
of 1½ ft. To improve the wellbore hydraulics, the well was
drilled with the toe up to prevent fluid from settling at the toe
stages.

Logging Job

As Well-2 was drilled toe up (more than 90°), a lower water
rate indicated the water holdup could be small, based on strat-
ified flow modeling and experience. Because of the potential of
water running down the lateral on its low side, a combination
of the PNL and WFL velocity measurement with the multi-
phase holdup measurement was considered as a part of the job
design. The WFL is a stationary measurement where the acti-
vated oxygen atoms in the borehole are detected at the near
and far PNL detectors. The detectors’ distance from the PNL

minitron that produces the neutron bursts and the detection
time from activation are used to compute the velocity of water.
All logging tools were conveyed with CT as in the case of Well-1.

Results

Before performing the passes, well stability was determined to
be good with a pressure change of 1 psi/hr. The results of the
spinner passes were repeatable and well matched. Although
the second spinner from the bottom did not turn, that failure
did not affect the flow profile analysis. Stationary data at each
stage was recorded. As expected, holdup data from the probes
showed gas was dominating the wellbore across the interval
with a deviation of more than 90°; at the heel, water holdup
started increasing due to the deviation becoming less than 90°.
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Fig. 9. Well-2 production log results.
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Although the gas profile through the wellbore detected water
at the heel, PNL with WFL and multiphase holdup passes were
run to ensure the capture of any water flow from the toe sec-
tion. Track 7 in Fig. 9 shows the WFL velocities, detecting the
first water entry starting from the bottommost stage with con-
fidence. The multiphase holdup pass result is shown in Track 3
of Fig. 9, with gas dominating from toe to heel of the wellbore
due to a deviation of more than 90°. A small water holdup
was determined from the heel section. As water holdup in-
creased at the heel section, the water velocity dropped as ex-
pected. Flow rates were obtained with the multiplications of
velocity, holdup and flow area accordingly. The flow profile is
shown in Track 6 of Fig. 9. 

In Well-2, the gas rates achieved by the channel and conven-
tional fracturing designs were similar during the initial cleanup
stages. The two slickwater treatments performed well but were
associated with higher water rates, which could be indicative of
fracturing downward into the potential water source lower in
the formation; or connecting to natural fracture systems; or
improved wellbore drawdown from being at the heel of the
wellbore. 

CONCLUSIONS

1. It is feasible to acquire production log data in low flow
rate or dead gas wells with the assistance of N2 lifting,
depending on job design and real-time decisions.

2. Production logging can facilitate shale gas fracturing
optimization by determining water and gas entry relative to
lithology type and lateral placement.

3. The effectiveness of different fracture designs across the
lateral can be properly assessed with integrated production
logging.

4. The optimization of the perforation placement along the
lateral prevents unwanted formation water contribution.

5. The use of production logging helps to determine which
stages produced unwanted water rates, which is remedied
by isolating that portion of the well with a solid plug. 

6. Deployment of different fracturing technologies needs to be
limited with the types grouped together for more accurate
assessment of each technology. Scattering of many
technologies across the lateral reduces the ability for
attaining a fair assessment.
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ABSTRACT

believed to be located between the injectors and the producers.
It was critical to confirm the presence, or not, of this hetero-
geneity since it has important implications for pressure mainte-
nance in the reservoir, as well as for the efficient recovery of oil
from the field. Pressure transient analysis was chosen as the
most direct means of dynamic characterization of this reservoir.
The field offered an additional advantage over most other con-
ventional oil fields in that it is fully equipped with intelligent
field technology. There has been continuous measurement of
the downhole pressure and surface production rate for each
well since the startup of the field in 2009.

This article describes how pressure transient analysis, using
both analytical and numerical models, was employed to iden-
tify the reservoir heterogeneity. Capitalizing on the intelligent
field data, a full-field numerical well testing model was used
for the first time on a Saudi Aramco field to analyze the pres-
sure transient data. In addition, a comparison between the
analysis results using the intelligent field data and those using
conventional wireline gauge data is presented.

TEST PROCEDURES

A properly designed well test is essential if the objective of
characterizing the reservoir is to be achieved. A test that is too

The last several years have seen an explosion in the number of
new fields and increments being equipped with intelligent field
technology, which includes remote monitoring and control of
wells in real time, as well as the acquisition of high frequency
pressure and rate data from permanent downhole monitoring
systems. This article shows how this intelligent field data is be-
ing leveraged to obtain full-field reservoir characterization us-
ing both analytical and numerical pressure transient analysis
methods. Utilizing data from a Saudi Aramco “intelligent”
field, collected over a seven-month period, a study employed
pressure transient analysis to investigate the presence of reser-
voir boundaries and heterogeneities, and to obtain reservoir
and well properties. 

This work reveals the importance of intelligent field data,
how it can add value for the pressure transient analysis, and
how it is essential in the multiwell interpretation technique  to
yield accurate analysis. Major heterogeneity in the reservoir of
this field was successfully detected and analyzed using the nu-
merical multiwell interpretation technique, made available by
intelligent field technology. The results were also compared
with pressure transient analysis results from wireline gauge
data, collected through traditional buildup tests conducted on
the same wells, to illustrate the distinct advantages of using in-
telligent field data over traditional wireline test data.

INTRODUCTION

Pressure transient analysis is one of the powerful tools used in
characterizing oil and gas reservoirs. It can provide essential
insights into the characteristics of reservoir heterogeneity,
which helps in understanding reservoir dynamics and con-
tributes to efficient development of oil and gas fields. The
characterization of a reservoir heterogeneity in one of Saudi
Aramco’s fields is presented in this article. The field produces
from a carbonate reservoir that covers an area of around 150
km2. The field, Fig. 1, contains 26 horizontal well producers,
with nine long horizontal injectors.

Earlier interpretations of the static data conducted in the
field indicated the possibility of a low permeability area
surrounding the producers. This low permeability zone is 

Leveraging Intelligent Field Data for
Full-Field Pressure Transient Analysis

Authors: Bandar A. Al-Wehaibi, Saud A. Bin Akresh, Dr. Mohammed B. Issaka and Sultan S. Al-Shamrani
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Fig. 1. Field map showing producer (red) and injector (blue) wells with test wells
circled.
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short will only provide information about the immediate near
wellbore region. To obtain sufficient data to characterize the
reservoir further afield, it was decided to conduct buildup tests
with long shut-in times on a selection of producers. Circled
and labeled in Fig. 1 are the nine first-row producing wells
that were selected to investigate the existence of the reservoir
heterogeneity and to estimate its distance from the producers.
All producers in this field are equipped with electric sub-
mersible pumps (ESPs), which incorporate permanent down-
hole pressure sensors. The pressure buildup data for this study
were therefore acquired from the permanent downhole pres-
sure sensors of the ESPs. 

Additionally, traditional wireline gauges were installed in
the selected wells prior to conducting the tests. Because the 
required equipment was unavailable to test all the wells at the
same time, it was decided to run the wireline gauges in two
batches: five wells in the first batch and four wells in the second
batch. Therefore, only five of the nine selected wells had wire-
line gauges installed in them at the beginning of the test. All
wells in the field were shut-in during the buildup tests of the
nine selected wells. Once the second batch of wireline gauges
became available, the four remaining producers were reopened
to run the wireline gauges. As a result, five of the selected wells
had a shut-in time of 67 days, while the remaining four, which
were reopened after 34 days to install the newly available
wireline gauges, had a shut-in time of 31 days. Due to gauge
memory limitations, the wireline gauges in all test wells had to
be pulled out after 20 days of the shut-in time, while the ESP
pressure sensors continued recording the pressure data until
the end of the test.  

BUILDUP DATA ANALYSIS

The main objective of all the buildup tests conducted in this
study was to detect and characterize the reservoir heterogene-
ity surrounding the producing wells using pressure transient
analysis. Previous experience with pressure transient analysis
has been that the effect of heterogeneity is seen at a later time
on the pressure derivative diagnostic plots obtained from
buildup tests. Figures 2 to 19 show the log-log plot of the pres-
sure and pressure derivative responses derived using data from
the wireline gauges, as well as the pressure history obtained
from the buildup test of each of the nine selected wells. A 
common observation of the pressure behavior of each of the
buildup responses in the “early time” of testing was that an
initial rise and fall of the pressure occurs before finally build-
ing up to its final value. Corresponding to the fall in the pres-
sure value, the pressure derivative becomes a negative value,
which shows as a gap in the log-log plot. This behavior is in-
dicative of the falling liquid level in the wellbore when the ESP
is stopped for a buildup test. 

Thereafter, the pressure derivative responses tend to indicate
horizontal well linear flow behavior in the “middle time.” In
the “late time,” the pressure derivative responses follow one of

the following two behaviors:

• A late radial flow regime, indicated by a flat pressure
derivative response, which lasts until the end of the test.

• A short late radial flow regime, followed by an increase
until the end of the test. This increase in the derivative
is sometimes preceded by a slight drop. 

Next, the buildup pressure data recorded by the wireline
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Fig. 2. Well A-1 derivative plot (wireline gauge) — model match.

Fig. 3. Well A-1 Cartesian plot for buildup data — model match.

Fig. 4. Well A-2 derivative plot (wireline gauge) — model match.
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frozen data occurred mostly at the early time, leaving the late
time data all intact. This means that the effect on the analysis
was minimal, since the reservoir heterogeneity tends to affect
mainly the late time pressure response. In addition, the wire-
line gauge data were available in all cases to fill in any missing
data from the permanent sensor data. Therefore, it was an ex-
cellent decision to run the wireline gauges in addition to the
permanent ESP pressure sensors, as that ensured the availabil-
ity and good quality of the test data.

The flattening of the pressure derivative response in the

gauges were compared with those recorded by the permanent
downhole pressure sensors on the ESPs. Figures 20 to 28 show
the log-log plots of the pressure and pressure derivative re-
sponses generated from the wireline gauges and intelligent field
data. As expected, the two responses are consistent in all the
wells. The intelligent field data show some periods when the
pressure data remained constant in all the wells except Well A-
8, Fig. 27. This phenomenon of “frozen” data, which was ear-
lier reported1, occurs when there is a communication
interruption between the downhole pressure sensor and the 
remote terminal unit (RTU) at the surface. Fortunately, the
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Fig. 9. Well A-4 Cartesian plot for buildup data — model match.

Fig. 7. Well A-3 Cartesian plot for buildup data — model match.

Fig. 8. Well A-4 derivative plot (wireline gauge) — model match.

Fig. 10. Well A-5 derivative plot (wireline gauge) — model match.

Fig. 5. Well A-2 Cartesian plot for buildup data — model match.

Fig. 6. Well A-3 derivative plot (wireline gauge) — model match.
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middle time, which is an indication of an infinite acting radial
flow regime, appears in the buildup data of all the selected
wells. The longest radial flow regimes were obtained from
Wells A-1 and A-5, which were 400 and 700 hours, respec-
tively. For the rest of the selected wells, the radial flow regime
lasted between 100 to 200 hours. As a result, for quite a long
period during the middle time, the buildup data shows a rela-
tively homogeneous reservoir behavior, characterized by infi-
nite acting radial flow. 

INTERFERENCE EFFECTS OF NEARBY WELLS

Much of the buildup test data shows an increase in the pres-
sure and pressure derivative during the late time, after the 
homogeneous reservoir response during the middle time.
Sometimes, this increase can be due to the presence of reser-
voir heterogeneities or boundaries. At other times, the late
time increase in the pressure derivative can be the result of an
interference effect from the offset wells. Given the proximity of
some of the wells to each other, and the fact that all the wells
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Fig. 11. Well A-5 Cartesian plot for buildup data — model match.

Fig. 12. Well A-6 derivative plot (wireline gauge) — model match.

Fig. 13. Well A-7 Cartesian plot for buildup data — model match.

