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ABSTRACT 

An idealized logging tool is a rigid cylinder centered within a 
cylindrical borehole. In practice, even when mechanical 
centralizers are used, the central axis of the borehole may not 
perfectly coincide with central axis of the tool. In the simplest 
case, the two axes are parallel, but the tool axis is offset from 
the borehole axis. The tool is eccentered with respect to the 
borehole and a single eccentering vector defines the azimuth 
and magnitude of the eccentering. More generally, the tool 
might be both tilted and eccentered with respect to the 
borehole, requiring a description in terms of a pair of 
eccentering vectors or some equivalent description. 
 
In particular, during Logging-While-Drilling (LWD) 
operations, complex drill string movements and the weight of 
drill pipe often lead to a measurements being made by an 
eccentered tool. Therefore, studies on the response of an 
eccentered acoustic LWD tool are essential to facilitate better 
interpretation of measurements made in an actual drilling 
environment. Such studies will be helpful for tool design and 
data processing. In this study, we use a 3D finite difference 
method (FDM) to simulate the responses of a non-centralized 
multi-pole acoustic LWD tool in various borehole 
environments. For monopole tools at high frequency (10 kHz) 
in both fast and slow formations, we analyze quantitatively 
the effects of tool eccentering on the waveforms from 
receivers at different azimuths with respect to the eccentering 
azimuth. For dipole and quadrupole tools, we have studied the 
response of an eccentered tool with different eccentering 
azimuths and eccentering magnitudes at low frequency (2 
kHz) in a slow formation. We have found from these 
simulations that the waveforms in the direction of tool offset, 
i.e. where the fluid column is smallest, are affected most. 
Waveforms in the orthogonal direction are less affected by 
tool eccentering. Collar flexural and collar quadrupole modes 
appear when the tool is eccentered. In addition, modes such as 
formation flexural and quadrupole modes contaminate the 

Stoneley wave. Waveforms in a fast formation are more 
strongly affected by the tool eccentering than those in a slow 
formation. In a fast formation, the new collar modes make it 
difficult to determine the P wave velocity in the direction of 
tool eccentering while there is less distortion in the orthogonal 
direction. Stoneley mode could appear in dipole 
measurements; the flexural collar wave could become 
increasingly stronger with an increase of tool eccentering, and 
the Stoneley mode may be the later arrival event, especially in 
the case of a severely eccentered quadrupole tool. Due to the 
significant changes in waveforms with azimuth when the tool 
is eccentered, data processing methods based on presumed 
axisymmetry will not result in a clean waveform that is 
sensitive to only the surrounding formation. 
Based on these studies, we introduce a method to 
quantify the extent and the angle of the tool eccentering 
with the phase difference in eccentered dipole 
measurements. These parameters are very useful for the 
analysis of the bottom-hole assembly (BHA) 
performance in geo-steering. A data correction method 
for data acquired by a multipole acoustic Logging-
While-Drilling tool in horizontal and highly deviated 
wells is anticipated. 

INTRODUCTION 

Acoustic Logging-While-Drilling (ALWD) is an 
advanced technology that is used in exploration 
geophysics and petroleum engineering to determine the 
elastic parameters of the formation during drilling. It is 
the only option for some special operations such as 
logging in a horizontal offshore well (e.g. Wang et al., 
2009a). A great deal of research in ALWD leads to the 
conclusion that the velocities of the compressional (P)  
and shear (S) waves can be reliably measured in fast 
formations by a tool with a monopole source. 
Successful measurements require that the effect of the 
drill collar on the waveforms are eliminated by some 
means (e.g. Leggett et al., 2001; Wang et al., 2009b; 
Kinoshita et al., 2010). In a slow formation, the P wave 
velocity can be determined from the Leaky-P when 
using a monopole source (Tang et al., 2004; Wang and 
Tao, 2011) and the S wave velocity can be determined 
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from the formation screw (or formation quadrupole) 
wave by a tool with quadrupole source (Tang et al., 
2003). 
However, all of these conclusions are based on studies 
for the case where the ALWD tool is centralized in the 
borehole. In field applications, the acoustic source and 
the receivers are embedded on the outer edge of the 
drill collar. The complex movements and the weight of 
the drill pipe lead to the tool being eccentered 
especially in horizontal or highly deviated wells. 
Tang et al. (2009) analyzed field data and found 
that a decentralized tool may have the same 
influence on Stoneley (ST) waves as a permeable 
formation. It is thus essential to better understand 
the response for an eccentered tool because this case 
is closer to the field drilling environment. Knowledge 
about the effects of a tool being eccentered will be 
helpful for the design of new tools and in data 
processing. On the other hand, one of the key steps in 
predicting and controlling the drilling direction in geo-
steering is the analysis of bottom-hole assembly (BHA) 
performance. Any eccentering of the drill collar is a 
critical parameter in the analysis, and it is therefore 
desirable to develop an effective scheme to quantify the 
effects of tool eccentering on ALWD measurements 
while providing critical information for geo-steering.  

Studies on ALWD with an eccentered LWD tool are 
rather limited. Wang and Tang (2003) evaluated the 
effects of an eccentered quadrupole LWD tool on 
simulated waveforms.   They did not study the case of 
the tool being severely eccentered but concluded that 
data acquired using an eccentered tool could be 
corrected. Tang et al. (2003) analyzed a field data set 
from a quadrupole tool in a deviated well (30 to 40 
degrees) and found that only a small amplitude collar 
wave interfered with the high amplitude quadrupole 
wave. Although they considered that the quadrupole 
mode dominated the waveform, the simulation results 
shown in their paper are designed for the moderately 
eccentered case and the well deviation is not large. 
Huang et al. (2004) and Zheng et al. (2004) analyzed 
the effects of tool eccentering on dispersion of the wave 
field. All of these studies indicate that there are two 
main effects of the tool eccentering on waveforms. 
First, more modes are excited which will lower the 
amplitude of the symmetric modes. For example, the 
Stoneley (ST) wave will appear in measurements made 
with both eccentered dipole and quadrupole LWD tools. 
Secondly, the tool eccentering influences the dispersion 
of the modes. The ST wave will be weakly dispersive 
and both dipole and quadrupole modes will be split. 
Wang et al. (2013a) studied the wave field of an 

eccentered multipole ALWD tool in a slow formation 
and proposed a method to quantify the eccentering of 
the tool.   

