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Abstract

Imaging logging tools can provide us the borehole wall image. The micro-resistivity imaging logging has been used to
obtain borehole porosity spectrum. However, the resistivity imaging logging cannot cover the whole borehole wall. In this
paper, we propose a method to calculate the porosity spectrum using ultrasonic imaging logging data. Based on the
amplitude attenuation equation, we analyze the factors affecting the propagation of wave in drilling fluid and formation and
based on the bulk-volume rock model, Wyllie equation and Raymer equation, we establish various conversion models
between the reflection coefficient § and porosity ¢. Then we use the ultrasonic imaging logging and conventional wireline
logging data to calculate the near-borehole formation porosity distribution spectrum. The porosity spectrum result obtained
from ultrasonic imaging data is compared with the one from the micro-resistivity imaging data, and they turn out to be
similar, but with discrepancy, which is caused by the borehole coverage and data input difference. We separate the porosity
types by performing threshold value segmentation and generate porosity—depth distribution curves by counting with equal
depth spacing on the porosity image. The practice result is good and reveals the efficiency of our method.
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Introduction

There are two types of porosity in carbonate reservoirs
including primary and secondary porosity, and the secondary
porosity (includes vugs and fractures, etc.) whose structures
and morphologies vary in different directions. Normally we
use acoustic logging data to calculate the porosity. The usage
of acoustic logging data is only limited to calculate the
porosity through the wave velocity, not to reveal the pore
structure property (Wang and Tao 2011; Wang et al. 2017).
The conventional acoustic tools cannot provide the full
azimuth information of the borehole. In practice, when the
conditions of measurement and data acquired are limited, it
is always a challenge to obtain the porosity distribution (Gu
et al. 2017). Therefore, to accurately predict the production
potential by conventional wireline logging was difficult.
Accuracy has been greatly improved since micro-resistivity
and ultrasonic borehole image logging was introduced to the
industry. With the help of imaging logging, we can reveal the
fracture density, orientation (e.g., dip and azimuth) and
distribution of the fractures and caves visually in open hole.
Based on the classic Archie saturation equation for the flu-
shed zone, Newberry et al. (1996) proposed a method to
convert micro-resistivity borehole images to porosity dis-
tribution of the formation. Using this method, we can obtain
porosity spectrum which can be used in fine quantitative
evaluation of the distribution of reservoir porosity. Prede-
cessors have done much study on quantitatively evaluating
the porosity distribution of carbonate reservoirs, and the
application results were good (e.g., Hurley et al. 1998; Akbar
etal. 2000; Tyagi and Bhaduri 2002, Xu et al. 2006; Ghafoori
et al. 2009; Tetsushi et al. 2013). However, the micro-re-
sistivity tool cannot cover the whole borehole wall, which
causes white stripes between the pads. Therefore, is infor-
mation is lost in the process, especially in the section where
high-angle fractures and vugs develop. The ultrasonic image
can cover 100% borehole wall, therefore, it can provide more
complete information. However, the advanced usage of
ultrasonic imaging logging data has been studied by very
few. In this paper, we analyze the factors affecting the
propagation of wave in drilling mud and formation, and
propose a new method which is based on the amplitude
attenuation equation. Using this method, we can calculate the
near-borehole formation porosity distribution with ultra-
sonic borehole images and conventional wireline logs.

Analysis of influence factors
on the ultrasonic imaging logging

Ultrasonic imaging tool uses a rotating transducer to launch

ultrasonic pulse traveling through borehole fluid, receives
the echo of the borehole wall, and records the echo amplitude
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and traveling time. Geological information, such as changes
of lithology and physical properties, can be obtained using
this tool. The measured echo amplitude is associated with the
acoustic impedance and the shapes of the borehole wall.
When the borehole diameter is “on gauge” (i.e. regular,
without caves or key seats), the greater the acoustic impe-
dance of the rock is, the larger the echo amplitude will be.
Echo traveling time is associated with the geometric shape of
borehole and the mud; as the mud is considered uniformly
distributed in the borehole, it only reflects the status of
borehole wall. The images reflect wave response from the
surface of the borehole, thus can reveal the cracks and holes,
similar to the micro-resistivity imaging.

