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 Abstract 
      Many large oil and gas fields in the most productive world regions happen to be fractured. The 
exploration and development of these reservoirs is a true challenge for many operators. These 
difficulties are due to uncertainties in geological fracture properties such as aperture, length, 
connectivity and intensity distribution. To successfully address these challenges, it is paramount to 
improve the approach of characterization and simulation of fractured reservoirs.  
In this study, a fully integration of all available data and methods have been used for generating 
stochastic discrete fracture network (DFN)such as outcrop study, core description, petrophysical and 
image logs and also for better result validation, streamline simulation has been conducted. In this 
comprehensive process a real gas condensate fractured carbonate reservoir has been used.  
Firstly, three main fracture sets were defined that have fold-related fractures, then the fracture intensity 
and DFN model using fracture drivers correlation were generated. After that, permeability of the 
developed DFNs was calibrated with available well test permeability. Then, a streamline simulation was 
used because of its high computational speed, high accuracy and good visualization for the repeated 
nature of history matching of a dual porosity model in the gas condensate reservoir. So, with running 
streamline simulation, three realizations (High, Medium and Low) ranked based on the objective 
function values. These three realizations are common realization that are well known with optimistic, 
most likely and pessimistic scenarios. Finally, comprehensive history matching was done for all the 
three-selected realizations. 

The overall goal is to develop a representative fluid flow simulation model for improving gas 
cycling procedure in gas condensate reservoir. This method has great application in the high resolution 
fractured reservoir modeling due to using actual fracture parameters. Also, it can be used for model 
ranking, screening and optimum dynamic model calibration for reduction of the history matching 
complexity without being manipulated by reservoir engineer.       

 

Keywords: Fracture parameters, DFN model, Fast history matching, Streamline simulation, 
DST matching 

 

Introduction 
     Natural fractures play a significant role 
in subsurface flow and transport of fluids. In 
recent years, there is a greater need for more 
robust facture characterization methods that 
can integrate both static and dynamic data 
in an efficient manner. Of late, discrete 
network (DFN) techniques have gained 
increasing attention in the oil industry. The 
advantage of the DFN models is the ability 
to incorporate complex fracture patterns 
based on field data such as cores, well logs, 
borehole images, seismic data and 
geomechanics. Therefore, the DFN 
modeling has become popular and is often 
used to fracture model flow path and 
connectivity. Although the DFN models can 
reproduce very realistic fracture geometry, 

it is important to condition these models to 
dynamic data such as well test, tracer and 
production data to reproduce the flow 
behavior in the reservoir. 

Standard history matching techniques are 
often composed of a fixed geological model 
with global modifications and local 
adjustment. The limitations of this method 
are clear. Local adjustments are not always 
geologically realistic, static uncertainties are 
not taken into account and only a limited 
number of models are used for prediction. 
An important part of uncertain parameters 
affecting the history match is fracture 
properties that have a great impact on the 
reserves estimation and production profile 
determination.  
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Figure 1: Flowchart of model ranking 

 
We need to conduct history matching of 

more than one realization. A crucial issue 
here is to select representative realizations 
that will adequately represent the 
uncertainties in the reservoir performance 
predictions. We will resort to a streamline-
based ranking criterion for this purpose. 
Streamline models have shown great 
potential in integrating dynamic data into 
high resolution geologic models. 

The organization of this paper is as 
follows. First, we build a multiple equi-
probable stochastic model of the fracture 
distribution network (DFN). For building 
this model, data from different sources such 
as conceptual model, well logs, well tests, 
seismic and production logs are 
incorporated. Then these models are 
validated in surrounding of wells by 
transient pressure tests, the objective 
function, which measures the mismatch 

between the simulated and the observed 
pressure data, is used for selection of best 
models. The parameters of selected models 
are extrapolated into full reservoir. Finally, 
a great number of multiple realizations with 
consideration of fracture parameters are 
built and then using streamline-based dual 
porosity simulations are ranked. Ranking is 
based on the comparison between observed 
and simulated data as an objective function 
value. 

