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Abstract

:

PetroChina’s Xinjiang oilfield has a large quantity of tight oil reserves and hydraulic fracturing technology has been widely used to achieve commercial production. Some parts of this tight glutenite formation are laumontite-rich and the actual productivity of the hydraulically fractured wells is less than expected. To figure out the ways that laumontite affects tight glutenite well productivity, comprehensive experimental and numerical simulation studies have been conducted to investigate the rock mechanical properties, fluid flow behaviors and the major controlling factor of productivity. Laboratory results indicate that the tight glutenite formation with higher laumontite content has higher initial porosity, permeability but lower yield strength and more severe stress sensitivity in both permeability and fracture conductivity. For laumontite-rich glutenite rocks, there are commonly three types of rock deformation during the loading process: elastic compression, shear dilation and shear enhanced compaction. Both elastic compression and shear enhanced compaction will cause the reduction on rock porosity and permeability. A fully coupled finite element model (FEM) considering stress-induced permeability evolution was introduced to simulate the production process. Permeability evolution models of three different deformation stages were presented, respectively. Simulation results showed that our model is in good agreements with the well testing data. The simulated oil production characteristics for permeability evolution coupled and uncoupled models were discussed. Results showed the strong stress-induced permeability reduction is the major factor that laumontite causing the low and quickly declining oil rates. Initial permeability has a positive effect on productivity and stress-induced fracture conductivity reduction has slight influence on productivity. The results of this paper indicate that the stress-induced permeability evolution in the oil production process must be considered to accurately evaluating reservoirs in the studied area.
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1. Introduction


With the depletion of conventional oil resources, the exploitation of unconventional resources (including shale gas, heavy oil, tight oil and so on) has been more and more important for both China and the world [1,2,3,4]. Geological exploration shows that PetroChina’s Xinjiang oilfield has a large quantity of tight oil reserves, which are estimated to be hundreds of millions of tons. One of the main tight oil layers comes from the glutenite reservoirs of the Permian Wuerhe deposit formation, which overlies on the central region of the Junggar basin. The burial depth of the reservoir glutenite is between 3800 m and 4600 m, with an in situ stress gradient ranging from 1.77 MPa/100 m to 2.48 MPa/100 m. The reservoir thickness ranges from 4.0 m to 18.0 m, with an average reservoir thickness of 12.8 m. The reservoir is very heterogeneous with porosity ranging from 2.1% to 12.8% and permeability ranging from 0.001 mD to 12.3 mD. The reservoir is considered to have the characteristics of low porosity and ultralow permeability. Hydraulic fracturing technology has been widely used in this area to achieve commercial production as the glutenite formation has low core permeability. Some parts of this tight glutenite formation are laumontite-rich, which means there are high contents of laumontite existing in the formation rocks as the major cement mineral. According to previous geological investigations on this block, there should be good oil reserves in the studied reservoir. However, the actual productivity of the hydraulically fractured wells on this laumontite-rich tight glutenite formation is less than expected. Some wells even show poor and rapidly declining oil productivity. Since most of these wells are located at the laumontite-rich formation, the laumontite mineral is assumed to be one of the key factors that influences the performances of these hydraulically fractured wells [5].



Laumontite (formulated Ca (AlSi2O6)2·4H2O) is a common hydrated calcium and sodium aluminosilicate mineral belonging to the zeolite family. Laumontite is widely distributed not only in sedimentary rocks but also in sandstones that are rich in volcanic lithic fragments and anorthites [6,7]. Scholars have previously conducted plenty of experimental studies on laumontite-rich rocks to explore physical and rock mechanical properties and there are two common features obtained from these studies. Firstly, laumontite dissolution is likely to occur under acidic conditions (commonly formed by organic acids or CO2 dissolved in water) and the corroded pores increase reservoir space for oil and gas [8,9,10]. In terms of this view, the laumontite mineral may directly affect the original porosity and permeability of the formation. Another notable feature of laumontite-rich rocks is that the existence of laumontite can lead to strong deformation potentials and stress sensitivity in permeability. As a kind of zeolite mineral, laumontite usually has strong sensitivity to stress and temperature [11]. Experimental investigation on laumontite-rich sandstone shows that the permeability can be reduced by 70% when applied by a confining pressure of 24 MPa [12]. Besides, rock mechanical experiments indicate that glutenite samples containing a high content of laumontite commonly have a low elastic modulus and yield strength, which reflects a strong deformation potential [5]. On one hand, strong stress sensitivity in permeability means there is a large variation of permeability under different confining pressures, which can also be called stress-dependent permeability evolution [13]. Since the permeability of tight glutenite reservoir is usually low, the decrease in permeability of this level is very harmful to oil productivity. On the other hand, hydraulic fractures in the laumontite-rich formation are more likely to deform under increasing closure stress and suffering severe fracture conductivity loss due to strong deformation potentials. Similarly, fracture conductivity loss can also result in oil productivity declining. Although previous studies on laumontite-rich rocks have revealed some possible reasons for poor and rapidly decreasing oil productivity in this area, there is still a lot of work to be done. Currently, there is a lack of basic experimental data in this area, especially data of permeability evolution under various stress states. Chen has conducted a series of experimental tests and simulation works on laumontite-rich glutenite in this area [11]. However, the study mainly focuses on how to induce shear dilation during the hydraulically fracturing process to improve productivity of laumontite-rich formations and the key factors that influence well productivity are still unknown.



In this study, aim to figuring out the ways in which laumontite affects tight glutenite well productivity. Firstly, comprehensive experimental studies have been conducted to investigate the effects of the laumontite content on the rock deformation and fluid flow behaviors during the production process. X-ray diffraction (XRD) analysis, permeability and porosity experiments were conducted on glutenite samples to investigate the target formation’s mineral composition and physical properties. Triaxial compression tests, stress-coupled permeability evolution tests and fracture proppant conductivity analysis were also performed to reveal the rock mechanical properties and fluid flow behaviors under different loading paths. Then based on these experimental results, a fully coupled finite element model considering stress-induced permeability evolution is introduced to simulate the oil production process of a tight glutenite reservoir. Finally, the effects of the initial permeability, stress-induced permeability evolution and fracture permeability on well productivity were discussed to reveal the major factors.




