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Abstract 

In this study, the fluid loss and rheological behaviors of 6% bentonite drilling mud contaminated 

individually with 6% salt and 6% used motor oil have been investigated. Two models represented 

by API static and kinetic fluid loss models have been used to examine the behavior of experimen-
tally uncontaminated 6% bentonite drilling mud tested at room temperature and lasted for 120 

minutes. In addition, both API and kinetic models were used to study the behavior of experimen-

tally 6% bentonite drilling mud contaminated independently with 6% salt and 6% used motor oil 
tested under similar conditions as uncontaminated drilling mud. All the fluid loss tests have been 

performed under two different applied pressures represented by 25 psi (172 kPa) and 90 psi (621 kPa). 

Moreover, four different models represented by a power law, Bingham, Herschel- Buckley (H-B), 
and hyperbolic models were used to investigate the rheological behavior of experimentally uncon-

taminated 6% drilling mud tested under two different temperatures represented by 25oC and 50oC. 

The similar rheological study has been performed on experimentally 6% bentonite drilling mud 
contaminated separately with 6% salt and 6% used motor oil tested under similar conditions as 

uncontaminated drilling mud. For the applied pressure of 25 psi, it was shown that the maximum 

fluid loss is increased by 244% and 31% as the salt and used motor oil contaminations increased 
from 0% to 6% respectively. Furthermore, it was shown that the maximum shear stresses for 6% 

bentonite drilling mud tested at 50oC increased by 104% and 59% as the salt and oil contamina-

tions increased from 0% to 6% respectively. Finally, the kinetic model was better than API for 
fluid loss prediction and the hyperbolic model was the best for rheological properties evaluation 

with the highest R2 of 0.98 and lowest RMSE of 0.14 Pa. 

Keywords: fluid loss; rheological behavior; bentonite drilling mud; contamination; salt; used motor oil; kinetic model; 

API model; hyperbolic model; temperature; Bingham; power law; Herschel- Buckley. 

 

1. Introduction 

Boring mud or drilling fluid is a thick, viscous fluid combination that is used in oi and gas 
drilling progressions to carry rock cuttings to the surface and to lubricate and cool the drill bit  [1]. 
In the drilling processes, the hydrostatic pressure prevents the collapse of unstable strata into 

the borehole and the infiltration of water from water-bearing strata that might be confronted [2]. 
The mud or drilling fluid system is the single constituent of the well-construction advancement 
that remains in contact with the wellbore during the entire drilling operation. The drilling-fluid 
systems are designed to exhibit severe wellbore conditions [3]. New enhancements in drilling-
fluid expertise have made it attainable to reach a cost-effective, suitable-for-purpose system 

for every step in the well construction practice [4]. There are different types of drilling fluids 
based on their composition and uses. Three main factors affect the type of drilling fluid rep-
resented by the cost, technical implementation, and environmental influence. The annual clas-
sification of fluid schemes includes several categories of drilling fluids such as freshwater sys-
tems, saltwater system, oil or synthetic based systems, and pneumatic fluid system [5-6]. Oil 

based systems have been developed in the early 1960s to handle several drilling problems 
including clay swelling, the reaction between clay and formation, slough after exposure to 

1087



Petroleum and Coal 

                       Pet Coal (2018); 60(x): 1087-1101 
ISSN 1337-7027 an open access journal 

water based fluid systems, increasing downhole temperature, stuck pipe, contaminants, 
torque, and drag [7]. 

Commonly, saltwater drilling fluids are used for drilling salt formations and shale inhabita-
tion [8]. This type of drilling fluids is established to restrain the formation to be similar as ice-
type hydrates and accumulate around subsea wellheads and well-control equipment, blocking 

lines and impeding critical operations. The most used type of drilling mud is the water-based 
mud that is used frequently all around the world where the composition in mainly water and 
bentonite. The bentonite has the ability to add some degree of viscosity to the drilling mud 
and assists to carry drilled cuttings up the annulus of the well bore, and hence, it is being 
added to water based drilling mud [9].  

In addition, clay or polymers can be added to generate the viscosity in the water based 
drilling mud. The clay is the cheapest and most broadly used additive for viscosity control in 
the water-based mud [10]. In the drilling mud, the clay is responsible for intensifying viscosity 
to enhance the lifting capacity of the mud to transport cuttings to the surface, especially in 
larger holes where annular velocity is low. Furthermore, the clay can facilitate to build a wall 
filter cake in permeable zones to prevent fluid loss [11]. 

The contamination in the drilling mud is extremely a serious problem that can happen dur-
ing drilling operation [12]. Mud can be contaminated when any foreign material appears the 
mud system and produces unfavorable changes in the mud properties such as the viscosity, 
the density, and filtration. Water based mud systems are highly exposed to contamination 
among other kinds of drilling muds. Mud contamination can be caused by over treating the 

mud system with additives or from the material entering into the mud during drilling. The 
most frequent contaminants of water-based drilling mud systems are solids gypsum/anhy-
drite, makeup water, soluble sulfides, cement/lime, salt / saltwater flow, and soluble bicar-
bonates and carbonates.  