 

Methodology 
    The workflow starts by preparing a 
multiple history matched reservoir model 
that includes all static uncertainties such as 
fracture modeling parameters. The delivered 
results are now probabilistic and the 
obtained reservoir model is more realistic 
based on a geological modeling. This 
methodology can be applied for facilitating 
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the history matching processes, using all of 
integrated data from geological study to 
production, particularly in fractures 
reservoirs. In this study, we show how all 
types of dynamic data can improve the 
characterization of the fracture network 
either qualitatively or quantitatively. The 
workflow involves three main steps  
(Figure 1): 
 

1. Fracture characterization and modeling  
2. Validation and optimization of fracture-

network models 
3. Model ranking by streamline simulation 

in the full field model 
 
Step 1: Fracture characterization and 
modeling  
    To improve oil and gas recovery in 
naturally fractured reservoirs, the dominant 
flow paths must be identified. Identifying, 
characterizing, and mapping the fracture 
network in terms of aperture, length, 
connectivity and intensity distribution are 
crucial for optimal reservoir management. 
First, reservoir characterization starts with 
outcrop, seismic, well logs, core cutting and 
wellbore images to develop a preliminary 
description of the reservoir. Then, the 
fracture controlling (lithology, porosity) are 
identified and using geostatistical and 
neural methods are assigned to inter wells. 
Finally, the discrete fracture network (DFN) 
modeling has become a desirable starting 
point. 
 
Step 2: Validation and modification of 
fracture-network models 
    Calibration of fracture–network models 
due to high uncertainty of such models is a 
very important step. In fact, field experience 
has shown that the ultimate accuracy of 
reservoir characterization will depend on 
the iterative process of calibration against 
dynamic data. In this section, we define a 
certain number of grids near wellbore 
regions inside the reservoir. Fracture 
distributions are generated stochastically 
within each region. The dynamic behavior 
of the fracture-network model is then 
simulated and compared to the observed 

production test responses until a satisfactory 
match is achieved by the appropriate tuning 
of model parameters.  
This fine tuning is done using computation 
of the equal-probable realizations (about 50) 
that is iteratively with consideration of 
different fracture parameters. Finally, a few 
of these realizations that have optimum 
objective function value are selected in the 
condition that their permeability to be 
consistent with the permeability-thickness 
(kh) of test.  
 
Step 3: Model ranking by streamline 
simulation in the full field model 
    A 3D streamline simulator was used in 
this study to model fluid flow in the 
reservoir. Under a variety of conditions, the 
speed of the streamline simulator can be 
much faster than a conventional numerical 
simulator and is thus particularly well-
suited for large-scale flow simulations and 
ranking of geologic models. Ranking of 
multiple realizations due to variety of 
uncertainty to identify the optimal 
realization for history matching is 
important.  

With regarding to observed data and 
comparison with simulation results, best 
matches have been selected. Achieving 
these best matches, three mentioned 
realization have been plotted in recovery 
factor versus gas in place graph. 

The ranking procedure is developed 
based on the results of production history 
and flow simulation of streamline as an 
objective function value. At last, we select 
three realizations that represent the 
pessimistic/low, most-likely/medium, and 
optimistic/high realization for decision 
making. 
 

Application and results 
Case study description 

The case study is a gas condensate 
reservoir in fractured carbonates mainly 
made up of argillaceous to marly limestone. 
The field structure shoes up on surface as an 
anticline with its longitudinal axis 
orientated N120. The gross reservoir 



 
   86                                    Journal of Chemical and Petroleum Engineering, University of Tehran, Vol. 47, No.2, Dec. 2013                      

 
 

thickness is approximately 200m.Due to 
poor quality of seismic data, prediction of 
possibility for faulting existence is 
impossible. In this field, 12 wells have been 
drilled over 50 years of production history. 

 
Fracture characterization 
    Characterization, i.e. preparing data for 
modeling and simulation stage, is the first 
step of any reservoir study. The aim of 
natural fractures reservoirs (NFR) 
characterization is to determine reservoir 
and fracture properties at well location, as 
well as correlation and interpolation 
throughout the inter-well regions. In doing 
so, it is essential that all available field data 
at different scales are gathered for a proper 
rock characterization. These data sources 
range from seismic and outcrop surveys to 
different logging tools, wellbore images, 
core, drilling data and well tests. 
Unfortunately, in this study it is not possible 
to use seismic data due to low quality 
seismic. 

Generally, NFR characterization is done 
in two steps: 

1. Processing of data sources for  
fracture properties determination 

2. Analysis and integration of 
information to establish 
characteristics, interrelationships 
and spatial distributions of all 
fracture properties for the whole 
reservoir. 

Also, the required parameters to define 
accurately a fracture system at the wellbore 
scale can be summarized as follows: 
 Geometric description (position, 

orientation and length) 
 Fracture aperture, as a significant 

element of fracture porosity and 
permeability 

 Fracture intensity (density) that is the 
most important characteristic of a 
fracture network 

 
    First, observations of outcrop analogs and 
acquired image logs from three wells were 
analyzed to describe the reservoir fracture 
network. Outcrop image is at regional scales 

and it is an important fracture data source. It 
may establish underground fractures as the 
surface measurements being extrapolated 
into subsurface, but always this conversion 
is not straightforward. There is a difference 
between surface and subsurface depend on 
burial stress and weathering. 

