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Abstract
Shale formation is represented as one of the challenge formations during drilling wells because it is a strong potential for 
wellbore instability. Zubair formation in Iraqi oil fields (East Baghdad) is located at a depth from 3044.3 to 3444 m. It is 
considered as one of the most problematic formations through drilling wells in East Baghdad. Most problems of Zubair 
shale are swelling, sloughing, caving, cementing problem and casing landing problem caused by the interaction of drilling 
fluid with the formation. An attempt to solve the cause of these problems has been adapted in this paper by enhancing the 
shale stability through adding additives to the drilling fluid. The study includes experiments by using two types of drilling 
fluids, API and polymer type, with five types of additives (KCl, NaCl,  CaCl2,  Na2SiO3 and Flodrill PAM 1040) in different 
concentrations (0.5, 1, 5 and 10) wt% and different immersion period (1, 24 and 72 h) hours. The effect of drilling fluids and 
additive salts on shale has been studied by using different techniques: (XRD, XRF, reflected and transmitted microscope) 
as well shale recovery. The results show that adding 10 wt% of  Na2SiO3 to API drilling fluid results in a high percentage of 
shale recovery (78.22%), while the maximum shale recovery was (80.57%) in polymer drilling fluid type gained by adding 
10 wt% of  Na2SiO3.

Keywords Zubair formation · Shale stability · Drilling fluid

Introduction

Shale is a fine-grained, argillaceous, sedimentary rock. It 
is represented as one of the most complicated rock types 
in engineering applications (Adesoye 2009). It consists of 
clay minerals and small amounts of other non-clay min-
erals such as quartz, feldspar and calcite (Charles 1989). 
The mineral content of shale is very important when deal-
ing with wellbore instability. Clay minerals are therefore 
highly studied to comprehend shale behavior. Its behavior 
is both complicated and delicate. The chemical proper-
ties of any fluid (pore fluid, drilling fluid, etc.) can affect 
the strength and stiffness of shale rock. Shale behavior is 
delicate because its transition to an unstable situation may 
occur rather quickly and easily. The interaction of shale with 
drilling fluid, or movement of drilling fluid into the shale 
matrix may happen within few hours leading to tremendous 

problems (Farrokhrouz and Asef 2013), such as swelling, an 
increase in pore pressure, bit balling, caving, stuck pipe and 
increase in torque and drag.

Swelling is a direct result of the volume expansion when 
the exchangeable cations are hydrated in aqueous solution 
or when the water enters between platelets of clay which 
causes expanding of platelets of shale. The magnitude of the 
hydration or swelling stress between clay platelets depends 
on the type of shale/fluid interaction and clay minerals. 
(Grim 1968) suggested that swelling can be grouped into 
three main parts: (1) crystalline swelling (ionic hydration or 
surface hydration), (2) osmotic hydration and (3) dissolution 
mechanism.

Many researchers worked on shale stability problem to 
develop a suitable solution to solve this problem by using 
different drilling fluids with different additives like: oil-
based emulsion, simulated pore fluid,  CaCl2 brine soluble 
potassium or sodium silicate, NaCl/KCL, NaCl/KCL/Amine, 
K acetate/polymer fluid, oil base fluid, base polymer sys-
tem, lignite/lignosulfonates, gel/polymer, potassium chloride 
(KCl)/polymer, polyanionic cellulose (PAC)/starch and par-
tially hydrolyzed polyacrylamide/polyacrylate (PHPA) and 
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series of different nano-silicate substances with water-based 
mud (Nesbitt et al. 1985; Zevnalv-Andabilv et al. 1996; Chee 
et al. 1996; Sandra and Wenwu 2012; Simpson and Dearing 
2000; Nediljka et al. 2004; Friedheim et al. 2011; Brady and 
Michael 2012; Wenwu et al. 2014; Peter et al. 2016).

