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(57) Abstract: A system includes a drill string having a drill bit to drill a target wellbore, a processor, and a machine-readable medium.
The machine-readable medium having program code executable by the processor to cause the processor to determine a mechanical
specific energy (MSE) response during drilling of the target wellbore and determine a property of a formation around the target wellbore
based on the MSE response.
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PREDICTIVE LITHOLOGY AND FORMATION TYPE FOR BOWNHOLE BRILLING
BACKGROUND

6001} The disclosure generally relates to the field of hvdrocarbon recovery, and more
particudarly, to predictive lithology and formation type for downhole drilling for hydrocarbon

FECOVETY.

[¢062] Hydrocarbons, such as oif and gas, are commonly obtained from subterrancan
formations that can be located onshore or offshore. The development of subterranean operations
and the procesaes mvolved in drilling for hydrocarbons from a subterrancan formation are
complex. Typically, sabterrancan operations involve a number of different possible responses to
drilling events such as, for example, increasing drilling speed when encountering soft formation
lavers, stopping the drill when reaching a geostopping point, and replacing a dnill bit when

cthylene is detected at the surface.

[(4063] As wells are established, 1t 15 often useful to obtain information about the well and the
geological formations through which the well passes. Information gathenng can be performed
using tools that are coupled with or integrated into the drill string. The process of "measurement
while drilling (MWD)” uses measurement tools to determine various downhole characteristics,
such as formation and wellbore temperatures and pressures, the trajectory of the dnil bit, ete.
Information gathering can also occur in the process of "logging while drilling (EWB)." which
imchides using imaging tools to form an image of the wellbore and the geological formation
surrounding the wellbore to determine additional formation propertics such as permeability,
porosity, resistivity, and other properties. The mformation obtamed by MWD and LWD allows

operators to make real-time decisions and changes to ongoing drilling operations.

BRIEF DESCRIPTION OF THE DRAWINGS

[6604] Examples of the disclosure can be better understood by referencing the accompanying
drawings.
[6005] FIG. 1 depicts a svstem for drilling, accordimg to some embodiments.

[6606] FIG. 2 depicts a flowchart of operations to use Mechanical Specific Energy (MSE)
response values to predict lithology and/or formation type for downhole drilling, according to

some embodiments.
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(0007} FIG. 3 depicts a flowchart of operations to use MSE response values and
geomechanical data to predict lithology and/or formation type for downhole drilling, according

to some embodunents.

[60D8] FIG. 4 depicts a flowchart of operations to use MSE response values, geomechanical

(9]

data, and geochemistry data to predict bithology and/or formation tyvpe for downhole dnlling,

according to some embodiments.

[ FIG. 5 depicts a flowchart of operations to respond to formaton-specific events and

take corrective action for downhole drilling, according to some embodiments.

6618} FIG. 6 depicts a formation log including a MSE plot line, a shear wave plot line, and

10 acompression wave plot line, according to some crabodiments.
[Beit] FIG. 7 depicts an example predictive matnx, according to some embodiments.

6612} FIG. 8 depicts an example computer device, according to some embodiments.

DESCRIPTION OF EMBODIMENTS

[0013] The description that follows includes example systeras, methods, techniques, and
15 program flows that embody embodiments of the disclosure. However, it 1s understood that this
disclosure can be practiced without these specific detatls. For mstance, this disclosure refers to a
examples. Embodiments of this disclosure can also be applied to other WOB equations, such as
cquations based on roughness measurements, drilling temperatures, etc. In other instances, well-
20 known mstruction instances, protocols, structures and techniques have not been shown in detail

in order not to obtuscate the description.

[0G14] Various embodiments melude operations during dalling to determine propertics (¢.g.,
mechanical, chemical) of formations 1o produce a predicted mineralogy and hithology prior to

conventional downhgole tools being able to detect a change in the formation. Such embodiments

N
(4

allow for changes or correction in the drilling operations to oocur more quickly in comparison {o
using conventional downhole tools. For example, a predicted mineralogy or lithology can result
mn geostopping, increasing in drilling speed or direction, ete. For mstance, a predictive matrix can
be created based on data from the drilling of previous wells. To illustrate, this predictive matrix

can be based on data from previcus wells that are located in a same or similar basin in which a

]



(9]

10

20

o
[

30

WO 2018/212781 PCT/US2017/052456

target well is to be drilled. Accordingly, the development of a predictive matrix in a basin-

specitic approach can allow for the reduction in need for near-bit dowunhole tools for mnferred

estimation of lithology.

[B015] Some embodiments include operations for determining lithology from a mechanical
specific energy (MSE} response during a downhole dnlling operation. MASE can be correlated
with both the drilling efficiency of a drilling operation as well as the lithology of geological
media. Geological media can mclude any type of material below the surface of the carth such as
rock, sand, salt, eic. The lithology can include any type of information that can be used to
wdentify the material properties and/or physical characteristics of geological media meluding rock
stiffness, toughness, roughness, grain size, phability, etc. The lithology of the geclogical media

being drilled through can be used to increase operational responsiveness during a dritling

operation.
[6016] Existing methods for determining lithology often make use of additional downhole

tools which can add to the cost or complexity of a drilling operation. Some embodiments provide
a method o determine lithology at the drill bit during a dridling operation using MSE response
values. The method of using MSE response values to determine lithology can operate
mdependently of any method requiring additional downbole tools. For example, some
embodiments can operate independent of operations that use downhole remote sensing tools such
as sonic sensors, electromagnetic sensors or radicactive sensors. Previous MSE response values
from a well previously drilled 1n the same basin or a different basin can be used as a bascline set
of MSE response values. These previous MSE response values can be combined with a bascline
set of lithology values to produce a matrix. This matrix can be a complex data structure and can
mclude data tables relating MSE response values to lithology values and formation types.
Accordingly, some embodiments can determine predicted lithology values of geological media
around or below the wellbore downhole based on MSE response values. In turn, a formation type
{such as basalt, shale, salt, igneous rock, etc.} arcund or below the wellbore downhole can be
determined or predicted based the predicted Iithology values. Thus, the type of the different
formations that are currently bemng dritied through or will be drilled through based on current
drilling operations can be predicted based on the MSE response values. Additionally, some
embodiments can combine MSE response valugs, geomechanical data, and geochemistry data
mto a predictive matrix that can further enhance the accuracy of lithology and formation type

predictions time during a dnlling operation.

(U9
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(0017} Also, some embodiments can perform vanous operations related to or affecting the
drilling in response to the predicted formation types. For example, speed of the drilling can
merease m response to predicting that a tvpe of the current formation being drilled through is
above a brittleness threshold. Anocther example operation 1s to stop dnlling in response {o
predicting that a current formation type is defined as a geostopping point. Alternatively, or in
addition, some embodiments can perform operations in response {o a measureroent that is outside
a predicted range. For example, dnlling operations can be stopped in response to a measured

MSE response value that is outside an acceptable error range of a predicted MSE response value.

Example Svstems

[0¢18] FIG. 1 depicts a system for drilling, according to some embodiments. A system 100
can form a portion of a drilling ng 102 located at the surface 104 of a well 106, The drilling nig
102 can provide support for adnll string 108, The dnll string 108 can operate to penctrate a
rotary table 110 for drilling a borehole 112 through an upper formation layer 162, a middle
formation layer 163, and a lower formation laver 164. The drill stnng 108 can include a Kelly
116, a drill pipe 118, and a bottom hole assemblv 120, perbaps located at the lower portion of the

drill pipe 118,

{6619} The bottom hole assembly 120 can include dnill collars 122, a down hole tool 124,
and a dnll bit 126, The dnll bit 126 can operate to create the borehole 112 by penctrating the
surface 104, the upper formation layer 162, the middle formation layer 163, and the lower
formation laver 164, The down hole tool 124 can include any of a number of different types of

tools mcluding MWD tools, LWD tools, and others.

(6626} During dniling operations, the dnll string 108 (perhaps meluding the Kelly 116, the
drill pipe 118, and the bottom hole assembly 120} can be rotated by the rotary table 110,
Although not shown, in addition to, or aliernatively, the bottom hole assembly 120 can also be
rotated by a motor {c.g., 2 mud motor) that is located down hole. The drill collars 122 can be
used to add weight to the dall bit 126, The dull collars 122 can also operate to stiffen the bottom
hole assembly 120, allowing the botiom hole assembly 120 to transfer the added weight to the
drilf bit 126, and m turn, to assist the deill bit 126 i penctrating the surface 104 and subsurface

formations [62-164.
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0021} Dunng driiling operations, a mud pump 132 can pump drilling fluid {(sometimes
known by those of ordinary skill in the art as “drilling mud”) from a mud pit 134 through a hose
136 mnto the doll pipe 118 and down to the dnll bit 126, The dnlling flwid can flow out trom the
drill bit 126 and be returned to the surface 104 through an annular arca 140 between the dnll
pipe 118 and the sides of the borchole 112, The drilling fluid can then be returned to the mud pit
134, where such fluid is filtered. In some embodiments, the dnlling fluid can be used to cool the
drill bit 126, as well as to provide lubrication for the drill bit 126 during dnilling operations.
Additionally, the drilling fluid can be used to remove subsurface formation cuttings created by

operating the drill bit 126

[60¢22] In some embodiments, the systemn 100 can include the drill collar 122 and the down
hole tool 124, to house onc or more apparatus. Thus, the toom “housing” can inchude any one or
more of a dnill collar 122 and a down hole tool 124 {wherein each can include an outer surface,
to enclose or attach to magnetometers, acoustic transduccers, fluid sampling devices, pressure
measurement devices, temperature measurement deviees, time measurement devices,
transmitters, receivers, repeaters, acquisition and processing logic, and data acquisition systems).

