
Abstract
Optimization of drilling parameters during drilling operations aims to optimize weight on bit and bit 
rotation speed to obtain maximum drilling rate as well as minimizing the drilling cost. The first step to any 
drilling optimization process is to identify critical parameters that will influence enhance drilling activity 
and reduce overall drilling cost.
 The process of drilling optimization is considered to be formation specific. A statistical method 
such as multiple linear regression technique has been used for analyzing the parameters related to the 
drilling process and the developed model. However, a model may be developed by modification of an 
existing model to enhance its predictive potential. In this work, Bingham rate of Penetration model has 
been modified using actual field data collected through well monitoring and data recording systems. This 
predicts the rate of drilling penetration as a function of predetermined parameters. 
 The drilling rate of penetration (ROP) has been modelled as a function of independent drilling 
variables such as weight on bit, rotation speed of the string, drilling fluid weight, and formation 
characteristics using multiple regression approach. 

Introduction
Future oilfield resource developments are 
dependent on drilling wells in cost efficient 
manners (1). For that reason future management 
of oilfield drilling operations will face new 
hurdles to reduce overall costs, increase 
performances and reduce the probability of 
encountering problems (1). Different methods 
from different disciplines are being used in recent 
times in drilling activities in order to obtain a 
safe, environmentally friendly and cost effective 
well construction (2).
 In the drilling industry, the first well 
drilled in a new field (a wildcat well) will 
generally have the highest cost (3). With 
increasing familiarity to the area optimized, 
drilling could be implemented decreasing costs 
of each subsequent well to be drilled until a point 
is reached at which there is no more significant 
improvement  (4) .  Therefore,  dr i l l ing 
optimization is the logical process of analyzing 
effects and interactions of drilling variables 

through mathematical modeling to achieve 
maximum drilling efficiency (1). The process 
involves the post appraisal of offset well record 
to determine the cost effectiveness of selected 
control variables (4). This may include mud type, 
hydraulics, bit type, weight on bit and rotary 
speed. The variables that offer the best potential 
for improving the drilling process are identified 
(4). A final optimized drilling program is 
prepared and then will be implemented in the 
field.
 Major drilling variables considered to 
have an effect on drilling rate of penetration 
(ROP) are not fully comprehended and are 
complex to model. There are many proposed 
mathematical models which attempt to combine 
known relations of drilling parameters. The 
proposed models worked to optimize drilling 
operation by means of selecting the best bit 
weight and rotary speed to achieve the minimum 
cost (5). Considerable drilling cost reductions 
have been achieved by means of using the 
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available mathematical models. It is important to 
bear in mind that formation properties, which are 
uncontrollable are one of the most critical factors 
in drilling performance determination (6, 10). 
Drilling fluid properties and bit types, though 
controllable are not considered a good drilling 
practice to change in ordinary bit runs (6, 11). 
However, hydraulics, the weight applied to the 
bit and rotary speed are among the controllable 
factors.

Drilling Parameters
The success of drilling optimization is closely 
related with the quality of the recorded drilling 
parameters. The parameters recorded for drilling 
optimization are critically important to be 
representative of data they are meant to reflect. A 
brief description of the drilling parameters is 
deemed necessary to be explained.
WOB: It is the abbreviation for “Weight on Bit”. 
It represents amount of weight applied onto the 
bit that is then transferred to the formation which 
in turn is the energy created together with string 
speed that advances drill string. 
RPM: This parameter stands for “revolution per 
minute”. It represents the Rotational speed of the 
drill string. 
Depth: The value of depth, in other words, the bit 
position.
ROP: This parameter is the most important 
parameter, since all of the calculations in this 
study are based on estimations of Rate of 
Penetration (ROP). It is measured through the 
relative change of the position of the block in 
time (6). Accurate calibrations are very important 
in order to have a representative ROP parameter. 

Objective of This Study
The first step of any drilling optimization process 
is being able to describe the drilling process. It 
has been reported that drilling optimization 
should be based on accumulated and statistically 
processed empirical data rather than working 
with implicit relations (7). It is therefore 
necessary to establish a mathematical model that 
will effectively model a drilling process and 
predict rate of penetration from which the drilling 
parameters can be optimized.
 The objective of this research study is to 
create a methodology which would achieve the 

following:
Develop a model that will effectively Ÿ
predict the drilling rate of penetration for a 
particular formation and for a specific 
drilling process.
Achieve the exponents of multiple Ÿ
regressions specific to a formation which 
are necessary and will be used in the 
general rate of penetration equation. Such 
exponents as for formation strength 
parameter, normal compaction coefficient, 
bit weight and rotary speed will be 
determined.

