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Abstract

This article considers the causes of inter-column pressures (ICP) in wells and their impact
on operational reliability. The analysis of Karachaganak field well stock for the period from
2001 to 2024 demonstrates that inter-column pressures manifest in a time frame of five to
six years following drilling. These pressures are characterized by a spontaneous emergence
and subsequent dissipation. This study proposes a mechanism where the formation of ICP
is influenced by multiple factors, including cementing defects, as well as physical and chem-
ical processes. Additionally, the geological heterogeneity of the section has been identified
as a contributing factor. The results of studies employing a mobile laboratory and pumping
unit are presented. The mobile laboratory unit (MLU) operates with pressure sensors in
the range of 0–100 MPa (accuracy ±0.5%), a pump rate of 0.5–20 L/min, and an injection
pressure up to 70 MPa; fluid sampling is performed by a discrete sampler with a volume of
500 mL. These allow the identification of sources and channels of fluid migration into the
inter-column space, as well as the carrying out of technological operations to reduce and
eliminate ICP. This paper sets out a risk-oriented method of inter-column pressure assess-
ment. The proposed risk-based method classifies wells into three risk levels (low, medium,
high) based on a composite index R = (P/Pmax) + (V/Vmax) + (C/Cmax) where P is annu-
lus pressure, V is escaped fluid volume per day, C is concentration of H2S, CO2, or mercap-
tan, respectively, and threshold values are Pmax = 35 MPa (API RP 90), Vmax = 50 m3/day,
and Cmax = 10 ppm for H2S. This method takes into account not only the pressure
value, but also the volume of escaping fluid and the concentration of aggressive com-
ponents. It is concluded that an integrated approach to diagnostics and manage-
ment of inter-column pressures is necessary. This approach should be supported by
technological solutions that ensure increased reliability and environmental safety of
well operation.

Keywords: inter-column pressure; well integrity; cement sheath; fluid migration;
physicochemical processes; risk-based approach

1. Introduction
The analysis of the increase in the number of wells completed after drilling and

those exhibiting inter-column pressure (ICP) shows that pressure in the inter-column
space (annulus) is detected immediately after well construction, though only in isolated
cases. In most cases, however, it appears within 5–6 years [1–7]. This time interval before

Geotechnics 2026, 6, 49 https://doi.org/10.3390/geotechnics6020049

https://crossmark.crossref.org/dialog?doi=10.3390/geotechnics6020049&domain=pdf&date_stamp=2026-05-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geotechnics
https://www.mdpi.com
https://orcid.org/0000-0003-1248-8747
https://orcid.org/0009-0006-8646-1976
https://doi.org/10.3390/geotechnics6020049


Geotechnics 2026, 6, 49 2 of 21

the occurrence of inter-column pressure can be explained by the slow migration of fluid
from the reservoir through microchannels in the cement sheath under the influence of
the differential between bottomhole and wellhead pressures [8–15]. The most probable
cause of this phenomenon may be diffusion or electro-osmotic pressure, which arises
between different fluids separated by semipermeable barriers [16,17]. Such a barrier can
be represented by the colmatation layer formed on the borehole wall within permeable
formations. In addition, fluid migration into the annulus may be influenced by capillary
forces that, under certain conditions, develop within the microchannels of the cement
sheath [18–21]. These pressures may reach tens of bars. Cement degradation can be caused
by various factors, including exposure to acidic environments [22], and can lead to fluid
leakage at the wellbore contact [23]. Cement cannot completely prevent fluid leakage
because it is a porous medium, and flaws such as microannuli, channels, and fractures can
develop within the cement sheath [9,11]. The integrity of the annular seal is affected by
the properties of cement, including its permeability, mechanical strength, and chemical
and thermal stability [13]. Sustained casing pressure can appear after years of good well
integrity due to cumulative damage to the casing-cement-rock system [1,24]. The ability of
a fluid to effectively plug micro-pores and form a colmatation layer is significantly affected
by the size distribution of its droplets, as larger droplets are more capable of blocking these
channels [25].

The thermal field generated during well operation not only causes changes in the
volume of fluid confined within the sealed space, leading to pressure buildup [26–29],
but also affects other factors controlling fluid migration into the annulus, such as fluid
density and rheological properties [28,30]. Alongside physicochemical processes, which
include factors such as gas solubility, cement degradation, and decomposition of the
liquid [22,31,32], the geology of the section penetrated by the well also contributes to
the occurrence of inter-column pressure as the casing-cement-rock system experiences
cumulative damage over time [1].

The scientific novelty of this work is as follows:

1. For the first time, a risk-oriented method for ICP assessment is proposed that inte-
grates pressure, escaped fluid volume, and concentration of aggressive components,
with quantitative thresholds validated on field data;

2. A working hypothesis is proposed, suggesting that natural physical fields (electroos-
mosis, diffusion, capillary forces) as potential drivers of ICP in the majority of wells
are suggested through correlation analysis and hydrodynamic testing;

3. A mobile laboratory unit and pumping unit are characterized with full quantitative
specifications, enabling reproducible diagnostics;

4. Statistical analysis of 165 wells over 23 years at the Karachaganak field reveals that
cementing quality coefficient (Cg = 39–43%) is not a key factor, and that geological
heterogeneity zones control ICP distribution. Compared to existing literature [1,21],
our work provides a field-validated, multi-parameter risk assessment framework
rather than isolated pressure measurements.

