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Abstract 
The main controlling characteristics of water based drilling mud are represented by infiltration and 
rheological properties. Hence, this study investigates the behavior of untreated and glass waste treated 
6% bentonite water based drilling mud. The experimental work includes both infiltration tests at 100 
psi (689 kPa) lasted for 30 minutes and rheological examinations at room temperature (25o C). The 
6% bentonite water based drilling mud was treated with glass waste up to 50%. For both untreated 
and glass waste treated 6% bentonite water based drilling mud, the infiltration behavior was modeled 
using API and kinetic models while the rheological performance was predicted using four various 
models including Power Law, Bingham, Herschel-Buckley, and Hyperbolic models. The study has shown 
that for 30 minutes laboratory testing period, the tested 6% bentonite drilling mud had a maximum 
fluid loss of 13.6 cm3 whereas adding 20% glass to 6% bentonite drilling mud has increased the 
maximum fluid loss to 17.6 cm3. Moreover, adding 50% glass to 6% bentonite drilling mud has 
increased the maximum shear stress by 90% at 25o C testing temperature and this value was the 
greatest obtained shear stress compared to other tested glass treatments. Furthermore, all the utilized 
models for predicting the maximum shear stress for both untreated and glass treated 6% bentonite 
drilling mud were very good and the hyperbolic model was the best with a maximum R2 of 0.9950 and 
a minimum RMSE of 0.2365 Pa. 
Keywords: Bentonite; Glass waste; Infiltration; Rheological properties; Kinetic model; Hyperbolic model. 

1. Introduction

Drilling fluids, often known as drilling muds, are a crucial element in the rotary drilling
technique employed for oil and gas exploration both onshore and offshore. Drilling fluids, also 
known as muds, are a combination of chemicals, water, clay, and weighing material. They are 
utilized to remove cuttings from the drill bit and transport them to the surface [1-2].The drilling 
mud comprises condensed liquids, which can be synthetic, oil-based, or water-based. The drill 
mud or fluid used in the drilling network is the sole component of the well-construction process 
that maintains an interface with the wellbore during the whole digging process. The drilling-
fluid components are engineered to withstand extreme, wellbore conditions [3]. It contains a 
range of dense minerals and chemical additives. These substances are pumped through the 
drilling pipe to carry out certain duties [4]. Drilling muds serve several tasks, such as lubricat-
ing the drill bit, counterbalancing formation pressure, cleaning and conditioning the hole, 
maintaining hydrostatic pressure in the well, removing drill cuttings, and stabilizing the wall 
of the drilling hole [5]. Drilling fluids or mud gets depleted once they have served their purpose 
in the drilling procedures, therefore transforming them into waste products. Despite claims of 
being treated before disposal, these wastes are nevertheless considered a significant threat 
to both the environment and public health. This has prompted the need for detailed infor-
mation regarding the detrimental effects of drilling fluids on public health. The analysis of the 
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constituents of used drilling mud, generated water, and drill cuttings, as well as the conse-
quences of their disposal, mostly into aquatic ecosystems, in an effort by oil firms to comply 
with waste disposal environmental regulations, has received limited attention [6]. 

Water-based drilling cuttings (WDC) are the primary byproducts produced during the pro-
cess of drilling and extracting shale gas [7]. While WDCs may not be classified as hazardous 
wastes in China, they nonetheless warrant significant concern due to their substantial quanti-
ties and potential for environmental degradation if not disposed of properly [8]. Typically, a 
solitary shale gas well in the southern Sichuan Basin would produce around 1500-2000 tons 
of wastewater discharge (WDC). As to the shale gas development plan of China National Pe-
troleum Corporation, the region with a dense population and convoluted network of waterways 
may potentially accumulate from 4.5 × 105 to 7.8 × 105 tons of WDC year over the next 15 
years. The proper disposal of WDC (waste drilling cuttings) has emerged as a constraining 
issue for the sustainable growth of shale gas [9-10]. 

Depending on their composition and intended applications, drilling fluids can be classified 
into many categories [11]. The selection of drilling fluid is influenced by three primary consid-
erations: cost, practical application, and environmental impact. The presence of contaminants 
in drilling mud is a significant and potentially severe issue that can occur during drilling oper-
ations [12-13].Mud is susceptible to contamination when any extraneous substance enters the 
mud system and causes undesirable alterations in the mud's characteristics, such as filtration, 
viscosity, and density. Water-based mud methods are particularly susceptible to contamina-
tion compared to other types of drilling mud. Mud pollution can arise from the excessive use 
of compounds in the mud network or from introducing foreign material during drilling. The 
primary pollutants in water-based drilling mud systems are solid gypsum/anhydrite, soluble 
sulfides, makeup water, salt/saltwater flow, cement/lime, and soluble carbonates and bicar-
bonates. Waste glass is a substantial constituent of municipal solid waste that must not be 
disregarded. Nevertheless, its non-biodegradable characteristics have presented a considera-
ble environmental concern [14]. 

