6
L.E. Shmaryan, C.V. Deutsch
SPE 56821
SPE 56821
Object-Based Modeling of Fluvial / Deepwater Reservoirs with Fast Data Conditioning
7

[image: image19.wmf]A

0

10

20

30

40

50

0

0.2

0.4

0.6

0.8

proportion

depth


SPE 56821

Object-Based Modeling of Fluvial / Deepwater Reservoirs with Fast Data Conditioning: Methodology and Case Studies

L.E. Shmaryan, SPE, Schlumberger and C.V. Deutsch, SPE, University of Alberta

Copyright 1999, Society of Petroleum Engineers Inc.

This paper was prepared for presentation at the 1999 SPE Annual Technical Conference and Exhibition held in Houston, Texas, 3–6 October 1999.

This paper was selected for presentation by an SPE Program Committee following review of information contained in an abstract submitted by the author(s). Contents of the paper, as presented, have not been reviewed by the Society of Petroleum Engineers and are subject to correction by the author(s). The material, as presented, does not necessarily reflect any position of the Society of Petroleum Engineers, its officers, or members. Papers presented at SPE meetings are subject to publication review by Editorial Committees of the Society of Petroleum Engineers. Electronic reproduction, distribution, or storage of any part of this paper for commercial purposes without the written consent of the Society of Petroleum Engineers is prohibited. Permission to reproduce in print is restricted to an abstract of not more than 300 words; illustrations may not be copied. The abstract must contain conspicuous acknowledgment of where and by whom the paper was presented. Write Librarian, SPE, P.O. Box 833836, Richardson, TX 75083-3836, U.S.A., fax 01-972-952-9435.

Abstract

This paper presents a new method for fast fluvial and deepwater stochastic simulation.  Sinusoidal channels and attached levees and crevasse splays are generated to honor global net-to-gross ratios, vertical and areal proportions and well data. 

   Fast conditioning to well data is achieved without resorting to time-consuming iterative procedures such as simulated annealing.  The undulating channel centerline is created by 1-D conditional sequential Gaussian simulation.  Direct conditioning is also used for the reproduction of 2-D areal proportions.

   The method has been applied to a fluvial reservoir in the North Sea with 16 wells and to a braided channel reservoir with 110 wells in South America.  The dependence of CPU time to a number of different factors was explored.  The CPU time for the proposed method and annealing based algorithm are compared. The method with direct well conditioning is an order of magnitude faster than annealing based method.

Introduction

Fluvial and turbidite deposits have been studied extensively.  The recent book by Miall provides a well-illustrated description of fluvial sedimentary facies, basin analysis and petroleum geology with more than 500 figures and 1000 references.  The literature describing deepwater deposits is also rich and varied. 

   Although not specifically designed for fluvial or turbidite facies, Boolean (or marked point) models became popular in petroleum reservoir modeling in the mid-1980s due to the work of Haldorsen and others1,2,3.  The importance of fluvial reservoirs in the Norwegian North Sea soon prompted the development of these Boolean methods for fluvial facies4,5,6,7,8,9,10.

   Deepwater environments such as encountered in the Gulf of Mexico are gaining increasing importance. Objects similar to those found in fluvial settings can be used for modeling turbidites. Some customization of these objects to deepwater depositions has been described11. 

   A long-standing difficulty with object-based reservoir modeling methods has been conditioning to well data, particularly in the presence of many wells.  Most current methods for positioning objects in reservoirs are based on iterative algorithms such as simulated annealing or Markov Chain simulation.  They are CPU intensive, especially in the presence of many well data and when the object sizes are large with respect to the well spacing.

   Such CPU considerations led to the development of the rule-based approach presented here, which is very similar to that developed by Viseur et al12.  These methods were developed independently.  Also, this paper shows objects other than channels and describes the integration of proportion maps. 

Object geometry

Our conceptual model for fluvial facies is the same as that used by Deutsch and Wang13.  There are four facies types where the geometric specification of each is chosen to mimic shapes idealized from observation. 

   The first facies type is impermeable background floodplain shale, which is viewed as the matrix within which the reservoir quality sand objects are embedded.  One could consider remnant floodplain shales as objects within a sand matrix if there is less than, say, 10% floodplain shale; we do not model remnant shales as objects.

