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SUMMARY

Prestressed concrete buried pipelines are formed by a sequel of comparati
vely short tubes connected by gasketed joints of considerably low stiffness?
their earthquake response cannot hence be immediately reconduced to that of con
tinuous ones, bearing also in mind as seismic danger to concrete tubes comes
from possible excessive relative displacements at the joints and not from struc
tural failure. The first part of this paper is devoted to the experimental assess
ment of basic stiffness and strength properties of such gasketed joints, which
are found to show a considerably non linear behaviour, modelled numerically in
a specially developed finite element. A formulation for the pipeline-soil dyna
mic system is then described and implemented in a general purpose nonlinear fi
nite element program. The research is continued analyzing the response of the
numerical model to artificial ground motioms of opportunely defined spectral
shape.

INTRODUCTION

The significance of lifelines behaviour in a seismic environment is pre-
sently well understood, as confirmed by the wide attention on the subject,
(Ref. 1, 2). For pipelines in particular, a number of papers has been devoted
to observed response, to experimental tests and to their analytical modelling
(Ref. 3, 4, 5, 6). The latter, mainly concerned with ground-pipe interaction
simulation, ground motion input, tubes imertial effects, are in some cases com
pleted by exhaustive numerical results (Ref. 3), so that the literature on the
specific subject can be considered satisfactory for engineering purposes and
pipeline behaviour in general fairly well assessed.

It must though be remarked as all the above stands for continuous pipes,
hence typically for steel ones. Interest is on the contrary herein focused on
jointed gasketed large diameter pipelines, for which prestressed concrete ele-
ments of the kind shown in fig. 1 are usually employed. The detail of a typical
connection is shown in fig. 2.

In this more restricted field in fact only a few researchers have proposed
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formulations either derived via questionable assumptions from continuum models
(Ref. 4) or based upon finite element approaches (Ref. 3, 5). Ref. 3 includes
also quantitative results, which turn out to be of limited design interest be-
cause obtained for tube-joint stiffness ratios out of pratical ranges. It must
also be pointed out as the above quoted paper reports the response only in terms
of forces, while seismic danger for jointed concrete pipes comes froma possible
excess of relative displacements, which can cause impact or slippages, the latter
with obvious loss of serviceability.

The first part of this paper refers on the results of a number of full
scale and laboratory tests aimed at the determination of the cyclic response of
the gasketed joints. The observed behaviour has subsequently been modelled in
a special "connection'" finite element. A finite element formulation for the
dynamic pipeline-soil system modelling is also proposed and implemented ina ge
neral purpose nonlinear code (Ref. 7). The research continues with a number of
applications referring to different soil properties and to different seismic
inputs, defined by artificial ground motions of given spectral shapes.

EXPERIMENTAL TESTS

As already mentioned, little data (Ref. 8) are available in the literatu
re on the stiffness properties and on the cyclic behaviour of gasketed joints,
as remarked also in other recent papers (Ref. 5), This section aims at provi-
ding such information, referring on laboratory and full scale tests performed
on the type of connection shown in Fig. 2.

Laboratory tests

The laboratory experimental set up is shown in fig. 3 and comprises three
300x 300 mmr.c. elements whose sectional shape reproduces a set of four straightened
gasket niches. Such elements are sided by two teflon covered steel plates having
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the task of avoiding possible extrusion of the rubber during the tests. The gasket
portions (32 mm diameter, 270 mm unstrained length) are set in place under axial
tension, as it happens in reality, and then transversally compressed between the
concrete elements by four dynamometric barsuntil the design geometrical arrange
ment of the joint is reached. During the compression the rubber shows the usual
hyperelastic behaviour, exaggerated by the confinement, which is not reported
because of scarce significance in this context. The central concrete element is
then connected to a two-way jack and subjected to imposed cyclic displacements.
A so obtained average hysteresis loop is shown in fig. 4. As rubber behaviour
has been found to be fairly elastical, the small amount of permanent displace-
ment observed is thought to be due to slip and rolling of the gasket within the
niche. Forces are due both to rubber elastic deformation and to friction. The
overall joint behaviour, due to the inclined shape of the external concrete face
indispensable for on site assembling, is hardening for joint closing and softening
for joint opening. One point warrants discussion: the absence in the tests of
hydraulic pressure which, as the rubber isnearly thriaxially confined, increases
the gasket-concrete contact pressure and can hence vary the stiffness of the
joint. As hydraulic pressures are inferior by an order of magnitude to the basic
contact ones, their absence is thougth to be negligible. Thishas been confirmed
by their simulation through an equivalent increase of vertical compression, which
has caused variation of results within experimental uncertainties.
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Full scale tests

