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To achieve fast, safe and economical drilling operations through formations containing natural fractures
or vugs, all fractures and vugs must be perfectly sealed using proper fractures seal materials in a process
called wellbore strengthening. Wellbore strengthening may elevate the overall tensile strength of the
treated formation to a value approaches the intrinsic tensile strength of unfractured rock.
Numerous studies have been conducted for testing fractures seal materials suitability for wellbore

strengthening application in various formations. However, there is no solid and simple theoretical expla-
nation on how wellbore strengthening process can recover the tensile strength and hence the fracturing
pressure of the treated naturally fractured formation.
In this study, test specimens cored from an artificial (building) sandstone bricks were used to measure

the unconfined compressive strength (UCS), Brazilian indirect tensile strength (BTS), and establishing the
multi-stage triaxial compression (MS-TCS) test. Core samples from the same sandstone were previously
used for wellbore strengthening studies using crushed dates palm seeds. Crushed dates palm seeds suc-
ceeded to completely stop mud losses at a pressure equal to 6.9 MPa.
Data obtained from unconfined compression, multi-stage triaxial compression, Brazilian indirect ten-

sile, and wellbore strengthening tests were collectively used to develop a clear theoretical understanding
of the mechanism of tensile strength recovery caused by wellbore strengthening effect.
It was found that wellbore strengthening effect in sealing natural fractures and vugs is similar to the

confining pressure effect in closing the induced shear fractures in the test specimen during a multi-
stage triaxial compression test.
For the tested sandstone, using crushed dates palm seeds as a fracture seal material has improved well-

bore strengthening from zero tensile strength (complete loss of mud circulation) to 2.56 MPa tensile
strength at which there was a complete fracture seal (zero mud loss). The recovered tensile strength
(2.56 MPa) is approaching the intrinsic tensile strength (BTS = 2.7 MPa) of the same sandstone in its initial
unfractured state.
� 2020 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Drilling is the first and the most expensive step in the oil and
gas industry. Expenses for drilling represent 25% of the total oil
field exploitation cost. Drilling fluids represent 15 to 18% of the
total cost of petroleum well drilling operation.
The lost circulation in naturally fractured formations and vugs
is one of the most complicated problems that have existed in dril-
ling engineering for a long time. The key for solving the loss of dril-
ling fluid circulation is to improve the fracturing pressure of the
formation by sealing the existing natural fractures. This process
is called wellbore strengthening.

As research on lost circulation has evolved, the solutions have
gradually developed from simple plugging to a combination of
plugging and prevention. Lost circulation prevention has been
accepted widely, and a series of prevention technologies such as
improving the narrow window of safe mud density in drilling fluid
technology. On the other hand, wellbore strengthening technology
has been developed to treat natural fractures and vugs. All these
technologies are designed to improve the integrity of the wellbore
d Uni-
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and improve the formation fracture pressure for safe and fast dril-
ling operations (Biao et al., 2019).

This study is focusing on developing a simple and clear under-
standing of the mechanism of tensile strength recovery caused by
wellbore strengthening process.

2. Literature review

Drilling mud lost circulation in formations containing natural
fractures and/or vugs add more to the overall drilling expenses in
terms of time, mud components and overall safety. Several other
problems may happen as a side effect of lost circulation such as
stuck pipe, wellbore instability, difficult cementing job, etc. The
magnitude of drilling mud lost circulation problem can be divided
into the following categories (Biao et al., 2019):

� Seepage: up to 10 barrels/hr.
� Partial loss: 10–50 barrels/hr.
� Severe loss: more than 50 barrels/hr.
� Total loss: 100%

There are several field practical methods normally used to over-
come lost circulation while drilling oil and gas wells as follows:

� Applying blind drilling using water as a drilling fluid.
� Drilling with lightweight fluid (air, foam . . . etc.).
� Applying wellbore strengthening by utilizing lost circulation
materials LCM in conjunction with fracture seal material (FSM).