   The second facies type is channel sand, which fills sinuous abandoned channels.  This facies is viewed as the best reservoir quality due to the relatively high energy of deposition and consequent coarse grain size.  There may be special features within the channel sands such as (1) heterogeneous channel fill, perhaps containing some fine grained non-net material, (2) a channel lag deposit at the base, and (3) fining upward trends within the channel fill.  The sand-filled channels are geometrically defined by a channel width, maximum thickness and the relative position of the channel centerline.

   The following distributions are required to specify channel geometry (see Figure 1): 

1. azimuth direction angle (, 

2. sinuosity length scale b, 

3. average deviation from channel axis c, 

4. average thickness e, 

5. width-to-thickness ratio d/e, 

6. width undulation - ratio of the maximum deviation from average width to average width.  

Unlike Deutsch and Wang13 we keep the position of maximum thickness of the channel in the center of the channel and the cross-section geometry is defined by a parabola.  This is not an important limitation since varying cross-section shape is unlikely to have a major influence on flow properties.  The top of the channel is not kept absolutely horizontal; some limited variations are allowed to match the well data.  The tolerance for variations in the top surface is specified by the user and can be explained by stratigraphic variations and errors in the surfaces markers used for coordinate transformation. 

   The third facies type is levee sand formed along the channel margins.  These sands are considered to be of poorer quality than the channel fill.

   The fourth and final facies type considered in this paper is crevasse splay sand formed during flooding when the levee is breached and sand is deposited away from the main channel.  These sands are also considered to be of poorer quality than the channel fill.  As illustrated on Figure 2a, crevasses often form where the channel curvature is high.  Levee and crevass splays are always attached to the channel.  Levee geometry is the same as in Deutsch and Wang and characterized by width w, total height s and depth below channel top k (see Figure 2A and B).  All these parameters are relative to channel width and thickness.  Splays are represented as objects shown in Figure 2A and B and characterized by thickness e, attachment length n and "diameter" m.

Methodology 

The object-based reservoir model is to be constructed with constraints on the global net to gross ratio, vertical and areal proportions and well data.  Vertical proportions are most likely to come from interpreted well data, while an areal 2D map can be obtained from calibrated seismic data or historical production data.

Well conditioning

The major novelty of the algorithm is fast conditioning to well data, which is done without the time-consuming procedure of annealing.  Well data in this case are facies values known along each well trajectory.  The well data are transformed according to the stratigraphic correlation scheme.  The main steps for channel simulation using well data are:

1. All shale, channel sand, levee and splay intervals are extracted from well data and stored separately.  Channel sand, levee and splay intervals are subdivided into smaller intervals if their thickness exceeds the maximum thickness specified by the user.  Each interval is divided into smaller intervals the size of which is drawn from channel thickness distribution.  Smaller intervals do not overlap.  This assumes that channels are stacked on top of each over at the wells.   However parameter for intervals overlap can be introduced in a manner similar to  Viseur et al12. We now have the intervals corresponding to each individual channel.  Figure 3 shows how channels go through thick intervals.

2.  The layer of interest is subdivided into sublayers.  As mentioned above the channel top is allowed to indulate accounting for stratigraphic variations.  These indulations are limited to the size of the sublayers.  That is, the channel top will not rise above current sublayer or go below lower limit.  Hence, the thickness of the sublayer is equal to the tolerance for top variation provided by user. 

3. Perform the following for each sublayer from top to bottom:

a) Identify all channel sand, splay and levee intervals whose top falls within the current sublayer. These intervals can potentially belong to the same channel since their tops are horizontally aligned.

b) The channel parameters are generated from the distributions provided by the user: (1) angle and origin, thus defining the straight line - the channel axis, (2) amplitude, (3) wavelength, (4) width to thickness ratio, (5) width undulation.

c) It is convenient to transform all intervals from reservoir coordinate system into a coordinate system aligned with the channel direction.  This is done by simple rotation and translation: All intervals within the sublayer that are close to the straight line become candidates to belong to the current channel, that is, intersections within 2 average amplitudes of the channel.  Wells 1,2,3,5 in Figure 5 satisfy that criteria. 