The rheological qualities mainly impacted including yield stress, plastic viscosity, filter cake, 
and gel strength. Protection against contamination and stability under various operating cir-
cumstances are also affected [15]. Several variables can influence the rheological characteris-
tics of the drilling mud, including temperature, pressure, and pollutants [16-17].The effective-
ness and efficacy of drilling fluid in drilling operations are affected by its rheological charac-
teristics. Therefore, it is necessary to examine the rheological characteristics and parameters 
of the drilling mud within downhole circumstances [18]. The glass addition to field soil has been 
added with different percentages and up to 20% to determine the impact on various rheolog-
ical characteristics [19]. It was shown that the apparent viscosity for 20% glass-treated soil 
has been increased by 140% compared to untreated soil. The effect of temperature on the 
rheological properties of water based-drilling mud has been investigated [20]. It was shown 
that the maximum shear stress has been decreased by 42% as the temperature has been 
increased by three times (25oC to 75oC) for untreated drilling mud.   

2. Objectives 

The primary purpose of this work is concentrated on investigating the behavior of untreated 
and glass waste treated 6% bentonite water based drilling mud. The detailed objectives are 
focused on performing experimental testing for both infiltration and rheological characteristics 
for untreated and up to 50% glass waste treated 6% bentonite water based drilling mud. In 
addition, the infiltration behavior for untreated and glass waste treated 6% bentonite water 
based drilling mud was modeled using both API and kinetic models. On the other hand, the 
rheological performance for untreated and glass waste treated 6% bentonite water based 
drilling mud was predicted using four various models including Power Law, Bingham, Herschel-
Buckley, and Hyperbolic models. Finally, the accuracy of all used models for both infiltration 
and rheology has been verified using coefficient of determination (R2) and root mean square 
error (RMSE).  
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3. Methods 

3.1. OFITE model 900 viscometer 

The OFITE model 900 viscometer is a neat and portable device that is completely automated 
and designed for the precise measurement of fluid viscosity. The apparatus consists of a cy-
lindrical rotating viscometer that employs a transducer to compute the angle of rotation 
caused by a fluid sample on the bob. The fluid being tested is retained within the shear gap 
or annular space between the rotor and bob, which is linked to a shaft equipped with a spring. 

The fluid's viscous drag generates a torque on the bob, which is identified by the transducer 
to quantify the bob's angular displacement. 

3.2. Filter press 

The series 300 LPLT filter press, also known as the API Filter Press, is the main method 
used to evaluate the filtration characteristics of drilling muds and cement slurries. LPLT filter 
press assemblies consist of a frame that holds a mud reservoir, a pressure source, a filtering 
medium, and a regulated cylinder for collecting the filtrate. Based on the American Petroleum 
Institute (API), the designated working pressure is 100 psi (689 kPa), and the specified filter-
ing area is 7.1 in2 (46 cm2). The filter press design contains a cell body that includes the mud 
sample, a pressure intake, and a base cap equipped with a screen and filter press. The industry 
has utilized these units for both field and laboratory applications. 

3.3. Drilling mud mixer 

Drilling fluid formulations are typically blended utilizing various shearing devices that have 
either set or regulating speeds. The API suggests using a single mud impeller blade, which 
can take on several forms, such as rounded propellers, waveform shapes, and sharp blades. 
Additionally, these mixers can combine cement for laboratory or field-testing purposes. 

4. Materials 

4.1. Bentonite 

The used bentonite is considered as a montmorillonite clay soil that is utilized as a main 
component in the drilling fluids to provide the necessary rheological characteristics. In addi-
tion, the main constituent for the water based mud is the bentonite as it determines the main 
functions represented by enhancing the viscosity and controlling the required filtration. The 
chemical interaction between bentonite and water results in bentonite swelling with water 
absorption. Bentonite as one of the natural absorbent clays and when such clay is interacted 
with water, bentonite with negative face is attracted by positive charge surfaces of water due 
to electrostatic attraction potentials. Due to the incident, the bentonite absorbs 7 to 10 times 
its weight and swell by 18 time its natural volume. There is a chemical reaction between 
several organic substances with bentonite and it develops mixtures that are utilized as gelling 
agents. Carrying the drilling cuts for circulation purposes is mainly dependent on the mud gel 
strength. The main used drilling mud is sodium bentonite, which is a high dispersive substan-
tial with a high swelling potential. Another type of drilling mud is the calcium bentonite, which 
is not suitable to be utilized as a drilling mud because of its insignificant swelling potential that 
influences the mud rheology severely. Figure 1 shows a picture for the used bentonite.  