2. Laboratory Investigation on Laumontite-Rich Tight Glutenite


2.1. Sample Preparation


The samples used for experimental tests were obtained from in situ glutenite formation rocks drilled from several wells that belonging to the studying block. According to Figure 1a, in situ laumontite-rich glutenite rocks become loose and fragile after being transported to the ground. By traditional sample drilling method using a core bit, the cores are more easily to be fragmentized, which increases the experimental error. Thus, to lower the mechanical damage caused by core bit, the wire cutting method was introduced to process the rocks into cylindrical shape with a diameter of 25 mm and height of 50 mm, as shown in Figure 1b. The sample coring method we used here was consistent with ISRM suggested methods [14]. In order to ensure the ends of the cores were smooth and parallel to each other in the horizontal direction as well as perpendicular to vertical axial, a polishing machine was used to polish the end face of the samples at both ends.




2.2. Experimental Contents


The effects of the petrophysical, rock mechanical and fracture properties are of vital importance throughout the entire tight oil recovery process. Therefore, the key points of our experimental research involved figuring out the mineral composition and investigating how laumontite content influences these properties, as mentioned. A summary of the pertinent lab tests which were performed includes:




	
Mineral composition and physical properties analysis;



	
Triaxial compression tests;



	
Stress-coupled permeability tests;



	
Fracture proppant conductivity tests.









2.3. Experimental Results


2.3.1. Mineral Composition and Physical Properties


The XRD analysis was first conducted on prepared specimens to obtain the mineral composition of the reservoir formation and classify the glutenite types by laumontite content. The XRD analysis was conducted on powder samples and the standard approach for mineral identification was applied, so detailed description of the experimental procedure is outside of the scope of this paper. In this section, XRD tests were conducted on glutenite reservoir samples obtained from four different wells in this area, each well contained four samples to avoid heterogeneity, and the depth of each sample location is elaborated in Table 1. As presented in Table 1, there is an obvious variance of mineral composition between the four tested wells, which means there are strong heterogeneities of the laumontite contents across the target formation. In general, the rock constituents mainly contain quartz, feldspar and laumontite, with the average contents of laumontite ranging from 7.38% to 48.79%. As shown in Table 1 and Figure 2, according to laumontite content the glutenite rocks can be classified into two types according to laumontite content: (a) Type I and (b) Type II. Type I represents glutenite rocks with high laumontite content (>40%) and type II represents glutenite rocks with low laumontite content (<25%).



According to our previous experimental studies, although the clay minerals are mainly composed of an illite/smectite mixture (I/S), which belongs to swelling clay minerals in this area, the total amount of clay in the tested samples is very low (around 5%) as shown in Table 1. Therefore, we hold the view that the I/S of such small amounts will only have a trivial influence on rock mechanical properties and fluid flow behaviors. Thus, we did not perform clay mineral composition analysis at this time.



Based on mineral composition results, original porosity and permeability tests were also performed on those samples to investigate how the laumontite content influences the physical properties of glutenite rocks. In total 16 samples from 4 wells were tested for initial porosity and permeability. The porosity tests were conducted based on the method of Boyle’s law and the testing medium used was nitrogen. Since the permeability of laumontite-rich glutenite rocks in this area is ultralow, the traditional method of permeability measurement is time-consuming and inaccurate. Therefore, we introduced the pulse method for permeability testing to reduce the testing time [15]. The medium used for permeability tests was self-prepared brine to avoid rock swelling and permeability damage. The brine was prepared by water with potassium chloride of 3% by weight. All the permeability measurements were conducted under a low confining pressure of 2.5 MPa. The final results are presented in Figure 3. On the whole, the porosity of the collected laumontite-rich glutenite samples is less than 12%. According to Figure 3a, with the content of laumontite increasing, the average porosity of the collected rock samples has a significant increasing trend. The relationship between the laumontite content and the porosity can be linearly fitted, and it can also be inferred that the pores of the studied glutenite reservoir are dominated by laumontite dissolved pores. Similarly, the relationship between permeability and porosity is also depicted. As shown in Figure 3b, the permeability of the samples increases with the increase in porosity, and the relationship curve can be approximated with an exponential function. According to the experimental results of the rock samples, the initial porosity and permeability of reservoir with a high laumontite content is larger than that with a low laumontite content. It is generally considered that high porosity and permeability of reservoir indicates good productivity [16]. However, the actual oil testing results indicate that in the studied area, reservoirs with higher laumontite content tend to have poor productivity or productivity that declines faster, which is contrary to conventional understanding. As discussed earlier, laumontite-rich rocks have strong deformation potentials and stress sensitivity in permeability, which can significantly affect productivity. Therefore, experimental tests related to rock mechanical properties and fluid flow behaviors should be conducted to investigate how these properties influence well productivity.




2.3.2. Rock Mechanical Properties


In this section, triaxial compression tests under different confining pressures were conducted to investigate the rock mechanical properties of laumontite rich glutenite rocks. All the triaxial experiments were performed by an advanced GCTS (Geotechnical Consulting Testing System) triaxial testing system at China University of Petroleum, Beijing. To get an accurate stress–strain curve, a shrinkable tube with a rubber belt was used to seal the sample and precision displacement transducers were applied to measure the axial and radial strains. The testing system used a precision servo pump to control the axial loading rate. All the tested samples were loaded under a constant axial strain rate of 0.05%/min. Before the axial loading process, the samples were first applied with hydrostatic pressure equal to the designed confining pressure. After that the axial load procedure was executed with a constant axial strain rate. Meanwhile, data including deviatoric stress, axial strain and radial strain were synchronously recorded with time, respectively. In total 10 glutenite rock samples including 5 samples with high laumontite content and 5 samples with low laumontite content were tested under various confining pressures. As the studied formations were at a great depth, the confining pressures were set at a high level, ranging from 20 MPa to 80 MPa (20, 35, 50, 65 and 80 MPa).