All the above studies are so far mainly focused on the 
case of simple eccentering in which the tool axis 
remains parallel to the borehole axis. Large angles of 
tool eccentering could occur in drilling. Therefore, it is 
necessary to further study the wave field for an 
eccentered LWD multi-pole tool in both fast and slow 
formations and at different azimuths and different tool 
offsets. 

Numerical simulation can help us understand the 
influence of tool eccentering on waveforms. The 
solution from the discrete wave number integration 
method (DWM) (Bouchon and Aki, 1977; Wang and 
Tao, 2011) is not straightforward for these analyses 
because it needs multiple decomposition and 
conversion of the Bessel function. Realistic numerical 
simulation on the wavefield of ALWD with the 
eccentered tool requires that the sources and receivers 
to be exactly symmetrical about the tool. We improved 
the staggered grid FDM (Wang et al., 2011) so that the 
point sources and receivers can be azimuthally 
distributed and be exactly symmetrical about the center 
of the tool. We validate the resulting FDM using a 
discrete wavenumber integration approach, which 
works well for the azimuthally-symmetric case of a 
centralized tool. We will then study the wave-fields 
of the eccentered monopole tool at high 
frequencies in both fast and slow formations, and 
the eccentered dipole and quadrupole LWD tools 
at low frequencies in a slow formation in the cases 
of different tool eccentricities. 

ACOUSTIC LOGGING-WHILE-DRILLING 
SIMULATION MODEL 

We use a 3D FDM that has second-order accuracy 
in space and time to simulate the wavefields of the 
high-frequency (a Ricker wavelet with a central 
frequency of 10 kHz) eccentered monopole tool in 
both fast and slow formations and of the low-
frequency (2 kHz) eccentered dipole and 
quadrupole tools in a slow formation. The 
complex frequency shifted perfectly matched layer 
method (CFS-PML) is used to eliminate the 
reflection from the truncated boundary of the 
simulation region (Wang et. al., 2013b).  

Figure 1 shows the model for the acoustic LWD 
simulation. The left of Figure 1 gives a top-down 
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view of the borehole of the model. From outside to 
inside of the borehole, the media are outer fluid, 
collar, and inner fluid. The acoustic sources are 
embedded on the outer edge of the drill collar. 36 
point sources are used to simulate the response of 
the ring source as is the case for the real logging 
operation. Sources having identical phases are 
loaded in all 36 point sources for the monopole 
tool. For the dipole tool, positive phases are loaded 
in the point sources of the right-half part of the 
collar (sources 1 to 9, and 29 to 36) and negative 
phases are loaded in the point source located in the 
left-half part of the collar (sources 11 to 27). 
Alternative phases are loaded in the four parts of 
point sources for the quadrupole tool, which 
means negative sources loaded in sources 6 to 14 
and 24 to 32 and positive sources loaded in other 
sources. A total of 36 point receivers are also 
located around the collar for each receiver interval 
(8 receiver stations in total). The side view of the 
model is shown on the right in Figure 1. 

Formation and borehole media properties are 
given in Table 1. The radius of the borehole is 117 
mm, and the inner and outer radii of the collar are 
27 mm and 90 mm respectively. The dimensions  
of the simulation model are 0.6 m, 0.6 m and 4.55 
m in x, y, and z respectively. The source is located 
at z = 0.45 m. We used a 3 mm grid in the FDM. 
For the following discussion, we shift the entire 
tool an equal amount towards the edge of the 
borehole. 

 

Fig.1 The model of the acoustic LWD simulation. (a) 
The x-y profile of the model. From outside to inside of 
the borehole, the media are outer fluid, collar, and inner 
fluid. (b) the configuration of the 36 point sources of 
the ring source.   

VALIDATION OF THE FINITE DIFFERENCE 
CODE FOR A LWD TOOL 

To check the validity of the FDM for the ALWD 

simulation, we compare the simulated waveforms 
for a centralized monopole LWD tool obtained 
using two methods: the FDM and DWM. The 
waveforms obtained for fast and slow formations 
at receiver 1 for a 10 kHz source are shown in 
Figure 2a and 2d, respectively. The black solid and 
the gray dotted lines are the results from the DWM 
and FDM, respectively. The results obtained using 
the two methods are almost identical. The 
amplitude of the collar wave is very small and 
therefore zoomed in for display. We can clearly 
see all the modes. For the fast formation, we see 
the collar, P, S, pseudo-Rayleigh (pR.), and ST 
waves. For the slow formation, we see the collar, 
Leaky P, and ST waves. The arrival times and 
velocities can be found in the corresponding 
velocity-time semblance plot (Kimball and 
Marzetta, 1986): Figure 2b for the array 
waveforms in Figure 2a, and Figure 2e for the 
array waveforms in Figure 2d. It is obvious that 
the collar wave and P wave in the fast formation 
are well separated due to the choice of the 
formation velocities. It is difficult to separate the 
two modes for fast formations where the velocity 
difference between the collar and formation is not 
large. Our choices for velocities were made to 
facilitate the detailed investigation of eccentering 
of the monopole tool on the P and collar waves. 
From Figures 2a and 2d the waveforms from the 
FDM and DWM match very well. There is only 
very little difference in the ST wave that is caused 
by numerical dispersion in the FDM. To further 
investigate the waveforms, we use a method proposed 
by Dziewonski et al. (1969) to calculate the dispersion 
curves from array waveforms. In this method the choice 
of the number of filter bands must be made based on 
the desired frequency resolution, and computational 
speed.  Here we follow Rao and Toksoz (2005) by 
using Gaussian filters with a constant relative 
bandwidth to optimize the space-time resolution. The 
calculated dispersion using array traces at all 8 offsets 
are displayed as gray circles in Figure 2c (fast 
formation) and Figure 2f (slow formation). The modal 
dispersion curves are plotted as overlapping dash lines 
in Figure 2c and Figure 2f. These curves are found by 
determining the solution of setting the determinant of 
matrix M equal to zero in equation (4) of Wang and 
Tao (2011) by using a root-finding Newton-Raphson 
mode-search routine(Tang and Cheng, 2004). The good 
agreement between the dispersion calculated from array 
waveforms generated by FDM and modal dispersion 
curves also illustrates the high accuracy of the results of 
FDM. 
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Fig.2 The benchmark waveforms for the centralized monopole LWD tool at 10 kHz from FDM and DWM. (a) and 
(d) are the waveforms for receiver 1 for the fast and slow formations, respectively. The black solid line and the gray 
dotted line are for the result from DWM and FDM, respectively. The small amplitude collar waves are shown at 
higher amplitude. (b) and (e) are the velocity-time semblance plots for (a) and (d) respectively. (c) and (f) are the 
dispersion analysis for (a) and (d) respectively. 
 