The most affected characteristics are the rheological properties including yield stress, plas-

tic viscosity, filter cake, and gel strength, stability against contamination, and stability under 
different operating conditions [13]. A number of factors can affect the rheological properties of 
the drilling mud such as pressure, temperature, and contaminants [14]. In the drilling opera-
tions, the drilling mud is polluted with different contaminants such as salts, cement, and drill 
solids. Salt contamination can come from salt beds during drilling or from formation water 

influx. At high temperature, the drilling mud remedy is required since the mud is unable to 
tolerate the contaminants [15]. The drilling fluid efficiency and performance in drilling operation 
is influenced by its rheological properties, so it is required to investigate the drilling mud 
rheological properties and parameters at the downhole conditions [16].  

The rheological properties of two drilling muds have been studied, and the results have 

shown that the drilling mud with stable properties is needed at high pressures and tempera-
tures [13]. The effect of NaCl salt as a contaminant on the rheological properties of bentonite 
drilling mud has been studied where both plastic viscosity and electrical resistivity were de-
creased with increasing salt content [17]. It was shown that the contamination could increase 
the filter loss by 30% and decrease the electrical resistivity by 86% compared to the same 
sample with no contamination [18]. The effect of different electrolyses on the viscosity of water 

based drilling mud at different testing conditions has been investigated [19]. This study has 
concluded that NaCl salt contamination increases the shear stress versus shear strain rate 
relationship whereas KCl contamination decreases the shear stress versus shear strain rate 
relationship of water based drilling mud. The effect of polyelectrolyte in salt -free and salt 
contaminated drilling fluid systems have been examined [14]. The polyelectrolyte is a super 

fluid loss reducer and might be used as a stabilizer for bentonite drilling mud by building good 
temperature resistance with anti-aging performance. The effects of pressure and temperature 
on the drilling mud properties have been studied by many researchers [20-21]. In addition, the 
effect of salt contamination on the drilling fluid has been examined by some researchers [22]. 
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The main objective of this study is to investigate the effects of salt and used motor oil 
contaminations on the behavior of bentonite drilling mud. The specific objectives are as fol-
lows: 
1. Study the effect of salt and used motor oil contaminations on the fluid loss behavior of 6% 

bentonite drilling mud tested at room temperature under the effect of two applied pressures 

represented by 25 psi (172 kPa) and 90 psi (621 kPa) and all the tests lasted for 120 
minutes. In addition, API and kinetic models were used to predict the fluid loss behavior.  

2. Examine the effect of salt and used motor oil contaminations on the rheological behavior of 
6% bentonite drilling mud tested under two different temperatures represented by 25o C 
and 50o C. Moreover; power law, Bingham, Herschel- Buckley (H-B), and hyperbolic models 

were used to evaluate the rheological behavior. 

2. Materials and methods 

2.1. Material  

2.1.1. Bentonite 

The mineral bentonite is found all around the world. It is the result of volcanic ash weath-
ering. Bentonite has the ability to react as a fluid when mechanically stressed especially when 

it is shaken or stirred. Nevertheless, it hardens in inactive condition due to the viscosity in-
crease. In this study, unaltered light commercial sodium bentonite was used to prepare water 
based drilling mud with 6% bentonite (w/w) content. The hydraulic conductivity of the ben-
tonite was 1*10-9 m/sec.  

2.1.2. Salt  

Sodium chloride or salt is an ionic compound with a chemical formula of NaCl representing 
a 1:1 ratio of sodium and chloride ions. Sodium chloride is the responsible for the salinity of 
seawater, and it is generally used as a condiment and food preservative.  

2.1.3. Used motor oil 

Crude oil or petroleum (in this study “heavy used engine oil”), is unprocessed oil found 

deep beneath the surface of the earth. Its color ranges from clear to black and found as a 
liquid or solid. The overall properties of the crude oils are dependent upon their chemical 
compositions and structure. The crude oil consists of hydrocarbons compounds. The main 
hydrocarbons exist in crude oil are aliphatics, alicyclics and Polycyclic Aromatic Hydrocarbons 
(PAH).  

2.2. Methods 

2.2.1. OFITE model 900 viscometer 

The OFITE model 900 viscometer is a small portable fully automated system used for meas-

uring fluid viscosity. It is made of cylindrical rotational viscometer, which uses a transducer 
to determine the induced angle of rotation of the bob by a fluid sample. The tested fluid is 
contained in the shear gab or annular space between the rotor and bob, which is connected 
to a shaft with a spring.    

The viscous drag generated by the fluid produces a torque on the bob that is observed by 

the transducer that computes the angular displacement of the bob.  

