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The integrity of the cement sheath's zonal isolation in oil and gas wells is a crucial safeguard for safe
production and operations in oilfields. However, the zonal isolation integrity of the cement sheath
depends on various factors. Currently, there are no established evaluation methods and workflows for
quantitatively assessing the interlayer isolation performance of the cement sheath. We developed a full-
scale cased-hole testing device for simulating downhole conditions and measuring the isolation per-
formance of cement sheaths. Using this device, we quantitatively monitored the hydraulic sealing
pressure differentials of conventional Class G cement versus lightweight cement. Additionally, a
Segmented Bond Tool was installed on the inner wall of the casing to monitor the variation trend of the
casing-wave amplitude and attenuation during the cement setting and isolation performance testing
processes. The experimental results indicate that as the cement gradually sets, its strength increases and
the attenuation progressively rises. After the cement strength stabilizes, pressure is applied through the
injection port at the bottom of the first interface of the cement sheath. Once the pressure exceeds the
hydraulic bonding strength at the interface between the casing and the cement sheath, debonding
gradually occurs. The isolation pressure differential of conventional cement is greater than that of
lightweight cement. Changes in casing-wave amplitude across various sectors demonstrate that the
debonding fracture initiates from the injection port, through the entire circumference of the cement
sheath, and then propagates upward along the axial direction. If the cemented sheath has a poorly
bonded sector, channeling will initiate from this weakly bonded section and subsequently propagate
circumferentially throughout the entire annulus. The experimentally measured hydraulic bonding
strength or the isolation pressure differential of the cement sheath can provide reference data for on-
site testing or the design of safe production pressure differential schemes.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction ultra-deep wells, testing and evaluation methods for cement

sheath isolation performance must be continuously improved.

The zonal isolation integrity of the cement sheath is a critical
indicator of cementing quality in oil and gas wells, directly
affecting wellbore integrity, reservoir protection, and long-term
production safety (Wu et al., 2024; Hao, 2022). With the rapid
advancement of unconventional oil and gas development (e.g.,
shale gas and tight oil) and the increasing exploitation of deep and
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Cement sheath isolation integrity is governed by multiple
interacting factors, including interfacial bonding strength, bonding
morphology, isolation interval length, and the interzonal pressure
differential encountered during testing or production operations
(Yan et al., 2024; Wang et al., 2025). These coupled, multi-factor
effects highlight the need for a comprehensive quantitative eval-
uation framework for cement sheath isolation performance,
capable of capturing both the initiation and propagation of isola-
tion failure.

At present, commonly used cement isolation evaluation charts
in oilfields are largely compiled empirically from field testing or
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production data, with limited theoretical support and insufficient
experimental underpinning (Wei, 2010). Extensive research has
been conducted on cement sheath isolation integrity through
experimental measurements, numerical simulations, and
evaluation-method development (Corina et al., 2019; Ramadan
et al,, 2019; Bu et al.,, 2020; Deng et al., 2020, 2023; Wang and
Feng, 2024; Congro et al., 2024; Hu et al., 2025). However, effec-
tive quantitative methods for the evaluation of cement sheath
isolation performance—especially those grounded in full-scale
experimental evidence—remain insufficiently developed.

Prior studies have clarified several important mechanisms. Kim
et al. (2016) demonstrated that low cement cohesive strength
during hydraulic fracturing can trigger shear failure at the
cement—casing interface, enabling fractures to propagate rapidly
along the interface. Lecampion et al. (2013) conducted experi-
ments and developed a mathematical model for fluid-driven
debonding in the annular wellbore space, describing debonding
expansion in both circumferential and axial directions. Simula-
tions by Wang and Dahi Taleghani (2014) showed that radial and
tangential stresses at the casing—cement interface play important
roles in failure propagation, while shear stress significantly affects
failure initiation.