Aiming both at a corroboration of the previous results and at their extension
to pipe impact and complete slippage, which could not be simulated by the labo
ratory model, one full scale test on 1800mm diameter pipes has been carried out.
The experimental set up, shown in fig. 5, comprised two pipes placed on four
wheel rollers and connected by a two-way jack pinned at both ends to two trans
versal steel bars fixed to the pipes. Displacements were measured in three points
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along the circumference and reported results refer to their average. A series
of typical experimental cycles is shown in fig. 6, where several representative
branches are indicated: loading (A), unloading (B), reloading (C) up to concrete
impact (D) are self explanatory and it must only be noted as the reloading shape

Fig. 5

indicates again clearly the slippage origin of 18
permanent displacements. Branch E (slippage)
exhibits on the contrary an unusual force sign
inversion which takes place when the gasket
passes over the terminal smaller concrete swell L
ing and, being elastically deformed, "pushes
away' the tubes thus releasing to the system
the energy accumulated during the assembling r
procedure.

Finally, fig. 7 shows together, in the
same scale and inthe same displacement range, i
the laboratory and the full scale test results, >
given per unit length of gasket. The agreement > Pl P MM
is entirely satisfactory. In the same figure ~a 4
is also shown a piecewise linear elastic curve === -z L
adopted for the numerical modelling and dis-—
cussed in the next section. Fig. 7

N/MM

NUMERICAL MODELLING

The joint element

All six relative displacements components are permitted between adjacent
pipes, but not all of them are of interest from a seismic point of view. Only
longitudinal relative displacement and rotation about a vertical axis perpendi
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cular to the pipeline are considered here. The other four components are neglected
for different reasons. Relative rotation about a longitudinal axis is obviously
of scarce importance; the rotation about an horizontal axis perpendicular to
the pipeline can be significantly excited only by vertical ground motion which
gives negligible effects in the axial direction. As the latter are known to be
prevailing (Ref. 2, 3), the motion in a vertical plane has not been included in
the formulation. The two components left, i.e. transversal relative displace-
ments, can also be excited, but the transversal stiffness of the gasketed joints
is high enough to proclude tube impacts in this direction, while possible
overstresses due to non axisymmetrical gasket compression have, in the au
thors experience, been found to be easily accounted for in a proper join;
design.

In the herein proposed finite element approach it was indispensable to mo
del the gasketed joint by a "connection" element permitting only the two above
said relative displacements. The considerably nonlinear experimental behaviour
described in the previous sections has been simulated by the elastic piecewise
linear curve shown in fig. 7, so neglecting energy dissipation in the gaskets;
such approximation is acceptable because most damping in this type of problem
comes from soil hysteretic behaviour.

The 4 x4 stiffness matrix of the element is full, due to non linearity.
The terms of each 2x2 submatrix are readily found by opportune integration
along the circumference of the forces generated in the gasket about a given de
formed configuration. The derivation operations needed to determine local tan-—
gents to force-displacements curves are carried out numerically, while integra
tions along the circumference are calculated in closed form. The element has
been implemented in the already mentioned code (Ref. 7).

Equations of motion of the pipeline-ground system

The non-linear equations of motion of the pipes~joints-ground system are
expressed in terms of absolute displacements, more convenient from an engineer
ing point of view, as

MU+DU+S=k uy +D G (1)

= = -5 2 -z

where S is a structural reactions vector, ky is the linear soil stiffness ma-
trix, é; is the soil dissipation matrix, ug, Qg are input ground displacements
and velocities respectively and with obvious meaning of the other symbels. The
derivation of eqs. (1) is straightforward and is hence not given, see eig. (Ref.
3), while the various terms are briefly described in the following.