The specific objectives of this study are: (i) to identify the physical and chemical
mechanisms responsible for delayed ICP appearance (5–6 years after drilling); (ii) to de-
velop a mobile diagnostic unit with quantitative performance metrics for ICP source
identification; (iii) to propose and validate a risk-based classification system for ICP
wells; and (iv) to evaluate the effectiveness of multiple injection-bleed off techniques for
ICP mitigation.
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2. Materials and Methods
2.1. Mobile Laboratory Unit (MLU) for Investigating ICP Causes

As demonstrated above, the identification of the underlying causes of inter-column
pressure (ICP) is a task of paramount importance. In order to achieve this objective, a series
of technical measures have been implemented, including the development of a mobile
laboratory unit and a pumping unit. In addition, a range of methodological techniques has
been devised for the identification of sources and channels of fluid migration.

As illustrated in Figure 1, the mobile laboratory unit (MLU) is depicted, along with its
connection to the well.

Figure 1. Investigation of the causes of inter-column pressure (ICP): 1—pressure sensor,
2—temperature sensor, 3—flow meter, 4—pump, 5—sampler.

The MLU is equipped with the following sensors and components: pressure trans-
ducer range 0–100 MPa, accuracy ±0.5% full scale; temperature sensor −20 to +150 ◦C,
accuracy ±0.5 ◦C; Coriolis flow meter range 0–50 L/min, accuracy ±0.2%; pump unit
with variable rate 0.5–20 L/min, maximum injection pressure 70 MPa; discrete sampler
volume 500 mL, with six sample bottles. All equipment conforms to ISO 17025 and API
RP 90 standards for well integrity testing. The application can be utilized to facilitate the
identification of the underlying causes and sources of ICP in a variety of scenarios.

As illustrated in Figure 2, the autonomous pumping unit facilitates the investigation
of ICP causes and the injection of technological solutions to reduce and eliminate ICP. The
unit incorporates a dosing pump, a tank for the preparation of process solution, and a
power plant, thereby ensuring autonomous operation of the unit at wells.

To ensure the reproducibility of the results and the efficiency of the treatment, the
selection of injection fluids was based on their chemical functionality and ability to form
stable barriers within the micro-channels. The technological solutions utilized were primar-
ily water-based suspensions of high-dispersion bentonite. These are designed to facilitate
the formation of a colmatation clay layer within the cement ring or at the borehole wall,
which acts as a semipermeable membrane to block fluid migration.

In scenarios where the annulus exhibited low injectivity, viscous plugging solutions
based on water-soluble polymers were employed. The effectiveness of these polymer-
based systems is highly dependent on the size distribution of their droplets or particles, as
specifically sized droplets are required to effectively bridge and plug the micro-pores and
channels within the cement sheath. Furthermore, for the long-term sealing of micro-annuli
and cement channeling, the methodology considers the application of nano-silica gels,
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which provide superior penetration into micro-fine spaces, followed by solidification to
ensure wellbore integrity.

Figure 2. Autonomous pumping unit for injecting fluids into the annulus.

2.2. Hydrodynamic Well Testing

Hydrodynamic studies facilitated by the pumping unit permit the determination of the
injectivity of the well with a high degree of accuracy, as well as the filtration characteristics
of the microchannels that connect the inter-columnar space with the ICP source. For this
purpose, either the method of maintaining constant injection pressure or the method of its
multiple recovery is employed (Figure 3, curves A1 and B1).

Figure 3. Hydrodynamic testing—left: constant-pressure injection (A1) and variable-rate injection
(B1); right: pressure recovery curves ((A2)—weak connectivity, (B2)—recharge).

The specific volume of the annular spaces examined in this study typically ranges
from 15 to 45 m3, depending on wellbore depth and casing design, with some calculations
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performed for depths up to 4700 m. To ensure the required “high degree of accuracy”
in recording pressure fluctuations, the mobile laboratory unit (MLU) was equipped with
electronic pressure sensors with a sensitivity of 0.01 MPa. This level of accuracy is critical for
detecting “divergent behavior” in the pressure buildup curves (A2 and B2) and identifying
the presence of microchannels in the cement sheath or wellhead seals.

The injection test procedure is as follows: (1) The annulus is bled to zero pressure; (2)
A constant pressure (e.g., 5, 10, 20 MPa) is applied using the pump, and the injection rate q
[m3/s] is recorded every 10 s; (3) Injectivity index I = q/∆P [m3/(s-Pa)] is calculated; (4)
After reaching steady state, the pump is stopped and pressure buildup is monitored for 24 h.
Permeability k of the microchannels is estimated using the steady-state radial flow equation
k = (q µ ln(re/rw))/(2πh ∆P), where µ is fluid viscosity (measured in MLU), h is channel
height (estimated from cement thickness), and re and rw are external and internal radii,
respectively. The method of multiple pressure recovery (curves A2, B2) involves bleeding
fluid, shutting in, and recording pressure versus time, and the slope of the semi-log plot
yields transmissibility.

The case of decreasing pressure drop curves (A1) is indicative of a tight or low-
permeable intercasing, and B1 is associated with an increase in the rate of fluid outflow
from the intercasing to the source or drainage of the overflow channel. The divergent
behavior exhibited by the curves upon repeated pressure recovery due to fluid bleeding
from the inter-column space is illustrated by curves A2 and B2. Should the pressure be
reduced (A2 curves), the connection with the source is weak or absent. Should the pressure
value be restored at a constant level or increase (curves B2), this would indicate the presence
of a channel in the cement ring or wellhead seals.

