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ABSTRACT
INTRODUCTION 

Unstructured grid methods, such as the Voronoi gridding
method or the control volume finite-element (CVFE) method,
have been the subject of research and development in reservoir
simulation since the late 1980s2-6, and the accuracy and flexi-
bility of these methods in representing complex internal
boundaries have been demonstrated. The Voronoi grid can
achieve highly accurate near wellbore flow modeling and has
been used in specialized applications, such as for numerical
well testing7. The CVFE method was further applied in a geo-
logical surface-based, adaptive unstructured mesh setting8. To
honor internal boundaries, constrained triangulation methods
are typically used9, 10. In complex situations, however, grid
quality measurement may be compromised and grid conges-
tion may occur locally. In field-scale simulation practice, this
can be detrimental to runtime performances. Therefore, we 
replaced this with the unconstrained Delaunay triangulation
method, which can honor complex internal geometry without
compromising simulation performance.

Structured grid simulation remains the predominant prac-
tice in reservoir simulation. Faults are internal boundaries that
are important to model in reservoir simulation. The conven-
tional method, using Cartesian or corner point geometry grids,
has difficulty representing faults. Structured grids typically use
zigzag grid cell edges to represent fault planes, Fig. 1. The un-
structured gridding method is a better approach to model

Faults and complex wells present two important types of inter-
nal boundaries to resolve in reservoir simulation. Faults are
physical boundaries, which may form local barriers or con-
duits to fluid flow. In structured grid simulation, fault surfaces
are typically represented as zigzag cell edges, where the depths
may be shifted across the fault face. A better representation of
fault traces using unstructured gridding has been the subject of
research in the petroleum literature for over two decades. The
use of long horizontal and multibranched complex wells for
production from tight and heterogeneous reservoirs is also
common practice nowadays. These wells can be densely popu-
lated, which makes classical local grid refinement (LGR) meth-
ods difficult to apply. It is highly desirable to represent the
perforation inflow and the near wellbore flow more accurately
in full-field simulation.

This article extends the Voronoi gridding method1 used for
densely spaced complex wells in full-field simulation to the
modeling of faulted reservoirs containing these wells. Well
branches and faults may intersect one another. To honor these
multiple conflicting internal boundaries, grid congestion fre-
quently may occur, which leads to small cells and/or poorly
shaped grid cells. The proposed method uses a multilevel
quad-tree to achieve the desired resolution in areas of interest,
and it uses a hierarchical point prioritization/selection proce-
dure to resolve congestion. Grid quality at the desired resolu-
tion in congested areas is important for solution efficiency and
robustness in simulation practice. 

Following an introduction of unstructured grid methods in
reservoir simulation, this article discusses the gridding algo-
rithm in detail. This is followed by simulation examples, which
include a full-field compositional simulation of a faulted gas
condensate reservoir completed with many deviated and hori-
zontal wells. An in-house parallel reservoir simulator was used
to run the models. Simulation results using both the structured
corner point geometry grid method and the unstructured grid
method are compared. The comparison shows the advantages
of an unstructured approach in complex field-scale simulation.

An Unstructured Gridding Method for for for for for for for for for for for for for for for for for for for for for for for for for for for
Simulating Faulted Reservoirs Populated
with Complex Wells

Authors: Xiang Y. Ding and Larry S.K. Fung
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Fig. 1. Top view of approximate zigzag representation of a fault on a structured grid.

76752araD2R1.qxp_ASC026  8/22/15  3:27 AM  Page 2

creo




faults as internal boundaries because of the flexibility of grid
point placement and cell geometry. Prior publications4, 10 on
the use of unstructured grids for representing a fault as an in-
ternal boundary indicate some limitations, described next.

Constrained Triangulation on Internal Boundaries

The constrained Delaunay triangulation can be used to model
internal boundaries3. This method relies on edge swapping of
the triangle, point insertion/removal and grid smoothing to 
adjust the grid point locations and to improve the triangle’s
shape. This constrained method can produce the desired con-
formance of cell edges on the fault boundaries, but the proce-
dure of edge swapping, point adjustment and grid smoothing
can also result in grid congestion locally. This is undesirable in
reservoir simulation as these small cells constrain the time-step
sizes, which leads to high simulation costs. Additionally, the
computation cost of this adjustment procedure can be high
when modeling complex faults in large reservoir models,
which may be in the tens of millions of cells.

Congested Grid Points Near Intersections of Internal
Boundaries 

When faults are not intersecting, a gridding method11 previ-
ously described in the literature produces side-by-side unstruc-
tured grid cells on the two sides of the fault geometry. The grid
cell sizes adjacent to the fault faces are evenly distributed. Be-
cause of this distribution, the fault grid spacing cannot be hon-
ored when fault lines intersect, especially when there are many
intersections. Figure 2 is one such example in the literature4.
The figure shows unstructured grid cells around four intersect-
ing faults. In the region far from the fault intersections, the
grid cell sizes are evenly distributed — although in some areas,
such as areas A and B, the grid cells are smaller than their fault
neighbor cells. At the fault intersection, such as areas C and D,
the number of smaller cells increases, and the cell volumes can
become very small compared with the ones further from the
intersection regions.

For unstructured grids to gain traction in production level
reservoir simulation practices, the model needs to gain the ad-
vantage of honoring important flow boundaries and control-
ling grid density without suffering the detrimental effects of
local grid congestion and grid slivers in congested areas where
multiple control boundaries and grid density need to be satis-
fied. In the following, we describe a gridding method that is
suited to handle the aforementioned difficulties. 

GRIDDING METHOD

Well Gridding

A recent publication1 discussed a 2.5D unstructured gridding
method for full-field reservoir simulation of a field with many
multibranched complex wells. The method steps include multi-
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pass grid point generation, grid point prioritization and a con-
flicting point removal scheme. These steps are followed by the
unconstrained Delaunay triangulation and perpendicular bisectior
(PEBI) grid to generate the Voronoi dual grid. For completeness,
the algorithmic steps are included in Appendix A. The method-
ology is a superior alternative when a field is densely populated
with complex wells, rendering the typical grid “window” method
cumbersome or impossible to apply12-16.

Fault Gridding

Fault gridding involves the placement of grid points for Delau-
nay triangulation so that the Voronoi dual grid has cell edges
that coincide with the fault trace. For the best grid quality, 
unconstrained Delaunay triangulation is pursued. This requires
the placement of grid points to assure the empty circumcircle
property of triangulation, resulting in the perpendicular bisec-
tion of edges falling on the fault trace. Multiple faults can 
intersect one another since the method uses a conflict point
management scheme to maintain grid density requirements
and honor fault boundaries closely. After projecting the fault
traces on a 2D plane, the key steps for fault gridding are as 
follows:

• Intersected Circles on Fault Segments. Based on the
prescribed fault grid spacing, evenly spaced points are
selected to represent the fault trace on a 2D plane. Fault
line segments are formed by connecting adjacent fault
edge points with straight lines, Fig. 3a. Circles centered

Fig. 2. An example of unstructured grid cell congestion in fault intersection gridding4.
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Sufficient Condition for Unconstrained Delaunay 
Triangulation 

The method generates fault grid points by selecting the inter-
sections of the circles centered at the fault edge points. Figure
4 illustrates this step where Pa, Pb, Pc and Pd are the edge
points. The chosen radii of the circles are between the half-
length and the full length of the fault line segment. In our im-
plementation, a factor of 0.6 is used for the radius as the
default. The diametral circle of the line segment CD connect-
ing the fault grid points is shown as a shaded circle. Maintain-
ing the empty circumcircle property of the diametral circle
guarantees that the line segment CD is a triangle’s edge in the
unconstrained Delaunay triangulation. The center of the di-
ametral circle is a point on the fault edge segment PbPc, and
CD is perpendicular to PbPc. Therefore, the perpendicular 
bisection of CD lies on the fault edge segment, PbPc.

Generally, other fault grid points are far away from the di-
ametral circles and do not pose an edge swapping issue. Figure
5 further addresses this point by considering the maximum
case, where the radii of the intersected circles are the length of
the fault edge segment. Points A, B, C, D, E and F are the in-
tersection points of these circles. The diametral circle of the
line segment CD is shown as a shaded circle in the diagram
and P0 is the center. It can easily be seen that no encroachment
occurs from adjacent fault grid points A, B, E and F. Further-

at the fault edge points are given a diameter longer than
the fault segments so that these circles intersect. This
step is illustrated in Fig. 3b.

• Generate Fault Grid Points. Adjacent circles generate
intersecting points, such as points A, B, C and D in Fig.
3c. Since the line segment end points, P1 and P2, are at
the center of the circles, the line segment P1P2 is
perpendicular to line segment AB and passes through
line segment AB’s midpoint. In this method, the
intersecting points are the initial fault grid point
selections.

• Fault Grid Point Prioritization. The fault grid points can
become congested near fault intersection areas. The
conflict point management scheme assigns a priority
index to each of the faults that represent the importance
of each fault. These indices are used to prioritize the
fault grid points when the grid points of one fault are
too close to the grid points of other faults. In case of
conflicts, the grid point with a lower priority index is
removed. This results in a merged fault grid point set.

• Fault Only Grid. Reservoir grid points and field grid
points are generated the same way as Steps 1 and 2 in
Appendix A. They are assigned lower priority indices
than the fault grid points. Step 6 to Step 10 are applied
analogously to complete the gridding process for
generating a fault only grid.

4 FALL 2015   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Fig. 3. Fault grid point placement method: (a) Fault edge points to form segments, (b)
Intersected circles to locate fault grid points, and (c) Generation of fault grid points.

Fig. 4. Fault grid point generation and condition for the associated Voronoi cells to
form a cell edge along the fault line.

Fig. 5. Fault grid point generation where the intersected circles have radii equal to the
fault edge segment length.
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more, point F will fail the requirement in Step 6 of Appendix
A for grid spacing measure and be removed from the gridding
point set. This means that point F will not encroach on the di-
ametral circle of line segment CD if the included angle of line
PbPc and line PcPd becomes smaller.

For each pair of fault grid points on either side of the fault
edge segment, the midpoint of the line segment connecting this
fault grid point pair lies on the fault edge segment. Our
method ensures an empty diametral circle for the pairs of fault
grid points. After we performed unconstrained Delaunay trian-
gulation, the edges of the Voronoi dual grid conformed to the
fault edge segments. No edge swapping, point insertion/re-
moval or grid smoothing is needed to satisfy Delaunay triangu-
lation.

Voronoi Grid with Faults

Figure 6 illustrates a typical near fault Voronoi diagram gener-
ated by using this method. The fault edges are the outcome of
perpendicular bisection performed on the triangular edges of
the fault grid point segments. The fault grid points are the cen-
ter of the Voronoi cells, and the fault edges are the cell bound-
aries. Figure 7 shows another example where faults intersect
one another. The advantage of the method is evident: there are
no congested grid points at the near fault area, and the fault
grid cells are evenly distributed along the fault geometry. 

The gridding problem presented in Fig. 2, for a field that
contains four intersecting faults, has been regridded using this
method. Figure 8 shows the result. By observing areas A and
B, which are distant from the fault intersections, and C and D,
which are near the fault intersections, it can be seen that the
new Voronoi grid achieves more uniform grid sizes around
faults and less congestion, especially near the fault intersec-
tions. At the same time, fault boundaries are traced with suffi-
cient accuracy for full-field reservoir simulation.

Fault and Well Gridding

When both faults and complex wells exist in a field, both of
these types of internal boundaries may be gridded. In our grid-
ding method, the fault’s grid points have higher priority indices
than the well’s grid points. Therefore, the fault boundaries,

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   FALL 2015        5

Fig. 6. Voronoi cells near the fault edge as generated using the present method.

Fig. 7. Voronoi cell placement in a representation of intersected faults using the
present method.

Fig. 8. Voronoi cell placement for the intersected faults in Fig. 2 using the 
present method.
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whether the fault is sealing or conductive, are honored at the
well-to-fault intersections. Consequently, fault grid cells tra-
versed by a wellbore become well cells, thereby maintaining
the well completion for the respective wellbore crossing a fault
trace. All the priority indices of the other point types — as de-
scribed in Appendix A — have a lower priority than the fault
points and the well points. The remaining steps of the proce-
dure can then be applied analogously.

Figure 9 shows an example of a fault intersected by four
wells. The highlighted grid cells are well cells. It can be seen
that at the fault well intersections, the fault points (cells) have
a higher priority, while the conflicting well points (cells) are
deleted. The fault cells replace the well cells, but they are
flagged as perforated cells for perforation data calculation.

Figure 10 shows a more complex full-field Voronoi grid. Fig-
ure 10a provides details of the well cells along a horizontal
well path. Note that a multilevel quad-tree for near wellbore
refinement is not applied in this case so as to clearly show the
Voronoi grid construction. Figure 10b demonstrates the out-
come of fault gridding with fault cells bordering a fault trace.
Figure 10c shows a reservoir simulation grid, which includes
multiple faults and horizontal wells intersecting. 

RESULTS AND DISCUSSION

An in-house massively parallel simulator was used to run the
following examples. The simulator uses a molar formulation
for both black oil and compositional simulation. It is capable
of using either structured grids or unstructured grids in a uni-
fied parallel data infrastructure, provided by a discretization
module, and parallel solver methods. For modeling the more
complex pore systems and fracture networks, the simulator
has the multiporosity multipermeability feature. All results re-
ported here are from simulations run on a Linux PC cluster
with an Infiniband interconnect. The compute cluster is com-
posed of 512 dual socket compute nodes with Intel Xeon E5-
2670 processors running at 2.6 GHz clock speed. Each
processor has eight compute cores.

Full-field Simulation Example of Faulted Reservoir with 

Intersecting Deviated and Horizontal Wells

The full-field compositional simulation example is a single-
porosity tight gas condensate reservoir with a compositional
fluid description. The fluid was characterized as a 10 compo-
nent system. A structured grid model and two unstructured
grid models were built for the simulation. The structured grid
model has 10,841,040 grid cells (NX*NY*NZ = 140*956*81)
in a corner point geometry grid description. The model has
multiple sealing faults, and some horizontal wells intersect
with these faults. The areal grid size in the reservoir is
250m*250m. The model has 71 deviated or horizontal wells;
some of these wells have multiple branches. The model was
run for 30 years, and condensate blocking effects become sig-
nificant in later periods as pressure in the near wellbore re-
gions drops below dew point pressure. For the unstructured
grid, two models were built. In the coarse grid model, the well
cell dimension is 250 m, which is the same as in the grid in the
reservoir area, but the external area covered by an aquifer has
been coarsened to a 3,000 m grid. In the fine grid model, well
cell dimension is set to 62.5 m, using a two-level quad-tree to
transition to the 250 m reservoir cell size. Grid size in the
aquifer area has also been coarsened here to 3,000 m. The un-
structured coarse grid model has a total of 2,318,706 grid cells
(NL*NZ = 28626*81), and the unstructured fine grid model
has a total of 2,819,043 grid cells (NL*NZ = 34803*81). Fig-
ure 11 shows the 3D surface of an area of the reservoir with
multiple wells and faults. Figure 12 shows an areal 2D view of

6 FALL 2015   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Fig. 10. (a) Voronoi diagram of a near wellbore grid, (b) Voronoi diagram of a
near fault grid, and (c) A section of a full-field unstructured grid involving both
horizontal wells and faults, which are intersecting.

Fig. 9. Voronoi diagram showing a fault and its intersections with four wells. The
highlighted cells are well cells generated by the present method.

76752araD2R1.qxp_ASC026  8/22/15  3:27 AM  Page 6



the Voronoi grid construction around the horizontal wells in
one area of the gas field.

The field management scheme is set up to maintain constant
field production rates from all existing and future wells. As the
reservoir pressure declines, condensate banking near the pro-
ducers reduces the gas deliverability of the wells. Figure 13

shows the gas rates predicted by the three models. The simula-
tion results show that the well cells of the finer grid models
can better capture the effects of condensate blockage as com-
pared to the coarser grid models, both structured and unstruc-
tured. For further illustration, two wells, Well-A and Well-B,
were selected and the well gas rates plotted in Figs. 14 and 15,
respectively. The figures demonstrate the lower gas deliverabil-
ity results when local grid refinement (LGR) is applied. Figures
16 and 17, showing respectively the average condensate liquid
saturations near Well-A and Well-B, demonstrate the high near
wellbore liquid saturation when fine grids are used.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   FALL 2015        7

Fig. 11. The 3D surface of an area of the full-field simulation example showing
horizontal wells, faults and the unstructured Voronoi grid reservoir model.

Fig. 12. A 2D areal view of the horizontal wells in an area of the full-field
simulation example.

Fig. 13. Gas production rates comparing the predictions of the structured grid
model and the two unstructured grid models. The earlier decline of gas
deliverability predicted by the unstructured fine grid model is due to the more
accurate modeling of condensate banking effects at the well cells.

Fig. 14. Gas production rates for Well-A for the fine grid and coarse grid
unstructured models.

Fig. 15. Gas production rates for Well-B for the fine grid and coarse grid
unstructured models.
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Table 1 compares the normalized runtimes for the three
models. The computational cost for the coarse unstructured
grid model is about 0.3 of the structured model’s costs, with a
cell count ratio of 0.21. Since the well cell sizes are roughly
equal, the saving primarily comes from the lower cell count, a
result of the aquifer grid coarsening for the unstructured case.
The fine unstructured grid model’s runtime is 0.62 of that of
the structured grid model. This is a reasonable runtime for a
much finer discretization near the wells. All models ran ro-
bustly with no convergence issues whatsoever.

SUMMARY AND CONCLUSIONS

An unstructured gridding method has been developed that can
honor two different types of internal boundaries, namely,

faults and complex well trajectories. The method has the fol-
lowing advantages:

1. The unconstrained Delaunay triangulation method im-
proves grid quality and maintains grid density in congested 
areas. This is beneficial to simulation performances.

2. Voronoi cell edges near the faults conform to the fault 
boundaries. The well grid conforms to the wellbore trajec-
tory. Grid density near internal boundaries is controlled 
using a multilevel quad-tree method. 

3. The method handles intersecting wellbore trajectories and 
fault boundaries.

4. The method is well suited to situations where wellbores 
may be congested in areas where structured LGR will be 
hard to apply.

A full-field compositional simulation example in a tight gas
condensate reservoir containing 21 faults and 71 wells is in-
cluded. The grid method successfully honors fault boundaries
and wellbore trajectories simultaneously where some wellbores
intersect with sealing faults. 

In the simulation example, we showed the application of
unstructured LGR to improve near wellbore modeling. Com-
parison of the fine grid results with the coarse grid results
showed that the effects of condensate blockage are better rep-
resented with the fine grid model. The computational perform-
ance and robustness of the unstructured grid models are
comparable to those of a structured grid model at a compara-
ble model size. 

The gridding method, which forms a component of the un-
structured grid simulation model builder, facilitates the appli-
cation of the unstructured grid method in full-field reservoir
simulation.
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Fig. 16. Average well cell liquid saturation at Well-A for the two unstructured grids.

Fig. 17. Average well cell liquid saturation at Well-B for the two unstructured grids.

Gridding Cases
Grid Size (m) Number of 

Cells
MPI Process 

(nodes*cores)
Normalized 

TimeWell Reservoir Aquifer

Structured Grid 250 250 250 10,841,040 50*14 1

Unstructured Grid 1 250 250 3,000 2,318,706 50*14 0.302

Unstructured Grid 2 62.5 250 3,000 2,819,043 50*14 0.623

T                 Table 1. Runtime comparison of the full-field structured grid model against the two unstructured grid models
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Appendix A: Algorithm of Unconstrained Voronoi Gridding

Method for Fields with Complex Wells1

The full-field unstructured gridding method involves multi-
pass grid point generation, grid point prioritization and a 
conflicting point removal scheme. This is followed by the 
unconstrained Delaunay triangulation and Voronoi dual grid
generation. As discussed earlier, the 2.5D construction method
is used to honor geological layering; multilevel quad-tree LGR
is used to achieve smooth grid transition; and well and near
well grids are used to achieve the desired near well grid resolu-
tion and orientation. The user input controls for grid genera-
tion are the field grid size, reservoir grid size for each reservoir
region, well grid size, quad-tree levels and distance from the
well points for each level. Optionally, areas of interest inside
the reservoir regions can also be defined with finer grids by
taking additional steps in the grid point generation/prioritiza-
tion procedure. The only requirement is that the grid region
polygons must not intersect. The logic steps of the gridding 
algorithm are as follows:

1. Field Grid Points: Within the projected 2D plane of the user
selected bounding volume of the simulation grid, evenly 
spaced grid points based on the field grid size are selected. 
The field grid size is typically larger than the reservoir grid 
size to represent the aquifers or the nonproducing areas of 
the model. These grid points are assigned a priority index of
zero.

2. Reservoir Grid Points: Within each reservoir region, which 
is defined via a 2D polygon, evenly spaced grid points based
on the reservoir grid size are selected. This is usually the 
original Cartesian simulation grid spacing, but it can be dif-
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ferent. These grid points are assigned a priority index of 
one. Multiple reservoir regions can be defined in the model,
but the regions must not intersect.

