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ABSTRACT 11 

Leakage out of the target formation is a major risk associated with subsurface wellbores. This study explores feasibility 12 

of leakage detection with Pressure Transient Analysis (PTA) in multiple potential leakage scenarios, including induced 13 

fractures and casing failures in active and legacy wells, which may become conductive from injection‑induced 14 

pressure buildup. 15 

A mechanistic well-reservoir model based on a representative offshore Norwegian sandstone reservoir was used in 16 

the study. The fluid flow simulation study for a single-phase, isothermal, low-compressible fluid (water) has two parts. 17 

The first addresses the mechanisms of induced fracturing and fracture propagation through caprocks, creating out-of-18 

zone leakage risks. Then, it proposes an approach to model fracture propagation into cap-rocks and explores feasibility 19 

of early detection of the fracture leakage into cap-rocks with PTA of step-rate tests. The second part examines casing-20 

cement-rock integrity failure mechanisms with focus on behind-casing leakage or crossflow detection with PTA. A 21 

dedicated modeling approach for behind-casing leakage resulted in revealing pressure derivative signatures associated 22 

with the leakage from the flow simulations, confirming feasibility of the leakage detection from PTA of shut-ins 23 

responses of active and abandoned wells. 24 

The monitoring approach considered in the study relies on real-time pressure data from Permanent Downhole Gauges 25 

(PDGs) installed in active wells or wireless PDGs in abandoned wells, interpreted with the PTA methods evaluated. 26 

Results from the simulated cases have demonstrated the feasibility of the PTA methods to detect leakage with a 27 

possibility to approximately assess leakage rates in some cases, with the assessment accuracy decreasing with 28 

declining leakage rate. The feasibility study results are valid for the cases considered and the assumptions taken, and 29 

further testing and validation of the PTA methods using field data is a necessary next step in maturation of the 30 

interpretation methodology presented. 31 

Keywords: Leakage Detection, Well Monitoring, Pressure Transient Analysis, Permanent Downhole Gauges, Plug-32 

and-Abandonment, Induced Fracturing, Casing Leakage 33 

1 Introduction 34 

Injection wells are now facing increased demand in well safety and cost- and energy-efficiency to comply with 35 

environmental regulations (Gupta et al., 2022). Ensuring safe operations in active wells, and particularly those located 36 

near legacy or Plug & Abandonment (P&A) wells, require careful attention to potential risks of leakage from the target 37 

formation. Also, energy- and cost-effective well operations whereby optimal well completion and monitoring designs 38 

are required to capture most of the risks at minimum investments. Thus, new feasible solutions are needed to ensure 39 

effective well operations to maintain high performance, minimizing well shut-ins and leakage risks. 40 

Large scale geological injection projects are hindered by serious challenges of leakage through casing-cement-41 

formation integrity failures in active or legacy wells and through reservoir features such as faults and fractures (Gasda 42 

et al., 2004; Skadsem, 2022; Alberdi-Pagola & Fischer, 2023). Figure 1 presents a diagrammatic representation of 43 

potential leakage pathways. 44 
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Leakage poses environmental risks and can impact shallow subsurface zones (Lions et al., 2011). In-situ fluids may 45 

migrate through fractures or faults, contaminating freshwater aquifers with saline water, hydrocarbons, or CO₂. 46 

Reinjected brine containing dissolved hydrocarbons or CO₂ also presents a risk to groundwater quality. High CO₂ 47 

concentrations near the surface can harm vegetation. Additionally, compromised well integrity can lead to CO₂ leakage 48 

to the atmosphere, increasing overall greenhouse gas emissions (Huo & Gong, 2010).  49 

Well-reservoir integrity issues are always examined prior to water or brine injection although maximum risk control 50 

and management are imposed during CO2 storage (Zhang et al., 2020). In terms of well operations, leakage around 51 

the wellbore (casing-cement or cement-formation) or within reservoir features could lessen geothermal well 52 

efficiency. This could cause temperature loss, reservoir pressure drops, and decline in flow rates (Philippacopoulos & 53 

Berndt, 2001; Santos et al., 2022). Therefore, it is essential to implement best practices in permanent well monitoring 54 

of caprock and well integrity (Braim et al., 2023).  55 

Modern wells often use downhole sensors and fiber-optic technologies for real-time monitoring of pressure, 56 

temperature, strain, and flow behavior, although these capabilities come with added deployment costs (Johannessen 57 

et al., 2012; Soroush et al., 2022). While fiber-optic and micro-seismic methods are standard for leakage monitoring, 58 

they may face some limitations. Tubing-deployed fiber optics couple poorly to the reservoir (Soroush et al., 2022), 59 

annulus-deployed fibers are not feasible for long-term use and are noise-sensitive (Soroush et al., 2022). Casing-60 

integrated fiber optics are technically strongest option but may still miss micro-leaks like those in P&A scenarios, 61 

occupy more wellbore space, and may increase the risk of creating additional leakage pathways (Soroush et al., 2022; 62 

Schneider et al., 2024). Micro-seismicity surveys (monitoring of seismic events) provides indirect evidence of leakage 63 

and must be supported by additional downhole measurements (Martínez-Garzón et al., 2013).  64 

Further, complementary monitoring options, such as widely deployed Permanent Downhole Gauges (PDG), offer a 65 

promising and affordable option for industrial projects involving water injection, geothermal, and CCS, where 66 

resource allocation may be limited for wide-scale use and permanent monitoring like fiber-optics. Permanent 67 

downhole gauges seem to be a suitable permanent monitoring solution, as both U.S. (USEPA, 2008) and European 68 

directives (EU Directive, 2018) regulations mandate continuous surveillance at injection wells. 69 

Effective leakage monitoring may be possible in conjunction with PDG and flowmeters that are able to accurately 70 

monitor well operational variables in real-time. Modern permanent downhole gauges are built for long-term use, 71 

operating at ultra HPHT, e.g., 172 MPa and 180 °C (von Flatern, 2016). Recently, new studies have shown feasibility 72 

of permanent well monitoring beyond P&A utilizing wireless downhole pressure/temperature data acquisition 73 

(Champion, 2016; Bouldin et al., 2021; Mimoun et al., 2023; Schneider et al., 2024). These data acquisition tools pave 74 

 

 

Figure 1. A diagrammatic illustration (not to scale) of general potential leakage pathways (bold arrows) across wellbore 
and geomechanical constraints 

Potential pathways:

1) Casing-cement interface

2) Cement-formation interface

3) Freshwater zones

4) Induced fractures

5) Natural fissures

6) Faults

7) Legacy wells (P&A)
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the way to continuous monitoring by leveraging real-time data of pressure/temperature. Hence, dynamic data 75 

analysis/interpretation approaches are needed for various leakage scenarios. 76 

Interpreting pressure measurements using Pressure Transient Analysis (PTA) methods have evolved over time, 77 

providing useful information on near wellbore effects, reservoir behavior, and boundary effects (Horne, 2007; 78 

Gringarten, 2008). The common time-lapse PTA framework is described in Shchipanov et al. (2014) and Step-Rate 79 

Tests (SRTs) commonly used by operators to monitor injection-induced fractures and assess reservoir behavior over 80 

time (Shchipanov et al., 2017). However, pressure data may be affected by noise from measurement inaccuracies or 81 

rate fluctuations, complicating interpretation (Cobanoglu & Shukri, 2020). Noise is an inherent feature of pressure 82 

data from permanent downhole gauges (PDGs) and often addressed before PTA interpretations (Horne, 2007). Noise 83 

refers to data points that scatter around the true trend while remaining within its neighborhood (Athichanagorn et al., 84 

2002). Sources include intrinsic gauge issues such as component inaccuracies, mechanical degradation, and gauge 85 

temperament (Kikani et al., 1997), as well as environmental disturbances and wellbore pressure fluctuations (Ennaifer 86 