The down hole tool 124 can include a down hole tool such as an LWD tool or MWD tool.

(6623} In some embodiments, the system 100 can include a display 196 to present timing
measurement mformation, both measured and processed/adjusted, as well as database
mformation, perhaps in graphic form. The system 100 can also include computation fogic,
perhaps as part of a surface logging tacility or a computer workstation to send signals to
transmitters and to receive signals from receivers, and other instrumentation o deternune
properties of the upper formation layer 162, middle formation laver 163, and the lower formation

laver 164, basced on the received signals, or calibrated versions thereof,

[¢024] In some embodiments, the down hole tool 124, a sensor attached to the drill bit 126, a
sensor attached 1o the dnll pipe 118, a sensor attached to the Kelly 116, and/or a sensor attached
to a top drive can operate o determine a MSE response value. For example, the down hole tool
124 can include a sensor and a processor to determine a MSE response value. In some
embodiments, the MSE response can be determined based on measurements that can be acquired
at the surface, such as rotation rate, torque, WOB, and rate of penetration. The system 100 can
perform operations to predict lithology and/or formation type based on MSE response values.
Additionally, the svstem 100 can perform operations to correct or alter dnilling operations based

on the predicted lithology and/or formation tvpe. For example, these operations can be
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performed by a processor in the down hole tool 124 and/or a device at the surface. For instance,
the system 100 can mclude a processor that uses the MSE response values to determine lithology
and/or formation tvpe of the upper formation laver 162, middle formation layer 163, and the

lower formation layer 164, based on the received signals, or calibrated versions thereof.

5 Example Operations
[0¢25] Example operations are now described for determining MSE response values daring a
drilling operation to predict ithology and/or formation type of the formations surrounding or
below the wellbore being drlled. Additionally, the drlling operation can be altered or corrected

based on the predicted lithology value and/or formation type.

10 [B026] FIG. 2 depicts a flowchart of operations to use Mechanical Specific Energy (MSE)
response values to predict lithology and/or formation type for downhole drilling, according to
some embodiments. Operations of a flowchart 200 can generate a predictive matrix based on a
set of basehine MSE response values and a set of lithology values. Operations ot the flowchart

200 can be performed by software, hardware, firmware, or a combination thereof. For example,

[
(v

with reference to an example computer device depicted in FIG. 8 {further described below), a
processor 801 can execute mstructions to perform operations of the flowchart 200. With
reference to FIG. 1, the processing can be performed by a processor downhgole (¢ g, integrated

into the down hole tool 124} and/or by a processor at the surface.

0627} Operations of the flowchart 200 are separated into three operational subgroups. A
20 first operational sabgroup 280 includes operations at blocks 202-21¢. The first operational
subgroup 280 includes operations to build a predictive matrix from one or more baseline well
systems. A second operational subgroup 281 includes operations at blocks 230-236. The second
operational subgroup 281 includes operations to predict lithology and/or formation type using
the predictive matrix during drilling of a target well. A third operational subgroup 282 includes
25 operations at blocks 230-256. The third operational subgroup 282 includes operations to alter or
correct drilling operations at the target well based on the predicted lithology and/or formation

type. Operations of the flowchart 200 begin at block 202

[6028] At block 202, one or more operational inputs are determined during a drilling
operation at one or more baseline well systems. A baseline well system can include any well
30 system used to deternine a predictive matnx and can be located at the same well or located at a

different well relative o the target well. For instance, a bascline well system can include a well
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that is located in a same or similar ficld or basin in which a target well is to be drilled. An
operational input can be anv value that can be directly or indirectly changed during a drilling
operation. For example, operational inputs can include a WOB, dniling mud density, bit rotation
speed, downhole measurements, surface measurements {¢.g., from other rig equipment or a drill
savery, measurements provided by third-party systemsg, etc. In some embodiments, the one or
more operational nputs can be determined by a controllable parameter during drilling operations
at the baseline well system. For example, with reference to FIG. 1, the WOB can determined by
selecting the weight of the drill string 108, controlling the drilling mud density and
mereasing/decreasing load on the Kelly 116, Alternatively, or in addition, the one or more
operational imputs can be determined by recording measured values from sensors. For example,
with reference to FIG. 1, the rotation speed of the drill bit 126 can be determined by recording

the rotation speed measurement from a sensor attached to the dnll bit 126,

0029} At block 204, baseling MSE response values are determined based on the one or more
operational inputs. In some embodiments, the MSE response value can be determined with
Equation 1 below, where MSE is the MSE response value measured in kilo pounds per square
mch (kpst), £m1s the mechanical efficiency, WOB is the weight on bit measured in pounds, D 1s
the bit diameter measured i inches, NV 1s the bit rotation speed measured in rotations per minute,
7'1s the drill string rotational torque measured in foot-pound, and ROP is the rate of penetration

measured in feet per hour:

(’ 4 x WOB 480 X N, xT )

MSE = £, X > + = (1
A x DZ2x 1000 D2 x ROP X 1000 ()

[¢039] For example, as shown in Equation 1, 1f £ 15 0.5, WOB 15 10,000 pounds, 715 2.00
mches, Np 15 200 rotations per minute, 718 50 foot-pound, and ROP is 500 feet/hour, then the

MSE response value can be determined to be approximately 5.58 kpsi,

[6631] At block 206, baseline lithology values and/or baseline formation type data are
determined. In some embodiments, the lithology values can be determuined by the use of acoustic,
clectromagnetic, surface/borchole seismic, or radioactive testing instruments. Alternatively, or in
addition, the lithology values can be determuned by extracting core samples at representative
depths and testing the core samples to determine hithology values at the representative depths.
For example, with reference to FIG. 1, core samples drilled at every 200 fect along the borehole
112 can be used to determine the mechanical properties of the geological media around the

borehole 112 in 200 feet intervals.
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[0032] Formation type data can be deternuned by identifyving one or more formation types
based on the lithology values and assigning the one or more formation tvpes to the depihs.
Formation type data can be a guantitative or categornical description of the set of depths and therr
assigned formation types. Formation types and the estimated depths and/or depth ranges that
they are assigned to can be combined to form expected stratigraphy data. Expected stratigraphy
can include at least one of a specific formation type and a category of formation types at a depth
range below the surface of the earth. For example, a stratigraphy with a specitic formation type
can include a table that lists dolomite at a depth from O feet to 2000 feet below the well and
calcite at depths from 2000 feet to 5000 feet below the well. A stratigraphy with categories of
formation types can include a table that lists sedimentary rock at 0 to 3000 teet below the well
and igneous rock from 5000-9500 feet below the surface. Altematively, or in addition, the
baseling lithology values and baseling formation type data can be determined through subsurface
sonic, electromagnetic, or radicactive measurements. For example, with reference to FIG. 1, the
down hole tool 124 can provide LWD measurements {¢.g., electromagnetic or acoustic
measurements) of the subsurface formation as it is moving down the borehole 112, The
clectromagnetic measurements can be processed and analyzed to determing the formation types

along the borchole wall at a plurality of depths.

[6033] At block 208, bascline downhole data are determined during the drilling operation at
one or more baseline well systems. The downhole data can include other parameters that can be
measured by well tools in the borehole or at the surface. The downhole data include measured or
calculated values of parameters such as temperature, resistivity, magaetic field, stress waves, etc.
For example, with reference to FIG. 1, the down bole tool 124 can measure the values of
corapression waves and shear waves generated by dolling activity duning the drlling operation.
To further illustrate, an example formation log that includes MSE response values, shear wave
values, and compression wave values, over a range of depths i3 depicted in FIG. 6, which is

further described below.

[0034] At block 210, a predictive matrix is generated based on the operational mputs,
bascline downhole data, baseline MSE response values, bascline lithology values, and/or
baseling formation type data. In some embodiments, the predictive matrix can melude a3 two-
dimensional table that allows one-to-one mapping of a range of MSE response valuesto a
formation tvpe. For example, with reference to FIG. 1, MSE response values ranging from [00-
500 kpst can be measured at a vertical depth of 0-500 feet 1n the upper formation layer 162, and

MSE response values ranging from 750-2000 kpsi can be measured at a vertical depth of 500-

8
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550 feet m the middle formation laver 163. The upper formation layer 162 can be determined to
have a stiffness of 25 gigapascals (GPa) and a formation type of shale. The middie formation
tayer 163 can be determined to have a stiffness of 60 GPa and a formauon type of igneous roc
The operation can determine the predictive matnix as a matrix that maps the MSE response value
range of 100-300 kpsi to the formation type of shale, and maps the MSE response value range of
750-2000 kpsi to the formation type of igneous rock. To further illustrate, an example predictive
matrix that includes MSE response value ranges, hithology values, and formation types is

depicted in FIG. 7, which is further described below.

