole service period.

6. Conclusions

In this paper, the service life of concrete pipelines subjected to
nonuniformly distributed earth pressures in chloride contaminated
soils has been predicted by estimating the service life in the diffu-
sion and corrosion periods, respectively. In both periods, the effects
of nonuniformly distributed earth pressures have been taken into
account by incorporating the solution to the stress distribution in

the pipeline derived on the basis of the principle of linear superpo-
sition. The chloride diffusion in the pipeline was simulated based
on the diffusion model for a dual compound media and the predic-
tion on service life of this period was examined by ABAQUS simu-
lations. The service life during corrosion was predicted with the
help of corrosion expansion pressure along with the concrete ten-
sile strength and the mechanical analysis of pipeline. The effects of
nonuniformly distributed earth pressures and concrete protective
cover thickness were explored by comprehensive parametric
studies.

The conclusions drawn from this study indicate that because of
the effects of nonuniformly distributed earth pressures, the stress
state and stress level within the underground concrete pipeline
vary from location to location, which is different from those in
the pipelines subjected to uniformly distributed earth pressures.
In addition, at the same radial location, the circumferential stress
varies periodically from the tensile stress to the compressive stress
or vice visa along the circumferential direction. However, the com-
pressive stress takes the dominant place no matter in the radial
direction or in the circumferential direction. During the chloride
diffusion in the pipeline, the maximum chloride ion concentration
around steel bars reduces remarkably as the increase of concrete
protective cover thickness, while it increases with the increase of
stress level and nonuniformity of nonuniformly distributed earth
pressures. Thicker concrete protective cover, shallower buried
depth and soft clay layer should be given priority to when design-
ing concrete pipelines buried in chlorinated soils, so as to ensure
that underground concrete pipelines have an adequate service life.
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Appendix. The expressions of parameters E;, (j = 2,3) and F,
(k=1,2,3) are as follows
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[9] R. Francois, J.C. Maso, Effect of damage in reinforced concrete on carbonation
or chloride penetration, Cem. Concr. Res. 18 (6) (1988) 961-970.
[10] N. Gowripalan, V. Sirivivatnanon, C.C. Lim, Chloride diffusivity of concrete
cracked in flexure, Cem. Concr. Res. 30 (5) (2000) 725-730.
[11] A. Castel, R. Francois, G. Arliguie, Chloride diffusion in reinforced concrete
beam under sustained loading, ACI Special Publication 200 (2001) 647-662.
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where 1; (i=1,2,3) is the radius of the ith layer of compound
media; and J, and Y, are the zero-order first kind and second kind
Bessel functions, respectively.
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