2.2.2. Filter press 

The series 300 LPLT filter press (API Filter Press) is the most used means for measuring 
the filtration properties of the drilling muds and cement slurries. LPLT filter press assemblies 
contain a mud reservoir mounted in a frame, pressure source, filtering medium, and a grad-

uated cylinder for collecting filtrate. As specified by the American Petroleum Institute (API), 
the working pressure is 100 psi (689 kPa), and the filtering area is 7.1 in2 (46 cm2). The fil-
ter press design features a cell body to hold the mud sample, a pressure inlet, and a base 
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cap with screen and filter press. These units have been used by the industry for field and la-
boratory uses.  

2.2.3. Drilling mud mixer 

Drilling fluid formulations are normally mixed using different shearing devices having ei-
ther fixed or variable speeds. API recommends single mud impeller blade where the blades 

can be in different forms such as rounded propellers, waveform shapes, and sharp blades. 
These mixers can also be used to mix cement for laboratory or field-testing  

3. Modeling 

3.1. Modeling of the rheological properties 

3.1.1. Power law 

The power law model is a fluid model that used to define a non-Newtonian fluid where there 
an exponential relationship between shear stress and shear strain rate as follows: 

τ = K1γn1                       (1) 
where:K1 = is the fluid consistency unit;  n1 = is the power law exponent. 
dτ

dγ
= K1n1γn1−1                      (2) 

d2 τ

dγ2 = (n1 − 1)n1K1γn1−2                   (3) 

When  γ = ∞ ⇒ τmax = ∞                        (4) 
Thus, the upper shear stress limit condition is not satisfied when power law model is used. 

3.1.2. Bingham model   

Bingham model is a two-parameter rheological model that is widely used to describe the 
flow characteristics of many types of drilling muds. The mathematical form of the model is as 
follows: 
τ = Yp + Pv ∗ γ                        (5) 

where: τ= shear stress, γ = shear rate, YP = yield point, PV = plastic viscosity. 

Fluid obeys the Bingham model exhibit a linear shear stress-shear strain rate behavior. The 

plastic viscosity (PV) clearly identifies the slope of the line, and the yield point (YP) is the 
threshold shear stress. PV is kept as low as possible for fast drilling to minimize colloidal solids. 
YP should be high enough to transport cuttings out of the hole, but not so large as to create 
extreme pump pressure as the mudflow starts. Y P is controlled using different choices of mud 
treatment.           

3.1.3. Herschel–Bulkley model (H-B model) 

The Herschel–Bulkley model is defined a fluid using three parameters that can be repre-
sented mathematically as follows [24]: 

τ = τo2 − K2�̇�n2                        (6) 
where 𝜏,𝜏02 ,𝛾, K2 and n2 represent the shear stress (Pa), yield stress (Pa), shear strain rate 

(1/s), correction parameter and flow behavior index respectively.  
For the rigid material; the model assumes that below the yield stress (𝜏o), the slurry be-

haves as a rigid solid similar to Bingham plastic model. For the material flows as a Power law 
fluid, the exponent n describes the shear thinning and shear thickening behavior. Slurries are 
considered as shear thinning when n<1 and shear thickening when n>1. A fluid becomes shear 

thinning when the apparent viscosity decreases with the increase in shear strain rate.  
Thus, the model should satisfy the following conditions: 

dτ

dγ̇
= K2n2 γ̇(n2−1) > 0 ⇒ K2n2 > 0                  (7) 

d2 τ

dγ̇2 = K2n2(n2 − 1)γ̇(n2−2) ⇒ K2n2(n2 − 1) < 0          
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when γ̇ → ∞ ⇒ τmax = ∞                    (8) 
Hence, Herschel–Bulkley model does not satisfy the upper limit condition for the shear 

stress limit. 

3.1.4. Hyperbolic model 

Relationship between shear stress and shear strain rate of water based drilling mud was in-

spected. Based on the investigation of the laboratory tested data, the following hyperbolic 
relationship can be proposed: 

τ − τ0 =
A

A+Dγ̇
                        (9) 

where τ0 is the yield stress (Pa), A(Pa s)−1, and D(Pa )−1, are model parameters and γ̇ is the 
shear strain rate (s −1). 
dτ

dγ̇
=

(A+Dγ̇)(0)−AD

(A+Dγ̇)2
=

−AD

(A+Dγ̇)2
> 0 ⇒ A > 0   

 
d2 τ

dγ̇2 =
−2AD2

(A+Dγ̇)3 < 0 ⇒ D > 0        

when  γ̇ = ∞ ⇒ τmax =
1

D
+ τ0                   (10) 

It is clearly shown that this model has a limit on the maximum shear stress, which can be 
produced by the fluid at a relatively high rate of shear strains. 