The sound wave amplitude will decay exponentially
with the changing of propagation distance in the medium.
When passed through the medium interfaces, sound waves
will result in refraction and reflection. Due to the difference
of wave impedance, the reflection coefficient is different.
According to the propagation distance and the differences
of the two media, when the wave passes through the
interface vertically, the reflection wave amplitude can be
expressed as (Wang 2011):

Ai(f) = Ao(f) x px e st (1)

where A(f) is the reflection wave amplitude traveling from
the interface of medium 1 and 2 for time #; Ay(f) is the
amplitude of the original wave launched by the acoustic
transmitter in frequency f; f is the reflection coefficient;
off, 1) is the amplitude attenuation coefficient, which is a
function of sound wave frequency f and medium viscosity
w; L is the propagation distance.

For an ultrasonic imaging logging tool, the acoustic
transmitting frequency f is fixed; and at the same depth,
borehole diameter is also a constant. Therefore, based on
the analysis of Eq. (1), we identify two major factors that
influence the ultrasonic echo amplitude: (1). attenuation
coefficient o and (2) reflection coefficient /5.

The influence of attenuation coefficient o

Ultrasonic attenuation process is complicated and difficult
to analyze. One general equation of attenuation coefficient
in fluid was presented by Urick (1948) and Urick and
Ament (1949):

2 1 2

o ==nrn —k4r3+k(&— 1) 75 ) (2)
S K ) st ()

f

wherek:zf, S:Z—‘;’(l—kg), r:%—l—j—‘;and a:%.

In Eq. (2), r is the radius of spherical particles, m; p; is
the density of particles, g/m3 ; Po 18 the density of fluid,
g/m3; Lo is the kinematic viscosity of fluid, Pa s; 4 is the

wavelength of ultrasound, m; 7 is the unit volume particle
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number; o is the angular frequency, rad/s. According to
Eq. (2), the influencing factors of attenuation coefficient o
can be summed up into three classes: (a) micro-mud slurry:
unit volume particle number n, radius of spherical particles
r, density of particles ps. (b) Macro-mud slurry: fluid
density po, fluid kinematic viscosity uy. (c) Tool specifi-
cation: tool transmitting frequency f, angular frequency o,
wavelength /.

Therefore, it is obvious that the attenuation coefficient o
just reflects the characteristics of the tool and drilling mud,
but do not reflect the formation porosity.

The influence of reflection coefficient 8

Z, and Z, are the wave impedance of drilling mud and
formation, respectively; p and v are density and sound
wave propagation speed. For the normal angle of inci-
dence, their relationship with  can be shown as follows:

Zr — 7
= . 3a
b Z, + 7, (3a)

As Eq. (3a) shows, the main factors affecting reflection
coefficient f are drilling mud and formation wave impe-
dance Z; and Z,. And the formation wave impedance Z,
can be expressed as follows:

P2
7y = pyvy = — 3b
2 = P22 AL’ (3b)
where p, is the near-borehole formation density; A, is the
near-borehole interval transit time. Both p, and At, can
reflect formation porosity changes, so the reflection coeffi-

cient f§ can be used as a tool to obtain the formation porosity.

Porosity conversion models

Reflection coefficient around the well bore mainly reflects
the information near the interface where the pore has been
flushed by drilling mud filtrate. The pore fluid near the
borehole can be considered to be pure brine. Therefore, two
models of pure matrix (matrix built up only by pure car-
bonate minerals such as calcite or dolomite) and argilla-
ceous matrix (matrix built up with both carbonate minerals
and clay minerals) can be established (Fig. 1).

