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ESTIMATION OF OPTIMUM TRIPPING SCHEDULES

BACKGROUND

[0001/0002]  In hydrocarbon exploration and energy industries, estimation of
subterranean hydrocarbon reservoirs 1s accomplished using various techniques for measuring
formation properties. Some techniques involve coring, in which rock cores from a formation
are taken by drilling into a formation using a drill string that includes a corc bit. During a
coring operation, a rock corc in the drill string is retrieved by retrieving the core via the drill
string or wireline, which is referred to as “tripping.” During tripping, damage to the core can
occur due to decompression in the borehole, which can change various properties of the rock
in the core and thus compromise results of analysis of the core at the surface. Tripping

schedules should be planned that minimize core damage while allowing retrieval ot the core

within an acceptable time frame.

SUMMARY

(0003] An embodiment of a method for removing a core sample of an earth formation
from a borehole includes: measuring a parameter of the earth formation using a downhole
sensor disposed in the borehole; taking the core sample of the earth formation within the
borehole with a sampling tool; gencrating a model of the corc sample, the modcl bascd on at
least the measured parametcr; dcfining a plurality of proposcd tripping schedules; applying, by
a processor, the plurality of proposed tripping schedules to the model, and estimating a core
parameter for each of the plurality of proposed tripping schedules; comparing the core
parameter to a criteria; selecting a suitable tripping schedule based on the comparison; and
removing the core sample from the borehole based on the suitable tripping schedule.

[0004] An embodiment of a system for removing a core sample of an earth formation
from a borehole includes: a downhole sensor configured to measure a parameter of the earth
formation in the borehole; a carrier configured to transport the core sample of the earth
formation through part of the borehole; and a processor configured to provide a suitable
tripping schedule. The processor 1s configured to perform: generating a model of the core

sample, the model based on at least the measured parameter; defining a plurality of proposed
tripping schedules; applying the plurality of proposed tripping schedules to the model, and
estimating a core parameter for each of the plurality of proposed tripping schedules;
comparing the core parameter to a criteria; and selecting the suitable tripping schedule based

on the comparison.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The following descriptions should not be considered limiting 1n any way.
With reference to the accompanying drawings, like elements are numbered alike:

[0006] FIG. 1 is a side cross-sectional view of an embodiment of a drilling and/or
geosteering system;

[0007] FIG. 2 is a flow chart providing an exemplary method of evaluating tripping
schedules and determining a suitable tripping schedule;

[0008] FIG. 3 depicts an embodiment of a mathematical model of a formation core
sample;

[0009] FIG. 4 depicts an exemplary pore pressure distribution in the model ol FIG. 3;

[0010] FIG. 5 depicts exemplary proposed tripping schedules selected for application
to a mathematical model of a formation core sample;

[0011] FIG. 6 depicts a proposed tripping schedule of FIG. 5 and core parameters
resulting {rom application of the proposed tripping schedule to the model;

[0012] FIG. 7 depicts a proposed tripping schedule of FIG. 5 and core parameters
resulting from application of the proposed tripping schedule to the model;

[0013] FIG. 8 depicts a proposed tripping schedule of FIG. 5 and core parameters
resulting from application of the proposed tripping schedule to the model;

[0014] FIG. 9 depicts a revised tripping schedule generated based on application of a
proposed tripping schedule of FIG. 5 to the model; and

[0015] FIG. 10 depicts a revised tripping schedule gencrated based on application of a
proposed tripping schedule of FIG. 5 to the model.

DETAILED DESCRIPTION

[0016] The systems and methods described herein provide for modeling of downhole
parameters such as pore pressure to predict or estimate an optimum or suitable tripping
schedule that minimizes core damage from decompression while tripping a formation core
sample out of a borehole within a selected time period. An embodiment of a method includes
generating a mathematical model of a formation core sample based on geometric propertics of
the core and core material properties such as permeability and fluid characteristics. Selected

tripping schedules may be input to the model to generate predicted parameter values
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or curves that can be associated with potential core damage. An exemplary method includes
itcratively applymg multiple proposcd tripping schedulces to the modcel. A ““suitable” tripping
schedule 1s calculated by sclecting onc of the applicd tripping schedules or itcratively
adjusting one or more proposed tripping schedules until a tripping schedule having acceptable
time and core damage criteria 1s found.

