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Abstract 

Multi-stage hydraulic fracturing is widely applied in tight reservoir exploitation. Production is 

enhanced significantly if hydraulic fractures can connect to regions with enhanced permeability 

due to the presence of micro (and induced) fractures. However, less than 50% of fracturing fluids 

are typically recovered. This study models the mechanisms of water loss and retention in 

fracture-matrix system. The effects of capillarity and geomechanics are systematically 

investigated, and the time scale of water imbibition under different reservoir conditions is tested. 

During the shut-in (soaking) and flow-back periods, the fracture conductivity decreases as 

effective stress increases due to imbibition. Previous works have addressed fracture closure 

during the production phase; however, the coupling of imbibition due to multiphase flow and 

stress-dependent fracture properties during shut-in is less understood. Numerical simulation 

results indicate the circumstances under which this phenomenon might be beneficial or 

detrimental to subsequent on tight oil production. 

A series of mechanistic simulation models consisting of both hydraulic fractures and 

stochastically distributed micro fractures are constructed to simulate fluid distribution during 

shut-in and flow-back. Three systems: matrix, hydraulic fracture and micro fractures are 

explicitly represented in the computational domain. Fluid loss and retention mechanisms are 

systematically investigated in this study by subjecting mechanistic model to different reservoir 

conditions. Water imbibition into the matrix would help to displace hydrocarbons into nearby 

micro and hydraulic fractures, and this process could lead to an increase in initial rate. Although 

other water loss mechanisms including water loss in desiccated matrix and water trapping in 

induced micro fractures were proposed in literature, detailed understanding of the roles of water 

trapping in these systems is still lacking. Impacts of secondary fracture distributions and 
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properties, matrix permeability, multiphase flow functions, wettability, initial saturation, water 

injection rate and shut-in duration on fluid retention and the associated time scales are assessed. 

Increase in short-term oil production as a result of imbibition could be counteracted by the 

reduction in flow capability due to fracture closure. Therefore, the coupling of stress-dependent 

fracture conductivity and imbibition are studied next. Our results indicate that fracture 

compaction can enhance imbibition and water loss, which in turn leads to further reduction in 

fracture pressure and conductivity. Spatial variability in micro-fracture properties is also 

modeled probabilistically to investigate whether it is possible for fracturing fluid to be trapped in 

the micro fractures, or conversely, the micro fractures could provide alternate pathways for fluids 

to access the hydraulic fracture systems.  

This work presents a quantitative study of the controlling factors of water retention due to fluid-

rock properties and geomechanics. It investigates the roles of multi-scale fractures in flow-back 

behavior and ensuing recovery performance. The results highlight 1) the crucial interplay 

between shut-in duration and properties of connected fractures in short- and long-term 

production performances; 2) the critical interaction between imbibition and geomechanics in 

short- and long-term production performances.  The results would have considerable impacts on 

understanding and improving current industry practice on fracturing design and assessment of 

stimulated reservoir volume. 
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Chapter 1: Introduction 

 

This chapter presents the background of unconventional resources, introduction to hydraulic 

fracturing and flow-back operation, problem statement, research objective and thesis outline. 

 

1.1 Background 

With declining conventional petroleum resources, exploration and exploitation of unconventional 

resources, including tight-sandstone oil/gas, shale oil/gas, coalbed methane, gas hydrate and 

heavy oil, are becoming more important (Zou 2012).  

In recent year, tight oil reservoirs are gaining much attention in North America. Compared with 

conventional resources, unconventional reservoirs have their unique characteristics. Sandstone 

and limestone are common lithologies for tight oil reservoir (Zou 2012).  Tight oil reservoirs 

have very low matrix porosity and permeability due to its fine-grained sandstones and micro-

scale pore structure (Pitman et al., 2001). For example, in Bakken formation, its porosity ranges 

from 0.01 to 0.16, averaging about 0.05, and its permeability ranges from 0 to 20mD, averaging 

0.04mD (Pitman et al., 2001). Capillary pressure in tight reservoir can be very high due to its 

low permeability (Holditch et al., 1979). Besides, tight reservoirs usually have relatively 

developed natural fractures networks (Pitman et al., 2001).  

Low fluid mobility in tight reservoirs is the main challenge for economic tight oil recovery. Due 

to the breakthrough of horizontal drilling and hydraulic fracturing technologies in recently years, 

economic production of tight oil became possible. Many tight oil reservoirs, such as the Bakken 
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tight oil reservoir and the Eagle Ford tight oil reservoir are explored and exploited in North 

America. Significant production has been reported from these reservoirs, e.g. production in the 

Bakken tight oil reservoir has reached 1230×10
4 

t in 2009 (Zou 2012).  

Hydraulic fracturing technique would accelerate production and increases reserves significantly 

if artificial fractures can connect to sweet spots with enhanced permeability due to the presence 

of secondary fractures (Zou 2012; Pitman et al., 2001). In some instances, hydraulic fracturing 

may reactivate secondary fractures that are closed under initial in-situ stress conditions or induce 

additional ones near the wellbore. 

 

1.2 Hydraulic Fracturing in Unconventional Tight Reservoirs 

Since the early fifties, hydraulic fracturing has been adopted commercially (Fjar et al., 2008; 

King 2012). By the late 1970s, horizontal wells were widely used (King 2012). In recent years, 

hydraulic fractured horizontal wells are widely used to exploit tight reservoirs.  

During hydraulic fracturing operation, there are three phases, fracturing fluid injection phase, 

shut-in (soaking) period and flow back period (McClure 2013; McClure 2014).  

During injection period, thousands of cubic meters of fracturing fluid are injected into the 

formation  (McClure 2014). In tight oil reservoir, slick water is typically used as fracturing fluid 

(Mayerhofer et al., 1998; Reinicke et al., 2010). During the injection phase, fractures initiate and 

propagate (Fjar et al., 2008). Water may leak of into the matrix, resulting in a fracturing fluid 

efficiency (fracturing fluid volume in fracture over total injected volume) to be less than 100% 

(Economides et al., 2000). The fracture pattern is influenced by reservoir properties, such as 

reservoir permeability, relative magnitude between the maximum horizontal stress and the 
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minimum horizontal stress (Pak 1997). Hydraulic fracture network typically exists as a cluster of 

smaller planes rather than a single plane (King 2012). Besides, the existence of natural fractures 

and induced secondary fractures could also contribute to the generation of complex fracture 

network when artificial fracture is connected with natural fractures (King 2012). Micro-seismic 

data can be used as an indication for fracture propagation (Fisher et al., 2002).  

After injection period, the well is shut-in for a period, and the fluid pressure immediately after 

injection is approximately the Initial Shut-in Pressure (ISIP) (McClure 2013). According to 

micro-frac investigations in western Canadian tight oil reservoirs, including Viking Sandstone 

and Cardium Sandstone, the value of ISIP is typically higher than the initial reservoir pressure by 

15 to 55 MPa (Woodland et al., 1989). During the shut-in period, fracturing fluid and oil 

redistribute among the fracture and matrix systems under complex interplay between capillary 

and viscous forces, and the induced fractures would gradually close as the fracture effective 

stress increases (Economides et al., 2000). Field observations indicate that shut-in period has 

significant influence on short-term and long-term oil production, which could be beneficial or 

detrimental (Crafton 2010). 

The fracturing fluid begins to flow back as the well resumes production (McClure 2014). 

According to Crafton (2010), “flow back” refers to the few hours to weeks of production 

immediately after shut-in period. However, less than 50% of fracturing fluids are typically 

recovered (McClure 2014; Cheng 2012; Wattenbarger et al., 2013; Makhanov et al., 2014). 

Evidence indicates that flow back operation can influence long term production and hydrocarbon 

recovery (Crafton 2008, 2010). Therefore, hydraulic fracturing flow back operation strategy 

should be optimized based on reservoir rock-fluid properties. 
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1.3 Problem Statement 

During the flow-back operation, it is often reported that only 10-50% of the fracturing fluids ca 

be recovered. Imbibition plays an important role in water loss due to high capillary pressure in 

tight reservoirs. As more water imbibed into the matrix, water saturation in the matrix increases, 

which can cause oil relative permeability decreases and thus reduce oil production. However, 

many field observations indicate that extended soaking period can lead to higher short-term oil 

production (Cheng 2012; Ghanbari et al., 2013). Therefore, whether water imbibition will be 

beneficial or detrimental to subsequent oil production should be investigated. 

In addition to capillary effect, geomechanics effect can also cause water loss. During the shut-in 

(soaking) and flow-back periods, the fracture conductivity decreases as effective stress increases 

due to imbibition. This reduced fracture conductivity could cause additional water loss. 

Therefore, the coupling effect of stress-dependent fracture conductivity and imbibition should be 

studied. 

Besides, different reservoir properties could also influence water loss, such as fracture network 

properties, initial water saturation, multiphase flow functions, etc. Spatial variability in micro-

fracture properties should also be modeled probabilistically to investigate the impact of fracture 

network heterogeneity on water loss mechanisms and oil production. 

Furthermore, because shut-in period and flow back operation can significantly impact production 

performance, hydraulic fracturing flow back operation should be optimized according to 

different reservoir properties, including shut-in time and flow back bottom-hole pressure. 
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1.4 Research Objectives 

The objective of this research is to investigate different water loss mechanisms, their influence 

on subsequent oil production and provide fracturing flow back operational strategy by using 

numerical simulation method, which entails: 

(1) Conduct a series of mechanistic models that take into consideration factors such as water 

injection rate or ISIP, secondary fracture capillary pressure, secondary fracture heterogeneity, 

formation desiccation, wettability, initial water saturation and solution gas. 

(2) Quantify the multiphase fluid distribution and trapping during shut-in in fractured tight rocks 

due to both matrix imbibition and water retention in secondary fractures. 

(3) Study the impacts of secondary fracture properties and multiphase functions on these 

retention mechanisms. 

(4) Incorporate stress-dependent fracture conductivity on imbibition and flow-back modeling. 

(5) Investigate the influence of various operational strategies on short-term and long-term 

production. 

Since the origin of fracturing fluid loss in unconventional reservoirs remains a widely-debated 

subject among practitioners, results obtained from this study would provide explanations 

regarding the possible mechanisms of fluid loss and offer insights for optimizing operational 

strategies.  

 

1.5 Thesis Outline 

This thesis consists of six chapters. The outline of these chapters is provided as follows: 
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Chapter 1 presents the introduction to unconventional reservoir and hydraulic fracturing. 

Problem statement and research objective are also presented in this chapter. 

Chapter 2 presents the literature review including the existing investigation on water loss 

mechanisms and flow back strategy. 

Chapter 3 presents the methodology used in this study including mechanistic numerical model 

construction, discrete fracture network, local grid refinement and stress dependent fracture 

conductivity. 

Chapter 4 presents the numerical investigation on the impact of secondary fracture distributions 

and properties, matrix permeability, multiphase flow functions, initial saturation, water injection 

rate and shut-in duration on fluid retention and associated time scales. 

Chapter 5 presents the numerical investigation on the impact of wettability, stress dependent 

fracture conductivity and disconnected secondary fracture network. 

Chapter 6 presents the conclusions and recommendations. 
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Chapter 2: Literature Review 

In this chapter, the literatures about water loss mechanisms, experimental, analytical and 

numerical simulation studies are reviewed. 