Fig. 14. Well A-7 derivative plot (wireline gauge) — model match.

Fig. 15. Well A-7 Cartesian plot for buildup data — model match.

Fig. 16. Well A-8 derivative plot (wireline gauge) — model match.
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were shut-in at the same time to conduct the buildup tests, it is
equally likely that the pressure responses from nearby wells in-
terfered with each other in the late time. Therefore, it was nec-
essary to verify whether the late time increase in the pressure
derivative was caused by interference effects of nearby wells or
by reservoir boundaries or heterogeneities.

Taking advantage of intelligent field technology and the
availability of the production data for all the wells, it was pos-
sible to ascertain the cause of the late time increase in pressure
and pressure derivative response observed in some of the
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Fig. 17. Well A-8 Cartesian plot for buildup data — model match.

Fig. 18. Well A-9 derivative plot (wireline gauge) — model match.

Fig. 19. Well A-9 Cartesian plot for buildup data — model match.

Fig. 20. Well A-1 derivative plot (ESP sensor and wireline gauge).

Fig. 21. Well A-2 derivative plot (ESP sensor and wireline gauge).

Fig. 22. Well A-3 derivative plot (ESP sensor and wireline gauge).

Fig. 23. Well A-4 derivative plot (ESP sensor and wireline gauge).
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buildup tests. This was done by simply incorporating the ac-
tual production data of the offset wells into the analytical or
numerical model used to match the pressure and pressure 
derivative responses. The model takes into account the produc-
tion history of the offset wells and demonstrates the interference
effect, if it exists, in the model behavior.

Since all pressure derivative plots for the test wells indicate
a homogeneous reservoir response in the middle time prior to
the late time increase, an analytical model of a horizontal well
in a homogeneous reservoir was used to match all buildup
tests. Figures 2 to 19 show the model matches between the
measured data and the model responses using an infinite hori-
zontal well model, after including the production history of the
nearby wells. The figures show a very good match between the
data and model response during the middle time. The model
responses perfectly match the late time increase in the derivative
observed in some of the wells, Figs. 4, 6, 12 and 18. These 
excellent matches were obtained simply by incorporating the
production history of the offset wells related to each tested well.

This observation confirms that the late time increase ob-
served in the pressure transient data during the buildup tests
could be caused by the interference effect of the offset wells. In
other words, even though the buildup tests were very long in
terms of shut-in time, they were not conclusive in detecting the
possible reservoir heterogeneity because interference effects
dominated the late time responses of the buildup data. There-
fore, any reservoir heterogeneity or boundaries that may exist
would be masked by the interference effects of the nearby
wells.

FULL-FIELD NUMERICAL WELL TESTING MODEL

While the analytical model described in the previous section
was able to match the pressure buildup test data of all the
wells, the same model failed to match the entire seven-month
pressure history of the wells obtained from the ESP pressure
sensors of the intelligent field system. Figure 29 shows where
the buildup data of Well A-5 are perfectly matched, while the
rest of the seven-month pressure history is very poorly
matched. This raises the possibility that the full pressure history
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Fig. 24. Well A-5 derivative plot (ESP sensor and wireline gauge).

Fig. 25. Well A-6 derivative plot (ESP sensor and wireline gauge).

Fig. 26. Well A-7 derivative plot (ESP sensor and wireline gauge).

Fig. 27. Well A-8 derivative plot (ESP sensor and wireline gauge).

Fig. 28. Well A-9 derivative plot (ESP sensor and wireline gauge).
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of each well might have been exposed to, or affected by, some
reservoir characteristics that were not observed during the
buildup test, and as a result, were not taken into account by
the analytical model. An attempt was made to build a full-field
numerical well test model to investigate this observation.

Again, by leveraging intelligent field technology, a numerical
well test model of a single layer, incorporating all wells in the
field — 35 wells — at their exact locations and using their ac-
tual production history data, was built. Other data used in
building the model included the average permeability thickness
(kh) values, the effective well lengths, and other results obtained
from the analytical model match of the buildup data of the se-
lected nine wells. To speed up the history matching process,
the production history data in the numerical model of each
well were simplified. The simplification process required merg-
ing the rates if the change between two consecutive rate values
remains below 25% of the maximum rate span for all wells,
except for the nine selected wells where 10% of the maximum
rate span was used. This simplification process dramatically
reduced the run time of the numerical well test model.

INFINITE ACTING HOMOGENEOUS RESERVOIR 
SCENARIO

The objective of running the full-field numerical well test
model was to match the full history of the nine wells as well as
the buildup test data, which had already been matched using
the analytical model. It was started with a homogeneous and
infinite acting reservoir to see if the model might match the
pressure history and follow the same pressure decline once all
wells in the field were incorporated. The attempt to match the
history of the nine selected wells with a homogeneous reser-
voir, however, was not successful. Even though there was a
slight improvement over the analytical model match, the re-
sults were largely the same. As shown in Fig. 30, the numerical
model of an infinite homogeneous reservoir fails to match the
pressure history of Well A-5. This suggests that there is some
type of reservoir heterogeneity that is affecting the pressure 
behavior of the whole field, which should be incorporated in
the model.
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Fig. 29. Analytical model match with pressure history of Well A-5.

Fig. 30. Infinite acting reservoir scenario for full-field numerical model match with pressure data of Well A-5.
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HETEROGENEOUS RESERVOIR SCENARIO

Integrating other reservoir and field data prior to introducing
any reservoir heterogeneity in the model is essential to the his-
tory matching process. All previous buildup and falloff tests,
including other static and geology data, were investigated.
Two pressure falloff tests from two of the injectors, one in the
east flank of the field and the other in the west flank, were an-
alyzed. The results indicated lower kh values — about five
times less than the kh values obtained from the analysis of the
nine selected producers and other wells previously tested. In
addition, the static data indicated the possibility of a low per-
meability region beyond the producers and closer to the injectors.

Based on information obtained from previous analysis and
other resources, a composite reservoir system was introduced
to the full-field numerical model. Several attempts were made
at matching the pressure history using different kh ratios and
different shapes of the composite system. Finally, an excellent
match was obtained using a composite reservoir system that
surrounds all producers, with a lower quality rock extending
to the injectors on the flank. Figure 31 shows an excellent
match of the pressure history of Well A-5 with model results
using a composite reservoir where the contrast of kh values 
between the inner and outer regions was 5.

Several attempts were made to match the pressure history of

the rest of the selected wells by moving the composite system
boundary, and eventually the model was able to match the
pressure history of all nine wells. Figures 32 and 33 presents the
pressure history match of all the selected wells, using the full-
field numerical composite reservoir model with a kh value con-
trast of 5.

The full-field numerical model thereby confirmed the exis-
tence of a low permeability region surrounding the producers
in the field. Therefore, while the analysis of the pressure
buildup tests alone could not confirm the existence of the re-
gion of low permeability surrounding the producers, the full-
field numerical model was able to characterize the reservoir by
leveraging the entire seven-month pressure history, made avail-
able by intelligent field technology. Building a full-field numer-
ical well testing model capturing a major heterogeneity that
affects the whole field performance can be more easily linked
to the field simulator using the workflow2 to incorporate this
heterogeneity and obtain efficient development plans for the
field. This work demonstrates the power of having the intelligent
field system, which helps to advance the use of numerical well
testing by building models that represent the actual reservoir
and field conditions.  
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Fig. 31. Composite system scenario for full-field numerical model match with pressure history of Well A-5.
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Fig. 32. Matches of the composite system and infinite acting reservoir scenario for the full-field numerical model with the pressure history for Wells A-1 to A-4.
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Fig. 33. Matches of the composite system and infinite acting reservoir scenario for the full-field numerical model with the pressure history for Wells A-6 to A-9.
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SUMMARY AND CONCLUSIONS

From the work of this study, the following highlights and con-
clusions can be made:

1. The buildup test data for each well did not exhibit any
heterogeneity or boundary response, as they were
dominated at late times — after ± 200 hours for most wells
— by pressure interference from the offset wells. An
analysis of the pressure history data over seven months
obtained from the intelligent field system indicated the
possibility of reservoir heterogeneity.

2. The pressure derivative data from the conducted buildup
tests for each well were well matched using an analytical
model of a horizontal well in a homogeneous reservoir.
The pressure interference effects on the derivative data
were successfully matched by incorporating the production
data of the offset producers in the model.

3. The pressure history data over seven months for each well
failed to be matched by the abovementioned analytical
model, indicating possible reservoir heterogeneity that
might be masked by the interference effects or not captured
during the buildup test. 

4. The pressure history data were adequately matched, after
many attempts, by using a full-field numerical model that
indicated a composite reservoir system. The composite
system of the model suggests that producers are
surrounded by a lower quality rock region in the flanks
with five times lower flow capacity than the producing
area. This fact was supported by previous pressure
transient analysis from the injectors at the east and west
flanks.

5. This work reveals the importance of intelligent field data
and how they can add value during analysis and
interpretation. Intelligent field data were essential in
employing the multiwell interpretation technique and
contributed significantly to the detection of the reservoir
heterogeneity.

6. The pressure data from ESP sensors during the buildup
periods, mainly at the early time, could not be used for the
pressure transient analysis because they were affected by
missing or frozen data in one well. All the wireline gauges
showed good quality data. Therefore, for critical pressure
buildup tests, it is recommended that engineers run
wireline gauges in addition to the permanent pressure
sensors, to avoid unplanned problems in the intelligent
system connectivity.
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ABSTRACT
solution for conducting stage-1 toe perforations, superior to
other options in several aspects. The option of contingency
perforating in a closed system that lacks fluid injectivity into
the previously perforated stages has helped to maintain the
continuity of operations. Successful tractor interventions have
been performed in wells with horizontal sections of more than
3,000 ft, total depths of more than 17,000 ft, temperatures
greater than 325 °F and pressures greater than 10,000 psi.

This article describes how the state-of-the-art technology
helped to meet the technical objectives of, and had a positive
effect on, a large rigless production enhancement operation.

INTRODUCTION

Over the past few decades, horizontal drilling has become in-
creasingly important to the oil and gas industry. It enables effi-
cient access to complex structures and marginal fields, and
horizontal wells increase the reservoir contact area. New tech-
nologies have emerged during this time to address post-drilling
intervention challenges presented by such wells. Gravity as-
sisted conveyance methods are generally limited to wells with
maximum deviations of 70° to 80°, and they are unable to ne-
gotiate tortuous well paths. As a result, coiled tubing (CT) and
electric line (e-line) tractors are needed to deploy bottom-hole
intervention assemblies in complex wells with greater deviations.

E-line tractor technology has been successfully deployed in
Saudi Arabia for reservoir surveillance, deploying production
logging assemblies in wells in mature fields1. Tractors provide
specific advantages as compared to other forms of conveyance,
such as CT. Specifically, they can successfully negotiate com-
plex well trajectories in horizontal open hole well completions,
enabling acquisition of good quality flow profiles in both pro-
ducers and injectors.

The application of horizontal drilling to high-pressure/high
temperature (HPHT) gas fields in Saudi Arabia has introduced
newer challenges to horizontal well intervention. These include,
but are not limited to, operating tractors with perforating
guns, Fig. 1, conveying heavyweight bottom-hole assemblies
(BHAs) and performing jobs at bottom-hole temperatures
(BHTs) greater than 300 °F. In response, the technology and
deployment strategies have had to be enhanced to perform 
successful tractor interventions in these wells.

The growing gas resource exploitation in Saudi Arabia has 
increased activity in drilling deep, high-pressure gas wells in
reservoirs with marginal to low permeability. Such wells gener-
ally require stimulation operations to induce production. To
increase the reservoir contact area, a significant number of
wells are constructed with long reach horizontal sections. Mul-
tistage fracture operations are conducted, primarily using plug
and perforation technology, to establish reservoir connectivity
and production. The stimulation work involves multidiscipli-
nary teams to complete simultaneous operations in a limited
workspace and time. Well intervention challenges include the
following:

• Effective deployment of cement and casing inspection
tools in the horizontal section.

