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Abstract
Basement formation is known as the unique reservoir in the world. The fractured basement reservoir was
contributed a large amount of oil and gas for Vietnam petroleum industry. However, the geological
modelling and optimization of oil production is still a challenge for fractured basement reservoirs. Thus,
this study aims to introduce the e�cient work�ow construction reservoir models for proposing the �eld
development plan in a fractured crystalline reservoir. First, the Halo method was adapted for building the
petrophysical model. Then, Drill stem history matching is conducted for adjusting the simulation results
and pressure measurement. Next, the history-matched models are used to conduct the simulation
scenarios to predict future reservoir performance. The possible potential design has four producers and
three injectors in the fracture reservoir system. The �eld prediction results indicate that this scenario
increases approximately 8 % oil recovery factor compared to the natural depletion production. This
�nding suggests that a suitable �eld development plan is necessary to improve sweep e�ciency in the
fractured oil formation. The critical contribution of this research is the proposed modelling and
simulation with less data for the �eld development plan in fractured crystalline reservoir. This research's
modelling and simulation �ndings provide a new solution for optimizing oil production that can be
applied in Vietnam and other reservoirs in the world.

Highlights
The novel approach for granite basement modelling and reservoir simulation

Halo method could solve the limitation for grantie fratctured modelling

Drill stem matching is necessary for fractured modelling

Introduction
Crystalline basement fractured reservoirs (CBFRs) are known as matrix rocks with fractures and act as
�uid storage (Dang et al. 2011). Therefore, fractures play a crucial role in CBFRs. To understand the
fracture characterization, the analog outcrop and subsurface data such as seismic, well logs, Drill stem
test, coring data are obtained and analyzed. Then, a petrophysical model is constructed to estimate the
distribution of them for the whole reservoir (Nguyen et al. 2011).

 However, the geological modelling of CBFRs cannot be processed as conventional sandstone reservoirs.
The fracture system is di�cult to distribute in 3D model. The Halo model was adapted for solving the
problem about fracture distribution in the basement reservoir to address this issue. The structural halo
model is a mainly based modeling approach that uses seismically imaged faults and top surface
reservoir for distributing a porosity network (Darmadi et al. 2013). It is a simple but powerful application
to characterize a discrete fracture network model without complex geostatistical modelling (Guttormsen,
2008). The advantage of the Halo model is suitable for our study.
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Moreover, the challenge of oil production in CBFRs is the big issue to prevent these reservoirs from being
explored and produced more e�ciently. The CBFRs have fractures and faults in different forms to affect
�uid �ow (Nguyen et al. 2011). Therefore, the simulation process is necessary for understanding reservoir
behavior in CBFRs. 

Recently, Zuo et al. (2019) proposed the using method for fracture detection to numerical simulation in
synthetic and outcrop models. These scholars considered the semi-analytical model and Embedded
Discrete Fracture Model (EDFM) to conduct the reservoir simulation model. Later, Yang (2020) was used a
horizontal well system and EDFM for development fractured reservoirs. These authors stated that the
geometry of fractures has a strong in�uence on pressure and saturation pro�le. Several studies proposed
the useful for pressure and rate transient analysis (Dejam et al. 2018; Xing et al. 2018). In reservoir
characterization,researchers around the world was used seismic and well log information for better
understand the fractured granite reservoir (Basin et al. 2018; Bawazer et al. 2018; Bonter and Trice 2021;
Glaas et al. 2021).  Many works develop and offer an e�cient modelling work�ow for fractured
reservoirs (Vo Thanh et al. 2019; Shiqian et al. 2020; Zhang et al. 2021). For detail, Vo Thanh et al. (2019)
was used Arti�cial Neural network and geostatistical for CO2 storage in a fractured basement in offshore
Vietnam. 

Regarding the history matching aspect, Li et al.(2021) was proposed the e�cient history matching
procedure for well spacing optimization in natural fractured reservoir. Similarly, Awad et al.
(2020) conducted the history maching process for a fractured reservoir in Iraq.

