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Introduction

The petroleum industry is a key player in the Russian
economy. Efficient oil development and production
requires comprehensive geotechnical engineering. This
article discusses experience of geotechnical logging of
carhonate core taken in the oil-filled strata of reservoirs.

The accomplished experimental works allowed cer-
tain quantitative geotechnical estimation of rocks in the
oil-filled strata, namely [1]:

* jointing of rocks was estimated using geological

EXPERIENCE OF GEOTECHNICAL CORE

LOGGING OF BOREHOLE ENVIRONMENT:

A CASE-STUDY OF CARBONATE ROCKS

Typical reservoirs of high-gravity oil come to depletion at this time and oil production slows.
Currently, enhanced oil recovery technologies are being developed to extract scavenger oil from jointed
carbonate reservoirs. Extraction of hydrocarbons from such reservoirs is connected with integrated inves-
tigation of rocks, including geomechanical research. This article describes assessment of horizontal stress
values in borehole environment on the basis of geomechanical modeling. The values of stresses depend
on systems of joints in carbonate reservoirs under varying stress tensor. The object of research is oil-filled
Jjointed carbonate reservoirs. The scope of the research included the stress—strain analysis of carbonate
reservoirs fractured by systems of joints extracted from the geotechnical logging of core. Using 3D
finite-element model built in Midas GTS NX, numerical models of different areas in borehole environment
are developed.

data obtained from drilling, and from structural geological

and geotechnical analyses of core more than 100 m in
total length;

e the quantitative and qualitative indexes and
characteristics of rocks such as Barton's Q-system,
Bieniawski's RMR values, Geological Strength Index GSI
(Hoek's system) were determined [1-7] using geomechanical program
RSData [7, 8I;

* spatial orientation of joints relative to core axis was determined using
the geotechnical evaluation results;

* the rock mass quality was assessed using the indexes Q, GSI and RMR.

Such initial information is a framework for the further determination
and analysis of rock density and breakdown pressure in reservoirs [9—12].
It provides more accurate and reliable results, which is critical for the well-
founded decision-making during oil field development [13-18].

In this manner, geotechnical logging of carbonate rock cores from
reservoirs 301-303 in the Romashkino oil field has a practical significance
and is applicable in design and planning of oil field development and infra-
structure.

Application of the proposed procedure of geotechnical core logging made
it possible to assess jointing in a large volume of core, up to some tens of
meters in length, and, accordingly enabled reduction in labor cost of experi-
mental investigations.

Geotechnical core logging methodology

The integrated procedure of geotechnical logging of carbonate rock core
includes a few stages:

Processing and analysis of core. Determination of basic geotechnical
parameters of rocks.

Evaluation of mechanical parameters of rocks. Investigation of such
mechanical parameters of carbonate rocks as strength, elasticity and plas-
ticity is important for drilling and oil production planning.

Geotechnical evaluation of care followed the guidelines of the Geomechanical
Assessment of Core [2].

The core analysis checked the integrity of core samples and their conformity
with the geomechanical modeling requirements. Core samples were selected for
various-type testing (Fig. 1), and damages of the core samples were recorded.
On the whole, the core integrity was assessed as unsatisfactory.
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Fig. 1. Core samples: borehole 37819, interval 852—857 m, Kuakbash site.
The picture was taken on 16 March 2005

Determination of strength and deformation characteristics of jointed
carbonate rocks used the geological reporting data and program RSData
which provides calculation of the generalized Hoek—Brown Failure Criterion
[3]. The strength and deformation characteristics were evaluated for all
types of rocks in accordance with the lab-scale strength testing results later
on used in the stress—strain assessment of rock mass.

The Rock Quality Designation (RAD) index was determined from the
core fracture analysis. The fracture frequency FF was also assessed. The
latter characteristic is sensitive both in a fairly solid rock mass (zero or a few
fractures recorded) and in a heavily broken and fractured block rock mass.

The quality and stability assessment of the oil-filed strata used the
RMR system [4] including such parameters and characteristics as uniaxial
compression strength, RAD, joint spacing and joint alteration number.

