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Abstract

:

Fractured rock mass is extensively distributed in Karst topography regions, and its geological environment is different from that of the quaternary strata. In this study, the influences on geological environment induced by the construction and operation of a large-scale borehole group of ground source heat pumps are analyzed by a thermo-hydro-mechanical (THM) coupling numerical model. It was found that groundwater is redirected as the boreholes can function as channels to the surface, and the flow velocity in the upstream of borehole group is higher than those downstream. This change in groundwater flow enhances heat transfer in the upstream boreholes but may disturb the original groundwater system and impact the local geological environment. Heat accumulation is more likely to occur downstream. The geo-stress concentration appears in the borehole area, mainly due to exaction and increasing with the depth. On the fracture plane, tensile stress and maximum shear stress simultaneously occur on the upstream of boreholes, inducing the possibility of fracturing or the expansion of existing fractures. There is a slight uplift displacement on the surface after the construction of boreholes. The correlations of the above THM phenomena are discussed and analyzed. From the modeling results, it is suggested that the consolidation of backfills can minimize the environmental disturbances in terms of groundwater redirection, thermal accumulation, occurrence of tensile stress, and possible fracturing. This study provides support for the assessment of impacts on geological environments resulting from shallow geothermal development and layout optimization of ground heat exchangers in engineering practices.






Keywords:


borehole group; karst fracture; thermo-hydro-mechanical coupling; numerical simulation; geological environment












1. Introduction


A vertical closed-loop ground source heat pump (GSHP) is the most used technology to recover shallow geothermal energy, which is a promising and green energy to decarbonize the cooling and heating sector in buildings [1]. In such a GSHP system, the ground is utilized as a heat sink, and a large number of heat exchange boreholes are constructed in which the U-pipes are accommodated to exchange heat with the geological formation. The boreholes usually are 120–150 m deep with a diameter ranging from 100 to 200 mm and are placed in a group with a spacing of 5 m to each other. The borehole can be backfilled with grout or drilling debris.



The karstic landscape, mainly composed of carbonate rock mass, is highly fractured and cavernous. The hydrogeological conditions are very complex, and fractures and caves usually function as main water storage and conduct bodies. The vertical runoff zone for groundwater is within a certain depth near the surface (usually 2–10 m) and is also called the epikarst zone; it is unsaturated and describes where the karst development is mainly vertical and extremely uneven, including sinkholes, karst windows, vertical shaft, etc. The surface karstic water in the epikarst zone is of strong hydraulic connection as the atmospheric precipitation is the major source, having strong seasonal fluctuation. Below the epikarst zone is the saturation karst zone, which is usually within a depth of 100 m. The groundwater is circulated and alternated intensely, dominated by horizontal karstification development. In deeper stratum, the hydrodynamic conditions and karstification gradually weaken [2].



Since the boreholes are located in the epikarst zone and saturation zone, and they commonly penetrate the rock matrix and fractures, the construction and operation of borehole groups might have an impact on the geological environment of the region. Molson et al. [3] have concluded that local temperature anomalies in the subsurface might result from the extraction or release of heat to the formation, further altering the chemical, physical, and microbiological characteristics of aquifers. Other studies have pointed out that the temperature field around the borehole heat exchanger is likely to spread to the downstream direction of groundwater, and the heat migration direction is consistent with the groundwater seepage direction [4,5,6]. It is observed that the higher the seepage velocity of groundwater is, the lower the temperature in the boreholes is, and the more difficult it is for heat to accumulate [7]. However, the groundwater flow also makes the heat distribution in the borehole group extremely uneven, and heat accumulation is more obvious in the downstream section of the group [8,9]. In contrast, the degree of heat accumulation is significantly reduced in the upstream of seepage flow, where the thermal interference is weaker. It can be assumed that in areas with more developed karst fractures, the abundant groundwater flow would drag the heat inside the rock, and soil migrates along with it [10]. Therefore, an appropriate optimal placement of a borehole group can be adopted to improve the overall heat transfer capacity of ground heat exchangers [11,12].



Some large-scale projects need a large number of boreholes to meet the load requirement, with up to more than 1000 boreholes in some project cases. The installation of a borehole group may alter the hydrogeological conditions of the penetrated aquifer and other connected ones [13,14]. Inappropriate drilling and grouting might cause pollution to groundwater, and the pollutants may contaminate other clean water sources connected to the aquifer [15,16,17]. Thus, it is advised to consider natural backfill materials if possible and to use mature backfilling techniques. In addition, the borehole group should be arranged along the seepage direction to minimize its interference in the water flow and water head difference between upstream and downstream. Studies have shown [18] that the heat exchange capacity of crisscrossed borehole arrangements is improved compared with the aligned arrangement, and the groundwater flow is also less disturbed.



Based on investigations of some cases of environmental hazards, Fleuchaus and Blum [19] found that leakage through the annual space in borehole grouting caused the connection of aquifers and further resulted in damages, including land subsidence and ground uplifts. Based on a literature review, field investigations, and temperature measurements, Zhu et al. have analyzed the thermal pollution and groundwater contamination risks induced by GSHP systems [20]. It was found that disturbances to ground temperature will cause variations in water evaporation, dissolved oxygen, chemical reaction concentration of microbes, and the growth of plants. Their research also pointed out that the interface between the grouting material and a U-pipe can function as a preferred flow path for groundwater, bringing in potential risks of subsidence and contamination.



