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Abstract: We developed a novel cement evaluation logging tool, named the azimuthally 
acoustic bond tool (AABT), which uses a phased-arc array transmitter with azimuthal 
detection capability. We combined numerical simulations and fi eld tests to verify the AABT 
tool. The numerical simulation results showed that the radiation direction of the subarray 
corresponding to the maximum amplitude of the first arrival matches the azimuth of the 
channeling when it is behind the casing. With larger channeling size in the circumferential 
direction, the amplitude difference of the casing wave at different azimuths becomes more 
evident. The test results showed that the AABT can accurately locate the casing collars and 
evaluate the cement bond quality with azimuthal resolution at the casing–cement interface, 
and can visualize the size, depth, and azimuth of channeling. In the case of good casing–
cement bonding, the AABT can further evaluate the cement bond quality at the cement–
formation interface with azimuthal resolution by using the amplitude map and the velocity of 
the formation wave. 
Keywords: Cement bond quality, phased-arc array transmitter, azimuthal resolution, 
amplitude, arrival time

Introduction

Evaluations of the cement bond quality are very 
important to oil production. The cement bond quality 
can be evaluated by analyzing the acoustic response 
from the casing–cement interface and the cement–
formation interface. Nevertheless, it is diffi cult to detect 
the azimuth of cement channeling. 

The conventional cement bond log (CBL) and the 
variable density log (VDL) are well-known conventional 
acoustic logging tools that are used to evaluate the 
cement bond quality. The CBL and VDL, because of the 
omnidirectional radiation characteristics of monopole 
sources, have no azimuthal detection capability of the 
cement channeling (Pardue et al., 1963; Bolshakov et 
al., 2010; Qiao et al., 2011). The segmented bond tool 
(SBT) uses six pads and twelve transducers to evaluate 
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the cement integrity (Bigelow et al., 1990). The SBT 
can only evaluate the cement bond quality at the casing–
cement interface with azimuthal resolution of approximately 
60° and VDL is used to determine the cement bonding 
at the cement–formation interface. The isolation scanner 
(Schlumberger) is a new-generation cementing evaluation 
tool that combines ultrasonic reflection and refraction 
with signifi cant improvements for lightweight cementing 
(van Kuijk et al., 2005; Bellarbarba et al., 2008; Tang 
et al., 2012; Loizzo et al., 2013); however, the isolation 
scanner with mechanical rotation and the subsequent 
data interpretation are complex to use and perform. The 
acoustic wavefield and detection methods are being 
studied theoretically to better evaluate the cement bond 
quality (Tubman et al., 1984, 1986; Song et al., 2012; 
Duan et al., 2014; He et al., 2014). 

Qiao et al. (2006) presented a new type of downhole 
transmitter and Qiao et al. (2008) investigated the 
radiation directivity of an acoustic phased-arc array. 
Subsequently, the acoustic fi eld generated by phased-arc 
arrays in open and cased boreholes was simulated (Che 
and Qiao, 2009; Che et al., 2014). These authors showed 
that the acoustic phased-arc array transmitter offers 
several advantages over conventional monopole sources. 
A source with directional radiation properties in a cased 
hole is a new well logging tool with azimuthal resolution 
suitable for cased holes. Based on fi eld applications and 
requirements, we used the phased-arc array transmitter 
in the azimuthally acoustic bond tool (AABT). Lu et 
al. (2014) presented detailed electronic systems and 
laboratory measurements of the AABT. To assess the 
performance of the AABT, we simulated the acoustic 
field of the AABT in cased holes. We investigated the 
response characteristics of channeling and the radiation 
azimuth using a parallel 3D fi nite-difference algorithm. 
We tested the AABT in several wells to verify its 
performance and to obtain the azimuthal sensitivity. 

Acoustic sonde of the AABT

The  acous t i c  sonde  o f  the  AABT i s  shown 
schematically in Figure 1a. The acoustic sonde typically 
has one acoustic phased-arc array transmitter (T) and 
two monopole receivers (R1 and R2), which are placed 3 
ft  (0.91 m) and 5 ft (1.52 m) away from the transmitter, 
respectively. Figure 1b shows the AABT, which mainly 
consists of a transmitter, two receivers, an isolator, and 
an electronic section. The acoustic phased-arc array 
transmitter consists of eight piezoelectric ceramic 
vibrators evenly distributed on a circle and operating at 
center frequency of 15 kHz. The operating principle of 
the transmitter is similar to that of Che and Qiao (2009). 
Each vibrator can function as an element of the acoustic 
phased-arc array. The main advantage of the acoustic 
phased-arc array is its capability to radiate energy into 
different azimuths at different times. When all eight 
vibrators are excited simultaneously, the acoustic phased-
arc array transmitter works similarly to a conventional 
monopole transmitter. In this work, we choose three 
neighboring vibrators to work as a phased-arc subarray. 
Different vibrators are operated in sequence to radiate 
acoustic energy into the borehole wall at different 
azimuths by excitation circuits. At each measurement 
depth, two receivers at 3 ft and 5 ft intervals acquire 
sixteen tracks of waveforms. 