3. Well Grid Points: Well grid points are sampled from the 
wellbore trajectory survey and completion data. Well points
are fixed boundary points that are assigned a priority index 
of n, where n > priorities of all other grid point types.

4. First Level Quad-tree Points: For the first level of quad-tree 
grid points, each reservoir grid point that falls within a user
specified distance from a well grid point triggers the genera-
tion of four quad-tree points. These quad-tree points are 
assigned a priority index of two.

5. Successive Level Quad-tree Points: The successive levels of 
quad-tree points are generated consecutively in a similar 
manner to Step 4, wherein each successive level of quad-tree
points is triggered by the prior level based on the grid point’s
distance from the nearest well point. The priority index of 
each level of generated quad-tree points is incremented by 
one.

6. Conflict Point Removal: The appropriate grid spacings for 
each region (field, reservoir, well, transitions) are defined by
the user. Based on the point priority indices assigned, grid 
points at a lower priority are removed from the final grid 
point set when the spacing requirement is violated for the 
given region. For example, a well grid point will displace 
any other grid points at a smaller distance than the well 
grid size because well points have a priority index n > prior-
ity index of any other points. A grid point that has a priority
index of 3 will displace any other grid points with a priority
index < 3 that are at a distance less than the local spacing 
requirement, and so on.

7. Unconstrained Delaunay Triangulation: The retained point 
set upon completion of the conflict point removal in Step 6 
is the input point set for the unconstrained Delaunay trian-
gulation. Step 6 assures sufficient conditions for the empty 
circumcircle property of the well segment edges. Therefore, 
the procedure affords unconstrained Delaunay triangulation,
which produces a better PEBI grid. Most published methods
required the use of constrained triangulation around internal
boundaries (wellbores or faults), which compromises ortho-
gonality and grid quality locally. The new gridding procedure
uses an a priori procedure (placement/removal based on dis-
tance measure) to afford unconstrained grid generation. 
The conflict point removal procedure also guarantees no 
grid slivers. This is desirable for accuracy and solver conver-
gence.

8. PEBI Grid: This is the Voronoi dual grid generation step. 
Perpendicular bisectors of the external triangular edges are 
seen as infinite lines outward that are truncated by the ex-
ternal boundary of the full-field model.

9. Degenerate Voronoi Edge Removal: For numerical reasons 
or otherwise, many triangles will have a nearly, but not ex-
actly, right angle. The PEBI step to generate the Voronoi 
dual grid therefore can result in many small edges, which 
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are undesirable. The Voronoi vertex points of small edges 
are merged when the edge length is below some minimum 
edge length threshold. The threshold values should be 
small. Degenerate edges are typically a result of numerical 
round-off errors where the triangles have a right angle. This
step should pose negligible impact on grid orthogonality. 
10.3D Volume Grid Construction: The 2D position (X, Y) 
of each vertex of the Voronoi grid is used to interpolate for 
the depth of each geological horizon in the input simulation
model. Therefore, the 3D volume grid is built via a 2.5D 
gridding, honoring the original geologically layered rock 
definition. The exit-entry coordinates (X, Y, Z) of the well-
bore trajectory for each well cell are also calculated. These 
are used to compute the completion fraction and the gener-
alized well indices of the well cells as an undulating hori-
zontal well may traverse multiple layers of the simulation 
grid. 
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ABSTRACT
in many cases without success. If using the solids laden mud
doesn’t help, then it becomes necessary to look for the most ef-
ficient non-mud system available2.

Loss of circulation is one of the most time-consuming and
costly problems faced by the oil and gas well drilling industry.
The loss of drilling mud results in increased drilling time, loss
of expensive mud, plugging of productive formations and/or
loss of well control3.

This article presents a non-mud system solution prepared
for challenging field cases in the Middle East that had encoun-
tered severe drilling fluid loss. In the case history, thermal acti-
vated resin was used to cure the drilling fluid loss.

LOSS OF CIRCULATION

Loss of circulation is the partial or complete loss of drilling
fluid or cement when drilling and circulating the well, running
casing or cementing the well. After the loss of circulation occurs,
the level of the drilling fluid in the annulus may drop until it
stabilizes at a particular level that depends upon the formation
pressure.

Loss of circulation problems may be encountered at any
depth whenever the total pressure used against the formation
exceeds the formation pressure. Commonly, four types of for-
mations are responsible for loss of circulation, Fig. 14:

• Formations with natural or induced fractures

• Vugular or cavernous formations

• Highly permeable formations 

• Unconsolidated formations

As previously noted, loss of drilling fluid can result in in-
creased cost, loss of time, plugging of potentially productive
zones, blowouts, excessive inflow of water and excessive cav-
ing of the formation. Therefore, application of an immediate
solution when loss of circulation occurs is an essential part of
drilling engineering. 

LOST CIRCULATION MATERIAL

Fluid loss happens in almost all drilling operations. Depending

One of the major challenges when drilling gas wells in offshore
fields is to drill under high-pressure conditions and encounter
a loss circulation zone in the intermediate hole section. Heavy
mud used to control the pore pressure has a narrow opera-
tional window that leads to losses, and as a consequence, well
control issues. Several solutions/ideas have been explored for
drilling this intermediate section, including the use of a ther-
mal activated resin — a rigid, rapid fluid treatment — to re-
gain full circulation and successfully increase the window
gradient. 

This solution was developed by designing a fast-setting ther-
mal activated resin plug of lost circulation material (LCM) in a
liquid with a density equal to 152 pcf — a slurry that can be
bullheaded and displaced with a polymer mud of 152 pcf. The
slurry is easily pumped through the drillpipe, the measurement
while drilling system and drill bits.  

This article presents a case history from field applications of
this novel polymer-based LCM for successful treatment of
heavy mud losses to the formation in wells in offshore gas
fields in the Middle East. The article also includes a discussion
of the solution’s methodology, material properties and applica-
tions.

INTRODUCTION

Many articles over the years have investigated why loss of cir-
culation occurs, the different materials available to treat it, and
how to solve it during drilling and cementing operations. Basi-
cally, loss of circulation treatments can be divided into two
categories1: 

1. Those where the loss of circulation is solved by the addition
of solid materials to the drilling mud. 

2. Those where the problem can be solved only by the use of a
non-mud system. 

Normally, when loss of circulation occurs, the first attempt
to cure the problem is always to reduce the mud weight and/or
to add granular, fibrous or lamellated material to the mud —
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on the severity of the loss of circulation, and the size and type
of the thief zone, different lost circulation materials (LCMs)
are used for remedying the situation5.

LCMs are added to the drilling fluids, cement slurry or frac
fluid penetrating a formation. LCMs are either insoluble or
soluble in water, and they are typically granular (most com-
mon), flaky or fibrous. LCM pills are pumped down a well
and spotted to build up an impermeable layer on the forma-
tion face that is causing the loss of circulation problem. Some-
times two or three pills are used to stop losses.

In most cases, viscous mud pills with LCM lead to a tempo-
rary reduction of losses, but they do not guarantee a durable
plugging of the problem formation. Cement plugs can also be
used, but their placement and the time necessary to drill
through them make their use relatively costly.
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NEW MATERIAL: THERMAL ACTIVATED RESIN

Definition

The thermal activated resin used as a LCM is a particle-free,
multicomponent, polymer resin-based liquid plugging material
whose curing process is activated by changing the temperature.
The initiation of the curing process and the length of the cur-
ing time can be adjusted in a way to suit the predetermined
temperatures of the formation or where the plug is to be
placed in the well. Due to its adjustable density and viscosity,
the material is easily pumpable and so can be placed with pre-
cision in the well. Figure 2 shows the liquid and color appear-
ance of the thermal activated resin.

The thermal activated resin is a low viscosity resin system
that far exceeds the compressive and tensile strengths found in
traditional cement systems. The results of ageing tests have
concluded that, unlike cement, the mechanical properties of
the resin do not diminish over time.

Properties

Thermal activated resin therefore is a new cementing technol-
ogy that overcomes a lot of traditional cement problems. It
acts as a fluid and can be adjusted to formation temperatures
between 9 °C to 135 °C. It comes in a variety of weights and
viscosities, with the viscosity range from 10 cP to 2,000 cP and
the density range from 0.75 g/cc to 2.5 g/cc, Fig. 3. Some of
the most important properties of the thermal activated resin
are provided in Table 1.

Fig. 1. Types of formation responsible for loss of circulation.

Fig. 2. Physical and color appearance of the thermal activated resin.
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channels, whether in the formation or cement, or even narrow
control lines. It also enhances the strength of the treated area
in the process. Thermal activated resin therefore provides the
best solution for lasting well integrity. Ideally, using thermal
activated resin should be taken into consideration during the
planning stage of the well and used in the early stages of well
construction as tail cement to provide crucial strength at the
shoe area while drilling the next sections.

Thermal activated resin is also the best product on the mar-
ket when it comes to treating loss of circulation. The “treat
and drill” application of this product has resulted in huge cost
savings.

Other favorable properties of the material include good
bonding with steel, compatibility with most fluids and ce-
ments, and resistance to contamination. Thermal activated
resin cures into a strong, flexible material that can withstand
the thermal expansion of the casing without cracking. Because
curing is temperature based, material placement and curing
can be accurately regulated according to customer require-
ments for each and every well.

Regulating the density of thermal activated resin maintains
its homogeneous structure and consistency, so it can contain
and hold heavier or lighter weight additives. Density regula-
tion can also reduce the exothermic peak encountered in the
right angle setting, Fig. 4.

Additives

The following is a definition and description of thermal acti-
vated resin additive materials, both those materials needed for
the thermal activated resin plugs and those materials needed
for a specific purpose.

1. Curing Initiator: A liquid material added to a thermal 

Technical Description

Thermal activated resin is a particle-free fluid that can pene-
trate formations deeply and fully seal all micro-cracks and
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Property Range

Specifi c gravity 1.03 – 1.05

Density 0.75 g/cc – 2.5 g/cc 
(44 pcf – 156 pcf)

Viscosity 10 cP to 2,000 cP

Setting time 3 min to as long as required

Right angle setting Yes

Miscible with water or well 
fl uids No

Pumpable through tubing/
drill pipe/BHA/bit Yes

Target temperature 9 °C – 135 °C (48 °F – 275 °F)

Resistant up to 
(temperature) 480 °C (896 °F)

     

 
 

 

   

  

  

    

 

  

   

  

       

  

  

      

  

    

     

    

          

Table 1. Thermal activated resin properties

Fig. 3. Variety in weight of thermal activated resin plugs.

Fig. 4. Exothermic reaction of thermal activated resin. Gel time: Total time taken from the agreed testing temperature to the start of the exothermic peak. Setting time: The
time from the start of the reaction until the exothermic peak returns to the baseline.
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activated resin plug with a specific percentage per weight to 
provide a certain curing time. A curing initiator is a catalyst
that reacts with the polymer resin to accelerate the reaction 
at relatively low temperatures.

2. Accelerator: A liquid chemical added to a thermal activated 
resin plug with a specific percentage per weight to speed the
curing process, usually when the temperature is low.

3. Inhibitor: A liquid chemical added to a thermal activated 
resin plug to slow the curing process time.

4. Viscosifier: A chemical added to a thermal activated resin 
plug to increase the viscosity so the plug is able to lift the 
heavyweight material added to the plug. A viscosifier pro-
vides the rheological properties needed to suspend the filler.

5. Weight Filler: Solid material added to a thermal activated 
resin plug so it can reach a specific weight. Fillers are added
to either decrease or increase the weight.

6. Thermal Activated Resin Cleaner: A chemical used to wash 
and remove thermal activated resin plugs from batch mixers,
pumps, lines and all equipment involved in the mixing 
process.

7. Thermal Activated Resin Solvent: A solvent used to dissolve
and remove undesirable thermal activated resin plugs after 
they have hardened. They can be used on the surface or 
down the well.

Thermal Activated Resin vs. Traditional Cement

As previously mentioned, thermal activated resin is a new ce-
menting technology that has been used to overcome numerous
traditional cement problems, such as the inherent weakness of
cement and its deterioration over time, resulting in shrinkage
and loss of ductility. There is also the likelihood that micro-
channels will form and establish communication between the
reservoir and well or other permeable formations. Also, the
high density and viscosity of cement restricts its economical
application in most phases.

Table 2 shows a comparison of the mechanical properties of
thermal activated resin and traditional cement.

Common Applications

Thermal activated resin can be designed and produced in a
range of densities and viscosities, is pumpable through narrow
channels, and offers withholding mechanical properties that
exceed those found in traditional cement. It has a wide range
of applications, including:

• As a LCM — “treat and drill.”

• For casing leak repairs.

• As plugs for plug and abandonment operations; squeeze
jobs undertaken to seal off leaks/unwanted zones; or
plugging of control/transmittal lines.

• As a fast-setting kickoff plug — pumpable through the
bit.

• For zonal isolation, and water and gas shut-off
processes.

• For casing cementing, especially where extra security is
needed in the shoe area or where low density systems
are required, i.e., foam cement top jobs.

• In control line plug-off operations, with packer
inflatable material, for the permanent setting of packers.

• For sand consolidation.

• For sand plugging.

• To provide multilateral strengthening.

CASE HISTORY

The objective of this article is to present a case history of this
novel polymer-based LCM, illustrating its successful treatment
of heavy mud losses to the formation in wells in offshore gas
fields in the Kingdom of Saudi Arabia.

Loss of Circulation Problem

In this case, drilling the 12½” open hole at 10,714 ft resulted
in total downhole losses, at a rate shown to be more than 300
barrels (bbl) per hour. To secure the well against further losses,
several conventional LCM and cement plugs were pumped
without success. The decision was then taken to use a thermal
activated resin slurry designed for LCM applications.

The objective of using the thermal activated resin slurry as a
LCM was to secure the loss zone at 10,714 ft and reestablish
circulation prior to continuing the drilling operation.
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Properties Thermal 
Activated Resin

Traditional 
Cement

Water permeability 
(mD) < 0.5 1,600

Compressive strength 
(Mpa) 77 58

Flexural strength (Mpa) 43 10

Failure fl exural strain 
(%) 1.9 0.32

E-modulus (Mpa) 2,240 3,700

Tensile strength (Mpa) 60 1

Density (g/cc) 0.75 – 2.5 1.5+

Right angle setting Yes No

T        

  

  

      

  

    

     

    

          

Table 2. Thermal activated resin vs. traditional cement
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Table 3 provides the parameters and condition of the lost
circulation problem in this particular offshore well in the
Karan field.

Job Execution

A temperature log had been carried out in the well to confirm
the temperature profile — data needed to achieve a successful
LCM job. This data is even more crucial when designing an
accurate thermal activated resin plug.

Before starting, it is always mandatory to run an on-site
pre-test to acquire a guide for mixing the thermal activated
resin LCM for curing in the given formation temperature.
Table 4 shows the pre-test results establishing the setting time
for the fast-setting thermal activated resin used in this case.

A total of 50 bbl of thermal activated resin slurry was pre-
pared according to the recipe in Table 5, designed for a setting
time of 10 to 15 minutes at 194 °F. After testing the surface
lines and batch mixer, and when the well was ready, the rest of
the operations were carried out in the following way:

1. Mixing Procedure:

• Transfer the required volume of thermal activated resin
from the drums into a batch mixer in a convenient and
safe way.

• Agitate and circulate.

• Add viscosifier into the batch mixer through the hopper
system.

• Shear for at least 10 minutes.

• Stop circulation and agitate only.

• Add weight filler in a convenient way until the correct
weight has been reached, then agitate for 5 to 15
minutes.

• Add the right amount of accelerator and run the
agitator for a maximum of 5 minutes.

• Measure the temperature in the batch mixer and take a
sample of the mixed thermal activated resin slurry to
run a curing/setting simulation test.

2. Pumping and Displacement Procedure:

• Pull out of hole the drillpipe 500 ft above the loss zone.

• Using a cement unit, pump 50 bbl of thermal activated
resin slurry into the drillpipe at a maximum rate from 4
bbl per minute (bpm) to 4.5 bpm, followed by 10 bbl of
152 pcf mud (for a safety margin in the open hole
section).

• Pump the calculated volume needed for the thermal
activated resin slurry to reach the bottom-hole assembly
(BHA).

• When the thermal activated resin slurry is 50 ft above
the BHA, reduce the pump rate to 2 bpm.

• Displace the thermal activated resin slurry plus safety
margin mud volume at a dynamic loss rate.

• Stop pumping. The thermal activated resin slurry head
is now in the loss zone. Let the pill drop into the loss
zone at a static loss rate.

• Curing time will start 5 to 10 minutes after the thermal
activated resin reaches the formation temperature.

3. Equipment Cleaning Procedure:

• Transfer in a convenient way the thermal activated resin
cleaner from a drum into the batch mixer used for
mixing the slurry.

• Run the agitator and circulate at high speed, then wait
for 30 minutes.

• Empty the batch mixer into a slops tank.
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Temperature (°F) Curing 
Initiator (%) Start Time

Time when 
Temperature 

Reached
Gel Time Gel Time 

(min)
Overall Setting 

Time (min)

194 4 12:21 12:31 12:42 11 13

194 5 12:21 12:31 12:39 8 9

194 7 12:21 12:31 12:36 5 6

T            

   

   

  

  

        

Table 4. Pre-test results establishing the fast-setting thermal activated resin setting time

  
  

  
      

 

           

Additives Volume/Weight

Thermal activated resin 4,500 liters

Weight fi ller 14,500 kg

Viscosifi er 60 kg

Curing initiator 166 liters

T         Table 5. Recipe for the thermal activated resin slurry

    

     
    

    

       

  

     
 

  
 

          

      

     

 
 

 

   

  

  

    

 

  

   

  

       

Parameters Value or Range

Formation name Sudair Formation

Depth of LCM application (ft) 10,100 – 10,714

Hole size (inch) 12½

Losses rate (bbl per hour) 300

Mud weight inside the well (pcf) 152

Dynamic temperature at depth (°F) 194

T           Table 3. Loss of circulation problem parameters in case study well
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• Put water into the batch mixer.

• Run the agitator and circulate at high speed, then wait
for 10 minutes.

• Empty the mixer into the slops tank.

In this case, after the thermal activated resin slurry was
placed in the loss zone, circulation loss was reported to be zero
and full returns were confirmed. The integrity of the well was
reestablished. The thermal activated resin plug was tagged
with 10,000 lb on the bit, and then drilled out at the speed of
100 ft/hr. Figure 5 describes and illustrates this LCM applica-
tion job using a thermal activated resin.

CONCLUSIONS

1. Loss of circulation is one of the most time-consuming and 
costly problems faced by the oil and gas well drilling industry.

2. Viscous mud pills with LCM and cement plugs only tem-
porarily reduce the losses and do not guarantee a durable 
plugging of the formation.

3. Thermal activated resin as a LCM provides the best solution
for restoring well integrity and treating loss of circulation in
the oil and gas well drilling industry.

4. A well temperature profile is crucial for the design of an 
accurate thermal activated resin plug.

5. In the case of an offshore well located in Karan field, the 
thermal activated resin slurry isolated the problem forma-
tion, stopped the circulation losses and achieved a 100% 
return. 

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   FALL 2015        17

Fig. 5. Treatment of lost circulation using thermal activated resin. (a) In normal drilling, mud is pumped down inside the drillstring and transports cuttings back up to the
surface through the borehole on the annulus side of the string. (b) When loss of circulation occurs, drilling mud is lost to a permeable formation, in this case a total loss of
mud at 300 bbl per hour. (c) The drillpipe was pulled 500 ft above the loss zone. (d) The thermal activated resin was pumped down inside the drillstring through the drillpipe
and drill bit into the loss zone. (e) The thermal activated resin took a few minutes to cure. (f) When a zero loss was reported 15 minutes later, and full returns were confirmed,
the thermal activated resin was drilled out at the speed of 100 ft/hr using the ordinary bit for sand formation that was already downhole.
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6. The top of the cured thermal activated resin pill was tagged 
with the drillpipe with 10,000 psi.

7. Drilling resumed after using the tagged cured thermal acti-
vated resin pill at 100 ft/hr without any problems.
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ABSTRACT
insufficient and have inherent limitations. Therefore, subsur-
face models are sometimes largely built on subjective interpre-
tations. Yet subjective interpretations in modeling do not
necessarily contribute to reducing uncertainty. In fact, wrong
assumptions could have an adverse impact on production
strategies and financial decisions. Subsequently, structural 
uncertainty makes up a significant fraction of overall uncertainty
in reservoir models with sparse well control. Uncertainty 
increases as errors are made in picking horizons, owing to lim-
ited seismic resolution and time-to-depth conversion. Moreover,
other factors like gross thickness and fault mapping also play a
role. 

