FORMATION EVALUATION

LWD for Imaging, Wellbore Placement,
and Formation Evaluation

Logging-while-drilling  (LWD)
ments are widely available for a variety of
applications. Many of the first generation
LWD measurements are similar to those
obtained traditionally with wireline meth-
ods. However, there are measurements
available now that are either complemen-
tary or are entirely unique compared with
traditional wireline measurements.

measure-

Introduction

LWD borehole-seismic measurements can
enable placing the bit on the seismic map or
producing a seismic-impedance map ahead
of the bit while drilling the well. These mea-
surements provide accurate depth determi-
nation of drilling targets and identification
of pore-pressure transgressions.

LWD ultradeep-resistivity (UDR) mea-
surement technology meets the require-
ments for geosteering at the reservoir level
by use of subseismic resolution. Its major
applications include delineation of the oil/
water contact (OWC) and distance to reser-
voir caprock and bottom shale.

Well Placement

Since the emergence of LWD in the 1980s,
the industry wanted a reliable while-drilling
borehole-seismic measurement. However,
several technical roadblocks prohibited its
realization until recently. These difficulties
included the nature of and required accu-
racy of the measurement, timing issues,
sensors, automation, and the lack of an
electrical connection between the down-
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Fig. 1—The seismic tie. The look-ahead
VSP in the center was obtained from
waveform data downloaded from the
tool between Bit Runs 2 and 3 in a GOM
well. The side images are from surface
seismic. The blue BHA indicates the
position of the bit after Bit Run 2.

hole tools and the surface in a while-drill-
ing configuration.

Technological solutions to these road-
blocks have since been found. Seismic-
while-drilling data are delivered in real time
to make critical decisions while a well is
being drilled. They also replace intermedi-
ate wireline check-shot surveys, eliminating
the need to stop the drilling process and
pull drilling equipment out of the hole for
the duration of a survey.

Real-time accurate positioning of a hori-
zontal borehole within a reservoir can
be performed with standard LWD tools.
However, a limitation of these measure-
ments is the relatively small volume of
investigation with traditional LWD sen-
sors, which typically probe no deeper than
1 m into the formation. Therefore, unpre-
dictable geological events are, in many
cases, detected too late to allow proactive
geosteering decisions.

A prototype LWD resistivity tool was
developed with a much larger radial

response that allows detection of lithology
features and fluid contacts that are tens of
meters away from the borehole. The tool
has a modular design with separate trans-
mitter and receiver subassemblies that can
be placed a large distance away, anywhere
in the bottomhole assembly (BHA).

The main output is estimated distance
to boundaries indicated by resistivity
contrasts. These distances are computed
through inversion of a formation model
in real time. On the basis of tool measure-
ments, determining the optimum formation
model and its related parameters allows
proactive geosteering decisions and pro-
vides significant geological insight into the
reservoir structure.

Case Study

Placing the bit on the seismic image is one
common use of real-time check-shot infor-
mation. This example is from the south
Caspian Sea, where a complex structure
presented difficult challenges to the drilling
team. The company decided to drill the well
from an off-structure position, direction-
ally drilling into the reservoir. This drilling
strategy required a good understanding of
the geology. Drilling hazards were large-
ly obscured from surface-seismic images
because of the complexity of the structure
and because there were few identifiable
reflectors through much of the pertinent
section. Also, the vertical-depth uncertainty
for the seismic pick for the top of the
reservoir was 2,300 ft. Avoiding drilling
hazards without radical wellbore-trajectory
corrections depended on accurate real-time
positioning of the drill bit on the seismic
section. This was accomplished by running
a “walk-above” seismic survey.

The data were acquired during pipe con-
nections and while tripping in and out of
the well. Real-time check-shot information
was sent uphole with mud-pulse telem-
etry and then transmitted to an operations
geophysicist onshore. The time-to-depth
conversion from the real-time check-shot

The full-length paper is available for purchase from the OTC Library: www.otcnet.org
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data compared well with the predrill seis-
mic time-depth relationship predictions,
and the correlation remained good down to
11,500-ft true vertical depth (TVD). Below
this point, however, a significant disparity
between predicted and observed bit location
existed, and the depth uncertainty was very
high at the target location. The LWD seis-
mic technique allowed the driller to locate
the bit on the seismic image while continu-
ing to drill, greatly reducing uncertainty
while drilling this complex structure.

Real-time  check-shot information
reduced depth uncertainties from 2,300 ft
to less than 33 ft, making the complex
drilling scenario manageable and allowing
drilling to proceed. A total of 63 levels of
data were acquired with no effect on the
drilling process.