4.2. Glass waste 

The glass waste material is referred to the used old glass such as bottles, windows, and 
other glass-made products. Such waste products can be the outputs of households, businesses 
and industries. Glass waste material is durable that may need thousands of years to decay 
naturally. Thus, the management of glass waste is vital for environmental sustainability. The 
collected waste glass before and after grinding is shown in Figure 2. 
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Figure 1. A picture for the used bentonite. 

 
Figure 2. Used glass waste material. 

5. Modeling 

5.1. Rheological characteristics  

5.1.1. Power law 

The power law model is a mathematical model used to describe a type of fluid known as a 
non-Newtonian fluid. In this model, there is an exponential association correlating the shear 
stress with the shear strain rate, which may be expressed as: 
τ = A1γB1       (1) 

where: τ  and γ are the shear stress and shear strain rate, respectively;  A1 and B1 are the fluid con-
sistency unit and power law exponent, correspondingly.  
dτ
dγ

= A1B1γB1−1     (2) 
d2τ
dγ2

= (B1 − 1)A1B1γB1−2  (3) 
As γ = ∞ ⇒ τmax = ∞      (4) 

Therefore, the criterion for the top limit of shear stress is not met when the power law is 
applied. 

5.1.2. Bingham model 

The Bingham model is a commonly used rheological model with two parameters that accu-
rately describes the flow behavior of various drilling muds. The model can be written mathe-
matically in the following form: 
τ = A2 + B2γ               (5) 
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where: τ = the shear stress; γ = shear strain rate; A2 is the yield point and B2 is the plastic 
viscosity.  

The fluid adheres to the Bingham model and reveals a linear association between shear 
stress and shear strain rate. The plastic viscosity (B2) precisely indicates the gradient of the 
line, whereas the yield point (A2) provides the minimum shear stress required to retain flow. 
The objective is to maintain a low B2 level during fast drilling in order to reduce the presence 
of colloidal particles. The size of A2 should be sufficient to facilitate the removal of cuttings 
from the hole while also avoiding excessive pump pressure during the initiation of mudflow. 
A2 can be regulated by employing several methods of mud treatment. 

5.1.3. Herschel-Bulkley model (H-B model) 

The Herschel–Bulkley model defines a fluid using three parameters, which can be expressed 
mathematically as follows: 
τ = A3 + B3γC1        (6) 

where: τ and γ are the shear stress and shear strain rate, respectively;  A3, B3, and C1 are the yield 
stress, correction parameter, and flow behavior index, correspondingly.  

The model proposes that, for the hard material, the slurry acts as a solid with no defor-
mation below the yield stress (A3), comparable to the Bingham plastic model. The exponent 
C1 characterizes the shear thinning and shear thickening behavior of material flows that follow 
a Power law fluid model. Slurries are classified as exhibiting shear thinning behavior when the 
value of C1 is less than 1 and shear thickening behavior when the value of C1 is greater than 1. 
Shear thinning occurs when the apparent viscosity of a fluid lowers as the shear strain rate 
increases.  

Therefore, the model must meet the following criteria: 
dτ
dγ

= B3C1γ(C1−1) > 0 ⇒ B3C1 > 0  (7) 
d2τ
dγ2

= B3C1(C1 − 1)γ(C1−2) > 0 ⇒ B3C1(C1 − 1) < 0   (8) 
As γ = ∞ ⇒ τmax = ∞     (9)   

Therefore, the Herschel-Bulkley model fails to meet the criterion for the maximum shear 
stress limit.   

5.1.4. Hyperbolic model 

A study was conducted to examine the association of the shear stress with the shear strain 
rate of water-based drilling mud. Depending on the evaluation of the laboratory test data, we 
can propose the existence of a hyperbolic relationship. 
τ − A4 = B4

B4+D1γ
     (10) 

where:  τ is the shear stress; and γ is the shear strain rate; A4 is the yield stress while B4; and 
D1 are model parameters.  
dτ
dγ

= (B4+D1γ)∗(0)−B4∗D1
(B4+D1γ)2

= −B4∗D1
(B4+D1γ)2

> 0 ⇒ D1 > 0    (11)  
d2τ
dγ2

= (B4+D1γ)2∗(0)−B4∗D1∗2∗(B4+D1γ)∗D1
(B4+D1γ)4

= −2B4D12

(B4+D1γ)3
< 0 ⇒ D1 > 0    (12)  

As γ ⇒ ∞ ⇒ τmax = 1
D1

+ A4   (13)   
Evidently, this model demonstrates a constraint on the highest level of shear stress that 

the fluid can generate under significant shear strains.     