3 ft

5 ft

T R1 R2
(a)

Fig.1 (a) Schematic of the acoustic sonde and (b) photo of the AABT. The AABT consists of a transmitter (T), two receivers
(R1 and R2), an isolator, and an electronic section. 

Electronic section

Isolator

(b) T R1 R2

Numerical simulation

The finite-difference method is widely used in 

numerical simulations of borehole acoustic fields. We 
use a 3D finite-difference scheme (Cheng et al., 1995; 
Liu et al., 1996) in Cartesian coordinates to simulate the 
acoustic fi eld for a variety of AABT models on a cluster. 
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We study the effect of the channeling circumference size 
and the radiation azimuth on the casing waves.

We fi rst defi ne the densities, Lamé constants, particle 
velocities, and stress for homogeneous media. The 
elastic equations are then decomposed into first-order 
partial differential equations of velocity and stress (Che 
and Qiao, 2009). The partial differential equations are 
substituted by differential schemes after discretization. 
The elastic equations, stiffness coeffi cients, densities and 
the splitting perfectly matched layer (PML) are referred 
to former studies (Che and Qiao, 2009; He and Hu, 
2009; He et al., 2010). 

The AABT models 
We simulated the acoustic characteristics of the casing 

waves with the AABT for different cement bonding 
conditions. We call the numerical calculation models 
“the AABT models”. As shown in Figure 2a, the AABT 
numerical simulation model consists of an innermost 
fluid cylinder surrounded by the casing pipe, cement 
annulus, and formation. T represents the acoustic 
phased-arc array transmitter with eight elements, and 
R1 and R2 are the monopole receivers. The distance 

from T to R1 and R2 is 3 ft and 5 ft, respectively. We 
assume a 0.5 m high channeling with sector β in the 
cement between T and R1 (Figure 2b). The height and 
outer diameter of the model well are 3.8 m and 1.0 m, 
respectively. The radius of the borehole is 0.1 m. The 
casing pipe thickness is 0.01 m and the cement annulus 
thickness is 0.02 m. The P-wave and S-wave velocities 
and densities for each material are listed in Table 1. The 
radiation azimuth of the phased-arc array transmitter 
is α. We simulated many models, where we varied the 
circumferential channeling size β while keeping the 
other parameters constant. For each model with a given 
channeling size, we change the radiation azimuth of the 
transmitter at α of 0°, 45°, 90°, 135°, 180°, 225°, 270°, 
and 315°. 

Table 1 Parameters of the materials used in the simulations

Casing pipe Cement 
annulus Formation Borehole 

fl uid

VP (m/s) 5900 3500 4000 1500
VS (m/s) 3230 2000 2500 –
ρ (kg/m3) 7800 1900 2200 1000

T

Channeling

Channeling

(a) (b)

Formation Cement Casing
Formation Cement Casing

Borehole

BoreholeR1

x

O

z

r

R2

Fig.2 Schematic of the AABT model: (a) vertical section and (b) horizontal section at the channeling position.

Simulation results
The acoustic waveforms received by R1 and R2 are 

shown in Figure 3 for β = 90° and, with the eight three-
element arc subarrays scanning the radiation acoustic 
energy in the cased hole every 45°, these eight acoustic 
waveforms correspond to α of 0°, 45°, 90°, 135°, 180°, 
225°, 270°, and 315°. Figure 4 shows the relation 
between the amplitude of the first arrival and the 

radiation azimuths for β = 90°. The amplitudes of the 
fi rst arrivals from R1 and R2 have differences owing to 
channeling. The radiation azimuth of the transmitter 
corresponding to the maximum amplitude of the first 
arrival faces the azimuth of the channeling exactly. 
The amplitude differences of the first arrivals among 
the different radiation azimuths from R1 are relatively 
greater than from R2.
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Fig.3 Eight acoustic waveforms generated by the eight three-element arc subarrays scanning the radiation acoustic 
energy in the borehole every 45° for β = 90°.

