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Geostatistics application in spatial analysis of
geomechanical properties

Ta Quoc Dung, Vu Duc Thinh

Abstract—Geomechanics applications play an
important role in both drilling and production of oil
and gas field. There are many important properties
such as Unconfined compression strength (UCS),
Poison ratio (PR), Internal Friction Coefficient (IF)
and Porosity (PHIE) need to be estimated properly.
To estimate these properties, there are many
methods that can be used but geostatistics has more
advantages. This research presents geomecanical
propertiesfor two offset wells according to
experiment relations existing. Then, variogramand
spatial continuity will be analyzed. The Ordinary-
Kriging (OK) methods will be used to interpolatethe
properties in the cross section between two offset
wells and then for a planned well. The predicted
properties were compared with the actual measured
data to find the linear correlation coefficient. Most of
these values arenearly 1. As a result, the quality of
the modelbuilt could be practically accurate and
reliable to predict geomechanical properties for
planned wells used in wellbore stability, sanding
studies.

Index Terms—Geostatistics, Variogram, Kriging,
Geomechanics Model, WellboreStability.

1 INTRODUCTION

he better understanding and demand of
accurate geomechanicial properties are vital
for wellbore stability analysis, sand control and
other geomechanics applications. These properties
are primarily calculatedbased on petrophysical
data, then calibrated where possible against limited
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core data. There are a number of empirical
correlations that can be used for calculation,
suitable for various rock type, age, depth range and
field. In 2009, Khaksar et al [2] presenteda variety
of published log-core strength correlations for rock
strength modeling and combined with some
applications of computing technique such as fuzzy
logic and cluster pattern recognition. This
combination, coupled also with sedimentary facies
analysis can improve rock strength estimation.
However, similar to other  conventional
geomechanics studies, the results shown estimated
geomechanical properties with depth-stretched
method that is equivalent to correlation in
petrophysics study. The other study and papers
currently are still used the same workflow with
applying correlation and choosing the closest well
for estimation geomechanical properties [8, 11]. In
oil price downturn situation, it is more difficult to
drill new exploration wells and challenge to drill
successfully. Furthermore, the geologic pattern has
become more complex and extremely risky. In
addition, the budget for core test also reduced and
limited. Because of insufficiency of information
required, right access to a method capable to
determine properly geomechanics information on
the existing information is highly interested. This
study will utilized the concepts of variogram,
krigingand spatial analysisto predict geomechanics
properties with high accuracy. The properties used
in this study are: Unconfined compression strength
(UCS), Poison ratio (PR), Internal Friction
Coefficient (IFC) and Porosity (PHIE).

2 FUNDAMENTAL THEORY

2.1 Geostatistics estimation

Geostatistics offers a way of characterizing the
spatial continuity of natural phenomena by
analyzing them as random variables [1]. -
Geostatistics can describe data distribution in
various spatial directions. This technique is
suitable for heterogeneity of the reservoir hence
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geostatistics has been seen as the core hypothesis
for model generation in major modeling software
like Petrel (SIb), RMS (Roxar) [2]. Basic
components of Geostatistics are variogram and
Kriging techniques.

2.2 Variogram and Covariance
Variogram is a mathematical function, basic tool

to quantify correlation of spatial variables [1],
defined as:

2y =E{Zu+h)-ZWJ} @

=t S ZW-zu+h)] @

2N(h) =
Where:
h: Lag Distance
N(h): Total number of pairs for lag h

jf(h) : Variogram

Z(u) and Z(u+h): Head and tail value for pair i.
There are three standard variogram models:
Spherical, Exponential and Gaussian. In practice,
we need to replace empirical variogram with a
most matched variogram model.

Covariance measures similar variation of 2
random variables, defined as:

C(h) = E{Z(u+h) Z(u)}-[E{Z(u)}I*

3)
And obeyed the following relationship:
C(h)=C(0)-y(h)
(4)
Where:
C(0) = E{Z(u+0) Z(u)} - [E{Z(u}T*  (9)

= E{Z(u)"}-E{Z(u)}T* = 0

2.3 Kiriging:
Kriging is a geostatistical technique for
optimally interpolating values at unsampled

locations. Kriging employs variogram model, so it
is a weighted method with respect to both distance
and trend of data. It generates Best Linear
Unbiased Estimation (BLUE) at each location.

