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SIMULATION OF GEODYNAMIC PROCESSES

Abstract. To select an optimal and environmentally friendly technology for oil and gas
development, it is necessary to estimate in advance the likely disfigurement processes of the surface terrain.
To this end, it is recommended to develop predictive geodynamic models prior to start of field development,
taking into consideration the geological characteristics and tectonic activity of the area under investigation,
as well as the specific features of the reservoir.

Research methods. In this paper, two models of subsidence of the ground surface in a hydrocarbon
field are considered: a parametric spatial model developed at Delft University of Technology and a model
based on the Knoté influence function developed at the Canadian Center for Geodetic Engineering. The first
method is more suitable for describing a smooth and gradual subsidence in deep gas reservoirs and allows
you to assess the spatial-temporal pattern of movement of the ground surface. In the second method,
geodynamic processes are modeled based on the functional relationship between reservoir compaction and
subsidence of the day surface, taking into account the location of the oil reservoir, physical and mechanical
properties of rocks, changes in reservoir pressure and the results of surface disfigurement monitoring and is
recommended for oil fields.

Research results. A comparative analysis of these methods is carried out on the example of the
Tengiz oil and gas field in Western Kazakhstan. An evaluation of the developed model accuracy is carried
out by comparing the calculated values of soil subsidence with the data of radar interferometry, and estimates
obtained by other researchers. Recommendations are given on the application of the considered methods in
the generation of predictive models of oil and gas fields, the necessity of calculating the transfer coefficient
of the reservoir compaction to the position of the day surface, taking into account the depth of the reservoir
and the physical and mechanical properties of the rock massif, is indicated.

Key words: hydrocarbon deposits, ground surface, subsidence, seam roof, seam pressure,
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Introduction. The western regions of Kazakhstan are rich in hydrocarbon deposits. Here
many oil and gas companies have been intensively developing fields for a long period. As a result,
disfigurement of surface terrain occurs, in some places reaching significant values.

In order to assess the disfigurement characteristics of the ground surface and to prevent
possible economic and environmental consequences, the Government of the Republic of
Kazakhstan adopted Resolution on the creation of 30 geodynamic polygons in the areas of
development of mineral deposits.

Comprehensive observations of land surface movements in many deposits are now available.
However, the issue of mathematical analysis and interpretation of data to enable the generation of
an objective geodynamic model and to provide stable predictive estimates of future disfigurements
of surface terrain is still at the stage of development.

In this work, performed at KazNRTU named after Satbayev two methods of geodynamic
modelling were applied and analyzed. One of which is based on parametric spatial model, and the
other on the use of the Knoté influence function. The Tengiz field is considered as the object of
research.

Research object. Tengiz field is one of the deepest and largest oil fields in the world. It was
discovered in 1979, 350 km southeast of Atyrau city (Fig. 1).
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Commercial production began in 1991 with putting into operation of oil and gas complex. In
1990 deal was concluded with the American company «Chevron» to develop Tengiz oil field. In
1993, government of Kazakhstan established «Tengizchevroil» JV LLP jointly with «Chevron».
Currently, four companies are already partners: JSC NC «Kazmunaigas» (20%), «Chevron
Overseas» (50%), «Exxon Mobil» (25%) and «LukArco» (5%).

Fig. 1. Tengiz field in Kazakhstan

Tengiz field is huge isolated carbonate platform located in the southern part of the Caspian
Basin [1,2]. The sedimentary stratum consists of rocks from the Upper Devonian to Quaternary
deposits. A specific feature of the field is abnormal reservoir pressure, the presence of a significant
amount of hydrogen sulfide and a complex geological structure. The reservoir has a length of 160
km2 and is located at a depth of more than 4000 m, and its thickness is more than 1500 m.

The carbonate massif is a single hydrodynamic system consisting of three stratigraphic
objects. Object 1 is composed of rocks of the Bashkir, Serpukhov and Oka stages, object 2 is
composed of rocks of the Lower Visean-Tournaisian stages, and object 3 is Devonian sediments[3]
Geological reserves in Tengiz are estimated at 26 billion barrels, of which 19 billion barrels fall on
Object 1, the remaining 7 billion on Objects 2 and 3 of this field [4]. More than 1 billion barrels
have been produced so far.