In some cases, antifreeze is added into the circulated heat carrier to allow the U-bend loop heat exchange system to work below 0 °C. Through experiments and numerical simulation, Anbergen et al. [21] have found that there are alternate thermal stresses due to heat loading and effective tangential stress induced by the frozen pore water pressure. Such a freeze–thaw cycle could cause possible crack development and failure of the grouting material in boreholes, further leading to an increase in the hydraulic conductivity of grout and connections between different aquifers.



Allan and Philappacopoulus [22] have also pointed out that because the grout and pipe have significantly different coefficients of thermal expansion, the conductor pipe can contract from the grout at low temperatures. Poor bonding between the grout and the borehole or poor bonding between the grout and the heat conductor pipe can form a conductive pathway for contaminant transport.



In summary, the installation and operation of the borehole groups may cause changes to the groundwater field, and these changes will in turn influence the heat transfer of the ground heat exchangers. Most previous studies about the environmental impact of borehole heat exchange systems focus on the connection of different aquifers through boreholes, disturbance on ground surface, contamination by grouting material, and thermal pollution to the ground. Also, most research is based on the quaternary strata, and there is little about the karstic environment.



It must be noted that the impacts on the geological environment occur not only in terms of groundwater field. The drilling and backfilling of boreholes will change the ground stress of the rock formation, and such changes will in turn affect the subsurface water storage and water-conducting spaces. In addition, periodic heat extraction and release will exert thermal stress on the rock mass. It is obvious that the impact of shallow geothermal energy development on environmental geology is a complex thermo-hydro-mechanical (THM) coupling process. The current research mostly focuses on the impact of the backfill process on groundwater quality and the impact of borehole groups on water flow and water head. But more in-depth research is still needed on the THM interaction mechanism between borehole groups and rock mass, and its impact to the geological environment.



The THM coupling process reflects the physical behavior of porous media under the complex conditions of multiphysical fields [23]. THM coupling analysis has a wide range of applications in the field of geo-engineering. Chen [24] has analyzed the coupling of temperature, seepage, and stress to evaluate the stability of a dam. Zhu et al. [25] have established a THM coupling simulation in order to clarify the release of seismic fault stress, taking into account the influence of maximum horizontal principal stress direction and fault dip angle. The development and operation of enhanced geothermal systems (EGSs) involve the THM coupling problem of fractured rock mass. Analysis of the spatiotemporal evolution of the seepage, temperature, and stress fields in the model is significantly interesting to researchers [26,27,28]. In addition, THM coupling analysis of energy piles and surrounding soils shows that the stress field displays visible changes under the cyclic loading of heating and cooling [29,30,31]. Similarly, the spatiotemporal evolution patterns of the groundwater, temperature, and geo-stress fields in the fractured rock mass that result from the installation and operation of boreholes in GSHP systems are particularly important in assessing the environmental impacts associated with shallow geothermal development.



This study is based on the karstic environment, where fractured carbonate rock mass extensively exists. It utilizes numerical simulation to study the THM coupling influence mechanism of borehole groups on the geological environment, identifying the changes in ground temperature, groundwater, and geo-stress fields. The research result provides a reference for assessing environmental impact, as well as practical guidance for minimizing environmental disturbances and optimizing the layout of borehole groups.




2. THM Coupling Equations


2.1. Assumptions


The backfill material in boreholes and the rock mass are both porous media materials, and following assumptions are made in the simulation:



Ⅰ. The groundwater flow in fractured rock mass follows Darcy’s law;



Ⅱ. The backfill material in boreholes and the rock mass are elastic materials, and the fractures can be simplified as the fracture medium. The boreholes are backfilled with original drilling debris (carbonate rock) since they are environmentally friendly and their heat conductivity is high. Due to the effect of incomplete consolidation during backfilling, the actual porosity of backfill material is higher than that of surrounding rock mass;



Ⅲ. The fractured rock mass is a dual media, consisting of fractures and matrix with low porosity [2];



Ⅳ. There are both convective and conductive heat transfers in the rock mass, and radioactive transfer can be neglected; and



Ⅴ. The water flows by forced convection.




2.2. Equations


Water flow in pores is presented by Darcy’s Law:


  u = −  k μ   (  ∇ p + ρ g ∇ D  )   



(1)






  S   ∂ p   ∂ t   + ∇ u = Q −   ∂ e   ∂ t    



(2)




where u is the Darcy flow rate, m/s; k is the permeability of porous medium, m2; μ is the fluid dynamic viscosity, Pa∙s; p is the pore pressure, Pa; ρ is the fluid density, kg/m3; g is the gravitational acceleration, m/s2; D is elevation, m; S is rock matrix water storage coefficient, 1/Pa; t is time, s; and Q is seepage source term, s−1;



Water flow in fractures is controlled by the modification of Darcy’s Law:


   d f   S f    ∂ p   ∂ t   +  ∇ τ  ⋅ ( −  d f     k f   μ  ∇ p ) =  Q f  −  d f    ∂  e f    ∂ t    



(3)




where Sf is the fracture water storage coefficient, 1/Pa; kf is the fracture permeability, m2; df is the fracture aperture, m; Qf is the flow velocity between a fracture plane and rock matrix, m/s, and    Q f  = −    k f   η    ∂ p   ∂ n    ; n is the normal direction of a fracture plane; ef is fracture volume strain; and ▽τ is the derivative along the tangential direction of a fracture.



