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New Method of Time-Dependent
Analysis for Interaction of Soil and
Large-Diameter Flexible Pipe
KOON MENG CHUA AND ROBERT

L.

LYTTON

Design equations have been d vcloped to predict the pre-yield
deOection , tre se , and tra ins in buried flexible pla tic pipes
over r.ime. T he solutions con ider the effects of creep in the pipe
material and rJ1e tmounding oil and backfill , the water table.
arching, and variabl bedding condit ions. T h e equation are
obtained by regres ion analy is, and re ults are ge nerated using
a finite element program . The design equations predict pipe deflections that are consistent with those obtained in the field over
a period of time . It i. hown that the arching of oil surounding
a pipe can be quantified to furth er appreciate its cause and e feels.
The ratio of the pipe ve rtical deflecti n to irs horizontal deflection is shown to be an ambiguous way of de!'iniog th e ·tru ctural
in tegrity of nonrigid pipes. Strrun level may b a beuer indicator
of the structuraJ integrity of the pipe than pipe de Oection , be.c<ms
ir considers both the bending moments and the thru tin the p.ipe
wall and can be measured flga inst th e allowable strain r r that
particular pipe material. Vertical pipe deflections predicted by
the de ign equation for different depths uf cuver a. well as for
djfferent lime periods arc hown to match fie ld measurement
well.
Modern cities require underground pipelines to provide essential utilities , such as wastewater disposal, potable water,
and gas . fn recent years there bas been a steady increase in
th e u e of Clexiblt: pipt: · as bUJi d conduits despite th e fact
that much i not under tood of soil-pip internction , especially
the ir lime-depe nde nt behav ior. The most common type of
flexible pipe i plastic pipe.
Plastic pipes can genera lly be clas ified as thermosett ing
pla ti or thermoplastic . The frrst type uses materials such as
glas or sand embedded in a pl as tic binder. Examples are
re inforced the rmosetting resin (RT.R) pipe commonly called
FRP or GRP (fibe r-reinforced plastic or gla. s-re inforced pl astic pipe) , and reinforced plastic mortar (RPM) pipe. T hermop lastic pipes are made fro m ma te ri a l such a: p I vinyl
chloride (PVC), high den icy polyethylene HOP ), and
acrylonitrile butadiene styre ne (AB ) .
All m aterials are known to experience a reduction in stiffness with time under an applied load. The reciuction in stiffness is u ·ually referred to as relaxation . Thi · property is pronounced for plastic pipe, although it is less obvious in concrete
and most metallic pipes. H e nce in the design a nd u c of pla ti c
pipes the ability to predict the effect of relaxation of the pip
and oi l on rhe soil-pipe system is an imponanr con ideration .
K. M. Chua, Department of Civil Engineering, University of New
Mexico, Albuquerque, N.Mex . 87131. R. L. Lytton, Department of
Civil Engineering, Texas A&M University, College Station, Tex.
77843.

The use of flexible pipes toward the middle of the century
prompted the development of design procedures . One of the
most widely used is Spangler's equation (1, pp . 368-369).
Time-dependent solutions were attempted rather crudely by
using a lag factor to increase deflection with time . A new
design procedure that has been developed to predict preyield
· deflections, stresses, and strains in buried flexible pipes over
time is presented. The design equations are obtained by
regression analysis, and results are generated by a nonlinear
finite element program and are shown to match measured
field data well .

ENGINEERING PRACTICE AND CONSIDERATIONS
Background
The soil supports the load above a flexible pipe when it is
allowed to deflect and hence generate enough thrust in the
soil elements to form an arch . However, a rigid pipe bears
more of the load itself as the soil relaxes around it. In the
study of soil-pipe interaction, especially soil interaction with
flexible plastic pipe , an understanding of the factors influencing the arching of the soil surrounding the pipe is a major
objective.