3.2. Modeling of the filtering process 

3.2.1. General model  

The traditional method to calculate the infiltration through filter cake is given by the fol-

lowing equations [25-26]. The filter press is used to determine: (1) the filtration rate in a stand-
ard filter paper, and (2) the rate of mud cake thickness increase on the standard filter paper. 
Based on Darcy’s law, the rate of infiltration is given by: 
dvf

dt
=

k(t)A𝑜∆P

μ(T)hmc
> 0                       (11) 

During the filtration process, the volume of infiltrated solids in the mud is equal to the 
volume of deposited solids in the filter cake:  
fsm(t)Vm = fsc(t)hmcA𝑜                     (12) 

where fsm = volume fraction of solids in the mud and fsc = volume fraction of solids in the 

cake. 
fsm(t)(hmcA𝑜 + Vf ) = fsc(t)hmcA𝑜                 (13) 

hmc =
fsm(t)Vf

A𝑜(fsc(t)−fsm (t))
=

Vf

A𝑜(
fsc

fsm
(t)−1)

                  (14) 

Substituting Eq. (14) into Eq. (11): 

∫ Vf dVf =
Vf

0 ∫
k(t)A𝑜∆P

μ(T)
A𝑜 (

fsc

fsm
(t) − 1) dt

t

0                (15) 

3.2.2. Static model (API model) 

The static model has been build based on the following assumptions: 
1. It was assumed that the filter cake is formed initially; however, this is not true since at 

the start there is no cake formation in either experimental or real field situation. 
2. The percentage of solids in the cake to the solids in the mud is constant, but in fact, it 

increases with time to a limiting value when the flow is stopped.  
3. The cake permeability is constant, but in reality, it should decrease with the time.    

By applying these assumptions to equation (15) and performing the integration with the 

initial condition, the following equation is obtained:       

Vf − V0 = √2k∆P(
fsc

fsm
− 1) A0

√t

√μ
                   (16) 

Equation (16) can be re-written as follows: 

vf − v0 = M ∗ √t                       (17) 
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where: Vf = volume of fluid loss (cm3), v0 =  initial volume of fluid loss (cm3), k = drilling mud 
permeability (Darcy), k0 = initial permeability of drilling mud (Darcy), ∆P = applied pressure 
(atm), fsc = Volume fraction of solid in the cake, fsm = volume fraction in mud, Vm = volume of 

solids in mud, A0 = filter is a (cm2), t =time (minute), μ = mud viscosity (cp), hmc = the thick-

ness of the filter mud cake (cm), M = √
2k∆P(

fsc
fsm

−1)

μ
A0.   

If the time is considered to be (∞) in Eq. (17), the volume of the fluid loss will be (∞), and 

this cannot happen in reality. Hence, static (API) model does not satisfy the total filtration 
volume.    

3.2.3. New kinetic (hyperbolic) model 

This model is developed based on the fact that the rate of infiltration is dependent on 
several factors such as the permeability of the filter cake, the ratio of the solid content in the 
cake to the solid content in the mud, and the time [27]. 
dv

dt
= f (k(t) ,

fsc

fsm
(t)) = NkL (

fsc

fsm
)

p

                   (18) 

This model has the following features: 
1. The rate of change in the permeability can be quantified as shown in Eq. 19 with L=1:  

k =
2A1 ∗k°

(A1 +B1t)2                         (19) 

2.  The ratio of the solid content in the cake to the solid content in the mud as a volume 
fraction is a function of time shown in Eq. 20 with p=1:  

( fsc

fsm
− 1) =

α°t

A1+B1t
                       (20) 

3. The final form of the filtration equation exhibits the form of hyperbolic function after sub-
stituting Eqs. (19) and (20) into Eq. (15) and performing integration of the equation with 

applying the initial conditions: 

Vf − V0 = N ∗
t

A1+B1t
                       (21) 

where: A1 = fluid loss parameter, B1 = arbitrary constant (1/min), α0 = arbitrary constant 
(1/min), Ao = filter area (cm2), V0 = Initial value of drilling mud infiltration (cm3), 

N = √
2∗k0∗α0∗∆P

μ(T)
∗ Ao. 

The parameter A1 represents the initial rate of the infiltration, while the constant B1 repre-
sents the final stage of infiltration. Moreover, Eq. (21) satisfies the following criteria: 

1. The total infiltration volume has a limiting value where no more infiltration could happen 
because the particle is blocking all the open porous in the filter cake medium. 

2.  None of the mentioned properties can be checked in the API model; however, these 
changes in the properties can be monitored in the field or the laboratory. In addition, this 
model can be used to model both short and long term infiltration-time relationships.      