[6035] Alternatively, the predictive matrix can be a data structare including coefficients that
can be used to couple lithology values (and/or formation types) with combined data from the
baseline MSE response values, operational inputs, and/or downhole data. o some embodiments,
a methodology based on multi-vanable correlation analysis {e.g., principle component analvsis
(PCA), factor analysis (FA), support vector machines (SVM), ete.} can be used to determine the
predictive mairix. For example, PCA can be used {o generate a variance-covariance matrix and a
set of cocfficients. The variance-covariance matrix and set of coefficients can be used to
determine lithology values when provided with baseline lithology values and values from a set of
parameters. For example, the baseling hithology values can inchude a set of known toughness
values over a range of depths, and the values from a set of parameters can include MSE response
values, shear wave values, compression wave values, mud density values, etc. After performing
PCA on the set of known toughness values and the set of parameters, the predictive matrix can
mchide a vanance-covariance matrix and a set of cocfficients that can be used to determine a
toughuness value based on a MSE response value, shear wave value, compression wave value,

mud density value, efe.

[6636] At block 230, dalling operations are mitiated at a target well system. In some
embodiments, the target well system can be in physical proximity to the baseline well system
such that the subsurface formation layers of the two well systems are similar. For example, the
borehole surface of the target well svstem can be 100 feet away from the borchole surface of the
baseline well system. Alternatively, the target well system can be turther away from the baseline
well system or even in a different geological basin, In some embodiments, the target well system
can be in physical proximity to one or more first baseline well systems and not in physical
proximity to one or more second bascline well systems. Additionally, each of these first and

second baseline well systems may or may not be in a same geological basin,

O
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[¢037] At block 232, one or more operational inputs and downhole data are determined
during a driiling operation at the target well svstent. The operational inputs at the target well
system can be determined using one or more operations that are the same as or similar to the
operations for the baseline well system described above at block 202, The downhole data at the
target wel svstem can be determined using one or more operations that are the same as or similar

to the operations for the bascline well system described above at block 208,

[6038] At block 234, a target MSE response value is deternuned based on the operational
mputs at the target well system. The MSE response value can be determined using one or more
operations that are the same as or similar to the operations for the baseling well gystems

described above at block 204.

16639} At block 236, a predicted lithology value and/or predicted formation tyvpe are
determined based on the predictive matrix, the target MSE response value and the downhole
data. In some embodiments, determining the predicted formation type can include determining a
range in the predictive matrix that the target MSE response valae is within. The predicted
formation type can then be determined o be the formation type mapped o the range. For
example, a target MSE response value can be 250 kpsi and can be determined to be within a 100-
500 kpsi range of a predictive matrix. If the 100-500 kepi range 1s mapped to the formation type
of shale in the predictive matrix, the predicted formation type can be determined to be shale.
Altematively, other lithclogy values can be used in place of formation type. For example, the
100-500 kpsi range can be mapped to a rock toughness range. In some embodiments, the

predicted formation type can be determined to be a pliable formation type such as salt/halite.

(0046} In some embodiments, determining the predicted formation type can include using a
set of coefficients that account for other operational inputs. The set of coefficients can be
coefficients for a matnx or set of lingarized equations that can be used to characterize the
rclations {¢.g., lincar relations, polvnomial relations, logarithmic relations, ctc.) between the
operational mputs and MSE response values. For example, the predictive matrix can include a
set of eigenvalue coefficients that can be used to determine a predicted stiffness based on a MSE

response value, shear wave value, compression wave value, mud density value, etc.

[¢041] At block 250, a determination is made of whether the hithology value and/or
formation type triggers an alarm. In some embodiments, the formation type triggers an alarm
when the formation type 1s a triggenng formation type. A formation type can be a triggering
formation type when it is defined as a geostopping point. For example, with reference to FIG. 1,

10
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the lower formation layer 164 can have a formation type of basalt. If the formation layers that are
classitied as basalt arc geostopping points, then an alarm of “GEOSTOPPING POINT” can he
triggered when the predicied formation type 18 basalt. Alternatively, the formation type can
trigger an alarm when the formation type 18 not an expected formation type. For example, with
reference to FIG. 1, the lower formation layer 164 can be predicted to be shale at a depth of 2000
feet while the expected formation type at a depth of 2000 feet can be basalt. After the drill bit
126 1s dnlled to a depth of 2000 feet, if the predicted formation type is shale, an alarm can be
triggered because the predicted formation tvpe dogs not match the expected formation type. In
some embodiments, an alarm can be triggered when the difference between a measured MSE and
expected MSE value is greater than a threshold {e.g., 1n the case of salt creep/MSE mobility). In
addition, other lithology values such as stiffness, toughness, or pliability can be used in place of
formation type to trigger an alarm. If the hithology value and/or the formation tvpe do not trigger
an alarm, operations of the flowchart 200 continue at block 252 I the tithology value and/or the

formation tvpe do trigger an alarm, operations the flowchart 200 continue at block 254

[6042] At block 252 the drilling operation 1s continued without any change in operational
mputs. For example, with reference to FIG. 1, 1f the dnill bit 126 1s drilling through the middle
formation laver 163 and no alarms are {riggered, the operation can continue dritling without any
change in operational inputs such as the mud puop rate, WOB, etc. Operations of the flowchart

200 along this path arc complete.

[6043] At block 254, an alarm is triggered. For example, an alarm can be triggered to notify
an operator. In some embodiments, the operator can be a human operator and the alarm can
mform the operator to perform an activity. For example, the alarm can be that a basalt laver has
been reached by the drill bit and the signal can mmform the operator to increase drilling speed.
Alternatively, the operator can be a computer. For example, the alanm can be i response to
determining that a formation type was not reached at an expected depth. The signal can be an

mstruction to stop drilling operations and send an error flag to a remote facility.

[(044] At block 236, a corrective action 1s taken based on the alarm. In some embodiments,
a corrective action can be taken by a3 person at the target well system. For example, the alarm can
be in response to the borchole penetrating into a pliable formation and the corrective action can
be for the person to initiate a hole-cleaning operation. Alternatively, a computer system can
perform a corrective action in response to the alarm. For example, with reference to FIG. 1, the

alarm can be 1n response to the dri bit 126 becoming a metamorphic drill bit. The computer
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systern can stop dritling and cause the drill bit to be raised to the surface. The drill bit can then be

replaced by a new drill bit. Operations of the flowchart 200 along this path are complete.

{0045} FIG. 2 depicted operations that use MSE response values o predict lithology and/or
formation tvpe. In some cmbodiments, the MSE response values can also be used to modify
existing lithology models {e.g., change an expected formation type o a predicted formation tvpe
or modify lithological contact identification). Operations are now described that use MSE

response values and geomechanical data to predict lithology and/or formation type.

[6046] In particular, FIG. 3 depicts a flowchart of operations to use MSE response values
and geomechanical data to predict lithology and/or formation type for downhole drilling,
according to some embodiments. Operations of a flowchart 300 can generate a predictive matrix
based on a set of MSE, lithology, and geomechanical values. Operations of the flowchart 300
can be performed by software, hardware, firmware, or a combination thercof. For example, with
reference to an example computer device depicted in FIG. 8 (further described below), a
processor can execute instructions to perform operations of the flowchart 300, With reference to
FIG. 1, the processing can be performed by a processor downhole {e.g., integrated into the down

hole tool 124} and/or by a processor at the surface.

(0047} Operations of the flowchart 300 are separated into three operational subgroups. A
first operational subgroup 380 includes operations at blocks 302-310. The first operational
subgroup 380 includes operations to build a predictive matrix from one or more baseline well
systems. A second operational subgroup 381 includes operations at blocks 330-336. The second
operational subgroup 381 includes operations to predict lithology and/or formation tyvpe using
the predictive matrix during drilling of a target well. A third operational subgroup 382 includes
operations at blocks 350-356. The third operational subgroup 382 inclades operations to alier or
correct drilling operations at the target well based on the predicted lithology and/or formation
tvpe. Operations of the flowchart 300 begin at blocks 302, 306, and 3038,

[6(¢48] At block 302, one or more operational inputs are determined during a drilling
operation at one or more baseline well systems. For example, the operational inpuis can be

determined using ong or more operations that are the same or simular to the operations described

above at block 202 of FIG. 2.

[(049] At block 304, baseline MSE response values are determined based on the one or more

operational npats. For example, the baseline MSE response values can be determined using one
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or more operations that are the same or similar {¢ the operations described above at block 204 of

FiG. 2.