• Safe, reliable and efficient technology to convey the
perforating bottom-hole assembly (BHA) to the target
depths in the long horizontal section during certain
stages of the plug and perforation operations. 

• An available, reliable and readily deployable
contingency perforating option for plug and perforation
operations.

High-pressure/high temperature (HPHT) horizontal gas
wells have traditionally been challenging environments in
which to perform tractor operations because of reliability is-
sues. Recent technical improvements have enhanced the oper-
ating range of the tractor, however, enabling more consistent
and dependable operations in these wells. 

Experience with conducting several plug and perforation
stimulation jobs in Saudi Arabia has shown that the electric
line (e-line) tractor presents a reliable and consistent well inter-
vention solution. Tractor conveyed cement evaluation tools
have produced high quality, interpretable data that can be used
to design the multistage fracture job. Post-fracture diagnostic
work using e-line tractors has also been successfully performed
in the horizontal sections to evaluate tubular integrity, provid-
ing valuable information for future fracture design. Moreover,
tractor conveyed perforating has proven to be an effective 

Successful Utilization of E-line Tractor Tractor Tractor Tractor Tractor Tractor Tractor Tractor Tractor Tractor
in Horizontal High-Pressure/High 
Temperature Gas Wells 
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TIGHT GAS OPERATIONS IN SAUDI ARABIA

Ghawar field in Saudi Arabia is one of the world’s largest oil
producing fields, Fig. 22, and has large associated gas reserves3.

The Khuff formation in Ghawar field is a Late Permian age,
deep, heterogeneous carbonate dolomitic gas reservoir with
two major producing zones — Khuff-B and Khuff-C. The
Khuff-C zone has been extensively drilled and exploited since
the 1970s, while the tighter Khuff-B zone has only recently
been the focus of an extensive development program with hori-
zontal drilling and completion4. Wells with low permeability in
the Khuff-B undergo acid stimulation operations using a multi-
stage plug and perforation method or using multistage fracture
liner systems. Key features of the reservoirs and completions
have been previously described5-7.

The heterogeneity of the formation and the uncertainty of
locating the sweet spots sometimes mean that long intervals
must be connected to the reservoir with perforating charges to
improve the likelihood of success with the stimulation opera-
tion. A combination of factors makes these wells a unique and
challenging setting for performing well intervention with trac-
tors, and the optimization of several technical and operational
factors is necessary for interventions to be successful.

TRACTOR TECHNOLOGY FOR SAUDI ARABIAN HPHT
GAS FIELDS

Planning e-line tractor operations in such wells requires 
addressing the following concerns:

• Corrosive environment: The levels of hydrogen sulfide
(H2S) and carbon dioxide (CO2) in these wells mean
that specially designed corrosion resistant e-line cables
must be constructed from a high nickel alloy8 and then
rated to 425 °F for medium levels of H2S and CO2. One
important downside of these lines is their high electrical
impedance, as compared to non-sour service wirelines.
The high impedance can be quite obstructive to the
transmission of electrical power — especially AC power
— to downhole assemblies.

• Higher temperature: With deeper reservoir targets,
tractor deployment must withstand 300 °F to 330 °F,
and temperatures could possibly increase beyond that
range in the future. 

• Longer and heavier BHAs: The BHAs being conveyed
— especially those configured with perforating guns —
are longer and heavier than the more typical reservoir
surveillance production logging tools.

From a tractor deployment standpoint, the tractor must be
able to satisfy the following objectives:

• Perform reliably under high temperature conditions.

• Operate on long high impedance wirelines.

• Withstand the high shock loads that come with the
explosive perforating guns.

At the heart of the tractor is the electric motor, which drives
the hydraulic pump that supplies power to the wheels. Both
AC and DC powered motors are used in e-line tractors. Al-
though AC powered tractors have a good track record with
high temperature operations, they are not suitable for operat-
ing on long high impedance lines like the lines required by 
corrosive environments, as previously described.

As shown in Table 1, the DC powered motors are a much
more feasible and operationally viable option for tractor de-
ployment, albeit with some concerns over their limited track
record in high temperature operations; however, after recent
technological advancements in these motors are incorporated
into the design of tractors provided by leading providers, DC
powered tractors can sustain extended operations at higher
borehole temperatures9, and they were selected for operations
in the wells described in this article.

Shock loading is mitigated by the following:

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        55

Fig. 1. Typical tractor configuration for perforating.

Fig. 2. Structure of Ghawar field3.
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Qualification. One recent key addition to the pre-job opera-
tional preparation of the tractor has been heat testing of the
assembly at the expected BHT to ensure a high degree of confi-
dence under downhole conditions. 

Condition-based Maintenance. The other important process
aspect that has been implemented for hostile environment trac-
tor operations is to establish a finite limit on the number of
runs a tractor can make before replacing critical internal com-
ponents, thereby doing so before they actually fail. Several
conditions are factored into the criteria for determining the

end of the useful life for a given piece of downhole equipment,
including, but not limited to, transportation, pressure, shock
exposure, temperature and environment. This process has sig-
nificantly improved the performance and reliability of the trac-
tor at high temperatures and high shock loads.

SUITABILITY OF WELL INTERVENTION TECHNOLOGY:
AN OPERATOR’S PERSPECTIVE

Planning rigless stimulation and well intervention requires the
coordination of the logistics, supply chain, economic, person-
nel, and technical aspects of the operation. Additionally, re-
mote field operations in the emerging gas business in Saudi
Arabia have introduced contingencies requiring effective miti-
gation plans. From an operator’s standpoint, ensuring the suit-
ability and cost-effectiveness of intervention strategies means
assessing aspects of the technology that include, but are not
limited to:

• Suitability of the technology for specific requirements.

• Reliability of the solution.

• Well site deployability and efficiency of the equipment.
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Characteristic Range

BHT 270 °F to 330 °F

BHPs 7,000 psi to 9,700 psi

H2S 3% to 6%

CO2 3% to 6%

Downhole treatment 
pressure

12,000 psi to 16,000 psi

T           Table 3. Factors of Khuff gas environment relevant to tractor deployment

 CT or e-coil E-Line Tractor

Equipment 
Footprint and 
HSE 

Pros
No additional footprint if CT is part of the 
initial plan.

No additional equipment footprint with wire-
line unit.

Cons
Signifi cantly larger footprint as more 
personnel and more heavy lifting are 
required.

Integration 
with 
Operations

Pros
Better integrated with chemical treatment, 
milling or cleanout operations.

• Can be mobilized with minimal interference 
in other operations. 

• Deploys on existing e-line setup at the well 
site.

• No additional footprint. 
• Lower cost of third party equipment, i.e., 

cranes, as compared to CT operations.

Cons

• Mobilization, rig-up, rig-down, and 
demobilization can be logistically 
time-consuming.

• Require heavier, more expensive cranes.

Operational 
Effi ciency 

Pros
Tractor jobs tend to be much more effi cient 
than CT jobs.

Cons
Generally, requires more time for rig up, rig 
down and overall operations.

Wellbore 
Environment 
and Profi le 

Pros

• May be more suitable in wells with exces-
sive debris or complex completions.

• Provides additional benefi ts of pumping 
and clean out during intervention.

• Can better negotiate sharp doglegs.

E-line deployed solutions pose no artifi cial 
choking or fl ow restriction, enabling better 
production profi le evaluation.

Cons
In low rate fl ows for production evaluation, 
CT can pose a choking effect and adversely 
affect the fl ow profi le evaluation.

• May be more sensitive to debris and 
completion profi les in horizontal wells.

• In wells with sharp bends there is a risk of 
cutting/damaging the cable.  

T        Table 4. Comparison of tractor vs. CT operations

84093araD8R1.qxp_84093araD8R1  7/7/16  10:22 AM  Page 57



• Availability of auxiliary, unplanned and contingency
solutions.

The decision to deploy wireline tractor technology is
weighed against alternative horizontal conveyance methods,
generally CT, and based on the factors outlined in Table 3. 

The advantages of the e-line tractor are its modularity, com-
binability, and light weight. It is transported to the well site
easily and rigged up within a small footprint and with minimal
interference in other operations at the well site. In specific
jobs, the tractor operations can provide a superior well inter-
vention strategy from a health, safety and environmental
(HSE) and operational efficiency perspective. Table 4 com-
pares CT operations to e-line tractor operations. 

CASE STUDY OF TRACTOR INTERVENTION IN HIGH
TEMPERATURE GAS OPERATIONS

The following case study presents the culmination of work per-
formed over several months, which were spent incorporating
technological advancements and assembling a fit-for-purpose
solution for a specific production enhancement opportunity
that was tailor-made for tractor conveyed well intervention.

Well-A was drilled — sidetracked — in 2013 toward the
minimum stress direction. This well achieved 3,000 ft of lat-
eral section and was completed with a cemented liner planned
for a horizontal plug and perforation completion as the well
was considered a candidate for multistage fracturing, Fig. 5.

The well was completed with a 4½” tubing and liner with a
minimum restriction of 3.688”. 

The first attempt to fracture the well encountered tractor
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Fig. 6. Dogleg severity of Well-A.
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deployment complications. Toe stage perforating was subse-
quently performed using CT. The lack of fluid injectivity at
this stage eliminated the possibility of performing pumpdown
plug and perforation operations. 

To improve injectivity, the strategy was revised to extend
the cluster length and to stimulate the well in one combined
stage of 60 ft. In addition, a review of tractor operations and
available technology, as well as an audit of the quality control
processes, was performed; the improvements previously de-
scribed were implemented over a period of several months,
and the job was redesigned. 

The following runs were planned:

• Multifinger caliper log to obtain well integrity
information on a suspected well deformation resulting
from previous operations.

• One run of blank guns.

• Three runs with 20 ft fracture guns.

To convey the e-line tools to depth, the 3⅛” DC powered
tractor was selected. From a mechanical deployment perspec-
tive, the dogleg severity was well within the tractor limit, spec-
ified by the leading tractor companies, of 32°/100 ft, Fig. 6.
Because well integrity issues were anticipated, the tool length
was limited to 60 ft as a precautionary measure. 

The multifinger caliper tool string to be used for casing in-
spection was centralized using the combination of a strong,
optimally placed, spring loaded roller and stiff arm centraliz-
ers. The logging string was decoupled from the tractor section
using a flex joint to enable consistent tool positioning and cen-
tralization in the well. The acquisition of good quality casing
profile data was therefore achieved using the multifinger
caliper, Fig. 7. 

Five tractor conveyed runs were sequentially conducted in
the well, which had a maximum BHT of 322 °F, to evaluate
the integrity of the tubing and to establish connectivity with a

longer reservoir section. 
The tubing was found to be undamaged, and the decision

was made to continue with the stimulation operation. The well
was successfully stimulated after the extended tractor well in-
tervention.

In the operation to evaluate and establish well integrity,
tractor deployment enabled a much more efficient well inter-
vention solution as compared to an equivalent e-coil interven-
tion. The total wireline operating time of 67.5 hours for five
runs was approximately 40% less than the estimated time for
a similar e-coil intervention — approximately five days. 

The resources and processes of multiple service companies
were integrated in this operation and implemented under the
operator’s supervision. Multilevel managerial engagement was
crucial to the achievement of this goal.

CONCLUSIONS

The following conclusions can be inferred from this work:

• Tractor-based well intervention in high temperature
tight gas wells is a viable option for the growing
production enhancement business in Saudi Arabia. 

• Specific challenges of production enhancement make
tractor-based operations more suitable in deep wells
than other methods of conveyance.