& Kuchuk, 2018). These factors generate noisy signals, which Bourdet derivatives further amplify (Ennaifer & 87 

Kuchuk, 2018), increasing scattering and complicating reservoir interpretation. 88 

Consequently, defining an uncertainty envelope, typically around the pressure derivative (Ambrus et al., 2024; 89 

Mugisha, Shchipanov, et al., 2025), can enhance interpretation reliability by helping to differentiate between true 90 

signals and noise. Recently, studies have also explored PTA-based methods for wellbore monitoring of behind-casing 91 

leakage (Kremenetskiy & Kokurina, 2008; Rahman et al., 2015; Nooruddin & Rahman, 2021). Aforementioned 92 

studies on PTA-based leakage detection have primarily focused on an individual leakage scenario, however, a 93 

comprehensive monitoring approach is required to concurrently evaluate multiple potential leakage pathways. 94 

Notably, the previous study (Mugisha, Shchipanov, et al., 2025) proposed a PTA-SRT interpretation method for 95 

detecting induced fracture opening within the target formation. The current study aims to extend this method into a 96 

monitoring approach that integrates Permanent Downhole Gauges/Pressure Transient Analysis (PDG/PTA)-based 97 

methods, to explore diagnosis of multiple leakage scenarios, specifically, fracture propagation through caprock and 98 

leakage along the casing-cement-formation interface. However, non-uniqueness of pressure derivative features is one 99 

of the known challenges in PTA interpretations whereby different well-reservoir flow conditions may yield similar 100 

PTA behaviors. This challenge may be minimized in practice by extra information about the field or wellbore using 101 

geological data, geophysical surveys, production or injection history (Gringarten, 2008; Cobanoglu & Shukri, 2020).  102 

Exploring PDG/PTA-based approach for leakage detection is a relatively new area addressed in this study, therefore, 103 

establishing baseline thresholds through simulated scenarios is a necessary first step. This study uses approximate 104 

representations of leakage pathways and simulated pressure-induced leakage scenarios assuming single-phase, low-105 

compressible fluid (water). Such simplification allows us to establish a feasibility and conceptual basis for applying 106 

PTA/PDG methods to the leakage detection. The modeling assumptions and simulations are used to verify that leakage 107 

signatures can be identified and interpreted from pressure data, and to assess the accuracy and applicability of the 108 

proposed PTA-based leakage detection approaches. More complex conditions of coupled thermal and multiphase 109 

effects are beyond the scope of the present work.  110 

Next sections of this feasibility study are organized in the following sequence: 111 

 Induced fracturing mechanisms: Analysis of fracture initiation and propagation through caprock, potentially 112 

causing out-of-zone leakage. 113 

 Initiated leakage detection into shallow formation: Presentation of a modeling workflow and PTA method 114 

for early identification of fluid migration into overlying formations through induced fracture growth. 115 

 Casing-cement-rock integrity failures: Examination of mechanisms leading to behind-casing leakage and 116 

crossflow. 117 

 Leakage monitoring behind casing: Development of a tailored modeling and PTA approach for detecting and 118 

evaluating leakage behind casing. 119 
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2 Induced fracture growth through caprock 120 

This section focuses on modeling pressure-induced fracture opening as a central aspect of developing a proper 121 

detection method. First, consider fracture mechanics and a proxy model to be used in flow simulations, fitting PTA-122 

based interpretation to identify induced fractures and leakage into shallow formation layers.  123 

2.1 Mechanics of induced fracturing and modeling approaches 124 

Large-scale injection of fluids into geological formations can elevate reservoir pressures and potentially change the 125 

local stress state at the wellbore wall, within the reservoir, and may lead to caprock tensile failure (Fjær et al., 2008; 126 

Gillioz et al., 2024). One of the riskiest scenario at injection and primary leakage mechanisms is induced fracturing 127 

(Nermoen et al., 2024), where tensile failure propagates fractures vertically into the sealing layers, compromising 128 

containment as explained hereafter. 129 

Borehole failure and fracture initiation pressure 130 

Borehole failure refers to the mechanical breakdown of the rock surrounding a borehole when the local stress exceeds 131 

a critical threshold. Changes in loading conditions, such as reductions or increases in bottomhole pressure, can trigger 132 

various failure modes, including tensile fracturing or shear breakouts. Tensile failures such as induced fracturing 133 

usually occur when well pressure is suddenly increased, but compressive failures such as breakouts or collapse occur 134 

when the pressure within the wellbore is too low leading to compressive or shear failure. The first indications of these 135 

events often appear during drilling as mud losses (in the case of fracturing) or as cavings, where large rock fragments 136 

are circulated to the surface. Detailed assessment using borehole logs, imaging tools, and caliper measurements 137 

generally takes place afterward, once the drill string is pulled out. Figure 2 provides an idealized illustration of the 138 

two failure modes and the orientation of the principal horizontal stresses for a vertical well. 139 

In this study, the failure condition for tensile failure is explored 140 

further due to the interest in the leakage occurring through 141 

induced fracturing. Fracturing pressure at the borehole wall can 142 

be estimated using well testing methods such as Formation 143 

Integrity Tests (FIT), Leak-Off Tests (LOT), and Extended Leak-144 

Off Tests (XLOT) (White et al., 2002), typically performed 145 

below the casing shoe during drilling. Also, fracturing pressure 146 

maybe estimated from step-rate testing in the target reservoir 147 

when well is completed. Further, fracture initiation pressure also 148 

can be predicted analytically by applying borehole failure 149 

criteria, where the problem is approached forward by deriving 150 

explicit relationships between in-situ stresses and failure conditions. The analytical solution of fracturing pressure at 151 

the wellbore wall requires data from well log and compressive strength tests, including rock strength, Poisson ratio, 152 

and static Young’s modulus (Fjær et al., 2008). However, this study only focuses on simplified case of the vertical 153 

wellbore whereby proxy modeling approach is used. 154 

2.2 Applied modeling and simulation approach 155 

This study employs the industry-standard reservoir simulator Rubis (Houzé et al., 2022) with a pseudo‐coupling 156 

workflow (Samier et al., 2008) that bypasses explicit stress calculations.  157 

(Mugisha, Shchipanov, et al., 2025) outlined the pressure-dependent fracture permeability function, 𝑘௙(݌),  that was 158 

used in numerical simulations that matched the real field case. Figure 4 depicts the 𝑘௙(݌) curve used to define the 159 

onset of fracture opening, where 𝑘௠ defines permeability in the matrix grid blocks while 𝑘௙ represents the permeability 160 

of the fracture grid blocks. Initially, 𝑘௙ = 𝑘௠ until fracture opening pressure ݌௙ is reached and the fracture 161 

permeability increases exponentially to maximum value to maintain simulation control. 162 

 

Figure 2. A top view of vertical hole showing two 
wellbore failure types: tensile failure and shear 
failure, typically occurring at different borehole 
locations unless pressure varies significantly 
(Fjær et al., 2008). 