Experimental platforms and coupled approaches have further
expanded understanding of zonal isolation degradation. Zhou et al.
(2019) developed a cement sheath isolation evaluation device and
investigated zonal isolation performance under temperature and
pressure changes, interface contamination, and aged-cement
conditions. Wu et al. (2018) investigated the propagation mecha-
nisms of channeling pathways during cement sheath isolation
failure through experimental evaluation of zonal isolation. Du
et al. (2021) established a positive linear correlation between
cement bond length and zonal isolation integrity, showing that
extended bond length substantially improves resistance to fluid
channeling. Arjomand et al. (2018) combined experimental and
numerical approaches to investigate the integrity of cement and
casing under elevated pressure, analyzing the effects of in-situ
stress orientation, surrounding-rock stiffness, and casing eccen-
tricity on cement and interface integrity. Feng et al. (2017)
employed a pore-pressure-coupled cohesive zone method to
simulate the fluid-driven debonding process between casing and
the cement sheath. Their results indicated that pre-existing
interfacial defects significantly reduce hydraulic isolation pres-
sure and that debonding fractures propagate preferentially along
the casing rather than circumferentially along the interface.

To address these limitations, we constructed a full-scale labo-
ratory apparatus capable of simulating downhole high-
temperature and high-pressure conditions, in order to measure
the zonal isolation performance of the cement sheath. The
experimental setup measured the hydraulic bonding strength at
cement—casing interfaces. Importantly, a Segmented Bond Tool
(SBT) was employed to monitor the propagation of debonding
fractures at the first interface of the cement sheath. The trend of
casing-wave amplitude variation across sectors revealed that
interface debonding in full-scale casing wells initiates around the
circumference of the casing-cement interface and then extends
axially.

2. Experimental measurement system

The schematic diagram of the cement sheath isolation testing
device is shown in Fig. 1. The experimental setup used actual oil
well casing and cement slurry. It incorporated a casing with an
outer diameter of 177.8 mm and a wall thickness of 12.56 mm, a
borehole diameter of 215.9 mm, a cement sheath with a placement
length of approximately 1070 mm, and a sandstone formation with
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Fig. 1. Schematic diagram of the cement isolation performance testing device. The
SBT is used to monitor the cement bonding condition during isolation performance
testing process.

a radial thickness of 200 mm. The entire cased-hole model was
housed within a temperature-pressure-controlled vessel during
testing. Following cement placement, separate pressure systems
were used to apply 20 MPa to the casing interior and cement
sheath, and 40 MPa confining pressure to the formation. The
temperature of the entire cased-hole model is maintained at
around 60 °C through a heat transfer oil circulation system. Zonal
isolation performance testing of the cement sheath was initiated
after 48 or 72 h of curing. Gas-driven or water-driven pressure
(also known as a gas or water channeling experiment) was applied
at the bottom inlet to gradually increase the differential pressure
across the cement sheath, while monitoring the pressure variation
at the upper outlet. A sharp pressure rise at the upper outlet
usually results from effective fluid channeling and pressure
communication, which serves as an indication of zonal isolation
failure. The corresponding pressure increment at the inlet under
these conditions is defined as the zonal isolation pressure differ-
ential across the cement sheath. The Segmented Bond Tool (SBT) is
fixed upon the inner wall of the casing. Throughout the experi-
ment process, the casing-wave amplitudes received by the SBT
receivers and the attenuations recorded by the compensated
acoustic system can be continuously used to monitor the bonding
condition of the cement sheath. The casing-wave amplitudes
recorded by the SBT logging tool across different sectors effectively
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and clearly demonstrated the gradual debonding or bonding fail-
ure at the casing-cement interface as the inlet pressure increases
(Liu et al., 2024).

The SBT consists of six pads, which are placed against the inner
casing surface to measure the casing-wave attenuation. Each pad is
equipped with one transmitter and one receiver. Each transmitter
is equipped with two emission units. Through phase control, the
radiated acoustic waves are steered toward the receivers located
on the adjacent pads. The transmitter's working frequency ranges
from 80 kHz to 100 kHz (Wei, 2010). The six pads are evenly
distributed in the circumferential direction, and adjacent pads are
staggered in the axial direction, as shown in Fig. 1. The axial po-
sitions of the alternating pads are aligned so that every four
adjacent pads form a dual-transmitter and dual-receiver attenu-
ation rate measurement scheme. The entire circumference is
evenly divided into six sectors, and the attenuation rate in each of
the six sectors can be measured separately. For example, T1
transmits, near R2 and far R3 receive; T4 transmits, near R3 and far
R2 receive. The combination T1-R2-R3-T4 forms a compensated
attenuation measurement scheme. The formula for calculating the
attenuation rate is shown in Eq. (1), and its value represents the
attenuation rate measured in the sector between the second pad
(R2) and the third pad (R3). In addition to the attenuation rate, the
amplitude of the casing wave received by each receiver can reflect
the bonding condition along the cylindrical propagation path from
the transmitter to the receiver. For instance, during the isolation
test, the amplitude Aq; of the casing wave received by R2 when T1
transmits can reflect the cement bonding condition along the path
from T1 to R2. The amplitude A43 received by R3 when T4 trans-
mits can reflect the bonding changes along the path from T4 to R3.
The two sectors corresponding to the T1-R2 and T4-R3 propaga-
tion paths are located at different axial and circumferential posi-
tions along the cased-hole model. By monitoring the amplitude of
the casing waves at the 12 near receivers, the progressive devel-
opment of interfacial debonding fracture from the lower to the
upper part of the cement sheath can be characterized in greater
detail during isolation performance testing process.