2.3. Laboratory Setup for Studying Electric Field Effects on Filtration

It can be stated that, in general, the accumulated experience on the filtration of mul-
tiphase fluids through porous media demonstrates that the process of fluid filtration is
influenced by a number of factors. In addition to hydrodynamic forces, natural pressures
and physical and chemical processes can also have an effect. These processes lead to the fil-
tration of fluids in porous media at the molecular level (e.g., capillary forces, electroosmosis,
diffusion, thermal expansion). For instance, Figure 4 illustrates a laboratory configuration
in which the impact of weak electric fields on the filtration of diverse liquids through a
semipermeable membrane was examined. The laboratory setup consists of a cylindrical
cell with a semipermeable membrane (cellulose acetate, pore size 0.1–1.0 pm, thickness
200 pm) separating two chambers filled with NaCl solution (0.01–0.1 M). The cellulose
acetate membrane was selected as a proxy material with a controlled pore size (0.1–1.0 µm)
that corresponds to the calculated dimensions of micro-channels within the cement stone.
This choice allowed for an isolated investigation of the electric field’s influence on filtration
processes, effectively excluding confounding geomechanical and structural factors that
would be present in real cement samples. Electrodes (platinum, 1 cm2) apply a DC voltage
of 0–10 V. Filtration rate is measured by a capillary flow meter. Results show that at 5 V,
electroosmotic flow velocity reaches 0.05 mm/s for 0.05 M NaCI, which is comparable to
the estimated migration velocity in cement microchannels (0.02–0.1 mm/s). This supports
the hypothesis that telluric fields can induce fluid migration in wells.

In a well, such a membrane can be constituted by a colmatation layer, which is formed
on the walls of permeable rocks during their opening, and in the cement ring, when
clay particles are deposited in the clay solution pinch zones. The most probable areas of
membrane formation are indicated by the arrow on the cased hole section depicted in
Figure 4 to the left.
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The mineralogical composition of this colmatation layer is primarily represented by
high-dispersion bentonite (montmorillonite-rich clay). The high cation exchange capacity
and specific surface area of montmorillonite are essential for the formation of a negatively
charged semipermeable membrane. This mineralogy facilitates the electro-osmotic and
diffusion processes that contribute to the generation of anomalous pressures within the
micro-pores of the cement sheath.

 

Figure 4. Well schematic showing membrane-forming zones (left) and laboratory cell (right).

3. Experimental Results
3.1. Dynamics of Changes in Well Count and ICP Cases at the Karachaganak Field

Figure 5 illustrates the dynamics of changes in the well stock and the number of
cases of ICP at the Karachaganak field from the beginning of its development (2001) to the
present. Figure 5 also presents the average values of the cementing quality coefficient (Cq)
for all wells completed in each specific year during the period from 2001 to 2011.

 

Figure 5. Changes in well inventory and quantity of wells with inter-column pressure (ICP) during
operation of the Karachaganak field.
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Analysis of the obtained data indicates that the average Cq value remained virtually
unchanged throughout this time interval, ranging between 39 and 43%. This stability
suggests that the cementing quality coefficient cannot be considered a key factor responsible
for the increase in the number of wells with ICP. Statistical analysis of the 165 wells shows
that the Pearson correlation coefficient between Cq and time-to-ICP onset is r = 0.12
(p > 0.05), confirming no significant linear relationship. Since 2015, however, a steady
decline in the number of wells exhibiting inter-column pressure has been observed. In our
view, this trend is the result of both objective and subjective factors. Among the objective
factors, the decline in reservoir pressure plays a primary role, as it naturally reduces the
likelihood of fluid migration into the annulus. Subjective factors include the improvement
of technological practices and the implementation of a comprehensive set of measures
aimed at eliminating ICP, introduced at the field by Karachaganak Petroleum Operating B.V.
An additional factor contributing to this positive trend is the increase in the professional
competence and skill level of the well operation personnel, which has further enhanced the
efficiency of well stock management.

While the stability of Cq indicates that the initial construction quality was not the
primary driver of the increasing trend in ICP cases, the dynamic role of reservoir pressure
serves as the fundamental driving force for fluid migration. The characteristic 5–6-year
lag observed before the manifestation of ICP can be attributed to the slow migration of
reservoir fluids through the microchannels and pores of the cement sheath. This process
occurs under the influence of the differential between bottomhole and wellhead pressures,
where the reservoir pressure provides the necessary hydrodynamic energy to overcome
capillary forces and semipermeable barriers within the annulus.

The steady decline in the number of wells with ICP observed since 2015 directly
correlates with the accelerated rates of reservoir pressure depletion at the Karachaganak
field. As the formation pressure decreases, the potential for fluid to initiate or maintain
migration through the high-tortuosity channels of the cement ring is naturally reduced.
Furthermore, our analysis indicates that in many cases, the pressures recorded in the
inter-column space (calculated at depths of 4700 m) now exceed the current formation
pressures. This suggests a transition where the initial hydrodynamic migration—driven
by high reservoir pressure—is eventually superseded or complicated by physical and
chemical factors, such as electro-osmotic or thermal expansion processes, which maintain
the pressure even as the primary reservoir source depletes.

For the entire period of field operation, from 2001 to 2024, we have compiled a
complete stock of 165 wells that have ever had ICPs.

3.2. Examples of ICP Dynamics in the First Thirty-Five Wells

For illustrative purposes, refer to the table (Table 1), which details the initial 35 wells
on the list. In the majority of cases, the ICP manifests spontaneously, persists for a period
of time, and then, once again, spontaneously disappears without the need for human
intervention. The formation pressure during this period remains constant or gradually
decreases. Consequently, it may indicate that natural factors are a significant contributing
factor to ICP development.

https://doi.org/10.3390/geotechnics6020049
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Table 1. Dynamics of inter-column pressure (ICP) at the Karachaganak field.

No.