MODELING RESULTS AND ANALYSIS FOR 
THE DECENTRALIZED MULTIPOLE TOOL 

 

Fig.3 Schematic diagram of eccentering for the 
dipole tool. O and Oc are the center of the borehole 
and collar respectively. S and R denote source and 
receiver, respectively. θ is the eccentering angle. 

In the real LWD application, the tool is installed 
on (or is part of) the drill collar which, being 
restricted in the relatively much smaller borehole, 
is long enough for the tilting angle of the tool to be 
ignored. We need only to consider the tool 
eccentering in terms of the deviation from the 
borehole center. We will examine the wave fields 
of ALWD tools in cases with different eccentering 
magnitude and azimuthal angles (anti-clockwise 
relative to the direction from sources 1 to 19). 
Figure 3 shows the schematic diagram of the 

eccentering for the dipole tool. In this figure, O 
and Oc are the center of the borehole and drill 
collar respectively. S and R denote source and 
receiver respectively. θ is the eccentering angle.  

THE RESPONSE OF THE ECCENTERED 
MONOPOLE ALWD TOOL IN A FAST 
FORMATION 

We have employed FDM to simulate the response 
of the monopole ALWD tool with different 
eccentricities in a fast formation and the resulting 
waveforms from receivers at different azimuths 
are shown and discussed below. To analyze the 
details of the effect of eccentricities on different 
modes, we look into the relatively smaller collar 
wave and P wave first. Then we discuss the S and 
ST waves.  

Figure 4 shows the collar and P waves for 
receivers at different azimuths for different tool 
eccentricities for a fast formation. Polar 
coordinates are used to illustrate the waveforms 
from receivers at different azimuths. The 
circumference of the plots denotes the azimuth of 
receiver with respect to receiver 1, located in the 
direction of tool offset, and the radial direction is 
time. Time goes from 0 to 1.5 ms. The variation of 
waveform amplitude can be easily discerned. 
Figures 4a to 4g are the waveforms for the tool 
eccentering of 0 mm, 3 mm, 6 mm, 9 mm, 12 mm, 
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15 mm and 18 mm, respectively. The same 
maximum amplitude scale is used for all the 

waveforms except that Figure 4f and Figure 4g are 
minified by 5 times. 

 

Fig. 4 Collar wave and P wave for receivers at different azimuths for different tool eccentricities displayed using 
polar coordinates. The circumference of the coordinates is the angle of the azimuth receiver to receiver 1, and the 
radial direction is time. Time goes from 0 to 1.5 ms. (a) ~ (g) are the waveforms for tool offset of 0 mm, 3 mm, 6 
mm, 9 mm, 12 mm, 15 mm and 18 mm. The same maximum amplitude scale is used for all the waveforms except 
that Figures f and g are zoomed out 5 times. (h) collar waves at receiver 19 (azimuth angle of 180 degrees) for 
different tool offsets 

From Figure 4, we can see that the arrival time of 
the collar wave for different amounts of tool 
eccentering are about 0.5 ms and that the P wave 
arrival times are about 1 ms. The eccentering 
hardly changes the arrival times of the collar wave. 
The amplitude of the collar wave fluctuates as 
eccentering increases. Amplitudes become smaller 
as the fluid column becomes wider (near receiver 
19, about 180 degrees from the direction of tool 
offset). Figure 4h shows the collar waves at 
receiver 19 (azimuth angle of 180 degrees) for 
different tool offsets. The amplitudes of the collar 
waves decrease with increasing tool eccentering. 
For azimuths where the column gets smaller (near 
receiver 1, about 0 degrees), the amplitudes 
become larger as tool eccentering increases as 
shown in Figure 4. Amplification of the collar 
wave is quite obvious when the fluid column size 
is reduced. However, the amplitudes hardly 
change in the orthogonal direction of the tool 
offset (near receiver 10 and receiver 28, about 90 
degrees and 270 degrees). The amplitude of the 
collar wave is very sensitive to the direction of 
tool eccentering. 

The effects of the tool eccentering on the P wave 

arrival times are not obvious and the main changes 
in P waves are still reflected in their amplitudes. 
The amplitude of P wave increases with increasing 
eccentering and there is increasing interference 
between the collar and P waves, especially for the 
receivers near receiver 1. This interference will 
make the determination of the velocity of P wave 
more difficult but there is little interference in the 
orthogonal direction of tool eccentering.  

We also display the entire waveforms for different 
azimuth receivers in Figure 5 just as we did in 
Figure 4. The same maximum amplitude scale is 
used for all the waveforms. We now discuss the 
characteristics of the S wave and ST wave with 
changes in tool eccentering. From Figure 5, we 
clearly find that the waveforms near the direction 
of tool offset change significantly. The amplitude 
of the ST wave (about 2 ms) in the direction of the 
minimum fluid column increases with tool offset, 
and this affects the S wave to some extent (about 
1.5 ms). However, the amplitude of the ST wave 
near receiver 19 becomes smaller as tool offset 
increases.  

Figure 6 shows top view snapshots at receiver 
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offset of 2.55 m of the x-y profile of the wavefield 
at different times when the magnitude of the 
eccentering vector is 18 mm. Here x is aligned to 

the eccentering vector while the y is in the 
orthogonal direction.  

 

Fig. 5  Full waveforms for receivers in a fast formation displayed as in Figure 3.  Time range is 0 to 3 ms. (a) ~ (g) 
are the waveforms  for the tool offset of 0 mm, 3 mm, 6 mm, 9 mm, 12 mm, 15 mm and 18 mm.