Simple Kriging (SK): The simplest kriging and
rarely applied in reality. Global mean is assumed
known and constant in the study area, which is not
really actual [2]. The value at an unsampled
location can be estimated by:

Z*(UO)Z%+Z/1I.Z(Ui) (6)
i=1
= m ) 1) ™

Ai are calculated from minimum variance
condition, as below simplified covariance matrix:

le Cluyuj) = Clujup) 1,...,m (8)
=1

Where:

Z"(up): Estimated value at location uo.

— Z(ui): Nearby sample value at location ui.

— n: Total number of samples selected in the
study area.

— \i: Weights assigned to each sample

— o = aconstant.

m: Global mean value in area .

C(ui, u;): Covariance value between points

located at uj and u;.

—  C(uj, Ug): Covariance between sampled location
u; and unsampled location ug

Ordinary Kriging (OK): Assuming that there are
many local means and calculated from nearby
values [2]. This also assumes true global mean is
unknown so it is “ordinarily” used more than SK.
The estimation is written as:

2*(u0)=§4.2<ui> ©)
y A =1ork=0 (10)

i=1
By forcing Ao to be zero, the necessity of mean
m is eliminated which constitutes Eq.(6) by Eq.(9)
Ai are calculated from minimum variance
condition, as below simplified covariance matrix:

JZzi/ij.C(ui,uj)uz:C(ui,uo)

i=1,...,n

Where p is Lagrange parameter.

CoKriging: Cokriging is used to estimate one
variable value with co-variable. Two common
examples are the estimation of permeability using
porosity data and the estimation of porosity data
using seismic data [1]. Estimation equation is:

(11)
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variance condition, as below covariance matrix:
12:/12] C,(ug,uz) +k22/lYk Ce Uz, Uy )+ 4,
=C; (U, Uz );i=1,...,n.
éﬂzi Cc(uz,uy) +§1:/1Yl Cy (uy, Uy ) + a4

= CC(uovqu);k :1,-..,m.
Where:

(14)

— A : weights assigned to Z(Uzi) at Uy

/@k : weights assigned to y(u, ) at Uy,

Cz and Cy: covariance for the Z and Y
variables, respectively.

Cc: Cross-variance between 2 variables.

uz and py: Lagrange parameters.

3 GEOMECHANICAL MODEL

The geomechanical properties were calculated
from correlations based on well-logging data.
Then, core and experiments data were used to
calibrate.

Unconfined compressive strength:

Unconfined compressive strength is defined as
the maximum axial compressive strength that a
right-cylindrical sample can withstand under
unconfined conditions.There are many correlations
to determine UCS based on seismic and well
logging data. This study used MsNally’s
correlation which can be applied for sand reservoir
[3].

— * *
UCS =185165 exp( 0.037 DTC) (15)

Poisson’s ratio:

Defined as the ratio of transverse contraction
strain to longitudinal extension strain in the
direction of stretching force, calculated based on
velocity log [4]

DTS .,
05(—) -1
Nt (orc
2(v2-v?) DTS, (16)
P s (=) -1
DTC

Internal friction coefficient (IFC): IFC measures
the ability of an unit rock or soil to with stand a
shear stress, calculated based on velocity log

Vv
P
IFC =tan| asin 1000 if Vel >0.7
o
1000
17.232xv_ ™
3.14x To"
IFC =tan if Vel <0.7
185
(17)

Porosity (PHIE):
PHIE were calculated based on correlation with
UCS [3]:

PHIE :—O.lln( ues )
20144

(18)

Where:

— Vp: Compressional wave velocity

— Vs Shear wave velocity
DTC: Compressional wave travel time (us/ft)
DTS: Shear wave travel time (us/ft),

Vcl: Clay volume

4  ROCKPROPERTIES PREDICTION

41 Prediction workflow

Step 1: Building geomechanical models

— Getting the input — petrophysical
(velocity and density)

— Build geomechanical models for along the
offset wells by using the above empirical
correlations.

— Validate rock properties estimated with core
samples.

Step 2: Building variogram models

— Calculating experimental variogram for the
cross section based on the data between 2
offset wells,

—  Choosing the standard variogram models.

— Cross-validating to find the best-fit variogram
model for each property.

Step 3: Predicting geomechanical model

Using chosen  variogram  models to

interpolatethe 2D geomechanical model between 2

offset wells and then for the planned well using

Ordianary Kriging (OK).

data
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4.2  Geomechanics model and results

Petrophysics offset data from field A of Cuu
Long basin, Vietnam is used in this research to
build geomechanics model along the well path.
The study presented the fundamental ideas of
geostatistics for interpolating the geomechanics
detail of the area with the boundaries from 2 offset
well: XX-2P and XX-3P (Figure 1). The distance
between two offset wells is about 2.6 km.