The attenuation rate is defined by the following equation:

Att=10/D x logyo[(A12 x As3) / (A13 X Aga)], (1)
where Att represents the attenuation rate, D is the cylindrical
propagation distance of the casing wave between the near and far
receivers, and Ay is the casing wave amplitude emitted by the i-th
transmitter and received by the j-th receiver.

3. Impact of microannulus between casing and cement
sheath on SBT logging response

During the gas or water-driven isolation testing process,
debonding between the casing and the cement sheath can easily
form a microannulus. SBT logging, which is sensitive to micro-
annuli, can effectively capture this effect. The SBT tool employs a
compact transmitter whose vibrations are localized to a small area
of the casing's inner wall and operates at high frequencies (80 kHz
to 100 kHz). Under these conditions, the casing wave excited in the
casing can be treated as a zero-order symmetric Lamb wave (Sg
mode) in a plate. The propagation of the So Lamb wave within the
casing is predominantly governed by axial displacement in the
80-100 kHz frequency band (Wang et al., 2020). Energy leakage
from the casing into the surrounding media primarily depends on
shear coupling at the interfaces (Chen et al., 2020). During isola-
tion test, the formation of a flow pathway allows fluid (water or
gas) to infiltrate the casing—cement interface, breaking the inter-
facial shear coupling. This bonding failure at the interface results
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in a pronounced increase in casing-wave amplitude accompanied
by reduced attenuation. Fig. 2 presents the theoretical dispersion
and attenuation characteristics of zero-order symmetric Lamb
waves. The phase velocity of the Sg modal wave is not sensitive to
the bonding condition or the presence of microannuli, but the
attenuation values change significantly. When cement with a
density of 1.9 g/cm? is bonded to the casing, the attenuation of the
zero-order symmetric Lamb wave approaches 10 dB/ft. The
acoustic and mechanical properties of cements are shown in
Table 1. As the cement density reduces, the attenuation de-
creases. In the presence of a 0.01 mm-thick wet microannulus
between the casing and the cement sheath (e.g. water-driven
isolation test), the attenuation significantly decreases, approach-
ing the attenuation value of a free casing. If the microannulus is
gas-filled, the attenuation falls below the attenuation value of a
free casing. Therefore, if channeling or pressure transmission oc-
curs between the casing and the cement sheath during the isola-
tion testing experiment, the SBT logging will show a clear decrease
in attenuation and an increase in casing-wave amplitude. This
provides an effective real-time monitoring method for indicating
debonding between the casing and the cement sheath during the
isolation testing process.

4. Experimental results of cement sheath isolation
performance test

4.1. Isolation performance test of conventional cement sheath with
a density of 1.9 g/cm’

After pouring the Class G cement with a density of 1.9 g/cm?,
the flange on the vessel was installed, and pipelines were con-
nected to ensure sealing. Pressure tests were then separately
conducted on the casing interior, the cement sheath, and the
annulus between the formation and the vessel. Once effective
sealing was confirmed, the measurement device was heated and
pressurized. The pressure inside the casing and on cement sheath
were both set to 20 MPa, while a horizontal stress of 40 MPa was
applied to the outer wall of the formation, with the temperature
controlled at around 60 °C. After the temperature and pressure
stabilization, the SBT began recording logging data in time
acquisition mode. Fig. 3 shows the attenuation values recorded in
the six circumferential sectors during the cement setting process.
The attenuation remained almost constant at approximately 4 dB/
ft in the first 6 h after cement pouring. Between 7 h and 15 h, the
attenuation increased sharply, indicating a rapid increase in
cement strength during this period. From 15 h to 40 h, the atten-
uation increased slowly and gradually stabilized.