• The advancement of DC powered tractor motors usable
for high temperature operations has been proven with
sustained tractor operations at high temperature, and
this improved tolerance heralds a step change in the
technology.
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Fig. 7. Good centralization and data quality in the horizontal section achieved with the multifingered caliper.
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ABSTRACT
INTRODUCTION 

A current issue in the unconventional hydrocarbon reservoir
industry, e.g., tight gas, coalbed methane, shale gas and shale
oil plays, is that costs of production are heavily connected to
structural uncertainty. While future technology1, 2 in the long
term could deliver low cost tools that achieve results equiva-
lent to expensive horizontal drilling with multistage fracturing
and proppant injection, a reduction of structural uncertainty
may enable cost optimization in the short term. Furthermore,
environmental monitoring costs associated with hydraulic frac-
turing can also be lowered by quantifying structural uncertainty.

Realistic fracture modeling from basic principles, including
transport phenomena for complex proppant deployment dur-
ing hydraulic fracturing, has yet to be thoroughly achieved at
field scale in industrial reservoirs. Although multistage fractur-
ing has been successful at enhancing the productivity index of
individual wells, the high cost of production in the unconven-
tional reservoir industry has not been mitigated yet. While a
major problem of production from unconventional reservoirs
is the sustainable connectivity of wellbores to sweet spots,
most studies have concentrated on the short distance connec-
tivity around wellbores. Additionally, the mathematical analy-
ses of fracturing in existing studies are frequently confined to
Darcian flow, failure criteria and advection diffusion transport
models. The roles of Navier-Stokes’ velocities, vorticity and
other complex effects, all due to fast injection of non-Newton-
ian viscous fluids, are usually circumvented. Furthermore, hy-
draulic fracture modeling from basic principles is non-trivial,
and predicted results may rarely coincide with new measured
data. The modeling process is further complicated due to spa-
tial heterogeneous rock mechanical properties and pre-existing
structural uncertainty. Studies of hydraulic fracturing uncer-
tainty must account for rock body shape heterogeneity and the
associated nonstationary and nonregular geometry of discrete
fracture network (DFN) models. Therefore, a realistic yet prac-
tical modeling methodology for DFNs applicable to real reser-
voirs at multiple scales is needed. 

Although fractures near wellbores could eventually be im-
aged with microseismic, the larger scale subseismic connectivity
among fractures and rocks from wells to sweet spots is not ad-
equately represented in most practical models; this is due to

When modeling well stimulation by hydraulic fracturing in 3D
reservoir grids, the model’s realism can be quantified with the
match between the predicted discrete fracture network (DFN),
integrating artificial and natural fractures, and the monitored
fractures at drilled wells. Although fracture orientation and lo-
cation are measurable at wellbores — and microseismic has
contributed to the characterization of hydraulic fracture loca-
tions — predicting the subseismic connectivity of hydraulic
and natural fractures with sweet spot rock bodies at larger dis-
tances demands advanced integration of pre-existing structural
features into numerical models. Therefore, modern fracture
optimization requires the use of 3D stochastic reservoir models
that integrate natural and artificial fractures. Additionally,
mismatches between the reality and the model can be inciden-
tally observed by comparing attributes to the monitored data,
e.g., bottom-hole pressure (BHP) and multiphase flow rate 
response in the flow models. To reach a realistic match, one
must recreate the fracturing process in a model that requires
coupling hydraulic injection, fracturing geomechanics, prop-
pant transport and flow under pre-existing structural uncer-
tainty — in models at multiple scales. Although tools for
modeling such a complex workflow exist, results do not auto-
matically match microseismic or other advanced observations
due to pre-existing structural uncertainty in the model and/or
the limitations of the tools themselves. 

In this article, the importance of multiple scale structural
heterogeneity is emphasized, and the use of “practical” inverse
problem solutions of DFN models is suggested for its charac-
terization. The proposed inverse approach is to modify structural
object positions, attitudes, and geometries, instead of changing
upscaled flow properties. A large-scale example of using such an
approach, where the size of the pseudo-compartments is con-
trolled by subseismic sealing faults, is presented to illustrate
the concept. Errors in pressure response are correlated to frac-
ture displacements along normal vectors. The use of streamline
simulation to facilitate tomography of DFN intensity is sug-
gested. It is also proposed to handle the multistage fracturing
process with the same approach, modifying the geomechanical
fracture model to match the monitored flow and proppant
transport response. 

Authors: Brenda Vargas-Murillo and Dr. José Antonio Vargas-Guzmán

62 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

Forecasting Integrated Discrete Fracture
Networks with Inverse Methods

84093araD9R1.qxp_84093araD9R1  7/7/16  10:31 AM  Page 62



poor or absent nonlinear conditioning between rock bodies
and lack of know-how to model structural heterogeneity at
multiple scales. For example, the geometry of sweet spots is
currently modeled with facies and/or rock type categorical
models in square-shaped cells, which are sometimes poor rep-
resentations of actual rock bodies in the field. As it is known,
the geometry of sweet spots requires not only a full reconstruc-
tion applying sedimentary physics, but also proper structural
modeling of crossbedding, gradation and anisotropy within
rock bodies. Fracture optimization problems are not suffi-
ciently resolved through the analysis of a local scale cluster of
fractures, but must consider a DFN and its connectivity to pro-
lific sweet spots at larger distances. Such connectivity to sweet
spots is important for modeling earlier or later pressure deple-
tion at wells, e.g., gas reservoir local pressure depletion. Early
pressure depletion appears in unconventional reservoirs as a
local nonlinear phenomenon, occasionally producing a number
of effects, including hydrocarbon phase transformations. To
enable a reasonable field development plan to maximize pres-
sure sustainability under uncertainty, at the lowest stimulation
cost, requires rapid modeling of the stimulation process, at in-
dustrial scale, on top of the model for pre-existing structures. 

Simple historical analytic models of the fracking phenomena
in 2D are reported in early literature. The first of these models
is the KGD fracture3, 4. This model assumes the existence of
planar strain conditions in the horizontal plane. The fracture
has an elliptical cross section perpendicular to the injection
well, and it is rectangular in the vertical plane. The second an-
alytical model is the PKN fracture, which assumes constant
fluid pressure in the vertical sections perpendicular to the di-
rection of fracture propagation, giving the vertical cross sec-
tions an elliptical shape with maximum width in the center5, 6.
Biot’s poromechanics equations are used to evaluate rock 
matrix behavior due to pore pressure7. 

Injecting fracturing fluids containing proppant helps main-
tain fracture aperture and stimulate hydrocarbon flow. Incor-
porating proppant transport into models to predict perme-
ability provides a computation of the fluid injection rates
needed to prevent proppant screen out. Geomechanical aspects
of fracturing are reported to be relevant for proppant deploy-
ment. Khanna et al. (2013)8 analyzed the deformation me-
chanics of a regular array in a monolayer of proppant
particles, then attempted to predict changes in fracture perme-
ability. Furthermore, “graded” proppant injection was later
proposed to stimulate natural fractures. The real impact of
proppant injection may be case specific because of the highly
variable combinations of rock structural heterogeneity and
stress conditions. The particles are supposed to act as pillars
sustaining the aperture of a fracture and keep it from collaps-
ing due to pore pressure deflation during production. Larger
high strength particles must be deposited at deeper settings for
optimum effect; however, due to higher vertical stress levels at
greater depths, deep fractures are expected to close. Condi-
tions to deploy proppant also must be optimized to avoid cake

formation; however, Chekhonin and Levonyan (2012)9

pointed to potential positive effects of cake formation, noting
that fine particles can “tip screen out,” creating a limit of par-
ticle penetration into a fracture. After reaching that limit, the
fracture inflates without further extension due to increasing
fluid pressure, which encounters a bottleneck at the end of the
fracture aperture. This effect can help to increase the proppant
size that can be deployed in later transport stages at deeper lo-
cations. Yet stimulation at greater depths is a challenge10, and
predicting fracture geometry and conductivity at large depths
is essential for multistage fracturing and injected fluid selec-
tion11. Multistage fracturing is the current industrial practice
for improving reservoir drainage and accelerating production
by allowing more fractures to be formed at shallower depths,
but the monitoring, prediction and optimization of DFNs re-
main insufficient, due to the lack of realistic predictive model-
ing and within fracture flow monitoring. 

Nonetheless, the contributions made to improve hydraulic
fracturing have been enormous, even if the practical large-scale
issues to sustaining production remain to be investigated with
realistic 3D models, which could help optimize all relevant 
aspects encountered in industrial scenarios. Efforts using 3D
models have been made12, and it was found13 that rock matrix
heterogeneity and macro-scale stress fluctuations due to the
heterogeneity of rocks cause local distortions of fracture geom-
etry. Ji et al. (2009)14 applied the finite element method (FEM)
to create a discretized geomechanical simulator of a reservoir,
which coupled finite difference multiphase fluid flow through
the use of the extended black oil model. Rock failure was
modeled using the maximum tensile stress and Mohr-Coulomb
fracture criteria. A faster rock mechanics simulator uses “dis-
continuous deformation analysis” (DDA)15. DDA can handle
larger time steps than any other continuous FEM. As opposed
to the continuum representation used in the FEM, rocks are
represented in DDA as individual, deformable and separable
block elements, but the solver follows the same physical princi-
ples of the FEM. 

Furthermore, the industrial practice requires 3D modeling
tools that can reproduce downhole monitored data with 
numerical models. The efficiency of applying a fracturing sim-
ulator to reservoirs is heavily influenced by the scale of pre-
existing structural uncertainty, i.e., characteristics of folds, 
natural fractures, rock bodies and flow conduits must be char-
acterized and predicted. For example, at rock body scale,
proppant injection is usually needed in ductile rocks, such as
clays, since brittle rocks, such as quartz and calcite, are easier
to fracture and more readily create complex open fracture net-
works. The effects of grain-scale mineralogy on geological mi-
crostructures, crossbedding and laminations must also take
into account the associated reservoir geomechanical uncer-
tainty. Another issue that remains to be properly handled for
optimizing unconventional reservoir stimulation is the realistic
modeling of heterogeneous and uncertain pre-existing struc-
tural elements, such as natural fractures and stratigraphy16. 
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ficial fractures follow the same mechanisms, and also require
nonstationary models, because they respond to physical
processes, which follow gradients of stress acting on top of
heterogeneous geomechanical rock properties and variable
strain around a wellbore.
Fractures are currently represented in models as 2D topo-

logical objects, though they represent 3D objects due to their
aperture. Modeling large fractures and/or faults is routine in
reservoir geocellular modeling workflows, Fig. 1. Fractures are
connected and related among each other in the DFN; there-
fore, they should not be simulated in models as “uncondi-
tional” Boolean objects. The percolation of connected conduit
objects needs to be included in any modeling algorithm.
Boolean methods consider fractures to be located as if by coin
tosses, without acknowledging the continuity of stress-strain
dynamics. Natural fractures respond to various overlaid stress
fields, each one physically controlled by gradients of stress ten-
sor components, and to boundary conditions. This is an aspect
frequently ignored when representing fracture systems with
“static” modeling methods. Furthermore, fracture intensity —
the quantity of natural fractures per unit volume of rocks — is
controlled by heterogeneous geomechanical rock properties
and stress heterogeneity, which are seldom predictable. In the
case of natural fractures, the rock mechanical properties have
partially vanished due to millions of years of dynamic changes;
natural fractures were generated by paleo-stress event fields,
which are long gone. In addition, elastoplastic rocks and vis-
cous flow properties also respond to spatially nonstationary
models of heterogeneous rock bodies, which are 3D topologi-
cal objects, Fig. 2. 
To generate fracture models, modelers usually resort to con-

sidering fractures as self-similar19 or with invariant geometry
at multiple scales, and the fractal property of fractures has
been supported by some experimentalists20. Self-similarity can
arise when fracture objects are counted within variable vol-
umes of rocks and when a power law, i.e., fractal property, is
established. This means that the logarithm of the number of
fractures could be found proportional to the logarithm of the
size of the fractures21. This approach can yield static realiza-
tions of fracture models while honoring the predicted intensity
of fractures. If flow modeling is subsequently applied to these
fractures, however, the realizations can hardly deliver responses
that match measured dynamic data, e.g., pressure and water cut.
Therefore, the self-similarity hypothesis of fractures requires

As will be evident from the discussion, structural modeling
of fractures in 3D at multiple scales requires a full involvement
of physical deformation considerations, in their origin from
first principles. The uncertainties in static models demand fur-
ther adjustments in flow models, showing that simple forward
models implemented routinely in industrial practice cannot
match measured monitoring data. A fundamental question
that must be answered is: How can hydraulic fracturing stimu-
lation be realistically evaluated for cost optimization and for
sustainable field production in structurally uncertain reser-
voirs? In this article, the use of inverse solutions is suggested as
a powerful method to modify input rock and structural param-
eters in models, not merely in the traditional way by modifying
flow properties, e.g., permeability, but instead by modifying
“structural” variables using discrepancies in monitored and
modeled response attributes at multiple scales. 