Case Study 2

In a vertical, deepwater (greater than
9,000 ft) Gulf of Mexico well, depth predic-
tion was used to achieve accurate setting
of casing. Both real-time check shots and
recorded four-component waveform data
were acquired for three bit runs.

The vertical-seismic-profile (VSP) data
were good enough to provide consider-
able look-ahead capability, and coherence
matching showed a statistically significant
reflectivity match between the corridor
stack and the surface-seismic data at the
well location. The bit position shown in
Fig. 1 indicates the total depth of Bit Run 2,
approximately 800 ft above the large black
peak that represents a target sand. The
excellent quality of the seismic tie in the
vicinity of the sand, combined with the abil-
ity to predict target depths directly from the
VSP data, provided great confidence in the
accuracy of depth prediction.

The depth prediction for the target sand
was updated during Bit Run 3 with addi-
tional while-drilling, check-shot data. These
new data shifted the target depth predicted
at the end of Bit Run 2 by 80 ft. The final
target depth was successfully predicted to
within less than 50 ft of its true location,
and deeper targets were predicted success-
fully using the same approach. The depth of
the target sand differed from that indicated
by the predrill velocity model by more than
1,000 ft.

Case Study 3—UDR

A prototype tool was used successfully in
a series of field tests in the North Sea for
Norsk Hydro, Statoil, and Kerr-McGee.
Fig. 2 shows an oil/water contrast (OWC)
delineation combined with top and bottom
reservoir shale for a 6,562-ft horizontal
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Fig. 2—Result from a field test for Norsk Hydro producer well with a 6,562-ft hori-

zontal section.

well. By inverting a formation model that
consists of a resistivity profile (with variable
slope) combined with a possible top and
bottom shale boundary, a consistent estima-
tion of the OWC 23-ft below the wellbore
was possible. The direct sensitivity to an
OWC provided better well-position control
than conventional geometric drilling that
was based on static direction and inclina-
tion surveys.

Case Study 4—Azimuthal

Laterolog Images

This example shows how LWD azimuthal-
laterolog resistivity and real-time nuclear-
magnetic-resonance (NMR) measurements
were used to geosteer a horizontal section
through a thin 6-ft thick sand and to geo-
stop the horizontal well after drilling an
optimal drainhole length. Within this het-
erogeneous sand, the while-drilling resistiv-
ity image and up and down deep-button
resistivity measurements allowed the geo-
steering team to stay within the “sweet spot”
of the reservoir. Concurrently, permeability
was estimated from the NMR log leading
to calculation of hydrocarbon producibil-
ity. This information allowed the optimal
length of horizontal drainhole to be drilled.
This novel approach of combining geosteer-
ing well placement with well-producibility
techniques is the key to future development
of thin hydrocarbon reservoirs.

During the first 100 ft of lateral section,
the resistivity image profile indicated that
the bit was drilling down section, through
progressively older formations. The appar-
ent dip calculated from the button-resistiv-
ity images indicated that the formation was
inclined 0.5° along the azimuth of the well-
bore. The NMR log indicated that a silty sand

with less free-fluid volume was being drilled.
The geosteering team decided to build the
well angle to 91° to climb back up to the
middle part of the sand. As a result, the mud
loggers reported the sand content increasing
from 40% to 90—100% and the sand-grain
size increasing from fine to medium.

However, the up-directional resistivity
decreased after 25 ft measured depth (MD),
indicating that the well was approaching
the roof of the sand. Dip interpretation from
the resistivity image showed that the forma-
tion dip was flattening out. Therefore, it was
decided to level off at 90° inclination.

Permeability estimates showed that the
silty sand in the lower part of the well
had permeabilities less than 100 md. The
middle lobe had much higher permeability
of between 300 md and 1 Darcy.

Drilling ahead, the resistivity images
showed that the well was being placed just
below the roof of the reservoir sand. The
formation dip had dropped to 1°, so the
inclination was decreased to 88.5° to stay
in the cleaner sand in the middle of the
target sand.

Because a portion of the reservoir at the
heel of the well contained low permeability
(<100 md) and reservoir simulation showed
that 1,200 ft of horizontal lateral would not
meet the production goal, it was decided to
extend the well by 200 ft MD to obtain a
1,400 ft MD drainhole within the sand.

The geosteering staff made a total of 15
inclination adjustments. The changes were
implemented within 20 minutes of actually
drilling the formation interval requiring
the change. The initial production estimate
was 1,200 BOPD, but after bringing the
well on production, the actual initial rate
was 1,600 BOPD. JPT
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