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Abstract: 
Naturally fractured carbonate reservoirs are often described as very heterogeneous systems 

due to the carbonate depositional environment and to the subsequent diagenesis processes 

such as mineral precipitation in fractures. Fluid flow behaviour in fractures is highly influenced 

by the fracture aperture size and its morphology. Mineral precipitation can alter the fracture 

effectiveness to the fluid flow and cause a partial or entire blockage of fractures. Therefore, 

accurate characterisation of the fracture morphology can help to enhance the prediction of 

the fluid flow behaviour in naturally fractured carbonate reservoirs. Mineral precipitation on 

fracture walls can reduce the fracture aperture significantly. As a result, the fracture 

permeability affected notably, which reduces the flow potential through fractures as well as 

changes the flow pattern. The objective of this work is to predict the flow behaviour in 

fractures under various levels of mineral precipitation to mimic reality. We have approached 

this objective by using outcrop-based models supported by a set of rock and fluid properties 

of a nearby fractured formation. Then, the model tested for the gas flow using the derivative 

plot technique of the synthetic well testing data. The simulation results have shown that 

mineral cementation can cause a partial blockage in fractures, hence a reduction in their flow 

capacity, as fractures become a less conductive medium. Nevertheless, the matrix medium 

can enhance the fluid flow in fractures by providing a bypass path to the fluid to overcome 

the sealed fractures. In this work, a formula has concluded to estimate the reduction in 

fracture permeability based on the fraction of the precipitated cement. In the studied 

formation, the core description has shown that 34% of fractures were blocked, which can lead 

to a reduction in the permeability by 29–64% and by 37–83% with and without matrix 

contribution, respectively. Thus, including the fracture morphology in the simulation model 

enables us to predict the performance of fractured carbonate reservoirs accurately. 

Keywords: 
Fracture modelling,· Partially cemented fractures,· Geological well testing,· Fractures 

morphology,· Carbonate diagenesis,· Permeability reduction 



Introduction 
Carbonate reservoirs contain a significant portion of the world’s conventional reserves (Agada 

et al. 2013; Aljuboori et al. 2020a; Schlumberger 2008, 2020). Moreover, most of them were 

classified as naturally fractured due to the pervasive existing of fractures in their subsurface 

formations (Aydin 2000; Narr et al. 2006; Nelson 2001). In general, naturally fractured 

carbonate reservoirs are very heterogeneous due to their depositional environment and the 

subsequent deformational and diagenetic processes (Agada et al. 2016; Kuchuk et al. 2014; 

Lucia et al. 2003; Wennberg et al. 2016). Besides, various scales of fractures and their high 

intensity can provide distinctive super-speed permeability pathways compared with the 

matrix, which increases the complexity of the flow pattern in the fractured medium (Agada 

et al. 2016). Diagenesis processes, such as mineral precipitation and dissolution, are 

widespread in these reservoirs, which most often perturb the fracture morphology (Jiang et 

al. 2014, 2018b, c; Tiab and Donaldson 2016). Mineral precipitation process can cause a 

partial or entire blockage of fractures by cement (Bisdom et al. 2016; Nelson 2001), see Fig. 

1. Therefore, accurate characterisation of fractures is an essential step to emulate their actual 

performance in fractured reservoirs. 

The precipitation of cement and its distribution in fractures have a remarkable impact on the 

evaluation of fluid productivity and flow patterns as well as the prediction capability. The 

occurrence of mineral precipitation in fractures causes the fluid to flow through a channelised 

system, as the fracture plane is not active anymore to the fluid flow (Wennberg et al. 2016). 

Cement thickness and its spatial distribution are the keys to predict the fluid flow behaviour 

in the subsurface fractures. Nevertheless, they remain among the essential characterisation 

challenges of fractures (Wennberg et al. 2016). The limited direct observation from the core 

data and indirect indications (e.g. well tests and production data) may provide a general 

understanding of the diagenesis effect. However, they are insufficient to provide a 

quantitative evaluation of the cement spatial distribution in fractures. Despite that, the core 

data could still provide other critical quantitative assessment, such as the percentage of the 

cement in fractures, which can be estimated based on the description of the examined cores. 

In this workflow, the examined core description of 165.9 m of Lower Qamchuqa formation 

has shown that three types of fracture morphology were characterised (i.e. open, partially 

cemented and plugged), as a fraction of the total observed fractures. The calculated 

percentages have indicated that 16% of fractures were partly cemented. Meanwhile, 34% of 

fractures were plugged by cement, bitumen or tar.  

Combining various types of fractures (e.g. open, sealed and partly open fractures) in fracture 

modelling can create discretely conductive fractures (Kuchuk etal. 2014). In this system, the 

fluid flow occurs in hydraulically communicated fractures only while the sealed fractures 

behave as flow barriers or baffles. Therefore, modelling all fractures in the reservoir as 

conductive fractures (active to the fluid flow) can lead to an overestimation in their flow 

performance and hence inaccurate future prediction.  