5.2. Modeling of the filtering process 

5.2.1. General model 

The conventional approach for calculating the infiltration through a filter cake is determined 
using the following equations. The filter press is utilized to ascertain two factors: (1) the fil-
tration rate on a standard filter paper and (2) the rate at which the thickness of the mud cake 
increases on the standard filter paper. According to Darcy's law, the infiltration rate can be 
expressed as: 
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dVf
dt

= k(t)Ao∆P
μ(T)hmc

> 0       (14) 
During the filtration process, the amount of solid particles that enter the mud is equal to 

the amount of solid particles that accumulate in the filter cake. 
fsm(t)Vm = fsc(t)hmcAO    (15) 

where fsm is the solid volume fraction in the mud and fsc is the solid volume fraction in the 
formed cake.  

fsm(t)(hmcAo + Vf) = fsc(t)(hmcAo)     (16) 
hmc = fsm(t)Vf

Ao�fsc(t)−fsm(t)�
= Vf

Ao�
fsc(t)
fsm(t)−1�

   (17) 

Substituting Eq. 17 into Eq. 14: 

∫ VfdVf
Vf
0 = ∫ k(t)Ao∆P

μ(T)
Ao ��

fsc(t)
fsm(t)

− 1��t
0 dt      (18) 

5.2.2. Static model (API model) 

The static model has been constructed using the following assumptions:  
1. The assumption that the filter cake is created initially needs to be corrected, as there is no 
cake creation at the beginning in both experimental and real field situations.  
2. The ratio of solids in the cake to the solids in the mud remains constant, but it actually 
increases over time until it reaches a maximum value when the flow ceases.  
3. The cake's permeability remains constant, yet, in actuality, it should diminish over time.  
By utilizing these assumptions and applying them to equation (15), and subsequently inte-
grating with the given initial condition, the resulting equation is as follows: 

Vf − Vo = �2k∆P �� fsc
fsm

− 1��Ao
√t

√μ
    (19)  

Equation (19) is re-written as follows: 
Vf − Vo = M ∗ √t             (20) 

where: Vo and Vf are the volumes of initial and final fluid loss (cm3); respectively. ko and k are 
initial and final permeability of drilling mud (Darcy); ∆P is the applied pressure (atm); fsc and 
fsm are the volume fractions of solids in the cake and mud, correspondingly. Vm is the solid 
volume in the mud (cm3); Ao filter area (cm2); t is the time (minute); µ is the mud viscosity 
(cp), hcm is the filter cake thickness (cm). 

M = �2k∆P�� fsc
fsm

− 1��Ao  

If the duration is assumed to be infinite (∞) in Equation (20), the volume of fluid loss will 
also be infinite (∞), which is not possible in reality. Therefore, the static (API) model does not 
meet the requirements for the total filtering volume. 

5.2.3. New kinetic (hyperbolic) model  

This model is formulated on the assumption that the rate of permeation is contingent upon 
many elements, including the permeability of the filter cake, the ratio of solid content in the 
cake to the solid content in the mud, and the duration of time. 
dV
dt

= f�k(t), fsc
fsm

(t)� = NkL � fsc
fsm
�
p
    (21) 

This model possesses the subsequent characteristics: 
1. The quantification of the rate of change in permeability may be expressed using Equation 

22, where L is equal to 1: 
k = 2A5∗ko

(A5+B5t)2
         (22) 

2. The volumetric ratio of solid content in the cake to the solid content in the mud, as a 
function of time, is represented by Equation 23 with the parameter p set to 1: 

� fsc
fsm

− 1� = αot
A5+B5t

    (23) 
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3. After substituting equations (22) and (23) into equation (18) and integrating the equation 
while applying the initial conditions, the filtration equation takes on the form of a hyperbolic 
function: 

VF − VO = N ∗ t
A5+B5t

   (24) 
where: A5 is the fluid loss parameter; B5 is an arbitrary constant (1/min); 𝛼𝛼𝑜𝑜 is an arbitrary 
constant (1/min); Ao is the filter area (cm2); Vo is the initial value of drilling mud infiltration 

(cm3); and N = �2koαo∆P
μ(T)

Ao.   