Wyllie time average equation

Pure matrix model (Fig. 1a) satisfies the Wyllie time
average equation (Wyllie equation, Wyllie et al.
1956, 1958), which can be written as:

{pZ = pw¢ + (1 - d))pma

Aty = Aty + (1 — ¢)Atma (4a)

(@) (b)

Fig. 1 Pure matrix model (a) and argillaceous matrix model (b)

Plug Egs. (3b) and (4a) into Eq. (3a):
=24y ppnr— 2

ﬁiZz—i—Zl o+ Z
_ Pma — ZlAtma + [(pw B pma) - Zl (AtW — Atma)]d)
Pma T ZlAtma + [(PW - pma) +7Z (AtW - Atma)]d).
(4b)
Let
a= (pw - pma) —Z (AtW - Atma); b= Pma — ZlAtma;

¢ = (pw - pma) +2Z (AtW - Atma); d= Pma T+ Zy Ata;

Then
Zr—7Z Vo, — 7 a b—4%d

= 2 1_ PaV2 L_4, c (4c)
h+Zy pva+Z ¢ cp+d

Let
A=2 and B=b-24
C C

Then
_Z2_Zl_P2V2—Zl_A B

ﬁ‘ZHZl S pm+Zi ch+d

(4d)

Based on Eq. (4d), we can reveal the relationship
between reflection coefficient and porosity in both pure
calcite and dolomite matrix (Fig. 2). As the figure shows:
(a) when the drilling mud wave impedance is constant, the
greater the porosity is, the smaller the reflection coefficient
is; (b) when the porosity is greater than 0.15 in limestone
with pure calcite matrix and 0.25 in dolostone with pure
dolomite matrix, the calculated reflection coefficients are
larger than the experimental value (Chelini et al. 1998).

Therefore, when the drilling mud wave impedance is
known, the porosity can be calculated with the reflection
coefficient based on this model.

Raymer equation
As Fig. 2 shows, when porosity is larger than a certain
value, the reflection coefficients converted by the above

model do not conform to the actual situation. Conse-
quently, we combine rock volume model and Raymer
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conversion equation (Raymer equation, Raymer et al.
1980) to get the equations:

P2 = pwd) + (1 - (rb)pma

V2 = VW¢ =+ (1 - ¢)mvma (5)
L =7y pyna—Z

ﬁ_Zz+Z1 C pn + 2

Based on Eq. (5), the relationship between reflection
coefficient and porosity can be calculated after a loop
iteration (Fig. 3).

Argillaceous matrix model

Similar to the pure matrix model, argillaceous matrix
model (Fig. 1b) satisfies the following equations:

{ P2 = pw¢ + VShpsh + (1 - ¢ - VSh)pma

7 (6a)
A = AtW¢ + VanAtgn + (1 - ¢ - Vsh)Atma

where Vg, is the shale content. Plug Eq. (6a) into Eq. (3a):

o L -7 _ PaV2 — Z ~ Pma — ZlAtma + (psh — Pma — ZlAtSh + ZlAtma)VSh + [(pw - pma)

wireline logs (e.g. DEN and AC) data to calculate forma-
tion reflection coefficient f3'.
- Zr — 74 B K_tzz - Zl
_Zg+zl _K_tzz‘kzll

i3 (7a)

Step 2: Introduce the echo response Eq. (1) and input
transmitting amplitude Ao, received echo amplitude AMP;
and echo traveling time TIM; at the ith point in the depth of
total n points to calculate attenuation factor 7, and

n n
LnAMP = Z In(AMP;), TIM = Z TIM; and
i=0 i=0
L=TIM X v.

Then, Eq. (1) can be turned into:

LnAMP
LHA()

=Lnf — a x vy x TIM, (7b)

where L is the average distance from the transducer to the wall
at the same depth; v, is the ultrasonic velocity in the mud.