Induced fracture 

(Tensile failure)

Wellbore breakouts

(Shear failure)

Wellbore
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Building on the prior work (Mugisha, Shchipanov, et al., 2025) 163 

which examined fracture opening within the target formation, this 164 

study extends the same workflow to simulate fracture growth 165 

through the caprock. To assess this behavior, synthetic well tests 166 

(SRTs) were generated and analyzed using Saphir (Houzé et al., 167 

2022), the industry standard software for pressure transient analysis. 168 

The main focus was to detect induced fracturing early through 169 

analysis of Bourdet derivative (Bourdet, 2002), thereby linking 170 

simulation outputs with interpretable diagnostic features.  171 

The flow simulations are based on the following assumptions: 172 

- Reservoir, wellbore, and induced fracture: 173 

o vertical well in infinite-acting reservoir of 174 

homogeneous, isotropic, and constant pay 175 

thickness (h), 176 

o the near wellbore has two interacting domains: an 177 

induced fracture and porous matrix rock, 178 

o flow occurs from the wellbore into the fracture, and then into the matrix, neglecting cement zone 179 

behind casing, 180 

o the fracture has finite conductivity (ܨ஼), fracture half-length (xf), and width (wf), 181 

o refined non-structural gridding is applied near the wellbore to improve simulation accuracy, 182 

o 𝑘௙(݌) is applied only within fracture grids defining fracture length, with flow rate varying per grid 183 

block based on local pressure and permeability, 184 

o fracturing pressure ݌௙ is assumed to be known as 360 bar, 185 

o three-layered system Figure 5 where fracture grows vertically, from the target formation, through 186 

caprock, then into shallow layer, 187 

o well and reservoir parameters of an actual field case (Table 1) were used in the simulations. 188 

- Fluid flow: 189 

o single-phase, isothermal flow of a slightly compressible fluid, such as water injection into an aquifer 190 

or post-oil displacement by water injection where water phase dominates near wellbore area, 191 

o water PVT data from a real field case (Table 1) was used in the simulations. 192 

The geological setting of a North Sea sandstone reservoir using the field data previously reported by Mugisha et al. 193 

(2025) served in this paper as the test simulation case. Table 1 summarizes main input parameters used in the 194 

simulations.  195 

 

Figure 3. Illustrating induced fracture opening 
through proxy modelling using ࢓࢑/(࢖)ࢌ࢑ 

function. 
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Table 1. Input data used in simulations (modified from Mugisha et al., 2025). Water 
compressibility and viscosity were taken at 250 bar and 93 °C. 

Parameter Value Units 

Wellbore and fracture 

Well radius 0.08 m 

Wellbore storage 0.025 m3/bar 

Fracture half-length 10 m 

Fracture height 40 m 

Fracture conductivity 30 md.m 

Fracture width 0.05 m 

Fracture porosity 0.5 dimensionless 

Fracture skin 0 - 

Rock properties are 
same in target and 
shallow formation 

Initial pressure 250 bar 

Reservoir top 2400 m 

Thickness 15 m 

Permeability 75 md 

Porosity 0.3 dimensionless 

Compressibility 8.30E-06 1/bar 

Caprock 

Thickness 15 m 

Permeability  1.0E-06 md 

Porosity 0.2 dimensionless 

Compressibility 8.30E-06 1/bar 

Water 

Formation volume factor 1.025 m3/stm3 

Compressibility 4.35E-05 1/bar 

Viscosity 0.32 cp 
 

 196 

This study adopts the stepwise induced fracture modeling approach illustrated in Figure 4a and detailed in (Mugisha, 197 

Shchipanov, et al., 2025) to model vertical fracture growth through the caprock. The workflow ensures the simulations 198 

clearly differentiate fracture-driven flow from the initial matrix-dominated flow. It begins with a vertical injector into 199 

a homogeneous reservoir, adds a bi-wing fracture with matrix-like permeability, then increases fracture permeability 200 

to simulate peak flow, and finally introduces a pressure-dependent permeability function within the fracture grids to 201 

capture dynamic fracture behavior. Further, the stepwise fracture growth approach is applied to the SRT simulating 202 

fracture opening into the shallow layer formation (i.e., fracture grids extend from the target formation to shallow 203 

formation which is the main case in focus). 204 



 

 
7 

 

 

 

Figure 4. (a): A stepwise induced fracture modelling approach (Mugisha, Shchipanov, et al., 2025) starting from a 
baseline of matrix flow (reference case) to the fracture opening; (b): sketch, not to scale, for simulation approach of 
active injector with growing induced fracturing during step-rate test. No crossflow between layers, only through fracture. 
Cement behind casing is neglected in this case. 

 205 

Overall, the approach used in this study enables modelling of induced fracturing into shallow formations and accurate 206 

interpretation of pressure responses, enabling early detection of induced fracturing by capturing the transition from 207 

matrix- to fracture-dominated flow during step-rate testing. 208 
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2.3 Proposed PTA-based leakage detection technique 209 

PTA-SRT approach, also known as step-by-step PTA (Shchipanov et al., 2017), was recently enhanced by integrating 210 

Uncertainty Envelope (UE) concept (Mugisha, Shchipanov, et al., 2025) improving its accuracy in detecting induced 211 

fracture opening within the target formation.  212 

PTA-SRT 213 

PTA-SRT is a pressure transient analysis (PTA) method designed for step-rate tests (SRT), where each step is 214 

individually interpreted to track changes in key parameters like skin and permeability. By overlaying transients on a 215 

single log-log plot, it enables detection of subtle shifts in near-wellbore conditions, reservoir behavior, and boundaries 216 

(if observed). In this study, the combined PTA-SRT and UE approach (Mugisha, Shchipanov, et al., 2025) is applied 217 

to synthetic simulations (Figure 4) to demonstrate its effectiveness in identifying early signs of induced fracturing, 218 

fracture propagation through caprock, and the onset of leakage into shallow formations.  219 

Uncertainty Envelope (UE)  220 

The UE concept further aids in distinguishing true fracture flow signatures from noise in pressure derivative curves, 221 

enabling real-time detection and monitoring of induced fracturing. UE concept was discussed in Mugisha et al. (2025) 222 

through numerical simulations and history matching of real field SRT data. The uncertainty envelope could be 223 

estimated using the model that matched the reference transient to fit the maximum noise in the pressure derivatives. 224 

In the absence of a model, UE limits may be defined by adding or subtracting a percentage error that represents noise 225 

until the data fluctuations remain within these bounds. The UE concept has been demonstrated using a manual 226 

approach that relies on visual verification of noise; however, integrating the UE concept into automated interpretations 227 

(Mugisha et al., 2026) could leverage a statistical approach (discussed in the Appendix A in the Supplementary 228 

Material) using standard deviation metrics (Smith, 2003). Further, Moi et al. (2017) demonstrated an automated 229 

technique combining low-pass filtering and regression to effectively analyze noisy pressure measurements. 230 

Because PTA-SRT workflow relies on Bourdet derivative behavior to delineate flow regimes, a brief description is 231 

provided on how measured pressure and rate data are converted into derivative curves for diagnostic plotting. 232 

Calculation of Bourdet derivative for pressure transient analysis 233 

In the context of a Step-Rate Test (SRT), a pressure transient may be considered as the response to stable flow rate 234 

during injection or production (a step). This part explains analytical formulas in calculating pressure derivatives which 235 

are essential parts of transient analysis (Bourdet derivative algorithm (Bourdet et al., 1989; Bourdet, 2002)). The 236 

Bourdet derivative calculation algorithm is the basis of PTA providing a robust, smooth, and reliable derivative of 237 

pressure data with respect to time, which is essential for identifying flow regimes and interpreting reservoir behavior. 238 

It is commonly computed using a three-point central difference method on a logarithmic time scale, where left and 239 

right slopes are estimated and their weighted average is assigned to the central point, producing a smooth and accurate 240 

derivative (Bourdet, 2002). In case of stepped variation of flow rate, principle of superposition is utilized to combine 241 

pressure responses from multiple flow rate changes over time, ensuring that the calculated derivative accurately 242 

reflects true reservoir behavior. 243 

The algorithm in combination with the UE concept (Mugisha, Shchipanov, et al., 2025) may be described as follows: 244 

 Normalize each pressure transient to the injection rate using Equation (7). 245 

 Compute the Bourdet derivative of the normalized transients with Equation (9), incorporating superposition 246 

from earlier steps as defined in Equation (8) (Bourdet, 2002). 247 

௜,௞̅݌∆ = | ܳ௥௘௙ܳ௞ − ܳ௞−1 ௜,௞݌) − |(௞,0݌ , 𝑘 = 1,2, . .  .ܭ,
           (7) 
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௜,௞ݏܶ =
1ܳ௞∑(ܳ௞ − ܳ௞−1)log (ݐ௜,௞ − (௞,0ݐ