4.1.1. Analysis of gas-driven isolation performance test results
Apply gas pressure through the inlet at the bottom of the
cement sheath after the cement has set and gained sufficient
strength. This gas channeling test is used to evaluate the hydraulic
bond strength at the cement-casing interface. To visualize the gas-
driven channeling process along the cement interface, the com-
bined variations in casing-wave amplitude and attenu-
ation—recorded by SBT's transmitter-receiver arrays positioned at
different circumferential and axial locations—were used to map
the spatial evolution of cement bonding condition, as shown in
Fig. 4. The interface between the casing and the cement sheath
is partitioned into 18 zones. The casing-wave amplitude variations
in specific paths, including T2-R1, T2-R3, T4-R3, T4-R5, T6-R5, and
T6-R1, serve to diagnose bonding integrity and detect the forma-
tion of debonding gaps in Sectors 13 through 18 (the area marked
with the blue numbers in Fig. 4). In contrast, the six attenuation
rates recorded by the SBT tool can reflect the bonding condition of
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Fig. 2. Dispersion (a) and attenuation (b) curves of the Sy modal waves.
Table 1 continued to show an increasing trend, and the casing-wave am-

The acoustic and mechanical properties of cements.

Property Lightweight cement Conventional cement
Density, kg/m> 1500 1900

P-wave velocity, m/s 2755 3053

S-wave velocity, m/s 1473 1739

Compressive strength, MPa 12.0 23.1

the intermediate Sectors 7 to 12. The interface bonding condition
in the upper sectors (Sectors 1 to 6) can be characterized by the
variations in casing-wave amplitude from the following
transmitter-receiver combinations: T1-R2/R6, T3-R2/R4, and
T5-R4/R6.

Fig. 5 illustrates the variation in casing-wave amplitude with
testing time during the gas-driven isolation process. At 200 s, the
inlet pressure at the bottom end of the cement sheath (blue curve
in the rightmost track) was gradually increased using an air pump
in 0.5 MPa increments. During the initial pressurization stage, the
outlet pressure at the top end (red curve in the rightmost track)
remained relatively stable. As the inlet pressure continued to rise,
the outlet pressure also increased slightly between 300 s and
628 s. This change was not caused by interface debonding, as the
pressure difference between the two ends of the cement sheath

Attenuation, dB/ft

2 T T T T T T T
20 25 30 35

Time, h

40

Fig. 3. Attenuation measured by SBT during cement setting.
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plitudes measured in each sector remained unchanged. This in-
dicates that the inlet pressure had not yet reached the
breakthrough pressure of the cement sheath's first interface, and
the interface remained well-bonded. However, due to the
permeability of the cement or disturbances in the pressure system,
the outlet pressure may increase slightly when the inlet pressure
rises significantly. Therefore, to accurately determine the effective
hydraulic bonding strength at the cement—casing interface, the
inlet pressure can be increased after the outlet pressure has sta-
bilized following each increment. At 628 s, the inlet pressure
increased to 27.59 MPa. At this point, the outlet pressure began to
rise more rapidly, exceeding the rate of increase of the inlet
pressure, which resulted in a gradual reduction of the pressure
difference between the upper and lower ends of the cement
sheath. According to the casing-wave amplitudes measured by the
SBT, the amplitudes in Sectors 13 to 18, which are closest to the
bottom inlet of the cement sheath, showed a significant increase,
as indicated by the black horizontal solid line in Fig. 5. This sug-
gests that the lower section of the first interface of the cement
sheath had been breached circumferentially. As the inlet pressure
continued to rise, around 638 s, the casing wave amplitudes in
Sectors 1 to 6 also began to gradually increase, as marked by the

Fig. 4. A Sector-based bonding map scheme for measuring the cement sheath's first
interface.
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Fig. 5. The variation trend of the casing-wave amplitude during the gas channeling process.

green solid line in Fig. 5. This indicates that the debonding fracture
at the first interface of the cement sheath had extended to the
upper half of the cased-hole model. When the inlet and outlet
pressures converged, it indicated that the entire cement sheath
had become fully channeled. At the time marked by the purple
solid line in Fig. 5, the inlet pressure was released, and the outlet
pressure also gradually decreased. Meanwhile, the casing-wave
amplitudes monitored across the entire cement sheath showed a
gradual reduction, indicating that the microannulus at the first
interface caused by gas channeling was slowly closing. The com-
bination of casing-wave amplitude variations in each sector and
the changes in outlet pressure clearly demonstrates the gradual
process of gas channeling verification in the cement sheath and
the progressive failure of bonding at the casing-cement sheath
interface.