— Z1(Aty — Aty @

h= D+Zi pa+Zi puat ZiAtma + (P — Pima + Z1 Aty — Z1Ating) Vi + [(Pw = Pma) +Z1(Aty — Atna) ]
(6b)

After simplification Step 3: The 7 can be set to be attenuation factor:
_ZQ*Z]_p2V27zl_ B T=0o XV. (70)

p

+c¢)+d” (6¢)

where A =% and B' = b’ —2d'.

CL+Zi pyvt+Zi

a= (pw - pma) -7 (AtW - Atmﬂ);
¢ = (pw - pma) +2Z (Atw - Atma);

The attenuation factor 7 at the depth can be obtained:

b/ = Pma — ZlAtI‘ﬂa + (psh — Pma — ZlAtSh + ZlAtma)VSh;
d, = Pma + ZlAtma + (psh ~ Pma + Zl Atsh - Zl Atm21)vsh~

Workflow of porosity spectrum calculation
and porosity segmentation

The whole workflow of porosity spectrum calculation and
porosity segmentation is shown in Fig. 4.

Calculation workflow of porosity spectrum
Using ultrasonic imaging data to build porosity spectrum
can be divided into five steps:

Step 1: Based on Eq. (4b) or (5), use the mud wave
impedance Z; and conventional density and acoustic

@ Springer

Ln / __ LnAMP
Sl vy (7d)
TIM
Step 4: Substitute 7 into Eq. (1), and use AMP; and TIM;
to calculate reflection coefficient f; of the pixel.

B = ___AMP; (Te)

- Ao X e—txTIM; *

Step 5: Substitute f; to Egs. (4d), (5) or (6¢), and then we
can calculate the porosity value of each pixel which should be
added up in equal depth spacing to draw porosity spectrum.

In addition, due to the porosity spectra transformation
from ultrasonic images is based on rock volume model, the
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Fig. 2 The relationship between reflection coefficient and porosity in
both pure calcite and dolomite matrix models deduced using Wyllie
equation. The blue dots and red triangles are from experimental data,
and the black curves with dots and triangles are from the conversion
of Wyllie equation. Drilling mud wave impedance is 1850 g/cm® m/s
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Fig. 3 The relationship between reflection coefficient and porosity in
both pure calcite and dolomite matrix models deduced using Raymer
equation. The blue dots and red triangles are from experimental data,
and the black curves with dots and triangles are from the conversion
of Raymer equation (m = 2.5). Drilling mud wave impedance is
1850 g/cm® m/s

porosity spectrum transformation model is only applicable
under the conditions that the lithology is simple, and
porosity distribution is near-homogeneous and porosity
variety is small.

The segmentation of primary and secondary
porosity

Porosity spectrum usually presents two or three separate
peaks. Small apertures correspond with high cumulative
frequency, large range of variation, while the large ones

Input conventional and ultrasonic
imaging data and some strata parameters.

Calculate reflection coefficient of any pixel.
(stepl-4)

Calculate the porosity of any pixel to obtain
porosity imaging. (step5)

|

Count the porosity of any pixel at a certain
step size to obtain porosity spectrum.

|

Determine the threshold value to calculate
the original and secondary porosity. (OTSU)

Fig. 4 The calculation workflow chart of obtain primary and
secondary porosity from ultrasonic images

correspond with low cumulative frequency, small range of
variation (Wang 2011). This phenomenon exactly reflects
the state of primary pore and secondary pore in the
underground rock. Thus, the frequency diagram can be
used to distinguish original and secondary pore to obtain
the two porosities, respectively. The methods to determine
the threshold value between primary and secondary
porosities mainly include artificial threshold division
method (Wang 2011) and OTSU method (Otsu 1979).

OTSU method is an algorithm determining the image
binarization threshold segmentation, which can execute
image binarization segmentation to make the interclass
variance between foreground and background image
maximum.