The quantitative evaluation used the RMR and Q-system of rock mass
quality quantification.

The rock mass quality evaluation by Barton used the Q-system [5, B].
The values of the Q index were changed on a logarithmic scale in a range from
10-3 to 103, which was divided into nine categories of rock mass quality.
The calculation of the Q index used such parameters and characteristics of
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Table 1. Geotechnical logging of core from borehole

1 (851.0)852.0|70| 9 |16 |96 | 1R | Limestone | V1 | D R3 =l=l=1-= = 2 |US| C [NSF| NC | 7 |US| E |[SSC| NC
2 | 8520 (8530 |61 | 7 |20 (217 3 | Limestone | VO | D R2 2 |PR| C [SSF| NC |- | -| - | - = 5 |US| B |NON| NC
3 |853.0 8540 |56 | 8 |22 (196 3 | Limestone | VO | D R2 1 [PS| B INON| NC | 1 (US| C |NSF| >5.0 | 6 |PS| B |NON| NC
4 |854.0 | 855.0 (67 | 7 |17 |193| 2 | Limestone | VO | D R4 =l=l=I= = ==l =1]-= = 7 |US| B |NON| NC
5 | 855.0 (856.0|94| 5 | 6 (275 1 | Limestone | VO | D R4 =l=l=I= = ==l =1]-= = 5 |PS| C |NON| NC
6 | 856.0 (857.0|80| 6 |12 [204| 2R | Limestone | VO | D R4 =ll=l=1I= = 1 [UR| B |[NON[1.0-5.0/ 5 | US| C |[NON| NC
7 | 857.0 | 858.0 |46 |12 |26 [173| 2 | Limestone | V1 | D R4 1 [PS|{BINON|] NC | - |- - | - - | 1M [PS| B [NON| NC
8 | 858.0 (858298 | 0| 5 |231| M | Limestone | VO | D R4 =ll=l=l= = ==l =1-= — | Her| 2 —2

9 | 8582 (8587 - |- |- |317|CZ BZ V| 2| -2 =ll=l=1l= = =ll=l=1-= — | Her| 2 —2

10 [ 858.7 [ 859.0 | 85| 1 [ 10 (163 | 1 | Limestone | VO | D R3 =|l=l=1l= - ==l =1-= = 1 |PS| B |NON| NC
111859.0 | 860.0 | 65| 7 [ 18| 75 | 2R | Limestone | V1 | D R2 1 [UR| B INON] NC | 1 [UR| B |NON] NC | 5 |US| B |NON|1.0-5.0
12 | 860.0 | 861.0 | 60 | 10 | 20 | 137 | 3R | Dolomite | V1 | D R4 4 |US| C NSF| >50 | - | - | = | - = 6 |IS| C |NSF| >5.0
131861.0 (8620 | 73 | 8 (15|96 [ 2 | Dolomite | VO | D R3 =l=l=1-= = 1118 | B [NSF[1.0-50| 7 |PS| C [NSF| NC
141 862.0 | 863.0 | 49 | 11 |25 |217| 3 | Dolomite | VO | D R3 1T [PS|AINON|] NC | - |- | - | - - |[10[US| C |NSF| NC
15 867.0 | 868.0 | 16 | 13 | 38 |196| 3 | Limestone | V1 | D R4 1 [US| B INON| NC | 1 [PS| B |NON|] NC |11 |PS| B |NON| NC
16| 868.0 | 869.0 | 82 | 6 | 11 |193| 2 | Limestone | V1 | D R4 2 |PS| B NONf NC |- |-| - | - = 4 11S| C |NON| NC
16% 868.49 82| 6 |11 (193] 2 | Dolomite | V1 | D R4 2 |PS| B NONf NC |- |-| - | - = 4 |1S| C |NON| NC
17 1869.0 [ 8700 |97 | 5 | 5 |275| 1 | Limestone | V2 | D R4 =ll=l=I= ==l =1-= = 5 |I1S| C |NSF| NC
181 870.0 [ 871.0 | 82 | 8 |11 |204| 3 | Limestone | V2 | D R4 1 |US| D |NSM|1.0-5.0/ 1 [ IS | E |NON)] NC | 6 |US| E |NON| NC
19 (871.0 | 872.0 | 54 | 13 [ 22 (173 | 3 | Limestone | V1 | D R4 =ll=l=1l= = 2 |US| E [NSF| >5.0 |11 |PS| B [NON| NC

rock mass stability as: RAD; number of systems of joints; joint roughness
number; joint alteration number; joint water parameter; pore pressure [5].