The seepage velocity of pore water is very slow compared to that in fractures, so the heat convection by pore water is neglected and only the thermal conduction is considered in a rock matrix:


   c s   ρ s    ∂  T s    ∂ t   = w +  λ s   ∇ 2   T s   



(4)




where ρs is the density of the rock matrix, kg/m3; λs is the thermal conductivity of the rock matrix, W/(m∙K); w is the heat source, W/m3; cs is the specific heat capacity of the rock matrix, J/(kg∙K); and Ts is the block temperature, K.



The temperature field in fracture water flow is presented as follows:


   d f  ρ  c f   u f  ∇ τ  T f  +  d f  ρ  c f    ∂  T f    ∂ t   =  W f  +  d f  ∇ τ ⋅ (  λ f  ∇ τ  T f  )  



(5)




where the first term on the left side is the convection effect of fracture water on the temperature field; cf is the specific heat capacity of water, J/(kg∙K); λf is the thermal conductivity of water, W/(m∙K); uf is the fracture water velocity, m/s; Tf is the fracture water temperature, K; and Wf is the heat absorbed by the fracture water from the bedrock, W/m3.



The energy equation of the incompressible fluid flowing in the U-pipe is as follows:


  A ρ  C p    ∂ T    ∂ t    + A ρ  C p   u d  ⋅ ∇ T = ∇ ⋅  λ f  ∇ T +  f D    ρ A   2  d h     u d    u d  2  +  Q  wall   +  Q 0   



(6)




where A is the cross-sectional area of U-pipe, m2; ud is the fluid velocity in U-pipe, m/s; fD is the Darcy friction coefficient; dh is the average hydraulic diameter, m; Qwall is external heat transfer on pipe wall, W/m; and Q0 is general heat source, W/m.



The heat transfer between the U-pipe and the surrounding environment is as follows:


   Q  wall   =    (  h Z  )    eff    (   T  E X T   − T  )   



(7)




where (hZ)eff is the effective value of the pipe heat transfer coefficient h (W/(m2∙K)) multiplied by the pipe wall perimeter Z, m; and TEXT is the outer wall temperature on pipe, K.



The stress balance equation and displacement field equation in the rock matrix are as follows:


   σ  i j , j   +  F i  = 0  



(8)






   μ s   u  i , j j   + (  μ s  + λ )  u  j , j i   −  α B   p i  −  β T   T  s , i   +  F i  = 0  



(9)






    μ s  =  E  2 ( 1 + ν )     L =   E ν   ( 1 + ν ) ( 1 − 2 ν )      β T  =  α T   E  ( 1 − 2 v )     



(10)




where αBpi is the water pressure effect; βTTs,i is the temperature stress effect; σij is the stress tensor, Pa; Fi is the body force, Pa; μs is the shear modulus, also known as the second parameter of Lamé; L is the Lamé first parameter; u is displacement, m; E is elastic modulus, Pa; ν is Poisson’s ratio; p is water pressure, Pa; αB is Biot coupling coefficient, ≤1; βT is thermal expansion factor; αT is thermal expansion coefficient, 1/K; and Ts is rock temperature, K.





3. Model Validation


A comparison of analytical and numerical solutions can be used to ensure the accuracy of a THM coupling simulation. This validation approach is widely used in EGS research [32,33]. Figure 1a shows a schematic diagram of a 100 m × 100 m × 100 m three-dimensional single-fracture rock mass, where df is the fracture aperture. Water flows from the left to the right on the fracture plane, which is located at z = 50 m. In the model, the water flows into the rock mass at 0.01 m/s to extract heat. If the thermal conductivity of the rock matrix along the x-axis is zero, the three-dimensional single-fracture model can be simplified to a two-dimensional model, as shown in Figure 1b [34,35]. Sun et al. [32] have provided an analytical solution for the two-dimensional single-fracture model (Equation (11)).



The water temperature can be calculated according to Equation (11):


   T f  =  T 0  + (  T  in   −  T 0  ) e r f c  (     λ s  x / (  ρ f   c f   d f  )      u f  (  u f  t − x )  λ s  / (  ρ s   c s  )      )  U  (  t −  x   u f     )   



(11)




where Tf is the temperature of fracture water flow, K; λ is the thermal conductivity, W/(m∙K); and ρ is the density, kg/m3. In the table below, s and f represent rock mass and fractures, erfc is the complementary error function, and U is the unit step function.



The two rock matrixes separated by the fractures are assumed to be anisotropic and impermeable. The parameters used in the analytical solution and the two-dimensional numerical model are shown in Table 1 [34]. The simulation duration is 100 days (d), and the analytical solution and the numerical solution are compared in Figure 2.



Figure 2a shows the temperature variation with time at three different positions (y = 10 m, y = 40 m, y = 70 m) in the fracture. Figure 2b is the temperature curve in the fracture at different times (t = 20 d, t = 50 d, t = 80 d). It can be seen that the analytical and numerical solutions are generally consistent, and the error may be caused by discretization. This verification ensures the accuracy and reliability of the coupling model used in this paper.




4. Establishment of Numerical Model


4.1. Geometric Model


According to the general vertical pattern of karstic environments [2], a representative geometric rock mass model with two horizontal fractures was assumed and established. Figure 3a,b shows the models before and after the construction of the borehole group, respectively.



