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ABSTRACT

The ultimate limit state of circumferential buckling of plastic manholes
or pipes under ground and fluid loads was previously unknown. A new
test facility was constructed and experimental procedures were
developed to test high-density polyethylene (HDPE) pipes under
external ground and fluid pressures up to circumferential buckling
failure.

Results from six experiments conducted with ground and fluid
loads applied in the radial direction are reported. The observations and
recorded data included applied earth and fluid pressures, radial
deflections of the pipe and images of the buckled shape of the pipe.
The results showed that as fluid pressures were increased, the effective
stresses acting on the pipe decreased. Buckling of the pipe occurred
essentially with only fluid pressures and very little soil support, even
with very high magnitudes of effective stresses applied at the external

boundaries of the soil.
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1. Introduction

1.1 Description of the problem

Manholes are vertical shafts that provide access for the inspection and
maintenance of drainage systems in landfills. Figure 1.1 shows a photograph
of a concrete manhole in a landfill during the construction phase. According to
Gartung et al. (1989) a typical problem with concrete manholes is the
corrosion that occurs in the shaft due to the exposure to acid chemistry, which
in some cases had led to structural failure after about 5 years of operation.
Plastic materials, such as high-density polyethylene (HDPE), are beneficial
due to their excellent resistance to chemically aggressive environments such
as those found in landfills.

The increasing landfill depths compel the use of manholes as large as
70 meters in height, resulting in significant radial loads acting on the manhole.
Therefore, manholes should have sufficient structural capacity to withstand
the radial loads without collapsing and putting in risk the life of the
maintenance personal that may access the shafts.

As it is shown in Figure 1.2, a gravel ring surrounds plastic manholes
therefore the horizontal loads from the waste are transmitted to the manhole
through the gravel. Eventual clogging of the drainage system of the landfill
could result in saturation of the gravel ring. Therefore the manhole would be
subjected to ground (transmitted through the gravel ring) and fluid loads. The

ultimate limit state of circumferential buckling of polymer manholes under



ground and fluid loads is currently unknown. Figure 1.3 illustrates the
circumferential buckling failure from a plan view.

There is a paucity of good quality experimental and field data regarding
the buckling capacity of manholes or pipes under ground and fluid loads. An
experimental program was therefore needed to better quantify the pipe

buckling under ground and fluid loads.

1.2Current state of practice

The current practice for the design of high-density polyethylene (HDPE)
manholes for subsurface application is given in standard ASTM F1759-97.
This standard presents Luscher’s equation to predict the buckling capacity for
combined ground and fluid loads. Luscher's equation is given in Equation 2.
21.

The major disadvantage of Luscher’s solution is that it models the soil
as radial springs instead of as a continuum. When the radial spring model is
used, the shear stresses between the pipe and the soil are ignored and poor
predictions are made of the number of lobes that are formed around the
circumference during buckling. The shortcomings of Luscher's solution are
detailed in Section 2.6. A solution for the buckling capacity of pipes under
ground and fluid loads that models the soil as a continuum has not been

published to date.



1.30bjectives and methodology

This thesis presents an experimental study of pipe buckling under ground and
fluid loads in order to understand some of the factors involved in the buckling
failure of manholes. The experiments were performed on HDPE pipes and the
loading conditions applied reproduced to some extent those at which
manholes are subject. In the following chapters of this thesis the attention is
focused on pipes symmetrically loaded in the radial direction because the
observations of pipe buckling under those load conditions are applicable to
manholes. The specific objectives of this research were to:

¢ Design and construct a new test cell that would allow the application of
ground and fluid pressures to plastic pipes up to buckling failure,

e Develop a new set of experimental procedures to conduct pipe
buckling experiments under ground and fluid pressures,

e Measure the pipe response under the applied ground and fluid
pressures and record a visual sequence of the inside of the pipe during
buckling, and

o Describe the soil-structure interaction that leads to buckling failure.
Since this is the first time that these types of experiments have been

conducted, the development of a new test cell and the experimental
procedures are important contributions of this thesis. The measurements and
observations obtained from the experimental program represent a
contribution to better understand the limit state of pipe buckling under ground

and fluid loads.



1.40rganization of the thesis

Following the introduction of Chapter 1, a literature review related to the
problem is presented in Chapter 2. The concepts of arching and soil-structure
interaction are presented. A review of the different circumferential pipe
buckling solutions and their applicability is given. Finally, a critical analysis of
previous tests made on cylinders under ground and fluid loads is also
presented.

The concept of the new experimental facility along with a description of
the applied loads is then presented in Chapter 3. An analysis of the influence
of radial and axial end constraints on the circumferential stresses of the pipe
is given. Finally the new test cell is described and its design explained.

Chapter 4 then describes the specific materials and the
instrumentation used for the experimental program. Also given are the
procedures developed for the setup of the tests and the method used to apply
earth and fluid pressures.

Results from six experiments conducted in the new cell are presented
in Chapter 5. Tests were conducted with two different pipe thickness and
three different values of effective bladder pressure P’. The data obtained were
measurements of applied pressure and pipe deflections. A visual sequence of
the buckling failure is also presented.

Chapter 6 is the analysis of the data given in Chapter 5. A method to

analyze the soil-structure interaction was presented along with the results.



This analysis provides a quantitative description of the loads (ground and

fluid) that acted on the pipe and the variation of their magnitudes with time.
The thesis concludes with Chapter 7 where the specific conclusions

obtained from the tests are summarized and recommendations for further

research are given.
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2 Literature review

2.1 Introduction
This chapter provides a discussion of the concepts that are needed for the
development of the test facilty and the experimental procedures. Also
presented is the necessary theory to understand the test results within the
limits of this research program and a background of previous experiments of
pipe buckling under ground and fluid loads.

First, the concept of arching or redistribution of stresses is explained.
Then a review of most of the available buckling solutions is presented along
with their applicability. An evaluation of the buckling formula currently used for
pipes under ground and fluid loads is also made. Finally, previous
experiments of pipes under ground and fluid loads are described and their

usefulness evaluated.

2.2 Arching

The loads applied to a pipe-soil system (such as a manhole) are redistributed
between the pipe and the soil. A certain proportion of the load reaches the
pipe and the remaining load is carried by the soil. This mechanism of load

sharing is known as arching.

2.2.1 Mechanism of arching
The less stiff a component is, the lower the load fraction it will attract. Figure

2.1 illustrates a mass of soil with a vertical load applied at the top boundary of



the soil. The system can be divided in three columns where the center column
is less stiff than the exterior columns. The entire system deforms vertically but
the center column deforms more than the exterior ones. The difference of
deformations, which is a result of the different stiffness of the columns,
mobilizes shear stresses between columns resulting in a reduction of the
vertical stress that reaches the bottom of the central column.

However, if a component is relatively more rigid it will attract a higher
fraction of load. Figure 2.2 illustrates the case when the center column is
stiffer than the exterior columns. Under this condition, the exterior columns
deform more than the central column and the mobilized shear stresses
increase the load that reaches the bottom of the central column.

For a pipe-soil system, arching would promote a sharing of loads
between the soil and the pipe, which depends on the stiffness of both
components. Depending on the resulting load redistribution, arching can be

classified as neutral, positive or negative arching.

2.2.2 Neutral arching

Neutral arching occurs when the pipe has the same compressive stiffness as
the soil it replaces. Figure 2.3 (a) shows a hypothetical situation of a block of
soil loaded by a pressure on at the vertical and horizontal boundaries. The
dashed circle shows the original shape of the disk of soil that would be
replaced by a pipe and the dotted circle is the deformed shape of this disk of

soil under the imposed loads. The radial stress that reaches the disk of soil is
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equal to om. Figure 2.3 (b) shows the same block of soil, but with a pipe that
had an original diameter equal to the undeformed disk of soil shown in Figure
2.3 (a). Under the pressure om applied at the soil boundaries, the pipe
deforms the same magnitude as the disk of soil in Figure 2.3 (a). Therefore
the radial stress that reaches the pipe is equal to 6, as it occurs for the disk
of soil in Figure 2.3 (a). This example illustrates the condition of neutral

arching.

2.2.3 Positive and negative arching
Neutral arching is not a common case. Most of the time pipes will be more or
less stiff than the mass of soil they replace.

For a pipe that is stiffer than the soil it replaces, the stresses that reach
the pipe, i.e. the effective contact pressure, P’c will be higher than the
pressure applied to the soil boundary on,. This condition of the pipe attracting
loads from the soil is known as negative arching.

If the stiffness of the pipe is lower than the mass of soil that is being
replaced then the stress that reach the pipe P’c will be less than the pressure
applied to the soil boundary on. This condition is called ‘positive arching'.
Positive arching normally occurs in high-density polyethylene (HDPE) pipes

and manholes because they are thin and the HDPE modulus is relatively low.
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2.2.4 Arching solution

Solutions have been developed in order to calculate the arching phenomena
or load sharing mechanism between the pipe and the soil. The stiffness of a
pipe-soil system can be divided into two types. The first is the extensional
stiffness, which is a measure of to the equal all-around uniform pressure that
cause a unit diametric strain of the pipe with no change in shape. The other
type is the flexural stiffness, which is a measure of the magnitude of the non-
uniform pressure necessary that cause a unit diametric strain that results in
an ovaling of the pipe.

For the tests performed in this research work only the extensional
stiffness is relevant. Therefore only the aspects of the extensional stiffness in
the arching solution will be considered in this literature review.

Hoeg (1968) developed an elastic arching solution by taking into
account the relative stiffness of the soil medium to that of the pipe. For the
solution, the parameter C or compressibility ratio was introduced, which is
equal to the extensional stiffness of the soil medium divided by that of the
pipe.

The extensional stiffness of the soil can be obtained by considering a
homogenous and isotropic block of soil under a uniform stress oy as it is
shown in Figure 2.4(a).

The diametric strain across the dotted line, which represents the
location of an imaginary pipe, is given by:

AD¢/Dg = €m = (On/Es)(14+Vs)(1-2vs) (Eq. 2.1)

12



where ADs; and Ds are the change in diameter of the disk of soil and the
original diameter of the disk of soil respectively. o, and €, are the radial
stress and the circumferential strain of the soil disk respectively. Es and v, are
the elastic modulus and the Poisson’s ratio of the soil respectively.
The extensional stiffness is given by:
[0n/(ADs / Dg)] = Es / (14vs)(1-2vs) (Eq. 2.2)

Now considering the extensional stiffness of the pipe, the diametric
strain of a pipe under uniform compression, as it is shown in Figure 2.4 (b) is
given by:

ADy/Dp = (PO) () (Ep) (tp) (Eq. 2.3)
where AD, and D, are the change in pipe diameter and the original pipe
diameter respectively. P'c is the effective pressure acting on the pipe, rp, Ep
and t;, are the radius, elastic modulus and thickness of the pipe respectively.

For axial plane strain, the pipe modulus E, should be replaced by the
term E, /(1-v,°) where v, is the Poisson’s ratio of the pipe. The extensional
stiffness of the pipe is given by:

[(P'e)/(AD/ Dp)] = [(Ep) () ()] /(1-v¢?) (Eq. 2.49)

The compressibility ratio C, is obtained by dividing the extensional
stiffness of the soil (Equation 2.2) by the extensional stiffness of the pipe
(Equation 2.4):

C = [Es / (14+vs)(1-2vs)l/ {[(Ep) (to)/(r)] /(1-v57)} (Eq. 2.5)

13



The ratio of the effective stresses that reach the pipe P'c to the
stresses applied to the boundary of the soil oy, is denoted by the term A’,
which is called the arching factor and is given by:

A’ = (P’c)/(om) = 1 —[(1-2vs)*(C-1)/((1-2vs)*"C+1)]  (Eq. 2.6)
The above solution allows the calculation of the stress acting on the pipe

given the stiffness characteristics of both the soil and the pipe.

2.3 Pipe Thrust

Thrust, which is denoted here as N, is the force per meter of length that acts
circumferentially in the pipe as a result of the external pressures. Some
buckling solutions are given in terms of thrust. In the absence of bending, the
relation between the total contact pressure Pc and the magnitude of thrust N
is given by:

N = (Pc)(rp) (Eq. 2.7)

2.4 Review of circumferential buckling solutions
Buckling occurs in a flexible pipe when circumferential compressive stresses
act on the structure reducing its flexural stiffness producing a curvature
reversal at failure.