The most efficient and safe method applied for the treatment of
naturally fractured formation is wellbore strengthening. Wellbore
strengthening process has been studied extensively by two main
approaches:

� Experimental studies searching for and/or testing new fracture
plugging materials.

� Theoretical studies simulating wellbore strengthening process.

In the following sections, both of the above mentioned
approaches will be discussed in details.

2.1. Experimental studies in wellbore strengthening

Sanders et al. (2008) and Contreras et al. (2014) experimentally
studied the mechanisms of lost circulation materials (LCM) seal of
induced fractures in thick-wall cylindrical cores. Knudsen et al.
(2014) applied the first thermal activated resin as an unconven-
tional LCM. The thermal activated resin is a particle free, multi-
component polymer resin based liquid plugging material with a
curing process activated by temperature. Kumar et al. (2011),
developed a tapered slot to physically resembling a wedge shaped
fracture for testing various types of LCM. Matthew et al. (2013),
developed a low-volume, laboratory-scale apparatus with multiple
configurations to better model lost circulation conditions encoun-
tered while drilling through vugular and fractured zones. The
apparatus has a high working pressure and high pressure differen-
tials can be used to test plugs formed by lost circulation materials.
Chellappah et al. (2015), performed an attempt to simulate frac-
tured formation by replacing the ceramic disc in the HT-HP filter
press by slotted stainless steel. Amanullah (2016) used crushed
palm date seeds as a lost circulation material (LCM) for sealing
fractured formations simulated by using 2 mm slotted stainless
steel discs fitted into 250 mm HT-HP filtration cell to test the pos-
sibility of fracture seal by a drilling fluid containing the crushed
palm date seeds. The result was a perfect fracture seal indicating
the possibility of utilizing this LCM in drilling oil and gas wells.
Please cite this article as: M. N. J. AlAwad, A new approach for understanding t
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Musaed and Fattah (2019) , developed a new approach for testing
fracture seal materials. In their study they utilized rock cores with
man-made fracture fitted into HT-HP filtration apparatus. Using
their new experimental set-up, they found that crushed palm date
seeds can plug open fractures perfectly under elevated pressure
(6.9 MPa) and temperature (90 �C). Quanxin et al. (2014), con-
ducted experimental tests to investigate the applicability and
effectiveness of various wellbore strengthening materials. They
concluded that particle size distributions of the lost circulation
materials with respect to the open fracture aperture are critical
in the sealing process. Yongcun and Gray (2017), provided an
extensive summary of fundamental studies on lost circulation
and wellbore strengthening reported in the literature 30 years.
Additionally, they presented the strengths, limitations, and ambi-
guities of published experimental studies and mathematical mod-
els from a neutral perspective.

2.2. Theoretical studies in wellbore strengthening

Wang et al. (2007) used boundary element analysis to theoret-
ically investigate the process of cracks sealing to strengthen the
wellbore. They concluded that perfect sealing of cracks enhances
wellbore stability. Donald and Whitfill (2003) recommended
complete engineering approaches for controlling circulation loss
during well drilling based on results obtained from new labora-
tory study on LCM test and compered to large scale laboratory
data from Drilling Engineering Association (DEA). This approach
including number of planning tools such as borehole stability
analysis, hydraulics modeling to estimate the equivalent circulat-
ing density, and LCM material selection criteria. Test results indi-
cated that LCM type, LCM concentration, and LCM particle size
distribution are important factors for fractures seal. El-Sayed
et al. (2007) have used ‘‘dual-action” LCM while drilling in the
Miocene age (Qwassim and Sidi Salim) formations in the Nile
Delta region of Egypt. The study was based on drilling history
(3 wells drilling history). The total solution to this problem was
based on understanding the lost circulation mode to enhance
treatment design, and due to this, the ‘‘dual-action” LCM was
able to cure losses. Mansour and Taleghani (2013) introduced a
new smart lost circulation material made from anionic shape
memory polymer that can be programmed to change in shape
when stimulated by specific temperature. The smart LCMs was
activated by the temperature of bottom hole and can seal the
face and tip of fractures, the continuum model and discrete
model have been made to find the relationship between fracture
size, smart LCM particle size and its sealing efficiency. The con-
centration of particle required to seal the different fracture size
and bring the fluid loss to less than 3 ml/min is measured as
result the bridging and volumetric expansion property that the
smart LCM has made effectively seal big fracture and minimize
or prevent loss. Mark and Mclean (2004) developed a finite ele-
ment model for studying the stress state during fracture plugging
during wellbore strengthening process. The developed model
yielded that the success of wellbore strengthening process is
mainly dependent on the distribution of the additives relative
to the fracture width. Hong et al. (2008) used boundary element
numerical simulator to investigate wellbore strengthening by
propping natural open fractures. He found that stress anisotropy
has a large effect on the stability of the fractures after stress cage
treatment.