Modeling the Soil-Pipe System
The various ways of modeling the three major components
of a soil-pipe system are the following:

1. Trench model: Flexible pipes are usually buried in properly prepared trenches . In a design analysis, there are three
distinct soil zones : the in situ soil, which remains undisturbed ;
the embedment soil of selected and properly compacted fill ,
which is in contact with the pipe and includes the bedding ;
and the backfill , which is the disturbed or remolded native
soil dumped and nominally compacted above the pipe . Figure
1 shows a typical configuration of a trench. In a proper analysis , each soil zone should be assigned its distinctly different
soil properties.
2. Soil model: Design procedures currently in use have linearly elastic soils, nonlinearly elastic soils, and viscoelastic
soils. For elastic soils, it is assumed that the stress state will
return to the initial state on unloading. In the case of linear
elasticity, a linear path is assumed. A nonlinear elastic model
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FIGURE 1 Typical configuration of a pipe trench.
that is normally u. ed i the hyperbolic tr . - train model as
reported by Ko ndncr (2) and Janbu (3) and ub eq uent ly used
exten ively in e ngineering applications by Duncan et al. (4).
Tl\e u e of a nonlinear elastic model allows an unloadingreloadi11g tre path to differ from the loading tress path ,
hence creating a different oil modulu for a ·oil that has bee n
re molded and loaded and an undi turbed oil that has undergone unloading and tllen reloading. In view of thi , for a pipe
buried in a trench, one hould consider a igning the undisturbed in situ soil a larger soil modulus than the disturbed
backfill when it is used in an analysis. A viscoelastic model
allows properties such as the soil modulus to be time and
stre -history depende nt .
3. Pipe model: Buried pipes are available wit h smooth-wall
or profile-wall cross sections. The purpose f profiJe-waU pipe
is to achieve a higher tiffness-to-weight rati than that of
smooth-wall pipe . In modeling the material modulus of the
pipe, the usual approach is to as. ume a linearly ela tic model.
However, because most flexible pipe materials are polymeric,
the viscoelastic approach is more appropriate.

FORMULATION OF THE DESIGN EQUATIONS
The design eq uation were deve loped for the analysi of a
flexible pipe buried in a trench of aoy width , with or without
the presence of groundwater . 1l1e hyp rbolic tres - train model
was assumed for soils in the three zones (see Figure 1). The
design solutions were obtained from a factorial tudy u ing
CANDE (5) (a n nlinear finjte element code) to generate a
data base of some 720 cases. B efore the facrorial analysi , the
more influe ntial parameters and variables in the soil-pipe system were determined . They were pipe stiffness, which takes
into account the size and the material properties of the pipe;
the properties of the embedment, the backfill, and the native

soil; the depth of cover; oil arching; trench widtb ; and the
presence of gro undwater. Subsequently , the de ign equation
obtained from tbe regression aoa ly is were verified by using
several sets of field measurements supplied by a pipe manufacturer (6) and from the literature (7). -Predictions that can
be obtained using the design equation include (a) the pipe
vertical deflection with or without groundwatel"" (b) the ratio
of the pipe vertica l deflection to its horizontal deflection;
(c) the soil vertical and lateral stress at the springlioe ; (d) the
soil upporr moduJu which is as urned to be represented by
the ·oil modulus taken al the springline; (e) the bending moment of the pipe wall at the crown; (f) the thru tin the pipe
wall at the crown; and (g) the strain in the pipe wall at the
crown, which can be reasonably assumed to be the maximum
pipe strain . The elastic de- ign equations were then transformed into a viscoelastic for m, which gives these results as
a function of time as well.
The following sections present the design equations, which
are also used in a microcomputer pr gram called TAM PIPE
(Texas A&M PIPE).