Many solutions have been developed in order to predict the buckling
capacity of pipes. The following is a review of those solutions and their

applicability.
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2.4.1 Buckling of unsupported pipes under uniform external pressures
Levy (1884) developed a solution for a pipe, without'any external support,
which is loaded by an external hydrostatic pressure. The critical buckling
pressure, under axial plane stress conditions, is given by:

Per = 3 [Eply/(rp)’] (Eq. 2.8)
Where |, is the moment of inertia of the pipe, which is equal to tp3/1 2. The

mode of buckling under this condition is illustrated in Figure 2.5.

2.4.2 Buckling of soil surrounded pipes
The buckling solution of Equation 2.8 applies when there is no soil around the
pipe. Jenkings and Kroll (1981) presented experimental evidence that the

buckling resistance is enhanced by the presence of soil or grout around the

pipe.

2.4.2.1 Linear multiwave theories

Linear multiwave theories assume that during buckling failure a number of
buckles form around the circumference of the pipe as it is illustrated in Figure
2.6 (a). Failure is considered to occur as a harmonic disturbance in which the
circumferential stress at zero bending stiffness is calculated. The radial and
circumferential displacements w, and wg are a function of the circumferential
coordinate 6. The value of those displacements is given by the following
equations:

®r = Om(Cos NO) (Eq. 2.9)

15



00 = wgn(Sin NG) (Eq. 2.10)
Where oy, and wg, are respectively the maximum radial and circumferential
displacements of a lobe during buckling. n is the harmonic number or number
of lobes around the pipe circumference during buckling. The critical
circumferential stress, which is the stress at buckling, is a function of the

harmonic number n and also of the ground and pipe stiffness.

a) Multiwave Theory Using The Winkler Model
This Winkler concept models the soil as a series of springs that resists the
radial deformations of the pipe. For a modulus of subgrade reaction k and
having the ground resisting both inward and outward deformations of the
pipe, the critical uniform thrust is given by:
Ner =.(n% = DEpl/ ()] + [((R)(rp))/(n*1)] (Eq. 2.11)
For larges values of n, the harmonic number that gives the value of N,
is:
Ner = (Krp/Eplp) (Eqg. 2.12)
and the critical thrust will be given by:
Ner = 2(Eplp (K)/ 1p) "2 (Eq. 2.13)
Equation 2.13 corresponds to the expression presented by Meyerhof and

Baikie (1963).
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b) Multiwave Theory Using The Elastic Continuum Model

Forrestal and Herman (1965) developed a solution with the multiwave theory
that models the soil as an elastic continuum. The hoop thrust that lead to
buckling when there is no slip along the soil-pipe interface is given by:

N=(n? =1)[Epl/1o 1 +{(2(Gs) (o)) ((2N(1-vs) — (1-2v4))/(n*(3-4vs)))] (Eq. 2.14)
where G is the soil shear modulus, which is equal to E¢/(2(1+vs)). When
there is no shear stress transmission the critical thrust is given by:

N=(n® —1)[Epl/ro?+[(2(Gs) (1)) (1/(2n(1-vs) = (1-2vs))]  (Eq. 2.15)
For the Equations 2.14 and 2.15, it is assumed that the ground resists
both inward and outward deformations of the pipe. For large values of n and a
smooth surface of the pipe-soil interface, which is the most conservative
condition, the critical value of the harmonic number n is given by:
Nor = ((Ep)(1)(2)(1-va)/(Ges) (1)) (Eq. 2.16)
and the critical hoop thrust is given by:

Ner = 1.2(Eplp) "*(Eo/(1-v5%)*° (Eq. 2.17)

2.4.2.2 Single wave solutions

For the single wave solutions, buckling failure is assumed to occur as a single
buckle around the circumference as it is shown in Figure 2.6 (b). According to
Gumbel (1983), this mechanism of deformation implies a change in length

and shape of buckle with increasing wave amplitude to snap-through failure.
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a) Pipes inside a rigid cavity
Solutions have been developed which are applicable to the case of liners
inside rigid hosts. For example this could be the case of a flexible liner inside
a deteriorated concrete pipe. It is assumed in these solutions that the host
resists all outward deformation of the pipe or liner but it doesn’t constraint the
pipe to deform inwards. The critical pressure does not increase indefinitely as
the stiffness of the host increases but is limited by the stiffness of the liner.
Glock (1977) developed a solution for the case of an infinitely rigid cavity
around a liner. The liner is loaded under an external hydrostatic pressure. As
the liner deforms the host doesn’t follow this deformation therefore a
separation is assumed to occur between the liner and the cavity. The critical
buckling pressure of the liner for this case under a plane condition is given by:
Per = [Ep/(1-vp?)1(ts/Dp)* (Ep. 2.18)

Where v, and D, are the Poisson’s ratio and the diameter of the liner
respectively.

Cheney (1971) developed a solution for the same problem but
assuming that the cavity moves along with the pipe up to the point of
buckling. Under this condition the critical pressure is given by:

Per = (2.5) [Ep/(1-vp)](ty/Dp)*2 (Ep. 2.19)

b) Pipes in a Winkler medium
Single wave solutions that assume a Winkler medium to model the soil were

developed. The contribution by Kloppel and Glock (1970) led to a solution that
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is similar to that of Equation 2.13 but with k reduced by a factor of 0.25. The
critical thrust is given by:

Ner = (Eplp (K)/ )2 (Eq. 2.20)

2.5 Applicability of the buckling solutions

2.5.1 Single wave and multiwave theories

~ The applicability of either the single wave or multiwave theories can be better
understood by considering the two possible restraining actions of the soil
around the pipe. Those restraints are the resistance to inward and outward
deformations of the pipe denoted here as k1 and k2 respectively.

The resistance of the soil to inward deformation depends on the nature
of the loads that are applied to the pipe. If the loads that reach the pipe are
transmitted mostly from the soil skeleton, i.e. effective stresses, then k1 will
roughly be equal to k2 and the multiwave mode of buckling will control failure
as indicated by Falter (1980).

On the other hand if the loads applied to the pipe are mostly fluid loads
then the value of k1 will be negligible and the single-wave mode of buckling
will control failure as indicated by Sonntag (1966a, 1966b) and Hain (1970).

In conclusion, according to Moore (1989), when the effective stresses,
which are the stresses transmitted through the soil skeleton, are low and the
pore pressures are high the single wave mode of buckling control the failure.

But if the effective stresses are high and the pore pressures are low the
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multiwave mode of buckling will control the failure. The proportion of effective
stresses to pore pressures at which the change in mode of buckling occurs

has not been determined yet.

2.5.2 Winkler model and elastic continuum

Moore (1989) summarized the considerations made by previous authors
regarding the advantages and disadvantages of the elastic continuum model
and the Winkler model. It pointed out that the elastic continuum theory
provides better predictions of the critical harmonic number and reliable test
data, such as that presented by Allgood and Ciani (1968), Gumbel (1983) and
Crabb and Carder (1985), supports the two-thirds power law of Equation 2.17
rather than the square-root relationship of Equation 2.17.

Another relevant point presented by Moore (1989) included the fact
that the continuum theory predicts higher buckling capacities than those
predicted using the Winkler medium. In that regard, Cheney (1976)
recommended that a reduction factor of eight should be used for the soil
modulus because it is the tangent soil modulus that controls the incremental
response and the buckling capacity of the buried structure and not the secant
modulus generally used to calculate buckling strength.

Finally, a comparison made by Moore (1989) between test data, the
prediction based on the Winkler model and the elastic continuum model
revealed that the latter is more adequate in the prediction of the experimental

trends although it overestimate the buckling capacity.
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2.6 Evaluation of Luscher’s solution to predict buckling under combined
loads
The solution developed by Luscher (1966) is the only available solution to
predict buckling under combined ground and fluid loads. Luscher’s solution
uses the multiwave theory and models the soil using the Winkler medium.
The critical buckling thrust is given by:

or = (2.825) [ [(R B’ Es’ Epl, Y/(Dp)]"4] (Eq. 2.21)
where D, is the pipe diameter, E, is the pipe modulus, I, is the moment of
inertia of the pipe, Es’ is the modulus of soil reaction and R is a buoyancy
reduction factor given by:

R=1-(0.33)(H/H) (Eq. 2.22)
where H’ is the height of groundwater above the invert and H is the height of
the fill. The factor B’ is given by:

B’ = (1/(1 + 4et0213H)y) (Eq. 2.23)

Due to arguments presented in Section 2.5.1, Luscher’s formula is not
applicable when the magnitude of effective stresses in the soil is low and high
fluid pressure are present because it assumes a multi-wave mode of buckling.
Another disadvantage of this solution is the use of the Winkler medium to
model the soil. The shortcomings of the use of the Winkler medium were

explained in Section 2.5.2.
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2.7 Previous buckling tests with ground and fluid loads

Luscher (1966) reported the details of a test program carried out with
aluminum and plastic pipes that had soil support around them. All the pipes
had a diameter of 41 mm. The aluminum pipes had a thickness of 0.08 mm
and the plastic pipes had a range of thickness from 0.13 mm to 0.2 mm. The
ratio of unsupported length to diameter was 3.6. Effective stresses and pore
pressures were applied to the pipes up to buckling failure.

The test program revealed the dependence of the number of waves on
the level of effective stresses. As the effective stress was higher during the
tests the number of waves at buckling increased. This is consistent with the
argument presented in previous sections.

The usefulness of the test data obtained by Luscher (1966) is limited
for several reasons:

First, the soil ring around the pipes had a thickness corresponding to 46% or
83% of the pipe radius. Moore et al. (1994) demonstrated the influence of a
non-uniform soil ring around the pipe in the buckling capacity. This aspect
was not taken into account, perhaps because of the lack of available
numerical tools at the time when the tests were carried out. Second, the
details of the backfilling and compaction were not fully explained. Third, the
stress path used in the tests was not specified. This is an important aspect of
a test program when pore pressures are applied. Finally, the use of scaled-
down structures might have introduced uncertainties which were not taken

into account.
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Szpak (1981) performed experiments on polyethylene pipes with
ground pressures and vacuum pressure on the inside of the structure to try to
simulate the effect of fluid pressures. The experimental procedures and the
reported data have the following shortcomings:

First, the stress path was not reported. Second, failure occurred in only one
out of the five tests performed mainly because the vacuum pressures were
very low and therefore unable to simulate high hydraulic heads.

Due to the limited usefulness of the tests performed by Luscher (1966)
and Szpak (1981), there is an obvious need for good quality experimental

data.

2.8 Summary

The concepts of arching were explained along with the arching solution
developed by Hoeg (1968). An explanation of arching is important since this
influences the loads that act on a pipe. Most HDPE pipes are less stiff than
the soil they replace therefore positive arching occurs resulting in the pipes
shedding load to the soil.

Most of the current buckling solutions were presented and their
assumptions were described. The applicability of the solutions was discussed
and the buckling formula used in the current practice for pipes under ground
and fluid loads was evaluated. None of the solutions are able to quantify the

buckling capacity of pipes under earth and fluid pressures.
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Finally, previous tests with pipes under ground and fluid loads were

reviewed and their limited usefulness discussed.
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3. Test concept and development of the test cell

3.1 Introduction

The buckling capacity of polymer pipes under combined ground and fluid
loads was previously unknown. A new specialized testing facility was
therefore designed and developed to measure the buckling capacity of
polymer pipes under ground and fluid loads. The development of a new test
cell and the experimental procedures was one of the major contributions of
this thesis. In this Chapter the concept of the new experimental facility is
explained. The nature of the applied stresses is described, the selection of

end conditions for the pipe is analyzed and the test cell design is explained.

3.2 The test concept
The aim of the test program was to measure the buckling capacity of high-
density polyethylene pipes under combined ground and fluid loads. Figure
3.1(a) shows a plan view of a ring of soil surrounding a polymer pipe. A
pressure P is applied to the external boundary of the soil representing the
radial earth pressure that may act on a manhole. The soil is saturated and the
pore fluid is also pressurized to a certain magnitude u.