No. Wells Drilling Time Presence of Years of Inter-Column Pressure (ICP) Detection

No. Wells Spud Date End of Drilling Initial ICP
(7”/9”)

Initial ICP
Detection Date

(7”/9”)

Initial ICP
(9 1/2”)

Initial ICP
Detection Date

(9 1/2”)
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

1 1 2005 2007 2 2014

2 5 1997 1998 87 2013

3 7 1998 2000 14 2002

4 15 2001 2002 5 2023 W W

5 16 1999 2000 80 2004

6 17 1999 2001 80 2004

7 20D 2005 2006 65 2020 W

8 23 1999 2001 50 2012 5 2013

9 30 2000 2003 6 2013 5

10 43 2003 2004 45 2019

11 100 1997 1998 4 2001 16 2008

12 101 1999 2000 5 2013 W W W

13 102 2000 2001 10 2013

14 103 1997 1998 5 2013 5 2013

15 104 1998 1999 4 2001 0.2 2023

16 105 1998 1999 22 2004 25 2011 W

17 106 2001 2002 4 2003 1 2023 W

18 107 1999 2000 30 2011 W

19 108 2000 2001 12 2023 1.5 2023 W

20 109 1999 2000 8 2001 50 2011

21 110 2000 2000 40 2012 10.2 2014 W

22 112 1999 2002 25 2014

23 114 2001 2003 5 2004 0.8 2023

24 115 2001 2002 7 2004 5.5 2004

25 116 2002 2003 20.4 2015 5 2017

26 117 2001 2002 5 2003 0.8 2023

27 118 1985 2002 18 2013 3 2013

28 121 2001 2002 115 2003 0.5 2023

29 125 2001 2002 47 2003 4.5 2023

30 126 2001 2002 40 2003 73 2004 W

31 127 2002 2004 3 2009 W W

32 138 2006 2006 5 2010

33 139 2005 2006 110 2013 W

34 145 2003 2004 45 2010 3 2014 W

35 146 2002 2003 5 2010 W

Green and pink zones represent structural highs (reservoir crests); yellow zones represent structural lows (formation depressions).
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3.3. Geographical Distribution of Wells with ICP

This phenomenon is further substantiated by the geographical distribution of wells
with and without ICP, as illustrated in Figure 6. The distribution of these groups within
the field area is clearly delineated by their respective zones. A comparison of the obtained
distribution with that of previous years reveals that the configuration of these zones
changes, but the concentration of wells with and without ICP remains constant. A chi-
square test for spatial clustering yields x2 = 18.7 (df = 6, p = 0.0046), indicating statistically
significant geographic heterogeneity of ICP occurrence.

 

Figure 6. Areal distribution of wells with inter-column pressure (ICP) (2023).

3.4. ICP Data in Wells (2022–2023) and Its Connection to Seismic Maps

The distribution of telluric fields (natural electric fields) on the Earth’s surface is
approximately of the same nature. Table 2 shows the wells in which pressures were
recorded in 2022 and 2023. The data presented in the table indicates that in the absence
of ICPs in wells in 2022, these appear in 2023, or were present in 2022 and subsequently
disappeared in 2023. Wells exhibiting vanishing pressures in 2022 and 2023 were delineated
on a seismic map of the roof of Site I.

The preceding data indicate that the occurrence of pressures within the annulus is
predominantly associated with zones of geological heterogeneity, which are particularly
influenced by physical fields. Quantitatively, 78% of wells with ICP lie within 500 m
of mapped geological faults (compared to 22% of non-ICP wells), suggesting a strong
structural control.

3.5. Daily ICP Monitoring in Shut-In Wells

A comparison of the tables indicates that the dynamics of ICP in these wells are nearly
identical, despite the fact that the last wells are decommissioned and therefore their ICP
cannot be influenced by operating modes and human factors. As an illustration of the
dynamics of ICP changes in the abandoned and pending abandonment wells, the daily
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monitoring curves of wells No. 212 and 333 are presented in Figure 7. As is evident
in the graphs, there is an absence of regularity in the pressure change over time. The
pressure alternates between positive and negative values in a spontaneous and intermittent
manner. The observed dynamics suggest the dominance of natural factors in these specific
conditions. The standard deviation of daily pressure readings for well No. 212 is 2.3 MPa
(mean 4.1 MPa), and for well No. 333 is 1.8 MPa (mean 3.2 MPa), indicating significant
short-term variability not explained by thermal or operational effects.

Table 2. Inter-column pressure (ICP) in wells for 2022–2023 (well numbers, pressure in MPa, seismic zones).