	(1)

	
Elastic deformation and strength analysis







Figure 4a displays the elastic modulus variation with confining pressure. It can be inferred that the elastic modulus of the high laumontite content glutenite rocks is lower than that of the low laumontite content glutenite rocks under the same confining pressure. Another notable feature is that the elastic modulus increases as the confining pressure increases, which reflects a stress-dependent property of laumontite-rich formation. The relationship between yield stress (Mises stress) and mean effective stress from each triaxial test is also depicted in Figure 4b. According to the figure, the mechanical strength of a higher laumontite content sample is also lower than that of a lower content one under the same confining pressure. As for yield criterion, yield stress can be fitted by the linear Drucker–Prager plasticity strength criterion under low confining pressures. When the confining pressure exceeds 50 MPa, the yield stress tends to decrease with the mean effective stress. It can be inferred that the yield stress cannot keep increasing with confining pressure. Therefore, we describe the yield surface by an extended Drucker–Prager model with cap plasticity [17].



	(2)

	
Post yield deformation analysis







Rock deformation is usually divided into two stages: elastic deformation before yielding and plastic deformation after yielding [18]. The deformation of the rock means the deformation of the pores, especially when the load continues after yielding, the shear dilation and shear-enhanced compaction phenomenon will occur, which will greatly affect the permeability of the reservoir and further affect production rates [19,20]. Here we focus on the analysis of the triaxial stress-strain curves of five type I (high laumontite content) glutenite samples under various confining pressures.



All the stress–strain curves of tested samples are depicted in Figure 5. In order to compare the strain changes under different confining pressures more intuitively, we set the initial strain 0 and the strain formed during the hydrostatic pressure loading process is temporarily subtracted. As shown in Figure 5a, the deformation of studied glutenite samples can also be divided into two stages. Under low confining pressures (20, 35, 50 MPa), it can be seen from the stress-strain curves that stress softening occurs after the peak strength, which indicates an obvious brittle failure. Meanwhile, according to the volumetric-axial strain curves presented in Figure 5b, there is an apparent deflection of volumetric strain after entering the yield stage. After the peak strength, the volumetric strain decreases in the opposite direction as the axial strain increases, and shear dilation occurs. Under the condition of high confining pressure (above 50 MPa), the amplitude of stress increasing with axial strain decreases after yield point, which indicates the characteristics of stress hardening. The volumetric strain of rock continues to increase after the yield point, and shear-enhanced compaction occurs.



Some literatures have discussed about this phenomenon of shear enhanced dilation/compaction [19,20,21,22,23,24]. There are basically three types of mechanical deformation modes that relate to volumetric deformation in porous rocks when loaded under constant confining pressure: elastic compression, shear dilation and shear enhanced compaction. When porous rock is applied with stress before yield, only elastic compression occurs. In this situation the pores are compressed, resulting in the reduction of pore volume and permeability. When porous rock is sheared under low confining pressure, shear dilation occurs. There are microcracks produced inside the rock matrix and pores are partially connected, causing the enhancement of permeability. For porous rock under a high confining pressure, shear enhanced compaction and strain localization occur after volumetric compression stage. Under this type of failure, the rock matrix is destroyed and the pores collapse. The rock deformation at this time will cause a significant decrease in permeability, which is different from the permeability decrease mechanism caused by volumetric compression in the elastic stage.




2.3.3. Stress-induced Permeability Reduction or Enhancement


According to the triaxial compression tests results, it can be inferred that there are three deformation forms of a rock sample under different stress states: elastic compression, shear dilation and shear enhanced compaction. As the volumetric variation mechanism of pores caused by each form is quite different, stress-induced permeability reduction or enhancement experiments were performed to quantitatively investigate how permeability changes under different stress paths. Three samples of type I glutenite were selected to conduct the tests. The first sample were loaded under hydrostatic pressure ranging from 0 to 80 MPa, the stress state of which is below yield surface. The other two samples were applied with axial load under corresponding confining pressure of 20 MPa and 65 MPa, representing shear dilation and compaction loading path, respectively. Permeability was measured repeatedly during the whole loading process, including the elastic compression stage, dilation stage and compaction stage. The medium used for permeability tests here is also self-prepared brine.



Figure 6 shows the variation of volumetric strain and permeability of rocks in hydrostatic loading experiment. The common perspective is that permeability variation is related to volumetric strain and the porosity variation caused by volumetric strain. Volumetric strain variation is usually related to mean stress variation, while rock shape variation is usually related to deviatoric stress variation [18]. Therefore, our analysis mainly focuses on the relationship among permeability, volumetric strain and mean effective stress. As shown in Figure 6a, as mean effective stress increases, rock pores undergo compression deformation and volume strain increases accordingly. Volumetric strain increases fast when mean effective stress is lower than 20 MPa, which is caused by the closure of microcracks inside rocks at early loading stage. As mean effective stress continues to increase, the increasing rate of volumetric strain first decreases and then remains constant. The variation trend of permeability is consistent with that of volumetric strain. The decreasing rate of permeability remains high when mean effective stress is under 20 MPa and decreases as mean effective stress continues to increase. Figure 6b shows the variation of permeability as porosity increases, and the curve can be fitted by an exponential model. In the whole loading range, the rock is under elastic deformation, so there is no deflection on the volumetric strain curve. In this case, there is little change in pore connectivity and the permeability decrease mainly results from the elastic compression of the pores. Therefore, the decreased permeability is still at the same order of magnitude as the original permeability.



