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Abstract. Hydrodynamic modeling is an important stage in the design of rational development 
of oil fields. However, the process of model creation is accompanied by a large number of 
difficulties associated with the uncertainty of reservoir properties. This problem is especially 
relevant when modeling complex carbonate reservoirs. One of the key parameters required to 
create a hydrodynamic model are the dependences of relative phase permeabilities. The standard 
approach is to create single dependences of relative phase permeabilities for the whole reservoir. 
However, at such an approach the peculiarities of filtration in separate zones of the formation are 
minimized. Within the framework of this study we have created a hydrodynamic model of the 
field characterized by a complexly constructed carbonate reservoir, taking into account the facies 
zonality in determining the dependences of relative phase permeabilities. In the course of the work 
the laboratory studies were linked to different facies zones of the deposit. For each facies zone, 
approximation of relative phase permeability dependences was carried out using LET model. The 
distribution of selected facies in the hydrodynamic model by specifying different regions in a three-
dimensional grid was carried out, and the loading of dependences of relative phase permeabilities 
by facies zones was also carried out. According to the modeling results, it was found that the 
use of separate dependencies of relative phase permeabilities for each facies zone increases the 
convergence of technological indicators of development with the historical trend compared to the 
standard approach. The study also included the design of geological and technological measures 
on the modified model taking into account facies zonality. The designed measures allowed for 10 
years of forecast calculations to increase oil production by 5551.5 c.u. in comparison with the basic 
calculation, with practically unchanged watercut – 1.2%.
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Introduction
Geological and hydrodynamic reservoir modeling is 

an integral part of rational planning of oil and gas field 
development. Hydrodynamic modeling makes it possible 
to reproduce field development processes, evaluate the 
efficiency of well-workover measures, and predict key 
development indicators (Gareeva, 2020).

However, the efficiency and predictive capability of 
models directly depend on the quality of the input data 
used (Arnold et al., 2016). The problem is particularly 
acute for complex carbonate reservoirs characterized 
by high uncertainty of properties due to their extreme 
geological heterogeneity. Factors that increase 
uncertainty include changes in depositional cycles, facies 
zonation, and the development of secondary alterations 
(Ryasnoy, Savelieva, 2019; Mahdaviara et al., 2021; Li 
et al., 2021; Tadayoni et al., 2020). Numerous studies 
are devoted to the structural complexity and modeling 
of carbonate reservoirs (Lucia et al., 2003; Masalmeh, 
Jing, 2007; Martin et al., 1997; Dominguez et al., 1992).
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Relative permeability (RP) is one of the key factors 
in reservoir modeling, indicating the ability of a porous 
medium to allow fluid flow. It forms the basis for 
calculating oil displacement efficiencies (Yekta et al., 
2018). Based on RP, zones of single-phase oil flow, 
two-phase oil–water flow, and single-phase water flow 
are identified (McPhee et al., 2015).

RP functions can be obtained in different ways. The 
most widely used in practice are direct core studies by 
steady-state and unsteady-state displacement methods 
(Gubaydullin et al., 2017; Honarpour, Mahmood, 
1988). In the absence of direct measurements, relative 
permeabilities may be evaluated analytically using 
various models (e.g. the Burdine model) based 
on laboratory capillary-pressure measurements 
(Honarpour et al., 1986). One of the disadvantages of 
laboratory core studies is the difference between the 
core plug size and the cell size in the reservoir model, 
which can lead to significant scale effects, particularly 
in complex reservoirs. Mikhaylov and Gurbatova 
(2012) demonstrated significant discrepancies between 
RP curves obtained from standard plugs and from full-
diameter core samples in complex carbonate reservoirs. 
The authors note that the decisive factor controlling 
scale effects is the pore structure. Stepanov et al. (2024) 
proposed an approach for determining reservoir flow 
properties at the facies scale; this approach enabled 
a high degree of agreement between calculated and 
observed water-cut dynamics without any model 
tuning.

Another way to account for scale effects when 
estimating relative permeabilities is to use methods based 
on field data processing. These methods employ well 
performance data and specially designed well-testing 
and logging results. For example, Shurunov (2025) 
presents a method for determining RP that consists of 
deriving a total mobility curve from well-testing data 
and then splitting this curve into oil and water relative 
permeabilities by numerical simulation constrained by 
actual field performance. Zakirov et al. (2017) used a 
combination of hydrodynamic and well logging data to 
estimate RP: several injection–production cycles were 
carried out, during which dynamic wellhead and bottom-
hole parameters were measured and water saturation 
was determined using pulsed neutron logging. However, 
approaches for determining RP from field data have 
not gained wide practical use; therefore, the standard 
practice remains the use of results from direct core flow 
experiments.