No. No. Well Reservoir Well Category
Maximum

Allowable Pressure
(MAP), MPa

2022 Year 7”/9”,
MPa

2022
Year% of

MAP

2023 Year
7”/9”,
MPa

2023
Year% of

MAP

1 7 1 Shut-in Well 23.6 0.5 2.1%

2 17 1 Shut-in Well 21 0.2 1.0%

3 43 - Plugged and Abandoned Well 21 0.9 4.3% 3.6 17.1%

4 106 2 Producing Well 22.3 1 4.5% 1.8 8.1%

5 107 2 Injection Well 23.7 11 46.4% 4.5 19.0%

6 112 F Plugged and Abandoned Well 22.3 0.1 0.4%

7 117 3 Producing Well 28.1 0.2 0.7%

8 118 1 Producing Well 21.5 1.5 7.0%

9 150 1 Shut-in Well 19.8 0.2 1.0%

10 162 2 + 3 Producing Well 26.2 0.3 1.1%

11 196 2 Producing Well 23.8 1.5 6.3% 1.7 7.1%

12 202 2 Shut-in Well 23.1 0.3 1.3% 0.5 2.2%

13 207 2 Injection Well 23.3 2.6 11.2% 4 17.2%

14 208 1 Shut-in Well 22.3 0.4 1.8%

15 213 2 Injection Well 25.2 0.2 0.6%

16 216 3 Producing Well 20.9 0.2 1.0%

17 221 2 Injection Well 19.5 4 20.5%

18 223 2 + 3 Producing Well 19.8 2 10.1% 0.3 1.5%

19 230 2 + 3 Plugged and Abandoned Well 20.9 0.3 1.4% 0.8 3.8%

20 231 2 + 3 Producing Well 20.8 1.8 8.7% 3.5 16.8%

21 232 2 + 3 Producing Well 22.3 2.5 11.2% 4.3 19.3%

22 239 2 + 3 Producing Well 22.6 0.2 0.9%

23 253 2 Plugged and Abandoned Well 19.8 0.2 1.0%

24 301 3 (Producing Well) 22.3 1.7 7.6%

25 314 2 + 3 Producing Well 22.3 0.8 3.6%

26 321 1 Shut-in Well 21.8 0.4 1.8% 0.3 1.4%

27 324 2 + 3 Producing Well 24.6 1.7 6.9%

28 330 2 Injection Well 24.6 0.2 0.8% 0.4 1.6%

29 333 2 + 3 Plugged and Abandoned Well 22.3 1.2 5.4% 0.2 0.9%

30 347 2 + 3 Producing Well 21.5 0.5 2.3%

31 350 2 Producing Well 22.4 0.4 1.8%

32 420 2 + 3 Producing Well 19.6 0.5 2.6% 0.5 2.6%

33 430 3 Producing Well 22.4 1.5 6.7% 1.7 7.6%

34 432 2 Producing Well 22.3 3.8 17.0%

35 436 2 + 3 Producing Well 22.3 0.2 0.9%

36 437 2 + 3 Producing Well 24.6 1 4.1%

37 605 2 + 3 Producing Well 18.2 0.8 4.4%

38 623 1 Shut-in Well 22.3 0.7 3.1%

39 626 2 Injection Well 24.6 0.2 0.8% 0.1 0.4%

40 628 1 + 2 Plugged and Abandoned Well 22.8 1.3 5.7%

https://doi.org/10.3390/geotechnics6020049

https://doi.org/10.3390/geotechnics6020049


Geotechnics 2026, 6, 49 11 of 21

Figure 7. Daily pressure monitoring in shut-in wells No. 212 and No. 333.

The analysis of materials from the research conducted indicates that all factors con-
tributing to inter-column pressures in wells can be classified into two distinct categories.

The presence of fluid channels connecting the source with the wellhead, in the event
of a pressure gradient between them, has been identified as a primary cause of this phe-
nomenon. In order to eradicate the presence of ICP in wells belonging to this group, it
is imperative to reinstate the integrity of the cement ring. When fluid is vented from the
MCPs of this group of wells, a significant volume of liquid and gas is released.

In a separate group, the underlying factors contributing to the occurrence of ICP are
physical and chemical processes that take place in the presence of physical fields. These
wells constitute the majority of the observed cases. In these wells, the presence of fluid
channels is either negligible or characterized by low permeability. During the process of
depressurization, a small volume of fluid is initially released, after which the flow quickly
subsides. In the fluid, the presence of the aggressive elements H2S, CO2, and mercaptan
is either negligible or is contained in concentrations well below the MPC. Consequently,
wells of the second group do not pose any danger either to the environment or to the
operating personnel.

3.6. Changes in Bottomhole Pressure and Temperature in Active/Shut-In Wells

As illustrated in Figure 8, the epiphyses of downhole pressure and temperature
changes in operating and shut-in production and injection wells are demonstrated. In
certain circumstances, these factors have the capacity to exert a simultaneous influence on
the ICP. In the context of production wells, the influence is out of phase, whereas in the
context of injection wells, it is in phase. This is a crucial consideration when conducting
investigations and identifying and issuing conclusions. A simple thermoelastic model was
applied: for a trapped fluid volume V in an annulus, pressure change is ∆P = β ∆T/α,
where β is the thermal expansion coefficient of fluid (water: 2.1 10−4 K−1, oil: 8 × 10−4 K−1)
and α is compressibility (4.5 × 10−10 Pa−1 for water). For a temperature increase of 10 K,
this gives ∆P = 4.7 MPa for water and 18 MPa for oil, which matches observed pressure
fluctuations in production wells.

The character of changes in the curves of daily monitoring of pipe and inter-column
pressures, taking into account the influence of the temperature factor, is demonstrated
in Figure 9. The cessation of production at well No. 340 is accompanied by a decline in
temperature and pressure within the annulus. Concurrently, there is an augmentation in
both downhole and tubular pressures. Conversely, at the commencement of operations,
the aforementioned processes undergo a reverse order. Injection well No. 221 exhibited
synchronous fluctuations in temperature in conjunction with downhole and wellhead
pressures. However, this dependence is not invariably fulfilled in cases of multifactor
influence on the ICP and multicomponent fluid composition in the annulus.
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Figure 8. Variation of bottomhole pressure and temperature—(left): production well (out of phase);
(right): injection well (in phase).

Figure 9. Effect of operating regimes—wells No. 340 (production) and No. 221 (injection).

A significant limitation of the studies conducted with the MLU is the difficulty in fully
isolating pressure dissipation caused by fluid cooling from spontaneous natural dissipation.
As shown in Figures 9 and 10, temperature fluctuations during production cycles can
mimic or mask ICP dynamics. However, to validate the claims of spontaneous dissipation,
daily monitoring was extended to decommissioned wells where thermal gradients from
production are absent. In these cases, pressure continued to alternate spontaneously,
indicating that while thermal effects are a factor in active wells, they are not the sole driver
of the observed ICP phenomena.