 

2.1 Water Loss Mechanisms 

Various fluid-loss mechanisms have been reported in the literature (Pagels et al., 2012; 

Wattenbarger et al., 2013). Water imbibition from fracture system into rock matrix is facilitated 

by high matrix capillary pressure in tight rocks. Water and oil redistribute in the fracture-matrix 

system during this counter-current imbibition process. (Pagels et al., 2012; Bahrami et al., 2012; 

Holditch et al., 1979; Makhanov et al., 2014; Fakcharoenphol et al., 2013; Fan et al., 2010; 

Cheng 2012; Wattenbarger et al., 2013). Besides matrix imbibition, water can be retained in 

secondary fractures (Pagels et al., 2012; Fan et al., 2010). Geomechanics also plays a role in low 

water recovery because of fracture compaction during the shut-in and flow-back periods 

(McClure, 2014; Ehlig-Economides et al., 2012). Under certain circumstances, induced micro 

fractures may lose contact with the main hydraulic fracture system (Pagels et al., 2012). In 

addition, gravity segregation in hydraulic fractures can also contribute to low water recovery 

(Parmar et al., 2012, 2013; Ghanbari, 2015; Ghanbari and Dehghanpour, 2016). 

 

2.2 Field Observation 

2.2.1 Flow-back Data and Fracture Intensity 

Flow-back data from Horn River Basin has been analyzed to obtain fracture properties 
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(Zolfaghari et al., 2015; Ghanbari and Dehghanpour, 2016). According to the volumetric analysis 

(Ghanbari and Dehghanpour, 2016), relationship between early time flow-back efficiency and 

cumulative gas recovery can be used to categorize producing wells into two groups: 1) wells 

with high gas production and low water recovery; 2) wells with low gas production and high 

water recovery. Wells with high gas production and low water recovery result from enhanced 

counter-current imbibition and water retention in secondary fractures in more complex fracture 

network, while wells with low gas production and high water recovery can be attributed to less 

complex fracture network. This hypothesis has been confirmed by flow-back salt-concentration 

transient study (Zolfaghari et al., 2015). According to the mathematical model presented by 

Zolfaghari et al. (2015), the fracture network complexity can be reflected from the flow-back 

salinity and load recovery profile. They concluded that as for more complex fracture network, 

salinity constantly increases with load recovery, while as for less complex fracture network, salt 

concentration initially increases and then a plateau is reached. 

2.2.2 Impact of Shut-in Duration 

As an important operational procedure in hydraulic fracturing operation, the impact of shut-in 

duration can be beneficial or detrimental for subsequent hydrocarbon production. Field 

observation from the Marcellus formation is presented in Cheng (2012). The well experienced a 

short flow-back period after fracturing fluid injection period, and the well is shut in 

subsequently. The initial gas flow rate was enhanced significantly after the shut-in period with 

lower water recovery. Fan et al. (2010) also proposed that higher initial production rate could 

often be associated with low water recovery.  

However, Crafton et al. (2013) analysed 270 wells (including wells from the Marcellus 

formation) and concluded that shut-in duration can be detrimental. Their results also indicated 
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that there was no obvious relationship between the length of shut-in duration and the degree of 

its adverse effect. The drawback of this study is that though these wells have been shut in for 

different durations, they also exhibit different reservoir rock/fluid properties. In other words, 

despite of the differences in production and water recovery profiles between two nearby wells, it 

is difficult to attribute these differences exclusively to the impacts of shut-in duration, since the 

effects of reservoir heterogeneities could not be precisely quantified. Therefore, clear 

understanding regarding the impact of shut-in duration is not readily available from field 

observations. 

 

2.3 Experimental, analytical and numerical studies 

Experimental, analytical and numerical simulation studies of imbibition and flow-back process in 

fractured media have been published. Brownscombe et al. (1952) performed a series of 

countercurrent spontaneous imbibition experiments and concluded that large fracture system 

would provide a conductive system enhancing the imbibition process. Makhanov et al. (2012) 

observed that imbibition rate is higher when imbibition direction is along the bedding plane. 

Makhanov et al. (2014) demonstrated that spontaneous imbibition rate in tight rocks would 

depend on factors including clay content, properties of secondary fractures, shut-in duration, and 

matrix mineralogy. Imbibition experimental results from Fakcharoenphol et al. (2014) indicate 

that low-salinity brine has higher imbibition rate compared with high-salinity brine due to 

osmotic effect. Ghanbari et al. (2014a, b) concluded that 1) shale pore network is more water wet 

and its rock mass is more oil wet; 2) water imbibition rate is reduced with higher initial water 

saturation; 3) microfractures can be generated due to soaking in shale. Imbibed water in the 
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matrix could also cause water blockage and have adverse effect on oil/gas relative permeability, 

which has been demonstrated by various experimental studies (Bazin et al., 2010; Dutta et al., 

2014).  Longoria et al. (2015) indicated that water can be dissipated deeper into the matrix during 

shut-in. Liang et al. (2015a) also demonstrated that imbibition during shut-in can mitigate the 

impact of water block and reduced hydrocarbon relative permeability caused by capillary end 

effect. However, this mitigation is temporary because during flow-back, water will accumulate in 

the matrix near fracture face and cause blockage due to capillary discontinuity (Liang et al., 

2015a). Liang et al. (2015 a, b) and Longoria et al. (2015a) demonstrated that surfactants can 

help clean water blockage and enhance hydrocarbon relative permeability. 

Besides imbibition, the effect of gravity segregation has been investigated by experiments. 

Parmar et al. (2012, 2013) investigated the impact of gravity on fracturing fluid recovery by 

experimental method and the results indicate that when the flow direction is opposite from 

gravity direction, water recovery from hydraulic fractures can be very low due to unstable 

displacement; therefore, large quantity of water will be retained in the bottom of fractures. This 

conclusion has been confirmed by numerical simulation results from Ghanbari and Dehghanpour 

(2016).   

(Semi)-analytical models, which are essentially simplified solutions to the detailed governing 

equations, have been employed extensively in the areas of pressure transient (PTA) and rate 

transient (RTA) analysis. Recent works have extended their formulations to analyze early-time 

flow-back production data for fracture characterization (Clarkson et al., 2013; Alkouh et al., 

2014; Williams-Kovacs et al., 2013; Ezulike et al., 2014; Adefidipe et al., 2014). However, these 

techniques have limited application in understanding water retention and imbibition mechanisms 

for a number of reasons: (1) assumptions associated with these models involve homogeneous 
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fracture properties and sequential depletion from matrix to secondary fractures and from 

secondary fractures to hydraulic fracture in a fully-connected fracture network, failing to capture 

the impacts of realistic fracture networks on water loss and multiphase production during flow-

back (Al-Ahmadi 2010); (2) certain studies presume that water is immobile within the secondary 

fracture network (Williams-Kovacs et al., 2013); and (3) capability to incorporate multiphase 

flow functions (relative permeability and capillary pressure) in matrix and fracture systems are 

limited. For example, Abbasi et al. (2014) assumed single-phase flow, although two phase flow 

might exist even during early flow-back. Ezulike et al. (2013) proposed a two-phase dual-

porosity model with single-phase oil flow in matrix and negligible saturation and capillary 

pressure gradient in fracture, assuming that the initial hydrocarbon volume in fracture prior to 

flow-back was known. It is clear that none of these models are suitable for studying fluid-loss 

mechanisms in complex fractured media because two-phase flow and fluid distribution during 

shut-in and flow-back are not taken into account explicitly.  

On the contrary, the complex physics of fluid flow in fractured porous media can be captured by 

numerical simulation. Three approaches have been developed for numerically simulating fluid 

flow in fractured media. In the single-porosity approach, matrix and fractures systems are 

explicitly represented in the computational domain. High permeability and porosity values are 

assigned to fracture cells. Flow in fracture-fracture, matrix-fracture, matrix-matrix connections 

are simulated in detail (Karimi-Fard et al., 2004; Aziz et al., 1979; Qasem et al., 2008; Rubin 

2010). The second approach is the continuum approach, which replaces a multiple-porosity 

system with an equivalent medium consists of continuous properties. One example is the dual-

porosity dual-permeability approach (Warren et al., 1963). A third approach such as the triple-

porosity model can be considered as a combination of the first and second approaches, in which 
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flow within the connected fracture network is modeled explicitly, while matrix contribution is 

modeled through a set of transfer functions. To explicitly compute saturation variation and water 

retention in both matrix and fracture systems, only the single-porosity approach has been adopted 

successfully (Cheng 2012; Wattenbarger et al., 2013). 

Cheng (2012) built a single-porosity model incorporating eight stages of hydraulic fractures, 

with symmetrical and fully-connected secondary fractures. Capillary pressure was assigned in 

matrix cells, while capillary pressure was ignored in fracture cells in a gas reservoir. Impacts of 

extended shut-in, capillary pressure and relative permeability functions, and permeability 

damage on the dynamics of gas-water distribution were studied. It was demonstrated that water 

imbibition driven by capillarity would control water-gas redistribution in matrix-fracture system 

during shut-in period and lead to an increased initial flow rate. Fakcharoenphol et al. (2013) built 

a triple-porosity model of a bi-wing hydraulic fracture connected to a secondary fracture-matrix 

network consisting of a continuum of interconnected network and imbedded organic and non-

organic matrix. High matrix capillary pressure and small secondary fracture capillary pressure 

were used in the model. They demonstrated that early gas rate would increase after extended 

shut-in due to water imbibition under capillarity, osmotic effect, and gravity. Cheng (2012) and 

Fakcharoenphol et al. (2013) both observed that there is no long-term production benefit from 

extended shut-in duration. In Wattenbarger et al. (2013), a single-porosity model of a multi-

hydraulically fractured horizontal well and symmetrical, fully-connected secondary fractures 

were used. Identical capillary pressure and relative permeability functions were assumed in 

matrix and secondary fractures. A number of concepts including capillary pressure, relative 

permeability, permeability jail (neither wetting nor non-wetting phase could flow over a 

particular saturation range), aperture and spacing of hydraulic and secondary fractures, and shut-
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in duration were investigated. Their conclusions were 1) lower relative permeability in both 

matrix and secondary fractures would reduce imbibition rate, causing water saturation to increase 

in natural fractures during shut-in; 2) higher matrix capillary pressure can enhance imbibition; 3) 

water retention in natural fractures increases with fracture width and intensity; 4) Permeability 

jail in both matrix and secondary fractures would also increase water saturation in natural 

fracture with an adverse effect on production. Ghanbari (2015) and Ghanbari and Dehghanpour 

(2016) constructed a single-porosity model with hydraulic fracture and symmetrical, fully 

connected secondary fractures. They investigated the impact of gravity segregation, shut-in 

duration, secondary fracture density and matrix capillary pressure. They concluded that 1) 

increasing shut-in duration can benefit short-term gas production and reduce water recovery; 2) 

higher capillary pressure can result in lower water recovery and lower long-term gas production 

because of water blockage; 3) increased fracture complexity results in higher gas production and 

lower water recovery. 

 

2.4 Drawbacks in existing numerical investigation 

A main drawback of these previous studies is the assumption of symmetrical and fully-connected 

secondary fracture network, as it fails to capture the heterogeneity commonly observed in 

unconventional reservoirs. Therefore, stochastic discrete fracture networks are adopted in this 

study to capture the complexity and heterogeneity of fracture systems, enhancing statistical 

assessment of their impact on flow performance and uncertainty assessment. Various formation 

evaluation techniques and geostatistical methods can be used to infer fracture network special 

statistics (Qasem et al., 2008). Discrete fracture method has been successfully used in modeling 

fluid flow in fractured porous media by randomly generating fractures according to statistical 
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distribution of fracture parameters (Long et al., 1985; Cacas et al., 1990; Xia et al., 2014; Wang 

and Leung 2014, 2015). Probability distributions derived from geostatistical study are used for 

fracture parameter sampling (e.g. length, spacing and aperture) (Baecher et al., 1977; Rouleau et 

al., 1985; Gale et al., 1991). Fracture spacing is defined in 1-D fracture distribution, while for 2-

D, fracture intensity is adopted to represent the degree of fracture abundance (Chilès 1988). 