Fig.4 Relation between the amplitude of the fi rst arrival and the 
radiation azimuths for β = 90°. D is a dimensionless variable.
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from R1 and R2 and the radiation azimuths for β of 90°,
45°, 27°, and 0°. The figure shows that the amplitude 
difference of the casing wave is more apparent in Figure 
5a than in 5b, and that the larger circumference of the 
channeling produces greater amplitude differences of 
the casing wave. For the cases of free casing and good 
cementing, the amplitude of the casing wave does not 
change with the radiation azimuth of the three-element 
subarrays. The calibrated relative amplitude normalized 
by the amplitude of free casing wave can distinguish the 
two special conditions. 

The numerical results show that the eight waveforms 
and the amplitude of the fi rst arrival are different when 
there is a channeling behind the casing at specific 
azimuth. This is the basis for the azimuthal evaluation 
of cement bonding at the casing–cement interface. 
Similarly, the formation wave generated by the phased-
arc array also shows azimuthal variation if there is a 
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Fig.5 Relation between the amplitude of the fi rst arrival and azimuth for β of 0°, 27°, 45°, and 90°. D is a dimensionless variable.

We also simulated the acoustic waveforms for 
different channeling circumferences. Figure 5 shows 
the relation between the amplitude of the first arrival 



198

Numerical simulations and fi eld tests

channeling. As a result, the cement bond quality at the 
cement–formation interface can be azimuthally evaluated 
according to the azimuthal difference in amplitude and 
arrival time. The AABT was extensively tested in test 
and commercial wells in China.

Data processing of the phased-arc array logging
The amplitude of the first arrival, the attenuation of 

the fi rst arrival, and the amplitude of the formation wave 
can be extracted and imaged using the eight waveforms 
acquired by each receiver from the different radiation 
azimuths. Furthermore, the cement bond quality at the 
casing–cement interface and the cement–formation 
interface can be evaluated using the amplitude and 
attenuation of the fi rst arrival and the formation wave. If 
there are inconsistencies among the eight vibrators of the 
transmitter, it is necessary to correct it before extracting 
the amplitude of the fi rst arrival and the formation wave. 
We assume the correction coeffi cient for the transmitter 
is Ci and the amplitude before correction is Bi (i = 1 – 8), 
where i is the phase-arc array element number, and the 
amplitude after correction is Ai (i = 1 – 8)

                    ( 8),–, 1i i iA B C i   (1)

where  C i can  be  de te rmined  by  exper imenta l 
measurements or data from calibration wells. We obtain 
the amplitude curves for the eight radiation azimuths 
using the waveforms received by the receivers spaced 
at 3 ft and 5 ft, respectively. The amplitude map of the 
first arrival with azimuthal resolution is achieved using 360° 
interpolation. We calculate the attenuation coefficients 
from the amplitudes of the fi rst arrival from the receivers 
at 3 ft and 5 ft using the following equation

               3ft
10

5ft

20log / 0.6096,
A
A

 (2)

where α is the attenuation coeffi cient of the casing wave, 
A3ft and A5ft are the amplitudes of the fi rst arrivals from 
the receivers at 3 ft and 5 ft, respectively. The attenuation 
map of the first arrival with azimuthal resolution is 
imaged using the eight coefficients interpolated in 360°. 
The amplitude map and the attenuation map are highly 
correlated; the larger amplitude of the first arrival 
corresponds to the lower attenuation coeffi cient and vice 
versa. Both the attenuation and amplitude maps can be 
used in evaluating the cement bonding. However, in 
the good cement bond condition at the casing–cement 
interface, the amplitude of the casing wave is too weak 
to be accurately identified, which results in unreliable 

attenuation coefficients. Therefore, the additional 
arrival time of the fi rst arrivals can be used to indicate 
the cement bonding conditions at the casing–cement 
interface.

In the good casing–cement bond condition, we can 
evaluate the cement bonding at the cement–formation 
interface by using the amplitude of the formation 
wave from the receiver of the AABT at 5 ft spacing. 
To improve the accuracy of the amplitude extraction, 
we preprocess the raw data. We use phase tracking to 
demarcate the travel time of the formation wave from 
different radiation azimuths at different depths and we 
then determine the start position of the window on the 
waveforms. The F–K transformation (Mou, 1993) or 
the medium-filtering method (Zhu, 1992) can be used 
to suppress the casing waves, which increase the S/N of 
the formation waves. The Hilbert transform (Hu, 2003) 
of the preprocessed waveforms yields the transient 
amplitude spectrum. We open a window on the transient 
amplitude spectrum and extract the amplitude of the 
formation wave. Then, we image the amplitude of the 
formation wave with azimuthal resolution using the eight 
amplitude curves.