Several earlier studies of structural uncertainty were based
on unrealistic multiple “stationary” stochastic realizations and
seismic uncertainty analysis1-3. The main motivation in this 
article is to achieve a realistic uncertainty quantification of the
predicted depth of horizons in models utilized for drilling and
field development decisions. It is important to note that such
depth of horizons and thickness predictions are fundamental
for volumetrics estimates. Structural controls have a strong 
impact on hydrocarbon volume in-place estimates4, history
match compartmentalization5 and preferential flow6. In addi-
tion, structural uncertainty is paramount in the design of 
production strategies. 

Geological structures are seldom flat; consequently, they are
not suitable for predictions with “stationary” models. A theo-
retical alternative is the construction of nonstationary stochas-
tic structural models with geostatistics. Such an approach
requires generalized covariances7, which may not be pre-
dictable in newly discovered reservoirs, where the data sets are
composed of very few wells. One could argue that the uncer-
tainty assessment with geostatistical simulations based on 
parameters from “ordinary or universal kriging” may be accept-
able for gently flat structures where the local mean and covari-
ance for elevation do not vary much with location. 

Experience shows, however, that the full range of structural
uncertainty cannot be assessed effectively by using locally sta-
tionary or ad hoc drift models. Real folded structures require
stochastic nonstationary models and a thorough understanding
of complex structural modeling. As will become evident, the
long-term challenge is to produce multiple paleogeomechanical
numerical simulation realizations responding to partial 

Building a stochastic structural 3D geocellular model for a
reservoir in a new field is a challenge because of insufficient
well data. Structural heterogeneity due to folding, faulting
and/or associated erosional unconformities may not be com-
pletely captured by low resolution seismic and the limited well
data. This could lead to significant structural uncertainty.
Therefore, quantification of uncertainty by capturing structural
heterogeneity requires a comprehensive methodology incorpo-
rating seismic interpretation, well data and tectonic informa-
tion. Experimental discrepancies between predicted and
measured depths of horizons in newly drilled wells typically 
reveal strong drift, which requires a nonstationary model. The
physical way to create such a nonstationary model is by using
numerical paleogeomechanical deformation algorithms to re-
construct the folding phenomena, e.g., finite elements. Such a
proposition requires a thorough understanding of rock param-
eters and boundary conditions. Another plausible alternative is
to use nonstationary geostatistics, because this does not require
boundary conditions, or rock deformation parameters. Never-
theless, representing finite differences of order-K, which are 
required for geostatistical modeling, may be unachievable with
insufficient well data. After revisiting the theoretical aspects of
the problem, this article shows a fast approach to quantify the
structural uncertainty range for the modeled depth of horizons,
accounting for spatial drift. The approach is illustrated with an
example from a real clastic reservoir.

INTRODUCTION

Drilling new wells for field development requires, at least in
theory, exact models to predict the depth of target strati-
graphic horizons. Furthermore, field development optimization
must be based on an unbiased estimation of rock structural
properties, which can be used to assess hydrocarbon volumes,
stimulation practices and other development strategies. But 
realistic modeling of geological structures is difficult to achieve
with insufficient well data, and uncertainty at undrilled spatial
locations always poses a challenge to geoscientists. 

Subsurface geological models incorporate data from bore-
hole and seismic measurements. These data are sometimes 

Uncertainty Quantification of Top
Structures in 3D Geocellular Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models Models 

Authors: Radhey S. Bansal and Dr. José Antonio Vargas-Guzmán

20 FALL 2015   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

76752araD4R1.qxp_ASC026  8/24/15  10:50 AM  Page 1

creo




differential equations (PDEs). Such models must recreate his-
torical deformation in geological time and must match well
data. The problem is that paleogeomechanical regional models
require multiple realizations of finite element solutions, which
are computationally slow, and the numerical results may not
match measured well data.

Also, the initial and time-dependent boundary conditions
and body forces are unknown. To accelerate the computational
process, forward estimation can be used to predict stochastic
moments, or cumulants with extended stochastic Ito’s integra-
tion, for nonstationary structural models with boundary con-
ditions8. Nevertheless, any physical modeling requires detailed
characterization of heterogeneous rock deformation parameters,
which are extremely uncertain for newly discovered reservoirs. 

The level of uncertainty is expected to increase with the
reservoir’s structural complexity, i.e., superposed folding, fault-
ing and unconformities. Regardless of whether the structure is
simple or complex, though, practical experience shows that the
structural uncertainty of horizon depths is significant in reser-
voirs that are at an early stage of exploration and develop-
ment. Subsequently, it becomes imperative to assess structural
uncertainty to minimize the risk for further field development.
This study provides a discussion on the practical importance of
structural uncertainty quantification after revisiting the paleo-
geomechanical nonstationary modeling methodology. 

THEORETICAL PRINCIPLES REVISITED 

Paleogeomechanical Principles for Modeling

It has become standard to recall the biharmonic equation in
structural geology to describe the physical rock deformation
process. This is: 

(1)         

where the strain components are

,   and                       (2)

A realistic equation for describing the physical deformation
of rocks in geological time should resort to the famous Navier-
Stokes equations. For a derivation of the biharmonic equation
from the Navier-Stokes principles — in the structural geology
context — refer to Ramsay and Lisle (2000)9. Mathematical
analysis has investigated the consistency, uniqueness and regu-
larity of the Navier-Stokes equation solutions in 3D using
Galerkin schemes, and the results are still inconclusive. Fur-
thermore, note that in geological time, rock deformation 
behaves like a slow, rotational viscous flow. Therefore, the 
paleogeomechanical dynamic framework of 3D deformation
requires further exhaustive research into viscous flow.  

Assuming a steady-state deformation in a small time inter-
val and allowing for heterogeneous anisotropic parameters, 

(u ), a divergence equation is written here as:

(3)    

where -� (v) is the vorticity, which, following Ramsay and Lisle
(2000)9, can be related to the stream function as: 

(4)

The finite difference method to solve these second order
equations is well-known and so not repeated here. Computing
the vorticity cannot be avoided for realistic rotational defor-
mation. 

Another way to solve the deformation is by using finite ele-
ments models, and the Galerkin method is again well-known.
Using this method of weighting residuals, the governing PDE is
written with all terms at the left side and zero at the right side,
so that an error in the solution would yield a non-zero resid-
ual, R. For example, the strain is predictable from: 

(5)   

where ẽ is not satisfying the exact solution e to make R = 0.
The studied reservoir or region is divided into triangular ele-
ments defined with corner nodes, s = {i, j, k...}. Shape func-
tions, �s =

1—2A(as + bsx + csy), are defined for each node, s, as
{�i ,  �j , �k}, to provide weights to interpolate the response
variable, i.e., displacements along coordinates Uuv = (ui vi uj vj
uk vk) from nodes to locations (x,y) within the element. The
Galerkin method requires integrating the residual of Eqn. 5
weighted by shape functions on the element. As a result, a sys-
tem of equations is formulated with a vector of body forces, F,
at the right-hand side and solved to compute the unknown dis-
placements, U, of nodes, which is KU = F. The steps for imple-
menting the finite element method belong to numerical
geomechanics10.  

These methods may allow the reconstruction of folded
structures in reservoirs, but two main aspects that need to be
incorporated are:

• Conditioning to seismic data. This can be approached
with rock physics, which enables geoscientists to predict
the required heterogeneous geomechanical parameters
for rock elements, K. Nonetheless, the rock paleo-
parameters are completely unknown.

• Matching of horizon picks with well data. This last
condition should force paleogeomechanics to use inverse
solutions.  

Nonstationary Random Fields in Structural Geology

It is well-known that a spatial scalar uncertain attribute 
responds to a correlated random field. A random field is pro-
vided of dot products between pairwise variables, which are

,   and                       ,   and                       

�
9
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folded attitude of rocks. The paleogeomechanical analysis in
Eqns. 3 and 4 is more detailed, because it could involve the
nonlinear aspects of the deformation. The elevations of a sur-
face structure define a field, z(x, y), in 2D topology, where the
unit normal vector field, (p, q, r), and its derivatives at each lo-
cation define the complete structural field. The elevations and
normal vectors are known only at sampled or drilled locations.
The estimation of structures at undrilled locations requires a
stochastic vector random field model, z(x, y), made of multiple
realizations defined in the probability space.  

A critical question here is: If one has both “normal vectors”
and “elevation measurements” of strata at existing wells, then
what is the best way to assimilate such data with seismic meas-
urements to forecast the structural surface elevations at non-
drilled locations? One should perform such an integration
without abandoning the physical principles outlined in the pa-
leogeomechanical analysis of deformation. Experience shows
that elevation and its gradients require nonstationary models.
In this segment, it is worth mentioning that polynomial solu-
tions to Eqns. 3 and 4 require further exploration. The least-
squares regression offers trend surface analysis12-15 and
universal kriging16. Nevertheless, an interesting proposal is the
direct estimation of properties requiring a nonstationary model
by using generalized covariances and stationary increments of
order-K7. 

Such a proposal — to directly krige unbiased estimates for a
nonstationary field — was reported to be “esoteric”17. Al-
though our understanding of the intrinsic random functions of
order-K has gained some intuitive depth18, Matheron’s efforts to
apply his theory to a simple Darcian flow equation reportedly
have been unsuccessful19. Therefore, hydrology, hydrocarbon
flow modeling, numerical geomechanics and other analyses
handling partial derivatives still resort to classic numerical
methods, i.e., finite elements or finite differences, to solve PDEs,
rather than attempting to use the so-called esoteric approach.
Nonetheless, a forward kriging or similar machinery to predict
moments for nonstationary models, like the flow equations
with boundary conditions, is desirable for constructing nonsta-
tionary spatio-temporal models acknowledging PDE. Moreover,
if a structural surface responds to a quadratic 2D topology,
then the second order partial derivatives may respond to sta-
tionary models. This may be the case for slow viscous flow 
under small vorticity, and such could be the case as well for
gentle folding. Vargas-Guzmán (2013)8 proposed that if the
second order partial derivatives (or higher) respond to station-
ary fields, then they are predictable in terms of conditional 
cumulants or moments. Therefore, they can be stochastically
integrated to yield a stochastic surface with 2D topology and
valid L2(� ,¡,P). Nevertheless, an issue for reservoirs in early
stages of development, as formulated in this article, is the un-
certainty of heterogeneous stationary partial derivatives and
unknown elevation boundary conditions.  

represented as vectors of infinite components in the classic
Hilbert space, L2(� ,¡,P). Therefore, the dot products yield a
covariance. A collection of n attributes at a single location is
termed a vector random variable, one made of n component
random variables, or n cross-correlated vectors in Hilbert
space. Each spatial variable is defined in the probability space
(� ,¡,P), where P is a probability on the measurable sample
space and Borel sigma algebra, (� ,¡), as commonly used in
random field theory. Therefore, a response strain field from a
PDE, e.g., Eqn. 5, is made of strain tensor random variables, 
e (v, t), where v represents the vector of location coordinates
for each deformable element of invariant solid mass that is
moving and being deformed in geological time, t. This means
that e (x, y, z, t) or Eulerian transient observational windows
are used only at small time intervals. 

The present-day folded structures — at the subsurface —
are observable through seismic measurements and well meas-
urements, but the past geological deformations are no longer
measurable. Therefore, the collection of e (v, t), for moving
and deforming elements at numerous times in the past, con-
forms a spatio-temporal nonstationary tensor random field 
in Lagrangian coordinates. It is important to note that La-
grangian coordinates enable the historical reconstruction of
deformation by tracking marked or labeled rock material ele-
ments. Therefore, this type of deformable random field does
not require the Eulerian system of observation windows in a
time domain, as is commonly used in reservoir fluid dynamics.
The displacements in the time domain, i.e., time increments 
iterating Eqns. 3 and 4, are handled with Lagrangian element
position coordinates. In addition, the assumption is that the
paleo-strain, and consequently the paleo-stress tensors at each
location, can be diagonalized, reducing the tensor random field
modeling problem to a vector random field. The spectral 
decomposition of a tensor can yield a vector of principal com-
ponents. The approach is performed by the computation of
eigenvectors and yields the principal strains eg(u) = ET e (u) E,
using local eigenvectors, E. The resulting matrix, eg(u) is diag-
onal; therefore, it can be treated as a vector random field.  

Professional structural geologists are familiar with a simpli-
fied form of the above decomposition of principal directions at
multiple scales, as they traditionally plot the normal vectors in
stereonets and compute the principal components with E. For
example, measuring a rock’s dip, � , and strike (� + 900), with
a compass and clinometer is similar to measuring the local
principal directions in spherical coordinates at a location. The
normal vector to stratification has three direction cosines or
components: n(u) = (p = cos a , q = cos b , r = cos g )where a ,
b , g are the angles between a vector and each one of the Carte-
sian axes. Here, cos g  =  cos � . The other relations are cos a
= sin � cos � and sin a =  sin � sin � . Loudon (1964)11 pio-
neered the computation of regional average fold axes using
principal component analysis, computed from covariance ma-
trices for n(u). Such geometric analysis yields regional linear
strain axes from a simple initial flat condition to the current
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PRACTICAL APPROACH 

Uncertainty Quantification Accounting for Observed Drift

Consider a well drilled on the crest of an anticline in a new
field. This scenario is like knowing a signal at a crestal loca-
tion, xo. Furthermore, the well at xo is used to calibrate a time-
to-depth conversion and provide an initial estimate of the top
reservoir structure for geomodelers. Of relevance is that opera-
tion geologists subsequently will find mismatches between the
predicted structure and the true depth of other newly drilled
wells, Fig. 1. Such discrepancies are larger for wells drilled at a
distance from xo in the downdip direction than they are at the
same distance along the strike direction, i.e., spatial drift. Un-
certainty at the flanks is one of the greatest concerns because
delineation wells are usually left for drilling at a later stage of
the campaign. Therefore, the question is: How can such uncer-
tainty under spatial drift be correctly quantified?  

If a seismic surface is available in the time domain, then the
corresponding folded surface in depth is the product of the
seismic data and the background velocity field. In quantifying
the uncertainty with regard to the depth estimation, one may
choose to stochastically simulate this velocity field. This ap-
proach has been traditionally used in the past to develop 
uncertainty quantification workflows with multiple realiza-
tions in 3D geological models. Because the uncertainty for
structural elevation does not consider any uncertainty on the
time domain surface itself2, it is underestimated. For that rea-
son, the uncertainty associated with picking the seismic time
horizon should not be ignored because it may be significant,
especially if the seismic data quality is low, and if the applied
statics corrections are inaccurate. Therefore, the results of such
an approach to quantifying uncertainty under spatial drift
must be corrected to include the uncertainty of seismic pro-
cessing and horizon picks. 

As this article recognizes, the velocity model in simple situa-
tions could respond to stationary models, while the mismatches
or errors between the depth surfaces predicted by the seismic

and the measured picks from drilling show a strong downdip
drift. The uncertainty grows without bound with increasing
distance from the crest. Such an error drift had been observed
and experimentally tested in various fields. This is consistent
with the theory of stochastic integration, as previously men-
tioned. The insight here is that the range of uncertainty in
horizon depths or reservoir top structures is not independent
of location. Therefore, uncertainty analysis has to account for
the nonstationary drift from crest to flanks and for the in-
crease in the estimation variance from the existing wells to 
undrilled locations. 

This article suggests that the nonstationary model for a
folded structure should ideally be constructed using paleogeo-
mechanics. A related approach is to model drifting structural
surfaces using the concept of an integrated stationary field
from finite second order partial derivatives, with boundary
conditions8. To do this, one first has to perturbate the (partial)
second order derivatives from the seismic surface using collo-
cated stationary geostatistical modeling. Second, one integrates
the second order derivatives to get the (partial) first order de-
rivatives. Finally, the integration of the first order derivatives
yields multiple realizations of structural surfaces. Since the ac-
curate prediction of second order derivatives of elevation is
highly unreliable in fields with sparse well control, the second
order derivatives and their variograms should be taken from
the seismic surface. The variance of integrated surfaces could
be unconditional, unless one includes the wells as boundary
conditions. Note that the resulting uncertainty range from in-
tegrated surfaces is not bounded. Such a situation is analogous
to the traditional stochastic integration or Ito’s corrections.

A simpler alternative is to approximate a nonstationary de-
viation of fluctuations from the seismic data and from leave
out analysis. This approach can be applied to a field that is in
an early stage of development with fewer than 10 wells as fol-
lows: Let us assume that we have an elevation, z, measured at
geographic location points, x1, y1, in the plane distributed over
some region. Geometrically, the points, x2, y2, z, are in three
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dimensions. If there are no local variations, then the trend of
errors between the seismic surface and well markers mapped
with universal kriging may provide a smooth surface incorpo-
rating the effects of only large-scale variations; this may be
called a drift surface. But, if due to small-scale or local effects,
the errors predicted vary from one location to another, then
the reality is that we have numerous errors at unsampled loca-
tions, e1; e2;…; en , fluctuating all over the region. Therefore,
positive and negative error surfaces can be interpreted as con-
voluted combinations of a stochastic low frequency regional
drift and smaller scale high frequency variations. Therefore,
the resulting estimation variance should include the uncer-
tainty due to both drift and fluctuations. 

Case Study

The reservoir structure studied is a gentle anticline, Fig. 2,
plunging to the south, created by the inversion of a deep-
seated N-S fault20. The top of the reservoir is marked by a

prominent erosional unconformity. The reservoir is made up of
clastic sediments of Upper Carboniferous to Lower Permian
age deposited in continental environments. 

Huge variations in thickness can be observed from south to
north due to associated erosional unconformities, making it
difficult to accurately capture the structural heterogeneity, Fig.
3, especially the small fluctuations noted from seismic data
that are observable in the elevations.

Initially, the well control for time-to-depth conversion was
limited to eight wells widely spaced on the crest of the struc-
ture. Later, more than 40 wells were drilled on the same struc-
ture, which enhanced the velocity models, leading to improved
time-to-depth conversion and a reduced structural uncertainty
to a large extent. Furthermore, several faults, mostly subverti-
cal, were mapped using vertical seismic sections and seismic at-
tributes with vertical displacement varying from 10 ft to 100
ft. The limitations of deep seismic imaging, Fig. 4, and the rel-
atively heterogeneous rocks in the reservoirs, combined with
the complex subsurface environments, posed significant chal-
lenges to field development. 

In this case study, the impact of structural uncertainty is
largest on hydrocarbon volume-in-place computations, when
compared to other petrophysical properties. Depth shifts,
whether up or down, at the reservoir flanks are larger than at
the crest, which is the case for newly discovered fields where
reservoirs are penetrated by only a few wellbores. The free wa-
ter level in the reservoir is not clearly observable, and it may
stand at greater depths. Most importantly, new hydrocarbon
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resources frequently have been discovered when wells are
deepened. Therefore, the uncertainty could also include fluid
phase boundaries and compartmentalization.

Second order derivatives from a seismic surface can be per-
turbed and successive integrations can enable reconstructions
of multiple surfaces for a preliminary evaluation of the validity
of the observed drift, Fig. 5.

The uncertainty quantification starts by evaluating the dif-
ference in elevation measurements between predicted depths
from a time-to-depth converted seismic surface and true depth
values for eight wells. The range of uncertainty of the pre-
dicted surfaces is calibrated to real discrepancies found after
further drilling. Furthermore, discrepancies between predicted
surfaces and top reservoir picks at all reservoir development
stages, including in new drilled wells, show a drift when cross-
plotted against the distance from the crest or in error maps,
e.g., the 40+ wells shown in Fig. 6. This means that errors here
are not converging to a maximum value, as in stationary fields.
Instead, they appear limitless except for the boundary of the
field, and they are positive or negative with respect to the ini-
tial surface — base case — at each well location. The combina-
tion of an expert guided error trend map, Fig. 6a, and the
estimation variance map, Fig. 6b, yields final positive and neg-
ative error maps that can be used to define the approximate
range of uncertainty of structural elevation predictions for the
top reservoir horizon. As an example, Fig. 6c shows the posi-
tive error map for this reservoir. The approach gives zero un-
certainty at well locations and increased uncertainty away
from the wells.

This study produced high and low boundaries to delimit the
uncertainty envelope for the predicted elevation of the top
horizons in various scenarios of the reservoir structure. Note
the envelope extremes do not imply single realizations, but the
extremes at each location. As an example, Fig. 7 shows a sliced
section of an uncertainty envelope for the top reservoir hori-
zon. Note that the uncertainty vanishes at well locations. Fur-
thermore, discrepancies observed in new wells converge to
values within the successively predicted uncertainty envelopes.
Later, the envelope surfaces were used to evaluate the struc-
tural uncertainty impact of “extreme” upper and lower
bounds on the estimated hydrocarbon thickness in the 3D 
geocellular models. 