d) Not all intervals selected in step (a) will belong to the same channel since the channel should not have sharp curves.  Sharpness is defined by the ratio of wavelength to amplitude.  Some intervals will be excluded after passing this check.  On Figure 5 the line connecting wells 1 and 2 forms an angle ( with channel axis.  If the tangent of ( is greater than the ratio of amplitude to wavelength than well 2 will be excluded from the current channel.  Only wells 1, 3 and 5 will be connected with one channel. 

e) Now, the indulating channel centerline is created to pass through the selected intervals.  This can be done by sequential gaussian simulation in 1D. SGSIM subroutine from GSLIB14 was used. The variogram range is defined by the wavelength and the output Gaussian values will be rescaled according to the amplitude of the channel. The conditioning data is the distance of the channel sand interval from the channel axis yi at the position xi  along the channel axis.  That will ensure that the channel passes through the well in the center of the channel.  It is possible to allow the well to penetrate the channel in an arbitrary position, say at a distance a from the middle. See Figure 4 for the example of channel passing through the well off center. The same approach is used for levee and splay intervals (Figure 6).  If d is an average width of the channel and m is an average "diameter" of the splay, then 
             v = yi +d/2 + m/2



            is used in SGSIM at the location of the splay interval.  Similarly, if w is an average width of the levee, then 



             p = yi +d/2 + w/2




 is used in SGSIM at the location of the levee interval.

f) The channel width and thickness can also be generated by conditional SGSIM. Average channel thickness is calculated as an average of all intervals that belong to the channel. The channel top is not a constant; however, it should not vary unnecessarily.  Any interpolation algorithm or SGSIM with a very long correlation range can be used to generate the channel top.

g) The last step in the generation of an individual channel is to check that shale intervals are not violated.  To speed this process, all shale intervals are transformed into the channel coordinate system and check directly for violations.  The channel will be rejected if any shale interval is encountered.  We also make sure there is no mismatch for levee and splay intervals.  If the channel is accepted then intervals through which it passes are removed from the set of intervals for the current sublayer.

Vertical and areal proportion

The proportion of channel, levee and crevasse sand may be specified by a vertical proportion curve, an areal proportion map and a reference global proportion. 

A vertical proportion curve specifies the proportion of all sand as a function of vertical elevation z or stratigraphic time. Figure 7A shows a vertical proportion curve. Note the high proportion of sand at the bottom. The reservoir model shown on Figure 7B honors this proportion curve.

  Areal proportion map specifies the sand proportion as a function of areal location (x,y).  

  Global proportion defines total sand net-to-gross ratio for the whole volume of interest. 

These three types of proportions can be obtained through a combination of well, seismic and production data.

To honor vertical proportion curves channel simulation is performed from top to bottom.  Each accepted channel is rasterized on a grid and the current vertical proportion curve and areal proportion map are updated.  At some point there will be no channels needed in the current sublayer for well data.  Then, extra channels can be added outside of the well data in a way to minimize the difference between target and current areal proportion maps and vertical proportion curves.  As many channels in the current sublayer as needed are added to honor the vertical proportion.

   Of course, channels from upper sublayers contribute to the current sublayer.  This is why the channel generation is performed from top to bottom.  This methodology appears to contradict the depositional sequence, but nothing prevents us from giving preference to the younger objects (those on top) over older objects at the bottom in case of overlap.  In order to match the areal proportion map, the current areal proportion map is updated after each channel is accepted. 

   A target seismic proportion map is presented in Figure 8A. Figure 8B shows current average sand proportion at "time" t1. The difference between the current and target areal proportion maps is calculated. This difference at "time" t1 is shown at Figure 8C.   Areas where this difference is great are found. These blocks require nearby channels.  Naturally, an effort is made to make sure that extra channels in the current sublayer will pass through some of these blocks.  The easiest approach is to create artificial channel sand intervals in these blocks.  They will be treated in the same way as "real" sand except for the fact that not all of them will be filled with channels.  The extra channels are added only until the vertical proportion for this layer is "filled".