Estimated points are compared with the actual
points based on regression value and coefficient of
correlation.

Figure 1. The cross section between 2 offset wells, field A

Building geomechanical models

The input data from XX-2P and XX-3P
included: velocity (DTC, DTS) and density log
(Rho). Because DTC data just only for the section
(3470m — 4247m), so we must combine with the
velocity log(Vel) from seismic(Vp) to have a full
DTC log. Due to a more limited data of DTS, we
ought to calculate the DTC-DTS regression to
build the full DTS log. Similarly, density log
cannot be measured for the whole wellbore. So
that, we might use Garner’s correlation to build
density log based on velocity log for unmeasured
well sections:

Rho = 0.24(vel)??> (19)

R e

Figure 2. The input data for well XX-2P

iy 1 . A
o [ - \
i / \

2000 o

asm

s

Figure 4. The geomechanical properties for XX-2P and XX-3P

Building variogram models: For each property,
the unique experimental variograms for both of
two wells were calculated, then checked with the
standar variogram models. Overall, these
variogram had a very good correlation coefficient
(r2).

The above variogram model of UCS (Figure 4)
is shown to be the best-fit with Gaussian model
with r2=99.7%
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Figure 5. Variogram model for UCS
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Figure 6. Variogram model for PR

The variogram model of PR (Figure 6) is shown
to be the best-fit with Gaussian model with
r2=94%.
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Figure 7. Variogram model for IFC

The variogram model of IFC (Figure 7) is
shown to be the best-fit with Gaussian model with
r2=99.2%.
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Figure 8. Variogram model for PHIE

The above variogram model of PHIE (Figure 8)
is shown to be the best-fit as Exponential model
with r2=98.1%.

Cross-validation for best-fit variogram model

Each of these variogram models was then used
for cross-validated to evaluate the accuracy
variogram model before applying Kriging
techniques. To obtain the best-fit variogram, we
may eliminate or edit some outliner points which
may be due to invalid measurements. As shown

below figures, all of correlation factors are higher

than 95%.
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Figure 9. The cross-validation results of UCS

Cross-validated correlation factor (r2) of UCS

equals to 99%.
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Figure 10. The cross-validation results of PR

Cross-validated correlation factor (r2) of PR

equals to 97.4%
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Figure 11. The cross-validation results of IFC

Cross-validated correlation factor (r2) of IFC

equals to 99.6%.
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Figure 12. Thecross-validation results of PHIE

Cross-validated correlation factor (r2) of PHIE
equals to 95%

Predicting geomechanical model
The best-fit variogram models are used to
predict geomechanical properties for well XX-4P.
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Figure 13. Well-correlation with UCS of XX-2P (in pink),
XX-3P (in red) and predicted well XX-4P (in green)
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Figure 14. Predicted properties of well XX-4P (in black)
compared with XX-2P (in red) and XX-3P (in blue)

Cross-checking the predicted values

To validate the model used for prediction, cross-
check is used for verifying all geomechanical
properties. This process is used variogram model
choosen to re-estimate all measured data.
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Figure 15. The cross-checking of UCS

Cross-checking UCS between actual and
estimated values with r2=77.73%.
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Figure 16. The cross-checking of PR

Cross-checking PR between
estimated values with r2= 58.5%.
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Figure 17. The cross-checking of IFC

Cross-checking IFC  between actual and

estimated values with r2=94.19%
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Figure 18. The cross-checking of PHIE
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Cross-checking PHIE between actual and
estimated values with r2=88.13%.

5 CONCLUSION

In this study, geomechanical model has been
studied using empirical correlations to calculate
geomechanical properties of between two wells
XX-2P and XX-3P from petrophysical data. Then
geostatistics was applied to predict 2D
geomechanical model between two offset wells
and then the planned well XX-4P, including
properties: UCS, PR, IFC and PHIE. The best-fit
variogram have been choose and validated as
following tables.

TABLE 1

COMPARISON BETWEEN VARIOGRAM MODELS
WITH r2 FOR EACH TYPES OF MODELS

Properties UCs PR IFC PHIE
Spherical | 96.90% | 83.30% | 90.10% | 95.90%
Gaussian | 99.70% | 94.00% | 99.20% | 97.20%
Exponenial | 93.40% | 81.50% | 88.30% | 98.00%
TABLE 2

COMPARISON BETWEEN CROSS-VALIDATED
CORRELATION FOR EACH TYPE OF MODELS

Properties UCs PR IFC PHIE
Spherical | 9810% | 9240% | 99.30% | 92.00%
Gaussian | 99.00% | 97.40% | 99.60% | 91.20%
Exponential | 96.00% | 93.20% | 99.10% | 95.00%
Clearly, these correlation factors (r2) for

variogram models are similar to each other. The
best-fit variogram had the highest r2 (in bold). The
calculation results were summarized in table 3.