CONCLUSIONS

This article has recognized that mismatches between horizon
depths generated from seismic and actual drilling intersections
show strong spatial drift. Such drift is consistent with expected
unbounded estimated deviations for nonstationary integrated
stochastic models. The article also shows the importance of
making structural uncertainty assessments by considering spa-
tial drift and nonstationary models. In fact, uncertainty analy-
sis using nonstationary models should be used instead of
sensitivity analyses based on random simulations where the
uncertainty envelope is arbitrarily bounded with a constant
maximum and minimum elevation fluctuations. Therefore,
considering the uncertainty of seismic horizons picks, in addition
to velocity models for time-to-depth conversion, it is recom-
mended to account for all the drifting uncertainty in the system.
After a discussion of the factors that can enable integration of
horizon mapping uncertainty and velocity uncertainty together,
producing results that resemble the uncertainty quantification
from an integrated stochastic model, this structual uncertainty
concept was illustrated with practical examples for a real reser-
voir. Although the relative practical results are useful, the
quantitative calibration indicates the need to develop paleo-
geomechanical deformation models of folding and fracturing. 
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Fig. 5. Derivative and integrated maps: (a) perturbed second order, (b) first order,
and (c) integrated elevation.

Fig. 6. Uncertainty analysis for reservoir structure: (a) positive trend error surface
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combined positive trend error surface and estimation variance map.

Fig. 7. 3D view showing reservoir top structure uncertainty envelope and wells.
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ABSTRACT
INTRODUCTION

Setting a reservoir management strategy requires knowledge of
technology, familiarity with the business environment and the
best possible reservoir understanding. Reservoir geomechanics
has become a powerful tool to better understand a reservoir
when geophysics, sedimentology, petrophysics and other reser-
voir disciplines are not enough to explain the reservoir response
to different scenarios during its productive life.  

This article reports on the creation of a geomechanical model
for a mature field under peripheral water injection. In situ
stresses and rock elastic properties were derived from available
logs and lab test data to create the initial model. The model
was then validated by the stress polygon approach, and the ex-
pected faulting regime was constraint. The results obtained by
this model match the regional tendency and are aligned with
the observed main fracture corridors in the reservoir.

Historically, borehole problems during drilling operations
have been addressed by the use of geomechanical models. For
this particular case, notable for the lack of borehole stability
problems, a better understanding of factors contributing to
such stability has been gained. The rock reservoir is stiff
enough to carry the stress concentrations around the borehole
when drilled in any direction. The result is a low tendency to-
ward breakouts and no major problems with borehole collapse
or enlargement. 

Formulating a reservoir management plan involves assessing
drilling strategies and depletion effects. According to the ob-
tained results, wellbore spacing in terms of instability is not a
big issue in the field studied, due to the reservoir strength, and
proper spacing is also well understood in terms of drainage
area. Analysis of production-induced changes in the reservoir
rock after many years is essential for determining whether
withdrawing or injecting fluid from or to the reservoir, which
causes a change in the pore pressure, has created bigger frac-
ture channels or stabilized the reservoir in the far stress field.
In this work, the effects of the long period of continuous de-
pletion and the later water injection are illustrated utilizing the
Mohr-Coulomb failure criteria; the model suggests new pa-
rameters to take into account to better manage the reservoir,
which is currently under a pressure maintenance program. 

Geomechanics modeling therefore offers a wider under-

This work integrates sonic logs, image logs, lab tests, a leakoff
test, and production and injection data to build the basic geo-
mechanical model for a mature field under peripheral water in-
jection. In the modeling process, in situ stresses — orientation
and magnitude — were obtained and integrated from the
available information. Additionally, rock mechanical properties
derived from P-wave and S-wave velocities were calibrated with
the static properties derived from lab tests — specifically triax-
ial testing. Statistical analysis of the dynamic rock properties
allowed the construction of failure envelopes for reservoir in-
tervals with different strengths, using the Mohr-Coulomb failure
criteria, giving extra information about the stiffness variation
and anisotropy within the same reservoir rock. The model was
further validated by the stress polygon, and the expected fault-
ing regime was constraint, providing insight into the orienta-
tion of the main fractures. A wellbore stability analysis was
also done to check on breakout tendency and the best trajectory
for drilling new sidetracks and horizontal wells.  

For this particular field, the effects of many years of depletion
without pressure support and the subsequent impact of peripheral
water injection are better understood from the geomechanical
point of view. Changes in the effective stresses during pore
pressure drawdown show a stress path that could easily activate
natural fractures and that might have created bigger fracture
channels favoring the flow of reservoir fluids to the wellbore
after the power water injection was initiated. Water injection
seems to enhance the far field stress stability, but it might create
tensile fractures in the injector’s vicinity. In other words,
knowledge of the in situ stresses and their effects on a formation
while decreasing — through fluids depletion — or increasing
— through water injection — the pore pressure is of vital im-
portance in reservoir management. Stability analysis suggests a
formation stiff enough to be drilled in any direction at any in-
clination angle; this is a condition that favors well spacing, but
it should be handled with care to avoid fracture corridors.

The results of this work suggest that good reservoir man-
agement may require the geomechanics component to optimize
well performance and reservoir development.

Reservoir Geomechanics: An Important
Component to Better Understand
Reservoir Behavior 

Authors: Alfonso Varela-Pineda, Khaqan Khan, Dr. Saad M. Al-Mutairi and Dr. Ahmed H. Alhutheli 
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standing of reservoir performance, leading to better exploita-
tion and planning.

METHODOLOGY

A geomechanical reservoir model requires knowledge of the
following elements: The in situ stress state, i.e., its magnitudes
and orientations, the reservoir pressure and the rock strength
properties. (For our purposes, rock mechanical properties and
rock strength properties are equivalent terms.)

In Situ Stress State

The overburden stress, σov, magnitude is equivalent to the
weight of overlying fluids and rock. (For our purposes, over-
burden stress and vertical stress (Sv) are equivalent terms.) It
can be calculated by integrating the density of the materials
overlying the depth of interest as expressed by Eqn. 1: 

(1)

where g is the gravitational coefficient and Z corresponds to
depth. The best measurement of overburden is derived from
density logs. Integration of the density log results in a plot of
overburden vs. depth. This stress direction goes vertically
downwards from the surface to the depth of interest.

Minimum Horizontal Stress 

The minimum horizontal stress, σh, magnitude can be meas-
ured from a leakoff test or minifracs. In this type of test, fluid
is pumped into the wellbore to pressurize a short interval of
exposed rock until the rock fractures and the fracture is propa-
gated a short distance away from the wellbore. Orientation of
the σh is mainly obtained from wellbore breakouts identified
when an image log is run in a vertical well.

Maximum Horizontal Stress (σH)

Once independent measurements of σov and σh are available,
the maximum horizontal stress, σH, can be estimated from an-
alytical methods based on the breakout widths in vertical bore-
holes or from derived equations that relate σh and mechanical
properties. The σH orientation is perpendicular to the σh.

Reservoir Pressure

Reservoir pressure is the pressure at which the fluid contained
within the pore space of a rock is maintained at depth. In the
absence of any other processes, the pressure is equal to the
weight of the overlying fluid, in the same way that the total
vertical stress is equal to the weight of the overlying fluid and
rock. Processes that can reduce the reservoir pressure include
fluid shrinkage, rock dilation and reservoir depletion1.

Rock Strength Properties

Up to a certain level, most rocks obey the laws of linear elas-
ticity. In other words, for small changes the elements of the
stress and the resulting strains are linearly related. Depending
on the mode of the acting geological force and the type of geo-
logical media that the force is acting upon, three types of 
deformation can result. They correspond to three elastic prop-
erties2, 3, i.e., Young’s modulus (E), bulk modulus (K) and
shear modulus (G). These and Poisson’s ratio (u) are interre-
lated such that any one parameter can be expressed in terms of
two others. They can also be expressed in terms of acoustic
wave velocity and density4.

PROBLEM APPROACH

In Situ Stresses

As discussed earlier, the best measurement of σov is derived
from density logs, and integration of the density log results in
a plot of σov vs. depth. When converted to an equivalent den-
sity, σov can be displayed in psi/ft or other equivalent units.
This stress direction goes vertically downwards from surface to
the depth of interest. 

The σh magnitude can be measured from a leakoff test or
minifracs. Values from minifrac jobs performed in the area
suggest an estimated magnitude of ±0.7 psi/ft, which is in
agreement with similar jobs performed in other nearby fields.
The σh orientation is N 150°E (±7°), as derived from an image
log, Fig. 1.

Fig. 1. Breakouts from image log for determining σh orientation.
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based on empirical correlations calibrated with lab test results.
Extensive work has been done on plug samples of the reservoir
evaluated in this work, investigating acoustic and mechanical
properties at different triaxial test conditions6. In this case,
correlations of porosity with P-wave and S-wave velocities,
static and dynamic constants, and the angle of internal friction
have been generated. Some of the correlations are:

(6)

(7)

(8)

Figure 2 shows the log-derived unconfined compressive
strength (UCS) trends calibrated with lab test results of core
samples across the reservoir. The log-derived UCS trends
match the lab results whether the UCS magnitude increases or
decreases. The match is fairly good and trustable enough to be
expanded to other field areas through those wells with logged
P-wave and S-wave velocities. The log profiles and the core re-
sults also give an indication of the reservoir rock anisotropy;
therefore, some statistical analysis was needed to better de-
scribe and characterize the reservoir.

For a basin with little tectonic activity, the σh estimation re-
lies on computation of a linear elastic relationship or equiva-
lent one, as shown in Eqn. 2: 

(2)

The σH orientation in this field is N 60°E (±7°), based on
wellbore image logs and regional information about the stress
field.

The magnitude of the σH can be constrained based on elas-
tic properties, the pore pressure and the σh, as shown in Eqn.
3:

(3)  

The Reservoir/Pore Pressure

In this particular field, extensive pressure surveillance is done
through formation testers, permanent downhole measuring
systems and memory gauges run periodically in several wells.
Pore pressure data is available from those surveillance records.

Rock Strength Properties

Direct measurement of rock strength (or mechanical) proper-
ties is usually done by running a lab test on formation plugs.
The elastic nature of rocks means they permit wave propaga-
tion, so acoustic wave velocity through the rock can be related
to its elastic properties. This serves as the basis for rock me-
chanical property evaluation by acoustic logs. These log-de-
rived, dynamic rock properties, however, should be calibrated
to core-derived static properties (from the lab test) because the
static measurements more accurately represent the in situ reser-
voir mechanical properties5.

The waveforms recorded at the acoustic logging tool’s re-
ceivers are a composite of signals containing different energy
modes. The waveforms/velocities of primary interest for deter-
mining the reservoir elastic properties are compressional and
shear waveforms (P-waves and S-waves), along with their re-
spective velocities, Vp and Vs. In general, utilizing measure-
ments of the rock bulk density, ρb, the compressional wave
velocity, Vp, and the shear wave velocity, Vs, rock mechanical
properties can be estimated utilizing elastic wave theory in a
solid medium: 

(4)

(5)

where νd and Ed are the dynamic Poison’s ratio and Young’s
modulus, respectively.

Most of the rock mechanical properties for the model are
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Figure 3 shows the UCS histograms. Three intervals have
been identified, i.e., those with low, medium and high UCS,
shown in the figure with red, orange and blue colors, respec-
tively. Low UCS intervals can go up to 5,000 psi, medium UCS
up to 12,500 psi, and high UCS to more than 13,000 psi.
These three different rock strengths — low, medium and high
UCS — within the same reservoir were then overlaid in the log
profile, Fig. 4. Despite the high UCS values at certain depths,
64% of the reservoir in Well-A is a low UCS rock — low stiff-
ness — while an equivalent percentage, 66%, of low UCS rock
was obtained in Well-B. These categories/layers will be used
later in the discussion of failure criteria for production and 
injection analysis.

Similarly, the main elastic rock properties were generated
for Well-A and Well-B, and then extrapolated to other wells
across the field. Figure 5 illustrates the profiled elastic properties

in Well-A. In the first track, porosity is displayed since it is, in
addition to the P-wave and S-wave velocities, one of the corre-
lation factors. UCS, Young’s modulus (static and dynamic) and
Poisson’s ratio are on the subsequent tracks. 

All the information needed from the logs, lab tests and field
tests is available to generate the stress profiles in the field for
Well-A and Well-B, Fig. 6.

There is consistency in the general stress trend across the
field, as follows: σH > σov > σh, which indicates a strike-slip
faulting regime, Fig. 7. With the faulting regime defined and
the stress profiles completed, the σov, σH and σh were mapped.
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Fig. 3. Well-A (left) and Well-B (right) UCS histograms.

Fig. 4. Well-A (left) and Well-B (right) UCS variation.

Fig. 5. Rock elastic mechanical properties in Well-A.
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ANALYSIS AND RESULTS

Stress Polygon 

To further constrain the σH magnitude in the field, known val-
ues of the σh, UCS and tensile strength, To, were utilized to
produce an estimated range of σH.  
These calculations were made with the use of specialized

software. Figure 8 shows the results for the reservoir under
consideration. The UCS trend is represented by red lines, while
the tensile strength is represented by blue lines. The σh and σH
are plotted on the X and Y axes, respectively.
Output results shown in Fig. 8 suggest a σH range from 1.1

psi/ft to 1.21 psi/ft, consistent with the stress profiles previ-
ously calculated by a different method and displayed in the
previous section. Moreover, the regions for the different fault-
ing regimes indicate that the existing faulting regime in the
field is, as suggested earlier, strike-slip, where: σH > σov > σh.
The obtained results give confidence in the data utilized so

far and an impetus for the model’s future utilization.

Production and Injection

The field went through an initial depletion of many years with-
out any pressure support, causing a significant pressure drop.

Later on, peripheral power water injection began and the
reservoir pressure ramped up, shown by the blue line in Fig. 9. 
To illustrate the effects of pressure depletion on reservoir

strength and crack/natural fractures activation, the Mohr-
Coulomb failure criteria was utilized since all the elastic prop-
erties, stresses and reservoir pressure changes are known.
Figure 10 illustrates the reservoir status at the initial reservoir
pressure (point A in Fig. 9) for Well-A. 
In Fig. 10, the σov, σH and σh ranges are represented in the

three half-circles drawn, red, blue and orange, respectively.
There also are four envelope lines of different colors, related to
the different rock types defined by UCS, as previously dis-
cussed. The additional black dashed line is associated with
zero cohesion and represents preexisting cracks/natural frac-
tures. Once any of the half-circles curve above any of the enve-
lope lines identifying an instability region, it means rock/
formation failure. If they remain below the lines, it represents
the stable status of the reservoir rock under the existing condi-
tions of in situ stress and reservoir pressure. In this particular
case, the big circle is touching the black dashed line, meaning
natural preexisting fractures could be easily activated by a 
minor change in the in situ stress conditions. 
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Fig. 6. Stress profiles in Well-A (left) and Well-B (right).

Fig. 7. Strike-slip field faulting regime.

Fig. 8. Stress polygon approach, showing regions of reverse faulting (RF), strike-slip
(SS) and normal faulting (NF).

Fig. 9. Field static bottom-hole pressure trend.
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Once the reservoir experienced a pressure drop due to pro-
duction with no additional support (point B in Fig. 9), the nat-
ural fractures were activated, creating major fractures, and the
reservoir rock failed, Fig. 11. The failure reached the reservoir
rock with low UCS (red color), which we know constitutes at
least 60% of the entire rock interval. Once these types of frac-
tures are created, they cannot be repaired and will remain in
the reservoir.

When the peripheral water injection was initiated, the reser-
voir rock returned to the stable region, i.e., below the failure
envelope lines, Fig. 12. The injection should be maintained at
certain levels; otherwise the rock will be fractured in the well-
bore vicinity. 

Borehole Stability Analysis

Understanding of the impact of geological forces — in situ
stresses — and earth material properties — elastic properties

— on drilling practices is a key step to properly managing a
reservoir7. 

The impact of the in situ stresses, estimated elastic rock
properties and current reservoir pressure on different wellbore
trajectories in the field under study were evaluated utilizing
specialized software.

Figure 13 shows a graphical representation of typical bore-
hole parameters. Correspondence between the angles and ori-
entation definitions are as follows:

• AziBO: Breakout azimuth in horizontal plane measured
from the north.
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Fig. 10. Well-A (before production), where red is low, orange is medium and blue is
high UCS.

Fig. 11. Well-A (after depletion), where red is low, orange is medium and blue is
high UCS.

Fig. 12. Well-A (after injection), where red is low, orange is medium and blue is
high UCS.

Fig. 13. Graphical representation of borehole parameters.
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• posBO: Breakout position in borehole cross section
measured from the bottom side.

• DEVI: Deviation angle — measured from the vertical
axis.

• HAZI: Azimuth.

Figures 14 to 16 have three sections. Section A shows the
lower hemisphere projection of the selected well trajectory,
the geographical north and the relative positions of the princi-
pal stresses. A top view of the possible breakout orientation 
on a stereographic diagram is shown in section B; the esti-
mated breakout orientation is highlighted in blue. The stress 

concentration around the borehole is represented in the Mohr
diagram in section C. Blue ovals in all sections mark the break-
out events.

Figure 14 a represents a vertical borehole in the field. A pos-
sible breakout orientation of 155° is shown in Fig. 14b. The
stress representation in the Mohr diagram falls slightly above
the failure envelope — blue oval in Fig. 14c — indicating the
possibility of breakouts under the current in situ conditions of
stress and reservoir pressure. No massive or big breakouts are
expected, since the section above the failure envelope is not
too big, matching the observations previously seen in Fig. 1. 

If a horizontal well is drilled parallel to the σh, as shown in
Fig. 15a, the breakouts will tend to be formed at ±157° AziBO
and 180° posBO, Fig. 15b. The Mohr diagram, in turn, shows
the stress field just below the failure envelope, Fig. 15c, sug-
gesting a borehole free of breakouts.

Figure 16a depicts a horizontal borehole parallel to the σH.
This borehole could get breakouts at ±68° AziBO and 90°
posBO, Fig. 16b. Once again, as in the σh case, the stress field
falls just below the failure envelope in the Mohr diagram, Fig.
16c, indicating that breakouts might not appear. 

In none of the cases considered — vertical or horizontal
wells in the field — borehole collapse, borehole enlargement or
other major stability problems are anticipated. As previously
mentioned, only a minor breakout tendency appears in the ex-
ample of a vertical well. In other words, the reservoir is stiff
enough to be horizontally drilled in any direction. To avoid in-
tersecting major fracture corridors, the most appropriate direc-
tion to drill a horizontal well or to sidetrack a well is parallel
to the σH, i.e., N 60°E (±7°). This fact, in turn, favors the well
spacing and distribution across the field to obtain better reser-
voir drainage.
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Fig. 14. Stability in a vertical well: S1 = σH, S2 = σov, and S3 = σh.

Fig. 15. Stability in a horizontal well parallel to σh: S1 = σH, S2 = σov, and S3 = σh.

Fig. 16. Stability in a horizontal well parallel to σH: S1 = σH, S2 = σov, and S3 = σh.
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CONCLUSIONS

1. A basic geomechanical model for a mature field has been 
built utilizing the available data to integrate the following 
elements: in situ stresses, rock strength properties and reser-
voir pressure. 

2. The stress state in the field renders a strike-slip faulting 
regime, with the σH being the major one, i.e., σH > σov > σh.

3. The reservoir is stiff enough to be horizontally drilled in 
any direction. To avoid intersecting major fracture corridors,
the most appropriate direction to drill a horizontal well or 
sidetrack a well is parallel to the σH direction. Keeping this 
in mind, the well spacing and distribution will be better 
managed to achieve the best reservoir drainage.

4. Reservoir depletion for a long period activated natural frac-
tures, creating major fractures. Once new fractures are 
created by reservoir depletion, the phenomenon is irre-
versible, but it has been alleviated by the water injection.

5. The reservoir pressure should be maintained at the current 
level by the peripheral injection, but the σh magnitude 
should not be exceeded to avoid creation of new major 
fractures.
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ABSTRACT
INTRODUCTION

A tight gas reservoir has low permeability, usually below 0.1
millidarcy (md), and must be fractured to attain commercial
production. Treatments need to induce multiple hydraulic frac-
tures and achieve sufficient fracture half-length to sustain a
long-term production rate. In moderate permeability reser-
voirs, usually between 1 md and 3 md, vertical wells with
properly designed fracture treatments show enhanced well
rates as well. To maintain high fracture conductivity, large
proppant amounts are pumped, which requires high viscosity
fluids to create the fracture in the formation, propagate the
fracture and effectively transport the proppant. 

Post-stimulation fracture cleanup has always been a major
issue, since a fast and thorough cleanup ensures that the highest
potential of a well is achieved. Generally, the damage related
to fracturing treatments falls into two categories. Damage 
occurs inside the fracture where the gel is not properly broken
down, thereby reducing fracture conductivity. Damage also oc-
curs inside the formation due to the fluids that leakoff through
the fracture faces into the formation during the treatment,
causing water blockage, clay swelling, reverse capillary effects
and change of relative permeability1. The damage from frac-
turing treatments is aggravated by low reservoir pressure, low
temperature, insufficient fracture geometry, non-Darcy effects,
deterioration of proppants, fracture fluid viscosity, viscous fin-
gering and ineffective breaker. 