Bingham Model
In this study Bingham model has been used and 
modifications were made to improve its capacity 
to predict the rate of penetration for a drilling 
process.
 Several attempts have been made to 
combine various drilling variables into a single 
optimization model, Bingham's equation is one 
commonly used for this purpose:

(1.1)

Where:
dD/dT = penetration rate, ft. /hr.
a = matrix strength constant
d = formation drillability (drillability constant)
W = weight on bit, 1000 lbf

D = bit diameter, inchesb

N = rotary speed, revolutions/minute (RPM)

It assumes a threshold bit weight of zero, a value 
of one for the rotary speed constant and perfect 
bottom hole cleaning. It accounts for formation 
and other effects by assigning constants (a and d) 
based on local drilling conditions. Other 
correlations have been developed to describe 
how mud properties, formation characteristics 
and other variables affect penetration rate. The 
term drillability constant describes the effect of 
formation strength and bit type on penetration 
rate, as well as the effects of drilling variables 
that have not been mathematically modeled. It is 
a dimensionless constant, and is numerically 
equal to the penetration rate that would be 
attained under the defined "normalized 
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conditions. However, Jordan and Shirley re-
organized this equation to be explicit in “d”. This 
equation was then simplified by assuming that the 
rock which was being drilled did not change (a = 
1) and that the rotary speed exponent (e) was 
equal to one (1). The rotary speed exponent has 
been found experimentally to be very close to 
one, this removed the variables which were 
dependent on lithology and rotary speed 
developed by Keith and Tow . 

The Bingham drilling rate of penetration 
model finally reduces to:

(2)

The following equations were developed and 
used to generalize the above equation and 
provide for universal applications.

(3)

Model Description
Using the data set below, the predicted rate of 
penetration can be obtained and a plot of the 
normal field rate of penetration versus the 
Bingham rate of penetration can be generated. 
The analysis of the data with this model will be 
performed using the Microsoft excel worksheet 
program. In this analysis values of one (1) will be 
assumed for both the matrix strength constant 
and the rotary speed constant.

             Table 1:Field Data From (Kinabalu East -1, 1990).
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The table below shows the process and result of analysis using the Bingham model.

Table 2: Results For Bingham Model

The Bingham model considers only two 
parameters in its analysis of drilling variables 
(weight on bit and rotary speed) and prediction of 
the drilling rate. The table above shows that the 
Bingham model does not predict the drilling rate 
quite effectively particularly in the Niger Delta 

environment, as there exists large variances 
between the predicted values of rate of 
penetration and the actual field rate of 
penetration. The graph below shows the level of 
variance between the Bingham's model 
prediction and the actual field rate of penetration.

Figure 1: Field ROP Vs Bingham ROP.
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Limitations of the Bingham Model
There are quite a few reasons why the Bingham 
model does not give accurate prediction. The 
following are some of the major limiting factors 
to the model:

1. The model assumes matrix strength 
constant exponent factor of unity or one 
(1). This is only theoretical as different 
formations in real conditions usually 
have varying values for their matrix 
strength factor.

2. The model also assumes rotary speed 
constant exponent factor of one (1). This 
is also impractical as literature values of 
rotary speed exponents or coefficient 
factors shows that rotary speed 
constants vary from about 0.2 to 2.0 
depending on the various formations 
characteristics. 

A modification to the Bingham's model was 
developed and multiple regression analysis 
approach applied to generate the variable 
exponents that will be used for the optimization 
process. The choice to use multiple regressions 
can be justified by the fact that as seen above it is 
a process that quite effectively predicts drilling 
rate, which means that the exponents it generates 
are accurate and representative of the drilling 
process.

Modification of the Bingham Model for Rate 
of Penetration 
As previously stated the Bingham model only 
considers two parameters that are known to have 
an effect on drilling rate of penetration. But from 
literature we know that other independent 
variables that are known to have effects on rate of 
penetration are:

1. Compaction effect
2. Tooth wear
3. Bit hydraulics
4. Pressure differential  among others …

In this work the “formation compaction effect” 
was included to the Bingham rate of penetration 
model and observes that this modification 
produces better prediction of the rate of 
penetration. 