DIRECT FRACTURE MODELING LIMITATIONS AND 
UNCERTAINTY

Natural fractures are frequently subseismic, and though they
can be measured by formation image logs and drilling cores,
they also need to be predicted at non-sampled locations. Well
testing, e.g., pressure transient analysis, can reveal fractures in
the vicinity of a well, but a fracture location and its spatial at-
titude are generally uncertain in between wellbores. Microseis-
mic delivers soft information near a wellbore, but it is difficult
to test the connectivity of a DFN across larger distances. Nev-
ertheless, simulating uncertain DFN geometry is essential to
optimizing hydrocarbon production with models.
Natural or artificial fractures are the result of fluid pressure

and the stress field acting physically on the rocks. Once pore
pressure exceeds the compressive stress and coherence holding
a rock, the rock fails. Such a process should ideally be repre-
sented with partial differential equations (PDEs). Geological
processes are similar. The natural deformation process due to
regional stress, e.g., tectonic plate migration, is very slow;
therefore, rocks may not manifest brittle behavior unless shear
stress and pore pressure are suddenly or cataclysmically in-
creased. Therefore, most rocks deform following slow viscous
flow models, such as the Navier-Stokes equations17. Flow
models in general are represented with conservation of mass,
momentum or energy, following PDEs. Assuming a domain
with a rock stratum having stationary geomechanical rock
properties and nonuniform stress boundary conditions, defor-
mation will fold the rock in complex ways. The resulting ele-
vation and gradients, i.e., normal vectors of the folded strata
will require nonstationary models, even for mild folds. The in-
tegration of stationary parameter fields in a PDE always leads
to nonstationary response parameters18. Therefore, complex
and overlaid deformation leads to intricate patterns of curva-
ture in locations where deformation can change into natural
fracturing. As a consequence, the fracture modeling procedure
must recreate the deformation and rock breaking process. Arti-
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further investigation with inverse methods, and the study of
outcrops and flow in fractures needs to be expanded as well.

Nevertheless, a structural 3D grid representing folded strata
and including uncertain natural DFNs, in addition to the cur-
rent stress field, represents the unavoidable initial condition
for any artificial hydraulic fracturing model. Such a model, at
initial conditions, contains uncertain predictions about the
reservoir in the subsurface. Modeling of artificial fractures is
handled as described next. 

PRINCIPLES OF FORWARD PHYSICAL FRACKING
PROCESS MODELING 

The hydraulic fracturing process is a geomechanical undertak-
ing, which can be physically represented as a local, or point,
energy perturbation diffusing onto a surrounding domain, Ω,
that contains a set of rock bodies, κ= {κ1, κ2, … κn}, initially
under present and locally variable effective natural stress. 

An initial condition, or similarly a steady-state heteroge-
neous stress field in geomechanics, can be computed numeri-
cally by introducing a version of the Biharmonic equation,
with heterogeneous rock parameters, 𝜚(𝝊), at each location.
This is: 

(1)

where the stress components are normal:

,                           (2)

and the shear stress is:

(3)

A solution in two stages is to apply finite differences to a 
divergence equation:

(4)

followed by the solution to a Poisson equation:

(5)

Boundary conditions are measured or inferred at the well
boundaries. 

There are various techniques for measuring stress orienta-
tion and magnitude. The Kirsch equations allow the quantify-
ing of stress concentrations around a cylindrical hole to avoid
wellbore failure. These equations show the dependence of
stress concentration on pre-existing stresses and their position
around the wellbore. Other equations to calculate the three
principal stresses also help estimate whether drilling-induced
fractures can occur or if there is a possibility of a wellbore
breakout. The horizontal least principal stress is usually meas-
ured through some form of hydraulic fracturing at a significant
depth, known as mini-frac tests. Wellbore imaging devices are
usually used to assess the maximum horizontal stress since it is
the most difficult component to be accurately estimated. The
stress concentration varies strongly with the position around
the well and even more so within the reservoir22. How the for-
mation responds to this stress concentration is a function of
the stress field and rock strength. Once the initial stress field is
predicted in various scenarios and realizations, a necessary step
due to the uncertainty of the previously modeled 𝜚(𝝊) field, the
fracturing process is simulated as explained next. 

The fundamental stress, i.e., the stress controlling the rup-
ture of rocks for opening a natural fracture or generating an
artificial one, is the resulting tensor of effective stress “rotated”
on the coordinates that coincide with the normal to the opened
fracture plane. If the minimum initial normal stress is exceeded
by a previously selected value, 𝛿𝜎3, the fracture will begin to
open. Therefore, the injection is introduced as an energy per-
turbation 𝛿𝜎3 of the stress field. Of course, the effective stress
requires previous pore pressure modeling to subtract it from
the total stress. Fluid pressure within the fault and fluid pore
pressure are isotropic, yet variable from one location to an-
other; therefore, effective stress has to be carefully predicted,
conditioned to rock heterogeneity. Pore pressure in porous
rocks requires flow modeling to incorporate such components.
Flow modeling of injection is not trivial due to the possibility
of a high Reynold’s number leading to turbulence. This sce-
nario makes Euler’s traditional flow equations useless for 
predicting realistic velocities, as is needed for transport model-
ing23. In other words, proppant injection may respond to a 
turbulent regime, due to fast injection. In this situation, one
should resort to Navier-Stokes solutions, which may lack
uniqueness and may blow up in 3D.  

If natural faults exceeding a threshold shear stress, τxy, exist
in the vicinity, fracturing could cause displacements, i.e., the
failure of blocks of rocks, and fluids may leak off through the
fault plane. This is a situation that must be avoided, especially
if fractures break reservoir seals in upper stratigraphic zones,
the consequences of which are well-known. The method illus-
trated in this article may also be useful to predict the 3D be-
havior of these situations. In weak formations, compaction

,
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and grain rearrangement will be the dominant deformation
methods, where porosity is permanently lost due to stress. In
general, there can be considerable permeability loss in com-
pacting reservoirs, production-induced faulting and possible
surface subsidence. Compaction is an important factor in weak
formations. 

The normal stress can be computed as a scalar field, or as a
function of the shape of the fracture walls, by using the Mohr
circle equations, Eqns. 6 and 7. The normal, σn, and the shear
stresses are functions of the angle between the tortuous frac-
ture plane and the maximum and minimum present stress di-
rections in the field, at the perturbed location. These are:

(6)

(7)

and if the shear stress is exceeded, the fracture is expected to
slide, i.e., it may produce seismic vibrations or earthquakes.

The Mohr Circle, Fig. 3, graphically evaluates the shear
stress and effective normal stress on the fault that forms during
the failure in terms of two co-dependent principal stresses.
Fault slips can be induced by fluid injection and by produc-
tion, and they may be responsible for damage to cased wells as
well as a source of wellbore instability. Failure of a rock under
compression is complex as it involves microscopic failures and
the creation of small tensile cracks and frictional sliding. In
brittle rock, the loss occurs catastrophically with the material
losing all strength, whereas in ductile rock, failure is more
gradual as the material strains. The strength of a rock depends
on how well it is confined and cemented. Nearly all rocks have
relatively high coefficients of internal friction. Weak rocks
have low cohesion and strong rocks have high cohesion, which
varies depending on how well cemented the rocks are. Shales
tend to have lower coefficients of internal friction22. If the
geometry of the fracture is known, the angle β in Mohr’s equa-
tions is completely predictable. A stochastic expression for mo-
ments of the normal stress will enable the required moments
for effective stress. Note that using the principal directions for
each location requires the use of Eigenvectors to avoid work-
ing with the full stress tensor. Furthermore, the use of cylindri-

cal coordinates is useful near wellbores for artificial fractures,
but farther distances resort to the reservoir stress field. A sug-
gestion is to compare the use of the normal and shear Mohr
stresses near wellbores to the angular and radial components. 

Computing stress in directions not matching the “local”
principal directions associated with the fracture geometry may
lead to unnecessary computations. The fracturing process fol-
lows a transient state model; therefore, pore pressure and the
stress fields need to be updated at each time step of the injec-
tion. Pore pressure and fracture pressure are relaxed after each
impulse of proppant injection due to energy diffusion in the
surrounding rock, leading to fracking. Modeling of the DFN
formation process can be expanded if multistage fracturing is
included.

Industrial practice requires the realistic modeling of prop-
pant transport via the full solution of the Navier-Stokes equa-
tions to predict the spatial velocity field, used as input to a
transport equation24, 25. Note that the Navier-Stokes theory is
a balance of momentum (due to viscosity and inertial forces),
gravity and pressure. For that reason, stress and fluid pressure
in the proppant slurry shall be incorporated into the momen-
tum equation of the Navier-Stokes theory. Unfortunately, a
proof of the existence of valid 3D stable solutions to the
Navier-Stokes equations is not available yet26; therefore, the
simulation of turbulent proppant transport in practice is an
unreached goal.

In addition to the above, the fracture modeling process also
requires predictions concerning fracture aperture and perme-
ability. To calibrate permeability by coupling geomechanics to
flow simulation in dual permeability models is non-trivial, be-
cause a solution for flow at the DFN is needed previously for
upscaling. 

The validity of Poiseuille law,   , for fracture net-
works composed of multiple fractures and nonuniform aper-
tures requires further research on percolation to predict
permeability due to fractures in a direct fashion. This aspect is
left for further research.

Finally, two main aspects that must be incorporated into the
forecast technology are: 

• Conditioning to microseismic data, which is used to
predict the required heterogeneous geomechanical
parameters and resulting fractures in rock elements.

• Conditioning to historical and well test data. 

The limitations of forward modeling of the fracking
process, and the two conditioning imperatives above, force the
modeling efforts to seek inverse structural solutions, as will be
explained next. 
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PRACTICAL INVERSE MULTIPLE SCALE MODELING OF
DFN VIA CONDITIONAL SUCCESSIVE INNOVATIONS

The inverse approach, as revisited here, strives to improve the
realizations achieved from direct simulation of fracture net-
works. Instead of modifying the continuous input parameters,
using the mismatch in the response attributes, such as pressure
or flux, the proposal is to modify fracture position, attitude
and geometry parameters to minimize the mismatch in re-
sponse parameters (again pressure or flux) in flow models. 
For simplicity, first recall a coarse resolution single-phase

dual porosity, dual permeability (DPDP) flow model:

(8)

(9)

Here φp and φf are the porosities at the rock matrix and
fractures, respectively. The pore pressures and fracture pres-
sures are Pp and Pf. The upscaled permeabilities, Kp and Kf,
are tensors; the viscosity, m , and compressibility, c, are known.
The flux transfer is represented by q. 
One cannot go back to directly alter the DFN model when

using a DPDP model; therefore, flow modeling needs to be
handled at the DFN level for any structural modifications. The
disadvantage is that higher resolution models are needed. Sub-
sequently, a multiple scale approach is advisable to accelerate
the process. The inverse problem is solved with a DPDP model
at coarse scale, but the inverse problem then needs to be re-
solved at a structural DFN resolution. This is particularly im-
portant if the goal is to model fractures in the vicinity of wells.
An approach for the solution of this type of inverse structural
problem, involving fracture parameters, was devised by fol-
lowing conditional innovations for inverse modeling of input
parameters27, 28, as described next.
The process starts by simulating flow in a forward fashion.