 
Fig. 6 Snapshots of x-y profile of the model (fast 
formation, spacing = 2. 55 m) at different time 
when the magnitude of the eccentering vector is 18 
mm. Here x is aligned to the eccentering vector 
while the y is in the orthogonal direction. 

The white circles in the figure denote the inner and 
outer boundary of the collar and the black circle is 
the boundary of the borehole. It is clear to find the 
two different colors in the collar in the snapshots 
at 1 ms and 2 ms, which corresponds to the dipole 
modes. Multipole modes appear around the 
borehole according to the multiple zeros in the 

snapshots of 3 ms and 4 ms. We can find the detail 
from the difference between   the waveforms at 
receives 1 and 19, and also the difference between 
the waveforms at receives 10 and 28. Figure 7a and 
7b show the waveforms at the azimuths of receivers 1 
and 19 for the first 2 ms and after 2 ms, respectively.  
One can easily see the opposite phases of the 
flexural collar waves (about 1.0 ms) between the 
two azimuths. This change in phase is a clear 
characteristic of the flexural collar wave between 
the collar and S waves correspondings to the two 
colors in the collar in the snapshots of 1 ms and 2 
ms. Figure 7c shows the dispersion for waves at 
receiver 1, white circles indicate the expected 
dispersion for a centralized tool (dispersion of ST wave 
for a centralized tool is marked by a black dot-dashed 
line to make the change in the ST wave for an 
eccentered tool clear). We can easily see a good 
agreement with the dispersion of the collar wave, 
pR. wave for the centralized tool. Dispersion of 
the P wave cannot be identified. In addition, the 
dispersion curves of the collar flexural and 
formation flexural waves can be easily identified. 

We consider that the collar wave for the 
eccentered monopole tool consists of a 
superposition of the monopole collar wave, the 
flexural collar wave and other modes, which will 
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make it more difficult to determine the P wave 
velocity than when the tool is centralized. 
Comparison of waveforms in Figure 7b with the 
waveforms for the centralized tool case leads us to 
expect that the waveform in Figure 7b should be 
the ST wave. However, the ST waves for the cases 
of offset tools suffer from interference with many 
other modes and are too complicated to be 
unraveled. The amplitudes of the initial portion of 

the ST waves in the directions of receivers 1 and 
19 do not change with spacing (offset) while the 
polarities in the two receivers are opposite, which 
illustrates the formation flexural wave in front of 
the ST wave. We can examine the detail of the 
dispersion of the ST wave. The ST wave becomes 
slightly slower than for the centralized tool case 
due to the multipole modes, which are 
corresponding to the snapshots at 3 ms. 

 

Fig. 7   (a) and (b) are the waveform at azimuths of receivers 1 and 19 for the first 2 ms and after 2 ms, respectively; 
(c) the dispersion for wave in the azimuth of receiver 1 with a tool offset of 18 mm, white circles indicate the 
expected dispersion for a centralized tool (dispersion of ST wave for a centralized tool marked is by a black dot-
dashed line to make the change in ST wave for an eccentered tool clear); (d) and (e) are the waveforms for receivers 
10 and 28 for different tool offsets of 6 mm and 18 mm; (f) the dispersion analysis for the waveform at the azimuth 
of receiver 10 with a tool offset of 18 mm. 

For the receivers in the direction orthogonal to tool 
offset, the tool eccentering does not affect the 
waveforms severely. In Figure 7d and 7e, we plot 
the waveforms for receivers 10 and 28 for tool offsets 
of 6 mm and 18 mm, respectively. Lines labeled R10 
tool centralized, R10 tool off 18 mm and R28 tool 
off 18 mm are for receiver 10 of a centralized tool 
and for, receivers 10 and 28 for a tool offset of 18 
mm, respectively. On the whole, the waveforms at 
receivers 10 and 28 do not change much with tool 
eccentering. The polarity difference between the 
waveforms at two receivers is obvious even for 
tool offsets of 18 mm.  

The determination of the P wave velocity will not 
be severely affected by the weak collar flexural 
wave at receivers 10 and 28 when the tool is 
eccentered. We do find some changes in the 
dispersion curves for offset tools compared to 

centralized tools. Figure 7f shows the results of 
dispersion analysis for the waveform at receiver 10 
with a tool offset of 18 mm. Gray circles denote 
the dispersion curves for a centralized tool as a 
reference. It can be seen that the P wave becomes 
a little more dispersive compared to the case of a 
centralized tool and is also slightly influenced by 
the collar flexural wave. However, these will not 
cause a big problem for identification of the P 
wave. Two modes appear in the ST wave, and 
their amplitudes increase with tool offset. The fast 
mode (appears above the ST dispersion curve for 
the tool centralized case) is the formation flexural 
mode and the slow mode (appears below the curve 
of ST wave in centralized case) is the ST mode in 
this case (as shown in Figure 7f).  

The velocity for the P wave obtained from the 
velocity-time semblance method for waveforms at 
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receivers along the azimuth of receiver 10 for tool 
eccentricities of 3 mm, 6 mm, 12 mm, 15 mm, and 
18 mm are 2960 m/s, 2935 m/s, 2860 m/s, 2825 
m/s, and 2800 m/s. The trend of decreasing 
velocity of the apparent P wave with increasing 
tool eccentering results from interference with the 
collar flexural wave. 

We now briefly summarize the influence of tool 
eccentering on the high frequency (around 10 kHz) 
monopole data in a fast formation: 

1)  The P velocity can be determined directly for a 
centralized tool when the velocity difference 
between the collar and formation is large. 
However, if the velocity difference is not large, the 
P wave may be influenced by the collar wave and 
special means such as tool grooves (e.g. Leggett et 
al., 2001; Kinoshita et al., 2010) should be adopted 
to eliminate the interference. 

2) More collar modes appear on receivers in the 
direction of the tool offset. Their amplitudes 
increase with increasing tool offset, which makes 
the identification of the P wave more difficult than 
in the centralized tool case. The effects are not 
severe in the orthogonal direction of the tool offset. 

3) The tool offsets have minimal effect on the 
determination of the S wave velocity. 