In a hydrodynamic model, core-derived RP curves 
were approximated. The most common models for 
approximating RP curves are the Corey model, the 
Sigmund and McCaffery model, the Kjøller (Kjerlich) 
model, and the LET model (Dubrovin et al., 2022; 
Lomeland, Orec, 2018).

A standard approach is to construct a single set of 
oil and water RP curves for the entire reservoir based 
on approximation of all available core data (Tudvachev, 
Konosavskiy, 2013. Under this approach, however, 
specific flow characteristics of local reservoir regions 
from which core was taken are averaged out.

To account for reservoir flow properties in more 
detail, it is relevant to use several RP functions for 
different reservoir zones. For example, Stepanenko 
(2018) assigned different RP functions to different 
lithological rock types. Shenawi et al. (2007) distributed 
relative permeabilities based on hydraulic flow units 
determined by the FZI (flow zone indicator) method.

Korovin (2021) proposed the use of different RP 
functions for individual lateral parts of a field with a 
terrigenous reservoir. It was shown that this approach 
allowed the calculated cumulative production to match 
the observed production more closely.

The objective of this study is to build a hydrodynamic 
model of a field with a complex carbonate reservoir, 
taking into account formation facies when defining RP 
functions.

Geology 
The object of study is the Alpha field, located in 

the Timan–Pechora petroleum province. Petroleum 
deposits are confined to a complex carbonate reservoir. 
The facies architecture has been derived from seismic 
facies analysis using sequence-stratigraphic principles 
(Ladeyshchikov et al., 2022). Two high-frequency 
(fourth-order) sequences are distinguished in the studied 
area, formed during the Late Devonian time (Zadonsky 
and Yelets stages). Oil accumulations are associated 
with these deposits. The Zadonsky reef was formed 
within a single stratigraphic cycle, whereas the Yelets 
reef developed within three reef-building cycles. The 
main reef-building phase occurred during the highstand 
systems tract (HST), which is characterized by maximum 
accommodation space and optimal solar radiation and 
oxygen supply to support efficient photosynthesis by 
reef-building organisms.

Reef buildups extend in a relatively narrow belt 
from the southeast to the northwest. To the west, the 
reef trend passes into a shallow-water reef shelf. To the 
east, the reef margin passes into the fore-reef slope of the 
carbonate platform, which grades into a deep-water shelf. 
Lateral positions of reef buildups of different cycles are 
generally similar, except for the second reef-building 
cycle D3fm1(el), whose reefs have only limited areal 
extent within the area.

Materials and methods
The data set used in this study consists of measured 

RP curves. In total, 46 RP measurements were analyzed. 
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In this study, the obtained data were divided into two 
contrasting facies groups:

• barrier reef facies group (reef buildup, reef apron);
• back-reef shelf facies group (shallow shelf).
The distribution of measurements by facies group is 

given in Table 1.
Due to the absence of RP measurements for the 

second reef-building cycle D3fm1(el) and the limited 
areal extent of reefs of this cycle within the field, RP 
functions for these deposits were assumed to be identical 
to those of the barrier-reef facies group of the third reef-
building cycle.

Approximation of the measured RP values was 
performed using the LET model. Water and oil RP were 
approximated using equations (1) and (2), respectively:

,	 (1)

,	 (2)

where Swni is normalized water saturation; foi(Swni) is 
the oil RP as a function of normalized water saturation 
Swni; fwi(Swni) is the water RP as a function of normalized 
water saturation Swni; fo

* is the oil relative permeability at 
residual water saturation; fw

* is the water RP at residual 
oil saturation; and L, E and T are the LET model 
correlation parameters for oil(o) and water(w) RP.

Normalized water saturation is calculated using 
equation (3):

,	 (3)

where Swni is normalized water saturation; Swi is the water 
saturation; Swr is residual water saturation; Sor is residual 
oil saturation.

Normalization of water relative permeability is 
carried out according to equation (4):

,	 (4)

where fwni(Swni) is normalized water relative permeability; 
fwi(Swi) is the water relative permeability as a function of 
water saturation Swi; fw

* is water relative permeability at 
residual oil saturation.

Normalization of oil relative permeability is carried 
out according to equation (5):

,	 (5)

where foni(Swni) is normalized oil relative permeability; 
foi(Swi) is the oil relative permeability as a function of 
water saturation Swni; fo

* is the oil relative permeability 
at residual water saturation.

Results
Study of RP and displacement coefficients for 

different facies types
For each facies group in each reef-building cycle, 

individual RP functions were constructed. Figure 1 shows 
RP curves for the facies groups in the Zadonsky deposits.