The other stage of assessment of rock mass quality used the Geological
Strength Index GSI with regard to the structure and jointing of rock mass,
and transition from properties of an intact sample to properties of jointed
rock mass in natural conditions by analogy with the Russian coefficient of
structural weakening [7, 8]. The index GSI in the modified classification is
divided into four categories. The values of GSI were determined from empiri-
cal formulas in terms of RAD, Bieniawski’s RMR or Barton’s Q-system [4—6].

The rating evaluation of the quality of the oil-filled strata included the
geological logs on 15 boreholes and the laboratory test data on physical and
mechanical properties determined in 60 samples of rocks.

The average values of the rating evaluation of the rock mass quality
in terms of three geological engineering elements are compiled by way of
illustration in Table 1.

Geotechnical core logging results

The rating evaluation of the quality of rocks involved processing of geo-
logical data from 27 boreholes and lab-scale testing results on physical and
mechanical properties of 60 rock samples.

The outcome of the geotechnical logging and rock mass quality per litho-
logical types in exploration borehole is given in Tables 1 and 2.

Numerical stress—strain modeling of horehole environment
in oil-filled stratum

The geomechanical modeling and analysis used the set of data of geo-
logical reports on 15 boreholes, geotechnical logging of cores and lab-scale
geomechanical tests of rock samples. The constructed models focused on
the vertical and horizontal stresses, pore pressure and elastic strength of
rocks in the borehole environment in the test reservoirs.

Vertical stress modeling

The first step in the geomechanical modeling was calculation of the ver-
tical stress o, MPa, using the direct method with regard to the average
value of rock pressure as function of the average rock density y, g/cm3, and
occurrence depth H, m. The vertical stress o, is given by:

G, =7v.H, MPa. m

Pore pressure modeling

The second step was calculation of the pore pressure p;, MPa, which
was assumed to be equal to the hydrostatic pressure and was set as the
pore pressure gradient grad p; = 0.013 MPa/m. For the types of rocks
tested, py was obtained using an indirect method, namely, common Eaton’s
method [9, 101.

Modeling minimal and maximal horizontal stresses

The boundary conditions in the model were set in terms of the horizon-
tal stresses found from Eaton’s equation. In hydraulic fracture mechanics
described by M. J. Economides, the minimal horizontal stress o ., MPa, is
presented as Eaton’s equation (2) [11] which includes, amang other things,
the pore pressure as well [12]:

PR
Shmin = (WJ(GV - pg) Ll MPa, (2)

where o, is the minimal horizontal stress, MPa; o, is the vertical stress,
MPa; p, is the pore pressure, MPa; PR is Poisson’s ratio.

For the conditions of the geomechanical model, the maximal horizontal
Stress oy, IS determined as follows:

Gpee = 1.10,0, MPa. (3
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Table 2. Rating evaluation of core from borehole by Q-system (Barton)