[0017] In one embodiment, the method and an associated algorithm provides an

automated mechanism that derives at an optimal tripping schedule without user interference.
The algorithm, in one embodiment, can be run in two modes. In a first mode, ¢.g., a batch
mode, a plurality of proposed tripping schedules are mput to the model for which a sample of
model parameters 1s chosen, and an optimum or suitable tripping schedule 1s selected from
the proposed tripping schedules based on results of the executed model for each proposed
tripping schedule. In a second mode, also referred to as a “‘smart” mode, the algorithm tunes
or adjusts proposed tripping schedules or subsequently inputted tripping schedules based on
the output from previous model executions.

[0018] In one embodiment, maximum pore pressure differences within the core are
calculated at various depths and/or times based on the model for each proposed tripping
schedule. The maximum porce pressurc differences arc comparcd to porce pressurc difference
criteria associated with the tensile rock strength of the core material to predict core damage
due to gas expansion or decompression. A tripping schedule 1s 1dentified and/or calculated
that 1s best suited to minimize core damage.

[0019] The systems and methods described herein provide for the ability to estimate
whether core damage from decompression might occur for given material parameters and
tripping schedules. Such systems and methods also provide for automated quantitative
evaluation of tripping schedules to generate a schedule that optimizes the trade-offs between
key parameters, such as permeability, tripping speed and/or duration, and tensile rock
strength.

[0020] Referring to FIG. 1, an exemplary embodiment of a downhole drilling system
10 disposed 1n a borehole 12 1s shown. A drill string 14 1s disposed 1n the borehole 12, which
penetrates at least one carth formation 16. Although the borehole 12 1s shown n FIG. 1 to be
of constant diameter, the borehole 1s not so imited. For example, the borchole 12 may be of
varying diameter and/or direction (¢.g., azimuth and inclination). The drill string 14 1s made
from, for example, a pipe or multiple pipe sections. The system 10 and/or the drill string 14
include a drilling assembly 18. In one embodiment, the drilling assembly 1s configured as a

coring assembly or tool. Various measurement tools may also be incorporated mto the

3



CA 02913163 2015-11-20

WO 2014/190116 PCT/US2014/039069

system 10 to affect measurement regimes such as wireline measurement applications or
logging-whilc-drilling (LWD) applications.

[0021] Thc drilling asscmbly 18, which may bc configurcd as a bottomholc asscmbly
(BHA), includes a drill bit 20 and 15 configured to be conveyed into the borehole 12 from a
drilling rig 22. In one embodiment, the drilling assembly 1s a coring assembly configured to
obtain core samples of the formation 16. The drill bit 20 1n this embodiment 1s a coring bit
incorporated as part of a coring or sampling tool. An exemplary tool includes a coring bit
attached to a drill collar having an inner bore configured to receive and retamn the core
sample.

[0022] In one embodiment, one or more downhole components, such as the drill
string 14 and the drilling assembly 18, include sensor devices 24 configured to measure
various parameters of the formation and/or borehole. For example, one or more parameter
sensors (or sensor assemblies such as LWD subs) are configured for formation evaluation
measurements relating to the formation, borehole, geophysical characteristics and/or borchole
fluids. These sensors may include formation evaluation sensors (e.g., resistivity, dielectric
constant, water saturation, porosity, density and permeability), sensors for measuring
gcophysical paramctcrs (¢.g., acoustic velocity and acoustic travel time), and scnsors for
measuring borchole fluid parameters (¢.g., viscosity, density, clarity, rheology, pH level, and
gas, o1l and water contents).

[0023] The sensor devices 24, drilling assembly 18 and other downhole components
may be included in or embodied as a BHA, drill string component or other suitable carrier. A
"carrier" as described herein means any device, device component, combination of devices,
media and/or member that may be used to convey, house, support or otherwise facilitate the
use of another device, device component, combination of devices, media and/or member.
Exemplary non-limiting carriers include drill strings of the coiled tubing type, of the jointed
pipe type and any combination or portion thercof. Other carrier examples include casing
pipes, wirclines, wireline sondes, slickline sondes, drop shots, downhole subs, bottom-hole
assemblies, and drill strings.

[0024] In one embodiment, the drilling assembly 18 and sensor devices 24 are
configured to communicate with one or more processors, such as a downhole electronics unit
26 and/or a surface processmg unit 28. The processor(s) may receive data and
communication signals from the downhole components and/or transmit control signals to the
components. Signals and data may be transmitted via any suitable transmission device or

system, such as a cable 30. Other techniques used to transmit signals and data include wired
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pipe, electric and/or fiber optic connections, mud pulse, electromagnetic and acoustic
tclemctry.