Analysis of the measured RP data for the barrier-reef 
facies group of the first reef-building cycle D3fm1(el) 
shows significant heterogeneity in the values (Fig. 2). 
Therefore, the initial data were split into two groups by 
a threshold in absolute permeability (K_abs). To define 
the optimal threshold between the groups, a compactness 
metric was calculated for all possible permeability 
thresholds in the feature space consisting of residual 
oil saturation, residual water saturation and porosity. 
Compactness characterizes how closely observations in 
each group are clustered (Vashakidze et al., 2024); the 
smaller this metric, the better the separation between 
groups. Compactness was calculated using equation (6):

, 	 (6)

where  is the distance between an object and the 
group centroid, N is the number of elements in a group, 
and M is the number of groups. Prior to calculation, the 
features were normalized. The optimal permeability 
threshold of 12 mD was determined from the minimum 
value of the compactness metric (Fig. 3).

Calculated RP curves for the facies groups of the 
first reef-building cycle D3fm1(el) are shown in Figure 4.

Relative permeabilities for the facies groups of the 
third reef-building cycle D3fm1(el) are presented in 
Figure 5.

Table 1. Distribution of RP measurements by facies group

Reef-building cycle Facies group Number of measurements 

D3fm1(zd) barrier reef 1 

back-reef shelf 1 

D3fm1(el) (first reef-building cycle) barrier reef 21 

back-reef shelf 3 

D3fm1(el) (third reef-building cycle) barrier reef 11 

back-reef shelf 9 
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Figure 2. Measured relative permeability data for the barrier-reef facies group of the first reef-building cycle D3fm1(el)

Figure 3. Determination of the optimal permeability threshold

Figure 1. Relative permeabilities for facies groups in the Zadonsky deposits: (a) reef buildup; (b) back-reef shelf
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Previous studies by Shirinkin (2021, 2022) showed 
that wells located within the barrier-reef facies group 
have significantly higher oil rates than wells within the 
back-reef shelf group. It was also noted that barrier-reef 
reservoirs have better petrophysical properties than back-
reef shelf reservoirs.

In the next step, the endpoint relative permeabilities 
of the RP curves – residual oil saturation (Sowcr) and 
residual water saturation (Swcr) – were determined 
for each facies group by averaging the measured data. 
Based on these data, displacement coefficients were 
calculated for each facies group. 

The results are summarized in Table 2.
Table 2 shows that back-reef shelf facies are 

characterized by higher displacement coefficients 
than barrier-reef facies. In the Zadonsky and first 
Yelets reef-building cycles, the higher displacement 
coefficients in the back-reef shelf group are explained 
by reduced residual water saturation as a result of 
increased hydrophobicity of reservoirs. In the third 
Yelets reef-building cycle, the difference in displacement 
coefficients is due to higher residual oil saturation in the 
barrier-reef facies group.

Figure 4. Relative permeabilities for the facies groups of the first reef-building cycle D3fm1(el): (a) barrier-reef group with 
K_abs > 12 mD; (b) barrier-reef group with K_abs < 12 mD; (c) back-reef shelf facies group

Figure 5. Relative permeabilities for the facies groups of the third reef-building cycle D3fm1(el): (a) barrier-reef group; (b) back-
reef shelf facies group



Hydrodynamic Modeling of Complex Carbonate Reservoirs...                                                             S.N. Krivoshchekov, A.A. Kochnev, E.S. Ozhgibesov et al.

GEORESURSY / GEORESOURCES240

www.geors.ru

Reservoir modeling based on facies  
zonation

In the next stage, a facies cube was constructed. To 
this end, the three-dimensional grid in the hydrodynamic 
simulation model was subdivided according to the 
identified depositional cycles. Within each depositional 
cycle, facies groups were distributed according to facies-
zonation schemes by assigning different regions in the 
model. A cross-section through the resulting facies cube 
is shown in Figure 6.

Using the same approach, cubes of endpoint 
saturations (Swcr and Sowcr) were built and populated 
by facies group.

The calculated RP functions for each facies group 
were then used in the hydrodynamic model, and history 
matching was carried out. It should be noted that the 

field is developed with reservoir pressure maintenance 
by peripheral waterflooding.

To evaluate the quality of the history match for the 
Alpha field, model results using facies-based relative 
permeabilities were compared with a model using 
standard relative permeabilities and with actual field 
performance (Figs. 7, 8 and Table 3). For a consistent 
comparison, simulation results are presented after a 
single iteration.

It was established that using separate RP functions 
for each facies group yields better agreement with the 
historical trend in annual oil and liquid production than 
using standard relative permeabilities. With standard 
relative permeabilities, the simulated water-cut dynamics 
exceed the observed values, while cumulative liquid 
production is underpredicted (by 18,2% relative to the 
historical data). 

