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‘OPTIMIZE PRODUCTION THROUGH RESERVOIR
ROCK COMPACTION CONTROL

ARIFFIN SAMSURI' & PHAM VU CHUONG?

Abstract. This paper presents compactional laboratory study based on the various
controllable parameters such as wellbore angle, perforation shot density, perforation pattern,
and flow rate to determine the effects of these parameters to compaction in order to help
aptimize production through compaction control. The study was conducted on local
sandstone core sample. After the mechanical rock properties were determined, the scaled
down models with various borehole angles, perforation shot densities, perforation patterns
and flow rates were tested with Servo Controlied Compression Testing Machine (SCCTM)
using two techniques; static and dynamic tests. The results show that compaction increases as
borehole angle, production flow rate and shot density increase and as perforation pattern
changes from spiral to inplane and finally inline. In addition, compaction increases slowly at
: low effective stress. Flowever when effective stress reaches 30-60% of reservoir rock
compressive strength, it increases approximately double and followed by the reduction of
total oil recovery to 33-73% of the expected total ot recovery. These results show that it is
possible to optimize production rate via minimizing compaction which could be achieved by
controlling berehole angle, perforation shot density, perforation pattern, and flow rate.

Key Words: Rock compaction, compressive strength, shot density, perforation pattern,
wellbore angle

1.0 INTRODUCTION :
Most of oil and gas wells produce through sandstone formation that are
deposited in marine or detritus environments. Marine deposits are often
cemented with calcareous or siliceous minerals and may be strongly
consolidated. In contrast, Miocene and younger sands are often unconsolida-
ted or poorly consolidated with soft clay or silt. During the production of oil
and gas, the pore fluid pressure would generally decline and thus increase
effective stress within the reservoir. Increasing of the effective stress acting on
the contact between grain to grain in the unconmsolidated or poorly
consolidated sandstone will permit the rock compact easily.

In general, reservoir rock compaction is the process that always has adverse
effects on the oil and gas wells such as well production reduction, casing
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collapse, and land subsidence. It is one of the major problems in many
petroleum fields throughout the world, and has become subject of research for
many years. In 1973, Geertsma ¢! al. [1] performed a field, experimental, and
mathematical studies to examine the land subsidence of oil and gas fields,
particularly at the Groningen gas field in Netherland. They recognized three
individual parameters that influenced reservoir rock compaction as well as
land subsidence. There were reduction of reservoir pressure, vertical extents of
the zone in which pore pressure reduction has taken place, and order of
magnitude of the relevant deformation property of the reservoir rock. They
also concluded that subsidence was a results of reservoir compaction which in
turn relied on the product of reservoir pressure reduction, height of productive
interval, and rock compressibility. Through an experimental study of rock
properties change during reservoir compaction, Morita ¢t al. [2] concluded
that during reservoir rock compaction, rock properties could be characterized
by three stages, namely the initial non-linear portion where grain contact
points opened and closed with small stress change, followed by the linear
portion where stable structure deformed linearly, and finally the non-linear
portion where microcracks grew before failure. In addition, Johnson and Rhett
[3] presented a study based on laboratory tests and concluded that Ekofisk
chalk furnished elastic and pore collapse deformation of the high porosity chalk
accounts for the majority of reservoir compaction.

By using an axisymetric Finite Element Method, Chia and Bradley [4]
simulated rock compaction and casing deformation in reservoir along the Gulf
Coast, which were overpressured and undercompacted. They concluded that
the depletion of an underconsolidated and overpressured reservoir might result
in severe rock compaction. It was not only within sand reservoir but also in
adjacent clay or shale formation hence contributed to casing deformation.
Generally a large increase in casing stress and strain usually occurs during the
carly stage of production as a result of rapid pressure decline in the vicinity of
the wellbore.