1 851.0 852.0 1.0 Limestone 70 R3 1R 8 2 4 11.72 52.48
2 852.0 853.0 1.0 Limestone 61 R2 3 9 2 1 13.56 65.17
3 853.0 854.0 1.0 Limestone 56 R2 3 9 1 1 6.17 53.75
4 854.0 855.0 1.0 Limestone 67 R4 2 4 2 1 33.35 68.02
5 855.0 856.0 1.0 Limestane 94 R4 1 2 1 2 23.55 64.43
6 856.0 857.0 1.0 Limestone 80 R4 2R 6 2 2 13.33 66.00
7 857.0 858.0 1.0 Limestone 46 R4 2 4 1 1 11.53 49.05
8 858.0 858.2 0,2 Limestone 98 R4 M 0,5 4 3 260.00 78.46
9 858.2 858.7 0,5 BZ 0 -2 Cz 20 -
10 858.7 859.0 0,3 Limestone 85 R3 1 2 1 2 21.25 59.83
1 859.0 860.0 1.0 Limestone 65 R2 2R 6 2 2 10.83 58.50
12 860,0 861.0 1.0 Dolomite 60 R4 3R 12 3 2 7.44 60.95
13 861.0 862.0 1.0 Dolomite 73 R3 2 4 1 2 9.06 53.58
14 862.0 863.0 1.0 Dolomite 49 R3 8 9 2 2 5.40 50.30
15 867.0 868.0 1.0 Limestone 16 R4 8 9 1 2 0.89 25.33
16 868.0 869.0 1.0 Limestone 82 R4 2 4 8 2 30.56 71.95
16* 868.49 Dolomite 82 R4* 2 4 3 2 30.56* 71.95%
17 869.0 870.0 1.0 Limestone 97 R4 1 2 3 2 72.60 79.60
18 870.0 871.0 1.0 Limestone 82 R4 8 9 2 2 9.12 67.05
19 871.0 872.0 1.0 Limestone 54 R4 8 9 1 2 3.00 44.33

Table 3. Strength and deformation characteristics of jointed rock mass
from estimates of core

Depth, m 868.49

Lithology Dolomite
| eeescee

Density, kg/m3 2390

Bulk density, kg/m? 2396-2464

Ultimate tensile strength UTS, MPa 5.77

Ultimate compressive strength UCS o, MPa 66.41

Geological Strength Index GSI 61.75 71.95

Index of type of rock (lithology, genesis), m 9

Flasticity modulus (dynamic) E, GPa 49_22'57?;[5;&"38 "

Poisson’s ratio 0.29-0.3

Internal friction angle,” 31.98

Cohesion, MPa 18.41

Cohesion C, MPa

my, 2.296 3.305
5 0.0143 0.0443
a 0.503 0.501

3.920

4.847

Internal friction angle ¢, deg

33.04

35.91

Uniaxial compression strength o, MPa 7.848 13.928
Triaxial compression strength o ;, MPa 14.450 18.987
Deformation modulus £, MPa 27740.99 38050.87

Geomechanical assessment of rocks

Geomechanical modeling of the borehole environment in an oil reservoir
should include the elastic properties and strength characteristics of rocks.
The elastic properties represented by the Young modulus, shear modulus,
volumetric modulus, the Biot coefficient and Poisson’s ratio are obtained
from laboratory scale measurements. An illustration of the parameters of
the dynamic and static geomechanical properties determined in laboratory
tests is given in Tahle 3.

Approach to stress—strain assessment
of rock mass in horehole environment

The impact of the orientation of fractures on the stress—strain beha-
vior of rock mass in the borehole environment was assessed by varying
characteristics of systems of joints in the Jointed Rock models in Midas GTS
NX software. The modeling used the finite element method in elastoplasticity
with regard to the Hoek—Brown criterion in efficient program RS2.

The model images averaged borehole environment conditions typical of
oil reserves enclosed in jointed carbonate rock mass. In modeling, the angles
and directions of joints from the geotechnical core estimation were varied.
The joint condition described with the index J,, was kept constant. The values
of the stresses and displacements at the
borehole boundary, in its neighborhood and
at a distance from it were analyzed at dif-
ferent ratios of the mentioned factors.

The model represents a cube (Fig. 2)
composed of three layers: 1) the top is
overburden rocks; 2) the middle is the
test interval of an oil-filled stratum; 3) the
bottom is underlying rock strata.

The variation in the parameters
of jointing from the geotechnical core
estimations is described in Tahle 4.

The multivariant modeling results and
the stress pattern in the borehole environ-
ment are depicted in Figs. 3 and 4.