These discrete fracture networks are subsequently discretized and single-porosity simulations are 

performed. 

Another issue associated with the aforementioned studies is the assignment of multiphase flow 

functions in the fracture systems. Firoozabadi et al. (1990) have demonstrated that fracture 

capillary pressure is greater than zero, depending on the roughness, aperture, and pore structure. 

This is inconsistent with Cheng (2012), in which zero secondary fracture capillary pressure was 

used, and Wattenbarger et al. (2013), in which secondary fracture capillary pressure was the 

same as matrix capillary pressure. In addition, wettability influence has often been ignored: 

assuming neural wettability and identical relative permeability functions in both matrix and 

secondary fractures (Wattenbarger et al., 2013). Furthermore, the influence of ISIP was often 

ignored.  

Although matrix imbibition has been studied rather extensively, detailed understanding of 

numerous aspects is still lacking. First, in terms of secondary fracture trapping, Pagels et al. 

(2012) and Fan et al. (2010) proposed that water could be retained in the small secondary 

fractures due to their large capillary pressure, but this claim was not substantiated with physical 

evidence or modeling results. Wattenbarger et al. (2013) demonstrated that low relative 

permeability in matrix and fracture, high fracture width, and strong permeability jail in matrix 

and fracture would increase water retention in secondary fracture during shut-in. However, 



15 

 

detailed sensitivity analysis of various controlling factors (e.g., secondary-fracture permeability 

and capillary pressure) has not been presented. Second, the influence of matrix desiccation such 

as that in the Cardium formation (Purvis et al., 1979; Lamson et al., 2013) is not well understood. 

Third, complex interplay of viscous forces and capillary forces and their influences on both 

matrix imbibition and secondary fracture retention are not fully investigated. Finally, field 

observation reveals that shut-in duration has a significant impact, either adverse or beneficial, on 

short-term and long-term production (Crafton, 2010). Although Cheng (2012) and 

Fakcharoenphol et al. (2013) have reported an increased initial gas flow rate as a result of 

extended shut-in, time-scale analysis for all fluid-loss mechanisms is still not well understood. 

Although investigation of individual impacts of relative permeability and capillary pressure 

functions has provided important insights, the role of matrix wettability in counter-current 

imbibition in tight formations is less understood. Degree of wettability can be reflected by 

coupling of relative permeability, capillary pressure function and initial water saturation 

(Anderson 1987a, 1987b). As the matrix becomes more water wet, capillary pressure and oil 

relative permeability increase, while water relative permeability decreases, resulting in an 

increase in initial water saturation (Peters 2012; Dandekar 2013; Jadhunandan et al., 1995; 

Bennion et al., 2002; Jerauld et al., 1997). Experimental results by Morrow et al. (1978) 

indicated that imbibition rate would increase with water wettability. Takahashi et al. (2009) also 

observed that water did not imbibe spontaneously into the matrix that was intermediate to 

strongly oil-wet, and imbibition was enhanced under water-wet condition. Blair et al. (1960) 

demonstrated with numerical simulations that as oil relative permeability increased and water 

relative permeability decreased (i.e., formation becoming more water wet), an increase in oil 

production due to enhanced counter-current imbibition was observed. A similar conclusion was 



16 

 

presented by Almulhim et al. (2014), who simulated a dual-permeability gas-water formation 

with hydraulic fracture, secondary fracture and matrix systems. However, none of these works 

have discussed the effects of initial water saturation corresponding to changes in wettability.  

Findings from various previous studies regarding the specific influence of initial water saturation 

on imbibition are inconclusive (Li et al., 2006; Li et al., 2014). Blair (1960) concluded from 

core-scale numerical simulation models that as initial water saturation decreased, imbibition rate 

and oil production increased. However, experiments results from Cil et al. (1998) demonstrated 

that high initial water saturation (> 0.2) was positively related to oil recovery (a trend that is 

opposite to that presented by Blair (1960), while low initial water saturation (< 0.2) had no 

significant impact on oil recovery. Zhou et al. (2000) and Tong et al. (2002) also observed from 

experimental results that as initial water saturation decreased, imbibition rate and final oil 

recovery would decrease. However, these studies do not involve fractured rocks. Karimaie et al. 

(2007) reported that as initial water saturation increased, oil rate and final recovery in fractured 

carbonate rocks would increase. In order to reconcile this discrepancy regarding the impact of 

initial water saturation on imbibition, Tang et al. (2001) conducted experiments under varying 

wettability condition and showed that for strongly water-wet condition, oil recovery would 

decrease with initial water saturation, while for weakly or intermediate water-wet conditions, an 

opposite trend was observed. Li et al. (2006) attributed this discrepancy to the inconsistent 

definitions of hydrocarbons recovery and imbibition rate employed in various studies. Li et al. 

(2014) demonstrated with an analytical model that oil recovery was controlled by the coupling of 

wettability, initial water saturation, capillary pressure and relative permeability functions. 

Unfortunately, their study did not incorporate fracture networks. It is clear that the coupled effect 

of multiphase flow functions and initial water saturation as a function of wettability on 
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imbibition in unconventional reservoirs, where fractures are observed at multiple scales, is not 

fully understood. 

Stress-dependent fracture conductivity is another important factor controlling water recovery. 

Decrease in propped/hydraulic fracture conductivity can result from proppant fine generation and 

migration (Pope et al., 2009), proppant crushing in harder rock and proppant embedment in 

softer rock (Fan et al., 2010). Hydraulic fracture conductivity also decreases as fluid pressure 

inside the fracture decreases. Closure stress refers to the effective stress inside the fracture and is 

defined as the difference between the in-situ stress perpendicular the fracture and the pressure 

inside the fracture (Yu et al., 2014). Alramahi et al. (2012) measured the effect of closure stress 

on propped fracture conductivity, and the results indicated that formations with different stiffness 

(i.e. different Young’s modulus) would exhibit different stress-dependent fracture conductivity 

relationships. Experimental results in Huo et al. (2014) also illustrated that increasing effective 

stress could reduce fracture aperture and permeability. According to the stress-dependent micro-

fracture conductivity measurements for a set of middle Bakken tight oil core samples in Cho et 

al. (2013), secondary fractures are commonly regarded as weakly propped, since the cementing 

minerals and surface roughness can retain permeability when the fluid pressure drops.  

The impact of stress-dependent fracture conductivity on flow-back has been the focus of recent 

research efforts. An early numerical study by Sherman et al. (1991) investigated the impact of 

operating procedures on fracturing fluid recovery and productivity of a hydraulically-fractured 

gas well, and their results indicated that rapid fracture closure due to sharply decreasing bottom-

hole pressure could trap fracturing fluid and reduce gas production. Ehlig-Economides et al. 

(2012) postulated that the closure of induced secondary fractures during flow-back could cause 

water-filled micro fractures to lose contact with the main hydraulic fracture, leading to an 
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increased water loss. Osholake et al. (2013) employed numerical simulations to model the impact 

of proppant crushing and operational conditions on gas production. They concluded that 1) 

proppant crushing reduces gas production; 2) reducing bottom-hole pressure would improve 

water and gas production (Osholake et al., 2013); this observation is inconsistent with the results 

from Sherman et al. (1991). Yu et al. (2014) performed history matching for the Barnett and 

Marcellus Shales; their study demonstrated the significance of geomechanics in production 

analysis, especially for reservoirs with low Young’s modulus. McClure (2014) conducted a 

series numerical simulation studies to model the geomechanics effect on water-loss mechanisms 

during flow-back; they concluded that water recovery was reduced due to fracture closure and 

trapping of fluid away from the main hydraulic fracture. However, the model was based on 

single-phase flow. Chu et al. (2015) incorporated in their simulation models the additional 

effects of critical gas saturation enhancement and bubble-point pressure suppression due to 

compaction of nano-pores in shale matrix; however, secondary fractures were not explicitly 

represented in their models. 

There are four major deficiencies in these previous numerical studies regrading geomechanics: 

(1) the coupling of stress-dependent fracture conductivity and multiphase flow functions in both 

fracture and matrix systems is incomplete. Water and oil re-distribute due to counter-current 

imbibition upon shut-in, and fluid pressure inside the fracture system drops; hence, fracture 

compacts and further influence the imbibition process; (2) although Sherman et al. (1991) and 

Osholake et al. (2013) have investigated the impacts of operational conditions on water loss and 

production, detailed understanding of the sensitivity of stress-dependent fracture conductivity 

relationships coupled with different operational conditions is still lacking; (3) the combined 

impact of solution gas and fracture compaction during flow-back is less understood; and (4) 
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previous studies assumed symmetrical and fully-connected secondary fracture networks, which 

fail to capture the realistic heterogeneous fracture distribution commonly observed in 

unconventional reservoirs and the non-uniform connection between secondary fractures and the 

main hydraulic fracture. The effect of disconnected secondary fracture network on water 

recovery and oil production has only been alluded to in the past. Therefore, stochastic discrete 

fracture networks are adopted in this study to capture the complexity and heterogeneity of the 

fracture systems.  
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Chapter 3: Methodology 

A commercial black oil simulator is used to construct a series of 2-D mechanistic model (CMG 

IMAX, 2013). Three systems: hydraulic fracture (HF), secondary fractures (NF), and matrix (M), 

are modeled explicitly following the single-porosity approach by assigning higher porosity and 

permeability in the fracture cells and lower porosity and permeability in the matrix cells (Fig. 

3.1). There is no restriction of flow direction and the number of fluid phases in the model, and 

flow in fracture-fracture, matrix-fracture and matrix-matrix connections are simulated in detail 

(Karimi-Fard et al., 2004; Qasem et al., 2008; Rubin 2010). Hydraulic fracture stages are 

assumed to be evenly spaced and symmetrical. A top view of a segment of a horizontal well 

along x-direction with a bi-wing hydraulic fracture is shown in Fig. 3.1. Perforation position is 

the intersection of hydraulic fracture and horizontal well.  