Zubair formation is one of the formations of the Iraqi 
oil field located in the east of Baghdad. It is one of the for-
mations that is represented by the Late Berriasian–Albian 
cycle and can be considered as an important reservoir in 
the south of Iraq (Rami et al. 2014). This composition con-
sists of sandstone, shale, clay, limestone and marl Table 1. 
The depth of formation ranges from 3044.3 to 3544 m with 
thickness 499.7 m. This formation severs from shale stability 
problems, which are caving and sloughing. These problems 
will grow into tremendous cost due to lost in-productive 
time. Also, there are difficulties in running casing and poor 
cementing jobs. Hence, drilling fluids need to be formulated 
and adjusted with some special additive to reduce the effect 
of these problems. According to that, the aim of this paper 
is formulating drilling fluid with some special additive to 
reduce these problems. This is done through studying the 
characterization of Zubair shale as well as studying the effect 
of chemical interaction between the shale and salts additives 
in drilling fluid.

Experimental work

Experimental work includes two sets of experiments: first, 
shale characterization experiments, second, shale–drilling 
fluid interaction experiments. Characterization tests pro-
vide the knowledge on the composition and properties of 
the shale, while the shale–drilling fluid interaction tests give 
information about the recovery for shale samples and swell-
ing test.

Samples preparation

Zubair samples have been taken from east Baghdad oil field 
at 3440 m depth. Its description is mentioned in Table 1. 
Two methods were used to remove the hydrocarbons and 
drilling additives from samples: first, Soxhlet method to 
remove hydrocarbons from shale by using toluene, methanol 

and benzene, then heated in Soxhlet device for 3 h, and the 
second method was to use wet sieving to remove additive 
salts.

The shale samples have been studied by different tech-
niques. The petrography and the effect of drilling fluid addi-
tives of shale samples were examined by transmitted and 
reflected microscope type BX51M/Olympus. X-Ray diffrac-
tion (XRD-6100/7000) was used to analyze the mineralogi-
cal composition of the shale sample. Chemical composi-
tion of shale sample was examined by X-ray fluorescence 
(XRF-1800).

Native moisture content represents the total molecules of 
water in the shale samples. It is defined as the ratio of the 
mass of water founded in the samples to the total weight of 
the samples (Adesoye 2009). The native moisture content 
has been determined by weighting shale samples before and 
after drying in an oven with 100 °C for 24 h (Eq. 1)

MC moisture content (%), W
w
 weight of water removed by 

drying (g), W
s
 weight of shale samples before drying (g).

Drilling fluid preparation

Two types of drilling fluids were used water-based mud 
(WBM) (API Manual) and polymer mud (PM). WBM was 
prepared by mixing 350 ml water with 22.5 g bentonite by 
using Hamilton Beach mixer for 20 min. The suspension is 
aged in a sealed container for 24 h to ensure good hydration 
of bentonite. Then, salts with different concentrations 0.5, 
1, 5 and 10 wt% were added to WBM and mixed for 10 min. 
Polymer-based mud was prepared by adding fixed quantities 
of KCl, KOH, polyacrylamide (PAC polymer) and XC poly-
mer to the hydrated mixture of bentonite. Each additive was 
mixed for 2 min to ensure the dispersion of particles into the 
drilling fluid matrix. Finally, the mixture of PM was mixed 
for 10 min after that the salts with concentrations of (0.5, 1, 
5 and 10) wt% were added and mixed for 10 min.

(1)MC (wt%) =
W

w

W
s

∗ 100

Table 1  Description of Zubair formation (MDOC 2013)

Zubair formation 3044.3–3544 m Thickness 499.7 m RTKB
Sandstone Transparent-brown-gray, moderately hard, friable, fine-grained, well sorted, subrounded, subangu-

lar in parts, calcareous, organic in parts
Shale Greenish gray-gray, moderately hard, fissile, glauconitic, pyritic
Siltstone Greenish gray-dark brown, moderately hard, clayey, calcareous in parts
Limestone White creamy, moderately hard, crystalline, chalky, pyritic, argillaceous, dolomitic in parts, porous
Marl Light gray-gray, soft, pasty, sticky
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Experimental procedure

Zubair samples were immersed in two types of drilling fluids 
(WBM and PM) with different additives. Five types of salts 
additives (potassium chloride, sodium chloride, calcium 
chloride, sodium silicate and Flodrill) with different con-
centrations (0.5, 1, 5 and 10) wt% and different immersion 
period (1, 24 and 72) hours were used at room temperature.

After immersion, different tests were applied including 
shale characterization, immersion, swelling, dispersion and 
native moisture content test. The dispersion test was used to 
measure the recovery percentage with 100 °C and dynamic 
motion using OFITE roller oven.