Assuming the size of porosity image I is M x N pixels;
secondary porosity (foreground) and primary porosity
(background) segmentation threshold is #; the ratio of
number of pixels in the foreground to the whole image is
mg; average porosity is ¢g; the ratio of number of pixels in
the background and the whole image is m;; average
porosity is ¢. The total average porosity of porosity image
is ¢,; Variance between classes is g. Consequently, the
next equation can be obtained:

g = momi (¢ — ¢1)2- (8)

Ergodic methods should be taken to make the interclass
variance g largest to obtain the threshold ¢ between the
original and secondary porosity, average original porosity
¢o and average secondary porosity ¢;.

@ Springer
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Fig. 5 Comparison diagram of the relationship between reflection
coefficient and porosity deduced using Wyllie and Raymer equations
in pure calcite matrix model. Blue dots are from experimental data
(Chelini et al. 1998). Green and red curves are, respectively, obtained
by Wyllie and Raymer equations (m = 2.5). Drilling mud wave
impedance is 1850 g/cm® m/s

Comparison studies and applicable
condition analysis

In this section, different application effects of the above
three conversion models (i.e. Wyllie and Raymer equa-
tions, and argillaceous matrix model) are studied, and by
processing real data, the effect of converted ultrasonic
images to porosity images and spectra are verified by
comparison to micro-resistivity imaging logging.

Comparison of conversion models

As Fig. 5 shows, when reflection coefficient is small, the
gap between the porosity converted by Wyllie and Raymer
equations is big. It indicates that when the porosity is less
than 15%, the Wyllie and Raymer equations are both
suitable for the calculation in limestone formation with
pure calcite matrix, but when the porosity is more than
15%, the porosity calculated by Wyllie equations is larger
than Raymer equations. It reveals that the Raymer equation
has a wider range of application in porosity calculation.
Figure 6 shows an actual case of the difference between the
two models. In this interval, there are two vertical frac-
tures. The color of cracks in the first porosity image is
darker than that in the second, and that means the porosity
values of the fractures calculated from Wyllie equation are

Depth| POROSITY IMAGE POROSITY SPECTRUM POROSITY IMAGE POROSITY SPECTRUM
1:20 | PORIMACGE: 3 PORSPECT W 0 PORIMAGE R 360) PORSPECT R
(m) (%) (%) 5 %) 3000 3 o

XX68—

XX69

St

~a

.\'x70__ -

Fig. 6 The porosity images and spectra converted using Wyllie and
Raymer models. From left: depth, porosity image computed using
Wyllie equation, the spectrum of the Wyllie porosity image, porosity
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POROSITY IMAGE
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(m) |y (%) 30
=77 ~ i

XX77 é /

XX78 ‘,'_- -

XX79—

Fig. 7 The porosity images and spectra converted based on bulk-
volume rock models without and with shale correction. From left:
depth, porosity image without correction, porosity image with

higher. This results in the porosity value of the peaks
appearing in the right (circled by green ellipses) in the
Raymer result are smaller than the ones in the Wyllie
result. And because the higher fracture porosities in Wyllie
result are more concentrated, the count is low. Thus, the
peaks in the Raymer results (circled by blue ellipse) are not
so obvious in the Wyllie result.

Comparison of pre- and post-shale correction

In addition, the models converted by Wyllie and Raymer
equations are only suitable in the formations with pure
calcite and dolomite matrix, but not with too much shale.
Figure 7 shows the conversion results of models of bulk-
volume rock with or without shale correction. In the
porosity images, the shade of color represents the magni-
tude of porosity. After shale correction, the color of
porosity image is lighter, and the spectra move left along
with lower peaks. The shale content (V) is calculated by
natural gamma ray logs (GR) using follow equations
(Larionov 1969):

SH = (GR — GRyin)/(GRimax — GRuin),
Vi = (28071 — 1) /(25 — 1),

(%a)
(9b)

correction, the spectrum of the porosity image without correction,
and the spectrum of the porosity image with correction

where the SH is the original shale content, GR,;, and
GR . are, respectively, the GR values of carbonate stone
and pure mudstone formation. The gcur is the correction
coefficient, which is 2 in older strata and 3.7 in newer
strata.