Fig. 2. 3D model of test area
9x9x9 m for numerical
modeling
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Table 4. Elastic properties and characteristics of systems of joints in 3D modeling

Variant 1
. 1590 [ 75180 | - | 02 [ 02 | - | o5 | 25 | -
= Variant 2
s 26 10825 | 029 | 418 2 30090 90180 | - | o2 | 02 | - | 25 | o5 | -
Variant 3
1/90 | 61/180 = 0.2 0.2 = 25 25 =
Variant 1
- 1590 [ 75180 | - | 02 [ 02 | - | o5 | o5 | -
§ Variant 2
g 27 4973 028 | 17.725 2 30/90 | 90/180 | [ 02 [ o2 | - | 25 | 25 | -
- Variant 3
1/30 | 61/180 0.2 0.2 - 25 25 -
Variant 1
- 45/90 | 75135 | 751180 | 0375 | 0375 | 0375 | 375 | 375 | 375
§ Variant 2
E 26 | 225 | 028 |\ 8721\ 3 Igyey T ouiss | 90180 | 0875 | 0375 | 0875 | 875 | 375 | 876
Variant 3
31/30 | 61/135 | 61/180 | 0.375 | 0.375 [ 0375 | 375 | 3875 | 375

Results and discussion

Discussion of the results obtained in geotechnical log-
ging of cores taken in oil-filled strata of reservoir rocks
based on their geomechanical documentation is founded on
the integrated analysis of the research findings.

The evaluation of the main properties of rocks, such
as their strength and deformation characteristics, and
tendency to fracture;

The analysis of the oil content of rocks, which is criti-
cal in defining the scope of geotechnical core logging;

The study of the structural features of rocks to
understand their geomechanical properties and to predict
potential geomechanical processes;

The geotechnical research results are:

The found and analyzed interconnection between the
geological and geomechanical parameters, which helps get
a deeper insight into the physical processes in rocks to
optimize hydrocarbon production.

Using the 3D model built using the finite element
method, the stress—strain behavior has been assessed
in the borehole environment in jointed rock mass. The
influence of the jointing parameters on the stress—strain
behavior of rocks in the borehole environment is addition-
ally estimated [11, 12].

Conclusions

The accomplished geotechnical logging of cores of
carbonate rocks enclosing provided information on the
geology and physical and mechanical properties of these
rocks. It is planned to use these data in development of
an oil production strategy, optimization of drilling and in
improvement of operating safety.

The geotechnical logging of carbonate rock cores is a
critical stage in research and development of oil reservairs.

Fig. 3. Horizontal stresses along X-axis (cross-section). Variant 1: The experience and findings of the research on enclosing

a— overlying layer; b — test (middle) layer; ¢ — underlying layer rock mass in the Kuakbash site of the Romashkino field
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Fig. 4. Horizontal stresses along Y-axis (cross-section). Variant 1:
a — overlying layer; b — test (middle) layer; ¢ — underlying layer

are applicable in other projects toward enhanced efficiency and safety of
oil recovery.

The implemented analysis and discussion of the results allows concluding
that geomechanical properties of reservoir rocks have influence on all pro-
cesses in oil recovery, and enables recommendations on oil recovery optimi-
zation based on the geotechnical logging and classification of cores. All these
provide a framework for the stress—strain forecasting based on numerical
modeling, and for constructing a 3D geomechanical model.

The results of the geotechnical core logging are usable in assessment
of fracture porosity and permeability from the correlation with the fracture
opening and average spacing.

References

1. Eremenko V. A., Khazhyylai Ch. V., Umarov A. R., Lagutin D. V. Quantitative
assessment of rock mass stress—strain behavior at Severomuysky Tunnel.
Gornyi Zhurnal. 2023. No. 1. pp. 58-64.

2. Guide for Core Logging. Cardiff, UK: SRK Consulting Engineers and
Scientists, 2009. Available at: https://www.geokniga.org/bookfiles/geokniga-
srkukgeotechloggingmanual-1100608rus.pdf (accessed: 11.10.2024).

3. Khazhyylay Ch. V., Eremenka V. A. Kosyreva M. A.,Yanbekov A. M. In-situ rock
mass failure envelope plotting using the Hoek-Brown criterion and RocData
software toolkit. MIAB. 2018. No. 12. pp. 92-101.