Complex geodynamic monitoring is carried out systematically at the field, including: high-
precision geometric leveling, seismic survey, as well as space radar survey.

According to the analysis of the results of radar monitoring of displacements of the ground
surface, carried out in the period from 2004 to 2009[5], the soil subsidence accelerating in time
takes place in the area of active development of the field. The maximum subsidence rate in the
center of the trough is 30 mm per year. It was also found the appearance of another bowl of
subsidence, located to the northeast of the first.

In general, according to the data carried out by different researchers, the trend of an increase
in the rate of soil subsidence is confirmed. Thus, for the main bowl, the maximum subsidence rate
in the field was in the periods 1991-2000. - 12 mm / year, 2004-2010. - 30 mm / year, in 2016-2017
mm / year - 60 mm / year [6].

Similar facts take place at other deposits in Kazakhstan and testify in favor of the need for a
preliminary assessment of the geodynamic consequences of the development of deposits, based on
an objective predictive geodynamic model, at the stage of production planning [9-10].
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Methods for modelling the subsidence of the ground surface in oil and gas fields.
Various approaches and algorithms are used to generate predictive geodynamic models for
hydrocarbon fields. In particular, the use of a stochastic model based on the influence function [7],
the generate of a coupled hydrodynamic-geomechanical model of an oil field, as well as the use of
cellular automata for modeling geodynamic activity. All of these methods have their own
advantages and specific features that must be analyzed on the example of a specific field in order to
determine the most effective approach. In this regard, the KazNRTU named after Satbayev
considered and analyzed two methods for modeling the subsidence of the ground surface:

- parametric spatio-temporal model of trend, taking into account subsidence rate in the
center of bowl [7];

- model based on the Knoté influence function, considering connection between subsidence
of the ground surface and reservoir compaction [8];

Parametric spatio-temporal model of trend

Spatial -temporal subsidence trend model was presented in the work [9], to describe land
subsidence due to gas production. In this method, height Hi of benchmark i, at the time t can be
written as:

Hiyy =Hjp T Zypop, T Mt 1)

where:
H;._ —initial benchmark height before subsidence at the time to;
z;.—¢, — vertical disfigurement due to gas production approximated by spatio-temporal trend
model;
n;. - Noise caused by stochastic benchmark instability

According to this trend model, subsidence can be represented as:

Zieey= V(E— to) exp (—217) + 0y, (o < < tona), )
Where:
-ty tang - SUbsidence start time and action end of subsidence model;
- ri— standardized radius from center of subsidence bowl to point i:
- L., - NOise ratio, which takes into account stochastic discrepancies between spatio-temporal trend

model and actual subsidence due to gas production.

Standardized radius is determined from following expression:

Ty 2 ’

2 _ |:_r[—.?r,_-:|:+lz_}'l-—}',_-:': (3)
where:
- Xc u Yc -center coordinates of subsidence bowl,

- r - radius from center of subsidence bowl to inflection point.

Subsidence of land surface as function of reservoir compaction.

In the development process of oil and gas fields, reservoir rocks are compacted due to
volumetric compression of pores and repackaging of individual granules and grains. In this regard,
during creating stable model of subsidence of the ground surface, it is necessary first of all to take
into account the value of reservoir compaction. In general, compaction magnitude depends on the
drop in reservoir pressure, thickness of productive layer, physical and mechanical properties of
enclosing rocks and reservoir rocks[10].
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Oil and gas reservoirs are generally long horizontally and relatively thin vertically.
Therefore, it is assumed that reservoir is deformed in uniaxial mode in the vertical direction. In this
case, compaction capacity of rock is characterized by one-dimensional compaction coefficient Cm.