Fracture permeability has frequently estimated by using the parallel plate law (Cubic law) 

equation (Adler et al. 2013; Corbett et al. 2010; Sahimi 2011; Witherspoon etal. 1980), as 

shown below:  



𝑘𝑓  =
𝑎2

12
           (1) 

where (a, kf) is the size of fracture aperture and fracture permeability, respectively. 

Furthermore, Eq. (1) assumes that the fracture is entirely open to the fluid flow, which is not 

the case in partly cemented fractures, where part of the fracture is either plugged or partly 

opened, and the flow may occur in the conductive channels within the fracture plane, as 

suggested by (Wennberg et al. 2016). Then, the permeability of a single channel can be 

calculated by using the following formula (Glover 2000):  

𝑘𝑓  =  0.2 𝑥 108 𝑥 𝑑2           (2) 

The parameter (d) in Eq. (2) refers to the channel diameter. However, the number of channels 

and their spatial distributions and diameters are difficult to be determined in the fractured 

system. Therefore, applying Eq. (2) is even more complicated compared with Eq. (1). 

Therefore, a solution has proposed to overcome the obstacle in using Eq. (1) to estimate the 

reduction in permeability of partially cemented fractures through either calibrating the 

aperture size or modelling the precipitated cement explicitly using numerical simulation. The 

calibration process could be achieved by calculating the fraction of the open versus partially 

cemented fractures from core samples to quantify the reduction in the aperture (Bisdom et 

al. 2016). Meanwhile, the modelling option comprises distributing the cement randomly in an 

entirely open fracture network, and then estimates the reduction in the effective fracture 

permeability numerically or analytically (Zimmerman et al. 1992).  

Outcrop data have increasingly used and can be utilised in various modelling and simulation 

purposes, such as (1) to construct fractured models for reservoir simulation purposes 

(Aljuboori et al. 2019; Geiger and Matthäi 2012), (2) to build a structural interpretation (Lewis 

et al. 2007), (3) to assist in seismic interpretation to narrow the related uncertainties (Welbon 

et al. 2007), (4) to construct a conceptual model to predict the deformation of the rocks in 

different geological settings (Bergbauer 2007), (5) hydrothermal fluid activity and 

thermochemical sulphate reduction process in carbonates during diagenesis (Jiang et al. 

2015), and (6) numerical well testing and subsurface pressure response of fractured reservoirs 

(Aljuboori et al. 2015). 

Outcrop-based models could be used as a proxy of real fractured reservoirs to simulate the 

fluid flow behaviour in the fractured medium due to their ability to represent fractures 

between wells with a larger scale and a higher resolution compared with the core data and 

seismic data, respectively (Bisdom et al. 2017). In this work, the reduction in the fracture 

permeability due to partial cementation was estimated by using a combination of an outcrop 

fracture data and an actual data of the fractured Lower Qamchuqa formation to construct a 

small-scale fractured grid. The model has honoured detailed geological descriptions of the 

formation, while a digitised fracture network of an outcrop has preserved in the constructed 

grid during modelling. The variation in fracture aperture and matrix properties has been 

considered and modelled using geostatistical distribution approaches and then it converted 

into fracture permeability values using Eq. (1). Meanwhile, the heterogeneity in the matrix 

was modelled with spatially variable properties using geostatistics based on the core data. 



Then, the radial system permeability of the under-flow condition has been assessed using the 

derivative plot of the well test interpretation techniques. 

The secondary porosity, which is a combination of fracture porosity and induced porosity due 

to thermo-chemical sulphate reduction (TSR) diagenesis (Jiang et al. 2018b), can provide 

additional storage capacity besides the matrix porosity. The percentage of the secondary 

porosity depends on several parameters such as diagenesis pro-cesses, burial depth and 

history, and facies type. Dolo-mite, for example, has a higher porosity compared with its 

counterpart of limestone (Jiang et al. 2018c). Further explanation of the secondary porosity 

and diagenesis processes could be found elsewhere (Jiang et al. 2018a, b, c; Lucia 2007). 

In this study, detailed modelling was carried out using a fractured formation of a producing 

reservoir supported by outcrop data. The constructed models have been utilised to evaluate 

the permeability reduction in fractures due to the diagenesis cementation effect. The work 

presents an adaptive workflow to conclude an equation, which can be used to adjust the 

fracture or system permeability for further reservoir modelling and evaluation purposes such 

as history matching or future forecast. Furthermore, the sensitivity study of various modelling 

cases highlighted the possible range of impact due to the spatial distribution of cement. Thus, 

the current investigation is focusing on the following points: 

(1) Concluding a reduction factor of fractures or system permeability due to the effect of 

partly cemented fractures. 