Comparison of ultrasonic and micro-resistivity
imaging logging

Thanks to the works of predecessors, the technology of
converting micro-resistivity images to porosity images is
proved to be mature and valid (Tyagi and Bhaduri 2002).
In this section, we compare the conversion results of
ultrasonic and micro-resistivity images. In Fig. 8, the sec-
ondary pores are very clear in ultrasonic porosity image,
but not in the resistivity one. Anyway, the trends of them
and the modes reflecting formation information are similar
except the distribution range of ultrasonic spectrum is
wider. It is conspicuous that the secondary porosities cal-
culated by ultrasonic and resistivity spectra are near except
the part circled by green ellipse. In this part, the secondary
porosity of ultrasonic image is significantly larger than
resistivity image because of the dissolved pores measured
by ultrasonic imaging logging are more obvious (black dots
in the image). Therefore, the method of converting

@ Springer
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Fig. 8 The ultrasonic and micro-resistivity imaging porosity images
and spectrum analysis. From left: depth, ultrasonic borehole wall
porosity image, unfilled micro-resistivity borehole porosity image, the
spectrum of ultrasonic porosity image, the spectrum of micro-

ultrasonic images to porosity images and spectra, even to
calculate the primary and secondary porosity is workable.

Analysis of applicable conditions

The measurement of ultrasonic imaging logging tools is
based on the transducer that is located in the center of a
round borehole of which the caliper is regular. Due to the
influence of the borehole shape and tool eccentricity,
acoustic signal propagation time in the drilling mud will
vary with location. Even if the well wall medium is uni-
form, it can also result in a heterogeneous imaging logging
image. When some or the entire reflected acoustic wave
cannot be received by the transducer, the echo amplitude
will decline seriously, so that the imaging logging image
will present vertical black stripes significantly.

Porosity obtained via ultrasonic imaging logs introduce
echo amplitude and the echo time as important inputs,
therefore its transformation effect will be affected by the
borehole shape and tool eccentricity significantly. When
the tool is in an elliptical borehole, ultrasonic logging
image will appear as two dark black stripes, which will
affect the identification of cracks; when the tool is not in
the hole center, black vertical stripes will appear on
imaging logging image, and they also appear on porosity
image, which will hide the details on borehole wall, so
porosity spectrum can show up abnormal, such as loss of

@ Springer

resistivity porosity image, the secondary porosity curves calculated
from the two images (red for ultrasonic and blue for micro-resistivity,
the porosity range is 0-10%)

spectrum, etc. Therefore, the quality of imaging logging is
very important for applying this conversion method.

Case study

In this study, our data for application are from a well LXX
in the Tianhuan Depression, Ordos Basin in Northwestern
China. The application result is shown in Fig. 9.

Figure 9 is the porosity spectrum analysis results image,
generated from the ultrasonic imaging log from the interval
of XX43-XX63m in LXX well using the workflow pre-
sented in this paper. Porosity images in track 6 and track 7
can reflect the size of the porosity from the shade in the
image. They can not only help us distinguish pore type of
the reservoir, but also reveal the size change of the primary
porosity intuitively and clearly. Track 8 is ultrasonic
imaging spectrum transformed from pure calcite matrix
porosity model. The forms of porosity spectrum curve are
unimodal, bimodal or multi-peak, associated with the
reservoir heterogeneity. Compared to resistivity porosity
spectrum in track 9, the shape of ultrasonic porosity
spectrum track 8 is similar, but its spectral peak is wider
relatively. This may be caused by the lower sensitivity of
the porosity to the wave attenuation.