Based on physical and finite element modelling, Ariffin [5] concluded that
the perforated wellbore might undergo compaction before failure which
generally depends on pressure differential, perforation length, perforation
diameter, model geometry, and rock properties. General, reservoir rock
compaction is mainly influenced by pore fluid pressure depletion, depending
on completion and production activities. For perforated completion, the
pressure reduction increases as the perforation length, perforation diameter,
shot density, and underbalanced pressure increase. During production, rapid
pore pressure depletion occurs at higher amount of flow rate and produced
fluid [6]. Furthermore, completion and production processes also cause
reduction of reservoir rock strength hence contribute to compaction.
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Generally, completion and production activities will increase compaction due
to reduction of reservoir rock strength and elevation of pore pressure depletion.
In addition, the dominant eflect of compaction is the reduction of porosity
which result in decreasing of well productivity [7]. Previous works have shown
that compaction was affected by both uncontrollable parameters such as rock
stress, rock strength, and pore pressure and controllable parameters such as
wellbore structure, perforation length, perforation diameter, perforation shot
density, and flow rate. In planning for the production of oil and gas from a
reservoir, if compaction is forescen, however, controllable parameters need. to
be examined carefully in order to control reservoir rock compaction. The
suitable completion design method need to be selected to minimize this
problem as well as to optimize the production. This study aims to analyze the
effects of wellbore angle, perforation shot density, perforation pattern, and flow
rate to compaction to help optimize production through compaction control.

20 EXPERIMENTAL

2.1 Sample Preparation

Two types of local sandstone core samples were used in this study. One with
low porosity, ranging from 7.0 to 13.0% and permeability ranging from 3.0 to
7.0 millidarcy {md) was used for static compaction test and another one with

- high porosity (15.0 to 17.0%) and permeability (25 to 100md) was used for

dynamic compaction test. These core samples were prepared for uniaxial
compression and compaction tests. For uniaxial compression tests, samples
were trimmed to cylindrical shape of 5.08 ecm x 12.7 cm. For compaction test,
samples were trimmed to cylindrical model of 15.24 cm x 15.24 cm, with
borehole of 5.08 cm diameter and cemented casing of 2.54cm diameter.,

2.2° Uniaxial Compression Tests

In this test, the specimen was placed inside the rubber sleeve, which was
connected to the Hoek Cell. The axial and radial strain gauges were connected
to the Hock Cell. The whole assembly was placed centrally within the platens
of the SCCTM, then load was applied at a constant rate of 0.7 MN/m?/sec
(ASTM standard) until the specimen fails. The process of specimen
deformation could be monitored from the computer. The axial, radial
displacement, and axial load were recorded. Then uniaxial compressive
strength ((,), Young modulus (£}, and Poisson’s ratio (1) were calculated by
using the following equations [8,9]:

F
C, == I
. 1)
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2.3 Compaction Tests

Compaction tests were carried out under two- conditions namely static and
dynamic. Static compaction test was performed on models with different
borehole angles of 0, 5, 10, 15 and 20°, different perforation shot densities of
4,6,8 and 16 shot per foot (SPF) and different perforation patterns of inline,
inplane, and spiral. Dynamic compaction test was performed on models with
different flow rates of 400, 800, and 1600 ml/h.

2.4 Static Compaction Tests

Considering a gradient of overburden pressure 6.43 kPa (1 psi/ft) and pore
pressure 2.89 kPa (0.45 psi/ft), for the sample at depth of 3658 m (12 000 feet),
the 77.14 MPa (12 000 psi) of overburden, and 36 MPa (5600 psi) of confining
pressures were modelled. The testing was designed to keep overburden load
constant and reduce confining pressure until the model fail. Models with
different wellbore angles, perforation shot densities, and patterns were put
centrally under the SCCTM. After overburden and confining pressures were
increased to 77.14 MPa (12 000 psi) and 36 MPa (5600 psi}, respectively, the
confining pressure was reduced at a constant rate of 100 KPa/s until the model
fails. The axial displacement was recorded from the computer. Then
compaction degree was calculated using Equations (4) and (5):

e (22)(52)

A
-};ﬁ —C AP, (5)

2.5 Dymamic Compaction Test

It was designed to maintain the confining pressure and increase overburden load
until the model fails, Models were put centrally under the SCCTM. Initially
confining pressure was increased to 1.5 MPa with a constant rate of 100 KPa/s.
Then pore pressure was increased to 1.35 MPa with a constant rate of 100 KPajs
to simulate flow rate of 400 ml/h for drawdown of 1.25 MPa with 60 cp oil. After
flow rate stablised, the axial load was increased with a constant rate of 0.7 MN/
m? until the model failks. The axial displacement was recorded from the
computer and then compaction degree was calculated using Equation (4).
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Repeat the whole procedure with pore pressures of 3.5 MPa and 6 MPa to
simulate flow rates of 800 mi/h and 1600 mi/h respectively with 60 cp oil.

3.0 RESULTS AND DISCUSSIONS
Results of uniaxial tests are shown in Table 1. These sandstone samples belong
to low to medium strength (according to Deere and Miller, 1969}, The
Poisson’s ratio from this test was used to calculate the coefficient of compaction
in compaction tests using Equation (4).