The parameter A5 indicates the rate at the beginning of the infiltration process, while the 
constant B5 reflects the rate at the end of the infiltration process. In addition, Equation (24) 
fulfills the following criteria: 
1. The total infiltration volume reaches a maximum value where further infiltration is pre-

vented because a particle is obstructing all the available pores in the filter cake medium. 
2. The API model does not allow for checking any of the specified qualities. However, these 

changes in the properties can be observed in the field or the laboratory. Furthermore, this 
model may be utilized to simulate infiltration-time relationships for both short and long 
durations. 

3. Both A5 and B5 are dependent on both pressure and time.        

6. Results and analysis 

6.1. Preface 

The findings and analysis of 12 laboratory experimental tests were conducted on water-
based drilling mud. Six experiments were undertaken to simulate the filtration phenomena, 
while the other six experiments focused on measuring the rheological characteristics. The fluid 
loss studies were conducted at a pressure of 100 psi (689 kPa) on 6% untreated bentonite 
drilling mud. The duration of each test was 30 minutes. Experimental experiments were con-
ducted on 6% bentonite drilling mud, treated with varying percentages of glass (ranging from 
10% to 50% of the weight of bentonite). The tests were carried out at a pressure of 100 psi 
(689 kPa) and lasted for 30 minutes. The rheological studies were conducted on 6% untreated 
bentonite drilling mud at a constant temperature of 25°C. Experiments have been conducted 
on 6% bentonite drilling mud treated with varying percentages of glass (10% to 50% of the 
weight of bentonite) at a single temperature of 25oC. These experiments focused on the rhe-
ological properties of the mud. 

6.2. Filtration experimental tests 

Both the kinetic hyperbolic and API models were evaluated for their accuracy in predicting 
short-term results (t = 30 min). Although most laboratory or field tests may be conducted for 
more than 30 minutes, a 30-minute filtration phenomenon was done to confirm the typical 
API filtration laboratory test. 

The graph in Figure 3 demonstrates the relationship between fluid loss and time for un-
treated 6% bentonite drilling mud at an applied pressure of 100 psi (689 kPa). The experi-
mental test was conducted at ambient temperature and had duration of 30 minutes. Over 
time, the API model predicted exhibited unrestricted growth in fluid loss, in contrast to the 
kinetic hyperbolic model, which imposed a maximum restriction of (Vo+ N/B5) on fluid loss. 
According to the experimental test, the 6% bentonite drilling mud had a maximum fluid loss 
of 13.6 cm3 after being tested for 30 minutes. The maximum fluid loss occurred when the mud 
was subjected to an applied pressure of 100 psi (689 kPa). The experimental data has been 
accurately predicted by both the API and Kinetic models, demonstrating excellent agreement. 

Figure 4 illustrates the relationship between fluid loss and time for 6% bentonite drilling 
mud treated with 10% glass under an applied pressure of 100 psi (689 kPa). The experimental 
test was conducted at ambient temperature and had duration of 30 minutes. Based on the 
experimental test, it was found that the 6% bentonite drilling mud mixed with 10% glass had 
a maximum fluid loss of 13.2 cm3 after being tested for 30 minutes at an applied pressure of 
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100 psi (689 kPa). At an applied pressure of 100 psi (689 kPa), the maximum fluid loss in-
creases by 3% as the glass treatment increases from 0% to 10%. The API and Kinetic models 
have accurately predicted the experimental results with a high level of agreement. 

  
Figure 3. The variation of fluid loss versus time for 
untreated 6% bentonite drilling mud tested at 
room temperature under 100 psi (689 kPa). 

Figure 4. The variation of fluid loss versus time for 
10% glass treated 6% bentonite drilling mud 
tested at room temperature under 100 psi (689 kPa). 

The graphs in Figures 5, 6, 7, and 8 illustrate the changes in fluid loss over time for 6% 
bentonite drilling mud treated with 20%, 30%, 40%, and 50% glass, respectively, at an ap-
plied pressure of 100 psi (689 kPa). Experimental testing was conducted at ambient temper-
ature and lasted for 30 minutes. The experimental tests have demonstrated that the 6% ben-
tonite drilling mud, when treated with 20%, 30%, 40%, and 50% glass, experienced maxi-
mum fluid loss values of 17.6 cm3, 15.2 cm3, 13.2 cm3, and 16 cm3, respectively, after a final 
testing duration of 30 minutes. These results were obtained under an applied pressure of 100 
psi (689 kPa). At an applied pressure of 100 psi (689 kPa), the maximum fluid loss increases 
by 29% for the glass increase from 0% to 20%. 

