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SUMMARY
Static connectivity measures have been proposed for quick evaluation of reservoir performance to  provide
a potentially important link between the reservoir characterization and the simulation studies. These
measures are easy in concept and inexpensive in execution, and create an important, intermediate level in
the assessment of reservoir productivity. This paper proposes a framework for static connectivity analysis
in reservoirs that use water flooding technique and pressure propagation fronts as it used in well testing.
The software uses a fast marching method and a shortest path algorithm that both are sensitive to
geological heterogeneities which can give some insights into finding the connective geobodies. An
illustrative example is shown to describe the software interface and to present a simple but systematic
connectivity analysis scenario. The distinct tasks contained in a typical reservoir development workflow
may be benefited from the addition of connectivity analysis, such as the assessment of optimum well
placements for injection-production wells and the evaluation of features of stratigraphic architectures that
affect the recovery. The proposed tool is towards providing a geoengineering approach to use the
geological knowledge for proposing better production scenarios.
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Introduction 

Reservoir connectivity is an important factor which can largely impact petroleum reservoir 

productivity. In secondary recovery scenarios, both injection and producing wells need to be 

connected to the same geobody in order to create better sweep zones. Furthermore, the connectivity 

strongly correlates with the efficiency at which hydrocarbon is recovered (Hovadik and Larue, 2010). 

Due to its pertinence, much research has been devoted to develop some analytical methods to quantify 

the reservoir connectivity. This connectivity measure, in turn, is used as a reservoir performance 

estimator. On one hand, there are research focusing on using static reservoir properties as important 

underlying factors controlling the productivity of the reservoir. Some examples include the 

conventional geobody and reservoir-to-well connectivity (Hovadik and Larue, 2010) and percolation 

theory-based connectivity (Sadeghnejad et al., 2011). Despite being simple in concept and execution, 

these methods have severe limitations as they do not consider factors that influence the recovery 

efficiency such as tortuosity, fault transmissibility, and permeability heterogeneity. There have been 

attempts to redefine static connectivity that is more sensitive to these geological situations, such as 

connected hydrocarbon volume for SAGD performance estimation (Fenik et al., 2009) and the 

reservoir quality measure for primary recovery evaluation (Li et al., 2012). On the other hand, there 

are research focusing on using dynamic reservoir properties. For instance, the use of streamline 

simulators (Mohammed and Ahmad, 2012), the recent capacitance-resistance models (Moreno and 

Lake, 2014), and the approaches based on traditional flow simulations. Despite providing more 

accurate results, some of these methods are time-consuming and that it may take several hours to days 

to run and to obtain results for one single analysis scenario. Moreover, some others such as 

capacitance-resistance methods rely on the available production data and cannot be used to test 

various proposed scenarios on 3D geological models.  

In spite of its relevance, current geologic modelling and reservoir simulation software do not offer a 

simple and straightforward means to assess connectivity in secondary recovery scenarios in a way that 

is computationally efficient, interactive, and visual. For filling this gap, this paper proposes a software 

for static connectivity analysis of geological models. 

Method 

We propose a visual analytics framework that includes interactive ways to quantify the inter-well 

reservoir connectivity. While using the proposed software, and prior to analyse connectivity, one or 

more reservoir property values can be defined that differentiate cells in which fluids may flow at some 

geologically reasonable rates from cells that are essentially impermeable. Once these potential flow 

units are defined based on the user specified cut-off ranges, a propagation algorithm is used to find the 

connected cells in the reservoir. These groups of connected cells are here called geobodies. After 

defining the geobodies in the reservoir model, the well locations and inter-well paths are specified and 

then the connectivity assessments are carried out to simulate the water flooding originating from the 

injector wells and propagating inside the connected path flow units.  

