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The development of drilling technology has been always oriented to cheaper and more
efficient drilling methods. For the sake of minimizing the cost of drilling, attempts should
be	made to the shorten all operations and increase the rate of penetration (ROP). This could
be achieved not only by developing the construction technology but also by materials used
for the production of tools, and the drilling process itself. The first analytical tools based
on the fundamental parameters of drilling, i.e. weight on bit (WOB), RPM, size of the bit
and strength of the rock. Theoretically, the rate of penetration depends on these simple
parameters, e.g. by increasing the rotations we should obtain better output as the tools
are cutting a larger volume of rock in a unit of time. Consequently, higher WOB allows
the teeth to penetrate deeper and cut a larger volume of rock. However, practical observa-
tions and experience verified this opinion. It was observed that not only simple mechanical
parameters are of importance. It is also hydraulics, i.e. pressure and stream of mud which
matter for the operating tool. Additionally the models started to be modified by such pa-
rameters as a description of rock formation, detailed design of the bit and its wear. Further
development led to the more advanced mathematical models for the analyses and simula-
tions based on complex sets of entry data [9]. The use of such models resulted in consider-
able drops of the cost of drilling and increase of average rates of penetration. Future work
should be focused on new drilling trends [10].
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The analyzed interval was drilled with a PDC tool in soft claystone intercalated with
medium-hard clayey shales. The process of drilling with a PDC tool is frequently described
with models for cutting bits. Such models describe two phenomena: cutting of the rock
and wearing of the tool. The PDC bits are highly durable, thanks to which can be used for
drilling long sections. Authors [7] indicate that the influence of the bit wear on the drop
of rate of penetration in medium-hard rock is insignificant. This happens because the wear-
ing of the tool in long drilling cycles, especially in soft and medium-soft sedimentary rocks
is insignificant from the point of view of the obtained footage. When drilling short intervals,
no wear which would have an effect on the obtained results is observed. Hence, the best
results are obtained when using a PDC tool in medium-hard sedimentary rocks and without
accounting for the bit wear, as in the analyzed case.

The process of drilling with cutting bits can be described with the momentary penetra-
tion rate in equations (1–3) [3, 6]:

V = (V0)–bt (1)

V = V0·e–at (2)

0

1

V
V

mt
=

+ (3)

where:
V – momentary rate of penetration [m/s],

V0 – initial rate of penetration [m/s],
b, a, m – coefficients of rate of penetration decrease,

t – time of drilling [s].

Authors [6] prove that an assumption of a minimal impact of the bit wear on ROP can
be made for low and medium-hard sedimentary rocks. Accordingly, it can be further as-
sumed that V = V0, where V0 is ROP for a bit which has not been worn away.

The initial value of the rate of penetration V0, depends on the weight on bit, rotational
velocity, rock properties and tool/rock interaction. Therefore a drillability coefficient is in-
troduced [2] as it characterizes this system:

0
k r

SP jV V Z P n= = ⋅ ⋅ (4)

0 SP jV V Z P nα= = ⋅ ⋅ (5)

0 jV V A Pβ= = ⋅ (6)
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where:
ZSP – drillability coefficient,

Pj – specific weight on bit [N/m],

n – rotational velocity of bit [1/s],

��	β 7 ������������	��	8!,	��	�������	
����	��	&!%�

��	α 7 ������������	��	�-'���	��	����������	
�������	��	�������	&!%1

Drillability ZSP is a parameter describing the rock/bit system and always has positive
values. This system is described with the use of two factors [4, 11], abrasiveness index,
which has an effect on the bit wear, and the index of rock strength, which describes its
resistance to drilling. The wearing of a bit is negligible, therefore ZSP is interpreted as a rock
property in this model. The higher is the drillability of rock, the higher are the rates of
penetration obtained with the same bit.

The MSE concept treats the drilling as a mechanical process characterized by mechan-
ical energy balance [8]. MSE shows what work has to be done to drill a given volume
of rock. The analysis of this parameter is helpful when optimizing the process of drilling as
it allows to detect sections where the drilling was inefficient. MSE is given with the follow-
ing formula [1]:

120
MSE

b b

P n T

A A V

π⋅ ⋅= +
⋅

(7)

where:
Ab – surface of a bit of diameter d [m2],

P – weight on bit [N],

T – rotational torque [N·m],

MSE – Mechanical Specific Energy [Pa].