(2) Integrating the outcrop data and real field data to improve the fracture characterisation 

and to predict the fluid flow performance in fractured reservoir accurately. 

(3) Highlighting the impact of cement spatial distribution, and hence geostatistics on the 

evaluation of the fluid flow behaviour in partially blocked fractures and the overall reservoir 

performance.  

Geological settings 
Outcrop studies provide valuable information about fracture characteristics and their 

properties, which can be used as an effective input data for fracture modelling (Baker and 

Kuppe 2000; Jensen et al. 1998; Sabathier et al. 1998; Stephenson et al. 2007). In this work, a 

digitised outcrop of a naturally fractured carbonate formation has been used as an analogue 

of fractured reservoirs. The outcrop located in the foothills of Tunisian Atlas in Gafsa Basin, 

and it represents a fractured Eocene carbonate of Keff Eddour formation. A high-resolution 

camera mounted on a drone was used to acquire the fracture network of the outcrop 

enhanced by field observations (Bisdom 2015; Bisdom et al. 2014). Then, computer software 

was employed for processing the acquired outcrop images and extracting the fracture data to 

use it in fracture modelling (Bourbiaux et al. 1997). Moreover, the digitised fractures were 

preserved in the simulation model by using a deterministic discrete fracture network (DFN) 

approach (Corbett et al. 2010), as shown in Fig. 2. Further details about the outcrop can be 

found in the study (Aljuboori et al. 2015; Bisdom et al. 2014).  

An analysis of the outcrop data has shown that two sets of fractures are present and 

organised in two groups perpendicular to bedding as a conjugate system, each set containing 



two orientation families separated by less than 40-degree angle (Bisdom et al. 2014). 

Furthermore, the fracture sets were observed to be limited in some distinct bed bounda-ries 

such as limestone beds separated by very thin (in centimetres) layers of shale (Bisdom et al. 

2014). Besides, the second fracture set (E-NE to W-SW) was interpreted as a younger set, 

because it terminated against the (N-NW to S-SE) fracture set (Bisdom et al. 2014).  

On the other hand, the matrix properties have been taken from a naturally fractured 

formation of Lower Qamchuqa formation (equivalent to Shauiba Formation), which is one of 

the prolific reservoirs in the north of Iraq, see Fig. 3. The formation core description and data 

have been used to model the matrix properties of a highly heterogeneous carbonate system. 

The formation of Lower Qamchuqa represents one of the producing formations in the Jambur 

field, which is located in the northeast of Iraq.  

The formation consists of shallow marine thick-bedded limestone with often extensive 

dolomitisation (Al-Zaidy et al. 2014). Its thickness exceeds 300 m in the northern area of the 

field, which is the main reservoir region; further details can be found in the study (Aljuboori 

et al. 2019). A core data of 165.9 m, which have been taken from seven wells, were used to 

populate the matrix cells with porosity and permeability in the geological model. Besides, its 

fluid model, rock properties and reservoir conditions were utilised to initialise the model to 

provide a realistic distribution of the fluid saturation and pressures during the simulation. 

Methodology 
In this work, three stages have been proposed to evaluate the reduction in fracture or system 

permeability due to the effect of partially cemented fractures using simulation. These stages 

are as follows: 

Stage 1: Modelling the base case scenario of fully open fractures 

• Model the fracture network using a deterministic or stochastic approach. 

• Distribute the aperture size using a statistical distribution of the aperture data using 

sequential Gaussian simulation (SGS). 

• Run a typical depletion scenario for a single producer at the grid centre. 

• Interpret the fracture permeability (kf) using the well test derivative technique. 

• Use the interpreted fracture permeability (kf) at fully open fractures as a reference 

case to evaluate the flow performance when the cement precipitation introduced into 

fractures. 

The proposed workflow of stage 1 has summarised in Fig.4. 

Stage 2: Estimate the reduction in fracture permeability due to cement precipitation 

 

• Suggest various fraction percentages of fracture aperture to be gradually closed based 

on the histogram distribution by assigning zero aperture value using a simple 

conditional “if” formula, as explained in Eq. (3) (e.g. closing the aperture ≤ 180 

microns) and illustrated in Fig. 5. 

 



New aperture = if (aperture ≤ 180, aperture)     (3) 

 

• Run a typical depletion scenario for the producer. 

• Interpret the fracture permeability (kf) using the well test derivative technique at the 

current percentage of cement. 

• Repeat the same above steps for an increased percentage of the cement. 

• Divide the interpreted permeability in each step of the cement percentage by the 

interpreted reference perme ability in stage 1. 

• Plot the permeability fraction at each step with their coresponding cement fractions 

on Cartesian coordinates. 

• Conclude a simple linear regression to predict the impact of the cement percentage 

on the fracture permeability. 