However, the �eld development plan is the critical issue for fractured reservoirs because this process
would decide the strategy for oil production in reservoir. The �eld development plan is popular in
sandstone and carbonate reservoirs. Therefore, many researchers already proposed a �eld development
plan for optimization hydrocarbon production (Babadagli 2007; Yang et al. 2017; Al-Mudhafar et al. 2018;
Ayoub et al. 2018; Izadmehr et al. 2018; Mudhafar et al. 2019; Oludele et al. 2019; Dada et al. 2021; Sales
et al. 2021). These studies was conducted in conventional reservoirs. However, a �eld development plan
for crystalline fractured basement reservoir has less study to focus on this special reservoir. Thus, our
work proposed the proper method by integrating the halo model for geological model construction and
developing the �eld production for fractured crystalline reservoirs in offshore Vietnam. 

Firstly, geological background is proposed for introduction the study area. Then, data and methodology
are described in detail. Next, halo model was used for porosity and permeability distribution in fracture
system. Then, the Drill stem test history matching process is performed to verify the hydrodynamic model
using bottom hole pressure measurement. The reservoir history matched model is utilized for the �eld
development plan by conducting hydrodynamic simulation scenarios such as well placement, gas lift
rate, water injection, �eld production rate, tubing head pressure. The suitable design is proposed by oil
recovery performance. Figure 1 illustrates the schematic of this study.

The main different between this study and previous work is the integrated halo method for construction
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petrophysical model. Also, our study proposed an e�ciently process for improving oil production in
fractured basement reservoir. The manual history matching process could be achieved by reduction
permeability.  Due to simple and easily applied in this research, the proposed study could be adopted
other crystalline basement reservoir in offshore Vietnam or other basin in the world.

Geological Background
The Cuu Long basin is an Early Tertiary rift basin located off the southeast coast of Vietnam. The covers
an area of approximately 150,000 km2(Vo Thanh et al. 2019). The regional structural features of the
basin by Eocene-Oligocene time can be subdivided into four main structural elements as follows (Hung
and Le 2004; Vo Thanh et al. 2020): northern Cuu Long Subbasin, southwest Cuu Long (or West Bach Ho)
subbasin, southeast Cuu Long (or East Bach Ho) Subbasin and Rong-Bach Ho (or Central) High. In the
offshore Vietnam, the fractured basement reservoirs are deposited under the unconformities and on the
highs of uplifted blocks that were weathering and crystalline. These fractured basement reservoirs were
located below by younger sequences that played an essential role for source rocks and cap rocks (Dang
et al. 2011). 

In addition, Nguyen et al. (2008) found that the pore structure of the fractured crystalline reservoir in
offshore Vietnam had the  high heterogeneity and complexity. Those pores resulted from various
processes such as heat shrinkage and expansion of magmatic bodies, tectonic movements,
hydrothermal impacts, and weathering. The porosity range from 2% to 5% represents a good reservoir
quality. In Le et al. (2008), the porosity of the Dragon oil �eld was distributed from 0.22% to 15.04%,
average 2.87%, which was obtained by core data analysis (Dang et al. 2011). 

Also, the fractured basement reservoir in Cuu Long Basin is de�ned as fractured reservoir type C because
fractures, faults and vugs system contributed to the porosity distribution. It is recognized as empty pores
in the reservoirmatrix (Dang et al. 2011). The  location of study area is illustrated in Figure 2.