Al-Anazi et al. (2005)2 conducted extensive coreflood exper-
iments on carbonate and sandstone cores recovered from gas
reservoirs in Saudi Arabia to assess the loss in gas relative per-
meability caused by several fluids commonly used as completion
fluids. Experimental results showed that the used completion
fluids (brines, potassium chloride, alcoholic brines and diesel) led
to a severe reduction in gas productivity. The cleanup of these
fluids is a very slow process, as it is a function of capillary forces.
The solvents used were effective in displacing the completion fluids
studied, and consequently, restoring gas productivity. Mixing brine
with alcohol was found to expedite the cleanup of trapped liquids.

This article describes some of the damage mechanisms and
presents a few field cases of vertical wells drilled in moderate
permeability reservoirs to illustrate how the fracture fluid
properties affect both well cleanup and potential.

The full potential of a well cannot be ascertained if the in-
duced fracture is not cleaned up properly after a fracture treat-
ment, particularly in tight gas formations. This article makes
an in-depth evaluation of the impact of fracturing water intro-
duced during a hydraulic fracturing treatment that remains
trapped and unproduced within the proppant pack. This water
must be differentiated from the condensed water or the water
from the reservoir that subsequently may be produced. This 
article studies some of the main fracturing and reservoir char-
acteristics, and identifies variables that have a major impact in
reducing the proppant pack conductivity and slowing well 
production. The major variables studied and analyzed are the
fracture fluid and broken gel viscosity, the proppant material,
closure stress, fracture conductivity, reservoir pressure and for-
mation permeability. 

This article also presents an approach to evaluate different
fracture and reservoir variables, and correlate them to the
post-fracture sustained production rate. The study involved
two steps. First a sensitivity study was conducted with a full-
scale numerical simulator, using important reservoir properties
from a particular gas field in Saudi Arabia, along with the
characteristics of typical fluids and proppants pumped during
a multistage fracturing treatment in horizontal wells in a low
permeability sandstone reservoir. The second step consisted of
analyzing the actual post-frac water recovery, test gas rate and
long-term production performance of wells in the target gas
field. Comparisons were then drawn to establish the variables
that impact well productivity the most.

This article presents important plots to illustrate the flow
back behavior and well productivity under different fracturing
fluids scenarios, each taking practical steps to minimize frac-
ture damage, thereby maximizing well deliverability. It was
found that the factor impairing deliverability the most is the
unbroken gel viscosity. Early time production behavior is a
function of broken gel viscosity and therefore greater fracture
conductivity. With improved treatment scheduling, use of better
fluids and proppants, and the application of novel completion
methods, well performances have been significantly improved
in challenging, heterogeneous and low permeability reservoirs. 

Impact of Remaining Water in Hydraulic
Fractures on Well Productivity — Field
Examples from Saudi Arabian
Sandstone Reservoirs 
Authors: Dr. Zillur Rahim, Dr. Hamoud A. Al-Anazi, Adnan A. Al-Kanaan and J. Eduardo Pacheco
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FACTORS REDUCING FRACTURE CONDUCTIVITY

The fracture conductivity ratio, Cr, is given by the following
equation: 

(1)

where w is the fracture width, kf is the fracture conductivity, k
is the reservoir conductivity, and kf is the effective fracture
half-length. A high Cr value is required to maintain the im-
proved production rate after a fracture treatment.

The proppant pack conductivity for a given proppant is a
function of a number of parameters, such as proppant particle
size, proppant strength, proppant grain shape (roundness and
sphericity), embedment into the fracture faces, fracturing fluid
residue, fines migration, effective stress on proppant and fluid
flow effects — both non-Darcy and multiphase flow. Proppant
pack conductivity can be reduced by more than two orders of
magnitude when subject to the cumulative effect of the various
parameters3. In addition to the effects previously mentioned,
Fig. 1 shows that if the correct proppant and fluid combina-
tion is not used, then the proppant permeability can be re-
duced to as low as 5% of the original permeability3. When the
fracture treatments are optimized, however, meaning the fluids
and proppants are selected according to the reservoir proper-
ties, such as in situ stresses, formation temperature and deple-
tion pressure, and at the same time operational excellence is
maintained, then conductivity can be maintained at a reason-
able level and well intervention may not be necessary during
the production life of the well. Figure 2 presents two actual
cases where the conductivity was computed using actual well
rates, showing that in case of Well-A, the conductivity is sta-
ble, whereas for Well-B, the conductivity is actually increasing,
indicating gradual cleanup of the well4.

Formation of Filter Cake

Two major factors that can reduce fracture conductivity are
the fracture width and the proppant permeability. Fracture
width can be reduced by the filter cake that forms on the inside

of the fracture faces as leakoff fluids and gels are filtered out
by the formation. When these gels do not properly break, they
tend to stick to the inside faces of the created fracture, thereby
reducing the fracture aperture, or width, as well as providing a
lower permeability zone around the fracture. It has been found
that some of the borate-based polymer gels formed a gel
residue with a size larger than 0.22 µm, which can cause severe
damage to rock permeability. These residues result from the
only partial degradation of the polymer by the breaker5.  

Although the fluid that is pumped may have a gel concen-
tration of 35 lb-m/1,000 gal to 55 lb-m/1,000 gal, this concen-
tration is significantly increased at the fracture face, where the
leakoff fluids and the gel collect and become thicker, forming
filter cake. Based on the polymer concentration and fracture
geometry, the filter cake thickness can be calculated as follows6:

(2)

where hc is the thickness of the filter cake in ft, Lf is the frac-
ture half-length in ft, hnet is the net pay thickness in ft, f is the
proppant porosity, mp is the mass of polymer in the fracture
fluid in lb, and c is the polymer concentration in the filter cake
in lb/1,000 gal. As mp increases, the percentage of fracture
width occupied by the filter cake also increases, Fig. 3, thereby
reducing the production rate.

Fig. 1. Degradation of fracture conductivity due to different damage mechanisms.

Fig. 2. Measured fracture dimensionless conductivity from production data showing
stability and improvement — Saudi example.

Fig. 3. Filter cake thickness and loss of fracture width as a function of polymer mass.
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Non-Darcy Flow Effects 

The generalized equation for linear flow through porous media
is represented by the Forchheimer equation as follows:

(4)

where 
⊿P
—
L is the pressure gradient, µ is the fluid viscosity, ρ is

the fluid density, ν is the fluid velocity, and k is the permeabil-
ity of the porous medium; β is the internal flow resistance of
the non-Darcy factor. For low velocities, the second term in
Eqn. 4 becomes negligible and the flow regime is governed by
Darcy’s equation7.

Figure 9 presents the reduced proppant conductivity as a
function of reservoir permeability. In high permeability reser-
voirs, the non-Darcy effects can be drastic due to the higher
production rate. Figure 10 presents the production rates as
functions of both Darcy and non-Darcy flow. As the reservoir
gets tighter, the production rate slows, and therefore the differ-
ence in production due to different flow regimes becomes neg-
ligible. Figure 11 shows the reduction in gas production as a
function of reservoir permeability due to non-Darcy flow effects.

Proppant Crushing Effect 

Proppant crushing can occur due to the stress that the prop-
pant pack must undergo throughout the production life of a
well. This stress particularly increases over time due to pres-
sure depletion in the reservoir, caluclated as follows:

(3)

where σmin is the minimum horizontal in situ stress, ν is the
Poisson’s ratio, σz is the vertical stress component, P is the
reservoir pressure, and σext is the tectonic stress component.

Figure 4 shows the proppant permeability as a function of
closure stress. As the closure stress increases, the permeability de-
grades due to proppant crushing and embedment. Such degra-
dation has a direct consequence on well productivity, Fig. 5.

Leakoff Effect 

The amount of leakoff that occurs during pumping or after
fracturing treatment shut down depends on the fluid proper-
ties. Figure 6 shows the low and high leakoff cases, respec-
tively, and the invasion of fluids into the reservoir. The invaded
fluids cause the pore space to become smaller, Fig. 7, thereby
reducing the overall permeability. The invaded zone radius can
also increase if proper fluid loss mechanisms are not used, Fig. 8.

Fig. 4. Proppant permeability as a function of closure stress.

Fig. 5. Well performance with and without fracture damage.

Fig. 7. Reservoir rock after fracture treatment and cleanup, at ideal (left) and real
(right) conditions.

Fig. 8. Invaded zone after a fracture treatment.

Fig. 6. Low (above) and high (below) leakoff case showing water invasion
surrounding the induced fracture.
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FLOW BACK AND CLEANUP: CASE STUDIES

Historically a borate cross-linked guar with a high gel loading
has been used in the studied field. Due to its less than desired
results, other fracturing fluid systems were investigated.

Some properties of the fracture treatments used for the case
studies are provided in Table 1. In the case of the first two
wells, a non-damaging carboxymethyl hydroxypropyl guar
(CMHPG) polymer with a relatively low gel loading — 35
lb/1000 gal to 45 lb/1,000 gal — including a microemulsion
surfactant with excellent proppant transport capabilities was
pumped during the fracture treatments. The cleanup was fast,
and most of the fluids were recovered within the first three
weeks. This was not the case with the third well, where a hy-
droxypropyl guar (HPG) polymer with a borate crosslinker
and a higher gel loading — 55 lb/1,000 gal — was used. After
cleanup, a significant volume of fluid was left in the reservoir.
It is assumed that the fluid did not degrade as effectively as the
previous two treatments with the CMHPG polymer and lower
gel loadings. Numerical models were run to simulate and
match the injected fluid saturation both after pumping ended
and after several days of the cleanup period.

Fracture fluid cleanup is dependent on how quickly the
crosslinkers break and the gelling agents degrade within the
fracture after fracture closure occurs. The degradation period
depends mainly on the reservoir temperature and the types of
breakers that are pumped as part of the treatment. Among
these breakers, some are live and some are encapsulated so as
to act upon the fluid after fracture closure. Breakers are care-
fully selected to maintain fluid integrity while pumping —
when the fracture is created — so that proppants are trans-
ported and properly placed within the fracture. At the time
that fracture closure takes place, the breakers should quickly
react with the fluids to break them down into viscosities that
are negligible, Fig. 12.

Case 1 

An indirect fracture treatment was conducted to perforate the
interval above the actual reservoir. Such a strategy is followed
to avoid any direct contact with the fragile pay sand lest sand
production become a problem over time. Figure 13 shows the
reservoir development, with permeability and porosity profiles
indicated in red shades. The treatment was successfully
pumped, placing 293,000 lb of intermediate strength proppants

Fig. 10. Non-Darcy flow affecting gas rates.

Fig. 11. Non-Darcy flow effect as function of reservoir permeability.

Case Pump Rate
(bpm)

Proppant Stage
(ppg)

Total Proppant
(lb)

Total Fluids
(gal) Fluids

Case 1 35 0.5 – 9 293,000 83,000 Non-damaging CMHPG

Case 2 35 0.5 – 10 246,400 82,300 Non-damaging CMHPG

Case 3 35 0.5 – 10 325,000 108,000 Borate cross-linked HPG

T     Table 1. Fracturing properties

Fig. 9. Actual proppant permeability as functions of reservoir and production
characteristics.
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using CMHPG polymer fluids. The red curve in Fig. 14 shows
the return fluid volume during the cleanup period, and as can
be observed, most of the injected fluid was produced out of the
fractured formation within the first 22 days; by that time, the
fluid flow back rate had been reduced to almost zero. Figures
15 and 16 present the frac water saturation within the fracture
after pumping and cleanup, respectively. The saturation is high
at the end of pumping, but falls to a normal saturation level
toward the end of the cleanup periods. The achievement of the
high potential of the well is reflected in Fig. 17, illustrating
both stabilized gas rates and rising cumulative production.

Case 2

Similar to Case 1, the example here also shows a very efficient
cleanup and achievement of stable production in an even
shorter period of time. The well log, cleanup fluid volume and
rate, fluid saturation in the fracture and gas rates are illustrated
in Figs. 18 to 22. Table 1 presents the treatment parameters;
over 246,000 lb of proppant was pumped with a concentra-
tion reaching up to 10 ppg.

Fig. 15. Water saturation in the fracture at end of pumping.

Fig. 16. Water saturation in the fracture after 22 days of production.

Fig. 13. Indirect fracture in sandstone.

Fig. 14. Fluid flow back rate and volume.

Fig. 12. Break down of fluid viscosity as functions of time and temperature.
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Case 3 

In this example, illustrated in Fig. 23 and Table 1, a larger
amount of proppant was pumped — 325,000 lb — using a 
borate cross-linked guar fluid with a high gel loading. Even
though an adequate quantity of breakers was used, per the lab-
oratory tests, the gel apparently did not break quite as fast as
in the two previous examples. After more than 70 days, the

Fig. 17. Gas flow rate and cumulative gas during and after cleanup.

Fig. 18. Indirect fracture in sandstone.

Fig. 19. Fluid flow back rate and volume.

Fig. 20. Water saturation in the fracture at end of pumping.

Fig. 21. Water saturation in the fracture after 11 days of production.

Fig. 22. Gas flow rate and cumulative gas during and after cleanup.

Fig. 23. Direct fracture in sandstone.
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well was still cleaning up as indicated by the red curve in Fig.
24. The fracturing fluid saturation, Figs. 25 and 26, show the
remaining saturation is still high and that the well has yet to
fully clean up. The red curve in Fig. 27 shows the well rate 
increasing with production time, indicating that the well was

still cleaning up. That this well with its prolific reservoir could
not quickly clean up shows that the impact of unbroken gel
can be severe.

CONCLUSIONS

The proper choice of fracturing fluids is very important for the
success of hydraulic fracturing treatments. With the increase in
drilling and producing activities in tighter reservoirs, the asso-
ciated challenges in fracturing such wells and attaining com-
mercial flow rates can only be overcome through the use of
sophisticated stimulation techniques and completion systems.
The choice of fluids is an important factor and dictates how
high a retained permeability can be achieved in the fracture af-
ter the treatment is over and how quickly a well can be cleaned
up to attain a stabilized rate. Fluid selection is based on the
reservoir properties, such as pressure and temperature, on
proppant properties, such as mesh size and density, and on 
total treatment time.

The following conclusions can be drawn from the experi-
ences gained in fracturing high-pressure, high temperature
sandstone reservoirs in Saudi Arabia to exploit and commer-
cially produce nonassociated gas:

• Fracturing fluids must have the properties necessary to
initiate the fractures and create the desired geometry
fracture, they must be able to transport the proppant in
the fracture, and they must subsequently return to the
surface during the flow back period without disturbing
the proppant pack. To achieve that, the cross-linked gel
must be completely degraded after the fracture closes,
which requires the use of an appropriate breaker in the
right amount in the fracturing fluid.

• Use of low polymer-laden fluids that still meet the
fracturing fluid requirements helps in fast and efficient
cleanup of the well due to several factors — less gel
loading in the filter cake and less polymer to break
down.

• CMHPG-based fluids with gel loadings of 35 lb/1,000
gal and 45 lb/1,000 gal have shown good results as

Fig. 24. Fluid flow back rate and volume.

Fig. 25. Water saturation in the fracture at end of pumping.

Fig. 26. Water saturation in the fracture after 75 days of production.

Fig. 27. Gas flow rate and cumulative gas during cleanup.
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compared to borate cross-linked guar fluids with a
higher gel loading, 55 lb/1,000 gal.

• In moderate reservoirs, the wells are cleaned up in 2 to
3 weeks using good flow back practices, achieving a
high percentage of retained permeability and
conductivity.

• If the fracture does not properly clean up, the expected
well rate will not be achieved, particularly in low
permeability tight gas reservoirs.

ACKNOWLEDGMENTS 

The authors would like to thank the management of Saudi
Aramco for their support and permission to publish this article.

This article was presented at the SPE Western Regional
Meeting, Garden Grove, California, April 27-30, 2015.

REFERENCES

1. Holditch, S.A.: “Factors Affecting Water Blocking and Gas
Flow from Hydraulically Fractured Gas Wells,” Journal of
Petroleum Technology, Vol. 31, No. 12, 1979, pp. 1515-
1524.

2. Al-Anazi, H.A., Okasha, T.M., Haas, M.D., Ginest, N.H.
and Al-Faifi, M.G.: “Impact of Completion Fluids on
Productivity in Gas/Condensate Reservoirs,” SPE paper
94256, presented at the SPE Production and Operations
Symposium, Oklahoma City, Oklahoma, April 17-19, 2005.

3. Saldungaray, P. and Palisch, T.: “Hydraulic Fracture
Optimization in Unconventional Reservoirs,” SPE paper
151128, presented at the Middle East Unconventional Gas
Conference and Exhibition, Abu Dhabi, UAE, January 23-
25, 2012.

4. Rahim, Z., Al-Anazi, H.A., Al-Kanaan, A.A. and
Kayumov, R.: “Fracture Conductivity Calculation Using
Mass Balance, Modeling, and Well Performance Data in
Saudi Arabian Deep Gas Reservoirs,” IPTC paper 17922,
presented at the International Petroleum Technology
Conference, Kuala Lumpur, Malaysia, December 10-12,
2014.

5. Al-Anazi, H.A. and Nasr-El-Din, H.A.: “Optimization of
Borate-Based Gels Used for Wellbore Diversion during Well
Stimulation Case Studies,” SPE paper 39699, presented at
the SPE/DOE Improved Oil Recovery Symposium, Tulsa,
Oklahoma, April 19-22, 1998.

6. Wang, J., Holditch, S. and McVay, D.: “Modeling Fracture
Fluid Cleanup in Tight Gas Wells,” SPE paper 119624,
presented at the Hydraulic Fracturing Technology
Conference, The Woodlands, Texas, January 19-21, 2009.

7. Non-Darcy Flow Affecting Gas Rates, internal document,
Gas Reservoir Management Department, Saudi Aramco.

BIOGRAPHIES

Dr. Zillur Rahim is a Senior Petroleum
Engineering Consultant with Saudi
Aramco’s Gas Reservoir Management
Department (GRMD). He heads the
team responsible for stimulation
design, application and assessment for
conventional and tight gas reservoirs.

Rahim’s expertise includes well stimulation, pressure
transient test analysis, gas field development, planning,
production enhancement and reservoir management. He
initiated and championed several new technologies in well
completions and hydraulic fracturing for Saudi Arabia’s
nonassociated gas reservoirs.

Prior to joining Saudi Aramco, Rahim worked as a
Senior Reservoir Engineer with Holditch & Associates,
Inc., and later with Schlumberger Reservoir Technologies in
College Station, TX, where he consulted on reservoir
engineering, well stimulation, reservoir simulation,
production forecasting, well testing and tight gas
qualification for national and international companies.
Rahim is an instructor who teaches petroleum engineering
industry courses, and he has trained engineers from the
U.S. and overseas. He developed analytical and numerical
models to history match and forecast production and
pressure behavior in gas reservoirs. Rahim also developed
3D hydraulic fracture propagation and proppant transport
simulators, and numerical models to compute acid
reaction, penetration, proppant transport and placement,
and fracture conductivity for matrix acid, acid fracturing
and proppant fracturing treatments. He has authored more
than 90 technical papers for local/international Society of
Petroleum Engineers (SPE) conferences and numerous in-
house technical documents. Rahim is a member of SPE and
a technical editor for SPE’s Journal of Petroleum Science
and Technology (JPSE) and Journal of Petroleum
Technology (JPT). He is a registered Professional Engineer
in the State of Texas, and a mentor for Saudi Aramco’s
Technologist Development Program (TDP). Rahim teaches
the “Advanced Reservoir Stimulation and Hydraulic
Fracturing” course offered by the Upstream Professional
Development Center (UPDC) of Saudi Aramco. 

He is a member of GRMD’s technical committee
responsible for the assessment, approval and application of
new technologies, and he heads the in-house service
company engineering team on the application of best-in-
class stimulation and completion practices for improved
gas recovery.

Rahim has received numerous in-house professional
awards. As an active member of the SPE, he has
participated as co-chair, session chair, technical committee
member, discussion leader and workshop coordinator in
various SPE international events.

Rahim received his B.S. degree from the Institut
Algérien du Pétrole, Boumerdes, Algeria, and his M.S. and
Ph.D. degrees from Texas A&M University, College
Station, TX, all in Petroleum Engineering.  

Rahim’s expertise includes well stimulation, pressure

44 FALL 2015   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

76752araD6R1.qxp_ASC026  8/22/15  8:48 PM  Page 8



Adnan has 20 years of diversified experience in oil and
gas reservoir management, full field development, reserves
assessment, production engineering, mentoring of young
professionals and effective management of large groups of
professionals. He is a key player in promoting and guiding
the Kingdom’s unconventional gas program. Adnan also
initiated and oversees the Tight Gas Technical Team to
assess and produce the Kingdom’s vast and challenging
tight gas reserves in the most economical way.

Prior to the inception of GRMD, he was the General
Supervisor for the Gas Reservoir Management Division
under the Southern Reservoir Management Department for
3 years, heading one of the most challenging programs in
optimizing and managing nonassociated gas fields in Saudi
Aramco.

Adnan started his career at the Saudi Shell Petro-
chemical Company as a Senior Process Engineer. He then
joined Saudi Aramco in 1997 and was an integral part of
the technical team responsible for the on-time initiation of
the two major Hawiyah and Haradh gas plants that
currently process more than 6 billion standard cubic feet
(bscf) of gas per day. Adnan also directly managed Karan
and Wasit fields — two major offshore gas increment
projects — with an expected total production capacity of 5
bscf of gas per day, in addition to the new Fadhili gas plant
with 2.5 bscf per day processing capacity.