The effective pressure P’ that compresses the soil ring is the difference
of P and u, therefore:

P=P-u [Eq. 3.1]
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The magnitude of the effective stress that reaches the pipe P'c
depends on the stiffness of the pipe and the soil ring. The arching factor A’,
which was defined in Chapter 2, relates the magnitude of P’c to the value of
P’. The value of A’ under the specific conditions of the tests is given by:

A'=Pc/P =Pc/(P~-u) [Eqg. 3.2]

Rearranging the terms of Equation 3.2, the value of P’c is given by:

P'c=(A)P —u) [Eq. 3.3]

As it is illustrated in Figure 3.1 (b), the total contact pressure acting at
the pipe Pc is both the contribution of the effective contact pressure P’c and
the pore pressures u. Therefore Pc is given by:

Pc=Pc+u [Eq. 3.4]

By substituting Equation 3.3 in Equation 3.4 we have:

Pc=A(P—-u)+u [Eq. 3.5]

3.3 Applied pressures

3.3.1 Earth loads

The pressure P was applied to the external soil boundary using a rubber
bladder keeping the magnitude of the pressure P constant along the external
soil boundary. A uniform radial pressure is representative of the radial earth
pressures acting at some distance away from the manhole. Details of the

rubber bladder are presented in Chapter 4.

32



3.3.2 Fluid loads

The pore pressure u was applied to the water that completely saturated the
pores in the backfill. Pressurization of the pore fluid was attained through a
fitting on the test cell. A detailed description of the test cell is given in Section

3.5.

3.4 Pipe end conditions
Constraining the radial deformations at the ends of the pipe affect the
circumferential stress and the buckling capacity. The influence of the radial
end conditions is reduced as the length to diameter (L/D) ratio of the pipe
used for testing is increased. However, testing a very long pipe (e.g. L/ D,
>10) would require the use of a very long test cell, which was not feasible for
this experimental program. On the other hand, an attempt was made to keep
the pipe ends free to deform radially, but a seal could not be developed that
was able to provide a seal at high pressures while allowing radial
deformations.

The effects of radial constraints on the circumferential stress in the
pipe were analyzed for a pipe radially constrained at the ends and with a
length to diameter ratio (L/ Dp) equal to three. It was found that throughout 70
percent of the length of the pipe the circumferential stress had the same
magnitude than the case when the ends are free in the radial direction. Based
on these results it was decided to use a pipe with a length to diameter ratio

equal to three.
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It is possible that the buckling capacity of the pipe is affected by the
end radial conditions but it was not possible to calculate the magnitude at
which the buckling capacity was affected. Although some influence of the end
conditions was expected on the buckling capacity, the mechanism of buckling
could still be studied for pipes under ground and fluid loads.

Axis-symmetric finite element analyses were conducted in WANFE®
(Moore 1996) to calculate the effects of possible restraints in the radial and
axial directions at the pipe ends. Figure 3.2 shows the dimensions of the pipe
and the load applied for the analyses. Figure 3.2 (a) is a plan view of a pipe
with internal diameter D,; =260 mm, thickness t, = 10 mm and pressure q = 1
MPa acting radially on the external pipe wall. Figure 3.2 (b) is the elevation
view of the pipe of length L = 780 mm. The length to diameter ratio for this
analysis was equal to 3. Linear elastic finite element analyses were
performed with a pipe modulus E, = 200 MPa and a Poisson’s ratio vp = 0.46.
The analyses were conducted with radial and axial deformations fixed and
free at the ends of the pipe (i.e. at z = L/2). In Sections 3.4.1 to 3.4.3, the
possible selections for radial and axial end conditions are analyzed. Figure
3.3 shows the results of the finite element analysis conducted with the
program WANFE® (Moore 1996) for different radial and axial end conditions

of the pipe. See Table 3.1 for a summary of each condition.
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3.4.1 Unrestrained radial deformations
Keeping the ends of the pipe free (i.e. unrestrained) to deform in the radial
direction is beneficial in that the response of the pipe is not altered. Figure 3.3
shows that the circumferential stresses are uniform throughout the length of
the pipe for the case when pipes ends are allowed to deform radially. From
these observations it can be inferred that the buckling resistance is not
affected.

However, it is difficult to seal the pipe ends under high fluid pressures
while allowing radial pipe deformations. Section 3.4.1.1 describes different
attempts to implement seals that would allow radial deformations at the pipe

ends during the tests.

3.4.1.1 Seal configurations tested

The following is a description of tests on two different seal configurations in
order to verify the applicability of the seals to the test program. Tests with
external fluid pressures were carried out and the maximum fluid pressure at
which sealing was attained was recorded. It was found that the seals tested
were not capable of achieving an effective sealing action at pressures higher
than 400 kPa making the tested seals not suitable for the test program. Table
3.2 summarizes the seals tested.

a) Rubber sheets

Several attempts were made using rubber sheets at the pipe ends to obtain

end seals that allowed radial deformations. One rubber sheet was
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compressed between the test cell lid and the pipe top end. The other rubber
sheet was compressed between the bottom pipe end and the base of the cell.
This arrangement was effective sealing the external pore pressures to
approximately 100 kPa. Figure 3.4 shows the described arrangement as
tested.

b) Boot and Welch seal

The seal by Boot and Welch (1996) consists of a ring of rubber in which the
internal diameter is expanded until it fits tightly to the pipe. The seals used by
Boot and Welch (1996) at the ends of liners used in experiments allowed
radial deformations therefore the buckling pressures obtained in their tests
were not affected by the end conditions. However the highest fluid pressures
applied by Boot and Welch were only 276 kPa.

A seal test was performed in order to attempt the implementation of
this seals (by Boot and Welch) in the test program. The seal was installed at
the end of an HDPE pipe encased in a concrete pipe. Figure 3.5 shows a
photograph of the pipe and seal arrangement. At approximately 400 kPa,
leakage started to occur. Therefore the seals were not implemented because
it was expected to apply pore pressures higher than 1000 kPa. It was not
possible to develop seals that allowed radial deformations of the pipe ends

while efficiently sealing at pore pressures higher than 1000 kPa.
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3.4.2 Restrained radial deformations

Restraining the radial deformations of the pipe ends affects the stress
distribution through part of the pipe length. Figure 3.3 shows calculated
circumferential stresses along the length of the pipe for the end condition of
displacements fixed in the radial r direction but free in the axial direction of the
pipe. For 0 < 2z/L < 0.70 the normalized circumferential stresses cge/q have
the same magnitude than the case of a pipe with ends free to deform radially.
For 0.70 < 27/L. < 0.82 the normalized circumferential stress cg¢/q increases 4
percent. Finally, for 0.82 < 2z/L < 1.0 the circumferential stress ratio
decreases about 95 percent. Therefore the results revealed the importance of
placing the instruments between 0 < 2z/L < 0.70 in order to measure
deflections representative of a long pipe.

End radial restraints could affect the buckling capacity of the pipes.
Moore (1998) compared the predictions made by Glock’s equation (Equation
2.22) and the results of buckling tests made on encased liners that had
clamped ends and different length to diameter ratios. The comparison
showed that the buckling capacity approached that of a long pipe as the
length to diameter (L/D;) ratio increased. Hall and Zhu (2000) investigated
the influence of constraints ends on the buckling capacity by performing three
dimensional finite element analyses. A liner with clamped ends inside a rigid
host was modeled for different values of L/D,. It was found that an L/D, equal
to three increases the buckling capacity by approximately 10%. The analyses

performed by Hall and Zhu (2000) give an upper bound of the effect of having
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constrained radial ends on the buckling capacity because the influence of
shear stresses from the soil is neglected. Using soil and thus having effective
stresses acting on the flexible pipe probably lowers the effect of constrained
ends on the buckling capacity.

Although the buckling capacity is expected to increase with end seals
that constrain the pipe radial deflections, the pipes are easy to seal for high
fluid pressures when radial deformations are not allowed. A seal could be
made by welding a high-density polyethylene plate to the pipe or by using

bolted flanges. Details of the seals are presented in Chapter 4.

3.4.3 Effect of restraints in the axial direction
Restraining the axial deformations at the ends of the pipe does not influence
the circumferential stresses in the pipe. Figure 3.3 shows that the case with
radial and axial restraints at the ends of the pipe (Fixed in r, Fixed in z) has
the same circumferential stress distribution as that for the case that is
restrained radially but free to deform axially at the end of the pipe (Fixed inr,
Free in z) for 2z/L less than 0.70. This occurs because the circumferential
stress in the pipe is statically determinate when subject to uniform external
radial stress q. The magnitude of circumferential stress varies slightly
between both cases from 2z/L. = 0.70 to 2z/L = 1.0 but the trend of decreasing
circumferential stress is similar.

Keeping the pipe free to deform axially was the easiest end condition

to implement in the test program. As it is described in Chapter 4, sand was
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placed between the top of the pipe and the test cell lid. Between the sand and
the test cell lid an intentional 5 mm gap was left for purposes of sealing the

test cell. Consequently the pipe was able to deform in the axial direction.

3.4.4 Summary

Seals that constrained the end radial deformations were used for pipes that
had a length to diameter ratio equal to three. The analyzed effects of radial
constraints on the circumferential stresses led to the conclusion that the pipe
deformations had to be measured in the central section of the pipe (mid-
height) where the influence of the radial restraints is the least.

For the tests it was decided to allow the pipes to deform axially
because it is the easiest condition to implement and the axial constraints does
not affect the circumferential stresses. The importance of axial boundary
conditions on the interpretations of results will be discussed in more detail in

Chapter 6.

3.5 Test cell description

A vertical section through the test cell is presented in Figure 3.6. The pipe is
centered inside the cell and a rubber bladder applies pressure to the entire
vertical length of the soil. The bladder is attached between the test cell body
and the top and bottom flanges. This arrangement served to seal the internal

pressures of the test cell. The internal vertical clearance of the cell is 1000
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mm and the internal diameter is 600 mm. Figure 3.7 is a photograph of the
test cell.

The top flange has four %” NPT (National Pipe Thread) ports in order
to pressurize and measure the pore fluid, and for the installation of leak-proof
fittings for the instrumentation cables. The test cell body, which is the main
vertical cylinder, has two %2” NPT ports which are diametrically opposed. One
of them serves to pressurize the bladder and the other to measure this
magnitude.

The maximum internal working pressure of the test cell is 3000 kPa.
The test cell was proof tested to 4500 kPa by the fabricator. The

specifications provided by the fabricator are presented in Appendix A.

3.6 Test cell design
The design considerations for the new test cell are presented in the following

section.

3.6.1 Test cell internal diameter

The internal diameter of the test cell depends on the external diameter of the
pipe and backfill thickness to be used for the tests. The backfill thickness had
to be at least equal to the radius of the pipe in order to minimize the effects of
having a non-uniform backfill. According to results presented by Moore et al.
(1994) for the buckling capacity of flexible cylinders with non-uniform support,

the smaller dimension of the backfill should be equal or larger than the radius
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of the pipe in order to avoid any minimization of the buckling capacity of the
structure. It was decided to use a commercially available pipe with an external
diameter pipe of 273 mm. Consequently the backfili thickness had to be at
least 137 mm making the minimum internal diameter of the test cell equal to
540 mm. Therefore the test cell body consisted of a commercial steel pipe

that had an external diameter of 610 mm and an internal diameter of 577 mm.

3.6.2 Test cell internal vertical clearance

The internal vertical clearance (height of the test cell body) of the test cell
should be enough to contain the length of the pipe samples used for testing.
In Section 3.4, arguments were presented that justified the use of a pipe with
length to diameter (L/Dy) ratio equal to three thus this ratio was implemented.
In Section 3.6.1 the chosen external pipe diameter was 273 mm therefore the
pipe length should at least be three times the diameter, which is equal to 820
mm. Therefore it was decided to use a test cell with an internal vertical

clearance of 1000 mm.