As shown in Figure 3, the depths of simulated rock mass and the boreholes are 130 m and 120 m, respectively; the length and width of the model are 70 m and 60 m, respectively; and there are 30 boreholes, with a hole spacing of 5 m and a diameter of 180 mm. The borehole spacing was set according to the value suggested by ASHARE [36]. Polyethylene U-pipes with an inner diameter of 26 mm are installed in boreholes. The heat carrier (water) flow velocity in the pipes is 0.7 m/s, and the water inlet temperature is 308.15 kelvin (K). Since the depth of the rock mass is 130 m, the temperature value is assumed to be 291.15 K. Horizontal fracture water flow 1 (Z = −50 m) and horizontal fracture water flow 2 (Z = −80 m) exits in the rock mass, and the apertures of both fractures are 5 mm. The arrangement of the borehole group is shown in Figure 4.



Figure 3b shows the geometric model of the borehole group when the top surface is open. This means that there is a 1 m thick permeable layer that is close to the ground surface, such as grassland in reality. In order to compare to the original stratum, the model without a borehole group was introduced, as shown in Figure 3a, and the distribution of the seepage field and stress field of both cases were compared. The parameters of the two cases are the same.



The model parameters are listed in Table 2. Some of the other parameters are the same as in the model validation part already listed in Table 1. The parameters were assumed according to common conditions in karstic environments.




4.2. Meshing


A free tetrahedral mesh is used to customize the cell size in boreholes (Figure 5). For the fracture flow, a free triangular mesh is used to ensure that it is easier to connect with the interface of boreholes. The mesh in the rock mass at the junction with a borehole is refined using free tetrahedral mesh.




4.3. Initial and Boundary Conditions


Since this study was conducted to investigate the environmental impact of a GSHP system in extreme heat imbalance conditions, the simulation only considers the cooling period of a summer of 4 months, when the borehole group only induces heat into the subsurface.



(1) Groundwater field: Jiang et al. [37] have measured the groundwater flow velocity and flow direction in a geological exploration borehole in the Zigui karst area in central China, and they found that the average groundwater flow velocity in fractures ranged between 268.67 and 2733.48 μm/s. Since the modeled formation is at a shallow depth in this study, and the fracture apertures are expected to be wider compared with deeper fractures, the flow velocity at the inlets of the two horizontal fractures is set at 1000 μm/s. The groundwater in the pores of the rock mass is assumed to be in a nearly stagnant state according to the dual model. When the top surface is assumed to be an open boundary of the permeable layer, there is mass exchange through the surface. The other sides of the model are saturated and assumed to be without mass flow except on the interfaces with facture planes.



(2) Temperature field: the initial temperature of the rock mass, the borehole, the U-pipes, and the water flow inside are all set to 291.15 K, a normal ground temperature in the karstic region in central and south China as the background. The inlet water temperature of the U-pipe is 308.15 K. The top and bottom of the model are open to heat exchange.



(3) Stress field: all four sides of the model are subjected to normal constraints, with fixed constraints at the bottom and free boundaries at the top. Stresses in the X, Y, and Z directions caused by gravity are applied to the model.





5. Simulation Results


5.1. Groundwater Field


(1) Water velocity



Figure 6a shows that when there is no borehole, the flow velocity in the rock mass is low. The streamlines demonstrate that the fracture water tends to seep to the surface.



Figure 6b shows that when there is a borehole group, the streamlines near the fracture plane are denser, and the seepage velocity in the rock matrix is low. The seepage velocity in the boreholes is higher, especially in those near the upstream of the fracture flow. Above fracture plane 1, the seepage velocity is the highest while it gradually decreases near the downstream. Because of mass balance, the higher velocity in upstream holes leads to lower flow velocity in downstream boreholes.



In Figure 6b, streamlines pointing to the top indicate that there is seepage to the ground surface. Because the permeability and porosity of the backfill material in boreholes are higher than those of matrix rock, which are lower, the streamlines are more concentrated in the borehole region, and the groundwater on the fracture plane tends to flow into the boreholes.



(2) Pore pressure and flow velocity on fracture planes



It can be seen from Figure 7a,b that when there is no borehole, the fracture plane pore pressure is evenly distributed along the X direction and decreases with a certain gradient along the Y direction; when there is a borehole group, the pore pressure near the upstream is greater and its gradient increases significantly in the upstream area of the borehole.



Figure 7c shows the flow velocity distribution on fracture plane 1 penetrated by the borehole group. The seepage velocity is higher near the upstream boreholes (left in the figure), and the velocity reduces in the downstream area.



Figure 7d shows the flow velocity distribution on a non-fracture plane (Z = −65 m). Because the porosity and permeability of the rock matrix are low, the flow velocity in this section is low and even. In addition, according to the enlarged view of water seepage velocity in the two boreholes at the top of the figure, the seepage velocity in the upstream boreholes is obviously higher than that in the downstream boreholes, which is relatively low.



In order to quantitatively analyze the flow velocity distribution on the fracture plane along the flow direction, three intercept lines perpendicular to the flow direction on the fracture plane were taken for analysis. The line Y = −10 m is at the upstream of the fracture flow; Y = 35 m is at the downstream of the fracture flow; and Y = 0 m passes through the first row of borehole, as shown in Figure 8a.



Figure 8b exhibits the velocity distribution of the intercept lines with or without boreholes. The velocity on Y = 0 m passing the boreholes varies more extensively and strongly, and both the maximum and minimum values appear around the boreholes. The flow velocity on the intercept lines that do not pass the borehole is relatively stable. Additionally, the flow velocity in the boreholes near the upstream (Y = −10 m) is higher than that of the downstream boreholes (Y = 35 m).