3. Both A1 and B1 are functions of pressure and time. 

3.3. Comparison of model predictions 

In order to evaluate the accuracy of any model predictions in the study, both the root mean 
square error (RMSE) and the coefficient of determination (R2) as defined in Eqs. (22) and (23) 
were quantified using [28]: 

RMSE = √
∑ (yi−xi )2n

i=1

N2
                      (22) 

R2 = (
∑ (xi −x̅)i (yi−y̅)

√∑ (xi −x̅)2
i √∑ (yi−y̅)2

i
)

2

                    (23) 

where yi is the actual value; xi is the calculated value from the model; �̅� is the mean of actual 

values; �̅� is the mean of calculated values and N2 is the number of data points. 
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4. Results and analysis 

4.1. General 

The results and analysis of 28 laboratory experimental tests conducted on water based 
drilling mud where 14 experiments have done to model the filtration phenomenon and the 
rest have been performed for the rheological properties. For the fluid loss experiments, two 

set of tests have been performed using pressures of 25 psi and 90 psi on 6% uncontaminated 
bentonite drilling mud and the tests have lasted for 120 minutes. The same fluid loss experi-
mental tests have been done on 6% bentonite drilling mud contaminated separately with salt 
and used motor oil using pressures of 25 psi and 90 psi and the tests have lasted for 120 
minutes. For the rheological experiments, two set of tests have been performed at two differ-

ent temperatures at 25oC and 50oC on 6% uncontaminated bentonite drilling mud. Similar 
rheological experimental tests have been performed on 6% bentonite drilling mud contami-
nated individually with salt and used motor oil at two different temperatures at 25oC and 50oC.  

4.2. Filtration experimental tests 

The validity of both kinetic hyperbolic and API models was considered for long-term results 
(t > 30 min). Most of the real laboratory or field tests can be performed for more than 30 min; 

therefore, it is important to check the filtration phenomenon for more than 30 min where 
implicit changes occur in cake permeability, so the lid content ratio in the cake to the mud, 
and cake porosity.  

The variation of fluid loss with time for uncontaminated 6% bentonite drilling mud under 
two different applied pressures of 25 psi and 90 psi have shown in Fig. 1. The experimental 

tests have done at room temperature and lasted for 120 minutes. With increasing the time, 
the API model prediction increased with no limit on the fluid loss compared to the kinetic 
hyperbolic model that limited the maximum fluid loss to (Vo+ N/B). The effect of applied pres-
sure is ignored in the API model whereas both A and B parameters include the effect of applied 
pressure in the kinetic hyperbolic model. Experimental tests have shown that the maximum 

fluid loss for the 6% bentonite drilling mud at the final tested time of 120 min were 35 cm3 
and 42 cm3 at applied pressures of 90 psi and 25 psi respectively. As the applied pressure 
increased from 25 psi to 90 psi, the maximum fluid loss increased by 20% because fluid flow 
increased under the effect of higher applied pressure.  

 
Figure 1. The variation of fluid loss with time for uncontaminated 6% bentonite drilling mud at room 
temperature under two different applied pressures of (a) applied pressure = 25 psi, and (b) applied 

pressure = 90 psi 

Similarly, the variation of fluid loss with time for 6% bentonite drilling mud contaminated 
with 6% salt under two different applied pressures of 25 psi and 90 psi have shown in Fig. 2. 
The experimental tests have done at room temperature and lasted for 120 minutes. Experi-
mental tests have shown that the maximum fluid loss for the 6% bentonite drilling mud con-
taminated with 6% salt at the final tested time of 120 min was 120.5 cm3 and 132.8 cm3 at 
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applied pressures of 90 psi and 25 psi respectively. As the applied pressure increased from 25 
psi to 90 psi, the maximum fluid loss increased by 10% because fluid flow increased under 
the effect of higher applied pressure. For the applied pressure of 25 psi, the maximum fluid 
loss is increased by 244% as the salt contamination increased from 0% to 6%.  For the applied 
pressure of 90 psi, the maximum fluid loss is increased by 216% as the salt contamination 

increased from 0% to 6%. The salt has the tendency to increase the fluid loss since the salt 
increases the flocculation of clay particles that leads to more particles settlement in a shorter time.  

 
Figure 2. The variation of fluid loss with time for 6% bentonite drilling mud contaminated with 6% 

salt at room temperature under two different applied pressures of (a) applied pressure = 25 psi, and (b) 

applied pressure = 90 psi 

Similarly, the variation of fluid loss with time for 6% bentonite drilling mud contaminated 
with 6% used motor oil under two different applied pressures of 25 psi and 90 psi have shown 
in Fig. 3.  