THE RESPONSE OF THE ECCENTERED 
ACOUSTIC MONOPOLE LWD TOOL IN A 
SLOW FORMATION 

We now look at the effects of tool eccentering on 
mode waves (the collar and P waves) in a slow 
formation. Figures 8a to 8d display the waveforms 
in different azimuths for the tool offsets of 0 mm, 6 
mm, 12 mm, and 18 mm, respectively. The same 
maximum amplitude scale is used for all the 
waveforms. It is obvious that the tool being 
eccentered does not affect the arrival time of the 
collar wave (about 1 ms) compared to the arrival 
times for a centralized tool. The amplitude of the 
collar wave increases with increasing tool offset for 
the receivers in the direction of the tool eccentering. 
However, the amplitude of the collar waves for 
receivers located orthogonal to the directions of the 
tool eccentering are not severely affected. 

The interference from the collar wave may cause 
difficulties for determination of the P wave 

velocity for receivers at 0 and 180 degrees relative 
to the tool offset direction. The interference is not 
significant to the P wave at receivers near to 180 
degrees as shown in Figures 8b to 8d.  

 

Fig. 8 Collar and P waves in a slow formation for 
receivers at different azimuths for different tool offsets 
(displayed in polar coordinates). Plot organization is the 
same as that in Figure 4. Time range is from 0 to 2 ms. 
(a) ~ (d) are for the tool offset of 0 mm, 6 mm, 12 mm 
and 18 mm. 

 

Fig. 9 Full waveforms in a slow formation for receivers 
at different azimuths with different tool offsets. Time 
range is from 0 to 4 ms. (a) ~ (d) are the waveforms for 
the tool offset of 0 mm, 6 mm, 12 mm and 18 mm. 
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Fig. 10 Snapshots of x-y profile of the model 
(slow formation, spacing =2. 55 m) at different 
time when the magnitude of the monopole tool 
eccentering vector is 18 mm. 

Figures 9a to 9d show the waveforms in the time 
interval from 0 - 4 ms at different azimuths for the 
tool offset of 0 mm, 6 mm, 12 mm, and 18 mm, 
respectively. The same maximum amplitude scale 
is used for all the waveforms. It is hard to see the 
small amplitude collar waves on the longer-
duration waveforms. Only the P wave and ST wave 
(about 3 ms) can be clearly identified. The 
amplitudes of the ST waves (3 ms) in the direction 
of the smallest and largest fluid columns exhibit 
different effects due to the tool eccentering. The 
latter one decreases with the increasing tool offset. 
However, the former increases with the tool offset. 
Figure 10 shows top view snapshots of x-y 
wavefield at receiver offset 2.55 m of for model at 
different times when the extent of the eccentered 
tool is 18 mm. The white circles in the figure 
denote the inner and outer boundary of the collar 
and the black circle is the boundary of the 
borehole. It is easy to identify the two different 
colors in the collar in the snapshots at 1 ms and 2 
ms, which means the dipole modes.  

Figure 11 shows the array waveforms, velocity-
time semblance plot, and the dispersion analysis 
for waveforms in the direction of receiver 1 and 
also the waveform (a) and dispersion (d) for 
receiver 19. We can identify the collar, and leaky P 
waves clearly in the array waveforms shown in 
Figure 11a (first 2 ms of the waveforms). A new 
signal with polarity difference appears between the 
collar wave and P wave, which is corresponding 
the dipole mode in the collar as shown in upper left 

of Figure 10. Such a signal may cause problems for 
the determination of P wave velocity. We can find 
the coherence of the signal in the velocity-time 
semblance plot (as shown in Figure 11b).  

 

Fig. 11  (a) The waveforms at receivers 1 and 19 
before 2 ms; (b) and (c) are the velocity-time semblance 
plot and the dispersion analysis for the waveform at 
receiver 1 with 18 mm tool offset; (d) Dispersion for 
the waveforms at receiver 19 for the tool offset of 18 
mm (showing only velocities less than 1500 m/s) 

 

Fig. 12 (a) array waveform of collar wave and Leaky P 
wave, (b) array waveform of ST wave, (c) velocity-time 
semblance plot, and (d) the dispersion analysis for the 
waveform in azimuth of receiver 10 for the tool offset 
of 18 mm. 

We can also find the collar flexural characteristic 
from the dispersion analysis, shown in Figure 11c. 
Experience with dipole sources tell us that the 
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strong collar flexural mode should be accompanied 
by a formation flexural mode (Wang and Tao, 2011) 
that arrives after the P wave. Although this is not 
seen here due to the huge amplitude of the ST 
waves, we can still find the interference of 
formation flexural wave on the ST wave below 2 
kHz (Figure 11c). The collar flexural mode also 
perturbs the ST mode at very low frequencies 
(below 1 kHz in Figure 11d). We can see the 
characteristics of the inner ST wave (the ST wave 
that propagates along the inner collar surface) with 
velocity around 1400 m/s, the quadrupole and 
formation flexural waves and the ST wave (near 
the velocity of 1000 m/s) in the dispersion plot for 
waveform at receiver 19. 

 

Fig.13 Snapshots of x-y profile of the model 
(spacing = 1.5 m) at different times for a 
centralized dipole tool in a slow formation. 

Figure 12 shows the waveforms in the azimuth of 
receiver 10 for the centralized tool and for one with 
an offset of 18 mm. Figure 12a shows the portion 
of the collar and Leaky P wave and Figure 12b 
shows the ST wave. Dashed and solid lines are for 
waveforms for the centralized tool and a tool with 
offset of 18 mm, respectively. We can see very 
little difference between the collar waves for the 
two tool positions. The subtle differences result 
from the strong collar flexural wave and weak 
collar quadrupole wave indicated by the dispersion 
analysis (as shown in Figure 12d). We find that the 
tool offset does not affect the collar wave for 
receiver 10. For the Leaky P wave, the tool offset 
lowers the amplitude a little. The ST waveform is 
affected by tool offset mostly in two ways (as 
shown in Figure 12b): (1) the delay of the arrivals, 
(2) the generation of other modes. From the 

dispersion analysis (Figure 12d), we find that the 
part of waveforms consist of the ST, flexural and 
quadrupole modes which have velocity  of about 
1000 m/s and frequency below 4 kHz. 