DESIGN EQUATIONS
Pipe Vertical Deflection

It was initially thougllt that the equation for the pipe vertical
deflection would take the form of Hoeg's equation (8) . Tbe
pipe vertical deflection expressed as a ratio to the average
pipe diameter is given by Hoeg as
1 - v
3(3 - 4:,) w(l - k)

t::.D
D

8EPIP
+ (3 - 2v,)(1 - 2v,)E'
(1 - v;)D 3
12(3 - 4v.)(1 - v,)

~~~~

(1)

..:......~~"'--'-~~.....;.;~

where

w = uniformly distributed load above the pipe,
k
v,

=
=

vP =
EP =
Ip =
D =
E' =

ratio of the lateral to the vertical loading,
Poisson's ratio of the elastic medium,
Poisson's ratio of the pipe,
the elastic modulus,
the moment of inertia of the pipe wall,
the pipe diameter and
the soil modulus.

It is interesting to note that if the Poisson's ratio of the soil,
v., is taken to be 0.315 , and the pipe is assumed to have a
Poisson's ratio of 0.0, the equation becomes

t::.D
D

0.131w(l - k)
8EiplD 3 + 0.061£'

(2)

which is almost Spangler's equation without the lag factor. It
appears that the soil used to obtain Spangler's empirical values
had a Poisson's ratio of 0.315 and that the bedding constant
in the numerator may well be a function of the Poisson's ratio
of the soil. The exclusion of a Poisson's ratio for the pipe
material may explain why Spangler's equation is inadequate
in modeling buried pipes with very low stiffnesses.
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The design equation that has been developed w describe
the pipe vertical deflection follows the same form as Equation 1:

(1 - v,)
3(3 - 4v,) (1 - A1hzW1

tJ.D
D

8EPIP

v~)D 3 +

(1 -

where
K; = -128. 7675
~ 0

K;

i the lateral earth pre sure at the springlin > and i approximately equal to the major principal tre s, c; 1• Thi va lue
i obtained by multiplying CT>' by a lateral earth pressure coefficient, K0 , which again is a fun tion of the modulw number
of the soils in the three zones, the pipe stiffness, and the pore
water pressure:
c;_.

(3)

(3 - 2v,)(1 - 2v,)E'
12(3 - 4v,)(1 - v,)

where

A 1 = factor representing the amount of arching,
'Y = the unit weight of the soil,
z = the depth of cover to the springline, and
W1 = a factor to correct for the presence of a water table.

Ko= (1 - 2.96 x

[l _

R1.(1 - sin <!>,)er,.

(2c,cos <\>,

+ 2CTxsin <\>,)

[~]"'

]K p
e

(4)

P.

•

where

ce
<Pe
K,
n.
R1,

= cohesion of the embedment soil,

= angle of shearing resistance of the embedment soil,
soil modulus number (4),

= modulus exponent (4),

CTx

= horizontal earth pressure at the springline, and

CTy

= vertical earth pre sure at the springline and is ap-

-yz/(144

x

12)

= c , · c 2 • cf3
1
1

x exp[8EPIP/D 3 x ( - 0.019048 + 2.28 X 10 - sK,
- 1.14

X

10- 8 K;))

(7)

Factors Influencing Pipe Deflection

This section indicates how the design equations can be used
to analyze installation cases and how the variables affect
pipe deflections, using high-density polyethylene pipes as
examples.

Soil Stiffness

io-

Because the soil modulus(£') is stre s dependent, the knowledge of the state of stress of the soi l around the pipe i of

+ (5.8 x
+ 4.58 x 10 x 8E/,,ID
x exp[{4.3 x 10 - ·1 - 9.0 x 10- 6 x EPl/ D 3)
x 14.7Krl
2

= i.2

This term (PS= 8EPl)D 3 ) is a function of the elastic modulus
or relaxation modulus, the diameter of the pipe, and the
moment of inertia of the pipe wall. Figure 2 shows the
reduction in pipe deflection when the stiffness of a 48-in.diameter pipe is increa ed from 1.2 to 4.0 psi. The deflection
of an 18-in .-diameter p.i pe (PS = 11.9 p i) i al o shown. The
three pipes were in tailed in a oft native oil [ modulu number (K) equal to 681 with th embedment ii compacted to
85 percent Proctor.