[60¢30] At block 306, previous formation MSE response values from the same basio or other
basins, geomechanical data, baschine lithology values, and/or bascline formation type data are
determined. Examples of geomechanical data can include pore pressure, permeability, stram
changes, etc. With respect to FIG. 2, the baseline lithology values and/or formation data can be
determined using one or more operations that are the same as or sunilar to the operations
described above for block 206. Previous formation MSE response values can be determined by
collecting the mformation from a data table. For example, with reference to FIG. 8 (further
described below), the MSE response values can be determined by accessing a data table stored in

the memory 807 or transferred through the network interface 8035,

[0051] Geomechanical data can include any data that relates to parameters that are functions
of both thud properties and rock mechanics, such as pore pressure values, permeability,
Potsson’s ratio, Young's modulus, strain changes, ete. In some embodiments, geomechanical
data can be determined from sensors or tools attached to a drilling system. For example, the
sensors or tools can provide pore prossure values that are coupled to a set of MSE response
values. With respect to FIG. 1, the down hole tool 124 can include a sensor that can be used to
provide the pore pressure and the MSE response valaes simultancously. Alternatively, the
geomechanical data can be determined from geomechanical simnilations. For example, a drlling
simulation can predict geomechanical data such as Biot effective stress parameters in a rock that
arc responsive 1o the operational inputs of the dalling operation. For example, with reference to
FIG. 8 (further described below), the geomechanical data can be determined by accessing a data

table stored 1o the memory 807 or transferred through the network mterface 8035,

[0052] At block 308, basehine downhole data are determined during the dnlling operation at
one or more baseline well systems. With respect to FIG. 2, the baschine downhole data can be
determined using one or more operations that are the same as or stmilar to the operations

described above for block 208.

0033} At block 310, a predictive matrix is generated based on the operational imputs,
baseline downhole data, baseling MSE response values, previous formation MSE response
values, geomechanical data, bascline lithology values, and/or bascline formation type data. in
some embodiments, the predictive matrix can be a complex data structure including values that
couple hithclogy values with MSE response values, geomechanical values, and operational
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mputs. In some embodiments, a methodology based on multi-variable correlation analysis can be
used to determine the predictive matrix. For example, PCA can be used to generate a variance-
covariance matrix and a set of coefficients. The varance-covariance matix and set of
coefficients can be used to determine lithology values when provided with baseline lithology
values and values from a set of parameters. For cxample, the baseline lithology values can
mclude a set of known toughness values over a range of depths, and the values from a set of
parameters can include MSE response values, shear wave values, and pore pressure values. After
performing PCA on the set of known toughness values and the set of parameters, the predictive
matrix can include a variance-covariance matrix and set of coefficients that can be used to
determine a toughness value based on a MSE response value, shear wave value, and pore

pressure value.

0054} At block 330, drlling operations are nitiated at a target well system. With respect to
FIG. 2, the dritling operations can be started using one or more operations that are the same as or

similar to the operations above for block 230.

[6055] At block 332, one or more operational mputs, downhaole data, and geomechanical
values are determined during the driling operation at the target well systern. With reference to
FI(5. 2, The operational inputs at the target well systern can be deternuned using one or more
operations that are the same as or similar to the operations for the baseline well system described
above at block 202, The downhole data at the target well system can be determined using one or
more operations that are the same as or similar to the operations for the baseline well svstem
described above at block 208. The geomechanical values at the target well system can be
determuned using one or more operations that are the same as or similar to the operations for the

bascline well system described above tor block 306.

[¢056] At block 334, a target MSE response value is determined based on the operational
mputs from the target well system. With reference to FIG. 2, the target MSE response value can
be determined using one or more operations that are the same as or similar to the operations

described above at block 234.

0057} At block 336, a predicted lithology value and/or predicted formation tyvpe are
determined based on the predictive matrix, target MSE response value. and geomechanical
values. In some embodiments, determining the predicted formation tvpe can include using a set
of coefficients that account for both MSE response values and geomechanical values. The set of
coefficients can be coefficients for a matnix or set of linearized equations that can be used to
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characterize the relations between the operational inpats, MSE response values, and
geomechanical values. For example, the predictive matrix can include a variance~covariance
matrix and set of coefficients that can be used to determine a toughness value when a MSE

response value, compression wave value, and pore pressure value are available.

0058} At block 350, a determination is made of whether the hithology value and/or
formation tvpe triggers an alarm. With reference to FIG. 2, the determination can be made using
one or morc operations that are the same as or similar to the operations described above in block
250, If the lithology value and/or the formation type do not trigger an alarm, operations of the
flowchart 300 continae at block 352 If the lithology valug and/or the formation type do trigger

an alarm, operations the flowchart 300 continue at block 354.

6059} At block 352 the drilling operation 1s continued without changing operational inputs.
With reference to FIG. 2, the drilling can be continued using onc or more operations that are the
same as or similar to the operations described above tor block 252, Operations of the flowchart

300 along this path are complete.

[8666] At block 354, an alarm 1s triggered. With reference to FIG. 2, the alarm can be
triggered using one or more operations that are the same as or similar to the operations descnibed

above for block 254,

6061} At block 356, corrective action can be taken based on the alarm. With reference to
FI1G . 2, the corrective action can be taken using onc or more operations that are the same as or
similar to the operations described above tor block 256, Operations ot the flowchart 300 along

this path are complete.

[6062] FIG. 3 depicted operations that use MAE response values and geomechancial data to
predict lithology and/or formation type. In some embodiments, the operations of flowchart 300
can also be used to modify existing lithology models. Operations are now described that use
MSE response values, geomechancial data, and geochemistry data to predict lithology and/or

formation type.

[6063] In particular, FIG. 4 depicts a flowchart of operations to use MSE response values,
geomechanical data, and geochemistry data to predict hithology and/or formation type for
downhole drilling, according to some embodiments. Operations of a flowchart 400 can gencrate

a predictive matrix based on a st of MSE, lithology, geomechanical, and goochemustry values.
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Operations of the flowchart 400 can be performed by software, hardware, firmware, or a
corbination thercof. For example, with reference to an example computer device depicted in
FIG. 8 (further described below), a proccasor 801 can execute instructions to perform operations
of the flowchart 400. With reference to FIG. 1, the processing can be performed by a processor

downhole {(e.g., integrated indo the down hole tool 124) and/or by a processor at the surface.

0064} Operations of the flowchart 400 are separated into three operational subgroups. A
first operational subgroup 480 includes operations at blocks 402-410. The first operational
subgroup 480 includes operations to build a predictive matrix from one or more baseline well
systems. A second operational subgroup 481 includes operations at blocks 430-436. The second
operational subgroup 481 includes operations to predict lithology and/or formation type using
the predictive matrix during drlling of a target well. A third operational subgroup 482 includes
operations at blocks 450-456. The third operational subgroup 482 includes operations to alter or
correct drilling operations at the target well based on the predicted lithology and/or formation

type. Operations of the flowchart 400 begin at block 402

[0065] At block 402, one or more operational inputs are determined during a drilling
operation at one or more baseline well systems. For example, the operational mnputs can be
determined using one or more operations that are the same as or similar to the operations

described above at block 262 of FIG. 2.

(6066} At block 404, baseline MSE response values are determined based on the one or more
operational inputs. For example, the baseline MSE response values can be determined using one
or more operations that are the same or stmilar to the operations described above at block 204 of

FIG. 2.

4067} At block 406, previous formation MSE response values from the same basin or other
basins, geochemistry data, geochemistry data, geomechanical data, basehine lithology values,
and/or formation tvpe data are determined. With reference to FIG. 2, the bascline lithology
values can be determined using one or more operations that are the same as or similar to the
operations for the basehne well svstems described above for block 206, With further reference to
FI(5. 3, the geomechanical data can be determined using one or more operations that are the

same as or similar to the operations for the basehine well systems described above for block 306,

(6063} Geochemistry data can be any data that relates to parameters that directly or indirectly

measure rock or fluid compositions, element/compound concentrations, or changes thergof In
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some embodiments, the sensors or tools can provide geochenusiry data that are coupled to a set
of MSE response values. For example, with reference to FiG. 1, the down hole tool 124 can
melude a sensor that measures values or changes in values of the magnesium concentration in
fluids traveling around the down hole tool 124, In addition, geochemistry data can be determined
from testing at surface facilitics. For example, with reference to FIG. 1, formation cuttings that
have been sent to the surface after being removed from the borchole 112 can be analyzed m a
spectrometer to determine a rock composition. In some embodiments, the geochemistry data can

be determined based on the results of magnetic resonance measurements,

(0069} At block 408, baseline downhole data are determined during the drilling operation at
one of more baseling well systerms. With respect to FIG. 2, the baseling downhole data can be
deternuned using one or more operations that are the same as or similar to the operations for the

baseline well systems described above for block 208,

[6670] At block 410, a predictive matrix is gencrated based on the operational mputs,
baseline downhole data, baseline MSE response values, previous formation MSE response
values, geomechanical data, geochemistry data, baseline lithology values, and/or baseline
formation type data. In some embodiments, the predictive matrix can be a complex data structure
meluding values that can couple lithology values with MSE response values, geomechanical
data, geochemistry data, operational inputs, ctc. In some embodiments, a methodology based on
multi-variable correlation analysis can be used to determine the predictive matrix. For example,
PCA can be used to generate a vanance-covariance matrix and a sct of cocfficients. The
variance-covariance matnx and set of coefficients can be used to determine lithology values
when provided with baseline lithology values and values from a set of parameters. For oxample,
the bascline lithologv values can include a set of known toughness values over a range of depths,
and the values from a set of parameters can include MASE response values, shear wave values,
pore pressure valoes, magnesium concentration values, etc. After performing PCA on the set of
known toughness values and the set of parameters, the predictive matrix can include a variance-
covanance matnx and a st of coefficients that can be used to detcrmine a toughness value based
on a MSE response value, compression wave value, pore pressure value, magnetic resonances,

mineral ratio and/or elemental concentration {e.g.