Figure 7 shows the variation of the volumetric strain and the permeability of the rocks in the axial loading experiment under 20 MPa confining pressure. According to the previous mechanical analysis, rocks undergo shear dilatancy after yielding under this loading path. When the mean effective stress is lower than the yield stress, the variation rule of volumetric strain and permeability is consistent with that in hydrostatic loading experiment. After the yield point, the volumetric strain curve is deflected. As axial loading continues to increase, the mean effective stress continues to increase, but the increase in volumetric strain slows down. This indicates that shear dilatation starts (compression is denoted as positive, and expansion is denoted as negative). After the peak strength point, mean effective stress and volumetric strain start to decrease as axial loading continues to increase. In this stage, cracks start to initiate and the permeability of the rock increases in a small extent as volumetric strain decreases. The permeability increase is not obvious because the generated cracks do not penetrate the specimen. Figure 7b shows the variation of permeability with porosity.



Figure 8 shows the variation of the volumetric strain and the permeability of the rocks in the axial loading experiment under 65 MPa confining pressure. Under this loading path, rocks undergo shear compaction after yielding. When the mean effective stress is lower than the yield stress, the variation rule of the volumetric strain and permeability is consistent with that in the hydrostatic loading experiment. The rock is yielded when mean effective stress reaches 100 MPa, at which point a slight deflection occurs on the volumetric curve. After the deflection point, the increasing rate of the volumetric strain increases and the rock undergoes further compaction. The rock is stress-hardened and does not reach the peak strength. The permeability decreases sharply as the mean effective stress increases, and the decreased permeability is one order of magnitude lower than the original permeability. The reason for this is that shear compaction causes pore collapse and local plastic flow, resulting in the large decrease in pore flow capacity and permeability. Figure 8b shows the variation relationship between rock permeability and volumetric strain.




2.3.4. Fracture Proppant Conductivity Evolution


Fracture conductivity evaluation experiments are conducted to investigate the proppant conductivity in different fracture closure pressure. It was shown in the previous tests that the laumintite-rich glutenite samples have strong deformation potential. Considering different closure pressure due to in situ stress, the reservoir pressure and different producing pressures, it is speculated that the compression, deformation and embedding of the proppant may result in different conductivity of the formation under closure pressure. Experiments were performed on samples from type I and II reservoir formation. The proppant used in this test was 30/50 mesh ceramsite, which is generally used in field fracturing. As the average sanding concentration of the wells in the study area is 3.2 kg/m2, the proppant was laid at a concentration of approximately 3.2 kg/m2. In order to simulate the real fracture of formation, the proppant was added to the sample stimulation after the Brazilian tests. The closure pressure was adopted according to the in situ stress, reservoir pressure and wellbore pressure of wells in this block.



The experimental result is shown in Figure 9. It shows that the two reservoir formations have similar conductivity in the low closure stress. The conductivity decreases with the increase in closure pressure, and the conductivity of the high laumontite content glutenite declines more quickly than that of the low laumontite content glutenite. In conclusion, laumontite softens the rock matrix causing the proppant to embed within the rock matrix more easily, which leads to the flow channel narrowing down and conductivity decreasing more severely.





2.4. Hints for Well Production Evaluation


The experimental section has investigated rock mechanical deformation and fluid flow behaviors of laumontite-rich glutenite reservoirs. According to the experimental results, hints for well production evaluation are as followed:




	
Glutenite rocks with higher laumontite content have higher initial porosity and permeability. However, the permeability may vary significantly due to the pore deformation caused by the stress state. Therefore, initial porosity and permeability are not always the decisive factor of production.



	
Formations with higher laumontite content have lower elastic modulus and yield strength, which means they are more likely to deform and yield. There are three types of rock deformation: elastic shear compression, shear dilation and plastic shear enhanced compaction. The mechanisms by which these three deformation forms change the pore structure are quite different, so their influence on permeability is different. As a consequence, permeability evolution under different stress state must be considered for evaluating production.



	
Experiments on fracture proppant conductivity show that formations with higher laumontite content have a higher degree of proppant embedding, and the conductivity decreases faster with the increase in closure stress. Since hydraulic fractures are the main drainage channels for tight oil, fracture conductivity evolution should also be considered when evaluating production.










3. Fully Coupled Finite Element Model (FEM) for Production Simulation


In this section, a fully coupled elasto-plastic finite element model considering stress-induced permeability evolution has been established to study the stress states and permeability changing near the wellbore during the production testing of the fractured laumontite-rich tight glutenite well. Then oil productivity is analyzed to investigate the main factors affecting production.



In the simulated works, we have made some reasonable simplifications. Firstly, the simulation is performed under plane strain conditions to reduce computational expense. Secondly, fracture parameters like fracture length and fracture width were already known after fracturing, so the fracturing simulation was not the key point. Fractured well productivity was focused on instead. Finally, based on the previous rock mechanics results, to calculate the stress state and failure condition near wellbore and simplify the whole calculation process, an elasto-plastic constitutive was proposed in the model.



