Berms Model (nelmt27) Formulation
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Additional implementation notes have been added after turing on “track changes”.

Mathematical Formulation of the Berms Model

Description of the Berms Model

The model provides lateral resistance as a functional of the lateral displacement history only.  It does not consider coupling of axial and lateral effects. 

Each berm is described by its volume V, and location x.  Here “berm volume” means the volume per unit length along the pipeline, which is really the cross sectional area of the berm.

Berms can be on either side of the pipe: the ones that resist increases in the lateral pipe displacement u will be referred to as “positive berms” whereas “negative berms” are on the other side of the pipe.  A variable ( is introduced, which takes the value ( = 1 for a positive berm, and ( = -1 for a negative berm. 

For simplicity, consider first berms that are concentrated at a point.  As the pipe moves it pushes a berm in front of it.  The resistance q provided by the berm depends on the volume V of the berm, which in turn changes in a specified way with increasing displacement, in such a way that for large displacements it converges to an equilibrium, steady state value Vequil, from either above, or from below, as defined by two volume-displacement curves.

If the pipe changes the direction of motion, it leaves a berm behind.  As a result, there may be any number of berms on the seafloor.  If the pipe runs into a berm, it engulfs it.  In the process, the volume of the current berm being pushed by the pipe is increased by the volume of the engulfed berm.  This gives an upwards jump in the resistance to movement, with the new resistance being based on the sum of the two volumes.  This new resistance will then again evolve acoording to one of the two (upper or lower) volume-displacement curves until the next berm is encountered, or the direction of movement changes.

The “input parameters” to this basic model are 3 functions: a berm volume-resistance relation, and upper and lower volume-displacement relations, that describe how a berm volume larger or smaller than the equilibrium value would converges to the equilibrium value as the displacement increases.

In applications it is more convenient to specify resistance-displacement relations, than volume-displacement relations, since the former can be measured directly during a test, and is more often displayed in publications or reports about such tests.  Clearly the volume-displacement relation can be derived from the resistance-displacement relation, and vice-versa, using the volume-resistance relations.  Thus the implementation of the model is based on specifying a volume-resistance relation, and two force-displacement relations as input to the model.  These relationships will be referred to as input functions.  In an implementation of the model they may be referred to as user-defined functions (e.g. by piecewise linear interpolation between values provided by the user).  These input functions need to be defined from two tests: one starting with a large berm and monitoring how berm volume and resistance to movement evolves, and another starting with no berm.

Formulation of the Berms Model

Concentrating the berm at a point, as assumed in the previous section, leads to a jump in the resistance-displacement relation whenever a berm is engulfed.  Such jumps are not only physically unrealistic, but also cause convergence difficulties in numerical computations.  In this section the jumps are removed by introducing a mobilisation displacement into the formulation.

The mobilisation displacement is assumed to be a function of berm volume, V, so that it can be written as, 

umob = umob(V)
(2.2.1)

where

umob 
=
mobilisation displacement to mobilise the full resistance of the berm;

umob(.)
=
input function
; gives mobilisation displacement for the berm resistance as a function of berm volume.

If a berm is being pushed over by the pipe it is referred to as the sliding berm.  The resistance provided by this berm is then written as,

q = ( q( V )
(2.2.2)

where

q
=
resistance provided by berm (force per unit length), positive when the force which the pipe exerts on the soil is in the increasing x and u direction.

q(.)
=
input function, giving the magnitude of the berm resistance as a function of berm volume V.

Consider the evolution of berm volume as the pipe pushes it along.  If one starts with a small berm, the berm will increase in volume until it reaches a steady-state condition at which the berm remains constant.  Tests suggest that this occurs over a few pipe diameters.  This means that there is an equilibrium berm volume,  Vequil.  On the other hand, if the berm is larger than the equilibrium size, then material from the berm will tend to be left behind, as the pipe is riding over the berm.  In this case the volume of the berm is decreasing as the pipe continues to push the berm over.  This berm volume evolution is best described by providing two force-displacement relationships that can readily be determined experimentally:

a) The first force-displacement relationship to be provided is determined by pushing over a very large berm (it must be at least as large as the largest berm that will encountered for the displacement history for which the model is to be applied).

b) The second force-displacement relationship is determined by starting at zero berm volume, and applying displacements until an equilibrium value of the resistance is reached.