3.6.3 Pressure requirements based on available buckling solutions

The test cell parts had to be designed in order to withstand the maximum
internal pressure that was going to be applied during the test program. During
the early stages of the test cell design the value of maximum pressure that
was going to be applied was unknown. Available buckling solutions were

used in order to obtain a preliminary estimate of the applied pressures.
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It was considered that the multiwave buckling solution (Equation 2.21)
that models the soil as a continuum represented an upper boundary to
calculate the buckling capacity of the pipe. The buckling capacity was
calculated for a pipe with thickness t, = 8.4 mm and pipe modulus Ep = 960
MPa. The soil parameters used were Es = 35 MPa and Poisson’s ratio v, =
0.25. The calculated critical buckling pressure Pcr acting on the pipe was
equal to 2088 kPa. Using the arching solution by Hoeg (1968) it was found
that a 2000 kPa of bladder pressure P was needed to transmit 2088 kPa to
the pipe. All the calculations assumed that the pore pressures, u, was zero. It
was decided to design a test cell capable of withstanding an internal pressure

of 3000 kPa.

3.7 Summary

In this Chapter, the basic test concept and the development of the test facility
was presented. For the first time, test can be conducted on pipes under
ground and fluid loads at pressures as high as 3000 kPa with the new test
cell.

One of the most important aspects of the experimental design was the
consideration of the end conditions. It was intended to perform tests with the
ends of the pipe free to deform in the radial direction but seal tests
demonstrated that under this condition it was not possible to seal at high
pressures. Therefore the pipes had to be sealed while constraining the pipe

radial deformations.
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In order to limit the boundary effects tests had to be performed with
very long pipes (e.g. L/Dp >10) but this would had required a very long test
cell. It is expected an increase of the buckling capacity, by a maximum of

10%, due to having the ends of the pipe constrained in the radial direction.
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4. Methodology

4.1 Introduction

The details of a new test cell developed to measure the buckling capacity of
flexible pipes under earth and fluid pressures was provided in Chapter 3. In
this Chapter, a description of the materials used in the test program, the
procedures developed to conduct experiments in the new test cell, and the
techniques that were developed to apply combined earth and fluid pressures
are presented. This was the first time that these test were conducted

therefore new procedures had to be developed.

4.2 Materials used

4.2.1 Pipe specimens
The tests were conducted on high-density polyethylene (HDPE) pipes that
had an average external diameter of 273 mm. These pipes had a cell
classification of PE 345434C in accordance with ASTM D3350 and Class PE
3408 according to the Plastic Pipe Institute.

The tests were conducted with two values of pipe thickness. Three
pipes were 13 mm thick and the other three 8.4 mm thick. The thickness of a
pipe is commonly expressed using the Dimension Ratio (DR), which is equal
to the external pipe diameter divided by the pipe thickness. The 13 mm thick

pipes had a DR of 21, and the 8.4 mm thick pipes had a DR of 32.5.
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4.2.2 Geotextile

A geotextile was used to separate the gravel and sand materials and to
protect the bladder from possible puncture by the gravel particles. It consisted
of polypropylene non-woven needle-punched geotextile (brand name Amoco

4508) and had a mass per unit area of 271 g/m?

4.2.3 Gravel backfill

A ring of gravel was placed around the pipe in order to simulate the backfill
placed around buried pipes and manholes. The ring had a thickness of
approximately 160 mm extending in the radial direction from the external
surface of the pipe to the rubber bladder.

The characteristics of granular soils (such as sand and gravel) are
preferred for buried pipe installations. According to Selig (1990), coarse-
grained soils are stable under long-term moisture changes, exhibit little creep
and consolidation deformations, provide good drainage and have enough
stiffness to limit the pipe deformations and enhance the buckling strength.
Gravel was used for the tests because it was easier to saturate than sand and
it is usually used around polymer manholes.

The gravel used for the tests was a poorly graded coarse gravel (GP)
according to the classification given by ASTM D2487-93. Grain size analysis
conducted according to ASTM 422-63 revealed that the gravel consisted of
sub-angular particles that were 77% finer than 19 mm sieve size but all the

material was coarser than the 9.5 mm sieve size. Figure 4.1 is the grain size
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distribution curve for the backfill and Figure 4.2 is photograph of the soil
grains. A value of specific gravity of the solid phase Gs equal to 2.64 was
obtained by following the procedures given in ASTM C127-88.

The gravel was placed uncompacted for every test in order to minimize
the support provided to the pipe from the soil and attain pipe buckling at
pressures that the bladder and test cell could withstand. A consistent
uncompacted soil density was achieved by dropping all the soil in the test cell
from a constant height. The average dry density obtained for the tests was
1450 kg/m®. According to the specification given in ASTM D4254 — 91 the
minimum density obtained for the gravel was 1428 kg/m® and following the
specifications given in ASTM D4253 — 93 the maximum density for the backfill
was 2200 kg/m®. It is important to acknowledge that in the field the soil may
be compacted but because these tests were the first step to solve the
problem of pipe buckling under ground and fluid loads it was decided to use

uncompacted backfill.

4.2.4 Sand

A 50 mm thick layer of sand was placed around the bottom and at the top of
the pipe. This ensured the confinement of the upper and lower ends of the
rubber bladder in order to prevent its rupture when pressures were applied.
The material used was a uniform fine sand (SP) according to the classification

given in ASTM D2487-93 and its grain size distribution curve is shown in
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Figure 4.3. The sand was placed uncompacted at the bottom and at the top of

the pipe.

4.2.5 Rubber bladder

The rubber bladder consisted of a rubber cylinder of 500 mm in diameter and
1000 mm in length with flanges at both top and bottom that were 77 mm in
length. The membrane had a thickness of 10 mm. The material used was
natural gum rubber because it can withstand large tensile strains without
mobilizing large tensile forces that could diminish the pressure applied to the

soil.

4.3 Instrumentation used in the test program

4.3.1 Linear potentiometers

The measurement of pipe deflections was made using Novotechnik TR 50
linear potentiometers. The potentiometers had a mechanical stroke of 50 mm.
Calibration was achieved by recording the voltage readings from the
potentiometer at different stroke extensions. Figure 4.4 is a sketch of the

potentiometers and the mounting brackets used to attach them to the pipe.

4.3.2 Infrared camera

An infrared camera was located inside the pipe to provide visual observations

of the shape of the pipe during testing. The camera was a Subsea Video
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System model S-60LPH/38 with dimensions 48 mm x 57 mm. The zoom and
focus of the camera is fixed and the field of view is 76 degrees. The camera
had eight infrared lights attached to it with a maximum range of 6000 mm. A
card and software (brand name Hauppauge) were used to capture still

images from the video recording. Figure 4.5 is a photograph of the camera.

4.3.3 Pressure transducers

Two pressure transducers were used to measure the bladder and pore
pressure. The transducers used were AST 4410 models with a pressure
range of 0 to 10000 kPa. The calibration consisted of comparing voltage

readings and applied pressures in the range of 0 to 5000 kPa.

4.4 Experimental procedure
The following sections describe the procedures and details of the

experiments, which are given in chronological order.

Step 1: Seal the bottom of the pipe

Seals were required at both ends of the pipe to permit the application of
external fluid pressures without leakage. The base seal consisted of an HDPE
plate welded by thermal fusion to the bottom of the pipe. A photograph of the

bottom seal is given in Figure 4.6.
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Step 2: Installation of instrumentation

The linear potentiometers and the infrared camera were installed. At least two
linear potentiometers were located in the central section pipe (mid-height of
the pipe). The two potentiometers were oriented perpendicular but if three
potentiometers were used, the third one would have been installed at forty-
five degrees of one of the potentiometers. The infrared camera was placed at

the center of the top seal.

Step 3: Installation of the top seal

The top seal was different from the base seal to allow access to the inside of
the pipe to install the instrumentation. The seal was constructed by first
welding an HDPE flange to the pipe. Figure 4.7 shows the location of the
welding bead of the pipe to the flange. A rubber gasket was then placed
between the flange and a PVC cap. Figure 4.8 is a photograph of the PVC
cap and the gasket. The PVC cap was then bolted to a steel ring located
beneath the HDPE flange as it is shown in Figure 4.9. The instrumentation

cables were passed though leak-proof fittings in the PVC cap.

Step 4: Bladder installation

The bladder was used to apply compressive radial pressures on the external
soil boundary and also served to seal the test cell. The rubber used was
natural gum rubber because of its capability to resists large strains. The

rubber bladder consisted of a cylinder with flanges at both ends. The bottom

58



flange of the bladder was installed between the test cell and the bottom steel
flange in order to seal the bottom of the cell. The top flange of the bladder
was installed between the test cell body and a slip-on flange (steel ring) in
order to seal the top of the cell. Following the installation of the bladder
flanges, a vacuum pump was used to remove a gap between the bladder and
the test cell wall (the bladder had a diameter of 508 mm and the test cell a
diameter equal to 591 mm) resulting in an expansion of the bladder. The
initial stretching of the bladder by expanding its diameter is beneficial from the

perspective of the pressure capacity of the bladder.

Step 5: Backfilling
After installing the bladder and placing the pipe inside the cell, gravel was
placed around the pipe. The procedure was as follows:
a)‘ Three geotextile layers were taped to the bladder in order to protect it
from the gravel backfill.
b) Sand was then poured around the pipe to a height of 50 mm in order to
protect the bottom of the bladder.
c) Gravel was deposited up to the level of the PVC cap. Figure 4.10(a) is
a photograph looking at the test cell from above once all the gravel
was placed.
d) A layer of sand was placed on top of the pipe and gravel filling the test

cell but a 5 mm gap was left between the top of the sand and the top of
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the cell in order ensure sealing of the bladder. Figure 4.10(b) shows

the completed backfill operation.

Step 6: Soil saturation

Once the backfill operation was completed the soil was saturated with water.
Water was poured over the soil until complete saturation was achieved. De-
aeration of the test cell was obtained by having the lid off during the

operation.

Step 7: Supply of bladder fluid
The slip-on flange was removed from the top of the cell and the gap between
the bladder and the cell was filled with water, which was the pressurizing fluid

used for the bladder.

Step 8: Installation of the test cell lid
The steel lid of the test cell was placed on top of the steel flanges of the test
cell body and then connected with twenty-four 35 mm diameter bolts. The

instrumentation cables were passed through leak-proof fittings in the lid.

Step 9: Installation of the test cell instruments
The pressure transducer that measured the pore pressure was installed in the
test cell lid and the other transducer used to measure the bladder pressure

was installed in the test cell body. Figure 4-11 is a photograph of the lid with
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the instrumentation. The setup of the test was now complete and was ready

for the testing to commence.

4.5 Application of bladder and pore pressure

The pressurization of both the bladder and the pore fluid was achieved by
means of a pumping system that was developed specifically for these tests.
Figure 4.12 illustrates the components (ltems A to E) and layout of the
pumping system. A hydraulic jack (E) was used to displace the fluid of an oil-
water interface (C). The interface (C) displaced water to the inside of the test
cell in order to pressurize either the pore fluid or the bladder. The oil reservoir
(D) was used to supply oil to the hydraulic jack (E). Several times during
pumping, the water in the oil-water interface (C) was depleted and more water
had to be added to the system. This was solved by means of an air-water
interface (B) that was connected to an air regulator (A). The regulator (A)
allowed the air to displace the water in the interface (B). Water was recharged
from the air-water interface (B) to the oil-water interface (C). The overall result
was the application of pressures as large as 3000 kPa to the test cell using a

hydraulic jack.

4.6 Load path
The term load path refers to the sequence and duration that the bladder and
fluid pressures were applied during the experiment. It was decided to conduct

the tests at a constant applied effective bladder pressure (P'=P-u) at the
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external soil boundary. First, the bladder pressure P was applied in steps
(with the pore pressures u equal to zero) until the desired value of effective
bladder pressure was reached. Then both the bladder pressure P and the
pore pressure u were increased by the same amount resulting in an increase
of pore pressures acting on the pipe at a constant effective stress P’ at the
external soil boundary. Figure 4-13 illustrates this concept.

The pressures were incremented in 100 kPa increments sustained for
five minutes before proceeding to the next increment. Applying the pressures
in equal increments resulted in a constant strain rate of the pipe, which
facilitated the nonlinear viscoplastic analysis of the high-density polyethylene

(HDPE).

4.7 Summary
In this Chapter, a description of the materials used in the test program, the
procedures developed for the new test cell, the pumping system and load
path of the applied pressures were presented. Details were given about the
pipe specimens, geotextile, gravel, sand and the instrumentation used in the
tests. The procedures for a test setup were then presented in chronological
order. Finally, the pumping system and the load path of the applied pressures
were described.