௄
௞=1  

           (8) 

௜,௞′݌∆ = (

௜,௞̅݌∆ − ௜,௞ݏ௜−1,௞ܶ̅݌∆ − ௜−1,௞ݏܶ ௜+1,௞ݏܶ) − (௜,௞ݏܶ +
௜+1,௞̅݌∆ − ௜+1,௞ݏ௜,௞ܶ̅݌∆ − ௜,௞ݏܶ ௜,௞ݏܶ) − (௜−1,௞ݏܶ

log[(ܶݏ௜ ,௞ − (௜−1,௞ݏܶ + ௜+1,௞ݏܶ) − [(௜,௞ݏܶ )(
ܳ௥௘௙ܳ௞ ) 

           (9) 

Where the subscripts ݅ refer to the data index, 𝑘 is step index, and ܭ specifies the total number of steps in the SRT. 248 0݌,௞ pressure at the beginning of step, ݌௜,௞ pressure data point, ∆݌ denotes the pressure change relative to the start of a 249 

step, ∆̅݌ indicates normalized pressure difference, ∆݌′ is the pressure derivative, ܳ ௥௘௙ represents the reference injection 250 

rate ܳ, ܶݏ௜,௞ superposition time, 0ݐ,௞ time at the beginning of step, ݐ௜,௞ time at data point, respectively. 251 

 To estimate the uncertainty envelope (UE): the lower and upper limit may be set (Equations 10-11) guided 252 

by observed noise surrounding the pressure derivative. The numerical element (ߙ as e.g., 10, 20, 30, …) 253 

representing noise % was used to show how reference derivative (∆݌′௥௘௙) maybe shifted to make UE limits.  254 

 In the simulated, noise-free case, UE limits were illustrated by selecting a reference derivative (∆݌′௥௘௙) before 255 

the fracture-opening. Using Equations (10–11), pressure derivative points defining this reference were shifted 256 

downward and upward the numerical element (ߙ) to construct the lower and upper UE bounds. This is a 257 

synthetic demonstration of the UE concept to show its application, but in practice, UE construction could be 258 

done using statistical approach adapted to the natural trend and noise characteristics of field data, as outlined 259 

in Appendix A in the Supplementary Material. 260 

UE lower limit = ∆݌′௥௘௙ ∗ (100−ఈ)100                    (10) 261 

UE Upper limit =∆݌′௥௘௙ ∗ (100+ఈ)100                    (11) 262 

Where (∆݌′௥௘௙) is the reference derivative and ߙ is the numerical element used to shift the reference derivative up or 263 

down (e.g., 10, 20, 30). 264 

 Bourdet derivative is commonly used in PTA in-house tools and commercial PTA software such as Saphir, which is 265 

also used in this study. The practical use of the Bourdet derivative is demonstrated in the PTA-SRT interpretation 266 

method in Figure 6. 267 

Detection of out-of-zone leakage through induced fracture using PTA-SRT approach 268 

The interpretation approach is illustrated on the simulated SRT, which models fracture growth from the target reservoir 269 

through the caprock into shallow formations (see Figure 4). The pressure responses simulated using the modelling 270 

approach described above (Figure 4) from successive SRT steps are interpreted using the PTA-SRT approach 271 

(Mugisha, Shchipanov, et al., 2025) as follows: 272 

 Acquiring pressure transients for each SRT step (Figure 5). 273 

 Overlay the pressure transients and their Bourdet derivatives (Equations 7-9) on a log-log (Figure 6). 274 

 Establishing the UE equivalent to reference pressure derivative ± noise in derivative (e.g., 20% deviation 275 

from the reference derivative due to noise in real data (Mugisha, Shchipanov, et al., 2025)) (Figure 6). 276 

 Examine the plots to determine which step’s derivative falls outside the UE bounds (Figure 6). 277 
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Figure 5. Simulated pressure and rate during Step-rate test (SRT) of vertical well with induced fracturing (SRT-
F) and for matrix (no fracture) flow (SRT-M), comparing the SRT-M and SRT-F shows a clear departure at nearly 
400 bar where the fracture opens in the target formation. Eventually, induced fracture extends from the target 
to shallow formation. Highlighted steps 2,3,6,7 are shown in Figure 7.  

 278 

Figure 5 shows the history of SRT in linear plot, comparing the case of induced fracturing (SRT-F, i.e., SRT resulted 279 

in ‘fracture’ flow) to the ‘reference case’ with no-fracture (SRT-M, i.e. SRT with ‘matrix’ flow only). The fracture 280 

opening events within the target and shallow formations are highlighted, where the pressure drop at each step 281 

continually decreases from step to step. The first fracture opening event is detected within the target formation at about 282 

400 bar in step-3 followed by the event of crossflow between the target and shallow formations caused by fracture 283 

penetration of the shallow formation detected at nearly 500 bar in step-7. The increasing leakage rate is illustrated by 284 

the corresponding fluid pressures in the target and shallow formations. The SRT-F is further interpreted in log-log 285 

plot (Figure 6). 286 

  

Figure 6. Pressure and derivatives compared at sequential injection steps (SRT-F compared to reference 
case): fracture opening in target formation is detected at step-3 as the derivative deviated from the UE in 
downward shifting at lower limit A and cross-flow due to fracture opening in shallow formation is detected 
by the derivative dip through limit B at step-7. Note that all steps for the reference ‘matrix’ case overlay on 
top of each other if there is no fracture flow. 
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 287 

The fracture detection method is based on the induced fracture signature reflected in the Bourdet derivatives.  Figure 288 

6 demonstrates that when the fracture opens, flow capacity increases, typically shown by a downward shift in the 289 

pressure derivative. Further, visualization of pressure diffusion in the simulated model (Figure 7) allowed to confirm 290 

the fracture upward growth and penetration of the shallow formation with fluid cross-flow between the target and 291 

shallow formations. 292 

 

Figure 7. Zoomed cross section near wellbore area for visualizing pressure distribution at the end of injection at 220 
hours timestep. 

 293 

The numerical simulations showed that approximately 98% of the total injected volumes remained within the target 294 

formation and nearly 2% escaped into the shallow formation (Figure 8), confirming the cross-flow due to fracture 295 

opening in shallow formation diagnosed in Figure 6. Figure 8 shows percentage of the dynamics of fluid that remained 296 

injected in the target formation and percentage of the fluid that leaked into the shallow formation during step-rate 297 

testing period. The semi-log plot centered in Figure 8 shows that leakage below 2% is likely to be missed, whereas 298 

rates above 2% are reliably detected by the proposed method for this particular simulated case. 299 
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Figure 8. The initiated leakage to shallow formation was detected when reached ~2 % of the total 
injection (0.68E-3 MMm3) at step-7. The semi-log scale figure in the middle to clarify the escalated 
leakage into the shallow formation. 