   Figures 8D and 8E display the current proportion map and difference between the target and current proportion map at some later "time" t2. Note that the difference is reduced.

Examples and case studies.

Figure 9 shows an example with three wells; one of them deviated. The well in the center intersects the levee interval, two other wells intersect the channel sand interval. All three sand intervals have their top at approximately the same Z level.  The data is displayed after stratigraphic tranformation. The azimuth direction was specified to be 45 degrees from North-South direction.

   The program created two channels as shown on Figure 10; one of these passes through levee interval and channel sand interval, another one passes through remaining channel sand interval.  Figure 10 also shows the geometry of splay and their positioning on the convex parts of the channels.

   Figure 11 presents the example of the reservoir from the North Sea with 16 wells.  This reservoir, which is named Hekla was used in Deutsch and Wang.  The wells in this reservoir penetrate channel sand, splay, levee and shale.  Figure 12 shows the top view of the simulated channels after the global net-to-gross ratio of 0.35 in the reservoir is reached. The program created 33 channels passing through well intervals.  On average channel passes through 2 wells.  Twenty-seven additional channels outside of the well data were also created.  Vertical proportion curve derived from well data was used in the simulation.  Note that additional channels do not appear at the top since vertical proportion of the sand is very small at the top.

   Figure 13 demonstrates conditioning to 2D areal map, for example derived from seismic.  Figure 13A shows synthetic seismic.  It was derived by vertical averaging and smoothing of one of the realizations that was generated by conditioning to Hekla well data.  Figure 13B presents 2D averaged density map of one realization conditioned to the seismic from Figure 12A and Hekla well data.  Maps on Figures 13A and 13B look similar and scatterplot on Figure 13C proves that indeed areal proportion is well reproduced - correlation coefficient is 0.76.  Map of 2D averaged density of realization conditioned only to well data (see Figure 13D) looks very different from the map in Figure 13A. An areal proportion map was not used for conditioning this time and it comes as no surprise that the correlation coefficient between maps on Figures 13D and 13A is low 0.41 (see Figure 13E).

   Figure 14 shows 110 wells from a braided channel reservoir in Mexico.  Each well was interpreted to have 5-8 sand intervals (light color).  Correlation between wells is extremly difficult.  The reservoir net-to-gross ratio derived from well data is 0.55.  The program reached net-to-gross ratio of 0.45 after creating 190 channels that pass through the wells.  Algorithms based on fitting one channel to one well interval would quickly reach net-to-gross ratio and stop in the presence of dense well data.  Since in the proposed approach channel passes on average through 4 wells channels were created for all sand intervals before exceeding net-to-gross ratio.

Computational considerations

 The main advantage of the method is speed in simulating fluvial and turbidite environments.  The Hekla example with 16 wells (see Figure 12) was generated in 2 minutes.  The example with 110 wells (see Figure 15) was generated in 15 minutes. 

Dependencies of different factors on CPU time were explored.

Channel width

The main problem for all channel algorithms is wide channels.  When average channel width exceeds interwell distance then fitting the channel becomes difficult. As can be seen from Figure 14 average channel width was comparable to interwell distance. Decreasing channel width will not change simulation time significantly.  Making channel width larger than interwell distance will slow the program down. Another consequence of very wide channels is that some sand intervals will not be fitted with channels. 

Channel thickness

Different thickness will not change simulation time; however increasing thickness will cause channel width to increase if width to thickness is kept constant.

Levee and splay

Adding levee and splay increase CPU time because now the program has to accomodate them.  The Hekla example with 16 wells without levee and splay was generated in 1 minute instead of 3.

Aareal and vertical proportion

Adding vertical proportion curve constraint does not influence the CPU time.  Honoring areal proportion map slows down the program by approximately 20%.