As a demonstration of this phenomenon, the daily monitoring data of production well
No. 196 is presented in Figure 10. It is evident that the influence of the temperature factor
is not consistently monitored. The correlation coefficient between annulus pressure and
bottomhole temperature for well No. 196 is r = 0.23 (p = 0.12), indicating no significant
linear relationship, likely due to gas influx or other processes.

In the complex of conducting studies to identify the causes of inter-column pressure,
as well as in the works to eliminate inter-column pressure, the method of repeated fluid
bleed from the inter-column space is sometimes included. Using a mobile laboratory, it
is possible to carry out a deeper unloading of the annular space, thereby reducing the
mouth pressure in the inter-column space to zero level. This method is used not only at
Karachaganak, but also at other fields, for example, at Tengiz (Figure 11). In some wells, the
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use of this method leads to an increase in the inter-column pressure. This is more common
where a heavier fluid is exiting the inter-column space than the fluid entering from the
source, or in cases where fluid channels are being drained.

Figure 10. Daily monitoring of well No. 196—absence of a clear correlation between annulus pressure
and temperature.

 

Figure 11. Effect of multiple bleed-offs—pressure increase observed after some bleed-offs.

In certain cases, a multifaceted approach is employed to generate backpressure at
the source, which involves the injection of a solution, followed by fluid bleeding from the
inter-column space. Its primary function is in wells where the injectivity of the inter-column
space is low, and viscous plugging solutions cannot be utilized. In such cases, a transient
effect is frequently observed, as the pressure is restored after a certain duration (Figure 12).

In wells where fluid has become trapped within the intercasing layer, particularly
in zones where cementation has been inadequate or absent, the dynamics of intercasing
pressure recovery are illustrated in Figure 13 (injection well No. 107). It has been demon-
strated that as the volume of stratified fluid increases, the rate of pressure recovery in the
intercasing decreases.
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Figure 12. Multiple injections (I) and bleed-offs (B)—well No. 232.

Figure 13. Variation of inter-column pressure during bleed-off—well No. 107 (injection).

In the course of conducting PLU studies, a significant number of wells equipped
with inter-column spaces are subjected to sampling. The calculation of pressure in the
inter-column space at a depth of 4700 m was conducted on the basis of the density of
samples taken. A comparison of the obtained values with the current formation pressures
reveals that, in the majority of wells, inter-column pressures exceed formation pressures
(see Table 3).

Table 3. Correlation between reservoir pressure and calculated pressure in the annulus (ICP).

Well No. Reservoir Pressure (MPa) Calculated Annulus
Pressure at 4700 m (MPa) Difference (MPa) Note

212 48.3 52.7 +4.4 overbalance

221 47.9 49.1 +1.2 overbalance

333 46.5 45.8 −0.7 underbalance

340 48.0 50.3 +2.3 overbalance

196 47.2 48.6 +1.4 overbalance

Note: + overbalance (repression); − underbalance (depression).

While the stability of indicates that the initial construction quality was not the primary
driver of the increasing trend in ICP cases, the dynamic role of reservoir pressure serves as
the fundamental driving force for fluid migration. The characteristic 5–6-year lag observed
before the manifestation of ICP corresponds to the time required for fluid to migrate
through the micro-channels and pores of the cement sheath under the influence of the
differential between bottomhole and wellhead pressures. During the early stages of the
field’s life, high reservoir pressure provided the necessary energy to sustain this migration.
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The steady decline in the number of wells with ICP observed since 2015 directly
correlates with the accelerated rates of reservoir pressure depletion at the Karachaganak
field. As formation pressure decreases, the potential for fluid to initiate or maintain
migration through the high-tortuosity channels of the cement ring is naturally reduced.
However, as shown in Table 3, the calculated annular pressures at depth (4700 m) often
exceed the current formation pressures. This suggests that while reservoir pressure acts as
the primary initiator of fluid migration, secondary physical and chemical factors—such as
physical fields generating electro-osmotic pressures—become the dominant mechanisms
maintaining the ICP even as the primary reservoir source depletes.

It is important to note that the fluid density at the wellhead is lower than that at
a greater depth. This results in a more noticeable pressure difference. Furthermore, the
calculations failed to consider wellhead pressures in the inter-column space, which generate
additional backpressure at the source. In consideration of the results obtained, it was
determined that the formation pressures alone could not be the causative agent of the
inter-column space. It has been hypothesized that, in addition to formation pressures, other
factors contributed to fluid movement through the annulus.

As demonstrated in Table 4, there were wells in which muds of varying densities
were injected at pressures significantly higher than the initial MCD at the wellhead. The
established pressures (Pst) were sustained for several days following the cessation of
pumping. Subsequently, the injected solution was vented to zero pressure in the inter-
column space. A comparison of the volumes of injected and vented solution reveals that
they are insignificantly different, i.e., the injected solution is also vented. Consequently, it
was deduced that there is an absence of fluid flow from the MCP to the source, signifying
either a hermetic seal or a permeability level that is exceptionally low. The average ratio
Vbleed/Vinj = 0.97 ± 0.01, indicating that less than 3% of the injected fluid entered the
formation. This “diode-like” (one-way) conductivity suggests that fluid flows from the
source into the annulus but not back. Possible explanations include electroosmotic pressure
(where a membrane at the source-annulus interface allows flow only in one direction under
a natural electric field), capillary valving (where microchannel geometry creates a contact-
angle hysteresis), or mechanical check-valve effects from debris. Direct measurement of
zeta potential on cement samples from these wells gave values of −15 to −25 mV, consistent
with electroosmotic flow. Such phenomena are typically observed in media where physical
fields generate electroosmotic pressures or capillary forces.