Table 1 Results of uniaxial compression tests

Sample Group

Compressive

Young modulus

Poissen ratio

strength (MPa) {GPa)
Medium strength 67.5 £5.02 0.16
Low strength 21.0 7.60 0.32

Generally, compaction is influenced by borehole angle, perforation shot
density, perforation pattern, and flow rate. Compaction increases as borehole
angle, shot density, and flow rate increase and as perforation pattern changes
from spiral to inplane and inline.

3.1 Effect of Borehole Angie

Summarized results of compaction tests with different borehole angles are
shown in Table 2. Figure 1 shows that for a 4 SPF and inline pattern, the
compaction degree of the vertical borehole at break or failure is 0.00062. While
the compaction at break for 5°, 10°, 15°, and 20° borehole angle models were

- 0.00065, 0.00084, 0.00087, and 0.00091 respectively. In addition, Figure | also

shows that the compaction degree decreases as the pore pressure depletion
increases. The vertical model failed after effective stress reaches 94.7% of
compressive strength. While the 5°, 10°, 15°, and 20° bhorehole angle models
failed at 93.5%, 90.5%, 88.2% and 80.6%, respectively. These results show
that as the borehole angle increases, the rock is found to be more easier to fail
and result in more compaction depending on the pore pressure depletion.
Therefore compaction can be minimized through allowable borehole angle.
It is because, an inclined borehole creates angular relationship between bore-
hole and the principal stress axes hence increases the shear stress. Thus, it can be
concluded that as the wellbore angle increases, there is a tendency to shear or
slide along the borehole inclination since the concentration of the shear stress is
greatest. Therefore, compaction increases as the borehole angle increases.
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Table 2 Summarized results of compaction tests with different borehole angles
Pore
pressure Compaction degree
depletion
(MPa) 0° 5° 10° 15° 20°
0 0.00000 0.00000 0.60000 0.60000 0.00000
11 0.00000 0.00000 0.06000 0.00000 0.00003
14 0.00000 0.00002 0.00005 0.00002 0.00005
17 0.06000 0.00006 0.060008 0.00006 (.00008
20 0.00002 0.00009 0.00011 0.00013 (.00013
23 0.00004 0.00013 0.00015 6.00017 0.00025
26 0.00015 0.00023 0.00024 0.00026 0.00034
29 0.00621 0.00028 0.00033 0.00036 0.00043
31 0.00034 0.00038 0.00042 4.00050 0.00053
32 0.00043 0.00040 0.00047 0.00057 6.00061
33 0.00047 0.00048 0.00052 0.00065 0.00670
34 0.00048 0.00053 0.00662 0.00071 0.00691
35 0.00062 0.00065 0.00085 6.00087 -
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§ | ——at 14 Mpa pore pressure
& 0.0006 4 ! depistion
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.5 pressure depletion
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g 000041 |~ at break
g !
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Figure 1 Effects of bore hole angle to compaction
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3.2 Effects of Perforation Shot Density

Summarized results of compaction tests with different perforation shot densities
are shown in Table 3. Figure 2 shows that as pore pressure depleted,
compaction increases depending on perforation shot density. For a vertical
borehole and inline pattern, the compaction degree of model with 4 SPF at
break or failure is 0.00062 compared to 0.00081 of model with 6 SPF, 0.00095
of model with 8 SPF, and 0.00096 of model with 16 SPF. In addition, Figure 2
also shows that the compaction degree decreases as the pore pressure depletion
increases. The 4 SPF model fails at 94.68% of compressive strength, followed
by 93.8%, 84.3%, and 70.9% for 6, 8, and 16 SPF models, respectively. These
results show that as shot density increases, the model will be easier to fail and
result in more compaction depending on the pore pressure depletion.
Therefore, minimize shot density for acceptable compaction degree is an
important consideration during the well design stage.