These two force displacement relations can be written as

R = R(u)

(2.2.3)

and

r = r(u),

(2.2.4)

respectively, where

R
=
resistance for berm volume exceeding the equilibrium value (decreasing monotonically with increasing displacements u and converging to a value R = qequil  as  u ( ( );

r
=
resistance for berm volume smaller than the equilibrium value (increasing monotonically and converging to a value r = qequil as u ( ( );

R(.)
=
user-specified function, determined from a test starting with a very large berm volume, and pushing it over with the pipe until an equilibrium resistance qequil is reached;

r(.)
=
user-specified function, determiend from a test starting with zero berm volume, and increasing the displacements of the pipe until an equilibrium resistance is reached.

u
=
lateral pipe displacement (During tests to determine the functions R(.) and r(.), the displacement u is the pipe displacement.  However in the application of the model for other displacement histories the argument of the functions r(.) and R(.) will in general differ from the pipe displacement u.  In defining r(.), r(0) should be taken to be the resistance at zero berm volume.  This is the minimum resitance, and may include the sand-pipe friction, if this is not included separately.  On the other hand for the function R(.), the choice of the point where u=0 does not matter:  e.g. one can take the displacement to be zero at the largest expected berm volume.  One might then also extrapolate the function R(.) for negative displacements, to represent larger than expected berms
.

The above resistance functions implicity also define the evolution of berm volume as a function of displacement.  Indeed, the evolution of the volume can be written as

V = V(R(u))   for above equilibrium berm volumes
(2.2.5)

V = V(r(u))     for below-equilibrium berm volumes
(2.2.6)

where

V
=
berm volume, as before

V(.)
=
inverse function to the function q(.) in q = q(V) defined in Eq. 2.2; this provides the volume of the berm as a function of the resistance

Although the model accounts for berm volume reduction, as material is left behind, it does not account for the influence the material left behind may have on the pipe, if during a subsequent cycle the pipe comes back to the left-behind material.  Thus in essence the model can represent the resistance forces involved in going over a berm, but once the pipe has gone over a berm, the original berm is lost.

So far only the resistance against movement provided a single berm being pushed along by the pipe has been described.  In general several berms will be present.  In this case the status of each berm may be classified as follows:

a) The berm is sliding if the pipe has reached the location of the berm (u=x), and is pushing the berm along.  The sliding berm offers the full resistance q=q(V), as defined by Eq. 2.2.  There can be only one sliding berm at the time, because any other berm that the pipe runs into coalesces into the sliding berm.

b) The berm is engaged if the pipe comes within one mobilisation displacement of it.  In this case the berm starts to offer some resistance to the pipe.  Over the mobilisation displacement the resistance must increase in a continuous fashion from that provided by the sliding berm just before the engagement, that that of the combined berms.  Engaged berms do not change in volume V or location x, until the become engulfed by the sliding berm.  As a result the energy absorbed by an engaged berm as the pipe moves towards it elastically recoverable if the pipe changes the direction of motion.

c) The berm is active if it is sliding or engaged.  Otherwise it is inactive.

Consider several berms on the same side of the pipe.  Starting with the berm closest to the pipe, the locations of the berms will be denoted by  x1, x2, …(with  ( x1 < ( x2 < ( x3 < …), and the volumes denoted by V1, V2, …, respectively
.

In addition to the actual berm volumes V, it is convenient to work with hypothetical berm volumes.  These represent the volume of the sliding berm if the pipe movement were to continue to and past the berm considered.   There are two hypothetical berms volumes: V’ represents the sliding berm volume just before the pipe reaches the berm considered, and V” just after.  The guiding principle is that when two berms coalesce their volume is added.  Thus, 

Vi” =  Vi’  +  Vi
(2.2.7)

in the above

Vi’ 
=
hypothtical volume that the berm being pushed by the pipe would reach just before the pipe reaches the ith berm;

Vi”
=
hypothetical berm volume that would develop if the pipe were pushed to just beyond the ith berm location;

Vi 
=
current volume of ith berm (before the pipe reaches it).