(5)

where

cf!

x (9.3488K,- 044 K;)

Pipe Stiffness

= failure ratio (4),

This stress is represented by the unit weight of the backfill
and the embedment so·it above the pipe; the depth of cover
mea ·ured to tbe springline; the pore water pressure ; the pipe
tiffoess; and the modulus number of the backfill the embedment, and the native soil. This value can be expressed by

y

pw)
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=

proximately equal to the minor principal stress, CT 3 •

CT

10- 2 K~

x (1.0122 + 7.11x10 - 4 K, - 3.4 x 10 - 1 K;)

This is the form of the model found in TAMPIPE. The soil
support modulus E' is the secant modulus of the embedment
soil at the springline, given by

E' =

+ 1.004Kb + 42KJKb

3

3

3 .0

,-------------------~

a:

and

tuw 2.5

c1
c12

1

~

:::;

~

i.2

= 1

+

...~ 20

1.5p~ 42

(.)

Pw = pore water pressure
C13 = 1.7588 x exp( · 1.75 x 10 - 3 K,) x 6.9453 x exp(2.10
X 10 -3K,) X K;0.41 xexp(6.91x10-•K,)

i=

ffi

1.5

>
~

15 1 o
i=

lo this case, K, refers to a representative soil exponent number
that takes into consideration the urrounding soil zones and
the trench widt h and is given by

(.)
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53

05

a:
;f.

0 ~---..----.-----.-----.-----0

K, = K;[l.O
K,

~

0

+ (T,)D - 1.5)(1.1082 + .0016K,)]

10

20

30

40

DEPTH OF COVER (FT)

(6)

FIGURE 2 Vertical deOections for pipes of different
stiffnesses.
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great importance. A soil-pipe system with a soft backfill soil
(K = 6 ) results in a higher stress level around the pipe and
hence a larger soil modulus. In ·tiff backfill (K = 1,100), the
stress level of the soil elements around the pipe is lower,
leading to a lower soil modulus (but the imposed load on the
pipe is also smaller). Figure 3 shows how pipe deflections can
be reduced by increasing the degree of compaction on the
embedment soil. Figure 3 also shows the exceptionally high
deflection of a pipe backfilled with soft native soil only, that
is, without any bedding material. The soil modulus resulting
from the interaction between the different types of native soil
and the different degrees of compaction of the embedment
soil is shown in Figure 4.

Soil Arching
The degree of soil arching is described by the term A 1 , which
can take on values ranging from 1.0 to negative values. This
term is given by
(8)

er: 5
~

+

(K, - 622.7) X 4.86 X 10- 4 ] -

1
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The effects of the presence of a hydrostatic load on the pipe
exterior is a highly complicated consideration . In the design
equation, W1 is the factor by which the percent pipe deflection
for the dry case is multiplied to obtain the re ultant deflection.
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FIGURE 3 Vertical deflections of pipes in different
soils.

8000

All Pipes 48"<1> PS= 1.2 PSI
Compaction in % Proctor

105% I Stitt Native Soil

~

Lu

85% I Slitt Nalive Soll

0.5

~

6000

~

85% I Solt Native Soil / (

CJ

~ 0.0

(/)

4000

~
<(

::::i

0

0
::;

5

Figure 5 shows the arching values that can be obtained for
various degrees of compaction in different native soils. It can
be seen that in stiff native· soil (K = 1,100), the arching value
is close to 1.0, indicating that little of the imposed load from
above the pipe is transmitted to the pipe. For the pipe surrounded by embedment material of slight compaction and
buried in a soft native soil (K = 68), the arching factor is
about 0.6. For a highly compacted embedment fill in a soft
native soil, the arching factor falls below zero, indicating that
the pipe must bear more load than the overburden pressure.