A first or prior realization of fractures may not allow for a
unique history match solution with either data observed from
well testing or the historical data of pressure depletion in an
unconventional tight gas reservoir. Therefore, a mismatch is
computed between the forward model response and the actual
measured response. Due to uncertainty, the prior simulated
fracturing is available in various realizations, and reflecting
various scenarios, to account for future risk interpretations.
Therefore, the forward model should also be executed in 
various realizations. 
The proposed approach starts by computing a pressure re-

sponse error, Dp(x), between the calculated flow model and
the field measured pressure at all wells, as   ,
where x is the spatial location. For modifications of fracture
networks, one needs to define the parameters that affect the
response pressure and/or flux. 
The formal way to evaluate such parameters is by perform-

ing a sensitivity analysis. For example, one can evaluate the

correlation between Dp(x) and the differences in upscaled per-
meability derived from well testing and from the model. In
most cases, the required permeability modifications need to be
related to translations in the attitude and location of individual
fractures; these may need to be included or excluded and/or
have their apertures modified. Therefore, a parameter τ(x) is
defined to control the fracture location, attitude and aperture.
A relation between the measured pressure error   

and the parameter Dτ(x) at monitored wells is
then examined. The parameter updating perturbation is: 

, where τu(x) is the updated parameter, andτp(x) is the parameter at the prior iteration. At this point, one
can apply an approach to update the perturbation parameters
at monitored compartments as follows: 

(10)

where Ja is the sensitivity matrix that relates the difference in
pressure error to the difference in parameters. Sensitivity is
computed by simple arbitrary perturbations and experiments
involving the parameter field. Parameters in between well loca-
tions are modified using a conditional sensitivity, which is 
estimated as an interpolated weight using “conditional” co-
variances for differences. A proof is provided in Vargas-
Guzmán and Yeh (2002)28. This is:

(11)

Subsequently, the predicted perturbation is: 

(12)

Note that Vargas-Guzmán and Yeh (2002)28 devised a the-
ory for this innovative approach using conditional covariances,
which enable a fast Kalman filter in a very practical way.
Figure 4 is a scheme where the initial DFN around a well is

improved by adding fractures resulting from improved knowl-
edge about fracture intensity that is derived from coarse scale
flow simulations. After that, the size of each fracture is ex-
tended to perform flow at DFN scale that matches the local
flow rate. In cases involving sealing fractures, they must be 
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displaced to match the pressure depletion data. Real case stud-
ies also incorporate fracture aperture, as well as spatially tilted
variable fracture planes with realistic dip and strike control. 

TIGHT GAS PSEUDO-COMPARTMENTALIZATION WITH
MINERALIZED NATURAL FRACTURES

The practical approach to modeling the size of reservoir com-
partments made of subseismic faults or mineralized fractures is
to define the apparent volume formed from faults using mate-
rial balance. In this case, pressure vs. time, or pressure decline
during historical gas production, is directly related to the size
of the compartment, as defined by τp(x), which represents the
distance from mineralized sealing fractures to the well. The
matrix Ja is the sensitivity matrix between the pressure differ-
ence and the mineralized fracture orientation and/or its dis-
tance to the producer well. In a real case scenario, it can be
computed from simple successive perturbations, rather than
complex adjoint methods.

Throughout the inverse problem solution for history match-
ing, an optimized set of fractures is used to populate the miner-
alized fractures in between well areas, in a self-similar fashion.
These realizations must be investigated further by using uncer-
tainty analysis. Geostatistical methods, now implemented in
software, allow the generation of various realizations for the
fracture intensity, DFN and compartment size parameters.
Models obtained from various realizations can be ranked, and
a risk analysis can then be performed to define pessimistic and
optimistic scenarios for the size of the compartments. Addi-
tionally, the realizations need to be conditioned by using pres-
sure data with the inverse approach, as previously described in
Eqns. 10 to 12. The process requires multiple scenarios to ob-
tain realistic uncertainty analyses. An additional validation of
resulting fractures, i.e., joints and faults, should not ignore
structural geology, tectonics and seismic data, which are ap-
plied in practice to avoid moving the fractures beyond geologi-
cally realistic positions. 

An example for a real gas reservoir, where compartments
are also affected by the condensation of liquid phase, is found
in Vargas-Guzmán and Liu (2008)27. The example included an
extremely faulted tight gas reservoir for which forward flow
modeling was applied on an upscaled simulation model. The
reservoir fluid contained lean gas condensate ranging up to near
critical gas condensate. Figure 5 shows a fraction of the com-
plex model constructed from this study, and Fig. 6 shows ex-
amples of the final pressure match for one key well and the final
enhanced surrounding DFN, achieved after a few innovations. 

SWEET SPOT UNCERTAINTY AND PSEUDO-COMPART-
MENTALIZATION

Rock bodies help to create pseudo-compartments to match
pressure decline, in the same fashion as previously described,
but the parameters in this case are replaced by sealing rock

body size and location. Sweet spots behave as unstable strati-
graphic traps, surrounded by dynamically weak seals of very
tight rocks, which may also contain resources. Production
rates can only be sustained with multiple lateral wells and
proper fracturing optimization. Modeling flow that involves
sweet spot rock bodies or structures faces major problems. The
seals produce pressure depletion similar to compartments.
Therefore, large fields continue to show pressure decline, but
larger differentials make the pressure decline follow a tailed
exponential decay curve rather than a linear curve. Inverse
methods, i.e., Eqns. 11 and 12, are used to delimit the seals.     

The sedimentological deposition of sealing rocks and sweet
spots is hard to predict. Geologists study this aspect with de-
positional models. Although classic structural geology ac-
knowledges the presence of small-scale features, such as
laminations, crossbedding, gradations, etc., the larger faded
structural features of rock bodies, or depositional structures —
e.g., braided, meandering and tidal channels, point bars, fore-
front, delta front, etc. — are less known and difficult to be
predicted in the subsurface. Only experienced geologists can
recognize them from drilling cores. Furthermore, depositional
facies are usually modeled as properties in 3D square cells
when their real shape is very uncertain. A field size example of
a history matched model with rock bodies is presented in Sul-
tan et al. (2011)29. Taken from this study, Fig. 7 illustrates
tidal and braided channel rock bodies in a depositional model,
following a satellite image analog and using high resolution
fining and coarsening upwards 3D sequence data. Traditional
history matching would not modify the position and geometry
of the rock bodies. Instead, flow modeling input parameters,
e.g., permeability, fluid composition, relative permeability
curves, etc., are targeted for modification. 
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Fig. 5. A sector of a section and a 3D model with sealing faults.

Fig. 6. Bottom-hole shut-in measured pressure match at a well, after several fault
intensity and displacement iterative solutions and the final DFN.
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While the representation of rock bodies with categorical
variables in square cells may be acceptable to model fluid flow,
the geomechanical modeling and reconstruction of the defor-
mation of such structures calls for gridding, which accounts
for curvilinear geometries in a realistic fashion. Following the
approach in Eqns. 10 to 12, the triangulated objects represent-
ing individual rock bodies, Fig. 8, are distorted or moved. The
inverse approach not only modifies their flow and fluid storage
quality, but also their rock mechanical properties for fractur-
ing, in the context of stress-strain modeling. The analysis leads
to the idea that those rock body geometries and locations can
also be modified during conventional history matching of pref-
erential flow. 

The ultimate “ideal” handling of the multiple scale inversion
concept via successive innovations leads to models where the
structures are represented at high resolution, e.g., crossbedding
and gradational structures of grain size or rock types, and at
coarse resolution, e.g., curving channels, elongated bars, beaches
and others. The technical computational limitations may be
overcome if multiple scales are not solved everywhere at once.  

FRACTURE NETWORK INTENSITY BY HYDRAULIC 
TOMOGRAPHY  

The fractures in between injector and producer wells at a fine-
scale DFN can be modified by knowing the time of “flight”
along streamlines in a coarser and fine resolution model. The
idea follows the classic inverse approach, where one can detect
zones or cells where permeability must be highly increased to

match the water cut. The general approach to inversion using
streamlines is described by Vasco et al. (1999)30. In this ap-
proach the time of flight from injector to producer is used to
match the water cut. In such a case, each streamline behaves in
a way similar to a stream tube, with a constant flow rate
driven by a regional pressure head gradient, i.e., Darcy’s law.
The streamline approach could suffer complications if a DFN
is explicitly included into the solution, due to the high resolu-
tion of the DFN and the complexity of the potential turbulent
flow in fractures, as previously described. 

Typically, streamlines are drawn from steady-state solutions
for pressure or for the stream function, at valid small time in-
tervals and valid initial input parameters, such as effective per-
meability, before the inverse solution, Fig. 9a. If the parameters
are modified during history matching, which is equivalent to
modifying the implicit DFN, then streamlines will change di-
rections after an inverse solution, Fig. 9b. This shows an in-
crease in spatial entropy if fractures are present. 

Although permeability is modified as in traditional history
matching, the higher frequency variations in the resulting cor-
rections must be used to enhance the underlying fracture inten-
sity model, which regenerates the DFN. Experience shows that
the modified fracture intensity, Fig. 10, tends to follow areas
of high structural curvature, where the discrepancy between
matrix and well test permeability is significant31. 

INVERSE PROBLEMS IN MONITORED HYDRAULIC
FRACKING AND MICROSEISMIC 

While solving an inverse problem, one must recognize the tar-
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Fig. 7. Tidal and braided channel rock bodies in a depositional model.

Fig. 8. Triangulated elements representing rock bodies imbedded in a reservoir
model.

Fig. 9. Streamline simulation of injection for three time stages: (a) before inverse
solution (left); (b) after inverse solution (right).
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response parameters and the machinery in Eqns. 6 to 8, or
similarly applied in the same fashion. 
An immediate way to apply inversion to the fracturing

process is through monitored bottom-hole pressure (BHP),
which fluctuates during underbalanced drilling operations. 
Ideally, the BHP must be maintained between two pressure
boundaries. One study33 describes how the BHP fluctuates
within a pressure window. Also mentioned is a pressure
recorder that is used during underbalanced drilling to make
adjustments, which are necessary to account for fracture het-
erogeneity. A multivariate linear regression procedure was 
developed34 to determine well connectivity based on BHP fluc-
tuations, and the same could possibly be applied to fractured
rock bodies. Another study35 describes a method for pumping
proppant during hydraulic fracturing in a wellbore. Detecting
tip screen out with a BHP gauge allows an optimum amount
of proppant to be injected and prevents wellbore screen out.
Monitoring the BHP fluctuations is vital to determine the
amount and type of fracturing fluid to be used to stimulate a
reservoir through hydraulic fracturing, and the inverse method
may allow the fracture geometry to be modified until the
measured pressure is matched. 
In several cases, fractures in the DFN can be at first simu-

lated or interpreted from microseismic. They are then placed
into a 3D model as explicit objects with a permeability com-
puted from the aperture. Such fractures therefore have uncer-
tainty, especially in terms of internal geometry, e.g., rugocity,
and variable aperture. The angle between fractures and natural
fractures is another relevant parameter that needs to be in-
verted. These geometry parameters would be inverted until the
influx and proppant concentration due to transport parame-
ters are matched. It is evident that proper analysis demands
monitored data beyond that possible with the currently avail-
able tools in the industry. Therefore, this article is also a re-
search proposal for future laboratory transport experiments in
fractures. The mathematical foundations for modifying the
geometry and the location of fractures are outlined in the 
contributions previously reviewed here.