3.1. Numerical Scheme


3.1.1. Mechanical Models


The dependent variable of the mechanical equilibrium equation is displacement u, and the main governing equations are described as follows:


  0 = ∇ ·  S ′  +  F v   



(1)




where    F v    is body force and   S ′   is the effective stress tensor, which can be expressed as:


   S ′  = S −  α b  p I  



(2)




where  S  is the stress tensor,    α b    is the Boit’s coefficient,  p  is pore pressure and  I  is the identity matrix. The stress  S  also can be expressed by:


  S =  S 0  + C : ε  



(3)




where    S 0    is the initial stress tensor, C is the elastic coefficient matrix,  ε  is the total strain tensor, which can be expressed as:


  ε =  1 2    ∇ u + ∇  u T     



(4)






  ∇ u =         ∂ u   ∂ x         ∂ u   ∂ y         ∂ u   ∂ z           ∂ v   ∂ x         ∂ v   ∂ y         ∂ v   ∂ z           ∂ w   ∂ x         ∂ w   ∂ y         ∂ w   ∂ z          



(5)







The total strain  ε  can be decomposed into elastic    ε  i j  e    and inelastic parts    ε  i j  p   :


   ε  i j   =  ε  i j  e  +    ε  i j  p   



(6)







The plastic strain increment is calculated using the plastic potential energy function [25,26]:


     ε ˙    i j  p  = λ   ∂ Q   ∂  S ′     



(7)







The potential Q is written in terms of at most three invariants of Cauchy’s stress tensor.   Q = Q    I 1  ,  J 2  ,  J 3     ,    I 1  ,  J 2  ,  J 3    are invariants of stress tensor.  λ  is a scalar that is determined from the consistency condition to keep the stress point on the yield surface. The yield function   f   S ′   = 0  .



The DP yield surface is given by:


   f s  = q − p tan β − d  



(8)




where  p  is the mean effective stress,  q  is the Mises stress,  β  is the rock’s DP angle of friction and  d  is the rock’s cohesion. The elliptical cap yield surface is given as:


   f c  =       p − c    2     a 2    +    q 2     b 2    − 1  



(9)








3.1.2. Fluid Flow Models


The fluid flow equation can be expressed as:


    ∂   ρ ϕ     ∂ t   + ∇   ρ v   − ρ ϕ   ∂  ε v    ∂ t   =  q m   



(10)




where  v  represents seepage velocity and it can be expressed by:


  v = −  k μ  ∇  



(11)




where  k  is permeability and  μ  is fluid viscosity.




3.1.3. Permeability Evolution Model


According to the previous experiment results, the stress-induced permeability evolution model was considered as three types under different stress states:



	(1)

	
Elastic deformation stage.







The effective stress increases when the bottom hole pressure drops. The rock might undergo elastic deformation when the stress state is below the yield surface. We adopt an exponential model to describe the evolution in permeability with stress [27]:


  k =  k 0   e  −  α p   C p  p   ,         f   S ′   < 0  



(12)




where  k  is the current permeability,    k 0    is the initial permeability,    C p    is the pore compressibility,    α p    is the porosity exponent and  p  is the mean effective stress.



	(2)

	
Shear dilation stage.







When the stress state of the formation reaches the DP yield surface, shear dilation occurs. The microcracks inside the rock connect the pores and shorten the fluid flow path to some extent. Combined with the experimental results, the equivalent channel model for permeability is adopted in this paper [28]. The proposed model relates the permeability with volumetric strain and is expressed by:


  k = C    m 2    ϕ −  ε v       τ 2    ,          f s    S ′   = 0 ,    f c    S ′   < 0  



(13)




where  C  is the shape coefficient,  m  is the hydraulic radius and  τ  is the tortuosity.



	(3)

	
Shear enhanced compaction stage.







When effective stress reaches the Cap yield surface, shear enhanced compaction occurs. Shear compaction causes pore collapse and local plastic flow, resulting in the large decrease in pore flow capacity and permeability. The flow path is narrower and more tortuous. Thus, the irreversible damage of permeability is induced. Combined with experimental results, the effective permeability of this case can be expressed as [22]:


  k =    k m         ε p     β ′           k m     k  c b     − 1   + 1   ,          f s    S ′   < 0 ,    f c    S ′   = 0  



(14)




where    k m    and    k  c b     are the permeability of the matrix and of the shear bands,    β ′    is shear bands coefficient,    ε p    is the plastic volumetric strain.



	(4)

	
Fracture permeability evolution







Fracture permeability evolution was also considered in our numerical model. Here we adopt an exponential model to describe the evolution of fracture permeability with normal stress:


   k f  =  k  f 0    e  −  α f   σ n     



(15)




where    k  f 0     is initial fracture permeability and    α f    is the fracture exponent.





3.2. Case Verification


3.2.1. Model Description and Parameters


In this study, we applied our model to simulate the production of hydraulic fractured well-1 in the studied area to validate the proposed model. The geometry model and parameters are set according to the actual data of well-1. As shown in Figure 10, a plane strain elastoplastic finite element model is developed. The dimension of the model is 600 m × 600 m. In the middle part of the model, there is a wellbore. The detailed reservoir parameters in the simulation are listed in Table 2. The varying bottom-hole pressure is applied according to field data as the oil nozzle is adjusted during the well testing, which is shown in Figure 11.




3.2.2. Comparison of Simulation and Field Data


Figure 12 shows the oil production changes with the production time of the simulation and well testing data. It can be seen from the figure that the results of the numerical simulation are basically consistent with the trends of the field data. What is worth noting is that the initial oil production rate will not always increase with the increase in production pressure difference. The increase in the production pressure difference will cause the effective stress around the wellbore and the hydraulic fracture to increase, resulting in a significant decrease in permeability and a decrease in production.



Figure 13 shows the simulated pore pressure, mean effective stress and current permeability distribution of different production time. It can be inferred that as the bottom hole pressure decreases and production time goes by, the pore pressure drop region has a significant reduction in permeability. This explains why the oil production rate will continue to decline.





3.3. Discussion


There are three ways that laumontite affects oil production rate: initial permeability, stress-dependent permeability and fracture conductivity. We will discuss these three factors in detail. In this section, the wellbore pressure was set as constant and the parameters including initial permeability, stress-dependent permeability and fracture conductivity were coupled in our model.



3.3.1. Effect of Stress-Induced Permeability Evolution on Production


Figure 14 shows the oil production rate and accumulated oil production variation with production time for stress-induced permeability evolution in the coupled and uncoupled models, respectively. The oil production rate of the permeability evolution coupled model is significantly larger than that of the uncoupled model and this situation will continue until the late period of the production. Since the accumulated oil production is the sum of the daily oil production, the accumulated production predicted by the permeability evolution coupled model is also higher than that of the uncoupled one. The production difference will become more obvious as the production time goes by. Therefore, the strong stress-dependent permeability evolution may be one of the reasons causing the low and quickly declining oil rates of the laumontite-rich glutenite wells in this area.