Most of the above mentioned theoretical approaches used to
understand the mechanism of wellbore strengthening are either
mathematically complicated or based on numerical analysis and
expensive simulation packages that required many assumptions
which made it irrelevant for practical drilling engineering
applications.
he mechanism of wellbore strengthening theory, Journal of King Saud Uni-
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3. Study objective

The objective of this study is to develop a simple, practical and
technically valid approach suitable for theoretical and experimen-
tal understanding and evaluating of wellbore strengthening pro-
cess. To fulfil this objective, wellbore strengthening effect is
clarified using the three main laboratory rock mechanic tests
named the multi-stage triaxial compression test (MS-TCS), the
unconfined (unconfined) compression test (UCS), and the Brazilian
indirect tensile test (BTS) in conjunction with wellbore strengthen-
ing (WBS) test.
4. Theoretical background

In this study, the integration of the multi-stage triaxial com-
pression test, the unconfined compression test, and Brazilian indi-
rect tensile test will be used to provide a clear understanding on
how wellbore strengthening can enhance tensile strength of the
treated formation. The following sections outline the theoretical
background of the wellbore strengthening process as well as the
theoretical background and the experimental procedures required
to perform the multi-stage triaxial compression test, the uncon-
fined (unconfined) compression test, and the Brazilian indirect ten-
sile test.

4.1. Wellbore strengthening mechanism

Wellbore Strengthening is the term generally used in drilling
engineering to artificially increase the maximum pressure a well-
bore can withstand without intolerable mud losses. This can be
done by the sealing (plugging) of existing natural fractures and
vugs as shown in Fig. 1.

With untreated natural fractures and vugs, tensile strength of
the formation is considered equal to zero which means a condition
of total loss of the drilling mud into the formation being drilled (i.e.
zero fracturing pressure). By sealing these open fractures and vugs,
the formation fracturing pressure will tremendously increase
resulting in an increase in wellbore capability to withstand higher
mud pressure without lost circulation.

Several fractures sealing materials for wellbore strengthening
application have been proposed throughout the past years.

Among these materials are nanoparticles for sealing heavily
fractured shales. For larger fractures prima seal, cellophane, wal-
nut, rubber crumb, crushed dates palm seeds, fibers, saw dust,
crushed carbonates, etc. (Biao et al, 2019).

4.2. Tensile strength measurement

As a standard test for measuring rock tensile strength indirectly,
the Brazilian tensile test (unconfined) is widely used and recom-
mended by the international society for rock mechanics and rock
Fig. 1. The mechanism of wellbore strengt
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engineering, (ISRM, 2014). The Brazilian test is performed by
applying diametrical compression stress (r1) to induce tensile
stresses in a thin disc of rock at zero lateral confinement (i.e. r2

= r3 = zero). As shown in Fig. 2, a line load creates a uniform tensile
stress across the loaded diameter accompanied with a vertical
compressive stress.

This test was developed based on the assumptions that the test
is done at zero confining pressure, the sample thickness is equal to
its radius. Failure is assumed to start at the center under a state of
stress and the tensile strength is calculated using the following
expression:

rBt ¼ 2P
pDt

ð1Þ

where

rBt = The indirect tensile strength, MPa.
P = The applied diametrical load at failure, kN.
D = Test specimen (disc) diameter, m.
t = Test specimen (disc) thickness, m.