For elastic isotropic rock, one-dimensional compaction coefficient can be expressed in terms
of elastic modulus E and Poisson's ratio v:

Cm = (1+v)(1-2v)/[E(1-V)] 4)

Reservoir compaction taking into account changes in seam pressure Ap and reservoir thickness h
can be determined by the following formula:

C = C, Aph (5)
For transition from reservoir compression to subsidence of day surface, various expressions can be

used including method using the Knoté influence function:

k, == (6)

where: r - is horizontal distance between reservoir element and subsidence surface point, R- is
radius of critical area (minimum area that gives maximum possible subsidence).

In the work [11], expression is presented for calculating subsidence of the ground surface
using the the Knoté influence function, adapted for liquid mineral deposits.

S=—af, Ck_dA (7)

where: a - is distribution factor showing relationship between maximum reservoir compaction and
corresponding subsidence of day surface,

A - is productive area,

dA - is elementary particle of productive layer.

The value of the parameter a is in the range from 0 to 1. The maximum value shows that the
compaction of the reservoir is almost completely repeated by the day surface, which is unlikely, and
the minimum value indicates that the disfigurement of the reservoir attenuates before reaching the
ground surface, which is quite possible with a significant thickness cover layer and solid mass
resistant to disfigurement. Many researchers have tried to empirically determine a more accurate
relationship between the magnitude of reservoir compaction and soil subsidence. As a result, it was
revealed that for large reservoirs located close to the surface of the ground, the subsidence spread
coefficient will be maximum, approximately a = 1[12].

However, in reality, it is not only the geometry and location of the reservoir that play a role,
but also the elastic properties of the reservoir rock and overburden. Russian scientists A.S.
Maznitsky and L.M. Serednitsky studied the effect of the physical and mechanical properties of the
reservoir on soil subsidence, based on the expressions:

Ah = ¢ c, haldp, (8)

?;r=c:ﬂh[2(1—uc]](1— g ) 9)

J1+E87

where Ah is one-dimensional compaction of the reservoir; c1, c2 are coefficients depending on the
elastic properties of the overburden and the reservoir, the depth of the reservoir and its dimensions;
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a is the Biot's coefficient; vc is the Poisson's ratio of the overburden, 8 = H / R is the ratio of the
reservoir depth to its radius. As a result of studying various types of reservoirs, it was found that for
a sandy reservoir with a thickness of 1600 m, the ratio between soil compaction and subsidence is in
the range of 0.531 to 0.590. In the case of the carbonate reservoir, the compaction and subsidence
values were found to be less. It was found that the maximum compaction corresponds to the
minimum values of Young's modulus and Poisson's ratio of the reservoir rocks, and also that the
subsidence of the ground surface decreases with an increase in the rock hardness of the overburden,
as well as with a decrease in the reservoir area.

The results of modeling the subsidence of the ground surface. At the first stage, a parametric
method was applied, taking into account the speed at the center of the trough. Figure 2 shows results of
analysis of radar monitoring data [13] for 2016-2017, according to which maximum subsidence rate is 58
mm. Along the profile 1-2, subsidence bowl was built according to observed values and model values
calculated at the considered profile points according to formula (1).
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Fig.2. Subsidence bowl in Tengiz oil and gas field [7]

As can be seen from Fig. 3, model curve is flatter than actual one. At the edges of
subsidence bowl, there are large values discrepancies in the subsidence of the ground surface than
in bowl center, where values are more correlated with each other.
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Fig. 3. Subsidence bowls obtained from observations and model
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However, spatial representation of subsidence bowl (Fig. 4) speaks in favor of application of this
expression with certain coefficient, which makes it possible to accelerate subsidence process in time and
approach observed values of disfigurement of surface terrain. Another limiting factor of this method is
the need to know the value of the rate of subsidence in the center of the trough. That is, in order to use
this approach at the stage of field development planning, it is necessary to calculate a priori the likely
rate of subsidence of the ground surface as a result of hydrocarbon production.