 

Stage 3: Investigate the impact of aperture distribution (i.e. Generate multiple realisations) 

• Repeat the distribution process of the aperture size based on the same statistical 

distribution data of the previous stages and using the sequential Gaussian simulation 

(SGS) method by changing the seed number for each distribution. 

• Repeat the same steps in stage 2 for each new distribution (realisation). 

• Plot the results of the generated realisation and conclude a general relationship using 

simple linear regression. 

Numerical model setup and simulation scenarios 

Numerical model and fluid properties 

The proposed model was discretised into 141 × 137 × 8 grid cells, with a resolution of one 

metre in both X- and Y-direction and a half metre in the Z-direction, and the total cell number 

is 154,536. The matrix porosity and permeability were distributed using real statistical ranges 

based on the core data of Lower Qamchuqa formation. The measured core porosity has a 

range of 0.4–24%. Meanwhile, the measured core permeability was varied from 0.01 mD to 

182 mD. The distributed porosity and permeability in the simulation model are shown in Fig. 

6. 

The following table summarises the modelling parameters of the variogram, which has been 

used in distributing the petrophysical properties of the matrix in the model Table 1. A 

drawdown test was simulated using a single producer at the grid centre. The well opened to 

flow at a rate of 1000 Mscf/day for 12 h. The producer completed vertically, and its trajectory 

has intentionally designed to intersect with fractures in the completion interval. Real gas 

properties of Lower Qamchuqa formation were used to initialise the simulation model, as 

shown in Table2. 

On the other hand, the fracture network was modelled deterministically using the discrete 

fracture network (DFN) approach. The illustrated fracture network of the outcrop in Fig.2 was 

preserved in the simulation model (see Fig.4a, b and e). Moreover, a 90º fracture dip was 



assigned to all fractures as observed in the outcrop (i.e. perpendicular to bedding). The 

upscaled fracture network has explained in Fig.4b. 

The variation in fracture apertures 
As highlighted in Eq. (1), the fracture permeability is a function of the aperture size which is 

influenced by the roughness of the fracture walls (Lei et al. 2015). However, an average single 

value of the fracture aperture has been widely used in most of fracture modelling workflows 

to calculate the fracture permeability (e.g. Bisdom et al. 2016; Cosentino et al. 2001; Jenni et 

al. 2004; Philip et al. 2002; van Harmelen and Weijermars 2018). Another approach to account 

for the variation in aperture is to create two fracture surfaces using Gaussian or self-affine 

method (Adler et al. 2013; Mourzenko et al. 1995; Sahimi 2011). The outcome of this 

approach is variable spaces that represent the variation in the fracture apertures, which can 

be converted into permeability using Eq. (1).In the current workflow, the variation in fracture 

aperture has represented on each fractured cell using sequential Gaussian simulation (SGS). 

The parameters of SGS modelling were derived from a statistical distribution of hydraulic 

apertures of the Kef Eddour formation, which presented in the study (Bisdom et al. 2016). 

The frequency of the hydraulic aperture has been regenerated, and the statistical properties 

such as mean, standard deviation, minimum and maximum aperture were used in aperture 

distribution, as summarised in Table 3 and shown in Fig. 4c. The method of sequential 

Gaussian simulation (SGS) has been used to obtain gradual smooth variations in the aperture 

distribution. Then, the fracture permeability has been calculated using the cubic law, as 

explained in Eq. (1), by substituting the distributed aperture values in each grid cell in the 

simulation model with the aperture (a) in the formula. In this work, six realisations have been 

generated to address the impact of aperture spatial distribution on the fluid flow, as shown 

in Fig.7. 

 

The spatial distribution of the precipitated minerals 
The spatial distribution of the mineral precipitation has based on the illustrated aperture 

histogram in Fig. 4c. In each step, a specific range of the aperture size has been assumed to 

be blocked by cement. Then, a zero aperture value has been assigned by applying a simple 

conditional “if” formula, as explained in the methodology. In this equation, we assumed that 

any aperture size equal to or less than a specific size would be blocked. The result of the 

cement spatial distribution in the fracture network is shown in Fig. 8. The new aperture 

property in the model (after a specific range of aperture closed by cementation) has 

converted into permeability using Eq. (1) where the black cells will have zero permeability, 

and they will be a barrier to the gas flow in the grid model. 

During cement precipitation in the fracture network, the smaller aperture size has a higher 

probability of being partially or entirely cemented compared with the larger apertures. The 

modelled variations of fracture apertures became the anchor step for the subsequent steps 

of the fracture permeability evaluation. Therefore, the related uncertainty to their 

distribution has been evaluated by generating multiple realisations to represent their 

distribution possibility and their effect on the interpreted effective permeability, as shown in 

Fig.7. 



Simulation scenarios 
In fractured reservoirs, the matrix permeability is most often enhancing fluid production. 