In turn, our software provides a combination of a fast marching method (FMM) along with a shortest 

path (SP) algorithm for performing the connectivity analysis. On the one hand, the FMM method used 

here was introduced by (Sethian 1996). This method is based on an upwind first-order approximation 

to the Eikonal equation for calculating a front propagation time along the inter-well path on the basis 

of static reservoir properties. The FMM is generally used to track the pressure front in the single-

phase problems and its use in multi-phase flow is not very well understood because of the coupling 

pressure and saturation equations (Sharifi et al., 2014). However, it is still a robust way to define the 

high speed passes of the pressure propagation (as in well test) which can heuristically indicates the 

connective paths and the spatial configuration of the diffusive regions. This is an important aspect as 

both FMM and well test response are function of diffusivity coefficient (k/ct, in which k is 

permeability,  is porosity,  is viscosity and ct is the compressibility). Such strong indications can be 
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 used to correlate the well test response to 3D geological heterogeneities of the reservoir models 

(Hamdi 2014). On the other hand, the SP method calculates the least resistive paths from the injector 

to all locations on the inter-well path. This measure, in turn, is used as an indication of the times 

needed for the water front to reach the path cells. This method is similar in concept to the ‘resistivity 

index’ introduced by (Hird and Dubrule, 1998). The main difference lies in the resistivity function 

used to determine the minimum, cumulative sum of ‘resistive indices’. In this sense, we use as the 

inverse of transmissibility a resistance measure as defined in various commercial reservoir simulators 

for corner point grids. 

In general, both FMM and SP methods calculate a time-based flow of the water and pressure front 

propagating from the wells to each cell along the inter-well path. Then, our software computes time-

based measures that represent the pressure front, recovery efficiency such as the water breakthrough 

time (WBT), the recovered pore volume (PVR), and the connectivity value (CON). The WBT is here 

considered to be the minimum time required for the water front to propagate from the injector column 

to another vertical column such as the producer well. For example, in SP, with a user-determined 

threshold propagation time, the CON is a function of transmissibility and the PVR is a function of 

connectivity and hydrocarbon pore volume of the cells that are already contacted by water at the given 

time – that is, cells with a water reaching time less than or equal to the threshold time value. 

Furthermore, for each one of these measures, our software calculates it either as a global value – that 

is, one single measure for a specific inter-well path - and as a local, distance-based value – that is, one 

measure is calculated for each vertical column along the path. 

Example 

Figure 1 shows two snapshots of our software, which contains four different views. The first view 

allows one to see data distribution of reservoir properties and to filter the model based on one or more 

properties in order to determine geobodies. In Figure 1, the model is filtered based on permeability 

values ranging from 0.86 to 2.87 md. Note that such filtering feature can also be useful for well 

optimization studies, particularly for compartmentalized reservoirs with large numbers of isolated 

geobodies as the well placement is crucial to ensure connectivity. The second view allows one to 

visualize the filtered model either as 2D maps per layer, a 2D average map, or a 3D model. This view 

also allows one to define and observe various well designs. Figure 1.A displays the filtered first layer 

of the model, together with a well design that contains three injectors, five producers, and six inter-

well paths. The third view shows a list of all defined paths. Each path is depicted as a row, where each 

location represents all the connected cells for one vertical column of the grid. As can be observed in 

Figure 1.B, a tooltip window provides recovery efficiency measures per distance such as the water 

reaching time for a specific grid column, as well as the connectivity value, and recovered pore volume 

for each pair of connected cells of the referred column. Note that, paths containing a red background 

are paths in which there is no inter-well connection at a given time. The fourth view shows a list of 

paths selected from the third view. Each path is depicted as a 2D cross section coloured according to a 

water flooding time scale. In addition, transparent path cells are cells in which no water sweep 

occurred at a given time. For each path, this view also shows the water breakthrough time, as well as 

the overall recovered pore volume and connectivity value. As can be observed in Figure 1.A, the first 

path has a lower water breakthrough time than the second path; however, the second path has a higher 

connectivity and so a higher sweep efficiency between injector and producer. In turn, with the 

evaluation of the measures per distance of both paths, one can conclude that this greater performance 

is due to the fact that the first path has lower transmissibility and oil saturation values and so, at the 

given time, more cells were swept in the second than on the first path. In Figure 1.B, the tooltip 

window shows some low pore volume and transmissibility values settled along the first path. 

Furthermore, Figure 1.A also shows that, at the given time, the third path is not connected. In 

addition, the producer grid column is black coloured, which means that the producer cells are never 

reached by the water front and so this path will never be connected at a finite time. 
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 The hydrocarbon reservoir model depicted on Figure 1 has been constructed using a 3D training 

image through multi-point facies statistics. The model has 30x50x5 cells in x, y, and z directions, 

respectively. Each cell measures an average volume of 18x18x4 m3 of the reservoir volume. SNESIM 

algorithm (Strebelle, 2000) has been used to populate property data. The reservoir model represents a 

typical low permeable meandering channelized environment where the high permeable sand bodies 

are effectively isolated within the pervading very low-permeability reservoir facies. The permeability 

field is anisotropic and the horizontal permeability values are ranging from 0.001 md for the 

background facies to around 4 md for the channel deposits. 