We conclude that for the eccentered tool in a slow 
formation, although the collar flexural mode 
appears on the receivers in the direction of tool 
eccentering, it doesn’t severely affect the 
determination of the P wave velocity. A good 
dispersion analysis method helps us to reduce the 
interference of collar flexural wave on Leaky P 
wave in low frequency band (below 4 kHz). The 
eccentered tool affects the ST wave in many ways 
and brings out more weak formation modes. 

DATA ANALYSIS FOR AN ECCENTERED 
DIPOLE TOOL 

The data analysis for the decentralized ALWD tool 
will now be studied. Here we must consider the 
special polarization of the dipole tool. For a 
centralized dipole tool, theoretically the waveforms 
at receivers 1 (azimuth of 0 degrees) and 19 
(azimuth of 180 degrees) are of the same amplitude 
but opposite phase, while the amplitudes of 
waveforms at receivers 10 (azimuth of 90 degrees) 
and 28 (azimuth of 270 degrees) are nearly zero. 
Figure 13 shows snapshots of horizontal pressure 
for the tool spacing of 1.5 m. 

 (1) Dipole Tool eccentered at 0 degrees with 
different eccentering magnitudes 

 
Fig.14 Snapshots of x-y profile of the model (slow 
formation, spacing = 1.5 m) at different time when 
the extent of the eccentered dipole tool is 18 mm. 
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First we discuss the case where the tool shifts along 
the direction of 0 degrees with the receiver 1 being 
closer to the borehole wall at 9 mm and 18 mm. 
Figure 14 shows the snapshots of horizontal 
pressure for the tool spacing of 1.5 m when the 
offset of eccentered tool is 18 mm. It is not easy to 
find the modes in the snapshots at different times 
as there are no longer pure modes for the eccentered 
tool as in Figure 13 for the centralized tool. The 
collar dipole is broken and we cannot find it if we 
only use the waveforms acquired at receivers at 
azimuth angle of 0 and 180 degrees because they 
keep a good anti-phase (as shown in Figure 14a). 
The formation modes appear after 2 ms according 
to Figure 13b and Figure 14b. The difference of 
wavefield between the receivers at azimuth of 0 
and 180 degrees become large both in the phase 
and amplitude. Although the wavefield in the 
receivers at azimuth of 90 and 270 degrees is no 
longer zero compared with the centralized case as 
shown in Figure 13, they keep exactly the same 
which means the monopole modes are introduced. 

We use the following method to determine the 
direction of the eccentered tool: If the waveforms 
for the receiver pair in the direction that is 
orthogonal to the direction of the dipole source 
polarization are exactly the same and nonzero, the 
LWD tool has shifted along the polarization 
direction of the source. 

(2) Dipole Tool eccentered at 30 degrees with 
different eccentering magnitudes 

 

Fig. 15 Synthetic waveforms of receivers at 
different azimuth angle for the spacing of 1.5 m 

The flexural formation wave at 0 (R1) and 180 

(R19) degrees becomes weaker with the increased 
eccentering when the tool shifts along the direction 
of 30 degrees, with the R1 being closer to the 
borehole wall (Figures 15a and 15b). However, the 
dipole characteristics of the collar wave remain 
consistent. The waveforms at R1 change 
significantly in phase and amplitude when the 
eccentering increases and the phase will be 
increasingly delayed when eccentering increases. 
The amplitudes of waveforms at receivers at 
azimuth angle of 90 (R10) and 270 (R28) degrees 
become larger to a point where they are almost 
identical with those of R1 and R19. Differences 
(especially the phase difference) also emerge 
between R10 and R28.  The amplitude of the wave 
at R10 becomes larger and larger with increasing 
eccentering (as shown in Figure 15c). However, the 
appearance of the waveform at R19 is different, its 
amplitude does increase for the 9 mm offset 
compared with the centralized tool case, while the 
change in amplitude is not obvious when the tool 
shifts to the more extreme case and the main 
change is reflected in the phase (Figure 15d). 

(3) Dipole Tool eccentered at 60 degrees with 
different eccentering magnitudes 

 

Fig. 16 Synthetic waveforms of receivers at 
different azimuthal angles for spacing of 1.5 m 

The dipole characteristics of waveforms R1 and 
R19 remain consistent at different magnitudes of 
tool eccentering as seen in Figures 16a and 16b. 
Only some other modes with small amplitude exist 
in cases of 18 mm offset. The differences between 
R10 and R28 become larger than those in the case 
where the eccentering angle is 30 degrees. 
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(4) Dipole Tool eccentered at 90 degrees with 
different eccentering magnitudes 

 

Fig. 17 Synthetic data for the eccentered dipole 
tool with eccentering angle at 90 degrees from the 
dipole axis. 

The tool shifts along the direction of 90 degrees 
with R2 being closer to the borehole wall. The 
synthetic waveforms are shown in Figure 17. We 
find that although the amplitude increases with 
eccentering, the relationship between the 
increments of amplitude and the eccentering is not 
linear, and the amplitude increases just a little as 
the tool decentralizes severely. The change of 
waveform appears mainly in phase. The waveforms 
behave like an exact dipole feature at R1 and R19 
in Figures 17a and 17b. The difference still exists 
between R10 and R28, despite their amplitudes 
being very small (100 times smaller than that of R1 
and R19). Therefore, another clue for determining 
the angle of the decentralized tool can be obtained. 
If the waveforms in receivers at polarization 
direction behave an exact dipole, and the 
amplitudes of the waveforms in the orthogonal 
direction are far less than those of the waveforms 
in receivers at the polarization direction, the tool 
could be eccentered in the orthogonal direction of 
polarization. In this case, the cross dipole would be 
helpful for determining the orientations of the tool 
eccentering. 

DATA ANALYSIS FOR THE ECCENTERED 
QUADRUPOLE TOOL 

(1) Quadrupole Tool eccentered at 0 degrees with 
different eccentering magnitudes 

For the centralized quadrupole tool, the collar wave 
does not exist when the source frequency is low (as 
shown in Figure 18a and 18b) and only the 
formation screw (quadrupole) wave exists in the 
wavefield as shown in Figure 18c. This is the 
primary reason that the low frequency quadrupole 

tool is commercially employed in industry. Here, 
we will follow the eccentered dipole tool case and 
consider the eccentered quadrupole tool by 
changing the eccentered magnitudes and angles. 
Firstly, the tool is shifted along the direction of 0 
degrees with receiver 1 being closer to the borehole 
wall.  