 

 

 

Fig. 3. 1 Top view of fracture and permeability distribution for the base case 
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3.1 Mechanistic Model Description 

A set of 2-D 210 m × 510 m models is constructed. Relevant reservoir, fluid, and well 

parameters for base case are summarized in Table 3.1. According to CMG IMEX (2013), 

fractures with the same conductivity, kF × aF, but different specific combinations of kF and aF, 

would result in the same flow performance. Therefore, in order to avoid numerical instability due 

to large disparity in permeability values among the fracture and matrix cells, the fracture cell 

width and its corresponding permeability are assigned in accordance to the fracture conductivity 

for a particular set of kF and aF values as shown in Table 3.1. Parameters used in this simulation 

study are modified from that representative of the Bakken tight oil reservoirs, as presented in 

Yue et al. (2013). The range of secondary-fracture permeability used in this study is 3mD – 

100mD (Rubin, 2010; Cheng 2012; Fakcharoenphol et al., 2013; Yue et al., 2013; Wattenbarger 

et al., 2013). The range of matrix permeability used in this study is 0.0005mD – 0.0025mD. The 

PVT data and multiphase flow functions for the water-oil and liquid-gas systems are presented in 

Fig. 3.2, Fig. 3.3 and Fig. 3.4.  Distinct two-phase relative permeability functions for the water-

oil and liquid-gas systems are assigned to the three porosity systems (HF, NF, M). Stone’s 

second model (Stone 1973) is used to evaluate the three phase oil relative permeability. Relative 

permeability functions for oil-water two-phase flow in water-wet formation are assigned to three 

porosity systems (HF, NF, M) according to Kazemi et al. (1976) and Aguilera (1980). Negligible 

capillary pressure is assigned in HF due to its high conductivity. On the other hand, separate 

capillary pressure functions are employed for the matrix and secondary fracture systems 

respectively according to Kazemi et al. (1976) and Aguilera (1980). Capillary pressure functions 

for matrix and secondary fracture systems are assigned according to the correlation in Eq. (3.1), 

which is adopted from Gdanski et al. (2009) and a variation of the “Leverett j-function” 
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(Leverett 1941). 
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Interfacial tension of water and oil (σ )́ is 30 dynes/cm for the water-oil system and 4 dynes/cm 

for the liquid-gas system; For the matrix, a1 = 1.86 and a2 = 6.42, representative of low-

permeability rocks described in Holditch (1979); a3 (a measure of pore structure) = 0.5 (Bradley 

1992). Assuming that the same Leverett j-function can describe the Pc – Sw functions in both the 

matrix and the secondary fracture, the Pc – Sw function corresponding to the secondary fracture is 

computed by scaling the Leverett j-function with values of NF and kNF; the constants a1, a2 and 

a3 are obtained as fitting parameters via regression of Eq. 1.Therefore, for the secondary 

fractures, a1 = 0.79, a2 = 0.32 and a3 = 0.5. Examples of capillary pressure functions for different 

permeabilities in M and NF are shown in Fig. 3.5. Initial water saturation in hydraulic fracture 

and induced secondary fracture are higher than that in matrix. A short water injection period is 

followed by a shut-in period to model leak-off of fracturing fluid and a realistic fracturing fluid 

efficiency less than 100% (Zanganeh et al. 2014). Water and oil re-distribute due to viscous and 

capillary forces during this shut-in. Upon re-opening the well, the fracturing fluid is flown back 

with produced oil. This mechanistic model simulates this shut-in and subsequent flow-back or 

production periods. Simulation boundary conditions including well constraints are presented in 

Table 3.1. The total water injection volume for base case is 54m
3 

(which is the initial volume of 

water in the HF and the NFs that are connected to the HF, plus the water volume injected at a 

rate of 90m
3
/day over a duration of 0.5 hour). 
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Table 3. 1 – Reservoir, well and fluid properties for the base case 

 

Parameters Value 

Initial reservoir pressure Pi 4.69×10
7 

Pa 

Minimum wellbore flowing pressure Pwf 3.50×10
7 

Pa 

Total compressibility Ct 2.51×10
-9 

Pa
-1 

Bubble point pressure Pb 3.50×10
7 

Pa 

Matrix permeability kM 0.5×10
-18 

m
2 

Secondary fracture (NF) conductivity kNFaNF 5×10
-16 

m
3 

Hydraulic-fracture (HF) conductivity kHFaHF 2×10
-14 

m
3 

Matrix porosity ϕM 0.09 

Secondary fracture porosity ϕNF 0.6 

Hydraulic-fracture porosity ϕHF 0.8 

Matrix initial water saturation SwM 0.2 

Secondary fracture initial water saturation SwNF 1 (Connected with HF) 

Secondary fracture initial water saturation SwNF 0.05 (Not connected with HF) 

Hydraulic-fracture initial water saturation SwHF 1 

Surface water injection rate qwinj 90 m
3
/day 

Water injection duration twinj 0.5 hr 
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Fig. 3. 2 PVT properties of the reservoir fluid 
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Fig. 3. 3 Water-oil relative permeability and capillary pressure functions for matrix and fractures 

in the base case 
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Fig. 3. 4 Liquid-gas relative permeability and capillary pressure functions for matrix and fractures 

in the base case 

 

 

Fig. 3. 5 Capillary pressure as a function of matrix and secondary-fracture permeability 
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3.2 Discrete Fracture Network Model 

Typically only a fraction of the fracture network in the domain can be observed near wellbore, a 

deterministic modeling of the entire fracture network is impossible (Chilès 2005). Many 

approaches have been developed to generate stochastic fracture network models via Monte Carlo 

sampling; these methods include the Poisson model, Truncated Poisson model, Parent-Daughter 

model, Hierarchical model, Fractal model, and multiple-point statistics (Chilès 2005; Clemo 

1994; Eskandari et al., 2010). In these models, fracture parameters are sampled stochastically 

from a set of probability distributions. Depending on the complexity of the problem, these 

parameters could be correlated and described by a multivariate distribution. In addition, 

conditioning of geologic and well observations can be integrated (Sil et al., 2009). As discussed 

in Chapter 2, stochastic fracture networks can capture the uncertainty of fracture parameters and 

their influences multiphase flow behavior. 

It is assumed that the location and orientation of each fracture are independent from other 

fractures. Fractures centers are distributed randomly in the domain with a constant expected 

density. The relevant steps are outlined.  

 (1) Total number of secondary fractures in the domain, Nf, is sampled from the Poisson 

distribution for a univariate random variable (Stoyan et al., 1994), as described by Eq. (3.2) and 

Eq. (3.3).  
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Where Q[x] is regularized incomplete gamma function and μ is the mean; 

(2) Centers (midpoints) of Nf fractures are sampled independently from a binomial distribution 

(Stoyan et al., 1994).  

(3) Lengths of Nf fractures are sampled from a log-normal distribution (Clemo 1994), as 

described by Eq. (3.4) and Eq. (3.5).  
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Where σ is the standard deviation; 

(4) Orientation of Nf fractures are assigned for two sets of secondary fractures, assuming equal 

probability of orientation along x- or y- axis; 

(5) Multiple realizations are constructed with the Monte Carlo sampling procedure in steps (1) - 

(4). Each realization is subjected to numerical simulation to model fluid flow during shut-in and 

flow-back. Six randomly-selected realizations are shown in Fig. 3.6. 
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Fig. 3. 6 Examples of different DFN realizations. The red dot in the center indicates the perforation 

point. 

 

Fracture intensity – P32, defined by Eq. (3.6) – and volume of secondary fractures connected to 

the hydraulic fracture are calculated for each realization. Each realization is subjected to 

numerical multiphase flow simulation to model fluid movement and distribution during shut-in 
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and flow-back. 

volumeBulk

NFofArea
P 32   .......................................................................................................................................  (3.6) 

 

3.3 Local Grid Refinement 

Due to the vastly different dimensions of fracture grid and matrix cells, logarithmic local grid 

refinement (Eq. 3.7) is used for discretizing regions around the fractures to enhance the 

consistency and stability of the numerical solution.  
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       (n = 0,1,2,....)  .......................................................................................  (3.7) 

Where ɑF is fracture aperture, n is the index of individual refined grid – no larger than (N-1)/2, N 

is the total number of refined grids, we is half width of the parent grid, and w is the distance from 

a particular refined grid outer boundary to the center of parent grid, where the fracture is located. 

The above equation allows the width of each refined grid to be calculated.  

Local grid refinement (LGR) is particularly important in areas with large pressure and saturation 

gradient. Abrupt changes and discontinuities compromise the consistency and stability of the 

numerical solution. A total of 15 refined grids in a parent grid are used in this study, providing a 

reasonable balance between the quality of numerical solution and computational efficiency. 

 

3.4 Modeling of Stress-Dependent Fracture Conductivity 

For the hydraulic fracture, Alramahi et al. (2012) and Yu et al. (2014) developed the following 

relationship between normalized fracture conductivity (with respect to the fracture conductivity 
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measured at 3.45×10
6
 Pa) and  closure stress from experimental measurement conducted using 

high-strength proppant bauxite: 
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..................... (3.8) 

Fcd is the normalized fracture conductivity (m
2
-m), σc is the closure stress (Pa) for hydraulic 

fracture and E is the Young’s Modulus.   

For the secondary fracture, Cho et al. (2013) verified through lab experiments the exponential 

relationship between permeability and pressure change (Eq. 3.9), which was initially proposed 

by Raghavan et al. (2002) for non-fractured rocks.  

'
0

bekk  ........................................................................................................................................................... (3.9)      

The parameter k0 refers to the permeability when the effective mean stress (σ´) equals to zero, 

and b is an empirical constant determined experimentally. According to Eq. 3.9, it can be 

deduced that the logarithm of normalized fracture conductivity should follow a linear 

relationship with the closure stress. Therefore, a set of equations, similar to those in Eq. 3.8, are 

developed from Cho et al. (2013) for the secondary fracture: 
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F ćd is the normalized fracture conductivity (m
2
-m) and σ ć is the closure stress (Pa) for 

secondary fracture. Minimum and maximum horizontal stresses of 7.33×10
7
 Pa and 8.01×10

7
 Pa 

are assumed to calculate closure stress. Hydraulic fracture is placed perpendicular to the 

minimum horizontal stress, while secondary fractures are oriented either parallel or 
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perpendicular to the hydraulic fracture. Initial fracture conductivities are computed using Eq. 3.8 

and Eq. 3.10, and the value of σc depends on the fluid pressure inside the fracture (e.g., a value of 

2.64×10
7
 Pa corresponds to an initial reservoir pressure of 4.69×10

7
 Pa). To model the stress-

dependent fracture conductivity with pressure decline, correlations derived from experimental 

data in Alramahi et al. (2012) and Cho et al. (2013) of fracture conductivity multiplier (fracture 

conductivity at a certain closure stress normalized against that measured at initial closure stress), 

as illustrated in Fig. 3.7, are adopted. Following the suggestion by Rubin (2010), change in 

fracture conductivity is realized by modifying fracture permeability while keeping fracture width 

and porosity constant.  

 

 

Fig. 3. 7 Fracture conductivity multiplier as a function of fluid pressure inside the fracture 
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Chapter 4: Water Retention in Matrix and Secondary Fractures 

First, the numerical simulation is validated against field observations using a randomly-selected 

case, where Nf and secondary fracture length follows the Poisson distribution (μ = 20) and log-

normal distribution (μ = 1.8m, σ = 0.6m), respectively (Fig. 4.1). Fig. 4.2 presents the 

corresponding production profiles after shut-in duration of 23.5 hours. The production trends are 

in good agreement qualitatively with those observed in the field, as by Abbasi et al. (2014) and 

shown in Fig. 4.3. Fig. 4.2-4.3 show that oil production is negligible at the beginning of flow-

back, while water rate continues to decrease during the production phase. For the simulation 

case, oil production is zero when flow-back commences, and it continues to rise after 

approximately 25 hours; the initial high water rate, on the other hand, continues to decline as 

flow-back progresses. A total fracturing fluid recovery of 50% is predicted using the numerical 

model, which is consistent with field measurement.  

 

 

Fig. 4. 1 Schematic of fracture distribution in the base case 
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Fig. 4. 2 Typical oil and water production profiles from numerical simulations 

 

 

Fig. 4. 3 Field oil and water production data adapted from Abbasi et al. (2014) 
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challenging to validate the simulation results quantitatively. This difficulty has led to some 

confusion among practitioners about the origins and impacts of water loss. Therefore, various 

numerical experiments are conducted in this study to explore how water loss could be influenced 

by various factors. 

Next, in order to interpret the results of the subsequent sensitivity analysis, a base case is 

constructed using the previous NF configuration (Fig. 4.1) with a shut-in duration of 16 weeks. 

The water saturation distribution at the end of the injection period is presented in Fig. 4.4.  