3.3.2. Effect of Initial Permeability on Production


To analyze how initial permeability influences productivity, the initial permeability was set 1 mD and 3 mD in the production simulation. As shown in Figure 15, the simulated oil production rate of the models with higher initial permeability is larger than that with lower permeability for permeability evolution coupled and uncoupled models. Therefore, initial permeability is one of the ways that laumontite affects the productivity in this area. What is worth noting is that when permeability evolution is considered, the productivity difference caused by the initial permeability will reduce. Actually, glutenite formation with higher laumontie content commonly has a more severe stress sensitivity in permeability, so the productivity difference will be further reduced.




3.3.3. Effect of Fracture Conductivity Evolution on Production


The impact of the fracture conductivity evolution on productivity was also investigated by simulation. According to Figure 16, the predicted oil production rate of the fracture conductivity evolution coupled model is slightly larger than that of uncoupled one. Therefore, the conductivity reduction of the fracture may not be a major factor causing the low and quickly declining oil rates of the laumontite-rich glutenite wells in this area.






4. Conclusions


The actual productivity of the hydraulically fractured wells on this laumontite-rich tight glutenite formation is less than expected. Some wells are even related to poor and rapidly declining oil productivity. In this study, comprehensive experimental and numerical simulation studies have been conducted to investigate the rock deformation, fluid flow behaviors and the major controlling factors of productivity. The conclusions are as follows:




	
The laboratory data indicated that the tight glutenite formation with higher laumontite content has higher initial porosity and permeability but lower yield strength and more severe stress sensitivity in permeability. Through the rock mechanical tests and stress-coupled permeability tests, we found that there are three types of rock deformation that occur during the loading process: elastic compression, shear dilation and shear enhanced compaction. Both elastic compression and shear enhanced compaction will cause a reduction in rock porosity and permeability.



	
Experiments on fracture proppant conductivity showed that formations with higher laumontite content have a higher degree of proppant embedding, and the conductivity decreases faster with the increase in closure stress.



	
A fully coupled finite element model (FEM) considering stress-induced permeability evolution was introduced to simulate the production process. Permeability evolution models of three different deformation stages were presented, respectively. Simulation results showed that our model is in good agreements with the well testing data.



	
The simulated oil production characteristics for permeability evolution coupled and uncoupled models were compared. Results showed the strong stress-induced permeability reduction is the major factor that laumontite causing the low and quickly declining oil rates. The initial permeability has a positive effect on productivity and the productivity variance will reduce when stress-induced permeability reduction is considered. Stress-induced fracture permeability reduction has a slight influence on productivity, which can be neglected when evaluating reservoirs in the studied area.
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Figure 1. Sample preparation. (a) in situ glutenite formation rocks, (b) a standard core drilled from in situ rocks. 
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Figure 2. Classified sample types according to laumontite content. (a) Type I: sample of high laumontite content, (b) Type II: sample of low laumontite content. 
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Figure 3. Measured porosity and permeability of glutenite samples containing various laumontite contents. (a) porosity variation with laumontite contents, (b) permeability variation with porosity. 
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Figure 4. Measured (a) elastic modulus and (b) strengths of laumontite-rich glutenite samples. 
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Figure 5. Measured (a) stress–axial strain curve and (b) volumetric strain curve of type I glutenite samples under confining pressures of 20, 35, 50, 65 and 80 MPa, respectively. 
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Figure 6. Measured permeability of type I glutenite sample under hydrostatic loading path: (a) volumetric strain and permeability variation with mean effective stress, (b) permeability variation with current porosity. 
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Figure 7. Measured permeability of type I glutenite sample under 20 MPa confining pressure: (a) volumetric strain and permeability variation with mean effective stress, (b) permeability variation with current porosity. 
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Figure 8. Measured permeability of type I glutenite sample under 65 MPa confining pressure: (a) volumetric strain and permeability variation with mean effective stress, (b) permeability variation with current porosity. 
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Figure 9. Proppant conductivity changing under different closure stresses. 
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Figure 10. Finite element geometry model and mesh scheme. 
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Figure 11. Tubing pressure data of Well 1. 
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Figure 12. Oil production variation with production time compared with well testing data. 
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Figure 13. Simulated (a) pore pressure distribution, (b) mean effective stress distribution, (c) current permeability distribution of different production time (1 day, 5 days and 8 days). 
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Figure 14. Oil production rate and cumulative oil production variation with production time for induced permeability evolution, coupled and uncoupled. 
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Figure 15. Oil production rate and cumulative oil production variation with production time for different initial permeability with induced permeability evolution, coupled and uncoupled. 
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Figure 16. Oil production rate and cumulative oil production variation with production time for fracture conductivity evolution, coupled and uncoupled. 
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Table 1. Average mineral contents and porosity results of selected samples.
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Well

	
Depth (m)

	
Type

	
Average Mineralogy Composition (%)

	
Porosity (%)




	
Clay

	
Quartz

	
Feldspar

	
Calcite

	
Laumontite






	
Well-1

	
4200–4207

	
I

	
3.07

	
32.15

	
13.69

	
2.3

	
48.79

	
11.00




	
Well-2

	
4160–4172

	
I

	
4.53

	
29.31

	
17.63

	
6.38

	
42.15

	
10.36




	
Well-3

	
3958–3965

	
II

	
4.69

	
44.2

	
21.9

	
6.45

	
22.76

	
8.51




	
Well-4

	
4012–4025

	
II

	
3.99

	
49.71

	
28.41

	
10.51

	
7.38

	
6.55
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Table 2. Detailed reservoir parameters in the simulation.