In summary, based on the simulated case, PTA-SRT method with an uncertainty envelope is applied to assess whether 300 

leakage out of the target formation can be detected and at what rates, as follows: 301 

- Methodology developed in (Mugisha, Shchipanov, et al., 2025) has been extended for a growing fracture into 302 

overburden. The pressure signature with double dips/declining derivative reveals fracturing into and outside 303 

target formation, if out-of-zone injection takes place. Detection method relies on the fundamental concept in 304 

PTA that any sudden increase in flow capacity results in downward shifting of Bourdet derivative.  305 

- The observed downward shift aligns with previous findings that it signifies changes in fracture conductivity 306 

or leakage into adjacent layers (Osman, 1993; Kremenetskiy & Kokurina, 2008; Li et al., 2022). 307 

- The UE defines the bounds of expected noise in the pressure derivative: if it’s set too narrow, normal 308 

variability may be misclassified as leakage; if too broad, small leaks will be overlooked. In practice, 309 

calibrating the UE against baseline (no-leakage well data) and quantifying measurement noise are essential 310 

to ensure that the UE reflects genuine leakage rather than artifacts. 311 

- The applied PTA-SRT with UE method to the simulated SRT seems to accurately capture leakage levels 312 

approximately 2% of the injected volume. The validity of these estimates is limited to the specific simulation 313 

case examined in this study. The PTA-based method detected leakage rates at higher volumes, though its 314 

accuracy may diminish for micro-rate leaks. Also, this study applied proxy modeling approach employing 315 

pressure-dependent permeability that activates fracture opening once grid pressures exceed a defined 316 

fracturing pressure. Since fracture grids are predefined (with initial permeability set to matrix values), small 317 

early-stage leakage may go undetected. This limitation does not necessarily undermine the proposed 318 

method’s validity; assuming that zero leakage is unrealistic and monitoring may establish acceptable leakage 319 

rate (Nassan & Amro, 2025). 320 

The next section examines wellbore leakage resulting from compromised zonal isolation at both the casing-cement 321 
and cement-formation interfaces. 322 

4.0E-5

1.0E-2

2.0E-2

3.0E-2

4.0E-2

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200

D
is

tr
ib

u
ti

o
n

 o
f 

th
e

 c
u

m
u

la
ti

ve
 in

je
ct

e
d

 v
o

lu
m

e
 [

%
] 

Elapsed Time [hr]

% to shallow fm

% to Target fm

Target formation

Shallow formation

C
u

m
u

la
ti

ve
 in

je
ct

e
d

 v
o

lu
m

e
 [

M
M

m
³]

Detected Initiated leakage 

into shallow formation

4.0E-5

4.0E-4

4.0E-3

4.0E-2

0

1

10

100

0 100 200

Semi-log scale

Detectable leakage

volume is above 2%



 

 
13 

 

3 Casing-cement-rock integrity failure (leakage behind casing) 323 

This section explores failure mechanisms of casing–cement–rock leading to behind‐casing leakage and crossflow, 324 

then presents a framework for modeling and detecting such leaks. 325 

3.1 Mechanisms governing casing-cement-rock integrity failure and behind-casing leakage 326 

Behind‑casing leakage arises from interfacial debonding/microannuli due to poor cement placement, 327 

thermo‑mechanical cycling, and chemical alteration; CO₂‑rich brine and casing corrosion exacerbate pathway 328 

development (Duguid & Scherer, 2010; Duguid et al., 2011). Experiments confirm cement degradations and 329 

preferential flow along casing–cement interfaces (Klose et al., 2021). Several studies (Celia et al., 2005; Skadsem, 330 

2022; Alberdi-Pagola & Fischer, 2023) examining behind‑casing leakage have highlighted key wellbore-cement 331 

properties, as summarized in Table 2. 332 

 333 

Table 2. Estimates for wellbore cement properties (Celia et al., 2005; Skadsem, 2022; Alberdi-Pagola & Fischer, 2023)  334 
Property Value 

Competent cement permeability  less than 0.1 mD  

Permeability damaged cement 0.1 – 1000 mD 

Crack width  1 µm – 1 mm  

 335 

SCP/SCVF serve as practical indicators and, combined with bleed‑off/build‑up testing and pressure‑transient 336 

modeling, enable detection and quantification of behind‑casing crossflow (Lackey & Rajaram, 2019). Recent studies 337 

(Rahman et al., 2015; Nooruddin & Rahman, 2021) used pressure transient analysis to characterize crossflow behind 338 

casing based on build-up test data. 339 

 340 

Building on pressure transient analysis approach, the following section will present an approximate approach for 341 

modelling and simulating cross-flows through the pathways and detecting behind‐casing leakage during flowing 342 

period of active wells and shut-in period for P&A wells. 343 

 344 

3.2 Modeling and PTA-based detection of behind-casing leakage for active wells 345 

The first case examines an active injector well with behind-casing leakage. The simulation setup and PTA-based 346 

interpretation of downhole pressure data are both presented. 347 

3.2.1 Modeling leakage pathways and simulation of leakage for active wells  348 

Numerical simulations were carried out in the Rubis software to study the issue of behind-casing leakage, inheriting 349 

the well-reservoir model established in the preceding section. The model was modified to describe more details of the 350 

well completion and casing, necessary to study behind-casing leakage. The well fully penetrates three main 351 

formations: the target formation, caprock, and shallow formation, each having 15 meters thickness and same initial 352 

pressure condition. It is assumed that the vertical well has been tested, and initial reservoir parameters are known 353 

including the flow capacities of the target and shallow formations. 354 

A modeling approach representing the wellbore as a composite system was applied, with a cement sheath separating 355 

the casing from the surrounding rock as illustrated in top view (Figure 9a) and cross-section view (Figure 9b). The 356 

composite reservoir model enabled assigning cement zone distinct permeability, thereby capturing the pressure losses 357 

and flow behavior within the cement area. This analysis assumes that the cement zone intended to isolate the target 358 

and shallow formations was compromised due to debonding of cement sheath from casing or formation interface. 359 

Consequently, this compromised cement zone acquires effective permeability (kc) enabling fluid migration from the 360 

deeper reservoir into the shallow layer, as depicted in Figure 9b. The rate of leakage from the target to shallow 361 

formation depends on the cement permeability and pressure difference between the layers. There is no induced fracture 362 

in this case, and the cement is assumed to acquire a constant permeability. 363 
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Figure 9. (a): Applied modelling approach utilizing a composite reservoir model consisting of formation with matrix 
permeability (km) and cement behind casing characterized by cement permeability (kc) (illustration, not to scale); (b): 
simulated reservoir system considering two neighbouring formations separated by impermeable caprock (leakage is 
assumed to occur only behind the casing through the highlighted leaking cement zone) 

 364 

3.2.2 PTA-based method to detect behind-casing leakage in active wells 365 

Based on the model setup described above, a well test is designed injecting water at constant rate of 10 m3/D for 1000 366 

hours followed by well shut-in. Simulated pressure history data representing a permanent downhole gauge (PDG) 367 

measurements is presented in Figure 10a. The pressure responses are presented for different flowing scenarios. First, 368 
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pressure response for testing single (target) formation was simulated, which gives a reference pressure behavior for 369 

extreme limit where there is no leakage or communication with the shallow formation. Then, pressure response testing 370 

flow capacities of two (target and shallow) formations was simulated, which gives the second extreme limit, reflecting 371 

the wellbore pressure response if both formations are penetrated. Then, a sensitivity analysis of the pressure response 372 

is carried out considering variation of effective cement permeability from lower values to higher values, represented 373 

by kc/km with values of 0.01, 0.1, 1, and 10.  374 

The PTA interpretation method described in previous section for fracture leakage detection was further tested for 375 

active well with behind casing leakage and simplified flow sequence (one-step injection) including the following steps: 376 

- Using the simulated well test data in Figure 10a, pressure and derivatives for the flowing period are calculated 377 

and plotted in the log-log plot in Figure 10b. 378 

- Two extreme limits are set as ‘no-leakage’ and ‘two-layer flow’ based on single and two formations’ flow 379 

capacities, respectively (Figure 10b). The limits allow to stipulate the scenario that may occur if the 380 

neighboring layer if fully contributing to the total flow (Nooruddin & Rahman, 2021; Rahman et al., 2015). 381 

- Pressure and derivatives illustrate the impact of increasing effective cement permeability (kc) in the log-log 382 

plot (Figure 10b), starting from kc as smaller fraction of reservoir matrix permeability (km) to higher values. 383 