 

 

Fig. 4. 4 Water saturation distribution at the end of the injection period 

 

Water-phase pressure profiles and saturation changes in the fracture and matrix systems during 

shut-in are shown in Fig. 4.5. Water saturation in matrix surrounding the fractures increases with 

time. Upon shut-in, pressure differential across fracture and matrix interface is high, causing 

viscous force to dominate. As the pressure differential declines, capillary force becomes more 
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important; this would also explain the slight increase in fracture pressure near the end of shut-in, 

according to the pressure equation (Eq. 4.1) commonly implemented in finite-difference 

simulators (Ertekin et al., 2001). A total water recovery of 25% can be observed from the oil and 

water production profiles as shown in Fig. 4.6. According to the water saturation equation (Eq. 

4.2) in finite-difference simulators (Ertekin et al., 2001), decrease in fracture water saturation as 

a result of imbibition can occur as long as the fracture water-phase pressure is higher than that in 

the matrix, regardless of whether it is higher or lower than the non-wetting-phase pressure in the 

surrounding matrix. For example, as evidenced in Fig. 4.5, the water-phase pressure in fracture is 

approximately 6000KPa higher than the oil-phase pressure in the surrounding matrix after 0.5 

hour of shut-in; while after 100 days, water-phase pressure in fracture has dropped below the oil-

phase pressure in the surrounding matrix. In both cases, imbibition has continued. 

       MFMFrooMFMFrt
F

pFtF PcPcTBPPT
t

P
Vc 




   ....................................................... (4.1)      

    MFMFrwwF
pF

wF PPTB
V

t
S 


   ................................................................................................... (4.2)      

where ct is total compressibility, Vp is pore volume, P is water-phase pressure, t is the duration 

of one time step, λrt is total relative mobility, λr is relative mobility, TF-M is transmissibility 

between the matrix and fracture cells, B is formation volume factor, Pc is capillary pressure, Sw is 

water saturation. Subscripts F and M denote fracture and matrix, respectively. Subscripts w and o 

refer to water-phase and oil-phase properties, respectively. 
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Fig. 4. 5 Water-phase pressure and saturation profiles during shut-in for the base case 

 

Fig. 4. 6 Water and oil production profiles for the base case 
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4.1 Water Loss in Matrix 

Given high capillary pressure in tight rocks, countercurrent imbibition is a dominant drive 

mechanism, and this process is influenced by matrix permeability and capillary pressure, 

secondary fracture properties (size, intensity, and connectivity), shut-in duration and initial 

matrix water saturation (desiccated scenario).   

 

4.1.1 Impacts of Secondary Fracture Properties and Shut-in Duration 

A series of DFN model is generated in this study. Two Poisson distributions (μ = 20 and 30) are 

used for fracture intensity and three log-normal distributions μ = 1.2m, 1.5m and 1.8m) are used 

for fracture length. Five realizations are generated for each combination of Nf and fracture-length 

distributions (a set of 3 × 2 = 6 combinations can be obtained.) Therefore, a total of 30 

realizations, encompassing a large range of fracture intensity and connectivity for sensitivity 

analysis, are constructed. Variability between individual realizations could lead to slight 

variation (< 5%) in initial water content in secondary fracture.  

First, a series of models with different secondary fracture length distributions is employed to 

investigate its impact on matrix imbibition and flow-back performance. Considering the two 

extreme scenarios from Fig. 4.7, where two realizations consisting of short fractures are sampled 

from a lognormal distribution of μ = 1.2 and σ = 0.6, while another two realizations of long 

fractures are sampled from a lognormal distribution of μ = 1.8 and σ = 0.6. It can be observed 

from Fig. 4.7 that water has imbibed into matrix in the regions around the secondary fractures at 

the end of shut-in. Increase in fracture length creates a larger fracture-matrix contact area and 

promotes more matrix imbibition; as a result, water production during flow-back is reduced, as 
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illustrated in Table 4.1, in which the production averaged over 5 cases with the same fracture 

length distribution are shown. There is an approximately 10% difference in cumulative water 

production at the end of 300 days. Relative permeability to oil phase in the fractures is higher at 

reduced water saturation, hence the cumulative oil production has also increased and there is a 

45% difference of cumulative oil production at the end of 300 days. Water imbibition into the 

matrix from the secondary fractures is higher than that from the hydraulic fractures. The possible 

reasons are 1) more water is leaking off into the surrounding matrix from the hydraulic fracture 

during injection; thus, higher water saturation near the hydraulic fracture upon shut-in would 

lead to slower imbibition in regions close to the hydraulic fracture; and 2) at the end of injection 

period, fluid pressure in the hydraulic fracture is higher than that in the secondary fracture; as 

will be discussed in section 4.2.2, higher fluid pressure in fracture would result in lower 

imbibition rate. 

 

          

Fig. 4. 7 Water saturation at the end of shut-in for lognormal fracture length distribution of μ = 1.2, 

σ = 0.6 (left) and μ = 1.8 and σ = 0.6 (right) 
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Table 4. 1 Average oil and water recovery at 300 days for different NF length distribution 

 

Length distribution 
Cumulative oil production 

(m
3
) 

Cumulative water production 

(m
3
) 

Lognormal 

(1.2,0.6) 
176.30 14.06 

Lognormal 

(1.8,0.6) 
253.84 12.77 

 

Second, the relationships between production performance and connected fracture volume are 

investigated. For each of the 30 fracture network realizations, volume of secondary fractures 

connected to the hydraulic fracture is calculated. This connected network encompasses 

secondary fractures that are directly intersecting the two bi-wings of the hydraulic fracture and 

additional secondary fractures that are indirectly connected. Cross-plots between IP30 (initial oil 

production over 30 days), long-term cumulative oil production over 300 days, water recovery 

after 300 days and the connected secondary fracture volume are shown in Fig. 4.8. In addition to 

the increased fracture-matrix interface area for counter-current imbibition to occur, increased 

connected volume also implies that there is increased water content surrounding the matrix upon 

shut-in. Redistribution of water and oil during imbibition results in a higher oil content within a 

larger connected volume and improves oil production. Uncertainty in secondary fracture network 

connectivity leads to 35.43% variation in water recovery after 300 days, and 120% variation in 

300-day cumulative oil production. The volume of connected fracture volume is also directly 

related to the simulated reservoir volume (SRV). Due to the low matrix permeability, 

hydrocarbons depletion in regions located far away from the connected fracture system is 

minimal. These results confirm the notion that given similar matrix properties and operational 

conditions (such as shut-in duration), water recovery volume during flow-back can be correlated 
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to SRV. Since fracture intensity P32 is positively correlated with connected fracture volume, as 

shown in Fig. 4.8, either P32 or connected fracture volume can be used to explain the positive 

short-term and long-term impacts of enhanced matrix imbibition due to enlarged contact area 

between fracture and matrix. 

  

  

Fig. 4. 8 Cross-plots between IP30, cumulative water production, cumulative oil production and 

fracture intensity (P32) against connected volume 
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hydraulic fracture when production resumes. In addition, except under certain special conditions 

(e.g., matrix being initially desiccated or existence of a saturation range over which there is no 

multiphase flow), water cannot be trapped in the matrix indefinitely. In reality, its flow rate is 

very slow that it appears to be immobile within the matrix. Therefore, the time scales associated 

with matrix imbibition is investigated. Base case with connected NF volume of 40 m
3
 is 

subjected to a number of operational scenarios with 3 different shut-in durations: 2 weeks, 8 

weeks and 16 weeks. Water saturation distributions at the end of different shut-in durations are 

shown in Fig. 4.9. Oil and water production profiles are shown in Fig. 4.10. A few observations 

can be drawn: 1) as shut-in time increase, imbibed water penetrates deeper into matrix; as a 

result, water loss increases and flow-back volume decreases; 2) due to counter-current 

imbibition, more oil would drain into the fracture network after a prolonged shut-in; high 

conductivity in the fractures helps to increase the initial oil flow rate; 3) the increase in oil rate 

appears to be for the short term; no observable long-term improvement in production can be 

detected from extended shut-in. Same result is also presented in Cheng (2012). Some possible 

explanation are that 1) the imbibition is slow and would affect only a limited region surrounding 

the water-filled connected fracture networks; 2) even though extended shut-in duration can cause 

higher water saturation in the matrix around fracture and lower oil relative permeability during 

flow back period due to capillary-end effect, water saturation in the HF is lower due to extended 

shut-in duration, which can cause higher oil relative permeability in the fracture and mitigate the 

adverse effect caused by capillary-end effect (Table 4.2). Therefore, the impacts of extended 

shut-in duration are limited to short-term performance. It should also be emphasized that this 

observation appears to be valid with matrix imbibition being the only water-loss mechanism. If 

additional water-loss mechanisms such as secondary fracture trapping and closure of induced 



43 

 

fractures are included, impacts on long-term production might be more pronounced. 

 

Fig. 4. 9. Water saturation distribution after shut-in of 2 weeks, 8 weeks and 16 weeks, respectively 

 

 

Fig. 4. 10 Cumulative water production, initial oil flow rate and cumulative oil production (from 

the end of soaking period) profiles 
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From above analysis, both secondary fractures and shut-in duration can influence flow-back 

water quantity and short-term oil production; however, only secondary fractures can enhance 

matrix-fracture contact area and improve long-term oil production. This observation can be 

further illustrated by comparing case (A) with P32 of 0.0361 and secondary fracture connectivity 

of 28.645m
3
 with another case (B) with P32 of 0.065 and  connectivity of 3.295m

3
. It can be 

shown that same quantity of flow-back water is recovered after 112 days and 97 days for cases 

(A) and (B), respectively. The subsequent oil production profiles for both cases are shown in Fig. 

4.11.  Although short-term oil production is the similar, only long-term oil production is higher 

for case with higher secondary fracture intensity and connectivity. An important conclusion is 

that high initial rate can be a result of prolonged shut-in, while actual long-term enhancement in 

production can only be attributed to extensive connected secondary fracture networks. 

 

 

Fig. 4. 11. Water and oil production profiles for two cases with same water flow-back amount but 

different NF properties 
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4.1.2 Impact of Matrix Irreducible Water Saturation 

In certain tight reservoirs, matrix is desiccated (initial water saturation is less than irreducible 

water saturation). A number of reasons including compaction, dehydration, disconnection of oil 

reservoir from free water level and diagenesis have been cited (Bennion et al., 2002; Gupta 

2009). Generally speaking, as wettability to water increases, initial water saturation increases; 

however, desiccated reservoir can also be water wet, and the Cardium formation is an example of 

a desiccated water-wet reservoir, as evidenced by its low initial water saturation and oil relative 

permeability end point being higher than its corresponding water relative permeability end point 

(Purvis et al., 1979; Coskuner 2006). Experimental study of Coskuner (2006) also confirms that 

water-based fracturing fluid may cause water blockage near hydraulic fracture in desiccated tight 

reservoir and hamper oil/gas production. Similar observations are obtained from the numerical 

study of Assiri et al. (2014), although their model did not include a fracture system. Therefore, 

the influence of matrix desiccation on matrix imbibition, water trapping in matrix, water flow-

back and oil production in fractured tight oil reservoir is investigated in this section. Three cases 

with different irreducible water saturations (Swirr = 0.25, 0.3, 0.4) are constructed. Other 

parameters, including initial water saturation, are the same as the base case. 

Water saturation profiles around secondary fractures for different cases during shut-in are 

presented in Fig. 4.12. Imbibed water is trapped in the matrix near the fractures up to the 

irreducible water saturation level. It cannot advance further into the matrix due to zero mobility; 

as a result, relative mobility to oil is decreased due to the increased water saturation, which has a 

negative impact on oil production (Table 4.3). As shown in Table 4.3, matrix imbibition during 

shut-in increases with desiccation, causing more water loss. This is evidenced by the decreased 

water recovery (as compared to the base case, of 8.82%, 15.99% and 23.09% for the cases with 
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Swirr = 0.25, 0.3, 0.4, respectively).  