 

Figure 3. The variation of fluid loss with time for 6% bentonite drilling mud contaminated with 6% used 
motor oil at room temperature under two different applied pressures of (a) applied pressure = 25 psi, 

and (b) applied pressure = 90 psi 

The experimental tests have done at room temperature and lasted for 120 minutes. Exper-

imental tests have shown that the maximum fluid loss for the 6% bentonite drilling mud con-
taminated with 6% used motor oil at the final tested time of 120 min were 46 cm3 and 55.5 
cm3 at applied pressures of 90 psi and 25 psi respectively. As the applied pressure increased 
from 25 psi to 90 psi, the maximum fluid loss increased by 21% because fluid flow increased 
under the effect of higher applied pressure. For the applied pressure of 25 psi, the maximum 
fluid loss is increased by 31% as the used oil contamination increased from 0% to 6%. For 

the applied pressure of 90 psi, the maximum fluid loss is increased by 32% as the used oil 
contamination increased from 0% to 6%. The oil has the tendency to increase the fluid loss 
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since the oil decreases the friction between the clay particles that leads to more particles 
settlement in a shorter time. 

4.3. Rheological properties analysis 

The rheological experimental tests have been performed on uncontaminated 6% bentonite 
drilling mud under two different temperatures of 25oC and 50oC. In addition, similar experi-

mental tests have been performed on 6% bentonite drilling mud contaminated separately with 
6% salt and 6% used motor oil. 

4.4. Experimental tests at 25oC 

The variation of shear stress with a shear strain rate of uncontaminated 6% bentonite 
drilling mud at 25oC has shown in Fig. 4. Four different models including power law, Bingham, 

Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model parameters 
with their accuracy predictions have summarized in Table 1. The maximum measured shear 
stress for uncontaminated 6% bentonite drilling mud at 25oC was 8.6 Pa at a shear strain rate 
of 1700 (1/s). All the models predicted the maximum shear stress very well with the highest 
R2 of 0.97 and lowest RMSE of 0.3 Pa.   

Table 1. Models prediction parameters for uncontaminated 6% bentonite drilling mud tested at 25oC 

 

Bentonite 

(%) 

 

Salt 

(%) 

 

Oil 

(%) 

Power law Bingham 

τ0  

(Pa) 
K n 

RMSE 
(Pa) 

R 2 
τ0  

(Pa) 
μ 

(cP) 
RMSE 
(Pa) 

R 2 
 

6  0 0 1.9 0.8 0.62 0.46 0.93 2.1 0.0035 0.3 0.97 - 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 
(Pa) 

R 2 
τ0  

(Pa) 
A 

(Pa−1) 
B 

(Pa)−1 
RMSE 
(Pa) 

R 2 

6  0 0 1.79 0.06 0.66 0.35 0.93 2.5 255 0.008 0.3 0.97 

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-

inated with 6% salt at 25o C has shown in Fig. 5. Four different models including power law, 
Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model pa-
rameters with their accuracy predictions have summarized in Table 2. The maximum meas-
ured shear stress for 6% bentonite drilling mud contaminated with 6% salt at 25oC was 5.8 
Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum shear stress 
very well, and the hyperbolic model was the best with the highest R2 of 0.98 and lowest RMSE 

of 0.14 Pa. The maximum shear stress for 6% bentonite drilling mud tested at 25o C decreased 
by 48% as the salt contamination increased from 0% to 6% because the salt causes dispersion 
between clay particles leads to lower measured maximum shear stress.  

Table 2. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% salt tested 
at 25oC 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Power law Bingham 
τ0  

(Pa) 
K n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

μ 
(cP) 

RMSE 

(Pa) 
R 2 

 

6  6 0 1.4 0.06 0.62 0.3 0.93 1.8 0.0027 0.18 0.97 - 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 
(Pa) 

R 2 
τ0  

(Pa) 
A 

(Pa−1) 
B 

(Pa)−1 
RMSE 
(Pa) 

R 2 

6  6 0 1.8 0.055 0.62 0.3 0.93 2 380 0.008 0.14 0.98 
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Figure 4. The variation of shear stress with shear strain rate for uncontaminated 6% bentonite drilling 
mud tested at 25oC 

 
Figure 5. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-

nated with 6% salt tested at 25oC 

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-
inated with 6% used motor oil at 25oC has shown in Fig. 6. Four different models including 
power law, Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the 
model parameters with their accuracy predictions have summarized in Table 3. The maximum 

measured shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil at 
25oC was 12.2 Pa at a shear strain rate of 1700 (1/s). Almost all the models predicted the 
maximum shear stress very well, and both the Bingham and hyperbolic models were the best 
with the highest R2 of 0.95 and lowest RMSE of 0.48 Pa. The maximum shear stress for 6% 
bentonite drilling mud tested at 25oC increased by 42% as the used motor oil contamination 

increased from 0% to 6% because the used motor oil has lower density than clay particles 
that make the medium to have more clay particles in less volume leads to higher measured 
maximum shear stress. 