Fig. 4. Subsidence bowl obtained from the calculated data

At the second stage, the subsidence of the ground surface was simulated taking into account
the compaction of the reservoir. In this approach, when calculating the model values of the
subsidence of the ground surface along the profile 1-2, the values of the elastic modulus were taken,
as for a carbonate reservoir, in the range of E = 50,000 - 90,000 MPa and the Poisson's ratio in the
range of v = 0.20 - 0.30. Depending on the reservoir compaction, C took values a = 0.55, 0.65, and
0.75[15]. Standard deviation from observed values of subsidence of the ground surface were
respectively: 75 mm, 48 mm, 62 mm. As can be seen from Figure 5 and standard deviations, the
closest imitation is obtained with value a=0.65.
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Fig.5. Comparison of real subsidence bowl with the model ones
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In this method, during calculating factor a, it may be more objective to use formula that takes
into account thickness of overburden and geomechanical properties of constituent rocks. Since, by
what percentage of transferred reservoir compaction to day surface depends on these factors.
Expression can be obtained empirically, based on data analysis number of fields. If subsidence of
the ground surface is determined from observations, and reservoir compaction is also known, then
by solving inverse problem it is possible to determine percentage or degree of transmission of
reservoir compression to the surface. Further, it is possible to determine type of connection between
parameter a and thickness of overburden H, while taking into account physical and mechanical
properties of rocks of this layer, in the form of certain factor associated, for example, with Poisson's
ratio. Only some difficulty lies in obtaining reliable data on various deposits that have long-term
observations of disfigurement of day surface [16].

Conclusions. To create stable predictive model of oil and gas field, it is possible to use both
parametric spatio-temporal trend model and method using Knoté influence function. However, in
the first case, it is necessary to introduce a coefficient (multiplier) correcting the shape of the
subsidence bowl in order to improve the correlation between the model and observed values of soil
subsidence. In the second case, it is necessary to more accurately determine the value of the
parameter a, which represents the percentage of transfer of reservoir compression to the day surface
in the form of subsidence. At the same time, it is possible to use a probabilistic distribution law that
takes into account the depth of the reservoir and the physical and mechanical properties of the
overburden and reservoir rocks.

Taking into account the fact of an increase in the rate of subsidence of the day surface in
long-term development fields, it is necessary to introduce the practice of preliminary assessment of
geodynamic activity at the stage of planning the field operation. To achieve the most objective
result, a comprehensive assessment of the geomechanical, hydrodynamic and geodynamic models
of the hydrocarbon field can be performed.

Funding. This research has been/was/is funded by the Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan (Grant No AP08857097).
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IFEOJUHAMMKAJIBIK IMPOLHECTEPAI MOAEJBAEY

Anparna. MyHail JKOHE Ta3 KEH OpPBIHOAPBIH WTepyOiH THIMII JKOHE OKOJOTHSIBIK Ta3a
TEXHOJIOTFSICHIH TaHIAy VIIiH ep OeTiHAeTr! BIKTUMaN AeGOopMaIUsIIBIK MPOIECTEP i alablH-ana Oaranay
kKakeT. OCbl MakcaTTa KapacTBIPBUIBII OTBIPFAH ayMaKThIH TEOJIOTHSJIBIK —CHIIATTaMallapbl MEH
TEKTOHUKAIBIK OCJICEHAUNIH, COHMaW-aK KOJJICKTOPIBIH ©3IHMIK epEeKIICTIKTepiH €CKepe OTHIPHIN, KEH
OpBIHAPBIH HIepy OacTanFanFa JIeHiH 00KaMIIbl TEOTMHAMUKAIBIK MOJICIBICPAl KYPY YCHIHBUIAIBI.