In addition to showing the AABT measurements, we 
also show the amplitude curve and the variable density 
log, as in conventional CBL and VDL. According to 
the superposition theory of acoustic wave fields, the 
waveforms with spacings of 3 ft and 5 ft can be obtained 
by the weighted average of the eight waveforms 
from different radiation azimuths. Furthermore, 
we calculate the amplitude of the first arrival to 
determine the amplitude curve as in conventional CBL 
after the normalization by the amplitude of the free 
casing. Similarly, we show the variable density as in 
conventional VDL, after processing the waveforms 
acquired by the receivers at 5 ft spacing.

Field tests and case study

We study and analyze the data for free casing, casing
–cement interface, and cement–formation interface to 
obtain the acoustic characteristics and interpretation 
methods for different cement bonding conditions with 
phased-arc array logging. 

Free casing
The AABT was tested in a well in northern China 

and the data are shown in Figure 6. The left two tracks 
show the GR and the depth. The third track shows the 



199

Che et al.

amplitudes of the first casing arrivals; AMP1 to AMP8 
are the amplitudes from eight different radiation azimuths 
recorded by the receivers spaced at 3 ft. The fourth track, 
labeled as AMPMAPI, is the amplitude map of the fi rst 
arrival from AMP1 to AMP8 with 360° interpolation. 
The fi fth track shows the maximum, the average, and the 

minimum amplitude of the casing arrival as well as the 
CBL amplitude curve. The CBL amplitude curve in track 
5 is similar to the conventional CBL. The two tracks 
on the right are the waveforms and the variable density 
recorded by the receivers at 3 ft spacing.

GR

RB
Ampmapi

AMP1

AMP1 AMP2AMP3 AMP4 AMP5AMP6 AMP7 AMP8

AMPMIN

AMPMAX

AMPAVG

mV

mV

mV
CBL

0 1000

0 1000

CBL wave
us

0 1000

0 110
100

0
500

CBL wave
us100 1100

3600 360

600None400

De
pth

 (m
)

1:150

X65

X70

X75

X80

X85

0 API 200

Fig.6 Measurements of the AABT logged in the case of free casing in northern China.

As shown in Figure 6, the baselines of the waveforms 
are stable with high S/N. The first arrivals are casing 
waves with constant arrival time and high amplitudes, 
which produce the black and white stripes in the variable 
density. The black and white stripes do not change with 
depth except at the collars. We can easily locate the 
casing collars in track 4. The imaged casing collars are 
characterized as dark stripes with deep and even color 
in the circumferential direction. The variable density 
display also shows the amplitude attenuation as well as 
the arrival time delays.

Evaluation at the casing-cement interface 
The azimuthal characteristics of the fi rst arrival enable 

us to evaluate the cement bond quality at the casing–
cement interface with azimuthal resolution. Figure 7 
shows the measurements logged by the AABT in one 
well in western China. The left five tracks correspond 
to the GR, the depth, the map of the arrival time for the 
first arrival, the amplitude map of the first arrival, and 
the attenuation map of the first arrival. The sixth track 

shows the maximum, the minimum, and the average 
arrival time for the first arrival. The seventh track 
shows the maximum, the minimum, and the average 
amplitude of the casing arrival combined with the CBL 
amplitude curve. The eighth track shows the maximum, 
the minimum, and the average attenuation of the first 
arrival. The three tracks on the right are the waveforms, 
the variable density recorded by the receivers at 3 ft 
spacings, and the variable density recorded by the 
receivers at 5 ft spacings. 

As shown in Figure 7, the high amplitude values of 
the fi rst arrival correspond to low values on the arrival 
time and attenuation curves, which suggest bad cement 
bonding at the casing–cement interface. In contrast, 
the low amplitude values of the fi rst arrival correspond 
to high values on the arrival time and the attenuation 
curves, which suggest good cement bonding at the casing
–cement interface. At the depths where the bonding 
between the casing and cement is good, the extracted 
arrival time curve and the attenuation curve of the fi rst 
arrival are from the formation wave. This is because 
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the casing waves have very low amplitudes, which are 
difficult to detect accurately. In these cases, the arrival 
time curve and the attenuation curve are not suitable for 
evaluating the cement bonding at the casing–cement 

interface. Between X05 m and X12 m, the measurements 
show that the amplitude of the first arrival is very low 
and the arrival time is relatively late, which points to 
good cement bonding at the casing–cement interface. 
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Fig.7 Evaluation at the casing-cement interface by the AABT in western China.