The inertia matrix M comprises contributions of pipe mass, water mass for
the terms related to transversal motion only, plus a 'transported" soil mass.
Water masses are omitted for the longitudinal motion as water is a practically
inviscid fluid; transported soil mass terms 7j; are evaluated (Ref. 9) as
1

cj + - o ®
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where p is the soil massdensity, ¢; is the relevant coordinate of joint i, 1,
the corresponding pipeline length and ¥y, V¥, V¥, the soil displacement fields
in the longitudinal, transversal and vertical directions respectively when sub
jected to the forces transmitted by the pipeline, normalized so as to have uni
tary relative displacements.

The dissipation matrix D comprises only soil damping contributions, i.e.
D =Dy, and is stiffness proportional. The proportionality coefficient is eva-
luated in accordance to the plain strain, deep embedment complex dynamic soil
stiffness expression reported in (Ref. 3).

The structural reactions vector is evaluated at each time step as S = (1§p+ I_cs)g,
where kp is the linearized pipeline stiffness matrix comprising linear beamele
ment terms from the pipes plus linearized joint elements terms as described in
the previous paragraph. The soil contribution ks is calculated on the basis of
the three dimensional Mindlin's solution, as exposed in (Ref. 9).

Finally, u, and ég are calculated for each relevant degree of freedom taking
into account the wave propagation velocity of soil, assumed equal to the shear
velocity /¢/p . In this work artificial ground motion input of given spectral
shape has been used as seismic input.

The solution of eqs. (1) is carried out via direct time integration, using
the Newmark's algorithm.

Examples of application

The pipeline examined is composed of elements identical to that shown in
figs. 1,2, with 3000 mm internal diameter and 200 mm thickness. The numerical
model comprises a sequel of sixty pipes of 6000 mm length each. The total length
analyzed has been determined after a number of preliminary tests and has been
found to be more than adequate to describe the phenomenon. The same tests have
shown the effects of the off-diagonal soil stiffness terms to be negligible, in
agreement with the results of (Ref. 3, 9); they have hence been omitted in the
cases presented.

The ground motion input used has the 5% damping acceleration response spec
trum shown in fig. 8 and the ground acceleration history of fig. 9, with a peak
value of .25g . In the examples an earthquake direction-pipeline axis angle of
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45° has been used.
The applications have been carried

out for two different soil properties,

identified as soft soil (E=100 N/mm’, » =0.3) and medium soil (E =1000 N/mm®,

¥ =0.3), having a shear wave velocity V

0of ~160 and ~500 m/sec respectively.

The maximum strains in the soil €,y = Uy, /V due to elastic wave propagation
effects when subjected to the earthquake of fig. 9 are of ~0.0015 and ~ 0.0005

respectively, while their components in
~ 0.00035.

the pipeline direction are ~ 0.001 and

For the soft soil case, three different mass values have been considered:
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(quasi ~static case), pipeline mass only, pipeline plus transported soil

mass. The results for the first two
cases are practically identical, while
the introduction of the transported mass
induces differences up to a maximum of
~ 107 and is hence small but not negli
gible. All the results reported in the
following include transported mass con
tributions.

The response for a number of varia-
bles, compared with the input ground
velocity time history (fig. 10), is re
ported in figs. 11 +14. Figs. lland 12
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show the relative displacement time histories of three typical equally spaced
joints for soft and medium soil respectively. The similarity with the velocities
is evident, but is to benoted a trend towards the joint opening, more pronounced
for the soft soil. For the latter case, which presents higher relative displa-
cements, the pertinent impact and slippage limits are also shown. The trend
towards joint opening is explained observing the axial force time histories in
the same joints, figs. 13 and 14, for soft and medium soils respectively. Due
to the non linear behaviour of the gaskets, forces are much higher for joint
closing then for joint opening, as it is evident specially for the soft soil,
and produce the above said effect.

Finally, it is important pointing out as strains in the pipes, ~ 0.000013
and ~ 0.000083 for soft and medium soil respectively, are much lower than elastic
wave propagation values previously given.

The following concluding remarks can be made: displacements are concentra
ted at joints with considerable reduction of axial and flexural forces in pipes;
flexural effects, although not reported here for lack of space, are considera-
ble due to the large pipe diameter; pipe slippage at joints appears as the most
likely cause of loss of serviceability; a more complete numerical investigation
is needed including a wide variation of seismic input and soil parameters.
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