Number of wells

The effect of the number of wells on CPU time was studied on the example from Mexico field, which has a total of 110 wells. Wells were randomly added starting from one, while parameters of the channel and target net-to-gross ratio remained the same.  As one can see from Figure 16 the number of wells has almost no effect on program speed until approximately 60 wells.  As wells are being added, the interwell distance is decreasing.  When the number of wells reaches 60, average channel width becomes comparable with interwell distance.  The example in Figure 15 with 110 wells was generated in 15 minutes.  As one can see in Figure 15, average channel width is indeed comparable with interwell distance.  Trying to increase width of the channel at this point or adding additional wells (thus reducing interwell distance) will cause the program to slow down.  Moreover the program will be unable to fit channels in some intervals.  This will lead to significant mismatch between input well data and output simulation model.  Normally this mismatch is no more than 8%.  The mismatch occurs mostly because of regridding artefacts.  Hence, finer grid reduces the mismatch.  The other reason for mismatch is that the program ignores small intervals (less than half of minimum channel thickness).

CPU time of the annealing based algorithm for the same example was compared on the same chart on Figure 16.  The program was stopped when well mismatch was less than 10%.  The annealing based program runs much slower, so we were only able to run 26 wells in 30 minutes. The proposed algorithm took only 3 minutes for the same number of wells.

Another advantage of the proposed method over annealing methods is that there is no selection of the parameters of cooling schedule.  In annealing based methods the user often has to run the program several times with different parameters to ensure convergence.  Since the proposed method is not iterative, convergence is not a concern.

Conclusions

The main advantage of the method is speed in simulating channelized environments.  The speed is achieved through direct conditioning of the channel centerline to the sand intervals.  The speed can be increased even more if indicator simulation is used instead of sequential gaussian.  Indicator simulation allows one to use inequality constraints in the form of direct indicator input.  That will make it possible to avoid shale intervals while generating channel centerline through sand intervals.

   The main disadvantage of the algorithm is it’s difficulty in handling horizontal wells. It is also unable to create large channel complexes in the same manner as it creates channels. They can be introduced as a collection of channels as it is done in most of the existing methods. Direct simulation of channel complexes and large objects as turbidites could also be achieved by surface-based modeling.
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Figure 1.(A) Planar view of the channel. (B) Channel crossection. a - is an angle between channel axis and East-West direction, b - is a sinuosity length scale, c - is a departure from channel axis, d - is a width, e - is a thickness.
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Figure 2.(A) Planar view of the channel, levee and splay. 

(B) Cross-section through channel, levee and splay. Splay parameters:  n - attachment length, m - areal size, e - height. Levee parameters: w - width, s - height, k - height below channel top.
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Figure 3. Stacking of channels for thin channels.
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Figure 4. Well is off center for thick channel.
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Figure 5. Well conditioning for channel sand intervals. Wells 1,3 and 5 will be connected with one channel.
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Figure 6. Well conditioning for splay and levee intervals. 
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Figure 7. (A) Vertical proportion curve.  (B) Model that honors vertical proportion curve.
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Figure 8. (A) Target seismic proportion. (B) Sand proportion at t1. (C) Difference between the current and target areal proportions at t1. (D) Sand proportion at t2. (E) Difference between the current and target areal proportions at t2.
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Figure 9. Reservoir with three wells. The well in the center has levee interval; two other wells have sand interval (light). 
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Figure 10. Two channels with levee and splay passing through three wells.
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Figure 11. Hekla example with a few channels simulated. Levee, channel sand and splay intervals are represented with different colors.
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Figure 12. Hekla example. Simulation with well data and vertical proportion constraint is finished.

[image: image14.wmf]Title:

Combined with plot5

Creator:

GSLIB

Preview:

This EPS picture was not saved

with a preview included in it.

Comment:

This EPS picture will print to a

PostScript printer, but not to

other types of printers.


Figure 13. (A) 2D synthetic seismic. (B) 2D averaged density of one realization conditioned to the seismic A and well data. (C) Scatterplot between A and B. Correlation coefficient is 0.76. (D) 2D averaged density of one realization conditioned only to well data. (E) Scatterplot between A and D. Correlation coefficient is 0.41. 
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Figure 14. 110 wells with a few channel passing through them at the bottom. Light intervals at the well - sand, dark - shale.
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Figure 15. 110 wells example. Simulation is finished. View from the bottom. 

Figure 16. Simulation time versus number of wells for the proposed method and annealing based method. Channel width becomes comparable with interwell distance when number of wells exceeds 60. 
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