Evaluation at the cement-formation interface
The azimuthal characteristics of the formation wave 

allow the azimuthal evaluation of cement bonding at 
the cement–formation interface. Figure 8 shows the 
AABT measurements from a well in northern China. 
The left two tracks show the GR and the depth. The 
third track shows the amplitudes of the formation 
wave; AMP1 to AMP8 are the amplitudes from eight 
different radiation azimuths recorded by the 5-ft-spacing 
receiver. The fourth and fi fth tracks show the amplitude 
map of the formation wave and the amplitude map of 
the first arrival. The sixth track shows the maximum, 
the minimum, and the average amplitude of the casing 
arrival as well as the CBL amplitude curve. The two 
tracks on the right are the waveforms and the variable 
density display recorded by the receiver at 5 ft spacing. 

When the cement bonding at the casing–cement 
interface is poor, the amplitude of the formation wave 
is lower than that of the casing wave. In this case, the 
formation wave cannot be extracted accurately, as 
shown in the interval X912 m to X913 m. The amplitude 
variations shown in the amplitude map of the formation 
wave are consistent with those in the amplitude map 
of the first arrival; this correlation is explained by the 

amplitude map of the formation wave that reflects the 
contribution of the significantly large amplitude of the 
casing wave. In this case, the map of the formation 
wave cannot be used to interpret the cement bonding 
conditions at the cement–formation interface. 

When the cementing at the casing–cement interface 
is fair and the casing waves have almost no effect on 
the extraction of the amplitude of the formation wave, 
the pattern in the amplitude map of the formation wave 
and that in the amplitude map of the first arrival from 
X915 m to X918 m are almost opposite to each other. 
For excellent cement bonding at the casing–cement 
interface, the casing waves are hardly observable in 
the waveforms. The azimuthal characteristics of the 
amplitude of the formation wave signifi cantly contribute 
to the evaluation of the cementing at the cement–
formation interface. From X910 m to X912 m, the 
amplitude of the casing wave is small, even in the 
circumferential direction, whereas the amplitude of the 
formation wave is small, uneven in the circumferential 
direction; thus, indicating that the casing–cement 
bonding is good but a channeling or an aperture exists 
between the cement and the formation. 
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Fig.8 A case for evaluation at the cement-formation interface by the AABT in northern China.

Conclusions 

The phased-arc array transmitter is an innovative 
downhole source that can radiate acoustic energy around 
the circumference of the borehole wall in a narrow 
angle range. We use these attributes to design and 
develop a new cementing logging tool named AABT 
with a phased-arc array transmitter and build a cement 
evaluation system with azimuthal resolution. The AABT 
operates at 15 kHz and contains source–receiver systems 
at 3 ft and 5 ft spacings, which are designed to improve 
the conventional CBL and VDL. The combination of 
numerical simulation and fi eld tests enable us to verify 
the characteristics and functions of the AABT. 

We modeled the source–receiver system of the AABT 
in a cased borehole surrounded by layered materials 
with a channeling inside the cement annulus at specifi c 
azimuth. Each receiver records eight waveforms 
corresponding to eight different radiation azimuths of 
the phase-arc array transmitter. The waveforms and 
amplitudes of the first arrival from different radiation 
azimuths are different when the channeling is behind 
the casing, which can be used to evaluate the cement 
bonding with azimuthal resolution. We also find that 
when the main acoustic radiation beam is close to the 
channeling, the amplitude of the casing wave increases 
signifi cantly, and the radiation azimuth that corresponds 

to the maximum amplitude of the casing wave faces the 
channeling azimuth. 

The AABT was tested in several wells in western and 
northern China. We processed the measured data and 
found that the AABT can accurately locate collars. The 
AABT can use the amplitude map and the arrival time 
of the first arrival to azimuthally evaluate the bonding 
at the casing–cement interface. When the casing–
cement bonding is good, the AABT can also azimuthally 
visualize the cement bonding at the cement–formation 
interface by using the amplitude map of the formation 
wave. The two tool spacings are as in the CBL or VDL; 
therefore, the 3 ft spacing of the tool is equivalent to the 
azimuthal CBL and the 5 ft spacing is equivalent to the 
azimuthal VDL. The azimuthal resolution of the AABT 
depends on the bandwidth of the acoustic radiation beam. 
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