The coefficient of bit’s sliding friction [5] was introduced to equation (7) in the follow-
ing form:

T

d P
μ =

⋅ (8)

In practice the following values can be assumed for this coefficient, i.e. 0.25 for tricone
bits, and 0.5 for PDC bits.

After introducing	���	�������	��������	�����������	μ	��	�9������	:2;�	$�	��
�.

13.33
MSE

b

P n P

A d V

⋅μ ⋅ ⋅= +
⋅

(9)
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MSE is a very useful optimization tool; by reducing it we can observe a significant
increase of the efficiency of drilling. Moreover, the analysis of MSE plots reveals in which
places too much energy has been spent, thus increasing the cost, which is not necessary if
we do not obtain a significant and profitable increase of ROP, or when it drops down. These
simple formulae are easily applicable in field conditions in the process of drilling in real-
time calculations.

/, �!�� %�%� )'� ������!(� ����

Figures 1 and 3 present the real data from a wellbore in the Pomerania Basin. This is
a set of two plots illustrating MSE, ROP and ZSP as a function of depth of the drilled
wellbore. Figures 2 and 4 graphically represent the rotational velocity of the bit, WOB
and gamma logs as a function of depth. The interval was drilled with the same tool, the
lithologically is homogeneous and no failures or bit break-downs occurred. MSE and ZSP

were calculated with formulae 4 and 9 on the basis of the measurement-while-drilling
(MWD) data.

Interval A is deposited at 1650 to 1800 m of depth. The analysis of Figure 1 reveals
that the bit operates in interval A at MSE only sporadically exceeding MSE of 250 MPa,
and in a majority of cases is equal to about 100 MPa. ROP obtained in this interval
ranges from 10 to 20, sometimes 25 m/h. Drillability ZSP ranges from 0.25·10–8 m2/N to
0.5·10–8 m2/N. Sometimes it may exceed both the lower and the upper limits.

The rotational velocity is about 210 rpm. WOB values oscillate between 40,000
to 80,000 N in the interval 1650 and 1725 m, and from 20,000 to 45,000 N in interval
1725 and 1800 m. Lower WOB would result in a slight decrease of ROP and a slight
increase of MSE. The oscillations in WOB measurements result from the inertia of the sys-
tem operating deep under the surface [5]. Gamma profiling shows that a tool operates in
a lithologically homogeneous layer.

To a depth of 1950 m the system operates at low MSE at 200 to 250 MPa, only locally
exceeding it. The rate of penetration oscillates between 15 and 30 m/h. The drillability is on
an average level of 0.25·10–8 m2/N. However from a depth of 1950 m the MSE rapidly
increases while ROP is maintained on a low level. This is accompanied by a drop of drill-
ability. ROP decreases from a predefined level to values rarely exceeding 15 m/h and in
a majority of cases is below 15 m/h, to reach 5 to 10 m/h in extreme cases. At the same
time the drillability decreases to a level locally exceeding 0.3·10–8 m2/N, on average to
0.125·10–8 m2/h. Interestingly, MSE increases from about 250 MPa to over 500 MPa, fre-
quently reaching 750, sometimes even 1000 MPa. This means that energy used for drilling
rocks increased at least twice, sometimes even 4 times.
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Additionally, the energy increase did not contribute to the higher rate of penetration,
which is a very important information. For this reason the drop of ZSP does not have any
connection with the change in lithology. Figure 4 shows the gamma profiling indications
in the analyzed interval B. The indications do not change which means that the lithology
is stable. This leads to the conclusion that the analysis of drillability changes as a variability
of rock hardness or damaged tools may lead to erroneous conclusions. These conclusions
may result in considerable energy losses when WOB and RPM have not been properly
adjusted. This can be seen on the MSE plot of energy used in the process of drilling of
a given volume of rock.

The analysis of drilling parameters revealed that the area of MSE increase and drop of
ROP and ZSP, correlates with the area where the bit rotations were increased. This is visual-
ized in Figure 4. The change of drillability of rock was a result of changes of drilling param-
eters without optimization properly performed, not a change of rock properties or damaged
tool, as could be expected without examining the MSE plot.
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