The common relationship between tensile strength and fractur-
ing pressure is given in the following equation (Jaeger et al., 2007):

rfrac ¼ m
1� m

� �
r

ov
þ rH þ rt � Pp ð2Þ

Where

rfrac = Formation fracturing pressure, MPa.
m = Poisson’s ratio, fraction.
rov = Overburden in-situ stress, MPa.
rH = Maximum in-situ horizontal stress, MPa.
rt = Rock tensile strength (intrinsic or wellbore strengthening
recovered), MPa.
Pp = Near wellbore formation pore fluid pressure, MPa.

For naturally fractured rocks, tensile strength is almost equal to
zero. Therefore, when drilling through naturally fractured forma-
tions, it required to treat these open fractures using wellbore
strengthening mechanism to enable drilling this formation with
safe and economic drilling process.

4.3. Unconfined compressive strength measurement

The unconfined compression test (UCS) is performed by loading
the sample axially at zero confining pressure till failure is reached.
The unconfined compressive strength is calculated using the fol-
lowing equation:

UCS ¼ L
A

ð3Þ

where
hening process (Eric and Omid, 2014).
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Fig. 2. Schematic diagram of the Brazilian tensile test.
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UCS = The unconfined compressive strength, MPa.
L = Axial load at failure, kN.
A = Test specimen minimum cross sectional area, m2.

The UCS test is very important for characterizing formations at a
very shallow depth where the confining pressure role is minimal.
The relationship between tensile strength and unconfined com-
pressive strength (BTS/UCS) will be used in conjunction with the
multi-stage triaxial compression test result to explain the mecha-
nism of wellbore strengthening process.
4.4. Triaxial compressive strength measurement

The triaxial compression test (TCS) is utilized to establish rock
failure criteria which identifies zones of safety and failure. Rock
failure criteria can help in calculating the optimum drilling mud
weights for application in overbalanced and underbalanced drilling
(Musaed, 2016) critical production rate for sand production man-
agement (Musaed, 2001) and hydraulic fracturing and many other
applications (Musaed, 1998). Triaxial compression test can be per-
formed in two different procedures both of each provides the same
output with acceptable error as shown in the following sections.
4.4.1. Discrete triaxial compression test
The procedure for conventional discrete triaxial compression

test (D-TCS) requires several rock specimens to be tested individu-
ally up to failure under different confining pressures so that the
failure criteria (failure envelope) can be established as shown in
Fig. 3. Each data point in Fig. 3 represents a single discrete triaxial
compression test using individual rock sample.
4.4.2. Multi-stage triaxial compression test
In some situations, there are insufficient core samples available

for laboratory testing, therefore, an alternative triaxial compres-
sion procedure is applied to establish rock failure criteria called
the multi-stage triaxial compression test (MS-TCS). In this test, a
single rock specimen is axially loaded at several stages of compres-
sion at different confining pressures.
Please cite this article as: M. N. J. AlAwad, A new approach for understanding t
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In other word, all of the data points shown in Fig. 4 are obtained
by testing one rock sample using multi-stage triaxial compression
test. The International Society for Rock Mechanics and Rock Engi-
neering (ISRM, 2014) recommended testing procedure could be
divided into sub-stages as shown in Fig. 4.

In the multi-stage triaxial compression test a rock cylindrical
sample is loaded axially and the confining pressure should be
increased until both of them reach the value of the confining pres-
sure (CP1 greater than 0) of the first stage, bringing the specimen
into hydrostatic condition. In the next phase of the test the axial
load is then increased keeping confining pressure (CP1) constant
until the corresponding failure point is observed in the axial stress
– axial strain curve (Point A in Fig. 4). The axial load is being
increased while the strain rate is kept constant (displacement con-
trolled test).