Table 2. Detailed reservoir parameters in the simulation.





	Parameters
	Value
	Unit
	Definition





	H
	15
	m
	Reservoir thickness



	ϕ
	0.11
	-
	Porosity



	k0
	1.12
	mD
	Initial permeability



	kcb
	0.1
	mD
	Permeability of shear bands



	kf0
	30,000
	mD
	Initial fracture conductivity



	E
	14
	GPa
	Elastic modulus



	υ
	0.2
	-
	Poisson’s ratio



	αb
	0.8
	-
	Biot’s coefficient



	Pp
	72
	MPa
	Pore pressure



	σv
	118.5
	MPa
	Vertical stress



	σH
	107.3
	MPa
	Minimum horizontal stress



	σh
	83.0
	MPa
	maximum horizontal stress



	Lf
	120
	m
	Fracture length



	ρ
	0.84
	g/m3
	Oil density



	μo
	7
	mPa·s
	Oil viscosity



	d
	20.79
	MPa
	Cohesive



	β
	41.26
	°
	DP angle of friction



	a
	118.3
	MPa
	Coefficient of cap model



	b
	100.2
	MPa
	Coefficient of cap model



	c
	91.5
	MPa
	Coefficient of cap model
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
50

N @ 2
S 3 S

production rate (t/d)

>

— oil production rate-permeability evolution coupled

—— ol production rate-permeability evolution uncoupled
cumulative oil production-permeability evolution coupled
cumlative oil production-permeability evolution uncoupled

1500

N
8
8

accumulated production (t)

900

600

300

20 40 60 80
time (days)

100





media/file8.jpg





media/file27.png
N w B
o o o
! 1

production rate (t/d)

-
o
1

oil production rate-permeability evolution coupled 41500
oil production rate-permeability evolution uncoupled -
- - - cumulative oil production-permeability evolution coupled
|- - - cumulative oil production-permeability evolution uncoupled|_

41200

T T T T T T T T T T T T ” T 0
0 20 40 60 80 100

time (days)

accumulated production (t)





media/file13.png
1.0

0.8 -----mmmmmmmmm el
. [ ] —408
- g
C
g 0.6 1 g ;
o {06 F
2 3
S04 B £
2 o
o Q
> " {04

024 -/ 1 LS Sy . '

0.0 T . T . 0.2

0 10 20 30 40 50

(@) mean effective stress (MPa) (b)

rrrrrrr {0.8

mD)

0.6

permeability (

10.0 105
porosity (%)

11.0






media/file31.png
30 1000
oil production rate-fracture conductivity evolution coupled
oil production rate-fracture conductivity evolution uncoupled
- - - Cumulative production-fracture conductivity evolution coupled
259 - Cumulative production-fracture conductivity evolution uncoupled 800
= e P
3 20} - S
L -4 600
@©
—
C - S
s 15
3]
- 1400
©
© 10+ e
o
200
54 e
/
0 T T T T T T T T T T T T T T 0
0 20 40 60 80 100

time (days)

accumulated production (t)





media/file12.jpg
10

3

(Qu) Auaeoued
s 3

b

W o
porosiy (%)

6o

]
‘mean efecive siress (WP3)

©

00
)





media/file18.jpg





media/file9.png
deviatoric stress (MPa)

04 0.8 1.2 16
axial strain (%)

volumetic strain (%)

—— 20MPa

—— 35MPa

0.4 0.8 12 16
axial strain (%)





media/file14.jpg
‘volumetric strain (%)

0
« pemessay
. = Ry 5
T g . ol
. Z 4 g
2
ot oa{
oo
loooor
B b b Bk w65 % W W W wo us

‘mean effctive stress (MPa)

porosiy (%)





media/file20.jpg
40

O~ tubing pressure.
32

E:T o

= o o

° 24 O

5

2

o Q

1%

> 16 Q,

] L ]

2
8 5

0-0-0-0-0

0

2018/9/4 2018/9/10  2018/9/16  2018/9/22

2018/9/28





media/file23.png
50

O oil production
|| - - simulated oil production 1 400
O cumulative oil production
404"~ simulated cumulative oil production| 5 -5 o
679
= 0-" \© I} 1300
2 30 0l el
() e PN Y 2
5 // (5\ ,’O
/ \O
c 4 2N
o) - s
% PR - 200
S 20 {-------mmmem e O R
-O Vi S~ S
o 2 "9
Q_ // \\
© N
10 4---------- e R 1'%
y O O OO0
J
@
0 T T T T T T T — 0
2018/9/6 2018/9/11 2018/9/16 2018/9/21 2018/9/26

production (t)





media/file5.png
Porosity(%)

('m average porosity
- - - linear fitted .
T % ______
O -~ E ___________
Od - e ___
sl :,ff ,,,,,,,,,,,,,,,,,,,,,,,,
72
0 10 20 30 40 50 60

Laumontite content(%)

1.8
[ Type I: high-laumontite glutenite
O Type II: low-laumontite glutenite O
1.5+ - - - permeability fitted ,
I
’-2‘1.2 . 5
E oA
= Pu
5091
8 -
. m]
£ S
L O
CpLCT
o e -
0.3 s R T e
L5 T
00 T T T T T
7 8 9 10 11 12

(b)

porisity (%)





media/file15.png
w
o

ev
= permeability
25 - i
]
n
9 "
2/2.0— ————————————————— ow-- - S
T
»
o) L R
5] . i
g 0.1
210+ mmm e e e e e -
S .
054 - A
0.0 T T T T T 0.01
0 20 40 60 80 100 120

mean effective stress (MPa)

permeability (mD)

710
do I 41
e ]
m--m--w - -ERT -u- 8 :
u ()]
. L EELEL S L LE L L L s <401 g’
" ] E‘
=
oy
e <4 0.01
o)
Q
R e LT < 0.001
. : : i : 0.0001
8.5 9.0 95 10.0 10.5 11.0 1.5

porosity (%)





media/file19.png
120m

oL

|

PN Sl v g o— -, -, 4






media/file28.jpg
production rate (Vd)