The procedure to calculate Vi+1’ from Vi” is as follows:

1. Start with Vi”.

2. Calculate the resisting force from qi” = q(Vi”).

3. Calculate the displacement on the reference curves defined by Eqs. 2.3 and 2.4 from

ui” = R-1(qi” )

if   qi” > qequil
ui” = r-1(qi” )

if   qi” < qequil 

ui”  = ( 

if   qi” = qequil   (no ui  value needed subsequently in this case)

in which R-1(.), and r-1(.) denote the inverse functions to R(.) and r(.), as defined in Eqs. 2.3 and 2.4, respectively.  This represents the displacement on the reference curve when the pipe is the ith berm.

4. Calculate the displacement on the reference curve when the pipe reaches the (i+1)th berm from

ui+1’ = ui”  +  ( (xi+1 – xi )

5. Calculate the corresponding soil resistance qi+1  from  


qi+1’ = R( ui+1’ )
if qi” > qequil
qi+1’ = r( ui+1’ )
if qi” < qequil

qi+1’  = qequil 
if qi” = qequil 

6. Calculate the berm volume just before reaching the (i+1)th berm from

Vi+1’  =  V( qi+1’ )

The above procedure can also be defined by a single equation, as in

Vi+1’  =  V(  R(  R-1(  q(Vi”)) + ( (xi+1 – xi ) ))
if   q(Vi”) > qequil 

Vi+1’  =  V(  r(  r-1(  q(Vi”)) + ( (xi+1 – xi ) ))
if   q(Vi”) < qequil
Vi+1   =   Vequil 
if   q(Vi”)   = qequil
(2.2.8)

Once Vi+1’ is calculated from the Eq. 2.8 or the above procedure, Vi+1”  may be calculated from Eq. 2.7.  Thus given V” for the first berm all other V” values can be calculated, by repeated applications of Eqs. 2.8 and 2.7.

It remains to define V” for the first berm on each side of the pipe, i.e. to define V1”.  For the side towards which the pipe is moving,  V1” is simply the volume of the sliding berm; i.e.  V1”=V1.

For the other side, one considers a ficticious change in the direction of movement.  Such change in direction would create a new berm at the pipe location, with zero initial volume.  The parameters for this new berm are then given by,

x0  =  u

(2.2.9)

V0”  =  V0 = 0
(2.2.10)

and can be used to initiate the calculation of the ficticious volumes of all berms on the side which the pipe is moving away from.
More generally for (=(1 initiation

x0 
=  u
for  ( = -1


=  u0
for ( = 1

V0” 
=  0
for ( = (1
Eqs. 2.8 and 2.7  (V”=V’+V) then give the correct values of  V1”.

Note that 
V0”=0 ( q0”=0  (  u0”=0.
Once all current berm parameters are defined (including the ficticious ones), the total resisting force is calculated from, 

q  =  qsliding  +  (  qengaged

(2.2.11)

in which

qsliding 
=
contribution from the sliding berm (i.e. the berm for which x=u);

qengaged 
=
contribution from an engaged berm (i.e. a berms for which ( x – umob ( ( u ( ( x);

( 
=
denotes summation over all engaged berms

For the sliding berm, the resistance is calculated from

qsliding  =  ( q(Vsliding )
(2.2.12)

where Vsliding is the actual volume of the sliding berm, and for the engaged berms, it is

qengaged  =  (qi”- qi’) ((  + (u – xi)/umob )
(2.2.13)

in which

umob = umob( Vi” )
(2.2.14)

Implementation for a Finite Increment (u of the Berm Model

For implementation of the model, consider a finite displacement increment from a diplacement u0 to a displacement u.  The model is exact for arbitrarily large displacement increments, and does not require any integration.  This section describes how the berm parameters are updated for an arbitrary increment, 

(u  =  u – u0 

(2.2.15)

The side towards which the pipe moves is characterised by ( (u > 0.  Here berms may be engulfed, but for those that are not engulfed none of the berm parameters (real or ficticious) do not change as a result of the increment.  It is expedient to calculate these parameters based on conditions at the beginning of the increment.  For this purpose the calculation of the ficticious berm parameters is initiated by

V1”  =  V1 
where    ( (u > 0
(2.2.16)

x1  =   u0
 
where    ( (u > 0
(2.2.17)

in which V1 refers to the volume of the sliding berm at the beginning of the increment.  The calculation of the remaining ficticious berm parameters using Eqs. 2.8 and 2.7, is also based berm parameters at the beginning of the increment.