Table 3. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% used motor 
oil tested at 25oC 

 
Bentonite 

(%) 

 
Salt 

(%) 

 
Oil 

(%) 

Power law Bingham 
τ0  

(Pa) 
K n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

μ 
(cP) 

RMSE 

(Pa) 
R 2 

 

6  0 6 4.86 0.94 0.32 1.12 0.78 4.42 0.0044 0.48 0.95 - 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 
(Pa) 

R 2 
τ0  

(Pa) 
A 

(Pa−1) 
B 

(Pa)−1 
RMSE 
(Pa) 

R 2 

6  0 6 4.45 0.085 0.62 0.79 0.89 4.5 230 0.004 0.53 0.95 
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Figure 6. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-
nated with 6% used motor oil tested at 25oC 

 
Figure 7. The variation of shear stress with shear strain rate for uncontaminated 6% bentonite drilling 

mud tested at 50o C 

4.5. Experimental tests at 50oC 

The variation of shear stress with a shear strain rate of uncontaminated 6% bentonite 
drilling mud at 50oC has shown in Fig. 8. Four different models including power law, Bingham, 
Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model parameters 
with their accuracy predictions have summarized in Table 4. The maximum measured shear 
stress for uncontaminated 6% bentonite drilling mud at 50oC was 11.6 Pa at a shear strain 
rate of 1700 (1/s). All the models predicted the maximum shear stress very well with the 

highest R2 of 0.98 and lowest RMSE of 0.22 Pa. The maximum shear stress for uncontaminated 
6% bentonite drilling mud increased by 35% as the testing temperature increased from 25o C 
to 50oC.    

Table 4. Models prediction parameters for uncontaminated 6% bentonite drilling mud tested at 50o C 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Power law Bingham 
τ0  

(Pa) 
K n 

RMSE 

(Pa) 
R 2 

τ0  

(Pa) 

μ 

(cP) 
RMSE 

(Pa) 
R 2 

 

6  0 0 4.6 0.6 0.4 0.73 0.80 5.9 0.0035 0.22 0.98 - 

 

Bentonite 

(%) 

 

Salt 

(%) 

 

Oil 

(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

A 
(Pa−1) 

B 
(Pa)−1 

RMSE 

(Pa) 
R 2 

6  0 0 6.11 0.067 0.62 0.42 0.93 6.1 290 0.004 0.22 0.98 

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-

inated with 6% salt at 50oC has shown in Fig. 9. Four different models including power law, 
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Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model pa-
rameters with their accuracy predictions have summarized in Table 5. The maximum meas-
ured shear stress for 6% bentonite drilling mud contaminated with 6% salt at 50oC was 5.7 
Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum shear stress 
very well, and the hyperbolic model was the best with the highest R2 of 0.98 and lowest RMSE 

of 0.16 Pa. The maximum shear stress for 6% bentonite drilling mud tested at 50o C decreased 
by 104% as the salt contamination increased from 0% to 6%. The maximum shear stress for 
6% bentonite drilling mud contaminated with 6% salt decreased by 2% as the testing tem-
perature increased from 25oC to 50oC.   

 
Figure 8. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-

nated with 6% salt tested at 50oC 

 

 
Figure 9. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-

nated with 6% used motor oil tested at 50oC 

Table 5.  Models prediction parameters for 6% bentonite drilling mud contaminated with 6% salt tested 
at 50oC 

 

Bentonite 

(%) 

 

Salt 

(%) 

 

Oil 

(%) 

Power law Bingham 
τ0  

(Pa) 
K n 

RMSE 

(Pa) 
R 2 

τ0  

(Pa) 

μ 

(cP) 
RMSE 

(Pa) 
R 2 

 

6  6 0 1.3 0.06 0.6 0.25 0.95 1.5 0.0025 0.19 0.97 - 

 
Bentonite 

(%) 

 
Salt 

(%) 

 
Oil 

(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

A 
(Pa−1) 

B 
(Pa)−1 

RMSE 

(Pa) 
R 2 

6  6 0 1.4 0.058 0.6 0.24 0.95 1.7 410 0.004 0.16 0.98 

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-

inated with 6% used motor oil at 50oC has shown in Fig. 9. Four different models including 
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power law, Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the 
model parameters with their accuracy predictions have summarized in Table 6. The maximum 
measured shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil at 
50oC was 18.5 Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum 
shear stress very well, and the hyperbolic model was the best with the highest R2 of 0.97 and 

lowest RMSE of 0.43 Pa. The maximum shear stress for 6% bentonite drilling mud tested at 
50oC increased by 59% as the used motor oil contamination increased from 0% to 6%. The 
maximum shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil 
increased by 52% as the testing temperature increased from 25oC to 50oC.   