P

magnesium concentration value).

0671} At block 430, drilling operations are initiated at a target well system. With respect to
FIG. 2, the drilling operations can be started using one or more operations that are the same as or

similar to the operations for the baschine well system described above for block 230.
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[¢072] At block 432, one or more operational inputs, downhole data, geomechanical values,
and geochemistry values are determined durning the drilling operation at the target well system.
With reference to FIG. 2, The operational inpuis at the target well system can be deternune
using one or more operations that are the same as or similar to the operations for the bascline
well system described above at block 202, The downhole data at the target well system can be
deternuned using one or more operations that are the same as or similar to the operations for the
baseline well system described above at block 208, With reference to FIG. 3, the geomechanical
values at the target well system can be determined using one or more operations that are the
same as o7 stnilar to the operations for the baschine well systen descnbed above for block 306.
The geochemustry values at the target well system can be determined using one or more
operations that are the same as or similar to the operations for the baseline well system described

above for block 406.

{0073} At block 434, a target MSE response value is determined based on the operational
imputs from the target well system. With reference to FIG. 2, the MSE response values can be
determined using one or more operations that are the same as or sunilar to the operations

described above at block 234.

0674} At block 436, a predicted lithology value and/or predicted formation type are
determined based on the predictive matrix, target MSE response value, downhole data,
geomechanical value, and geochemistry value. In some embodiments, determining the predicted
formation type can mchude using a sct of cocfficients that account for MSE response values,
geochemistry values, and geomechanical values. The set of coefficients can be coefficients fora
matrix or st of hincarized cquations that can be used to characterize the between the operational
mputs, MSE responsc values, geomechanical values, and geochemistry values. For exarple, the
predictive matrix can include a vanance-covanance matrix and set of coefficients that can be
used to determine a toughness value when MSE response values, pore pressure values, and rock

magnesium concentration values are available.

[6075] At block 450, a determination i1s made of whether the hithology value and/or
formation type trigger an alarm. With reference to FIG. 2, the determination can be made using
the same methods described above in block 250, Ifthe hithology value and/or the formation type
do not trigger an alarm, operations of the flowchart 400 continue at block 452, If the lithology
value and/or the formation type do trigger an alarm, operations the flowchart 400 continue at

black 454,
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(0076} At block 452 the drilling operation is continued without changing operational inputs.
With reference to FIG. 2, the drilling can be continued using onc or more operations that are the
same as or similar to the operations described above tor block 252, Operations of the flowchart

400 along this path are complete.

18677} At block 454, an alarm 1s triggered. With reference to FIG. 2, the alarm can be
triggered using one or more operations that are the same as or similar to the operations descnibed

above for block 254,

[60¢78] At block 456, corrective action can be taken based on the alarm. With reference to
FI1G . 2, the corrective action can be taken using onc or more operations that are the same as or
similar to the operations described above tor block 256, Operations ot the flowchart 400 along

this path are complete.

6079} Whle FIG. 4 depicted operations that use MSEH response values, geomechanical data,
and geochemistry data, in some other embodiments operations can use just MSE response vahues
and geochemistry data to predict lithology and/or formation type. In some embodiments, the

operations of flowchart 400 can also be used to modify existing hithology models.

[6088] FIG. 5 depicts a tlowchart of operations to respond to formation-specific events and
take corrective action for downhole dnilling, according to some embodiments. Operations of a
flowchart 500 generate a predictive matrix based on a set of baseline MSE response values and a
set of lithology values. Operations of the flowchart 500 can be performed by software, hardware,
firmware, or a combination thereof. For example, with reference to an example computer device
depicted in FIG. 8 (further described below), a processor 801 can execute instructions to perform
operations of the flowchart 500. With reference to FIGS. 2-4, operations of the flowchart 500
can occur at least partially in parallel or after blocks 250, 350, and/or 450. Operations of the

flowchart 500 begin at block 502 and 306.

6081} At block 502, a plurality of inputs are determined. In some embodiments, the
plurality of mputs can be determined by accessing a data table of previousty stored valugs dunng
a dnlling operation. For example, with reference to FIG 4, the phurality of inpuis can be the
operational inputs, downhole data, geomechanical data, and/or geochemistry data determined at

block 432,
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[0082] At block 504, a MSE respounse value is determined based on the phirality of inputs.
With reference to FIG. 2, the MSE response value can be determined using operations that are

the same as or smular to operations at block 204 {described above).

(6083} At block 506, a known, detected, or observed stratigraphy is deternined. In some
embodiments, a stratigraphy can be determined from sonic, electromagnetic, or radioactive
measurements made of ncarby wells and/or wells i the same basin. For example, the
stratigraphy of five ncarbv wells can be determined and a distance-weighted averaging of
formation laver depths can be generated to torm an observed stratigraphy of a target well.
Alternatively, the stratigraphy can be determined based on measurements made by a tool
traveling down a borchole. For example, with reference to FIG. 1, the down hole tool 124 can
mclude a LWD sensor {e.g., an acoustic sensor and/or an clectromagnetic sensor) that can make

measurements as 1t moves down the borehole 12,

[(084] At block 508, an expecied MSE response value 1s determined based on the known,
detected, or observed stratigraphy. In some embodiments, the expected MSE response value for
a depth can be determined by determining the formation type at the depth. The predicted MSE
response value can be determined using a predictive matrix based on the formation type at the
depth. For example, based on the stratigraphy, the formation type at 3000 feet can be determined
to be shale. For instance, a predictive matrix can be vsed to correlate a MSE responsce with the
stratigraphy. For example, a predictive matrix can be created using operations that are the same

as or similar to the operations described at block 410 of FIG. 4 (described above).

[06085] At block 512, a determination is made of whether the MSE response is outside of an
error range of the expected MSE response value. In some embodiments, the error range of the
expected MSE response value can be based on a relative range of values. For example, the error
range of the expected MSE can be a range of values from 75% to 123% of the expected MSE
response value. Altematively, the error range of the expected MSE response values can be based
on an absolute range of values. For example, if the expected MSE response value 1s 10.0 kpsi,
the error range of the expected MSE can be a range of values within 2.0 kpsi of the expected
MSE response value (i.e. 8.0 kpsi to 12.0 kpsi). If the MSE response is outside of the error range
of the expected MSE response, operations of the flowchart 300 continue at block 350, Otherwise,
if the MSE response is not outside of the error range of the expected MSE response, operations

continue at block 514,
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[¢086] At block 514, dnilling operations are continued at the current operational nputs. The
operational mputs can include any parameter directly or indirectly controlled during the dulling
operation. For example, with reference to FIG. 1, if the dnill bit 126 had been rotating at a
rotation speed of 200 rotations per minute, the drill bit 126 can continue rotating at a rotation
speed of 200 rotations per minute during the drilling operation. Operations of the flowchart 500

along this path arc complete.

[(087] At block 550, a deternunation is made of whether the capability to detect one or more
flagged compounds from the target well exisis. Flagged compounds can include non-
hydrocarbon gases, alkanes, and alkenes. Examples of flagged compounds can include alkenes
such as ethylene, propylene, etc. In some embodiments, one or more sensors can be in the down
hole tool to provide the capability to detect one or more types of alkenes. For example, with
reference to FIG. 1, the down hole tool 124 can contain a sensor which can detect the presence of
cthylene and/or propylene. Alicmatively, or in addition, sensors or facilities at the surface of the
well system can provide the capability to detect an alkenc from the target well by capturing and
testing escaping gas mixtures, gas bubbles or fluids flowing from the target well. {f the capability
to detect an alkene from the target well exasts, operations of the flowchart 500 contimue at block
552. Otherwise, if the capability to detect an atkene from the target well does not exists,

operations of the flowchart 500 continue at block 554,

[0088] At block 352, a deternunation is made of whether a pliable formation was previously
or currently being drilled at the target well. In some embodiments, data from nearby wells or
wells in the same basin can provide evidence that a phable formation was previously dnlled.
Alternatively, a predicted formation type such as salt/halite can be identified as a pliable
formation during the drilling operation, which can denote that a pliable formation is currently
beng drilled. For example, operations similar to operations at block 436 of FIG. 4 can be used to
predict the formation tvpe. The predicted formation type may or may not be pliable. For
example, if the predicted formation type is salt, the formation is considered a pliable formation.
If a phiable formation was previously drilled or currently being dnitied at the target well,
operations of the flowchart 500 continue at block 356, Otherwise, if the pliable formation was
not previously dnlled or currently being drilled at the target well, operations of the flowchart 500