Data And Method
This study used well log and seismic data from a fractured granite basement reservoir in Cuu Long Basin,
offshore Vietnam. Firstly, three exploration wells have wireline logs, markers, cores, Drill stem test (DST),
and petrophysical interpretation. Secondly, the seismic input data consists of structural depth maps fault
sticks from seismic interpretation results. The fault system was used for structural construction model.
Then, the petrophysical information was used to distribute in 3D geological model. Then, the Initial oil in
place (OIIP) was calculated for fractured reservoirs. Next, the DST was used for history matching
hydrodynamic model. Then, the history matching model was adapted to conduct the simulation
scenarios for optimization of oil production in crystalline basement reservoirs. The �owchart of this study
was exhibited in Figure 3.
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3.1.1 Petrophysical Modelling method
The modelling approach is used Halo model for this study. For detail, the halo model is a structural
modeling method that utilizes fault and top of fractured reservoir to determine a porosity network
distribution. Also, this is a useful method to characterize a discrete fracture network system. The Halo
model has not used complex geostatistical techniques for distributecture elements in fractured crystalline
systsystems .A fault in the halo model is recognized as a stress-releasing fracture around fault because
of tectonic induced deformation (Darmadi et al. 2013). The Halo Model is a recent methodology of
crystalline basement modeling that better describes the reality of basement rock (Figure 4). In this model,
porosity is distributed along with fault systems as a result of fault-associated fractures. Porosity at the
fault location is considered the maximum porosity due to the greatest damage (strongest stress). These
values decrease laterally with distance away from the fault plane and vertically with depth from the top
of the basement. The calculation of porosity Halo model is following equation:

Where a in equation (2) is the factor that obtain from porosity and depth relationship in the target
reservoirs. This relation is expressed as followed:

The Depth stands for the distance from top of basemen. Also, a and b is are constant factor from the
equation. In addition, we need to distribute the permeability in 3D model for dynamic simulation. Due to
the limitation of this research, the permeability modelling was used the following equation(O.Jones
1975):

3.2 Hydrodynamic simulation
Until now, one exploration well, BM-1X, and two appraisal wells, BM-2X, BM-3X have been drilled in the
study area. The available reservoir engineering well data for crystalline basement reservoirs, including
DST and PVT from all exploration, appraisal wells, are summarized in Table1. Data from these wells has
been incorporated into the OIIP and Reserves estimation for the target reservoir.
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Reservoir Data
type

Exploration/ Appraisal Wells

BM-1X BM-2X BM-3X

Crystalline
Basement

DST DST#1 DST#1 DST#1

PVT No Surface
Samples

Bottom Hole and Surface
Samples

Table 1. The information of PVT and DST for simulation study

  

3.2.1 PVT data
The PVT data used for the simulation model were generated from the PVT analysis results conducted at
the Vietnam Petroleum Institute (VPI) for all the appraisal wells penetrating the crystalline reservoir.
Figure 5 summarizes the critical PVT parameters such as Formation Volume Factor, Oil and Gas
Viscosity, Solution Oil Gas Ratio used in the simulation model.

3.2.2.  Oil Properties

During DST operations, surface samples from the crystalline fractured basement reservoir were taken and
analyzed using traditional PVT analysis. The critical properties acquired, including bubble point (Pb)
pressure, gas-oil ratio, formation volume factor, oil viscosity, and produced oil gravity, are listed below in
Table 2. 

Table 2. Fractured Basement Reservoir PVT Properties

Properties TL-2X - DST#1

Gravity (API 60oF) 24.5

Pb (psia) 1,130

Rs (scf/stb) 183

FVF @ Pres (rb/stb) 1.128

Viscosity @ Pb (cp) 6.924

3.2.3. Rock-Fluid Properties
The oil-water permeability tables used in the simulation were obtained from spcecial core analysis from
White Tiger �led in  Cuu Long basin. The relative permeability data is presented in �gure 6.
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Also, the initial residual water saturation ( Swir,) was set at 15% as reference to White Tiger oil �elds. Also,
the fractures in the system have a huge equivalent radius comparing to the pore throats of inter-granular
rocks. Thus, the capillary pressure in fractures must be highly smaller than that in inter-granular rock pore
throats. Also, considering the sizeable vertical thickness of the basement reservoir, it is reasonable to
assume the gravity effect to dominate the reservoir performance and capillary force to be negligible.
Thus, the capillary pressure was neglected in this reservoir simulation study.

3.2.4. Hydrodynamic simulation

The hydrodynamic simulation model of Eclipse Black oil (E100) was used for this study. Firstly, the
history matching of reservoir model was used DST data for pressure matching in two wells (TL-2X, TL-
3X). The DST history matching model was used for future prediction to optimize oil production in
crystalline basement reservoirs. Then, the multiple simulation scenarios will be conducted to propose a
reasonable strategy for reservoir monitoring. The criteria for the selected design is provided the high oil
recovery for optimizing �eld development plan.