Formation Compaction Effect
The primary effect of formation compaction 
considers an exponential decrease in penetration 
rate with increasing depth. In other means this 
assumes increasing rock strength with depth due 
to normal formation compaction. This function 
also considers the effect abnormally pressured 
formations. In other words, within over-
pressured formations, rate of penetration is 
going to show an increased behavior. There is an 
exponential increase in penetration rate with 
increasing pore pressure gradient. The aspect of 
the function that considers exponential decrease 
in penetration rate with depth is known as normal 
compaction while the aspect that considers the 
exponential increase in penetration rate within 
abnormally pressured zones is known as the 
under compaction effect. We will use two 
different functional expressions from literature 
to denote the effect of normal compaction and 
under compaction as follows:

X (Normal Compaction) = (10000-D) (4)1
0.69X (Under Compaction) = D (G -9)  (5)2 P

Where, 
D = depth
G  = pore pressure gradient.p

The original Bingham model is defined as;

For the sake of simplicity, we will refer to the 
Bingham model parameters as x , therefore,0

X0

Rate of penetration is affected by weight on bit, 
rotary speed, and now we will include formation 
compaction factor. The equation then becomes;

(6)

In the above, “a” is the general or total formation 
drillability/matrix strength constant (exponent). 
The model above will be analyzed with the use of 
multiple regression on Microsoft excel to 
produce the improved rate of penetration 
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Testing the Modified Model
The table below shows multiple regression 
results from using the modified Bingham model 
above.

            Table 3: Multiple Regression Results for Modified Model

prediction. In running this model on excel ,the 
natural logarithms of the selected variables will 
be used . Hence ROP, weight on bit, rotary speed 
and compaction factor will be expressed as:

Rop = LN Rop    (7)

Weight on bit = LN  (8)

Rotary speed = LN         )  (9)

Normal compaction = LN X (10)1 

Under compaction = LN X  (11)2

Figure	2:	Field	ROP	Vs	Modified	Model	Prediction
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Figure 2 shows better prediction after 
modifications. The result is an indication of 
improved exponents constant values generated 

and the use of these exponents in optimizing 
various parameters will give better optimization. 
Below are the exponents generated

Table 4: Constants for the Data Set.

VARIABLES  CONSTANT VALUES

WEIGHT ON BIT

 

0.4448

ROTARY SPEED

 

1.2756

NORMAL COMPACTION 3.63E-05

UNDER COMPACTION -0.00069

Validation of Modified Model
For the validation of the modified model, another 
set of data were used with further multiple 
regression carried out, determining the 

respective constant coefficients of the various 
variables and obtaining predicted rate of 
penetrations.

Table 5: New Data Set.
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Table 6: Field ROP VS Modified Model.

Table7: Constant Values for New Data Set

VARIABLES  CONSTANT VALUES

WEIGHT ON BIT

 

0.85

ROTARY SPEED

 

0.088

NORMAL COMPACTION 0.0004

UNDER COMPACTION 0

The chart below then shows the predicted ROP against the field ROP for the new data set.

Figure 3: New Field ROP VS Modified ROP Model.
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The modified model with the new data set also 
gives better prediction than the original Bingham 
model. Multiple regression gives output results 
specific to the respective formations within the 
subject borehole diameter.

Conclusion
The key objective of this study is to predict the 
rate of penetration using the generated drilling 
parameters in order to optimize the drilling 
process and ultimately reduce cost. Multiple 
regression technique used proved efficient in 
predicting rate of penetration during the actual 
drilling activities. The ROP performance 
predictions were obtained by utilizing the 
regression coefficients specific to a formation. 
The results of a multiple regression process for a 
well in a particular field can therefore be applied 
as an offset data for drilling another well with 
same characteristics in the same or nearby field. 
Modern well monitoring equipment such as 
MWD/LWD are required in order to collect the 
necessary drilling data. Multiple regression can 
then be used to determine the constants defined in 
the developed general rate of penetration 
equation. Corrections were applied to the data set 
during the analysis, and the spiky trends of the 
data were eliminated. The results showed that 
much more accurate predictions of the rate of 
penetration can be achieved using this method.
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