He actively participates in the Society of Petroleum
Engineers (SPE) forums and conferences, and has been a
keynote speaker and panelist for many such programs.
Adnan’s areas of interest include reservoir engineering, well
test analysis, simulation modeling, reservoir charac-
terization, hydraulic fracturing, reservoir development
planning and reservoir management.

In 2013, he chaired the International Petroleum
Technical Conference, Beijing, China, and in 2014, Adnan
was a keynote speaker and technical committee member at
the World Petroleum Congress, Moscow, Russia. In 2015,
he served as Technical Conference Chairman and Executive
member at the Middle East Oil Show, Bahrain.

Adnan received the international 2014 Manager of the
Year award conferred by Oil and Gas Middle East and is
the recipient of the 2015 SPE Regional Award.

He has published more than 40 technical papers on
reservoir engineering and hydraulic fracturing.

Adnan received his B.S. degree in Chemical Engineering
from King Fahd University of Petroleum and Minerals
(KFUPM), Dhahran, Saudi Arabia.

Dr. Hamoud A. Al-Anazi is the
General Supervisor of the North
Ghawar Gas Reservoir Management
Division in the Gas Reservoir
Management Department (GRMD).
He oversees all work related to the
development and management of huge

gas fields like Ain-Dar, Shedgum and ‘Uthmaniyah.
Hamoud also heads the technical committee that is
responsible for all new technology assessments and
approvals for GRMD. He joined Saudi Aramco in 1994 as
a Research Scientist in the Research & Development Center
and moved to the Exploration and Petroleum Engineering
Center – Advanced Research Center (EXPEC ARC) in
2006. After completing a one-year assignment with the
Southern Area Reservoir Management Department,
Hamoud joined the GRMD and was assigned to supervise
the SDGM/UTMN Unit and more recently the HWYH
Unit. With his team, he successfully implemented the
deepening strategy of key wells that resulted in the new
discovery of the Unayzah reservoir in UTMN field and the
addition of Jauf gas reserves in HWYH field. Hamoud was
awarded a patent application published by the U.S. Patent
and Trademark Office on September 26, 2013.

Hamoud’s areas of interest include studies of formation
damage, stimulation and fracturing, fluid flow in porous
media and gas condensate reservoirs. He has published
more than 60 technical papers at local/international
conferences and in refereed journals. Hamoud is an active
member of the Society of Petroleum Engineers (SPE), where
he serves on several committees for SPE technical
conferences. He is also teaching courses at King Fahd
University of Petroleum and Minerals (KFUPM), Dhahran,
Saudi Arabia, as part of the Part-time Teaching Program.

In 1994, Hamoud received his B.S. degree in Chemical
Engineering from KFUPM, and in 1999 and 2003, he
received his M.S. and Ph.D. degrees, respectively, in
Petroleum Engineering, both from the University of Texas
at Austin, Austin, TX. 

Adnan A. Al-Kanaan is the Manager
of the Gas Reservoir Management
Department (GRMD), where he
oversees three gas reservoir
management divisions. Reporting to
the Chief Petroleum Engineer, Adnan
is directly responsible for making

strategic decisions to enhance and sustain gas delivery to
the Kingdom to meet its ever increasing energy demand. He
oversees the operating and business plans of GRMD, new
technologies and initiatives, unconventional gas
development programs, and the overall work, planning and
decisions made by his more than 120 engineers and
technologists. 

strategic decisions to enhance and sustain gas delivery to

gas fields like Ain-Dar, Shedgum and ‘Uthmaniyah.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   FALL 2015        45

76752araD6R1.qxp_ASC026  8/22/15  8:48 PM  Page 9



J. Eduardo Pacheco is a Petroleum
Engineer Specialist and Consultant for
gas and oil well evaluation and
productivity improvement at
Halliburton. Located in Saudi Arabia,
he works on the Middle East Technical
Solution Team as a Reservoir and

Production Engineer. With 35 years of experience in the oil
and gas industry, Eduardo has worked in a variety of
positions, including teaching at the Petroleum University in
Mexico. He has worked on numerous projects for well
testing and productivity evaluation, in both onshore and
offshore fields, with major oil and gas operators. Eduardo
successfully led the development and implementation of
productivity increase strategies while working with
Landmark. He also successfully led a number of significant
project implementations as a consultant for major clients in
Latin America, such as PDVSA, Ecopetrol, Petrobras and
Pemex.
Eduardo has recently been focusing on the development

and implementation of a strategy for testing oil and gas
wells to enhance production by applying stimulation, sand
control, conformance and hydraulic fracturing.
He received his B.S. degree from the Universidad

Nacional de Cuyo, Mendoza, Argentina, and a M.S. degree
from the University of Oklahoma, Oklahoma City, OK,
both in Petroleum Engineering.

J. Eduardo Pacheco

Production Engineer. With 35 years of experience in the oil

46 FALL 2015   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

76752araD6R1.qxp_ASC026  8/22/15  8:49 PM  Page 10



ABSTRACT
development scheme. The constraint of using only recovery
factors is that we cannot distinguish between fingering — aris-
ing due to contrasts in mobility — and channeling — arising
due to contrasts in permeability. The traditional definition of
Ev also sums the effects of fingering and channeling. It does
this by defining the displacement efficiency, Ed, as constant
with time. 

(1)

To show how this traditional definition of Ev disallows the
quantitative attribution of poor sweep to either channeling or
fingering, Fig. 1 presents sweep efficiency for a 5-spot pattern.
This conventional result is included in almost every single 
waterflooding or enhanced oil recovery (EOR) textbook to
demonstrate the impairment of sweep at adverse mobility ra-
tios2-4. From such a plot, we might conclude that lowering mo-
bility is the obvious option to enhance the recovery. This is
very correct if fingering is the main reason behind this poor
sweep. If channeling — the bypassing of oil pockets due to
both well locations and formation heterogeneities — is the
main factor, then improved drainage/well placement or confor-
mance control might provide better outcomes. By looking at
just the recovery factor or even the volumetric sweep effi-
ciency, this distinction cannot be made. Similarly, after the ap-
plication of an EOR process, the incremental recovery cannot
be quantitatively associated with the reduction of one or the
other of those effects. Consequently, to determine if fingering
or channeling is the problem, we rely on visualization of satu-
ration profiles that is both subjective and elusive, especially for
complex models. 
In this work, we demonstrate the decomposition of those

two effects and its utility in assessing water and EOR floods.
We first reexamine the definitions of sweep efficiency and re-
define recovery factors in a way that decouples channeling and
fingering effects into separate sweep indicators. We then vali-
date those redefined sweep indicators by examining a 5-spot
waterflood and two idealized polymer flooding cases, those
where predictions match expectations. Later, through exam-
ples, we demonstrate the possible utility of those redefined
sweep indicators.

The traditional definition of volumetric sweep efficiency, Ev,
sums the effects of both fingering — arising due to contrasts in
mobility — and channeling — arising due to contrasts in per-
meability. Without a clear distinction of the two effects, we
cannot quantitatively attribute poor sweep to either channeling
or fingering. Similarly, in enhanced oil recovery (EOR), the in-
cremental recovery cannot be quantitatively associated with
the reduction of one or the other of those effects. For such pur-
poses, we rely on a visualization of saturation profiles that is
both subjective and elusive, especially for complex models. 
In this article, we demonstrate the decomposition of those

two effects and its utility in assessing EOR processes. We first
redefine recovery factors in a way that decouples channeling
and fingering effects. We then validate those redefined sweep
indicators by examining a 5-spot waterflood and two idealized
polymer floods. Later, we demonstrate the possible utility of
those redefined sweep indicators with different examples. In
one example, we compare the performance of a shear thinning
polymer to a Newtonian polymer that is recovery equivalent.
By looking at the fingering and channeling sweep indicators
for each, we can immediately conclude that the shear thinning
polymer exacerbates channeling. We recommend the adoption
of our redefined sweep indicators in any simulation suite. They
provide both instant assessment and better understanding of
sweep, and can be used for making more informed decisions.

INTRODUCTION

Traditionally, volumetric sweep efficiency, Ev, has been decom-
posed into vertical and areal sweep efficiencies1-3. Before the
advent of modern reservoir simulation, such decomposition was
useful. Its power lies in obtaining crude estimates of recovery
factors2 with knowledge of: (1) well placement, therefore, an
estimate of areal sweep, and (2) vertical heterogeneities or lay-
ering, therefore, an estimate of vertical sweep. As reservoir
simulation developed, however, those vertical and areal sweep
efficiencies proved of limited value in interpreting simulation
results.  
Today, we are still limited to recovery factors as the main

and most straightforward performance indicator for a given

The Decomposition of Volumetric
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EOR Simulations 
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CHANNELING AND FINGERING INDICATORS: 
DERIVATION

We begin by dividing the reservoir into three sections: fully
swept, Vfs, partially swept, Vps, and bypassed, Vbp, such that
Vfs is the pore volume (PV) in which Sw > 1 - Sor - ε; Vps is the
PV in which 1 - Sor - ε < Sw < Swi + ε ; and Vbp is the PV in
which Sw < Swi + ε , where ε represents a very small water satu-
ration to account for numerical artefacts. In this work we as-
sume an ε of 0.001.
Then the recovery factor can be written as:

(2)

or rewritten in terms of the bypassed region as:

(3)

where * indicates average conditions in the Vps region. We
then define the difference in the Ed between the Vfs and the Vps

region as:

(4)

By combining Eqns. 3 and 4, the recovery factor becomes: 

(5)

This way, we clearly see that the recovery factor is ultimate
recovery, or Ed, with less sweep impairment due to fingering
and channeling: 

(6)

(7)

In other words, Fi represents the oil volumes that are over-
ridden in partially swept regions of a reservoir, while Ch
represents the oil volumes that are completely bypassed in 
untouched regions of the reservoir. 
Similarly, the incremental recovery due to polymer flooding

at a given PV can be quantitatively attributed to the reduction
of fingering and channeling as follows: 

(8)

The incorporation of those fingering and channeling indica-
tors, Eqns. 6 and 7, in any reservoir simulator suite is straight-
forward. Although this presentation assumes an ideal case
with identical cells, constant porosity and a single rock type —
and therefore a single residual oil value — in a simulator those
equations can still be applied on a cell-by-cell basis and later
summed up for cases where any or all of the above assump-
tions do not hold.

CHANNELING AND FINGERING INDICATORS: 
QUALITATIVE VALIDATION

We first test the validity of the redefined sweep indicators by
examining predictions for a 5-spot waterflood and two ideal-
ized polymer floods. 

Five-spot Waterflooding Heterogeneous Models

A 5-spot waterflood is simulated in various 2D 100 × 100 × 1
models. The permeability realizations are generated using the
moving average method5. The method has been modified to
have means and standard deviations that are functions of the
correlation length. This is done to preserve a significant het-
erogeneity contrast with an increasing correlation length while
maintaining an approximately similar mean permeability. Sta-
tistical measures of the generated realizations are summarized

Fig. 1. Volumetric sweep efficiency as a function of mobility ratio at breakthrough (blue), 50% water cut (red), and 0.6 pore volume (green) for homogeneous (left) and
heterogeneous (right) reservoirs.
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in Fig. 26. Examples of the permeability fields are shown in
Fig. 3. For the simulation, we pick realizations generated using
correlation lengths (R) of 20, 40, 60, 80 and 100. We also sim-
ulate a homogeneous field and assign it an R value of 1 while
plotting the simulation results. In those simulations, the oil
and water viscosities are assumed to be 5 mPa.s and 0.5 mPa.s,
respectively. We also assume Corey-type relative permeabilities
with residual saturations of 0.2 and permeability endpoints of
1 and 0.5 for oil and water, respectively. 
The main purpose of those runs is to validate the accuracy of

the channeling and fingering estimates. This is done by plotting
recovery factors as well as channeling and fingering indicators
to validate that they do uphold Eqn. 8. In other words, esti-
mates of recovery factor, fingering and channeling should
amount to the ultimate possible recovery, which is 75% in
those cases. This is clearly the case, as is demonstrated in Fig. 4.

Co-linear Polymer Flooding

We next test the capability of the introduced performance indi-
cators to associate the performance of a polymer flood, i.e., 
incremental recovery, to the reduction of channeling and/or
fingering. Two idealized cases serve as qualitative checks on

Fig. 2. Statistical measures of the generated permeability realizations; from top: (1)
minimum and maximum permeability, (2) variance and covariance, (3) Dykstra-
Parson and Lorenz coefficients calculated with both a knowledge of both the
underlying log normal permeability statistics and permeability percentiles6, and 
(4) average permeability.

Fig. 3. Permeability fields generated using correlation lengths of 20 (left), 60 (middle) and 80 (right). Note the difference in scale; for a lower correlation length the spatial
variation in a permeability field might appear more pronounced than is the actual case.
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the success of the suggested indicators. Both models are 100 ×
1 × 100; one is homogeneous and the other is layered.

In the homogeneous case, since it is flooded linearly, there
are no tendencies to bypass oil via channeling. As a result, the
improvement in recovery should be solely due to the reduction
of fingering. From this perspective, the predicted sweep indica-
tors, Fig. 5 (left), match expectations. Note also that Eqn. 8 is
satisfied; the incremental recovery is attributed to channeling
and fingering reductions, i.e., they sum up to zero. 

The second case, a layered, coarsening downward model,
encourages channeling. In this case, the recovery improvement is
shown as due to the reduction in both fingering and channeling,
Fig. 5 (right), though in the early flooding stages, the improve-
ment is mainly due to the reduction of channeling. Here, too,
Eqn. 8 is satisfied; the incremental recovery is attributed to
channeling and fingering reductions, i.e., they sum up to zero.

CHANNELING AND FINGERING INDICATORS: UTILITY

In this section, we try to demonstrate through examples the
additional insight that the newly introduced channeling and
finger indicators can offer in the analysis of simulation results.
We basically attempt to build a case for the utility of those ad-
ditional indicators and for their inclusion alongside the recov-
ery factor in any reservoir simulation — especially since the
additional computational cost is minute.

Quick Identification of Infill Potential

Let us assume that a 5-spot waterflood has been conducted until
reaching a water cut of 50%, at which point further options
are considered. This is similar to the case previously described.
Figure 6 presents the performance indicators for the 5-spot wa-
terflood in different permeability realizations. In one of those
realizations (R60), channeling (shown in blue) is significant
and comparable to fingering (shown in black). Therefore,

without recourse to saturation profiles, we can immediately
suggest that this case might benefit from infill wells as much as
from a polymer flood. In other words, based on the channeling
indicator, we expect larger pockets of virgin untouched oil to
be present and that these pockets can be targeted with infill
wells. This is confirmed by plotting saturation profiles, Fig. 7.

Fig. 5. Performance indicators in reference to waterflooding — incremental recovery (black), channeling reduction (red) and fingering reduction (blue) — for co-linearly
polymer flooding a homogenous reservoir (left) and a layered reservoir (right). In the homogenous case, polymer flooding improves recovery only through fingering
reduction, while in the heterogeneous case, recovery improvement is due to a combined channeling and fingering reductions.

Fig. 6. Performance indicators — recovery factor (red), channeling (blue) and
fingering (black) — for different permeability realizations (left) and their stacking
(right) at 50% water cut in a simulated 5-spot waterflood. The flood in this case
has mobility factor of 5.

Fig. 7. Saturations at 50% water cut for waterflood realizations R60 (left) and
R80 (right).
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Clearer Distinction between Underlying Heterogeneities

In an effort to quantify the impact of spatial permeability 
uncertainty on simulation predictions, we often use hetero-
geneity measures to rank different permeability realizations
based on their expected recovery performance, without recourse
to simulation7. The performance of such a heterogeneity meas-
ure or its correlation with recovery is often poor. A common
explanation for this poor performance is that spatial variation
in permeability is more complex than a single number can con-
vey. It is also possible, however, that recovery is not the suit-
able performance indicator to be correlated with heterogeneity
measures. A channeling indicator, as defined in this work,
might offer a better parameter to evaluate heterogeneity meas-
ures and to rank permeability realizations. To demonstrate this
possibility, we return to the 5-spot waterflood previously de-
fined. Here, we further model different oil viscosities ranging
from 0.2 mPa.s to 50 mPa.s. Figure 8 plots the simulation 
results in terms of recovery and channeling. Compared to the
recovery factor, the channeling indicator offers a better distinc-
tion between the various permeability realizations.

Instant Resolution of Subtle Differences in Saturations

In earlier work, we demonstrated the possible impairment in
sweep efficiency due to polymer shear thinning behavior. For
the studied simulation cases, we showed that a shear thinning
polymer had a recovery performance equivalent to a Newtonian
polymer of a much lower viscosity8. In lieu of earlier theory
and results9, we argued that the performances of the two re-
covery equivalent polymers differed in detail. Compared to the
Newtonian polymer, the shear thinning polymer resulted in
more channeling. The only recourse then for making such a
distinction was the scrutiny of saturation profiles across the
different layers of the model, which was both subjective and
elusive. 

In this section, we reinvestigate the 3D polymer flooding
case described in Al-Sofi and Blunt (2010)8; but here we use a
vertically finer representation of the SPE-10 model10. The
model has been discretized into 20 × 55 × 85 cells with a per-
meability field, Fig. 9. Figure 10 plots the production perform-
ance for the shear thinning polymer compared with that of the
Newtonian polymer; a 4 mPa.s is a recovery equivalent poly-
mer. Using the channeling and fingering indicators, we can 
immediately conclude that although the two polymers are re-
covery equivalent, in detail their performances differ. The
shear thinning polymer yields higher channeling but less finger-
ing. We can reach a similar conclusion by scrutiny of satura-
tion profiles in or across the different layers, Fig. 11, but that
scrutiny is a much more elusive and subjective gauge than a di-
rect channeling indicator. Evidence of the wide recognition of the
elusive nature of interpreting saturation maps is the work by
industry to incorporate novel interfaces for 3D visualization11.

Fig. 8. Recovery (left) and channeling (right) at 50% water cut for different permeability realizations in a simulated 5-spot waterflood: homogeneous (black) and 
geostatistically generated with correlation lengths of 100, 80, 60, 40 and 20 (red, magenta, green, cyan and blue, respectively).

Fig. 9. The permeability field for model SPE10 with 22 × 50 × 85 cells. The
values of permeability are shown in mD.
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CONCLUSIONS

The traditional definition of Ev sums the effects of both finger-
ing — arising due to contrasts in mobility — and channeling
— arising due to contrasts in permeability. Using this tradi-
tional definition of Ev, we cannot quantitatively attribute poor
sweep to either channeling or fingering. Similarly, in EOR, the
incremental recovery cannot be quantitatively associated with
the reduction of one or the other of those effects. Conse-
quently, for such purposes, we have relied on visualization of
saturation profiles that are both subjective and elusive, espe-
cially for complex models. 

In this work, we demonstrated the decomposition of those

two effects. We first redefined recovery factors in a way that
decoupled channeling and fingering effects into sweep indica-
tors for each. We then validated those redefined sweep indica-
tors by examining a 5-spot waterflood and two idealized
polymer floods, ones where predictions match expectations.
Later, we demonstrated the utility of those redefined sweep in-
dicators through different examples. The first example illus-
trated the usefulness of identifying channeling as the main
factor in an inefficient sweep since it serves as a quick indica-
tor of the presence of bypassed oil pockets. The second exam-
ple suggested that channeling indications might correlate better
with heterogeneity measures than recovery factors. Finally, in
the last example, we revisited some of our previous results in

Fig. 10. Performance indicators — oil production rate and cumulative production (left) and channeling and fingering indicators (right) — for secondary Newtonian (2, 4
and 6 mPa.s) and 9.1 mPa.s shear-thinning polymer floods.

Fig. 11. Saturation profiles for two observation wells at Day 1, 600 for the 4 mPa.s Newtonian and 9.1 mPa.s shear-thinning polymer floods. Although the two polymers
are recovery equivalent, their performance differs in details. Observation Well-1 clearly shows significant areas where the shear-thinning polymer exhibits worse sweep,
while observation Well-2 shows good correspondence in general with small sections (16 m to 20 m) where the shear-thinning flood exhibits better sweep.
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which we argued, based on saturation profiles, that a shear
thinning polymer exacerbated channeling compared to a re-
covery equivalent Newtonian polymer. Using fingering and
channeling sweep indicators, we now can immediately reach a
similar conclusion. 

We recommend the adoption of our redefined sweep indica-
tors in any simulation suite. They provide both instant assess-
ment and better understanding of sweep, and therefore help in
making decisions that are more informed.
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ABSTRACT
explores other initiatives as well — both operational and labo-
ratory — where innovation can further reduce corrosion rates.