FRACKING UNCERTAINTY DISCUSSION AND 
CONCLUSIONS

Horizontal drilling and hydraulic fracturing have enabled the
targeting of unconventional reservoirs for the production of
hydrocarbons. Neither horizontal drilling nor fracking were
initially invented for such a purpose; instead, these technolo-
gies were adapted to unconventional reservoir production. Fur-
ther research may unveil more efficient ways to accelerate the
production of hydrocarbon resources from complex subsurface
reservoirs. Fracking, in theory, only affects the zones of interest
in a reservoir, and it can achieve only limited lateral propagation.
Therefore, a large number of wells have to be drilled in uncon-
ventional reservoirs to gain good coverage of a field develop-
ment. Multistage fracturing helps alleviate the high density of

get “input” parameters that need to be successively modified
to obtain forward models with “response” attributes matching
“monitored data.” The forward flow, mechanical deformation
and transport solvers are available elsewhere, as discussed in
the introduction. A critical aspect needing a solution is the
rapid turbulent flow caused by fast injection and the complex
velocities that drive the proppant transport into the formation. 
Velocity is usually monitored using fixed sensors in Euler coor-
dinates, which presents a limiting factor in the case of prop-
pant injection. A more visionary monitoring device would be
robot sensors traveling with the proppant to record and report
their own location and momentum. Flow and transport model-
ing also contain their own inherent limitations, which deserve
research and development, as previously indicated. 
The capability to develop a good model using inverse solu-

tions is heavily controlled by the amount of monitored data
that can be collected downhole, or within fractures or porous
media, for response attributes. In this respect, there is a lot of
room for sensor innovation, as the location, spatial attitude,
3D aperture and folded geometry of opened fractures requires
characterization, together with the pressure, flow rates and
density of injected fluids, transport velocity parameters, and
others. Microseismic, and its interpretation, is the most ad-
vanced tool utilized nowadays to facilitate the collection of 3D
fracture data. The uncertainty of microseismic interpretations
has been examined in the literature32. It is obvious that such
interpretations can be further refined by using the inverse
mechanisms via hydraulic tomography during flowing well
testing, proppant transport, and further cleanup and produc-
tion. The geometric fracture parameters are correlated to the
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Fig. 10. Fracture intensity modified from permeability discrepancy for three model
layers before inverse solution (left) and after inverse solution (right).
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wells required, but if lateral fracturing can be expanded to
reach longer distances, then the cost of fracking per volume of
extracted hydrocarbons will decrease even more. Current tech-
nologies can extend fractures longer distances (again using
multistage fracturing), but the constrained direction dictated
by the well may not necessarily be the most efficient way to
connect sweet spots. More intense lateral fracking also could
not be handled without damaging sealing horizons and creat-
ing possible leaks. The whole process requires modeling and
optimization via matching with monitoring data through 
inverse solutions.

As a consequence, inverse solutions can help optimize hy-
draulic fracturing using different strategies for modeling vari-
able structural environments. Because rock bodies have been
included as structures here, structural modeling with current
technology becomes the leading target to lower costs, to secure
the sustainability of well pressures and to maximize ultimate
recovery. Massive fracturing could eliminate this need for
modeling, but it is doubtful that it could be handled in a harm-
less fashion unless proper structural geomechanical modeling
and optimization are employed.

Ideas on how to avoid fractures from breaking reservoir
seals and affecting overlying horizons remain constrained to
controlling fracking with models and field monitoring, which
must ultimately match. Speculation about potential earth-
quakes and other complications also need models to prove
they are quantitatively controlled and avoided. Finally, struc-
tural uncertainty is the fundamental input that is a natural
driver of future unconventional reservoir development. Such a
situation may still be relevant even if future fracturing technol-
ogy is replaced by a field development emulating selective
block caving.          

The ultimate result of the static geological modeling of rock
bodies, faults and fractures, as previously described, can be
coupled to the most advanced hydraulic fracture modeling,
also as previously described. This article has endeavored to re-
visit leading technology that can be applicable to industrial
scale cases. The major finding is that rock bodies are not cur-
rently treated as structural objects, but rather as discrete prop-
erties. Therefore, they are confined to square cells, when in
fact some small-scale structural features are rather complex,
such as gradation and crossbedding. Failing to model grains
and rock bodies as structural objects brings limitations to flow
modeling and geomechanical associated processes. 

The best hydraulic fracturing model needs to start from ini-
tial conditions that are realistic and that contain relevant de-
tail. This implies that using finite element deformation models,
or simpler finite difference solutions, for geomechanical mod-
els must start by restoring the paleo-geomechanical processes
that generated natural folds, faults and joints. Natural frac-
tures have been simulated in the industry, but the realistic sim-
ulation of fractures always contains uncertainty. The best way
to reduce such uncertainty is to include paleo-stress and paleo-
strain into fracture modeling processes. Still, not a single case

has been reported where fracture models at industrial scale
have reproduced the expected response flow attributes, e.g.,
water cut, without some sort of inverse machinery for history
matching. Consequently, simulating hydraulic fracturing with
geomechanical deformation — as previously described — suf-
fers the same limitations when it comes to providing a model
conditioned to flow dynamic data. 

This article revisited a couple of relevant industrial scale
cases in which inverse problem solutions were handled with
different algorithms. In one case, the method looked at the
new concept of displacing the structural objects, i.e., fractures,
to match the pressure depletion response. In a second case, the
time of flight concept is proposed as a way to evaluate fracture
intensity, leading to the conditioning of fracture models to
match water cuts by detecting preferential flow rate stream-
lines. The discussion was extended here to handle sweet spots
and rock bodies as movable objects with finite element con-
structions to match flow responses to optimize hydraulic frac-
tures while measuring well test responses during backflow.   

ACKNOWLEDGMENTS

The authors wish to thank the management of Schlumberger
and Saudi Aramco for their support and permission to publish
this article. The first author would also like to thank Moham-
mad A. Dharmawan and Francisco Diaz from SIS Schlum-
berger for their mentorship in the subject matter.

A version of this article was presented at the International
Petroleum Technology Conference, Doha, Qatar, December 6-
9, 2015.

REFERENCES

1. Rogala, A., Krzysiek, J., Bernaciak, M. and Hupka, J.:
“Non-Aqueous Fracturing Technologies,” Physicochemical
Problems of Mineral Processing, Vol. 49, No. 1, 2013, pp.
313-321.

2. Ezzedine, S.M., Rubenchik, A. and Yamamoto, R.: “Laser-
Enhanced Drilling and Laser Assisted Fracturing for
Subsurface EGS Applications,” paper SGP-TR-204,
presented at the 40th Workshop on Geothermal Reservoir
Engineering, Stanford University, Stanford, California,
January 26-28, 2015. 

3. Khristianovich, S.A. and Zheltov, Y.P.: “Formation of
Vertical Fractures by Means of Highly Viscous Liquid,”
WPC paper 6132, presented at the 4th World Petroleum
Congress, Rome, Italy, June 6-15, 1955. 

4. Geertsma, J. and Klerk, F.D.: “A Rapid Method of
Predicting Width and Extent of Hydraulically Induced
Fractures,” Journal of Petroleum Technology, Vol. 21, No.
12, December 1969, pp. 1571-1581.

5. Perkins, T.K. and Kern, L.R.: “Widths of Hydraulic
Fractures,” Journal of Petroleum Technology, Vol. 13, 

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        71

84093araD9R1.qxp_84093araD9R1  7/7/16  10:32 AM  Page 71



and Pre-existing Structure Matter,” American Association
of Petroleum Geologists Bulletin, Vol. 98, No. 11, 
November 2014, pp. 2237-2261.  

17. Yeo, I.W., de Freitas, M.H. and Zimmerman, R.W.: 
“Effect of Shear Displacement on the Aperture and 
Permeability of a Rock Fracture,” International Journal 
of Rock Mechanics and Mining Sciences, Vol. 35, No. 8, 
December 1998, pp. 1051-1070.

18. Vargas-Guzmán, J.A.: “Unified Principles for Nonlinear 
Nonstationary Random Fields in Stochastic Geosciences,”
in E. Pardo-Igúzquiza, C. Guardiola-Albert, J. Heredia, L.
Moreno-Merino, J.J. Durán and J.A. Vargas-Guzmán 
(eds.), Mathematics of Planet Earth, Proceedings of the 
15th Annual Conference of the International Association 
for Mathematical Geosciences, Springer Science and 
Business Media, October 2013, 861 p.

19. Adler, P.M. and Thovert, J-F.: Fractures and Fracture 
Networks, Vol. 15 of Theory and Applications of 
Transport in Porous Media, Kluwer Academic Publishers,
London, 1999, 431 p.

20. Serrano, M.A., Krioukov, D. and Boguña, M.: “Self-
Similarity of Complex Networks and Hidden Metric 
Spaces,” Physical Review Letters, Vol. 100, February 
2008.

21. Schroeder, M.R.: Number Theory in Science and 
Communication: With Applications in Cryptography, 
Physics, Digital Information, Computing and Self-
Similarity, 5th edition, Springer Publishing Company, 
Berlin, 2008, 432 p.

22. Zoback, M.D.: Reservoir Geomechanics, Cambridge 
University Press, New York, 2007, 464 p.

23. Coakley, T.J.: “Turbulence Modeling Methods for the 
Compressible Navier-Stokes Equations,” paper presented 
at the American Institute of Aeronautics and 
Astronautics, 16th Fluid and Plasma Dynamics 
Conference, Danvers, Massachusetts, July 12-14, 1983.

24. Temam, R.: Navier-Stokes Equations: Theory and 
Numerical Analysis, American Mathematical Society, 
New York, 2000, 408 p.

25. Girault, V. and Raviart, P.A.: Finite Element Methods for 
Navier-Stokes Equations: Theory and Algorithms, 
Springer-Verlag, Berlin, 2012, 374 p.

26. Carlson, J.A., Jaffe, J. and Wiles, A. (eds): The 
Millennium Prize Problems, The Clay Mathematics 
Institute, Providence, Rhode Island, 2006, 160 p. 

27. Vargas-Guzmán, J.A. and Liu, J.: “Enhanced 
Compartmentalization of a Complex Reservoir with Sub-
Seismic Faults from Geological Inversion,” Journal of 
Petroleum Science and Engineering, Vol. 61, Nos. 2-4, 
August 2008, pp. 108-115.

28. Vargas-Guzmán, J.A. and Yeh, T.C.J.: “The Successive 

No. 9, September 1961, pp. 937-949.

6. Nordgren, R.P.: “Propagation of a Vertical Hydraulic
Fracture,” Society of Petroleum Engineers Journal, Vol. 12,
No. 4, August 1972, pp. 306-314.

7. Biot, M.A.: “Generalized Theory of Acoustic Propagation
in Porous Dissipative Media,” The Journal of the
Acoustical Society of America, Vol. 34, No. 9A, 1962, pp.
1254-1264.  

8. Khanna, A., Keshavarz, A., Mobbs, K., Davis, M. and
Bedrikovetsky, P.: “Stimulation of the Natural Fracture
System by Graded Proppant Injection,” Journal of
Petroleum Science and Engineering, Vol. 111, November
2013, pp. 71-77.

9. Chekhonin, E. and Levonyan, K.: “Hydraulic Fracture
Propagation in Highly Permeable Formations with
Application to Tip Screen Out,” International Journal of
Rock Mechanics and Mining Sciences, Vol. 50, February
2012, pp. 19-28.

10. Miller, B., Paneitz, J.M., Yakeley, S. and Evans, K.A.: 
“Unlocking Tight Oil: Elective Multistage Fracturing in 
the Bakken Shale,” SPE paper 116105, presented at the 
SPE Annual Technical Conference and Exhibition, 
Denver, Colorado, September 21-24, 2008.