- The diagnostic log-log plot shows that pressure derivatives tend to attain a declining trend as the effective 384 

permeability of cement increases. Thus, the simulated case shows that leakage was detected in log-log plot 385 

for all kc/km>0.01 with improved detection capability with increasing kc.  386 

  

Figure 10. (a): History plot showing flow rate and simulated pressure during test injection to evaluate sensitivity of the 
effective permeability of cement kc relative to reservoir permeability km; (b): Standard diagnostic log-log plot with pressure 
and Bourdet derivatives for the flowing period (greater kc values result in a more inclined derivative) 

 387 

The log-log plot is zoomed in (Figure 11a) to focus on the behavior of interpreted Bourdet derivatives. Starting from 388 

the reference transient of a single formation flow, the impact of the crossflow behind the casing is detected through 389 

the negative-slope behavior of the derivative signature. The downward slope derivative is primarily governed by the 390 

cement permeability and pressure difference between two formations. Such detection approach uses analysis of 391 

flowing pressure data while accounting for pressure losses in the cemented zone, supporting real-time monitoring and 392 

on-the-fly well-test interpretation. 393 

Further, the ratio of the cumulative injected volume into the shallow formation to the cumulative injected volume is 394 

analyzed to estimate the relative leakage during injection. The leakage is proportional to the effective cement 395 

permeability as shown in Figure 11b. Noting that since it was assumed that both formations have the same initial 396 

pressure (i.e. initial equilibrium state) the escalating leakage from the target formation into the shallow formation 397 

increases with time due to influence of the increasing pressure differential between the formations during injection. 398 
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Figure 11. (a): Pressure derivative behavior dependent on the effective permeability of cement kc relative to reservoir 
permeability km; (b): Leakage volumes in absolute values and as a percentage of the cumulative injected volumes  

 399 

Figure 11a and b reveal that 0.2% leakage corresponding to relative cement permeability of 0.01 is not easily 400 

detectable. However, the PTA-based method detected leakage above 2% (based on the simulated case study) when 401 

relative cement permeability (kc/km) approaches 0.1. Note that max leakage from the target to shallow formation 402 

through crossflow behind-casing is less than the ‘full penetration’ injection limit due to the pressure losses in cement 403 

sheath and its limited volume available for flow. The results suggest that pressure measurements from permanent 404 

downhole gauges can support real‑time leak detection in active wells, but only above a certain minimum leakage rate 405 

and only for the case studies examined. Although surface SCP and SCVF tests at the wellhead remain standard 406 

practice, the downhole gauges installed at one or more intervals deliver continuous, high-resolution, depth-specific 407 

pressure measurements, enabling leakage detection precisely where they occur. 408 

3.3 Modeling and PTA-based detection of behind-casing leakage for abandoned wells 409 

The second simulation case examines an inactive, abandoned well (after Plug-and-Abandonment (P&A)) situated near 410 

an active injector. The composite modeling and interpretation method from the previous section was then applied to 411 

detect leakage through the compromised zonal isolation, assuming the abandoned well’s cement sheath has degraded. 412 

3.3.1 Modeling leakage pathways and simulation of leakage for abandoned wells 413 

Consider the case where previously active well has recently been abandoned (P&A) and a newly drilled injector starts 414 

operating in the vicinity of the abandoned well (Figure 12). It is assumed that modern data‐acquisition technologies 415 

may be used for monitoring of the abandoned well, such as wireless downhole gauges employing casing as a signal 416 

conduit (Champion, 2016; Bouldin et al., 2021; Mimoun et al., 2023; Schneider et al., 2024). This section explores 417 

how such downhole measurements below the plug can be used for leakage detection. Champion, (2016) details the 418 

use of wireless gauges in abandoned exploration well at the Norvarg field (Barents Sea) to extend exploration area 419 

around the abandoned well and map distant flow barriers. Recently, Schneider et al., (2024) introduced an acoustic 420 

waveguide system that powers sensors and transmits data through steel casing without additional cabling. Thus, with 421 

such prevalent data acquisition tools, the goal here is to evaluate whether the PTA methods can help in interpreting 422 

the downhole pressure readings to identify leakage in abandoned wells. 423 

The same composite reservoir model as in the section above is applied to simulate behind‐casing leakage in a 424 

abandoned well while accounting for a nearby injection (Figure 12a, b). Although the well is plugged to restore 425 

caprock integrity and prevent fluid migration, debonding at the cement–formation or cement–casing interfaces may 426 

have compromised zonal isolation. This leaking zone is highlighted in Figure 12b. With the injector located 1 km 427 

away, pressure in the abandoned well may reflect both leakage into the shallow formation and pressurization from the 428 
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injector. Since the caprock between layers is impermeable, any upward migration from the reservoir to the shallow 429 

formation can occur only through this damaged cement sheath. The permeability of the degraded cement sheath and 430 

the pressure gradient between the target and shallow formations are the primary controls on the fluid migration. When 431 

cement permeability is negligible (zero), no leakage occurs, and the pressure transient in the abandoned well should 432 

reflect flow exclusively within the target reservoir. In contrast, if cement permeability is sufficiently high, fluids may 433 

migrate into the shallow formation, and the pressure transient will exhibit flow signatures characteristic of a 434 

commingled two‐layer system (Rahman et al., 2015). Thus, flow capacities of single and two formations provide 435 

reference pressure transients in detection of possible leakage behind casing.  436 

  

 

Figure 12. (a): Top view of Case 2 – P&A well and nearby injector (illustration, not to scale); (b): Reservoir system 
considering two formations separated by impermeable caprock assuming that leakage occurs only behind 
casing (casing-cement-rock interface) while installed cement barrier inside the wellbore remained competent. 
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3.3.2 PTA-based method to detect behind-casing leakage in abandoned wells 438 

Figure 13 presents a simulated well monitoring sequence designed as a well test with small-rate injection in the 439 

beginning followed by long shut-in for the model configuration shown in Figure 12. Figure 13 displays rate and 440 

pressure responses under various scenarios of single formation and two-formation (or full) penetration in combination 441 

with two relative cement permeabilities kc/km=1, and kc/km=10. Figure 13a illustrates that, although the abandoned well 442 

remained shut‐in (zero flow rate), a nearby injector operated at a constant 100 m³/d. Despite being closed, the 443 

downhole pressure in abandoned well reveals pressure buildup due to the injector’s activity. Further, the simulated 444 

well monitoring sequences (only shut-in period) are interpreted using the PTA framework to ascertain understanding 445 

of leakage across the abandoned well. 446 

In this study, the PTA-based leakage detection method from the previous section is adapted for abandoned well 447 

following similar steps. Leakage window is established using the flow capacity of the single target formation as the 448 

no-leakage limit and that of injection into two formations as the fully penetration limit, capturing the maximum 449 

injection rate if the adjacent formation fully contributes to flow (Rahman et al., 2015; Nooruddin & Rahman, 2021). 450 

Next, the influence of effective cement permeability (kc) pressure behavior is examined by increasing kc values to 451 

represent potential leakage scenarios. Figure 13b shows the resultant diagnostic log-log plot revealing impact of the 452 

cement permeability and nearby injector whereby derivatives exhibit a downward trend that becomes steeper as 453 

cement permeability increases. Additionally, the nearby injector imposes a pressure interference late-time boundary 454 

feature widely known in PTA (Gringarten, 2008). 455 

 

Figure 13. (a): History plot showing flow rate and simulated pressure for abandoned well for evaluating sensitivity to the 
ratio of the effective permeability of cement kc to reservoir permeability km; (b): Standard diagnostic log-log plot with 
pressure and Bourdet derivatives: greater kc values result in a more inclined derivative, late-time boundary feature reflects 
well interference 

 456 

The simulated cumulative leakage into shallow formation relative to the cumulative injected volume is shown in 457 