 

Table 4. 3 Oil and water production for desiccated matrix system 

 

Swirr Qo1000days (m
3
) Qw1000days (m

3
) 

0.2 571.94 13.38 

0.25 571.37 12.20 

0.3 569.69 11.24 

0.4 564.61 10.29 

 

 

Fig. 4. 12. Water saturation profiles in desiccated matrix at the end of shut-in 
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trapping in secondary fractures (Shanley et al., 2004; Wattenbarger et al., 2013).  Detailed 

understanding of how secondary fracture and matrix properties can influence water retention in 

secondary fractures is still unclear. In this section, the influences of secondary fracture 

properties, matrix properties and injection rate on water retention in secondary fracture are 

investigated.  A new dimensionless capillary number is formulated to correlate the interplay 

between viscous and capillary forces to imbibition and water recovery for a given matrix-fracture 

system. 

 

4.2.1 Impact of Secondary-Fracture Conductivity 

A series of models with varying secondary-fracture permeability (kNF = 100mD, 5mD) and 

matrix permeability (kM = 0.0005mD, 0.0017mD, 0.0025mD), but with constant fracture pore 

volume, are simulated, and their corresponding water saturation profiles are presented in Fig. 

4.13. When kNF is small (e.g., 5mD), as kM increases, both matrix capillary pressure and 

imbibition decrease. Lower kNF is also accompanied by higher capillarity in secondary fracture, 

which has a negative impact on matrix imbibition. However, it is interesting to note that the trend 

is more complicated when kNF is large (e.g., 100mD): upon shut-in, as kM increases, imbibition 

rate increases; however, this trend is slowly reversed as shut-in continues. This observation may 

be explained with the saturation equation (Eq. 4.2) commonly implemented in finite-difference 

simulators (Ertekin et al., 2001), in which total compressibility (~ 1×10
-9

 Pa
-1

) is ignored. During 

the early times upon shut-in, high kNF and TF-M contribute to an increased water flow into the 

matrix and higher water saturation (lower capillary pressure) in regions near the secondary 

fracture. This is a scenario where viscous force is dominant; therefore, as kM increases, 

imbibition rate increases. However, as imbibition progresses deeper into the matrix at late times, 
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water saturation in the regions neighboring the secondary fracture would decrease, allowing 

capillary pressure to increase (i.e., imbibition becomes capillarity-driven); therefore, as kM 

increases, imbibition drops. The impact of secondary fracture conductivity on imbibition and 

flow-back is investigated by varying fracture permeability kNF (100mD, 10mD, 5mD, 3mD) and 

their corresponding capillary pressure functions. As shown in Fig. 4.14, as kNF decreases, 

capillary pressure and water saturation in secondary fracture increase as matrix imbibition 

decreases. Two observations can be drawn from the production profiles in Fig. 4.15 as kNF 

decreases: 1) water recovery increases, since less water is imbibed into the matrix; and 2) more 

water is retained in the secondary fracture during flow-back, so oil production decreases. An 

important implication is that despite the increase in water saturation in secondary fracture, there 

is no mechanism to trap the retained water. It is observed, however, that lower NF conductivity 

would slow down matrix imbibition.  

 

 

Fig. 4. 13 Water saturation profiles in secondary fracture for different kM 
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Fig. 4. 14 Water saturation profiles in secondary fracture during shut-in as a function of kNF 

 

 

Fig. 4. 15 Water and oil production profiles for different kNF 
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Capillary Number” or NfCa (Eq. 4.4), which reflects the relative magnitudes of viscous force 

along the fracture and capillary force perpendicular to the fracture surface. However, this 

formulation of NfCa assumes that viscous force exists only in the fracture, while capillary force 

exists only in the matrix. Although this assumption is generally valid during water-flooding, it 

does not hold during shut-in and flow-back; this is because velocity in fracture during shut-in is 

very low; hence both viscous and capillary forces would contribute to the fluid exchange 

between fracture and matrix. The objective here is to (1) formulate a dimensionless NCa to 

illustrate the interaction between viscous and capillary forces, and (2) assess and correlate its 

impacts on imbibition and fluid recovery during shut-in and flow-back. 
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To evaluate the sensitivity to viscous driving force, two cases with different water injection rates 

(60m
3
/day, 100m

3
/day) are modeled. Water saturation profiles in hydraulic and secondary 

fracture during shut-in are shown in Fig. 4.16, and the corresponding production data is shown in 

Table 4.4. The results indicate that as injection rate and fluid pressure in fracture at the end of 

injection period increase, water retention in fracture increases and water saturation in fracture 

remains high during shut-in, enhancing water production while hampering initial oil production 

during flow-back. To evaluate the sensitivity to capillary driving force, two cases with different 

interfacial tensions in the matrix (20 dyne/cm, 25 dyne/cm) are modeled. Water saturation 

profiles in hydraulic and secondary fractures during shut-in are presented in Fig. 4.17, and the 

corresponding production data is shown in Table 4.5. The results indicate that as interfacial 
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tension and capillary pressure increase, imbibition is enhanced, which leads to lower water 

recovery and improved oil recovery.  

 

Table 4. 4 Oil and water production for different injection rate cases 

 

qinj Oil rate (1 day) Water rate (1 day) Qo500days Qw500days 

60 m
3
/day 2.20 m

3
/day 0.88 m

3
/day 325.03m

3
 12.74m

3
 

90 m
3
/day 2.15 m

3
/day 0.93 m

3
/day 324.74m

3
 13.38m

3
 

100 m
3
/day 2.14 m

3
/day 0.94 m

3
/day 324.64m

3
 13.59m

3
 

 

 

Table 4. 5 Oil and water production for different interfacial tensions 

 

σ´ Oil rate (1 day) Water rate (1 day) Qo500days Qw500days 

20dyne/cm 1.86 m
3
/day 1.29 m

3
/day 321.78m

3
 19.61m

3
 

25dyne/cm 2.01 m
3
/day 1.10 m

3
/day 323.32m

3
 16.30m

3
 

30dyne/cm 2.15 m
3
/day 0.93 m

3
/day 324.74m

3
 13.38m

3
 

 

 

Fig. 4. 16 Water saturation profiles in HF and NF during shut-in for different water injection rates 
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Fig. 4. 17 Water saturation profiles in HF and NF during shut-in for different interfacial tensions 
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modified from Putra et al. (1999) to evaluate the efficiency of matrix imbibition under the 
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Where qinj is water injection rate, μ'w is water viscosity, σ  ́ is interfacial tension between water 

and oil, and AM is the contact area between fracture and matrix. As NCa increases, matrix 

imbibition decreases, which results in more water retention in fracture and higher water 

recovery. The values of NCa and water recovery from different cases are presented in Fig. 4.18. 

The results here indicate that lower injection rate (and lower shut-in pressure in fracture) may 

reduce water recovery and enhance oil production. 
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Fig. 4. 18 Relationship between Nca and water recovery 
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been validated by many laboratory experiments, it is still enlightening to explore the effect of 

permeability jail considering that overburden stress could be significant in many tight reservoirs. 
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imbibition would cease. As a result, water saturation increases and oil-phase relative 

permeability decrease in the secondary fractures. This is evidenced by the decreased initial oil 

production and increased initial water production in Fig. 4.20.  

Table 4.6 presents the water and oil production data for different shut-in durations (1 day, 2 

weeks and 6 weeks) in the presence permeability jail. In contrast to the results in 4.1.1, 

prolonged shut-in would decrease the cumulative oil production. Although as shut-in continues, 

less water is flown back; however, more water would be imbibed into matrix, creating an 

enlarged two-phase immobile region in the matrix near the connected fractures, impacting 

adversely on the ultimate recovery. Therefore, shortened shut-in duration is beneficial for oil 

production if formation exhibits permeability jail condition. 

 

Table 4. 6 Oil and water production for different shut-in durations in the presence of  

permeability jail 

 

Shut-in Duration Qo300days (m
3
) Qw300days (m

3
) 

1 day 19.47 13.80 

6 weeks 14.55 13.47 

16 weeks 13.25 13.26 
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Fig. 4. 19 Matrix relative permeability and capillary pressure functions representing the 

permeability jail 

 

 

 

Fig. 4. 20 Water and oil production profiles in the presence of permeability jail 
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4.3 Discussion 

A detailed numerical model is constructed to simulate multiphase flow in fractured media during 

flow-back operation. The model is built using commercially-available black-oil simulator, and 

the applicability of the attained results has been validated against published field data in the 

literature. The novelties of this model include: 1) water leak-off during fracturing fluid injection 

period is incorporated to reflect realistic fracturing fluid efficiency; 2) sensitivity of pressure 

distribution at the end of injection period is studied to understand the potential implications on 

operational strategies; 3) integration of stochastic discrete fracture network provides improved 

representation of realistic fracture heterogeneity; and 4) coupling of matrix/fracture properties 

and multiphase flow functions has been fully considered.  

An important message is that water transport between fracture and matrix during shut-in period 

depends on the interplay of viscous and capillary fluxes. In many instances, higher initial rate 

does not guarantee improved long-term recovery. A number of factors including properties of 

matrix and fractures or shut-in duration are important considerations. 

Two possible water-loss mechanisms are investigated in this paper: matrix imbibition and water 

retention in secondary fractures. In terms of matrix imbibition, Cheng (2012) and 

Fakcharoenphol et al. (2013) indicated that prolonged shut-in duration would improve initial 

oil/gas production rate, a similar observation is also observed. In addition, the influences of 

fracture network properties (fracture length, fracture intensity and fracture connectivity) on 

matrix imbibition, which has not been studied previously, are presented in this study. The results 

indicate that as fracture-matrix contact area increases, matrix imbibition and water loss increases. 

Therefore, it is concluded that although matrix imbibition may enhance initial production rate, 

secondary fractures are required to enhance long-term production. Furthermore, time scale 
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associated with matrix imbibition is crucial. An important observation is that water is not trapped 

indefinitely in the matrix (except when matrix is desiccated or permeability jail exists); however, 

high initial rate can result from prolonged shut-in, while actual long-term enhancement in 

production can only be attributed to extensive connected secondary fracture networks.  

We have also investigated factors that would increase water saturation in secondary fractures. 

Results indicate that lower fracture conductivity would slow down matrix imbibition and 

increase water saturation in fractures; this result is in agreement with Wattenbarger et al. (2013). 

However, other aspects of this study’s observations are different: assigning same relative 

permeability functions in both matrix and secondary fractures, they concluded that lower relative 

permeability in both matrix and secondary fractures would reduce matrix imbibition and higher 

matrix capillary pressure can enhance imbibition. Although this study confirms that lower 

permeability in secondary fractures would reduce imbibition rate, impact of matrix permeability, 

yet, depends on the relative magnitudes of viscous and capillary fluxes. Wattenbarger et al. 

(2013) also concluded that higher matrix capillary pressure can enhance imbibition; however, 

capillary pressure was varied independently of matrix permeability. In this work, matrix capillary 

pressure function is assigned in accordance to matrix permeability, and the impacts of viscous 

and capillary forces are captured in the proposed dimensionless capillary number (NCa). 