Fig. 1  X-ray diffraction for 
Zubair shale

Table 2  XRF analysis for 
Zubair shale

Formation Cleaning SiO2 % Fe2O3 % Al2O3 % CaO % MgO % SO3 % Na2O % K2O % Lol %

Zubair Before 43.58 6.62 28.75 0.27 0.6 1.98 0.48 1.58 14.2
Zubair After 41.59 6.59 27.86 0.21 0.64 1.83 0.24 0.92 12.31

Fig. 2  Reflected microscope image for salts accumulated on Zubair 
shale, before cleaning (5×) Fig. 3  Reflected microscope image Zubair shale, after cleaning (5×)

Fig. 4  Reflected microscope image for Gypsum veinlets in Zubair 
shale (10×)
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Native moisture content represents the total molecules of 
water in the shale samples. It is defined as the ratio of the 
mass of water founded in the samples to the total weight of 
the samples (Adesoye 2009). The native moisture content 
has been determined by weighting shale samples before and 
after drying in an oven with 100 °C for 24 h, Eq. (2)

where MC is moisture content (%), W
w
 is weight of water 

removed by drying (g), and W
s
 is weight of shale samples 

before drying (g).

(2)MC (wt%) =
W

w

W
s

∗ 100
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Fig. 5  WBM for Zubair formation a 0.5% salts, b 1% salts, c 5% salts, d 10% salts
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Results and discussion

Shale characterization

XRD analysis shows that Zubair shale composed mainly of 
kaolin with a minor amount of non-clay minerals: quartz and 
pyrite (Fig. 1). Table 2 shows the chemical composition of 
samples before and after cleaning from drilling fluid.  SiO2, 
 Fe2O3,  Al2O3 and MgO represent the main components 
of shale. The concentration of CaO,  Na2O and  K2O was 
decreased after cleaning due to removing additive salts. The 
microscope image of shale samples before cleaning shows 
a high concentration of salts distributed on the surface of 
the clay, accumulated in sheets edge, and filled pores and 
microfractures, Fig. 2. After cleaning, a little distribution of 
salts is still on the edge of shale samples as shown in Fig. 3. 
Gypsum veinlets were appeared on the surface of shale, the 
veinlets twisted with another veinlet like a network, Fig. 4. 
The grains of clay were covered by salts due to the reaction 
of salts with clay minerals.

The native moisture content of Zubair shale is 0.11. 
The attractiveness of Zubair shale to moisture is very low 

because of the nature of kaolin mineral which has low ten-
dency to the water.

Effect of drilling fluids on the Zubair shale

Immersion test

The recovery percentage values were calculated after immer-
sion the samples in drilling fluid. These values were varied 
depending on the activity between the additive and shale 
samples (Gomez 2006). Figure 5 shows the effect of differ-
ent salts additives with water-based mud on the shale sam-
ples. It can be seen that 0.5% of KCl salt with WBM gives 
the best recovery after 1 h with a percentage of recovery of 
69.57%. After 72 h recovery decreases to 59.41% because 
water got enough time to interact with shale samples and 
0.5% of KCl was not enough to reduce the effect of water 
on shale samples. Increasing KCl concentration to 1, 5 and 
10 wt% causes a higher percentage of recovery after 1 h to 
75.93, 77.52 and 81.28%, respectively.

The adding of 0.5% NaCl to WBM gives the recovery 
after 1 h with percentage of 67.9%, while the recovery 
reduced to 57.34% after 72 h. The recovery percentage of 
shale increased to 71.38%, 74.19% and 77.38% after 1 h 
when the concentration of NaCl increased to 1, 5 and 10%, 
respectively. As noticed in the results, the flow of water into 
the formation reduces with increase in salt concentration. 
The recovery percentage is very affected also by immersion 
time, and the results appeared the effect of increasing time 
interaction of drilling fluids with the shale. The recovery 
reduced even when the concentration of salts increased due 
to increase in immersion time. Comparing NaCl with KCl, 
NaCl has a higher preliminary viscosity relative to KCl in 
the mud and it has lower water activity which gives rise 
to higher osmotic pressures. NaCl is represented a better 
equipped for reducing filtrate invasion for drilling fluids to 
the shale (Farrokhrouz and Asef 2013).