It can be seen from the figure that the degree of arching tends
to be constant after some depth. It can be shown that a larger
trench width reduces soil arching.

Groundwater

j

....

3

0.9054 - 1.07 x 10- 2 T... + (8.18 X 10-s + 6.91
x 10- 6 T 1v)K, - [9.61 x 10-s + 1.30 x 10 - sr...
- (6.75 x 10 - s + 7.32 x 10 - 9 T ... )K,]E'

105% I
85% I
Stiff Native Soil
SMI Native Soil~

l

er:

ffj

=

2

;:::

g

A1c

When using a flexible pipe, generally, a trench width of about
1Vi times the pipe diameter is preferred. It is not economical
to overexcavate the trench, but sufficient clearance on both
sides of the pipe is required to allow for proper compaction
of the fill. As indicated earlier, an increase in the trench width
will weaken the arch to be formed. To offset this, the application of a higher degree of compaction to the embedment
material is required. In soft native soils, a better way to improve arching and hence reduce deflections is to increase the
degree of compaction and not the trench width alone, unless
soil exchange is the aim, as when organic soil or marine clay
is encountered.

where
A 10 = [1
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It is given by

1.0
Perfectly Rigid Pipe

WI= 1 - 0.6718zw + 2.83

X

3

10 - zwKr - 4.56

X

10

0.8

6

All Pipes 48"~

85% Compaclion

0

X K~zw

+ 0 . 2520z~ - 3.66

~

X 10- 3 K,z~

er:

Sott Native Soil

0.6

>

X

7.84

X 10 - 6 K~z~v

Q

(9)

;§ 0.4

where zw is the ratio of the water table height above the
spri ngline to the depth of cover. As can be een from Figure
6, the pre ence of groundwater will increase deflection only
beyond a pecific bead, which varies with soil modulus. This
is probably because beyond this point, the hydrostatic load
increases faster than the support offered by the soil for the
different depths of cover.
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FIGURE 7 Ratio of pipe horizontal deflection to
vertical deflection.

as
Ratio of Pipe Vertical to Horizontal Deflection

(11)

Pipe design engineers have been acutely interested in determining the ratio of the pipe vertical deflection, Dv (an absolute
value), to the horizontal deflection, Dh, commonly referred
to as the D)Dh ratio. This is because it has often been inaccurately pre entcd that all pipes will approach failure if they
do not conform to the eUipitical shape where .the D) D,. or
D,,ID,. ratio is unity. The form of the regres ion equation that
was obtained for the Dh/Dv ratio is
(10)
where A is a function of the pipe stiffness and the modulus
numbers of the soil in the three zones. A regression equation
has been obtained for A Figure 7 shows the varialion of the
Dh/Dv ratio with respect to the pipe vertical deflection for
pipe of variou ti.ffncsses. ll can b ·een that a D.,/D 1, ratio
is of li ttle value if the piped flection i not given at the same
time. The horizontal line with the intercept at unity h w
the relationship that can be expected for the D 1.fD . ratio <111cl
the pipe vertical deflection for a perfectly rigid pipe.
0

0 •

Bending Moment, Thrust, and Strain in the Pipe Wall

where D1 is the deformation factor, which is given by

where
(0.2667Tw - 0.6) x [3 .2227 + 5.7 x 10- 3 K,
- 5.3 x 10 - 6 K; - (4.4 x 10- 3 + 5.8 x 10- 6 K,
- 6.8 x 10 - 9 K;)Ke] - (0.2667Tw - 1.6)
x [l.8809 + 1.1 x 10- 3 K, - 7.8 x 10 - 1 K ;
- (1.4 x 10 - 3 - 5.5 x 10 - 1 K,)Ke]
Mc2 = (0.2667Tw - 0.6) x [l.3690 - 2.1 x 10- 3 K,
+ 1.7 x 10 - 6 K; - 2.7 x 10 - 3 K, + 1.6
x 10-sK,K, - 1.3 x 10-sK;K, + 3.5 x 10 - 3 K ;
- 2.0 x 10 -s x K,K ; + 1.6 x 10- 11 K~K ;
+ (1.94 x 10 - 2 K, - 2.6 x 10- sK; - 3.9
x 10- 3 K, - 1.3 x 10 - 4 K,K, + 1.7 x 10- 7 K ~K.