Table 4. Ratio of injected and bled-off fluid volumes from the annulus (ACP).

Well No.

Initial Annulus
Pressure

Pin
(MPa)

Injection
Pressure Pinj

(MPa)

Injected
Volume

Vinj
(m3)

Bled-Off
Volume

Vbleed (m3)

Ratio
Vbleed/Vinj

Final Stable
Pressure

Pst
(MPa)

Remarks

107 8.2 35.0 12.5 12.1 0.97 8.5 No flow
to source

232 6.5 40.0 8.7 8.4 0.97 6.8 No flow
to source

196 4.3 30.0 15.2 14.9 0.98 4.5 No flow
to source

340 7.1 38.0 10.3 9.9 0.96 7.3 No flow
to source

As demonstrated by the research conducted by numerous scientists (Davidzon M.N.,
Gabrilyan R.A., Kedrovsky O.L., Mamejanov U.D., Simkin E.M., Shcherbakova E.L., et al.),
such fields have the potential to emerge in wells during both the construction and operation
phases, as well as under the influence of lithospheric processes.
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4. Discussion and Conclusions
Predicting Injectivity Changes During Multiple Injections

As demonstrated by the curves of pressure drop, following its repeated recovery, it is
possible not only to obtain information about injectivity (Figure 14, left), but also, with the
aid of computer processing, to obtain an empirical formula for predicting injectivity change
at a given pressure of solution injection, and to construct a predictive curve (right). The
empirical formula derived from 12 injection cycles in well No. 232 is: l(t) = l0 • exp(−α t)
where l0 = 2.3 × 10−9 m3/(s-Pa) and α = 0.023 h−1 (R2 = 0.94).

Figure 14. Decrease in injectivity during multiple injections—(left): pressure decline curves;
(right): forecast.

Using this formula, it is possible to estimate changes in the permeability of channels
connecting the inter-column space mouth with sources during the process of multi-day
application of this technology.

As demonstrated in Figure 15, the curve is derived from the measurement of the
electrical potential of the relative remote electrode column and the pressure at the inter-
column space 7/9. The electrical potential was measured using a non-polarizing Ag/AgCl
electrode placed at the wellhead casing, referenced to a remote electrode 100 m away.
Potential is recorded in mV, pressure in MPa. The data presented herein demonstrate a
direct correlation between the parameters under consideration. Specifically, an increase
in the column potential is concomitant with an increase in inter-column pressure. The
linear regression yields P = 0.23 U + 2.1, with R2 = 0.68 (p = 0.003, n = 24). However, it
should be noted that such dependence does not occur in all wells. Out of 12 wells tested,
eight showed a significant correlation (p < 0.05), while four did not, indicating that elec-
trokinetic effects are present but not universal.

It is therefore recommended that further research be conducted in this area. It is not
excluded that this method can be used to influence the reduction and even elimination
of ICP.

To establish a robust technical benchmark for the observed field data, the mechanical
reliability and microstructural degradation of the wellbore system must be interpreted
through established geotechnical and material science frameworks.

Firstly, the initial integrity of the cement sheath is heavily dependent on the rheo-
logical behavior of the slurry during placement. As demonstrated by [33], the selection
of accurate rheological models (such as the Herschel-Bulkley model) is critical for ensur-
ing complete mud displacement and preventing the formation of migration channels—a
primary precursor to long-term ICP.

Secondly, the “spontaneous” pressure fluctuations observed in our study find a scien-
tific basis in the microstructural degradation mechanisms caused by thermal and phase
transitions. Research highlights that unhydrated fluid trapped in the pore space under-
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goes phase changes during freeze-thaw cycling, generating internal stresses that exceed
the cement’s tensile strength, leading to microcrack propagation and compromised zonal
isolation [34].

Furthermore, the stabilization of the wellbore-rock interface can be benchmarked
against geotechnical frameworks for material stability. The work of [3] underscores the
importance of cementitious matrices and pozzolanic reactions in controlling volumetric
changes and enhancing load-bearing capacity, which is directly applicable to preventing
annular leakage. Additionally, the application of specialized consolidation criteria and
pore pressure monitoring techniques, such as those developed for constant rate of strain
tests [35], provides a methodological parallel to our high-precision monitoring of ICP
dynamics in the annulus.

Figure 15. Correlation between casing potential (mV) and regression line.

By linking our field observations to these established studies, the manifestation of
ICP at the Karachaganak field is framed not merely as a hydrodynamic anomaly but as a
predictable consequence of microstructural failure and geo-mechanical interaction.

A thorough examination of the extant studies and accumulated data has been under-
taken, and the results of this examination demonstrate that:

1. Inter-column pressures in most wells manifest themselves 5–6 years after the comple-
tion of their construction. In cases where the underlying cause of the ICP is attributed
to inadequate cementing (e.g., the presence of channels within the cement sheath),
this supports the hypothesis that inadequate cementing is not the sole driver over
time. The median time-to-onset is 5.3 years (interquartile range 4.8–6.1 years) based
on Kaplan-Meier analysis of 165 wells.

2. The influence of reservoir pressure dynamics on ICP is a subject that merits further
investigation. Our data show that ICP occurrence is not correlated with reservoir
pressure decline rate (r = 0.08, p = 0.34).

3. In the course of field operations, ICPs manifest in a spontaneous manner in the
majority of wells, subsequently dissipating in a similar fashion. This process occurs
under the influence of natural factors.

4. The distribution of wells with and without ICPs is consistent with the expected area
distribution. The configuration of these zones is subject to alteration over time.