On the other side, i.e. the one the pipe is moving away from, the ficticious volumes should be based on conditions at the end of the increment.  They should therefore be initiated by

V0”  =  0

where ( (u < 0 
(2.2.18)

x0  =   u

where ( (u < 0 
(2.2.19)

and propagated using Eqs. 2.8 and 2.7, and the fact that none of the real berm parameters change during the increment. (The ficticious parameters do change, however, and it it therefore important to evaluate them for the end of the increment.)

It remains only to update the parameters for the sliding berm.  For this purpose consider first the case when the sliding berm does not absorb other berms during the increment.  For this case, the contribution to the resistance from the sliding berm is given by

qsliding =  ( R( u1” + ( (u – x1 ))
if  q1” > qequil 
(2.2.20)

qsliding =  ( r( u1” + ( (u – x1 ))
if  q1” < qequil 
(2.2.21)

qsliding =  ( qequil
if  q1” = qequil 
(2.2.22)

in which  u1” and x1 are based on conditions at the start of the increment, by following the procedure for Eq. 2.8, starting with the values from Eqs. 2.18 to 2.19.

The above applies if the sliding berm does not absorb other berms during the increment, i.e. if no berms are engulfed.  Only berms on the side towards which the pipe moves can become engulfed.   The locations xi of engulfed berms at the beginning of the increment satisfy, 

( xi  ( ( u
(2.2.23)

Suppose one or more berms are engulfed in during the increment, and let j denote the identification number of the last one that is engulfed, i.e. the one for which ( xi is largest, but still less than ( u.   In this case the resistance at the end of the increment is given by 

qsliding =  ( R( uj” + ( (u – xj )) 
if  qj” > qequil 
(2.2.24)

qsliding =  ( r( uj” + ( (u – xj ))
if  qj” < qequil 
(2.2.25)

qsliding =  ( qequil
if  qj” = qequil 
(2.2.26)

in which again uj” and xj are based on conditions at the start of the increment.  Once the resistance from the sliding berm is calculated its volume may be determined from

Vsliding = V( qsliding )
(2.2.27)

where V(.) is the input function defining the volume-resistance relation.

Once all calculations for the increment are complete, the berms are re-numbered sequentially with i=1 for the sliding berm.  No renumbering or other updates are required for the berms the pipe has moved away from.

Axial and Lateral Coupling of the Berm Model

As described this berm formation does not account for such coupling.    If it is desired to introduce such coupling, an appropriate way do this is to introduce a purely frictional resistance component for which the axial and lateral effects are coupled, and an additional component due to berm formation, for which the lateral resistance can reasonably be assumed to be uncoupled from axial movements.  In this case one would specify zero lateral resistance in the berm formation model when the volume of the berm is zero.  The frictional resistance at zero berm volume can then be included in a coupled frictional model.

Implementation Considerations of the Berm Model

A difficulty in the implementation of the above-described berms model is the the number of berms is not known a priori.  It depends on the displacement history of the pipe.  This can make storage allocation for the state parameters describing the system challenging.  To simplify this, a maximum number of berms should be specified a priori and storage allocated for it.  If this maximum number is exceeded, the system should be programmed to “forget” the outermost berm.  As long as the berm to be forgotten is not active this will not give rise to any discontinuity in the response.  In the current implementation the total volume of the forgotten berms on each side is calculated.   When the forgotten volume is significant, it is advisable to repeat the analysis accounting of a larger maximum possible number of berms.

� 	“User-defined function” means a function defined by input parameters to the model, e.g. by piecewise linear interpolation between points points defined as part of the input parameters.


� 	This would ensure that a solution the resistance model will not fail if larger than expected berm volumes develop, even though the function R(.) is not properly defined from experimental data in this range.)


� 	For simplicity in notation, the same symbols are used to describe berms on both sides of the pipe.  Unless otherwise noted equations or inequalities given in what follows apply for either side of the pipe.  For instance the inequality  ( x1 < ( x2, really implies two inequalities, one for each side of the pipe.
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