The flow velocity on Y = 35 m was selected to compare its values with and without boreholes. When there are boreholes, the average velocity is significantly lower than that without a buried pipe, which is close to that of the fracture entrance, and is higher than twice that of the values with boreholes. As depicted before, the fracture water tends to flow through the boreholes that act as conduits, and results in a lower velocity downstream.



(3) Flow velocity in boreholes



As shown in Figure 9, the seepage velocity is the highest in the borehole sections above fracture plane 1 close to the upstream, and the velocity gradually decreases as it approaches the downstream. Between fracture planes 1 and 2, the overall seepage velocity value is lower. The seepage velocity in the boreholes below fracture plane 2 is the lowest. This is because the ground surface is set as an open boundary in the model while its bottom is a closed boundary; hence, the upstream fracture water is more likely to flow to the surface.




5.2. Temperature Field


(1) Temperature field in the rock mass



Figure 10a,b shows the temperature distribution in the rock mass after the heat pump system operates for 60 days and 120 days, respectively. Heat accumulation can be observed in the area of the boreholes, and the maximal temperature appears at the surface.



(2) Temperature field in fractures



After 120 days of operation, the temperature field of fracture plane 1 and fracture plane 2 are shown in Figure 11a,b. Due to the convective heat transfer at the fracture flow, the temperature field displays an occurrence of stretching. Also, there is obviously less heat accumulation around the upstream boreholes, which is beneficial to heat exchange. From Figure 11b, it is known that heat is more likely to accumulate downstream.



To compare, Figure 11c shows the relatively even temperature distribution at the depth of Z = −65 m, where there is no fracture water flow and the heat transfer is almost conductive.



To conclude, the temperature field in the fracture flow areas tends to extend along with the flow direction, and the temperature field outside the fracture flow is relatively even. This occurs because the seepage velocity in the porous medium is very low compared to that of fracture water, and there is little convection and heat from the boreholes, which is finally transferred to the rock mass around mainly by conduction.



The temperature field distribution of the fracture plane was further analyzed by taking intercept lines of the fracture plane 1 (Z = −50 m), as shown in Figure 12a. Lines Y = 0 m and Y = 25 m are perpendicular to the flow direction, and lines X = 12.5 m and X = 15 m are along the flow direction. Among these lines, lines Y = 0 m, Y = 25 m, and X = 15 m pass through the boreholes.



As shown in Figure 12b, after the GSHP operates for 120 days, the temperature of the borehole area located at the upstream (Y = 0 m) is lower than that of the downstream (Y = 25 m) due to the higher flow rate upstream and, hence, the stronger convective heat transfer effect. The upstream boreholes intercept and redirect part of the fracture water that should flow downstream, resulting in higher temperature and weaker convective heat transfer at the downstream.



Figure 12b shows the temperature change on X = 15 m and X = 12.5 m parallel to the seepage direction, indicating the same trend in which the closer to the downstream, the higher the temperature.



The temperature change in the six points on fracture plane 1 along the time were selected and shown in Figure 13. All the points are located just before the borehole wall (as shown in Figure 4b). It can be seen from the figure that the temperature around the hole gradually increases with time as heat is continually injected by the U-pipes. Overall, the temperature increase and heat accumulation of the downstream points are more obvious.




5.3. Maximum Principal Stress Distribution


(1) Maximum principal stress in the rock mass



Figure 14 shows that the stress concentration in the borehole group is obvious. The maximum principal stress is between −1.05 × 106 and 9.49 × 105 Pa. In the model, the tensile stress is labeled as positive and the compressive stress is labeled as negative. As the depth increases, the stress concentration becomes more significant. After the construction of the borehole group, excavation stress appears in the surrounding rock, leading to a stress concentration around the boreholes. In addition, heat accumulation also results in thermal stress in the borehole group region.



(2) Principal stress distribution at different depths



It can be seen from Figure 15a that when there is no borehole, the maximum principal stress range of fracture plane 1 is −4.67 × 104~−8.67 × 104 Pa, indicating that the fracture plane is only affected by compressive stress and that the stress distribution is relatively even.



After 120 days of operation, the THM coupling effect becomes stronger. From Figure 15b,c, it can be seen that the ranges of the maximum principal stress on fracture plane 1 and fracture plane 2 are 3.63 × 105~−5.78 × 105 Pa and 7.55 × 104~−7.38 × 105 Pa, respectively, indicating that there exists both tensile stress and compressive stress on the fracture plane. The upstream region of the borehole group is subjected to tensile stress, and the compressive stress is mainly concentrated downstream.



The distribution of maximum principal stress on non-fracture planes is shown in Figure 15d. The area with the borehole group shows more concentrated compressive stress, and tensile stress exists in a few areas outside of the borehole group.




5.4. Maximum Shear Stress Distribution


(1) Distribution of maximum shear stress in rock mass



As shown in Figure 16a,b, the maximum shear stress gradually increases with the depth. After 120 days of operation, the maximum shear stress value increases from 7.94 × 105 Pa to 1.39 × 106 Pa.



Figure 16b shows the maximum shear stress distribution in the rock mass after 120 days of operation. As the depth increases, the maximum shear stress concentration in the area of borehole group is more visible.



(2) Maximum shear stress distribution of different depths



The maximum shear stress distributions at different depths are shown in Figure 17a–d. When there is no borehole, the maximum shear stress on fracture plane 1 ranges from 3.54 × 105 Pa to 3.59 × 105 Pa, and it is evenly distributed.