INTRODUCTION

A major gas producing reservoir in the Arabian Peninsula is
the Carbonate-K. The Carbonate-K reservoir is classified as a
heterogeneous reservoir that consists of dolomite and lime-
stone with moderate to low permeability and high formation
bottom-hole temperature (BHT), Fig. 1. With temperatures
ranging between 260 °F and 320 °F, the Carbonate-K reservoir
contains close to 10% mole hydrogen sulfide (H2S) and over
3% mole carbon dioxide (CO2), Table 1. The ratio of pro-
duced water to gas is between 1.5 bbl/million standard cubic ft
(MMscf) and 2 bbl/MMscf, while the ratio of condensate to
gas is between 30 bbl/MMscf and 50 bbl/MMscf1.
During the early days of the Carbonate-K reservoir develop-

ment, the more prolific layers were targeted with vertical stim-
ulated wells that could deliver commercial gas production rates.
Today, the focus having shifted toward the less prolific tight
layers, horizontal and multilateral drilling using the latest
geosteering technology is being used. Depending on the reservoir
development and after processing the open hole logs, some of
the Carbonate-K wells were completed using multistage acid
fracturing technologies. Economic and sensitivity analyses of
multistage acid fracturing wells using a semi-analytical, multiple

Corrosion and scaling represent a challenge to equipment
manufacturers and operators the world over. The case is even
more severe for the petroleum industry as serious corrosion
and scaling mean safety and environmental issues, well pro-
duction decline and/or temporary suspension of production,
which can impact energy supply. Accordingly, it is essential for
petroleum operating companies to invest in corrosion and scal-
ing control.
Multistage acid fracturing technology has been credited

with unlocking oil and gas reserves around the world that
were previously dismissed as unrecoverable or uneconomic,
enabling operating companies to sustainably produce from
tight hydrocarbon-bearing reservoirs.
Corrosion inhibition is especially challenging for multistage

acid fracturing wells because many of these wells are drilled in
high temperature gas formations and so produce some quan-
tity of water with hydrogen sulfide (H2S) and carbon dioxide
(CO2), which contribute to corrosion and scale. Furthermore,
multistage acid fracturing wells are often stimulated with large
volumes of highly concentrated hydrochloric (HCl) acid —
26% to 28% — in each stage, which makes the wells vulnera-
ble to severe corrosion if they are not protected appropriately.
Simply put, corrosion is the loss of electrons, causing the

metal to go into solution in ionic form (as ores); if you can
prevent this loss of electrons, then you have successfully inhib-
ited the corrosion. This article discusses the protective meas-
ures used to manage corrosion for multistage acid fracturing
wells drilled in the high temperature, sour gas-bearing Carbon-
ate-K reservoir in Saudi Arabia. The measures include material
selection, acidizing corrosion inhibition package design and se-
lection criteria, and base water quality control.
Moreover, since corrosion and scale go hand-in-hand — be-

cause corrosion develops underneath scale deposits, then starts
digging into the metal — this article presents a step-by-step
method to predict the scaling tendency of a well based on the
geochemical analysis of a water sample, enabling proactive
containment.
Additionally, the report presents a pioneering recommenda-

tion for managing corrosion during acid fracturing that in-
volves applying electro-kinetics technology. This article

Proactive Management of Corrosion 
for Multistage Acid Fracturing Wells in 
a Sour Environment

Authors: Mohammed A. Al-Ghazal and Saad M. Al-Driweesh

Fig. 1. Static BHT profile for part of an area producing from the Carbonate-K
reservoir.
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Initially, large treatment volumes, approximately 1,800 gal/ft of
net interval to be stimulated, of 28% gelled hydrochloric (HCl)
acid were used for most acid fracturing treatments in these sour
wells. To achieve increased fracture half-lengths, emulsified
acid was substituted for a portion of the 28% (or 26%) gelled
acid; emulsified acid has proven to be an acid system with more
retarded action, and so spends more gradually than straight
gelled acid, thereby increasing etched fracture length. Recently,
stimulation strategies have evolved to apply smaller volumes
— 1,000 gal/ft to 1,200 gal/ft — and more efficient designs 
using multistage acid fracturing hardware (completion). 

Table 2 shows the pumping sequence and fluid volumes for
the first stage of a five-stage acid fracturing well producing
sour gas in the Carbonate-K reservoir. The initial pad fluid vol-
ume is used to initiate and propagate a fracture that is wide
and long enough to transport acid into the formation easily
and quickly. The pad volume must be large enough to yield a
fracture length adequate for a particular formation as well as
give the vertical coverage for all pay zones of interest. Too 
little pad volume may not create a fracture long and wide
enough for optimal production. On the other hand, excessive
pad volume, rather than increase the etched fracture area —
the acid may already have been spent before it reaches all of
the fracture that was created — will more likely damage the
formation. In fact, wells exhibiting moderate to good reservoir
quality, where the objective is creating highly conductive frac-
tures, specifically require low pad volumes2.

The large, highly concentrated acid volumes pumped in
each stage of the treatment — along with the high temperature
in a sour formation environment — make these wells suscepti-
ble to corrosion. Therefore, it is essential to have a proactive
corrosion management program in place.

The corrosion phenomenon occurs because metals tend to
revert back to their initial stable forms in nature, i.e., metallic
ores. Corrosion involves both oxidation and reduction reac-
tions. Oxidation is any reaction in which a given substance
loses electrons, whereas reduction is any reaction in which a
given substance gains electrons. Accordingly, when a substance
yields electrons, it is called a reducing agent, whereas when a
substance gains electrons, it is called an oxidizing agent. While
oxidation takes place at the anode, reduction takes place at the
cathode3.

The tendency of a metal to donate electrons depends on its
location in the electromotive force series. Generally, any given
ion is a better oxidizing agent, or oxidant, than the ions above
it on the electromotive force series table3.

When corrosion takes place, it attacks metals in producing
systems and facilities, resulting in extreme damage. The corro-
sion byproducts can be ions in solution, salts on metal and hy-
drogen gas. Water provides the medium for both corrodents
and corrosion byproducts. The components in a fluid that pro-
mote the corrosion of steel in producing operations are oxygen,
CO2, H2S, salts and organic acids.

fracture production simulator have indicated that the optimum
number of stages in Saudi Arabian wells, depending on lateral
length — reservoir contact — and permeability, is in excess of
five acid fracture stages, Figs. 2 and 3.

The greater number of fracture stages for multistage acid
fracturing wells calls for large pad volumes and acid sequences.
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Well H2S (% mole) CO2 (% mole)

X1 5.02 3.46

X2 4.38 3.72

X3 5.20 3.41

X4 4.86 3.62

X5 5.00 3.71

X6 5.00 3.71

X7 4.40 3.54

X8 2.38 1.80

X9 4.55 3.16

X10 4.57 3.07

X11 9.50 3.10

T              

   
      

  

 

  

 

  

 

  

 

  

 

  

 

                     
     

Table 1. H2S and CO2 content for some sour producers in the Carbonate-K
reservoir

Fig. 2. Gas production rate sensitivity to the number of fracture stages for an
example multistage acid fracturing well in Saudi Arabia.

Fig. 3. Cumulative gas production sensitivity to the number of fracture stages for an
example multistage acid fracturing well in Saudi Arabia.



MATERIAL SELECTION FOR THE MULTISTAGE ACID
FRACTURING SYSTEM 

The multistage acid fracturing system hardware is made of
standard, P-110 grade, mild steel material in the majority of
the multistage fracturing jobs around the world, including in
Saudi Arabia. Table 3 presents the elemental composition of
the P-110 grade steel used in most multistage acid fracturing
wells in Saudi Arabia. This material complies with the Na-
tional Association of Corrosion Engineers (NACE) standards
for material selection in terms of both temperature and partial
pressure tolerance. Laboratory experiments have been carried
out to confirm that acid contact during the fracturing opera-
tion will not cause any corrosion or pitting in excess of the ac-
ceptable corrosion rate of 0.05 Ib/ft2, which correlates to an
acceptable pitting index of 0. Table 4 shows the results of
three laboratory experiments that preceded the acid fracturing
operation of a multistage acid fracturing well used in a study.
The experiments were carried out at a temperature of 275 °F
for 4 hours, and the observed corrosion rate and pitting were
within the acceptable limits. 

Sour corrosion takes place when metal contacts H2S and
moisture. The presence of water in such an environment re-
sults in severe corrosion; H2S causes sulfide cracking and em-
brittlement in production tubing, after which deposits, such as
iron sulfide, develop on the surface of the steel4.

This article discusses the material selection, acidizing corro-
sion inhibition package design and selection criteria, and base
water quality control needed to prevent corrosion and scaling
in multistage acid fracturing wells in the sour corrosive envi-
ronment of the Carbonate-K reservoir.

Moreover, since corrosion and scale go hand-in-hand — be-
cause corrosion develops underneath scale deposits, then starts
digging into the metal — this article presents a step-by-step
method to predict the scaling tendency of a well based on the
geochemical analysis of a water sample.

Additionally, this article presents a pioneering recommenda-
tion for managing corrosion during acid fracturing that in-
volves applying electro-kinetics technology. 
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  Step N ame
Pump Rate
(bbl/min)

Step Fluid Volume
(gal)

Cum. Fluid Volume
(gal)

Acid Concentration
(%)

PAD1 30 6,500 6,500 0

Emulsifi ed Acid1 30 7,500 14,000 28

PAD2 30 2,500 16,500 0

Diverting Acid1 30 3,000 19,500 15

PAD3 30 6,500 26,000 0

Emulsifi ed Acid2 30 7,500 33,500 28

PAD4 30 2,500 36,000 0

Diverting Acid2 30 3,000 39,000 15

PAD5 30 7,000 46,000 0

Emulsifi ed Acid3 30 8,000 54,000 28

PAD6 35 2,500 56,500 0

Diverting Acid3 35 3,000 59,500 15

PAD7 35 7,000 66,500 0

Emulsifi ed Acid4 35 8,000 74,500 28

PAD8 40 2,500 77,000 0

Diverting Acid4 40 3,500 80,500 15

PAD9 40 7,500 88,000 0

Emulsifi ed Acid5 40 9,000 97,000 28

Overfl ush1 35 9,000 106,000 0

Closed Fracture Acid 25 6,000 112,000 28

Overfl ush2 20 9,000 121,000 0

Displacement 20 9,791 130,791 0

T                      
     

Table 2. Pumping schedule and fluid volumes for the first stage of a five-stage acid fracturing well producing sour gas in the Carbonate-K reservoir



Also, the standard rule is that the multistage fracturing
equipment must have a yield strength that is rated equal to or
greater than the production tubing itself; therefore, the rating
and material of acidizing hardware and well tubulars at a min-
imum need to match. In the Carbonate-K reservoir, C-95 is the
typical tubing grade for the sour gas producers, so P-110 is ob-
viously a higher grade — ranging between 110,000 psi and
140,000 psi of yield strength. In compliance with the NACE
metallurgy guidelines for H2S and for well environments of
greater than 175 °F, the H2S reaction is fairly well suppressed;
therefore, the P-110 grade material is the cost-effective option
for the specific case of these multistage acid fracturing wells
for sour gas.

ACIDIZING CORROSION INHIBITION 

An acidizing corrosion inhibitor is a chemical formulation that
decelerates the rate of corrosion during well acidizing; it is de-
signed to protect the well tubulars. The type of inhibitor used
for acidizing operations is an adsorptive inhibitor. Adsorptive
inhibitors provide protection by forming a thin film on the sur-
face of the metal, changing the electrochemical potential of the
metal3.

The acidizing corrosion inhibition package includes a corro-
sion inhibitor, inhibitor intensifier and dispersion/solubility
agent. Inhibitors can be classified as organic or inorganic. 
Organic inhibitors are those that contain complex carbon-to-
carbon compounds, whereas inorganic inhibitors contain 
crystalline salts, such as sodium phosphate3. The inhibitor 

intensifier is used to enhance the performance of corrosion in-
hibitors in certain scenarios. For instance, they are added to
enable effective inhibition at higher BHTs, e.g., 350 °F5-7. The
dispersion/solubility agent functions to make the inhibition
components more dispersible/soluble in acid and base water.

The mechanism of acidizing corrosion inhibition encom-
passes four main processes, Fig. 4: (1) The chemsorption
process, in which the molecules of the inhibitor chemically tie
to the surface of the metal; (2) The polymerization process,
during which a protective film is developed to isolate the metal
from the acid; (3) The discharge process, where the resistance
to current flow is increased as ions are excluded; and (4) The
polarization process, during which the potential difference be-
tween the anodic and cathodic reactions is reduced3.

The recipe of the acidizing corrosion inhibition package is
case specific. The criteria for selecting the inhibition system are
functions of the well tubulars’ composition, the acid system
used for fracturing, BHT, protection time and the formation
environment.

In the case of the multistage acid fracturing wells in Saudi
Arabia, the high temperature of the Carbonate-K reservoir dic-
tates the incorporation of special inhibitors for high tempera-
tures, along with some modification in the acid system for
certain wells8. In spite of the extra expense associated with these
special inhibitors, laboratory tests have confirmed their effec-
tiveness in inhibiting acidizing corrosion at elevated temperatures.
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Element Min Max

Carbon 0.380 0.430

Silicon – 0.350

Manganese 0.750 1.000

Phosphorous – 0.025

Sulfur – 0.025

Chromium 0.800 1.100

Nickel – 0.250

Copper – 0.250

Molybdenum 0.150 0.250

Vanadium – 0.300

Aluminum – 0.040

T      

     

   

   

   

          

 

           

 

  

  

  

  

  

  

       

Table 3. Elemental composition of P-110

     

Test Acid Inhibitor Conc. Intensifi er Conc. Corrosion Rate 
(Ib/ft2) Pitting

1 28% HCl 25 gpt 50 gpt .0210 0

2 26% HCl 25 gpt 50 gpt .0187 0

3 26% HCl 30 gpt 50 gpt .0195 0

T           

 

           

 

  

  

  

  

  

  

       

Table 4. Corrosion tests for an example multistage acid fracturing well

Fig. 4. Workflow of the inhibition steps.



The presence of high H2S content in the Carbonate-K reser-
voir poses a serious corrosion and scaling challenge. In the
presence of water, H2S is very corrosive to metal. The follow-
ing common equation expresses the H2S reaction with metal: 

H2S + Fe + H2O → FeSx + 2H + H2O (1)

To abate the aggravating effect of H2S on tubulars already
subject to HCl acid, H2S scavengers are added to the treatment
recipe. These scavengers remove H2S from the acidizing fluids
by reacting with it to form more stable compounds. 

Figure 5 shows the recommended procedure for selecting
and designing the acidizing corrosion inhibition package. The
first step is to review well data and determine the presence of
acid gases and their content, the composition of tubulars,
reservoir temperature, formation composition, and protection
time. Second, select the acid type that will achieve the most
etching without causing any undue damage to the well and for-
mation. Third, select the inhibitor that will provide effective
protection and also suits the selected acid type and formation
conditions. Fourth, conduct laboratory experiments at reservoir
conditions using loading tables/plots. Finally, evaluate the out-
comes of the laboratory tests, post-job results and lessons
learned.

When an analysis of post-acidizing flow back samples for
some wells in the Carbonate-K reservoir that underwent acid
fracturing operations indicated that the samples contained live
acid, it was decided to increase the soaking time to 3 hours
and increase the volume of the overflush stage9. For multistage
acid fracturing wells, it is recommended to set the soaking time
in the range of 4 to 6 hours to allow sufficient time for the di-
version chemicals — or fiber — to degrade completely. At the
same time, it is necessary to flow back the well before the cor-
rosion inhibitor loses its effectiveness.

Moreover, if the inhibition package is to be effective, it is
important that the components are mixed properly on the job
site. Furthermore, they should be mixed right before pumping
the treatment as any significant delays will drastically reduce
their inhibition effectiveness.

On a special note, as most of the multistage acid fracturing
wells are horizontal wells, attention should be paid to prevent
any concentrated corrosion in the deviated parts of the tubular
due to acid entrapment.

WATER QUALITY

One of the biggest challenges of hydraulic fracturing is water

availability and quality. The base fluid for the acid fracturing
treatments in the multistage acid fracturing wells in the Car-
bonate-K reservoir is water. Water is preferable to oil, mainly
because it is more cost-effective, environmentally friendly,
readily available and convenient to handle and dispose of10.

The goal of water quality control during acid fracturing is
to achieve the objective of the pumping operation while con-
trolling any potential corrosion that may be induced by the 
injected water in a manner that enables cost containment.

To achieve that goal, the water used should meet the follow-
ing recommended guidelines:

• Free of suspended materials to prevent plugging up
porous spaces.

• Maximum iron content of 125 ppm.

• Maximum bicarbonate content of 600 ppm.

• Maximum chloride content of 3,000 ppm.

• Does not contain carbonate.

• Compatible with the formation fluids.

• Chemically stable.

Also, it is noteworthy to mention that the sodium to cal-
cium ratio (Na/Ca) of the injected water should be lower than
that of the formation water because Na-based clays swell more
than Ca-based clays3.

SCALING DIAGNOSIS AND PREDICTION

Corrosion and scale go hand-in-hand because corrosion devel-
ops underneath scale deposits, then starts digging into the
metal. In managing scale, it is important to identify the type of
scale that is forming in a given well, determine its solubility
and devise a strategy to prevent it. Both X-ray diffraction and
X-ray fluorescence (XRD/XRF) compositional analyses run on
several scale samples from wells in the Carbonate-K reservoir
have shown hard inorganic scale types, mainly iron com-
pounds — iron oxides/hydroxides and iron sulfides — and 
calcium carbonate (CaCO3)11.

Deposited from aqueous solutions, scale can restrict fluid
flow. Because scale is formed from aqueous solutions, predic-
tion of its occurrence is made possible by geochemical analysis
of a well’s produced water. Table 5 shows results of the water
analysis conducted for a multistage acid fracturing well in the
Carbonate-K reservoir. The pH of the water sample is 7.7.

Hard water, containing high quantities of metal ions, such
as iron, calcium and magnesium, has often been associated
with scale formation and deposition. The hardness of a water
sample can be expressed in terms of overall CaCO3. This is
achieved by converting the concentration of metal ions in the
water to a CaCO3 equivalent using the equivalent weight of
CaCO3

3. The following example shows how the hardness of a
water sample is determined — calculations are made for the
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Fig. 5. The recommended workflow for selecting and designing the acidizing
corrosion inhibition package.



water composition shown in Table 5. 
The hardness of the water expressed as CaCO3:

(2)

Intensive chemical analysis of several water samples from
the Carbonate-K reservoir has indicated that the produced wa-
ter is hard with a high mineral content. When the solution be-
comes oversaturated, minerals will precipitate, initially as a
fluffy scale, and then hard scale will form12.

Professor Chilingar of the University of Southern California
has developed a simple, yet powerful step-by-step technique to
predict the tendency for scale formation. His work is an exten-
sion of previous work completed13-15. The main steps are
shown here:

For CaCO3 Scale

The ionic strength for each ion should be calculated using the
conversion factors in Table 6.

• The value of constant K is determined using the plot in
Stiff and Davis (1952)14. Next, pCa and pAlk is
determined using the plot in Langelier (1936)13.

• The pH at saturation (pHs) is calculated as follows: 
pHs = K + pCa + pAlk.

• From the plot in Jones (1988)15, the solubility factor, Sf,
is determined. Consequently, the R’ ratio is calculated as

follows: R’ =  .

• From the plot in Jones (1988)15, the pH is determined.

• The stability index (SI) is calculated as follows: 
SI = pH(actual) – pHs. 

A positive value of SI implies that the water is oversaturated
with CaCO3 and CaCO3 scale is likely to form, whereas a neg-
ative value of SI implies that CaCO3 scale is unlikely.

If scaling is likely to occur, it is recommended that scaling
inhibitors be used. Most scaling inhibitors work by plating the
tiny crystals of scale and preventing them from growing bigger
to form hard scale.

APPLICATION OF ELECTRO-KINETICS TECHNOLOGY

The concept of applying direct current electrical technology for
improved well performance originated back in the 1960s when
Professor Chilingar and his students at the University of South-
ern California undertook extensive laboratory testing of the
idea. Today, electro-enhanced oil recovery is yielding successful
results in California and at the Alberta heavy oil fields16. 

It has also been found that electro-kinetics technology can
address the challenge of limited depth of radial penetration for
acidizing pumping operations in tight heterogeneous carbonate
reservoirs. Increasing the volumetric rate of acid flow using
two electrodes — anode and cathode — results in a deeper
depth of radial penetration, unlocking the full potential of tar-
get zones17. Another advantage that is gained by the use of the
anode electrode is corrosion reduction in the well tubulars; the
anode (as sacrificial hardware) corrodes and sends electrons to
the well tubulars to protect them, Fig. 6.