The confining pressure is then increased to the next level in one
step (CP2 > CP1) as shown in Fig. 4. This step is followed by an axial
load increase using the procedure described above. The confining
pressure will then be kept constant, while the axial loading is con-
tinued up to the failure of the specimen (Point B in Fig. 4). Simi-
larly, the confining pressure is then increased to the next level in
one step (CP3 > CP2) as shown in Fig. 4. Then the axial load is
increased till the failure of the specimen (point C in Fig. 4). After
the failure the axial load will fall back to its residual value (Point
D, Fig. 4). The confining pressure is progressively reduced until
the specimen is completely unloaded. Data obtained from the
multi-stage triaxial compression test can are used to establish rock
failure criteria as shown in Fig. 4.
5. Materials, methods and results

5.1. Wellbore strengthening test

Many researchers have been studied wellbore strengthening
experimentally to test the potential suitability of various lost
circulation additives for fractures sealing. In all these studies
tremendous enhancements in wellbore fracturing were observed.
Musaed and Fattah (2019) tested crushed dates palm seeds for
potential fracture seal capability for wellbore strengthening
applications. In their study they used core plugs with man-
made fracture and modified HT-HP filtration cell as shown in
Fig. 5.

In their study (Musaed and Fattah, 2019) a medium strength
commercial building sandstone has been chosen with average
properties as shown in Table 1. They found that the tested fracture
seal material (crushed dates palm seeds) provided excellent well-
bore strengthening at which the mud pressure can be raised up
to 6.9 MPa. Without fracture seal, the mud was completely flow
through the fracture in the test sample.

5.2. Unconfined compression and tensile tests (UCS and BTS)

Using ELE-ADR2000 stiff compression machine, the unconfined
compressive strength and the indirect tensile strength were con-
ducted using samples obtained from the same rock shown in
Table 1. The test specimens have been prepared according the
ISRM standards (ISRM, 2014). The estimated values of these two
strength parameters are shown in Table 2.

5.3. Multi-stage triaxial compression test

The same sandstone used in the wellbore strengthening study,
UCS and BTS experiments have been chosen for the multi-stage tri-
axial compression test. Test sample has been cored from a block of
the selected sandstone. Test specimen has been prepared
he mechanism of wellbore strengthening theory, Journal of King Saud Uni-
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Fig. 4. Typical rock failure criteria based on the MS-TCS test.

Fig. 3. Typical rock failure criteria based on the D-TCS test.
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according the ISRM standards. Experimentally measured data
obtained from the multi-stage triaxial compression tests are tabu-
lated in Table 3.

The multi-stage triaxial compression test in this study has been
performed using ELE-ADR2000 stiff compression machine, con-
stant confining pressure system, and 1.5-inch Hock cell.

In the first cycle of the multi-stage triaxial compression test
(CP1 = 3.45 MPa), a single shear failure was initiated as shown in
Table 3. To demonstrate the effect of wellbore strengthening, the
confining pressure was increased (CP2 = 6.89 MPa) and this frac-
ture was closed letting the sample to carry more axial load in the
second cycle of the test. At the end of the second cycle of the
multi-stage triaxial compression test, a second shear fracture was
initiated as shown in Table 3.

Moreover, the confining pressure was increased (CP3 = 10.35
MPa) and these fractures are closed letting the sample regain its
initial strength and become able to carry more axial load leading
to the initiation of a multi fractures throughout the sample as
shown in Table 3.
Please cite this article as: M. N. J. AlAwad, A new approach for understanding t
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Fig. 6 represents the failure criteria of the tested sandstone
using multi-stage triaxial compression test using one sample only.
The UCS data point was inserted into Fig. 6 to prove that UCS value
can be estimated from the multi-stage triaxial compression test.
The measured UCS is equal to 14 MPa while the estimated UCS
(for trend line in Fig. 6) is equal to 13.9 MPa. As shown in Fig. 6,
the tested rock gets harder as the confining pressure is increased.
In the second and third stages in the MS-TCS test, the adjusted con-
fining pressure managed to hold the failed (fractured) test sample
together and almost returned it to its initial intact state.