The maximum shear stress distributions on fracture plane 1 and fracture plane 2 after operation of 120 days is shown in Figure 17b,c, and the stress ranges are 7.86 × 103~8.76 × 105 Pa and 1.11 × 104~1.09 × 106 Pa, respectively. The figure shows that the stress around the boreholes is more concentrated, and the stress concentration around the boreholes upstream is significantly greater than that around the downstream boreholes.



Figure 17d shows the maximum shear stress distribution on the non-fracture plane (Z = −65 m), where stress is concentrated around the boreholes but the distribution is relatively even.




5.5. Displacement in the Rock Mass


Figure 18 shows the displacement of the Z component (vertical direction) after 120 days of operation, and the maximum value is 0.184 cm. After the installation of boreholes, the groundwater field is disturbed and the pore pressure is redistributed. The displacement is caused by the joint impacts of thermal stress, pore pressure, and excavation stress.



Figure 19 exhibits the change in the displacement field at point A on the surface (Figure 4b). The displacement of point A increases with the operating time of the heat pump, but the value is still very small.





6. Discussion


After the construction of a borehole group in fractured rocks, the THM coupling effect has a certain impact on the geological environment in the project site.



According to the modeling results of groundwater flow field, the boreholes may function as water-conducting channels, transferring fracture water to the surface. This is because the permeability and porosity of the backfill material in the boreholes are higher than that of the rock matrix. In addition, the installation of the borehole group changes the pore pressure and flow velocity distribution on the fracture plane, and the fracture water flow velocity is higher in the upstream (Figure 7), so the convective heat transfer is enhanced in the upstream area [1]. Deng et al. [38] have found that fractures, especially those of wide aperture, would dominant the energy flow through the rock mass, playing a key role in influencing the energy transfer and replenishment processes. As the groundwater is redirected from fractures to boreholes, less water flow is available for the downstream area, resulting in a heat accumulation risk.



The temperature field is shown in Figure 10. The water flow in the boreholes is capable of adsorbing heat, which is converted into fluid kinetic energy and further pushes the fracture water flow upwards along the boreholes. From Figure 11 and Figure 12, it can be seen that on the fracture plane the heat migrates along flow direction and accumulates downstream. However, the entire rock mass, including the area of the borehole group, has a limited temperature increase (less than 16 K in Figure 10), so the thermal stress is slight.



The stress distribution is exhibited in Figure 14b. The excavation stress and thermal stress around the boreholes together lead to a stress concentration. It should be kept in mind that, as discussed in the last paragraph, the thermal stress is slight and the excavation stress is the dominating component. The compressive stress might result in a decrease in permeability and a low seepage velocity in the borehole area, which further leads to a large amount of fracture water flowing through the boreholes.



Comparing the stress fields on the fracture planes and the non-fracture planes, it can be seen that the fracture water flow has an obvious influence on the stress field. Because the seepage velocity in the pores upstream of the borehole group increases significantly (Figure 7), the effective stress on the upstream fracture planes decreases, and even tensile principal stress appears (Figure 15). According to Figure 17, the maximum shear stress also occurs upstream of the boreholes on the fracture plane, so there exists possibilities of secondary fracturing or activation of the existing fractures. New fractures would further enhance convective heat transfer but might also result in a loss of backfill materials from the boreholes.



Most previous research has assumed that the boreholes were placed in soils, and that the original permeability of grout is lower than that of the surrounding soil. Long-term thermal-thaw cycles result in debonding between grout and the borehole surface as well as grout cracking due to the formation of connecting channels of aquifers and pathways for contaminants. In this study, it is assumed that the boreholes are backfilled with drilling debris which has a higher porosity and permeability than those of the rock matrix due to incomplete consolidation. Since the temperature increase in the borehole area is small from the modeling result, variation in the permeability of boreholes due to thermal cycles was not considered. Sensitivity analyses of the uncertainty of backfill consolidation and consequent variation in permeability was not performed in this study due to the lack of experimental data. Another uncertainty is the variety of the fracture net. The form of a fracture net can be random and various, and the modeling work was essentially performed on primary fractures, which are major water storage and conduct bodies. The influence of secondary fractures is worth including and investigating in future research.



From the modeling results and the discussion above, it is known that the redirection of groundwater flow into the boreholes has the most obvious impact on the geological environment, since it would further impact the distribution of ground temperature, pore pressure, and effective stress in a rock mass. Therefore, in engineering practice, assurance of the consolidation of backfill material to increase its permeability is an effective approach to minimizing subsurface disturbances and environmental impact. The environmental disturbances can be significantly reduced if the permeability of a borehole is close to that of the rock mass.



Based on the modeling results and limitations in the assumptions of this study, future research works in the following areas are suggested. The first is the advanced measurement and digital twin modeling of the complex fracture net. The second is the correlation between the consolidation and permeability of backfill material, as well as its dynamical mechanical–transport coupling behaviors under the seasonal fluctuation in hydrogeological conditions. The third is the gathering of field measurements of ground temperature, groundwater flows, and subsurface displacement and stress, which are missed in current actual GSHP projects. The suggested research would provide more accurate input, support more reliable validation and optimization of the modeling and, hence, improve the prediction of geological environment impacts.