[0025] Thc proccssor or proccssors, m onc cmbodiment, arc configurcd to reecive
data and generate information such as a mathematical model for prediction of downhole
parameters and conditions. For example, the processor 1s configured to receive downhole
data as well as additional data (e.g., from a user or database) such as gecometric data of
borehole components. The processor may be configured to perform functions such as
providing prediction or modeling information, controlling the drilling assembly 18,
transmitting and receiving data and monitoring the drilling assembly 18 and the drill string
14. The surface processing unit 28, the sensor devices 24 and/or other components may also
include components as necessary to provide for storing and/or processing data collected from
various sensors theremn. For example, the surface processing unit 28 includes a processor 32,
a data storage device (or a computer-readable medium) 34 for storing, data, models and/or
computer programs or software 36.

[0026] Although the processors described herem are shown 1n communication with
downhole components, they are not so limited. For example, a processor can be embodied as
an mdcpendent computcer or other proccssing device that can receive iput data such as modcl
parameters, measurement information and proposed tripping schedules.

|0027] Generally, some of the teachings herein are reduced to an algorithm that 1s
stored on machine-readable media. The algorithm 1s implemented by a computer or
processor such as the surface processing unit 28 and provides operators with desired output.

[0028] In one embodiment, a processor utilizes a quantitative (mathematical and/or
numerical) method that models a formation sample core tripping out of a borehole as a
permeable, elastic solid with an mitial pore pressure and stress distribution, to which variable
external pressures and/or loads are applied based on material parameters of the core and
inputted and/or generated tripping schedules.

[0029] In one embodiment, the surface processing unit 28 or other processing device
1s configured to generate a model that simulates potential core damage based on mputted
tripping schedules. The model may be used to estimate or select an optimum or suitable
tripping schedule. A “suitable tripping schedule,” in one embodiment, 1s a schedule that
results 1n removal of core samples within an acceptable time frame while reducing potential
corc damage to an acceptable level or otherwise satistying core damage criteria. In addition
to simulating potential damage, the processing device may be configured to analyze mputted

tripping schedules and select or calculate an optimum or suitable tripping schedule.
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[0030] In one embodiment, the model 1s used to compute the external pore pressure
and strcss history bascd on proposcd tripping schedules, which i turn 1s applicd as cxternal
loads and boundary conditions. Thc mcthod computcs cquilibration porc pressurcs and
stresses at different points 1n time based on mputted tripping schedules, and predicts pore
pressure differences. These are used to evaluate a rock strength criterion (e.g., but not lhmited
to tensile rock strength) to predict potential core damage.

[0031] In one embodiment, the processing device uses an algorithm that automates an
iterative process of evaluating proposed trippmg schedules. For example, the algorithm
applies a plurality of proposed tripping schedules (potentially a large number of tripping
schedules) to predict a pool of modeled core parameters, from which the algorithm can select
the optimum or suitable tripping schedule. The algorithm may further include the ability to
alter proposed trippmg schedules in order to narrow 1n on the suitable schedule.

[0032] FIG. 2 1illustrates a method 40 for evaluating tripping schedules and
determining one or more optimum or suitable tripping schedules. The method provides a
quantitative prediction of a tripping schedule that minimizes damage from core
decompression while tripping out of a bore hole. The method 40 includes one or more of
stagcs 41-45 described herein, at Icast portions of which may be performed by a proccssor
(¢.g., the surface processing unit 28). In one embodmment, the method includes the execution
of all of stages 41-45 1n the order described. However, certain stages 41-45 may be omitted,
stages may be added, or the order of the stages changed.

[0033] Although the systems and methods described herein relate to drill string
coring, they are not so limited. For example, the systems and methods may apply to wireline
coring (e.g., the coring tool of system 10 1s a wireline coring/core removal tool).

[0034] In one embodiment, the method 18 performed as specified by an algorithm that
allows a processor (¢.g., the surface processing unit 28) to automatically calculate an
optimum or suitable tripping schedule. The processor as described herein may be a single
processor or multiple processors (€.g., a network). The algorithm output may be a single
schedule or a plurality of schedules that satisfy different criteria (e.g., time or damage).

[0035] The method can be used iteratively to obtain a suitable tripping schedule. The
suitable tripping schedule may be one that minimizes or avoids predicted core damage while
maintaining the total tripping time to within a desired limit. Short tripping times are desired
as they provide economic benefits, €.g., save time and money.

[0036] In the first stage 41, a mathematical model of a formation sample core (also

referred to simply as a ““core”) 18 constructed. The model 18 a quantitative analytical or
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numerical model of a poro-¢lastic core that can be subjected to varying external boundary
conditions and prcssurc loads.