In table 3, the variogram models for UCS, PR
and IFC were Gaussian. It means that there was a
high correlation over short range and these were
continuous phenomena. Where as, the PHIE
variogram model was Exponential, which means
this had a short scale variability.

As also in Table 3, these variogram had a good
correlation coefficient (r2). These greatly good r2
(>95%) of all variogram models and cross-
validations showed that these chosen variogram
models are greatly accurate.

TABLE 3

SUMMARY OF CORRELATION COEFFICIENT OF
VARIOGRAM MODELS

Properties UCsS PR IFC PHIE
Variogram Gaussian | Gaussian | Gaussian | Exponential
Model
Cross-
validation 99% 97.4% | 99.6% 95%
r2
TABLE 4

SUMMARY OF CORRELATION COEFFICIENT (r2) OF
XX-4P GEOMECHANICAL MODEL

Properties ucCs PR IFC PHIE

r2 77.73% | 58.5% | 94.19% | 88.13%

In Table 4, the correlation coefficient (r2) of all
properties are fairly high, roughly 80%. However,
Poisson’s ratio (PR) with r2=58.5% may be due to
lack of solid actual data for calibration.

DISCUSSION

There were just two wells used in calculating
variograms which are applied isotropic analysis. If
more wells were used, anisotropic variograms
would have been calculated and compared with
isotropic ones to select the best-fit variogram,
resulting more accurate models.

The log-derived rock strengths should be
calibrated by more rock test data to initiate better
accuracy. So that, the predicted model will
minimize the uncertainties of consequent
geomechanics application, particularly in well bore
stability.

The results could be sustainably improved if the
data was coupled with sedimentary analysis and
diagenetic classification using a couple of new
computing methods such as fuzzy logic, Artificial
Neural Network (ANN).
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khong gian cua thudc tinh dia co trong linh

vuc dau khi

Ta Qubc Diing, Vi Buc Thinh

Tom tit—Cic (ng dung cia dia co hoc cé mot vai
tro rit quan trong trong ky thuat diu khi bao gém
nhiéu ng dung trong tim kiém thiim do, khoan, khai
thac, hoan thién va phat trién mé. Mot sé cac thong
tin thwong dwge yéu ciu tinh toan nhw hé s6 nén mot
truc UCS, hé sb Poisson, hé s6 ma sat trong, dd
rong... Dé wéc lwong cac théng sé nay, cé nhiéu
phuong phap truyén théng dwoe sir dung. Tuy nhién,
phuwong phap dia théng ké dang dwoc 4p dung rong
rdi trong linh vue diu khi vi ¢6 nhiéu wu diém vwot
troi. Cac két qua ciia nghién ciru nay di dwa ra cach
tinh cac thong s6 dia co 1D tir hai giéng da khoan
(XX2P va XX3P) bing cic mdi twong quan thue
nghiém dang dwoc sir dung. Tir cic thong sb dia co
thu dugc, phuong phép dia théng ké dwge ing dung
dé xay dung va Iirc chon mé hinh variogram phit hep
va phan tich tinh lién tuc trong khéng gian 2D ciia
mit cit giita 2 giéng. Sau dé, phuwong phap
Ordlnary-Krlgmg (OK) dugc sir dung de ndi suy cac
théng so cho cho khong gian giira 2 gleng dir liéu va
sau d6 trich xudt cac két qua ndi suy mot gleng sap
khoan XX4P. Cac gia tri ndi suy dwgc so sanh véi gia
tri thye do tai giéng sau khi khoan dwa trén hé sb
twong quan. Hau hét ciac hé s6 nay co gia tri gin
bing 1 chirng t6 md hinh ndi suy c6 dd chinh xac cao
va dang tin ciy. Cac két qué tinh toan ciia mé hinh
nay c6 thé dwge sir dung dé dy bo cic md hinh dia
co' cho cac giéng sip khoan khéc trong ving lan cin
va ttng dung két qua dy bao trong tinh toan 6n dinh
thanh giéng hodc nghién ciru khi ning sinh cat ciia
giéng khai thac.

Tir khou—})la thong ké, vanogram kriging, md
hinh dia co hoc, 6n dinh thanh gieng.