+ 2.9 x 10-sK; + 9.9 x 10 - s x K,K ; + 1.8
x 10 10 K;K ;)Pw + (-2.4 x 10 - 2 K, + 3.3
x 10-s K; + 4.9 x 10 - •K, + 1.7 x 10-•K,K,
- 2.4 x 10 - 1 K ~K, - 2.5 x 10 -sK; - 1.3
x 10- 1 K,K; + 2.4 x 10- 10 K~K ;)P~.]

Mel

=

The thrust at the pipe crown is given by
The bending moment at the crown (which can be assumed to
represent the maximum bending moment) can be expressed
4-.--~~~~~~~~~~~~~~~~~~~

~

48"<1> Pipes 85% Proctor

e.

C 1 = 0.7285, and
C2 = 0.9145.

~ 3
~
Ci

The maximum pipe wall strain that can be assumed to occur
at the crown is defined from the corresponding bending moment and thrust and is given by

>-'

fli

where
'Yw = the unit weight of water,

PS = 1.2 PSI

a:

:;>

(12)

2

~

z

0

~w 1-r::::::::::::::::::::::5Siiii~~~~~~~=====:=d
K-W
a:

~

~

(13)
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FIGURE 6 Effects of groundwater on pipe deflection.

where c is the distance to the outer fiber from the neutral
axis. Figure 8 shows the variation of the strain at the crown
at different levels of vertical deflection of a 48-in.-diameter
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time. The resulting expression is the LT of the viscoelastic
solution. Taking the inverse LT of the resulting expression
produces the desired result, which is the viscoelastic solution.
Consider a time-dependent response u(t). Using the approximate method of the inversion of the LT as proposed by
Schapery (15), the viscoelastic solution is given by

(/)

u(t)

~ 0.5
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FIGURE 8 Pipe strains at crown for different in situ soils.

(PS = 1.2 psi) HDPE pipe for various installation cases after
1 year. This suggests that at, say, a 5 percent reduction in
vertical diameter, the pipe material may or may not have
reached yield, implying that a strain criterion rather than a
deflection criterion may be more appropriate as a measure of
the structural adequacy of a buried pipe. If the yield strain is
to be used as the criterion, different types of pipes will be
allowed to have different levels of pipe deflections, because
the yield strain is different.

=

[su(s)]s = ~11

(16)

where s is the variable of integration in the LT. For the case
in which the slope of the logarithm of the response versus
log (t) is small (-0.3 s; ms; 0.1), ~ = 1/2. This method had
been shown to be very accurate (16) in approximating the rigorously determined LT. A discussion of this method of timedependent analysis using elastic solutions for linear and nonlinear materials can be found elsewhere (17).
The viscoelastic form of the design equations was developed
by using the correspondence principle with the approximate
method of the inversion of the LT.
The Laplace-transformed time-dependent pipe vertical deflection is given by

(17)

TIME-DEPENDENT DESIGN EQUATIONS

where the Carson transforms of the pipe relaxation modulus
as a power law, EAt) = EP 11-mP, and for the soil relaxation
E;1 - ms, are as follows
modulus, E'(t)

Viscoelastic Solutions

E' = s,,,,E;r(l

To model the elastic modulus as a function of time, the power
law is used. It has been used on different types of plastics (9,
pp. 201-221) as well as for rocks (10, pp. 293-301) and for
soils (11,12). In the power law formulation, the relaxation
modulus is given by
(14)

where E 1 and m are constants peculiar to the material.