continue at block 558,

[0089] At block 5354, a deternunation is made of whether a pliable formation was previously

or currently being drilled at the target well. Operations for making this determimation can be the
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same or sitmilar to the operations described above at block 552, If a pliable formation was
previously or currently being drilled at the target well, operations of the flowchart 500 continue
at block 366, Otherwise, if the pliable formation was not previously or currently bemng drlled at

the target well, operations of the flowchart 500 continue at block 370,

(0096} At block 556, a determination 1s made of whether an alkene 1s apparent. In some
embodiments, an alkene can be apparent when a detected concentration 1s greater than zero.
Alternatively, the alkene can be determined to be apparent when an increase in the amount of
alkene 1s greater than a previous value or a predetermined threshold value. Alternatively, or in
addition, the alkene can be determined to be apparent when a rate of increase in the amount of
alkene is greater than a previous value or a predetermined threshold value. For example, with
reference to FIG. 1, a sensor on the down hole tool 124 can detect the presence of
cthvlene/propvlene and deteroune that the rate of concentration increase for ethyvlene/propviene
gas is greater than 50% of a previcusly measured rate of concentration tncrease for
cthylene/propviene gas, while a predetermined threshold value is 45%. In response to the
merease in cthyvlene/propyviene concentration being greater than the predetermined threshold
value, an alkene is determined to be apparent. If an alkene 1s apparent, operations of the
flowchart 500 continue at block 564, Otherwise, if an alkene is not apparent, operations of the

flowchart 500 continue at block 566,

(0091} At block 558, a deternunation is made of whether an alkene is apparent. Operations
for making this determination can be the same or similar to the operations described above at
block 556 If an alkene 1s apparent, operations of the flowchart 300 continue at block 364,

Otherwise, if an alkene is not apparent, operations of the flowchart 500 continue at block 570.

0092} At block 564, an operational response based on a determination of drill bit
metamorphism 1s performed. In some embodiments, the determination that alkene is apparent
can be evidence that the drill bit is generating sufficient encrgy to convert non-alkene
hydrocarbons into alkenes. The dnll bit could generate sufficient energy to perform this
conversion daring drilling operations if the drill bit was worn (i.e. drill bit metamorphism has
cecurred). In some embodiments, the operational response can be to stop drilling and replace the
drill bit. For example, with reference to FIG. 1, rotation of the drill bit 126 can be stopped and
brought to the surface. The dreill bit 126 can be replaced with a new drill bit. Operations of the

flowchart 300 along this path are complete.
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[0093] At block 566, an operational response based on a determination of wellbore creeping
or collapsc is performed. In some embodiments, the determination that the MSE response is
outside of the error range of the expected MSE response value and the determination that a
pliable formation has been previously or currently drilled at the target well can lead to a
determination that the pliable formation is creeping and/or collapsing. In some embodiments, the
operational response can be to stop drilling and initiate a hole-cleaning operation. For example,
with reference to FIG. 1, rotation of the dnill bit 126 can be stopped and the borehole 112 can be
treated so that debns, cuttings, and salts 1solated from the wellbore. Operations of the flowchart

500 along this path are complete.

[60494] At block 570, an operational response based on a determination of unexpected
formation change, such as stopping drilling operations, 15 performed. In some embodiments, the
determunation that the MSE response 1s outside of the error range can be made but neither a
determination that a phable formation has been drilled nor that a deternmination that an alkene 18
apparent can be made. This can lead to a determination that the dnill bit has drilled intc a
formation that was not expected to be at the current depth of the drill bit. In some embodiments,
the operational response can be to slow down a drilling speed or to stop dnilling operations. For
example, with reference to FIG. 8 (further described below), the drilling controller 814 can
reduce drilling speed or stop the drill bit from moving. Alternativelv, the operational response to
an unexpected formation change can be to increase the drilling speed. For example, if the
unexpected formational change 1s a change to a more brittle formation type, the drilling speed

can be increased.

[60G95] The flowcharts are provided to aid 1n understanding the iHlustrations and are not to be
used to luntt scope of the claims. The flowcharts depict example operations that can vary within
the scope of the claims. Additional operations can be performed: fewer operations can be
performed; the operations can be performed in parallel; and the operations can be performed in a
different order. For example, with reference to FIG. 2. the operations depicted in blocks 232-256
can be performed m parallel or concurrently. ¥t will be understood that each block of the
flowchart illustrations and/or block diagrams, and combinations of biocks in the flowchart
tHustrations and/or block diagrams, can be implemented by program code. The program code can
be provided to a processor of a general purpose computer, special purpose computer, or other

programmable machine or apparatus.
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Example Formation Log

[6096] FIG. 6 depicts a formation log including a MSE plot line, a shear wave plot line, and
a compression wave plot line, according to some embodiments. FIG. 6 depicis a formation log
600 with a v-axis that represents a vertical depth that ranges from 3250 feet to 5450 feet. The
formation log 600 also includes an x-axis with plot line-dependent ranges and plot line-
dependent units of measurement. The formation log 600 includes an MSE plot line 602 {depicted
as a solid line} with a solid white region to its left. The MSE plot line 602 includes MSE
response values ranging from { kpsi to greater than 1500 kpsi over the range of vertical depth.
The formation log 600 also includes a shear wave plot line 604 {depict as a dashed bine). The
shear wave plot line 604 includes shear wave values ranging from 190 microseconds per foot
{uspfy to -10 uspf over the range of vertical depth. The formation log 600 also includes a
compression wave plot line 606 {depicted as solid fme with circular dots). The compression
wave plot line 606 includes compression wave values ranging from 240 uspf to -10 uspf over the

range of vertical depth.

(6697} A dashed region 650 highlights a depth between approximately 3350 feet and 5373
feet. In the dashed region, the MSE response value increases from less than 300 kpsi to greater
than 1300 kpsi. the shear wave value decreases from greater than 130 uspfto less than 100 uspf,
and the compression wave value decreases from greater than 75 uspf to less than 55 uspf. As
shown in the dashed region 650, the difference between the greatest and least value in the MSE
plot line 602 is sigmificantly greater compared to the difference in erther the shear wave plot line

604 or the compression wave plot line 606.

[0098] In this example, a predictive matnix can be generated to predict lithology values and
formation types bhased on the MSE response values, compression wave values, and shear wave
values over the range of vertical depth. For example, with reference to FIG. 2, an example
predictive matrix can be used at block 236 at a depth of 5370 feet. At a depth of 5370 feet, the
MSE response value s 1300 kpst, the shear wave value is 95 uspf, and the compression wave
value 15 50 uspf. In some embodiments, the predicted formation can be determined to be
“igneons roek” because the example predictive matrix includes a data table that maps MSE
response values that range from 750 kpsi to 2500 kpsi to igneous rock. Altematively, the
predictive matrix can include a sot of coefficients that can produce a predicted stiffness value and
predicted toughness value when applied to the MSE response value, shear wave value, and

compression wave value at 5370 feet. By referencing the predicted toughness value and the
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predicted stiffngss value with known geological data tables, the predicted formation type is

determined to be “igneous rock.”

Example Predictive Matrix

[669¢] FIG. 7 depicts an example predictive matnix, according to some embodiments. FIG. 7
depicts an example predictive matrix 700 with columns that represent parameters and rows that
represent different records in the predictive matrix. The example predictive matrix 700 also
mcludes an MSE range column 702 in kpsi, a stiffhess range coluran 704 n gigapascals (GPa),
and a formation type column 706. Each of a shale row 752, a granite row 754 and an igneous
rock row 758 also include a range of values for the MSE range column 702, a range of values for

the stiffhess range column 704, and a label for the formation type column 706.

[ELE The example predictive matrix 700 can be used to predict a lithology valuc or a
formation tvpe based on a MSE value. For example, with reference to FIG. 2, a predicted
hithology and formation type can be determined based on a target MSE value of 1250 kpst and
the example predictive matrix at block 236. The MSE value of 1250 kpsi 1s between 750 kpsi
and 2500 kpsi, and thas would correspond with the ignecus rock row 758 and can provide a

determination that the stiffness is between 70-80 gigapascals.

Example Computer Device

0101} FIG. 8 depicts an example computer device, according to some embodiments. A
computer device 800 includes a processor 801 (possibly mcluding moltiple processors, multiple
cores, multiple nodes, and/or tmplementing multi-threading, etc.). The computer device 800
mcludes a memory 807, The menory 807 can be system memory {(¢.g., one or more of cache,
SRAM, DRAM, zero capacitor RAM, Twin Transistor RAM, ¢DRAM, EDO RAM, DDR RAM,
EEPROM, NRAM, RRAM, SONOK, PRAM, etc.) or any one or more of the above already
described possible realizations of machine-readable media. The computer device 800 also
meludes a bus 803 {e.g., PCL {SA, PCl-Express, HyperTransport® bus, InfimBand® bus,
NuBus, etc.} and a network mterface 805 (e.g., a Fiber Channel interface, an Ethernet interface,

an internet small computer system interface, SONET interface, wircless interface, etc.).