In this study, orientation of surface maps 
in the different regions revealed that the 
fracture system origin of this field is more 
fold-related than fault related because of not 
seeing any distinct fault in the reservoir. 
Also, the maximum horizontal stress is in 
the NE-SW direction that is the direction of 
the tension fractures being parallel to 
anticline axis. In addition, it has been 
observed that fracture patterns are non-
stratbound with length population power-
law and spacing of fractures is about of 
10cm to 15 m. Figure 2 shows the fracture 
pattern in one of the outcrops in this field. 

 

 
Figure 2: An example of outcrop in the field 

(Shakeriet all, RIPI)  
 
The orientation and dips of sub surface 

fractures were obtained from core-oriented 
fracture description and FMI interpretation. 
Figure 3 shows the fractures in cores and 
dip-azimuth of fracture in an image log. The 
consistency of the orientation data in well 
and in outcrop scale suggested that a 
continuous fracture population exists 
between them. Also, fracture aperture size 
was calculated from image logs in one of 
the wells that its mean log-normal aperture 
distribution is 0.2 mm. 
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Figure 3: Core data and FMI log in the fractured reservoir 

 

 
Figure 4: Rose diagram distribution based on image logs and outcrops 

 

 
Figure 5: Correlation between intensity log and calculated using neural network 
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Figure 6: Intensity distribution in each fracture set 

 
 

 
Figure 7: DFN model in full field 

 
With considering of all these information 

and drawing of rose diagram distribution 
(Figure 4) three main fracture direction (set) 
were determined: 

1. Parallel to bedding as diagonal with 
folding axis (N145, dip 80°), shear 
fractures  

2. Perpendicular to bedding as diagonal 
with folding axis (N55, dip 78°), shear 
fractures  

3. Parallel to folding (N115, dip 
75°),tension fractures 

 
    The fracture information was analyzed 
and integrated by statistical, geostatistical 
and spatial neural methods. The purposes 
are to determine representative statistics and 
behaviors of each fracture properties (e.g. 
location, orientation, length and intensity) 
and as well as their correlation with other 
parameters and spatial distribution. The 
results will be used as inputs in the 
stochastic modeling of fractures. The 
orientation and length are obtained from 
quantitative analysis results in wells and 

outcrops. Due to sparse data in some wells, 
it is necessary to estimate the intensity of 
fractures from some other wells. For this 
work, a good correlation between intensity 
log and shale log was identified that with 
decreasing of shale (ductile zone) in 
limestone (brittle zone) the fracture 
intensity increases, then a neural network 
algorithm was applied for training of 
available data. Figure 5 shows the good 
correlation between raw data and calculated 
data for intensity log. Later, the intensity 
log in all of wells was estimated. Finally, an 
intensity distribution map for each fracture 
set was created stochastically using 
geostatistical methods. Figure 6 shows the 
intensity distribution in each fracture set.  
 
Fracture modeling  

All data collected were used to define the 
orientation parameters. Three main fracture 
sets were detected and assigned to the 
model showing average dip directions of 
N145, N55, N115, respectively, with dip 
angles 80°, 78°, 75°.Also, the distribution of 
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fracture length was described by a power 
law and the minimum and maximum length 
with an initial guess about of 20m and 200 
m, respectively. Figure 7 shows a view of 
DFN model in the reservoir. Based on the 
DFN model, the reduction of fracturization 
from crest area into flank area can be seen. 
Also, due to existence of only one dominate 
fracture set (N145) in the west of the 
reservoir, a strong anisotropy that associated 
with a disturbed zone (possibly fault) was 
seen. 

For estimating of fracture parameters 
(porosity, permeability and sigma factor), 
we need to have the aperture size and 
intrinsic fracture permeability. First, the 
aperture size was calculated, initially, due to 
relationship between the aperture and its 
length until their statists consistent with 
statistics of FMI analysis. Then, the intrinsic 
fracture permeability as a function was 
related to the fracture aperture. The intrinsic 
fracture permeability was considered as a 
parameter to be matched in the calibration 
of dynamic data. Finally, the fracture 
network properties were scaled up within 
each of cells in the reservoir, but these 
properties were not in accordance with real 
data, yet. 