These new procedures were developed to conduct buckling tests
under ground and fluid loads for the first time. The biggest challenge was the

application of pressures as high as 3000 kPa, which demanded protective
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measures for the bladder and sealing of the pipes and test cell. The pipes
were sealed at both ends and the test cell was sealed using the top and
bottom flanges of the rubber bladder.

In the following Chapter, results from a series of experiments
conducted to measure the buckling capacity under ground and fluid loads are

presented.
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5. Results

5.1 Presentation of laboratory results

The results from six laboratory experiments conducted to measure the
buckling capacity of polymer pipes under radially symmetric earth and fiuid
pressures are presented in this Chapter. The applied bladder and pore
pressures, measurements of pipe deflections and a sequence of images
showing buckling of the pipe are given for each test. Detailed analysis of the
contact pressures acting on the pipe and an explanation of measured

buckling capacity are presented in Chapter 6.

5.2 Applied pressures and measured pipe deflections
Plots of pressure versus time presented in this section illustrate the loading
sequence of the applied bladder and pore pressure up to buckling failure for
each test. The loading sequence consisted of two stages. In the first stage the
bladder pressure was applied up to a certain magnitude while keeping the
pore pressures equal to zero. Then in the second stage both bladder and
pore pressures were raised keeping the difference between both pressures
constant until buckling failure occurred. The difference between the applied
bladder and pore pressures is called the effective bladder pressure.

Each test was conducted with a different magnitude of effective
bladder pressure and pipe thickness. All the pipes had an external diameter

of 273mm. The pipes used had thickness values of 8.4 mm and 13 mm that
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correspond to values of DR equal to 32.5 and 21 respectively. The DR 32.5
pipes were used in Tests T1, T2 and T3 with values of effective bladder
pressures of 100, 300 and 1000 kPa, respectively. Tests T4, T5 and T6 were
conducted with effective bladder pressures of 100, 300, 1000 kPa using DR
21 pipes. A summary of the tests conducted is presented in Table 5.1

The deflections of the pipe are presented in terms of the internal
diameter change of the pipe. As illustrated in Figure 5.1, a positive diameter
change is defined as the decrease in pipe diameter when subject to external
radial pressure. The diameter change was measured using linear
potentiometers that had a defined radial orientation. The radial orientation of
the potentiometer denoted as LP1 was in the North-South (N-S) direction.
North was arbitrarily chosen for each pipe. The potentiometer LP2 was
always perpendicular to LP1 measuring the diameter change in the East-
West (E-W) direction. For the test where a third potentiometer (LP3) it was
used it would had been oriented Northeast-Southwest (NE-SW). The
diameter change was measured at the central section of the pipe since the

influence of the end conditions is the least at this location.

5.2.1 Results from test T1

Figure 5.2 is a plot of the applied bladder and pore pressure versus time
during test T1. The bladder pressure was initially increased up to a magnitude
of 100 kPa that was attained at approximately 600 seconds. From that point

on both the bladder and pore pressures were increased simultaneously in
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steps of 100 kPa and were kept constant for intervals of 5 minutes. The
effective stress at the external soil boundary was equal to 100 kPa and was
kept constant during the entire test. At approximately 2900 seconds, both the
bladder and pore pressures reached their maximum values of 780 kPa and
680 kPa, respectively, at which time buckling of the pipe occurred.

Figure 5.3 is a plot of the measured diameter change of the pipe
versus time (positive diameter change corresponds to a decrease in pipe
diameter). For test T1, three linear potentiometers denoted as LP1, LP2 and
LP3 were used to measure this diameter change. LP1, LP2 and LP3 were
oriented N-S, E-W and NE-SW directions, respectively. The diameter change
increased with pressure. The deflections measured by the three linear
potentiometers were similar showing essentially radially symmetric
compression of the pipe. This was as expected since the applied pressures
and geometry were radially symmetric. At buckling, the maximum diameter
change registered was 4.5 mm and the minimum diameter change was
3.3mm corresponding to percentage diameter change of 1.76% and 1.29%

respectively.

5.2.2 Results from test T2

Figure 5.4 is a plot of applied bladder and pore pressure versus time for the
experiment T2. For this experiment the bladder pressure was initially
increased up to 300 kPa keeping the pore pressures equal to zero. Then both

the bladder and pore pressures were increased simultaneously, keeping the
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difference between both pressures to a constant value of 300 kPa at the
external soil boundary. Pipe buckling occurred at approximately 5700
seconds with applied bladder and pore pressures of 1050 kPa and 750 kPa,
respectively.

Figure 5.5 is a plot of the measured diameter change of the pipe
versus time. Two linear potentiometers denoted as LP1 and LP2 measured
the pipe deflections oriented in the N-S and E-W directions respectively. For
this and all other experiments only two linear potentiometers were used
instead of three as in test T1 in order to improve the quality of images
obtained from the infrared camera. Deflections measured with LP1 and LP2
and plotted in Figure 5.5 were similar for the first 3000 seconds indicating a
radially symmetric response of the pipe during this interval.

After 3000 seconds the deflection measurements of both linear
potentiometers started to differ suggesting a possible non-symmetric
response of the pipe. Possible reasons for a non-symmetric response could
be non-uniformity of gravel support, variable pipe thickness or out of
roundness of the pipe. Besides a non-symmetric response of the pipe, the
deflection readings could have been affected by mechanical or electrical
problems with the potentiometers. The calibration of the potentiometers was
checked after this test showing no anomalies. The difference in deflection
readings does not however affect the usefulness of the data because the
conclusions obtained from this test were similar as those obtained in other

tests as it is presented in Chapter 6.
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At pipe buckling LP1 registered a diameter change of 5 mm and LP2 a
diameter change of 7 mm, which correspond to deformations of 1.95% and

2.73% of the original pipe diameter respectively.

5.2.3 Results from test T3
Figure 5.6 shows the load sequence followed for experiment T3. Initially the
bladder pressure was increased up to a magnitude of 1000 kPa with zero
pore pressure. Then both the bladder and the pore pressure were raised
simultaneously. A constant effective stress in the external soil boundary of
1000 kPa was kept throughout the test. Both the bladder and pore pressures
reached their maximum values of 1950 kPa and 950 kPa, respectively, at
approximately 9000 seconds when pipe buckling occurred.

Figure 5.7 is a plot of diameter change of the pipe versus time. Two
linear potentiometers denoted as LP1 and LP2 oriented in N-S and E-W
directions respectively were used to measure the pipe deflections. A
symmetric response is evident because both linear potentiometers measured
almost the same values of diameter change throughout the entire test with a
maximum of 2% of difference in reading. Both linear potentiometers
measured 11.5 mm at pipe buckling which corresponds to a deflection of
4.7% of the original pipe diameter.

Three different slopes can be distinguished from Figure 5.7. The first
slope extends from the beginning of the test up to approximately 4500

seconds. This first region corresponds to loading of the soil and pipe under
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bladder pressure only (zero pore pressures). The second slope extends from
approximately 4500 seconds to 6300 seconds. Finally there is a third slope
that extends from 6300 seconds up to pipe buckling.

The pore pressures most likely cause the different slopes noticeable in
Figure 5.7. In fact, the first change in slope occurred when the pore pressure
started to be applied thereby inducing additional deflections on the pipe. As a
consequence, the soil may have tended to follow the pipe resuiting in a
decrease of the ground pressures acting on the pipe and therefore causing
the second slope to be less steep than the first one. The third slope is steeper
than the second one probably indicating that the pipe was loaded by
magnitudes of pore pressure that were relatively high compared to the ground
loads that reached the pipe during that third stage. These observations will be
valuable when interpreting the results. The mechanisms leading to the three

different slopes will be explained in Chapter 6.

5.2.4 Results from test T4

Figure 5.8 is a plot of applied bladder and pore pressure versus time during
experiment T4. The bladder pressure was increased up to a magnitude of 100
kPa with zero pore pressure. The applied effective stress of 100 kPa at the
external soil boundary was kept constant throughout the entire test. In the
interval between 5500 - 6300 seconds both the bladder and the pore pressure
decreased as a result of a leak in the pumping system. It is unlikely that this

decrease in bladder and pore pressures had a detrimental effect on the
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pressures that caused buckling since the leak was repaired within a short
period of time and the effective stress at the external soil boundary was
maintained constant during this period. At approximately 7000 seconds, both
the bladder and pore pressures reached their maximum values of 1000 kPa
and 900 kPa respectively, at which time buckling of the pipe occurred.

Figure 5.9 is a plot of diameter change versus time. Two linear
potentiometers LP1 and LP2 oriented in N-S and E-W directions respectively
were used to measure the pipe deflections. Both linear potentiometers
measured almost the same values of diameter change from the start of the
test until approximately 2500 seconds. For times greater than 2500 seconds
the measurements between the two linear potentiometers started to differ. At
buckling, LP1 registered a deflection of 11 mm (4.45% deflection) and LP2
registered 1 mm (0.8% deflection). Both linear potentiometers presented
disproportionate values of deflection that made this test useless for the further
data analysis presented in Chapter 6. This is the only test that presented
disproportionate values of pipe deflection and do not represent an important

source of uncertainty for the entire test program.

5.2.5 Results from test TS5

Figure 5.10 is a plot of applied bladder and pore pressure versus time during
experiment T5. The bladder pressure was increased up to a magnitude of 300
kPa attained at approximately 2300 seconds with zero pore pressures. At

approximately 7000 seconds both the bladder and pore pressures reached
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their maximum values of 1500 kPa and 1200 kPa respectively at which time
buckling of the pipe occurred.

Figure 5.11 is a plot of diameter change of the pipe versus time. Two
linear potentiometers LP1 and LP2 oriented in N-S and E-W respectively
measured the pipe deflections. At the early stages of the test the difference of
the two measurements was approximately 1 mm but as the test progressed
the difference in reading was narrowed. At pipe buckling, LP1 registered a
deflection of 7.5 mm and LP2 registered a deflection of 5 mm that correspond
respectively to percentage deflections of 3% and 2% of the original pipe

diameter.

5.2.6 Results from test T6

Figure 5.12 is a plot of applied bladder and pore pressure versus time for
experiment T6. The bladder pressure was increased up to a magnitude of
1000 kPa that was attained at approximately 5000 seconds with zero pore
pressures. At this point both the bladder and pore pressures were increased
simultaneously in steps of 100 kPa and were kept constant for intervals of 5
minutes. The applied effective stress of 1000 kPa at the external soil
boundary was kept constant throughout the entire test. At approximately
12000 seconds both the bladder and pore pressures reached their maximum
values of 2400 kPa and 1400 kPa respectively at which time buckling of the

pipe occurred.
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Figure 5.13 is a plot of measured diameter change versus time
measured by two linear potentiometers LP1 and LP2 oriented N-S and E-W
respectively. The measurements between LP1 and LP2 are almost the same
(with a maximum 2.3 % difference) showing that the pipe deflections were
essentially radially symmetric.

Three slopes can also be distinguished in Figure 5.13. The first slope
extends from the beginning of the test up to approximately 5100 seconds.
This first region corresponds to loading of the soil and pipe under bladder
pressure only. The second slope extends approximately from 5100 to 7500
seconds. The third slope extends from 7500 seconds to the end of the
experiment.

The slopes of the plot indicate the possible influence of the pore
pressures on the ground loads that reached the pipe. As it turned out for test
T3, the first change in slope occurred when the pore pressures were
increased. The pore pressures induced additional deformations of the pipe
probably causing the soil to follow the radial deformation of the pipe resulting
in a decrease of the ground loads that reached the pipe. The decrease in
ground loads could be reflected in a less steep slope. Finally the third slope
was steeper than the second one probably indicating that the magnitude pore
pressures was high compared to the ground loads that acted on the pipe
during that stage of the test. These observations, gathered in test T3 and T6,
are important in the analysis of the buckling mechanism presented in Chapter

6.
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Finally at pipe buckling, LP 1 registered a diameter change of 14.4 mm
(5.2% deflection of original pipe diameter) and LP2 registered 13.3 mm (4.8%

deflection of original pipe diameter).

5.3 Summary of results

Table 5.1 summarizes the bladder pressure P and the pore pressure u that
caused buckling for every test. Figure 5.14 is a plot of pore pressure at failure
versus the effective bladder pressure P’ for each test. Each line corresponds
to a group of pipes with the same DR. A higher buckling capacity was
recorded for thicker pipes.