(6102} In some embodiments, the computer device 800 includes a response matrix builder
811, a formation predictor 812, and a drilling controlier 814. The response maftrix builder 811
can build one or more matrices for predicting lithology values and/or formation type based on

25



W

10

o
[

30

WO 2018/212781

PCT/US2017/052456

MSE response values (as deseribed above). The formation predictor 812 can perform one or
more operations for determining a predicted lithology value and/or formation type based on a
MSE response value during drilling (as described above). The drilling controller 814 can
perform one or more operations for controlling a drilling operation, such as stopping a drill bit,
lifting a dnll string, or changing a rotation speed {as desciibed above). Any one of the previously
descrbed functionalities can be partially {or entirely) implemented in hardware and/or on the
processor 801, For example, the functionality can be implemented with an application specific
mtegrated circuit, in logic implemented o the processor 801, in a co-processor on a peripheral
device or card, ctc. Further, realizations can include fewer or additional components not
tlustrated n Figure 8 {¢.g., video cards, andio cards, additional network interfaces, peripheral
devices, etc.. The processor 801 and the network interface 805 are coupled to the bus 803,
Although illustrated as being coupled to the bus 803, the memory 867 can be coupled to the
processor 801, The computer device 800 can be integrated into component(s) of the drili pipe
downhole and/or be a separate device at the surface that is communicatively coupled to the

component(s) of the drill pipe for performing the operations (as described herein).

(103} Ags will be appreciated, aspects of the disclosure can be embodied as a svstem,
method or program code/instructions stored in one or more maching-readable media.
Accordingly, aspects can take the form of hardware, software (including firmware, resident
software, micro-code, etc.), or a combination of software and hardware aspects that can all

29 6C

generally be referred to herein as a “circuit,” “modale” or “system.” The functionality presented
as individual modules/units 1 the example illustrations can be organized differently in
accordance with any one of platform (operating svstem and/or hardware), application ccosystem,

mterfaces, programmer preferences, programming language, administrator preferences, ete.

{6104} Any combmation of one or more machine-readable medium(s) can be utilized. The
machine-readable medium can be a machine-readable signal mediom or a machme-readable
storage medium. A machine-readable storage medium can be, for example, but not himited {o, a
sysiem, apparatus, or device, that employs any one of or combination of clectronic, magnetic,
optical, electromagnetic, infrared, or semiconductor technology to store program code. More
specific examples (a non-exhaustive hist} of the machine-readable storage medium would include
the following: a portable computer diskette, a hard disk, a random access memory (RAM), a
read-only memory {ROM), an erasable programmable read-only memory (EPROM or Flash
memory}, a portable compact disc read-only memory (CD-ROM), an optical storage device, a

magnetic storage device, or any suitabic combination of the foregoing. In the context of this
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document, a machine-readable storage medim can be any tangible medium that can contain, or
store a program for use by or in connection with an instruction exccution system, apparatus, or

device. A machine-readable storage medium is not a machine-readable signal medinm.

[3195] A machine-readable signal medium can include a propagated data signal with
machine readable program code embodiced therein, for example, 1n bascband or as part of a
carrier wave. Such a propagated signal can take any of a vanety of forms, including, but not
limited to, electro-magnetic, optical, or any suitable combination thercof. A machine-readable
signal medium can be any machine-readable medium that is not a machine-readable storage
medium and that can communicate, propagate, or transport a program for use by or in connection

with an instruction execution system, apparatus, or device.

16106} Program code embodied on a machine-readable medium can be transmitied using any
appropriate mediom, including but not himited to wireless, wircline, optical fiber cable, RF, cte ,

or any suttable combination of the foregomg.

[3197] Computer program code for carrving out operations for aspects of the disclosure can
be written in any combination of one or more programming languages, mcluding an object
oriented programming language such as the Java® programuming language, C++ or the like; a
dynamic programming language such as Python; a seripting language such as Perl programming
language or PowerShell script language: and conventional procedural programming languages,
such as the "C" programming language or similar programming languages. The program code
can execute entirely on a stand-alone machine, can execute m a distributed manner across
multiplc machines, and can execute on one machine while providing results and or accepting

mput on another machine.

[6108] The program code/instructions can aiso be stored in a machine-readable edium that
can direct a machme to function in a particular manner, such that the mstructions stored in the
machine-readable medium produce an article of manufacture including instructions which

mnplement the function/act specified in the flowchart and/or block diagram block or blocks.
Vanations

6109} While the aspects of the disclosure are described with reference to varnous
unplementations and exploitations, it will be understood that these aspects are illustrative and

that the scope of the claims is not limited to then. o general, technigues for determining a
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predictive matrix as described herein can be implemented with factlities consistent with any
hardware system or hardware svstems. Many variations, modifications, additions, and

mmprovements are possible

[0116] Plural instances can be provided for components, operations or structures described
herein as a single mstance. Finally, boundarics between various components, operations and data
stores are somewhat arbitrary, and particular operations are dlustrated in the context of specific
illustrative configurations. Other allocations of functionality are envisioned and can fall within
the scope of the disclosure. In general, structures and functionality presented as separate
compoenents in the example configurations can be implemented as a combined structure or
compoenent. Similardy, structures and functionality presented as a single component can be
mmplemented as separate components. These and other variations, modifications, additions, and

mprovements can fall within the scope of the disclosure.

6111} Use of the phrase “at least one of” preceding a list with the conmjunction “and” should
not be treated as an exclusive list and should not be construed as a list of categories with one
ttem from each category, vanless specifically stated otherwise. A clause that reciies “at least ong
of A, B, and C” can be infringed with only one of the listed 1tems, multiple of the listed ttems,

and one or more of the tems in the list and another e not listed.

Example Embodunents

G112} Example embodiments include the following:

0113] Embodiment 1. A system comprising: a drill string having a dull bit to dnill a target
wellbore; a processor; and a machine-readable medium having program code executable by the
processor to cause the proeessor to, determine a mechanical specific energy (MSE) response

during drilling of the target wellbore; and determune a property of a formation around the target

welibore based on the MSE response.

[6114] Embodiment 2: The svstem of Embodiment I, wherein the program code comprises
program code executable by the processor to, determine a weight on bit (WOB) excerted by the
drill bit during dnlling of the target wellbore; determine a rotation speed of the drill bit during

the drilling; deternune a rotational torque of the drill string during the drilling; detormine a rate

of penetration of the dull bitf during the dnlling; and determime a diameter of the dall bii,

28



(9]

10

[
(v

20

N
(4

WO 2018/212781 PCT/US2017/052456

wherein the program code exgcutable by the processor to cause the processor to determine the
MSE response comprises program code executable by the processor to cause the processor to
determine the MSE response based on the WORB, the rotation speed, the rotation speed; the rate

of penctration, and the diameter of the dnill bt

[6115] Embodiment 3: The system of Embodiments 1 or 2, the property of the formation

comprises a type of the formation.

6116} Embodiment 4: The system of any of Embodiments 1-3, wherein the property of the

formation comprises a lithology of the formation.

6117} Embodiment 5: The system of any of Embodiments 1-4, wherein the program code
comprises program code exccutable by the processor to cause the processor, alter the drilling of

the target wellbore based on the property of the formation.

[0118] Embodiment 6: The svstem of any of Embodiments 1-3, wherein the program code
executable by the processor to cause the processor to alter the drilling comprises program code
executable by the processor to cause the processor to stop the drilling in response to the

formation being a geostopping point based on the property of the formation.

[6119] Embodiment 7: The svstem of any of Embodiments 1-6, wherein the program code
comprises program cade executable by the processor to cause the processor to, generate, based
on drilling at least one baseline wellbore, a predictive matrix that includes a plurality of baseline
MSE response values and a phurabty of formation types, wherein cach of the plurality of baseling
MSE response values 1s correlated with one of the plurality of formation types, and wherein the
program code cxecutable by the processor to cause the processor to determine the MSE response
during drilling of the target wellbore comprises program code executable by the processor to

cause the processor to determine the MSE response based on the predictive matrix.

6820} Embodiment 8: One or more non-transitory maching-readable media comprising
program code, the program code executable by a processor to cause the processor to) detenmine a
mechanical specific encrgy (MSE) response during dritling of a target wellbore; and determine a

property of a formation around the target wellbore based on the MSE response.

[6121] Embodiment 9: The one or more non-transitory machine~readable media of
Embodiment 8, wherein the program code comprises program code executable by the processor

to cause the processor to, determine a weight on bit {(WOB) exerted by a drill bit of a drill string
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during drilling of the target wellbore; determine a rotation speed of the drill bit during the
drilling; determine a rotational torque of the drill string during the drilling; determing a rate of
penetration of the dnll bit during the drlling: and determine a diameter of the dnll bit, wherein
the program code executable by the processor to cause the processor to determing the MSE
response comprises program code executable by the processor to cause the processor to
detornune the MSE response based on the WOB, the rotation speed, the rotation speed; the rate

of penetration, and the diameter of the dnll bit.