7. Conclusions


In this paper, the THM coupling impact of shallow geothermal borehole groups in fractured rock mass on the geological environment was studied by simulations of subsurface temperature, groundwater flow, and stress fields. The main conclusions are as follows:



(1) Due to the higher permeability of unconsolidated backfills, the boreholes might function as water conduits and some of the fracture water may flow to the surface through them. This change in groundwater flow enhances heat transfer in the upstream boreholes but may disturb the original groundwater system and impact the local geological environment. Since most ground source heat pump projects are located in urban areas, the redirected groundwater flow to the surface could result in further damages to the surface facility. Changes in the fracture water direction simultaneously decrease the pore pressure downstream, which is mainly manifested by the phenomenon in which the pore pressure gradient on fracture planes becomes larger.



(2) The fracture water flow brings a strong convective transfer effect, making the temperature field have a tendency to extend along with the seepage direction. In the non-fracture area heat transfer depends on conduction, and the heat is evenly distributed around the boreholes. Therefore, the existence of the fracture plane is more likely to improve the performance of borehole heat exchangers, especially the upstream ones.



Borehole layout should be optimized according to the disturbance of the groundwater flow. Designers are suggested to calculate the heat exchange rate of U-pipes both upstream and downstream based on different expected flow rates, respectively. Cooling load should be distributed between upstream and downstream boreholes based on their different heat transfer rates. Overall, more boreholes should be located in upstream areas and undertake more cooling load.



(3) The maximum principal stress is concentrated in the borehole group area, and the stress concentration becomes more obvious as the depth increases. The maximum shear stress is concentrated around each borehole, and it is more obvious in upstream areas. On the non-fracture planes, maximum shear stress is also concentrated around the boreholes but is more evenly distributed than that on the fracture planes. Therefore, in practice, more attention should be paid to the stress concentration around the boreholes near the fracture plane, especially to the possibility of secondary fracturing or the activation of existing fractures in the upstream area.



(4) There is a slight uplift displacement in the borehole group area, which results from the joint effects of thermal stress, redistribution of pore press, and excavation stress.



(5) The impact of a borehole group on the geological environment of a fractured rock mass is a complex THM coupling process. In general, the influence due to the redirection of groundwater from fractures to boreholes is obvious, as it not only changes the pattern of groundwater, but also alters ground temperature, pore pressure, and effective stress in a rock mass, leading to possible fracturing risks. In practice, it is suggested that consolidating backfill materials could minimize the aforementioned environmental disturbances.
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Nomenclature




	u
	Darcy flow rate (m/s)
	A
	cross-sectional area of U-pipe (m2)



	k
	permeability of the porous medium (m2)
	ud
	fluid velocity in the pipe (m/s)



	μ
	dynamic viscosity of the fluid (Pa∙s)
	fD
	Darcy friction coefficient



	p
	pore pressure (Pa)
	dh
	average hydraulic diameter (m)



	ρ
	fluid density (kg/m3)
	Qwall
	external heat transfer of the pipe wall (W/m)



	g
	gravitational acceleration (m/s2)
	Q0
	general heat source (W/m)



	D
	elevation (m)
	h
	effective value of the pipe heat transfer coefficient (W/(m2∙K))



	S
	rock matrix water storage coefficient (1/Pa)
	Z
	pipe wall perimeter (m)



	t
	time (s)
	TEXT
	pipe outer wall temperature (K)



	Q
	seepage source term (s−1)
	αBpi
	water pressure effect



	Sf
	fracture water storage coefficient (1/Pa)
	βTTs,i
	temperature stress effect



	kf
	fracture permeability (m2)
	σij
	stress tensor (Pa)



	df
	fracture aperture (m)
	Fi
	body force (Pa)



	Qf
	flow exchange between the fracture plane and the rock matrix (W)
	μs
	shear modulus, also known as the second parameter of Lame



	n
	direction of the fracture plane
	λ
	Lame’s first parameter



	ef
	fracture plane volume strain
	ui,jjuj,ji
	displacement (m)



	▽τ
	derivative along the tangential direction of the fracture
	E
	elastic modulus (Pa)



	ρs
	density of the rock matrix (kg/m3)
	ν
	Poisson’s ratio



	λs
	thermal conductivity of the rock matrix (W/(m∙K))
	αB
	Biot coupling coefficient



	w
	heat source (W/m3)
	βT
	thermal expansion factor



	cs
	specific heat capacity of the rock matrix (J/(kg∙K))
	αT
	thermal expansion coefficient (1/K)



	Ts
	block temperature (K)
	Ts
	rock temperature (K)



	cf
	specific heat capacity of water (J/(kg∙K))
	T0
	bedrock initial temperature (°C)



	λf
	thermal conductivity of water (W/(m∙K))
	Tin
	fracture water initial temperature (°C)