[0037] Various propcertics of the corc arc sclected or mputted. As described hercin,
“propertics” of the core include any data or information used to construct the model. Such
properties include, for example, geometric properties and material parameter data providing
information relative to formation characteristics such as formation rock properties, other
formation material properties and properties of fluid in the formation.

[0038] Geometric data related to the drill string and the core 1s mput to generate
representations of the gecometry of the core. Exemplary geometric parameters include length,
diameter and depth. In one embodiment, the modeled core 1s assumed to have a cylindrical
shape, having a diameter that 1s much smaller than its height, although any shape could be
used.

[0039] An exemplary model 1s generated using the finite element method. In one
embodiment, multiple elements are generated from the gecometric data that correspond to the
shape or geometry of different portions of the core geometry. In one embodiment, the core or
a portion thereof 1s modeled as a three-dimensional model using finite three dimensional
clements.

|0040] The model 1s not limited to the embodiments described herein, as any
mathematical model that permits prediction of pressure conditions in a simulated core may be
used. In one embodiment, the model may be a mathematical/analytical model instead ot a
numerical model. In other embodiments, a simplified numerical model may be used, such as
a two-dimensional or one-dimensional model. For example, the model may be a simplified
one-dimensional diffusion model that simulates a central profile along the core’s radius.
Such a simplified model may be desirable as 1t can be solved faster, thereby allowing for a
larger number of iterations or a quicker result.

[0041] Material parameters are also estimated or selected for the core. The material
parameters may be based on measurements taken downhole 1n the current borehole i which
the core 18 to be removed, taken from previous measurements or otherwise assumed or
estimated based on knowledge of the formation. For example, the system 10 may be used to
take various measurements to determine formation parameters such as permeability that can
be used to generate the model.

[0042] In one embodiment, the material parameters include fluid parameters and/or
formation rock parameters. Exemplary parameters mclude permeabaility, porosity, tluid

density and viscosity, and rock strength.
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[0043] An exemplary model 50 of a core 18 shown m FIGS. 3 and 4. The model 50 1s
an axisymmctric finitc-clecment modcl of a corc that contains a pore fluid. As shown n FIG.
3, thc modcl 1s symmctric about a symmctry axis 52 corrcsponding to a central axis of a
coring tool. The model 1s subjected to boundary conditions 54 such as stress boundary
conditions based on formation pore pressure and stress from the mud column.

[0044] FIG. 4 shows the upper part of an exemplary pore pressure distribution 1n the
core, calculated by the model 50 after tripping. As shown, the pore pressure in a mid-
horizontal region of the core decreases radially from the center of the core toward the
boundaries of the core. In this example, the pore pressure 1s color coded from red (indicating
higher values) to blue (indicating lower values).

[0045] In the second stage 42, tripping schedules are defined. Tripping schedules
may be defined by receiving tripping schedules from a user or by generating the tripping
schedules by the processor. In one embodiment, one or more proposed tripping schedules are
input to the algorithm by a user. Each tripping schedule may be a linear schedule or a more
complex schedule.

[0046] In one embodiment, cach tripping schedule 18 defined by tripping velocity (or
scalar cquivalent being the specd) as a function of depth. For cxamplc, cach tripping
schedule 1s specified by distinct points of depth and velocity pairs. The schedule can be
specified directly or constructed, ¢.g., by linearly mterpolating between a small number of
depth/velocity points or by assigning constant tripping velocities for certain depth ranges.
The velocity mformation may be used with depth difterentials to obtam tripping times, e.g.,
the time duration of portions of the tripping schedule and/or the entire tripping time.

[0047] In the third stage 43, mnitial conditions are set for the model. For example,
initial values for external loads (e.g., stress) and pore-fluid pressure on the core are assigned
and applied as boundary conditions to obtain an mitial pore pressure distribution. The
external stress and pore pressure values may be based on actual measurements, known
properties of the formation and borechole, and/or depth imformation.

[0048] In onec embodiment, the external stress and pore pressure are based on the mud
weight column at the starting depth of the core, 1.¢., the depth of the core prior to tripping.
For example, the in-situ pore pressure and the mn-situ stress on the core at cach depth are
considered to be equal to the hydrostatic burden of drilling fluid 1n a borehole at that depth,
given by (mud density)*g*(depth), where g 1s the acceleration due to gravity.

[0049] In one embodiment, a pressure amplitude 1s calculated for each depth. The

pressure amplitude may be an amplitude of the pore pressure at a selected location of the
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model or the model boundary. For example, the pressure amplitude 1s the external pore
prcssurc at a sclected location on the corc.