Although similar capillary number has been used in previous water-flooding study (Qasem et al., 

2008), its formulation and interpretation here are different. In contrast to water-flooding, flow 

parallel to fracture plane during shut-in is negligible, and the assumption of viscous-driven flow 

in fracture and capillary-driven flow in matrix is inaccurate. This study also corroborates 

previous studies that permeability jail would increase water saturation in natural fracture with an 

adverse effect on production. In general, various factors including matrix permeability, 
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secondary-fracture permeability and initial fracture pressure can contribute to higher water 

saturation in secondary fractures at the end of shut-in by reducing water imbibition rate, but this 

water can be flown back upon production. This conclusion, though differs from Fan et al. (2010) 

and Pagel et al. (2012), which suggested that water retained in low conductivity fracture is 

trapped permanently, provides important insight regarding the role of secondary fracture in water 

retention and imbibition time-scale. 
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Chapter 5: Effect of Multiphase flow and Geomechanics on Flow 

Back Operation 

 

5.1 Matrix Wettability 

An increase in wettability to water is typically accompanied by increases in water-oil capillary 

pressure and oil relative permeability and a decrease in water relative permeability; as a result, 

the initial water saturation increases. As discussed in the introduction, the coupled effect of 

multiphase flow functions and initial water saturation as a function of wettability on imbibition 

in matrix and secondary fracture systems is not well understood. In this section, the impacts of 

individual components and their combined effects are systematically investigated.  

 

5.1.1 Impact of Water-oil Capillary Pressure and Relative Permeability Functions 

In addition to the base case, two different water-oil capillary pressure functions, as presented in 

Fig. 5.1 (Case 1 and Case 2), are tested, where Pc base case > Pc case 1 > Pc case 2. The corresponding 

water saturation profiles in the hydraulic and secondary fracture systems during shut-in period 

are presented in Fig. 5.2, while the water and oil production results are summarized in Table 5.1. 

As expected, water-oil capillary pressure enhances matrix imbibition and water loss because less 

water is retained in the fractures at the end of soaking period. Although this counter-current 

imbibition might improve initial oil flow rate, there is no observable benefit in long-term oil 
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production. Next, the sensitivity of water-oil relative permeability functions is tested. Two 

different water-oil relative permeability functions (Case3 and Case 4), as shown in Fig. 5.1, are 

tested, where krw base case < krw case 3 < krw case 4 and kro base case > kro case 3 > kro case 4. The corresponding 

water saturation profiles in the hydraulic and secondary fracture systems during shut-in period 

are presented in Fig. 5.3, while the water and oil production results are summarized in Table 5.1. 

It is clear that reduction in water relative permeability hampers imbibition; therefore, more water 

is retained in the fractures, causing the initial oil rate to drop and initial water rate to rise. It is 

interesting to note that, despite the lower initial oil rate, long-term oil production is improved due 

to the higher oil relative permeability, while long-term water recovery is also increased because 

of reduced water loss. 

 

Table 5. 1 – Summary of water and oil production for the base case, Case 1-15 and A-D 

 

 

Initial rate (SC) 

(m
3
/day) 

Cumulative production 

over 300 days (RC) 

(m
3
) 

Remarks 

oil water oil water 

Base Case 2.15 0.93 193 13.38 -- 

Case 1 1.94 1.19 191 17.83 
Sensitivity of capillary pressure functions 

Case 2 1.70 1.49 190 22.93 

Case 3 2.26 0.83 185 12.11 
Sensitivity of relative permeability functions 

Case 4 2.31 0.77 176 11.51 

Case 5 2.03 1.10 183 16.72 Combination of Cases 1 & 3 

Case 6 1.79 1.37 172 21.64 Combination of Cases 2 & 4 

Case 7 1.89 1.13 173 17.24 

Sensitivity of Swi Case 8 1.63 1.33 152 21.32 

Case 9 1.16 1.68 114 30.05 

Case 10 1.63 1.33 152 21.32 

Coupling of multiphase functions and Swi Case 11 1.77 1.30 164 20.58 

Case 12 1.79 1.37 172 21.64 

Case 13 1.93 0.55 175 8.70 Pwf  = 35MPa 
Stiff 

formation 
Case 14 1.81 0.70 166 11.91 Coupling of geomechanics with 

multiphase flow functions  Case 15 1.60 0.94 155 16.72 

Case A 2.53 0.32 141 6.39 No secondary fractures 

Case B 2.53 0.32 144 6.40 Disconnected oil-filled fractures 

Case C 2.53 0.32 144 6.40 Disconnected water-filled fractures 

Case D 3.15 0.41 428 2.77 Connected fractures 
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Table 5. 2 – Summary of water, oil and gas production for Case 13, 16-23 

 

 

Initial rate (SC) 

 (m
3
/day) 

Cumulative production 

over 300 days (SC) (m
3
) Remarks 

oil gas water oil gas water 

Case 13 1.93 193 0.55 132 13173 6.66 Pwf  = 35MPa 

Stiff formation Case 16 4.06 595 1.45 325 30650 14.50 Pwf  = 10MPa 

Case 17 4.23 660 1.59 345 33075 15.30 Pwf  = 5MPa 

Case 18 0.99 99 0.30 78 7795 4.50 Pwf  = 35MPa 
Medium 

formation 
Case 19 1.24 141 0.42 103 10173 5.73 Pwf  = 10MPa 

Case 20 1.25 143 0.43 104 10288 5.78 Pwf  = 5MPa 

Case 21 0.69 69 0.22 57 5730 3.71 Pwf  = 35MPa 

Soft formation Case 22 0.76 79 0.26 64 6335 4.06 Pwf  = 10MPa 

Case 23 0.76 79 0.26 64 6340 4.06 Pwf  = 5MPa 

 

 

 

Fig. 5. 1 Matrix multiphase flow functions for the different cases 
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Fig. 5. 2 Profiles of water saturation in fractures corresponding to different matrix capillary 

pressure functions 

 

 
 

Fig. 5. 3 Profiles of water saturation in fractures corresponding to different relative permeability 

functions in matrix 
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water-oil capillary pressure function of Case1 with the water-oil relative permeability functions 

in Case 3 to represent a more water-wet scenario, while Case 6 is constructed by combining the 

water-oil capillary pressure of Case 2 and water-oil relative permeability of Case 4 to represent a 

less water-wet scenario. In other words, Pc base case > Pc case 5 > Pc case 6, krw base case < krw case 5 < krw 

case 6, and kro base case > kro case 5 > kro case 6. The ensuing water saturation profiles in the fracture 

systems during shut-in period are compared in Fig. 5.4, and the corresponding water and oil 

production information are illustrated in Table 5.1. The results suggest that imbibition is higher 

for the more water-wet case; as a result, less water is retained in the fracture at the end of the 

soaking period. This, in turn, has led to lower water recovery (more water loss). Both the initial 

and cumulative oil productions are higher due to (1) higher oil relative permeability and (2) 

enhanced counter-current imbibition.  

 

 

Fig. 5. 4 Profiles of water saturation in fractures corresponding to different multiphase flow 

functions in matrix 
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more dominant effect when the two factors are coupled; 2) imbibition improves the initial oil rate 

but hinders water recovery; and 3) the cumulative oil production is highly influenced by oil 

relative permeability. Given that there is no direct correlation between high initial oil flow rate 

and improved cumulative oil production, in order to enhance the long-term production, 

measures, including addition of surfactant to fracturing fluids (Liang et al., 2015) for increasing 

oil relative permeability should be considered.  

 

5.1.2 Impact of Initial Water Saturation 

A positive relationship between wettability and initial water saturation (Swi) is commonly 

observed, as evidenced by the experimental data of Jadhunandan et al. (1995) and Bennion et al, 

(2002). Sensitivity of the flow-back behavior due to initial water saturation is analyzed here. 

Three cases with different initial water saturations (Case 7: Swi = 0.25, Case 8: Swi = 0.3, Case 9: 

Swi = 0.4) are compared. In this section, the capillary pressure and relative permeability functions 

are assumed to be the same as those of the base case. The corresponding profiles of water 

saturation in the fracture systems and the production information are shown in Fig. 5.5 and 

Table 5.1, respectively. Imbibition decreases with Swi because there is less pore space for the 

imbibed water. This trend would eventually lead to higher water recovery and lower oil 

production.  
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Fig. 5. 5 Profiles of water saturation in fractures corresponding to different Swi (Cases 7-9) 

 

5.1.3 Coupling of Multiphase Flow Functions and Initial Water Saturation – Effects of 

Wettability in an Water-Oil System 

Individual effects of water-oil multiphase flow functions and Swi are studied in the previous 

sections; however, these two components should vary in accordance to system wettability. With 

the general understanding that Swi is higher in a more water-wet formation, three new cases are 

compared: Case 10 combines the base case with Swi = 0.3 (most water-wet); Case 11 combines 

Case 5 with Swi = 0.25 (medium water-wet); and Case 12 combines Case 6 with Swi = 0.2 (least 

water-wet). The corresponding water saturation profiles in the fracture systems and the 

production information are presented in Fig. 5.6 and Table 5.1. It is interesting to note that 

imbibition is most significant in Case 11; the reason for a lack of direct or linear relationship 

between wettability and imbibition is that with stronger wettability, both capillarity and Swi 

would increase, with opposing influences on imbibition. Ultimately, imbibition and flow-back 

performance depends on the interplay between water-oil multiphase flow functions and Swi. A 

generalization of their overall impacts would be impractical. Therefore, uncertainty assessment 

regarding their impacts should be performed in a coupled manner that takes into account of 
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wettability for a given formation. 

 

 

Fig. 5. 6 Profiles of water saturation in fractures corresponding to different matrix wettability 
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Case 13 is constructed using the stress-dependent fracture conductivity relationship for a stiff 
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actually decreases as a result of reducing fracture conductivity (Table 5.1), which, in addition to 

increased water loss, also contributes to the decreased water production. It should be noted that 

the conclusions derived in this section may be applicable only for a strong set of secondary 

fractures, as modeled in this study, that are approximately orthogonal to each other,. 

 

 

Fig. 5. 7 Comparison of stress-dependent fracture conductivity profiles during shut-in and 

production periods 

 

 

Fig. 5. 8 Profiles of water saturation in fractures considering stress-dependent fracture conductivity 
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5.2.1 Coupling with Water-Oil Multiphase Flow Functions 

The combined effects of water-oil multiphase flow functions and fracture compaction on 

imbibition and fluid recovery is investigated next. The stress-dependent fracture conductivity 

relationship from the previous section is combined with the water-oil multiphase flow functions 

from Cases 5 and 6 to construct Cases 14 and 15, respectively. Variations in fracture 

conductivity during the shut-in and production phases for all cases are compared in Fig. 5.7. The 

corresponding water saturation profiles and production results are presented in Fig. 5.8 and 

Table 5.1. The results indicate that the impacts of improved imbibition in water-wet matrix are 

two folds: first, water recovery decreases and oil production increases (see section 4.1.1); 

second, it could lead to more fracture compaction, which, as noted previously, could have 

potential negative impacts on both water and oil productions due to reduced fracture 

conductivity. For this particular study, the consequence of these two offsetting aspects is an 

increased oil production. The results underline an important insight that matrix imbibition leads 

to more fracture compaction, which, in turn, enhances imbibition and water loss. Reduction in 

fracture conductivity has a definite negative impact on water production; however, this similar 

negative impact on oil production may be counteracted by the benefits of improved counter-

current imbibition and possibly higher oil relative permeability in water-wet rocks. 