6. Discussion of results

Based on the previous laboratory results, the mechanism of
wellbore strengthening is an analogue to the multi-stage triaxial
compression test.

In the MS-TCS test, the series of confining pressure increase are
aiding in closing the induced shear fractures in the test sample and
recovering the initial strength of the sample which is demonstrat-
he mechanism of wellbore strengthening theory, Journal of King Saud Uni-
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Fig. 5. Wellbore strengthening using crushed dates palm seeds (Musaed and Fattah, 2019).

Table 1
Properties of the tested sandstone.

Rock Type: Artificial (building) sandstone
Color: White, homogenous and free from natural fractures or vugs
Porosity: 30%
Permeability: 266 md
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ing exactly how wellbore fractures sealing can lead to wellbore
strengthening improvement by the plugging of the existing natural
fractures and vugs as shown in Fig. 7.

The theoretical comparison between MS-TCS and wellbore
strengthening presented in Fig. 7 can be applied using the results
of the experimental work performed in this study as follows:

1. Fig. 6 represents a multi-stage triaxial compression test using
one cylindrical core sample. The tested core is homogenous
and fracture free.
Table 2
Experimental results for the UCS and BTS testes.

Test type Sample shape after testing Sample dimensions

# D, mm L, mm

BTS 1 38.1 –

UCS 2 38.1 95.25

Please cite this article as: M. N. J. AlAwad, A new approach for understanding t
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2. Assuming that the unconfined compressive strength (UCS) of
naturally fractured rock is equal to zero, the failure envelope
shown in Fig. 6 can be shifted down to intersect with the origin
point as shown in Fig. 8.

3. Fig. 8 indicates that even a naturally fractured core sample can
exhibit an appreciable strength if a confining pressure is
applied. Sealing natural fractures and vugs is exactly equivalent
to the applied confining pressure at MS-TCS test.

4. Using the ratio between the measured indirect tensile
strength (2.7 MPa) and the measured unconfined compres-
sive strength (14 MPa) and, which is equal to 0.193 for
the studied rock, the y-axis of Fig. 8 can be modified to rep-
resent the tensile strength while the x-axis title (confining
pressure) is replaced by the identical term (wellbore
strengthening) as shown in Fig. 9. Furthermore, the UCS
value is scaled down to represent the BTS using the 0.193
factor.
Confining pressure, MPa Axial stress at failure, MPa

t, mm

19.05 CP = 0 2.7

– CP = 0 14.0

he mechanism of wellbore strengthening theory, Journal of King Saud Uni-
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Table 3
Experimental results for the MS-TCS test.

Test type Sample shape after testing Sample dimensions Confining pressure, MPa Axial stress at failure, MPa

# D, mm L, mm t, mm

MS-TCS 3 38.1 95.25 – CP1 = 3.45 18.5

CP2 = 6.89 25.5

CP3 = 10.35 42.9

Fig. 6. Failure criteria of the tested rock using MS-TCS test.

Fig. 7. Comparison between wellbore
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5. Hence, the increase in the laboratory applied confining pressure
is proportional to the degree of sealing of the formation natural
fractures and vugs while drilling. The comparison is reflected by
the dotted line in Fig. 9.

6. For example, Musaed and Fattah (2019) used crushed dates
palm seeds to seal an artificial open fracture made in core sam-
ples cored from the same rock mentioned in Table 1 at temper-
atures up to 90� as shown in Fig. 5. Crushed Dates palm seeds
materials provided excellent wellbore strengthening effect in
which the applied wellbore pressure jumped from zero to
6.9 MPa.

7. Assuming fractured rock, enter the x-axis of Fig. 9 with 6.9 MPa
to find the tensile strength value equivalent wellbore strength-
ening effect made by the crushed dates palm seeds material.
The value of the equivalent tensile strength is equal to
2.56 MPa.

8. It can be noticed from the above points that, using crushed
dates palm seeds fracture seal material has improved wellbore
strengthening from zero tensile strength (complete lost
strengthening and MS-TCS tests.
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Fig. 8. MS-TCS test result (failure criteria) for the tested sandstone.