Table 6. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% used motor 

oil tested at 50oC 

 

Bentonite 
(%) 

 

Salt 
(%) 

 

Oil 
(%) 

Power law Bingham 
τ0  

(Pa) 
K n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

μ 
(cP) 

RMSE 

(Pa) 
R 2 

 

6  0 6 8.87 2 0.29 0.83 0.89 10.5 0.0047 0.48 0.96 - 

 

Bentonite 

(%) 

 

Salt 

(%) 

 

Oil 

(%) 

Herschel- Buckley (H-B) Hyperbolic 
τ0  

(Pa) 

k 
(Pa. s) n 

RMSE 

(Pa) 
R 2 

τ0  
(Pa) 

A 
(Pa−1) 

B 
(Pa)−1 

RMSE 

(Pa) 
R 2 

6  0 6 10.9 0.064 0.66 0.67 0.93 10.4 190 0.004 0.43 0.97 

5. Conclusions 

Based on the experimental results and model predictions of this study, the following con-
clusions can be advanced: 

1. For the fluid loss prediction, the API model prediction increased nonlinearly with time where 
no limit on the maximum fluid loss has been encountered whereas the kinetic hyperbolic 
model limited the maximum fluid loss to the quantity (Vo+N/B). In addition, the effect of 
applied pressure has been neglected in the API model, but the kinetic hyperbolic model has 
taken into account the effect of applied pressure.  

2. For the uncontaminated 6% bentonite drilling mud, the maximum fluid loss is increased by 
20% as the applied pressure increased from 25 psi to 90 psi.  

3. For the 6% bentonite drilling mud contaminated with 6% salt, the maximum fluid loss is 
increased by 10% as the applied pressure increased from 25 psi to 90 psi.   

4. For the applied pressure of 25 psi, the maximum fluid loss is increased by 244% as the salt 

contamination increased from 0% to 6%.  For the applied pressure of 90 psi, the maximum 
fluid loss is increased by 216% as the salt contamination increased from 0% to 6%. 

5. For the 6% bentonite drilling mud contaminated with 6% used motor oil, the maximum 
fluid loss is increased by 21% as the applied pressure increased from 25 psi to 90 psi.   

6. For the applied pressure of 25 psi, the maximum fluid loss is increased by 31% as the used 
oil contamination increased from 0% to 6%.  For the applied pressure of 90 psi, the maxi-

mum fluid loss is increased by 32% as the used oil contaminat ion increased from 0% to 
6%.  

7. The maximum measured shear stresses for uncontaminated 6% bentonite drilling mud 
were 8.6 Pa and 11.6 Pa at 25oC and 50oC respectively. However, the maximum measured 
shear stresses for 6% bentonite drilling mud contaminated with 6% salt were almost the 

same represented by 5.8 Pa and 5.7 Pa at 25oC and 50oC respectively. 
8. The maximum measured shear stresses for 6% bentonite drilling mud contaminated with 

6% used motor oils were 12.2 Pa and 18.5 Pa at 25o C and 50o C respectively. 
9. The maximum shear stresses for 6% bentonite drilling mud tested at 25o C increased by 

48% and 42% as the salt and oil contaminations increased from 0% to 60% respectively. 

The maximum shear stresses for 6% bentonite drilling mud tested at 50o C increased by 
104% and 59% as the salt and oil contaminations increased from 0% to 60% respectively.  
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10. All the used models to predict the maximum shear stress were very good and the hyper-
bolic model was the best with the highest R2 of 0.98 and lowest RMSE of 0.14 Pa. 
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Symbols 

𝜏 Shear stress 𝑉𝑚  Volume of solids in mud 
𝛾 Shear strain rate 𝐴𝑜  Filter area 

K1 Fluid consistency unit t  Time 

n1 Power law exponent 𝜇 Mud viscosity 

YP  Yield point ℎ𝑚𝑐  Thickness of the filter mud cake 

PV  Plastic viscosity 𝑓𝑠𝑚  Volume fraction of solids in the mud 
𝜏𝑜1 Yield stress 𝑓𝑠𝑐  Volume fraction of solids in the cake 

𝛾̇ Shear strain rate L and p Arbitrary constants 

K2  Correction parameter   A1  Fluid loss parameter 

n2 Flow behavior index B1 Arbitrary constant  
𝜏𝑚𝑎𝑥  Maximum shear stress 𝛼𝑜 Arbitrary constant  

A and D Model parameters 𝑉𝑜  Initial value of drilling mud infiltra-

tion 
𝑉𝑓  Volume of fluid loss RMSE   Root mean square error 
𝑣𝑜  Initial volume of fluid loss R2 Coefficient of determination 

k  Drilling mud permeability yi The actual value 

𝑘𝑜  Initial permeability of drilling mud xi The calculated value from the model 
∆𝑃  Applied pressure  y

 
The mean of actual values; 

𝑓𝑠𝑐 Volume fraction of solid in cake x  
The mean of calculated values  

𝑓𝑠𝑚 Volume fraction in mud N2  The number of data points 
𝑀 

√
2𝑘∆𝑃 (

𝑓𝑠𝑐
𝑓𝑠𝑚

− 1)

𝜇
𝐴𝑜  

𝑁 

√
2 ∗ 𝑘𝑜 ∗ 𝛼𝑜 ∗ ∆𝑃

𝜇(𝑇)
∗ 𝐴𝑜 
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