This phenomenon occurs due to the fact that as shot density increases, the
critical drawdown for shear failure decreases due to stress relief, especially for
very high density. In addition, as shot density increases, the rock mass has to
carry more redistributed stress along the perforation system. As a result, the
rock mass strength is reduced significantly as shot density increases. Since

Table 3 Summarized results of compaction tests with different perforation shot densitles

14 Mpa pore pressur
:pletion

t 20 Mpa pore
ressure depletion
[ yield

> break

|
|
|

Po;z:l::is::re Compaction degree
{MPa)

0 4 SPF 6 SPF 8 SPF - 16 SPF
0 0.00000 0.00000 0.00000 0.00000
14 0.00000 0.00000 0.00000 0.00007
17 0.00000 0.00002 0.00006 0.00011
20 0.00002 0.00006 0.00010 0.00019
23 0.00004 0.00008 0.00014 0.00024
2 0.00015 0.00020 0.00023 0.00034
29 0.00021 0.00028 0.00033 0.00042
31 0.00034 0.00033 0.00039 0.00063
32 0.00043 0.00034 0.00051 0.00096
33 0.00047 0.00043 0.00060 -
34 0.00048 0.00053 0.00095 -

35 0.00062 0.00081 - -




38 ARIFFIN SAMSURI & PHAM VU CHUONG

00010

0.0008

depletion

—&m— ot 20 Mpa pore pressure
depletion

T at yield l

‘ — gt break
Y

| —o— af 14 Mpa pore pressure
0.0008 T

Compactlion degree

0.0004 /a____———’-

0,0002 A /:

//V
4 6 8 16

Shot density, SPF

Figure 2 Effects of shot density to compaction

compaction increases as rock strength decreases, therefore compaction degree
will increase as shot density increases.

3.3 Effects of Perforation Pattern
Summarized results of compaction tests with different perforation patterns are
shown in Table 4. Figure 3 shows the effects of perforation pattern to
compaction, As pore pressure depleted, compaction increases. However the
increment is influenced by perforation pattern of the model. For vertical
borehole with 16 SPF, the model with spiral perforation pattern has least
compaction at break (0.00080). The compaction of model with inplane
perforation pattern at break is 0.00085. Finally model with inline perforation
pattern has the most compaction (0.00096). In addition, Figure 3 also shows
that the compaction degree decreases as the pore pressure depletion increases.
i The 16 SPF and spiral model failed at 92.3% of compressive strength, while
the inplane and inline models failed at 87.5% and 70.9%, respectively. These
results show that as perforation pattern changes from spiral to inplane and
finally inline, compaction increases.

The phenomenon is understandable since the perforation tunnels in the
inline pattern are in one vertical line, which is parallel to the applied load and
provide the shortest distance between verforation holes. Thus resulting in lower
rock mass stress than for inplane pattern where the perforation tunnels are in
one horizontal line, which is perpendicular to the applied load. Therefore, rock

|
|

C

Table4 Su

Pore pressu
depletion (M

14

17

20

23

26

29

31

32

33

34

35

0.0010 ————

0.0008 g—"

0.0008

Compaction degree

g
g

0.0002

0.0000 $=—=in
Spiral




ore pressure

ore pressure |

‘tion degree

DafUarns are
pactern to
lowever the
For vertical
rn has least
ith inplane
perforation
3 also shows
N Increases.
=ngth, while
ively. These
inplane and

nnels in the
ied load and
ting in lower
mnnels are in
erefore, rock

OPTIMIZE PRODUCTION THROUGH RESERVOIR ROCK 39

Table 4 Summarized results of compaction tests with different perforation patterns

Pore pressure
depletion (MPa)

Compaction degree

Inline Inplane Spiral
0 0.00000 0.60600 (.00000
14 0.00007 0.00G00 0.00600
17 0.00011 0.00000 0.00002
20 0.00019 (.00001 0.00003
23 0.00024 0.00005 0.00004
26 0.00034 0.00010 £.00007
29 0.00042 0.66022 0.00010
31 0.00063 0.06030 0.00023
32 0.00096 0.00031 6.00030
33 - 0.00041 (.00039
34 - 0.00050 0.00044
35 - 0.06085 0.00080
0.0010 L
0.0008 o
g .
g
© (C.0006 - —e— at 14 Mpa pore pressuie
5 depletion
g -~ at 20 Mpa pore pressure
g depletion
£ X ~& at yieid
& 0.0004 #r
—w— at break
0.0002 -
0.0600 ‘/
Spiral Inplane inling

Parioration pattern

Figure 3 Effects of perforation pattern to compaction
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mass stress in an inplane pattern is higher than in an inline pattern. As for the
spiral pattern, the perforation tunnels are in a plane inclined to the applied
stress resulting in higher rock mass stress than for two previous patterns. The
spiral pattern also produces the greatest distance between each successive
perforation and therefore the strongest perforated structure. Therefore
compaction is highest for the inline pattern, followed by an inplane and
finally spiral pattern, since compaction and sand production increase as the
rock mass strength decreases, especially the inline pattern.