Byn xymbIcTa KeMipCyTeKTep KeH OpHBIHIA >Kep OeTiHiH MeryiHiH eki Mojesi KapacTbIpbLIabl:
JenbT TEXHONOTHSIIBIK YHUBEPCUTETIHIC JaMbIFaH MapaMETpPIiK KEHICTIKTIK Mojenb xkoHe KaHanaHbH
TeO/IC3UsUIBIK MHKEHEPHUsl OpTaNbIFbIHIA KacanFraH KHOTY acep eTy (QyHKIMsCHIHA HETI3JIeNTeH MOJIEIb.
Bipinmii axic TepeH ra3 KoJUIeKTOpJIapbIHAAFb] TETIC XoHE OIPTIHIET IOTy i CHIIATTayFa bIHFAUJIbI )KOHE Kep
0eTi KO3FaJbICBIHBIH KEHICTIKTIK-YaKbITIIA 3aHABUIBIFBIH Oaranmayra MYMKIHIIK Oepemi. Exinmm omic
OOlbIHIIA TeOAMHAMUKAIIBIK TPOILIECTEP/Al MOJETbIEY MYHail KaOaThIHBIH OpHAJACYBIH, >KBIHBICTAP/IBIH
(U3UKANBIK JKOHE MEXaHUKAJIBIK KACUETTEPIH, pe3epByap KbICHIMBIHBIH 63TepyiH jKoHe OETKI Ie)OpMaIusHbI
0aKplIay HOTIDKEIEPIH €CKEpe OTHIPHIM, KOJUIEKTOP/BIH THIFBI3IATYbl MEH KYH OCTiHIH IIOryi apachlHIarbl
(YHKIIMOHAIIBI OaiilaHbIC HETi31H e )KY3€ere achIPhIIAIbl )KOHE MYHAl KEH OPBIHIAPHI YIIIiH YCHIHBLIAIBI

Ocbl omicTepaiH calbICTRIpManbl Tanmuaybl batbic Kaszakcranpmarel TeHi3 MyHai-ra3 KeH OpHBI
YIriciHAe OpbIHAAABL. Moenpai Kypy OONAIri TOMBIPAKTHIH IIOTYiHIH eCeNTeNreH MOHJIEpIH panuap
nHTep()EePOMETPHUSCHIHBIH JIePEKTepIMEH jKoHe Oacka 3epTTeylIiiep aiFaH OaranayiapMeH CalbICTHIPY
apKbLIbl OaranaHapl. MyHali-ra3 KeH OpbIHAaPBIHBIH 00JKaMIbl MOACIBACPIH KYPY KE31HE KapacThIPhLIFaH
ozicTepai KonaHy OOMbIHINA YChIHBICTAp Oepii, pe3epByapAblH TEPEHIITH )KOHE MACCHB KBIHBICTAPBIHBIH
(U3UKATBIK-MEXaHUKATBIK KACHETTEPiH €CKepEe OTBHIPHIT, KOJUICKTOPJBIH THIFBI3AFbIIIBIH KYH/I3M OeTke
0epy KO3 GUIIUEHTIH ecenTey KaXKETTIIIr KOPCETIIreH.

Herisri ce3gep: xemipcyreri KeH OpbIHIApHI, Xep OeTi, mery, KaOaTThlH KOFaprbl OeTi, Kabat
KBICBIMBI, T€OTMHAMUKANBIK ChIHAK allaHbl, TCOJIC3UITBIK OAKbUIAY, PaJIuOJOKAIMIIBIK UHTEphepoMeTpHs,
MOJIEITBACY.
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MOJIEJIMPOBAHUE 'EOJUHAMUWYECKHUX TPOLECCOB

AnHoTtamus. Iy BeIOOpa ONTUMAILHOW M SKOJIOTMYHOW TEXHOJIOTHH Pa3padOTKK He()TEra30BhIX
MECTOPOXKACHUN, HEOOXOIUMO 3a0JaroBpeMEHHO OIICHUTh BEPOSTHBIC ACPOPMAIMOHHBIE  MPOIECCHI
3eMHOi1 moBepxHOCTH. C 3TOM 1IeNbI0, PEKOMEHIyeTCS CTPOUTh MPOTHO3HBIE TE€OAWHAMUYECKHE MOENH JI0
Hayaja pa3pabOTKh MECTOPOXKACHUH, C YYETOM TEOJIOTUYECKHX XapaKTepPUCTUK W TEKTOHHYECKOU
AKTUBHOCTHU PAacCMaTPUBAEMOU TEPPUTOPHH, a TAKXKE CIIeNU(PUISCKIX 0COOCHHOCTEH KOJUIEKTOPA.