	uf
	fracture water velocity (m/s)
	ϕh
	borehole porosity



	Tf
	fracture water temperature (K)
	ϕr
	rock mass porosity



	Wf
	heat absorbed by the fracture plane water from the bedrock (W/m3)
	Φf
	porosity of fractures 1 and 2
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Figure 1. Schematic diagram of heat flow coupling in a single fracture. (a) is the 3D single-crack heat flow mode; and (b) is the simplified 2D single-crack heat-flow coupling model. 
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Figure 2. Comparison of analytic and numerical solutions. (a) is the variation of temperature at three point with time; and (b) is the variation of fracture surface temperature at different times. 
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Figure 3. Geometry model. (a) is the without buried pipe; and (b) is the with a buried pipe group. 
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Figure 4. Top view of the layout of a borehole group. (a) is the layout of heat exchange holes; and (b) is the enlarged view of heat exchange holes (the read dots are 0.2 m away form the hole). 
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Figure 5. Schematic diagram of mesh division. (a) is the overall; and (b) is the interface between the heat exchange hole and the fracture surface; and (c) is the enlarged view of the heat exchange hole. 
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Figure 6. Groundwater field with or without the borehole group. (a) is the without buried pipe group; and (b) is the with the buried pipe group. 
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Figure 7. Pore pressure and flow velocity distribution at different cross-sections. (a) is the pore presure of fracture 1 (without buried pipe group); (b) is the pore presure of fracture 1 (with a buried pipe group); (c) is the flow velocity of fracture 1 (with a buried pipe group); and (d) is the flow velocity of non-fracture surface at Z= −65 (enlarged view of heat exchange holes). 
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Figure 8. Velocity distribution of the cross-section, and the cross-section on fracture plane 1 (Z = −50 m). (a) is the cross-section distribution; and (b) is the velocity distribution on the cross-section. 
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Figure 9. Flow velocity distribution in the borehole. 






Figure 9. Flow velocity distribution in the borehole.



[image: Energies 17 01384 g009]







[image: Energies 17 01384 g010] 





Figure 10. Distribution of temperature field in the body. (a) is the operation for 60 days; and (b) is the operation for 120 days. 
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Figure 11. Temperature distribution of different depths after 120 days of operation. (a) Fracture plane 1 at the depth of Z = −50 m; (b) fracture plane 2 at the depth of Z = −85 m; (c) no fracture at the depth of Z = −65 m. 
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Figure 12. Temperature distribution of fracture plane 1 (Z = −50 m) after 120 days of operation. (a) is the crack surface section (Z=−50); (b) is the vertical to seepage direction; and (c) is the parallel to flow direction. 
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Figure 13. Temperature distribution at the intercept points on fracture plane 1 (Z = −50 m). 
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Figure 14. Distribution of the maximum principal stress in the rock mass with or without a borehole group. (a) is the without buried pipe group; and (b) is the with the buried pipe group. 
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Figure 15. Principal stress distribution of different sections. (a) is the Z=−50 fracture plane 1 (without buried pipe group); and (b) is the Z=−50 fracture plane 1(with buried pipe group); and (c) is the Z=−80 fracture plane 2 (with buried pipe group); and (d) is the Z=−65 non-fracture surface (with buried pipe group). 
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Figure 16. Distribution of maximum shear stress in the rock mass with or without borehole groups. (a) is the without buried pipe group; and (b) is the with the buried pipe group. 
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Figure 17. Maximum shear stress distribution of different sections. (a) is the Z=−50 fracture plane 1 (without buried pipe group); and (b) is the Z=−50 fracture plane 1(with buried pipe group); and (c) is the Z=−80 fracture plane 2 (with buried pipe group); and (d) is the Z=−65 non-fracture surface (with buried pipe group). 
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Figure 18. Displacement field, Z component (with borehole group). 
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Figure 19. Variation curve of displacement field at point A on XOY plane (Z = 0 m). 
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Table 1. Parameters used in model validation.
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	Symbol
	Parameter/Unit
	Value
	Symbol
	Parameter/Unit
	Value





	ρs
	Rock mass density/(kg∙m−3)
	2700
	uf
	Fracture water velocity/(m∙s−1)
	0.01



	cs
	Specific heat capacity of rock mass/(W∙m−1∙K−1)
	1000
	μ
	Dynamic viscosity of fracture water/(Pa∙s)
	0.001



	λs
	Thermal conductivity of rock mass/(W∙m−1∙K−1)
	3.0
	df
	Fracture aperture/(m)
	0.0015



	ρfw
	Fracture water density/(kg∙m−3)
	1000
	T0
	Initial temperature rock/(°C)
	35



	cfw
	Specific heat capacity of fracture water y/(J∙kg−1∙K−1)
	4200
	Tin
	Initial temperature of fracture water/(°C)
	15










 





Table 2. Model parameters.
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	Symbol
	Parameters/Unit
	Value
	Symbol
	Parameters/Unit
	Value





	dj
	Inner diameter of buried pipe/mm
	26
	ϕr
	Rock mass porosity/1
	0.01



	λu
	Thermal conductivity of U-pipe/(W∙m−1∙K−1)
	0.42
	λf
	Thermal conductivity of fractures 1 and 2/(W∙m−1∙K−1)
	3.0



	ϕh
	Porosity in borehole/1
	0.15
	cs
	Specific heat capacity of rock mass/(J∙kg−1∙K−1)
	850



	λa
	Thermal conductivity of borehole/(W∙m−1∙K−1)
	2.8
	ks
	Rock mass permeability/m2
	10−15



	ca
	Specific heat capacity of borehole/(J∙kg−1∙K−1)
	820
	ν
	Poisson’s ratio of rock mass/1
	0.25



	ka
	Permeability of borehole/m2
	10−9
	kf
	Permeability of fractures 1 and 2/(m∙s−1)
	1 × 10−9



	ρa
	Density of borehole/kg∙m−3
	2500
	Φf
	Porosity of fractures 1 and 2/1
	0.5



	Es
	Young’s modulus of rock mass/Pa
	7 × 1010
	ρf
	Fracture fillings density/kg∙m−3
	2300
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