[0050] In the fourth stage 44, cach proposcd tripping schedulc 1s applicd as an input
to the model to generate core parameter values as a function of time and/or depth. For each
proposed trippmg schedule, the external pore pressure and stress are set as boundary
conditions based on the depth of elements of the simulated core during the proposed tripping
schedule.

[0051] The proposed tripping schedule may be specified by distinct points or
increments of depth and tripping velocity. The pore pressure distribution 1n the core (or other
pore pressure value, such as maximum pore pressure) 18 calculated at each depth point 1n the
tripping schedule based on the model. For example, as the tripping schedule proceeds from
the starting depth toward the surface, at each depth point or increment, the model 1s subjected
to successively decreasing external pressure (1.€., successively decreasing external pore-
pressure and stress boundary conditions). The model incrementally adjusts the pore pressure
and the stress inside the core in response to the changing boundary conditions. As a result,
corc parameter values 1n the core at each tripping schedule increment are generated. The core
paramctcr valucs may be output or displaycd to a uscr as, ¢.g., a corc paramctcr curve as a
function of depth or time.

10052 ] In the fifth stage 45, each tripping schedule 1s analyzed to determine whether
core damage could occur and to find a tripping schedule that minimizes core damage. At
every increment or data point of the tripping schedule, the quantitative model 1s used to
predict whether core damage from decompression might occur, ¢.g. by using information
from the pore-pressure variable and a rock strength criterion (e.g., tensile rock strength).

[0053] The core parameter values calculated for each tripping schedule are compared
to selected criteria related to potential core damage, time and/or other considerations. The
time criteria may include the duration of the tripping process (¢.g., the entire process or a
portion thercof). Core damage criteria are related to potential core damage during tripping
and/or factors that may affect the quality of the core sample. Core damage criteria may
include values of any suitable properties of the core, formation and/or borehole during
tripping. Such core damage criteria includes, for example, property values relating to stress,
temperature, pressure, vibration, deformation and others, as well as the rate of change of such
properties.

|0054] Usmg one or more of the criteria, a suitable tripping schedule 1s selected that

reduces or minimizes core damage while also maximizes the overall speed of removal. The
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suitable tripping schedule 1s not so limited, as it may be selected to satisfy any selected
critcria, ¢.g., quality, timc and cconomic criteria.

[0055] In onc cmbodiment, the paramctcr valucs arc comparcd to corc damage
criteria at every tripping schedule point or increment to determine whether and/or how much
core damage 1s predicted to occur at each time. The core damage criteria may include
threshold parameter values associated with potential damage (or an unacceptable degree of
damage). Other criteria include, for example, a duration of the tripping schedule during
which core parameter values exceed a threshold and a number of data points for which core
parameters values exceed a threshold. For example, the pore pressure differential calculated
for each increment 18 compared to a selected threshold or pressure differential range
associated with the tensile rock strength of the core.

[0056] In one embodiment, the proposed tripping schedule that predicts the least
amount of corc damage and/or meets the selected criteria 1s selected as the optimum or
suitable tripping schedule. In one embodiment, after applying the proposed tripping
schedules to the model, one or more of the proposed tripping schedules are iteratively
adjusted and applied to the model until a proposed tripping schedule 1s considered suitable,
c.g., meets corc damage criteria.

|0057] Although the method 40 1s described 1n conjunction with material parameters
cach having a single value, 1t 1s not so limited. For example, the method can include applying
the proposed tripping schedules to multiple models of the core, each ot the models having a
difterent value for one or more material parameters selected from a range of values. The
resultant core parameter values can be generated and/or displayed with an uncertainty range
based on the range of material parameter values. In addition, proposed tripping schedules,
revised tripping schedules and/or suitable or optimum tripping schedules can be generated
and/or displayed with an uncertainty range based on the range of material parameters.

[0058] FIGS. 5-10 1illustrate an example of the method 40, which 18 performed by a
processor. In this example, the method includes constructing an axisymmetric finite-element
model of a core, such as the model 50. The geometric parameters and all necessary material
parameters are known or estimated. The geometric parameters of the core m this model are a
core diameter of four inches and a core length of one meter. The depth of the core (1.¢., the
starting depth of proposed tripping schedules) 1s about 3,000 meters.