The constitutive equation used to describe the stress-strain
relationship of nonaging viscoelastic material is given by the
following convolution integral:

E(t) =

f

t

-~

OE

E(t - T) - dT
OT

(15)

where E(t - T) is the relaxation modulus as a function of
time t and of the time when the input is applied, T. The symbol
E refers to the step function strain input.
Biot (13) showed that the operational moduli of viscoelastic
solutions can be manipulated algebraically as elastic moduli,
hence establishing the correspondence rule by which "the
classical theory of elasticity may be immediately extended to
viscoelasticity by simply replacing their corresponding operators." Lee (14) showed that the time variable in the viscoelastic solution can be removed by applying the Laplace transform (LT), thus enabling it to be expressed in terms of an
associated elastic problem. This is done by taking the LT of
the governing field and boundary expressions with respect to

ms)

(18)
(19)

Symbols are as defined earlier with the appropriate subscript
to show the material that is described.
In the trench condition where there are three different soil
zones, the value of ms can be estimated using the following
regression equation:
ms = {1 - exp[ - 0.47

+

X ( TwJD) 0 •31 ]} X

exp[-0.47 x (TjD) 031 ] x m;

m.
(20)

where m, and m; are power law exponents for the embedment
and in situ soil, respectively.
The Laplace-transformed time-dependent bending moment
in the pipe wall is given by
(21)
In the preceding development, it was assumed that the parameters related to the loading term, A 1 and W1 , are independent of time. This may n9t be strictly true, but in view of the
lack of evidence to the contrary, and because their influence
is not critical, they were assumed to be constant. For practical
reasons, the Poisson's ratios of the soils and the pipe material
were also taken to be constants.
The following sections will discuss results obtained using the viscoelastic solutions and may help explain timedependent soil-pipe interaction.
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TABLE 1 EXPONENTS OF RELAXATION POWER LAW FOR SOILS AND PIPE
MATERIALS

Descriptions and m values
Allenfarm (ML)
Moscow (CH)
Floydada (CL)

0.106
0.101
0.079

5 Samples Ll..2.)

Louisiana Coast (MH)

0.029 to 0.104

8 Samples (2..Q_)

Haney Clay N.C.

0.300 to 0.600

(JjJ

Seattle Clay o.c.
Redwood City Clay
Osaka Clay
Tonegaw Loam
Bangkok Mud

0.500
0.250
0.000
0.200
0.200

Concrete
High Density Polyethylene
Polyvinyl Chloride
Reinforced Plastic Mortar

0.028
0.098
0.031
0.048

Native Soil ni = 0.1 O
Embedment Soil n e = 0.02

15
f-'.

ffi 3

n -0.07

All Pipe 48"$ PS = 1.2 PSI
90% Proctor
n = Exponent of Relaxation
Power Law

I

n8 ;().02

~

Z2

§

~

a:

u
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::iE
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::iE
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~
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a] 30 -
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90% Proctor Compaction
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Ptmerl.aw

t-

ni = 0.02
n8 ;().02
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FIGURE 9 Variation of pipe vertical deflection over
time.
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FIGURE 10 Variation of bending moment at crown over time.
Relaxation in a Soil-Pipe System

A flexible pipe deflects noticeably with time because the pipe
material as well as the soil surrounding the pipe relaxes. Whether
the soil load on a pipe increases or decreases with time depend on the difference between the relaxation rate (exponent
of the power law) f the pipe material and the urrounding
soil. In the case of a pipe made of stiff material the soil tend
to creep faster than the pipe, and hence the soil load increases.
With pipes made of compliant mate rials, such as HDPE pipe,
the pipt: material relaxes faster than the soil and, in effect,
redistributes the imposed loads back to the soil.
Table 1 gives the values of relaxation rates for various soils
and pipe materials.