The �eld development plan is the crucial step for improving oil recovery in the hydrocarbon �eld. Thus,
this study would present an interesting work�ow for a static geological model to optimize oil production
in a fractured crystalline reservoir.

The detail of possible scenario for improving oil production in fractured crystalline reservoir is elaborated
as follows:

•   Scenario 1: Sensitivity analysis on injection and production well locations considering aquifer support
and no aquifer support. 

•   Scenario 2: The gas lift application might have some effects on improving oil production

•   Scenario 3: The water injection is implemented for reservoir pressure management and enhancing oil
production

•   Scenario 4: The �eld production rate analysis is also considered for optimization oil production in the
reservoir

•   Scenario 5: Analysis the tubing head pressure is affected on oil production rate performance for
crystalline basement reservoir.

Result And Discussion

5.1 Geological modelling results
Similar to other crystalline basement reservoirs, most of the pore volume exists within fractures, while the
fracture distribution is entirely related to the existence of visible lineaments, as interpreted from seismic
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data.

Porosity distribution in this study was based on the Halo concept. The reservoir properties are known to
decay with distance away from the fault and also with increasing depth. Therefore, high porosity values
are observed in the upper zone of the basement and along fault planes. Also, in the vertical direction,
porosity decreases as the distance from the top of the basement increases. This parameter is designated
as vertical porosity. The vertical porosity versus depth represented by minimum, most likely, and
maximum curves are presented in Table 3 and Figure 7. Based on this information, the �nal porosity of
crystalline basement reservoirs was exhibited in Figure 8.

Table 3. The relationship between depth and porosity

Case The functions of porosity according to the Distance from top of basement

Max Depth = 28141.40e-113.83Poro

Most Likely Depth = 13441.19e-135.80Poro

Min Depth = 4118.71e-166.47Poro

Regarding the permeability models, based on relationship between the porosity and permeability on
equation (5). From the DST data and porosity calculation, the porosity (Φmax ) and permeability (Kmax)
maximum were estimated as follows: Kmax = 1000 mD and Φmax= 7%. Figures 9 illustrate the horizontal
permeability distribution of the crystalline basement structure.

The porosity and permeability of this research has only 556,776 cells with 195,251 active cells, which is
small enough to be used in the dynamic model, thus, no upscaling was required.

5.2 Hydrodynamic simulation models

5.2.1 DST matching
The initial model (before any modi�cations) shows quite optimistic results for both DSTs in TL-2X and
TL-3X when performing DST matching. They should have resulted from very high permeability in the
fracture system. Thus, a global permeability reduction was applied to get a better downhole pressure
matching. While performing permeability reduction, the bottom-hole pressure behavior in TL-3X was
much better than in TL-2X. It suggests that those two wells belong to different zones. Figure 10 present
the visualization about permeability reduction for this study. A good match was acquired after multiply
the TL-3X zone’s permeability by a factor of 0.2 and TL-2X zone’s permeability by a factor of 0.07.  Figure
11 shows the bottom-hole pressure matching results for both TL-2X and TL-3X. It is indicated the
excellent performance matching between simulated and measurement data. Thus, the history matched
model could be used for investigating the oil production performance in this research.
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5.2.2 Field Development Plan based simulation scenarios

The DST pressure matched reservoir simulation model was used to determine production and injection
well locations, investigate the impact of an aquifer, and the effect of water injection and gas lift on �eld
performance and its ultimate recovery for a fractured crystalline reservoir. All of the scenarios would be
conducted in 30 years oil production life-cycle of the oil �eld.

5.2.2.1 Scenario 1: Well placement for injection and production considering aquifer support

Based on fractures distribution, 07 producer and 06 injector candidates were introduced. Several
simulation runs were made to �nd the optimum locations and number of wells for development. The �rst
step was to determine the optimum producer locations assuming 4 producers (P) (out of 7 candidates)
and 3 injectors (which were 1I, 2I, and 3I). Next, sensitivity runs were made for both scenarios: with and
without �ank aquifer.  Using aquifer size of 10 times, OIIP is prevalent practice for basement simulation
models in other nearby �elds, which was also used in this model. Additional assumptions for these runs
were Tubing Head Pressure (THP) of 250 psia, gas-lift rate of 3MMSCFD/Well, and �eld production rate
was capped at 12,000 STB/D. 