Figure 14. Estimated leakage for both kc/km=1 and kc/km=10 is 1.2% and 2.5% corresponding to the injected volumes 458 

of 330 m3 and 730 m3 over the monitored period. These estimates are valid only within the context of the simulated 459 

case showing feasibility of leakage detection using PTA-based approach. 460 
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Thus, simulation study of an injector located 1 km 462 

from a leaking well demonstrates that the proposed 463 

PTA-based method detected behind-casing leakage 464 

for cement permeability equal or greater than the 465 

permeability of the target formation. The detection 466 

capacity of the method improves when the cement 467 

permeability becomes higher than the formation 468 

permeability, provided leakage volumes exceeding 469 

1% of the injected volumes. The relative increase in 470 

effective cement-zone permeability (kc) represents 471 

the hydraulic conductivity of annular gaps between 472 

casing-cement and cement-rock interfaces, and the 473 

detection results are applicable only to the simulated 474 

scenario. 475 

4 Discussion 476 

The application area and performance of the proposed PTA-based leakage detection methods are discussed, 477 

highlighting strengths and key limitations. The assessment covers induced-fracture leakage and behind-casing 478 

crossflow in both active and abandoned wells, considers the impact of data noise and gauge resolution, and outline 479 

avenues for future refinement and validation. 480 

4.1 Application areas of the proposed approaches in real-time monitoring 481 

The proposed approaches require only widely deployed PDGs providing real-time data, giving them potential for field 482 

application and practical integration in automated well monitoring and control workflows. Well operations are 483 

increasingly automated, drilling is mature (Cayeux et al., 2021), whereas injection monitoring and control is still 484 

developing (Shchipanov et al., 2024; Ambrus et al., 2024). Hence, new PDG data interpretation approaches such as 485 

ones proposed in this study are needed as opposed to traditional pressure falloff transient analysis (requiring additional 486 

shut-in cost) to facilitate early detection of leakage within well monitoring workflows. In such real-time monitoring 487 

applications, adjusting injection rate is the standard lever for injection optimization or leakage prevention (Ambrus et 488 

al., 2024).  489 

4.2 Gauge capabilities and impact of noisy data  490 

The effectiveness of the proposed PTA-based methods for real‐time leakage detection could be challenged by 491 

measurement noise and capabilities of the pressure gauges. Fortunately, modern PDGs offer high‐accuracy, low‐drift, 492 

and high‐resolution measurements, even under extreme pressures and temperatures, providing the flexibility to select 493 

gauges that match best the specific well and reservoir conditions. Table 3 summarizes the specifications of gauges 494 

currently available for long‐term well monitoring. 495 

Table 3. Specifications of Permanent Downhole Gauge (PDG) available on today’s market (Halliburton, 2025; 496 
Schlumberger, 2025) 497 

Guage parameters Value 

Calibrated working pressure range [bar] Atmospheric to 2070 

Calibrated working temperature range [°C] 25 to 225 

Pressure accuracy [% full scale] ±0.015 

Achievable pressure resolution [bar] 0.0002 to 0.0004 

Pressure drift stability [% full scale/year] Negligible at 1 bar and 25 °C  

Maximum drift is <0.02 at 
maximum pressure and temperature 

Temperature accuracy [°C] ±0.15 

Achievable temperature resolution [°C] 0.001 

 

Figure 14. Leakage volumes as percentage of the cumulative 
injected volumes 

-730

-530

-330

-130

0

0.5

1

1.5

2

2.5

0 2000 4000 6000 8000

Le
a

ka
g

e
 v

o
lu

m
e

 t
o

 t
h

e
 

cu
m

u
la

ti
ve

 in
je

ct
e

d
 v

lu
m

e
 [

%
]

Elapsed Time [hr]

kc/km=1

kc/km=10

Volume

C
u

m
u

la
ti

v
e

 in
je

ct
e

d
 v

lu
m

e
 [

m
3
]

1.2%

2.5%



 

 
20 

 

Temperature drift [°C/year] <0.1 

 498 

The resolution of the gauges, which is the smallest pressure change it can reliably measure, sets the limits on the 499 

interpretation of derived pressure‐derivative. Current PDG technologies offer sufficient resolution (≈0.0002 bar) 500 

needed to distinguish leakage signatures from non‐leakage baselines on a log–log plot. For instance, in the derivative 501 

plot (Figure 11a & Figure 13b), the no‐leakage and full penetration limits span roughly 0.015–0.03 bar, falling within 502 

the gauge’s resolution, ensuring these trends can be clearly identified. 503 

Noise in downhole pressure measurements can complicate interpretation. For instance, the real SRT data, presented 504 

in (Mugisha, Shchipanov, et al., 2025) and reconstructed in Figure 15, revealed pressure derivatives with a noise which 505 

should be separated from the signal to capture fracture opening signatures. The authors employed the uncertainty 506 

envelope whereby the reference transient recorded below the fracturing pressure is tuned to match observed noise. In 507 

log-log plot (Figure 15b), noise amplitudes stay less than 1 bar, whereas genuine fracture‐flow signals deviate by 508 

approximately 2 bar, enabling clear distinction between noise and the fracture opening signals. 509 

       

Figure 15. PTA-SRT interpretation results for a vertical water injector from (Mugisha, Shchipanov, et al., 2025): (a): History 
plot showing flow rate and pressure measurements; (b): Standard diagnostic log-log plot with pressure and Bourdet 
derivatives 

Advances in downhole gauge technology, including high‐pressure, high‐temperature sensors for deep reservoirs and 510 

emerging wireless systems for plugged‐and‐abandoned wells (Champion, 2016), have greatly improved ability to 511 

collect reliable real‐time measurements. However, the true benefit of these data streams depends on equally advanced 512 

interpretation techniques. By applying robust interpretation methods, raw measurements can be converted into 513 

actionable insights on well integrity and reservoir performance.  514 

4.3 Comparing the proposed PDG/PTA-based methods to other standard methods 515 

The current industry practice primarily relies on fiber-optic sensing and seismic surveys as the main tools for 516 

subsurface leakage monitoring as described in the introduction section. However, since Permanent Downhole Gauges 517 

(PDGs) are already widely installed in many wells, they present a promising opportunity for leakage detection as well. 518 

In such cases, the methods proposed in this study could be further explored for interpreting the acquired PDG data. It 519 

should be noted that additional testing and validation using field data is an essential next step toward the maturation 520 

and practical use of the proposed methodology. 521 

Interpretation results of PDG/PTA-based methods are non-unique, since an inverse problem is solved, and confounded 522 

by other effects, with uncertainty reduced by using case-specific operational experiences, geology, 523 

production/injection history, and complementary monitoring (Cobanoglu & Shukri, 2020). Nevertheless, PDG/PTA 524 

does not suffer modality-specific constraints, described in the introduction section discussing different fiber-optics 525 

and micro-seismic options, and remains simpler and cheaper to operate, making it a practical complementary line 526 