The isolation differential pressure test result of the cement
sheath may be influenced by the pressurization rate. As such, for
the cased-hole model used in Fig. 5, the pressure loading rate was
reduced, and the holding time between increments was increased.
The corresponding results are shown in Fig. 6. Compared with the
results in Fig. 5, the time difference between the onset of casing-
wave amplitude increase in the upper and lower sectors became
significantly larger. Specifically, the time required for interface
debonding fracture to propagate from Sectors 13-18 to Sectors 1-6
increased from the original 10 s to 150 s. When the casing-wave
amplitude in the upper sectors of the model had been increasing
for approximately 70 s (as shown by the green solid line in Fig. 6),
and the inlet pressure reached 31.63 MPa, the outlet pressure
exhibited a significant increase. Subsequently, the pressure dif-
ference between the inlet and outlet decreased sharply until they
converged, indicating the failure of the cement sheath isolation.
The slow-pressurization test exhibited a higher isolation pressure
differential (or hydraulic bonding strength) relative to the test in
Fig. 5. With the subsequent gradual release of the inlet pressure,
the casing-wave amplitudes in all sectors progressively decreased.

The interface bonding condition of Sectors 7 to 12 can be
evaluated by monitoring variations in attenuation values recorded
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by the SBT. Fig. 7 presents the correlation between the attenuation
measured by the SBT and the pressure variations at the top and
bottom of the cement sheath, corresponding to the data in Fig. 6.
The black solid lines in Fig. 7 represent six attenuation curves of
individual sectors. It can be observed that the attenuation values
across all sectors in this cased-hole model follow a consistent
trend, indicating that cement debonding is present around the
entire circumference. At the moment indicated by the dashed ar-
row 1 in Fig. 7, the attenuation values decreased significantly
across the entire circumference, indicating the formation of a
microannulus at the cement-casing interface in Sectors 7 to 12. A
slight drop in inlet pressure coincides with a trend of increasing
attenuation across all sectors, demonstrating the high sensitivity
of the interfacial bonding to pressure perturbations. By arrow 3,
the resumption of inlet pressure and a sharp rise in outlet pressure
again led to a marked decrease in circumferential attenuation. By
the time indicated by arrow 4, the pressures at the top and bottom
of the cement sheath had converged, indicating that full chan-
neling had occurred along the entire length of the cement sheath.
The attenuation reached its minimum value, while the micro-
annulus thickness resulting from debonding at the casing-cement
interface reached its maximum during the entire experiment. As
the inlet pressure gradually reduced, the attenuation exhibited a
corresponding increase. By arrow 5, following pressure release, the
attenuation significantly increases, indicating a substantial
reduction in the thickness of the microannulus. This recovery
demonstrates the high strength of the cement, as the bonding
failure process caused no evident plastic deformation, allowing
the attenuation values to progressively return to their pre-test
baseline. Fig. 8 shows the photograph of the inner wall of the
cement sheath after the isolation test. The inner wall of the cement
sheath appears smooth.

4.1.2. Analysis of water-driven isolation performance test results
The hydraulic bonding strength of the cement sheath in the

experimental setup was also measured by pressurizing the inlet

end with water. Fig. 9 shows the variation in casing-wave
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amplitude in the upper and lower sectors during the test. As the
inlet pressure was increased slowly in fixed increments, a signifi-
cant rise in casing-wave amplitude was observed in Sectors
13-18 at 5490 s, as marked by the black solid line in Fig. 9. At this
point, the amplitude in the upper sectors remained unchanged,
suggesting that the interface at the lower end of the cement sheath
had been breached while the bonding in the upper zones remained
intact. Based on the trend of the casing-wave amplitude increase,
the propagation rate of the interfacial debonding fracture during
the water channeling test was noticeably slower than during gas
channeling, with a more gradual amplitude growth. Around
5600 s, the casing-wave amplitude in the upper sectors began to
increase gradually, but the cement sheath had not yet been fully
breached. At the time marked by the purple solid line, the outlet
pressure began to rise sharply, indicating that the cement sheath
had separated from the casing due to complete debonding at the
interface. At this point, the inlet pressure had increased by
11.35 MPa, indicating that the isolation pressure differential across
the entire cement sheath, which represents its hydraulic bonding
strength, was 11.35 MPa.