Pipe Vertical Deflection with Time

Figure 9 shows the predicted percentage reduction in vertical
diameter of pipes with coarse-grained embedment materials

(compacted to 90 percent Proctor) and buried in m situ {native) soils of the same stiffness (K = 200) but of different
relaxation rates . The pipes deflect from two to five times the
initial deflection during the SO-year period. The exponent of
the power law for coarse-grained soils is assumed to be 0.02
(22) and for fine-grained soils is usually around 0.1. Silty soils
can be assumed to have relaxation rates between the two .
The figure also compares the results that can be obtained for
m-values of 0.02, 0.07, and 0.10 for the different types of in
situ soils.

Bending Moment Pipe Strains with Time

Figure 10 shows the variation of bending moment at the crown
over time. In these cases , the bending moment at the crown
reduces with time. This is because the exponent of the power
law of the HDPE pipe matenal is about 0.098, wnich is higher
than that of the surrounding soil. The converse will happen
if a rigid pipe is burie<I in the same oil.
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COMPARISON WITH FIELD MEASUREMENTS

2.5

To validate the design equations, field installation conditions
as described by soil reports and installation procedures were
studied, and the pipe vertical deflections were predicted for
various time periods. The predictions were compared with
the pipe deflections that were observed during the same
period .
The field data were obtained for a variety of sites in the
United States from a pipe manufacturer. The site that will be
illustrated here is in Kansas. Six 48-in.-diameter HDPE pipe
sections (PS = 5 psi), each 20 ft long, were installed as a
single line with 18 ft of cover measured to the springline. The
soil profile along the line was basically silty clay down to the
springline. The modulus number of the backfill soil was
Kb = 100; the in situ soil was estimated to have K; = 200
and a modulus number n = 0.4. The embedment material
was compacted to 85 percent Proctor. The soil modulus used
in Spangler's equation was 3,000 psi, because crushed rocks
were used (23) as bedding materials. Five pipe vertical deflections were measured at each section, and readings were
taken at 2 days and 1, 2, 6, and 42 weeks after installation.
At the beginning of the installation , the six pipes were
buried at different depths of cover ranging from 1 to 18 ft,
and the pipe vertical deflections were measured. Figure 11
compares the results of the design equations and Spangler's
equation with the average of five pipe vertical deflections per
section. The design equations predicted the deflections well.
It also appears that the level of compaction may be more than
the 85 percent Proctor that was assumed.
The trench was backfilled a depth of cover of 18 ft after 2
days with the exception of the first two sections . The pipe
deflections measured during the 10-month period were plotted in Figure 12. A relaxation rate of 0.02 was assumed for
the embedment material, and 0.07 was assumed for the silty
soil. A lag factor of 1.0 was used for Spangler's equation
because lag factors from 1.25 to 1.5 are recommended only
if the time periods are on the order of a few years (23). It
can be seen that the design equations were able to match the
deflection behavior. Again, the deflections were slightly more
than predicted, probably because of the low compaction assumed for the embedment material. The field data also indicate a nonlinear increase in values over time, just as predicted by the design equations.
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FIGURE 11 Predicted and measured pipe vertical
deflections for different depths of cover.
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FIGURE 12 Predicted and measured pipe vertical deflection
for different time periods.

CONCLUSIONS
Design equations that can be used to determine the deflections, loadings, and strains in flexible pipes and their behavior
over time have been presented. The main factors affecting
the soil-pipe system were identified. They include pipe characteristics, properties of the different types of soils, arching
in the soil, trench width, and presence of groundwater. The
time-dependent behavior of the soil-pipe system was also presented, and results were obtained by using the viscoelastic
form of the design equations. It was shown that it is possible
to quantify the effects of the various factors on pipe deflections over time and that the design equations were able to
match field measurements. The ability to describe the details
of soil-pipe behavior with a sound engineering approach can
be expected to provide a major benefit to the design, construction, and performance of buried flexible pipes.
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