11. Solares, J.R., Franco Giraldo, C.A., Al-Marri, H.M., Al-
Hussain, H., Abualhamayel, N., Ramanathan, V., et al.: 
“Successful Multistage Horizontal Well Fracturing in 
Deep Reservoirs of Saudi Arabia: Field Testing of a 
Promising, Innovative, New Completion Technology,” 
SPE paper 114766, presented at the SPE Annual 
Technical Conference and Exhibition, Denver, Colorado, 
September 21-24, 2008. 

12. Settari, A. and Cleary, M.P.: “Development and Testing of
a Pseudo-Three Dimensional Model of Hydraulic 
Fracture Geometry,” SPE Production Engineering, Vol. 1,
No. 6, November 1986, pp. 449-466.

13. Hossain, M.M. and Rahman, M.K.: “Numerical 
Simulation of Complex Fracture Growth during Tight 
Reservoir Stimulation by Hydraulic Fracturing,” Journal 
of Petroleum Science and Engineering, Vol. 60, No. 2, 
February 2008, pp. 86-104.

14. Ji, L., Settari, A. and Sullivan, R.B.: “A Novel Hydraulic 
Fracturing Model Fully Coupled with Geomechanics and 
Reservoir Simulation,” SPE Journal, Vol. 14, No. 3, 
September 2009, pp. 423-430.

15. Shi, G.H.: “Discontinuous Deformation Analysis: A New 
Numerical Model for the Statics and Dynamics of 
Deformable Block Structures,” Engineering 
Computations, Vol. 9, No. 2, 1992, pp. 157-168.

16. Smart, K.J., Ofoegbu, G.I., Morris, A.P., McGinnis, R.N. 
and Ferrill, D.A.: “Geomechanical Modeling of Hydraulic
Fracturing: Why Mechanical Stratigraphy, Stress State, 

72 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

84093araD9R1.qxp_84093araD9R1  7/7/16  10:32 AM  Page 72



Linear Estimator: A Revisit,” Advances in Water 
Resources, Vol. 25, No. 7, July 2002, pp. 773-781.

29. Sultan, A.J., Vargas-Guzmán, J.A. and Al-Thuwaini, J.S.: 
“A High-Resolution Reservoir Simulation Study for a 
Giant Offshore Field Using a Model Constrained to 
Complex Clastic Rock Bodies,” SPE paper 148331, 
presented at the SPE Reservoir Characterization and 
Simulation Conference and Exhibition, Abu Dhabi, UAE, 
October 9-11, 2011.

30. Vasco, D.W., Yoon, S. and Datta-Gupta, A.: “Integrating 
Dynamic Data into High-Resolution Reservoir Models 
Using Streamline-based Analytic Sensitivity Coefficients,” 
SPE Journal, Vol. 4, No. 4, December 1999, pp. 389-399.

31. Vargas-Guzmán, J.A., Al-Gaoud, A., Datta-Gupta, A., 
Jimenez, E.A. and Oyeriende, D.: “Identification of High 
Permeability Zones from Dynamic Data Using Streamline
Simulation and Inverse Modeling of Geology,” Journal of
Petroleum Science and Engineering, Vol. 69, Nos. 3-4, 
December 2009, pp. 283-291.

32. Maxwell, S.: Microseismic Imaging of Hydraulic 
Fracturing: Improved Engineering of Unconventional 
Shale Reservoirs, Society of Exploration Geophysicists, 
2014, 212 p.   

33. Perez-Tellez, C.: “Improved Bottom-hole Pressure Control
for Underbalanced Drilling Operations,” Ph.D. Thesis, 
Louisiana State University, Baton Rouge, Louisiana, 
2003.

34. Tiab, D., Igbokoyi, A.O. and Restrepo, D.: “Fracture 
Porosity from Pressure Transient Data,” IPTC paper 
11164, presented at the International Petroleum 
Technology Conference, Dubai, UAE, December 4-6, 
2007. 

35. McLeod, T. and Mahdi, A.: Live Bottom-hole Pressure 
for Perforation/Fracturing Operations, Schlumberger 
Technology Corporation, 2013.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        73

84093araD9R1.qxp_84093araD9R1  7/7/16  10:32 AM  Page 73



74 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

BIOGRAPHIES

Brenda Vargas-Murillo was previously
a Reservoir Studies Engineer working
with Schlumberger. Her current
research interests include reservoir
modeling and optimization of fracture
networks for production stimulation.
Brenda has experience in fluid

mechanics, geomechanics, geostatistics, inverse reservoir
characterization, proppant injection and the physics of
reservoir engineering. While previously working for
Schlumberger, and collaborating on developing projects,
she gained practical know-how in optimization of fracking
stimulation. Also, Brenda regularly assisted instructors on
Petrel and Ocean courses taught at Saudi Aramco’s
Upstream Professional Development Center in Dhahran,
Saudi Arabia.  

She has published several Society of Petroleum
Engineers (SPE) papers and was awarded the Third Best
Paper Award by SPE at the Asia Pacific Oil and Gas
Conference and Exhibition in 2013 for her research on
hybrid reservoirs.

Brenda received her B.Eng. degree in Petroleum
Engineering from the University of New South Wales,
Sydney, Australia.

Dr. José Antonio Vargas-Guzmán is a
Principal Professional working in Saudi
Aramco’s Reservoir Characterization
Department. He is responsible for
academically designing and directing a
Professional Development Program for
“quantitative reservoir modeling for

field development,” which integrates Saudi Aramco’s
Upstream Professional Development Center (UPDC),
leading university professors and international experts from
the industry. José Antonio has been a key contributor to
modeling and simulation projects for gigantic hydrocarbon
field developments since joining Saudi Aramco in 2002.
During his career at Saudi Aramco, he has developed
mathematical solutions to numerous modeling problems,
including higher order modeling of heavy-tailed distributed
permeability, nonlinear and nonstationary modeling of
facies in clastic systems, uncertainty quantification of
resources, downscaling seismic, nonstationary modeling of
water saturation, compartmentalization with subseismic
faults, inverse methods for history matching and multiple
structural modeling challenges. 

José Antonio previously worked as a Regional Manager
for the Swiss company Société Générale de Surveillance
(SGS) in the 1980s, where he attained world-class
experience in resource evaluations. 

mechanics geomech

José Antonio was a Fulbright Scholar at the University
of Arizona, Tucson, AZ, where he received his Ph.D. degree
while working as a research associate and lecturer in
geostatistics and porous media physics. Upon graduation,
he took a full-time research faculty position at the
university funded by the Department of Energy (DOE). He
has also been a research fellow at the University of
Queensland, Australia. Some of his R&D endeavors for
improving spatial statistics and geological modeling are
published in various peer-reviewed journals. 

In addition, José Antonio has served as a keynote
speaker, workshop organizer, session chair and oral
presenter at various international conferences, including the
Southeast Asia Australia Offshore Conference (SEAAOC),
International Association for Mathematical Geology
(IAMG), European Association of Geoscientists and
Engineers (EAGE), American Association of Petroleum
Geologists (AAPG) and Society of Petroleum Engineers
(SPE).

field development ”

84093araD9R1.qxp_84093araD9R1  7/7/16  10:32 AM  Page 74



SUBSCRIPTION ORDER FORM

To begin receiving the Saudi Aramco Journal of Technology at no charge, please complete this form.

Please print clearly.

Name ______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Title __________________________________________________________________________________________________________________________________________

Organization _______________________________________________________________________________________________________________________________

Address _____________________________________________________________________________________________________________________________________

City __________________________________________________________________________________________________________________________________________

State/Province ______________________________________________________________________________________________________________________________

Postal code _________________________________________________________________________________________________________________________________

Country _____________________________________________________________________________________________________________________________________

E-mail address _____________________________________________________________________________________________________________________________

Number of copies _________________________________________________________________________________________________________________________

TO ORDER

By phone/email:

Saudi Aramco Public Relations Department 
JOT Distribution
+966-013-876-0498
william.bradshaw.1@aramco.com

By mail:

Saudi Aramco Public Relations Department 
JOT Distribution 
Box 5000
Dhahran 31311
Saudi Arabia

Current issues, select back issues and multiple copies of some issues are available upon request.

The Saudi Aramco Journal of Technology is published by the Saudi Aramco Public Relations Department, 
Saudi Arabian Oil Company, Dhahran, Saudi Arabia.

SAUDI ARAMCO JOURNAL OF TECHNOLOGY   SUMMER 2016        75

84093araD10R1.qxp_84093araD10R1  7/7/16  10:32 AM  Page 75



GUIDELINES FOR SUBMITTING AN ARTICLE 
TO THE SAUDI ARAMCO JOURNAL OF TECHNOLOGY

These guidelines are designed to simplify and help standardize
submissions. They need not be followed rigorously. If you
have additional questions, please feel free to contact us at
Public Relations. Our address and phone numbers are listed
on page 75. 

Length 

Varies, but an average of 2,500-3,500 words, plus
illustrations/photos and captions. Maximum length should 
be 5,000 words. Articles in excess will be shortened.

What to send 

Send text in Microsoft Word format via email or on disc, plus
one hard copy. Send illustrations/photos and captions
separately but concurrently, both as email or as hard copy
(more information follows under file formats). 

Procedure 

Notification of acceptance is usually within three weeks after
the submission deadline. The article will be edited for style
and clarity and returned to the author for review. All articles
are subject to the company’s normal review. No paper can be
published without a signature at the manager level or above.

Format

No single article need include all of the following parts. The
type of article and subject covered will determine which parts
to include.

Working title

Abstract

Usually 100-150 words to summarize the main points.

Introduction

Different from the abstract in that it “sets the stage” for the
content of the article, rather than telling the reader what it 
is about.

Main body 

May incorporate subtitles, artwork, photos, etc.

Conclusion/summary

Assessment of results or restatement of points in introduction.

Endnotes/references/bibliography

Use only when essential. Use author/date citation method in
the main body. Numbered footnotes or endnotes will be
converted. Include complete publication information.
Standard is The Associated Press Stylebook, 49th ed. and
Webster’s New World College Dictionary, 5th ed.

Acknowledgments

Use to thank those who helped make the article possible. 

Illustrations/tables/photos and explanatory text

Submit these separately. Do not place in the text. Positioning
in the text may be indicated with placeholders. Initial
submission may include copies of originals; however,
publication will require the originals. When possible, submit
both electronic versions, printouts and/or slides. Color is
preferable.

File formats

Illustration files with .EPS extensions work best. Other
acceptable extensions are .TIFF, .JPEG and .PICT.  

Permission(s) to reprint, if appropriate

Previously published articles are acceptable but can be
published only with written permission from the copyright
holder.

Author(s)/contributor(s)

Please include a brief biographical statement.

Submission/Acceptance Procedures

Papers are submitted on a competitive basis and are evaluated
by an editorial review board comprised of various department
managers and subject matter experts. Following initial
selection, authors whose papers have been accepted for
publication will be notified by email. 

Papers submitted for a particular issue but not accepted for
that issue will be carried forward as submissions for
subsequent issues, unless the author specifically requests in
writing that there be no further consideration. Papers
previously published or presented may be submitted.

Submit articles to:

Editor
The Saudi Aramco Journal of Technology
C-11B, Room AN-1080
North Admin Building #175
Dhahran 31311, Saudi Arabia
Tel: +966-013-876-0498
E-mail: william.bradshaw.1@aramco.com.sa

Submission deadlines

Issue Paper submission deadline Release date

Winter 2016 August 31, 2016 December 31, 2016
Spring 2017 November 30, 2016 March 31, 2017
Summer 2017 February 28, 2017 June 30, 2017
Fall 2017 May 31, 2017 September 30, 2017

76 SUMMER 2016   SAUDI ARAMCO JOURNAL OF TECHNOLOGY

84093araD10R1.qxp_84093araD10R1  7/7/16  10:32 AM  Page 76