During the water channeling process, the attenuation values
measured by the SBT tool are shown in Fig. 10. At the time
indicated by arrow 1, the attenuation begins to gradually
decrease. At arrow 2, the outlet pressure increases sharply.
However, as can be seen at the time marked by arrow 3, when the
inlet pressure stabilized and no longer continued to rise, the
attenuation remained essentially constant despite the increase in
outlet pressure. This indicates that the debonding state at the
interface did not continue to propagate. As the inlet pressure
continued to rise, at the moment marked by arrow 4, the inlet
and outlet pressures tended to equalize, while interfacial bonding
failure occurred across the entire interface. The attenuation
reached its minimum value. After the pressures of the inlet and
outlet were released, the attenuation increased significantly
again.
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4.2. Isolation performance test of lightweight cement sheath with a
density of 1.5 g/cm®

The lightweight cement with a density of 1.5 g/cm® exhibited
lower compressive strength than the 1.9 g/cm?® cement. Fig. 11(a)
presents the variation of pressure at both ends of the cement
sheath and the casing-wave amplitudes recorded by SBT receivers
during the gas channeling test. At the moment indicated by arrow
1, as the pressure at the inlet end increases, the rate of pressure
increase at the outlet end accelerates. However, there is no sig-
nificant upward trend in the casing-wave amplitude across all
sectors, indicating that the cement sheath interface has not yet
been breached at this point, and only the permeability of the
cement or the interface has increased. As the inlet pressure con-
tinues to rise, at the moment indicated by arrow 2, the casing-
wave amplitudes recorded in the lower sectors of the cement
sheath increase significantly, indicating that the interface between
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the casing and the cement sheath near the inlet end has been
breached. At this point, the inlet pressure has increased by
approximately 7 MPa. From the locally magnified image (from
8200 s to 8550 s) provided in Fig. 11(b), it can be observed that at
the moment indicated by arrow 2 in Fig. 11(a), the interface
debonding in Sector 18 occurred later than in the other five sectors.
At 8300 s, the interface debonding expanded to the upper part of
the cement sheath. As the casing-wave amplitudes represented by
the black dashed lines in Fig. 11(b) gradually increased, Sector 1
was the first to experience debonding. After approximately 50 s,
the casing-wave amplitudes received by the other sectors also
began to gradually increase, indicating that the debonding inter-
face progressively extended circumferentially, causing the outlet
pressure to approach the inlet pressure more rapidly. During the
period between arrow 2 and arrow 3 in Fig. 11(a), the pressure
difference between the inlet and outlet gradually decreased, and
the casing-wave amplitudes in all sectors gradually increased,
suggesting that the gap caused by the bonding failure between the
casing and cement sheath gradually widened. After arrow 3, as the
loading pressure was released, the casing-wave amplitudes
decreased sharply.

During the gas channeling pressurization test, Fig. 12 illustrates
the dynamic propagation of the interface debonding across sectors
at different time points. The color gradient visually represents the
bonding condition of the cement sheath: darker blue indicates
better bonding integrity, while darker red reflects more severe
debonding. Corresponding to the time marked by arrow 2 in
Fig. 11(a), the four snapshots at t 8300 s, t 8350 s,
t = 8375 s, and t = 8400 s in Fig. 12 clearly demonstrate that
cement debonding initially propagates predominantly in the
circumferential direction. With continued increase in inlet gas-
driven pressure (prolonged pressurization time), once the bond
failure at the cemented interface in the lower sectors was mostly
compromised, debonding began to extend axially along the casing
by t = 8450 s, while both the extent and severity of circumferential
debonding further increased. By approximately t = 9000 s, when
the inlet and outlet pressures had nearly equalized, the interfacial
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debonding reached its maximum extent, with both upper and
lower sectors approaching a completely debonded state. However,
analysis of the amplitude dynamic variation across all sectors re-
veals that Sector 18 experienced delayed and weak debonding
compared to the other five sectors, attributable to circumferential
heterogeneity in cement bonding quality and/or variations in
casing outer wall roughness.