  
Figure 5. The variation of fluid loss versus time for 
20% glass treated 6% bentonite drilling mud 
tested at room temperature under 100 psi (689 kPa). 

Figure 6. The variation of fluid loss versus time for 
30% glass treated 6% bentonite drilling mud 
tested at room temperature under 100 psi (689 kPa). 

 

  
Figure 7. The variation of fluid loss versus time for 
40% glass treated 6% bentonite drilling mud 
tested at room temperature under 100 psi (689 kPa). 

Figure 8. The variation of fluid loss versus time for 
50% glass treated 6% bentonite drilling mud 
tested at room temperature under 100 psi (689 kPa). 

The maximum fluid loss is fluctuated with different glass treatment, particularly; the final 
maximum fluid is increased by 29%, 12%, and 18% at 20%, 30% and 50% of glass treatment 
respectively. However, the final maximum fluid is decreased by 3% at 40% glass treatment. 
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Thus, 10% and 40% of glass treatments have the same effects in decreasing the maximum 
fluid loss by 3% while 20%, 30% and 50% of glass treatments have various impacts in in-
creasing the final fluid loss. In general, the glass treatment has the tendency to increase the 
fluid loss due to their effect in separating the clay particles and facilitate the water to move 
faster in the same observed time. 

The API and kinetic models have accurately forecasted the relationship between fluid loss 
and time for both untreated and glass-treated drilling muds. Table 1 presents a clear overview 
of the information pertaining to all the instances that were examined. Due to the mathematical 
fact that the API model represents an infinite fluid loss at an infinite time (which is impossible), 
the API model, along with the kinetic model, was able to correctly estimate the behavior of 
fluid loss throughout the analyzed period of 30 minutes. The API and Kinetic models achieved 
maximum R2 values of 0.9995 and 0.9953, respectively. The minimal RMSE values for the API 
and Kinetic models were 0.1069 and 0.2725, respectively. 

Table 1. Fluid loss model prediction parameters for untreated and glass treated bentonite drilling mud 
tested at 25oC. 

Bentonite 
(%) 

Glass 
(%) 

API model Kinetic model 
Vo 

(cm3) 
M R2 RMSE(cm3) Vo 

(cm3) N A5 B5 R2 RMSE(cm3) 

6 0 0 2.5 0.9969 0.2273 0 0.5 0.33 0.026 0.9945 0.3018 
6 10 0 2.4 0.9946 0.2912 0 0.5 0.33 0.028 0.9953 0.2725 
6 20 0 3.2 0.9995 0.1069 0 0.31 0.13 0.015 0.9700 0.8852 
6 30 0 2.7 0.9914 0.4155 0 0.35 0.23 0.016 0.9813 0.5846 
6 40 0 2.5 0.9921 0.3542 0 0.35 0.23 0.019 0.9951 0.2801 
6 50 0 3 0.9926 0.3993 0 0.4 0.25 0.017 0.9826 0.6145 

To check the effectiveness of using the glass as a replacement material in the drilling mud, 
the maximum absolute fluid loss (%) was quantified as follows: 

Maximum Absolute Fluid Loss (%) = |A6−B6|
B6 

∗ 100  (22) 

where: A6 is the maximum fluid loss value for glass treated drilling mud; and B6 is the maxi-
mum fluid loss value for untreated drilling mud. 

Figure 9 presents the value of the maximum absolute fluid loss (%) versus glass (%). The 
maximum absolute fluid loss (%) values of glass treated drilling mud were in the range of 3% 
to 29%. It should be noted that these values reveal that the glass trash can be used as a 
replacement material in the drilling mud with minimal effects on the fluid loss behavior. Ac-
cordingly, the glass material can be used as sustainable material in terms of preserving the 
fluid loss values within the acceptable limits.  

 
Figure 5. The variation of maximum absolute fluid loss (%) with glass (%). 
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6.3. Rheological characteristics analysis 

A rheological experimental test was conducted on untreated 6% bentonite drilling mud at 
a temperature of 25°C. Furthermore, comparable experimental trials have been conducted on 
6% bentonite drilling mud that was treated with different amounts of glass, ranging from 10% 
to 50% of the weight of bentonite. 