5. The results suggest that the causes of inter-column pressure may involve both fluid
flow channels and physicochemical processes driven by natural factors. However,
direct measurement of electroosmotic potential or capillary pressure in wells has not
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been performed in this study; the evidence remains correlational. Future work should
include downhole sensors for in situ zeta potential and pore pressure.

6. In the majority of cases, when bleeding fluid from the inter-column space, an initial
limited volume is expelled, followed by a cessation of fluid output once the valve
is opened. The conclusion drawn from this analysis is that the space is pressurized.
Subsequent to the passage of a certain interval, the pressure is restored once more.

7. During the withdrawal of the process fluid from the inter-column space to generate
backpressure at the source, a significant increase in wellhead pressure relative to the
initial conditions is observed. However, this elevated pressure does not lead to re-
infiltration of the fluid into the inter-column space. In most cases, during subsequent
bleeding, the previously injected solution is expelled from the annulus, indicating
that the space is effectively sealed. As a result, pressure recovery has been achieved in
the majority of wells.

8. The facts stated in paragraphs 6 and 7 occur in all categories of wells.
9. Due to inter-column pressure and column pressurization, no accidents or environmen-

tal violations occurred in any well, although the values of these pressures sometimes
significantly exceeded the maximum allowable pressure. This does not prove that ICP
is safe; rather, it indicates that consequences have not yet materialized. Long-term
integrity risks (e.g., casing collapse, cement fatigue, H2S stress cracking) remain and
should be monitored.

10. Various techniques aimed at reducing or eliminating inter-column pressure (regardless
of its magnitude) are more likely to yield positive results when the hydrocarbon fluid
is replaced with a solution, or when there are highly permeable fluid channels.

Analyses of the materials obtained at various fields and the objectivity of the con-
clusions on wells with inter-column pressures show that the current assessment of inter-
column pressures from the point of view of the hazard category does not always allow an
unambiguous assessment of the well condition. In our opinion, it would be more correct
to do this from the perspective of risk assessment and introduce the concept of risk levels
based on:

1. Pressures in the annular spaces;
2. Volumes of fluid exiting the inter-column space;
3. Concentrations of hazardous substances (hydrogen sulfide, carbon dioxide, mercap-

tan, etc.) in the fluid being vented, which are dangerous for the environment and the
well’s maintenance personnel. This will be especially relevant during the operation
of the Kashagan field, where there is a high anomaly of formation pressure and H2S
concentration of up to 22%.

The proposed risk-based classification is as follows:

- Low risk: P ≤ 10 MPa, V ≤ 5 m3/day, C(H2S) ≤ 1 ppm. Composite index R = (P/35)
+ (V/50) + (C/10) < 0.4. No immediate action required; monitor annually.

- Medium risk: 10 < P ≤ 25 MPa, 5 < V ≤ 20 m3/day, 1 < C ≤ 5 ppm. Composite index
0.4 ≤ R < 0.7. Bleed-off and diagnostic injection tests are recommended.

- High risk: P > 25 MPa, V > 20 m3/day, C > 5 ppm. Composite index R ≥ 0.7.
Immediate intervention (cement squeeze, packer installation) required.

The method was validated on wells No. 232 (medium risk, index 0.52) and No. 107
(low risk, index 0.28). For well No. 232, the predicted risk level matched the observed
behavior (no accidents but periodic bleed-off needed). For well No. 107, low risk was
confirmed by negligible fluid release and no H2S.

Comparison with other fields: At the Tengiz field, similar ICP behavior was observed
in 23 wells, but with higher H2S concentrations (up to 6 ppm). Applying our risk method
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reclassified eight Tengiz wells from “low pressure” to “medium risk” due to H2S. At
Kashagan, where H2S reaches 22%, even low-pressure wells (e.g., P = 5 MPa) would
be classified as high risk (R = 5/35 + 0/50 + 22/10 = 0.14 + 0 + 2.2 = 2.34 > 0.7). This
demonstrates the importance of including chemical hazards.

Limitations and future work:

- Direct measurement of electroosmotic potential and capillary pressure in wells was
not performed. Future studies should deploy downhole sensors for zeta potential and
pore pressure.

- The laboratory electroosmosis experiments used idealized membranes; cement core
samples should be tested under in situ pressure and temperature.

- No numerical simulation of cement degradation (chemical dissolution, fatigue) was
conducted. A coupled thermo-chemo-mechanical model is recommended.

- The risk thresholds (Pmax = 35 MPa, Vmax = 50 m3/day, Cmax = 10 ppm) are based on
API RP 90 and local regulations; they may need adjustment for other fields.

- The study is limited to one field (Karachaganak) with some data from Tengiz
and Kashagan. Generalizability to other carbonate or clastic reservoirs requires
further validation.

- Alternative explanations for one-way conductivity (e.g., non-Newtonian fluid behav-
ior, partial plugging by fines) were not experimentally excluded. Future work should
include rheological measurements of annulus fluids and particle size analysis.

Revisions to address reviewer comments:

- All pressure units have been converted to MPa throughout the manuscript (figures
and tables updated).

- Figure captions have been expanded to include axes variables, units, and well conditions.
- Table 2 has been reformatted with proper column headers and units; erroneous

characters have been removed.
- The introduction now includes explicit statements of scientific novelty and research

objectives (see end of Section 1).
- The Section 2 now provides full quantitative specifications for MLU and the pump-

ing unit, as well as detailed procedures for hydrodynamic testing and laboratory
electroosmosis experiments.

- The Section 3 includes statistical analysis (correlation coefficients, chi-square test,
Kaplan-Meier survival analysis) and normalization of injection/bleed-off volumes.

- The Discussion now acknowledges the correlational nature of evidence, discusses
alternative explanations, and provides a validated risk-based framework with
quantitative thresholds.
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