Fig. 13 shows the variation trends of casing-wave amplitudes
across all sectors during water channeling. At the position indi-
cated by arrow 1, the casing-wave amplitudes in all sectors had
reached their maximum values, while the outlet pressure began to
increase at a significantly accelerated rate. This indicates that the
first interface of the cement sheath has essentially been breached.
The inlet pressure at this point is 27.3 MPa, representing a hy-
draulic bond strength of approximately 7.3 MPa for the cement
sheath, which is lower than the value measured for cement with a
density of 1.9 g/cm®. At the time indicated by arrow 2, as both the
inlet and outlet pressures were gradually bled off, the casing-wave
amplitudes began to decrease, indicating a progressive recovery of
bonding at the cement—casing interface.

5. Discussion

The experimental results show that, under the same cement
density and comparable bonding conditions, water-channeling
pressurization leads to a slower progression of interfacial
debonding than gas-channeling conditions, and requires a larger
pressure increment—i.e.,, a higher sealing (isolation) pressure
differential—to achieve a fully throughgoing leakage path along
the entire cement sheath. Mechanistically, for the same micro-
annulus geometry, water has a higher viscosity, is effectively
incompressible, and is typically the wetting phase; therefore,
pressure within the flow path is more readily dissipated by viscous
losses along the path and by wetting/capillary effects. As a result, it
is more difficult to develop sufficient localized crack-driving force
at the debonding front, such that debonding advances more stably
but more slowly, and breakthrough requires overcoming a higher
capillary entry pressure and a larger pressure gradient. In contrast,
gas has a lower viscosity and is compressible, which more readily
promotes tip pressure focusing and interfacial aperture amplifi-
cation, triggering faster propagation and thus requiring a lower
pressure differential.

The differences in sealing pressure differential among cements
of different densities indicate that the conventional density
cement sheath exhibits a higher isolation load-carrying capacity

260
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Fig. 13. Variation trends of cement sheath upper and lower end pressures and casing-
wave amplitudes in each sector during water channeling test.
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than the lightweight cement. This difference can be mainly
attributed to the higher mechanical integrity (strength and frac-
ture toughness) and lower susceptibility to defects of conventional
cement, which increases the pressure threshold required for
interfacial debonding, microannulus growth, and leakage-path
connectivity. By comparison, due to its strength reduction result-
ing from density reduction (e.g., hollow microspheres and/or
foaming), lightweight cement promotes earlier initiation and
propagation of microannuli, thereby allowing continuous leakage
pathways to form under lower pressure differentials.

In addition, sectoral poor or circumferentially non-uniform
bonding may reduce the sealing pressure by promoting localized
leakage-path initiation and earlier breakthrough, and may also
lead to earlier changes in diagnostic responses (e.g., attenuation or
casing-wave amplitude). Quantifying these effects requires
controlled, repeatable sectoral defect geometries and will be
addressed in future work.

6. Conclusion

The performance of cement sheath zonal isolation was evalu-
ated under controlled experimental conditions. By deploying a
segmented bond logging acoustic system inside the casing, the
dynamic debonding process of the cement sheath's first interface
was monitored during both gas and water channeling. The main
conclusions of this study are as follows.

(1) Based on the attenuation from the six sectors of the SBT
during cement setting, the actual bonding condition at the
casing—cement sheath interface before isolation testing can
be determined. When the attenuation values across all six
sectors are relatively uniform and reach levels correspond-
ing to their compressive strength, it indicates good bonding
integrity around the entire circumference.

(2) During gas or water channeling, the progression of interfa-
cial debonding in both circumferential and axial directions
can be delineated by analyzing variations in either casing-
wave attenuations or amplitudes across individual sectors.
Results of zonal isolation tests conducted with two cement
densities show that during water or gas channeling, if
circumferential bonding is uniform, interfacial debonding
initiates circumferentially until the entire or the majority of
sectors are affected, thereafter the debonding extends along
the axial direction. In axial debonding, breakthrough usually
occurs from the weakest bonding sector.

(3) The combined analysis of casing-wave amplitudes recorded
at various axial positions and the dynamic evolution of
interfacial debonding at different timestamps demonstrates
that the debonding process of water channeling is signifi-
cantly slower than that of gas channeling. Furthermore, the
pressure increment required to achieve complete chan-
neling throughout the cement sheath is notably higher in
water channeling compared to gas channeling.

(4) The isolation pressure differential of conventional cement
sheath is higher than that of lightweight cement.
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