 

5.2.2 Impacts of Bottom-Hole Pressure and Solution Gas 

It is typically expected that as bottom-hole pressure (Pwf) decreases, both water clean-up and oil 

production are improved due to the increased drawdown and the additional solution gas drive 

below the bubble-point pressure. However, declining Pwf could also lead to fracture compaction, 
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which, as shown previously, could have adverse effects on water recovery and oil production. To 

illustrate this hypothesis, three different Pwf levels (35 MPa, 10 MPa, 5 MPa) are tested. In 

addition to Case 13 with Pwf  = 35MPa, Cases 16-17 are constructed with Pwf  = 10 MPa and 5 

MPa, respectively. Two similar sets, Cases 18–20 and 21–23, are created for the medium and 

soft formations, respectively. Variations in fracture conductivity during shut-in and production 

periods for all cases are illustrated in Fig. 5.9, and the corresponding production information is 

compared in Table 5.2. For a given Pwf, as rock stiffness decreases, fracture conductivity decline 

during shut-in and production period is more prominent. It is very interesting to note that 

although decreasing Pwf would improve water recovery and oil production, particularly for stiff 

rock, this improvement, however, is not as obvious for medium and soft rocks due to excessive 

fracture closure at low Pwf; as evidenced in Cases 19-20 and 22-23. This observation has 

significant implications on operations design: aggressive flow-back is helpful on water recovery 

and oil production for stiff formations; however, this benefit is less prominent in medium to soft 

formations, which are more prone to fracture closure. 
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Fig. 5. 9 Comparison of stress-dependent fracture conductivity profiles during shut-in and 

production periods for Cases 13, 16-23 with different Pwf and E 
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The impact of bottom-hole pressure on solution gas and gas production is also summarized in 

Table 5.2. Similar to the trends of oil production, the improvement in gas production with 

reduced Pwf is less noticeable in soft formations than in stiff formations due to fracture closure. It 

has been reported in the literature that the bubble-point pressure would decrease with formation 

pore radius reduction in tight rocks (Nojabaei, et al. 2013). In such cases, less gas would evolve 

from the oil during the production phase; hence, the impacts on gas production could be less 

important in actual reservoir settings. 

 

5.2.3 Impact of Gas Relative Permeability 

Three different gas relative permeability end points are tested, and the results for different 

formation stiffness are listed in Table 5.3. It appears that increasing the gas relative permeability 

would enhance the cumulative gas production slightly, while influences on both the oil and water 

production are negligible. This observation is most obvious in stiff formation, similar to the 

findings in previous sections.  

 

Table 5. 3 – Summary of water, oil and gas production for Case 16, 19, 22, 24-29 

 

 

Initial rate (SC) 

 (m
3
/day) 

Cumulative production 

over 300 days (SC) (m
3
) Remarks 

oil gas water oil gas water 

Case 16 4.06 595 1.45 325 30650 14.5 krg(end point)  = 0.9 Stiff 

formatio

n 

Case 24 4.06 595 1.45 325 30695 14.5 krg(end point)  = 0.95 

Case 25 4.06 595 1.45 325 30738 14.5 krg(end point)  = 1 

Case 19 1.24 141 0.42 103 10173 5.73 krg(end point)  = 0.9 Medium 

formatio

n 

Case 26 1.24 141 0.42 103 10174 5.73 krg(end point)  = 0.95 

Case 27 1.24 141 0.42 103 10176 5.73 krg(end point)  = 1 

Case 22 0.76 79 0.26 64 6335 4.06 krg(end point)  = 0.9 Soft 

formatio

n 

Case 28 0.76 79 0.26 64 6335 4.06 krg(end point)  = 0.95 

Case 29 0.76 79 0.26 64 6335 4.06 krg(end point)  = 1 
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5.3 Roles of Disconnected Secondary Fracture Networks 

It is conceivable that secondary fractures, particularly those that are induced or re-opened during 

hydraulic fracturing, may close and become disconnected with the main hydraulic fracture upon 

shut-in and subsequent flow-back. It is unclear whether it is possible for the fracturing fluid to be 

trapped in the secondary fractures, or conversely, the secondary fractures could provide alternate 

pathways for the fluids to access the hydraulic fracture systems. In other words, how would these 

disconnected secondary fracture networks influence fracturing fluid recovery and oil production? 

Four specific cases (Cases A-D) are constructed to explore this issue (Fig. 5.10).  

Case A – no secondary fractures; 

Case B – all secondary fractures are oil-filled and disconnected with the hydraulic fracture. This 

corresponds to a scenario with naturally-occurring micro fractures; 

Case C – secondary fractures are water-filled and disconnected with the hydraulic fracture. This 

corresponds to a scenario where induced fractures have lost contact with the main fracture; 

Case D – a network of water-filled secondary fractures is partially connected to the hydraulic 

fracture. This corresponds to a scenario where induced micro fractures are located near the main 

hydraulic fracture.  

The oil production profiles for these cases are compared in Table 5.1. The results underline the 

importance of secondary fractures in enhancing the overall conductivity of the system. It is clear 

that a system without any secondary fractures, either oil- or water-filled, has the worse 

production performance. The presence of either oil-filled or water-filled micro fractures, though 

disconnected directly from the main hydraulic fracture, could provide alternate pathways for 
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fluids to access the hydraulic fracture systems, which is reflected by the higher oil production 

observed in Cases B and C as compared to Case A. Finally, Case D yields the highest oil 

production, suggesting that water-filled secondary fractures do not necessarily act as barriers to 

oil flowing into the hydraulic fractures. In fact, counter-current imbibition between these water-

filled secondary fractures, in addition to the presence of alternate pathways for fluids to flow 

towards the main hydraulic fracture, have contributed to the higher oil recovery.   

 

  

Fig. 5. 10 Illustration of fracture distribution for Cases A, B, C and D (Grey line = horizontal 

wellbore; green line = HF; blue line = water-filled NF; red line = oil-filled NF) 
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Chapter 6 Conclusions and Recommendations 

In this study, we investigate water loss mechanisms and operational strategy during hydraulic 

fracturing flow back operation. Conclusions from this study and recommendations for future 

study are provided in this Chapter. 

 

6.1 Conclusions 

1. A numerical analysis is presented to understand the controlling factors of water retention, a 

phenomenon though commonly observed in unconventional wells, whose origin and 

understanding is a widely-debated subject among industry practitioners. A comprehensive 

sensitivity analysis on water-loss mechanisms during shut-in and flow-back is performed. The 

production profile from numerical result is compared with actual field data. Two particular 

mechanisms, including water retention/trapping in matrix and secondary fractures, are 

investigated. Higher initial rate does not necessarily imply enhanced long-term production. The 

recovery performance is the result of interplay between many factors such matrix/secondary 

fracture properties, matrix wettability, fracture compaction and shut-in duration. Uncertainties in 

secondary fracture parameters (length, intensity and connectivity) are assessed with a series of 

mechanistic models of stochastic discrete fracture networks. 

 

2. Enlarged contact area between matrix and fracture enhances water imbibition into the matrix; 

therefore, water recovery decreases and oil production increases in both short and long terms. 
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3. Although the current thought in industry is that an extended shut-in may positively impact 

production performance, results from this study demonstrate that prolonged shut-in duration may 

benefit short-term oil production, but there is no observable improvement for long-term 

production. Due to the small volume of injected fracturing fluid, countercurrent imbibition is 

conceived to be limited to regions close the connected secondary fractures. On the other hand, 

lower bottom-hole pressure (more aggressive flow-back) is beneficial to water clean-up and 

long-term oil production in formation with high stiffness. 

 

4. Desiccated matrix can reduce water recovery and oil production by decreasing its mobility. 

 

5. Water transport depends on the interplay between viscous and capillary forces. Controlling 

factors including initial pressure distribution upon shut-in, secondary-fracture conductivity and 

matrix permeability are studied in terms of saturation and production profiles. A dimensionless 

capillary number NCa is formulated to describe their relative impacts: as NCa decreases, matrix 

imbibition increases, and water saturation in secondary fracture decreases at the end of shut-in, 

which is responsible for the decrease in water recovery. 

 

6. Permeability jail in matrix can increase water saturation in secondary fractures, reducing oil 

production. It is suggested that reducing shut-in duration may mitigate this adverse influences. 

 

7. This work presents an important insight in the role of secondary fracture in water loss. In 

contrast to some previous modeling studies, it illustrates the mechanisms and time-scales of 
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water retention in secondary fractures. In general, water is not permanently trapped, despite its 

potentially slow recovery. 

 

8. Increasing capillary pressure and water relative permeability individually may improve 

imbibition; however, capillary pressure effect appears to be more dominant when the two factors 

are coupled. In general, imbibition enhances the initial oil production, but it also hinders water 

recovery. Long-term oil production is primarily influenced by oil relative permeability. To a 

certain extent, the impacts of capillary pressure and relative permeability would depend on the 

specific multiphase flow functions that are used. Therefore, a generalization of their combined 

impacts with initial water saturation would not be meaningful, as these factors are non-linearly 

related to wettability. Assessment regarding their impacts should be performed in a coupled 

manner by considering matrix wettability. 

 

9. Fracture compaction can contribute to water loss in two ways: enhancing imbibition and 

reducing fracture conductivity. Reduction in fracture conductivity may reduce oil production; 

however, this negative impact can be counteracted by the benefits of improved counter-current 

imbibition. Matrix imbibition leads to more fracture compaction, which, in turn, enhances 

imbibition and water loss. 

 

10. There are varying opinions among experts about the optimal flow-back strategy. Results 

from this study suggests that more aggressive flow-back is beneficial to water clean-up and long-

term oil production in stiff rocks, while this benefit is less prominent in medium to soft 
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formation due to excessive fracture closure. Given that there is no direct correlation between 

high initial oil flow rate and improved cumulative oil production, in order to enhance the long-

term production, measures for increasing oil relative permeability should be considered. 

 

11. As the well bottom-hole pressure decreases below the bubble-point, gas production increases. 

The influence of gas relative permeability appears to be minimal; hence, only slight impact on 

the long-term gas production is noticeable, and this effect is the most obvious in stiff formations. 

In general, it is observed that any enhancement in gas production in medium to soft formations is 

often compromised by severe fracture closure. 

 

12. This study presents an important insight regarding the roles of secondary fractures in 

unconventional reservoirs. Specifically, it helps to clarify the issue of whether disconnected 

secondary fractures are beneficial or detrimental to hydrocarbons recovery. Secondary fractures, 

though disconnected from the main hydraulic fracture, can still provide alternate pathways for 

fluids to access the hydraulic factures. Water-filled secondary fractures can also contribute to 

higher oil production by enhancing counter-current imbibition and overall conductivity of the 

entire system. 

 

6.2 Recommendations 

1. In addition to the tensile fractures, shear fractures are also propagating during hydraulic 

fracturing operation, which typically are not perpendicular with main artificial fracture. Fracture 
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network could be more heterogeneous when fractures are not perpendicular with each other, 

which could impact the flow back operation. Therefore, finite element method should be used to 

capture this non-perpendicular relationship between fractures and heterogeneity of fracture 

network.   

 

2. During hydraulic fracturing operation, fractures propagate during injection period and fracture 

gradually close during shut-in and flow back period. Some fracture could lose contact with main 

hydraulic fracture. In order to evaluate this geomechanics effect on flow back operation, fully 

geomechanical model should be incorporated with fluid flow model to describe the process of 

fracture propagation and fracture closure, which could impact the water loss and flow back 

operation. 

 

3. According to Nojabaei et al. (2013), bubble-point pressure would decrease with formation 

pore radius reduction in tight rocks, indicating that tight rocks have different thermodynamic 

properties from conventional reservoirs, which could also impact water loss and flow back 

operation, therefore thermodynamic effect should be incorporated into the model in future. 
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