For the six experiments the buckling resistance of the pipes increased
as the effective bladder pressure increased. This seems reasonable since the
buckling resistance is dependent on the stiffness of the soil that surrounds the
pipe and the soil stiffness is increased as the magnitude of effective stress
acting in the soil increased.

The measured deflections showed that the percentage deflections at
buckling were lower than the limits recommended by the ASTM F714-97. The
percentage deformation at buckling failure ranged from 1.3% to 5.8%, which
contrasts with the recommended range of percentage deformations of 3.3%
to 11% for plain HDPE pipes given in the ASTM F714-97. Therefore proper
care must be exercised for pipes designed under ground and fluid loads.

The three different slopes in the deformation plots of test T3 and T6

(Figure 5.7 and Figure 5.13 respectively) suggested that the pore pressures

86



affected the ground loads that reached the pipe. The additional deformations
on the pipe induced by the pore pressures and the decrease of ground loads
that results when the soil follows the pipe are consistent arguments to explain
the difference in slopes. This possible explanation for these different slopes

will be confirmed in Chapter 6.

5.4 Visual observations from the infrared camera
The images captured with the infrared camera located inside the pipe
provided useful observations to understand the buckling mechanism under
soil and fluid loading. Table 5.2 summarizes the following observations about
the dimple (the dimple refers to the bulging that occurs inside the pipe at the
time of buckling):

e Orientation of the radial axis of the dimple with respect to the upward

vertical direction of the image,

e Axial location of the dimple in the pipe,

e Circumferential angle of the dimple,

¢ Influence of the dimple on the deformation measurements,

e Description of the dimple curvature (gradual or abrupt), and

e Number of dimples.

5.4.1 Sequence of buckling images for test T1
Figure 5.15 is the image of the inside of the pipe prior to the onset of buckling

captured with the infrared camera. Reference points (appearing as white dots
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in the image) were placed on the pipe wall in order to define the inside
surface of the pipe. A reference line was also drawn at mid-height of the pipe
to track the response of the centre section. These references marks were
used for all tests except for test T4 because it was the first test performed and
it revealed the need for references marks to identify the buckled shape.
Figures 5.16 to 5.20 shows the sequence of the buckling failure. The
time for the dimple to initiate and develop was only approximately 5 seconds
for test T1. Only one dimple was formed and because it occurred on some of
the reference points the buckling sequence can be clearly seen from the
images. This dimple had a gradual curvature with a circumferential angle of
approximately 50 degrees and an orientation of 330 degrees clockwise from
the upward vertical direction of the images. The deformations measurements

were influenced as a result of the proximity with the dimple.

5.4.2 Sequence of buckling images for test T2

Figure 5.21 shows the image of the inside of the pipe prior to buckling. In
Figures 5.22 to 5.26 the sequence of buckling failure is shown for test T2.
Only one dimple was formed and it occurred above the mid-height of the pipe
with an orientation of approximately 170 degrees clockwise from the upward
vertical direction of the image. Because the dimple occurred so close to the
camera it is not as easily discernible as for test T1 and although it appears to
be smaller than that of test T1 in the images, it had the same approximate

size. The dimple occurred away from the deformation measurements, it took
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5 seconds to form and it could be described as having a gradual curvature
like dimple of test T1. The circumferential angle of the dimple was difficult to

determine given the close proximity of the dimple to the camera.

5.4.3 Sequence of buckling images for test T3

Figure 5.27 shows the image of the inside of the pipe prior to buckling. In
Figures 5.28 to 5.32 the sequence of buckling failure is shown for test T3.
Only one dimple was formed and it occurred above the mid-height of the pipe
with an orientation of 20 degrees clockwise from the upward vertical direction
of the image. The dimple could be easily seen in the sequence of images, it
had a circumferential angle of approximately 45 degrees and occurred away
from the deformation measurements. The dimple took 7 seconds to form and
it had an abrupt curvature compared with the dimple curvatures from test T1
and T2. This observation suggests that the higher the effective bladder
pressure P’ the more abrupt the curvature of the dimple. This is consistent
because a more abrupt curvature is related to a stiffer soil which is

proportional to the magnitude of P’.

5.4.4 Sequence of buckling images for test T4

Figure 5.33 shows the image of the inside of the pipe prior to buckling. In
Figures 5.34 to 5.36 the sequence of the buckling failure is shown for test T4.
Because this was the very first test performed it had not reference points and

the difficulty in detecting the wrinkle revealed the need for reference marks for
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the subsequent tests. Nevertheless, the dimple can be seen in the images
and had a circumferential angle of approximately 40 degrees with an
orientation of 190 degrees clockwise from the upward vertical direction of the
image. The proximity of the potentiometer LP1 to the dimple influenced the
deformation reading showing a clear increase in inward diametric deformation
during buckling. The dimple took 4 seconds to form and had a gradual

curvature similar to the dimple curvatures in tests T1 and T2.

5.4.5 Sequence of buckling images for test T5

Figure 5.37 shows the image of the inside of the pipe prior to buckling. In
Figures 5.38 to 5.41 the sequence of buckling failure is shown for test T5.
Only one dimple was formed with a circumferential angle of approximately 30
degrees and an orientation of approximately 250 degrees clockwise from the
upward vertical direction of the image. The dimple took 4 seconds to form and
occurred in the lower section of the pipe. The lack of reference points in that
location made the dimple not easily discernible in the sequence of images.
Nevertheless, the dimple curvature was gradual as the dimple curvatures in

tests T1, T2 and T4.

5.4.6 Sequence of buckling images for test T6
Figure 5.42 shows the image of the inside of the pipe prior to buckling. In
Figures 5.43 to 5.46 the sequence of the buckling failure is shown for test T6.

In about 5 seconds only one dimple was formed, and it had a circumferential
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angle of approximately 30 degrees, and an orientation of approximately 45
degrees clockwise from the upward vertical direction of the image. Because it
occurred in the lower section of the pipe it is difficult to see the dimple in the
photo sequence due to the lack of reference points in that location. The
dimple had an abrupt curvature compared with the dimples in tests T4 and
T5. This observation is similar to the one made for tests T1, T2 and T3 in
which a more abrupt curvature is observed as the effective bladder pressure

P’ was higher.

5.5 Summary of the visual observations
Figure 5.47 is a compilation of the final buckling images from the six tests.
Figure 5.48 is a set of sketches of the images at buckling for the six tests in
order to make the images comparable from each test. The orientation of the
dimple and its axial location was different in every test. No correlation was
found between the variables of the test (effective bladder pressure P’, pipe
DR and fluid pressure at buckling) and the location of the dimples for the six
tests conducted. For both tests T5 and T6 the dimple occurred at
approximately 200 mm from the bottom seal possibly showing that the
influence of the bottom end condition on the buckling resistance was minimal
for this section of the pipe.

It was also observed that the higher the effective bladder pressure P’
used for a test, the more abrupt the curvatures of the dimples. This

observation is consistent with the fact that the higher the magnitude of P’ the
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stiffer the soil is going to be and a more abrupt curvature is expected as the
stiffness of the soil increases.

The sequence of buckling revealed a single-wave type of failure in
every test. A single-wave type of failure means the formation of only dimple
throughout the entire circumference of the pipe. This observation implies that
at the time of buckling the loads acting on the pipe were mostly fluid loads.

The observations obtained from the infrared camera and the measured
deflections of the pipe data are the starting point of a more detailed analysis

in Chapter 6 to clarify and explain the mechanism leading to buckling.
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Instrumentation
P
Cables LP3
Reference
point
LP1
Reference

line

FIGURE 5.15 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSET OF BUCKLING DURING TEST T1

B B INITIATION OF THE
éi"‘* DIM

PLE

FIGURE 5.16 INITIATION OF THE DIMPLE AT t=2953 SECONDS
DURING TEST T1
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FIGURE 5.17 PROPAGATION OF THE DIMPLE AT t=2954 SECONDS
DURING TEST T1

FIGURE 5.18 PROPAGATION OF THE DIMPLE AT t=2955 SECONDS
DURING TEST T1
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FIGURE 5.19 PROPAGATION OF THE DIMPLE AT t=2957 SECONDS
DURING TEST T1

FIGURE 5.20 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t=2958 SECONDS FOR TEST T1
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Instrumentation

Reference Cables

point

Reference
line

LP1

LP1

FIGURE 5.21 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSET OF BUCKLING DURING TEST T2

INITIATION OF
THE DIMPLE

FIGURE 5.22 INITIATION OF DIMPLE AT t=5717 SECONDS DURING
TEST T2
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FIGURE 5.23 PROPAGATION OF THE DIMPLE AT t=5718 SECONDS
DURING TEST T2

FIGURE 5.24 PROPAGATION OF THE DIMPLE AT t=5719 SECONDS
DURING TEST T2
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FIGURE 5.25 PROPAGATION OF THE DIMPLE AT t=5720 SECONDS
DUIRNG TEST T2

FIGURE 5.26 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t=5722 SECONDS FOR TEST T2
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Instrumentation

Reference Cables

point

Reference
line

FIGURE 5.27 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSEET OF BUCKLING DURING TEST T3

INITIATION OF
THE DIMPLE

FIGURE 5.28 INITIATION OF THE DIMPLE AT t=8996 SECONDS
DURING TEST T3
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FIGURE 5.29 PROPAGATION OF THE DIMPLE AT t = 8998 SECONDS
DURING TEST T3

FIGURE 5.30 PROPAGATION OF THE DIMPLE AT t = 9000 SECONDS
DURING TEST T3
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FIGURE 5.31 PROPAGATION OF THE DIMPLE AT t = 9001 SECONDS
DURING TEST T3

FIGURE 5.32 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t=9003 SECONDS FOR TEST T3
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FIGURE 5.33 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSET OF BUCKLING DURING TEST T4

INITIATION
OF THE
DIMPLE

FIGURE 5.34 INITIATION OF THE DIMPLE AT t=6991 SECONDS
DURING TEST T4
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FIGURE 5.35 PROPAGATION OF THE DIMPLE AT t = 6993 SECONDS
DURING TEST T4

FIGURE 5.36 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t = 6995 SECONDS FOR TEST T4
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Reference
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LP1

Reference
line

Instrumentation
Cables

FIGURE 5.37 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSET OF BUCKLING DURING TEST T5

e
R INITIATION OF THE
DIMPLE

FIGURE 5.38 INITIATION OF THE DIMPLE AT t=7021 SECONDS
DURING TEST T5
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FIGURE 5.39 PROPAGATION OF THE DIMPLE AT t = 7022 SECONDS
DURING TEST T5

FIGURE 5.40 PROPAGATION OF THE DIMPLE AT t = 7023 SECONDS
DURING TEST T5
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FIGURE 5.41 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t = 7025 SECONDS FOR TEST T5
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Reference
point

Reference

line LP1

Instrumentation
Cables

FIGURE 5.42 INFRARED CAMERA IMAGE FROM THE INSIDE OF THE
PIPE PRIOR TO ONSET OF BUCKLING DURING TEST T6

INITIATION OF THE
DIMPLE

FIGURE 5.43 INITIATION OF THE DIMPLE AT t=12026 SECONDS
DURING TEST T6
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DIMPLE

\

FIGURE 5.44 PROPAGATION OF THE DIMPLE AT t = 12027 SECONDS
DURING TEST T6

FIGURE 5.45 PROPAGATION OF THE DIMPLE AT t = 12029 SECONDS
DURING TEST T6
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FIGURE 5.46 FINAL DEFORMED PROFILE OF PIPE SHOWING FULL
DEVELOPMENT OF THE DIMPLE AT t = 12031 SECONDS FOR TEST
T6
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DIMPLE

(d) TEST T4

(e) TEST TS5

e
DIMPLE

(c) TEST T3
(f) TEST T6

FIGURE 5.47 PHOTOS OF THE BUCKLED PIPES FOR ALL TESTS
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Undeforme

Undeformed
256 mm uckled
247 mm
uckled
(a) TESTT1 (d) TEST T4
uckled
Undeformed
256 mm uckled ndeformed
247 mm
44—
4—>
(b) TEST T2 (e) TEST T5
uckled
uckled
Undeformed
256 mm Undeformed
4+—>
247 mm
(c) TESTT3 (f) TEST T6

FIGURE 5.48 SKETCHES OF THE UNDEFORMED AND BUCKLED
SHAPE OF THE PIPES
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6. Discussion

6.1 Introduction

Chapter 5 presented the results of tests with controlled values of bladder
pressure P and pore pressure u up to buckling failure. The diameter changes
were measured and images of buckled shape were presented. The objective
of this Chapter is to explain the conditions leading to buckling failure of the
pipe under earth and fluid pressures.