Therefore, the role of the matrix should be investigated to obtain a better understanding of 

its interaction with fractures under diagenetic cementation. The evaluation of the matrix 

support was investigated through two scenarios, as follows: 

Homogeneous matrix models 
For simplicity, a single permeability value has been often assigned to the matrix medium when 

studying the fluid flow behaviour in fractured reservoirs without heterogeneity effect [e.g. 

Geiger et al. 2010; Geiger and Mat-thäi 2012; Jenni et al. 2004)]. Therefore, three different 

scenarios of single matrix permeability values have been designed to investigate their impact 

on the flow behaviour in partially cemented fractures. The suggested values of the matrix 

permeability were 1 mD, 10 mD and 50 mD.  Meanwhile, realisation (1) of fracture aperture 

distribution, which illustrated in Fig. 7, was used and preserved in these models. 

Heterogeneous matrix models 
In these scenarios, the fracture properties were preserved in the models, as shown in Fig. 9. 

Meanwhile, the matrix populated with porosity and permeability using SGS and core data of 

Lower Qamchuqa formation, as illustrated in Fig. 6 using their statistical properties (min, max, 

mean and standard deviation).Furthermore, the contribution of matrix permeability was 

investigated for six scenarios of aperture distribution (realisation 1 to 6), as explained in Fig. 

7, whereas each fracture realisation was embedded in the matrix model to investigate the 

reduction in fracture permeability due to partial cementation and to illustrate how the matrix 

permeability can reduce the impact of precipitated cement. 

Results 
Well test interpretation techniques were used to interpret the effective permeability in the 

suggested scenarios. The traditional dual-porosity signature was observed in the pressure 

derivative due to the contrast of storage capacity between fractures and matrix medium. 

Moreover, a normalised permeability value (k/ka) was used to compare the results of the 

proposed scenarios on the same basis. The permeability value of the numerator (k) refers to 

the effective permeability in the system at a various level of cement precipitation. Meanwhile, 

the denominator value (ka) is the effective permeability at entirely open fractures (i.e. the 

base case scenario). The total number of the simulated scenarios are detailed in Table 4. 

Fractures alone scenarios (Matrix has zero permeability) 

The flowing gas in the fracture network solely has been used as the base case to identify the 

effect of partially cemented fractures without matrix contribution. The simulation and well 

test interpretation results have shown that partially blocked fractures have a significant 

impact on the amount of the gas flow and its pattern in fractures. A cement percentage of a 

range 41% (realisation 5) to 87% (realisation 1) in fractures is sufficient to block the flowing 

gas in the model completely as the normalised permeability has become 0%, as illustrated in 

Fig. 10. The range of the cemented percentage that resulted in zero permeability depends on 

the effect of its spatial distribution, where the closer the cement to the producer vicinity, the 



higher reduction in fracture permeability occurred. Furthermore, the drainage area of the 

producer has reduced significantly, as illustrated by the streamline simulation results in the 

next section. 

Homogenous matrix scenarios 

In these scenarios, the effective radial system permeability has interpreted at various levels 

of mineral precipitation (until 100%). The simulation outcomes of the three proposed matrix 

permeability scenarios indicate that the matrix permeability has formed a bypass corridor for 

the flowing gas. Moreover, the effect of the cementation in fractures became less significant 

compared with fractures only scenarios, as the interpreted radial system permeability 

increased when the matrix permeability increased. The plotted interpreted permeability and 

subsurface pressure drop have illustrated the matrix impact, see Fig.11a, b. Furthermore, an 

example of pressure and pressure derivative plot for the three selected levels of cementation 

percentage, which highlighted by red circles in Fig.11a, has shown in Fig.12.Moreover, the 

results of the streamline simulation were shown that the support of the matrix contribution 

had increased when its permeability increased, see Fig.13. The spatial distribution of the 

cement also has shown a notable effect on the gas flow. The gas flow in the majority of 

fractures had terminated when the cement percentage increased to 75%, as illustrated by red 

streamlines in Fig. 13(1b). Moreover, the drainage area of cemented fractures became very 

small compared with the drainage area of fully open fractures, see Fig.13 (1a, b). On the other 

hand, the matrix contribution to the gas flow has shown in both (2a) and (2b) in Fig.13. In 

these scenarios (streamlines coloured by green), the trapped gas in the partially blocked 

fractures has an alternative path through the matrix. Furthermore, at matrix permeability 

value of 50mD, the gas flow pattern at a cement percentage of 75% is almost equivalent to 

the gas flow pattern at 0% of cement, as shown in Fig. 13 (2a, b). 

Heterogeneous matrix scenarios 

Additional complexity has been considered in these scenarios by populating the matrix cells 

with a realistic distribution of both porosity and permeability to mimic the actual reservoir 

modelling workflow. A single realisation of matrix properties distribution was used to 

highlight the matrix heterogeneity effect in partially cemented fractures. 