Figure 1 Two snapshots of the software showing (A) the four different views that compose the 

environment and (B) a tooltip window displaying recovery measures per distance on a particular 

inter-well path. 

Conclusions 

To summarize, this paper proposes a framework for static connectivity analysis in secondary recovery 

scenarios. In this sense, aspects of dynamic simulation of water floods were replaced by static 

information about distances and properties within inter-well paths to serve as a proxy for water flood 

performance estimation. For this purpose, the software uses a fast marching method for the single 

phase flow and a shortest path algorithm for the water injection. Both are computationally efficient 

approaches that are sensitive to geological heterogeneities, which can provide a better insight into the 

potential connective regions in producible geobodies in inter-well paths. An illustrative example is 

shown to describe the software interface and to present a simple but systematic connectivity analysis 

scenario. 
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Note that, distinct tasks contained in a typical reservoir development workflow may be benefited from 

the addition of connectivity analysis, such as the assessment of optimum well placements for 

injection-production wells that have better inter-well connectivity, the evaluation of features of 

stratigraphic architecture that affected recovery, and the evaluation of water flood performance. Thus, 

the proposed tool may benefit both geoscientists and engineers. 

For future version of the framework, we aim to add support to irregular and complex reservoir 

models, and to extend the connectivity analysis from cross-sectional to volumetric-based inter-well 

paths. 

Acknowledgements 

Authors acknowledge CMG for the use of IMEX and Schlumberger for the use of Petrel. Hamidreza 

Hamdi thanks Interactive Modelling, Visualization & Analytics R&D Group at the University of 

Calgary for providing the financial support to his postdoctoral fellowship. 

References 

Deutsch, C.V. [2002] Geostatistical Reservoir Modelling. USA, Oxford University Press. 

Fenik, D.R. et al. [2009] Ranking Realizations for SAGD Performance Predictions. Published report 

http://www.ccgalberta.com/ccgresources/report11/2009-204_ranking_realizations_for_sagd.pdf.  

Hamdi, H. [2014] Well-test Response in Stochastic Permeable Media. Journal of Petroleum Science 

and Engineering, 119(0), 169-184. 

Hird, K.B., and Dubrule, O. [1998] Quantification of Reservoir Connectivity for Reservoir 

Description Applications. Society of Petroleum Engineers. doi: 10.2118/30571-PA. 

Hovadik, J.M., and Larue, D.K. [2010] Stratigraphic and Structural Connectivity. Geological Society, 

London, Special Publications, 347, 219-242. 

Li et al. [2012] Ranking Geostatistical Reservoir Models with Modified Connected Hydrocarbon 

Volume. International Geostatistics Congress 2012, Oslo, Norway. 

Mohammed S.R., and Ahmad J.S. [2012] Water Injection Optimization Using Streamlines from a 

Finite-Difference Simulator: A Case Study of a Middle East Field. Society of Petroleum Engineers. 

doi: 10.2118/160895-MS. 

Moreno, G., and Lake, L. [2014] On the Uncertainty of Interwell Connectivity Estimations from the 

Capacitance-resistance Model. Petroleum Science, 11(2), 265-271. 

Sadeghnejad, S. et al. [2011] Utilization of percolation approach to evaluate reservoir connectivity 

and effective permeability: A case study on North Pars gas field. Scientific Iranica, 18(6), 1391-1396. 

Sethian, J. A. (1996). "A fast marching level set method for monotonically advancing fronts." 

Proceedings of the National Academy of Sciences 93(4): 1591-1595. 

Sharifi, M. et al. [2014] Dynamic Ranking of Multiple Realizations by Use of the Fast-Marching 

Method. Society of Petroleum Engineers. doi: 10.2118/169900-PA. 

Strebelle, S. [2000] Sequential Simulation Drawing Structures from Training Images. PhD thesis, 

Stanford University. 


