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Boundary—finite element used for discretizing the two-dimensional soil medium. The boundary elements are

defined as second-order elements using three separate nodes, and the internal elements are defined as
triangular elements with three vertex nodes
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Separation of the soil model in the presence of subsurface heterogeneity into two simplified, separate models

consisting of a soil model with a cavity instead of the heterogeneity, and a homogeneous rock model.
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Comparison of the results obtained from the boundary—finite hybrid method with the results of-analytical
methods for three different examples.

5. Root Mean Square Error
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Variations of the root mean square‘error (RMSE) for all values of temperature changes in the validation
problems.
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Thermodynamic properties of the soil medium and the subsurface heterogeneity, adopted from Carpenter

(2019) [16].
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Comparison of temperature variations along the centerline of the freezing pipe at different distances from it
when the square heterogeneity is located at distances of (a) W= 0.12L; (b) W = 0.25L; (¢) W = 0.38L; (d) W =
0.52L; and (e) W = 0.65L from the freezing pipe. In this figure, the curves labeled R = 0 to R =9 correspond

to temperature variations without the presence of heterogeneity, and RR = 0 to RR =9 correspond to
temperature variations in the presence of heterogeneity.
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Temperature variation contours around the freezing pipe and the heterogeneity when the heterogeneity is
square-shaped and located at distances of (a) W = 0.12L; (b) W = 0.25L; (¢) W = 0.38L; (d) W = 0.52L; and (e)
W = 0.65L from the freezing pipe.
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Comparison of temperature variations along the centerline of the freezing pipe at different distances from it
when the circular heterogeneity is located at distances of (a) W = 0.12L; (b) W =0.25L; (c) W = 0.38L; (d) W
=0.52L; and (e) W = 0.65L from the freezing pipe. In this figure, the curves labeled.R'= 0.to R = 9'correspond

to temperature variations without the presence of heterogeneity, and RR = 0 to RR =9 correspond to
temperature variations in the presence of heterogeneity.
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