[0059] The material parameters selected for the model 1n this example are shown 1n

the following table (Table 1). All non-scalar material parameters are assumed 1sotropic.
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Material properties Value
Permeability 9.869 x 10°" m* - 9.869 x 10™° m’
Fluid dynamic viscosity 3.6 x 107 m°/s
Fluid specific weight 10" N/m’
Hydraulic conductivity (derived) 2.689x 107" m/s —2.689 x 107" m/s
Young’s modulus 9 GPa
Poisson’s ratio 0.2
Density 2 x 10° kg,/m3
Porosity (void ratio) 0.15
Drilling fluid density 1.6 x 10° kg/n
Fluid bulk modulus 1 GPa
Rock bulk modulus 5 GPa
Tensile rock strength 3 MPa
Table 1

[0060] Although most material parameters shown above have a single value, the
method 1s not so limited. In one embodiment, multiple models are generated, each having a
different material parameter value, and proposed tripping schedules are applied to each
model. The output of the method may include optimum or suitable tripping schedules for
cach model and/or an optimum or suitable tripping schedule having an uncertainty range
based on the range of material parameter values. For example, the proposed tripping
schedules are applied to models having different values for permeability (e.g., permeability
values of 0.0001, 0.001 and 0.01 mDarcy).

[0061] FIG. 5 shows exemplary proposed tripping schedules selected for application
to the model. The tripping schedules are displayed as tripping speed as a function of depth.
A first proposed tripping schedule 60 prescribes a constant tripping speed, and 1s described as
a “tlat” schedule. A second proposed tripping schedule 62 1s a “step” schedule prescribing
three constant tripping speeds, and a third proposed tripping schedule 64 1s a “‘smooth”
schedule that prescribes a more gradually decreasing tripping speed relative to depth.

[0062] The tripping speed and depth 1s used to correlate each depth with a time value,
and an amplitude of pressure on the core 1s calculated at each depth of the core. In this
example, the pressure amplitude 18 calculated based on the mud weight at each depth.
Pressure amplitude curves 66, 68 and 70 are calculated for the flat schedule 60, the step

schedule 62 and the smooth schedule 64 respectively. The pressure amplitude at each time 1s
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used to calculate the external boundary condition and load on the model at the corresponding
tripping schedule increment.

[0063] For cach proposcd tripping schedulce, porc pressure cvolution in the core 1s
calculated using the model. The mmimum and maximum pore pressure in the core 18
calculated, and a pressure differential 1s calculated theretfrom. The processor stores, among
other information, the mmimum and maximum pore pressure at cach time mcrement.

[0064] FIGS. 6-8 illustrate the resultant pore pressure parameter values for each
proposed trippmg schedule as curves representing the maximum and minimum pore pressure
in the core (€.g., maximum at center and mimmimum at or near edge or boundary) and the pore
pressure differential. The resultant values for the proposed tripping scheduled may be stored
and/or displayed to a user.

[0065] Each proposed tripping schedule 1s compared to selected damage criteria to
determine whether any meet the criteria. In this example, the calculated pore pressure
parameters are compared to threshold values indicative of core damage, to determine whether
the proposed tripping schedules potentially cause core damage.

[0066] In the present example, the calculated differential pressure values are
comparcd to a diffcrential pressurc threshold of about 3 MPa, which 1s associated with an
unacceptable level of core damage.

10067 As shown m FIG. 6, the proposed tlat schedule 60 results 1n a maximum pore
pressure curve 72, a minimum pore pressure curve 74 and a difterential pressure curve 76. It
1s evident that the proposed tlat schedule 60 results 1in a ditferential pressure that exceeds a
threshold value 78 associated with the tensile rock strength over most of the duration of the
proposed tripping.

[0068] As shown m FIG. 7, the proposed step schedule 62 results in a maximum pore
pressure curve 80, a mmimum pore pressure curve 82 and a differential pressure curve 84.
As shown 1n FIG. §, the proposed smooth schedule 64 results in a maximum pore pressure
curve 86, a mmimum pore pressure curve &8 and a differential pressure curve 90. Both the
proposed step schedule and smooth schedule exceed the threshold over portions thereof.

[0069] As none of the proposed tripping schedule meet the core damage criteria, the
processor proceeds to analyze additional proposed schedules if provided until a schedule that
meets the criteria 1s found. Alternatively, if none 1s found, the processor may present to a
user one or more of the proposed tripping schedules that are predicted to result in the lowest
damage. In one embodiment, the results of the analysis for one or more of the tripping

schedules 1s displayed to a user, who may input additional proposed tripping schedules.
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[0070] In one embodiment, shown m FIGS. 9-10, the processor iteratively adjusts one
or morc of the proposcd tripping schedules until an acceptable tripping schedule 1s found.
For cxamplc, as shown m FIG. 9, the flat schedulce 1s adjusted to producc a first reviscd
schedule 92, which 1s associated with a pressure amplitude curve 94. Application of this
schedule to the model produces a maximum pore pressure curve 96, a miimum pore
pressure curve 98 and a pore pressure differential curve 100. As shown m FIG. 9, the
differential pore pressure 1s maintained at about the threshold level.