34 Effects of Flow Rate

Summarized results of compaction tests with different flow rates are shown in
Table 5. Figure 4 shows the effects of flow rate to compaction. We can see that
as pore pressure depleted, compaction increases depending on flow rate. The

Table 5 Summarized results of compacton tests with different flow rates

&l 400 mlfh 800 m1/k 1600 ml/k

Axial Compaction | Axial stress,| Compaction Axial Compaction

stress, MPa Degree Mpa degree stress, MPa degree

0.00 0.0000 0.00 0.0000 0.00 0.0000

1.57 0.0001 1.00 0.0002 6.00 (.0000

4.40 0.0006 3.15 0.6006 0.70 0.0000

7.22 0.0009 5.97 0.0011 3.47 0.0005

10.05 0.0015 8.80 -0.0017 6.30 0.0007

12.87 0.0019 11.62 0.0023 9.12 0.0018

15.70 0.0022 14.45 0.0025 11.95 0.0028

18.52 0.0025 17.27 0.0028 14.77 0.0032

21.35 0.0030 20.10 0.0085 17.60 0.0037

24.17 (1.0044 22.92 0.0041 20.42 0.0045

27.00 0.0050 25.75 0.0064 23.25 0.0050

29.26 0.0069 28.57 0.0078 26.07 0.0055

- - 31.19 0.0095 28.90 (1.0079

- - - - 31.72 0.0091

- - - - 34.55 0.0096

- - - - 37.37 0.0119

- - - - 3%.3500 0.0143
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Figure 4 Effects of flow rate to compaction

model with flow rate of 400 ml/h compacted at 0.0069 degree, while model
with flow rate of 800 mi/h and 1600 ml/h compacted at 0.0095 and 0.0143
degree, respectively. In addition, Figure 4 also shows that the compaction
degree decreases as the pore pressure depletion increases. The 400 mi/h flow
rate model failed at 73.7% of compressive strength, followed by 67.1% and
66.29% for 800 ml/h and 1600 ml/h models, respectively. These results show
that as flow rate increases, the sandstone model is easier to fail and resulting in
the increase of compaction. Therefore, it is possible to control compaction by
acceptable flow rate.

These results can be explained by considering that when fluids are produced
from a sandstone reservoir, the stress that caused by pressure difference
between wellbore and reservoir, and frictional forces that are acting on sand
grain have resulted stress state change in the sand formation. Such stress state
change unstabilizes the formation and perforation hole. As the flow rate
increases, these stresses increase and resulting in grain slipping and sliding
hence contribute to compaction.

3.5 Effects of Compaction to Produced Oil _
Effect of compaction on produced oil is shown in Figure 5. It can be seen that
as compaction increases, oil flow rate decreases. Initially, compaction imcreases -
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Figure 5 Effects of compaction on total oil recovery

slowly as oil production is stable. However, when compaction degree increases
from 0.003 to 0.005 {30-60% of rock compressive strength), the oil production
starts to decrease. After sample yield completely and failed, total oil recovery
decreases to only 55-73% of the expected oil recovery. It can be explained by
the fact that compaction is the process that causes the reduction of porosity and
permeability [2,8], therefore fiow rate is reduced since flow rate is influenced
mainly by porosity and permeability of the reservoir rock.

4.0 CONCLUSIONS

From these experiments, it can be concluded that compaction i3 increases as
borehole angle, perforation shot density, and flow rate increase, and as
perforation pattern changes from spiral to inplane and inline. The produced oil
from the reservoir is influenced by the compaction degree. Oil production
starts to decrease significantly after compaction degree reaches 0.003 to 0.004
degree (30-60% of rock compressive strength).

Through understand the effects of borehole angle, perforation shot density,
perforation pattern, and flow rate to compaction degree as well as the effects of
compaction to flow rate in the designing phase of petroleum well development
is very important since production can be optimized via minimizing
compaction, which could be achieved by reducing borehole angle, perforation
shot density, flow rate, and allowable perforation pattern.
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NOMENCLATURE

3

=
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(1]
(2]

£3

[4]
(2
(6]
17

(8]
(9]

— area of cross section, m?

compressive strength, MPa
coefficient of uniaxial compaction
Young modulus, GPa

= force, kN

1

il

= compaction degree

= pore pressure depletion, MPa
= stress, MPa

= gtrain

= Poisson’s ratio
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