Figure 12 illustrates the location of well producers and injectors for simulation scenario 1. This scenario
will be investigated total 8 cases for well location of producers and injectors. 

Figure 13 illustrate the �eld production performance by varying the well placement for producers and
injectors for aquifer and no aquifer support. It can easily be observed that the case Case 1 & Case 1A
achieving the best recovery factor for either with or without aquifer support (Figure 13a and Figure 13b).
The 4 producers (1P, 2P, 3P, and 4P) were then used in the sensitivity runs to �nd the optimum locations
for injectors. 3 out of 6 injector candidates were picked to run in both with and without aquifer scenarios.
The injected volume was set as such the voidage equals to one. All other control points are the same as
the above cases. The well location injector sensitivity indicated that the case (1I, 2I, and 3I) has excellent
performance in �eld production total and oil recovery (Figure 13c and Figure 13d). Overall, the well
producers (1P, 2P, 3P, and 4P) and injector (1I, 2I, and 3I) with aquifer support will give the highest oil
production for the target crystalline fractured basement reservoirs

5.2.2.2 Scenario 2: considering gas lift application for improving oil production performance

Several simulations run with different GasLift rates to investigate the impact of gas lift on �eld
performance for the case while no aquifer support existed. Case 4 used an injection rate with 4 MMSCFD
that shows the highest result. However, the improvement is not signi�cant for an additional 1MMSCFD to
the base case (Case 1). Thus, a base case is still recommended for our simulation study. This work was
investigated the gas lift rate for simulation study purposes. However, the gas lift operation is strongly
dependent on well process. Also, the well model would be a better illustration of gas lift. The simulation
study provides the possible option for a �eld development plan in fractured crystalline reservoirs. The
simulation study for gas lift application is illustrated in Figure
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5.2.2.3 Scenario 3: water injection effect

In order to make sure that water injection plays a vital role in-�eld performance, the two base cases were
set to run without water injection. The simulation results clearly show that the recovery factor is reduced
drastically when no water injection is applied. The simulation results are exhibited in Figure 15. This
result is indicated the critical water �ooding on oil �eld development in fractured crystalline reservoirs.
The water injection will support maintaining reservoir pressure to accelerate oil production. Also, the
water injection provides the waterfront sweeps the oil towards the production well. 

Besides that, the water injection time and water volume injection were investigated in this work. The
simulation results advise that the beginning water injection application is the best solution for oil
production crystalline basement reservoirs. The later water injection would decrease the oil recovery
e�ciency. It is clear indicated in Figure 16a. In addition, the voidage injection was also the critical factor
in the water-�ooding operation. In this work, the voidage injection volume increased to lead to improving
the oil recovery factor. Figure 16b is the evidence for our �nding. However, the voidage injection volume is
dependent on the reservoir connectivity and characterization of the speci�c �eld. Thus, this parameter
should be carefully considered for the �eld development plan in a case by case.

5.2.2.3 Scenario 4: production rates

The next study is to look at the effect of changing plateau rate. Production constraints were set at 10,000
and 14,000 STBD then compared to Case 1. The plateau is more extended when the rate is reduced and
shorter as the rate increases, as expected. Not much different in EUR is observed for production rates
constraints. This scenario found that the �eld production rate does not affect �eld production
development plans in crystalline basement reservoirs. The simulation results are clear illustration in
Figure 17. However, the �eld production rate is not a strong in�uence in the simulation investigation for
this work. However, the �eld production rate might be carefully for speci�c well operation in each �eld,
especially the �eld with complex reservoirs such as crystalline basement reservoirs. 