The secondary porosity in depth XX47-XX48m is poor
developed, so the porosity spectrum is narrower and
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Fig. 9 Well LXX (XX43m-XX63m) porosity spectrum analysis
results. Track 1: GR 0-150 API, CAL 6-16 in.; track 2: DEN
1.95-2.95 g/em®, AC 14040 ps/ft, CNL 45-15%; track 3 and track 4
are ultrasonic echo amplitude and echo time image; track 5 is static
resistivity imaging; track 6 and track 7 are ultrasonic imaging and

unimodal; In depth intervals XX45-XX47m, XX57-
XX57.8m and XX61-XX61.6m, different scales of sec-
ondary pores resulted from dissolution are visible, there-
fore, the porosity spectrum shows wider bimodal or
multimodal spectra with lower peaks; In depth interval
XX60.3-XX61.6m high conductivity fractures caused by
drilling mud invasion or argillaceous filling develop, and
their porosity presents wider unimodal or bimodal spectra.
In depth interval XX53.7-XX56.2m, there is not any ver-
tical fracture in the resistivity image, but two dark vertical
stripes are found in the ultrasonic image. That means the
ultrasonic tool eccentric position may occur at this depth
section. The stripes are mistaken for vertical fractures in
analysis workflow, and that causes the ultrasonic porosity
spectrum wider than resistivity porosity spectrum. This
reveals that the measurement quality of ultrasonic imaging
affect the effect of porosity spectrum directly.
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resistivity porosity image, 0-20%; track 8 and track 9 are ultrasonic
imaging and resistivity porosity image, 0-20%; track 10 is porosity
distribution, PHI and PHITave represent the primary porosity and
total average porosity, respectively, 0-20%

Track 10 in Fig. 9 is primary and secondary porosity
calculated by porosity image quantitatively based on
OTSU method. It is obvious that the matrix porosity of the
reservoir section is very stable, about 5-6%; Secondary
porosity is about 2%, increasing obviously in intervals
where different scale dissolved pores develop.

In general, the results show that the method is applicable
and the application result depends on the logging quality.

Conclusions

In this paper, we provide a new way to evaluate the dual-
porosity systems in carbonate formation using ultrasonic
borehole images. This is a new integrated workflow to
establish the relationship between the reflected wave
amplitude and reflection coefficient which carry
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information about formation porosity. Based on models of
bulk-volume rock and Raymer equation, three porosity
conversion models suitable for pure and shaly matrix have
been provided and verified. From the whole research, we
can come to several conclusions as follows:

1. Based on bulk-volume rock models, we establish the
conversion relationship between reflection coefficient
of drilling mud and formation interface and the
formation porosity, discovering that the reflection
coefficient decreases in an inverse proportion function
as the porosity increases.

2. Based on reflected wave amplitude attenuation equa-
tion and the bulk-volume rock models, we can use
conventional well logging curves such as the formation
density and acoustic interval transit time and ultrasonic
imaging data such as echo amplitude and traveling
time to get porosity distribution image and porosity
spectrum.

3.  OTSU method can be effectively used to determine the
threshold of the primary and secondary porosity and
precisely calculate the primary and secondary porosity
of reservoir, which is meaningful to quantitative
analysis of the fracture development degree of the
IeServoir.

4. The spectrum analysis method for ultrasonic imaging
is similar to the one used in resistivity imaging. Under
the same geological condition, the shapes of porosity
spectra from ultrasonic and resistivity imaging logs are
similar, but the spectrum peak range is relatively wider
in results from ultrasonic imaging which may occur
due to the lower sensitivity of the porosity to the wave
attenuation.

5. Compared to micro-resistivity borehole images, ultra-
sonic borehole images can cover 100% of borehole
wall, so it can provide more complete strata porosity
information (e.g. vugs and fractures, etc.). However,
because of the sensitivity of ultrasonic imaging tools,
the imaging result can be affected by many factors
such as the borehole shape condition or tool position.
Therefore, the application condition of our workflow is
very rigorous and we should consider the imaging
quality first, and use the pore spectrum result with
caution. It is better to use the spectra obtained from
both ultrasonic and resistivity imaging logging data
together to analyze the porosity.
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