Table 2. Displacement coefficients by facies group

Reef-building cycle Facies group Swcr, 
fraction   

Sowcr, 
fraction 

Displacement 
coefficient, fraction 

D3fm1(zd) Barrier reef 0.309 0.402 0.419 

Back-reef shelf 0.05 0.41 0.57 

D3fm1(el)  
(first reef-building cycle) 

Barrier reef (K_abs > 12 mD) 0.14 0.4 0.54 

Barrier reef (K_abs > 12 mD) 0.279 0.393 0.46 

Back-reef shelf 0.1 0.39 0.56 

D3fm1(el)  
(third reef-building cycle) 

Barrier reef 0.12 0.42 0.52 

Back-reef shelf 0.14 0.39 0.55 

Figure 6. Cross-section through the facies cube for the Alpha field
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Figure 7. Comparison of oil and liquid production dynamics during history matching in the reservoir model

Figure 8. Comparison of cumulative oil production and water-cut dynamics during history matching in the reservoir model: (a) 
standard relative permeabilities; (b) facies-based relative permeabilities
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Figure 9. Comparison of the residual oil density map with the cumulative thickness of barrier-reef facies

Table 3. Comparison of cumulative indicators during history matching in the hydrodynamic model

Relative permeability 
specification 

Cumulative liquid 
production, units 

Cumulative oil 
production, units 

Deviation of cumulative 
liquid from history, % 

Deviation of cumulative 
oil from history, % 

Facies-based 18267.6 17466.0 -15.1 -11.7 

Standard 17591.1 15975.9 -18.2 -19.2 

History 21516.3 19773.1 

When facies-based relative permeabilities are used, 
premature water breakthrough is absent, and cumulative 
liquid and oil production exhibit significantly better 
agreement with the production data of the Alfa oilfield.

Planning of production drilling and sidetracks
Before starting forecast calculations, the model with 

facies-based relative permeabilities, which showed the 
best agreement with historical data, was further history-
matched to improve its predictive capability.

In the next step, a density map of residual oil in 
place was derived from hydrodynamic model and then 
compared with the facies maps. Based on the combined 

maps (Fig. 9), the most favorable drilling targets were 
defined: zones of high residual oil density located within 
facies with superior flow properties (barrier-reef facies 
group).

Using this approach to locate production wells 
and sidetracks, a forecast was calculated with the 
hydrodynamic model of the Alpha field. Figures 10 and 
11 and Table 4 show the forecast results. 

As a result of using the proposed methodology 
for planning production drilling and well-workover 
measures, the 10-year forecast shows an increase in oil 
production of 5 551,5 units relative to the base case, 
with water cut remaining practically unchanged (only 
a 1,2% increase).



GEORESURSYISSN 1608-5043 (Print)
ISSN 1608-5078 (Online)

243

GEORESURSY = Georesources		  	  				        2025. 27(4). Pp. 235–245

www.geors.ru

Figure 10. Comparison of forecast liquid and oil production dynamics for the base development scheme and the case with 
additional well-workover measures

Figure 11. Comparison of forecast water-cut dynamics for the base development scheme and the case with additional well-
workover measures

Table 4. Comparison of cumulative indicators over 10 years of forecast for the base development scheme and with additional 
well-workover measures

Forecast case Cumulative liquid 
production, units 

Cumulative oil 
production, units Water cut, % 

Base forecast 20521.1 15140.8 35.9 

Forecast with proposed measures 27419.2 20692.3 37.1 

Additional production / change in water cut +6898.1 +5551.5 +1.2 
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Conclusion
The paper demonstrates the application of a modeling 

methodology that explicitly accounts for facies zonation 
in fields with complex reservoirs, using the Alpha field 
as an example.

An analysis of the facies zonation of the field was 
carried out, in which two different facies groups were 
identified in each reef-building cycle: a barrier-reef 
facies group and a back-reef shelf facies group. RP 
measurements were assigned to facies groups, and then 
were approximated using the LET model.

The identified facies groups were distributed in the 
hydrodynamic model by defining different regions in the 
three-dimensional grid; facies-based RP functions were 
then used to perform production history matching. It was 
shown that using RP functions defined for each facies 
group provides better agreement with the historical 
trend than using standard relative permeabilities: the 
deviations in cumulative liquid and oil production were 
reduced from –18,2% to – 15,1% and from –19,1% to 
–11,7%, respectively.

Using the history-matched hydrodynamic model, a 
residual oil density map was constructed and, together 
with facies zonation maps, was used to plan development 
drilling and additional production measures. The 
proposed methodology resulted in an increase in oil 
production of 5  551,5 units over a 10-year forecast 
period relative to the base case, with water cut remaining 
practically unchanged (a 1,2% increase).
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