5.2.2.3 Scenario 4: Tubing head pressure

Sensitivity runs were made to see the impact of tubing head pressure (THP) on production. Same
assumptions as in Case 1 were used, except the variation of THP. A little change in the recovery factor is
observed when the THP increased to 430 psia as less drawdown in the well. Thus, THP should be
carefully considered for �eld development in crystalline fractured basement reservoir. The simulation
results was a highlight in �gure 18.  Tubing head pressure is considered for simulation study because it
can monitor for �eld operation. The well operator could be followed the guideline from the �eld
development plan. On the other hand, the practical operation might be changed to the speci�c situation.
However, the simulation study supports smoothing the well process that is our objective to conduct
investigation tubing head pressure.
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Comparative analysis
To verify the crucial and feasibility of the work�ow proposed in this research, a comparative analysis of
the simulation results was also conducted and highlighted in  Table 4. The simulation results of this
research are compared by crystalline basement reservoir in Cuu Long basin, namely i) X �eld which have
been successfully explored and optimization oil production, recently in Viet Nam (Ba et al. 2019). In our
work, the simulation scenarios consider less wells than previous study. The main contribution of this
study is novel approach of Halo model for geological modellng to get sucessul DST matching for future
development plan. Also, this study did not use the long production history but our effort is better than
previous work by proposing the comprehensive plan for oil production in granite basement reservoir. In
the other hand, the detail of comparison is exhibited in Table 4.

Table 4. Comparison this work and previous study

Oil Field Field development method Oil Recovery improvement

X �eld 10 producers 4 injector

 

10-13%

This study 4 producers 4 injectors 10-24%

This comparison indicates that our method has an improvement than previous study. The Halo method is
one of the key factor for our research. The geological models consider the fracture length for distribution
porosity and permeability in granite basement reservoir in this study.

Conclusions
This study proposed the new approach for integrated halo model and hydrodynamic simulation for
improving oil production in the crystalline fractured basement reservoirs. The key message could be
delivered as following:

The Halo method is useful for construction the geological model in crystalline basement reservoirs.
This method could be used in the construction fractured basement model with limitation data. This
idea is very useful for current situation of oil and gas industry with low oil price.

The DST matching plays an important for veri�cation the geological model in the early stage
exploration and production of fractured basement reservoirs

This study was used DST matching for proposing the �eld development plan.
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The total oil recovery with natural depletion is ranges from 10–24%. Also, the production with
support pressure from water injection or aquifer could increase the oil recovery from 18–36%

Water injection (volume and timing) depends on reservoir connectivity and aquifer sizes. Also, Water
injection is supported for maintaining reservoir pressure to improve oil production in target reservoir.

The recovery in fractured crystalline basement is function of:

OIIP or Movable oil
Additional energy support
Connectivity between injectors and producers
Connectivity between reservoir and aquifer
volume of aquifer
Production wells with multiple fracture
Production constrained as THP, Gaslift application, Volume of injected water

The reservoir model should be updated frequently with new data to improve the technical solution.

The geological model should update whenever the fracture data is available

The proposed modelling method could be used in the early stage exploration and production
hydrocarbon in crystalline fractured basement reservoir.
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Figures

Figure 1

The schematic of general work�ow in this work

Figure 2

Location of study area
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Figure 3

The �owchart of this work
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Figure 4

Schematic for principal of Halo method
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Figure 5

The oil (top) and gas (bottom) properties for simulation study
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Figure 6

Relative permeability curves for this research
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Figure 7

Vertical porosity distribution in Halo model
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Figure 8

Porosity distribution for crystalline fractured reservoirs

Figure 9

Permeability distribution for this study
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Figure 10

Permeability reduction for DST matching process
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Figure 11

DST matching for two wells in this work
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Figure 12

Well location demonstration for producers and injectors
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Figure 13

Field production performance for well placement study
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Figure 14

The �eld production performance for gas lift application
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Figure 15

Water injection effect comparing with simulation scenario no water injection for both case aquifer
support and no aquifer support
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Figure 16

The water injection time (a) and voidage volume effect to �eld production performance



Page 29/30

Figure 17

Production rates affected oil recovery performance.
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Figure 18

Tubing head pressure effect on oil recovery performance