80

@
3

S
)

20

of production rale-ImD-permeabilty evoluton coupled
-3mD-permeabilty evoluton coupled

AmD-permeabiity evolution uncoupled

— ol production rate-3mD-permeabilty evolution uncoupled
‘cumulative producton- ImD-permeabilty evolution coupled
‘cumulative producton-3mD-permeabilty evoluton coupled

- - - cumulative production-1mD-permeabilty evolution uncoupled

- - - cumulative producton-3mD-pemeabilty evoluton uncoupled

3000

-+2500

0 20 40 60

time (days)

80

-
2000 g
S
E
o
s
1500 &
2
K]
1000 2
s
3
g
S
500
0
100





media/file2.jpg





nav.xhtml


  energies-14-01667


  
    		
      energies-14-01667
    


  




  





media/file11.png
2.0

ev

= permeability

permeability (mD)

IR e T TR
:>\; [
I T DT T EEEEEE g
®
L "
2081 -~ e e |
>
[e)
> L]
044---- ot R
’ |
00 T T T T T T
0 10 20 30 40 50 60
(a)

mean effective stress (MPa)

1.5
| |
. 11.2
n
. / 10.9
l/-
| o 0.6
.
i 10.3
T T T O.
9.5 10.0 10.5 11.0 11.5

porosity (%)

permeability (mD)





media/file6.jpg
140-
e e 2 e o
= Tt e e

L BR =
LR

PR

100 20
confining pressure (MPa) ©

mean efectve siess, p (MPa)





media/file24.jpg





media/file29.png
production rate (t/d)

80

(o))
(@)
]

N
o
1

N
o
1

||~ oil production rate-1mD-permeability evolution uncoupled

- - - cumulative production-3mD-permeability evolution uncoupled

3000

oil production rate-1mD-permeability evolution coupled
oil production rate-3mD-permeability evolution coupled

oil production rate-3mD-permeability evolution uncoupled _ 42500
cumulative production-1mD-permeability evolution coupled -

cumulative production-3mD-permeability evolution coupled _ -
- - - cumulative production-1mD-permeability evolution uncoupled| -~~~ ]

2000

T T T T T T T T j T ' ' 0
20 40 60 80 100

time (days)

accumulated production (t)





media/file1.png
Y32
|

B

]
-

|






media/file10.jpg
15

(Qu) Amaeeusied

— 2
£
2
|
» 8
R
H
Ck
. wm
1
ST T N -





media/file7.png
- L= Type I: high-laumontite glutenite
- O- Type II: low-laumontite glutenite

e o)
16 - ST Q

© o--77

o . R e m]

o .7 o= 77

o 1410

2

o .’

g -

o 124 o

) o’

©

©
O
8 T T T T T T T

20 30 40 50 60 70 80

confining pressure (MPa)

140 Z
O Type |, measured L7
- - - Type |, fitted by DP model L’
''''' Type |, fitted by CAP model L7
O Type I, measured L e
120 - - - Type I, fitted by DP model ~~~ "~~~ "~~~ FmTTm AT
= | Type II, fitted by CAP model " ‘ “
il ST
= L P 15)
— 100 1~~~ ----====-=----~- et :
o ~ L7
_.3 - - -
L Lo £ a____
S 80 ot v
q) ’ . ’
L P -
£ R
604+ - - - - - k== L
A~
40 = T T T T
20 40 60 80 100 120

(b)

mean effective stress, p (MPa)





media/file16.jpg
conductivity (D-cm)

)
o

N
S

@

5

v Typel
—a—Type ll
] '\
ke
"5
X. \l
] S
V- - -
.
] o ¥ =
0 10 20 30 40 5 60

closure pressure (MPa)






media/file3.png





media/file22.jpg
oil production
- - - simulated ol production »
O cumulative oil production o0,
40 - - - simulated cumulative oil production
2 ~ 300
30 %0
& 3
c 3
g : 200
S20
3
<4
a n S
2l .
10 YJI 100
0 0
2018/9/6  2018/9/11  2018/9/16  2018/9/21  2018/9/26

production (t)





media/file17.png
40

w
(&)
]

E—_—

| | v Typel
—u— Type |l

_ [ ]
830_77777777\;\.’ 7777777777777777777777777777777777777777777777
o \
~ \\ \.
b \
= 25— ””””””” '\’\ ”””””” -S\K’. ””””””””””””
i ~ ——n -
B v
=) I A
S —
820_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, M — S v
o

15

10 T T T T T T

0 10 20 30 40 50 60

closure pressure (MPa)






media/file4.jpg
@

18

Parmeabiiy(ma)
s 8

o

]
Laumontie content(%)

5w n o w





media/file30.jpg
30

»
]

)
8

production rate (/d)
> =)

1000
—— oil production rate-fracture conductivity evolution coupled

—— ol production rate-fracture conductivity evolution uncoupled
Cumulative production-fracture conductivity evolution coupled
Cumulative production-fracture conductivity evolution uncoupled

800

600

400

200

20 40 60 80 100
time (days)

accumulated production (t)





media/file25.png
(1d)

_

(a) Pore pressure distribution

T Y R Y]
o N o o @

ps
®

(b) Mean effective stress distribution

(c) Current permeability distr

x10™

1.4

ibution

(8d)






media/file0.jpg





media/file21.png
tubing pressure (MPa)

0 T T T T T T T
2018/9/4 2018/9/10  2018/9/16  2018/9/22

40

—O— tubing pressure
B2 - mmm e e
@)
\O
N
o A
244 Y O
\\
Q
\\
(i1 SRR Q-
\
ON
O
\
8 R OT\ ””””””””
0-0-0-0-0

2018/9/28