Fig. 9. Wellbore strengthening estimated from the MS-TCS test.

Table 4
Understanding wellbore strengthening using rock mechanics tests.

Process Conditions

Wellbore strengthening process (Musaed
and Fattah, 2019).

Initial:
� Rock sample with man-made fractur
� Complete mud loss through the ope
� Maximum mud pressure = 0 MPa.
� Equivalent tensile strength = 0 MPa

Final:
� Treatment with crushed dates palm
� Zero mud loss with complete fractur
� Maximum allowable mud pressure =
� Recovered tensile strength = cannot

Mechanical tests: MS-TCS, UCS and BTS
(This study)

Initial:
� Confining pressure = 0 MPa.
� Tensile strength = 0 MPa at complet
� Intrinsic tensile strength for unfract

Final:
� Plot Fig. 8 from MS-TCS test data.
� Use ((BTS/UCS) = 0.193) ratio to con
� Gained confining pressure = 6.9 MPa
� Recovered tensile strength = 2.56 M
� Intrinsic tensile strength recovery =

Summary A wellbore strengthening effect generat
applying a 6.9 MPa confining pressure o
completely close the shear fracture in th
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circulation) to 2.56 MPa which is approaching the intrinsic ten-
sile strength of the unfractured similar rock (BTS = 2.7 MPa)
with zero fluid loss indicating a prefect wellbore strengthening
experiments.

Table 4 and Fig. 10 summarized the overall process of under-
standing wellbore strengthening using rock mechanical testing
(MS-TCS, UCS and BTS). It can be observed in the Eq. (2) that forma-
tion fracturing pressure is directly proportional to the tensile
strength of the formation. The tensile strength term in Eq. (2) is
either the intrinsic (original) tensile strength in case of unfractured
formations or a recovered tensile strength gained by the applica-
tion of wellbore strengthening process in the case of treated frac-
tured formations.

Wellbore strengthening using a proper fracture seal material
can recover a tremendous portion of the tensile strength of the for-
mation which in turn increases formation fracturing pressure.
Increasing formation fracturing pressure provides a wide, safe
and economic mud weight window without loss circulation
problems.
7. Conclusions

1. Wellbore strengthening process for a particular rock (forma-
tion) can be easily evaluated if samples from the same rock (for-
mation) are tested at laboratory using MS-TCS, UCS, and BTS
tests.

2. For the tested sandstone, a wellbore strengthening effect gener-
ated by a complete fracture seal using crushed dates palm seeds
is equivalent to applying a 6.9 MPa confining pressure on a frac-
tured rock specimen during a multi-stage triaxial compression
test.

3. For the tested sandstone, using crushed dates palm seeds as a
fracture seal material has improved wellbore strengthening
from zero tensile strength (complete mud lost circulation) to
2.56 MPa (zero mud lost circulation) which is approaching the
intrinsic tensile strength of the non-fractured similar rock
(BTS = 2.7 MPa).
e.
n man-made fracture.

seeds as a fracture seal material.
e seal (plugging).
6.9 MPa.
be evaluated by wellbore strengthening process.

ely open fracture.
ured rock using BTS test = 2.7 MPa.

vert Fig. 8 to Fig. 9.
equivalent to Pw = 6.9 MPa.

Pa estimated using Fig. 9.
(2.56/2.70) = 95%

ed by a complete fracture seal using crushed dates palm seeds is equivalent to
n a fractured rock specimen during a multi-stage triaxial compression test that
e test sample as shown in Fig. 7
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Fig. 10. The mechanism used for understanding wellbore strengthening process.

M.N.J. AlAwad / Journal of King Saud University – Engineering Sciences xxx (xxxx) xxx 9
4. The low tensile strength of formations due to the existence of
natural fractures and/or vugs can be improved using proper
wellbore strengthening materials. Hence, a wide, safe and eco-
nomic mud weight window for oil and gas well drilling through
can be obtained.
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