Fig. 6  Reflected microscope image for fractures in Zubair shale after 
immersion with 0.5%  CaCl2 (10×)

Fig. 7  Reflected microscope 
image for salt crystallization in 
Zubair shale (5×)
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The recovery of 0.5%  CaCl2 with WBM was 67.11% after 
1 h, while the recovery reduced to 56.92% after 72 h. The 
addition of 10%  CaCl2 to WBM gives 78.59% percentage of 
recovery after 1 h. This is because of that the effect of 0.5% 
 CaCl2 was not enough to cover the shale samples and the 

fracture was growing up due to the interaction of the sample 
with drilling mud as shown in Fig. 6. The accumulation of 
salts on the surface of clay and crystals of salts are created 
and coated the sample as shown in Fig. 7.
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Fig. 8  PM for Zubair formation a 0.5% salts, b 1% salts, c 5% salts, d 10% salts
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Figure 5 shows that the recovery of 0.5% of sodium sili-
cate with WBM was 66.27% after 1 h, while the recovery 
reduced to 51.38% after 72 h. Increasing the  Si2O3 concen-
tration to 1, 5 and 10% with WBM causes a higher percent-
age of recovery after 1 h to 67.55, 79.25 and 83.71 wt%, 
respectively. Figure 8 shows that the recovery percentage 
of 0.5%  Si2O3 with PM was 64.21% after 1 h, while the 
recovery reduced to 52.75% after 72 h. Increasing the  Si2O3 
concentration to 1, 5 and 10% with PM leads to increase 
the recovery to 67.83, 82.74 and 84.82 wt%, respectively. 
Soluble sodium silicate has the ability to invade the shale 
and react with available ions in the shale to consist insoluble 
precipitation. Figure 9 shows the sodium silicate accumula-
tion on the shale samples and sodium silicate invaded into 
the fracture and built a bridge between two sides then cov-
ered the shales to prevent any interaction with other fluids.

The effect of salts additives with polymer mud on the 
shale samples is shown in Fig. 8. Comparing the effect of 

the additives between WBM and PM, it can be seen that 
these additives cause a significant influence on shale recov-
ery in PM than that in WBM. The shale recovery values 
increased by using PM for all additive types and concentra-
tion. For example, a 0.5% KCl with PM gives the recovery 
after 1 h with percentage of recovery of 73.29%, while the 
recovery reduced to 62.54% after 72 h. Increasing the salt 
concentration to 1, 5 and 10% leads to increase the recov-
ery percentage of shale samples after 1 h to 79.81, 82.12 
and 83.49 wt%, respectively. The good effect of KCl can be 
explained by the ability of  K+ to adsorb on the surface of 
shale and react with the ions on the surface of shale sheets. 
Due to the replacement of  Si+4 with  Al+3 in octahedral 
sheets and  Al+3 changed with  Mg+2 in tetrahedral sheets, this 
will increase the negative charge and causes the attractive-
ness of the positive charge on the surface of shale. Therefore, 
the positive ions like  K+,  Ca2+,  Na+ and  Si+4 were adsorbed 
on the surface of sheets (M-I Swaco 1989).

Flodrill PAM 1040 is other type of material that has been 
used to study its effect on shale stability as well as compar-
ing it with other salt additives. It is a special additive used 
with polymer mud and tested with Zubair shales. Figure 10 
shows the result of immersion test. Two concentrations were 
used 0.55% and 1.10% with PM. The recovery percentage of 
0.55% Flodrill was reduced from 96.99% after 1 h to 94.71% 
after 72 h, and the recovery result of 1.1% concentration was 
reduced from 98.037% after 1 h to 95.409% after 72 h.

Swelling test

The results of the swelling test, Fig. 11, show a linear rela-
tionship between swelling with time of shale samples when 
soaked in different drilling fluids. The addition of KCl with 
different concentrations (0.5, 1, 5 and 10 wt%) to WBM as 
well as PM has increased swelling of Zubair shale.

The salts addition to PM caused a decrease in swelling 
compared to WBM due to the composition of polymers 
which is long chain, and it has the ability to seal the fracture 
as well as covering the plat of shale (Caenn et al. 2011).