In order to understand the pipe response up to buckling it is necessary
to know the stresses that acted on the pipe, namely the effective contact
pressure P’c and pore pressure u. The magnitude of P’c is unknown and it
depends on the stiffness of the soil, the stiffness of the pipe and the applied
stresses. In this Chapter the magnitude of P’c is calculated from the
measured diameter change, the applied pore pressure u and an estimated
magnitude of pipe secant modulus E,. The effective contact pressures during
the experiments are then examined to clarify the buckling mechanisms under

combined earth and fluid pressures.
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6.2 Contact pressures

6.2.1 First stage of the tests: Application of bladder pressure with zero
fluid pressure

During the first stage of the tests, the applied bladder pressures compressed
the soil transmitting radial pressures to the pipe with zero pore pressures
acting in the soil. As described in Section 3.2, the magnitude of the contact
pressure acting on the pipe during this stage depends on the applied bladder
pressure, the stiffness of the soil and the stiffness of the pipe. Because the
pore pressures are kept equal to zero, the total contact pressure acting on the
pipe Pc was equal to the effective contact pressure P’c. The total contact
pressure Pc can thus be calculated from the measured radial deflections
during the tests.

It is important to know whether axial plane stress or plane strain
conditions prevailed during this stage of the test in order to calculate the total
contact pressures Pc. The application of bladder pressure with zero fluid
pressure caused inward radial deflection and axial elongation of the pipe
under axial plane stress conditions. The highest value of calculated pipe axial
elongation for all the six tests was equal to 7 mm. This magnitude of axial
elongation was possible due to: (a) compression of the sand placed between
the end cap of the pipe and the lid (refer back to Figure 4.10(b) for details)
and (b) the presence of an intentional 5 mm gap between the top of the sand

layer and the lid. The gap was required to place the lid such that a proper seal
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was attained for the bladder. Consequently, the pipe was under axial plane
stress conditions during this stage of the tests.

The total contact pressure Pc acting on the pipe can be estimated from
the measured radial deflections. As it is illustrated in Figure 6.1, under axial
plane stress conditions (o2, = 0), the inward radial deflection of the pipe w,
when subject to external radial pressure Pc is given by:

o = (Pc 1) /(Ep ty) (Eq.6.1)
Where: r, is the pipe radius, E, is the pipe modulus and t, is the pipe
thickness. Positive values of w, correspond to inward radial deflection of the
pipe. The total contact pressure Pc can then be calculated from the measured
deflections and the pipe properties using:

Pc = (Ep tp )/ (1) (Eq.6.2)

6.2.2 Second stage of the tests: Simultaneous application of bladder
and fluid pressure

During the second stage of the tests, not only the bladder pressure but also
the pore pressure was increased, thereby introducing additional radial and
axial compression to the pipe as it is shown in Figure 6.2. Here the total
contact pressure acting on the pipe Pc was equal to sum of the effective
contact pressure P’c and the applied pore pressure u.

The radial deflection of the pipe w, during this stage consisted of:

Wy = Wpc + Wyr + Wyz (Eq. 6-3)
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where: wp is the inward radial deflection due to the effective contact pressure
P'c, oy is the inward radial deflection due to the pore pressure u acting
radially, and oy is the outward radial deflection caused by the pore pressure
u acting axially.
Since the applied pore pressure u is known the values of wy and wy,
can be calculated using the following equations:
Wur= (U 1Y)/ (Ep ty) (Eq. 6.4)
Wuz=- (U vp (2 tp Ep) (Eq. 6.5)
Knowing the magnitude of wy, ®y;, and the measured value of o
during the tests, the radial deflection from P’c can be found by:
Wp'e = Wr - Wyr - Wyz (Eq. 6.6)
The effective contact pressure P’c can then be calculated from:
P'c = (B t, wpog)/ (1) (Eq.6.7)

The total contact pressure acting on the pipe is the sum of P’c and u.

6.2.3 Pipe modulus

Values of pipe modulus E, are required for the high-density polyethylene
(HDPE) pipe to permit calculation of the contact pressures. HDPE exhibits a
non-linear visco-plastic behavior. Zhang and Moore (1997a,b) performed a
series of tension and compression tests with samples of HDPE revealing that
the behavior of this material is highly non-linear and time dependent.
However, the contact pressures can be calculated from the measured

deflections provided that an appropriate secant modulus E, is used.
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The modulus E,, together with Poisson’s ratio v, (v, is equal to 0.46 for
HDPE from Zhang and Moore, 1997a,b) relates the stresses and strains of
the material. The circumferential strains can be calculated from the measured
pipe deflections. The stresses caused by those strains can be calculated
using the viscoplastic constitutive model of Zhang and Moore. The modulus

can then be estimated from the known stresses and strains.

Hoop strains of the pipe (Eq) were first calculated from the measured

pipe deflections. Under radially symmetric conditions (8w, / 86 = 0), the
circumferential strain is equal to the internal diameter change divided by the

initial internal diameter:
€o0 = ADy; / Dy (Eq. 6.8)
where:

€ee is the circumferential strain at the internal surface of the pipe,

ADy; is the internal pipe diameter change, and
Dy is the initial internal pipe diameter.

An HDPE square block of unit dimensions was then modeled using the
finite element program WANFE® (Moore 1996) as illustrated in Figure 6.3 (a).
The block represents a small portion of the pipe in the z-0 plane. Figure 6.3
(b) shows the relative location and orientation of the block. The plane AB-CD
is part of the internal pipe wall. Segments AD and DC were modeled as

smooth rigid boundaries therefore restrained in the z and 0 direction
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respectively. The segments AB and BC are free to deform in the © and z

directions respectively.

For each test, the maximum value of circumferential strain €q9 (prior to

buckling) was imposed to the boundary AB of the HDPE block at the
correspondent average strain rate of the test. Table 6.1 summarizes the
maximum circumferential strains, duration and strain rate for each test. The
lowest strain rate was 4.1x10° %/sec and the highest was 6.3x10® %/sec.
The average value was 4.95x10°® %/sec.

The circumferential and axial stresses o and o, were then calculated
from the prescribed strains using the visco-plastic of Zhang and Moore
(1997a,b). From the prescribed strains and calculated stresses, the secant

modulus E, was estimated for different magnitudes of 6o and o, level using:
Ep = (Gee - Vpczz) / Eee (Eq. 6-9)

The calculated secant modulus E, was equal to the total stress divided
by the total strain. The stresses ogs and 6,, were calculated assuming axial
plane stress o, = 0. Interestingly, the same values of E, were calculated for
axial plane strain conditions. Thus the axial end conditions do not influence
the material response of the HDPE.

For each test, the variation of E, with time was calculated. Figure 6.4 is
a plot of the calculated pipe modulus E; versus time. Very similar results were
obtained for each test and this is the reason of why the same pressure

interval was used for each test. It can be appreciated in Figure 6.4 an abrupt
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decrease of the modulus from 1440 MPa to 600 MPa, which occurs for every
test, in the first 500 seconds. For test T6, E, dropped to 200 MPa in only

12000 seconds (200 minutes).

6.3 Interpretation of soil-structure interaction

6.3.1 Calculated contact pressures
Values of the total contact pressure Pc, the effective contact pressure P'c and
the pore pressure u acting on the pipe can be calculated using Equations 6.2,
6.4, 6.5, 6.6 and 6.7 to understand the conditions leading to buckling of the
pipe under fluid and earth pressures.

Figures 6.5 to Figure 6.9 are plots of total contact pressure Pc,
effective contact pressure P’c and pore pressure u in order to show the load
path of these pressure components and their influence on the pipe buckling
phenomena for tests T1, T2, T3, T5 and T6 respectively. These plots also
include the load path of the applied effective pressure P’ (bladder pressure
minus the pore pressure) versus time in order to illustrate the arching
phenomena in the soil.

In test T4 conducted with a DR 21 pipe with an effective pressure P’
equal to 100 kPa, two measurements of deflection were made. One of them
showed an extremely high value of deflection and the other a very low

magnitude of this parameter and due to this inconsistency the contact
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pressures for this test were not calculated. Possible explanations for the

inconsistent deflection measurements from this test were given in Chapter 5.

6.3.2 Typical results

Similar trends of the pipe contact pressures Pc, effective contact pressures
P’c and pore pressure u, were found for all of the tests. Therefore one set of
results shown in Figure 6.9, for the test T6 with a DR 21 pipe and an applied
effective stress P’ equal to 1000 kPa, will be used to describe the pressures

acting on the pipe up to buckling.

6.3.2.1 First stage of the test

Figure 6.9 shows for Test T6 that during the first stage of the test from 0 to
5000 seconds the effective bladder pressure P’ was raised to a maximum
value of 1000 kPa while the pore pressure u was kept equal to zero.

The effective contact pressure P’c that reached the pipe is a fraction of
the effective bladder pressure P’. The arching factor A’ is equal to the load
that the reached the pipe P’c divided by the effective bladder pressure P’. In
the interval of 0 to 5000 seconds, the arching factor A’ decreased as P’

increased. This occurred because the soil became stiffer as the magnitude of
P’ increased therefore the soil attracted a higher proportion of the load from
the bladder than that transmitted to the pipe. At time 5000 seconds the
contact pressure P'c was equal to 500 kPa and the effective bladder pressure

P’ was equal to 1000 kPa therefore the arching factor A’ was equal to 0.5.
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Table 6.2 shows, for each test (T1, T2, T3, T5 and T6), the effective
bladder pressure P’, the duration of the first stage of the test, the effective
contact pressure P’c and the arching factor A’. The arching factor decreased
as P’ increased. For example, for tests T1, T2 and T3, performed with P’
equal to 100 kPa, 300 kPa and 1000 kPa respectively and values of arching
factor A’ of 1.0, 0.6 and 0.4 were obtained at the end of the first stage. Again
as the magnitude of applied effective bladder pressures P’ increases, the
arching factor A’ decreases because of increasing soil stiffness.

It was also expected that the arching factor increased for lower values
of pipe DR. A lower DR value (i.e. thicker pipe) results in a stiffer pipe,
therefore the pipes will attract more load. This trend can be observed when
the arching factors A’ for test T3 and T6 are compared (Table 6.2). Both test
were performed with a P’ = 1000 kPa and correspondent arching factors A’ of
0.4 and 0.5 were obtained for tests T3 and T6. Test T6 was performed with a
stiffer pipe (DR 21) than the pipe used for test T3 (DR 32.5) therefore the
arching factor A’ was higher for test T6. However when the arching factors A’
for tests T2 and T5 are compared the opposite is observed. Both tests were
performed with tests with a P’ = 300 kPa and values of arching factor A’ of 0.6
and 0.26 were obtained respectively for tests T2 and T5. Test T2 was
performed with a DR 32.5 pipe therefore it should attract less load than the
DR 21 pipe used in test T5. There is no apparent reason for this opposite

trend in arching factor A’ for tests T2 and T5.
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6.3.2.2 Second stage of the test

For test T6 (Figure 6.9) the second stage started at approximately 5500
seconds. During this stage both bladder pressure P and pore pressures u
were raised simultaneously keeping the difference between both parameters
constant. Therefore the value of effective bladder pressure P’ was kept
constant during the entire second stage of the test.

Between 5500 and 10000 seconds the effective contact pressure P'c
decreased even though the applied effective pressure P’ remained constant.
This occurred because the pore pressure u caused additional compression of
the pipe in the radial direction leading to a further redistribution of stresses.
Arching or redistribution of stresses is dependent on the relative deformations
of the pipe and the disk of soil that the pipe replaces. The higher the
deformation of the pipe relative to the disk of soil, the less magnitude of load
will reach the pipe.