6122} Embodiment 16 The one or more non~ransitory machine-readable media of

Embodiments 8 or 9, the property of the formation comprises a type of the formation.

[#123] Embodiment 11: The one or more non-transitory machine-readable media of any of
Embodiments 8-10, wherem the property of the formation comprises a lithology of the

formation.

6324} Embodiment 12: The one or more non-transitory machine-readable media of any of
Embodiments 8-11, wherein the program code comprises program code executable by the
processor to cause the processor to, alter the drilling of the target wellbore based on the property

of the formation.

[(6125] Embodiment 13: The one or more non-transitory machine-readable media of any of
Embodiments 8-12, wherein the program code executable by the processor to cause the
processor to alter the drlling comprises program code executable by the processor to cause the
processor to stop the drilling in response to the formation being a geostopping point based on the

property of the formation.

(126} Embodiment 14: The one or more non-transitory machine-readable media of any of
Embodiments 8-13, wherein the program code comprises program code executable by the
processor to cause the processor to, generate, based on drilling at least one baseline wellborg, a
predictive matrix that includes a plurality of baseline MSE response values and a plurality of
formation types, wherein each of the plurality of baseline MSE response values 13 correlated with
ong of the phurality of formation types, and wherein the program code executable by the
processor to cause the processor to determine the MSE response during drilling of the target
wellbore comprises program code exccutable by the processor to cause the processor to

determine the MSE response based on the predictive matnix.
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[0127) Embodiment 15 A method comprising: measuring at least one of a rotation speed of
a dnll bit of a drill string and a rotational torgue of the dnll string during drilling of a target
wellbore through a plurality of formations; determining a property of at least one formation of

the plurality of formations based on at least one of the rotation speed and the rotational torque,

W

wherein the property of the at least one formation comprises at least one of 3 lithology and a

type; and altering the drilling based on the property of the at least one formation.

[G128] Embodiment 16 The method of Embodiment 15, further comprising: measuring a
weight on bit {WOB) exerted by a drill bit of a drill string during the dnilling of the target
wellbore, wherein determiming the property of the at least one formation comprises determining

16 the property of the at least one formation based on the WOB.

6129} Embodiment 17: The method of Embodiments 15 or 16, further comprising:
determining a rate of penctration of the dull bit during the drilling, and whercin determining the
property of the at least one formation compnses determuning the property of the at feast one

formation based on the rate of penetration.

15 (9130 Embodiment 18 The method of any of Embodiments 15-17, further comprising:
determining a diameter of the drll bit, and wherein determining the property of the at least one
formation comprnses deternining the property of the at least one formation based on the diameter

of the drill bit.

(6131} Embodiment 19 The method of any of Embodiments 15-18, wherein altering the
20 dnlhing comprises stopping the drilling in response to the at least one formation being a

geostopping point based on the property of the at least one formation.

6132} Embodiment 26: The method of anv of Embodiments 15-19, further comprismg:
generating, based on drilling at least one baseline wellbore, a predictive matrix that inchides a
plurality of baseling MSE response values and a plurality of formation types, wherein ¢ach of the
25 phlorality of baseline MSE response values is correlated with one of the plurahity of formation
types, and wherein determining the property of the at least one formation comprises determining

the property of the at least one formation based on the predictive matax,

3
pmmst



WO 2018/212781 PCT/US2017/052456

WHAT IS CLAIMED 15:

1. A system comprising:
a drill string having a drill bit to dnll a target wellbore;
3 a processor; and
a machine-readable mediom having program code executable by the processor to cause
the processor to,
determine a mechanical specific energy (MSE) response during drilling of
the target welltbore; and
10 determine a property of a formation around the target wellbore based on

the MSE response.

2. The system of claim 1, wherein the program code comprises program code executable by
the processor to,
5 determine a weight on bit (WOB) exerted by the drill bit during drilling of the target
wellbore:
determine a rotation speed of the drill bit during the drilling;
determine a rotational torgue of the drill stning duning the drilling;
determine a rate of penetration of the dnill bit daring the drilling; and
20 determine a diameter of the drill bit,
wherein the program code executable by the processor to cause the processor to
determine the MSE response comprises program code executable by the processor
to cause the processor to determine the MSE response based on the WOB, the
rotation speed, the rotation speed; the rate of penetration, and the diameter of the

25 drill bit.

3. The system of claim 1, the property of the formation comprises a type of the formation.

4. The system of claim 1, wherein the property of the formation compnses a tithology of the

30 formation.

5. The system of claim 1, wherein the program code comprises program code executable by the
processor to cause the processor,

alter the dnlling of the target wellbore based on the property of the formation.

3
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5. The systom of claim 3, wherein the program code executable by the processor to cause
the processor to alter the drilling comprises program code executable by the processor to cause
the processor to stop the drlling m response to the formation being a geostopping point based on

the property of the formation.

7. The gsystem of claim 1, wherein the program code comprises program code executable by the

(v

processor 1o cause the processor to,

generate, based on drilling at least one baseline wellbore, a predictive matrix that
mcludes a plurality of baseline MSE response values and a plurality of formation
tvpes, wherein cach of the plurality of baseline MSE response values is correlated

16 with one of the plurality of tormation types, and

wherein the program code executable by the processor to cause the processor to
determine the MSE response during drilling of the target wellbore comprises
program code executable by the processor to cause the processor to determine the

MSE response based on the predictive matrix.

3. One or more non-transitory machine-readable media comprising program code, the
program code exccutable by a processor to cause the processor to:
determine a mechanical specific energy (MSE) response during drilling of a target
wellbore: and
20 determine a property of a formation around the target wellbore based on the MSE

TCSPOnse.

9. The ong or more non-transttory machine-readable media of claim 8, wherein the program
code comprises program code executable by the processor to cause the processor to,
25 determine a weight on bit (WOB) exerted by a dnll bit of a dnill string duning dnilling of
the target wellbore;
determine a rotation speed of the drill bit during the drilling;
determing a rotational torgue of the drill string during the drithing;
determine a rate of penetration of the dnill bit dunng the dnilling; and
30 determme a diameter of the dnil b,
wherein the program code executable by the processor to cause the processor to
determine the MSE response comprises program code exccutable by the processor

to cause the processor to determine the MSE response based on the WOR, the

3
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rotation speed, the rotation speed; the rate of penetration, and the diameter of the

drill bit.

10. The one or more non-transitory machine-readable media of claim 8, the property of the

formation comprises a type of the formation.

11. The one or more non-transitory maching-readable media of claim 8, wherein the property of

the formation comprises a lithology of the formation.

12. The one or more non-transitory machine-readable media of claim 8, wherein the program
code comprises program code executable by the processor to cause the processor to,

alter the dnlling of the target wellbore based on the property of the formation.

13. The one or more non-transitory machine-readable media of claim 12, wherein the
program code excoutable by the processor to cause the processor to alter the dnlling comprises
program code exccutable by the processor to cause the processor to stop the drilling in response

to the formation being a geostopping point based on the property of the formation.

14. The one or more non-transitory machine-readable media of claim 8, wherein the program
code comprises program code executable by the processor to cause the processor to,
generate, based on drilling at least one bascline wellbore, a predictive matrix that
includes a plurality of baseline MSE response values and a plurality of formation
types, wherein cach of the plorality of baseline MSE response values 1s correlated
with one of the plurality of formation types, and
wherein the program code executable by the processor to cause the processor to
determine the MSE response during dnlling of the target wellbore comprises
program code executable by the processor to cause the processor (o determing the

MSE response based on the predictive matrix.

15 A method comprising:
measuring at least one of a rotation speed of a drill bit of a drill string and a rotational
torque of the dnll string during drilling of a target wellbore through a plurality of

formations;

3
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16.

17.

18.

19

determining a property of at least one formation of the plurality of formations based on at
icast onc of the rotation speed and the rotational torque, wherein the property of
the at least one formation comprises at least one of a lithology and a type; and

altering the drilling based on the property of the at least one formation.

The method of claim 15, further comprising:

measuring a weight on bit (WOB) exerted by a dnill bit of a dnill string during the dnlling
of the target weltbore,

wherein deterining the property of the at least onc formation coraprnses determining the

property of the at least one formation based on the WORB.

The method of claim 16, further comprising:
determining a rate of penctration of the drill bit during the drilling, and
wherein determining the property of the at least one formation comprnises determining the

property of the at least one formation based on the rate of penetration.

The method of claim 17, further comprising;
determining a diameter of the drill bit, and
wherein determining the property of the at least one formation comprises determining the

property of the at least one formation based on the diameter of the drill bit.

The method of claim 15, wherein altering the drilling comprises stopping the drilling in

response to the at least one formation being a geostopping point based on the property of the at

least one formation.

20,

The method of claim 15, further comprising:

generating, based on drilling at least one baseline wellbore, a predictive matrix that
includes a plurality of baseline MSE response values and a plurality of formation
types, wherein cach of the plorality of baseline MSE response values 1s correlated
with one of the plurality of formation types, and

wherein determining the property of the at least onc formation corapnses determining the

property of the at least one formation based on the predictive matos.

3
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