The investigation workflow has employed the six generated realisations of fracture aperture, 

which have been illustrated in Fig.7. The increment in the normalised permeability suggests 

that the matrix has provided an alternative path to the flowing gas, which has reduced the 

effect of blocked fractures. In all realisations, the calculated normalised permeability has 

increased, as illustrated in Fig.14. 

In general, the formed cement bridges between fracture walls have been created due to the 

increment in mineral precipitation and cause a significant reduction to the flow potential and 

impact the gas flow. In such a case, the matrix contribution increased and had an active role 

in mitigating the bridging effect. For example, in realisation 3 of the gas flow in fractures only, 

the permeability became 4.5E-3 mD at a cement percentage of 75%. However, when the 

matrix contribution has been included in the model, the reduction in the permeability was 

only 58%. That means 42% of the initial permeability has been retrieved through the matrix 



permeability contribution, as explained in Fig. 15. This behaviour was confirmed through the 

streamline simulation results as a marginal impact was observed in the producer’s drainage 

area due to cement precipitation, as illustrated in Fig. 13 (2a, b). 

The results of the six fracture aperture realisations are plotted in Fig. 16 to derive a general 

permeability reduction formula for the current scenarios. The concluded formula can help to 

estimate the reduction in the permeability directly without running simulation models, as 

shown in Eq. (4). The equation can predict the reduction in permeability under the same 

condition and petrophysical ranges of the current modelling. The suggested formula has an 

accuracy of 88.64%: 

kCorrected = ka (1 − 1.0513 × CF).        (4) 

where kCorrected is the corrected permeability due to partially cemented fractures in the 

system, CF, the cement fraction (or the contact area fraction between the fracture walls) and 

ka, the Permeability when fractures are fully conductive in the system. 

Further improvements in the proposed formula can be achieved by fitting an equation for 

each realisation using a second-order polynomial curve. In this suggestion, the formula 

accuracy has increased significantly up to 96% and 98%, as illustrated in Fig. 17. 

Although partial cementation has reduced fractures permeability and their effectiveness, the 

matrix permeability has allowed the gas to flow around the blocked fracture in the network, 

which ultimately improved the flow potential in the system, as explained in Fig.15. At a higher 

cement percentage of 80%, all scenarios (except scenario 5) have shown a higher effective 

permeability compared to the matrix permeability of 10 mD, as illustrated in Fig. 18. 

Meanwhile, in realisation (5) which represents the worst case of cement spatial distribution, 

the system permeability became less than (10 mD) at a cement percentage of 66%, and 

fractures started to behave as flow barriers or baffles in the model. 

Discussion 
Diagenesis processes have extensively occurred in naturally fractured carbonate reservoirs 

(Wennberg et  al. 2016). The cement precipitation of various minerals in fractures often tends 

to form bridges between the fracture surfaces. These cement bridges can reduce the 

conductivity and permeability of fractures significantly and affect the fluid flow pattern in the 

fracture network. Moreover, a higher percentage of cement precipitation can turn the high 

permeability fractures into barriers that impede the fluid flow in the fractured system (see 

Kuchuk et al. 2014).  

In this work, we proposed a workflow to estimate the reduction in the permeability due to 

cement precipitation. Various levels of cement percentage from zero to 100% were 

investigated to emulate the diagenesis process in reality. Then, an equation was concluded, 

which can be used to estimate the reduction in effective permeability without running 

simulation scenarios. In this work, the reference case comprises gas flow in fractures only 

without matrix contribution. Then, the performance of other suggested scenarios was 

compared with this reference case. Various modelling cases with multiple scenarios were 

employed to assess the reduction in the system permeability due to partially cemented 



fractures. Three scenarios of a constant matrix permeability were investigated to identify the 

impact of matrix permeability increment, and hence matrix contribution to the gas flow in 

these models. The results were shown that the effect of partially cemented fractures had 

reduced by matrix contribution until a cement percentage of 87.2%, whereas fractures 

become wholly inactive and start to behave as flow barriers and baffles. Furthermore, in the 

absence of matrix contribution, any well completed in these cemented fractures gives a 

negative completion test result (i.e. dry well). A more realistic distribution of the matrix 

permeability through the SGS function was considered in the evaluation. The results of these 

cases have confirmed the crucial role of the matrix permeability in reducing the effect of 

precipitated cement in fractures. 

Matrix contribution helped to retrieve 41% and 36% of fracture efficiency for realisation (3) 

and (6), respectively, compared with the absence of matrix contribution scenarios, as 

illustrated in Fig. 15. 