The observed decrease in P’c is explained in reference to Figure 6.10.
A hypothetical situation is illustrated in Figure 6.10 (a) (showing soil only) in
which the disk of soil would have deformed in the radial direction under the
effective bladder pressure P’ that was raised during the first stage and kept
constant during the second stage of the test. Even if the pore pressures were
increased, the deflection of the soil would not had increased provided that P’

remained constant. The deformation of the disk of soil should have been
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constant throughout the second stage of the test because P’ was kept
constant.

Throughout the second stage of test T6, the effective bladder pressure
P’ was kept constant and the pore pressure u was raised inducing additional
radial deformations on the pipe as it is illustrated in Figure 6.10 (b). Therefore,
under the applied loads the pipe deformed more that the disk of soil resulting
in a decrease of P’c between 5500 and 10000 seconds.

Beyond 10000 seconds the effective contact pressure P’c was reduced
to zero for the same reasons described above. Therefore the total contact
pressure Pc was equal to the pore pressure u, i.e. only fluid loads were acting
on the pipe up to buckling. Buckling failure occurred at total contact pressure
Pc of 1400 kPa. Therefore fluid pressures caused buckling with soil support
around the pipe.

The effect of the pore pressures u on the effective contact pressure P'c
confirms the possible explanation of the three distinct slopes than can be
appreciated in the deflections plot for test T6 (Figure 5.13). When the pore
pressure u started to be increased the slope became less steep indicating a
reduction of P’c. Then when P’c decreased to zero, only fluid loads acted on

the pipe, which was reflected on a steeper slope of the deformation plot.

6.4 Buckling capacity

Currently there is no available solution for pipe buckling under earth and fluid

pressure. The tests provided visual observations of single-wave mode of
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buckling and trends of effective contact pressure P'c and pore pressure u.
Although the development of a new solution for pipe buckling under earth and
fluid pressure is beyond the scope of this thesis, the results from this thesis
will be useful in the complete development of a new solution.

A transition of the nature of loads acting on the pipe was observed
throughout the tests. In the first stage, only earth loads acted on the pipe.
Then, during the second stage, earth and fluid loads acted on the pipe and
finally at buckling, only fluid loads acted on the pipe.

Table 6.3 presents the pore pressure at failure for each test and the
buckling predictions by Levy (1884). The solution by Levy assumes that fluid
loads act on the pipe with no soil support while in the tests buckling occurred
due to fluid loads with soil support around the pipe. The solution by Levy
predicts a very low buckling capacity in comparison to the test results
revealing the additional stability provided by the presence of soil around the
pipe. The buckling capacity was increased between 15 to 55 times due to the
presence of soil.

It is interesting to see how the capacity beyond P’c=0 compares with
the solutions of Cheney (1971) and Glock (1977). Table 6.3 also summarizes
the pore pressure at failure and the pore pressure when P'c is reduced to
zero for each test. The difference between the two previous values denoted
here as Au refers to the capacity of the pipe to resists u once P’c goes to
zero. The pipe modulus E; at failure, which is required to calculate the critical

buckling pressures using the equations of Cheney, Glock and Levy, is also

139



given in Table 6.3 for each test. The additional buckling capacity after P'c
drops to zero is between the predictions given by the equations of Cheney
and Glock. The predictions by Cheney overestimate the capacity in the range
of 21% to 67% while the predictions by Glock underestimate the capacity in
the range of 48% to 66%.

Cheney and Glock equations are single-wave solutions applicable to
liners or pipes inside rigid hosts. Both solutions assume that the host resists
all outward movement of the pipe while there is no resistance to inward
movement. In other words, those solutions assume that the cavity is infinitely
rigid. The difference between the solution by Glock and that by Cheney is that
the former assumes that the host or cavity does not follow any inward
deformation of the pipe while the latter assumes that the cavity moves inward
along with the pipe therefore Cheney’s prediction of buckling capacity is
higher by a factor of 2.5.

None of the tests completely satisfies all the assumptions of the
solutions by Cheney and Glock. The soil does follow the pipe up to the point
of buckling therefore Cheney’s condition of a moving cavity is correct for the
specific circumstances of the test but the soil is not infinitely rigid therefore
some outward deformation of the pipe is allowed to occur. Figure 6.11
illustrates this explanation.

Although it is interesting the comparability between these solutions and
the capacity of the pipe to resists u once P’c goes to zero, further research is

needed to investigate their applicability. It is also important to take into
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account that during the tests the radial end constraints of the pipe might had
influenced the buckling capacity to an unknown extent. Therefore general
conclusions should not be extracted from comparisons between the test

results and known buckling solutions.

6.5 Summary

For purposes of analysis every test was divided in two stages. The first stage,
which consisted of the application of ground loads with zero pore pressure,
caused radial compression of the pipes under conditions of axial plane stress.
The calculated effective contact pressure P’c was compared with the effective
bladder pressure P’ allowing for observations regarding the arching
phenomena to be made for this stage. In general it was found that as P’
increased the pipe received less load as a result of the increasing soil
stiffness.

The second stage of the tests consisted of the application of ground
and fluid loads. The effective contact pressure P’c caused radial compression
of the pipe but the pore pressure u caused radial and axial compression of
the pipe. The resulting outward radial deflection of the pipe had to be taken
into account to calculate the contact pressures during this stage.

The calculation of the contact pressures from the measured pipe
deformations needed to take into account the highly non-linear and time

dependent behavior of high-density polyethylene (HDPE). A stress-strain
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analysis of the HDPE was made in the finite element program WANFE®
(Moore 1996) taking into account the strain rates used for the tests.

The calculation of the contact pressures revealed a decrease of the
effective contact pressure P’c to zero as a result of the increase in pore
pressure u. Buckling occurred with only fluid pressures acting on the pipe. A
comparison between the fluid pressures at buckling and the buckling
predictiohs by the solution of Levy revealed that the presence of soil
increased the buckling capacity between 15 and 55 times. The solution by
Glock (1977) underestimates the capacity of the pipe beyond P'c = 0. On the
other hand, the solution by Cheney (1971) overestimates the capacity. These
solutions are not applicable for the case of pipe buckling under fluid loads

with soil support but may be used to bound the buckling capacity.
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7. Conclusions

7.1 Introduction

Chapter 6 presented the analysis of the experimental data, in particular
focusing on the effect of the pore pressures on the soil-structure interaction
and thereby the pressures acting on the pipe during the tests. In general it
was found that the fluid pressures decreased the ground loads that acted on
the pipe leading to a single-wave buckling failure.

These results represent an experimental contribution for the problem of
pipe buckling under ground and fluid loads. The measured buckling capacity
of the pipes is directly applicable only for the specific conditions of the tests
(constrained radial end conditions, L/D =3 and uncompacted gravel backfill).
However it is believed that the observation of the decrease of the effective
contact pressure P’c as the pore pressure u increased would control the soil-
structure interaction and the buckling failure even if the end conditions
mentioned above are different.

In this Chapter, Section 7.2 summarizes the major conclusions and

Section 7.3 give recommendations for future research.

7.2 Summary of major conclusions
The major findings of this research are:
1. As a result of arching, only a fraction of the applied effective bladder

pressure P’ reached the pipe during the first stage of loading with zero
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pore pressure. In tests T2, T3, and T6 it was evident that as P’ increased
during the first stage, the fraction of pressure that reached the pipe P'c
decreased. This indicated that the gravel became stiffer therefore
transmitting a lower fraction of the loads to the pipe. On the other hand,
the stiffer the pipe the more load it will attract as it can be appreciated by
comparing the values of arching factor A’ of 0.4 and 0.5 for tests T3 and
T6, which were conducted with pipes DR 32.5 and DR 21 respectively.

. As it was expected, the thicker pipes had a higher resistance against
buckling. The fluid pressures at buckling for the DR 21 pipes were larger
than for the DR 32.5 pipes as shown in Figure 5.14.

. Only one dimple was observed during buckling failure of every test
showing a single-wave mode of buckling. This indicated that buckling
occurred mostly due to fluid pressures rather than effective stresses.

. The sequence of images of buckling failure revealed that the formation of
the dimple occurred relatively fast (between 4 and 8 seconds from the
undeformed to the final shape of the dimple). Therefore little or no warning
of buckling instability could be observed in the field.

. For the specific boundary conditions implemented, the dimple formation
during buckling failure occurred at different heights and radial orientations
of the pipe. No correlation was found between the location of the dimple
and the variables effective bladder pressure P’ and DR of the pipe
suggesting that the implemented boundary conditions may not strongly

influence the results.
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6. More abrupt curvatures of the dimples were observed for higher
magnitudes of effective bladder pressure P’ applied for a test. This
occurred because higher pore pressures u were needed to produce
buckling failure resulting in more abrupt curvatures of the dimples.

7. In every test, when the pore pressure u was increased during the second
stage of testing, the effective contact pressure P’c decreased to zero as a
result of arching. The deformations induced on the pipe by the pore
pressure u led to a redistribution of the effective stresses between the soil
and the pipe that resulted in a decrease of the P’c.

8. The presence of three distinct slopes in the deformation plots of tests T3
and T6 revealed the influence of the pore pressure u in the soil-structure
interaction. When the pore pressures u was raised the siope of the
deformation plot became less steep. Then, when the effective contact
pressure P’c decreased to zero and only fluid loads acted on the pipe the
slope of the deformation plot became steeper.

9. As a result of the decrease of the effective contact pressure P'c to zero
only fluid loads acted on the pipe during buckling. This is consistent with
the observed single-wave type of failure, which is related to buckling under
high fluid pressures and low effective stresses.

10. The pore pressure u at buckling failure is proportional to the applied
effective bladder pressure P’. This occurred because the magnitude of the
effective contact pressure P'c at the end of the first stage of the test is

proportional to the effective bladder pressure P'. Therefore a higher pore
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pressure u is needed to make P’c decrease to zero and in every test
buckling occurred when only fluid loads were acting on the pipe.

11. The capacity of the pipe beyond P’c =0 was compared with the solutions
of Cheney (1971) and Glock (1977). The solution of Cheney overestimate
the buckling the capacity in the rage of 21% to 67% while the predictions
by Glock underestimate the capacity in the range of 48% to 66%. Further
research is needed to investigate their applicability to the specific

conditions of the tests.

7.3 Implications in the design of HDPE manholes

The conclusions obtained from the tests have implications in the design of
manholes under ground and fluid loads provided that the load sequence
(increase of effective stress P’ followed by the pore pressure u) is similar. In
the tests, the buckling failures occurred when only fluid pressures were acting
on the pipes. Therefore keeping the effective contact pressures P’c above
zero would provide some stabilizing effect against buckling failure due to the
presence of effective stresses in the soil located in the vicinity of the pipe. It
is recommended that, under ground and fluid loads, a manhole should be
designed to limit the radial deflections under the eventual pore pressures u

that could act directly on it.
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7.4 Recommendations for future research

1.

It would be desirable to develop end seals for the pipes that do not
constrain the radial deformations while effectively sealing at pressures
higher than 1000 kPa. Being able to bond the seal material (rubber) with
the polyethylene pipe may be a key aspect in the successful development
of these seals. An efficient bonding of rubber materials to HDPE has not
been developed to date.

If seals cannot be developed, tests with very long pipes (large L/D) should
be performed in order to diminish the possible effect of the radial end
constraints on the buckling capacity of the pipe. Testing larger pipe
samples would require a larger test cell and bladder. Some difficulties
associated with testing pipes with larger L/D ratios are the installation of
instruments (reaching the center section of the pipe is more difficult) and
the backfilling process complicates due to the increase in height from
which the soil has to be dropped.

It would be interesting to observe the effects of a different load path on
the soil-structure interaction of pipes under ground and fluid loads. Further
testing could be made with increasing effective bladder pressure P’ as the
pore pressure u is increased rather than a constant P’ while the pore
pressure u is increased.

The influence of different soil-densities on the soil-structure interaction
needs to be investigated. Therefore experiments with backfills at different

compaction levels should be performed. It could be speculated that a
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stiffer backfill might result in lower values of P'c at the end of the first
stage (because a lesser fraction of the bladder pressure reaches the pipe)
possibly leading to lower pore pressures u at buckling. Only test data

would provide reliable observations of the effect of using a stiffer soil.
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