[0071] Referring to FIG. 10, the processor further adjusts the revised schedule 92 to
produce a second revised schedule 102 having an associated amplitude curve 104,
Application of this schedule to the model produces a maximum pore pressure curve 106, a
minimum pore pressure curve 108 and a pore pressure differential curve 110. This revised
schedule may be selected as the optimum or suitable schedule, or further revised (e.g., to
further reduce the total tripping time while maintaining the differential pore pressure below
threshold levels).

[0072] In addition to effects of pressure release while tripping out, additional
mechanisms may affect core mtegrity and lead to core damage. Such mechanism mclude the
ctfcct of a mud cakce, m-situ strcss oricntations, cxtcrnal stress relcasce durmg drill out,
temperature reduction and exposure to non-native fluids. The method described herein may
be used 1 conjunction with other techniques or methods that account for such mechanisms in
evaluating tripping schedules and ensuring acceptable or maximum core integrity.

[0073] The systems and methods described herein provide various advantages over
prior art techniques. For example, the systems and methods allow for automated selection
and/or generation of a tripping schedule for removal of a formation core sample that results in
minimal or reduced core damage without requiring user intervention. The systems and
methods described herein help to ensure that core samples can be removed as quickly as
possible without breaking or otherwise being significantly damaged.

[0074] In support of the teachings herein, various analyses and/or analytical
components may be used, including digital and/or analog systems. The system may have
components such as a processor, storage media, memory, mput, output, communications link
(wired, wireless, pulsed mud, optical or other), user interfaces, software programs, signal
processors (digital or analog) and other such components (such as resistors, capacitors,
inductors and others) to provide for operation and analyses of the apparatus and methods
disclosed herein 1n any of several manners well-appreciated 1n the art. It 1s considered that

these teachings may be, but need not be, implemented mn conjunction with a set of computer
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executable mstructions stored on a computer readable medium, including memory (ROMs,
RAMS), optical (CD-ROMSs), or magnctic (disks, hard drives), or any other type that when
cxccuted causcs a computer to implement the method of the present invention. Thesc
instructions may provide for equipment operation, control, data collection and analysis and
other functions deemed relevant by a system designer, owner, user or other such personnel,
addition to the functions described in this disclosure.

[0075] One skilled 1n the art will recognize that the various components or
technologies may provide certain necessary or beneficial functionality or features.
Accordingly, these functions and features as may be needed 1n support of the appended
claims and variations thereof, are recognized as being inherently included as a part of the
teachings herein and a part of the invention disclosed.

[0076] While the invention has been described with reference to exemplary
embodiments, 1t will be understood by those skilled 1n the art that various changes may be
made and equivalents may be substituted for elements thercof without departing from the
scope of the invention. In addition, many modifications will be appreciated by those skilled
in the art to adapt a particular mstrument, situation or material to the teachings of the
invention without departing from the cssential scopce thercof. Thercfore, 1t 1s intendced that
the mnvention not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this invention, but that the mvention will include all

embodiments falling within the scope of the appended claims.
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What is claimed is:

1. A method for removing a core sample of an earth formation from a borehole, the
method comprising:
measuring a parameter of the earth formation using a downhole sensor disposed in the

borehole;

taking the core sample of the earth formation within the borehole with a sampling tool;

generating a model of the core sample, the model based on at least the measured
parameter,

defining a plurality of proposed tripping schedules;

applying, by a processor, the plurality of proposed tripping schedules to the model,
and estimating a core parameter for each of the plurality of proposed tripping schedules;

comparing the core parameter to a criteria;
selecting a suitable tripping schcdule based on the comparison; and

removing the core sample from the borehole based on the suitable tripping schedule.

2. The method of claim 1, wherein selecting the suitable tripping schedule includes
selecting a tripping schedule from the plurality of proposed tripping schedules that results in a

minimum polential core damage.

3. The method of claim 1, wherein selecting the suitable tripping schedule includes
iteratively revising one or more of the plurality of proposed tripping schedules by the

proccssor until a revised tripping schedule 1s found that meets the criteria.

4 The method of claim 1 or 3, whercin the criteria includes at least one of a core damage

criteria and a maximum total tripping time.

5. The method of any one of claims 1 to 4, wherein the model is selected from one of a

numerical model and an analytical model.