For this reason, it is recommended that electro-kinetics tech-
nology be applied in conjunction with multistage acid fractur-
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Ion
Concentration 

(mg/L)
Concentration

(meq/L)

Na+ 61,700 2,685.45

Ca++ 3,790 189.12

Mg++ 1,020 83.84

Cl- 98,200 2,769.24

SO4
- 9,020 187.62

HCO3
- 95.00 1.56

OH- 0.00 0.00

CO3
- 0.00 0.00

T            

 

  

  

  

  

  

  

       

Table 5. Composition of water for an example multistage acid fracturing well

     

     

   

   

   

          

 

           

Ion Concentration (meq/L)

Na+ 5 × 10-4

Ca++ 1 × 10-3

Mg++ 1 × 10-3

Cl- 5 × 10-4

SO4
- 1 × 10-3

HCO3
- 5 × 10-4

       Table 6. Factors for converting to ionic strength14

Fig. 6. The recommended equipment setup for electro-kinetics technology application
in multistage acid fracturing operations16.

Ca+++ Mg++ = (3,790x 50—
20 
) + (1,020x 50—

12.2 
) = 13,655.30 mg

—
L



ing operations in multistage acid fracturing well candidates in
the Carbonate-K reservoir, especially where prolonged expo-
sure to high concentration acid is expected.

CONCLUSIONS AND RECOMMENDATIONS

1. The material used for multistage acid fracturing systems in 
Saudi Arabia is standard, P-110 grade mild steel. This mate-
rial is in compliance with the NACE standards for tempera-
tures above 175 °F. Since all multistage acid fracturing wells
in the Carbonate-K reservoir are above this temperature, 
the P-110 material grade is handy in terms of cost and 
availability.

2. As most of the multistage acid fracturing wells are horizontal
wells, attention should be paid to prevent any concentrated 
corrosion in the deviated parts of the tubular due to acid 
entrapment.

3. If the inhibition package is to be effective, it is important 
that its components are mixed properly on the job site. 
Also, they should be mixed right before pumping the treat-
ment as any significant delays will drastically reduce their 
inhibition effectiveness.

4. The pHs, used to predict scale, is an empirical value that 
involves extensive experimental work.

5. Intensive chemical analysis of several water samples from 
the Carbonate-K reservoir has indicated that the produced 
water is hard with a high mineral content. When the solu-
tion becomes oversaturated, minerals will precipitate, ini-
tially as a fluffy scale, and then hard scale will form.

6. When electro-kinetics technology is applied in multistage 
acid fracturing wells during acidizing operations, corrosion 
will work on the sacrificial anode rather than on the pro-
duction tubulars. After acidizing, the anode will look like 
an eaten up sponge — full of holes — as a result of corrosion.
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ABSTRACT
able and highly damaging phenomenon known as “cavita-
tion.” A sudden pressure reduction causes water to turn into
vapor, and the term cavitation is used to describe the subse-
quent “implosion” of the vapor bubbles back into liquid form. 

It is of particular concern when cavitation occurs adjacent
to the internal components of the choke, as it essentially dam-
ages these parts in a way similar to sand erosion. Cavitation
damage, depending on the intensity and duration of the choke
valve service, has a tendency to affect the choke internals and
its body, resulting in rapidly reduced flow control and prema-
ture choke failure. The severity of the cavitation is dependent
upon the pressure drop across the choke. While the pressure
upstream of the choke valve is governed by the pump supply
pressure, the pressure downstream of the choke depends on
many factors, including the following:

• Permeability/porosity of the rock.

• Reservoir pressure.

• Fluid composition within the well.

• Well depth and wellbore size.

• Line size, including the number of sharp bends and
distance from the well.

The choke is a very important unit of surface production fa-
cilities because a significant part of the total pressure drop can
occur there. The correct sizing of the choke valves plays a vital
role in ensuring that the required rate is achieved without ex-
periencing high sound and vibration level-related problems.
When a choke is operating beyond its operating envelope con-
tinuously for a long period, such problems certainly will occur.
This article focuses only on the surface side, namely on the
choke valve for water injection practices.

OVERVIEW OF SINGLE-STAGE CHOKES

The single-stage choke valve is designed to handle a pressure
drop ratio of less than or equal to 65%. If the pressure drop
ratio exceeds 65%, cavitation may occur. The pressure drop
ratio can be calculated as:

Reasons for internal and external valve damage vary in the oil
and gas industry. Valve damage can occur due to irregular pre-
ventive maintenance, sand erosion, internal and external corro-
sion, improper materials selection and/or use of the valve
outside of its operating pressure and temperature ranges1. This
article focuses only on valve cavitation-related damage, which
happens on water choke valves. 

The main focus of this article is a trial installation of multi-
stage choke valve technology in water lines, demonstrating
how the new valve reduces high-pressure drops across water
injection choke valves. The trial test was conducted by replac-
ing two single-stage choke valves installed upstream of two
water injection wellheads, which were completed in two differ-
ent reservoirs. The single-stage choke valves selected for re-
placement were experiencing high noise and vibration levels,
enough so that operators could barely meet the required water
injection rate for each well.

The entire field water injection system was studied, starting
with the water injection plant where the water injection cen-
trifugal pump — 3,000 psig — is located and continuing
through the water lines, fittings and valves, all the way to the
water injection wellheads. Different surface mitigation meas-
ures were evaluated to overcome the cavitation problem, and
the best choice was to conduct a trial installation of the multi-
stage chokes. Results from the trial test show that implement-
ing multistage choke valve technology can prevent high noise
and vibration levels and allow the target water injection rate
per well to be met.

INTRODUCTION

The role of a choke valve in a water injection line may be
somewhat underestimated. Water injection involves introduc-
ing water into the well using high-pressure pumps that are
coupled with chokes to regulate the pressure and flow rate go-
ing into the well. Fundamentally, the challenges facing choke
valves within water injection systems are very distinct from
those facing production chokes. The main issue is that the wa-
ter undergoes a sudden and substantial pressure drop during
its passage through the choke trim. This produces an undesir-
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Choke Valves
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the body of the choke valve. No pipeline modifications are
needed, and the existing actuators for the choke valves can be
used. This option was the most technically accepted and cost-
effective solution to overcome the high noise and vibration levels,
and to allow the target water injection rate per well to be met. 

WHY A MULTISTAGE CHOKE VALVE?

Over the last decade, operators in the industry have recognized
the limitations in using single-stage chokes for high-pressure
systems. Compromised choke valve integrity in water injection
hurts production operations in a multitude of ways:

• Poor controllability, resulting in unsatisfactory injection
pressures and flow rates.

• Downtime due to choke or trim replacement.

• The inability to achieve optimum pump plant operation.

• Labor costs due to choke repair and replacement, and
ongoing equipment monitoring.

• Increased operating expense, given that newly replaced
single-stage chokes are certain to suffer the same
cavitation damage.

• Challenges in assessing the true condition of chokes
operating in the field.

• Need for extended lead time when ordering replacement
equipment.

Accordingly, to resolve the persistent choke valve damage at
a lower cost and in a shorter time, option 3 was selected, after
which a trial test was planned before the implementation of
option 3 in the entire field. Other downhole injection control
methods require a relatively large initial investment for instal-
lation, in addition to the substantial cost to operate or remove
them if they fail2. In contrast, the multistage choke valve tech-
nology selected for trial testing presented the following advan-
tages. The valve:

• Can be designed based on well-by-well pressure
requirements.

• Reduces noise, eliminates vibration and prevents
cavitation problems.

• Can handle a higher pressure drop (65% < DPR < 80%
and DPR > 80%). 

• Is able to utilize existing bodies, bonnets and actuators
in the future.

• Needs less time to be implemented.

• Costs less compared with the other options.

DPR = (PU/S -PD/S) (1)
PU/S

The existing water injection system was not designed to in-
dividually change and control the water injection pressure for
each well at the water injection plant. Changes to the water in-
jection rate via pressure control are usually made only on the
wellhead adjustable choke for each well. The challenge comes
from the fact that some wells share the same water injection
header although the wells may be completed in different reser-
voirs. The challenge is that these reservoirs are very heteroge-
neous, so some wells require lower water injection rates than
others sharing the same injection header.

The specification of the old choke valves is for a single-stage
design, which can handle a pressure drop of 1,600 psig at
shutoff, a maximum water flow rate of 30,000 stock tank bar-
rels per day (stb/d), a minimum water flow rate of 5,000 stb/d,
a vapor pressure of 5.8 psia at 165 ºF and operating tempera-
ture ranges between 70 ºF to 190 ºF. The single-stage choke
valves in the water injection system under study had operated
well enough during the field startup of the water injection; but
after three years of service, operators had encountered very
high noise and vibration levels on some chokes, which led
them to raise the issue.

A survey of the existing single-stage choke valves found that
most of the chokes were experiencing the same issues of high
noise and vibration levels, as well as difficulty in meeting the
target water injection rates for each well. Different mitigation
options were studied to decide on the best choice to resolve the
high noise and vibration levels in the most technically accepted
and cost-effective manner. The optimum solution was for these
chokes to be dismantled and replaced with other types of
choke valves.

MITIGATION OPTIONS 

Option 1: Install a dedicated centrifugal pump for each reservoir.
This option requires pipeline modifications on both upstream
and downstream sides. Installing a dedicated high-pressure
pump for each reservoir is very costly — meaning a higher
capital expenditure — and it also adds more preventive main-
tenance — meaning a higher operating expense — as well as
requiring additional time for the modification to be imple-
mented. Therefore, this option was excluded.  

Option 2: Install pressure reduction spools. This option re-
quires pipeline modification at each wellhead and does not
provide sufficient flexibility to control the water injection flow
rate during high demand. As a result, this option was also
eliminated. 

Option 3: Retrofit existing single-stage trim kits with multistage1

trim kits. This option requires replacing the existing single-
stage trim kit with the new multistage trim kit without changing
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Condition of Single-stage Choke Valves in Test 

Prior to conducting the trial test of the multistage choke valve
technology, the old single-stage choke valves from the two test
water wells were evaluated. These chokes had experienced
high noise and vibration levels, which was why the wells were
selected to test the new choke type. The trial objective was to
test the capability of the multistage choke valve to meet the
water injection target flow rates during high and low demands
without having high noise and vibration levels, thereby avoid-
ing cavitation. The wells were shut-in, and their single-stage
choke valves were removed from the field and sent to the
maintenance workshop to be dismantled and visually in-
spected.

These choke valves had been in service for about three
years, and as previously noted, were showing evidence of high
noise and vibration levels before they were disassembled. Dis-
mantling the internals of the two chokes revealed that all inter-
nal parts were in bad condition and had severe cavitation,
though the body of each valve was in good shape, Figs. 3, 4
and 5.

The visual inspection of the internal parts of the single-stage
choke valves confirmed that severe damage from cavitation
was the main reason the target water injection rate for each
well could not be achieved, resulting in a failure to meet the
water injection requirement in each reservoir. Because the new
multistage choke valve is capable of overcoming cavitation
damage, it was considered a good replacement choice for the
existing single-stage chokes.

Multistage Choke Valve Testing

Table 1 represents the water injection wellhead pressures and
target rates, during low and high demand, of the two wells

FIELD TRIAL TEST JOURNEY 

Before starting the trial test journey, let us first understand
what cavitation in valves means and when it normally occurs.
Cavitation3, 4 is the sudden vaporization and condensation of a
liquid downstream of the valve due to localized low-pressure
zones. Figure 1 shows that when a liquid flow, QL, passes
through a highly choked valve at high upstream pressure, P1,
and low downstream pressure, P2, a localized low-pressure
zone forms immediately downstream of the valve. If the local-
ized pressure falls below the vapor pressure of the fluid, Fig. 2,
the liquid vaporizes (boils) and forms a vapor pocket. As the
vapor bubbles flow downstream, the pressure recovers, and
the bubbles violently implode, causing a popping or rumbling
sound similar to tumbling rocks in a pipe. 

The sound of cavitation in a pipeline is unmistakable. The
condensation of the bubbles not only produces a ringing
sound, but also creates localized stresses and vibrations in the
pipe walls and valve body that can cause severe pitting. The
vapor pressure, PV, is defined as the pressure exerted by a va-
por in thermodynamic equilibrium with its condensed phases
— solid or liquid — at a given temperature in a closed system.
The critical vapor pressure, PVC, is the point where, if it is ex-
ceeded under certain pressure, PC, and temperature, TC, the
solid or liquid will expand into the vapor phase.

Fig. 1. Liquid flow passing through a highly choked valve at a high upstream
pressure and low downstream pressure forms vapor after exiting the choke.

Fig. 2. Cavitation occurs once the localized pressure falls below the vapor pressure.
Fig. 3. Severe cavitation damage along the entire inner trim diameter of the single-
stage choke valve.
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that were trial tested with the multistage choke valve technol-
ogy. The upstream average water injection pressure from the
water injection plant was 2,780 psig.

Two single-stage choke valves were retrofitted with new

multistage choke trim kits, assembled and then put back in
service to be tested for three months. The two multistage
choke valves were restricted to less than 10% of the choke size
opening — the most severe injection scenario in testing the
choke technology — to ensure that the multistage choke valves
would meet the water injection target rate under the harshest
conditions without encountering high noise and vibration 
levels and/or developing cavitation issues.

Throughout the three-month trial test, the upstream and
downstream injection pressures were measured on a daily basis
for each well. Additionally, the sound and vibration levels were
monitored closely. Figure 6 illustrates the three-month testing
measurements of the multistage choke valve on Well-1, where
the choke was designed to handle a pressure drop ratio, ΔPR,
between 65% and 80%. Well-1 was completed in a tight reser-
voir, which requires very high upstream pressure during high
demand, but needs highly restricted flow during low demand
to meet the target injection rate. It is clearly shown in Fig. 6
that the pressure drop ratio falls within the design limit of
65% up to 80% with a choke setting of 11%. When restrict-
ing the choke setting to 9%, however, the pressure drop ratio
exceeds the design limit, reaching up to 84%. As a result, high
noise and vibration levels were observed.

Both Well-1 and Well-2 were tested simultaneously with the
multistage choke valve technology. Figure 7 represents the
measured pressures and water injection rates during the three-
month trial test for Well-2, showing that the pressure drop ra-
tio was more than 80% for the entire testing period with high
and low choke settings that ranged from 9% to 80%. During
the test, no high noise and or vibration were observed.

TRIAL TEST RESULTS

After three months of trial testing of the multistage choke tech-
nology, Well-1 and Well-2 were shut-in, and the multistage
choke valves were removed and sent to the maintenance work-
shop. Each choke valve was disassembled and visually in-
spected. Figures 8, 9, 10 and 11 are photos of the multistage
choke valve tested on Well-1: very minor cavitation was ob-
served at the plug and along the inner diameter of the trim.
The conclusion was that this multistage choke design with a
higher pressure drop ratio can be used — ΔPR > 80% — to
prevent cavitation and meet the target injection rate.

Figures 12, 13, 14 and 15 are photos of the multistage
choke tested on Well-2; no signs of cavitation damage — on

Well No. Reservoir

Low Demand – Scenario High Demand – Scenario

Target
QWI

(MBWD)

Target
P2

(psig)

ΔP
at Choke

(psig)

Target
QWI

(MBWD)

Target
P2

(psig)

ΔP
at Choke

(psig)

1 X (tight k) 6.0 550 2,230* 15.0 2,700 80*

2 Y (high k) 5.0 369 2,411* 10.0 450 2,330*

T              Table 1. Water injection wellhead pressure and rate targets for the two test wells

Fig. 4. Severe cavitation damage at the outer edge of the trim of the single-stage
choke valve.

Fig. 5. Severe cavitation damage on the plug of the single-stage choke valve.
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Fig. 7. Well-2 three-month trial test: Upstream and downstream pressures and water injection measurements with a comparison of the calculated pressure ratio vs. the designed
pressure ratio limit.

Fig. 6. Well-1 three-month trial test: Upstream and downstream pressures and water injection measurements with a comparison of the calculated pressure ratio vs. the designed
pressure ratio limit.
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Figs. 8, 9, 10 and 11. A multistage choke tested in Well-1 had very minor erosion at the plug and some on the inside of the trim.

Figs. 12, 13, 14 and 15. A multistage choke tested in Well-2 had no signs of cavitation damage, neither on the plug nor on the inside diameter of the trim.

Fig. 16. Single-stage choke valve water injection performance vs. multistage choke valve performance.
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the plug or along the inner diameter of the trim — were ob-
served. This implies that this multistage design can also with-
stand a higher pressure drop ratio — DPR > 80% — with no
high noise or vibration, therefore eliminating cavitation and 
allowing the target injection rate to be achieved, Fig. 16.

CONCLUSIONS

The two field trial tests of the multistage choke valve technol-
ogy were considered successful since they confirmed that the
multistage choke valve assembly performs well in areas where
problems associated with utilizing single-stage chokes due to
high-pressure drop ratios can cause cavitation. Further, they
gave a clear indication of what type of design, specifically pres-
sure drop ratio, should be used for a given water injection well
based on its maximum and minimum injection pressure and
water rate requirements. The test proved that the multistage
choke valve assembly prevents high noise and vibration levels,
significantly reduces cavitation and allows water injection to
be achieved over a wide range of injection rate requirements.
Accordingly, utilization of the multistage choke valve assembly
was recommended for implementation throughout the system,
provided the following conditions are met:

• The new choke assembly is accurately sized to provide
the required flow rate under various differential
pressure scenarios.

• The new choke assembly is installed on services that do
not contain contaminants, to avoid choke assembly
blockage problems.

In conclusion, installing a multistage choke valve provides
more flexibility in controlling water injection rates, especially
for high upstream injection pressures.

NOMENCLATURE

Qinj water injection rate
DP pressure drop across choke valve
DPR pressure drop ratio
PU/S or P1 upstream pressure
PD/S or P2 downstream pressure
PV vapor pressure
PVC critical vapor pressure
TC critical temperature
k reservoir permeability
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Investigation of Acid-Induced Emulsion Formation and Asphaltene Precipitation in Low Permeability Carbonate
Reservoirs 
Tariq A. Al-Mubarak, Dr. Mohammed H. Al-Khaldi, Hussain A. Al-Ibrahim, Majid M. Rafie and Omar Al-Dajani

ABSTRACT

The increasing demand for energy has extended the development horizon toward relatively tighter formations all over the
world. In Saudi Arabia, hydrochloric (HCl) and organic acids have been used extensively to enhance well productivity or
injectivity in low permeability formations. The use of these acids, however, is associated with severe formation damage, which is
attributed to acid-oil emulsion formation and/or asphaltene precipitation in some of the low permeability carbonate reservoirs.
Consequently, a detailed study of different factors that influence the mechanisms of acid-oil emulsion formation and asphaltene
precipitation was carried out for these reservoirs. Several compatibility studies were conducted using representative crude
samples and different acid systems, such as HCl and formic acid.      

A New Refining Process for Efficient Naphtha Utilization: Parallel Operation of a C7+ Isomerization Unit with a
Reformer 
Dr. Cemal Ercan, Dr. Yuguo Wang and Dr. Rashid M. Othman

ABSTRACT

point range of 40 °C to 190 °C. It is a blending of many streams from various refining processes, which fulfills certain
specifications dictated by both performance requirements and government regulations. Reformate makes up approximately one-
third of the gasoline pool, and with its 60 vol% to 70 vol% aromatic content, it has been the main octane source for gasoline
over the years. Gasoline specifications have been gradually changing in past years due to the regulations dictated by safety and
environmental concerns. With the decrease of aromatics in gasoline, the role of reformate as the main octane source is expected
to shrink. 

Kinetic Hydrate Inhibitors for Natural Gas Fields: Rational Design and Experimental Development 
Rashed M. Al-Eisa, Dr. Mohamed S. Elanany, Dr. Khalid A. Al-Majnouni, Ali A. Al-Jabran, Hassan A. Al-Ajwad, Dr. Ibrahim A. Abba and 

Dr. Abdullah R. Al-Malki 

ABSTRACT

Gas hydrate formation is a major nuisance to the oil and gas industry, causing pipelines to plug, gas flow disruptions and safety
issues. This phenomenon occurs in natural gas when the temperature and pressure of the flowing gas falls below the hydrate
equilibrium region, leading to the formation of ice-like gas hydrates. Chemical inhibitors are commonly used to mitigate hydrate
formation through injection in the natural gas pipelines system. Kinetic hydrate inhibitors (KHIs), a type of this chemical
inhibitor, have received attention recently due to their environmental tolerance and low operating cost. Several KHIs have been
developed and used in several gas fields around the world; however, KHIs for gas fields rich in hydrogen sulfide (H2S) and
carbon dioxide (CO2) that are flowing under high sub-cooling temperature need to be developed.  

Implementation Time of Chemical Flood and Its Impact on Ultimate Recovery 
Dr. Ali M. AlKhatib and Dr. Amar J. Alshehri

ABSTRACT

During waterflooding processes, injected water can disconnect oil droplets from the pores/throats of the reservoir as it flows
through. These disconnections are a consequence of capillary effects, and the mobilization of oil through those pores/throats is
hindered afterward. This capillary trapping makes mobilizing the remaining oil in place by any enhanced oil recovery (EOR)
process very challenging. Chemical flooding has been identified as an effective EOR method. It is usually implemented in
tertiary mode, where field development has reached a mature level. At this stage, the efficiency of waterflooding processes in
terms of mobilizing any remaining oil has declined, due to the above described capillary trapping. 
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