 

Fig.18 Snapshots of x-y profile of the model 
(spacing = 1.5 m) at different times for a 
centralized quadrupole tool in a slow formation. 

 

Fig.19 Snapshots of x-y profile of the model (slow 
formation, spacing = 1.5 m) at different times 
when the magnitude of the dipole tool eccentering 
is 18 mm. 

Figure 19 shows the snapshots of the horizontal 
pressure at the spacing of 1.5 m for different time. 
The snapshot at 3 ms is reduced in scale by 80 
times due to the large amplitude of the waves. It is 
easy to find that the strong collar flexural mode 
appears when the tool is eccentered (as shown in 
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snapshots at 1 ms and 2 ms). For the formation 
wave, although the quadrupole mode is broken and 
a ST wave is induced (snapshot at 3 ms), the 
waveform acquired from the receivers at azimuth 
angle of 0 (R1), 90(R10), 180(R19) and 270(R28) 
degrees maintains a good quadrupole characteristic. 

(2) Quadrupole Tool eccentered at 30 degrees with 
different eccentering magnitudes 

The flexural collar mode appears at R1 (azimuth 
angle of 0 degrees) and R19 (azimuth angle of 180 
degrees) (Figures 20a and 20b) and the absolute 
amplitude and the difference of amplitude of the 
collar wave at R1 and R19 becomes larger with the 
increasing eccentering. The phase difference in the 
formation wave is larger than that for the 
eccentering angle of 0 degrees. The formation 
wave at R19 maintains quadrupole characteristics.  

 

Fig. 20 Synthetic waveforms of receivers at 
different azimuth angle for the spacing of 1.5 m 

However, it becomes obscure and other modes 
appear at R1 when the eccentered extent increases. 
The dispersion is very severe in the 18 mm 
eccentered case and high-order modes appear. The 
waveforms at R10 (azimuth angle of 90 degrees) 
and R28 (azimuth angle of 270 degrees) do not 
remain consistent because the angle of the tool 
becomes decentralized and the differences of 
amplitude and phase are great. The collar wave 
induced by the dipole mode appears on the array 
waveform, and the amplitude of the collar wave at 
R10 is slightly larger than that of R28. The 
formation waves at R10 and R28 behave 
differently; they suffer from a poorly eccentered 
tool at R10 with the amplitudes being low first then 

increasing (as shown in Figure 20c), while it is not 
serious at R28. The flexure mode would be found 
in the formation wave and the quadrupole 
characteristics become obscure at both R10 and 
R28. 

Therefore, the four array receivers will receive the 
collar flexural mode and higher order modes would 
appear in the formation wave especially in the 
waveform of R10. This will inevitably influence 
the measured waveform and call for a method to 
determine the angles and eccentricities, and the 
development of a data processing method to correct 
the effect of the eccentered tool. 

(3) Quadrupole Tool eccentered at 60 degrees with 
different eccentering magnitudes 

Further considerations of the larger angle of tool 
eccentering have been performed, and we find the 
waveforms of R1, R10, R19 and R28 for the 60 
degrees case behave anti-symmetrically (the 
amplitude is the same and the phase is opposite) 
with those of R10, R1, R28 and R19 for the 30 
degrees case. With more simulations, we find the 
anti-symmetry is relative to the 45 degrees case. 
This kind of anti-symmetry can be dealt with using 
a mirror transform on the LWD tool and followed 
by 90 degrees rotation. 

 (4) Quadrupole Tool eccentered at 45 degrees 
with different eccentering magnitudes 

In order to further explain the anti-symmetry for 
the eccentering angles of 45 degrees in the 
quadrupole system, the data for the eccentering 
angle of 45 degrees is also analyzed here. The 
array waveforms for different array receivers in 
both the 9 mm and 18 mm eccentered cases with 
the eccentering angle of 45 degrees are shown in 
Figure 21a and 21b, respectively.  

We find an exact anti-symmetry of the R1 and R10, 
and R19 and R28 in both 9 mm and 18 mm 
eccentered cases. It cannot be found in any other 
eccentering angles and also illustrates the anti- 
symmetry of the eccentering angles of 45 degrees 
in the quadrupole system. 

For the eccentered tool, the dipole collar wave 
appears at the receiver pairs of R1 and R19, and of 
R10 and R28, whose waveforms are exactly the 
same in each pair when the LWD tool is located at 
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the exact center of the borehole. The amplitudes of 
the collar wave at R1 and R10 are greater than 
those of R19 and R28. While the phase of the 
formation wave at R10 and R1 will be later than 
that of R19 and R28 respectively. The monopole 
collar wave will be induced in the dipole pair 
receivers of R1 and R28 and of R10 and R19, 
which results from the tool eccentering. The ST 
mode interferes with the quadrupole formation 
wave, and the amplitudes of the monopole collar at 
R1 and R10 are slightly larger than those of R19 
and R28, respectively. In addition, the simple linear 
correction method will introduce residual 
information due to the difference in amplitude of 
the collar wave. 

 

Fig.21 The array waveforms for different array 
receivers in both the 9 mm (a) and 18 mm (b) 
eccentered cases with the eccentering angle of 45 
degrees 

QUANTIFYING THE ANGLE AND EXTENT 
OF TOOL ECCENTERING  

According to the analysis of the wave-fields of the 
tool eccentered at different angles and 
eccentricities, we can find that the phase of the 
waveforms in different receivers is affected most 
significantly by the tool’s eccentering angle and 
eccentricities especially in dipole systems. The 
relationships among the phase of different 
receivers, the tool eccentering angles and 
eccentricities will be discussed below.  