6. The method of claim 1, wherein the model is a finite-element model of the core
sample, and applying the plurality of proposed tripping schedules to the model includes, for

each proposed tripping schedulc, applying a boundary condition to the model at each
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increment of the proposed tripping schedule based on a depth of the core sample at each

increment.

7. The method of claim 6, wherein the core parameter includes a differential pore
pressure 1n the core sample, and the boundary condition is based on external stress and pore

pressure incident on the core samplc at cach increment.

8. The method of claim 7, further comprising calculating a pressure amplitude curve
associated with the proposed tripping schedule, the pressure amplitude curve having an

external pressure value based on a depth of the core sample at each increment.

9. The method of claim 8, wherein the boundary condition at each increment is based on

a value of the pressure amplitude curve at each increment.

10. The mcthod of claim 1, wherein comparing includes comparing the core parameter to
one or more threshold values, and at least onc of sclccting one of the plurality of proposed

schedules and adjusting one of the plurality of proposed schedules based on the comparison.

11. The method of claim 7, wherein applying the plurality of proposed tripping schedules
includes, for each proposed tripping schedule:

setting mitial stress and pore pressure conditions for the model based on a starting
depth of the proposed tripping schedule, and applying the initial stress and pore pressure
conditions as boundary conditions to calculate a pore pressure value in the core sample at the
starting depth; and

setting successive stress and pore pressure conditions for each increment of the
proposed tripping schedule and applying the successive stress and pore pressure conditions as
boundary conditions for each increment to generate a pore pressure value in the core sample at

each increment.

16
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12. A system for rcmoving a core sample of an carth formation from a borchole, the
system comprising:
a downhole sensor configured to measure a parameter of the earth formation in the

borehole;

a carrier configured to transport the core sample of the earth formation through part of

the borehole; and

a processor configured to provide a suitable tripping schedule, the processor

configured to pertorm:

generating a modcl of the core sample, the model based on at least the

measured parameter;
defining a plurality of proposed tripping schedules;
applying the plurality of proposed tripping schedules to the model, and

estimating a core parameter for each of the plurality of proposed tripping schedules:;
comparing the core parameter to a criteria; and

selecting the suitable tripping schedule based on the comparison.

13. The system of claim 12, wherein selecting the suitable tripping schedule includes
sclecting a proposed tripping schedule from the plurality of proposed tripping schedules that

results 1n a minimum potential core damage.

14. The system of claim 12, wherein selecting the suitable tripping schedule includes
iteratively revising one or more of the plurality of proposed tripping schedules until a reviscd

tripping schedule 1s found that meets the criteria.

15. The system of claim 12, wherein the model is a finite-element model of the core
sample, and applying the plurality of proposed tripping schedules to the model includes, for
each proposed tripping schedule, applying a boundary condition to the model at each
increment of the proposed tripping schedule based on a depth of the core sample at each

increment.

16. The system of claim 15, wherein the core parameter includes a differential pore

pressure in the core sample, and the boundary condition is based on external stress and pore

pressure incident on the core sample at each increment.

17
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17. The system of claim 16, wherein the processor 1s further configured to perform

calculating a pressure amplitude curve associated with the proposed tripping schedule, the

pressure amplitude curve having an external pressure value based on a depth of the core

sample at each increment.

18. The system of claim 17, wherein the boundary condition at each increment 1s based on

a value of the pressure amplitude curve at each increment.

19. The system of claim 12, wherein comparing includes comparing the core parameter to
one or more threshold values, and at least one of selecting one of the plurality of proposed

schedules and adjusting one of the plurality of proposed schedules based on the comparison.

20. The system of claim 135, wherein applying the plurality of proposed tripping schedules
includes, for each proposed tripping schedule:

setting 1nitial stress and pore pressure conditions for the model based on a starting
depth of the proposed tripping schedule, and applying the initial stress and pore pressure
conditions as boundary conditions to calculate a pore pressure value in the core sample at the
starting depth; and

setting successive stress and pore pressure conditions for each increment of the
proposed tripping schedule and applying the successive stress and pore pressure conditions as
boundary conditions for each increment to generate a pore pressure value in the core sample at

each increment.

18
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41
Construct Model Of Core

!

Generate And/Or Select Proposed 42
Tripping Schedules

Set Initial Conditions For The Model
Based On Starting Depth

43

Apply Each Proposed Tripping
Schedule To Model

Analyze Results Of Modeling Each

Tripping Schedule, Select And/Or
Calculate Optimum Tripping Schedule 49
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