(Benish et al., 2024) to fiber-optic or micro-seismic monitoring or may be considered as the main option, upon the 527 

limitations discussed above, if the last mentioned surveys are unavailable or infeasible. 528 
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Further, SCP monitoring is a widely used and useful indicator of wellbore‑integrity loss, though its reliance on 529 

wellhead measurements limits depth resolution and may miss deeper leaks especially when partial isolation loss does 530 

not produce SCP (Lackey & Rajaram, 2019). Managing SCP may involve additional diagnostics, decompression, 531 

shut-ins, and environmental liabilities (Ibukun et al., 2024). To complement SCP monitoring, the proposed PTA-based 532 

methods could enhance prognostic well surveillance and enable depth-specific detection of behind-casing leakage, 533 

even in the absence of SCP signals. 534 

4.4 Limitations and future studies 535 

The proposed PTA‐based leakage detection methods were tested on simulated cases under single‐phase, isothermal 536 

flow, which limits its applicability to more complex injection scenarios. For instance, in CO₂ storage (Shchipanov et 537 

al., 2019; Baabbad et al., 2024) or geothermal energy production (Mugisha et al., 2024; Mugisha, Cui, et al., 2025), 538 

two‐phase flow or thermal front movement introduce mobility‐induced pressure derivative shifts that can mask 539 

leakage signals. Future work should test the proposed PTA-based methods under thermal-front propagation and phase-540 

dependent mobility changes (Levitan, 2003), and further refine leakage-detection workflows. Validation and 541 

calibration of the proposed PTA-based methods on field datasets and cross-validation with complementary 542 

measurements, such as distributed temperature sensing (DTS), is essential to distinguish true leaks from phase-543 

transition effects while preserving PTA monitoring option in the long term. 544 

Further, induced fracturing was simulated using a pseudo‐coupling method (Samier et al., 2008), where a pressure‐545 

dependent permeability function approximates fracture opening without explicit stress computations. The modeling 546 

approach gave a sufficient way to simulate initiated leakage and pressure responses. As follow up, future research 547 

may employ fully coupled geomechanical–reservoir simulations to enhance the precision of leakage initiation 548 

detection. Also, cement leakage simulations assumed a constant permeability, leading to approximate capture of 549 

crossflow behavior behind the casing. Studies focusing on the evolving mechanical failure of cement may better 550 

capture the mechanisms driving cement leakage initiation. High pressure and temperature changes during injection 551 

can induce radial casing expansion or contraction governed by thermo‑mechanical properties (Boresi, 2003). The 552 

time‑dependent effects may result in increase or decrease annular cement permeability, particularly in long‑term 553 

operations. However, for short well tests and time-lapse pressure transient analyses, assuming constant effective 554 

permeability is reasonable, as variations over the test duration are likely negligible in practical applications. 555 

In brief, the limitations of the current work include: 556 

 Validation is limited to synthetic, numerically simulated cases with no direct field-data confirmation. 557 

 Applicability restricted to vertical wells and homogeneous, infinite-acting reservoir assumptions. 558 

 Testing on single-phase, isothermal flow models, excluding thermal and multiphase effects. 559 

 Proxy-based fracture modeling without fully coupled geomechanical simulation. 560 

 Static cement permeability assumptions for behind-casing leakage. 561 

 Partial subjectivity in the definition of the Uncertainty Envelope. 562 

Also, below are proposed future developments and research directions: 563 

 Validation with field data, including retrospective analysis of injections or integrity-monitoring datasets. 564 

 Extension of the framework to multiphase and non-isothermal flow for CCS and geothermal applications. 565 

 Integration of fully coupled geomechanical-reservoir simulations to improve leakage modeling. 566 

 Modeling of time-dependent cement degradation to better capture early-stage behind-casing leakage. 567 

o Automating Uncertainty Envelope using statistical or machine-learning-based methods to reduce 568 

subjectivity. 569 

 Cross-validation with complementary monitoring technologies (e.g., DTS, DAS, SCP, microseismic data). 570 

 Assessment of false-positive scenarios and development of diagnostic rules for operational deployment. 571 

 572 
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5 Conclusions 573 

Building on top of the Pressure Transient Analysis method for Step Rate Test interpretation (PTA-SRT method) 574 

validated on field data (Mugisha, Shchipanov, et al., 2025), this paper has explored the feasibility of using PTA 575 

methods to detect out-of-zone injection in active and abandoned wells from widely available real-time pressure 576 

measurements provided by Permanent Downhole Gauges (PDG). PDGs are widely deployed worldwide and became 577 

a standard tool for well surveillance in some regions such as the Norwegian Continental Shelf. The feasibility has 578 

been studied by interpreting simulated well pressure responses obtained in 3D mechanistic reservoir model. The 579 

studied PDG/PTA-based detection methods may be considered as a part of a broader monitoring framework including 580 

well logging, allocated and distributed wellbore measurements, seismic surveys, and others. 581 

 582 

In brief, this work provides a feasibility evaluation including: 583 

 Applied PTA-based methods to interpret PDG pressure measurements to detect leakage in two cases: (i) 584 

fracture penetration of caprocks and (ii) behind-casing crossflow in a well. Multiple simulated leakage 585 

scenarios have confirmed the feasibility of early leakage detection for these cases. 586 

 A concept of uncertainty envelope has been adopted within the PTA methods to improve diagnostic reliability 587 

under measurement noise. 588 

 The PTA methods tested use only pressure and rate data and are potentially scalable to continuous or 589 

automated monitoring workflows. 590 

 591 

Advantages and potential application areas for the tested PTA methods may include: 592 

 The adopted PTA interpretation approaches include flowing transient interpretation, avoiding mandatory 593 

shut-in costs inherent to conventional well testing. At the same time, combining flowing and shut-in time-594 

lapse interpretations may enhance repeatability and cross-validation, which may be a subject of future studies. 595 

o The PTA methods may be considered to complement the standard SCP monitoring at the wellhead 596 

for annular leakage detection and provide a pragmatic adjunct to time-consuming well logging. 597 

 The interpretation framework is scalable for subsurface-injection integrity and environmental assurance in 598 

subsurface injection operations, particularly in fields with many repurposed or legacy wells where monitoring 599 

is critical.  600 

 601 

This simulation study has demonstrated the feasibility of leakage detection using PTA methods under the scope of 602 

vertical well and single-phase slightly compressible isothermal flow. The results and conclusions are valid within 603 

these assumptions. Validation of the PDG/PTA-based methods developed using field data and comparison with other 604 

methods such as fiber-optics and microseismic monitoring is a necessary next step in maturation of this well 605 

monitoring technology for leakage detection. 606 

 607 

Nomenclatures  608 ݅   index of pressure data point 609 𝑘   step index  610 ܭ   total steps  611 0݌,௞   pressure at the beginning of step, bar 612 ݌௜,௞   pressure data point, bar 613 0ݐ,௞   time at the beginning of step, hr 614 ݐ௜,௞   time at data point, hr 615 ∆̅݌   normalized pressure difference, bar 616 ∆݌′   pressure derivative, bar 617 ∆݌′௥௘௙   reference derivative below fracturing pressure, bar 618 ܶݏ   superposition time, dimensionless 619 ܳ   constant rate at a step (surface injection rate, used with a negative value), m3/D 620 
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ܳ௥௘௙   reference rate, m3/D 621 ܾ  multiplier  622 ܨ஼   fracture conductivity, md.m  623 ℎ   reservoir net pay thickness, m  624 𝑘௠   matrix permeability, md 625 𝑘௖   effective cement permeability, md 626 𝑘௙   fracture permeability, md 627 𝑘௙,௠௔௫   maximum fracture permeability, md 628 ݉  mean, bar 629 ߙ  numerical element in tuning UE 630 ܰ  size of subset  631 ݌௙   fracture opening pressure, bar 632 ߪ  standard deviation, bar  633 ݓ௙    fracture width, m 634 ݔ௙    fracture half-length, m 635 ௌܵ   Subset 636 ܮ௟   Lower Limit (of Uncertainty Envelope), bar 637 ௟ܷ  Upper Limit (of Uncertainty Envelope), bar 638 

 639 

Acronyms 640 

CCS   Carbon Capture and Storage  641 

DTS  Distributed Temperature Sensing  642 

IARF  Infinite Acting Radial Flow 643 

P&A   Plugged-and-Abandoned  644 

PDG   Permanent Downhole Gauges 645 

PTA   Pressure Transient Analysis 646 

SCP   Surface Casing Pressure 647 

SCVF   Surface Casing Vent Flow 648 

SRT   Step-Rate Test 649 

UE   Uncertainty Envelope 650 
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