4. Bieniawski Z. T. Classification of Rock Masses for Engineering: The RMR
System and Future Trends. Rock Testing and Site Characterization.
Comprehensive Rock Engineering: Principles, Practice and Projects. 1993.
Vol. 3. pp. 553-573.

5. Barton N., Liem R., Lunde J. Engineering classification of rock masses for the
design of tunnel support. Rock mechanics. 1974. Vol. 6. N2 4. pp. 189-236.

6. Barton N. Application of @-system and index tests to estimate shear strength
and deformability of rock masses. Workshop on Norwegian Method of
Tunneling. New Delhi, 1993. pp. 66-84.

7. Hoek E., Carter T. G., Diederichs M. S. Quantification of the Geological
Strength Index Chart. 47th U.S. Rock Mechanics/Geomechanics Symposium.
San Francisco, 2013.

8. Hoek E., Martin C. D. Fracture initiation and propagation in intact rock —
A review. Journal of Rock Mechanics and Geotechnical Engineering. 2014.
Vol. 6, Iss. 4. pp. 287-300.

9. Economides M., Qlini R., Valko P. Unified Fracture Design: Bridging the Gap
between Theory and Practice. Izhevsk : Institut computernukh issledoveniy,
2007. 234 p.

10. Abdulmalek A., Elkatatny S., Abdulwahab A., Mahmoud M., Abdulraheem A.
New Model for Pore Pressure Prediction While Drilling Using Artificial Neural
Netwarks. Arabian Journal for Science and Engineering. 2019. Vol. 44.
pp. 6079-6088.

11. Heriyadi B., Prengki I., Prabowo H. Analysis of Collapse Load and Open Hole
Evaluation Based on Rock Mass Ratting (RMR) Method in Underground
Mining. Journal of Physics: Conference Series. 2019. Val. 1387.1D 012104.

12. Jian-yun Lin, Yu-jun Zuo, Jian Wang, Lu-jing Zheng, Bin Chen et al. Stability
analysis of underground surrounding rock mass based on block theory.
Journal of Central South University. 2020. Vol. 27, Iss. 10. pp. 3040-3052.

13. Zhigulskii S. V., Lukin S. V. Evaluation of Conductive Fracture Aperture
Based on a Detailed Geomechanical Model: Myth or Reality in the Context
of Complex Fractured Reservoir? Society of petroleum engineers — SPE
Russian petroleum technology conference 2019, RPTC 2019. 20189.
Moscow.

14. Zhigulskii S. V., Tikhotsky S. A. Evaluation of the crack system’s openness
under conditions of changes in the crack roughness coefficient based on
data on the stress-strain state. Bureniye | neft. 2020. No. 7-8. pp. 30-38.

15. Pereira F. C., Lima T., Chaves S. S., Vilca Y. C., Canabrava L. P. Stability
analysis of free span in excavations with diameter greater than 10 meters—
Study case in the corrego do sitio mine. Rock Mechanics for Natural
Resources and Infrastructure Development—Full Papers : Proceedings of
the 14th International Congress on Rock Mechanics and Rock Engineering.
Ser. Proceedings in Earth and Geosciences. London : CRC Press, 2020.
Vol. 6. pp. 878-883.

16. Min K.B., Rutqist J., Tsang C.F., Lanru J. Stress-dependent permeability
of fractured rock masses: A numerical study. International Journal of Rock
Mechanics and Mining Sciences. 2004. Vol. 41, Iss. 7. pp. 1191-1210.

17. Youngsoo Song, Sungjun Jun, Yoonsu Na, Kyuhyun Kim, Youngho Jang, et al.
Geomechanical challenges during geological CO2 storage: A review. Chemical
Engineering Journal. 2023. Vol. 456. ID 140968.

18. Zoback M. D., Healy J. H. Friction, faulting, and “in situ” stresses. Annales
of geaphysics. 1984. Vol. 2. pp. 689-698. EI

EURASIAN MINING. 2024. No. 2. pp. 33-37 37