B nmamHO# paboTe paccCMOTpPEHBI JBE MOJICIHM OCEIaHWS 3EMHOHN IMOBEPXHOCTH HA MECTOPOXKICHHUU
YTIIEBOIOPOIOB: MTapaMeTprUdecKasi MPOCTPAHCTBEHHAS MO/JIENb, pa3BUTasd B J{eIbPTCKOM TEXHOJIOTHIECKOM
YHHUBEPCUTETE M MOJIENIb, OCHOBaHHas Ha (yHKImH BiusHUs KHOT3, pa3paborannas B Kanamckom meHTpe
reojie3ndeckoil nHkeHepuu. [lepBerit MeTon, OoJiee MOIXOAMT IS OMUCAHUS IDIABHOTO U MOCTEIIEHHOTO
oceaaHus B FJIyGOKI/IX ra30BbIX KOJUICKTOpax W II03BOJIACT OLCHUTH IPOCTPAHCTBEHHO-BPEMEHHYIO
3aKOHOMEPHOCTb JIBI)KECHHUS 36MHOU MOBEPXHOCTH. Bo BTOpOM MeTone, MOAEIUPOBAHUE I€OIUHAMUYECKUX
MPOIIECCOB OCYIIECTBIIACTCS HA OCHOBE (D)YHKIIMOHAIBHOM B3aUMOCBSI3U MEX]y YIDIOTHEHHEM KOJUIEKTOPA H
OCEIaHUEeM JTHEBHOM MOBEPXHOCTH, C YYETOM PACIOJOKEHHUS HEPTIHOIO IutacTa, PU3NKO-MEXaHHMUECKUX
CBOWCTB TOPOJI, H3MEHEHHSI IJIACTOBOTO JIABJICHUS U PE3YJIbTATOB MOHUTOPHHTA JIe(OpPMAIIUK TIOBEPXHOCTH
Y peKOMEHIOBaH JIJIsl HEPTAHBIX MECTOPOKICHUH.

CpaBHUTENBHBIN aHAM3 JaHHBIX METOJIOB BBINOJNHEH Ha NpuMepe TeHru3ckoro HedTerazoBoro
MecTopoxacHus B 3amamHoM Kazaxcrtane. BrImonHeHa OIeHKa TOYHOCTH IOCTPOCHHUS MOJCIH, ITyTEM
CpaBHEHHS PACUETHHIX 3HAYCHUW OCEaHMs TPYHTa C JaHHBIMHU pajiapHON MHTEPPEPOMETPHUH, U OICHKAMH,
MONlyYeHHBIMU JIPYTHUMH HCCenoBaTeNssMu. JlaHbl peKOMEeHJaluu 10 TPUMEHEHHIO PacCMOTPEHHBIX
METO/JIOB MPH MOCTPOSHUM MPOTHO3HBIX MOjIeiel He(hTEera3oBbIX MECTOPOXK/ICHHUM, YKa3aHa HEOOXOAMMOCTh
pacdera K03 QuIreHTa nepeaadn YIDIOTHEHHS KOJUIEKTOPa Ha TIOJIOKEHHE THEBHOW MTOBEPXHOCTH C YYETOM
TITyOWHBI 3aJleTaHus pe3epByapa u (PH3HKO-MeXaHUIECKIX CBOWCTB TIOPOJ] MacCHBA.

KuarodeBble ciioBa: MeCTOPOXXJEHHS YTIIEBOJOPOJOB, 3€MHas IMOBEPXHOCTh, OCENaHHE, KPOBII
IacTa, IUTACTOBOE J[aBJICHHE, TEOJMHAMHYCCKHM TOJUTOH, TE€OJC3UYCCKH MOHUTOPHHT, paaapHas
nHTEp(EepPOMETPHS, MOJIEIIMPOBAHUE.
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