 
Validation 
    The reliability of DFN model was 
verified by simulation of  the  dynamic  data  

in surrounding of wells and by comparison 
of obtained pressure data, with the pressure 
response of real data observed. The pressure 
response taken from well tests has certain 
diagnostic properties that can be used to 
help resolve such properties as fracture 
connectivity, length, scale and permeability. 
    In this paper, with using of interpretation 
of drawdown and buildup pressure tests in 
two wells of the field, initially the matching 
parameters of fracture (intensity 
distribution, fracture length, aperture, and 
intrinsic permeability) were consistent. For 
this work, first an iterative procedure was 
defined for simulation of pressure response 
in the surrounding of two given wells as 
compositional mode. Figure 8 shows the 
DFN model in the surrounding of a well, 
then due to uncertainty of these parameters 
50 software runs (different realizations) in 
different ranges were executed. The 
permeability-thickness product (kh) 
obtained from test (ranging between 1000 
md.m and 1200 md.m) had to match 
predicted models, otherwise it would be 
omitted. Figure 9 shows observed data 
against simulated data for a transient 
pressure test. Finally, five realizations of 
these DFN models that had optimum 
objective function values were selected for 
full field model. After extrapolating of 
selected parameters, in the reservoir, 
fracture permeability was scaled up in each 
cell volume (Figure 10) 

 

 
Figure 8: DFN model in the surrounded of a well 
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Figure 9: Observed data for a transient pressure test  

 

 
Figure 10: 3D fracture permeability in the reservoir based on DFN model 

 
Prioritizing 
    The purpose of this part is to prioritize 
different realizations according to our 
objective function. The objective function 
for this study is cumulating produced gas 
and gas condensate as combination. 
About45 realizations of different properties 
such as porosity, matrix permeability, water 
saturation and also adjusted fracture 
parameters were constructed. Then, for each 
of them, OGIP were calculated and 
subsequently detailed fluid flow simulation 
scenarios were applied by using streamline 

simulation. Simulated models based on 
corner-point geometry with 153*41*71 grid 
equal to 445000 cells provided 132000 
active cells. 
    The rate of gas production is shown in 
Figure 11, First, by defining an acceptable 
threshold range, an appropriate model was 
selected. P10, P50, P90 realizations were 
extracted according to three optimistic, most 
likely and pessimistic attitude. This process 
is illustrated in Figure 12. These three 
models can speed up the detailed history 
matching with minimum modifications for 
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forecast reservoir performance. Three 
scenarios can be used as reservoir 
representative model under existing 
uncertainties. This method will help reduce 

comprehensive history matching effort and 
can be a fast screening procedure. Also, 
Figure 13 shows an example of streamline 
distribution in the reservoir.  

 

 
Figure 11: Simplified gas production schedule for the field 

 
 
 

 
Figure 12: schematic of selecting the best case process 
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Figure 13: Example for a streamline distribution 

 
Discussion 
    To illustrate the viability of our approach, 
first we modeled the characteristic of 
fractures using a fully integrated data from 
outcrop study to pressure transient pressure 
test. Later, for validation and improving of 
fracture modeling based on variety ranges 
of uncertainty fracture parameters a series 
of simulation (as compositional mode) of 
the dynamic behavior in the reservoir region 
surrounding wells was performed to 
reproduce the pressure response recorded 
during test. Five realizations that have 
optimum objective function value were 
selected. Then, streamline simulation as 
dual porosity was conducted for the 40 
realizations that include the five selected 
realization in fracture modeling. The results 
of flow simulation were compared with the 
history production and consequently three 
realization of best matches were introduced 
as P10, P50 and P90 in the OGIP 
distribution for pessimistic, most likely and 
optimistic attitude. 
 

Conclusion 
 Fracture drivers from conventional 

core, image logs and well logs give 
predictive tool for fracture distribution 

 A representative fracture reservoir 
model was developed for a gas 
condensate based on multiple 
realizations of stochastic DFN 
methodology by integrating 
geological and engineering 
information. 

 Multiple realizations of fracture 
properties (porosity, permeability and 
sigma factor) can be generated based 
on variety of fracture parameters 
(length, aperture and intensity 
distribution). 

 Calibration of the fracture parameters 
such as fracture intensity and 
permeability to match the observed 
dynamic behavior of the formation 
proved to be an effective way to 
achieve a better perception of the 
fracture network characterization that 
cannot be directly measured. 

 Good history match will be obtained 
for full field model with very 
minimum adjustment. 

 Before starting to study a history 
match, the uncertainty ranges of 
fracture parameters possibly 
impacting the history match, can be 
defined. 

 Here streamline simulation technique, 
was used to model ranking. 

 Successful application of the 
methodology was the key to achieve a 
satisfactory history match for the field 
example with the speed of the 
streamline-based ranking makes it 
practical to examine the impact of 
uncertainty associated with various 
static and dynamic parameters under 
realistic field conditions, with 
minimal adjustments of parameters. 
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