Cement precipitation during diagenesis processes can change the effectiveness of fractures 

in the model and hence impact the fluid flow performance, drainage area and flow pattern, 

as illustrated in the results of streamline scenarios. Extensive cement precipitation can turn 

continuous conductive fractures into a non-conductive fracture system and create discretely 

fractured reservoirs (Kuchuk et al. 2014). In this sense, fractures behave like an isolated vuggy 

system. Despite the high percentage of cement precipitation that reached up to 80%, fracture 

permeability remains higher than the matrix permeability of 10 mD. This statement is valid 

for all scenarios except for realisation (5), which represents the worst cement spatial 

distribution case. In this case, fractures in the well vicinity were extensively cemented, where 

fracture permeability reduced below the matrix permeability at a lower cement percentage 

of 66% compared with other realisations. Therefore, in a lower percentage of cement, 

fractures retain their enhancement to the production potential. Meanwhile, at a higher level 

of cement percentage, fractures have lost their tendency to provide a faster path for the 

reservoir fluid, and they behave similarly to the porous medium with touching vugs or as flow 

baffles. 

Furthermore, the proposed formula of the current investigated has derived to predict the 

reduction in the effective system permeability based on the cement percentage in fractures 

without running simulations. The formula was derived for a range of fracture permeability of 

475–615 mD and an average matrix permeability of 10 mD. Alternative results may be 

obtained if the data ranges were changed though similar effects are expected if the 

permeability contrasts are equivalent. The prediction accuracy of the reduction in fracture 

permeability can be improved through deriving a tailored equation for each distribution. In 

this workflow, the formula accuracy has increased notably to more than 96% using second-

order polynomial equations, as illustrated in Fig.17. 

The current work highlighted the importance of modelling fracture morphology using a 

combination of matrix permeability and a real aperture distribution, such as presented 

distribution by Bisdom et al. (2016) and Golf-Racht (1982). This work emphasises on using an 

appropriate adjustment and reduction formula to the fracture permeability in the simulation 

model based on the concluded equation instead of using global multipliers without justified 



reasons. This work can help to tune the performance of fractures, and hence simulation 

model in general, during the history matching workflow, as fracture permeability has been 

widely used as a matching parameter (Sabathier et al. 1998). Therefore, improving the 

characterisation of fracture permeability in fractured reservoirs, by considering the fracture 

network morphology, is an essential step to enhance the prediction reliability and to adjust 

the performance of fractures in the simulation model. 

It is worth mentioning that the current work presents a new 3D approach to use well test 

analysis technique to estimate the reduction in the model permeability due to cement 

diagenesis, which has not been discussed before. Meanwhile, the previously presented works 

have utilised boundary-element method to solve Laplace’s equation for the cells in a 2D 

model, which represents a single fracture and contain the contact regions of closed aperture 

[e.g. (Zimmerman et al. 1992)]. Furthermore, another suggestion is to use the core data to 

estimate the fraction of open fractures versus cemented or partially cemented fractures to 

quantify their impact and apply a correction factor [e.g. (Bisdom et al. 2016)]. 

Conclusion 
A combination of real field data and outcrop data were employed successfully to characterise 

fractures and evaluate their performance in fractured reservoirs. Fractures permeability and 

their internal structure have a notable impact on fluid flow behaviour and performance 

prediction. Diagenesis processes such as mineral precipitation have been observed frequently 

in core samples of fractured reservoirs and outcrop analogues. Modelling of cement 

precipitations in fractures is necessary to account for its impact in fractured reservoirs and to 

calibrate the performance of fractures by tune their permeabilities for such essential factor 

to avoid any overestimation of the reservoir performance. 

Detailed modelling of fractures and matrix properties were carried out to obtain a reliable 

representation of both mediums to capture the heterogeneity of the geological system of the 

fractured formation. In this work, most of the simple assumptions that generally used to build 

such models have been avoided (e.g. single values of; aperture, fracture permeability, matrix 

permeability, and matrix porosity). However, the variable flow behaviour of fractured grids 

was obtained using multiple distributions of fracture apertures, as well as a wide range of 

cement percentages in fractures to enhance our understanding of fluid flow complexity in the 

subsurface fractured formations.  

Even though the distribution of fracture aperture depends on the statistical analysis (such as; 

minimum aperture, maximum aperture, standard deviation and aperture mean), which is not 

unique,the generated realisations enable us to understand the possible range of the aperture 

distribution in the subsurface fractures, besides to evaluate the related uncertainties of 

cement spatial distribution. Furthermore, modelling of fracture apertures can be improved 

by defining aperture values at the well location then upscale these values. In addition to, using 

another parameter as a bivariate property in the distribution can enhance the model accuracy 

and its reliability for future forecast such as fracture intensity, fracture length or facies type 

especially dolomite if available. It is worth mentioning that the proposed methodology of this 

work was based on a static condition without considering the change in aperture under 



dynamic conditions, such as the change in the effective stress or reservoir pore pressure 

during depletion, which both affect the value of the hydraulic aperture. 
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Tables 
 