The relationships between the eccentering angles 
and the phase differences are shown in Figure 22. 
Figures 22a and 22b show the relationship 
between the angle and the phase differences 
between R10 and R28 in moderate and severely 
eccentered cases respectively.  Figures 22a and 
22b also show the relationship between the angle 
and phase differences between R19 and R1 in 
moderate and severely eccentered cases 
respectively. The phase differences between R10 

and R28 are zero when the tool is eccentered at 0 
degrees while they would be randomly distributed 
when the eccentering angle is 90 degrees in both 9 
mm and 18 mm offsets. If the eccentering angle is 
between 0 and 90 degrees, the phase difference 
(from 2 kHz to 5 kHz) between R10 and R28 will 
decrease as the eccentering angle increases. We 
also find the phase differences (from 2 kHz to 5 
kHz) jump from below zero in moderate 
eccentered cases to above zero in severely 
eccentered cases. The phase difference should be a 
function of eccentering angle θ and eccentering d 
and frequency ω: Δφ90_270 (ω)=[φ10 (ω) – φ28 
(ω)]/2= f (θ,d,ω), in which the phase could be 
obtained by φ(ω)=tan-1[imag(W(ω))/real(W(ω))], 
and W(ω) is the spectrum of  the signal w(t). 

 

Fig.22 The effects of an eccentering angle for 
different eccentricities on the phase difference of 
the waveforms. (a and b) Waveform phase 
difference between the waveforms for the 
receivers at azimuth angles of 90 and 270 degrees 
for the tool offsets of 9 mm and 18 mm, 
respectively, and (c and d) phase differences 
between the waveforms for the receivers at 
azimuth angle of 180 and 0 degrees for the tool 
offsets of 9 mm and 18 mm, respectively. 

Considering the relationship between the angles 
and the phase difference of R19 and R1 (Figures 
22c and 22d), we find that the phase differences 
are zero with 90 degrees of tool eccentering in 
both moderate and severely eccentered cases. 
There is a nearly constant phase difference in the 
moderate eccentered case. The constant phase 
delay becomes narrow and decreases with the 
increase of eccentering angle (Figure 22c). This 
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sensitivity could be useful for determining the 
eccentering angle. However, the sensitivity of the 
phase difference in the angle is poor in extremely 
eccentered cases, for which the angles of 60, 75 
and 90 degrees exhibit almost the same appearance, 
and the angles of 0, 15 and 30 degrees cannot be 
determined easily, and the curve for 45 degrees 
changes suddenly. In these cases, the phase 
difference of R19 and R1 cannot be used to 
quantify the angle.  

The method to determine the extent that the tool is 
eccentered will also be considered based on the 
phase characteristics of the received waveform. 

 

Fig.23 The relationship in the phase difference 
between the waveform in the receivers at azimuth 
angle of 90 and 270 degrees and the eccentricities 
with different eccentering angles. (a and b) 
Eccentering angle of 0 and 15 degrees, 
respectively. 

 

Fig.24 The relationship in the phase difference 
between the waveforms for receivers at azimuth 
angle of 180 and 0 degrees and the eccentricities 
with the different eccentering angles: (a-d) 
Eccentering angle of 0, 30, 45 and 60 degrees, 
respectively. 

Figure 23 shows the relationship between the 
magnitudes of the eccentered tool and the phase 
difference between waveform at R10 and R28 in 
different eccentering angles. The phase differences 
between R10 and R28 at center case should be 
zero. However they are randomly distributed due 
to the numerical noise, and are not affected by the 
eccentering for the zero degrees (Figure 23a).  In 
other cases (from 15 degrees to 75 degrees), the 
phase differences become larger as eccentering 
increases. Here we just show the result of the 15 
degrees case because the trend is similar for the 
angles from 30 to 75 degrees. 

Figure 24 shows the relationship between the 
magnitudes of the eccentered tool and the phase 
difference between waveforms at R19 and R1 for 
different eccentering angles. The phase differences 
between R19 and R1 in the cases of a centralized 
tool are zero. The phase differences increase with 
tool eccentering, and the resolution is higher in the 
case of a large eccentering angle than a small one. 

Based on the above studies, we propose to 
quantify the tool eccentering angle by using the 
phase difference between R10 and R28, and to 
calculate the tool eccentering by combining the 
phase difference between R10 and R28 with the 
phase difference between R19 and R1.  

CONCLUSIONS  

We have applied the FDM to simulate the 
response of a multi-pole ALWD tool in horizontal 
or high angle deviated wells surrounded by either 
fast or slow formations. Based on the simulation 
results, we analyzed the influence that tool offsets 
have on the waveforms from receivers at different 
azimuths. Our conclusions are as follows, 

1) The eccentered tool changes the waveforms 
compared to those for a centered tool. The 
waveform in the direction of tool offset is affected 
severely, with the waveforms near the smallest 
fluid column being affected the most. However the 
waveform in the orthogonal direction of tool offset 
is hardly affected by tool eccentering.  

2) A strong collar flexural wave appears when the 
monopole tool is eccentered. New modes such as 
the formation flexural and formation quadrupole 
waves appear before and during the ST wave. 
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3) The tool offset affects the waveforms in fast and 
slow formations in different ways. Waveforms in a 
fast formation are more seriously affected by the 
tool offsets and the new collar modes hinder the 
determination of the P wave velocity in the 
direction of tool offset. The determination of the P 
wave velocity in the orthogonal direction is easier 
than in the direction of tool offset. However, the 
new collar modes do not significantly affect the 
determination of the P wave velocity the in a slow 
formation. 

(4) When the tool is eccentered, the eccentering 
angle and extents can be determined by measuring 
the phase difference of the waveform from the 
eccentered dipole measurements.  

(5) A collar flexural wave appears when the 
quadrupole tool is eccentered, which interferes 
with formation screw mode and makes the 
determination of S velocity difficult.  

Given the complexity of how waveforms are 
influenced by a tool being eccentered, we consider 
that a simple superposition of all the waveforms 
for receivers at different azimuths for an 
eccentered tool will not provide reliable 
assessments of elastic formation properties. When 
making an ALWD measurement, one should first 
quantify the tool eccentering by an eccentered 
dipole measurement at the same time and then use 
a suitable data correction method to avoid the 
effects of tool eccentering. Based on the corrected 
data, the conventional acoustic logging data 
processing method such as velocity-time 
semblance method could be used to obtain the 
velocities of the P and S waves. 
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