Zubair shale consisted mainly of kaolin, and the swelling 
of kaolin is very little due to the structure of kaolin that con-
sists of one octahedral unit and one tetrahedral unit and the 
d-spacing between units is very little; therefore, the ability 
of shale to absorb the water is very little (Grim 1968). The 
changes in the dimensions of kaolin are due to the separation 
of fissility, which is affected by either entering molecular of 
water or the growth of crystals of salts between the fissil-
ity and accumulation of salts on the kaolin grains (coated) 
as shown in Fig. 12. The results show that increasing the 
concentration of salts leads to cover the fissility of shale 

Fig. 9  Reflected microscope image for sodium silicate additive in 
Zubair shale (10×)
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Fig. 10  The immersion test using Flodrill with PM
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Fig. 11  Linear swelling a 
KCl + WBM, b KCl + Poly-
mer, c  CaCl2 + WBM, 
d  CaCl2 + Polymer, e 
NaCl + WBM, f NaCl + Poly-
mer, g  Na2Sio3 + WBM, h 
 Na2Sio3 + Polymer for Zubair 
shale
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and prevents the solution from entering between the fissil-
ity, Fig. 13.

The swelling test of Zubair shale samples using Flodrill 
material is shown in Fig. 14. The swelling percentage for 
0.55% Flodrill was increased from 0.08811% after 1 h to 

0.1489% after 72 h and the swelling for 1.1% Flodrill was 
increased from 0.0383 to 0.1149%.

Dispersion test

Dispersion analyzes for shale, tested by using differ-
ent drilling fluids at 100  °C. Figure 15 shows that the 
recovery percentage of shale was calculated after disper-
sion test. The maximum recoveries were obtained with 
polymer mud + 10 wt%  Na2Sio3 (84.96%) and polymer 
mud + 10 wt% KCl (78.27%). The results of the dispersion 
test show that the temperature has an influential factor on 
dispersion values compared with dispersion results at room 
temperature.

The viscosity of drilling fluid decreases with increase 
in temperature (Ahmad 2017) and increases the molecules 
vibration, and this may lead to increase water movement 
into the fissility of shale. Thus, more samples of shale were 
crashed into fines and the percent recovery is decreased. The 
PM has recovery percentage better than WBM due to the 
effect of the polymer encapsulation and hydrate ability dur-
ing exposure leading to increase in its surface area and that 
will lead to effectively coat the surface of shale and delay 
dispersion. This phenomenon is well known as an encapsula-
tion of polymer (Adesoye 2009).

The recovery of dispersion test using Flodrill material 
is shown in Fig. 16; it can be seen that at 0.55% concentra-
tion the recovery was 93.894%, while 1.1% concentration 
the recovery was 95.763%. Flodrill PAM 1040 represents a 
better inhibitor for Zubair shale because the Flodrill has the 
ability to form gelatin, that is, will cover (coated) the shale 
and prevent the interaction with water.

Fig. 12  Fissility separations

Fig. 13  Reflected microscope image (5×)
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Fig. 15  Dispersion test a 
KCl + WBM, b KCl + Poly-
mer, c  CaCl2 + WBM, 
d  CaCl2 + Polymer, e 
NaCl + WBM, f NaCl + Poly-
mer, g  Na2Sio3 + WBM, h 
 Na2Sio3 + Polymer for Zubair 
shale
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Conclusion

1. The problems of shale formation are improved by using 
additives that have the ability to react with shale and 
reduce the reaction between water and shale formation.

2. The recovery percentages of samples reduced when 
exposure time of shale with drilling fluids increased 
because of the invasion of water between sheets and 
separate it.

3. Increasing the concentration of salts leads to increase the 
recovery percentages; this improves that the concentra-
tion of salt has a strong effect on the recovery of samples 
by covering the sample of shale and deposited on the 
edges of the fissility and blocking it.

4. The attractiveness of Zubair shale to moisture is very 
little because of the nature of kaolin mineral that has 
little attraction to water.

5. Sodium silicate gives highest recovery percentages at 
5% and 10% with WBM and PM, respectively.

6. Flodrill PAM 1040 represents a better inhibitor for 
Zubair shale because the Flodrill has the ability to form 
gelatin, that is, will cover (coated) the shale and prevent 
the interaction with water.
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