Table 1 Input parameters for matrix property modelling 

Parameters/Property Porosity Permeability 
 

Anisotropy range    

   Major direction, m 20 20 

   Minor direction, m 20 20 

   Vertical direction, m 3 3 

Minimum, fraction, mD 0.004 0.01 

Maximum, fraction, mD 0.24 182 

Mean, fraction, mD 0.098 10.12 

Standard deviation 0.055 29.73 

Variogram type Gaussian Gaussian 

 

Table 2  The used gas properties to initialise the simulation model 

 

Properties  Value  

Gas density at standard condition, lb/ft 
 

30.054  

Gas formation volume factor at initial reservoir condition, ft3/scf  0.000692 

Gas viscosity at initial reservoir condition, Cp  0.026 

Reservoir temperature, °F 210 

 

Table 3 Input parameters for SGS variogram of fracture aperture modelling 

Parameters/Property Value 

Anisotropy range  

   Major direction, m 5 

   Minor direction, m 5 

   Vertical direction, m 2 

Fracture aperture  

   Minimum, micron 178.65 

   Maximum, micron 201.53 

   Mean, micron 182.92 

   Standard deviation 3.78 

Variogram type Gaussian 

 

Table 4 Summary of the Simulation Runs 

Model Fractures alone Homogeneous 
models 

Heterogeneous 
models 

Total 

No of runs 98 50 96 244 



 

 

 

 

 

 

 

 

Figures 
 

 

 

Fig. 1 Photographs of partially cemented fractures observed in core samples, courtesy of 

(Wennberg et al. 2016) 

 



Fig. 2 The digitised fracture network of Kef Eddour Formation, after Aljuboori et al. (2015). 

The left part of the fracture network (marked by red colour) was used in the current 3D 

modelling 

 

Fig. 3 The sequence stratigraphy of the Qamchuqa reservoir, high-lighting the producing 

formations in the Jambur field indicated by red dots within the foothill zone including Lower 

Qamchuqa formation (Aljuboori et al. 2019, 2020b), modified after (Jassim et al. 2006) 

 



Fig. 4  The workflow of stage 1 illustrates the modelling and evaluation steps of fully open 

fractures a 3D fractures, b Upscaled fractures, c Aperture distribution, d Distributed aperture 

in fractures, e Simulation model with the producer, f Derivative response of the subsurface 

pressure 

 

Fig. 5 Examples of three selected ranges from aperture distribution which assumed to be 

closed by mineral precipitation, including the above example of closing 180 microns in the 

first figure in the left 

 

Fig. 6  An illustration of the distributed porosity and permeability of the matrix in the simulation 

model using the core data 

 

Fig. 7  Six generated realisations (1–6) of the fracture aperture distribution 



 

Fig. 8  a Aperture distribution in the fracture network before cementation. b Aperture distribution 

after cementation (the assigned zero aperture has represented by black cells) for the selected range 

of fracture aperture value 

 

 

 

 

Fig. 9  Example of fracture network porosity and permeability of realisation (1) embedded in the 

matrix model 



 

Fig. 10  Comparing the gas flow results of the generated six realisations of the aperture distribution, 

showing the effect of partially cemented fractures on the effective permeability when the matrix is 

impermeable to flow 

 

Fig. 11  a The effect of partial cementation has reduced due to matrix permeability increased, b 

Additional pressure drop in the model due to partial cementation at various matrix permeability values 

 



 

Fig. 12 Pressure and pressure derivative plot for three different mineral precipitation percentages (0%, 

30% and 75%) when matrix permeability is 10 mD as highlighted in Fig. 11a by red circles 

 

 

Fig. 13 Both 1a and 1b are illustrating the streamline simulation results of the gas flow pattern in 

fractures only, while 2a and 2b are showing the results of the gas flow in fractures and matrix when 

matrix permeability is 50 mD. Fracture permeability is similar in all models. Meanwhile, the maximum 

percentage of cemented fractures is 75% 

 



 

Fig. 14  The effect of the partially cemented fractures has been reduced due to the contribution of 

the matrix permeability (indicated by the black curves), which facilitates the fluid flow around the 

sealed fractures 

 

 

Fig. 15  The increment in the normalised permeability due to matrix contribution compared 

with the gas flow in fractures only at a cement percentage of 75% 



 

Fig. 16  The proposed equation for the current work based on the results of the six fracture 

realisations. The concluded equation showed that fracture permeability becomes zero mD at 95% of 

cement precipitation despite the contribution of the matrix 

 

Fig. 17  The proposed approach of estimating the permeability reduction equation for each 

realisation. Higher formula accuracy was obtained, up to 96.6% and 99%, compared with the 

general equation of all realisations together 



 

Fig. 18 The effective system permeability in all realisations (except scenario 5) has remained higher 

than the matrix permeability of 10  mD even at a higher percentage of 80%. Meanwhile, the 

interpreted permeability in scenario 5 became less than 10 mD at cement percentage of 66%, and 

cemented fractures in the system started to behave as flow barriers or baffles 