The association of shear stress with the shear strain rate of untreated 6% bentonite drilling 
mud at a temperature of 25oC is illustrated in Figure 10. Four distinct models, including the 
power law, Bingham, Herschel-Buckley (H-B), and Hyperbolic models, have been employed. 
The accuracy forecasts for all the model parameters have been reported in Table 2. The un-
treated 6% bentonite drilling mud exhibited a maximum recorded shear stress of 18 Pa at a 
shear strain rate of 1021 (1/s) at a temperature of 25oC. The hyperbolic model outperformed 
all other models in predicting the maximum shear stress, with the greatest R2 value of 0.9936 
and the lowest RMSE value of 0.2826 Pa. 

 
Figure 6. The variation of shear stress versus shear strain rate for untreated 6% bentonite drilling mud 
tested at 25oC. 

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

Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 0 7.45 2.2 0.31 0.9591 0.6533 8.5 0.01 0.9516 0.7782 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 0 8.5 0.09 0.67 0.9536 0.7619 8.5 50 0.052 0.9936 0.2826 

The association of shear stress versus shear strain rate for a 10% glass (by weight of 
bentonite) treated with 6% bentonite drilling mud at a temperature of 25oC is illustrated in 
Figure 11. Four different models, namely the power law, Bingham, Herschel-Buckley (H-B), 
and Hyperbolic models, were utilized. The parameters of each model, along with their accuracy 
predictions, are summarized in Table 3. The maximum measured shear stress for the 10% 
glass-treated 6% bentonite drilling mud at 25oC was found to be 19.5 Pa at a shear strain rate 
of 1021 (1/s). All the models accurately predicted the maximum shear stress, with the hyper-
bolic model performing the best, exhibiting the highest R2 value of 0.9860 and the lowest 
RMSE of 0.3178 Pa. 
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Figure 7. The variation of shear stress versus shear strain rate for 10% glass treated 6% bentonite 
drilling mud tested at 25oC. 

Table 3. Models prediction parameters for 10% glass treated 6% bentonite drilling mud tested at 25oC. 

Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 10 11.48 6 0.165 0.9553 0.5196 12 0.007 0.9832 0.3486 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 10 12 0.064 0.68 0.9502 0.6012 12 70 0.067 0.9860 0.3178 

The association of shear stress versus shear strain rate of a drilling mud containing 20% 
glass (by weight of bentonite) and 6% bentonite, treated at a temperature of 25°C, is depicted 
in Figure 12. Four distinct models, including the power law, Bingham, Herschel-Buckley (H-
B), and Hyperbolic models, have been employed. The accuracy estimates for all the model 
parameters have been given in Table 4. The highest recorded shear stress for a drilling mud 
consisting of 20% glass and 6% bentonite at a temperature of 25°C was 28.5 Pa. The maxi-
mum shear stress occurred at a shear strain rate of 1021 (1/s). The hyperbolic model outper-
formed all other models in accurately predicting the maximum shear stress, with the greatest 
R2 value of 0.9950 and the lowest RMSE value of 0.2365 Pa. 

 
Figure 8. The variation of shear stress versus shear strain rate for 20% glass treated 6% bentonite 
drilling mud tested at 25oC. 

Table 4. Models prediction parameters for 20% glass treated 6% bentonite drilling mud tested at 25oC. 
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Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 20 18.34 11 0.13 0.8964 0.9846 19.5 0.009 0.9810 0.4610 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 20 19.5 0.04 0.77 0.9299 0.8875 19.5 105 0.009 0.9950 0.2365 

The association of shear stress versus shear strain rate for a 30% glass (by weight of 
bentonite)-treated 6% bentonite drilling mud at a temperature of 25°C is identified in Figure 
13. Four distinct models, including the power law, Bingham, Herschel-Buckley (H-B), and Hy-
perbolic models, have been employed. The accuracy forecasts for all the model parameters 
have been given in Table 5. The highest recorded shear stress for drilling mud containing 30% 
glass and 6% bentonite at a temperature of 25°C was 30.5 Pa. The maximum shear stress 
occurred at a shear strain rate of 1021 (1/s). The hyperbolic model outperformed all other 
models in predicting the maximum shear stress, with the greatest R2 value of 0.9915 and the 
lowest RMSE value of 0.3249 Pa. 

 
Figure 9. The variation of shear stress versus shear strain rate for 30% glass treated 6% bentonite 
drilling mud tested at 25oC. 

Table 5. Models prediction parameters for 30% glass treated 6% bentonite drilling mud tested at 25oC. 

Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 30 19.93 12 0.129 0.8967 1.0368 21.2 0.009 0.9803 0.4959 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 30 21.2 0.02 0.88 0.9569 0.7339 21.2 105 0.007 0.9915 0.3249 

The association of the shear stress versus shear strain rate of a 40% glass (by weight of 
bentonite)-treated 6% bentonite drilling mud at an ambient temperature of 25°C is presented 
in Figure 14. Four distinct models, including the power law, Bingham, Herschel-Buckley (H-
B), and Hyperbolic models, have been employed. The accuracy forecasts for all the model 
parameters have been given in Table 6. The highest recorded shear stress for a drilling mud 
consisting of 40% glass and 6% bentonite, at a temperature of 25oC, was 33 Pa. The maximum 
shear stress occurred at a shear strain rate of 1021 (1/s). The hyperbolic model outperformed 
all other models in predicting the maximum shear stress, with the greatest R2 value of 0.9949 
and the lowest RMSE value of 0.3454 Pa. 
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Figure 10. The variation of shear stress versus shear strain rate for 40% glass treated 6% bentonite 
drilling mud tested at 25oC. 

Table 6. Models prediction parameters for 40% glass treated 6% bentonite drilling mud tested at 25oC. 

Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 40 20.40 12 0.135 0.9084 1.3486 20 0.013 0.9794 0.6993 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 40 20 0.03 0.88 0.9812 0.6683 20 50 0.025 0.9949 0.3454 

The association of the shear stress versus shear strain rate of a drilling mud containing 
50% glass (by weight of bentonite) and 6% bentonite at a temperature of 25°C is presented 
in Figure 15. Four distinct models, including the power law, Bingham, Herschel-Buckley (H-
B), and Hyperbolic models, have been employed. The accuracy forecasts for all the model 
parameters have been given in Table 7. The highest recorded shear stress for a drilling mud 
consisting of 50% glass and 6% bentonite at a temperature of 25°C was 37 Pa. The maximum 
shear stress occurred at a shear strain rate of 1021 (1/s). All of the models accurately pre-
dicted the maximum shear stress. Among them, the Bingham model performed the best, with 
the greatest R2 value of 0.9847 and the lowest RMSE value of 0.5338 Pa. 

Table 7. Models prediction parameters for 50% glass treated 6% bentonite drilling mud tested at 25oC. 

Bentonite 
(%) 

Glass 
(%) 

Power law model Bingham model 
τo 

(Pa) 
A1 B1 R2 RMSE(Pa) A2 

(Pa) 
B2 

(cP) R2 RMSE(Pa) 

6 50 23.90 14 0.136 0.9429 0.9416 25 0.012 0.9847 0.5338 

Bentonite 
(%) 

Glass 
(%) 

Herschel-Buckley (H-B) Model Hyperbolic model 
A3 

(Pa) 
B3 

(Pa.s) C1 R2 RMSE(Pa) A4 
(Pa) 

B4 
(cP) 

D1 
(Pa-1) 

R2 
(Pa)-1 RMSE(Pa) 

6 50 25 0.028 0.88 0.9766 0.6603 25 43 0.045 0.9834 0.5557 
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Figure 11. The variation of shear stress versus shear strain rate for 50% glass treated 6% bentonite 
drilling mud tested at 25oC. 

7. Conclusion 

The API fluid loss model has increased nonlinearly with time where this model has no limit 
for the maximum encountered fluid loss. However, the kinetic hyperbolic model limited the 
quantified maximum fluid loss by (Vo + N/B). Moreover, the kinetic model can take into ac-
count the effect of applied pressure whereas the API model ignored the effect of applied pres-
sure. For 30 minutes laboratory testing period, the tested 6% bentonite drilling mud had a 
maximum fluid loss of 13.6 cm3 whereas adding 20% glass to 6% bentonite drilling mud has 
increased the maximum fluid loss to 17.6 cm3.  

For the tested pressure of 100 psi (689 kPa) and at 30 minutes testing time, the maximum 
fluid loss is increased by 29% as the glass is increased from 0% to 20%. For 50% glass 
treatment, the maximum fluid loss of 6% bentonite drilling mud is increased by 18% for 100 
psi (689 kPa) applied pressure and 30 minutes testing time. The maximum laboratory shear 
stress for 6% bentonite drilling mud was 18 Pa at 25o C testing temperature while adding 10% 
glass to 6% bentonite drilling mud has increased the maximum shear stress to 19.5 Pa for the 
same testing temperature.  

Adding 50% glass to 6% bentonite drilling mud has increased the maximum shear stress 
by 90% at 25o C testing temperature and this value was the greatest obtained shear stress 
compared to other tested glass treatment. All the utilized models for predicting the maximum 
shear stress for  both untreated and glass treated 6% bentonite drilling mud were very good 
and the hyperbolic model was the best with a maximum R2 of 0.9950 and a minimum RMSE 
of 0.2365 Pa.   
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